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Notice

Medicine is an ever-changing science. As new research and clinical experi-
ence broaden our knowledge, changes in treatment and drug therapy are 
required. The authors and the publisher of this work have checked with 
sources believed to be reliable in their efforts to provide information that is 
complete and generally in accord with the standards accepted at the time of 
publication. However, in view of the possibility of human error or changes in 
medical sciences, neither the authors nor the publisher nor any other party 
who has been involved in the preparation or publication of this work war-
rants that the information contained herein is in every respect accurate or 
complete, and they disclaim all responsibility for any errors or omissions or 
for the results obtained from use of the information contained in this work. 
Readers are encouraged to confirm the information contained herein with 
other sources. For example and in particular, readers are advised to check the 
product information sheet included in the package of each drug they plan to 
administer to be certain that the information contained in this work is accu-
rate and that changes have not been made in the recommended dose or in the 
contraindications for administration. This recommendation is of particular 
importance in connection with new or infrequently used drugs.
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Lawrence H. Cohn, MD

The 5th edition of Cardiac Surgery in the Adult is dedicated to 
Dr. Lawrence Cohn, Emeritus Chief of the Division of Cardiac 
Surgery at Brigham and Women’s Hospital and Virginia and 
James Hubbard Professor of Cardiac Surgery at Harvard 
Medical School, who sadly passed away unexpectedly during 
the final stages of preparation of this latest edition of “his” 
reference textbook. Dr. Cohn leaves a legacy of excellence 
seldom seen in academic surgery, and he will be sorely missed 
by all of us who knew him, and especially those of us lucky 
enough to have been mentored by him. Dr. Cohn received his 
training in cardiothoracic surgery under the tutelage of 
Dr. Norman Shumway at Stanford University, and after com-
pleting his fellowship in 1971 he joined the staff of the Peter 
Bent Brigham Hospital in Boston. Over the next 45 years 
he was the driving force behind the success of the Harvard 
program, and became the Chief of the Division of Cardiac 
Surgery in 1986. A clinical cardiac surgeon first and foremost, 
Dr. Cohn performed over 11,000 open heart procedures dur-
ing his career, and was best known for his pioneering and 
international leadership in minimally invasive valve surgery. 
His academic contributions included over 500 peer-reviewed 
publications, 100 book chapters, and 750 invited lectures on 
virtually all topics in cardiac surgery, but perhaps his greatest 
academic legacy was his editorship of the 2nd, 3rd, and 4th 
editions of Cardiac Surgery in the Adult, which under his vision 
became the most widely referenced international textbook in 

adult cardiac surgery. During his career Dr. Cohn earned the 
highest awards and honors a cardiac surgeon could possibly 
achieve, serving as the 79th President of the American Asso-
ciation for Thoracic Surgery, receiving an honorary Masters 
of Medicine from Harvard, and receiving the American Heart 
Association’s Paul Dudley White Award, among numerous 
others. He would claim his greatest honor, however, was the 
opportunity to train over 200 residents and fellows from all 
over the world, many of whom went on to become Divi-
sion Chiefs, Department Chairs, and leaders in the specialty. 
His American Association for Thoracic Surgery presidential 
address “What the Cardiothoracic Surgeon of the 21st Century 
Ought to Be” personifies the essence of what made him one 
of the masters of cardiac surgery who will be remembered 
by generations to come. Through leadership by example in 
all phases of his career, his unwavering commitment to the 
individual patient was the foundation of all of his accomplish-
ments, and few surgeons have had such a profound impact on 
our specialty. Dr. Cohn was my teacher, mentor, and friend, 
and it was an honor to be asked by his wife of 55 years, Roberta, 
to assume the role of Co-Editor to complete this 5th edition of 
his textbook. Dr. Cohn left footprints too large to fill, but with 
the help of the many authors who contributed chapters and 
the publisher’s leadership, we now present this peer tribute to 
one of the greatest cardiac surgeons of all time. 

David H. Adams, MD
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3

The development of major surgery was retarded for centu-
ries by a lack of knowledge and technology. Significantly, the 
general anesthetics ether and chloroform were not developed 
until the middle of the nineteenth century. These agents 
made major surgical operations possible, which created an 
interest in repairing wounds to the heart, leading some inves-
tigators in Europe to conduct studies in the animal laboratory 
on the repair of heart wounds. The first simple operations in 
humans for heart wounds soon were reported in the medical 
literature.

HEART WOUNDS
On July 10, 1893, Dr. Daniel Hale Williams (Fig. 1-1), a 
surgeon from Chicago, successfully operated on a 24-year-old 
man who had been stabbed in the heart during a fight. The 
stab wound was slightly to the left of the sternum and dead 
center over the heart. Initially, the wound was thought to be 
superficial, but during the night the patient experienced per-
sistent bleeding, pain, and pronounced symptoms of shock. 
Williams opened the patient’s chest and tied off an artery and 
vein that had been injured inside the chest wall, likely causing 
the blood loss. Then he noticed a tear in the pericardium and 
a puncture wound to the heart “about one-tenth of an inch 
in length.”1

The wound in the right ventricle was not bleeding, so 
Williams did not place a stitch through the heart wound. 
He did, however, stitch closed the hole in the pericardium. 
Williams reported this case 4 years later.1 This operation, 
which is referred to frequently, is probably the first suc-
cessful surgery involving a documented stab wound to the 
heart. At the time Williams’ surgery was considered bold 
and daring, and although he did not actually place a stitch 
through the wound in the heart, his treatment seems to have 
been appropriate. Under the circumstances, he most likely 
saved the patient’s life.

A few years after Williams’ case, a couple of other surgeons 
actually sutured heart wounds, but the patients did not sur-
vive. Dr. Ludwig Rehn (Fig. 1-2), a surgeon in Frankfurt, 
Germany, performed what many consider the first success-
ful heart operation.2 On September 7, 1896, a 22-year-old 

man was stabbed in the heart and collapsed. The police found 
him pale, covered with cold sweat, and extremely short of 
breath. His pulse was irregular and his clothes were soaked 
with blood. By September 9, his condition was worsening, as 
shown in Dr. Rehn’s case notes:

Pulse weaker, increasing cardiac dullness on percussion, res-
piration 76, further deterioration during the day, diagnostic 
tap reveals dark blood. Patient appears moribund. Diagno-
sis: increasing hemothorax. I decided to operate entering 
the chest through the left fourth intercostal space, there is 
massive blood in the pleural cavity. The mammary artery is 
not injured. There is continuous bleeding from a hole in the 
pericardium. This opening is enlarged. The heart is exposed. 
Old blood and clots are emptied. There is a 1.5 cm gaping 
right ventricular wound. Bleeding is controlled with finger 
pressure. …

I decided to suture the heart wound. I used a small intes-
tinal needle and silk suture. The suture was tied in diastole. 
Bleeding diminished remarkably with the third suture, all 
bleeding was controlled. The pulse improved. The pleural 
cavity was irrigated. Pleura and pericardium were drained 
with iodoform gauze. The incision was approximated, heart 
rate and respiratory rate decreased and pulse improved post-
operatively.

… Today the patient is cured. He looks very good. His 
heart action is regular. I have not allowed him to work 
physically hard. This proves the feasibility of cardiac 
suture repair without a doubt! I hope this will lead to more 
investigation regarding surgery of the heart. This may save 
many lives.

Ten years after Rehn’s initial repair, he had accumulated a 
series of 124 cases with a mortality of only 60%, quite a feat 
at that time.3

Dr. Luther Hill was the first American to report the suc-
cessful repair of a cardiac wound, in a 13-year-old boy who 
was a victim of multiple stab wounds.4 When the first doctor 
arrived, the boy was in profound shock. The doctor remem-
bered that Dr. Luther Hill had spoken on the subject of repair 
of cardiac wounds at a local medical society meeting in Mont-
gomery, Alabama. With the consent of the boy’s parents, 
Dr. Hill was summoned. He arrived sometime after midnight 
with six other physicians. One was his brother. The surgery 

History of Cardiac Surgery
Larry W. Stephenson • Frank A. Baciewicz, Jr. 
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4 Part I Fundamentals

took place on the patient’s kitchen table in a rundown shack. 
Lighting was provided by two kerosene lamps borrowed from 
neighbors. One physician administered chloroform anesthe-
sia. The boy was suffering from cardiac tamponade as a result 
of a stab wound to the left ventricle. The stab wound to the 
ventricle was repaired with two catgut sutures. Although the 
early postoperative course was stormy, the boy made a com-
plete recovery. That patient, Henry Myrick, eventually moved 
to Chicago, where, in 1942, at the age of 53, he got into a 
heated argument and was stabbed in the heart again, very 
close to the original stab wound. This time, Henry was not as 
lucky and died from the wound.

Another milestone in cardiac surgery for trauma 
occurred during World War II when Dwight Harken, then 
a U.S. Army surgeon, removed 134 missiles from the medi-
astinum, including 55 from the pericardium and 13 from 
cardiac chambers, without a death.5 It is hard to imagine 
this type of elective (and semielective) surgery taking place 
without sophisticated indwelling pulmonary artery cath-
eters, blood banks, and electronic monitoring equipment. 

Rapid blood infusion consisted of pumping air into glass 
bottles of blood.

OPERATIVE MANAGEMENT OF 
PULMONARY EMBOLI
Martin Kirschner reported the first patient who recovered 
fully after undergoing pulmonary embolectomy in 1924.6 
In 1937, John Gibbon estimated that nine of 142 patients 
who had undergone the procedure worldwide left the hospi-
tal alive.7 These dismal results were a stimulus for Gibbon to 
start work on a pump oxygenator that could maintain the cir-
culation during pulmonary embolectomy. Sharp was the first 
to perform pulmonary embolectomy using cardiopulmonary 
bypass, in 1962.8

SURGERY OF THE PERICARDIUM
Pericardial resection was introduced independently by Rehn9 
and Sauerbruch.10 Since Rehn’s report, there have been few 
advances in the surgical treatment of constrictive pericarditis. 

FIGURE 1-1 Daniel Hale Williams, a surgeon from Chicago, who 
successfully operated on a patient with a wound to the chest involving 
the pericardium and the heart. (Reproduced with permission from 
Organ CH Jr., Kosiba MM: The Century of the Black Surgeons: A 
USA Experience. Norman, OK: Transcript Press, 1937; p 312.)

FIGURE 1-2 Ludwig Rehn, a surgeon from Frankfurt, Germany, 
who performed the first successful suture of a human heart wound. 
(Reproduced with permission from Mead R: A History of Thoracic 
Surgery. Springfield: Charles C Thomas; 1961.)
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 Chapter 1 History of Cardiac Surgery 5

Some operations are now performed with the aid of cardio-
pulmonary bypass. In certain situations, radical pericardiec-
tomy that removes most of the pericardium posterior to the 
phrenic nerves is done.

CATHETERIZATION OF THE RIGHT 
SIDE OF THE HEART
Although cardiac catheterization is not considered heart sur-
gery, it is an invasive procedure, and some catheter procedures 
have replaced heart operations. Werner Forssmann is credited 
with the first heart catheterization. He performed the proce-
dure on himself and reported it in Klrinische Wochenschrift.11 
In 1956 Forssmann shared the Nobel Prize in Physiology 
or Medicine with Andre F. Cournand and Dickenson W. 
Richards, Jr. His 1929 paper states, “One often hesitates to 
use intercardiac injections promptly, and often, time is wasted 
with other measures. This is why I kept looking for a differ-
ent, safer access to the cardiac chambers: the catheterization 
of the right heart via the venous system.”

In this report by Forssmann, a photograph of the x-ray 
taken of Forssmann with the catheter in his own heart is pre-
sented. Forssmann, in that same report, goes on to present 
the first clinical application of the central venous catheter for 
a patient in shock with generalized peritonitis. Forssmann 
concludes his paper by stating, “I also want to mention that 
this method allows new options for metabolic studies and 
studies about cardiac physiology.”

In a 1951 lecture Forssmann discussed the tremendous 
resistance he faced during his initial experiments.12 “Such 
methods are good for a circus, but not for a respected hospi-
tal” was the answer to his request to pursue physiologic stud-
ies using cardiac catheterization. His progressive ideas pushed 
him into the position of an outsider with ideas too crazy to 
give him a clinical position. Klein applied cardiac catheteriza-
tion for cardiac output determinations using the Fick method 
a half year after Forssmann’s first report.13 In 1930, Forss-
mann described his experiments with catheter cardiac angi-
ography.14 Further use of this new methodology had to wait 
until Cournand’s work in the 1940s.

HEART VALVE SURGERY BEFORE 
THE ERA OF CARDIOPULMONARY 
BYPASS
The first clinical attempt to open a stenotic valve was car-
ried out by Theodore Tuffier on July 13, 1912.15 Tuffier used 
his finger to reach the stenotic aortic valve. He was able to 
dilate the valve supposedly by pushing the invaginated aortic 
wall through the stenotic valve. The patient recovered, but 
one must be skeptical as to what was accomplished. Russell 
Brock attempted to dilate calcified aortic valves in humans 
in the late 1940s by passing an instrument through the valve 
from the innominate or another artery.16 His results were 
poor, and he abandoned the approach. During the next sev-
eral years, Brock17 and Bailey and colleagues18 used different 

dilators and various approaches to dilate stenotic aortic valves 
in patients. Mortality for these procedures, which was often 
done in conjunction with mitral commissurotomy, was high.

Elliott Cutler worked for 2 years on a mitral valvulotomy 
procedure in the laboratory. His first patient underwent suc-
cessful valvulotomy on May 20, 1923, using a tetrasomy 
knife.19 Unfortunately, most of Cutler’s subsequent patients 
died because he created too much regurgitation with his val-
vulotome, and he soon gave up the operation.

In Charles Bailey’s 1949 paper entitled, “The Surgical 
Treatment of Mitral Stenosis,” he states, “After 1929 no more 
surgical attempts [on mitral stenosis] were made until 1945. 
Dr. Dwight Harken, Dr. Horace Smithy, and the author 
recently made operative attempts to improve mitral stenosis. 
Our clinical experience with the surgery of the mitral valves 
has been five cases to date.” He then describes his five patients, 
four of whom died and only one of whom lived a long life.20,21

A few days after Bailey’s success, on June 16 in Boston, Dr. 
Dwight Harken successfully performed his first valvulotomy 
for mitral stenosis.22

The first successful pulmonary valvulotomy was performed 
by Thomas Holmes Sellers on December 4, 1947.23

Charles Hufnagel reported a series of 23 patients starting 
September 1952 who had operation for aortic insufficiency.24 
There were four deaths among the first 10 patients and two 
deaths among the next 13. Hufnagel’s caged-ball valve, which 
used multiple-point fixation rings to secure the apparatus to 
the descending aorta, was the only surgical treatment for aor-
tic valvular incompetence until the advent of cardiopulmo-
nary bypass and the development of heart valves that could 
be sewn into the aortic annulus position.

CONGENITAL CARDIAC SURGERY 
BEFORE THE HEART-LUNG 
MACHINE ERA
Congenital cardiac surgery began when John Strieder at Mas-
sachusetts General Hospital first successfully interrupted a 
ductus on March 6, 1937. The patient was septic and died 
on the fourth postoperative day. At autopsy, vegetations filled 
the pulmonary artery down to the valve.25 On August 16, 
1938, Robert Gross, at Boston Children’s Hospital, operated 
on a 7-year-old girl with dyspnea after moderate exercise.26 
The ductus was ligated and the patient made an uneventful 
recovery.

Modifications of the ductus operation soon followed. In 
1944, Dr. Gross reported a technique for dividing the duc-
tus successfully. The next major congenital lesion to be over-
come was coarctation of the aorta. Dr. Clarence Crafoord, 
in Stockholm, Sweden, successfully resected a coarctation of 
the aorta in a 12-year-old boy on October 19, 1944.27 Twelve 
days later he successfully resected the coarctation of a 27-year-
old patient. Dr. Gross first operated on a 5-year-old boy with 
this condition on June 28, 1945.28 After he excised the coarc-
tation and rejoined the aorta, the patient’s heart stopped sud-
denly. The patient died in the operating room. One week 
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6 Part I Fundamentals

later, however, Dr. Gross operated on a second patient, a 
12-year-old girl. This patient’s operation was successful. Dr. 
Gross had been unaware of Dr. Crafoord’s successful surgery 
several months previously, probably because of World War II.

In 1945, Dr. Gross reported the first successful case of sur-
gical relief for tracheal obstruction from a vascular ring.29 In 
the 5 years that followed Gross’s first successful operation, he 
reported 40 more cases.

The famous Blalock-Taussig operation also was first 
reported in 1945. The first patient was a 15-month-old 
girl with a clinical diagnosis of tetralogy of Fallot with a 
severe pulmonary stenosis.30 At age 8 months, the baby 
had her first cyanotic spell, which occurred after eating. 
Dr. Helen Taussig, the cardiologist, followed the child 
for 3 months, and during that time, cyanosis increased, 
and the child failed to gain weight. The operation was 
performed by Dr. Alfred Blalock at Johns Hopkins Uni-
versity on November 29, 1944. The left subclavian artery 
was anastomosed to the left pulmonary artery in an end-
to-side fashion. The postoperative course was described 
as stormy; the patient was discharged 2 months postoper-
atively. Two additional successful cases were done within 
3 months of that first patient.

Thus, within a 7-year period, three congenital cardiovascu-
lar defects, patent ductus arteriosus, coarctation of the aorta, 
and vascular ring, were attacked surgically and treated suc-
cessfully. However, the introduction of the Blalock-Taussig 
shunt probably was the most powerful stimulus to the devel-
opment of cardiac surgery because this operation palliated 
a complex intracardiac lesion and focused attention on the 
pathophysiology of cardiac disease.

Anomalous coronary artery in which the left coronary 
artery communicates with the pulmonary artery was the 
next surgical conquest. The surgery was performed on July 
22, 1946, and was reported by Gunnar Biorck and Clarence 
Crafoord.31 The anomalous coronary artery was identified 
and doubly ligated. The patient made an uneventful recovery.

Muller32 reported successful surgical treatment of trans-
position of the pulmonary veins in 1951, but the operation 
addressed a partial form of the anomaly. Later in the 1950s, 
Gott, Varco, Lillehei, and Cooley reported successful opera-
tive variations for anomalous pulmonary veins.

Another of Gross’s pioneering surgical procedures was 
surgical closure of an aortopulmonary window on May 22, 
1948.33 Cooley and colleagues34 were the first to report on 
the use of cardiopulmonary bypass to repair this defect and 
converted a difficult and hazardous procedure into a relatively 
straightforward one.

Glenn35 reported the first successful clinical application 
of the cavopulmonary anastomosis in the United States in 
1958 for what has been termed the Glenn shunt. Similar 
work was done in Russia during the 1950s by several investi-
gators. On January 3, 1957, Galankin,36 a Russian surgeon, 
performed a cavopulmonary anastomosis in a 16-year-old 
patient with tetralogy of Fallot. The patient made a good 
recovery with significant improvement in exercise tolerance 
and cyanosis.

THE DEVELOPMENT OF 
CARDIOPULMONARY BYPASS
The development of the heart-lung machine made repair 
of intracardiac lesions possible. To bypass the heart, one 
needs a basic understanding of the physiology of the circu-
lation, a method of preventing the blood from clotting, a 
mechanism to pump blood, and finally, a method to ven-
tilate the blood.

One of the key requirements of the heart-lung machine 
was anticoagulation. Heparin was discovered in 1915 by a 
medical student, Jay McLean, working in the laboratory of 
Dr. William Howell, a physiologist at Johns Hopkins.37

John Gibbon contributed more to the success of the devel-
opment of the heart-lung machine than anyone else.

Gibbon’s work on the heart-lung machine took place over 
20 years in laboratories at Massachusetts General Hospital, 
the University of Pennsylvania, and Thomas Jefferson 
University. In 1937, Gibbon reported the first successful 
demonstration that life could be maintained by an artificial 
heart and lung and that the native heart and lungs could 
resume function. Unfortunately, only three animals recov-
ered adequate cardiorespiratory function after total pulmo-
nary artery occlusion and bypass, and even they died a few 
hours later.38 Gibbon’s work was interrupted by World War 
II; afterward, he resumed his work at Thomas Jefferson Medi-
cal College in Philadelphia (Table 1-1).

Forest Dodrill and colleagues used the mechanical blood 
pump they developed with General Motors on a 41-year-
old man43 (Fig. 1-3). The machine was used to substitute 
for the left ventricle for 50 minutes while a surgical proce-
dure was carried out to repair the mitral valve; the patient’s 
own lungs were used to oxygenate the blood. This, the 
first clinically successful total left-sided heart bypass in a 
human, was performed on July 3, 1952, and followed from 
Dodrill’s experimental work with a mechanical pump for 
univentricular, biventricular, or cardiopulmonary bypass. 
Although Dodrill and colleagues had used their pump with 
an oxygenator for total heart bypass in animals,54 they felt 
that left-sided heart bypass was the most practical method 
for their first clinical case.

Later, on October 21, 1952, Dodrill and colleagues used 
their machine in a 16-year-old boy with congenital pulmo-
nary stenosis to perform a pulmonary valvuloplasty under 
direct vision; this was the first successful right-sided heart 
bypass.44 Between July 1952 and December 1954, Dodrill 
performed approximately 13 clinical operations on the 
heart and thoracic aorta using the Dodrill—General Motors 
machine, with at least five hospital survivors.55 Although he 
used this machine with an oxygenator in the animal labora-
tory, he did not start using an oxygenator with the Dodrill—
General Motors mechanical heart clinically until early 1955.

Hypothermia was another method to stop the heart and 
allow it to be opened.44

John Lewis closed an atrial septal defect (ASD) in a 
5-year-old girl on September 2, 1952 using a hypothermic 
technique.44
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 Chapter 1 History of Cardiac Surgery 7

TABLE 1-1: Twilight Zone: Clinical Status of Open-Heart Surgery, 1951–1955

1951 April 6: Clarence Dennis at the University of Minnesota used a heart-lung machine to repair an ostium primum or AV canal defect in 
a 5-year-old girl. Patient could not be weaned from cardiopulmonary bypass.39

  May 31: Dennis attempted to close an atrial septal defect using heart-lung machine in a 2-year-old girl who died intraoperatively of a 
massive air embolus.40

  August 7: Achille Mario Digliotti at the University of Turino, Italy, used a heart-lung machine of his own design to partially support 
the circulation (flow at 1 L/min for 20 minutes) while he resected a large mediastinal tumor compressing the right side of the 
heart.41 The cannulation was through the right axillary vein and artery. The patient survived. This was the first successful clinical use 
of a heart-lung machine, but the machine was not used as an adjunct to heart surgery.

1952 February (1952 or 1953 John Gibbon; see February 1953)
  March: John Gibbon used his heart-lung machine for right-sided heart bypass only while surgeon Frank Allbritten at Pennsylvania 

Hospital, Philadelphia, operated to remove a large clot or myxomatous tumor suspected by angiography.42 No tumor or clot was 
found. The patient died of heart failure in the operating room shortly after discontinuing right-sided heart bypass.

  April 3: Helmsworth in Cincinnati used a pump oxygenator of his own design connecting it in a veno-veno bypass mode to temporarily 
treat a patient with end-stage lung disease. The patients symptoms improved but recurred shortly after bypass was discontinued.60

  July 3: Dodrill used the Dodrill-GMR pump to bypass the left side of the heart while he repaired a mitral valve.43 The patient survived. 
This was the first successful use of a mechanical pump for total substitution of the left ventricle in a human being.

  September 2: John Lewis, at the University of Minnesota, closed an atrial septal defect under direct vision in a 5-year-old girl. The 
patient survived. This was the first successful clinical heart surgery procedure using total-body hypothermia. A mechanical pump 
and an oxygenator were not used. Others, including Dodrill, soon followed, using total-body hypothermia techniques to close atrial 
septal defects (ASDs) and perform pulmonary valvulotomies. By 1954, Lewis reported on 11 ASD closures using hypothermia with 
two hospital deaths.44 He also operated on two patients with ventricular septal defect (VSD) in early 1954 using this technique. 
Both resulted in intraoperative deaths.

  October 21: Dodrill performed pulmonary valvulotomy under direct vision using Dodrill-GMR pump to bypass the right atrium, 
ventricle, and main pulmonary artery.45 The patient survived.

  Although Dr. William Mustard in Toronto would describe a type of “corrective” surgical procedure for transposition of the great arteries 
(TGA) in 1964, which, in fact, for many years, would become the most popular form of surgical correction of TGA, his early results 
with this lesion were not good. In 1952, he used a mechanical pump coupled to the lung that had just been removed from a monkey 
to oxygenate the blood in seven children while attempts were made to correct their TGA defect.46 There were no survivors.

1953 February (or 1952): Gibbon at Jefferson Hospital in Philadelphia operated to close an ASD. No ASD was found. The patient died 
intraoperatively. Autopsy showed a large patent ductus arteriosus.47

  May 6: Gibbon used his heart-lung machine to close an ASD in an 18-year-old woman with symptoms of heart failure.47,57 The 
patient survived the operation and became the first patient to undergo successful open-heart surgery using a heart-lung machine.

  July: Gibbon used the heart-lung machine on two 5-year-old girls to close atrial septal defects.47 Both died intraoperatively. Gibbon was 
extremely distressed and declared a moratorium on further cardiac surgery at Jefferson Medical School until more work could be done to 
solve problems related to heart-lung bypass. These were probably the last heart operation he performed using the heart-lung machine.

1954 March 26: C. Walton Lillehei and associates at the University of Minnesota closed a VSD under direct vision in a 15-month-old boy using a 
technique to support the circulation that they called controlled cross-circulation. An adult (usually a parent) with the same blood type was 
used more or less as the heart-lung machine. The adult’s femoral artery and vein were connected with tubing and a pump to the patient’s 
circulation. The adult’s heart and lungs were oxygenated and supported the circulation while the child’s heart defect was corrected. The first 
patient died 11 days postoperatively from pneumonia, but six of their next seven patients survived.48 Between March 1954 and the end of 
1955, 45 heart operations were performed by Lillehei on children using this technique before it was phased out. Although controlled cross-
circulation was a short-lived technique, it was an important stepping stone in the development of open-heart surgery.

  July: Clarence Crafoord and associates at the Karolinska Institute in Stockholm, Sweden, used a heart-lung machine of their own 
design coupled with total-body hypothermia (patient was initially submerged in an ice-water bath) to remove a large atrial myxoma 
in a 40-year-old woman.49 She survived.

1955 March 22: John Kirklin at the Mayo Clinic used a heart-lung machine similar to Gibbon’s, but with modifications his team had 
worked out over 2 years in the research laboratory, to successfully close a VSD in a 5-year-old patient. By May of 1955, they had 
operated on eight children with various types of VSDs, and four were hospital survivors. This was the first successful series of 
patients (ie, more than one) to undergo heart surgery using a heart-lung machine.50

  May 13: Lillehei and colleagues began using a heart-lung machine of their own design to correct intracardiac defects. By May of 
1956, their series included 80 patients.48 Initially they used their heart-lung machine for lower-risk patients and used controlled 
cross-circulation, with which they were more familiar, for the higher-risk patients. Starting in March 1955, they also tried other 
techniques in patients to oxygenate blood during heart surgery, such as canine lung, but with generally poor results.48

(Continued )
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8 Part I Fundamentals

FIGURE 1-3 Blueprints by General Motors engineers of the Dodrill-GMR mechanical heart. (Used with permission from Calvin Hughes.)

TABLE 1-1: Twilight Zone: Clinical Status of Open-Heart Surgery, 1951–1955

  Dodrill had been performing heart operations with the GM heart pump since 1952 and used the patient’s own lungs to oxygenate 
the blood. Early in the year 1955, he attempted repairs of VSDs in two patients using the heart pump, but with a mechanical 
oxygenator of his team’s design both died. On December 1, he closed a VSD in a 3-year-old girl using his heart-lung machine. She 
survived. In May 1956 at the annual meeting of the American Association for Thoracic Surgery, he reported on six children with 
VSDs, including one with tetralogy of Fallot, who had undergone open-heart surgery using his heart-lung machine. All survived at 
least 48 hours postoperatively.51 Three were hospital survivors, including the patient with tetralogy of Fallot.

  June 30: Clarence Dennis, who had moved from the University of Minnesota to the State University of New York, successfully closed 
an ASD in a girl using a heart-lung machine of his own design.52

  Mustard successfully repaired a VSD and dilated the pulmonary valve in a 9-month-old with a diagnosis of tetralogy of Fallot using 
a mechanical pump and a monkey lung to oxygenate the blood.53 He did not give the date in 1955, but the patient is listed as 
Human Case 7. Unfortunately, in the same report, cases 1–6 and 8–15 operated on between 1951 and the end of 1955 with 
various congenital heart defects did not survive the surgery using the pump and monkey lung, nor did another seven children in 
1952, all with TGA (see timeline for 1952) using the same bypass technique.

Note: This list is not all-inclusive but likely includes most of the historically significant clinical open-heart events in which a blood pump was used to support the circulation 
during this period. (A twilight zone can mean an ill-defined area between two distinct conditions, such as the area between darkness and light.)

1955

(Continued )

The use of systemic hypothermia for open intracardiac sur-
gery was relatively short-lived; after the heart-lung machine 
was introduced clinically, it appeared that deep hypothermia 
was obsolete. However, during the 1960s it became appar-
ent that operative results in infants under 1 year of age using 

cardiopulmonary bypass were poor. In 1967, Hikasa and 
colleagues,56 from Kyoto, Japan, published an article that 
reintroduced profound hypothermia for cardiac surgery in 
infants and used the heart-lung machine for rewarming. 
Their technique involved surface cooling to 20°C, cardiac 
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 Chapter 1 History of Cardiac Surgery 9

surgery during circulatory arrest for 15 to 75 minutes, and 
rewarming with cardiopulmonary bypass. At the same time, 
other groups reported using profound hypothermia with 
circulatory arrest in infants with the heart-lung machine for 
cooling and rewarming. Results were much improved, and 
subsequently the technique also was applied for resection of 
aortic arch aneurysms.

After World War II, John Gibbon resumed his research. 
He eventually met Thomas Watson, chairman of the board 
of the International Business Machines (IBM) Corporation. 
Watson was fascinated by Gibbon’s research and promised 
help. Soon afterward, six IBM engineers arrived and built a 
machine that was similar to Gibbon’s earlier machine, which 
contained a rotating vertical cylinder oxygenator and a modi-
fied DeBakey rotary pump. Gibbon operated on a 15-month-
old girl with severe congestive heart failure (CHF). The 
preoperative diagnosis was ASD, but at operation, none 
was found. She died, and a huge patent ductus was found 
at autopsy. The next patient was an 18-year-old girl with 
CHF owing to an ASD. This defect was closed successfully 
on May 6, 1953, with the Gibbon-IBM heart-lung machine. 

The patient recovered, and several months later the defect was 
confirmed closed at cardiac catheterization.57 Unfortunately, 
Gibbon’s next two patients did not survive intracardiac pro-
cedures when the heart-lung machine was used. These failures 
distressed Dr. Gibbon, who declared a 1-year moratorium for 
the heart-lung machine until more work could be done to 
solve the problems causing the deaths.

During this period, C. Walton Lillehei and colleagues at 
the University of Minnesota studied a technique called con-
trolled cross-circulation.58 With this technique, the circulation 
of one dog was used temporarily to support that of a second 
dog while the second dog’s heart was stopped temporarily and 
opened. After a simulated repair in the second dog, the ani-
mals were disconnected and allowed to recover.

Lillehei and colleagues58 used their technique at the Uni-
versity of Minnesota to correct a ventricular septal defect 
(VSD) in a 12-month-old infant on March 26, 1954 
(Fig. 1-4). Either a parent or a close relative with the same 
blood type was connected to the child’s circulation. In Lille-
hei’s first clinical case, the patient made an uneventful recov-
ery until death on the eleventh postoperative day from a 

FIGURE 1-4 A depiction of the method of direct-vision intracardiac surgery using extracorporeal circulation by controlled cross-circulation. (A) 
The patient, showing sites of arterial and venous cannulations. (B) The donor, showing sites of arterial and venous (superficial femoral and great 
saphenous) cannulations. (C) The Sigma motor pump controlling precisely the reciprocal exchange of blood between the patient and donor. (D) 
Close-up of the patient’s heart, showing the vena caval catheter positioned to draw venous blood from both the superior and inferior venae cavae 
during the cardiac bypass interval. The arterial blood from the donor circulated to the patient’s body through the catheter that was inserted into 
the left subclavian artery. (Reproduced with permission from Lillehei CW, Cohen M, Warden HE, et al: The results of direct vision closure of 
ventricular septal defects in eight patients by means of controlled cross circulation, Surg Gynecol Obstet. 1955 Oct;101(4):446-466.)
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10 Part I Fundamentals

rapidly progressing tracheal bronchitis. At autopsy, the VSD 
was closed, and the respiratory infection was confirmed as the 
cause of death. Two weeks later, the second and third patients 
had VSDs closed by the same technique 3 days apart. Both 
remained long-term survivors with normal hemodynamics 
confirmed by cardiac catheterization.

In 1955, Lillehei and colleagues59 published a report of 
32 patients that included repairs of VSDs, tetralogy of Fallot, 
and atrioventricularis communis defects. By May of 1955, 
the blood pump used for systemic cross-circulation by Lillehei 
and colleagues was coupled with a bubble oxygenator devel-
oped by Drs. DeWall and Lillehei, and cross-circulation was 
soon abandoned after use in 45 patients during 1954 and 
1955. Although its clinical use was short-lived, cross-circula-
tion was an important steppingstone in the development of 
cardiac surgery.

Meanwhile, at the Mayo Clinic only 90 miles away, John 
W. Kirklin and colleagues launched their open-heart program 
on March 5, 1955.50 They used a heart-lung machine based 
on the Gibbon-IBM machine but with their own modifica-
tions. Kirklin wrote:61

We investigated and visited the groups working intensively 
with the mechanical pump oxygenators. We visited Dr. 
Gibbon in his laboratories in Philadelphia, and Dr. Forest 
Dodrill in Detroit, among others. The Gibbon pump oxy-
genator had been developed and made by the International 
Business Machine Corporation and looked quite a bit like a 
computer. Dr. Dodrill’s heart-lung machine had been devel-
oped and built for him by General Motors and it looked a 
great deal like a car engine. We came home, reflected and 
decided to try to persuade the Mayo Clinic to let us build a 
pump oxygenator similar to the Gibbon machine, but some-
what different. We already had had about a year’s experience 
in the animal laboratory with David Donald using a simple 
pump and bubble oxygenator when we set about very early in 
1953, the laborious task of building a Mayo-Gibbon pump 
oxygenator and continuing the laboratory research.

Most people were very discouraged with the laboratory 
progress. The American Heart Association and the National 
Institutes of Health had stopped funding any projects for 
the study of heart-lung machines, because it was felt that the 
problem was physiologically insurmountable. David Donald 
and I undertook a series of laboratory experiments lasting 
about 1½ years during which time the engineering shops at 
the Mayo Clinic constructed a pump oxygenator based on 
the Gibbon model.

… In the winter of 1954 and 1955 we had nine sur-
viving dogs out of 10 cardiopulmonary bypass runs. With 
my wonderful colleague and pediatric cardiologist, Jim 
DuShane, we had earlier selected eight patients for intra-
cardiac repair. Two had to be put off because two babies 
with very serious congenital heart disease came along and 
we decided to fit them into the schedule. We had deter-
mined to do all eight patients even if the first seven died. All 
of this was planned with the knowledge and approval of the 
governance of the Mayo Clinic. Our plan was then to return 
to the laboratory and spend the next 6 to 12 months solv-
ing the problems that had arisen in the first planned clinical 
trial of a pump oxygenator. … We did our first open-heart 
operation on a Tuesday in March 1955.

Kirklin continued:61

Four of our first eight patients survived, but the press of the 
clinical work prevented our ever being able to return to the 
laboratory with the force that we had planned. By now, Walt 
Lillehei and I were on parallel, but intertwined paths.

By the end of 1956, many university groups around the 
world had launched into open-heart programs. Currently, it 
is estimated that more than 1 million cardiac operations are 
performed each year worldwide with use of the heart-lung 
machine. In most cases, the operative mortality is quite low, 
approaching 1% for some operations. Little thought is given 
to the courageous pioneers in the 1950s whose monumental 
contributions made all this possible.

Extracorporeal Life Support
Extracorporeal life support (ECLS) is an extension of cardio-
pulmonary bypass. Cardiopulmonary bypass was limited ini-
tially to no more than 6 hours. The development of membrane 
oxygenators in the 1960s permitted longer support. Donald 
Hill and colleagues in 1972 treated a 24-year-old man who 
developed shock lung after blunt trauma.62 The patient was 
supported for 75 hours using a heart-lung machine with a 
membrane oxygenator, cannulated via the femoral vein and 
artery. The patient was weaned and recovered. Hill’s second 
patient was supported for 5 days and recovered. This led to 
a randomized trial supported by the National Institutes of 
Health to determine the efficacy of this therapy for adults 
with respiratory failure. The study was conducted from 1972 
to 1975 and showed no significant difference in survival 
between patients managed by ECLS (9.5%) and those who 
received conventional ventilatory therapy (8.3%).63 Because 
of these results, most U.S. centers abandoned efforts to sup-
port adult patients using ECLS, also known as extracorporeal 
membrane oxygenation (ECMO).

One participant in the adult trial decided to study neo-
nates. The usual causes of neonatal respiratory failure have 
in common abnormal postnatal blood shunts known as per-
sistent fetal circulation (PFC). This is a temporary, reversible 
phenomenon. In 1976, Bartlett and colleagues at the Univer-
sity of Michigan were the first to treat a neonate successfully 
using ECLS. More than 8000 neonatal patients have been 
treated using ECLS worldwide, with a survival rate of 82% 
(ELSO registry data).

MYOCARDIAL PROTECTION
Melrose and colleagues64 in 1955 presented the first experi-
mental study describing induced arrest by potassium-based 
cardioplegia. Blood cardioplegia was used “to preserve 
myocardial energy stores at the onset of cardiac ischemia.” 
Unfortunately, the Melrose solution proved to be toxic to the 
myocardium, and as a result cardioplegia was not used widely 
for several years.

Gay and Ebert65 and Tyres and colleagues66 demonstrated 
that cardioplegia with lower potassium concentrations was 
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 Chapter 1 History of Cardiac Surgery 11

safe. Studies by Kirsch and colleagues,67 Bretschneider and col-
leagues,68 and Hearse and colleagues69 demonstrated the effec-
tiveness of cardioplegia with other constituents and renewed 
interest in this technique. Gay and Ebert in 1973 demonstrated 
a significant reduction in myocardial oxygen consumption 
during potassium-induced arrest when compared with that of 
the fibrillating heart.65 They also showed that the problems in 
the use of the Melrose solution in the early days of cardiac sur-
gery probably were caused by its hyperosmolar properties and 
perhaps not the high potassium concentration.

In a 1978 publication by Follette and colleagues,70 the 
technique of blood cardioplegia was reintroduced. In experi-
mental and clinical studies, these authors demonstrated that 
hypothermic, intermittent blood cardioplegia provided bet-
ter myocardial protection than normothermic, continuous 
coronary perfusion and/or hypothermic, intermittent blood 
perfusion without cardioplegia solution. The composition of 
the best cardioplegia solution remains controversial, and new 
formulations, methods of delivery, and recommended tem-
peratures continue to evolve.

EVOLUTION OF CONGENITAL 
CARDIAC SURGERY DURING THE ERA 
OF CARDIOPULMONARY BYPASS
With the advent of cardiopulmonary bypass using either the 
cross-circulation technique of Lillehei and colleagues or the ver-
sion of the mechanical heart-lung machine used by Kirklin and 
colleagues, the two groups led the way for intracardiac repairs 
for many of the commonly occurring congenital heart defects. 
Because of the morbidity associated with the heart-lung machine, 
palliative operations also were developed to improve circulatory 
physiology without directly addressing the anatomic pathology. 
These palliative operations included the Blalock-Taussig subcla-
vian–pulmonary arterial shunt30 with modifications by Potts and 
colleagues71 and Waterston,72 the Blalock-Hanlon operation to 
create an ASD,73 and the Galankin-Glenn superior vena cava–
right pulmonary arterial shunt.35,36

As the safety of cardiopulmonary bypass improved steadily, 
surgeons addressed more and more complex abnormalities of the 
heart in younger and younger patients. Some of the milestones 
in the development of operations to correct congenital heart 
defects using cardiopulmonary bypass appear in Table 1-2.

VALVULAR SURGERY: 
CARDIOPULMONARY BYPASS ERA
Cardiac valve repair or replacement under direct vision 
awaited the development of the heart-lung machine. The first 
successful aortic valve replacement (AVR) in the subcoronary 
position was performed by Dr. Dwight Harken and associ-
ates.91 A caged-ball valve was used. Many of the techniques 
described in Harken’s 1960 report are similar to those used 
today for AVR.

That same year, Starr and Edwards92 successfully replaced 
the mitral valve using a caged-ball valve of their own design.

By 1967, nearly 2000 Starr-Edwards valves had been 
implanted, and the caged-ball-valve prosthesis was established 
as the standard against which all other mechanical prostheses 
would be compared.

In 1964, Starr and colleagues reported 13 patients who 
had undergone multiple valve replacement.93 One patient 
had the aortic, mitral, and tricuspid valves replaced on Feb-
ruary 21, 1963. Cartwright and colleagues, however, on 
November 1, 1961, were the first to replace both the aortic 
and mitral valves successfully with ball-valve prostheses that 
they had developed.94 Knott-Craig and colleagues,95 from the 
Mayo Clinic, successfully replaced all four heart valves in a 
patient with carcinoid involvement.

In 1961, Andrew Morrow and Edwin Brockenbrough96 
reported a treatment for idiopathic hypertrophic subaortic 
stenosis by resecting a portion of the thickened ventricular 
septum. They referred to this as subaortic ventriculomyotomy. 
They gave credit to William Cleland and H.H. Bentall in 
London, who had encountered this condition unexpectedly 
at operation and resected a small portion of the ventricular 
mass. The patient improved, but no postoperative hemody-
namic studies had been reported. The subaortic ventriculo-
myotomy became the standard surgical treatment for this 
cardiac anomaly, although in some patients systolic anterior 
motion (SAM) of the anterior leaflet of the mitral valve neces-
sitates mitral valve replacement with a low-profile mechanical 
valve.

An aortic homograft valve was used clinically for the first 
time by Heimbecker and colleagues in Toronto for replace-
ment of the mitral valve in one patient and an aortic valve 
in another.97 Survival was short, 1 day in one patient and 1 
month in the other. Donald Ross reported on the first success-
ful aortic valve placement with an aortic valve homograft.98 
He used a technique of subcoronary implantation developed 
in the laboratory by Carlos Duran and Alfred Gunning in 
Oxford.

The technique of AVR with a pulmonary autograft 
described initially by Ross in 1967 is advocated by some 
groups for younger patients who require AVR.99 An aortic or 
pulmonary valve homograft is used to replace the pulmonary 
valve that has been transferred to the aortic position.

Other autogenous materials that have been used to manu-
facture valve prostheses include pericardium, fasciae latae, 
and dura mater. In the 1960s, Binet and colleagues100 began 
to develop and test tissue valves. In 1964, Duran and Gun-
ning in England replaced an aortic valve in a patient using a 
xenograft porcine aortic valve. Early results with formalde-
hyde-fixed xenografts were good,100 but in a few years these 
valves began to fail because of tissue degeneration and cal-
cification.101 Carpentier and colleagues revitalized interest in 
xenograft valves by fixating porcine valves with glutaralde-
hyde. Carpentier also mounted his valves on a stent to pro-
duce a bioprosthesis. Carpentier-Edwards porcine valves and 
Hancock and Angell-Shiley bioprostheses became popular 
and were implanted in large numbers of patients.102,103

With the development of cardiopulmonary bypass, valves 
could be approached under direct vision, and for the first 
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12 Part I Fundamentals

time, mitral insufficiency could be attacked by reparative tech-
niques. Techniques for mitral annuloplasty were described by 
Wooler and colleagues,104 Reed and colleagues,105 and Kay 
and colleagues.106 The next step forward was development of 
annuloplasty rings by Carpentier and Duran. In the 1970s, 
few groups were involved in valve repairs. Slowly, techniques 
evolved, were tested clinically, and were followed over the 
years. Carpentier led the field by establishing the importance 
of careful analysis of valve pathology, describing in detail 
several techniques of valve repair, and reporting good results 
after early and late follow-up, especially with concomitant use 
of annuloplasty rings.107

From 1966 to 1968, a small epidemic of infective endo-
carditis in Detroit among heroin addicts broke out. Patients 
were dying of intractable gram-negative tricuspid valve endo-
carditis, often caused by Pseudomonas aeruginosa. Long-term 
antibiotic administration in combination with tricuspid valve 
replacement was 100% fatal. Starting in 1970, Arbulu oper-
ated on 55 patients; in 53, the tricuspid valve was removed 
without replacing it.108,109 At 25 years, the actuarial survival 
is 61%.

Alan Cribier in Rouen France was first to successfully 
perform a transcatheter aortic valve insertion in a patient on 

April 16, 2002.110 Prospective clinical trials soon followed, 
which demonstrated that percutaneous aortic valve inser-
tion improved 1 year survival compared to medically treated 
patients with critical aortic stenosis, and that this procedure 
had similar 30-day and 1-year mortalities when compared 
to the standard surgical procedure. There was, however, an 
increased rate of stroke/transient ischemic attack (TIA) with 
percutaneous approach.111, 112

CORONARY ARTERY SURGERY
Selective coronary angiography was developed by Sones and 
Shirey at the Cleveland Clinic and reported in their 1962 
classic paper entitled, “Cine Coronary Arteriography.”113 
They used a catheter to inject contrast material directly into 
the coronary artery ostia. This technique gave a major impe-
tus to direct revascularization of obstructed coronary arteries.

From 1960 to 1967, several sporadic instances of coronary 
grafting were reported. All were isolated cases and, for uncer-
tain reasons, were not reproduced. None had an impact on 
the development of coronary surgery. Dr. Robert H. Goetz 
performed what appears to be the first clearly documented 
coronary artery bypass operation in a human, which was 

TABLE 1-2: First Successful Intracardiac Repairs Using Cardiopulmonary Bypass or 
Cross-Circulation

Lesion Year Reference Comment

Atrial septal defect 1953 Gibbon57 May 6, 1953
Ventricular septal defect 1954 Lillehei et al58 Cross-circulation
Complete atrioventricular canal 1954 Lillehei et al59 Cross-circulation
Tetralogy of Fallot 1954 Lillehei et al58 Cross-circulation
Tetralogy of Fallot 1955 Kirklin50 Cardiopulmonary bypass (CPB)
Total anomalous pulmonary veins 1956 Burroughs and Kirklin74  
Congenital aneurysm sinus of Valsalva 1956 McGoon et al75  
Congenital aortic stenosis 1956 Ellis and Kirklin76 First direct visual correction
Aortopulmonary window 1957 Cooley et al77 First closure using CPB
Double outlet right ventricle 1957 Kirklin et al78 Extemporarily devised correction
Corrected transposition great arteries 1957 Anderson et al79  
Transposition of great arteries:  

atrial switch
1959 Senning80 Physiologic total correction

Coronary arteriovenous fistula 1959 Swan et al81  
Ebstein’s anomaly 1964 Hardy et al82 Repair of atrialized tricuspid valve
Tetralogy with pulmonary atresia 1966 Ross and Somerville83 Used aortic allograft
Truncus arteriosus 1967 McGoon et al84 Used aortic allograft
Tricuspid atresia 1968 Fontan and Baudet85 Physiologic correction
Single ventricle 1970 Horiuchi et al86  
Subaortic tunnel stenosis 1975 Konno et al87  
Transposition of great arteries:  

arterial switch
1975 Jatene et al88 Anatomic correction

Hypoplastic left heart syndrome 1983 Norwood et al89 Two-stage operation
Pediatric heart transplantation 1985 Bailey et al90  
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 Chapter 1 History of Cardiac Surgery 13

successful. The surgery took place at Van Etten Hospital in 
New York City on May 2, 1960.114 He operated on a 38-year-
old man who was severely symptomatic and used a nonsuture 
technique to connect the right internal mammary artery to a 
right coronary artery. It took him 17 seconds to join the two 
arteries using a hollow metal tube. The right internal mam-
mary artery–coronary artery connection was confirmed pat-
ent by angiography performed on the 14th postoperative day. 
The patient remained asymptomatic for about a year and then 
developed recurrent angina and died of a myocardial infarc-
tion on June 23, 1961. Goetz was severely criticized by his 
medical and surgical colleagues for this procedure, although 
he had performed it successfully many times in the animal 
laboratory. He never attempted another coronary bypass 
operation in a human.

Another example involved a case of autogenous saphenous 
vein bypass grafting performed on November 23, 1964, in a 
42-year-old man who was scheduled to have endarterectomy 
of his left coronary artery.115 Because the lesion involved the 
entire bifurcation, endarterectomy with venous patch graft 
was abandoned as too hazardous. The authors, Garrett, Dennis, 
and DeBakey, however, did not report this case until 1973. 
The patient was alive at that time, and angiograms showed 
the vein graft to be patent.

Shumaker116 credits Longmire with the first internal mam-
mary–coronary artery anastomosis. “It was almost surely 
Longmire, long-time chairman at UCLA, and his associate, 
Jack Cannon, who first performed an anastomosis between 
the internal mammary artery and a coronary branch, prob-
ably in early 1958.”

The reference that Shumaker gives for this quotation from 
Longmire is a personal communication to Shumaker in 1990, 
which was 32 years after the fact!

As early as 1952, Vladimir Demikhov, the renowned 
Soviet surgeon, was anastomosing the internal mammary 
artery to the left coronary artery in dogs.117 In 1967, at the 
height of the Cold War, a Soviet surgeon from Leningrad,  
V. I. Kolessov, reported his experience with mammary artery–
coronary artery anastomoses for the treatment of angina pec-
toris in six patients in an American surgical journal.118 The 
first patient in that series was done in 1964. Operations were 
performed through a left thoracotomy without extracorporeal 
circulation or preoperative coronary angiography. The fol-
lowing year, Green and colleagues119 and Bailey and Hirose120 
separately published reports in which the internal mammary 
artery was used for coronary artery bypass in patients.

Rene Favalaro from the Cleveland Clinic used saphenous 
vein for bypassing coronary obstructions.121 Favalaro’s 1968 
article focused on 15 patients, who were part of a larger series 
of 180 patients who had undergone the Vineberg procedure. 
In these 15 patients with occlusion of the proximal right cor-
onary artery, an interpositional graft of saphenous vein also 
was placed between the ascending aorta and the right coro-
nary artery distal to the blockage. The right coronary artery 
was divided, and the vein graft was anastomosed end to end. 
Favalaro states that this procedure was done because of the 
unfavorable results with pericardial patch reconstruction 

of the coronary artery. In an addendum to that paper, 55 
patients were added, 52 for segmental occlusion of the right 
coronary and 3 others for circumflex disease.

The contributions by Favalaro, Kolessov, Green and col-
leagues, and Bailey and Hirose all were important, but 
arguably the official start of coronary bypass surgery as we 
know it today happened in 1969 when W. Dudley Johnson 
and coworkers from Milwaukee reported their series of 301 
patients who had undergone various operations for coro-
nary artery disease (CAD) since February of 1967.122 In that 
report, the authors presented their results with direct coro-
nary artery surgery during a 19-month period. They state:

After two initial and successful patch grafts, the vein bypass 
technique has been used exclusively. Early results were so 
encouraging that last summer the vein graft technique was 
expanded and used to all major branches. Vein grafts to the 
left side of the arteries run from the aorta over the pulmo-
nary artery and down to the appropriate coronary vessel. 
Right-sided grafts run along the atrioventricular groove and 
also attach directly to the aorta. There is almost no limit of 
potential (coronary) arteries to use. Veins can be sutured to 
the distal anterior descending or even to posterior marginal 
branches. Double vein grafts are now used in more than 40% 
of patients and can be used to any combination of arteries.

Johnson goes on to say:

Our experience indicates that five factors are important to 
direct surgery. One: Do not limit grafts to proximal portions 
of large arteries. … Two: Do not work with diseased arteries. 
Vein grafts can be made as long as necessary and should be 
inserted into distal normal arteries. Three: Always do end-
to-side anastomoses. … Four: Always work on a dry, quiet 
field. Consistently successful fine vessel anastomoses cannot 
be done on a moving, bloody target. … Five: Do not allow 
the hematocrit to fall below 35.

In discussing Dr. Johnson’s presentation, Dr. Frank Spen-
cer commented:

I would like to congratulate Dr. Johnson very heartily. We may 
have heard a milestone in cardiac surgery today. Because for years, 
pathologists, cardiologists, and many surgeons have repeatedly 
stated that the pattern of coronary artery disease is so exten-
sive that direct anastomosis can be done in only 5 to 7% of 
patients. If the exciting data by Dr. Johnson remain valid and 
the grafts remain patent over a long period of time, a total 
revision of thinking will be required regarding the feasibility 
of direct arterial surgery for CAD.122

The direct anastomosis between the internal mammary 
artery and the coronary artery was not as popular initially as 
the vein-graft technique; however, owing to the persistence of 
Drs. Green, Loop, Grondin, and others, internal mammary 
artery grafts eventually became the conduit of choice when 
their superior long-term patency became known.123

Andreas Gruntzig working in Zurich, Switzerland, was 
the first to successfully dilate a stenotic coronary artery in a 
patient, percutaneously and used a balloon-tip catheter he had 
developed. The procedure was performed on September 16, 
1977, on a 38-year-old woman with an 85% stenosis of the 
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14 Part I Fundamentals

left anterior descending coronary artery. In 1979, he reported 
on the first 50 patients to undergo percutaneous transluminal 
coronary angioplasty (PTCA).124 However despite the almost 
instant popularity of this procedure in the Western world, 
it was soon found that the restenosis rate was relatively high 
when compared with that of coronary bypass surgery, and 
there was also risk of sudden closure of the artery in the area 
that had been dilated.

Research in the animal laboratory with stents was carried 
out in the hope of solving these problems.

Jacque Puel in Toulouse, France, and shortly afterward, 
Ulrich Sigwart in Lausanne, Switzerland, were first to 
implant stents in patient’s coronary arteries in the spring of 
1986.125–128 Although stents improved the results of PTCA 
and significantly decreased the incidence of acute coronary 
closure, the long-term patency rates in general were not as 
good as those in coronary bypass surgery. Therefore, stents 
that were impregnated with drugs or other chemicals were 
developed, which would be slowly released with hopes of 
decreasing the restenosis rate. Clinical trials with these drug-
eluting types of stents began in 2003 and indicate they are 
associated with a decrease in restenosis rates.

Denton Cooley and colleagues made two important con-
tributions to the surgery for ischemic heart disease.129 In 
1956, with the use of cardiopulmonary bypass, they were the 
first to repair a ruptured interventricular septum following 
acute myocardial infarction. The patient did well initially but 
died of complications 6 weeks after the operation. Cooley 
and colleagues also were the first to report the resection of a 
left ventricular aneurysm with the use of cardiopulmonary 
bypass.130

ARRHYTHMIC SURGERY
Cobb and colleagues at Duke University developed the first 
successful surgical treatment for cardiac arrhythmias.131 A 
32-year-old fisherman was referred for symptomatic episodes 
of atrial tachycardia that caused CHF. On May 2, 1968, after 
epicardial mapping, a 5- to 6-cm cut was made extending 
from the base of the right atrial appendage to the right border 
of the right atrium during cardiopulmonary bypass. The inci-
sion transected the conduction pathway between the atrium 
and ventricle. Subsequent epicardial mapping indicated erad-
ication of the pathway. Six weeks after the operation, heart 
size had decreased and lung fields had cleared. The patient 
eventually returned to work.

A year earlier, Dr. Dwight McGoon at the Mayo Clinic 
closed an ASD in a patient who also had Wolff-Parkinson-
White (WPW) syndrome.132 At operation, Dr. Birchell 
mapped the epicardium of the heart and localized the 
accessory pathway to the right atrioventricular groove. 
Lidocaine was injected into the site, and the delta wave 
disappeared immediately. Unfortunately, conduction 
across the pathway reappeared a few hours later. This prob-
ably was the first attempt to treat the WPW syndrome 
surgically. As a result of knowledge gained from the sur-
gical treatment for WPW syndrome, more than 95% of 

all refractory clinical cases now are treated successfully by 
nonsurgical means.132

Ross and colleagues133 in Sydney, Australia, and Cox and 
colleagues134 in St. Louis, Missouri, used cryosurgical treat-
ment of atrial ventricular node re-entry tachycardia. Sub-
sequently, James L. Cox, after years of laboratory research, 
developed the Maze operation for atrial fibrillation.135 That 
technique, with his subsequent modifications, is now known 
as the Cox Maze procedure and has become the world standard 
with which other techniques used to treat atrial fibrillation, 
either surgically or with catheters, are compared.136

Guiraudon and colleagues,136 from Paris, reported their 
results with an encircling endomyocardial ventriculotomy for 
the treatment of malignant ventricular arrhythmias. The fol-
lowing year, in 1979, Josephson and colleagues137 described 
a more specific procedure for treatment of malignant ven-
tricular arrhythmias. After endocardial mapping, the endo-
cardial source of the arrhythmia was excised. Although the 
Guiraudon technique usually isolated the source of the 
arrhythmia, the incision also devascularized healthy myocar-
dium and was associated with high mortality. Endocardial 
resection was safer and more efficacious and became the basis 
of all approaches for the treatment of ischemic ventricular 
tachycardia.137

Stimulated by the death of a close personal friend from 
ventricular arrhythmias, Dr. Mirowski developed a proto-
type defibrillator over a 3-month period in 1969. In 1980, 
Mirowski and colleagues described three successful cases using 
their implantable myocardial stimulator at Johns Hopkins.138

Soon a version of Mirowski’s defibrillator was commer-
cially available. Initially centers implanting them were part 
of the clinical trials being conducted and required Food and 
Drug Administration (FDA) approval. The chest needed 
to be opened to place the relatively large electrodes directly 
on the ventricles. The battery used to power the device and 
generate the electrical shock was also large and was usually 
placed in the abdominal wall. Within 10 years, smaller, more 
advanced ventricular leads were developed and inserted per-
cutaneously through the venous system. The battery was 
made much smaller in size. During the 1990s, clinical trials 
were conducted, which showed the automatic implantable 
cardiac defibrillators decreased mortality when compared to 
medically treated patients in subsets of patients prone to ven-
tricular tachycardia and fibrillation. As a result of these find-
ings, the use of these devices has increased significantly.139, 140

PACEMAKERS
In 1952, Paul Zoll applied electric shocks 2 ms in duration 
that were transmitted through the chest wall at frequencies 
from 25 to 60 per minute and increased the intensity of the 
shock until ventricular responses were observed. However, 
after 25 minutes of intermittent stimulation the patient 
died, although many subsequent patients recovered.141 
The next step came when Lillehei and colleagues reported 
a series of patients who had external pacing after open-
heart surgery during the 1950s.142 The field of open-heart 
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 Chapter 1 History of Cardiac Surgery 15

surgery gave a major impetus to the development of pace-
makers because there was a high incidence of heart block 
following many intracardiac repairs. The major difference 
between Zoll’s pacing and that of Lillehei and colleagues 
was that Zoll used external electrodes placed on the chest 
wall, whereas Lillehei and colleagues attached electrodes 
directly to the heart at operation. Lillehei and colleagues 
used a relatively small external pacemaker to stimulate the 
heart and much less electric current. This form of heart 
pacing was better tolerated by the patient and was a more 
efficient way to stimulate the heart. The survival rate of 
Lillehei’s patients with surgically induced heart block was 
improved significantly.

During this period, progress was made toward a totally 
implantable pacemaker. Elmquist and Senning143 developed a 
pacer battery that was small enough for an epigastric pocket 
with electrodes connected to the heart. They implanted the 
unit in a patient with atrioventricular block in 1958. Just 
before implantation, the patient had 20 to 30 cardiac arrests 
a day. The first pacemaker that was implanted functioned 
only 8 hours; the second pacemaker implanted in the same 
patient had better success. The patient survived until January 
2002 and had many additional pacemakers. Chardack and 
colleagues are perhaps better known for their development of 
the totally implantable pacemaker.144 In 1961, they reported 
a series of 15 patients who had pacemakers that they had 
developed implanted.

Early implantable pacemakers were fixed-rate, asynchro-
nous devices that delivered an impulse independent of the 
underlying cardiac rhythm. During the past 40 years, enor-
mous progress has been made in the field of pacing technol-
ogy. The number of individuals with artificial pacemakers is 
unknown; however, estimates indicate that approximately 
500,000 Americans are living with a pacemaker and that each 
year another 100,000 or more patients require permanent 
pacemakers in the United States.

HEART, HEART-LUNG, AND LUNG 
TRANSPLANTATION
Alexis Carrel and Charles Guthrie reported transplantation 
of the heart and lungs while at the University of Chicago in 
1905.145 The heart of a small dog was transplanted into the 
neck of a larger one by anastomosing the caudad ends of the 
jugular vein and carotid artery to the aorta and pulmonary 
artery. The animal was not anticoagulated, and the experi-
ment ended about 2 hours after circulation was established 
because of blood clot in the cavities of the transplanted heart.

Vladimir Demikhov, from Russia, described more than 
20 different techniques for heart transplantation in 1950.146 
He also published various techniques for heart and lung 
transplantation. He was even able to perform an orthotopic 
heart transplant in a dog before the heart-lung machine was 
developed. This was accomplished by placing the donor heart 
above the dog’s own heart, and then with a series of tubes 
and connections, he rerouted the blood from one heart to the 

other until he had the donor heart functioning in the appro-
priate position and the native heart removed. One of his dogs 
climbed the steps of the Kremlin on the sixth postoperative 
day but died shortly afterward of rejection.

Richard Lower and Norman Shumway established 
the technique for heart transplantation as it is performed 
today.147 Preservation of the cuff of recipient left and right 
atria with part of the atrial septum was described earlier by 
Brock148 in England and Demikhov117 in Russia,149 but it 
became popular only after Shumway and Lower reported it 
in their 1960 paper.

The first attempt at human heart transplantation was made 
by Hardy and colleagues150 at the University of Mississippi. 
Because no human donor organ was available at the time, a 
large chimpanzee’s heart was used; however, it was unable to 
support the circulation because of hyperacute rejection.

The first human-to-human heart transplant occurred 
on December 3, 1967, in Capetown, South Africa.151 The 
surgical team, headed by Christiaan Barnard, transplanted 
the heart of a donor who had been certified dead after the 
electrocardiogram showed no activity for 5 minutes into a 
54-year-old man whose heart was irreparably damaged by 
repeated myocardial infarctions. The second human heart 
transplant using a human donor was performed on a child 
3 days after the first on December 6, 1967, by Adrian Kantrowitz  
in Brooklyn, New York. Dr. Kantrowitz’s patient died of a 
bleeding complication within the first 24 hours.152 Barnard’s 
patient, Lewis Washkansky, died on the 18th postoperative 
day. At autopsy, the heart appeared normal, and there was no 
evidence of chronic liver congestion, but bilateral pneumo-
nia was present, possibly owing to severe myeloid depression 
from immunosuppression.153

On January 2, 1968, Barnard performed a second heart 
transplant on Phillip Blaiberg, 12 days after Washkansky’s 
death.154 Blaiberg was discharged from the hospital and 
became a celebrity during the several months he lived after 
the transplant. Blaiberg’s procedure indicated that a heart 
transplant was an option for humans suffering from end-stage 
heart disease. Within a year of Barnard’s first heart transplant, 
99 heart transplants had been performed by cardiac surgeons 
around the world. However, by the end of 1968, most groups 
abandoned heart transplantation because of the extremely 
high mortality related to rejection. Shumway and Lower, 
Barnard, and a few others persevered both clinically and in 
the laboratory. Their efforts in discovering better drugs for 
immunosuppression eventually established heart transplanta-
tion as we know it today.

A clinical trial of heart-lung transplantation was com-
menced at Stanford University in 1981 by Reitz and col-
leagues.155 Their first patient was treated with a combination 
of cyclosporine and azathioprine. The patient was discharged 
from the hospital in good condition and was well more than 
5 years after the transplant.

The current success with heart, heart-lung, and lung trans-
plantation is related in part to the discovery of cyclosporine 
by workers at the Sandoz Laboratory in Basel, Switzerland, 
in 1970. In December of 1980, cyclosporine was introduced 
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16 Part I Fundamentals

at Stanford for cardiac transplantation. The incidence of 
rejection was not reduced, nor was the incidence of infec-
tion. However, these two major complications of cardiac 
transplantation were less severe when cyclosporine was used. 
Availability of cyclosporine stimulated many new programs 
across the United States in the mid-1980s.

The first human lung transplant was performed by Hardy 
and colleagues156 at the University of Mississippi on June 11, 
1964. The patient died on the 17th postoperative day. In 
1971, a Belgian surgeon, Fritz Derom, achieved a 10-month 
survival in a patient with pulmonary silicosis.157

Much of the credit, however, for the success of lung trans-
plantation belongs to the Toronto group, whose efforts were 
headed by Joel Cooper. Their successes were based on labora-
tory experimentation and the discovery of cyclosporine. After 
losing an early patient to bronchial anastomotic dehiscence 
in 1978, the group substituted cyclosporine for cortisone and 
wrapped the bronchial suture line with a pedicle of omentum. 
They also developed a comprehensive preoperative preparation 
program that increased the strength and nutritional status of 
the recipients. In 1986, Cooper and associates presented their 
first two successful patients, who had returned to normal activ-
ities and were alive 14 and 26 months after operation.158

HEART ASSIST AND ARTIFICIAL 
HEARTS
In 1963, Kantrowitz and colleagues reported the first use of 
the intra-aortic balloon pump (IABP) in three patients.159 
All were in cardiogenic shock but improved during balloon 
pumping. One survived to leave the hospital.

In 1963, Liotta and colleagues reported a 42-year-old man 
who had a stenotic aortic valve replaced but suffered a cardiac 
arrest the following morning.160 The patient was resuscitated 
but developed severe ventricular failure. An artificial intratho-
racic circulatory pump was implanted. The patient’s pulmo-
nary edema cleared, but he died 4 days later with the pump 
working continuously. In 1966, the same group used a newer 
intrathoracic pump to support another patient who could not 
be weaned from cardiopulmonary bypass. This pump main-
tained the circulation. The patient eventually died before the 
pump could be removed.161 Later that year, the same group 
used a left ventricular assist device (LVAD) in a woman who 
could not be weaned from cardiopulmonary bypass after dou-
ble valve replacement.162 After 10 days of circulatory assistance, 
the patient was weaned successfully from the device and recov-
ered. This woman was probably the first patient to be weaned 
from an assist device and leave the hospital.

The first human application of a totally artificial heart was 
by Denton Cooley and colleagues as a “bridge” to transplan-
tation.163 They implanted a totally artificial heart in a patient 
who could not be weaned from cardiopulmonary bypass. 
After 64 hours of artificial heart support, heart transplan-
tation was performed, but the patient died of Pseudomonas 
pneumonia 32 hours after transplantation. The first two 
patients bridged successfully to transplantation were reported 

at almost the same time and in the same location by different 
groups. On September 5, 1984, in San Francisco,164 Donald 
Hill implanted a Pierce-Donachy LVAD in a patient in car-
diogenic shock. The patient received a successful transplant 
2 days later and was discharged subsequently. The assist device 
used by Hill was developed at Pennsylvania State University by 
Pierce and Donachy. Phillip Oyer and colleagues at Stanford 
University placed an electrically driven Novacor LVAD in a 
patient in cardiogenic shock on September 7, 1984.165 The 
patient was transplanted successfully and survived beyond  
3 years. The device used by the Stanford group was developed 
by Peer Portner.

The first implantation of a permanent totally artificial 
heart (Jarvik-7) was performed by DeVries and colleagues 
at the University of Utah in 1982.166 By 1985, they had 
implanted the Jarvik in four patients, and one survived for 
620 days after implantation. This initial clinical experience 
was based heavily on the work of Kolff and colleagues.

THORACIC AORTA SURGERY
Alexis Carrel was responsible for one of the great surgical 
advances of the twentieth century: techniques for suturing 
and transplanting blood vessels.167 Although Carrel initially 
developed his methods of blood vessel anastomosis in Lyon, 
France, his work with Charles Guthrie in Chicago led to many 
major advances in vascular, cardiac, and transplantation sur-
gery. In a short period of time, these investigators perfected 
techniques for blood vessel anastomoses and transposition 
of arterial and venous segments using both fresh and frozen 
grafts. After leaving Chicago, Carrel continued to expand his 
work on blood vessels and organ transplantation and in 1912 
received the Nobel Prize. Interestingly, Carrel’s work did not 
receive immediate clinical application.

Rudolph Matas pioneered clinical vascular surgery. Matas’ 
work took place before drugs were available to prevent blood 
clotting, before antibiotics, and without reliable blood ves-
sel substitutes.168 Matas performed 620 vascular operations 
between 1888 and 1940. Only 101 of these were attempts to 
repair arteries; most involved ligation. Matas developed three 
variations of his well-known endoaneurysmorrhaphy proce-
dure. The most advanced was to reconstruct the wall of the 
blood vessel from within while using a rubber tube as a stent.

Vascular surgery advanced tentatively during World War II 
as traumatic injuries to major blood vessels were repaired in 
some soldiers with results significantly better than with the 
standard treatment of ligation.169 The successful treatment of 
coarctation of the aorta by Crafoord and Gross added a major 
boost to the reconstructive surgery of arteries.

Shumaker reported the excision of a small descending 
thoracic aortic aneurysm with reanastomosis of the aorta in 
1948.170 Swan and colleagues171 repaired a complex aneurys-
mal coarctation and used aortic homograft for reconstruc-
tion in 1950. Gross172 reported a series of similar cases using 
homograft replacement. In 1951, DuBost and colleagues173 
in Paris resected an intra-abdominal aortic aneurysm with 
homograft replacement.
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 Chapter 1 History of Cardiac Surgery 17

In 1953, Henry Bahnson,174 from Johns Hopkins, suc-
cessfully resected six saccular aneurysms of the aorta in eight 
patients. In the same year, DeBakey and Cooley175 reported 
a 46-year-old man who had resection of a huge aneurysm of 
the descending thoracic aorta that measured approximately 
20 cm in length and in greatest diameter. The aneurysm was 
resected and replaced with an aortic homograft approximately 
15 cm in length.

During the Korean War, the arterial homograft and autog-
enous vein graft were used to reconstruct battlefield arterial 
injuries and reduce the overall amputation rate to 11.1%176 
compared with the rate of 49.6% reported in World War II. 
Although the vein autograft remains the first-choice periph-
eral vascular conduit today, the arterial homograft was super-
seded by the development of synthetic vascular grafts by 
Arthur Voorhees at Columbia University in 1952. Voorhees 
and colleagues developed Vinyon-N cloth tubes to substitute 
for diseased arterial segments.177

Another advance in aortic surgery appeared in 1955 when 
DeBakey and colleagues178 reported six cases of aortic dissec-
tion treated by aggressive surgery. Because mortality of opera-
tion for acute dissections remained high, Myron Wheat Jr. 
introduced medical therapy for the disease.179

During the late 1950s, the Houston group, consisting of 
Michael DeBakey, Denton Cooley, Stanley Crawford, and 
their other associates, systematically developed operations 
for resection and graft replacement of the ascending aorta,180 
descending aorta, and thoracoabdominal aorta.181 Cardiopul-
monary bypass was used for the ascending aortic resections. 
The high risk of paraplegia highlighted a major complica-
tion of thoracoabdominal aortic resections. The Houston 
group was the first to resect an aortic arch with the use of 
cardiopulmonary bypass in 1957 and replace the arch with 
a reconstituted aortic arch homograph.182 More interesting is 
that Cooley and colleagues, using great ingenuity, resected a 
large aortic arch aneurysm that also involved a portion of the 
descending aorta in a 49-year-old patient on June 24, 1955. 
The surgery was done, without the use of cardiopulmonary 
bypass, by first sewing in a temporary graft from the ascend-
ing aorta to the distal descending aorta and sewing in two 
more temporary limbs off that graft, which were anastomosed 
to the left and right carotid arteries, while the aneurysm was 
resected and a permanent graft was placed.183

In 1968, Bentall and De Bono184 introduced replacement 
of the ascending aorta and aortic valve with reanastomoses of 
the coronary ostia to the replacement graft. They described 
the composite-graft technique for replacement of the ascend-
ing aorta with reimplantation of the coronary arteries into 
the composite Dacron graft containing the prosthetic aortic 
valve. As mentioned, Cooley and DeBakey were the first to 
replace the supracoronary ascending aorta in 1956. In 1963, 
Starr and colleagues185 reported replacing the supracoronary 
ascending aorta and the aortic valve at the same sitting. The 
technique of fashioning “buttons” of aortic tissue adjacent to 
the coronary ostia and then incorporating these buttons into 
the aortic graft along with the AVR was described by Wheat 
and colleagues186 in 1964. Bentall and De Bono incorporated 

the aortic prosthesis into the tube graft and used the Wheat 
technique for implanting the coronary arteries into the com-
posite graft.

Since the early 1990s, stents also have been used for the 
treatment of aneurysms in both the descending aorta and the 
abdominal aortas.187, 188

The first thoracic stent placed in a patient’s thoracic aorta 
was performed to treat a false aneurysm after a coarcta-
tion of the aorta repair.189 The procedure was carried out at 
Stanford University Hospital in July 1992 by Michael Drake 
and D. Craig Miller. Since then, the indications for using 
thoracic stent grafts have gradually expanded and include 
transected aortas, aneurysms, penetrating atherosclerotic 
ulcers, and intramural hematomas of the descending aorta. 
The long-term follow-up with these stents still needs to be 
better defined.190–193
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A thorough knowledge of the anatomy of the heart is a pre-
requisite for the successful completion of the myriad proce-
dures performed by the cardiothoracic surgeon. This chapter 
describes the normal anatomy of the heart, including its 
position and relationship to other thoracic organs. It also 
describes the incisions used to expose the heart for various 
operations and discusses in detail the cardiac chambers and 
valves, coronary arteries and veins, and the important but 
surgically invisible conduction tissues.

OVERVIEW
Location of the Heart Relative to 
Surrounding Structures
The overall shape of the heart is that of a three-sided pyra-
mid located in the middle mediastinum (Fig. 2-1). When 
viewed from the heart’s apex, the three sides of the ventricu-
lar mass are readily apparent (Fig. 2-2). Two of the edges are 
named. The acute margin lies inferiorly and describes a sharp 
angle between the sternocostal and diaphragmatic surfaces. 
The obtuse margin lies superiorly and is much more diffuse. 
The posterior margin is unnamed but is also diffuse in its 
transition.

One-third of the cardiac mass lies to the right of the mid-
line and two-thirds to the left. The long axis of the heart is 
oriented from the left epigastrium to the right shoulder. The 
short axis, which corresponds to the plane of the atrioven-
tricular groove, is oblique and is oriented closer to the vertical 
than the horizontal plane (see Fig. 2-1).

Anteriorly, the heart is covered by the sternum and the 
costal cartilages of the third, fourth, and fifth ribs. The lungs 
contact the lateral surfaces of the heart, whereas the heart 
abuts onto the pulmonary hila posteriorly. The right lung  
overlies the right surface of the heart and reaches to the midline. 
In contrast, the left lung retracts from the midline in the area 
of the cardiac notch. The heart has an extensive diaphragmatic 
surface inferiorly. Posteriorly, the heart lies on the esophagus 
and the tracheal bifurcation and bronchi that extend into the 
lung. The sternum lies anteriorly and provides rigid protection 

to the heart during blunt trauma and is aided by the cushion-
ing effects of the lungs.

The Pericardium and Its Reflections
The heart lies within the pericardium, which is attached to the 
walls of the great vessels and the diaphragm. The pericardium 
can be visualized best as a bag into which the heart has been 
placed apex first. The inner layer, in direct contact with the 
heart, is the visceral epicardium, which encases the heart and 
extends several centimeters back onto the walls of the great 
vessels. The outer layer forms the parietal pericardium, which 
lines the inner surface of the tough fibrous pericardial sack. A 
thin film of lubricating fluid lies within the pericardial cavity 
between the two serous layers. Two identifiable recesses lie 
within the pericardium and are lined by the serous layer. The 
first is the transverse sinus, which is delineated anteriorly by 
the posterior surface of the aorta and pulmonary trunk and 
posteriorly by the anterior surface of the interatrial groove. 
The second is the oblique sinus, a cul-de-sac located behind 
the left atrium, delineated by serous pericardial reflections 
from the pulmonary veins and the inferior vena cava.

Mediastinal Nerves and Their 
Relationships to the Heart
The vagus and phrenic nerves descend through the mediasti-
num in close relationship to the heart (Fig. 2-3). They enter 
through the thoracic inlet, with the phrenic nerve located 
anteriorly on the surface of the anterior scalene muscle and 
lying just posterior to the internal thoracic artery (internal 
mammary artery) at the thoracic inlet. In this position, the 
phrenic nerve is vulnerable to injury during dissection and 
preparation of the internal thoracic artery for use in coro-
nary arterial bypass grafting. On the right side, the phrenic 
nerve courses on the lateral surface of the superior vena cava, 
again in harm’s way during dissection for venous cannula-
tion for cardiopulmonary bypass. The nerve then descends 
anterior to the pulmonary hilum before reflecting onto the 
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right diaphragm, where it branches to provide its innerva-
tion. In the presence of a left-sided superior vena cava, the 
left phrenic nerve is applied directly to its lateral surface. The 
nerve passes anterior to the pulmonary hilum and eventually 
branches on the surface of the diaphragm. The vagus nerves 
enter the thorax posterior to the phrenic nerves and course 
along the carotid arteries. On the right side, the vagus gives 
off the recurrent laryngeal nerve that passes around the right 

subclavian artery before ascending out of the thoracic cavity. 
The right vagus nerve continues posterior to the pulmonary 
hilum, gives off branches of the right pulmonary plexus, and 
exits the thorax along the esophagus. On the left, the vagus 
nerve crosses the aortic arch, where it gives off the recur-
rent laryngeal branch. The recurrent nerve passes around the 
arterial ligament before ascending in the tracheoesophageal 
groove. The vagus nerve continues posterior to the pulmo-
nary hilum, gives rise to the left pulmonary plexus, and then 
continues inferiorly out of the thorax along the esophagus. 
A delicate nerve trunk known as the subclavian loop carries 
fibers from the stellate ganglion to the eye and head. This 
branch is located adjacent to the subclavian arteries bilater-
ally. Excessive dissection of the subclavian artery during shunt 
procedures may injure these nerve roots and cause Horner 
syndrome.

SURGICAL INCISIONS
Median Sternotomy
The most common approach for operations on the heart 
and aortic arch is the median sternotomy. The skin incision 
is made from the jugular notch to just below the xiphoid 
process. The subcutaneous tissues and presternal fascia are 
incised to expose the periostium of the sternum. The sternum 
is divided longitudinally in the midline. After placement of 
a sternal spreader, the thymic fat pad is divided up to the 
level of the brachiocephalic vein. An avascular midline plane 
is identified easily but is crossed by a few thymic veins that 
are divided between fine silk ties or hemoclips. Either the left 
or right or, occasionally, both lobes of the thymus gland are 
removed in infants and young children to improve exposure 

FIGURE 2-2 This diagram shows the surfaces and margins of the heart as viewed anteriorly with the patient supine on the operating table (left) 
and as viewed from the cardiac apex (right).

FIGURE 2-1 This diagram shows the heart within the middle medi-
astinum with the patient supine on the operating table. The long axis 
lies parallel to the interventricular septum, whereas the short axis is 
perpendicular to the long axis at the level of the atrioventricular valves.
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 Chapter 2 Surgical Anatomy of the Heart  23

and minimize compression on extracardiac conduits. If a 
portion of the thymus gland is removed, excessive traction 
may result in injury to the phrenic nerve. The pericardium is 
opened anteriorly to expose the heart. Through this incision, 
operations within any chamber of the heart or on the surface 
of the heart and operations involving the proximal aorta, pul-
monary trunk, and their primary branches can be performed. 
Extension of the superior extent of the incision into the neck 
along the anterior border of the right sternocleidomastoid 
muscle provides further exposure of the aortic arch and its 
branches for procedures involving these structures. Exposure 
of the proximal descending thoracic aorta is facilitated by 
a perpendicular extension of the incision through the third 
intercostal space.

Bilateral Transverse Thoracosternotomy 
(Clamshell Incision)
The bilateral transverse thoracosternotomy (clamshell incision) 
is an alternative incision for exposure of the pleural spaces and 
heart. This incision may be made through either the fourth or 
fifth intercostal space, depending on the intended procedure. 
After identifying the appropriate interspace, a bilateral sub-
mammary incision is made. The incision is extended down 

through the pectoralis major muscles to enter the hemithora-
ces through the appropriate intercostal space. The right and 
left internal thoracic arteries are dissected and ligated proxi-
mally and distally prior to transverse division of the sternum. 
Electrocautery dissection of the pleural reflections behind 
the sternum allows full exposure of both hemithoraces and 
the entire mediastinum. Bilateral chest spreaders are placed 
to maintain exposure. Morse or Haight retractors are par-
ticularly suitable with this incision. The pericardium may be 
opened anteriorly to allow access to the heart for intracardiac 
procedures. When required, standard cannulation for cardio-
pulmonary bypass is achieved easily. This incision is popular 
for bilateral sequential double-lung transplants and heart-
lung transplants because of enhanced exposure of the apical 
pleural spaces. When made in the fourth intercostal space, 
the incision is useful for access to the ascending aorta, aortic 
arch, and descending thoracic aorta.

Anterolateral Thoracotomy
The right side of the heart can be exposed through a right 
anterolateral thoracotomy. The patient is positioned supine, 
with the right chest elevated to approximately 30 degrees by 
a roll beneath the shoulder. An anterolateral thoracotomy 

FIGURE 2-3 Diagram of the heart in relation to the vagus and phrenic nerves as viewed through a median sternotomy.
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24 Part I Fundamentals

incision can be made that can be extended across the midline 
by transversely dividing the sternum if necessary. With the 
lung retracted posteriorly, the pericardium can be opened just 
anterior to the right phrenic nerve and pulmonary hilum to 
expose the right and left atria. The incision provides access 
to both the tricuspid and mitral valves and the right coro-
nary artery. Cannulation may be performed in the ascend-
ing aorta and the superior and inferior venae cavae. Aortic 
cross-clamping, administration of cardioplegia, and removal 
of air from the heart after cardiotomy are difficult with this 
approach. This incision is particularly useful nonetheless for 
performance of the Blalock-Hanlon atrial septectomy or valve 
replacement after a previous procedure through a median 
sternotomy. A left anterolateral thoracotomy performed in a 
similar fashion to that on the right side may be used for iso-
lated bypass grafting of the circumflex coronary artery or for 
left-sided exposure of the mitral valve.

Posterolateral Thoracotomy
A left posterolateral thoracotomy is used for procedures 
involving the distal aortic arch and descending thoracic aorta. 
With left thoracotomy, cannulation for cardiopulmonary 
bypass must be done through the femoral vessels. A number 
of variations of these incisions have been used for minimally 
invasive cardiac surgical procedures. These include partial ster-
notomies, parasternal incisions, and limited thoracotomies.

RELATIONSHIP OF THE CARDIAC 
CHAMBERS AND GREAT ARTERIES
The surgical anatomy of the heart is best understood when the 
position of the cardiac chambers and great vessels is known 
in relation to the cardiac silhouette. The atrioventricular 

junction is oriented obliquely, lying much closer to the verti-
cal than to the horizontal plane. This plane can be viewed 
from its atrial aspect (Fig. 2-4) if the atrial mass and great 
arteries are removed by a parallel cut just above the junction. 
The tricuspid and pulmonary valves are widely separated by 
the inner curvature of the heart lined by the transverse sinus. 
Conversely, the mitral and aortic valves lie adjacent to one 
another, with fibrous continuity of their leaflets. The aortic 
valve occupies a central position, wedged between the tricus-
pid and pulmonary valves. Indeed, there is fibrous continuity 
between the leaflets of the aortic and tricuspid valves through 
the central fibrous body.

With careful study of this short axis, several basic rules of 
cardiac anatomy become apparent. First, the atrial chambers 
lie to the right of their corresponding ventricles. Second, the 
right atrium and ventricle lie anterior to their left-sided coun-
terparts. The septal structures between them are obliquely ori-
ented. Third, by virtue of its wedged position, the aortic valve 
is directly related to all the cardiac chambers. Several other 
significant features of cardiac anatomy can be learned from 
the short-axis section. The position of the aortic valve mini-
mizes the area of septum where the mitral and tricuspid valves 
attach opposite to each other. Because the tricuspid valve is 
attached to the septum further toward the ventricular apex 
than the mitral valve, it seems that a muscular atrioventricu-
lar septum interposes between the right atrium and the left 
ventricle. We now know that a continuation of the inferior 
atrioventricular groove interposes between the atrial and ven-
tricular walls in this area, so that it is a sandwich rather than 
a true septum, with the fibro-adipose tissue of the atrioven-
tricular groove forming the “meat” in the sandwich. The cen-
tral fibrous body, where the leaflets of the aortic, mitral, and 
tricuspid valves all converge, lies cephalad and anterior to the 
muscular atrioventricular sandwich. The central fibrous body 
is the main component of the fibrous skeleton of the heart 

FIGURE 2-4 This dissection of the cardiac short axis, seen from its atrial aspect, reveals the relationships of the cardiac valves.

Cohn_ch02_p0021-0042.indd   24 08/05/17   5:27 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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and is made up in part by the right fibrous trigone, a thicken-
ing of the right side of the area of fibrous continuity between 
the aortic and mitral valves, and in part by the membranous 
septum, the fibrous partition between the left ventricular out-
flow tract and the right-sided heart chambers (Fig. 2-5). The 
membranous septum itself is divided into two parts by the 
septal leaflet of the tricuspid valve, which is directly attached 
across it (Fig. 2-6). Thus the membranous septum has an 
atrioventricular component between the right atrium and left 
ventricle, as well as an interventricular component. Removal 
of the noncoronary leaflet of the aortic valve demonstrates 
the significance of the wedged position of the left ventricular 
outflow tract in relation to the other cardiac chambers. The 
subaortic region separates the mitral orifice from the ventricu-
lar septum; this separation influences the position of the atrio-
ventricular conduction tissues and the position of the leaflets 
and tension apparatus of the mitral valve (Fig. 2-7).

THE RIGHT ATRIUM AND TRICUSPID 
VALVE
Appendage, Vestibule, and Venous 
Component
The right atrium has three basic parts: the appendage, the 
vestibule, and the venous component (Fig. 2-8). Externally, 
the right atrium is divided into the appendage and the venous 
component, which receives the systemic venous return. The 
junction of the appendage and the venous component is 
identified by a prominent groove, the terminal groove. This 
corresponds internally to the location of the terminal crest. 
The right atrial appendage has the shape of a blunt triangle, 
with a wide junction to the venous component across the ter-
minal groove. The appendage also has an extensive junction 
with the vestibule of the right atrium; the latter structure is 

FIGURE 2-5 This view of the left ventricular outflow tract, as seen from the front in anatomical orientation, shows the limited extent of the 
fibrous skeleton of the heart.

FIGURE 2-6 This dissection, made by removing the right coronary 
sinus of the aortic valve, shows how the septal leaflet of the tricus-
pid valve (asterisk) divides the membranous septum into its atrio-
ventricular and interventricular components. SMT = septomarginal 
trabeculation.
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26 Part I Fundamentals

the smooth-walled atrial myocardium that inserts into the 
leaflets of the tricuspid valve. The most characteristic and 
constant feature of the morphology of the right atrium is 
that the pectinate muscles within the appendage extend 
around the entire parietal margin of the atrioventricular 
junction (Fig. 2-9). These muscles originate as parallel fibers 
that course at right angles from the terminal crest. The venous 
component of the right atrium extends between the terminal 
groove and the interatrial groove. It receives the superior and 
inferior venae cavae and the coronary sinus.

Sinus Node
The sinus node lies at the anterior and superior extent of the 
terminal groove, where the atrial appendage and the superior  
vena cava are juxtaposed. The node is a spindle-shaped struc-
ture that usually lies to the right or lateral to the superior 
cavoatrial junction (Fig. 2-10). In approximately 10% of 

cases, the node is draped across the cavoatrial junction in 
horseshoe fashion.1

The blood supply to the sinus node is from a prominent 
nodal artery that is a branch of the right coronary artery in 
approximately 55% of individuals and a branch of the circum-
flex artery in the remainder. Regardless of its artery of origin, 
the nodal artery usually courses along the anterior interatrial 
groove toward the superior cavoatrial junction, frequently 
within the atrial myocardium. At the cavoatrial junction, its 
course becomes variable and may circle either anteriorly or 
posteriorly or, rarely, both anteriorly and posteriorly around 
the cavoatrial junction to enter the node. Uncommonly, the 
artery arises more distally from the right coronary artery and 
courses laterally across the atrial appendage. This places it at 
risk of injury during a standard right atriotomy. The artery 
also may arise distally from the circumflex artery to cross the 

FIGURE 2-7 This dissection, made by removing the noncoronary 
aortic sinus (compare with Figs. 2-4 and 2-6), shows the approximate 
location of the atrioventricular conduction axis (hatched area) and the 
relationship of the mitral valve to the ventricular septum.

FIGURE 2-8 This view of the right atrium, seen in surgical orienta-
tion, shows the pectinate muscles lining the appendage, the smooth 
vestibule (circles) surrounding the orifice of the tricuspid valve, and 
the superior vena cava (SCV), inferior vena cava (ICV), and coro-
nary sinus joining the smooth-walled venous component. Note the 
prominent rim enclosing the oval fossa, which is the true atrial septum 
(see Fig. 2-11).
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dome of the left atrium, where it is at risk of injury when using 
a superior approach to the mitral valve. Incisions in either the 
right or left atrial chambers always should be made with this 
anatomical variability in mind. In our experience, these ves-
sels can be identified by careful gross inspection, and prompt 
modification of surgical incisions can be made accordingly.

Atrial Septum
The most common incision into the right atrium is made 
into the atrial appendage parallel and anterior to the terminal 
groove. Opening the atrium through this incision confirms 
that the terminal groove is the external marking of the promi-
nent terminal crest. Anteriorly and superiorly, the crest curves 
in front of the orifice of the superior vena cava to become 
continuous with the so-called septum secundum, which, in 
reality, is the superior rim of the oval fossa. When the right 
atrium is inspected through this incision, there appears to be 
an extensive septal surface between the tricuspid valve and 
the orifices of the venae cavae. This septal surface includes 
the opening of the oval fossa and the orifice of the coronary 
sinus. The apparent extent of the septum is spurious because 
the true septum between the atrial chambers is virtually con-
fined to the oval fossa2,3 (Fig. 2-11). The superior rim of the 
fossa, although often referred to as the septum secundum, is 
an extensive infolding between the venous component of the 
right atrium and the right pulmonary veins. The inferior rim 
is directly continuous with the so-called sinus septum that 
separates the orifices of the inferior caval vein and the coro-
nary sinus (Fig. 2-12).

The atrial wall surrounding the mouth of the coronary 
sinus is continuous anteriorly and superiorly with the atrial 

component of the atrioventricular muscular sandwich. 
Removing the floor of the coronary sinus reveals the anterior 
extension of the atrioventricular groove in this region. The 
inferior component of the anterior rim of the oval fossa is 
a true septal structure. It is continuous superiorly with the 
anterior atrial wall overlying the aortic root. Thus dissection 
outside the limited margins of the oval fossa will penetrate 
the heart to the outside rather than provide access to the left 
atrium via the septum.

Atrioventricular Septum and Node: 
Triangle of Koch
In addition to the sinus node, another major area of surgi-
cal significance is occupied by the atrioventricular node. This 
structure lies within the triangle of Koch, which is demar-
cated by the tendon of Todaro, the septal leaflet of the tricus-
pid valve, and the orifice of the coronary sinus (Fig. 2-13). 
The f loor of the triangle of Koch is made up of the atrial 
wall of the atrioventricular muscular sandwich. The tendon 
of Todaro is a fibrous structure formed by the junction of 
the eustachian valve and thebesian valve (the valves of the 
inferior vena cava and the coronary sinus, respectively). The 
entire atrial component of the atrioventricular conduction 
tissues is contained within the triangle of Koch, which must 
be avoided to prevent surgical damage to atrioventricular 
conduction. The atrioventricular bundle (of His) penetrates 
directly at the apex of the triangle of Koch before it continues 
to branch on the crest of the ventricular septum (Fig. 2-14). 
The key to avoiding atrial arrhythmias is careful preservation 
of the sinus and atrioventricular nodes and their blood supply. 

FIGURE 2-9 This dissection of the short axis of the heart (compare with Fig. 2-4) shows how the pectinate muscles extend around the parietal 
margin of the tricuspid valve. In the left atrium, the pectinate muscles are confined within the tubular left atrial appendage, leaving the smooth 
vestibule around the mitral valve confluent with the pulmonary venous component of the left atrium.
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28 Part I Fundamentals

No advantage is gained in attempting to preserve nonexis-
tent tracts of specialized atrial conduction tissue, although it 
makes sense to avoid prominent muscle bundles where paral-
lel orientation of atrial myocardial fibers favors preferential 
conduction (Fig. 2-15).

Tricuspid Valve
The vestibule of the right atrium converges into the tricus-
pid valve. The three leaflets reflect their anatomical location, 
being septal, anterosuperior, and inferior (or mural). The leaf-
lets join together over three prominent zones of apposition; 
the peripheral ends of these zones usually are described as  
commissures. The leaflets are tethered at the commissures by 
fan-shaped cords arising from prominent papillary muscles. 
The anteroseptal commissure is supported by the medial pap-
illary muscle. The major leaflets of the valve extend from this 

position in anterosuperior and septal directions. The third leaf-
let is less well defined. The anteroinferior commissure is usually 
supported by the prominent anterior papillary muscle. Often, 
however, it is not possible to identify a specific inferior papil-
lary muscle supporting the inferoseptal commissure. Thus the 
inferior leaflet may seem duplicated. There is no well-formed 
collagenous annulus for the tricuspid valve. Instead, the atrio-
ventricular groove more or less folds directly into the tricuspid 
valvar leaflets at the vestibule, and the atrial and ventricular 
myocardial masses are separated almost exclusively by the 
fibrofatty tissue of the groove. The entire parietal attachment 
of the tricuspid valve usually is encircled by the right coronary 
artery running within the atrioventricular groove.

THE LEFT ATRIUM AND MITRAL 
VALVE
Appendage, Vestibule, and Venous 
Component
Like the right atrium, the left atrium has three basic compo-
nents: the appendage, the vestibule, and the venous component 
(Fig. 2-16). It also possesses a large smooth walled-body, which 
represents the larger part of the atrial component of the devel-
oping heart tube. Unlike the right atrium, the venous compo-
nent is considerably larger than the appendage and has a narrow 
junction with it that is not marked by a terminal groove or crest. 
There also is an important difference between the relationship 
of the appendage and vestibule between the left and right atria. 
As shown, the pectinate muscles within the right atrial append-
age extend all around the parietal margin of the vestibule. In 
contrast, the left atrial appendage has a limited junction with 
the vestibule, and the pectinate muscles are located almost 
exclusively within the appendage (see Fig. 2-8). The larger part 
of the vestibule that supports and inserts directly into the mural 
leaflet of the mitral valve is directly continuous with the smooth 
atrial wall of the pulmonary venous component.

Because the left atrium is posterior to and tethered by the 
four pulmonary veins, the chamber is relatively inaccessible. 
Surgeons use several approaches to gain access. The most 
common is an incision just to the right of and parallel to the 
interatrial groove, anterior to the right pulmonary veins. This 
incision can be carried beneath both the superior and inferior 
venae cavae parallel to the interatrial groove to provide wide 
access to the left atrium. A second approach is through the 
dome of the left atrium. If the aorta is pulled anteriorly and 
to the left, an extensive trough may be seen between the right 
and left atrial appendages. An incision through this trough, 
between the pulmonary veins of the upper lobes, provides 
direct access to the left atrium. When this incision is made, 
it is important to remember the location of the sinus node 
artery, which may course along the roof of the left atrium if 
it arises from the circumflex artery. The left atrium also can 
be reached via a right atrial incision and an opening in the 
atrial septum.

When the interior of the left atrium is visualized, the small 
size of the mouth of the left atrial appendage is apparent. 

FIGURE 2-10 This diagram shows the location of the sinus node 
at the superior cavoatrial junction. The node usually lies to the right 
(lateral  ) side of the junction but may be draped in horseshoe fashion 
across the anterior aspect of the junction. ICV = inferior vena cava; 
SCV = superior vena cava.
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It lies to the left of the mitral orifice as viewed by the sur-
geon. The majority of the pulmonary venous atrium usually is 
located inferiorly away from the operative field. The vestibule 
of the mitral orifice dominates the operative view. The septal 
surface is located anteriorly, with the true septum relatively 
inferior (Fig. 2-17).

Mitral Valve
The mitral valve is supported by two prominent papillary 
muscles located in supero-lateral and infero-septal posi-
tions. The two leaflets of the mitral valve have markedly 

different appearances (Fig. 2-18). The aortic (or anterior) 
leaflet is short and relatively square, and guards approxi-
mately one-third of the circumference of the valvar orifice. 
This leaflet is in fibrous continuity with the aortic valve 
and, because of this, is best referred to as the aortic leaf-
let because it is neither strictly anterior nor superior in 
position. The other leaflet is much shallower but guards 
approximately two-thirds of the circumference of the 
mitral orifice. Because it is connected to the parietal part of 
the atrioventricular junction, it is most accurately termed 
the mural leaflet but often is termed the posterior leaflet. It 
is divided into a number of subunits that fold against the 

FIGURE 2-11 This transection across the middle of the oval fossa (asterisk) shows how the so-called septum secundum, the rim of the fossa, is 
made up of the infolded atrial walls (arrows). ICV = inferior vena cava; SCV = superior vena cava.

Infolded
superior rim

Infolded
superior rim

Sinus
septum

Coronary
sinus

Membranous
septum

RV SCV

Oval
fossa

ICVRA

LA

Flap valve
of oval fossa

Atrioventricular
sandwich

Atrioventricular
sandwich

LV

FIGURE 2-12 This diagram demonstrates the components of the atrial septum. The only true septum between the two atria is confined to 
the area of the oval fossa. ICV = inferior vena cava; SCV = superior vena cava.
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30 Part I Fundamentals

aortic leaflet when the valve is closed. Although generally 
there are three, there may be as many as five or six scallops 
in the mural leaflet.

Unlike the tricuspid valve, the mitral valve leaflets are 
supported by a rather dense collagenous annulus, although 
it may take the form of a sheet rather than a cord. This 
annulus usually extends parietally from the fibrous trigones, 
the greatly thickened areas at either end of the area of 
fibrous continuity between the leaflets of the aortic and 
mitral valves (see Fig. 2-6). The area of the valvar orifice 
related to the right fibrous trigone and central fibrous body 
is most vulnerable with respect to the atrioventricular node 
and penetrating bundle (see Fig. 2-7). The midportion of 
the aortic leaflet of the mitral valve is related to the commis-
sure between the noncoronary and left coronary cusps of the 
aortic valve. An incision through the atrial wall in this area 
may be extended into the subaortic outflow tract and may 
be useful for enlarging the aortic annulus during replace-
ment of the aortic valve (Fig. 2-19). The circumflex coro-
nary artery is adjacent to the left half of the mural leaflet, 

whereas the coronary sinus is adjacent to the right half of the 
mural leaflet (Fig. 2-20). These structures can be damaged 
during excessive dissection or by excessively deep placement 
of sutures during replacement or repair of the mitral valve. 
When the circumflex artery is dominant, the entire attach-
ment of the mural leaflet may be intimately related to this 
artery (Fig. 2-21).

THE RIGHT VENTRICLE AND 
PULMONARY VALVE
Inlet and Apical Trabecular Portions
The morphology of both the right and left ventricles can 
be understood best by subdividing the ventricles into three 
anatomically distinct components: the inlet, apical trabecu-
lar, and outlet portions.2 This classification is more helpful 
than the traditional division of the right ventricle into the 
sinus and conus parts. The inlet portion of the right ventri-
cle surrounds the tricuspid valve and its tension apparatus. 
A distinguishing feature of the tricuspid valve is the direct 
attachment of its septal leaflet. The apical trabecular portion 
of the right ventricle extends out to the apex. Here, the wall 

FIGURE 2-13 This dissection, made by removing part of the sub-
pulmonary infundibulum, shows the location of the triangle of Koch 
(shaded area).

FIGURE 2-14 Further dissection of the heart shown in Fig. 2-13 
reveals that a line joining the apex of the triangle of Koch to the 
medial papillary muscle marks the location of the atrioventricular 
conduction axis.
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 Chapter 2 Surgical Anatomy of the Heart  31

of the ventricle is quite thin and vulnerable to perforation by 
cardiac catheters and pacemaker electrodes.

Outlet Portion and Pulmonary Valve
The outlet portion of the right ventricle consists of the infun-
dibulum, a circumferential muscular structure that supports 
the leaflets of the pulmonary valve. Because of the semilunar 
shape of the pulmonary valvar leaflets, this valve does not 
have an annulus in the traditional sense of a ringlike attach-
ment. The leaflets have semilunar attachments that cross 
the musculoarterial junction in a corresponding semilunar 
fashion (Fig. 2-22). Therefore, instead of a single annulus, 
three rings can be distinguished anatomically in relation to 
the pulmonary valve. Superiorly, the sinotubular ridge of the 
pulmonary trunk marks the level of peripheral apposition of 
the leaflets (the commissures). A second ring exists at the ven-
triculoarterial junction. A third ring can be constructed by 
joining together the basal attachments of the three leaflets to 
the infundibular muscle. None of these rings, however, cor-
responds to the attachments of the leaflets, which must be 
semilunar to permit the valve to open and close competently. 
In fact, these semilunar attachments, which mark the hemo-
dynamic ventriculoarterial junction, extend from the first 
ring, across the second, down to the third, and back in each 
cusp (Fig. 2-23).

Supraventricular Crest and Pulmonary 
Infundibulum
A distinguishing feature of the right ventricle is a prominent 
muscular shelf, the supraventricular crest, which separates the 

FIGURE 2-15 This dissection, made by careful removal of the right 
atrial endocardium, shows the ordered arrangement of myocardial 
fibers in the prominent muscle bundles that underscore preferential 
conduction. There are no insulated tracts running within the inter-
nodal atrial myocardium. (Used with permission from Prof. Damian 
Sanchez-Quintana.)

FIGURE 2-16 Like the right atrium, the left atrium (seen here in anatomical orientation) has an appendage, a venous component, and a vesti-
bule. It is separated from the right atrium by the septum.
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32 Part I Fundamentals

tricuspid and pulmonary valves (Fig. 2-24). In reality, this 
muscular ridge is the posterior part of the subpulmonary 
muscular infundibulum that supports the leaflets of the pul-
monary valve. In other words, it is part of the inner curve 
of the heart. Incisions through the supraventricular crest 
run into the transverse septum and may jeopardize the right 
coronary artery. Although this area is often considered the 
outlet component of the interventricular septum, in fact the 
entire subpulmonary infundibulum, including the ventricu-
loinfundibular fold, can be removed without entering the 
left ventricular cavity. This is possible because the leaflets of 
the pulmonary and aortic valves are supported on separate 
sleeves of right and left ventricular outlet muscles. There is 
an extensive external tissue plane between the walls of the 
aorta and the pulmonary trunk (Fig. 2-25), and the leaflets 
of the pulmonary and aortic valves have markedly different 
levels of attachments within their respective ventricles. This 
feature enables enucleation of the pulmonary valve, including 
its basal attachments within the infundibulum, during the 
Ross procedure without creating a ventricular septal defect. 
When the infundibulum is removed from the right ventricle, 
the insertion of the supraventricular crest between the limbs 
of the septomarginal trabeculation is visible (Fig. 2-26). This 

trabeculation is a prominent muscle column that divides 
superiorly into anterior and posterior limbs. The anterior 
limb runs superiorly into the infundibulum and supports the 
leaflets of the pulmonary valve. The posterior limb extends 
backward beneath the ventricular septum and runs into the 
inlet portion of the ventricle. The medial papillary muscle 
arises from this posterior limb. The body of the septomar-
ginal trabeculation runs to the apex of the ventricle, where 
it divides into smaller trabeculations. Two of these trabecula-
tions may be particularly prominent. One becomes the ante-
rior papillary muscle, and the other crosses the ventricular 
cavity as the moderator band (Fig. 2-27).

THE LEFT VENTRICLE AND AORTIC 
VALVE
Inlet and Apical Trabecular Portions
The left ventricle can be subdivided into three components, 
similar to the right ventricle. The inlet component surrounds 

FIGURE 2-17 This view of the opened left atrium shows how the 
septal aspect is dominated by the flap valve, which is attached by its 
horns (asterisks) to the infolded atrial groove. FIGURE 2-18 This view of the opened left atrium shows the leaf-

lets of the mitral valve in closed position. There is a concave zone of 
apposition between them (between asterisks) with several slits seen in 
the mural leaflet (MuL). Note the limited extent of the aortic leaflet 
(AoL) in terms of its circumferential attachments.
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and is limited by the mitral valve and its tension apparatus. The 
two papillary muscles occupy superolateral and inferoseptal 
positions and are positioned rather close to each other. The 
leaflets of the mitral valve have no direct septal attachments 
because the deep posterior diverticulum of the left ventricular 
outflow tract displaces the aortic leaflet away from the inlet 
septum. The apical trabecular component of the left ventricle 
extends to the apex, where the myocardium is surprisingly 
thin. The trabeculations of the left ventricle are quite fine 
compared with those of the right ventricle (Fig. 2-28). This 
characteristic is useful for defining ventricular morphology on 
diagnostic ventriculograms.

Outlet Portion
The outlet component supports the aortic valve and consists 
of both muscular and fibrous portions. This is in contrast 
to the infundibulum of the right ventricle, which consists 
entirely of muscle. The septal portion of the left ventricular 
outflow tract, although primarily muscular, also includes the 
membranous portion of the ventricular septum. The posterior 
quadrant of the outflow tract consists of an extensive fibrous 
curtain that extends from the fibrous skeleton of the heart 
across the aortic leaflet of the mitral valve and supports the 
leaflets of the aortic valve in the area of aortomitral continuity 
(see Fig. 2-5). The lateral quadrant of the outflow tract again 
is muscular and consists of the lateral margin of the inner 
curvature of the heart, delineated externally by the transverse 
sinus. The left bundle of the cardiac conduction system enters 
the left ventricular outflow tract posterior to the membranous 
septum and immediately beneath the commissure between 
the right and noncoronary leaflets of the aortic valve. After 
traveling a short distance down the septum, the left bundle 
divides into anterior, septal, and posterior divisions.

FIGURE 2-19 This dissection simulates the incision made through 
the aortic-mitral fibrous curtain to enlarge the orificial diameter of the 
subaortic outflow tract in a normal heart. 

Supero-lateral
commissure

Infero-septal
commissure

FIGURE 2-20 This diagram depicts the mitral valve in relationship to its surrounding structures as viewed through a left atriotomy.
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34 Part I Fundamentals

Aortic Valve
The aortic valve is a semilunar valve that is quite similar mor-
phologically to the pulmonary valve. Likewise, it does not 
have a discrete annulus. Because of its central location, the 
aortic valve is related to each of the cardiac chambers and 
valves (see Fig. 2-4). A thorough knowledge of these relation-
ships is essential to understanding aortic valve pathology and 
many congenital cardiac malformations.

The aortic valve consists primarily of three semilunar leaf-
lets. As with the pulmonary valve, attachments of the leaflets 
extend across the ventriculoarterial junction in a curvilinear 
fashion. Each leaflet therefore has attachments to the aorta 

and within the left ventricle (Fig. 2-29). Behind each leaf-
let, the aortic wall bulges outward to form the sinuses of 
Valsalva. The leaflets themselves meet centrally along a line 
of coaptation, at the center of which is a thickened nodule 
called the nodule of Arantius. Peripherally, adjacent to the 
commissures, the line of coaptation is thinner and normally 
may contain small perforations. During systole the leaflets are 
thrust upward and away from the center of the aortic lumen, 
whereas during diastole they fall passively into the center of 
the aorta. With normal valvar morphology, all three leaflets 
meet along lines of coaptation and support the column of 
blood within the aorta to prevent regurgitation into the ven-
tricle. Two of the three aortic sinuses give rise to coronary 

FIGURE 2-21 The extensive course of a dominant circumflex artery within the left atrioventricular groove shown in anatomic orientation. ICV 
= inferior vena cava.

FIGURE 2-22 The semilunar valves do not have an annulus in the traditional sense. Rather, three rings can be identified anatomically, at the (1) 
sinotubular junction, (2) musculoarterial junction, and (3) base of the sinuses within the ventricle.
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 Chapter 2 Surgical Anatomy of the Heart  35

arteries, from which arise their designations as right, left, and 
noncoronary sinuses.

By sequentially following the line of attachment of each 
leaflet, the relationship of the aortic valve to its surrounding 
structures can be clearly understood. Beginning posteriorly, 
the commissure between the noncoronary and left coro-
nary leaflets is positioned along the area of aortomitral val-
var continuity. The fibrous subaortic curtain is beneath this 
commissure (see Fig. 2-29). To the right of this commissure, 
the noncoronary leaflet is attached above the posterior diver-
ticulum of the left ventricular outflow tract. Here, the valve 
is related to the right atrial wall. As the attachment of the 
noncoronary leaflet ascends from its nadir toward the com-
missure between the noncoronary and right coronary leaflets, 
the line of attachment is directly above the portion of the 
atrial septum containing the atrioventricular node. The com-
missure between the noncoronary and right coronary leaf-
lets is located directly above the penetrating atrioventricular 
bundle and the membranous ventricular septum (Fig. 2-30). 
The attachment of the right coronary leaflet then descends 

Commissure

Arterial
wall

Ventricle

Ventricle as part
of great artery

Anatomic
ventriculoarterial
junction (circular)

Artery as part
of ventricle

Sinotubular
junction

Hemodynamic
ventriculoarterial
junction (semilunar)

FIGURE 2-23 The hemodynamic ventriculoarterial junction of the 
semilunar valves extends from the sinotubular junction across the 
anatomical ventriculoarterial junction to the basal ring and back in 
each leaflet (see Fig. 2-22). This creates a portion of ventricle as part 
of the great artery in each sinus and a triangle of artery as part of the 
ventricle between each leaflet.

FIGURE 2-24 View of the opened right ventricle, in anatomical 
orientation, showing its three component parts and the semilunar 
attachments of the pulmonary valve. These are supported by the 
supraventricular crest.

FIGURE 2-25 This dissection, viewed in surgical orientation, shows 
how the greater part of the supraventricular crest is formed by the 
freestanding subpulmonary infundibulum in relation to the right 
coronary aortic sinus (asterisk).
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36 Part I Fundamentals

across the central fibrous body before ascending to the com-
missure between the right and left coronary leaflets. Immedi-
ately beneath this commissure, the wall of the aorta forms the 
uppermost part of the subaortic outflow. An incision through 
this area passes into the space between the facing surfaces of 
the aorta and pulmonary trunk (see Fig. 2-30). As the fac-
ing left and right leaflets descend from this commissure, they 

are attached to the outlet muscular component of the left 
ventricle. Only a small part of this area in the normal heart 
is a true outlet septum because both pulmonary and aortic 
valves are supported on their own sleeves of myocardium. 
Thus, although the outlet components of the right and left 
ventricles face each other, an incision below the aortic valve 
enters low into the infundibulum of the right ventricle. As 

FIGURE 2-26 Removal of the freestanding subpulmonary infundibulum reveals the insertion of the supraventricular crest between the limbs of 
the septomarginal trabeculation and shows the aortic origin of the coronary arteries (anatomical orientation).

FIGURE 2-27 This dissection of the right ventricle, in anatomical orientation, shows the relations of supraventricular crest and septomarginal 
(SMT) and septoparietal trabeculations.
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 Chapter 2 Surgical Anatomy of the Heart  37

the lateral part of the left coronary leaflet descends from the 
facing commissure to the base of the sinus, it becomes the 
only part of the aortic valve that is not intimately related to 
another cardiac chamber.

Knowledge of the anatomy of the aortic valve and its 
relationship to surrounding structures is important to suc-
cessful replacement of the aortic valve, particularly when 

enlargement of the aortic root is required. The Konno-Rastan 
aortoventriculoplasty involves opening and enlarging the 
anterior portion of the subaortic region.4,5 The incisions for 
this procedure begin with an anterior longitudinal aortot-
omy that extends through the commissure between the right 
and left coronary leaflets. Anteriorly, the incision is extended 
across the base of the infundibulum. The differential level of 

FIGURE 2-28 This dissection of the left ventricle shows its component parts and characteristically fine apical trabeculations (anatomical 
orientation).

FIGURE 2-29 This dissection in anatomic orientation, made by removing the aortic valvar leaflets, emphasizes the semilunar nature of the hinge 
points (see Figs. 2-22 and 2-23). Note the relationship to the mitral valve (see Fig. 2-5).
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38 Part I Fundamentals

attachment of the aortic and pulmonary valve leaflets per-
mits this incision without damage to the pulmonary valve 
(Fig. 2-31). Posteriorly, the incision extends through the 
most medial portion of the supraventricular crest into the 
left ventricular outflow tract. By closing the resulting ven-
tricular septal defect with a patch, the aortic outflow tract is 
widened to allow implantation of a larger valve prosthesis. A 
second patch is used to close the defect in the right ventricu-
lar outflow tract.

Alternative methods to enlarge the aortic outflow tract 
involve incisions in the region of aortomitral continuity. 
In the Manouguian procedure (see Fig. 2-19), a curvilinear 
aortotomy is extended posteriorly through the commissure 
between the left and noncoronary leaflets down to and occa-
sionally into the aortic leaflet of the mitral valve.6 A patch is 
used to augment the incision posteriorly. When the poste-
rior diverticulum of the outflow tract is fully developed, this 
incision can be made without entering other cardiac cham-
bers, although not uncommonly the roof of the left atrium 
is opened. The Nicks procedure for enlargement of the aortic 

root involves an aortotomy that passes through the middle of 
the noncoronary leaflet into the fibrous subaortic curtain and 
may be extended into the aortic leaflet of the mitral valve.7 
This incision also may open the roof of the left atrium. When 
these techniques are used, any resulting defect in the left 
atrium must be closed carefully.

As discussed previously, the differential level of attachment 
of aortic and pulmonary valves, as well as the muscular nature 
of their support, allows the pulmonary valve to be harvested 
and used as a replacement for the aortic valve in the Ross 
procedure.8,9 This procedure can be combined with the inci-
sions of the Konno-Rastan aortoventriculoplasty to repair left 
ventricular outflow tract obstructions in young children with 
a viable autograft that has potential for growth and avoids the 
need for anticoagulation.

Accurate understanding of left ventricular outflow tract 
anatomy is also important in the treatment of aortic val-
var endocarditis.10,11 Because of the central position of the 
aortic valve relative to the other valves and cardiac cham-
bers (see Fig. 2-4), abscess formation can produce fistulas 
between the aorta and any of the four chambers of the heart. 
Therefore, patients may present with findings of left-sided 
heart failure, left-to-right shunting, and/or complete heart 

FIGURE 2-30 Dissection made by removing the right and part 
of the left aortic sinuses to show the relations of the fibrous trian-
gle between the right and noncoronary aortic leaflets (anatomical 
orientation).

FIGURE 2-31 This incision, made in a normal heart, simulates the 
Konno-Rastan procedure for enlargement of the aortic root.
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block in addition to the usual signs of sepsis and systemic 
embolization.

THE CORONARY ARTERIES12-14

The right and left coronary arteries originate behind their 
respective aortic valvar leaflets (see Fig. 2-26). The orifices 
usually are located in the upper third of the sinuses of Val-
salva, although individual hearts may vary markedly. Because 
of the oblique plane of the aortic valve, the orifice of the left 
coronary artery is superior and posterior to that of the right 
coronary artery. The coronary arterial tree is divided into 
three segments; two (the left anterior descending artery and 
the circumflex artery) arise from a common stem. The third 
segment is the right coronary artery. The dominance of the 
coronary circulation (right vs left) usually refers to the artery 
from which the inferior interventricular artery originates, not 
the absolute mass of myocardium perfused by the left or right 
coronary artery. Right dominance occurs in 85 to 90% of 
normal individuals. Left dominance occurs slightly more fre-
quently in males than in females.

Main Stem of the Left Coronary Artery
The main stem of the left coronary artery courses from the 
left sinus of Valsalva anteriorly, inferiorly, and to the left 
between the pulmonary trunk and the left atrial append-
age (Fig. 2-32). Typically, it is 10 to 20 mm in length, but 
can extend to a length of 40 mm. The left main stem can 
be absent, with separate orifices in the sinus of Valsalva for 

its two primary branches (1% of patients). The main stem 
divides into two major arteries of nearly equal diameter, the 
left anterior descending artery and the circumflex artery.

Left Anterior Descending Artery
The left anterior descending (or interventricular) coronary 
artery continues directly from the bifurcation of the left 
main stem, coursing anteriorly and inferiorly in the anterior 
interventricular groove to the apex of the heart (Fig. 2-33). 
Its branches include the diagonals, the septal perforators, 
and the right ventricular branches. The diagonals, which 
may be two to six in number, course along the anterolateral 
wall of the left ventricle and supply this portion of the myo-
cardium. The first diagonal generally is the largest and may 
arise from the bifurcation of the left main stem (formerly 
known as the intermediate artery). The septal perforators 
branch perpendicularly into the ventricular septum. Typi-
cally, there are three to five septal perforators; the initial one 
is the largest and commonly originates just beyond the take-
off of the first diagonal. This perpendicular orientation is a 
useful marker for identification of the left anterior descend-
ing artery on coronary angiograms. The septal perforators 
supply blood to the anterior two-thirds of the ventricular 
septum. Right ventricular branches, which may not always 
be present, supply blood to the anterior surface of the right 
ventricle. In approximately 4% of hearts, the left anterior 
descending artery bifurcates proximally and continues as 
two parallel vessels of approximately equal size down the 
anterior interventricular groove. Occasionally, the artery 

FIGURE 2-32 The short extent of the main stem of the left coronary artery is seen before it branches into the circumflex and anterior descending 
arteries. Note the small right coronary artery in this heart, in which the circumflex artery was dominant (see Fig. 2-21).
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40 Part I Fundamentals

FIGURE 2-34 The important branches of the circumflex artery, 
seen in anatomical orientation.

FIGURE 2-33 The important branches of the anterior descending 
artery are the first septal perforating and diagonal arteries.

wraps around the apex of the left ventricle to feed the distal 
portion of the posterior interventricular groove. Rarely, it 
extends along the entire length of the posterior groove to 
replace the inferior interventricular artery.

Circumflex Artery
The left circumflex coronary artery arises from the left main 
coronary artery roughly at a right angle to the anterior inter-
ventricular branch. It courses along the left atrioventricular 
groove and in 85 to 95% of patients terminates near the 
obtuse margin of the left ventricle (Fig. 2-34). In 10 to 15% 
of patients, it continues around the atrioventricular groove to 
the crux of the heart to give rise to the inferior interventricular 
artery (left dominance; see Fig. 2-21). The primary branches 
of the left circumflex coronary artery are the obtuse marginals. 
They supply blood to the lateral aspect of the left ventricular 
myocardium, including the posteromedial papillary muscle. 
Additional branches supply blood to the left atrium and, in 
40 to 50% of hearts, the sinus node. When the circumflex 
coronary artery supplies the inferior interventricular artery, it 
also supplies the atrioventricular node.

Right Coronary Artery
The right coronary artery courses from the aorta anteriorly 
and laterally before descending in the right atrioventricular 
groove and curving posteriorly at the acute margin of the 
right ventricle (Fig. 2-35). In 85 to 90% of hearts, the right 
coronary artery crosses the crux, where it makes a charac-
teristic U-turn before bifurcating into the inferior interven-
tricular artery and the right posterolateral artery. In 50 to 
60% of hearts, the artery to the sinus node arises from the 
proximal portion of the right coronary artery. The blood 
supply to the atrioventricular node (in patients with right-
dominant circulation) arises from the midportion of the 
U-shaped segment. The inferior interventricular artery, usu-
ally described incorrectly as being posterior and descending, 
runs along the inferior interventricular groove, extending 
for a variable distance toward the apex of the heart. It gives 
off perpendicular branches, the inferior septal perforators, 
that course anteriorly in the ventricular septum. Typically, 
these perforators supply the inferior one-third of the ven-
tricular septal myocardium.

The right posterolateral artery gives rise to a variable num-
ber of branches that supply the posterior surface of the left 
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FIGURE 2-35 This dissection shows the relationships and branches of the right coronary artery.

ventricle. The circulation of the posteroinferior portion of the 
left ventricular myocardium is quite variable. It may consist 
of branches of the right coronary artery, the circumflex artery, 
or both. The acute marginal arteries branch from the right 
coronary artery along the acute margin of the heart, before its 
bifurcation at the crux. These marginals supply the anterior 
free wall of the right ventricle. In 10 to 20% of hearts, one of 
these acute marginal arteries courses across the diaphragmatic 
surface of the right ventricle to reach the distal ventricular sep-
tum. The right coronary artery supplies important collaterals 
to the left anterior descending artery through its septal perfo-
rators. In addition, its infundibular (or conus) branch, which 
arises from the proximal portion of the right coronary artery, 
courses anteriorly over the base of the ventricular infundibu-
lum and may serve as a collateral to the anterior descend-
ing artery. Kugel’s artery is an anastomotic vessel between the 
proximal right coronary and the circumflex coronary artery 
that also can provide a branch that runs through the base of 
the atrial septum to the crux of the heart, where it supplies 
collateral circulation to the atrioventricular node.15

THE CORONARY VEINS14

A complex network of veins drains the coronary circulation. 
An extensive degree of collateralization among these veins 
and the coronary arteries and the paucity of valves within 
coronary veins enable the use of retrograde coronary sinus 
cardioplegia for intraoperative myocardial protection. The 
venous circulation can be divided into three systems: the cor-
onary sinus and its tributaries, the anterior right ventricular 
veins, and the thebesian veins.

Coronary Sinus and Its Tributaries
The coronary sinus predominantly drains the left ventricle 
and receives approximately 85% of coronary venous blood. It 
lies within the posterior atrioventricular groove and empties 
into the right atrium at the lateral border of the triangle of 
Koch (Fig. 2-36). The orifice of the coronary sinus is guarded 
by the crescent-shaped thebesian valve. The named tributar-
ies of the coronary sinus include the anterior interventricular 
vein, which courses parallel to the left anterior descending 
coronary artery. Adjacent to the bifurcation of the left main 
stem, the anterior interventricular vein courses leftward in the 
atrioventricular groove, where it is referred to as the great 
cardiac vein. It receives blood from the marginal and posterior 
left ventricular branches before becoming the coronary sinus 
at the origin of the oblique vein (of Marshall) at the posterior 
margin of the left atrium. The inferior interventricular vein, 
or middle cardiac vein, arises at the apex, courses parallel to 
the inferior interventricular artery, and extends proximally to 
the crux. Here, this vein drains directly either into the right 
atrium or into the coronary sinus just prior to its orifice. The 
small cardiac vein runs inferiorly through the right atrioven-
tricular groove.

Anterior Right Ventricular Veins
The anterior right ventricular veins travel across the right 
ventricular surface to the right atrioventricular groove, where 
they enter directly into either the right atrium or coalesce to 
form the small cardiac vein. As indicated, this vein travels down 
the right atrioventricular groove, around the acute margin, 
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42 Part I Fundamentals

and enters into the right atrium directly or joins the coronary 
sinus just proximal to its orifice.

Thebesian Veins
The thebesian veins are small venous tributaries that drain 
directly into the cardiac chambers. They exist primarily in the 
right atrium and right ventricle.

REFERENCES
 1. Anderson KR, Ho SY, Anderson RH: The location and vascular supply of 

the sinus node in the human heart. Br Heart J 1979; 41:28.
 2. Wilcox BR, Anderson RH: Surgical Anatomy of the Heart. New York, 

Raven Press, 1985.
 3. Sweeney LJ, Rosenquist GC: The normal anatomy of the atrial septum in 

the human heart. Am Heart J 1979; 98:194.
 4. Konno S, Imai Y, Iida Y, et al: A new method for prosthetic valve replace-

ment in congenital aortic stenosis associated with hypoplasia of the aortic 
valve ring. J Thorac Cardiovasc Surg 1975; 70:909.

 5. Rastan H, Koncz J: Aortoventriculoplasty: a new technique for the treat-
ment of left ventricular outflow tract obstruction. J Thorac Cardiovasc Surg 
1976; 71:920.

 6. Manouguian S, Seybold-Epting W: Patch enlargement of the aortic valve 
ring by extending the aortic incision into the anterior mitral leaflet: new 
operative technique. J Thorac Cardiovasc Surg 1979; 78:402.

 7. Nicks R, Cartmill T, Berstein L: Hypoplasia of the aortic root. Thorax 
1970; 25:339.

 8. Ross DN: Replacement of aortic and mitral valve with a pulmonary 
autograft. Lancet 1967; 2:956.

 9. Oury JH, Angell WW, Eddy AC, Cleveland JC: Pulmonary autograft: 
past, present, and future. J Heart Valve Dis 1993; 2:365.

 10. Wilcox BR, Murray GF, Starek PJK: The long-term outlook for valve 
replacement in active endocarditis. J Thorac Cardiovasc Surg 1977; 74:860.

11. Frantz PT, Murray GF, Wilcox BR: Surgical management of left ventricu-
laraortic discontinuity complicating bacterial endocarditis. Ann Thorac 
Surg 1980; 29:1.

12.  Anderson RH, Becker AE: Cardiac Anatomy. London, Churchill Living-
stone, 1980.

13. Kirklin JW, Barratt-Boyes BG: Anatomy, dimensions, and terminology, in 
Kirklin JW, Barratt-Boyes BG (eds): Cardiac Surgery, 2nd ed. New York, 
Churchill Livingstone, 1993; p 3.

14. Schlant RC, Silverman ME: Anatomy of the heart, in Hurst JW, Logue 
RB, Rachley CE, et al (eds): The Heart, 6th ed. New York, McGraw-Hill, 
1986; p 16.

15. Kugel MA: Anatomical studies on the coronary arteries and their branches: 
I. Arteria anastomotica auricularis magna. Am Heart J 1927; 3:260.
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oblique vein enters the great cardiac vein.
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A cardiac surgical procedure is the most acute application of 
basic dynamic physiology that exists in medical care. Basic 
physiologic concepts of electromechanical activation and 
association, loading conditions, inotropy, etc all affect a suc-
cessful outcome. Working knowledge of these fundamental 
concepts is imperative to maintain and return a patient to 
normal function. The purpose of this chapter is to present a 
manageable outline of cardiac physiology that can be used in 
daily practice, as a framework against which pathologic pro-
cesses can be measured, assessed, and treated.

CELLULAR COMPONENTS AND 
CELLULAR ACTIVATION
The heart beats continuously based on the unique features of 
its component cells. A cardiac cycle begins when spontaneous 
depolarization of a pacemaker cell initiates an action potential. 
This electrical activity is transmitted to atrial muscle cells and 
to the conduction system which transmits the electrical activ-
ity to the ventricle. Activation is dependent on components of 
the cell membrane and cell which induce and maintain the ion 
currents that promote and spread electrical activation.

The activity of cells in the heart is triggered by an action 
potential. An action potential is a cyclical activation of the cell 
comprised of a rapid change in the membrane potential (the 
electrical gradient across the cell membrane) and subsequent 
return to a resting membrane potential. This process is depen-
dent on a selectively permeable cell membrane and proteins 
that actively and passively direct ion passage across the cell 
membrane. The specific components of the myocyte action 
potential are detailed in Figure 3-3. The myocyte action poten-
tial is characterized by a rapid initial depolarization mediated 
by fast channels (sodium channels), then a plateau phase medi-
ated by slow channels (calcium channels). Further details of 
this process are introduced as their components are described.

The Sarcolemma
The cardiac cell is surrounded by a membrane (plasmalemma 
or more specific to a muscle cell, sarcolemma). The structural 

components of the sarcolemma allow for the origination and 
then the conduction of an electrical signal through the heart 
with subsequent initiation of the excitation-contraction cou-
pling process. The sarcolemma also participates in the regula-
tion of excitation, contraction, and intracellular metabolism 
in response to neuronal and chemical stimulation.

THE PHOSPHOLIPID BILAYER
The sarcolemma is a phospholipid bilayer that provides a bar-
rier between the extracellular compartment and the intracel-
lular compartment or cytosol. The sarcolemma, which is only 
two molecules thick, consists of phospholipids and cholesterol 
aligned so that the lipid, or the hydrophobic, portion of the 
molecule is on the inside of the membrane, and the hydro-
philic portion of the molecule is on the outside (Figure 3-1). 
The phospholipid bilayer provides a fluid barrier that is 
particularly impermeable to the diffusion of ions. Small lipid-
soluble molecules such as oxygen and carbon dioxide diffuse 
easily through the membrane. The water molecule, although 
insoluble in the membrane, is small enough that it diffuses 
easily through the membrane (or through pores in the mem-
brane). Other, slightly larger molecules (sodium, chloride, 
potassium, calcium) cannot easily diffuse through the lipid 
bilayer and require specialized channels for transport.1,2

The specialized ion-transport systems within the sarco-
lemma consist of membrane-spanning proteins that float in 
and penetrate through the lipid bilayer. These proteins are asso-
ciated with three different types of ion transport: (1) diffusion 
through transmembrane channels that can be opened or closed 
(gated) in response to electrical (voltage-gated) or chemical 
(ligand-gated) stimuli; (2) exchange of one ion for another by 
attachment to binding sites for transmission in response to an 
electrochemical gradient; and (3) active (energy-dependent) 
transport of ions against an electrochemical gradient.

Other proteins located in the sarcolemma serve as recep-
tors for neuronal or chemical control of cellular processes.

ION CHANNELS
Most of the voltage-gated channels consist of four subunits 
that surround the water-filled pore through which ions cross 
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44 Part I Fundamentals

the membrane. A schematic diagram of an ion channel is 
shown in Figure 3-2. Each channel contains a selectivity filter 
that allows the passage of particular ions based upon pore 
size and electrical charge, and an activation gate regulated by 
conformational changes induced by either a voltage-sensitive 
or a ligand-binding region of the protein. Many channels also 
have an inactivation gate.1,3

Voltage-Gated Sodium Channels
The voltage-gated sodium channel is prominent in most 
electrically excitable muscle and nerve cells. Energy-
dependent pumps and other ions create a large concentra-
tion gradient of positive sodium ions (142 mEq/L outside, 
10 mEq/L inside) and a large electrical gradient (–70 to 
–90 millivolts (mV) from outside to inside) across the cell 
membrane. Both gradients favor the influx of sodium. This 
passive influx is termed an inward current. The inward 
current of sodium ions begins to depolarize (reduce the 

electrical gradient) across the sarcolemma. When the 
membrane potential is raised to between –70 and –50 mV, 
the activation gate of the sodium channel opens. Sodium 
ions rapidly rush into the cell depolarizing the sarcolemmal 
membrane. The inactivation gate of the sodium channel begins 
to close at the same voltage, with a built-in time delay, so the 
sodium channel is open for only a few milliseconds. Because 
these channels open and close so quickly, they are called fast 
channels. The inactivation gate of the sodium channel remains 
closed until the cell is repolarized to the resting negative mem-
brane potential.4,5

Voltage-Gated Calcium Channels
There are two important calcium channels. The type T 
(transient)-calcium channels open as the membrane poten-
tial rises to –60 to –50 mV, and then close quickly. These 
T-calcium channels are important in early depolarization, 
especially in atrial pacemaker cells.

FIGURE 3-1 The sarcolemma is a bilayer in which phospholipid and cholesterol molecules are arranged with hydrophobic domains within the 
membrane and hydrophilic domains facing outward. The membrane-spanning protein shown here is similar to many ion channels, with six hydro-
phobic alpha-helices spanning the membrane and surrounding a central channel.

FIGURE 3-2 A voltage-gated sodium channel is schematically depicted. The shaded region is the selectivity filter. A represents the activation gate, 
and I represents the inactivation gate. At rest, the inactivation gate is open and the activation gate is closed. As the transmembrane potential rises 
from –80 to –60 mV, the activation gate opens, and sodium ions pass through the channel. Within a few milliseconds, the inactivation gate closes. 
Once the cell repolarizes the resting ion channel returns to the resting state.
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 Chapter 3 Cardiac Surgical Physiology 45

The second major calcium channel, type L (long-lasting) 
channel, a slow channel, leads to an inward (depolarizing) 
current that is slowly inactivated and therefore prolonged. 
These channels open at a less negative potential (–30 to 
–20 mV). Once open, the prolonged inward calcium current 
(Figure 3-3) sustains the action potential. This increase in 
cytosolic calcium begins the excitation-contraction sequence. 
Beta-receptor stimulation induces conformational changes 
in the channel, resulting in an increased influx of calcium 
ions and an associated increase in the strength of sarco-
mere contraction. This effect is attenuated by stimulation 
of acetylcholine and adenosine receptors.6,7

Potassium Channels
A variety of potassium channels, both voltage- and ligand-gated, 
are present in cardiac cells. Three voltage-gated potassium chan-
nels moderate the delayed rectifier current which repolarizes the 
cell membrane (Figure 3-3).8

Several ligand-gated potassium channels have been identi-
fied. Acetylcholine and adenosine-activated potassium chan-
nels are time-independent, and lead to hyperpolarization 
in pacemaker and nodal cells, thereby delaying spontaneous 
depolarization. A calcium-activated potassium channel opens 
in the presence of high levels of cytosolic calcium and probably 
enhances the delayed rectifier current, leading to early termina-
tion of the action potential. An adenosine triphosphate (ATP)-
sensitive potassium channel is closed in the metabolically 
normal myocyte, but is opened in the metabolically starved 
myocyte in which ATP stores have been depleted, leading to 
hyperpolarization of the cell, thereby retarding depolarization 
and contraction.

ENERGY-DEPENDENT ION PUMPS
Sodium-potassium atp-dependent pump. The sodium-
potassium pump uses the energy obtained from the hydro-
lysis of ATP to move three Na+ ions out of the cell and two 
K+ ions into the cell, each against its respective concentra-
tion gradient. Since there is a net outward current (three Na+ 
ions for two K+ ions), the pump contributes about 10 mV to 
the resting membrane potential. The activity of the pump is 
strongly stimulated by attachment of sodium to its binding 
site. The Na+-K+ adenosine triphosphatase, Na+-K+ (ATPase), 
has a very high affinity for ATP, so that the pump continues 
to function even if ATP levels are reduced.

Atp-dependent calcium pump. The ATP-dependent 
calcium pump transports calcium out of the cell against 
a strong concentration gradient. This action represents a 
net outward current, but the magnitude of this current is 
quite small because the bulk of calcium transferred out of 
the cell occurs with sodium-calcium exchange (described in 
the following). The cytosolic protein, calmodulin, can com-
plex with calcium and facilitate the action of the pump; 
thus, increased intracellular calcium levels stimulate the 
pump.9,10

T-Channel

Activation gate

Inactivation gate

L-Channel

iCa

iNa

ito
iK1

iK

iCa(L)

0 1 2 3 4

Membrane
potential

(mV)

FIGURE 3-3 A typical ventricular myocyte action potential and the 
ion currents contributing to it are schematically represented. Inward 
(depolarizing) currents are depicted as positive, and outward (repolar-
izing) currents are depicted as negative. The horizontal filled bars show 
the state of the gate of the ion channel (white = open; black = closed; 
shaded = partially open). In the case of the sodium channel, both the 
activation and inactivation gates are shown (Ca = calcium; i = current; 
K = potassium; Na = sodium).
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46 Part I Fundamentals

ION EXCHANGERS
Sodium-calcium exchanger. Multiple proteins that tra-
verse the membrane allow ion exchanges using the poten-
tial energy of the electrochemical gradient which favors the 
influx of sodium. The sodium-calcium exchanger exchanges 
three extracellular sodium ions for one intracellular calcium 
ion, leading to a net single positive charge transported into 
the cell with each exchange. The exchange system is sensitive 
to the concentration of sodium and calcium on both sides of 
the membrane, and to the membrane potential. If external 
sodium concentrations decrease, the driving force for removal 
of calcium from the cell is decreased, leading to an increase 
in cytosolic calcium (and a consequent increase in contrac-
tion). Thus, hyponatremia can increase cardiac contractility. 
If the intracellular sodium concentration increases, as occurs 
with ischemia, the gradient for sodium influx is reduced, and 
the pump slows down or actually reverses, extruding sodium 
in exchange for an influx of calcium. This mechanism may 
be central to the accumulation of calcium during ischemia. 
The sodium-calcium exchange mechanism has a maximum 
exchange rate that is some 30 times higher than the sarco-
lemmal ATP-dependent calcium pump and is the primary 
mechanism for removal of excess cytosolic calcium.7

Sodium-hydrogen exchanger. The sodium-hydrogen 
exchanger extrudes one intracellular hydrogen ion in exchange 
for one extracellular sodium ion, and is electrically neutral. 
This pump prevents intracellular acidification. Acidification 
(eg, during ischemia) increases the affinity of the pump for H+ 
ions, promoting the removal of H+ preserving intracellular pH 
at the expense of sodium accumulation. The accumulation of 

sodium ions may then trigger reversal of the sodium-calcium 
exchange pump to favor the accumulation of calcium within 
the cell. This is a possible mechanism underlying injury or cell 
death during ischemia-reperfusion.

INTRACELLULAR COMMUNICATION PATHWAYS
To allow concurrent activation of all the myofibrils in the 
muscle cell, the electrical activation signal must be rapidly 
and evenly spread through all portions of the cell. This is 
accomplished through the t-tubules, and the subsarcolem-
mal cisternae and sarcotubular network of the sarcoplasmic 
reticulum.

Transverse tubules (T-tubules). The basic contractile unit 
in a muscle cell is the sarcomere. Sarcomeres are joined together 
in the myofibril at the z-lines. A system of transverse tubules 
(t-tubules) extends the sarcolemma into the interior of the car-
diac cell (Figure 3-4). These tubules are perpendicular to the 
sarcomere, near the z-lines, extending the extracellular space 
close to the contractile proteins. The transverse tubules contain 
the calcium channels, which are in close relationship to the 
foot proteins of the subsarcolemmal cisternae.

Sarcoplasmic reticulum. The sarcoplasmic reticulum is a 
membrane network within the cytoplasm of the cell surround-
ing the myofibrils. The primary function of the sarcoplas-
mic reticulum is excitation-contraction coupling by sudden 
release of calcium to stimulate the contraction proteins and 
then rapid removal of this calcium to allow relaxation of the 
contractile elements. The subsarcolemmal cisternae and the 

Mitochondria
Plasma membrane

T-tubule

T-tubule

Sarcotubular 
network

Subsarcolemmal
cisterna

DyadI-band I-bandA-band

Z-line Thick filaments 
Thin filaments

FIGURE 3-4 Myocyte anatomy. (Reproduced with permission from Katz AM: Physiology of the Heart, 4th ed. Philadelphia, Lippincott Williams 
& Wilkins; 2006.)
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sarcotubular network are the two portions of the sarcoplas-
mic reticulum that mediate this process.

The subsarcolemmal cisternae are near the sarcolemma 
and the t-tubules. Foot proteins are found in the membrane 
of the sarcoplasmic reticulum, with a large protein compo-
nent extending into the gap between the subsarcolemmal 
cisternae and the sarcolemma of the t-tubule. The foot pro-
teins respond to the release of calcium by opening a calcium 
channel, which allows the release of a much larger quantity of 
calcium from the subsarcolemmal cisternae. This is “calcium-
triggered” calcium release with calcium transported across 
the sarcolemma, leading to calcium release from the subsar-
colemmal cisternae. The magnitude of calcium release from 
the subsarcolemmal cisternae appears to be related to the 
magnitude of the trigger. The calcium channels then close 
and the calcium is returned to the sarcoplasmic reticulum by 
an ATP-dependent calcium pump located in the sarcotubular 
network.1,10 The sarcotubular network is the portion of the 
sarcoplasmic reticulum that surrounds the contractile ele-
ments of the sarcomere (Figure 3-5).

Regulation of calcium transport by the cardiac sarcoplasmic 
reticulum occurs primarily at the site of the calcium pump. 
A calcium-calmodulin complex phosphorylates the pump to 
stimulate pump activity. Reduced ATP availability will slow 

pump function. Phospholamban inhibits the basal rate of 
calcium transport by the calcium pump. This inhibition is 
reversed when phospholamban is phosphorylated by a cyclic 
AMP-or calcium-calmodulin–dependent protein kinase. This 
is a very important mechanism for beta-adrenergic regula-
tion; cyclic AMP levels increase with activation of the beta-
adrenergic receptor. As phospholamban is phosphorylated, 
there is accelerated calcium turnover and increased sensitiv-
ity of the calcium pump, which facilitates uptake of calcium 
from the cytosol and relaxation of the heart. Phosphorylation 
of phospholamban does not affect the sarcolemmal calcium 
pump, thereby tending to favor retention of calcium within 
the cell (increasing the calcium content of the sarcoplasmic 
reticulum at the expense of calcium removed from the cell 
through the sarcolemma). This might lead to an increased 
pulse of calcium within the cell, thereby favoring increased 
contractility.7,10 Phosphorylation of phospholamban, in the 
presence of intracellular calcium, stimulates calcium uptake 
to protect the heart from calcium overload.

In this ionic milieu, the importance of intracellular pH 
maintenance should be stressed. Regulation of intracellular 
pH is complex and beyond the scope of this text, but a few 
simple principles are important to review. Reduced intracel-
lular pH diminishes the amount of calcium released from 

NCX

NCX

ATP

ATP ATP

NCX

CaCaCa

Ca

Ca

Ca

Ca

Ca

CaCa

Ca

Na

Sarcoplasmic reticulum

RyR
LTCC

LTCC

Z-line

Titin

Troponin Thin filament

Thick filamentTropomyosin

PMCA

SERCA2a

Sarcolemma

Sarcomere

T-
tu

bu
le

Mitochondria

Ca2+ uniporter

Na+/K+ pump

Na

Na Na

Na

Na

Na K
K

Na Na
Na

Na

Na

H

NHE

FIGURE 3-5 Anatomy of the cardiac sarcomere. Ca2+ influx during excitation provokes the release of additional Ca2+ from the sarcoplasmic 
reticulum (SR). The Ca2+ binds to troponin on the thin filaments triggering sarcomeric contraction (systole). The Ca2+ is then removed from 
the cytosol through uptake into the SR and extracellular extrusion allowing sarcomere relaxation (diastole). (Reproduced with permission from 
Kobirumaki-Shimozawa F, Inoue T, Shintani SA, et al: Cardiac thin filament regulation and the Frank-Starling mechanism, J Physiol Sci. 2014 
Jul;64(4):221-232.)
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48 Part I Fundamentals

the sarcoplasmic reticulum and reduces the responsiveness of 
myofilaments to calcium. Elevation of the pH will have the 
opposite effect. The clinical relevance of this observation can-
not be overstressed.

ELECTRICAL ACTIVATION 
OF THE HEART
Normal Cardiac Rhythm
THE RESTING MEMBRANE POTENTIAL
The state of the cardiac cell is determined by a balance of forces 
based on electrical and chemical gradients. At rest (during 
diastole), the cardiac cell is polarized. The electrical potential 
across the sarcolemma is primarily determined by the concen-
tration gradient of potassium across the membrane. This gradi-
ent is established by the sodium-potassium pump. However, 
once this pump shuts off, the steady state is determined by 
the balance of electrical and chemical forces. The sarcolemma 
is impermeable to some ions, permeable to others, and selec-
tively permeable to others. Steady-state properties of a mix-
ture of ions of variable permeabilities across a membrane 
are described by the Gibbs-Donnan equilibrium.11 The sar-
colemma prevents the diffusion of large anions (eg, proteins 
and organic phosphates). At rest, the sarcolemma is relatively 
permeable to potassium ions because of the open state of 
most potassium channels, but less permeable to sodium. The 
concentration gradient established by the sodium-potassium 
pump promotes the efflux of potassium ions across the sarco-
lemma. The outward flow of positive ions is counterbalanced 
by the increasing electronegativity of the interior of the cell 
owing to the impermeant anions. A Gibbs-Donnan equilib-
rium is established such that the electronegativity of the cell 
interior retards potassium-ion efflux to the same degree that 
the concentration gradient favors K+ efflux. At equilibrium, 
the forces balance with an intracellular potassium concentra-
tion of 135 mM and extra-cellular concentration of 4 mM 
and a predicted resting membrane potential of –94 mV. 
The actual resting membrane potential is measured at about 
–90 mV because of smaller contributions from the current 
of other less permeable ions (eg, sodium and calcium). How-
ever, the potassium current is the main determinant of the 
resting membrane potential.12

THE ACTION POTENTIAL
The action potential represents the triggered response to a 
stimulus derived either internally (slow depolarizing ionic 
currents) or externally (depolarization of adjacent cells). A 
typical fast-response action potential which occurs in atrial 
and ventricular myocytes and special conduction fibers is 
depicted in Fig. 3-3. As the transmembrane potential decreases 
to approximately –65 mV, the “fast” sodium channels open. 
These channels remain open for a few milliseconds when the 
inactivation gate of the “fast” sodium channel closes. The 
large gradient of sodium ions promotes rapid influx, depolar-
izing the cell to a slightly positive transmembrane potential: 

phase 0 of the action potential. A transient potassium current 
(ito) causes a very early repolarization (phase 1) of the action 
potential, but this fast channel closes quickly. The plateau 
of the action potential (phase 2) is sustained at a neutral or 
slightly positive level by an inward flowing calcium current, 
first from the transient calcium channel and second through 
the long-lasting calcium channel. The plateau is also sustained 
by a decrease in the outward potassium current (iK1). With 
time, the long-lasting calcium channels begin to close, and 
the repolarizing potassium current (iK, the delayed rectifier 
current) leads to the initiation of phase 3 of the action poten-
tial. As repolarization progresses, the stronger first potassium 
current (iK1) dominates, leading to full repolarization of the 
membrane to the resting negative potential. During the bulk 
of the depolarized interval (phase 4) the first potassium cur-
rent predominates in myocytes.

REFRACTORY PERIOD
The sodium channels cannot respond to a second wave of 
depolarization until the inactivation gates are reopened (by 
repolarization during phase 3). As a result, the membrane is 
refractory to the propagation of a second impulse during this 
time interval, referred to as the absolute refractory period. 
As the membrane is repolarized during early phase 3 of the 
action potential, and some of the sodium channels have been 
reactivated, a short interval exists during which only very 
strong impulses can activate the cell, which is termed the 
relative refractory period. A drug that acts to speed up the 
inactivation gate will shorten both the absolute and the rela-
tive refractory periods.1,13,14

SPONTANEOUS DEPOLARIZATION
The action potential of the slow response cells of the nodal 
tissue (sinoatrial node, or SA node, and atrioventricular 
node, or AV node) differs from that in the fast-response cells, 
as shown in Figure 3-6. The rapid upstroke of phase 0 is less 
prominent due to the absence of fast Na+ channels. Phase 1 
is absent, as there is no rapid inward potassium current. In 
addition, the plateau phase (phase 2) is abbreviated because 
of the lack of a sustained active Na+ inward current, and the 
lack of sustained calcium current. The repolarization phase 
(phase 3) leads to a resting phase (phase 4) that begins to 
depolarize again, as opposed to the relatively stable resting 
membrane potential of myocytes. The slowly depolarizing 
phase 4 resting potential is called the diastolic depolarization 
current, or the pacemaker potential. Continued depolariza-
tion of the membrane potential ultimately reduces it to the 
threshold potential that stimulates another action poten-
tial. This diastolic depolarization potential is the mecha-
nism of automaticity in cardiac pacemaker cells. Diastolic 
depolarization is caused by the concerted and net actions 
of: (1) a decrease in the outward K+ current during early 
diastole (phase 4); (2) persistence of the slow inward Ca2+ 
current; and (3) an increasing inward Na+ current during 
diastole. The inward Na+ current most likely predominates 
in nodal and conduction tissue. The slope of the diastolic 
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 Chapter 3 Cardiac Surgical Physiology 49

depolarization determines the rate of action-potential gen-
eration in the pacemaker cells, and is the primary mecha-
nism determining heart rate. Of all the cardiac cells, the 
fastest rate of depolarization is in the SA node, and action 
potentials are generated at a rate of 70 to 80 per minute. 
The AV node is a slower rate of depolarization, at 40 to 60 
times per minute. The ventricular myocytes are the slowest, 
at 30 to 40 times per minute. Once a depolarization is initi-
ated in a pacemaker cell and propagated, it will depolarize 
the remainder of the heart in a synchronized and sequential 
manner. The heart rate can be altered by changing the slope 
of the diastolic depolarization (eg, acetylcholine decreases 
the slope and heart rate; beta-adrenergic agonists increase 
the slope and heart rate). If the slope is unchanged, hyper-
polarization (more negative resting potential) or raising the 

threshold potential will increase the time to reach threshold, 
thus decreasing the heart rate.

PROPAGATION OF THE ACTION POTENTIAL
Each myocyte is mechanically anchored and electrically con-
nected to the next myocyte by an intercalated disc at the end 
of the cell. These discs contain gap junctions that facilitate 
flow of charged molecules from one cell to the next. These 
pores are composed of a protein, connexin. Permeability 
through the cardiac gap junction is increased by both ATP- 
and cyclic AMP-dependent kinases. This allows the gap junc-
tions to close if ATP levels fall, thereby reducing electrical and 
presumably mechanical activity, which is essential in limiting 
cell death when one region of the heart is damaged. It also 

0 300 600 900
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FIGURE 3-6 The membrane potential of a spontaneously depolarizing cell of the sinoatrial node, and the ion currents contributing to it. Inward 
(depolarizing) currents are depicted as positive, and outward (repolarizing) currents are depicted as negative (Ca = calcium; i = current; K = 
potassium; Na = sodium).
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50 Part I Fundamentals

allows conduction to increase when cyclic AMP increases in 
response to adrenergic stimulation.

After spontaneous depolarization occurs in the pace-
maker cells of the SA node, the action potential is conducted 
throughout the heart. Special electrical pathways facilitate this 
conduction. Three internodal paths exist through the atrium 
between the SA node and the AV node. After traversing the 
AV node, the action potential is propagated rapidly through 
the bundle of His and into the Purkinje fibers located on the 
endocardium of the left and right ventricles. Rapid conduc-
tion through the atrium causes contraction of most of the 
atrial muscle synchronously (within 60 to 90 ms).Similarly, 
the rapid conduction of the signal throughout the ventricle 
leads to synchronous contraction of the bulk of the ventricu-
lar myocardium (within 60 ms). The delay in the propaga-
tion of the action potential through the AV node by 120 to 
140 ms allows the atria to complete contraction before the 
ventricles contract. Slow conduction in the AV node is related 
to a relatively higher internal resistance because of a small 
number of gap junctions between cells, and slowly rising 
action potentials.

Abnormal Cardiac Rhythm
ABERRANT PACEMAKER FOCI
Normally the SA node spontaneously depolarizes first, such 
that the cardiac beat originates from this primary pacemaker 
site. If the SA node is damaged or slowed by vagal stimulation 

or drugs (eg, acetylcholine), ectopic pacemakers in the atrium, 
AV node, or the His-Purkinje system can take over. Occa-
sionally, aberrant foci in the heart spontaneously depolarize, 
thereby leading to aberrant or “premature” contractions from 
the atrium or the ventricle. These contractions ordinarily do 
not interfere with the normal depolarization of the heart.

REENTRY ARRHYTHMIAS
Reentry arrhythmias are perhaps the most common danger-
ous cardiac rhythm. Ordinarily, the action potential depolar-
izes the entire atrium or the entire ventricle in a short enough 
time interval so that all of the muscle is refractory to further 
stimulation at the same time. A reentry arrhythmia is caused 
by propagation of an action potential through the heart in a 
“circus” movement. For reentry to occur there must be a uni-
directional block (transient or permanent) to action potential 
propagation. Additionally, the effective refractory period of 
the reentered region must be shorter that the propagation time 
around the loop.12 For example, if a portion of the previously 
depolarized myocardium has repolarized before the propa-
gation of the action potential is completed throughout the 
atrium or ventricle, then that action potential can continue 
its propagation into this repolarized muscle. Such an event 
generally requires either dramatic slowing of conduction of 
the action potential, a long conduction pathway, or a short-
ened refractory period (Figure 3-7). All of these situations 
occur clinically. Ischemia slows the sodium-potassium pump, 
which decreases the resting membrane potential and slows 

A. Normal

B. Slow conduction
     or long pathway

100 ms 200 ms 300 ms

100 ms 200 ms 300 ms

<100 ms <200 ms <300 ms

C. Shortened
    refractory
    period

FIGURE 3-7 Three conditions predisposing to reentry or “circus” pathways for action potential propagation are shown. Muscle that is refrac-
tory to action potential propagation is shown as black. Normally, as the action potential travels through the atrium or ventricle, all the muscle is 
depolarized sufficiently that the action potential encounters no more nonrefractory muscle and stops (A). If there is slowed conduction speed or a 
long pathway (B), the action potential may find repolarized (nonrefractory) muscle and continue in a circular path. Similarly, a shortened refractory 
period (C) may lead to rapid repolarization and predispose to a reentry and continuation of the action potential.
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propagation of the action potential. Hyperkalemia decreases 
the resting membrane potential, which increases excitabil-
ity and inactivates the sodium-potassium pump, slowing 
propagation of the action potential. Progressive atrial dila-
tion creates a long conduction pathway around the atrium. 
Adrenergic stimulation shortens the refractory period.

A special type of reentry arrhythmia occurs in Wolff-
Parkinson-White syndrome in which an accessory pathway 
electrically connects the atrium and the ventricle. This acces-
sory pathway can complete a circular electrical pathway 
between the atrium and the ventricle. Conduction is uni-
directional across the AV node and the accessory pathway 
creates a loop that has a propagation time that is greater than 
the AV node refractory period, resulting in supraventricular 
tachycardia. In an alternative situation, because the acces-
sory pathway does not have the inherent delay and refractory 
period of the AV node, rapid atrial tachycardias can be con-
ducted in a 1:1 manner across the accessory pathway, leading 
to ventricular rates as fast as 300 beats per minute.

REGULATION OF CELLULAR 
FUNCTION
Types of Receptors and Second 
Messengers
Numerous types of receptors are involved in regulating car-
diovascular function. They include G-protein (GTP-binding 
proteins) coupled receptors, enzyme-linked receptors, ion 
channel-linked receptors, and nuclear receptors. Other ligands, 
such as nitric oxide, bind directly to their intracellular target.15 
G-protein–coupled receptors are the most important. Ligand 
binding activates the synthesis of intracellular second messen-
gers, protein kinases, and voltage-gated potassium channels.16 
The most important second messenger is cyclic AMP, which 
transmits the response to sympathetic stimulation. Cyclic 
AMP is produced from ATP by adenylyl cyclase and broken 
down to AMP by phosphodiesterases. Cyclic AMP produc-
tion is promoted by sympathetic and inhibited by parasympa-
thetic stimulation. Another second messenger, cyclic guanosine 
monophosphate (GMP) is similarly produced, in response to 
nitric oxide and natriuretic peptides, by guanylyl cyclase and 
broken down by phosphodiesterases and opposes the actions 
of cyclic AMP.17 These and other second messengers activate 
signaling enzymes within the cell such as protein kinases.

Innervation of the Heart
Sympathetic fibers originate from the fourth and fifth tho-
racic spinal cord regions. Parasympathetic innervation derives 
through the vagus nerve connecting to the SA and AV nodes, 
atria, and blood vessels. Stretch receptors located in the atria 
and ventricles provide feedback to the central nervous system. 
Atrial natriuretic peptide, (similar to B-type natriuretic pep-
tide which is clinically measured) is secreted by atrial myo-
cytes in response to stretch and promotes natriuresis, diuresis, 

and smooth muscle relaxation. Stretch receptors on the poste-
rior and inferior ventricular wall can trigger parasympathetic 
stimulation and inhibit sympathetic activity, leading to bra-
dycardia and conduction block (von Bezold-Jarisch reflex).18

PARASYMPATHETIC REGULATION
The parasympathetic nervous system is particularly impor-
tant in control of the SA node. Acetylcholine released by the 
nerve endings of the parasympathetic system stimulates mus-
carinic receptors in the heart. The activated receptors produce 
an intracellular stimulatory G-protein that opens acetylcho-
line gated potassium channels. An increased outward (repo-
larizing) flow of potassium leads to hyperpolarization of the 
SA node cells. Stimulation of the muscarinic receptors also 
inhibits the formation of cyclic AMP, inhibiting the open-
ing of calcium channels. A decreased inward flow of calcium, 
combined with an increased outward flow of potassium, leads 
to slowing of the spontaneous diastolic depolarization of the 
SA node cells (Figure 3-6). A similar effect in the AV node 
leads to slowing of conduction through the AV node.1

SYMPATHETIC STIMULATION AND BLOCKADE
Sympathetic or adrenergic receptors in the heart affect heart 
rate, contractility, conduction velocity, and automaticity; 
and in the peripheral vasculature they affect smooth muscle 
contraction and relaxation. Alpha-adrenergic receptors cause 
vasoconstriction. There are two types of beta-adrenergic 
receptors: the beta1-adrenergic receptors, which predominate 
in the heart, and the beta2-adrenergic receptors, which are 
present in blood vessels and promote relaxation. The number 
of beta receptors per unit area (receptor density) of the sarco-
lemma can be upregulated or downregulated in response to 
various stimuli. Receptor sensitivity can also change depend-
ing on ambient conditions and variable stimuli.19 Cardiopul-
monary bypass and ischemia cause downregulation of cardiac 
beta receptors. Acidemia causes desensitization of beta recep-
tors. This is important in the perioperative period when aci-
demia can reduce cardiac contractility, systemic vascular tone, 
and the response to inotropic agents.

The beta1-adrenergic receptor couples with adenylyl 
cyclase (Figure 3-8). When the receptor site is occupied by an 
adrenergic agonist, a stimulatory G-protein is formed, which 
combines with GTP. This activated G-protein–GTP complex 
then promotes the activity of adenylyl cyclase, leading to the 
formation of cyclic AMP from ATP. The G-protein–GTP 
complex and the cyclic AMP actively promote calcium chan-
nel opening. The increased tendency for calcium channels to 
open during beta1-receptor stimulation increases cytosolic 
calcium and leads to a number of physiologic effects: (1) A 
positive chronotropic (heart rate) effect whereby the heart 
rate, conduction, and contraction velocity increase and the 
action potential is shortened, leading to a shortening of sys-
tole; (2) a positive dromotropic (conduction velocity) effect of 
accelerated conduction through the AV node; and (3) a posi-
tive inotropic (contractility) effect. Increased activity of the 
sarcoplasmic reticulum calcium pump (more rapid calcium 
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52 Part I Fundamentals

uptake) leads to more rapid relaxation, which facilitates ven-
tricular filling; (4) a positive lusitropic (relaxation) effect.20

Two negative feedback systems diminish the response 
to beta agonists when stimulation is repetitive or persistent 
(tachyphylaxis). Increased cyclic AMP leads to: (1) increased 
phosphorylation of beta receptors leading to downregulation; 
and (2) increased activity of phosphodiesterase, the enzyme 
that degrades cyclic AMP. Acidosis will inhibit many steps 
in the sympathetic activation cascade, impairing contractility.

The activity spectrum of adrenergic receptors forms the basis 
of many therapeutic interventions; perioperatively to support 
cardiac function, and chronically to reduce mortality from myo-
cardial infarction and treat congestive heart failure. The selectiv-
ity of the agonists and antagonists allows adaptation for various 
clinical scenarios. Some examples are detailed in Table 3-1.

Reduction in inotropy, lusitropy, chronotropy, and drom-
otropy by beta blockade will reduce myocardial oxygen 
consumption contributing to many of its beneficial effects. 
As beta blockade will lead to upregulation of sarcolemmal 

receptors, sudden cessation of beta blockade may cause a tem-
porarily enhanced (and potentially dangerous) sensitivity to 
adrenergic stimulation.

PHOSPHODIESTERASE INHIBITION
Cyclic AMP plays a central role in the regulation of the car-
diac cell. Cytosolic levels of cyclic AMP are also increased 
by activation of receptors other than beta receptors (ie, 
for histamine, dopamine, glucagon), and are decreased by 
inhibitory G-proteins produced by stimulation of mus-
carinic receptors by acetylcholine and by stimulation of 
adenosine receptors. Referring to Figure 3-8, one nega-
tive feedback response to the increase in cyclic AMP is an 
increase in phosphodiesterase, which breaks down cyclic 
AMP. Phosphodiesterase inhibitors (amrinone, milrinone) 
inhibit the breakdown of cyclic AMP and thereby increase 
its level in the cytosol. Their effect is synergistic to that of 
beta agonists. Because they do not stimulate the production 

β-agonist

β-receptor

 Gs-GTP

 c-AMP

 Cytosolic
calcium

 Phosphorylated
phospholamban

+

Adenyl
cyclase

+

c-AMP–dependent
protein kinase

Desensitization

Increased
phosphodiesterase

activity

Calcium channel
activation

+

Myosin-actin
interaction

+

Augmented Ca++

uptake by SR

+

+
+

+

Positive
chronotropic
effect

Positive
dromotropic
effect

Positive
inotropic
effect

Positive
lusitropic
effect

Positive enzymes
or Channels

Final effect Negative feedback
actions or enzymes

FIGURE 3-8 Adrenergic stimulation via the action of beta agonists on beta receptors leads to a cascade of events in the myocyte, some of which 
are shown here. Note that an increase in cyclic AMP causes the activation of two inhibitory pathways, retarding excessively sustained adrenergic 
stimulation (cyclic AMP = cyclic adenosine monophosphate; Gs = stimulatory G-protein; GTP = guanosine triphosphate; SR = sarcoplasmic 
reticulum).
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 Chapter 3 Cardiac Surgical Physiology 53

of the G-protein–GTP complex, they have a lesser effect on 
calcium channel activation, and therefore less of the trou-
blesome positive chronotropic and dromotropic effects of 
beta-adrenergic stimulation.21

ADENOSINE RECEPTORS
There are four types of adenosine receptors. Adenosine recep-
tors are linked to inhibitory and stimulatory G-proteins and 
various kinases. Activation of adenosine A1 receptors leads 
to inhibition of cyclic AMP production, inhibition of the 
slow calcium channel, and opening of an adenosine-activated 
ATP-sensitive potassium (KATP) channel. This leads to hyper-
polarization, which delays conduction through the AV node 
and slows the ventricular response to atrial tachycardia.1,22 
Pretreatment with adenosine confers a cardioprotective effect 
during ischemia and can inhibit the inflammatory responses 
initiated by ischemia and reperfusion.22

Other Regulators of Hemodynamic 
Function
Angiotensin II is a vasoconstrictor and reduces renal fluid excre-
tion. It is the final effector of the renin-angiotensin-aldosterone 
system. Renin, secreted by the juxtaglomerular apparatus in the 
kidney, splits angiotensin I from angiotensinogen, produced by 
the liver. Angiotensin I is converted to angiotensin II by the 
angiotensin-converting enzyme (ACE or kininase II, the target 
of ACE inhibitors) mainly in the lungs. Angiotensin II acts by 
causing: (1) vasoconstriction to increase systemic vascular resis-
tance; and (2) stimulation of the adrenal cortex to secrete aldo-
sterone, which increases fluid volume and thus cardiac output. 
Through both actions, angiotensin II modifies blood pressure. 
Angiotensin II receptor blockers (ARBs) directly inhibit angio-
tensin II subtype IA receptors.

The endothelins (ETs) have multiple effects. When bound 
to ET-A receptors they cause vasoconstriction, increased con-
tractility, and proliferation. When bound to ET-B receptors 

they stimulate the release of nitric oxide and prostacyclin and 
have a vasodilatory effect.23

Bradykinins, acting through their receptors, cause vasodi-
lation. Arginine vasopressin promotes reabsorption of water 
by the kidney and has a vasoconstrictor effect. Natriuretic 
peptides, released in response to atrial distension, promote 
diuresis and arteriolar dilatation.

Nitric oxide (NO) plays an essential role in cardiac exci-
tation-contraction coupling. NO can regulate Ca2+ entry 
into the cardiomyocyte, and the release of NO in specific 
subcellular compartments can influence Ca2+ release from 
the sarcoplasmic reticulum. NO influences the contractile 
kinetics of the myofilaments, ensuring that Ca2+ homeo-
stasis is closely matched with the activity of the contractile 
machinery and allowing for dynamic adjustments during 
the systolic and diastolic phase. Through the stimulus of 
cyclic-GMP production, low amounts of NO can increase 
contractility but higher doses attenuate cardiomyocyte con-
traction.17,24,25 Changes in cardiac NO production by nitric 
oxide synthase impact responses to heart failure, diabetes, 
atrial fibrillation and ischemia reperfusion states.26 Inhaled 
NO administered at low concentrations causes pulmonary 
arterial dilatation, reduces chronotropy, and has a positive 
inotropic effect.27

CONTRACTION OF CARDIAC MUSCLE
Molecular Level (The Sarcomere)
The primary contractile unit of all muscle cells is the sar-
comere (Figs. 3-4 and 3-5). Sarcomeres are connected end 
to end at the z-line to form myofibrils. The myocyte con-
tains numerous myofibrils arranged in parallel. A portion of 
a sarcomere is schematically depicted in Figure 3-9. Actin 
polymerizes to form the thin filaments that are anchored at 
the z-line. Myosin polymerizes to form the thick filaments of 
the sarcomere. Myosin consists of a tail of two “heavy” chains 

TABLE 3-1: Adrenergic Agonists and Antagonists Correlating Selective Activity with Clinical Usage

  Drug Alpha Beta1 Beta2 Clinical Usage

Agonists Epinephrine Y Y Y Low cardiac output, hypotension
  Norepinephrine Y Y   Hypotension
  Phenylephrine Y     Hypotension
  Dobutamine   Y   Low cardiac output
  Dopamine Y Y   Low cardiac output, hypotension
  Isoproterenol   Y Y Bradycardia, low cardiac output, pulmonary 

hypertension
Antagonists (beta-blockers) Metoprolol   Y   Tachycardia, hypertension, MI, angina
  Atenolol   Y   Tachycardia, hypertension, MI, angina
  Esmolol   Y   Tachycardia, hypertension, MI, angina
  Carvedilol Y (alpha-1) Y Y Congestive heart failure
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54 Part I Fundamentals

intertwined to form a helix, forming the rigid backbone of 
the thick filament. The globular head of myosin is attached 
to the heavy chain backbone by a mobile hinge and projects 
outward. Myosin connects with the z-line via an elastic fiber 
made of titin. Titin is like a spring impacting passive elastic-
ity. The globular myosin head is an ATPase with a binding 
site for actin. Actin binds to the myosin globular head acti-
vating the myosin ATPase to hydrolyze ATP. This leads to a 
conformational change in the myosin that pulls the filament 
(Figure 3-9B).

Two proteins modulate the interaction of actin and 
myosin: troponin and tropomyosin. Troponin (“T” in 
Figure 3-9A) is composed of three units: Tn-C, the regulatory 
calcium binding unit; Tn-T, which binds the troponin com-
plex to tropomyosin; and Tn-I, which facilitates interrup-
tion of actin-myosin interaction by tropomyosin. Associated 
with each troponin complex is tropomyosin, a filamentous 
protein composed of two tightly coiled chains that lie in the 
groove formed by the two intertwined filaments of actin. In 
the absence of calcium, Tn-I is tightly bound to actin so that 
tropomyosin blocks the binding of myosin to actin. When 
calcium binds to troponinC, Tn-I becomes unbound, the 
tropomyosin moves to expose the myosin binding site on 

actin, thereby allowing cross-bridge formation between actin 
and myosin. Tn-C has several regulatory sites that are affected 
by phosphorylation in response to hormonal and other stim-
uli, to alter the sensitivity and degree of force generation. Aci-
dosis will reduce contractile force through an allosteric affect 
because of protons binding to Tn-I, and reducing affinity of 
calcium binding sites.28

During diastole, Ca2+ is unavailable to bind troponin C 
and the myosin binding site on actin is blocked. Depolariza-
tion leads to an influx of calcium ions and the subsequent 
“calcium-triggered, calcium release” increases the intracellular 
Ca2+ levels by approximately two orders of magnitude (from 
10–7 M in diastole to 10–5 M in systole). This provides suf-
ficient calcium to bind to troponin C, which causes a con-
formational change in the troponin molecule, removing the 
inhibitory effect of troponin I-tropomyosin, allowing actin-
myosin cross-bridge formation (Figure 3-9A). Cross-bridge 
formation activates the myosin ATPase and initiates the con-
formational change in the myosin “hinge” drawing the z-lines 
closer together (Figure 3-9B). Adenosine diphosphate (ADP) 
and Pi are released. ATP binds to the myosin head, allow-
ing dissociation from the actin and realigning the myosin 
globular head, preparing it to repeat the process. This process 

A

B

FIGURE 3-9 The interaction of actin and myosin filaments converts chemical energy into mechanical movement. In diastole, the active sites on 
the actin filament are covered by tropomyosin. When calcium combines with troponin, the tropomyosin is pulled away from the actin active sites, 
allowing the energized myosin heads (depicted in solid black and cocked at right angles to the filament) to engage and sweep the actin filament 
along. The myosin heads are de-energized in this process. Myosin ATPase re-cocks (re-energizes) the head by utilizing the energy derived from the 
hydrolysis of ATP. In systole, a de-energizing head (C), a de-energized head (B), and a re-energizing head (A) are shown.
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 Chapter 3 Cardiac Surgical Physiology 55

cycles until the end of muscular contraction is signaled by the 
reduction in intracellular calcium levels by sequestration into 
the sarcoplasmic reticulum.

The strength of the myocardial contraction is primar-
ily mediated by the degree to which actin-binding sites 
are exposed. This depends on the affinity of troponin for 
calcium and the availability of calcium ions. The initial 
calcium ion influx is altered by cyclic AMP, stimulatory 
and inhibitory G-proteins, and acetylcholine. The magni-
tude of the calcium trigger determines the magnitude of the 
cytosolic calcium release from the sarcoplasmic reticulum. 
The rate of uptake of calcium from the cytosol is altered by 
cyclic AMP (Figure 3-8). Cyclic AMP can phosphorylate 
a portion of the troponin molecule, facilitating the rapid 
release of calcium, increasing the rate of relaxation of the 
actin-myosin complex.7,29

The Cytoskeleton
Cytoskeletal elements include microfilaments composed 
of actin, intermediate filaments composed of desmin, and 
micro-tubules made of tubulin.30 The cytoskeleton main-
tains cellular anatomy, transmits developed tension, and 
links adjacent myocytes. It also has a role in intracellular sig-
naling. Cardiac myocytes are mechanically linked through 
the intercalated discs by the fascia adherens and desmo-
somes.31 Sarcomere tension is transmitted through actin 
microfilaments to the fascia adherens of the intercalated 
discs. Intermediate filaments of adjacent cells are linked 
through desmosomes.

Regulation of the Strength of 
Contraction by Initial Sarcomere Length
In cardiac muscle, the strength of contraction is related to 
resting sarcomere length (see also the Frank-Starling rela-
tionship in the following). Maximal contraction force occurs 
when the resting sarcomere length is between 2 and 2.4 μm. 
At this length, there is optimal overlap of the actin and myo-
sin maximizing the number of actin-myosin cross-bridges. 
Force declines at a greater sarcomere length, with decreased 
overlap of actin and myosin. In the heart, a decrease in con-
tractility related to decreased overlap of the filaments does not 
seem to occur clinically, as the resting length of the cardiac 
sarcomere rarely exceeds 2.2 to 2.4 μm. Once this length is 
reached, a stiff parallel elastic element prevents further dila-
tion. If chamber dilation does occur, it appears to be primarily 
through slippage of fibers or myofibers rather than stretching 
of sarcomeres.1 Stretching the myocardium increases contrac-
tility by increasing the sensitivity of troponin C to calcium. 
This length-dependent sensitivity to calcium is an important 
part of the ascending limb of the Starling curve observed in 
the intact ventricle. Two known factors that contribute to 
control of length-dependent activation are: (1) conforma-
tional changes in the lattice of titin fibers and (2) thin fila-
ment “on-off” equilibrium regulated by protein kinase A and 
protein kinase C.32

THE PUMP
Microscopic Architecture
Each myocyte is surrounded by a connective tissue frame-
work called the endomysium. Groups of myocytes are joined 
within the perimysium, and the entire muscle within the epi-
mysium. Muscle bundles are anchored in the fibrous skeleton 
at the base of the heart. Muscle bundles spiral around the 
cavity in overlapping patterns.

Macroscopic Architecture
The geometry of each ventricle is adapted to the function 
required of it. The left ventricle, which must eject against 
high pressure, is conical in shape with inlet and outlet adja-
cent at the base of the cone. Cavity volume is reduced dur-
ing systole by a combination of concentric contraction and 
wall thickening, the latter predominating. The right ventricle 
wraps around the left ventricle, its cavity is crescent shaped 
with separated points of inflow and outflow. Cavity reduc-
tion is primarily a result of concentric contraction of the right 
ventricular free wall against the septum.

Mechanics
CLINICALLY MEASUREABLE PHYSIOLOGIC 
PARAMETERS
Cardiac surgeons can assess the function of the heart in a 
number of ways. Aortic, pulmonary artery, pulmonary cap-
illary wedge, and central venous pressures can be measured 
directly. Cardiac output can be estimated using thermodilu-
tion or based on oxygen saturation measurements. From these 
direct measurements, other parameters can be derived—
although less accurate because of the cumulative error of the 
measured parameters inherent in the calculation—such as 
pulmonary and systemic vascular resistance, and ventricular 
stroke work. Ejection fraction—defined as stroke volume/
end-diastolic volume—can be estimated by echocardiogra-
phy and ventriculography, but is subject to change based on 
loading conditions, heart rate, and degree of contractility. 
Although clinically useful, these parameters do not directly 
measure contractility.

THE FRANK-STARLING RELATIONSHIP
Within physiologic limits, the heart functions as a sump 
pump. The heart has an intrinsic ability to increase systolic 
force in response to a rise in ventricular filling. The more 
the heart is filled during diastole, the greater the quantity 
of blood that will be pumped out of the heart during sys-
tole. Under normal circumstances, the heart pumps all the 
blood that comes back to it without excessive elevation of 
venous pressures. In the normal heart, as ventricular filling 
is increased, the strength of ventricular contraction increases. 
The influence of sarcomere length on the force of contraction 
is called the Frank-Starling relationship. This relationship for 
the left ventricle is depicted in Figure 3-10. Also depicted 
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in Figure 3-10 are two other states, a condition of normal 
adrenergic stimulation and a condition of maximal adrener-
gic stimulation. Force is increased for the same resting condi-
tions by adrenergic stimulation; this is a positive inotropic 
effect.

PRELOAD: DIASTOLIC DISTENSIBILITY AND 
COMPLIANCE
Preload is the load placed on a resting muscle that stretches 
it to its functional length. In the heart, preload references the 
volume of blood in the cavity immediately prior to contrac-
tion (at end-diastole) because volume determines the degree 
of stretch imposed on the resting sarcomere. As volume can-
not be easily assessed clinically, pressure is used as a surro-
gate; thus, the concept of preload is represented as the filling 
pressure of a chamber. The relationship between the end-
diastolic pressure and the end-diastolic volume is complex. 
Several different diastolic pressure-volume relationships are 
shown in Figure 3-12 (green line). As end-diastolic volume 
increases, and the heart stretches, the end-diastolic pressure 
also increases. The compliance, or distensibility of the ventri-
cle, is defined as the change in volume divided by the change 
in pressure. Conversely, the stiffness of the ventricle is the 
reciprocal of compliance, or the change in pressure divided 
by the change in volume.

A number of factors affect the diastolic pressure-volume 
relationship. A fibrotic heart, a hypertrophied heart, or an 
aging heart becomes increasingly stiff (Figure 3-12C and 
Figure 3-12E). In the case of fibrosis, this increasing stiffness 
is related to the development of a greater collagen network. In 

the case of hypertrophy, this increased stiffness is related both 
to stiffening of the noncontractile components of the heart 
and also to impaired relaxation of the heart. Relaxation is an 
active, energy-requiring process. This process is accelerated 
by catecholamine stimulation, but is impaired by ischemia, 
hypothyroidism, and chronic congestive heart failure. Exami-
nation of the diastolic pressure-volume curves in Figure 3-12 
reveals the importance of changes in diastolic distensibility in 
pathologic cardiac conditions.

AFTERLOAD: VASCULAR IMPEDANCE
The afterload of an isolated muscle is the tension against which 
it contracts. In simplest terms, for the heart, the afterload is 
determined by the pressure against which the ventricle must 
eject. The greater the afterload, the more mechanical energy 
that must be imparted to the blood mass (potential energy) to 
begin ejection. In addition to the potential energy imparted 
to the ejected blood by a change in pressure, the contracting 
left ventricle generates kinetic energy which overcomes the 
compliance of the distensible aorta and systemic arterial tree 
to move the blood into the arterial system. The energy neces-
sary for this flow to occur is relatively small (potential energy >> 
kinetic energy). Resistance, which equals the change in pres-
sure divided by cardiac output, reflects the potential energy 
imparted to blood. To accurately describe the forces overcome 
to eject blood from the ventricle, the compliance of the vascu-
lar system and kinetic energy imparted must also be consid-
ered: the impedance of the vascular system (commonly, but 
less accurately referred to as aortic impedance). Compliance 
reflects the capacity of the vascular system to accept the vol-
ume of ejected blood. When the vascular system is very com-
pliant, resistance ≈ impedance. As compliance decreases (eg, 
with arteriosclerosis), resistance is less than impedance.33 The 
interaction of resistance and compliance define the dicrotic 
notch, marking end-systole, closure of the aortic valve, on the 
aortic pressure tracing (Figure 3-11).

THE CARDIAC CYCLE
Multiple parameters of the cardiac cycle are represented in 
Figure 3-11. By convention the cardiac cycle begins at end-
diastole (ED), just prior to electrical activation of the ven-
tricle. As the heart contracts, intracavitary pressure closes the 
mitral valve, then rapidly increases until the systemic diastolic 
pressure is reached (isovolumic contraction) and the aortic 
valve opens. Ejection begins and the intracavitary pressure 
continues to rise then fall as the ventricular volume decreases 
(ejection). When ejection ceases and the aortic valve closes, 
intracavitary pressure decreases rapidly until the mitral valve 
opens (isovolumic relaxation). Once the mitral valve opens, 
the ventricle fills rapidly, then more slowly as the intracavi-
tary pressure slightly increases from distension prior to atrial 
systole (diastolic filling phase). The completion of atrial sys-
tole is the end of ventricular diastole. Atrial systole serves 
to increase the preload of the ventricle at a given systemic 
venous pressure.
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FIGURE 3-10 Starling curves for the left ventricle. The influence of 
four different states of neurohumoral stimulation on global ventricu-
lar performance is shown.
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A conceptual understanding of the venous pressure 
changes is important in diagnosing certain pathologic pro-
cesses. The right atrial pressure is easily measured and pul-
monary capillary wedge pressure is reflective of left atrial 
pressure. The “a” wave corresponds to atrial systole as pressure 
increases at end-diastole to complete ventricular filling. The 
“c” wave reflects pressure pushing the atrioventricular (AV) 
valve back into the atrium as the ventricular pressure rises 
then falls during systole. The “x” descent results from atrial 
relaxation and downward displacement of the AV valve with 

ventricular emptying. The “v” wave reflects the increasing 
atrial pressure from filling before the AV valve opens. The “y” 
descent is caused by rapid emptying of the atrium after the 
AV valve opens. Characteristic changes in these waveforms 
are used to diagnose and differentiate constrictive and restric-
tive processes, as discussed elsewhere in the text. A prominent 
left atrial “v” wave suggests mitral regurgitation.

VENTRICULAR PRESSURE-VOLUME 
RELATIONSHIPS
The function of the heart can be described and quantified 
based on the relative intraventricular pressure and volume 
during the cardiac cycle (Figure 3-12). Based on this rela-
tionship, various measures can be derived to assess cardiac 
performance. The ventricular pressure-volume relationship 
derives from the Frank-Starling relationship of sarcomere 
length and peak developed force: The force and extent of con-
traction (stroke volume) is a function of end-diastolic length 
(volume).

End-diastole (ED) is represented at the lower right corner 
of the loop in Figure 3-12A. The pressure-volume loop then 
successively tracks changes through isovolumic contraction 
(up to the upper right corner); ejection (left to the upper left 
corner, which represents end-systole [ES]); isovolumic relax-
ation (down to the bottom left corner); then filling (right to 
the lower right corner). Descriptive data to assess ventricular 
function are derived from the end-systolic pressure-volume 
point located in the upper left corner of the loop, and end-
diastolic pressure-volume point located in the lower right 
corner of the loop. The area within the pressure-volume loop 
represents the internal work of the chamber.

CONTRACTILITY
The term contractility (inotropic state) refers to the intrinsic 
performance of the ventricle for a given preload, afterload, 
and heart rate. Otherwise stated, contractility refers to all the 
factors that impact cardiac performance independent of the 
acute effects of preload, afterload, and heart rate. In the pur-
est sense, at a level of constant contractility, increased preload 
will increase cardiac output and stroke volume; increased 
afterload will decrease cardiac output and stroke volume; and 
increased heart rate (assuming adequate time for complete 
diastolic filling) will increase cardiac output without chang-
ing stroke volume. Although the inotropic state impacts 
cardiac output, it is difficult to quantify in clinically useful 
terms. For research purposes, the pressure-volume relation-
ship can be used to quantify contractility by deriving the end-
systolic pressure-volume relationship (ESPVR): contractility 
is reflected in the slope (EES) and volume axis intercept (V0) 
of the ESPVR (Figure 3-13). Holding afterload and heart rate 
constant, a series of pressure-volume loops are inscribed dur-
ing transient preload reduction induced by temporary vena 
caval occlusion; the area of the loops decreases and the loops 
are shifted to the left. The progressive pressure-volume points 
at end systole are then linearized to derive the ESPVR. Within 
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FIGURE 3-11 Temporal correlation of left atrial and ventricular, 
aortic, and systemic venous pressures, aortic flow, left ventricular 
volume, and surface electrocardiogram.

Cohn_ch03_p0043-0070.indd   57 08/05/17   1:35 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



58 Part I Fundamentals

R
el

ax
at

io
n

Is
ov

ol
um

ic

Is
ov

ol
um

ic

C
on

tr
ac

tio
n

Ejection

A. Normal LV
    EF=0.65
    LVEDP=8

Afterload

Preload
Filling

FIGURE 3-12 Left ventricular pressure-volume curves for various physiologic and pathologic conditions. (Detailed descriptions are in the text.) 
The bold curved line at the bottom of each loop series represents the diastolic pressure-volume relationship. The straight line located on the upper 
left side of each loop series is the end-systolic pressure-volume relationship. The stroke volume for each curve has been arbitrarily set at 75 mL. 
Systolic aortic pressure is 115 mm Hg in all curves except B (increased afterload, systolic pressure 140 mm Hg) and H (reduced afterload, systolic 
pressure 90 mm Hg) (EF = ejection fraction; LV = left ventricle; LVEDP = left ventricular end-diastolic pressure), in mm Hg.
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a clinical range of systolic pressures (80 to 120 mm Hg), the 
end-systolic pressure-volume line is largely linear. An increase 
in inotropic state of the left ventricle is expressed as an 
increase in EES and sometimes a decrease in V0. Conversely, a 
decrease in inotropic state is expressed as a decrease in EES and 
sometimes an increase in V0 (Figure 3-13). As the ESPVR 
describes systolic function, the end-diastolic pressure volume 
relationship (EDPVR) (Figure 3-13) describes ventricular 
diastolic compliance (more specifically, the inverse of the 
slope of the EDPVR is compliance) a measure of lusitropy. 
The EDPVR is impacted by calcium uptake, ease of dissocia-
tion of contractile proteins, the cytoskeleton, ventricular wall 
thickness, and the pericardium.

Pressure-volume loops can be used to analyze various 
physiologic situations. Increased afterload (Figure 3-12B) 
moves the end-systolic pressure-volume point slightly 
upward and to the right. If stroke volume is maintained, 
end-diastolic volume must increase. Thus, though contrac-
tility is unchanged, ejection fraction is slightly decreased. 
Figure 3-12C shows the effect of a decrease in ventricular 
compliance (increased EDPVR) such as may result from 
hypertrophy, fibrosis, or cardiac tamponade. Systolic func-
tion is maintained (EES and V0 are unchanged), and stroke 
volume and ejection fraction can be maintained but require 
an increased end-diastolic pressure. The positive inotropic 
(increased EES) and lusitropic (decreased EDPVR) effects 

of adrenergic stimulation (Figure 3-12D), at constant 
stroke volume, shift the pressure-volume loop to the left, 
and increase the ejection fraction. In the hypertrophied 
heart (Figure 3-12E), in contrast to Figure 3-12C, dia-
stolic compliance is decreased and systolic contractility is 
increased. A constant stroke volume leads to an increase in 
end-diastolic filling pressure and decreased end-diastolic 
volume. The pressure-volume loop shifts to the left with 
an increase in ejection fraction. The ability of the hyper-
trophied heart to increase stroke volume is limited. Acute 
ischemia (Figure 3-12F) decreases diastolic compliance 
(increases EDPVR) and contractility. The pressure-volume 
loop shifts to the right and up to maintain stroke volume, 
consistent with the clinical observation of an acute decrease 
in ejection fraction and increase in left ventricular filling 
pressure. In the dilated heart of chronic congestive heart 
failure (Figure 3-12G), the pressure-volume loop is shifted to 
the right. Note that the slope of the diastolic pressure-volume 
curve (EDPVR) changes little; rather the curve shifts to the 
right. The end-diastolic pressure is not increased because of a 
change in compliance; instead, to maintain stroke volume, 
the pressure-volume loop has moved upward on the compli-
ance curve. Contrast this with the fibrotic process discussed 
in the preceding. The effect of afterload reduction on the 
chronically failing heart from Figure 3-12G is demonstrated 
in Figure 3-12H. Note that the ESPVR, EDPVR, and 
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FIGURE 3-13 Two series of declining left ventricular pressure-volume loops generated during transient bicaval occlusion. Loops were generated 
in normal left ventricles (normal) and after 30 minutes of global normothermic ischemia and subsequent reperfusion (dashed lines). The end-
systolic pressure-volume points from each series are connected by a line generated by linear regression. The end-diastolic pressure-volume relation-
ship indicating chamber stiffness (inverse of compliance) is generated by fitting the end-diastolic point from each loop to an exponential curve. The 
volume axis intercept (V0) is shown in the inset. A negative inotropic effect (ie, ischemia-reperfusion) is characterized by a decrease in the ESPVR 
slope, while a positive inotropic state is characterized by an increase in ESPVR slope. Notice that the V0 for these conditions are in close proximity 
(inset). In some cases, a negative inotropic state is associated with a decrease in slope and an increase in V0.
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stroke volume are unchanged. The pressure volume loop has 
moved back to the left, decreasing both the degree of cham-
ber dilatation, end-diastolic pressure, and ejection fraction. 
A positive inotropic agent would shift the ESPVR line to 
the left (toward the dashed line), and the degree of dilata-
tion would be reduced and both stroke volume and ejection 
fraction would be increased. It is important to remember 
that these relationships are idealized and may not com-
pletely reflect true clinical responses. For example, reduced 
diastolic dilatation from afterload reduction could return 
the ventricle to a state of improved intrinsic contractility. 
Despite these interactions, the pure concepts discussed here 
are very helpful in understanding the response of the heart 
to clinical interventions.

Another index of contractility, perhaps less influenced 
by other parameters, is the preload recruitable stroke work 
(PRSW) relationship. Stroke work is the area of the pressure-
volume loop. For each pressure-volume loop derived by vena 
caval occlusion, the stroke work is plotted relative to its end-
diastolic volume34 (Figure 3-14). The slope of the derived 
linear relationship is a measure of contractility independent 
(within physiologic ranges) of preload and afterload. The 
PRSW relationship reflects overall performance of the left 
ventricle, combining systolic and diastolic components.35

CLINICAL INDICES OF CONTRACTILITY
Clearly, from the preceding discussion, the degree of contrac-
tility can be assessed, but unlike blood pressure, an ideal num-
ber or range to describe it cannot be derived. Because ESPVR 
and PRSW are unique for each ventricle, these parameters 
more accurately measure changes in contractility. The great-
est impediment to the clinical application of the ESPVR and 
PRSW is the difficulty measuring ventricular volume and 
inducing preload reduction to derive the pressure-volume 
loops. More easily measurable indices of contractility have 
been actively sought.

Ejection fraction is used by many clinicians as a mea-
sure of contractility. However, as noted in the discussion of 
Figure 3-12, ejection fraction is influenced by preload and 
afterload alterations without any change in contractility. 
Depending on loading conditions, hearts with a lower ejec-
tion fraction can produce a greater cardiac output. Although 
roughly indicative of cardiac reserve, ejection fraction is an 
inconsistent marker for overall cardiac function periopera-
tively but is a useful, gross measure of cardiac reserve.

MYOCARDIAL WALL STRESS
The left ventricle is a pressurized, irregularly shaped cham-
ber. During systole, wall stress develops to overcome afterload 
and eject the blood. The pressure within the chamber and the 
geometry of the ventricle determine the tension in the wall. 
A model of the ventricle as a cylinder can be used to examine 
the effects of chamber size and wall thickness on wall stress. 
In this model, circumferential stress is based on the law of 
Laplace:

σµ Pr
w

where σ is wall stress (≈ tension), P is transmural pressure, r 
is radius, and w is wall thickness. This relationship has sev-
eral important clinical implications. Wall tension must be 
balanced by the energy available. The only nutrient nearly 
completely extracted from the blood by the heart is oxygen 
and wall tension is the primary determinant of oxygen con-
sumption. In one scenario, the heart can compensate for 
changes in wall stress. If systolic pressure within the ventricle 
is chronically increased (aortic stenosis or systemic hyperten-
sion), then compensatory hypertrophy or thickening of the 
ventricular wall can return systolic wall stress close to normal. 
However, as detailed in Figure 3-12E, the price paid is that 
end-diastolic pressures must be higher.

In another scenario, the function of a heart that has dilated 
for other reasons is further compromised by the relationship 
between wall stress and oxygen consumption. As a result of 
or to compensate for systolic failure, the ventricle will dilate. 
The increased diastolic diameter proportionally increases wall 
stress and oxygen consumption. The ability of the heart to 
increase cardiac output in response to exercise will be limited, 
leading to symptoms.

Right Ventricular Physiology
The left and right ventricles are anatomically partnered, shar-
ing the septum, and physiologically partnered by the serial 
flow of blood. Changes affecting one chamber can impact the 
other. Many of the physiologic aspects discussed previously 
are easily adapted to the left ventricle because of its conical 
shape and axial symmetry. The right ventricular geometry is 
more complex since it wraps around the left ventricle and 
the chamber is crescent shaped in the axial plane. Though 
the septum contributes to right ventricular ejection most  
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FIGURE 3-14 Plot of hypothetical measurement of preload recruit-
able stroke work.
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 Chapter 3 Cardiac Surgical Physiology 61

of the decrease in chamber volume during systole is due to 
free wall contraction. The thinner right ventricular free wall 
and conus have one-sixth the muscle mass of the left ven-
tricle. The right ventricle functions under lower pressure con-
ditions and operates at volumes slightly greater than the left 
ventricle. The right ventricular end-diastolic volume is greater 
than that of the left ventricle. Likewise right ventricular ejec-
tion fraction is lower. The lower limit of normal for the right 
ventricle ranges from 40 to 45%.

The pulmonary circulation determines right ventricular 
afterload. The pulmonary vascular bed is a highly compli-
ant, low-pressure, low-resistance system. Pulmonary vascular 
resistance is impacted by hypoxia (vasoconstriction), hyper-
carbia (vasoconstriction), nitric oxide (vasodilation), prosta-
glandins (vasodilation), and endothelins (vasoconstriction).

Ventricular Interdependence
Functionally, the cardiac ventricles can be viewed as two 
hydraulic pumps in series, one coupled to a highly compli-
ant pulmonary vasculature and the other matched to a less 
compliant systemic circulation. However, the ventricles have 
common structural elements and are contained within the 
non-compliant pericardium. The right ventricle, in par-
ticular, relies on the left ventricle to maintain its functional 
geometry. This anatomic and functional arrangement creates 
direct and serial interactions between the two chambers when 
an acute or chronic hemodynamic perturbation impacts 
either ventricle. Acute changes in ventricular interaction 
can include a shift of the septum towards one chamber in 
response to sudden volume overload; and enlargement of one 
chamber impacting diastolic filling of the other in the con-
fined pericardial space. Clinical examples include: (1) mas-
sive right ventricular distension and reduced left ventricular 
filling in the setting of an acute pulmonary embolus; and 
(2) right ventricular dysfunction after left ventricular assist 
device implant due to septal shift and changes in right ven-
tricular cavity geometry.

ENERGETICS
Chemical Fuels
Nearly all chemical energy used by the heart is generated by 
oxidative phosphorylation. Anaerobic metabolism is very 
limited because anaerobic enzymes are not present in suf-
ficient concentrations. The major fuels for the myocardium 
are carbohydrates (glucose and lactate) and free fatty acids. 
When sufficient oxygen is present, these fuels are used to gen-
erate ATP. Most of the ATP used by the heart (60 to 70%) 
is expended in the cyclic contraction of the muscle. Ten to 
fifteen percent is required for maintaining the concentration 
gradients across the cell membrane; the rest is used in the 
constant uptake and release of calcium by mitochondria, the 
breakdown and regeneration of glycogen, and the synthesis 
of triglycerides.

The heart is quite flexible in the aerobic state in its use 
of fuels. In the fasting state, lipids may account for 70% 
of the fuel used by the heart. When present in adequate 
amounts, fatty acids will inhibit use of glucose by the 
heart.36 After a high carbohydrate meal, blood glucose 
and insulin levels are high and free fatty acids are low, and 
glucose accounts for close to 100% of the metabolism. 
During exercise, elevated lactate levels inhibit the uptake 
of free fatty acids and carbohydrates, mostly lactate, can 
account for up to 70% of the metabolism.37

Whatever the fuel source, oxygen is necessary for its effi-
cient utilization. In the absence of oxygen, there are two 
mechanisms to provide ATP, glycolysis and conversion of 
phosphate stored in creatine phosphate, since free fatty acids 
and the by-products of glycolysis cannot be metabolized. 
Glycolysis is very inefficient—for 1 mol of glucose, 2 mol 
of ATP are produced by anaerobic glycolysis, compared with 
38 moles of ATP with aerobic metabolism. Phosphate stored 
in creatine phosphate can convert ADP to ATP, but this is not 
stored in significant amounts.

The availability of ADP is the primary determinant of 
the rate of oxidative phosphorylation. With ischemia and 
hypoxia, ATP breaks down to ADP and subsequently to AMP, 
adenosine, and inosine. The nucleoside building blocks of 
ATP, adenosine, inosine, and hypoxanthine are lost from the 
ischemic myocardium. If oxygen is restored, ATP levels can 
be partially restored rapidly by salvage pathways with inosine, 
hypoxanthine, or inosine monophosphate. However, de novo 
synthesis of ATP is also required and can take hours or even 
days to restore significant ATP levels. Glycolysis becomes the 
primary, albeit inefficient source of ATP with ischemia; this 
leads to an increase in lactate. The increase in lactate and 
inorganic phosphate causes acidosis. Acidosis slows glycolysis 
by reducing the activity of 6-phosphofructo-1-kinase, the 
rate-limiting enzyme in the glycolytic pathway.38 The excess 
protons compete with calcium-binding sites, interfering with 
contraction and relaxation. Nevertheless, ATP generated 
by glycolysis maintains cell viability. Glucose, insulin, and 
potassium support glycolysis and may be the source of the 
benefit of administering this combination after an ischemic 
insult.39

Determinants of Oxygen Consumption
Because nearly all the energy used by the heart is generated 
by oxidative metabolism, the rate of oxygen consumption 

v(M O )2  is indicative of the metabolic rate of the heart:

vM O
CaO CvO

CBF
/Mass2

2 2=
−

where vM O2 is myocardial oxygen consumption, CaO2 is 
arterial oxygen content in mL O2/100mL blood, CvO2 is 
coronary venous oxygen content in mL O2/100 mL blood, 
CBF is coronary blood flow in mL/min. Because the bulk of 
the energy is expended on contraction, changes in the rate 
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62 Part I Fundamentals

of oxygen consumption of the heart are directly related to 
changes in the contraction cycle and workload. Energy uti-
lization can be increased by an increase in cardiac workload 
or a decrease in the efficiency of conversion of chemical to 
mechanical energy.

Minute work of the heart is the product of heart rate, 
stroke volume, and developed pressure. A change in each of 
these factors alters oxygen demand; however, minute work 
is not the direct determinant of oxygen consumption. The 
primary determinant of oxygen demand is the wall tension 
or stress developed in each cardiac cycle. Indeed, during the 
period of isovolumic contraction, energy is expended by 
the heart without the delivery of any kinetic energy to the 
blood.40 The energetic cost of ejecting blood from the ventric-
ular chamber is approximately 20 to 30% of that required for 
isovolumic contraction. To restate this simply, the principal 
determinant of the cardiac energy requirement is the pres-
sure against which blood is ejected and the volume ejected at 
that pressure. An increase in afterload requires greater energy 
than an increase in volume ejected. Oxygen consumption is 
also increased as the heart dilates and begins ejection from a 
greater diastolic volume.

Cardiac efficiency relates oxygen consumption to cardiac 
work. Hence, vcardiac efficiency work/M O2= . The over-
all efficiency of the heart ranges from 5 to 40%, depending 
on the type of work (pressure versus volume versus velocity) 
performed.41-44 The low efficiency of the heart is caused by 
the expenditure of a predominant portion of the oxygen con-
sumed in generating pressure and stretching internal elastic 
components of the myocardium during isovolumic systole 
(a form of internal work). The velocity of shortening, affected 
in part by the inotropic state of the myocardium, also is not 
factored into the work equation, but contributes significantly 
to oxygen consumption. Dilation of the ventricle reduces effi-
ciency because as cavity size increases the reduction in wall 
stress with ejection is decreased.

Following cardiac surgery, cardiac efficiency generally 
decreases because of the increase in vM O2 relative to the 
cardiac work performed. The additional oxygen consumed 
may result from an increase in basal metabolism and/or an 
increase in the cost of the excitation-contraction process, 
or inefficiencies of ATP production at the mitochondrial 
level.

A clear understanding of the role of wall tension and 
its relation to oxygen demand is essential in cardiac sur-
gery. Excessive systemic pressure may place inordinate 
energy demands on a compromised ventricle. An intra-
aortic balloon pump may shift the energy balance by 
reducing afterload and improving coronary blood flow. 
Ventricular distension during the weaning process after 
removal of the aortic cross-clamp, or with heart failure 
may create wall stress that outstrips the capacity to deliver 
oxygen to the myocardium. In the failing heart, where 
stroke volume is reduced, cardiac output is maintained 
by increasing heart rate, which increases the percentage 
of time that the myocardial wall stress is elevated, reduces 

the time when diastolic blood flow occurs, and creates an 
imbalance between oxygen demand and delivery.

FUNCTIONAL RESPONSES TO 
METABOLIC DEMANDS45

There are three distinct responses to altered metabolic demands. 
Two are responses to acute short-term alterations; the third is a 
response to chronic alterations in metabolic demands.

Acute Physiologic Responses
These responses consist of intrinsic physiologic adaptations to 
acute changes in hemodynamics and metabolic demands. Gen-
erally, these responses are regulated by changes in end-diastolic 
volume mediated by changes in preload and afterload. Beat-to-
beat responses to changes in end-diastolic volume are impor-
tant to equalizing the output of the ventricles.

Alterations of Biochemical Functions
Contractility (inotropy) and relaxation (lusitropy) change in 
response to altered metabolic demands. These are principally 
mediated by alterations in calcium fluxes in the myocyte.46 
The principal determinant of calcium concentration is the 
flux across the sarcoplasmic reticulum membrane. The fluxes 
are determined by the amount of calcium in the sarcoplasmic 
reticulum and the amount of calcium crossing the plasma 
membrane to stimulate calcium release. Reduced ATP levels 
inhibit calcium release and uptake. Enzymatic phosphoryla-
tion of myosin can increase the rate of cross-bridge cycling, 
and phosphorylation of troponin I facilitates relaxation.47 
Acidosis reduces contraction and relaxation by inhibiting 
many calcium pumps, channels, and exchangers.48

Altered Gene Expression
Chronic changes in metabolic demands will provoke prolif-
erative responses leading to altered gene expression. These 
include changes in the types of myosin and actin and changes 
in the number of membrane channels and pumps.

CORONARY BLOOD FLOW
Normal Coronary Blood Flow
Resting coronary blood flow is slightly less than 1 mL per 
gram of heart muscle per minute. This blood flow is delivered 
to the heart through large epicardial conductance vessels and 
then into the myocardium by penetrating arteries leading to 
a plexus of capillaries. The bulk of the resistance to coronary 
flow is in the penetrating arterioles (20 to 120 μm in size). 
Because the heart is metabolically very active, there is a high 
density of capillaries such that there is approximately one capil-
lary for every myocyte, with an intercapillary distance at rest of 
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 Chapter 3 Cardiac Surgical Physiology 63

approximately 17 μm. Capillary density is greater in subendo-
cardial myocardium compared with subepicardial tissue. When 
there is an increased myocardial oxygen demand, myocardial 
blood flow can increase to three or four times the normal 
(coronary flow reserve). This is accomplished by vasodilation 
of the resistance vessels and recruitment of additional capillar-
ies (many of which are closed in the resting state). Capillary 
recruitment is important in decreasing the intercapillary dis-
tance and the distance that oxygen and nutrients must diffuse 
through the myocardium.

The blood flow pattern from a coronary artery perfusing the 
left ventricle, measured by flow probe, is phasic in nature, with 
greater blood flow occurring in diastole than in systole.49 The 
cyclic contraction and relaxation of the left ventricle produces 
this phasic blood flow pattern by extravascular compression of 
the arteries and intramyocardial microvessels during systole. 
There is a gradient in these systolic extravascular compressive 
forces, being greater than or equal to intracavitary pressure in 
the subendocardial tissue, and decreasing toward the subepicar-
dial tissue. Measurement of transmural blood flow distribution 
during systole shows that subepicardial vessels are preferentially 
perfused, whereas subendocardial vessels are significantly hypo-
perfused. Toward the end of systole, blood flow actually reverses 
in the epicardial surface vessels.50 Hence, the subendocardial 
myocardium is perfused primarily during diastole, whereas 
subepicardial myocardium is perfused during both systole and 
diastole. A greater capillary density per square millimeter in the 
subendocardium compared with the subepicardial tissue facili-
tates the distribution of blood flow to the inner layer of myocar-
dium.51 The subendocardium is at greater risk of dysfunction, 
tissue injury, and necrosis during any reduction in perfusion. 
This is related to: (1) the greater systolic compressive forces; 
(2) the smaller flow reserve resulting from a greater degree of 
vasodilation; and (3) the greater regional oxygen demands owing 
to wall tension and segmental shortening. If end-diastolic pres-
sure is elevated to 25, 30, or 35 mm Hg, then there is diastolic 
as well as systolic compression of the subendocardial vasculature. 
Flow to the subepicardium is effectively autoregulated as long as 
the pressure in the distal coronary artery is above approximately 
40 mm Hg. Flow to the subendocardium, however, is effec-
tively autoregulated only down to a mean distal coronary artery 
pressure of approximately 60 to 70 mm Hg. Below that level, 
local coronary flow reserve in the subendocardium is exhausted, 
and local blood flow decreases linearly with decreases in distal 
coronary artery pressure. Subendocardial perfusion is further 
compromised by pathologic processes that increase wall thick-
ness and systolic and diastolic wall tension. Aortic regurgitation 
particularly threatens the subendocardium, because systemic dia-
stolic arterial pressure is reduced and intraventricular systolic and 
diastolic pressures are elevated.49,52

In contrast to the phasic nature of blood flow in the left 
coronary artery, blood flow in the right coronary artery is 
relatively constant during the cardiac cycle. The constancy of 
blood flow is related to the lower intramural pressures and the 
near absence of extravascular compressive forces in the right 
ventricle compared with the left ventricle.

Control of Coronary Blood Flow
Coronary blood flow is tightly coupled to the metabolic 
needs of the heart. Under normal conditions, 70% of the 
oxygen available in coronary arterial blood is extracted, near 
the physiologic maximum. Any increase in oxygen delivery 
comes mostly from an increase in blood flow. To maximize 
efficiency, local coronary blood flow is precisely controlled 
by a balance of vasodilator and vasoconstrictor mechanisms, 
including: (1) a metabolic vasodilator system; (2) aneuro-
genic control system; and (3) the vascular endothelium.53 
Blood flow is controlled by moment-to-moment adjustment 
of coronary tone of the resistance vessels, that is, arterioles 
and precapillary sphincters.

The metabolic vasodilator mechanism responds rap-
idly when local blood flow is insufficient to meet metabolic 
demand. The primary mediator is adenosine generated within 
the myocyte and released into the interstitial compartment. 
Adenosine relaxes arteriolar smooth muscle cells by activa-
tion of A2 receptors. Adenosine is formed when the oxygen 
supply cannot sustain the rapid rephosphorylation of ADP to 
ATP. Once sufficient oxygen is supplied to the myocardium, 
less adenosine is formed. Adenosine is therefore the coupling 
agent between oxygen demand and supply. Other local vaso-
dilators that influence coronary blood flow are carbon dioxide, 
lactic acid, and histamine.

The sympathetic nervous system acts through alpha recep-
tors (vasoconstriction) and beta receptors (vasodilation). 
There are direct innervations of the large conductance vessels 
and lesser direct innervations of the smaller resistance ves-
sels. Sympathetic receptors on the smooth muscle cells of the 
resistance vessels respond to humoral catecholamines. Alpha 
receptors predominate over beta receptors such that when 
norepinephrine is released from the sympathetic nerve end-
ings, vasoconstriction ordinarily occurs.

Endothelium-dependent regulation of coronary artery 
blood flow is a dynamic balance between vasodilating and 
vasoconstricting factors. Vasodilators include nitric oxide 
(NO) synthesized from L-arginine by endothelial nitric oxide 
synthase, and endothelially released adenosine. The princi-
pal vasoconstrictor is the endothelially derived constricting 
peptide endothelin-1. Other vasoconstrictors include angio-
tensin II and superoxide free radical.54 NO is dominant in 
the local regulation of coronary arterial tone. NO is released 
by the coronary vascular endothelium by both soluble factors 
(acetylcholine, adenosine, and ATP) and mechanical signals 
(shear stress and pulsatile stress secondary to increased intralu-
minal blood flow). If the endothelium is intact, acetylcholine 
from the sympathetic nerves causes vasodilation through gen-
eration of NO. If the endothelium is not functionally intact, 
acetylcholine causes vasoconstriction by direct stimulation 
of the vascular smooth muscle. NO is a potent inhibitor of 
platelet aggregation and neutrophil function (superoxide gen-
eration, adherence, and migration), which has implications in 
the anti-inflammatory response to ischemia-reperfusion and 
cardiopulmonary bypass.
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64 Part I Fundamentals

Endothelin-1 interacts principally with specific endothelin 
receptors, ETA, on vascular smooth muscle, and causes smooth 
muscle vasoconstriction. Endothelin-1 counteracts the vasodi-
lator effects of endogenous adenosine, NO, and prostacyclin 
(PGI2). Endothelin-1 is rapidly synthesized in the vascular 
endothelium, particularly during ischemia, hypoxia, and other 
stress conditions, where it acts in a paracrine fashion. ET-1 
has a short half-life (4 to 7 minutes), which exceeds that of 
adenosine (8 to12 seconds) and NO (microseconds). However, 
the avid binding of ET-1 to ETA receptors prolongs its effects 
beyond its half-life. Human coronary arteries demonstrate 
abundant endothelin-1 binding sites, suggesting that ET-1 
has an important role in the control of coronary blood flow in 
humans.55 The levels of ET-1 have been observed to increase 
with myocardial ischemia-reperfusion and after cardiac surgery.

Under ordinary circumstances the metabolic vasodilator 
system is the dominant force acting on the resistance ves-
sels. For example, the increased metabolic activity caused by 
sympathetic stimulation leads to vasodilation of the coronary 
arterioles through the metabolic system, despite a direct vaso-
constriction effect of norepinephrine.56-58

Coronary artery blood flow is also determined by perfu-
sion pressure. However, in the coronary vasculature blood 
flow can remain constant over a range of perfusion pressures. 
The control mechanisms described allow autoregulation of 
blood flow adjusting vascular resistance to match blood flow 
requirements. The autoregulatory “plateau” occurs between 
approximately 60 and 120 mm Hg perfusion pressure. If 
distal coronary artery perfusion pressure is reduced by a 
critical stenosis or hypotension, vasodilator capacity will be 
exhausted and coronary blood flow will decrease, following a 
linear relationship with perfusion pressure. Because the sub-
endocardial region of the left ventricle has a lower coronary 
vascular reserve, maximal dilation is reached in this region 
before the subepicardial tissue, and a preferential hypoperfu-
sion of the subendocardial tissue results.

Hemodynamic Effect of Coronary 
Artery Stenosis
Surgically treatable atherosclerotic disease primarily affects 
the large conductance vessels of the heart. The hemodynamic 
effect of a stenosis is determined by Poiseuille’s law, which 
describes the resistance of a viscous fluid to laminar flow 
through a cylindrical tube; specifically:

= ∆
η

⋅Q π( P)
8

r
l

4

where Q is the flow, ΔP is the pressure change, η is the 
viscosity, r is the radius, and l is the length of the resistance 
segment. Resistance (pressure change/flow):

= ∆ = η ⋅R ( P)
Q

8
π

l
r4

is inversely proportional to the fourth power of the radius and 
directly proportional to the length of the narrowing. There-
fore, a small change in diameter has a magnified effect on 
vascular resistance (Table 3-2). Conductance vessels are suf-
ficiently large that a 50% reduction in the diameter of the 
vessel has minimal hemodynamic effect. A 60% reduction in 
the diameter of the vessel has only a very small hemodynamic 
effect. As the stenosis progresses beyond 60%, small decreases 
in diameter have significant effects on blood flow. For a given 
segment length, an 80% stenosis has a resistance that is 
16 times greater a 60% stenosis. For a 90% stenosis, the resis-
tance is 256 times greater than for a 60% stenosis.59 Further-
more, for successive stenoses in the same vessel the resistance 
is additive. An additional factor in resistance to flow is turbu-
lence. Stenotic lesions can cause conversion from laminar to 
turbulent flow.60 With laminar flow the pressure drop is pro-
portional to flow rate Q; with turbulent flow pressure drop is 

TABLE 3-2: Effect of Degree and Length of Stenosis on Resistance to Flow Based on Poiseuille’s Law

% Stenosis of a 1-cm-diameter vessel Radius (in cm) Proportional resistance for various segment lengths (cm)

    0.25 cm 1 cm 2 cm
0 0.5 1 4 8
50 0.25 16 64 128
60 0.2 39 156 313
70 0.15 123 494 988
80 0.1 625 2500 5000
90 0.05 10000 40000 80000
Proportional increase in resistance 80% versus 
60% stenosis

      16

Proportional increase in resistance 90% versus 
60% stenosis

      256

The value for a reference vessel of length 0.25 cm with 0% stenosis (in the box) is set to 1 for comparison.
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 Chapter 3 Cardiac Surgical Physiology 65

proportional to Q2. For all of these reasons, patients who have 
had a small progression in the degree of coronary stenosis 
may experience a rapid acceleration of symptoms.

Atherosclerosis also alters normal vascular regulatory mech-
anisms. The endothelium is often destroyed or damaged, so 
vasoconstrictor mechanisms are relatively unopposed by the 
impaired vasodilator mechanism; constriction is exaggerated 
and responses to stimuli that require dilatation are blunted.61

As noted, when a stenosis is less than 60%, little change is 
flow is noted. This is due to compensation by the coronary flow 
reserve of the resistance vessels distal to the stenotic conduc-
tance vessel. As resistance to flow is additive, a decrease in distal 
resistance will balance an increase in proximal resistance and 
flow will be unchanged. As flow reserve decreases, any stimulus 
that increases myocardial oxygen demand (such a tachycardia, 
hypertension, or exercise) cannot be met by dilation of the dis-
tal vasculature, and myocardial ischemia results.53

In the human, coronary arterial vessels are end vessels with 
little collateral flow between major branches except in patho-
logic situations. With sudden coronary occlusion, although 
there is usually modest collateral flow through very small 
vessels (20 to 200 μm in size), this flow is generally insuf-
ficient to maintain cellular viability. Collateral flow gradually 
begins to increase over the next 8 to 24 hours, doubling by 
about the third day after total occlusion. Collateral blood flow 
development appears to be nearly complete after 1 month, 
restoring normal or nearly normal resting flow to the surviv-
ing myocardium in the ischemic region. Previous ischemic 
events or gradually developing stenoses can lead to larger pre-
existing collaterals in the human heart. The presence of these 
pre-existing collaterals has been shown to be important in the 
prevention of ischemic damage if coronary occlusion should 
occur.62

Endothelial Dysfunction
As previously noted, nitric oxide, adenosine, and endothelin-1 
are synthesized and released by the endothelium.63,64 Isch-
emia-reperfusion, hypertension, diabetes, and hypercholes-
terolemia can impair generation of NO and vasoconstriction 
may predominate, mediated by the relative overexpression 
of endothelin-1. Reperfusion after temporary myocardial 
ischemia is one situation in which NO production may be 
impaired, leading to a vicious cycle in which the vasodilator 
reserve of the resistance vessels is reduced with a consequent 
and progressive “low-flow” or “no-flow” phenomenon. The 
coronary vascular NO system may also be impaired in some 
cases after coronary artery bypass surgery.

The endothelium helps prevent cell-cell interactions 
between blood-borne inflammatory cells (ie, leukocytes and 
platelets) that initiate a local or systemic inflammatory reac-
tion. Inflammatory cascades occur with sepsis, ischemia-
reperfusion, and cardiopulmonary bypass. Under normal 
conditions, the vascular endothelium resists interaction with 
neutrophils and platelets by tonically releasing adenosine and 
NO, which have potent antineutrophil and platelet inhibitory 

effects. Damage to the endothelium lowers the resistance to 
neutrophil adhesion. Neutrophils can damage the endothe-
lium by adhesion to its surface, and subsequent release of 
oxygen radicals and proteases. This amplifies the inflamma-
tory response and decreases the tonic generation and release 
of adenosine and NO, which then permits further interac-
tion with activated inflammatory cells. The products released 
by activated neutrophils have downstream physiologic con-
sequences on other tissues, notably the heart, including 
increasing vascular permeability, creating blood flow defects 
(no-reflow phenomenon), and promoting the pathogenesis of 
necrosis and apoptosis.65

The triggers of these inflammatory reactions in the heart 
include cytokines (IL-1, IL-6, IL-8), complement fragments 
(C3a, C5a, membrane attack complex), oxygen radicals, and 
thrombin, which upregulate adhesion molecules expressed on 
both inflammatory cells (CD11a/CD18) and endothelium 
(P-selectin, E-selectin, and intercellular adhesion molecule-1 
(ICAM-1)). The release of cytokines and complement frag-
ments during cardiopulmonary bypass activates the vascular 
endothelium on a systemic basis, which contributes to the 
inflammatory response to cardiopulmonary bypass.66 Both 
adenosine and NO have been used therapeutically to reduce 
the inflammatory responses to cardiopulmonary bypass, 
and to reduce ischemic-reperfusion injury and endothelial 
damage.67,68

The Sequelae of Myocardial 
Hypoperfusion: Infarction, Myocardial 
Stunning, and Myocardial Hibernation
As oxygen delivery is reduced, contraction strength decreases 
rapidly (within 8 to 10 heart beats). This is seen acutely in 
response to ischemia and is rapidly reversed with reperfusion. 
If the extent of reduction of coronary blood flow is severe, 
mild-to-moderate abnormalities in cellular homeostasis 
occur. Reduced cellular levels of ATP lead to a loss of ade-
nine nucleotides from the cell. If the reduction in coronary 
flow is sustained, progressive loss of adenine nucleotides and 
the elevation of intracellular and intramitochondrial calcium 
may lead to cellular death and subsequent necrosis. Increased 
intramitochondrial calcium uncouples oxidative phosphory-
lation, creating a vicious cycle.69 If the myocyte is reperfused 
before subcellular organelles are irreversibly damaged, the 
myocyte may slowly recover. A period of days is necessary for 
full recovery of myocyte ATP levels as adenine nucleotides 
must be resynthesized. During this time contractile processes 
are impaired. This impairment is related to reversible damage 
to the contractile proteins such that their responsiveness to 
cytosolic levels of calcium is diminished. The magnitude of 
the cytosolic pulse of calcium with each heartbeat appears to 
be nearly normal, but the magnitude of the consequent con-
traction is greatly reduced. Over a period of 1 to 2 weeks this 
myocardium gradually recovers. This viable but dysfunctional 
myocardium is called stunned myocardium.70-72
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66 Part I Fundamentals

With chronic hypoperfusion, oxygen delivery is at a 
reduced level but above the level required for cell viability. 
This can cause a chronic hypocontractile state known as 
hibernation. Hibernation appears to be associated with a 
decrease in the magnitude of the pulse of calcium involved 
in the excitation-contraction process such that the calcium 
levels developed within the cytosol during each heartbeat 
are inadequate for effective contraction to occur. Histologic 
examination shows islets in the subendocardium where there 
is a loss of contractile proteins, sarcoplasmic reticulum, and 
alterations of other subcellular structures.73,74 With reper-
fusion, hibernating myocardium can very quickly resume 
normal and effective contraction, though complete recovery 
may be delayed for several months.70,75-77 This is of particular 
importance for patients with poor ventricular function but 
viable heart muscle.78

Reperfusion of acutely ischemic myocardium may cause 
further cellular damage and necrosis rather than lead to 
immediate recovery. The etiology of reperfusion injury is 
multifactorial. Damaged endothelium in the reperfused 
region fails to prevent adhesion and activation of leukocytes 
and platelets. Oxygen-free radicals are released. Derangement 
of the ATP-dependent sodium-potassium pump disrupts 
cell volume regulation with consequent leakage of water 
into the cell, explosive cell swelling, and rupture of the cell 
membrane. Techniques applied to reduce reperfusion injury, 
minimize adverse sequelae, and preserve myocytes include 
leukocyte depletion or inactivation, prevention of endothelial 
activation, free radical scavenging, reperfusion with solutions 
low in calcium content, and reperfusion with hyperosmolar 
solutions.79,80 Both adenosine and low-dose NO are potent 
cardioprotective agents that attenuate neutrophil-mediated 
damage, infarction, and apoptosis.81

The metabolic changes that occur with ischemia-reperfusion 
represent a complex system of adaptive mechanisms that 
allow the myocyte to survive despite a temporary reduction in 
oxygen delivery. These adaptive mechanisms may be triggered 
by a very brief coronary occlusion (as short as 5 minutes) 
such that the negative sequelae of a subsequent prolonged 
coronary occlusion are greatly minimized. This phenomenon 
has been called ischemic preconditioning. A coronary occlu-
sion that might cause as much as 40% myocyte death in a 
region subjected to prolonged ischemia may be reduced to 
only 10% myocyte death if the prolonged period of ischemia 
is preceded by a 5-minute interval of “preconditioning” coro-
nary occlusion.79,82,83

PHYSIOLOGY OF HEART FAILURE
Definition and Classification
Heart failure is the inability of the heart to deliver adequate 
blood to the tissues to meet end-organ metabolic needs at 
rest or during mild to moderate exercise. Processes that cause 
heart failure can impair systolic function (the ability to con-
tract and empty) or diastolic function (the ability to relax and 

fill) or both. The acute and chronic stages of a myocardial 
infarction involving a large area of the left ventricle cause 
systolic heart failure. The acute loss of contractile function 
compromises the ability of the ventricle to maintain a nor-
mal stroke volume (Figure 3-12F). As the infarction heals, the 
adaptive response of ventricular dilation reduces the heart’s 
systolic functional reserve. Cardiomyopathies affect the 
myocardium globally leading to reduced systolic function. 
Long-standing valvular insufficiency alters ventricular geom-
etry and muscular function leading to ventricular failure. In 
all these examples, the left ventricle dilates, which causes the 
pressure-volume relationship of the left ventricle to shift to 
the right (Figure 3-12G). In these situations, the diastolic 
portion of the pressure-volume curves is not greatly changed. 
However, the global systolic performance of the heart (ie, the 
ability to pump blood) maybe inadequate to meet even rest-
ing needs.84,85

Diastolic failure may occur without an impairment of 
systolic contractility if the myocardium becomes fibrotic or 
hypertrophied, or if there is an external constraint on filling 
such as with pericardial tamponade.86 Increased stiffness of 
the left ventricular myocardium is associated with an exces-
sive upward shift in the diastolic pressure-volume curve  
(Figure 3-12C and Figure 3-12E). The most common cause 
of increased myocardial stiffness is chronic hypertension with 
consequent left ventricular hypertrophy and diastolic stiffness 
(related both to myocyte hypertrophy and increased fibrosis 
of the ventricle).87,88

It should be noted from these examples that although one 
process may predominate, most patients with heart failure 
manifest both systolic and diastolic dysfunction.

Early Cardiac and Systemic Sequelae of 
Heart Failure
The adaptive homeostatic reactions of the body leading to 
heart failure depend on the duration of the ongoing patho-
logic process. When cardiac function acutely deteriorates and 
cardiac output diminishes, neurohumoral reflexes attempt 
to restore both cardiac output and blood pressure. Activa-
tion of the sympathetic adrenergic system in the heart and 
in the peripheral vasculature causes systemic vasoconstric-
tion and increases heart rate and contractility. A variety of 
mediators formed during this adaptive stage, including nor-
epinephrine, angiotensin II, vasopressin, B-type natriuretic 
peptic, and endothelin, not only promote renal retention of 
salt and water leading to volume expansion but also cause 
vasoconstriction. Aldosterone output is increased, conserving 
sodium. The concerted responses of the adrenergic system 
and the renin-angiotensin system alter the primary determi-
nants of stroke volume and cardiac output—preload, after-
load, and contractility. The heart responds to loss of systolic 
function by progressively dilating. This dilation leads to pres-
ervation of stroke volume by Frank-Starling mechanisms but 
increased stroke volume is achieved at the expense of ejec-
tion fraction, as shown in Figure 3-12G, as a right shift in 
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the pressure-volume relationship of the left ventricle with 
an increase in end-diastolic volume (and pressure). In addi-
tion to a global dilation response, acute alterations in cardiac 
geometry may occur early after a large myocardial infarction, 
with thinning of the left ventricular wall in the region of the 
infarct as well as expansion of overall left ventricular cavity 
size. As volume expansion occurs, production of the cardiac 
atrial natriuretic peptide is increased, which tends to pre-
vent excessive sodium retention and inhibit activation of the 
renin-angiotensin and aldosterone systems.89-93

Cardiac and Systemic Maladaptive 
Consequences of Chronic Heart Failure
The acute phase response is initially beneficial but becomes 
maladaptive and contributes to long-term problems in 
patients with heart failure (Figure 3-15). In the latter stages 
of heart failure, the kidneys tend to retain sodium and 

become hyporesponsive to atrial natriuretic peptide and 
B-type natriuretic peptide.90 Desensitization of beta-adren-
ergic receptors is a consequence of sustained stimulation 
with a reduced response to elevated circulating catechol-
amine levels.19

Left ventricular dilation is caused by hypertrophy of the 
myocytes as well as lengthening of the myocytes as sarcomeres 
are added. However, there is significant slippage of myofi-
brils leading to dilation without an increase in the number of 
myocytes. Progressive dilation of the heart leads to an increase 
in oxygen consumption during systole. Ventricular remodel-
ing leads to progressive fibrosis.

Angiotensin and aldosterone stimulate collagen formu-
lation and proliferation of fibroblasts in the heart, leading 
to an increase in the ratio of interstitial tissue to myocar-
dial tissue in the noninfarcted regions of the heart.94 The 
impact of aldosterone has been documented by the effec-
tiveness of aldosterone receptor antagonists in improving 
the morbidity and mortality of patients with heart failure.95 

Acute adaptive responses
(short-term)

Maladaptive responses
(long-term)

(–)

(–)

FIGURE 3-15 Pathophysiology of heart failure from stimulus (etiology) to acute adaptive and chronic maladaptive responses. (+) Indicates 
positive stimulation; (–) indicates negative factors that tend to reduce stimulation of heart failure.
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The progressive fibrosis leads to increased diastolic stiffness 
which limits diastolic filling and increase end-diastolic pres-
sure. Fibrosis and increased ventricular size predispose to 
reentry ventricular arrhythmias that are a common cause of 
death in the late stages of heart failure.96 Hence, heart fail-
ure progresses as a result of a vicious cycle of left ventricular 
dilatation and remodeling, responses that decrease cardiac 
performance further.

Evidence has accumulated over the past decade that sug-
gests endothelial dysfunction, release of cytokines, and apop-
totic cell death may participate in the development of heart 
failure as a maladaptive reaction (Figure 3-15). Reduced 
availability of nitric oxide and increased production of vaso-
constrictor agents such as endothelin and angiotensin II has 
been reported in failing hearts.97 Heart failure is often accom-
panied by changes in the endogenous antioxidant defense 
mechanisms of the heart as well as evidence of oxidative 
injury to the myocardium. Cytokines, released from systemic 
and local inflammatory responses in the failing heart, directly 
activate inflammatory cells to release superoxide radicals and 
cause endothelial dysfunction by augmenting inflammatory 
cell-endothelial cell interactions. Cytokines may also directly 
induce necrotic and apoptotic myocyte cell death.98

Cardiac secretion of B-type natriuretic peptide (BNP) 
has been shown to be increased with heart failure. BNP is a 
cardiac neurohormone released as preproBNP that is enzy-
matically cleaved to N-terminal-proBNP and BNP upon 
ventricular myocyte stretch. The physiologic effects of 
BNP include natriuresis, vasodilation and neurohumoral 
changes. Measurement of plasma BNP is a useful and cost-
effective marker for heart failure.99 Other factors rather 
than stretch may stimulate BNP release including fibrosis, 
arrhythmias, ischemia, endothelial dysfunction, and car-
diac hypertrophy.
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Clinical pharmacology associated with cardiac surgery is an 
important part of patient management. Patients in the peri-
operative period receive multiple therapeutic agents that 
affect cardiovascular and pulmonary functions. This chapter 
summarizes the pharmacology of the agents commonly used 
for treating the primary physiologic disturbances associated 
with cardiac surgery, hemodynamic instability, respiratory 
insufficiency, and alterations of hemostasis. For cardiovascu-
lar drugs, the common theme is that pharmacologic effects 
are produced by intracellular ion fluxes.

Several basic subcellular/molecular pathways are impor-
tant in cardiovascular pharmacology, as shown in Fig. 4-1. 
The action potential in myocardial cells is a reflection of ion 
fluxes across the cell membrane, especially Na+, K+, and Ca2+.1,2 
Numerous drugs used to control heart rate and rhythm act by 
altering Na+ (eg, lidocaine and procainamide), K+ (eg, amiod-
arone, ibutilide, and sotalol), or Ca2+ (eg, diltiazem) currents. 
Calcium also has a dominant effect on the inotropic state but 
by highly specialized intracellular mechanisms.3,4

Myocardial contractility is a manifestation of the interac-
tion of actin and myosin, with conversion of chemical energy 
from adenosine triphosphate (ATP) hydrolysis into mechani-
cal energy. The interaction of actin and myosin in myocytes is 
inhibited by the associated protein tropomyosin. This inhibi-
tion is “disinhibited” by intracellular calcium. A similar situa-
tion occurs in vascular smooth muscle, where the interaction 
of actin and myosin (leading to vasoconstriction) is modu-
lated by the protein calmodulin, which requires calcium as 
a cofactor. Thus intracellular calcium has a “tonic” effect in 
both the myocardium and vascular smooth muscle.

Numerous drugs used perioperatively alter intracellular 
calcium.3,4

Catecholamines (eg, norepinephrine, epinephrine, and 
dobutamine) with beta1 agonist activity regulate intramyocyte 
calcium levels via the nucleotide cyclic adenosine monophos-
phate (cyclic AMP) (Fig. 4-2). Beta agonists bind to recep-
tors on the cell surface that are coupled to the intracellular 
enzyme adenylate cyclase via the stimulatory transmembrane 
GTP-binding protein. This leads to increased cyclic AMP 
synthesis, and cyclic AMP, in turn, acts as a second messenger 

for a series of intracellular reactions resulting in higher lev-
els of intracellular calcium during systole. Less well known 
is that drugs with only alpha-adrenergic agonist activity also 
may increase intracellular Ca2+ levels, although by a different 
mechanism.5,6 Although under investigation, the probable 
basis for the inotropic effect of alpha-adrenergic drugs is the 
stimulation of phospholipase C, which catalyzes hydrolysis 
of phosphatidyl inositol to diacylglycerol and inositol tri-
phosphate (see Fig. 4-2). Both of these compounds increase 
the sensitivity of the myofilament to calcium, whereas ino-
sitol triphosphate stimulates the release of calcium from its 
intracellular storage site, the sarcoplasmic reticulum. There 
is still some debate about the mechanism for the inotropic 
effect of alpha-adrenergic agonists and its significance for the 
acute pharmacologic manipulation of contractility, but there 
is little debate about the importance of this mechanism in 
vascular smooth muscle, where the increase in intracellular 
calcium stimulated by alpha-adrenergic agonists can increase 
smooth muscle tone significantly. However, intracellular cal-
cium in vascular smooth muscle is also controlled by cyclic 
nucleotides.7,8 In contrast to the myocyte, in vascular smooth 
muscle, cyclic AMP has a primary effect of stimulating the 
uptake of calcium into intracellular storage sites, decreasing 
its availability (Fig. 4-3). Thus drugs that stimulate cyclic 
AMP production (beta agonists) or inhibit its breakdown 
(phosphodiesterase inhibitors) will cause vasodilation. In 
addition, cyclic guanosine monophosphate (cyclic GMP) also 
increases intracellular calcium storage (see Fig. 4-3), decreas-
ing its availability for modulating the interaction of actin and 
myosin. Several commonly used pharmacologic agents act via 
cyclic GMP. For example, nitric oxide stimulates the enzyme 
guanylate cyclase, increasing cyclic GMP levels. Drugs such 
as nitroglycerin and sodium nitroprusside achieve their effect 
by producing nitric oxide as a metabolic product. Vasodila-
tion is also produced by “cross-talk” between K+ and Ca2+ 
fluxes. Decreased levels of ATP, acidosis, and elevated tissue 
lactate levels increase the permeability of the ATP-sensitive 
K+ channel. This increased permeability results in hyperpo-
larization of the cell membrane that inhibits the entry of Ca2+ 
into the cell. This results in decreased vascular tone.

Cardiac Surgical 
Pharmacology
Jerrold H. Levy • Jacob N. Schroder • James G. Ramsay 
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The simplistic overview of pathways of cardiac pharma-
cology as summarized in Figs. 4-1 through 4-3 also suggests 
the primary cause of difficulty in the clinical use of the drugs 
discussed in this chapter. The mechanisms of action for con-
trol of heart rate and rhythm, contractility, and vascular tone 
are interrelated. For example, beta-adrenergic agonists not 
only increase intracellular calcium to increase contractility, 
but they also alter K+ currents, leading to tachycardia. Cat-
echolamines not only have beta-adrenergic agonist activity, 
with inotropic and chronotropic effects, but they also pos-
sess alpha-agonist activity, leading to increased intracellular 
calcium in vascular smooth muscle and vasoconstriction. 
Phosphodiesterase (PDE) inhibitors like milrinone not only 
increase contractility by increasing cyclic AMP in the myo-
cyte, but they also cause vasodilation by increasing cyclic 
AMP in the vasculature. The interplay of the various mecha-
nisms means the clinical art of cardiac surgical pharmacology 
lies as much in selecting drugs for their side effects as for their 
primary therapeutic effects.

ANTIARRHYTHMICS
Arrhythmias are common in the cardiac surgical period. A 
stable cardiac rhythm requires depolarization and repolariza-
tion in a spatially and temporally coordinated manner, and 
dysrhythmias may occur when this coordination is disturbed. 
The mechanisms for arrhythmias can be divided into abnor-
mal impulse initiation, abnormal impulse conduction, and 

combinations of both.9,10 Abnormal impulse initiation occurs 
as a result of increased automaticity (spontaneous depolar-
ization of tissue that does not normally have pacemaking 
activity) or as a result of triggered activity from abnormal 
conduction after depolarizations during phase 3 or 4 of the 
action potential. Abnormal conduction often involves reentry 
phenomena, with recurrent depolarization around a circuit 
owing to unilateral conduction block in ischemic or dam-
aged myocardium and retrograde activation by an alternate 
pathway through normal tissue. In this simplistic view, it is 
logical that dysrhythmias could be suppressed by slowing the 
conduction velocity of ectopic foci, allowing normal pace-
maker cells to control heart rate, or by prolonging the action 
potential duration (and hence refractory period) to block 
conduction into a limb of a reentry circuit.

A scheme proposed originally by Vaughan Williams 
and modified subsequently11,12 is used often to classify 
antidysrhythmic agents, and although alternative schemes 
describing specific channel-blocking characteristics have 
been proposed and may be more logical,13 this discussion is 
organized using the Vaughan Williams system of four major 
drug categories. In this scheme, class I agents are those with 
local anesthetic properties that block Na+ channels, class 
II drugs are beta-blocking agents, class III drugs prolong 
action potential duration, and class IV drugs are calcium 
entry blockers. Amiodarone is discussed in detail owing 
to its expanding role in treating both supraventricular and 
ventricular arrhythmias and because its use has replaced 
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 Chapter 4 Cardiac Surgical Pharmacology 73

many of the previously used agents. Because of the efficacy 
of intravenous amiodarone and its recommendations in 
Advanced Cardiac Life Support (ACLS) guidelines, many 
of the older drugs used in cardiac surgery have a historical 
perspective and are considered briefly.

Class I Agents
Although each of the class I agents blocks Na+ channels, they 
may be subclassified based on electrophysiologic differences. 
These differences can be explained, to some extent, by con-
sideration of the kinetics of the interaction of the drug and 
the Na+ channel.14,15 Class I drugs bind most avidly to open 
(phase 0 of the action potential; see Fig. 4-1) or inactivated 
(phase 2) Na+ channels. Dissociation from the channel occurs 
during the resting (phase 4) state. If the time constant for 
dissociation is long in comparison with the diastolic interval 

(corresponding to phase 4), the drug will accumulate in the 
channel to reach a steady state, slowing conduction in normal 
tissue. This occurs with class Ia (eg, procainamide, quinidine, 
and disopyramide) and class Ic (eg, encainide, flecainide, and 
propafenone) drugs. In contrast, for the class Ib drugs (eg, 
lidocaine and mexiletine), the time constant for dissociation 
from the Na+ channel is short, the drug does not accumu-
late in the channel, and conduction velocity is affected mini-
mally. However, in ischemic tissue, the depolarized state is 
more persistent, leading to greater accumulation of agent in 
the Na+ channel and slowing of conduction in the damaged 
myocardium.

Procainamide is a class Ia drug that has various electro-
physiologic effects.16 Administration may be limited by the 
side effects of hypotension and decreased cardiac output.17,18 
The loading dose is 20 to 30 mg/min, up to 17 mg/kg, and 
should be followed by an intravenous infusion of 20 to 
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74 Part I Fundamentals

80 mg/kg per minute. Because procainamide prolongs action 
potential duration, widening of the QRS complex often her-
alds a potential overdose. The elimination of procainamide 
involves hepatic metabolism, acetylation to a metabolite with 
antiarrhythmic and toxic side effects, and renal elimination 
of this metabolite. Thus the infusion rate for patients with 
significant hepatic or renal disease should be at the lower end 
of this range.

Class Ib drugs include what is probably the best-known 
antiarrhythmic agent, lidocaine. As noted, lidocaine is a 
Na+ channel blocker that has little effect on conduction 
velocity in normal tissue but slows conduction in ischemic 
myocardium.14,15 Other electrophysiologic effects include 
a decrease in action potential duration but a small increase 
in the ratio of effective refractory period to action potential 
duration. The exact role of these electrophysiologic effects on 
arrhythmia suppression is unclear. Lidocaine has no signifi-
cant effects on atrial tissue, and it is not recommended for 
therapy in shock-resistant ventricular tachycardia/fibrillation 
(VT/VF) in the recent Guidelines for Emergency Cardiovas-
cular Care.19 After an initial bolus dose of 1 to 1.5 mg/kg of 

lidocaine, plasma levels decrease rapidly owing to redistribu-
tion to muscle, fat, etc. Effective plasma concentrations are 
maintained only by following the bolus dose with an infu-
sion of 20 to 50 mg/kg per minute.20 Elimination occurs 
via hepatic metabolism to active metabolites that are cleared 
by the kidneys. Consequently, the dose should be reduced 
by approximately 50% in patients with liver or kidney dis-
ease. The primary toxic effects are associated with the central 
nervous system (CNS), and a lidocaine overdose may cause 
drowsiness, depressed level of consciousness, or seizures in 
very high doses. Negative inotropic or hypotensive effects are 
less pronounced than with most other antiarrhythmics. The 
other class Ib drugs likely to be encountered in the periop-
erative period are the oral agents tocainide and mexiletine, 
which have effects similar to lidocaine.15

The class Ic agents, including flecainide, encainide, and 
propafenone, markedly decrease conduction velocity.20,21 The 
Cardiac Arrhythmia Suppression Trial (CAST) study20,21 of 
moricizine found that although ventricular arrhythmias were 
suppressed, the incidence of sudden death was greater than 
with placebo with encainide and flecainide, and these drugs 
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bradykinin, histamine, and substance P, stimulate the release of endothelium-derived relaxing factor (EDRF), which is identified with NO. (Repro-
duced with permission from Levy JH: Anaphylactic Reactions in Anesthesia and Intensive Care, 2nd ed. Boston, Butterworth-Heinemann, 1992.)
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are not in wide use. Propafenone is available for oral use in 
the United States, but IV form is available in Europe. The 
usual adult dose is 150 to 300 mg orally every 8 hours. It 
has beta-blocking (with resulting negative inotropic effects) 
as well as Na+ channel-blocking activity; lengthens the PR, 
QRS, and QT duration; and may be used to treat both atrial 
and ventricular dysrhythmias.15

Class II Agents
Beta-receptor-blocking agents are another important group 
of antiarrhythmic (denoted class II in the Vaughan Williams 
scheme). However, because of their use as antihypertensive 
as well as antiarrhythmic agents, they are discussed elsewhere 
in this chapter, and we will move on to consider bretylium, 
amiodarone, and sotalol, the class III agents in the Vaughan 
Williams scheme. These drugs have a number of complex ion 
channel-blocking effects, but possibly the most important 
activity is K+ channel blockade.22 Because the flux of K+ out 
of the myocyte is responsible for repolarization, an important 
electrophysiologic effect of class III drugs is prolongation of 
the action potential.23

Class III Agents
Ibutilide, dofetilide, sotalol, and bretylium are class III agents. 
Intravenous ibutilide and oral dofetilide are approved for the 
treatment of atrial fibrillation (AF) but carry the risk of tors-
ades de pointes.24,25 Sotalol is a nonselective beta-blocker that 
also has K+ channel-blocking activity.26 In the United States, 
it is now available for IV and previously for oral administra-
tion. The approved indication is for treating life-threatening 
ventricular arrhythmias, although it is effective against atrial 
arrhythmias as well. Bretylium is no longer available or rec-
ommended in the most recent American Heart Association 
(AHA) Guidelines for Emergency Cardiovascular Care.19

Class IV Agents
Calcium entry blockers (class IV in the Vaughan Williams 
scheme), including verapamil and diltiazem, are antiar-
rhythmics. In sinoatrial (SA) and atrioventricular (AV) nodal 
tissues, Ca2+ channels contribute significantly to phase 0 
depolarization, and the AV nodal refractory period is pro-
longed by Ca2+ entry blockade.27,28

This explains the effectiveness of verapamil and diltiazem 
in treating supraventricular arrhythmias. It is also clear why 
these drugs are negative inotropes. Both verapamil and dil-
tiazem are effective in slowing the ventricular response to AF, 
flutter, and paroxysmal supraventricular tachycardia (SVT) 
and in converting to sinus rhythm.29-31 Verapamil has greater 
negative inotrope effects than diltiazem; therefore, it is used 
rarely for supraventricular arrhythmias. The intravenous dose 
of diltiazem is 0.25 mg/kg, with a second dose of 0.35 mg/kg 
if the response is inadequate after 15 minutes. The loading 
dose should be followed by an infusion of 5 to 15 mg/h. 
Intravenous diltiazem, although useful for rate control, has 

been replaced by intravenous amiodarone in clinical therapy 
of SVT and prophylaxis (see Amiodarone).

Other Drugs
One of the difficulties of classifying antiarrhythmics by the 
Vaughan Williams classification is that not all drugs can be 
incorporated into this scheme. Three examples are digoxin, 
adenosine, and magnesium, each of which has important uses 
in the perioperative period.

Digoxin inhibits the Na+, K+-ATPase pump, leading to 
decreased intracellular K+, a less negative resting membrane 
potential, increased slope of phase 4 depolarization, and 
decreased conduction velocity. These direct effects, however, 
usually are dominated by indirect effects, including inhibi-
tion of reflex responses to congestive heart failure (HF) and 
a vagotonic effect.10,32 The net effect is greatest at the AV 
node, where conduction is slowed and the refractory period 
is increased, explaining the effectiveness of digoxin in slowing 
the ventricular response to AF. The major disadvantages of 
digoxin are the relatively slow onset of action and many side 
effects, including proarrhythmia effects, and it is now used 
rarely for rate control in acute AF because of the advent of IV 
amiodarone and diltiazem.

Adenosine is an endogenous nucleoside that has an electro-
physiologic effect similar to that of acetylcholine. Adenosine 
decreases AV node conductivity, and its primary antiarrhyth-
mic effect is to break AV nodal reentrant tachycardia.33 An 
intravenous dose of 100 to 200 μg/kg is the treatment of 
choice for paroxysmal SVT. Adverse effects, such as broncho-
spasm, are short-lived because its plasma half-life is so short 
(1 to 2 seconds). This short half-life makes it ideal for treat-
ing reentry dysrhythmia, in which transient interruption can 
fully suppress the dysrhythmia.

Appropriate acid-base status and electrolyte balance are 
important because electrolyte imbalance can perturb the 
membrane potential, leading to arrhythmia generation, 
as can altered acid-base status, by effects on K+ concentra-
tions and sympathetic tone. Therapy for dysrhythmia should 
include correction of acid-base and electrolyte imbalances. 
Magnesium supplementation should be considered.34 Mag-
nesium deficiency is common in the perioperative period, 
and magnesium administration has been shown to decrease 
the incidence of postoperative dysrhythmia.35

Amiodarone
Intravenous amiodarone has become one of the most admin-
istered intravenous antiarrhythmics used in cardiac surgery 
because of its broad spectrum of efficacy. Amiodarone was 
developed originally as an antianginal agent because of its 
vasodilating effects, including coronary vasodilation.36 It has 
various ion channel-blocking activities.10,29,36 The resulting 
electrophysiologic effects are complex, and there are differ-
ences in acute intravenous and chronic oral administration. 
Acute intravenous administration can produce decreases in 
heart rate and blood pressure, but there are minimal changes 
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76 Part I Fundamentals

in QRS duration or QT interval. After chronic use, there may 
be significant bradycardia and increases in action potential 
duration in AV nodal and ventricular tissue, with increased 
QRS duration and QT interval.37-39

Pharmacokinetics
Amiodarone is a complex highly lipophilic drug that under-
goes variable absorption (35 to 65%) after oral administra-
tion and is taken up extensively by multiple tissues with 
interindividual variation and complex pharmacokinetics.38-40 
The short initial context-sensitive half-life after intravenous 
administration represents drug redistribution. The true 
elimination half-life for amiodarone is extremely long, up to 
40 to 60 days. Because of the huge volume of distribution 
(~60 L/kg) and a long duration of action, an active metabo-
lite loading period of several months may be required before 
reaching steady-state tissue concentrations. Further, in life-
threatening arrhythmias, intravenous loading often is start-
ing to establish initial plasma levels. Measuring amiodarone 
plasma concentrations is not useful owing to the complex 
pharmacokinetics and the metabolites of the parent drug. 
Plasma concentrations greater than 2.5 mg/L have been asso-
ciated with an increased risk of toxicity. The optimal dose 
of amiodarone has not been well characterized and may vary 
depending on the specific arrhythmias treated. Further, there 
may be differences in dose requirements for therapy of supra-
ventricular and ventricular arrhythmias.37-40

Because of these distinctive pharmacokinetic properties, 
steady-state plasma levels are achieved slowly. Oral admin-
istration for a typical adult consists of a loading regimen of 
80 to 1600 mg/d (in two or three doses) for 10 days, 600 to 
800 mg/d for 4 to 6 weeks, and then maintenance doses of 
200 to 600 mg/d. For intravenous loading, specific studies 
will be reviewed, but the recommended dosing is 150 mg 
given over 10 minutes for acute therapy in an adult, followed 
first by a secondary loading infusion of 60 mg/h for 6 hours 
and then by a maintenance infusion of 30 mg/h to achieve a 
1000 mg/d dosing.37-40

Electrophysiology
The electrophysiologic actions of amiodarone are complex 
and incompletely understood. Amiodarone produces all four 
effects according to the Vaughan Williams classification. It 
also has been shown to have use-dependent class I activ-
ity, inhibition of the inward sodium currents, and class II 
activity.10 The antiadrenergic effect of amiodarone, however, 
is different from that of beta-blocker drugs because it is 
noncompetitive and additive to the effect of beta-blockers. 
Amiodarone depresses SA node automaticity, which slows 
the heart rate and conduction and increases refractoriness of 
the AV node, properties useful in managing supraventricular 
arrhythmia. Its class III activity results in increases in atrial 
and ventricular refractoriness and prolongation of the QTc 
interval. The effects of oral amiodarone on SA and AV nodal 
function are maximal within 2 weeks, whereas the effects on 

ventricular tachycardia (VT) and ventricular refractoriness 
emerge more gradually during oral therapy, becoming maxi-
mal after 10 weeks or more.

Indications
The primary indication for amiodarone is VT or fibrillation.40-48 
It is also effective for the treatment of atrial dysrhythmias and 
in treating AF (see Atrial Fibrillation).

Side Effects
Although there are numerous adverse reactions to amio-
darone, they occur with long-term oral administration and 
are rarely associated with acute intravenous administra-
tion. The most serious is pulmonary toxicity, which has not 
been reported with acute administration in a perioperative 
setting. Some case series have reported an increased risk of 
marked bradycardia and hypotension immediately after car-
diac surgery in patients already on amiodarone at the time 
of surgery.49,50 Other case-control studies, however, have not 
reproduced this finding.51 None of the placebo-controlled tri-
als of prophylactic amiodarone for perioperative atrial fibrilla-
tion prevention report adverse cardiovascular effects, although 
bradycardia and hypotension are known side effects.52-56 Case 
reports and case series of postoperative acute pulmonary tox-
icity are similarly lacking in the rigor of randomized, con-
trolled methodology.

PHARMACOLOGIC THERAPY OF 
SPECIFIC ARRHYTHMIAS
Ventricular Tachyarrhythmias
Intravenous amiodarone is approved for rapid control of 
recurrent VT or VF. Three randomized controlled trials 
of patients with recurrent in-hospital, hemodynamically 
unstable VT or VF with two or more episodes within the 
past 24 hours who failed to respond to or were intolerant of 
lidocaine, procainamide, and (in two of the trials) bretylium 
have been reported.42,44,46 Patients were critically ill with isch-
emic cardiovascular disease, 25% were on a mechanical ven-
tilator or intraaortic balloon pump before enrollment, and 
10% were undergoing cardiopulmonary resuscitation at the 
time of enrollment. One study compared three doses of IV 
amiodarone: 525, 1050, and 2100 mg/d.44 Because of the use 
of investigator-initiated intermittent open-label amiodarone 
boluses for recurrent VT, the actual mean amiodarone doses 
received by the three groups were 742, 1175, and 1921 mg/d. 
There was no statistically significant difference in the num-
ber of patients without VT/VF recurrence during the 1-day 
study period: 32 of 86 (41%), 36 of 92 (45%), and 42 of 92 
(53%) for the low-, medium-, and high-dose groups, respec-
tively. The number of supplemental 150-mg bolus infusions 
of amiodarone given by blinded investigators was statisti-
cally significantly less in those randomized to higher doses of 
amiodarone.
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 Chapter 4 Cardiac Surgical Pharmacology 77

A wider range of amiodarone doses (125, 500, and 
1000 mg/d) was evaluated by Sheinman and colleagues, 
including a low dose that was expected to be subtherapeutic.46 
This stronger study design, however, also was confounded by 
open-label bolus amiodarone injections given by study inves-
tigators. There was, however, a trend toward a relationship 
between intended amiodarone dose and VT/VF recurrence 
rate (p = .067). After adjustment for baseline imbalances, the 
median 24-hour recurrence rates of VT/VF, from lowest to 
highest doses, were 1.68, 0.96, and 0.48 events per 24 hours.

The third study compared two intravenous amiodarone 
doses (125 and 1000 mg/d) with bretylium (2500 mg/d).42 
Once again, the target amiodarone dose ratio of 8:1 was 
compressed to 1.8:1 because of open-label boluses. There 
was no significant difference in the primary outcome, which 
was median VT/VF recurrence rate over 24 hours. For low-
dose amiodarone, high-dose amiodarone, and bretylium, 
these rates were 1.68, 0.48, and 0.96 events per 24 hours, 
respectively (p = .237). There was no difference between high-
dose amiodarone and bretylium; however, more than 50% of 
patients had crossed over from bretylium to amiodarone by 
16 hours.

The failure of these studies to provide clear evidence of 
amiodarone efficacy may be related to the “active-control 
study design” used, a lack of adequate statistical power, high 
rates of supplemental amiodarone boluses, and high cross-
over rates. Nonetheless, these studies provide some evidence 
that IV amiodarone (1 g/d) is moderately effective during a 
24-hour period against VT and VF.

Sustained Monomorphic Ventricular 
Tachycardia and Wide QRS Tachycardia
Although the most effective and rapid treatment of any hemo-
dynamically unstable sustained ventricular tachyarrhythmia 
is electrical cardioversion or defibrillation, intravenous antiar-
rhythmic drugs can be used for arrhythmia termination if the 
VT is hemodynamically stable. The Guidelines for Emergency 
Cardiovascular Care19 has removed the former recommen-
dation of lidocaine and adenosine use in stable wide QRS 
tachycardia, now labeled as “acceptable” but not primarily 
recommended (lidocaine) or not recommended (adenosine). 
Intravenous procainamide and sotalol are effective, based on 
randomized but small studies;10 amiodarone is also consid-
ered acceptable.19

Shock-Resistant Ventricular Fibrillation
The Guidelines for Emergency Cardiovascular Care recom-
mends at least three shocks and epinephrine or vasopressin 
before any antiarrhythmic drug are administered.10,19 No 
large-scale controlled, randomized studies have demonstrated 
efficacy for lidocaine, bretylium, or procainamide in shock-
resistant VF,10,19 and lidocaine and bretylium are no longer 
recommended in this setting.19 Two pivotal studies have been 
reported recently studying the efficacy of agents in acute 
shock-resistant cardiac arrest.

The Amiodarone in the Out-of-Hospital Resuscitation 
of Refractory Sustained Ventricular Tachycardia (ARREST) 
study was randomized, double blind, and placebo controlled. 
The ARREST study in 504 patients showed that amioda-
rone 300 mg administered in a single intravenous bolus sig-
nificantly improves survival to hospital admission in cardiac 
arrest still in VT or VF after three direct-current shocks (44% 
vs 34%; p < .03).43 Although the highest survival rate to hos-
pital admission (79%) was achieved when the amiodarone 
was given within 4 to 16 minutes of dispatch, there was no 
significant difference in the proportional improvement in the 
amiodarone group compared with the placebo group when 
drug administration was delayed (up to 55 minutes). Amio-
darone also had the highest efficacy in patients (21% of all 
study patients) who had a return of spontaneous circulation 
before drug administration (survival to hospital admission 
increased to 64% from 41% in the placebo group). Among 
patients with no return of spontaneous circulation, amioda-
rone only slightly improved outcome (38% vs 33%).

Dorian performed a randomized trial comparing intrave-
nous lidocaine with intravenous amiodarone as an adjunct 
to defibrillation in victims of out-of-hospital cardiac arrest.48 
Patients were enrolled if they had out-of-hospital ventricular 
fibrillation resistant to three shocks, intravenous epineph-
rine, and a further shock or if they had recurrent ventricu-
lar fibrillation after initially successful defibrillation. They 
were randomly assigned in a double-blind manner to receive 
intravenous amiodarone plus lidocaine placebo or intrave-
nous lidocaine plus amiodarone placebo. The primary end 
point was the proportion of patients who survived to be 
admitted to the hospital. In total, 347 patients (mean age 
67 ± 14 years) were enrolled. The mean interval between the 
time at which paramedics were dispatched to the scene of the 
cardiac arrest and the time of their arrival was 7 ± 3 minutes, 
and the mean interval from dispatch to drug administra-
tion was 25 ± 8 minutes. After treatment with amioda-
rone, 22.8% of 180 patients survived to hospital admission 
compared with 12.0% of 167 patients treated with lidocaine 
(p = .009). Among patients for whom the time from dispatch 
to the administration of the drug was equal to or less than 
the median time (24 minutes), 27.7% of those given amioda-
rone and 15.3% of those given lidocaine survived to hospital 
admission (p = .05). The authors concluded that compared 
with lidocaine, amiodarone leads to substantially higher rates 
of survival to hospital admission in patients with shock-
resistant out-of-hospital ventricular fibrillation.

Supraventricular Arrhythmias
A supraventricular arrhythmia is any tachyarrhythmia that 
requires atrial or AV junctional tissue for initiation and 
maintenance. It may arise from reentry caused by unidirec-
tional conduction block in one region of the heart and slow 
conduction in another, from enhanced automaticity akin to 
that seen in normal pacemaker cells of the sinus node and in 
latent pacemaker cells elsewhere in the heart, or from trig-
gered activity, a novel type of abnormally enhanced impulse 
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initiation caused by membrane currents that can be activated 
and inactivated by premature stimulation or rapid pacing.56-58 
Pharmacologic approaches to treating supraventricular 
arrhythmias, including AF, atrial flutter, atrial tachycardia, 
AV reentrant tachycardia, and AV nodal reentrant tachycar-
dia, continue to evolve.56-60 Because AF is perhaps the most 
common arrhythmia after cardiac surgery, this condition is 
emphasized in detail.

Atrial Fibrillation
Atrial fibrillation is a common complication of cardiac sur-
gery that increases the length of stay in the hospital with 
resulting increases in health-care resource utilization.56-61 
Advanced age, previous AF, and valvular heart operations are 
the most consistently identified risk factors for this arrhyth-
mia. Because efforts to terminate AF after its initiation are 
problematic, current interests are directed at therapies to pre-
vent postoperative AF. Most studies suggest that prophylaxis 
with antiarrhythmic compounds can decrease the incidence 
of AF, length of hospital stay, and cost significantly. Class III 
antiarrhythmic drugs (eg, sotalol and ibutilide) also may be 
effective but potentially pose the risk of drug-induced poly-
morphic VT (torsades de pointes). Newer intravenous agents 
including vernakalant were investigated but in the current 
Food and Drug Administration (FDA) era of drug safety 
concerns, antiarrhythmic agents are difficult to get approved. 
Defining which subpopulations benefit most from such 
therapy is important as older and more critically ill patients 
undergo surgery. Intravenous sotalol is currently available in 
the United States.

Amiodarone is also an effective approach for prophylac-
tic therapy of AF. Intravenous amiodarone is an important 
consideration because loading with oral therapy is often not 
feasible in part owing to the time required. There also may be 
added benefits of prophylactic therapies in high-risk patients, 
especially those prone to ventricular arrhythmias (ie, patients 
with preexisting HF).

Two studies deserve mention regarding prophylaxis with 
amiodarone. To determine if IV amiodarone would pre-
vent AF and decrease hospital stay after cardiac surgery, 
Daoud and colleagues assessed preoperative prophylaxis 
in 124 patients who were given either oral amiodarone 
(64 patients) or placebo (60 patients) for a minimum of 7 
days before elective cardiac surgery.62 Therapy consisted of 
600 mg amiodarone per day for 7 days and then 200 mg/d 
until the day of discharge from the hospital. The preopera-
tive total dose of amiodarone was 4.8 ± 0.96 g over 13 ± 7 
days. Postoperative AF occurred in 16 of the 64 patients in 
the amiodarone group (25%) and 32 of the 60 patients in 
the placebo group (53%). Patients in the amiodarone group 
were hospitalized for significantly fewer days than were 
patients in the placebo group (6.5 ± 2.6 vs 7.9 ± 4.3 days; 
p = .04). Total hospitalization costs were significantly less 
for the amiodarone group than those for the placebo group 
($18,375 ± $13,863 vs $26,491 ± $23,837; p = .03). Guar-
nieri and colleagues evaluated 300 patients randomized in 

a double-blind fashion to IV amiodarone (1 g/d for 2 days) 
versus placebo immediately after open-heart surgery.54 The 
primary end points of the trial were incidence of AF and 
length of hospital stay. AF occurred in 67 of 142 (47%) 
patients on placebo versus 56 of 158 (35%) on amiodarone 
(p = .01). Length of hospital stay for the placebo group 
was 8.2 ± 6.2 days, and 7.6 ± 5.9 days for the amiodarone 
group. Low-dose IV amiodarone was safe and effective in 
reducing the incidence of AF after heart surgery but did not 
significantly alter length of hospital stay.

In summary, AF is a frequent complication of cardiac 
surgery. Many cases can be prevented with appropriate 
prophylactic therapy. Beta-adrenergic blockers should be 
administered to most patients without contraindication. 
Prophylactic amiodarone should be considered in patients 
at high risk for postoperative AF. The lack of data on cost-
benefits and cost-efficiency in some studies may reflect the 
lack of higher-risk patients in the study. Patients who are 
poor candidates for beta-blockade may not tolerate sotalol, 
whereas amiodarone does not have this limitation. Additional 
studies also need to be performed to better assess the role of 
prophylactic therapy in off-pump cardiac surgery.

INOTROPIC AGENTS
Some depression of myocardial function is common after car-
diac surgery.63-65 The etiology is multifactorial—preexisting 
disease, incomplete repair or revascularization, myocardial 
edema, postischemic dysfunction, reperfusion injury, etc—
and usually is reversible. Adequate cardiac output usually can 
be maintained by exploiting the Starling curve with higher 
preload, but often the cardiac function curve is flattened, and 
it is necessary to use inotropic agents to maintain adequate 
organ perfusion.

The molecular basis for the contractile property of the 
heart is the interaction of the proteins actin and myosin, in 
which chemical energy (in the form of ATP) is converted into 
mechanical energy. In the relaxed state (diastole), the inter-
action of actin and myosin is inhibited by tropomyosin, a 
protein associated with the actin-myosin complex. With the 
onset of systole, Ca2+ enters the myocyte (during phase 1 of 
the action potential). This influx of Ca2+ triggers the release 
of much larger amounts of Ca2+ from the sarcoplasmic reticu-
lum. The binding of Ca2+ to the C subunit of the protein 
troponin interrupts inhibition of the actin-myosin inter-
action by tropomyosin, facilitating the hydrolysis of ATP 
with the generation of a mechanical force. With repolar-
ization of the myocyte and completion of systole, Ca2+ 
is taken back up into the sarcoplasmic reticulum, allowing 
tropomyosin to again inhibit the interaction of actin and 
myosin with consequent relaxation of contractile force. Thus 
inotropic action is mediated by intracellular Ca2+.66 A novel 
drug, levosimendan, currently under clinical development  
in the United States but approved in several countries, 
increases the sensitivity of the contractile apparatus to Ca2+,67 
whereas the positive inotropic agents available for clinical use 
achieve their end by increasing intracellular Ca2+ levels.
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The first drug to be considered is simply Ca2+ itself. In 
general, administration of calcium will increase the inotropic 
state of the myocardium when measured by load-independent 
methods, but it also will increase vascular tone (afterload) and 
impair diastolic function. In addition, the effects of calcium 
on myocardial performance depend on the plasma Ca2+ con-
centration. Ca2+ plays important roles in cellular function, 
and the intracellular Ca2+ concentration is highly regulated 
by membrane ion channels and intracellular organelles.68,69 If 
the extracellular Ca2+ concentration is normal, administration 
of Ca2+ will have little effect on the intracellular level and less 
pronounced hemodynamic effects. On the other hand, if the 
ionized plasma calcium concentration is low, exogenous cal-
cium administration may increase cardiac output and blood 
pressure.70 It also should be realized that even with normal 
plasma Ca2+ concentrations, administration of Ca2+ may 
increase vascular tone, leading to increased blood pressure 
but no change in cardiac output. This increased afterload, 
as well as the deleterious effects on diastolic function, may 
be the basis of the observation that Ca2+ administration can 
blunt the response to epinephrine.71 Routine use of Ca2+ at 
the end of bypass should be tempered by the realization that 
Ca2+ may have little effect on cardiac output while increasing 
systemic vascular resistance, although this in itself may be of 
importance. If there is evidence of myocardial ischemia, Ca2+ 
administration may be deleterious because it may exacerbate 
both coronary spasm and the pathways, leading to cellular 
injury.72,73

Digoxin, although not effective as acute therapy for low-
cardiac-output syndrome in the perioperative period, never-
theless well illustrates the role of intracellular Ca2+. Digoxin 
functions by inhibiting Na+, K+-ATPase, which is responsible 
for the exchange of intracellular Na+ with extracellular K+.3,4 
It is thus responsible for maintaining the intracellular/extra-
cellular K+ and Na+ gradients. When it is inhibited, intra-
cellular Na+ levels increase. The increased intracellular Na+ 
is an increased chemical potential for driving the Ca2+/Na+ 
exchanger, an ion exchange mechanism in which intracellular 
Na+ is removed from the cell in exchange for Ca2+. The net 
effect is an increase in intracellular Ca2+ with an enhancement 
of the inotropic state.

The most commonly used positive inotropic agents are the 
beta-adrenergic agonists. The beta1 receptor is part of a com-
plex consisting of the receptor on the outer surface of the cell 
membrane and membrane-spanning G proteins (so named 
because they bind GTP), which in turn stimulate adenylate 
cyclase on the inner surface of the membrane, catalyzing the 
formation cyclic adenosine monophosphate (cyclic AMP). 
The inotropic state is modulated by cyclic AMP via its cataly-
sis of phosphorylation reactions by protein kinase A. These 
phosphorylation reactions “open” Ca2+ channels on the cell 
membrane and lead to greater release and uptake of Ca2+ from 
the sarcoplasmic reticulum.3,4

There are many drugs that stimulate beta1 receptors and 
have a positive inotropic effect, including epinephrine, nor-
epinephrine, dopamine, isoproterenol, and dobutamine, the 
most commonly used catecholamines in the perioperative 

period. Although there are differences in their binding at the 
beta1 receptor, the most important differences between the 
various catecholamines are their relative effects on alpha- and 
beta2 adrenergic receptors. In general, alpha receptor stimu-
lation on the peripheral vasculature causes vasoconstriction, 
whereas beta2 receptor stimulation leads to vasodilation (see 
the discussion elsewhere in this chapter). For some time it was 
believed that beta2 and alpha receptors were found only in the 
peripheral vasculature, as well as in a few other organs, but not 
in the myocardium. However, alpha receptors are also found 
in the myocardium and mediate a positive inotropic effect.5,6 
The mechanism for this positive inotropic effect is probably 
the stimulation of phospholipase C, leading to hydrolysis of 
phosphatidyl inositol to diacylglycerol and inositol triphos-
phate, compounds that increase Ca2+ release from the sarco-
plasmic reticulum and increase myofilament sensitivity to 
Ca2+. It is also possible that alpha-adrenergic agents increase 
intracellular Ca2+ by prolonging action potential duration by 
inhibition of outward K+ currents during repolarization or by 
activating the Na+/H+ exchange mechanism, increasing intra-
cellular pH and increasing myofilament sensitivity to Ca2+. 
Just as the exact mechanism is uncertain, the exact role of 
alpha-adrenergic stimulation in control of the inotropic state 
is unclear, although it is apparent that onset of the effect is 
slower than that of beta1 stimulation.

Besides the discovery of alpha receptors in the myocar-
dium, beta2 receptors are present in the myocardium.74 The 
fraction of beta2 receptors (compared with beta1 receptors) is 
increased in chronic HF, possibly explaining the efficacy of 
drugs with beta2 activity in this setting. This phenomenon 
is part of the general observation of beta1 receptor down-
regulation (decrease in receptor density) and desensitization 
(uncoupling of effect from receptor binding) that is observed 
in chronic HF.75 Interestingly, it has been demonstrated in a 
dog model that this same phenomenon occurs with cardio-
pulmonary bypass (CPB).76 In this situation, a newer class of 
drugs, the phosphodiesterase inhibitors, may be of benefit. 
These drugs, typified by the agents available in the United 
States, amrinone and milrinone, increase cyclic AMP levels 
independently of the beta receptor by selectively inhibiting 
the myocardial enzyme responsible for the breakdown of 
cyclic AMP.3,4

In clinical use, selection of a particular inotropic agent 
usually is based more on its side effects than its direct ino-
tropic properties. Of the commonly used catecholamines, 
norepinephrine has alpha and beta1 but little beta2 activity 
and is both an inotrope and a vasopressor. Epinephrine and 
dopamine are mixed agonists with alpha, beta1, and beta2 
activities. At lower doses, they are primarily inotropes and 
not vasopressors, although vasopressor effects become more 
pronounced at higher doses. This is especially true for dopa-
mine, which achieves effects at higher doses by stimulat-
ing the release of norepinephrine.77 Dobutamine is a more 
selective beta1 agonist, in contrast to isoproterenol, which 
is a mixed beta agonist. Selection of a drug depends on the 
particular hemodynamic problem at hand. For example, a 
patient with depressed myocardial function in the presence of 
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profound vasodilation may require a drug with both positive 
inotropic and vasopressor effects, whereas a patient who is 
vasoconstricted may benefit from some other choice. Recent 
studies report that in patients with myocardial infarction 
(MI) who develop cardiogenic shock, dopamine increases 
mortality compared to norepinephrine.78,79 On the basis of 
multiple considerations, we recommend an empiric approach 
to selecting inotropic agents with careful monitoring of the 
response to the drug and selection of the agent that achieves 
the desired effect.

Clinical experience suggests that phosphodiesterase 
inhibitors are effective when catecholamines do not produce 
an acceptable cardiac output. Milrinone is the phosphodi-
esterease most used, and amrinone is no longer available. 
Enoximone, a similar agent with different pharmacokinetic 
properties, was used in Europe but not available in the United 
States. All agents increase contractility with minimal effect 
on heart rate, and both are vasodilators. There is significant 
venodilation, as well as pulmonary and systemic vasodilation, 
and maintaining adequate preload is important in avoiding 
hypotension.80-82 Administering the loading dose over 15 to 
30 minutes may also attenuate possible hypotension, or alter-
nately starting an infusion alone without loading is an alter-
native method. Plasma levels drop rapidly after a loading dose 
because of redistribution, and the loading dose should be 
followed immediately by a continuous infusion.82-84 Because 
of their longer half-lives, it is rather more difficult to readily 
titrate plasma levels than with catecholamines (which have 
plasma half-lives of a few minutes).

Phosphodiesterase inhibitors, specifically milrinone, 
facilitate separation from CPB with biventricular dysfunc-
tion and are used for treating low-cardiac-output syndrome 
after cardiac surgery.82-86 Doolan and colleagues also demon-
strated that milrinone, in comparison with placebo, signifi-
cantly facilitated separation of high-risk patients from CPB.87 
Despite the extensive use of pharmacologic therapy, there are 
no convincing data to support a distinct inotropic or vasodi-
lator drug-based therapy as a superior solution to treat biven-
tricular dysfunction and/or potentially reduce mortality in 
hemodynamically unstable patients with cardiogenic shock 
or low cardiac output, especially complicating an acute MI.88

Levosimendan
Levosimendan is a class of drugs known as calcium sensitiz-
ers. The molecule is a pyridazinone-dinitrile derivative with 
additional action on ATP-sensitive potassium channels.67,89,90 
Levosimendan is used intravenously for treating decompen-
sated HF because it increases contractility and produces anti-
stunning effects without increasing myocardial intracellular 
calcium concentrations or prolonging myocardial relaxation. 
Levosimendan also causes coronary and systemic vasodila-
tion. In patients with HF, IV levosimendan reduced worsen-
ing HF or death significantly. IV levosimendan significantly 
also increased cardiac output and decreased filling pressure in 
decompensated HF in large, double-blind, randomized tri-
als and after cardiac surgery in smaller trials. Levosimendan 

is well tolerated without arrhythmogenicity. In addition to 
sensitizing troponin to intracellular calcium, levosimen-
dan inhibits phosphodiesterase III and open ATP-sensitive 
potassium channels (KATP), which may produce vasodilation. 
Unlike currently available intravenous inotropes, levosimen-
dan does not increase myocardial oxygen use and has been 
used effectively in beta-blocked patients. Levosimendan does 
not impair ventricular relaxation. Clinical studies have dem-
onstrated short-term hemodynamic benefits of levosimendan 
over both placebo and dobutamine. Although large-scale, 
long-term morbidity and mortality data are scarce, the Levo-
simendan Infusion versus Dobutamine in Severe Low-Out-
put Heart Failure (LIDO) study suggested a mortality benefit 
of levosimendan over dobutamine. Clinical studies compar-
ing levosimendan with other positive inotropes, namely, mil-
rinone, are lacking. Currently, this agent is being evaluated in 
a clinical trial in North America for patients with left ventric-
ular dysfunction undergoing CPB (https://clinicaltrials.gov/
ct2/show/NCT02025621?term=levosimendan&rank=14).

Clinical Trials
Despite their common use after cardiac surgery, there have 
been relatively few comparative studies of inotropic agents in 
the perioperative period. In 1978, Steen reported the hemo-
dynamic effects of epinephrine, dobutamine, and epineph-
rine immediately after separation from CPB.91 The largest 
mean increase in cardiac index was achieved with dopamine at 
15 mcg/kg per minute. However, it should be noted that the 
only epinephrine dose studied was 0.04 mcg/kg per minute. In 
a later comparison of dopamine and dobutamine, Salomon con-
cluded that dobutamine produced more consistent increases 
in cardiac index, although the hemodynamic differences were 
small, and all patients had good cardiac indices at the onset 
of the study.92 Fowler also found insignificant differences 
in the hemodynamic effects of dobutamine and dopamine, 
although they reported that coronary flow increased more in 
proportion to myocardial oxygen consumption with dobuta-
mine.93 Although neither of these groups reported significant 
increases in heart rate for either dopamine or dobutamine, 
clinical experience has been otherwise. This is supported by 
a study by Sethna, who found that the increase in cardiac 
index with dobutamine occurs simply because of increased 
heart rate, although they found that myocardial oxygen was 
maintained.94 Butterworth subsequently demonstrated that 
the older and much cheaper agent, epinephrine, effectively 
increased stroke volume without as great an increase in heart 
rate as dobutamine.95 More recently, Feneck compared dobuta-
mine and milrinone and found them to be equally effective in 
treating low-cardiac-output syndrome after cardiac surgery.96 
This study was a comparison of two drugs, and the investiga-
tors emphasized that the most efficacious therapy is probably a 
combination of drugs. In particular, phosphodiesterase inhibi-
tors require the synthesis of cyclic AMP to be effective, and 
thus use of a combination of a beta1-adrenergic agonist and 
a phosphodiesterase inhibitor would be predicted to be more 
effective than either agent alone.
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Finally, while global hemodynamic goals (ie, heart rate, 
blood pressure, filling pressures, and cardiac output) may 
be achieved with inotropic agents, this does not guarantee 
adequate regional perfusion, in particular renal and mesen-
teric perfusion. So far there have been few investigations of 
regional perfusion after cardiac surgery. There has been more 
interest in regional (especially mesenteric) perfusion in the 
critical care medicine literature, and some of the studies 
may be relevant to postoperative care of the cardiac surgi-
cal patient. Two studies have indicated that epinephrine may 
impair splanchnic perfusion, especially in comparison with 
combining norepinephrine and dobutamine.97,98 Norepi-
nephrine alone has variable effects on splanchnic blood flow 
in septic shock,99 although adding dobutamine can improve 
splanchnic perfusion significantly when blood pressure is sup-
ported with norepinephrine.98 Low-dose dopamine improves 
splanchnic blood flow,100 but there is evidence that dopamine 
in higher doses impairs gastric perfusion.101 The relevance of 
these studies of septic patients for the cardiac surgical patient 
is unclear, although there are similarities between the inflam-
matory responses to CPB and to sepsis.

VASOPRESSORS
CPB often is characterized by derangements of vascular tone. 
Sometimes CPB induces elevations in endogenous catechol-
amines, as well as other mediators, such as serotonin and argi-
nine vasopressin (AVP), leading to vasoconstriction. However, 
more often CPB is characterized by a systemic inflammatory 
response, with a cascade of cytokine and inflammatory medi-
ator release and profound vasodilation. The pathophysiology 
has a striking resemblance to that of sepsis or an anaphylactic 
reaction. Further, vasodilation after cardiac surgery may be 
exacerbated by the preoperative use of angiotensin-convert-
ing enzyme (ACE) inhibitors and post-CPB use of milrinone.

The mechanisms of vasodilatory shock have been reviewed 
previously.102 Vascular tone is modulated by intracellular 
Ca2+, which binds calmodulin. The Ca2+-calmodulin com-
plex activates myosin light-chain kinase, which catalyzes the 
phosphorylation of myosin to facilitate the interaction with 
actin. Conversely, intracellular cyclic GMP activates myosin 
phosphatase (also via a kinase-mediated phosphorylation 
of myosin phosphatase), which dephosphorylates myosin 
and inhibits the interaction of actin and myosin. A primary 
mediator of vasodilatory shock is nitric oxide (NO), which 
is induced by cytokine cascades. NO activates guanylate 
cyclase, with resulting loss of vascular tone. Another mecha-
nism of vasodilation that may be particularly relevant to pro-
longed CPB is activation of ATP-sensitive potassium (KATP) 
channels. These channels are activated by decreases in cellular 
ATP or increases in hydrogen ion or lactate. All these could 
result from the abnormal perfusion associated with CPB and/
or hypothermia. Increases in potassium channel conductance 
result in hyperpolarization of the vascular smooth muscle 
membrane, which decreases Ca2+ flux into the cell, leading to 
decreased vascular tone. A third mechanism of vasodilatory 
shock that also may be particularly relevant to cardiac surgery 

is deficiency of vasopressin. As noted earlier, CPB often 
induces the release of vasopressin, and this may contribute 
to the excessive vasoconstriction sometimes seen after CPB. 
However, it has been observed in several experimental models 
of shock that the initially high levels of vasopressin decrease 
as shock persists, leading some investigators to suggest that 
vasopressin stores are limited and are depleted by the initial 
response to hypotension.

Excessive vasodilation during shock usually is treated with 
catecholamines, most typically phenylephrine, dopamine, 
epinephrine, or norepinephrine.103 Although catecholamines 
produce both alpha- and beta-adrenergic effects, alpha1-
adrenergic receptor stimulation produces vasoconstriction. 
As noted, stimulation of these receptors activates membrane 
phospholipase C, which in turn hydrolyzes phosphatidylino-
sitol 4,5-diphosphate.7 This leads to the subsequent genera-
tion of two second messengers, including diacyl glycerol and 
inositol triphosphate. Both these second messengers increase 
cytosolic Ca2+ by different mechanisms, which include facili-
tating release of calcium from the sarcoplasmic reticulum and 
potentially increasing the calcium sensitivity of the contrac-
tile proteins in vascular smooth muscle.

Mediator-induced vasodilation often is poorly responsive 
to catecholamines,103 and the most potent pressor among cat-
echolamines, norepinephrine, is required frequently. Some 
clinicians are concerned about renal, hepatic, and mesenteric 
function during norepinephrine administration. However, 
in septic patients, norepinephrine can improve renal func-
tion,102-107 and there is evidence that it may improve mesen-
teric perfusion as well.108 Given the hemodynamic similarities 
between septic patients and some patients at the end of CPB, 
these results often are extrapolated to the cardiac surgical 
patient but have not been confirmed by a systematic study. 
In some cases of profound vasodilatory shock, even norepi-
nephrine is inadequate to restore systemic blood pressure. 
In this situation, low doses of vasopressin may be useful. 
Argenziano109 studied 40 patients with vasodilatory shock 
(defined as a mean arterial blood pressure of less than 70 mm 
Hg with a cardiac index greater than 2.5 L/m2 per minute) 
after cardiac surgery. AVP levels were inappropriately low 
in this group of patients, and low-dose vasopressin infusion 
(≤0.1 U/min) effectively restored blood pressure and reduced 
norepinephrine requirements without significantly changing 
cardiac index. These observations were similar to an earlier 
report of the use of vasopressin in vasodilatory septic shock.110 
Vasopressin also has been reported to be useful in treating 
milrinone-induced hypotension.111 In this latter report, vaso-
pressin was reported to increase urine output, presumably via 
glomerular efferent arteriole constriction. However, the over-
all effects on renal function are unclear. In addition, there 
are still important unanswered questions about vasopressin 
and mesenteric perfusion. Although vasopressin effectively 
may restore blood pressure in vasodilatory shock, it must be 
remembered that in physiologic concentrations it is a mes-
enteric vasoconstrictor, and mesenteric hypoperfusion may 
be a factor in developing sepsis and multiorgan dysfunction 
syndrome.
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82 Part I Fundamentals

VASODILATORS
Different pharmacologic approaches are available to produce 
vasodilation (Table 4-1). Potential therapeutic approaches 
include (1) blockade of alpha1-adrenergic receptors, ganglionic 
transmission, and calcium channel receptors; (2) stimulation 
of central alpha2-adrenergic receptors or vascular guanylate 
cyclase and adenylate cyclase; and (3) inhibition of phospho-
diesterase enzymes and ACEs.112 Adenosine in low concentra-
tions is also a potent vasodilator with a short half-life, but it is 
used, as noted earlier, for its ability to inhibit AV conduction. 
Losartan, a novel angiotensin II (AII) antagonist, has just been 
released for treating hypertension but is not available for intra-
venous use.

Stimulation of Adenylate Cyclase 
(Cyclic AMP)
Prostacyclin, prostaglandin E1, and isoproterenol increase cyclic 
nucleotide formation (eg, adenosine-3′,5′-monophosphate 
and cyclic AMP) in vascular smooth muscle to produce cal-
cium mobilization out of vascular smooth muscle. Inhibit-
ing the breakdown of cyclic AMP by phosphodiesterase also 
will increase cyclic AMP.112 Increasing cyclic AMP in vascular 
smooth muscle facilitates calcium uptake by intracellular 
storage sites, thus decreasing calcium available for contrac-
tion. The net effect of increasing calcium uptake is to produce 
vascular smooth muscle relaxation and hence vasodilation. 
However, most catecholamines with beta2-adrenergic activity 
(eg, isoproterenol) and phosphodiesterase inhibitors have posi-
tive inotropic and other side effects that include tachycardia, 
glycogenolysis, and kaluresis.113 Prostaglandins (ie, prostacyclin 
and prostaglandin E1) are potent inhibitors of platelet aggre-
gation and activation. Catecholamines with beta2-adrenergic 
activity, phosphodiesterase inhibitors, and prostaglandin E1 
and prostacyclin have been used to vasodilate the pulmonary 
circulation in patients with pulmonary hypertension and right 
ventricular failure (see Table 4-1).113

TABLE 4-1: Vasodilators Used in the 
Treatment of Hypertension, Pulmonary 
Hypertension, and Heart Failure

Angiotensin-converting enzyme inhibitors
Angiotensin II antagonists
Alpha1-adrenergic antagonists (prazosin)
Alpha2-adrenergic agonists (clonidine)
Endothelin antagonists
Nitrates
Nitric oxide
Hydralazine
Phosphodiesterase inhibitors (milrinone, sildenafil)
Prostacyclin, PGE1

Calcium channel blockers
Dihydropyridine agents (clevidipine, nicardipine, amlodipine)

Nitrates, Nitrovasodilators, and 
Stimulation of Guanylyl Cyclase 
(Cyclic GMP)
The vascular endothelium modulates vascular relaxation by 
releasing both nitric oxide and prostacyclin.114-116 Inflamma-
tory mediators also can stimulate the vascular endothelium 
to release excessive amounts of endothelium-derived relax-
ing factor (EDRF, or nitric oxide), which activates guany-
lyl cyclase to generate cyclic GMP.89,90 Nitrates and sodium 
nitroprusside, however, generate nitric oxide directly, inde-
pendent of vascular endothelium.115,116 The active form of any 
nitrovasodilator is nitric oxide (NO), in which the nitrogen is 
in a +2 oxidation state. For any nitrovasodilator to be active, 
it first must be converted to NO. For nitroprusside, this is 
easily accomplished because nitrogen is in a +3 oxidation 
state, with the nitric oxide molecule bound to the charged 
iron molecule in an unstable manner, allowing nitroprusside 
to readily donate its nitric oxide moiety. For nitroglycerin, 
nitrogen molecules exist in a +5 oxidation state, and thus they 
must undergo significant metabolic transformations before 
they are converted to an active molecule. Nitroglycerin is a 
selective coronary vasodilator and does not produce coronary 
steal compared with nitroprusside because the small intra-
coronary resistance vessels, those less than 100 μm thick, lack 
whatever metabolic transformation pathway is required to 
convert nitroglycerin into its active form of nitric oxide.115,116 
Chronic nitrate therapy can produce tolerance through dif-
ferent mechanisms.114-118 Sodium nitroprusside and nitroglyc-
erin are effective vasodilators that produce venodilation that 
contributes significantly to the labile hemodynamic state.114 
Intravenous volume administration often is required with 
nitroprusside owing to the relative intravascular hypovolemia.

Dihydropyridine Calcium Channel 
Blockers
Dihydropyridine calcium channel blockers are direct arterial 
vasodilators.119 Nifedipine was the first dihydropyridine cal-
cium channel blocker, and intravenous forms studied in cardiac 
surgery include clevidipine, isradipine, and nicardipine. These 
agents are selective arterial vasodilators that have no effects on 
the vascular capacitance bed, AV nodal conduction, or negative 
inotropic effects.120-125 Clevidipine and nicardipine are available 
in the United States and offer novel and important therapeutic 
options to treat perioperative hypertension following cardiac 
surgery. Also, intravenous dihydropyridines can be used to 
treat acute hypertension that occurs during the perioperative 
period (ie, intubation, extubation, CPB-induced hypertension, 
and aortic cross-clamping) and postoperative hypertension.

Phosphodiesterase Inhibitors
Two major classes of phosphodiesterase inhibitors are currently 
available for use. Milrinone is a prototypic type III inhibi-
tor that is cyclic AMP specific, as previously described, and 
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 Chapter 4 Cardiac Surgical Pharmacology 83

produces both positive inotropic effects and vasodilation.126 
When administered to patients with ventricular dysfunction, 
milrinone increases cardiac output, venodilates, vasodilates, 
and is a pulmonary vasodilator. Sildenafil is a type V-specific 
inhibitor that is cyclic GMP specific and is a pulmonary and 
systemic vasodilator without a primary inotropic response, 
although isotypes for phosphodiesterases exist. Because of their 
unique mechanisms of vasodilation, these agents are especially 
useful for patients with acute pulmonary vasoconstriction 
and right ventricular dysfunction. Multiple forms of the drug 
are available including bipyridines (eg, amrinone and milri-
none), imidazolones (eg, enoximone), and methylxanthines 
(eg, aminophylline), and sildenafil. Papaverine, a benzyl iso-
quinolinium derivative isolated from opium, is a nonspecific 
phosphodiesterase inhibitor and vasodilator used by cardiac 
surgeons for its ability to dilate the internal mammary artery.126

Angiotensin-Converting Enzyme 
Inhibitors
ACE inhibitors have growing use in managing HF, and more 
patients are receiving these drugs. The ACE inhibitors prevent 
the conversion of angiotensin I to angiotensin II by inhibit-
ing an enzyme called kininase in the pulmonary and systemic 
vascular endothelium. This enzyme is also important for the 
metabolism of bradykinin, a potent endogenous vasodilator, 
and for release of EDRF. Although there are little data in the 
literature regarding the preoperative management of patients 
receiving these drugs, withholding them on the day of sur-
gery has been our clinical practice based on their potential to 
produce excessive vasodilation during CPB. Although Tuman 
was unable to find any difference in blood pressure during 
CPB in patients receiving ACE inhibitors, contact activation 
during CPB has the ability to generate bradykinin and thus 
amplify the potential for vasodilation. The vasoconstrictor 
requirements were increased after bypass in his study.

Angiotensin II-Receptor Blockers
ACE inhibitors may not be tolerated in some patients owing 
to cough (common) and angioedema (rare). Inhibition of 
kininase II by ACE inhibitors leads to bradykinin accumula-
tion in the lungs and vasculature, causing cough and vaso-
dilation. Alternative treatment with angiotensin II-receptor 
blockers (ARBs) may be associated less frequently with these 
side effects because ARBs do not affect kinin metabolism. Six 
ARBs are currently available for antihypertensive therapy in 
the United States: losartan (Cozaar), valsartan (Diovan), irbe-
sartan (Avapro), candesartan (Atacand), eprosartan (Teveten), 
and telmisartan (Micardis). Mortality in chronic HF is related 
to activation of the autonomic nervous and renin-angiotensin 
systems, and ACE inhibitor therapy seems to attenuate pro-
gression of myocardial dysfunction and remodeling. ACE 
inhibitors do not completely block angiotensin II (A-II) 
production,127 and may even increase circulating A-II levels 
in patients with HF. It was thought initially that ARBs might 

offer advantages over ACE inhibitors for heart failure therapy 
in terms of tolerability and more complete A-II blockade. 
Although ARBs were better tolerated, all-cause mortality 
and the number of sudden deaths or resuscitated cardiac 
arrests were not different when losartan (Cozaar) and capto-
pril (Capoten) were compared in patients (>60 years of age, 
New York Heart Association (NYHA) classes II to IV, left-
ventricular ejection fraction (LVEF) <40%).128 Perioperative 
hypotension may be encountered in ARB-treated patients as 
well as ACE inhibitor-treated patients, and increased inotro-
pic support may be required.

BETA-ADRENERGIC RECEPTOR 
BLOCKERS
Not surprisingly, most of the effects observed after administra-
tion of a beta-adrenergic receptor blocker reflect the reduced 
responsiveness of tissues containing beta-adrenergic receptors 
to catecholamines present in the vicinity of those receptors. 
Hence the intensity of the effects of beta-blockers depends on 
both the dose of the blocker and the receptor concentrations 
of catecholamines, primarily epinephrine and norepineph-
rine. In fact, a purely competitive interaction of beta-blockers 
and catecholamines can be demonstrated in normal human 
volunteers as well as in isolated tissues studied in the labora-
tory. The presence of disease and other types of drugs modi-
fies the responses to beta-blockers observed in patients, but the 
underlying competitive interaction is still operative. The key to 
successful use of beta-adrenergic receptor blockers is to titrate 
the dose to the desired degree of effect and to remember that 
excessive effects from larger than necessary doses of beta-adren-
ergic receptor blockers can be overcome by (1) administering 
a catecholamine to compete at the blocked receptors; and/or 
(2) administering other types of drugs to reduce the activity 
of counterbalancing autonomic mechanisms that are unop-
posed in the presence of beta-receptor blockade. An example 
of the latter is propranolol-induced bradycardia, which reflects 
the increased dominance of the vagal cholinergic mechanism 
on cardiac nodal tissue. Excessive bradycardia may be relieved 
by administering atropine to block the cholinergic receptors, 
which are also located in the SA and AV nodes (see Table 4-2).

Knowledge of the type, location, and action of beta recep-
tor is fundamental to understanding and predicting effects 
of beta-adrenergic receptor-blocking drugs129 (see Table 4-2). 
Beta-adrenergic receptor blockers are competitive inhibitors; 
hence, the intensity of blockade depends on both the dose of 
the drug and the receptor concentrations of catecholamines, 
primarily epinephrine and norepinephrine.

Beta-adrenergic receptor antagonists (blockers) include 
many drugs (Table 4-3) that typically are classified by their 
relative selectivity for beta1 and beta2 receptors (ie, cardioselec-
tive or nonselective), the presence or absence of agonistic activ-
ity, membrane-stabilizing properties, alpha-receptor-blocking 
efficacy, and various pharmacokinetic features (eg, lipid solu-
bility, oral bioavailability, and elimination half-time).129 The 
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84 Part I Fundamentals

practitioner must realize that the selectivity of individual drugs 
for beta1 and beta2 receptors is relative, not absolute. For exam-
ple, the risk of inducing bronchospasm with a beta1-adrenergic 
(cardioselective) blocker (eg, esmolol or metoprolol) may be 
relatively less than that with a nonselective blockers (eg, pro-
pranolol); however, the risk is still present.

Acute Myocardial Infarction
Earlier clinical trials of intravenous beta-adrenergic blockers 
in the early phases of acute myocardial infarction suggest they 
decrease mortality. Following myocardial infarction, chronic 
oral beta-blocking agents reduce the incidence of recurrent 
myocardial infarction (see Table 4-3).130

Supraventricular Tachycardias and 
Ventricular Dysrhythmias
Beta-adrenergic blocking agents are Vaughan Williams class II 
antidysrhythmics that primarily block cardiac responses to 
catecholamines. Metoprolol and esmolol are used commonly 
for this indication. Beta-blocking agents decrease spontane-
ous depolarization in the SA and AV nodes, decrease auto-
maticity in Purkinje fibers, increase AV nodal refractoriness, 
increase threshold for fibrillation (but not for depolarization), 
and decrease ventricular slow responses that depend on cat-
echolamines. Amiodarone, a class III agent, also exerts non-
competitive alpha- and beta-adrenergic blockade, which may 
contribute its antidysrhythmic and antihypertensive actions. 
Sotalol is another class III antidysrhythmic with nonselective 

TABLE 4-2: Location and Actions of Beta-Adrenergic Receptors

Tissue Receptor Action Opposing Actions

Heart      
Sinus and AV nodes 1 ↑ Automaticity Cholinergic receptors
Conduction pathways 1 ↑ Conduction velocity Cholinergic receptors
    ↑ Automaticity Cholinergic receptors
Myofibrils 1 ↑ Contractility —
    ↑ Automaticity —
Vascular smooth muscle (arterial, venous) 2 Vasodilation Alpha-adrenergic receptors
Bronchial smooth muscle 2 Bronchodilation Cholinergic receptors
Kidneys 1 ↑ Renin release (juxtaglomerular cells) Alpha1-adrenergic receptors
Liver 2 ↑ Glucose metabolism Alpha1-adrenergic receptors
    ↑ Lipolysis  
Fat/adipose tissue 3 ↑ Lipolysis —
Skeletal muscle 2 ↑ Potassium uptake glycogenolysis —
Eye, ciliary muscle 2 Relaxation Cholinergic receptors
GI tract 2 ↑ Motility Cholinergic receptors
Gallbladder 2 Relaxation Cholinergic receptors
Urinary bladder detrussor muscle 2 Relaxation Cholinergic receptors
Uterus 2 Relaxation Oxytocin
Platelets 2 ↓ Aggregation Alpha2-adrenergic receptors 

(aggregation)

TABLE 4-3: Beta-Adrenergic Receptors 
Blockers

Generic 
Name

Trade  
Name

Dosage 
Forms

Beta1-
Selective

Acebutolol Sectral PO Yes
Atenolol Tenormin IV, PO Yes
Betaxolol Kerlone PO Yes
Bisoprolol Zebeta PO Yes
Esmolol Brevibloc IV Yes
Metoprolol Lopressor, 

Toprol-XL
IV, PO Yes

Carvedilol* Coreg PO No
Carteolol Cartrol PO No
Labetalol* Normodyne, 

Trandate
IV, PO No

Nadolol Corgard PO No
Penbutolol Levatol PO No
Pindolol Visken PO No
Propranolol Inderal IV, PO No
Sotalol Betapace PO No
Timolol Blocadren PO No

*Alpha1: beta-adrenergic blocking ratio; carvedilol 1:10, labetalol 1:3 (oral)/1:7 (IV).

beta-blocking action. Beta-adrenergic blocking agents also 
decrease intramyocardial conduction in ischemic tissue and 
reduce the risks of dysrhythmias to the extent that they 
decrease myocardial ischemia.
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 Chapter 4 Cardiac Surgical Pharmacology 85

Hypertension
Hypertension, if not treated, is a major risk factor for myo-
cardial infarction, stroke, renal failure and death, and patients 
often present for cardiac surgery with poorly controlled blood 
pressure (BP) management. The recently published recom-
mendations of Eighth Joint National Committee (JNC 8) 
provide an evidence-based approach to recommend treat-
ment thresholds, goals and specific therapy for management 
of hypertension, and have been liberalized since the last 
report.131 They recommend treating patients aged >60 years 
with <150/90 mm Hg whereas younger patients 30 to 
59 years to a diastolic goal of <90 mm Hg, and in younger 
patients a BP of <140/90 mm Hg, whether or not they have 
diabetes or chronic kidney disease (CKD). They suggest ini-
tiating therapy with an ACE inhibitor, angiotensin receptor 
blocker, calcium channel blocker, or thiazide-type diuretic in 
the nonblack hypertensive population, including those with 
diabetes. In the black hypertensive population, a calcium 
channel blocker or thiazide-type diuretic is recommended as 
initial therapy. There is moderate evidence to support initial 
or add-on antihypertensive therapy with an ACE inhibitor or 
angiotensin receptor blocker in persons with CKD to improve 
kidney outcomes. Of note, they emphasize the importance of 
clinical judgment as a critical component.131,132

Hypertenisve Emergencies and 
Urgencies
Hypertensive emergencies/crises include multiple clinical pre-
sentations where uncontrolled hypertension leads to progres-
sive or impending end-organ dysfunction requiring BP to be 
lowered aggressively over minutes to hours. Neurologic end-
organ dysfunction due to uncontrolled hypertension includes 
encephalopathy, cerebral vascular infarction, subarachnoid 
hemorrhage, and/or intracranial hemorrhage. Cardiovascular 
end-organ injury includes myocardial ischemia and/or infarc-
tion, acute HF, pulmonary edema, and/or aortic dissection. 
Other organ systems may also be affected by uncontrolled 
hypertension, which may lead to acute renal failure/insuf-
ficiency, eclampsia, or coagulopathy. In hypertensive emer-
gencies, intravenous therapy with specific BP titration is the 
cornerstone of therapy.

Hypertensive urgencies are seen in a clinical setting where 
patients present asymptomatically with high blood pressures 
that should be treated but with oral therapies, restarting on 
their medications or therapy initiated with care to avoid over-
shoot and hypotenstion. Hypertensive urgencies are common 
in cardiac surgery where BP is maintained at specific arbitrary 
levels based on concerns about bleeding and/or suture line 
disruption.

Acute Dissecting Aortic Aneurysm
The primary goal in managing dissecting aneurysms is to 
reduce stress on the dissected aortic wall by reducing the sys-
tolic acceleration of blood flow. Beta-blockers reduce cardiac 

inotropy and ventricular ejection fraction. They also may 
limit reflex sympathetic responses to vasodilators used to con-
trol systemic arterial pressure.

Pheochromocytoma
The presence of catecholamine-secreting tissue is tantamount 
to the continuous or intermittent infusion of a varying mixture 
of norepinephrine and epinephrine. It is absolutely essential 
that virtually complete alpha-adrenergic receptor blockade be 
established prior to administering the beta-blocker to prevent 
exacerbation of hypertensive episodes by unopposed alpha-
adrenergic receptor activity in vascular smooth muscle.

Chronic Heart Failure
It is now understood that activation of the autonomic nervous 
system (ANS) and renin-angiotensin system (RAS) as compen-
satory mechanisms for the failing heart actually may contribute 
to deterioration of myocardial function. Mortality in chronic 
HF seems related to activation of ANS and RAS. Progression of 
myocardial dysfunction and remodeling may be attenuated by 
the use of beta-blocking agents and ACE inhibitors. Carvedilol 
(Coreg) is a beta-blocker approved by the FDA to treat patients 
with HF. It has an alpha1- and nonselective beta-blocking activ-
ity (alpha:beta = 1:10). It is contraindicated in severe decom-
pensated HF and asthma. In patients with AF and left-sided 
HF treated with carvedilol, improved ejection fraction, and a 
trend toward a decreased incidence of death and chronic HF 
hospitalization were observed in a retrospective analysis of a US 
carvedilol study. There are several ongoing clinical trials with 
carvedilol, metoprolol (Toprol), and bisoprolol (Zebeta). The 
results of these studies may provide answers as to which beta-
blocking agent would be most successful in the treatment of 
specific patient populations.

Other Indications
The other clinical applications of beta-adrenergic receptor 
blockers listed in Table 4-4 are based on largely symptomatic 
treatment or empirical trials of beta-adrenergic antagonists.

Side Effects and Toxicity
The most obvious and immediate signs of a toxic overdose of 
a beta-adrenergic receptor blocker are hypotension, bradycar-
dia, congestive HF, decreased AV conduction, and a widened 
QRS complex on the electrocardiogram. Treatment is aimed 
at blocking the cholinergic receptor responses to vagal nerve 
activity (eg, atropine) and administering a sympathomimetic 
to compete with the beta-blockers at adrenergic receptors. In 
patients with asthma and chronic obstructive pulmonary dis-
ease (COPD), beta-blockers may cause bronchospasm. Beta-
blockers may increase levels of plasma triglycerides and reduce 
levels of high-density lipoprotein (HDL) cholesterol. Rarely, 
beta-blockers may mask the symptoms of hypoglycemia in 
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86 Part I Fundamentals

diabetic patients. Other side effects include mental depres-
sion, physical fatigue, altered sleep patterns, sexual dysfunc-
tion, and gastrointestinal symptoms, including indigestion, 
constipation, and diarrhea (see Table 4-4).

Drug Interactions
Pharmacokinetic drug interactions include reduced gas-
trointestinal absorption of the beta-blocker (eg, alumi-
num-containing antacids and cholestyramine), increased 
biotransformation of the beta-blocker (eg, phenytoin, phe-
nobarbital, rifampin, and smoking), and increased bioavail-
ability owing to decreased biotransformation (eg, cimetidine 
and hydralazine). Pharmacodynamic interactions include an 
additive effect with calcium channel blockers to decrease con-
duction in the heart and a reduced antihypertensive effect of 
beta-blockers when administered with some of the nonsteroi-
dal anti-inflammatory drugs (NSAIDs).

DIURETICS
Diuretics are drugs that act directly on the kidneys to increase 
urine volume and produce a net loss of solute (principally 
sodium and other electrolytes) and water. Diuretics and beta-
blockers are initial drugs of choice for uncomplicated hyper-
tension in patients younger than 65 years.132 The currently 
available diuretic drugs have a number of other uses in medi-
cine (eg, glaucoma and increased intracranial pressure). The 
principal indications for the use of diuretics by intravenous 
administration in the perioperative period are to: (1) increase 
urine flow in oliguria; (2) reduce intravascular volume in 
patients at risk for acute HF from excessive fluid administra-
tion or acute HF; and (3) mobilize edema.

Renal function depends on adequate renal perfusion 
to maintain the integrity of renal cells and provide the 

TABLE 4-4: Clinical Applications of 
Beta-Adrenergic Receptor Blockers

Angina pectoris
Acute myocardial infarction (prophylaxis)
Supraventricular tachycardia
Ventricular dysrhythmias
Hypertension (usually in combination with other drugs)
Pheochromocytoma (after alpha-receptor blockade is established)
Acute dissecting aortic aneurysm
Hyperthyroidism
Hypertrophic obstructive cardiomyopathy (IHSS)
Dilated cardiomyopathy (selected patients)
Migraine prophylaxis
Acute panic attack
Alcohol withdrawal syndrome
Glaucoma (topically)

hydrostatic pressure that produces glomerular filtration. 
There are no drugs that act directly on the renal glomerulus 
to affect glomerular filtration rate (GFR). In the normal adult 
human of average size, GFR averages 125 mL/min and urine 
production approximates 1 mL/min. In other words, 99% of 
the glomerular filtrate is reabsorbed. Diuretics act primarily 
on specific segments of the renal tubule to alter reabsorption 
of electrolytes, principally sodium, and water.

There are two basic mechanisms behind the renal tubu-
lar reabsorption of sodium. First, sodium is extruded from 
the tubular cell into peritubular fluid primarily by active 
transport of the sodium ion, which reflects the action of the 
Na+, K+ ATPase pump, as well as the bicarbonate reabsorp-
tion mechanism (see the following). This extrusion of sodium 
creates an electrochemical gradient that causes diffusion of 
sodium from the tubular lumen into the tubular cell. Second, 
sodium moves from the glomerular filtrate in the tubular fluid 
into the peritubular fluid by several different mechanisms. 
The most important quantitatively is the sodium electro-
chemical gradient created by the active extrusion of sodium 
from the tubular cell into the peritubular fluid. In addition, 
sodium is coupled with organic solutes and phosphate ions, 
exchanged for hydrogen ions diffusing from the tubular cell 
into the tubular lumen, and coupled to the transfer of a chlo-
ride ion or a combination of potassium and two chloride ions 
(Na+-K+-2Cl– cotransport) from the tubular fluid into the 
tubular cell. Diuretics are classified by their principal site of 
action in the nephron and by the primary mechanism of their 
natriuretic effect (Table 4-5).

Osmotic Diuretics
Mannitol is the principal example of this type of diuretic, 
which is used for two primary indications: (1) prophylaxis 
and early treatment of acute renal failure that is characterized 
by a decrease in GFR leading to a decreased urine volume 
and an increase in the concentration of toxic substances in 
the renal tubular fluid; and (2) enhancing the actions of other 
diuretics by retaining water and solutes in the tubular lumen, 
thereby providing the substrate for the action of other types 
of diuretics. Normally, 80% of the glomerular filtrate is reab-
sorbed isosmotically in the proximal tubules. By its osmotic 
effect, mannitol limits the reabsorption of water and dilutes 
the proximal tubular fluid. This reduces the electrochemical 
gradient for sodium and limits its reabsorption so that more is 
delivered to the distal portions of the nephron. Mannitol pro-
duces a prostaglandin-mediated increase in renal blood flow 
that partially washes out the medullary hypertonicity, which 
is essential for the countercurrent mechanism promoting the 
reabsorption of water in the late distal tubules and collecting 
system under the influence of antidiuretic hormone (ADH). 
Mannitol is used often (25 to 50 g) as part of the priming 
solution of CPB for the above-mentioned indications. The 
principal toxicity of mannitol is acute expansion of the extra-
cellular fluid volume leading to HF in the patient with com-
promised cardiac function (see Table 4-5).
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 Chapter 4 Cardiac Surgical Pharmacology 87

High-Ceiling (Loop) Diuretics
Furosemide (Lasix), bumetanide (Bumex), and ethacrynic 
acid (Edecrin) are three chemically dissimilar compounds 
that have the same primary diuretic mechanism of action. 
They act on the tubular epithelial cell in the thick ascend-
ing loop of Henle to inhibit the Na+-K+-2Cl– cotransport 
mechanism. Their peak diuretic effect is far greater than that 
of the other diuretics currently available. Administered intra-
venously, they have a rapid onset and relatively short duration 
of action, the latter reflecting both the pharmacokinetics of 
the drugs and the body’s compensatory mechanisms to the 
consequences of diuresis.

These three diuretics increase renal blood flow without 
increasing GFR and redistribute blood flow from the medulla 
to the cortex and within the renal cortex. These changes in 
renal blood flow are also short-lived, reflecting the reduced 
extracellular fluid volume resulting from diuresis. Minor 
actions, including carbonic anhydrase inhibition by furose-
mide and bumetanide and actions on the proximal tubule 
and on sites distal to the ascending limb, remain controver-
sial. All three of the loop diuretics increase the release of renin 
and prostaglandin, and indomethacin blunts the release as 
well as the augmentation in renal blood flow and natriure-
sis. All three of the loop diuretics produce an acute increase 
in venous capacitance for a brief period of time after the 
first intravenous dose is administered, and this effect is also 
blocked by indomethacin.

Potassium, magnesium, and calcium excretion is increased 
in proportion to the increase in sodium excretion. In addi-
tion, there is augmentation of titratable acid and ammonia 
excretion by the distal tubules leading to metabolic alkalosis, 
which is also produced by contraction of the extracellular vol-
ume. Hyperuricemia can occur but usually is of little physi-
ologic significance. The nephrotoxicity of cephaloridine, and 
possibly other cephalosporins, is increased. A rare but serious 
side effect of the loop diuretics is deafness, which may reflect 
electrolyte changes in the endolymph.

Because of their high degree of efficacy, prompt onset, 
and relatively short duration of action, the high-ceiling or 

loop diuretics are favored for intravenous administration in 
the perioperative period to treat the three principal problems 
cited earlier. Dosage requirements vary considerably among 
patients. Some may only require furosemide 3 to 5 mg (IV) 
to produce a good diuresis. And for some patients, the less 
potent benzothiazides may be sufficient.

Benzothiazides
Hydrochlorothiazide (HCTZ) is the prototype of more than 
a dozen currently available diuretics in this class. Although 
the drugs differ in potency, they all act by the same mecha-
nism of action and have the same maximum efficacy. All are 
actively secreted into the tubular lumen by tubular cells and 
act in the early distal tubules to decrease the electroneutral 
Na+-Cl– cotransport reabsorption of sodium. Their moder-
ate efficacy probably reflects the fact that more than 90% of 
the filtrated sodium is reabsorbed before reaching the distal 
tubules. Their action is enhanced by their combined admin-
istration with an osmotic diuretic such as mannitol. The 
benziothiazides increase urine volume and the excretion of 
sodium, chloride, and potassium. The decreased reabsorption 
of potassium reflects the higher rate of urine flow through the 
distal tubule (diminished reabsorption time).

This class of diuretics produces the least disturbance of 
extracellular fluid composition, reflecting their moderate effi-
cacy as diuretics and perhaps suggesting their usefulness when 
a moderate degree of diuretic effect is indicated. Their prin-
cipal side effects include hyperuricemia, decreased calcium 
excretion, and enhanced magnesium loss. Hyperglycemia can 
occur and reflects multiple variables. With prolonged use and 
development of a contracted extracellular fluid volume, urine 
formation decreases (ie, tolerance develops to their diuretic 
actions). These agents also have a direct action on the renal 
vasculature to decrease GFR.

Carbonic Anhydrase Inhibitors
Acetazolamide (Diamox) is the only diuretic of this class 
available for intravenous administration. Its use is directed 

TABLE 4-5: Classification of Diuretics

Site of Action Mechanism  

Osmotic Proximal convoluted and late proximal for Na+ diffusion 
from tubular fluid into tubular cell

↓ Electrochemical gradient

  Late proximal tubule ↓ Gradient for Cl- (accompanying 
Na+ diffusion)

  Thick ascending loop of Henle ↓ Na+-K+-2Cl- cotransport
Carbonic Proximal convoluted tubule anhydrase inhibitors ↓ Na+-H+ exchange
Thiazides Distal convoluted tubule ↓ Na+-Cl- cotransport
High-ceiling loop diuretics Thick ascending loop of Henle ↓ Na+-K+-2Cl- cotransport
Potassium-sparing diuretics Late distal tubule and collecting duct ↓ Electrogenic Na+ entry into cells (driving 

force for K+ secretion)
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88 Part I Fundamentals

primarily toward alkalinization of urine in the presence of 
metabolic alkalosis, which is a common consequence of pro-
longed diuretic therapy. It acts in the proximal convoluted 
tubule to inhibit carbonic anhydrase in the brush border of 
the tubular epithelium, thereby reducing the destruction of 
bicarbonate ions (ie, conversion to CO2 that diffuses into the 
tubular cell). The carbonic anhydrase enzyme in the cytoplasm 
of the tubular cell is also inhibited, and as a consequence, 
conversion of CO2 to carbonic acid is reduced markedly, as 
is the availability of hydrogen ions for the Na-H exchange 
mechanism. Hence the reabsorption of both sodium and 
bicarbonate in the proximal tubules is diminished. However, 
more than half the bicarbonate is reabsorbed in more distal 
segments of the nephron, thereby limiting the overall efficacy 
of this class of diuretics.

Potassium-Sparing Diuretics
Spironolactone (Aldactone) is a competitive antagonist of 
aldosterone. Spironolactone binds to the cytoplasmic aldoste-
rone receptor and prevents its conformational change to the 
active form, thereby aborting the synthesis of active transport 
proteins in the late distal tubules and collecting system in 
which the reabsorption of sodium and secretion of potassium 
are reduced.

Triamterene (Dyrenium) and amiloride (Midamor) are 
potassium-sparing diuretics with a mechanism of action 
independent of the mineralocorticoids. They have a mod-
erate natriuretic effect leading to an increased excretion of 
sodium and chloride with little change or a slight increase in 
potassium excretion when the latter is low. When potassium 
secretion is high, they produce a sharp reduction in the elec-
trogenic entry of sodium ions into the distal tubular cells and 
thereby reduce the electrical potential that is the driving force 
for potassium secretion.

Both types of potassium-sparing diuretics are used primar-
ily in combination with other diuretics to reduce potassium 
loss. Their principal side effect is hyperkalemia. It is appro-
priate to limit the intake of potassium when using this type 
of diuretic. It is also appropriate to use this type of diuretic 
cautiously in patients taking ACE inhibitors, which decrease 
aldosterone formation and consequently increase serum 
potassium concentrations.

Other Measures to Enhance Urine 
Output and Mobilization of Edema Fluid
The infusion of albumin (5–25% solutions) or other plasma 
volume expanders (eg, hetastarch) is often employed in an 
attempt to draw water and its accompanying electrolytes 
(ie, edema fluid) osmotically from the tissues into the circu-
lating blood and thereby enhance their delivery to the kid-
neys for excretion. In the presence of a reduced circulating 
blood volume, this approach seems to be a logical method 
to increase the circulating blood volume and renal perfusion. 
The limiting feature of this approach to enhancing diuresis 

relates to the fact that the osmotic effect of albumin and 
plasma expanders is transient because they can diffuse (at a 
rate slower than water) from blood through capillary mem-
branes into tissue. The albumin or plasma expander then 
tends to hold water and its accompanying electrolytes in tis-
sue (ie, rebound edema). The same limiting feature applies to 
osmotic diuretics such as mannitol, which may transiently 
draw water and its accompanying electrolytes from tissues 
into the circulating blood for delivery to the kidneys, where 
the mannitol passes through the glomerulus and delays the 
reabsorption of water and its accompanying electrolytes from 
the proximal tubular fluid. Although this mechanism may 
enhance the actions of other diuretics, it is a transient effect 
that is limited by the diffusion of mannitol from blood into 
tissues with the production of rebound edema.

Dopamine, at doses from 1 to 3 μg/kg per minute, has 
been used conventionally to support mesenteric and renal 
perfusion as “renal dose dopamine.” Vasodilation at low doses 
is mediated via vascular dopamine 1 (D1) receptors in coro-
nary, mesenteric, and renal vascular beds. By activating adenyl 
cyclase and raising intracellular concentrations of cyclic AMP, 
D1-receptor agonists cause vasodilatation. There are also 
dopamine 2 (D2) receptors that antagonize D1-receptor stim-
ulation. Fenoldopam (Corlopam), a parenteral D1-receptor-
specific agonist, is also available as a therapy. However, there 
are no data supporting its use to improve renal function other 
than by increasing cardiac output, and it also increases the 
risk of postoperative AF.133 Infusion of fenoldopam (0.1 to 
0.3 μg/kg per minute) causes an increase in GFR, renal blood 
flow, and Na+ excretion.

Clinical trials of dopamine failed to show improvement 
in renal function, which probably is a result of the nonspeci-
ficity of dopamine. As a catecholamine and a precursor in 
the metabolic synthesis of norepinephrine and epinephrine, 
dopamine has inotropic and chronotropic effects on the 
heart. The inotropic effect is mediated by beta1-adrenergic 
receptors and usually requires infusion rates higher than those 
able to produce enhanced renal perfusion and diuresis. How-
ever, there are varied pharmacokinetic responses to dopamine 
infusion even in healthy subjects; therefore, the use of a “renal 
dose” dopamine regimen may not always result in the desir-
able effects. Stimulation of catecholamine receptors and D2 
receptors antagonizes the effects of D1-receptor stimulation. 
Current data do not consistently demonstrate improved 
renal outcomes with use of the D1-receptor-specific agonist 
fenoldopam.

HERBAL MEDICINE
A large number of Americans take herbal remedies for their 
health. Most of these herbal therapies are not supported by 
clear scientific evidence and are not under rigorous control 
by the FDA.134-136 Patients who take alternative remedies may 
not necessarily disclose this information to their physicians.135 
There are increasing concerns regarding serious drug inter-
actions between herbal therapy and prescribed medication. 
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 Chapter 4 Cardiac Surgical Pharmacology 89

Some of the most common herbal remedies and drug interac-
tions are summarized in Table 4-6.

AIRWAY MANAGEMENT
Airway management in cardiovascular surgical patients is 
important because patients often present with coexisting 
conditions that may complicate endotracheal intubation. For 
example, a patient with morbid obesity and sleep apnea may 
require awake intubation with a fiberoptic bronchoscope, or 
a history of smoking and COPD may make the patient sus-
ceptible to rapid desaturation and/or bronchospasm. Airway 
management in the perioperative period is a primary respon-
sibility of the anesthesiologist, but the surgeon becomes 
involved in the absence of the anesthesiologist or in assisting 
the anesthesiologist in difficult situations. Airway manage-
ment involves instrumentation and mechanics (not discussed 
here) and employs pharmacologic approaches to overcome 

pathophysiologic problems contributing to airway obstruc-
tion and to facilitate manipulation and instrumentation of 
the airway. Pharmacologic agents are considered at the end 
of this section.

Five major challenges may be encountered in airway 
management. Each of these is described succinctly below 
to facilitate understanding of the roles that drugs play in 
meeting the challenges. The five challenges are (1) over-
coming airway obstruction, (2) preventing pulmonary 
aspiration, (3) performing endotracheal intubation, (4) 
maintaining intermittent positive-pressure ventilation 
(IPPV), and (5) reestablishing spontaneous ventilation 
and airway protective reflexes.

Airway Obstruction
Obstruction to gas flow can occur from the entry of a for-
eign object (including food) into the airway and as a result 

TABLE 4-6: Commonly Used Herbal Remedies

Name Common Uses Side Effects/Drug Interactions

Cayenne (paprika) Muscle spasm, GI disorders Skin ulcers/blistering
    Hypothermia
Echinacea Common cold, antitussive, urinary tract  

infections
May cause hepatotoxicity

    May decrease effects of steroids and cyclosporine
Ephedra (Mahuang) Antitussive, bacteriostatic Enhanced sympathomimetic effects with guanethidine or 

monoamine oxidase inhibitor (MAOI)
    Arrhythmias with halothane or digoxin
    Hypertension with oxytocin
Feverfew Migraine, antipyretic Platelet inhibition, rebound headache, aphthous ulcers, 

GI irritation
Garlic Lipid-lowering, antihypertensive  

antithrombotic
May potentiate warfarin

Ginger Antinauseant, antispasmodic May potentiate aspirin and warfarin
Ginkgo Improve circulation May potentiate aspirin and warfarin
Ginseng Adaptogenic, enhance energy level, antioxidant Ginseng abuse syndrome: sleepiness, hypertonia, edema
    May cause mania in patients on phenelzine
    May decrease effects of warfarin
    Postmenopausal bleeding
    Mastalgia
Goldenseal Diuretic, anti-inflammatory, laxative,  

hemostatic
Overdose may cause paralysis; aquaretic (no sodium excretion);  
may worsen edema/hypertension

Kava-kava Anxiolytic Potentiates barbiturates and benzodiazepines
    Potentiates ethanol
    May increase suicide risk in depression
Licorice Antitussive, gastric ulcers High blood pressure, hypokalemia, and edema
Saw palmetto Benign prostatic hypertrophy,  

antiandrogenic
Additive effects with other hormone replacement therapy 
(eg, HRT)

St. John’s wort Antidepressant, anxiolytic Possible interaction with MAOIs
    Decreases metabolism of fentanyl and ondansetron
Valerian Mild sedative, anxiolytic Potentiates barbiturates and benzodiazepines

Cohn_ch04_p0071-0098.indd   89 08/05/17   11:27 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



90 Part I Fundamentals

of pathophysiologic processes involving airway structures 
(eg, trauma and edema). In the anesthetized or comatose 
patient, the loss of muscle tone can allow otherwise nor-
mal tissues (eg, tongue and epiglottis) to collapse into the 
airway and cause obstruction. The first measure in reliev-
ing such obstructions involves manipulation of the head 
and jaw, insertion of an artificial nasal or oral airway device, 
and evacuation of obstructing objects and substances (eg, 
blood, secretions, or food particles). Except for drugs used 
to facilitate endotracheal intubation (see the following), the 
only drug useful to improve gas flow through a narrowed 
airway is a mixture of helium and oxygen (Heliox), which 
has a much reduced viscosity resulting in reduced resistance 
to gas flow.

Aspiration
The upper airway (above the larynx/epiglottis) is a shared 
porthole to the lungs (gas exchange) and gastrointestinal 
tract (fluids and nutrition). Passive regurgitation or active 
vomiting resulting in accumulation of gastric contents in 
the pharynx places the patient at risk of pulmonary aspira-
tion, especially under circumstances in which airway reflexes 
(eg, glottic closure and coughing) and voluntary avoidance 
maneuvers are suppressed (eg, anesthesia or coma). Par-
ticulate matter can obstruct the tracheobronchial tree, and 
acidic fluid (pH < 2.5) can injure the lung parenchyma. The 
resulting pneumonitis can cause significant morbidity (eg, 
acute respiratory distress syndrome) and has a high mortal-
ity rate. Preoperative restriction of fluids and food (NPO 
status) does not guarantee the absence of aspiration risks. 
Similarly, the advance placement of a nasogastric or orogas-
tric tube may serve to reduce intragastric pressure but does 
not guarantee complete removal of gastric contents. Never-
theless, both NPO orders and the insertion of a nasogastric 
or orogastric tube under some circumstances are worthwhile 
measures to reduce the risks of pulmonary aspiration. In 
some circumstances, the deliberate induction of vomiting in 
a conscious patient may be indicated, but this is done rarely 
and almost never involves the use of an emetic drug. In fact, 
more often antiemetic drugs are employed to reduce the 
risks of vomiting during airway manipulation and induc-
tion of anesthesia.

Drug therapy to reduce the risks of pulmonary aspiration 
is focused on decreasing the quantity and acidity of gastric 
contents and on facilitating endotracheal intubation (see 
the following). Nonparticulate antacids (eg, sodium citrate 
[Bicitra]) are used to neutralize the acidity of gastric fluids. 
Drugs to reduce gastric acid production include H2-recep-
tor blockers (eg, cimetidine [Tagamet], ranitidine [Zantac], 
famotidine [Pepcid]), and inhibitors of gastric parietal cell 
hydrogen-potassium ATPase (proton pump inhibitors, eg, 
omeprazole [Prilosec], lansoprazole [Prevacid], and esome-
prazole [Nexium]). Metoclopramide [Reglan] enhances gas-
tric emptying and increases gastroesophageal sphincter tone. 
Cisapride [Propulsid] also increases gastrointestinal motility 
via the release of acetylcholine at the myenteric plexus.

Antiemetic drugs are used more commonly in the post-
operative period and include several different drug classes: 
anticholinergics (eg, scopolamine [Transderm Scop]), 
antihistamines (eg, hydroxyzine [Vistaril] and prometha-
zine [Phenergan]), and antidopaminergics (eg, droperidol 
[Inapsine] and prochlorperazine [Compazine]). Antidopami-
nergic agents may cause extrapyramidal side effects in elderly 
patients. More costly but effective alternatives include the use 
of antiserotinergics (eg, ondansetron [Zofran] and dolasetron 
[Anzemet]).

Endotracheal Intubation
Drugs are employed for three purposes in facilitating endo-
tracheal intubation: (1) to improve visualization of the larynx 
during laryngoscopy; (2) to prevent closure of the larynx; and 
(3) to facilitate manipulation of the head and jaw.

For bronchoscopy, laryngoscopy, or fiberoptic endotra-
cheal intubation, the reflex responses to airway manipulation 
can be suppressed by several different methods alone or in 
combination. Topical anesthesia (2 or 4% lidocaine spray) 
can be used to anesthetize the mucosal surfaces of the nose, 
oral cavity, pharynx, and epiglottis. Atomized local anes-
thetic can be inhaled to anesthetize the mucosa below the 
vocal cords. The subglottic mucosa also can be anesthetized 
topically by injecting local anesthetic into the tracheal lumen 
through the cricothyroid membrane. A bilateral superior 
laryngeal nerve block eliminates sensory input from mechani-
cal contact or irritation of the larynx above the vocal cords. 
It must be remembered that anesthesia of the mucosal sur-
faces to obtund airway reflexes compromises the reflex-pro-
tective mechanisms of the airway and increases the patient’s 
vulnerability to aspiration of substances from the pharynx. 
Improvement of visualization of the larynx includes decreas-
ing salivation and tracheal bronchial secretions by administra-
tion of an anticholinergic drug (eg, glycopyrrolate), reducing 
mucosal swelling by topical administration of a vasoconstric-
tor (eg, phenylephrine), and minimizing bleeding owing to 
mucosal erosion by instrumentation, which also is minimized 
by topical vasoconstrictors. The use of steroids in minimizing 
acute inflammatory responses in the airway may have some 
delayed benefit, but steroids usually are not indicated just 
before intubation.

Systemic drugs, usually administered intravenously, can 
be used to obtund the cough reflex. Intravenous lidocaine 
(1 to 2 mg/kg) transiently obtunds the cough reflex without 
affecting spontaneous ventilation to any significant degree. 
The risks of CNS stimulation and seizure-like activity have to 
be kept in mind and can be reduced by the prior administra-
tion of an intravenous barbiturate or benzodiazepine in small 
doses. Intravenous opioids are effective in suppressing cough 
reflexes, but the doses required impair spontaneous ventila-
tion to the point of apnea. A combination of an intravenous 
opioid and a major tranquilizer (eg, neuroleptic analgesia) 
allows the patient to tolerate an endotracheal tube with much 
smaller doses of the opioid and less embarrassment of spon-
taneous ventilation. Small doses of opioids are also useful in 
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 Chapter 4 Cardiac Surgical Pharmacology 91

obtunding airway reflexes during general anesthesia provided 
by either intravenous (eg, thiopental) or inhaled anesthetics 
(eg, isoflurane). Not only do the opioids obtund the cough 
reflex that results in closure of the larynx, but they also are 
useful in limiting the autonomic sympathetic response to 
endotracheal intubation that typically leads to hypertension 
and tachycardia.

Skeletal muscle relaxants are used most commonly in 
conjunction with a general anesthetic to allow manipulation 
of the head and jaw and prevent reflex closure of the lar-
ynx. Of course, they also render the patient apneic, and two 
procedures are used commonly to maintain oxygenation of 
the patient’s blood. First, the patient breathes 100% oxygen 
by mask while still awake to eliminate nitrogen from the 
lungs, and then a rapid-sequence administration of an intra-
venous anesthetic (eg, thiopental) is followed immediately 
by a rapid-acting neuromuscular blocker (eg, succinylcho-
line or rocuronium), and cricoid pressure is applied (Sellick 
maneuver). As soon as the muscle relaxation is apparent 
(30 to 90 seconds), laryngoscopy is performed, an endo-
tracheal tube is inserted, the tracheal tube cuff is inflated, 
and the position of the tube in the trachea is verified. Sec-
ond, when there is minimal risk of pulmonary aspiration 
(eg, presumed empty stomach), the patient is anesthetized 
and paralyzed while ventilation is supported by intermittent 
positive pressure delivered via a face mask. At the appropri-
ate time, laryngoscopy is performed and the endotracheal 
tube is inserted.

Normalizing Pulmonary Function during 
Positive-Pressure Ventilation
Once an endotracheal tube is in place, it is common practice 
in the operating room to maintain general anesthesia and par-
tial muscular paralysis in order to facilitate positive-pressure 
ventilation and continued toleration of the endotracheal tube 
by the patient. Postoperatively, in the post-anesthesia care 
unit (PACU) and intensive care unit (ICU), general anes-
thesia and partial muscular paralysis may be continued if 
prolonged positive-pressure ventilation is anticipated, or sed-
atives may be administered by intravenous infusion to allow 
toleration of the endotracheal tube in anticipation of recovery 
of spontaneous ventilation and tracheal extubation.

Three other problems are encountered in the patient 
whose ventilation is supported mechanically by an endotra-
cheal tube: (1) poor ventilatory compliance; (2) bronchocon-
striction; and (3) impaired gas exchange. Poor ventilatory 
compliance can reflect limited compliance of the chest wall 
and diaphragm, limited compliance of the lungs per se, or 
both. Deepening general anesthesia and administration of 
a skeletal muscle relaxant can be used to reduce intercostal 
and diaphragmatic muscle tone, but they obviously cannot 
improve the chest cavity compliance that is fixed by disease 
(eg, scoliosis or emphysema).

Poor lung compliance may reflect pulmonary intersti-
tial edema, consolidation, bronchial obstruction (eg, mucus 
plugs), bronchoconstriction, or compression of the lung by 

intrathoracic substances (eg, pneumothorax, hemothorax, 
or tumor mass). Treatment of these involves drug therapy of 
HF and infection and procedures such as bronchoscopy and 
thoracentesis.

Bronchoconstriction may exist chronically (eg, asthma 
or reactive airways disease), and these conditions can be 
exacerbated by the collection of tracheobronchial secretions 
in the presence of an endotracheal tube, which reduces the 
effectiveness of coughing in clearing the airway. Occasionally 
bronchoconstriction can be induced by mechanical stimula-
tion of the airway by an endotracheal tube or other object 
in an otherwise normal patient. Drug treatment is focused 
on reducing bronchial smooth muscle tone (eg, beta2 sympa-
thomimetic or anticholinergic agents), minimizing tracheal 
bronchial secretions, and decreasing sensory input from the 
tracheal bronchial tree (eg, topical anesthetic, deeper general 
anesthesia, intravenous lidocaine, or an opioid). Acute treat-
ment of bronchoconstriction may involve any combination of 
the following: (1) an aerosolized beta2 sympathomimetic and/
or anticholinergic agent; and (2) systemic intravenous admin-
istration of a beta2 sympathomimetic agent, a phosphodies-
terase inhibitor (eg, theophylline salts [aminophylline]), and/
or an anticholinergic agent.

Intravenous steroids are indicated in severe broncho-
constriction, especially in asthmatic patients, for whom 
they have been effective in the past. With the administra-
tion of 100% oxygen, blood oxygenation usually is not the 
main problem in patients with bronchoconstriction; the 
progressive development of hypercarbia and the trapping 
of air in lung parenchyma reduce ventilatory compliance 
and increase intrathoracic pressure. These, in turn, reduce 
venous return and may cause a tamponade-like impairment 
of cardiac function.

Impaired alveolar-capillary membrane gas exchange can 
result from alveolar pulmonary edema (treated by diuretics, 
inotropes, and vasodilators), decreased pulmonary perfusion 
(treated by inotropes and vasodilators), and lung consolida-
tion (antibiotic therapy for infection).

Restoration of Spontaneous Ventilation 
and Airway Protective Mechanisms
The anesthesiologist attempts to tailor the anesthetic plan 
according to postoperative expectations for the patient. In the 
relatively healthy patient for whom tracheal extubation can be 
anticipated in the operating room, the goal is to have the patient 
breathing spontaneously with airway reflexes intact and the 
patient arousable to command immediately on completion of 
the operation. The challenge for the anesthesiologist is to main-
tain satisfactory general anesthesia through the entire course 
of the operation and yet have the patient sufficiently recov-
ered from anesthetic drugs, including hypnotics and opioids, 
shortly after conclusion of the operation. If this is not possible, 
then the patient is transferred to the PACU to allow additional 
time for elimination of drugs that depress spontaneous venti-
lation and cough reflexes. Another possibility is to adminis-
ter antagonists to opioids (eg, naloxone) and benzodiazepines 
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92 Part I Fundamentals

(eg, flumazenil), but this approach risks sudden awakening, 
pain, and uncontrolled autonomic sympathetic activity lead-
ing to undesirable hemodynamic changes. And there is the 
risk of recurrent ventilatory depression because it is difficult to 
match the doses of the antagonists to the residual amounts of 
anesthetic drugs. On the other hand, it is fairly routine for the 
effects of neuromuscular blockers to be antagonized by admin-
istration of an anticholinesterase (eg, neostigmine) in combina-
tion with an anticholinergic agent (eg, atropine) to limit the 
autonomic cholinergic side effects of the anticholinesterase.

When the expectation is for maintenance of mechanical 
ventilation for some time in the postoperative period, then 
the patient’s tolerance of the endotracheal tube is facilitated 
by the persistent effect of residual anesthetic drugs subse-
quently supplemented by administration of intravenous hyp-
notics (eg, propofol) and opioids (eg, fentanyl or morphine). 
These agents can be associated with side effects, including 
respiratory depression, especially when they are used concur-
rently. Dexmedetomidine (Precedex), an alpha2-adrenergic 
agonist, may offer advantages for sedation during weaning 
from mechanical ventilation because it provides sedation, 
pain relief, anxiety reduction, stable respiratory rates, and 
predictable cardiovascular responses. Dexmedetomidine 
facilitates patient comfort, compliance, and comprehension 
by offering sedation with the ability to rouse patients. This 
“arousability” allows patients to remain sedated yet commu-
nicate with health-care workers.

When the appropriate time comes to have the patient take 
over his or her own ventilation completely, these sedative 
and analgesic drugs are weaned to a level allowing satisfac-
tory maintenance of blood oxygenation and carbon dioxide 
removal, easy arousal of the patient, and at least partial resto-
ration of airway reflex mechanisms.

Pharmacology Related to Airway and 
Lung Management
Cardiac surgical patients are usually kept intubated and venti-
lated at the end of surgery, and ventilator support is withdrawn 
in the ICU. Sedative drugs are required to facilitate this transfer 
from operating room to intensive care, and while the patient is 
ventilated. Some patients require continued ventilation because 
of primary pulmonary disease, underlying cardiac disease and/or 
perioperative complications. Others may require medications to 
treat bronchospasm or airway obstruction, or to facilitate reintu-
bation if they develop respiratory failure once extubated.

Sedative Medications to Facilitate 
Mechanical Ventilation
PROPOFOL
The medications used in cardiac surgery patients are the same 
as those used in other mechanically ventilated patients. A 
common approach is to use propofol, an intravenous anes-
thetic/sedative agent that is rapidly eliminated by the liver 

and therefore facilitates rapid awakening. This drug is not 
water soluble so is supplied in a lipid emulsion; for short-term 
infusions (less than a day or two) lipid accumulation is not an 
issue, but triglyceride levels should be measured if the drug is 
given in high doses, especially at the same time as intravenous 
feeding. The hemodynamic effects of propofol are mostly a 
result of vasodilation, both arterial and venous, as well as the 
usual “withdrawal of sympathetic tone,” which occurs when 
anxious, stressed patients are sedated. In addition there is a 
mild bradycardia and blunted heart rate response to hypoten-
sion, and a mild negative inotropic effect usually not relevant 
at clinical doses. The clinical dose range for sedation is 25 to 
75 μg/kg per minute but must be titrated.

Benzodiazepines
Benzodiazepines are also used to facilitate mechanical ventila-
tion, commonly midazolam (Versed) or lorazepam (Ativan). 
These drugs do not have the vasodilating effects of propofol, 
are good amnestic agents, but have a major disadvantage in 
that awakening is less predictable and more often prolonged, 
especially with lorazepam. In addition, these drugs appear to 
be more associated with postoperative delirium than other 
sedative drugs. Despite these problems, benzodiazepines are 
useful in the sedation of severely hypotensive patients requir-
ing vasoconstrictor support. They have minimal, if any, direct 
cardiovascular effects, but withdrawal of sympathetic tone 
can lead to hypotension. Midazolam is usually administered 
as a continuous infusion of 1 to 4 mg/h, while lorazepam is 
most often given by intermittent dosing of 1 to 2 mg every 
4 to 6 hours.

Dexmedetomidine
A relatively new addition to the sedative drug family is dex-
medetomidine (Precedex), a centrally acting alpha2 agonist. 
This drug is the same class as clonidine, but has a much 
greater affinity for the alpha receptor. Not surprisingly, the 
most common hemodynamic effect, which sometimes limits 
its use, is bradycardia and hypotension. This drug can be used 
as a single agent to facilitate transfer from the operating room 
(OR) to the ICU and the period of ventilator weaning and 
extubation. The major advantage of dexmedetomidine is that 
it does not affect ventilatory drive and patients can usually 
be aroused while receiving the drug. It also has a significant 
analgesic component, different from propofol or the benzodi-
azepines. The usual infusion rate of dexmedetomidine is 0.2 
to 0.7 μg/kg per hour, preceded by a loading dose of 1 μg/kg 
over 20 to 30 minutes. The loading dose can be reduced or 
not given if hemodynamics warrant.

Opioids
The main reason patients need sedation during mechanical 
ventilation is to tolerate the presence of a transoral tracheal 
tube. In addition to general discomfort, there is continuous 
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airway stimulation by the foreign object. To blunt airway 
reflexes as well as to treat postoperative pain, it is useful to 
add an opioid drug to whichever sedative agent the patient is 
receiving. For early postoperative awakening (ie, in the first 
hours), this is less of an issue as there is usually residual opioid 
effect from drugs given intraoperatively; however, patients 
will need additional opioid as they awaken and experience 
pain. For patients ventilated overnight or longer, use of opi-
oid drugs will have these same benefits and likely result in a 
reduced need for the sedative drug. Fentanyl is a commonly 
used drug in this setting, partly because it has a rapid onset 
of action and relatively rapid recovery if dosing is not pro-
longed. Infusions of 1 to 4 μg/kg per hour are used. Alterna-
tively intermittent dosing with 1 to 4 mg morphine or 0.5 to 
1 mg hydromorphone (Dilaudid) every 1 to 4 hours may be 
employed.

Medications Used to Facilitate Urgent 
Tracheal Intubation
Patients in extremis (eg, during cardiac or respiratory arrest) 
rarely require medications to facilitate intubation. In decom-
pensating patients who are fully or partially conscious, chal-
lenges may include agitation, resistance to opening the mouth, 
and/or closed vocal cords when intubation is attempted. In 
some patients small doses of sedative/opioid medications 
with a rapid onset such as midazolam and fentanyl, respec-
tively, are adequate; in others an anesthetic induction agent 
such as propofol or etomidate can be used, with or without a 
paralytic drug. The disadvantage to propofol is hypotension 
caused by vasodilation, as referred to in the preceding. This 
drug should be used in incremental doses, 10 to 20 mg at 
time, until a dose of 1 to 2 mg/kg has been given. Etomidate 
has no direct cardiovascular effects and is usually given in a 
dose of 0.15 to 0.3 mg/kg. This drug has an unusual side 
effect of impairing steroid synthesis and has been associated 
with adrenal insufficiency in critically ill patients when given 
by infusion. In addition, many patients experience unusual 
movements as this drug is administered. In general, the use of 
paralytic drugs is discouraged unless there is an anesthesiol-
ogy provider or someone skilled in the use of these drugs and 
airway management present.

Succinylcholine is the most rapidly acting paralytic agent 
with an onset of 30 to 60 seconds and is given in a dose of 
1 mg/kg. This depolarizing agent causes potassium release 
and must be avoided in hyperkalemic patients. It causes 
stimulation of muscarinic and nicotinic receptors, an increase 
in serum catecholamines, and many different, usually mild, 
dysrhythmias have been reported. Alternatively, rocuronium 
in a dose of 0.5 mg/kg can be given, but 60 to 90 seconds 
are required for adequate paralysis. Rocuronium in this dose 
has no cardiovascular effect. If an anesthetic induction agent 
and/or a neuromuscular blocking agent are being considered, 
an important issue is the possibility of aspiration of stomach 
contents. In an urgent situation the risk of this is reduced if 
the drugs are administered in rapid sequence with an assistant 

providing cricoid pressure (to occlude the esophagus), and 
manual ventilation is minimized until the tube is in place.

Drugs to Treat Airway Pathology: 
Stridor/Edema, Bronchospasm, 
Secretions
Fluid overload, prolonged positioning with the head depen-
dent, or superior vena cava obstruction may all lead to edema 
of the upper airway. Alternatively, trauma from intubation or 
other devices in the oropharynx (eg, transesophageal echo-
cardiography [TEE] probe) may cause glottis edema. There 
may be edema below the cords resulting from presence of the 
endotracheal tube/cuff. The common treatments for airway 
narrowing resulting from edema are: (1) use of a mixture of 
helium/oxygen; (2) inhaled racemic epinephrine; (3) diuret-
ics and head-up position; and (4) a brief course of dexameth-
asone (IV).

Helium/Oxygen. Helium with oxygen (Heliox) is supplied 
as an 80:20 mix. Helium is less dense than nitrogen, facilitat-
ing laminar rather than turbulent flow through a narrowed 
airway. If a patient cannot tolerate the relatively low concen-
tration of oxygen (20%), then additional oxygen will need 
to be administered. Although the greatest benefit is provided 
by 80% helium, concentrations of 40 to 50% provide some 
benefit.

Racemic Epinephrine. Racemic epinephrine is supplied as 
1% solution and administered through an aerosol mask in a 
dose of 2.5 mL to cause vasoconstriction and reduced airway 
edema. Absorption of epinephrine can cause tachycardia and 
hypertension.

Diuretics and Dexamethasone. Specific diuretic drugs 
are discussed in the preceding; when a rapid effect is desired, 
then usually a loop diuretic such as furosemide is employed. 
Although this may not specifically treat airway edema, the 
combination of elevated head and diuresis will reduce edema 
in the upper body. Dexamethasone is used as part of the 
“steroids for anything that swells” philosophy. There is little 
evidence of efficacy of corticosteroids in this setting; dexa-
methasone is used to avoid the mineralocorticoid effect of 
other potent intravenous steroid preparations. The usual dose 
is 8 mg followed by 4 mg every 6 hours for four to eight doses.

Bronchodilators and Mucolytics. A summary of bron-
chodilator and mucolytic drugs is given in Table 4-7. In the 
cardiac surgical patient, wheezing is more likely because of 
fluid overload or left ventricular failure than primary bron-
chospastic disease, but inhaled bronchodilators may give 
some relief while treatment of the primary disorder is being 
instituted (eg, diuresis or administration of an inotropic 
drug). In order of preference, inhaled beta agonists, anticho-
linergic agents, and intravenous steroids are used.137 All three 
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may be indicated. Beta agonists relax smooth muscle in the 
airways and usually have the most rapid therapeutic effect. 
In the acute setting aerosolized drug via a facemask is more 
effective than metered-dose inhalers. It should be noted 
that management of chronic asthma focuses on inhaled 
anti-inflammatory agents, but these drugs are not helpful 
in the acute setting, such as postoperatively. The presence 
of tenacious secretions should prompt consideration of an 
inhaled mucolytic such as dornase/DNAse (Pulmozyme). 
N-acetylcysteine (Mucomyst) is another mucolytic but may 
cause airway irritation so should not be given in the setting 
of acute bronchospasm. See the table for dosages of these 
drugs (see Table 4-7).
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TABLE 4-7: Inhaled Bronchodilators and Mucolytics

  Drug Mechanism Dosage Frequency

Bronchodilators Albuterol Beta2 agonist 2.5 mg/3 mL Q 4-6 h*

  Levalbuterol Beta2 agonist 0.63-1.25 mg/3 mL Q 6 h
  Ipratropium Anticholinergic 0.5 mg/3 mL Q 4-6 h
Mucolytic Dornase alpha Cleaves DNA 2.5 mg/3 cc Q 12 h

*May be given more frequently.
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Cardiovascular pathology defines the morphology and mech-
anisms of cardiovascular disease in individual patients and 
patient cohorts, both along the natural history of a disease 
and following surgery and interventions. The data derived 
through cardiovascular pathology thereby facilitate evidence-
based choices among surgical or catheter-based interventional 
options and optimize short- and long-term patient manage-
ment. Beyond implicit clinical benefit for individual patients, 
the discipline of cardiovascular pathology is a cornerstone 
of modern cardiovascular research and the preclinical devel-
opment and clinical implementation of innovative drugs, 
devices, and other therapeutic options.

This chapter summarizes pathologic anatomy, clinicopath-
ologic correlations, and pathophysiologic mechanisms in the 
various forms of structural heart disease most relevant to sur-
gery and catheter-based interventions used to diagnose and 
treat the major forms of acquired structural cardiovascular 
disease. In view of space limitations, several important areas 
(eg, aortic disease) are necessarily omitted from discussion 
and others (eg, cardiac assist and replacement devices) are 
focused on details not covered elsewhere in this book. More-
over, although we have not included the key considerations 
herein, we are mindful that the number of adults with con-
genital heart disease is increasing rapidly and that they have 
unique and important clinical and pathologic concerns.1,2

MYOCARDIAL RESPONSE 
TO INCREASED WORK AND 
MYOCARDIAL DISEASE
Myocardial Hypertrophy
Hypertrophy is the compensatory response of the cardiac 
muscle (the myocardium), to increased work (Fig. 5-1).3 This 
structural and functional adaptation accompanies nearly all 
forms of heart disease, and its consequences often dominate 
the clinical picture. Hypertrophy induces an increase in the 
overall mass and size of the heart that reflects an increased 
size of individual myocytes largely through addition of con-
tractile elements (the sarcomeres) and associated cell and 

tissue elements. Substantial and functionally beneficial aug-
mentation of myocyte number (hyperplasia) in response to 
stress or injury has not been demonstrated in the adult heart.

The pattern of hypertrophy reflects the nature of the 
stimulus (see Fig. 5-1B). Pressure overload (eg, in systemic 
hypertension or aortic stenosis) induces an increased ven-
tricular mass, increased wall thickness, and increased ratio 
of wall thickness to cavity radius without dilation. In con-
trast, volume overload (eg, in aortic or mitral regurgitation, 
myocardial infarction, or dilated cardiomyopathy) promotes 
hypertrophy accompanied by chamber dilation, in which 
both ventricular radius and total mass are increased. The 
chamber wall is affected globally by the increased chamber 
pressure of hypertension, the pressure or volume overload of 
valvular heart disease, and in dilated cardiomyopathy. In con-
trast, the ischemic myocyte necrosis and loss of contractile 
tissue myocardial infarction induce hypertrophy only in non-
infarcted regions of myocardium. The terms concentric, eccen-
tric, and compensatory have previously been used to describe 
pressure, volume, and ischemic injury-related hypertrophy, 
respectively.

The constellation of changes that occur regionally fol-
lowing myocardial infarction, or more globally in pressure 
and volume overload, is called ventricular remodeling.4 At a 
cell level, pressure overload promotes augmentation of cell 
width via parallel addition of sarcomeres; in contrast, volume 
overload and/or dilation stimulate augmentation of both 
cell width and length via both parallel and series addition of 
sarcomeres.

Hypertrophic changes initially increase the efficiency of the 
heart, enhance function, and are thereby adaptive. However, 
when these changes are excessive and prolonged, they may 
ultimately become deleterious and contribute to cardiac fail-
ure via several mechanisms. Because the vasculature does not 
proliferate and blood flow is not augmented commensurate 
with increased cardiac mass, hypertrophied myocardium is 
vulnerable to ischemic damage. Moreover, myocardial fibrous 
tissue is often increased. Also important are the molecular 
changes that accompany and likely mediate enhanced func-
tion in hypertrophied hearts, and which may subsequently 
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100 Part I Fundamentals

FIGURE 5-1 Summary of the gross and microscopic changes in cardiac hypertrophy. (A) Gross photo of heart with hypertrophy caused by 
aortic stenosis. The wall of the left ventricle is thick and the chamber is not dilated. The left ventricle is on the lower right in this apical four-
chamber view of the heart. (B) Altered cardiac configuration in left ventricular hypertrophy without and with dilation, viewed in transverse 
heart sections. Compared with a normal heart (center of this panel), a pressure overloaded heart, caused for example by aortic valve stenosis 
(left), has increased mass and a thick left ventricular wall, whereas a volume overloaded heart, caused for example by mitral valve regurgita-
tion, is both hypertrophied and dilated (right), having increased mass with a near normal or diminished wall thickness. (C) Photomicrograph 
of normal myocardium. (D) Photomicrograph of hypertrophied myocardium at same magnification as (C), showing large cells with enlarged.  
([B] Reproduced with permission from Allen HD, Gutgesell HP, Clark EB, et al: Moss and Adams’ Heart Disease in Infants, Children, and Adoles-
cents: Including the Fetus and Young Adults. 6th ed. Philadelphia: Lippincott Williams & Wilkins; 2001. [C and D] Reproduced with permission 
from Kumar V, Fausto N, Abbas A, et al: Robbins/Cotran Pathologic Basis of Disease, 8th ed. Philadelphia, WB Saunders, 2010.)

A

B

C

D

promote development of heart failure. For example, hypertro-
phy induces a gene expression profile in cardiac myocytes that 
is similar to that of proliferating cells generally and particu-
larly that of fetal cardiac myocytes during development. Dif-
ferentially expressed proteins may be less functional and/or 
more or less abundant than normal. Hypertrophied and/or 
failing myocardium also may have a mechanical disadvan-
tage engendered by altered chamber configuration, impaired 
energetics, reduced adrenergic responsiveness, decreased 
calcium availability, impaired mitochondrial function, 
microcirculatory spasm, and apoptosis of cardiac myocytes. 

Novel therapeutic strategies for heart failure treatment based 
on molecular mechanisms are under investigation.5

Owing to the totality of the changes described above, 
cardiac hypertrophy comprises a tenuous balance. The 
adaptive changes may be overwhelmed by potentially del-
eterious quantitative or qualitative alterations in structure, 
function, and biochemistry/gene expression, including car-
diac configuration, metabolic requirements of an enlarged 
muscle mass, protein synthesis, decreased capillary/myocyte 
ratio, fibrosis, microvascular spasm, cell loss, and impaired 
contractile mechanisms. Hypertrophy also decreases 
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 Chapter 5 Cardiovascular Pathology 101

A

B

FIGURE 5-2 Cardiac failure necessitating heart transplantation.  
(A) Ischemic heart disease, with a large anteroapical-septal myocardial 
infarct (with mural thrombus) noted to the left of center of the photo 
(arrow). (B) Four years following mitral valve replacement with a por-
cine bioprosthesis for congenital deformity causing mitral regurgita-
tion. ([A] Reproduced with permission from Schoen FJ: Interventional 
and Surgical Cardiovascular Pathology: Clinical Correlations and Basic 
Principles. Philadelphia: Saunders; 1989.)

myocardial compliance and may thereby hinder diastolic 
filling. In addition, hypertrophy is an independent risk 
factor for cardiac mortality and morbidity, especially sud-
den death.6

Heart failure can occur with pressure or volume overload 
of many causes, owing to both regional and global lesions 
(Fig. 5-2). Although left ventricular hypertrophy (as mea-
sured by left ventricular size and mass) regresses in many cases 
following removal of the stimulus, the extent of resolution in 
an individual is unpredictable, and the processes by which 
recovery of the hypertrophied or failing heart (often termed 
reverse remodeling occur) are uncertain.7 Moreover, progres-
sive cardiac failure may ensue following cardiac surgery and 
despite revascularization or hemodynamic adjustment, by 
structural repair (see Fig. 5-2B). In addition, the markedly 
increased cardiac muscle mass in a hypertrophied heart may 
compromise intraoperative myocardial preservation.

Cardiomyopathies
Cardiomyopathies are diseases in which the primary car-
diovascular abnormality is in the myocardium. A primary 
cardiomyopathy comprises a condition solely or predomi-
nantly confined to heart muscle, whereas a secondary 
cardiomyopathy (often called specific heart muscle disease) 
implies myocardial involvement as a feature of a general-
ized systemic or multisystem disorder, such as amyloidosis 
and hemochromatosis, other infiltrative and storage diseases, 
drug and other toxic reactions, sarcoidosis, various auto-
immune and collagen vascular diseases, or neuromuscu-
lar/neurologic disorders (eg, Duchenne-Becker muscular 
dystrophy). Genetic causes of primary cardiomyopathy 
include hypertrophic cardiomyopathy (HCM), arrhyth-
mogenic right ventricular cardiomyopathy (ARVC), left 
ventricular noncompaction, the ion channel disorders 
(eg, long QT and Brugada syndromes), and some cases of 
dilated cardiomyopathy.8 Acquired causes include myocar-
ditis (inflammatory cardiomyopathy), and stress-provoked 
(takotsubo), tachycardia-induced, and peripartum car-
diomyopathy. Although ischemic heart disease, valvular 
heart disease, and hypertensive heart disease can lead to 
a clinical practice resembling dilated cardiomyopathy, the 
terms ischemic cardiomyopathy, valvular cardiomyopathy, 
and hypertensive cardiomyopathy are discouraged because 
these conditions more likely reflect compensatory and 
remodeling changes induced by another cardiovascular 
abnormality. In contrast to the atherosclerotic coronary 
arterial disease that underlies most cases of ischemic heart 
disease, the epicardial coronary arteries are usually free of 
significant obstructions in patients with a cardiomyopathy.

In some cases (eg, myocarditis, sarcoidosis, amyloidosis, 
and hemochromatosis) the cause of a cardiomyopathy may 
be revealed by light and/or electron microscopic examina-
tion of a sample of myocardium obtained by endomyocardial 
biopsy, and other conditions such as ARVC and HCM have 
characteristic gross and microscopic features demonstrated 
at the time of transplantation or autopsy (but not gener-
ally by endomyocardial biopsy). In endomyocardial biopsy, 
also used in the management of the ongoing surveillance of 
cardiac transplant recipients,9 a bioptome is inserted into 
either the right internal jugular or femoral vein and advanced 
under fluoroscopic or echocardiographic guidance through 
the tricuspid valve, to the apical aspect of the right side of 
the ventricular septum, yielding 1- to 3-mm fragments of 
myocardium.

The common variants of cardiomyopathy are illustrated 
in Fig. 5-3.

Dilated Cardiomyopathy
Dilated cardiomyopathy is characterized by cardiomegaly 
usually two to three times of normal weight, and four-
chamber dilation (see Fig. 5-3A). The primary functional 
abnormality in dilated cardiomyopathy is impairment of left 
ventricular systolic function. Mural thrombi are sometimes 
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102 Part I Fundamentals

FIGURE 5-3 Cardiomyopathies. (A and B) Dilated cardiomyopathy. (A) Gross photo showing four-chamber dilation and hypertro-
phy. (B) Photomicrograph of myocardium in dilated cardiomyopathy, demonstrating irregular hypertrophy and interstitial fibrosis.  
(C-F) Hypertrophic cardiomyopathy. (C) Gross photo, showing septal muscle bulging into the left ventricular outflow tract. In the 
gross photo shown in (D) the anterior mitral leaflet has been moved away from the septum to reveal a fibrous endocardial plaque, 
caused by systolic anterior motion (see text). In (A) and (C), the LV is on the right side of the photo; in (D) the LV is on the left.   
(E) Gross photo of left ventricular outflow tract of patient with extensive fibrosis owing to remote surgical septal myotomy/myectomy. (F) Pho-
tomicrograph of myocardium in hypertrophic cardiomyopathy demonstrating myofiber disarray, with marked hypertrophy, abnormal branching 
of myocytes, and interstitial fibrosis. (G and H) Arrhythmogenic right ventricular cardiomyopathy. (G) Gross photograph, showing dilation of 
the right ventricle (on the right) and near transmural replacement of the right ventricular free-wall myocardium by fat and fibrosis. (H) Photo-
micrograph of the right ventricular free wall in arrythmogenic right ventricular cardiomyopathy, demonstrating focal transmural replacement of 
myocardium by fibrosis and fat. Fibrosis (collagen) is blue in the Masson trichrome stain in parts (B), (F), and (H).

A

B

C D
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 Chapter 5 Cardiovascular Pathology 103

present predominantly in the left ventricle, and are a poten-
tial source of thromboemboli. The histologic changes in 
dilated cardiomyopathy, comprising myocyte hypertrophy 
and interstitial fibrosis, are nonspecific and indistinguish-
able from those in failing muscle in ischemic or valvular 
heart disease (see Fig. 5-3B). Moreover, the severity of the 
morphologic changes does not necessarily correlate with the 
severity of dysfunction or the patient’s prognosis.

Dilated cardiomyopathy has a genetic and often familial 
basis in approximately 25 to 50% of cases, and our knowl-
edge of the relevant molecular biology is increasing rapidly.10 

Mutations most commonly involve genes encoding pro-
teins of the cardiac myocyte cytoskeleton and sarcomere. 
Alcoholism, pregnancy-associated nutritional deficiency, 
and myocarditis can yield a dilated phenotype.11

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy is characterized macroscopi-
cally by massive myocardial hypertrophy, usually without 
dilation (see Fig. 5-3C), and often with disproportionate 
thickening of the ventricular septum relative to the free wall 

E F

G H

FIGURE 5-3  (Continued)
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104 Part I Fundamentals

of the left ventricle (ratio > 1.3) (termed asymmetric septal 
hypertrophy). In some patients, the basal septum is markedly 
thickened at the level of the mitral valve, and the outflow of 
the left ventricle may be narrowed during systole, yielding 
dynamic left ventricular outflow tract obstruction. In such 
cases, contact between the left ventricular outflow tract and 
the anterior mitral leaflet during ventricular systole (observed 
by echocardiography as systolic anterior motion of the mitral 
valve) results in outflow tract endocardial thickening, in a 
configuration that mirrors the anterior leaflet of the mitral 
valve (see Fig. 5-3D). The most important microscopic fea-
tures in HCM include (1) disorganized myocytes and con-
tractile elements within cells (myofiber disarray); (2) extreme 
myocyte hypertrophy, with myocyte diameters frequently 
more than 40 μm (normal approximately 15 to 20 μm); and 
(3) interstitial and replacement fibrosis (see Fig. 5-3F).

Hypertrophic cardiomyopathy usually has a genetic 
basis.12 In many patients the disease is familial; remaining 
cases are sporadic. Over 1500 mutations have been identified 
in at least 11 genes; almost all occur in genes for sarcomeric 
proteins, most commonly β-myosin heavy chain and myosin-
binding protein C. Occasional cases mimicking HCM are a 
result of deposition (eg, Fabry’s disease).

The clinical course of HCM is variable. Complications 
include atrial fibrillation with potential mural thrombus for-
mation and embolization, infective endocarditis of the mitral 
valve, intractable cardiac failure, and sudden death. End-stage 
heart failure can be accompanied by cardiac dilation. Sudden 
death is common, with risk related to the degree of hyper-
trophy and specific gene mutations. Reduced stroke volume 
results from decreased diastolic filling of the massively hyper-
trophied left ventricle. Patients with left ventricular obstruc-
tion may benefit from septal reduction by surgical myotomy/
myectomy or chemical ablation.13

Restrictive Cardiomyopathy
Restrictive cardiomyopathy comprises a pathophysiologi-
cally heterogeneous spectrum of conditions characterized by 
heart failure with preserved ejection fraction and previously 
called diastolic dysfunction; many of the potential causes are 
functional and are potentiated by aging, obesity, and hyper-
tension.14 Biatrial dilation may be prominent. Structural 
disorders that interfere with ventricular filling can cause 
restrictive cardiomyopathy physiology (eg, eosinophilic 
endomyocardial disease, amyloidosis, storage diseases such as 
Fabry’s disease, or postirradiation fibrosis, constrictive peri-
carditis, and HCM). Distinct morphologic patterns may be 
revealed by endomyocardial biopsy.

Arrhythmogenic Right Ventricular 
Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy is charac-
terized by a dilated right ventricular chamber and severely 
thinned right ventricular wall, with extensive fatty infiltration, 

loss of myocytes with compensatory myocyte hypertrophy, 
and interstitial fibrosis (see Fig. 5-3G-H).15 Clinical features 
include right-sided heart failure and arrhythmias. Arrhyth-
mias are often brought on by exertion, and this condition 
is associated with sudden death in athletes. ARVC may be 
associated with mutations in several genes involved in cell-cell 
adhesion and in intracellular signaling.

CORONARY ARTERY AND ISCHEMIC 
HEART DISEASE
Myocardial ischemia occurs when perfusion via coronary 
flow is inadequate to meet metabolic needs, thus interfer-
ing with both the cellular delivery of oxygen and nutrients 
to cardiac myocytes, and the removal of waste products. 
Myocardial ischemia most often results from obstruction or 
narrowing of a coronary artery secondary to atherosclero-
sis. Nonatherosclerotic epicardial coronary artery obstruc-
tions can also occur in autoimmune diseases (eg, systemic 
lupus erythematosus and rheumatoid arthritis), progressive 
systemic sclerosis (scleroderma), vasculitis (eg, Buerger dis-
ease and Kawasaki disease), fibromuscular dysplasia, and as 
a result of dissection, spasm, embolism, or some drugs such 
as cocaine. Obstruction of small intramural coronary arteries 
occurs in diabetes, Fabry’s disease, and amyloidosis, and in 
cardiac allografts (see later). Decreased coronary flow leading 
to global hypoperfusion and myocardial ischemia can occur 
during cardiopulmonary bypass. Ischemia can also result 
from increased cardiac demand secondary to exercise, tachy-
cardia, hyperthyroidism, or ventricular hypertrophy and/
or dilation. Moreover, the effects of ischemia are potenti-
ated when oxygen supply is decreased secondary to anemia, 
hypoxia, or cardiac failure.

Atherosclerosis
Atherosclerosis is a chronic, progressive, multifocal disease of 
the vessel wall, beginning in the intima, whose characteristic 
lesion is the atheroma or plaque that forms through intimal 
thickening (mediated predominantly by smooth muscle cell 
proliferation and matrix production) and lipid accumula-
tion (mediated primarily by insudation of lipid into the arte-
rial wall).16 Atherosclerosis primarily affects the large elastic 
arteries and large- and medium-sized muscular arteries of the 
systemic circulation, particularly near branches, sharp cur-
vatures, and bifurcations. Coronary arterial atherosclerosis 
involves especially the epicardial branches of the left anterior 
descending (LAD) and circumflex arteries, and the right cor-
onary diffusely, but generally not their intramural branches. 
Most atheromas in the coronary arteries are segmental and 
eccentric, with plaque-free segments longitudinally and cir-
cumferentially. In early lesions, the plaque bulges outward 
at the expense of the media with the arterial lumen remain-
ing circular in cross-section at essentially the same original 
diameter (ie, the vessel wall outer diameter enlarges, a process 
termed vascular remodeling).17
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 Chapter 5 Cardiovascular Pathology 105

Although veins are usually spared from atherosclero-
sis, venous grafts interposed within branches of the arterial 
system (such as aorto-coronary bypass grafts created from 
saphenous vein) frequently develop intimal thickening and 
ultimately atherosclerosis, with obstructions or aneurysms. 
Paradoxically, some arteries used as arterial grafts, including 
the internal mammary artery (IMA), are largely spared.

Pathogenesis
The prevailing theory of lesion formation in atherosclerosis 
centers on interactions among arterial wall endothelial and 
vascular smooth muscle cells, circulating monocytes, platelets, 
and plasma lipoproteins. A key contributor to atherosclero-
sis is endothelial cell injury induced by chronic hypercho-
lesterolemia, homocystinemia, chemicals in cigarette smoke, 
viruses, localized hemodynamic forces, systemic hyperten-
sion, hyperglycemia, or the local effects of cytokines. These 
factors cause phenotypic and hence functional changes in 
endothelial cells, called endothelial dysfunction.18 Endothelial 
dysfunction causes (1) vasoconstriction owing to decreased 
production of the vasodilator nitric oxide; (2) increased 
permeability to lipoproteins; (3) expression of tissue factor 
leading to thrombosis; and (4) expression of certain injury-
induced adhesion molecules leading to adherence of platelets 
and inflammatory cells.

Progression from an early, subendothelial lesion (called a fatty 
streak) to a complex atheromatous plaque involves the following 
processes: (1) monocytes adhere to endothelial cells, migrate into 
the subendothelial space, and transform into tissue macrophages; 
(2) smooth muscle cells migrate from the media into the intima, 
proliferate, and secrete collagen and other extracellular matrix 
(ECM) constituents; (3) lipids accumulate via phagocytosis in 
macrophages (forming foam cells) and smooth muscle cells, as 
well as extracellularly; (4) lipoproteins are oxidized in the vessel 
wall leading to generation of potent biologic stimuli such as 
chemoattractants and cytotoxins; (5) persistent chronic inflam-
mation; (6) cellular necrosis with release of intracellular lipids 
(mostly cholesterol esters); and often (7) calcification. Mature 
atherosclerotic plaques consist of a central core of lipid, cho-
lesterol crystals, macrophages, smooth muscle cells, foam cells, 
and lymphocytes along with necrotic debris, separated from the 
lumen by a fibrous cap rich in collagen.

Clinical manifestations of advanced coronary arterial ath-
erosclerosis occur through encroachment of the lumen lead-
ing to progressive stenosis, or to acute plaque disruption with 
thrombosis (see the following). In the absence of significant 
coronary blockages, myocardial perfusion is adequate at rest, 
and compensatory vasodilation provides flow reserve that is 
more than sufficient to accommodate increased metabolic 
demand during vigorous exertion. When the coronary luminal 
cross-sectional area is decreased by approximately 75%, blood 
flow becomes limited during exertion; with 90% reduction, 
coronary flow may be inadequate at rest. However, occlu-
sions that develop slowly may stimulate the formation of col-
lateral vessels that protect against distal myocardial ischemia. 
Aneurysms may form secondary to atherosclerosis as a result 

of destruction of the media beneath a plaque, a process most 
common in the aorta and other large vessels (where plaque does 
not easily cause obstruction). The natural history, morphologic 
features, key pathogenetic events, and clinical complications of 
atherosclerosis are summarized in Figs. 5-4 and 5-5.

Role of Acute Plaque Change
The onset and prognosis of ischemic heart disease are not 
well predicted by the angiographically determined extent and 
severity of luminal obstructions.19 The conversion of chronic 
stable angina or an asymptomatic state to an acute coronary 
syndrome (ie, myocardial infarction, unstable angina, and 
sudden coronary death) is dependent on dynamic vascular 

A

B

FIGURE 5-4 Acute plaque rupture with superimposed thrombus 
complicating coronary arterial atherosclerosis and triggering fatal 
myocardial infarction. (A) Gross photo. (B) Photomicrograph. (The 
arrow demonstrates the site of plaque rupture.) ([B] Reproduced with 
permission from Schoen FJ: Interventional and Surgical Cardiovascular 
Pathology: Clinical Correlations and Basic Principles. Philadelphia: 
Saunders; 1989.)

Cohn_ch05_p0099-0156.indd   105 08/05/17   11:30 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



106 Part I Fundamentals

changes, such as fracture or rupture of the fibrous cap, expos-
ing deep plaque constituents, and subsequent thrombus, 
wither occlusive, or partial, sometimes with emboli. Less 
commonly, the change is erosion and/or ulceration of the 
fibrous cap, setting the stage for platelet aggregation and 
mural or total thrombosis.

Plaques having a high propensity to rupture are known as 
vulnerable plaques. Such lesions (1) have a thin collagenous 
fibrous cap and few smooth muscle cells (the cells that pro-
duce collagenous matrix); (2) contain many macrophages 
producing matrix metalloproteinases (MMP) (enzymes that 
degrade the collagen that ordinarily lends strength to the 
fibrous cap); and (3) contain large areas of foam cells, extracel-
lular lipid and necrotic debris. Inflammation may contribute 
to coronary thrombosis by altering the balance between pro-
thrombotic and fibrinolytic properties of the endothelium. 
There is evidence that lipid lowering by diet or drugs such 
as statins (HMG CoA reductase inhibitors) reduces accumu-
lation of macrophages expressing matrix-degrading enzymes 
and thereby stabilizes plaque by increasing the thickness and 
strength of the fibrous cap.20

Vulnerable plaques without significant obstruction can 
be clinically important. Indeed, pathologic and clinical 
studies show that plaques that rupture and lead to coronary 
occlusion often produced only mild to moderate luminal 
stenosis (and often no symptoms) prior to acute plaque 
change. Thus, there is great interest in identifying vulner-
able plaques in individuals at a potentially therapeutic stage. 
Calcification of the coronary arteries detected noninvasively 
by electron beam computed tomography predicts the extent 

of atherosclerotic disease overall but does not predict plaque 
instability. The most relevant features of plaque structure 
can be evaluated using intravascular ultrasound, optical 
coherence tomography (OCT), and potentially noninvasive 
molecular imaging.21

The events that trigger abrupt changes in plaque config-
uration and superimposed thrombosis and the efficacy and 
safety of interventional therapies depend on influences both 
intrinsic (eg, structure and composition, as described above) 
and extrinsic (eg, blood pressure, vasospasm, and platelet 
reactivity) to the plaque.22,23 Potential outcomes for ruptured 
plaques include progression to thrombotic occlusion, non-
occlusive thrombosis, healing at the site of plaque erosion, 
atheroembolization or thromboembolization, organization of 
mural thrombus causing (plaque progression), and organiza-
tion of the occlusive mass with recanalization.

The clinical manifestations of ischemic heart disease most 
frequently reflect the downstream effects of a complex and 
dynamic interaction among fixed atherosclerotic narrow-
ing of the epicardial coronary arteries, plaque vulnerability, 
intraluminal thrombosis overlying a ruptured or fissured ath-
erosclerotic plaque, platelet aggregation, vasospasm, and the 
responses of the myocardium to ischemia.

Progression of Ischemic Myocardial 
Injury
The changes in the myocardium following the onset of myo-
cardial ischemia are sequential and the cellular consequences 
are primarily determined by the severity and duration of 

Pre-clinical phase
Usually young age

Fatty streak

Normal
artery

Fibrofatty
plaque

Advanced/
vulnerable

plaque
At lesion-prone areas, and
accelerated by risk factors:

Endothelial dysfunction
Monocyte adhesion/emigration

SMC migration to intima
SMC proliferation
ECM elaboration

Lipid accumulation

Cell death/degeneration
Plaque growth

Remodeling of plaque
and wall ECM

Organization of thrombus
Calcification

C
lin

ic
al

ho
riz

on Clinical phase
Usually middle age to elderly

Mural thrombosis
Embolization
Wall weaking

Plaque rupture
Plaque erosion

Plaque hemorrhage
Mural thrombosis

Embolization

Progressive
plaque growth

Aneurysm
and rupture

Occlusion
by

thrombus

Critical
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FIGURE 5-5 Schematic diagram summarizing the morphology, pathogenesis, and complications of atherosclerosis. Plaques usually develop 
slowly and insidiously over many years, beginning in childhood or shortly thereafter and exerting clinical effect in middle age or later. As described 
in the text, lesions may progress from a fatty streak to a fibrous plaque and then to plaque complications that lead to disease. ECM = extracellular 
matrix; SMC = smooth muscle cell. (Reproduced with permission from Kumar V, Fausto N, Abbas A, et al: Robbins/Cotran Pathologic Basis of 
Disease, 8th ed. Philadelphia, WB Saunders, 2010.)
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flow deprivation (Table 5-1). Within seconds of onset, isch-
emia induces a transition from aerobic metabolism to anaer-
obic glycolysis in cardiac myocytes, leading to inadequate 
production of high-energy phosphates such as ATP, and 
the accumulation of metabolites such as lactic acid, caus-
ing intracellular acidosis. Myocardial function is exquisitely 
sensitive to these biochemical consequences, with total loss 
of contraction within 2 minutes in severe ischemia. Nev-
ertheless, ischemic changes in an individual cell are not 
immediately lethal, and short duration injury is potentially 
reversible. Irreversible injury of cardiac myocytes marked 

by cell membrane structural defects occurs only after 20 to  
40 minutes within the most severely ischemic area (Fig. 5-6). 
Lethal injury to clusters of cells owing to severe prolonged 
ischemia causes myocardial infarction.

Within the region of myocardium vulnerable to die if isch-
emia is not relieved in a timely manner (termed the area at 
risk), loss of perfusion is not uniform and not all cells in the 
area at risk are equally affected. The most severely affected 
myocytes, and therefore the first to become necrotic, reside in 
the subendocardium and in the papillary muscles furthest from 
lateral regions of noncompromised circulation and adequate 
perfusion. Thus, if uninterrupted ischemia progresses, there is 
a wavefront of cell death outward from the mid-subendocardial 
region, eventually encompassing the lateral borders and less 
severely ischemic subepicardial and peripheral regions of the 
area at risk. In myocardial infarction, approximately 50% of 
the area at risk becomes necrotic in approximately 3 to 4 hours. 
The final transmural extent of an infarct is generally established 
within 6 to 12 hours. The key principle is that if perfusion is 
restored prior to the onset of irreversible changes, cell death 
can be prevented. Thus, restoration of flow to a severely isch-
emic area via therapeutic intervention (such as percutaneous 
coronary intervention [PCI] with stent placement) can alter 
the outcome, depending on the interval between the onset of 
ischemia and restoration of blood flow (reperfusion).24

Necrosis existing less than 6 or more hours before patient 
death is not visible by routine gross or microscopic pathologic 
analysis of a cardiac specimen at autopsy. However, in a patient 
who died at least 2 to 3 hours following the onset of gross 
infarction, the presence of a necrotic region may be detected as 
a staining defect with triphenyl tetrazolium chloride (TTC), a 
dye that turns viable myocardium a brick-red color on reaction 
of the dye with intact myocardial dehydrogenases.25 The ear-
liest observable microscopic features of infarction are intense 
eosinophilia, nuclear pyknosis, and loss of myocytes in clus-
ters; some may be stretched and wavy. Short-term ischemia 
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FIGURE 5-6 Temporal sequence of early biochemical findings and progression of necrosis after onset of severe myocardial ischemia. Left panel: 
Early changes include loss of ATP and accumulation of lactate. Right panel: Myocardial injury is potentially reversible for approximately 20 minutes 
after the onset of even the most severe ischemia. Thereafter, progressive loss of viability occurs, which is complete by 6 to 12 hours. The benefits of 
reperfusion are greatest when it is achieved early; progressively smaller benefit is accrued when reperfusion is delayed.

TABLE 5-1: Approximate Time of Onset and 
Recognition of Key Features of Ischemic 
Myocardial Injury

Event/process Time of onset

Onset of anerobic metabolism Within seconds
Loss of contractility <2 min
ATP* reduced  
 to 50% of normal 10 min
 to 10% of normal 40 min
Irreversible cell injury 20-40 min
Microvascular injury >1 h

 
Pathologic feature

Time of 
recognition

Ultrastructural features of reversible injury 5-10 min
Ultrastructural features of irreversible damage 20-40 min
Wavy fibers 1-3 h
Staining defect with tetrazolium dye 2-3 h
Classic histologic features of necrosis 6-12 h
Gross alterations 12-24 h
*ATP = adenosine triphosphate.
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108 Part I Fundamentals

without necrosis cannot be reliably demonstrated by patho-
logic examination.

Tissue repair following myocardial infarction. The 
inflammation and repair sequence in response to myocar-
dial cell death follows a largely stereotyped sequence simi-
lar to tissue repair following injury at extracardiac sites. The 
inflammatory reaction is characterized by early exudation of 
polymorphonuclear leukocytes, seen after 6 to 12 hours and 
maximal within 1 to 3 days. Subsequently (3 to 5 days), the 
infiltrate consists predominantly of macrophages that remove 
the necrotic tissue. Collagen production accompanied by 
neovascularization begins approximately 7 to 10 days at the 
margins of preserved tissue. The gross appearance reflects the 
progressive microscopic changes described above (Fig. 5-7). 
Ultimately, the infarcted tissue is replaced by dense collag-
enous scar, which is fully mature by about 6 to 8 weeks. Heal-
ing of myocardial infarction may be altered by reperfusion 
(see the following), mechanical stress, sex, and neurohumoral 
and other factors such as immunosuppressive drugs.26

Although cardiac myocytes are traditionally thought inca-
pable of regeneration, a growing body of evidence suggests 

that regeneration of cardiac myocytes can occur under certain 
circumstances, including at the viable borders of myocardial 
infarcts.27 Whether this capacity for renewal can be harnessed 
to therapeutic advantage is not yet known (discussed later in 
this chapter).

Effects of Reperfusion
Reperfusion of an ischemic zone occurring before the onset 
of irreversible injury (recall, approximately 20 to 30 minutes) 
prevents infarction. Reperfusion later (ie, following some cell 
death) may limit infarct size through salvage of myocytes 
located outside the leading edge of the “wavefront,” provided 
that these myocytes are only reversibly injured at the time 
reperfusion occurs.28 Thus, the potential for recovery of via-
ble tissue decreases with increasing severity and duration of 
ischemia (see Fig. 5-6). Owing to the typical progression 
of ischemic injury, reperfusion 3 to 4 hours following onset 
of ischemia is considered the practical limit for significant 
myocardial salvage, and 90 minutes (“door to balloon time”) 
is the present clinical goal in PCI.29

Reperfused previously ischemic myocardium often has 
hemorrhage (owing to microvascular damage; see the follow-
ing) and necrotic myocytes with transverse eosinophilic lines 
(called contraction bands) that represent hypercontracted sar-
comeres (Fig. 5-8) caused by ischemic cell membrane damage 
followed by a massive cellular influx of calcium derived from 
the restored blood flow. Microvascular occlusions (resulting 
from endothelial or interstitial edema and/or plugging by 
platelet or neutrophil aggregates) may inhibit the reperfu-
sion of damaged regions (no-reflow phenomenon).30 Moreover, 
reperfusion itself may damage some of the ischemic but still 
viable myocytes that were not irreversibly injured (called 
reperfusion injury), and arrhythmias may occur.31 In reperfu-
sion after severe global ischemia (eg, during cardiac surgery), 
the left ventricle may undergo a massive tetanic contraction 
(stone heart syndrome).32

MYOCARDIAL STUNNING, HIBERNATION,  
AND PRECONDITIONING
Although reperfusion may salvage ischemic but not necrotic 
myocardium, metabolic and functional recovery is usually 
not instantaneous; indeed, reversible postischemic myocardial 
dysfunction (called myocardial stunning) may persist for hours 
to days following brief periods of ischemia.33 Myocardial stun-
ning may also occur in the setting of PCI, cardiopulmonary 
bypass, or ischemia related to unstable angina or stress.

Regions of viable myocardium with chronically reduced 
coronary blood flow may have impaired function (termed 
hibernating myocardium).34,35 Myocardial hibernation is char-
acterized by (1) persistent wall motion abnormality, (2) low 
myocardial blood flow, and (3) evidence of viability in at least 
some of the affected areas. Contractile function of hibernat-
ing myocardium can improve if blood flow returns toward 
normal or if oxygen demand is reduced. Correction of this 
abnormality is likely responsible for the reversal of long-
standing defects in ventricular wall motion observed follow-
ing coronary bypass graft surgery or PCI. Morphologically, 

A

B

FIGURE 5-7 Gross photos of healing myocardial infarcts  
(A) approximately 3 to 4 days, (B) approximately 2 weeks. Asterisk 
highlights area of damage in each case.
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 Chapter 5 Cardiovascular Pathology 109

sublethal chronic ischemic injury often manifests as myocyte 
vacuolization, particularly in the subendocardium.36

Adaptation to short-term transient ischemia (ie, duration 
insufficient to cause cell death) may induce tolerance against 
subsequent, more severe ischemic insults (ischemic precon-
ditioning).37 Thus, short (eg, 5-minute) periods of cardiac 
ischemia followed by reperfusion can protect myocardium 
against injury during a prolonged period of subsequent isch-
emia. Understanding the yet uncertain mechanisms of this 
protection could lead to targets for “preemptive” pharmaco-
logic stimulation of these pathways.

Myocardial Infarction and Its 
Complications
Coronary atherosclerosis with acute plaque rupture and super-
imposed thrombosis often results in a transmural (Q-wave) 

myocardial infarct, in which ischemic necrosis involves at 
least half and usually a nearly full thickness of the ventricular 
wall in the distribution of the involved artery. In contrast, a 
subendocardial (nontransmural, non–Q-wave) infarct consti-
tutes an area of ischemic necrosis that is limited to the inner 
third to half of the ventricular wall, which can occur in the 
setting of episodic hypotension, global ischemia, or hypox-
emia, or from interruption by reperfusion of the evolution 
of a transmural infarct. Subendocardial infarction associated 
with diffuse stenosing coronary atherosclerosis can be multi-
focal, extending laterally beyond the perfusion territory of a 
single coronary artery.

The short-term in-hospital mortality rate from acute myo-
cardial infarction has declined from nearly 30% in the 1950s 
and 1960s to 7% or less today, especially for patients who 
receive aggressive reperfusion/revascularization and pharma-
cologic therapy.38 However, half of all deaths from myocar-
dial infarction occur within the first hour after the onset of 

FIGURE 5-8 Reperfusion following severe myocardial ischemia. (A) Large, densely hemorrhagic anteroseptal acute myocardial infarct from patient 
treated by intracoronary thrombolysis for left anterior descending (LAD) artery thrombus, approximately 4 hours following onset. (B) Subendocardial 
circumferential hemorrhagic acute myocardial necrosis occurring perioperatively in cardiac valve replacement. (C) Photomicrograph of hemorrhagic 
myocardial necrosis. (D) High-power photomicrograph demonstrating contraction bands (arrow). Hematoxylin and eosin 375×.
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110 Part I Fundamentals

symptoms, potentially before a victim can reach the hospital. 
Poor prognostic factors include advanced age, female sex, 
diabetes mellitus, and a previous myocardial infarction. Left 
ventricular function and the extent of obstructive lesions in 
vessels perfusing viable myocardium are the most important 
prognostic factors.

Important complications of myocardial infarction include 
ventricular dysfunction, cardiogenic shock, arrhythmias, 

FIGURE 5-9 Cardiac rupture syndromes and ventricular aneurysm following myocardial infarction. (A) Anterior myocardial rupture (arrow). 
(B) Rupture of the ventricular septum (arrow). (C) Rupture of a necrotic papillary muscle (arrow). (D) Large left ventricular aneurysm, with thin 
fibrotic wall (arrow) and mural thrombus.

A

B

C D

cardiac rupture, infarct extension and expansion, papillary 
muscle dysfunction, right ventricular involvement, ventricu-
lar aneurysm, pericarditis, and systemic arterial embolism; 
the cardiac rupture syndromes and ventricular aneurysm are 
illustrated in Fig. 5-9. Outcome after myocardial infarction 
depends on infarct size, location, and transmurality. Patients 
with transmural anterior infarcts are at greatest risk for 
regional dilation and mural thrombi and have a worse clinical 
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 Chapter 5 Cardiovascular Pathology 111

muscles and cords from each are distributed to both valve 
leaflets, interference with the structure or function of either 
papillary muscle can result in dysfunction of both mitral valve 
leaflets and resultant mitral regurgitation (see later).

Isolated right ventricular infarction and involvement of the 
right ventricle by extension of a posteroseptal infarct can have 
important functional consequences, including right ventricular 
failure with or without tricuspid regurgitation and arrhythmias.

Infarct extension is characterized by incremental new or 
recurrent necrosis in the same distribution as a completed recent 
infarct. Extension most often occurs along the lateral and sub-
epicardial borders of a recent infarct, and histologically appears 
younger than the previously necrotic myocardium. In contrast, 
infarct expansion is a disproportionate thinning and dilation of 
the infarcted region which does not lead to additional necrotic 
myocardium per se, but may promote both further ischemia 
and intracardiac mural thrombus formation. The increase in 
ventricular volume caused by regional dilation increases the 
wall stress and thereby the workload of noninfarcted myocar-
dium. Infarct expansion is often the substrate for late aneurysm 
formation and increases morbidity and mortality.

Ventricular aneurysms are large scars that paradoxically 
bulge during ventricular systole and often result from heal-
ing of a large transmural infarct that undergoes expansion 
(see Fig. 5-9D).41 Although frequently as thin as 1 mm, ventricu-
lar aneurysms rarely rupture owing to their walls of tough fibrous 
or fibrocalcific tissue. Hypertrophied myocardial remnants as 
well as necrotic but inadequately healed myocardium often are 
present in aneurysm walls and mural thrombus is common.

Ventricular remodeling comprises the collective structural 
changes that occur in both the necrotic zone and uninvolved 
areas of the heart, including left ventricular dilation, wall 
thinning by infarct expansion, compensatory hypertrophy 
of noninfarcted myocardium, and potentially late aneurysm 
formation.42 Congestive heart failure secondary to coronary 
artery disease (CAD) occurs when the overall function of via-
ble myocardium can no longer maintain an adequate cardiac 
output or regions of hyperfunctioning residual myocardium 
suffer additional ischemic episodes.

Revascularization
Revascularization early after acute myocardial infarction is 
rationalized as follows: (1) prolonged thrombotic occlusion 
of a coronary artery causes transmural infarction; (2) the 
extent of necrosis during an evolving myocardial infarction 
progresses as a wavefront and becomes complete only 6 to  
12 hours or more following coronary occlusion (see Fig. 5-6); 
(3) both early- and long-term mortality following acute 
myocardial infarction correlate strongly with the amount of 
residual functioning myocardium; and (4) early reperfusion 
rescues some jeopardized myocardium.43 Thus, the benefits of 
revascularization depend on and are assessed by the amount 
of myocardium salvaged, recovery of left ventricular function, 
and resultant reduction in mortality. These clinical end points 
are largely determined by the time interval between onset of 
symptoms and successful reflow, and the degree of residual 

course than those with inferior-posterior infarcts. In contrast, 
inferior-posterior infarcts are more likely to have serious con-
duction blocks and right ventricular involvement.

Myocardial infarcts produce functional abnormalities 
approximately proportional to their size. Large infarcts have a 
higher probability of cardiogenic shock and congestive heart 
failure. Nonfunctional scar tissue resulting from previous 
infarcts and areas of stunned or hibernating myocardium may 
also contribute to overall ventricular dysfunction. Cardio-
genic shock following myocardial infarction generally indi-
cates a large infarct (often > 40% of the left ventricle). The 
high mortality of myocardial dysfunction and cardiogenic 
shock has been alleviated somewhat by the use of ventricular 
assist devices (VADs) to bridge patients through phases of 
prolonged reversible ischemic dysfunction.

Although many patients have cardiac rhythm abnormali-
ties following myocardial infarction, the conduction system 
is involved by necrosis or inflammation only in a minority, 
and heart block following myocardial infarction usually is 
transient. Tachyarrhythmias usually originate owing to elec-
trically unstable ischemic or necrotic myocardium, often at 
the edge of an infarct. However, autopsy studies of sudden 
death victims and clinical studies of resuscitated survivors 
of cardiac arrest show that only a minority of patients with 
ischemia-induced malignant ventricular arrhythmias develop 
a full-blown acute myocardial infarction.

Cardiac rupture syndromes comprise three entities  
(see Fig. 5-9A-C): (1) rupture of the ventricular free wall 
(most common), usually with hemopericardium and cardiac 
tamponade; (2) rupture of the ventricular septum (less com-
mon), leading to an acquired ventricular septal defect with 
a left-to-right shunt; and (3) papillary muscle rupture (least 
common), resulting in the acute onset of severe mitral regur-
gitation. Ruptures tend to occur relatively early following 
infarction with as many as 25% presenting within 24 hours 
(mean interval 4 to 5 days), most commonly through the 
lateral free wall. Acute free wall ruptures usually are rap-
idly fatal; repair is rarely possible.39 Rarely, a rupture is con-
tained as a hematoma communicating with the ventricular 
cavity (false aneurysm); this is an unstable situation and the 
false aneurysm may eventually rupture.

Postinfarction septal ruptures with acute ventricular septal 
defect are of two types: (1) single or multiple sharply local-
ized, jagged, linear passageways that connect the ventricular 
chambers (simple type), usually involving the anteroapical 
aspect of the septum; and (2) defects that tunnel serpiginously 
through the septum to a somewhat distant opening on the 
right side (complex type), usually involving the basal infero-
septal wall.40 In complex lesions, the tract may extend into 
regions remote from the site of the infarct, such as the right 
ventricular free wall. Without surgery, the prognosis is poor 
for patients with infarct-related ventricular septal defects.

Papillary muscles are particularly vulnerable to ischemic 
injury and rupture, particularly the posterior medial papil-
lary muscle, and rupture can occur later than other rupture 
syndromes (as late as 1 month after myocardial infarction). 
Because tendinous cords arise from the heads of the papillary 
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112 Part I Fundamentals

stenosis of the infarct vessel. Spontaneous recanalization via 
endogenous thrombolysis can be beneficial to left ventricular 
function but occurs in only a small percentage of patients 
within the critical interval.

Percutaneous Coronary Intervention
Percutaneous coronary intervention can restore blood flow 
through a diseased portion of the coronary circulation 
obstructed by atherosclerotic plaque and/or thrombotic depos-
its, and in obstructions in saphenous vein grafts, IMA grafts, 
and occasionally, coronary arteries in transplanted hearts.

PERCUTANEOUS TRANSLUMINAL CORONARY 
ANGIOPLASTY
In percutaneous transluminal coronary angioplasty (PTCA), 
the plaque splits at its weakest point and enlargement of the 
lumen occurs by plaque fracture (the predominant mecha-
nism); and by embolization, compression, redistribution of the 
plaque contents, and overall mechanical expansion of the vessel 
wall can also occur.44 The split extends to the intimal-medial 
border and often into the media, is accompanied by vari-
able circumferential and longitudinal medial dissection, and 
can induce a flap that impinges on the lumen. These changes 
can result in local flow abnormalities and generation of new, 
thrombogenic blood-contacting surfaces (to some extent simi-
lar to what is observed with spontaneously disrupted plaque) 
and contribute to the propensity for acute thrombotic closure.

The long-term success of PTCA is limited by the develop-
ment of progressive restenosis, which occurs in 30 to 50% 
of patients, most frequently within the first 4 to 6 months.45 
Although vessel wall recoil and organization of thrombus 
likely contribute, the major process leading to restenosis is 
excessive medial smooth muscle migration to the intima, pro-
liferation, and secretion of abundant ECM as a response to 
angioplasty-induced injury.

Although not widely used today, coronary atherectomy of 
primary or restenosis lesions mechanically can remove obstruc-
tive tissue by excision.46 Deep arterial resection, including 
medial and even adventitial elements, occurs frequently but 
has not been associated with acute symptomatic complications. 
The morphology of arterial vessel healing after directional or 
rotational atherectomy is similar to that following angioplasty.

STENTS
Stents are expandable tubes of metallic or polymeric mesh 
that are used to split open the vessel wall at the site of balloon 
angioplasty and thereby mitigate the negative sequelae of 
PTCA.47 Stents preserve luminal patency and provide a larger 
and more regular lumen by acting as a scaffold to support 
the disrupted vascular wall and minimize flow disruption and 
thrombus formation. Placement of a stent yields outcomes 
superior to angioplasty alone in vessels greater than 3 mm 
in diameter, chronic total occlusions, stenotic vein grafts, 
restenotic lesions after angioplasty alone, and in patients with 
myocardial infarction.48

Stent technology has undergone a rapid evolution, including 
sequentially: (1) bare-metal stents (BMS); and (2) drug-eluting 
stents (DES), both used extensively in clinical interventional 
cardiology; and more recently (3) completely resorbable/biode-
gradable stents (RBS). Bare-metal stents for coronary implan-
tation are short tubular segments of metal mesh composed 
of balloon-expandable 316L stainless steel or nickel-titanium 
alloy (Nitinol) that range from approximately 2.5 to 3.5 mm in 
diameter and approximately 1 to 3 cm in length. Development 
has focused on permitting stents to become more flexible and 
more easily delivered and deployed, allowing the treatment of a 
greater number and variety of lesions.

Key stent complications are thrombosis, usually occur-
ring early, and late proliferative restenosis (Fig. 5-10). 
Thrombotic occlusion, occurring in 1 to 3% of patients 
within 7 to 10 days of the procedure (see Fig. 5-10A), has 
largely been overcome by aggressive multidrug treatment 
with antiplatelet agents such as clopidogrel, aspirin, and 
glycoprotein IIb/IIIa inhibitors. The major long-term com-
plication of bare-metal stenting is in-stent restenosis, which 
occurs in 50% of patients within 6 months.49 The causes of 
stent thrombosis and restenosis are complex and are largely 
owing to stent-tissue interactions, damage to the endothe-
lial lining, and stretching of the vessel wall, which stimulate 
inflammation and adherence and accumulation of platelets 
and fibrin.50 Stent wires may eventually become completely 
embedded in an endothelium-lined intimal fibrosis layer 
composed of smooth muscle cells in a collagen matrix (see 
Fig. 5-10B). This tissue may thicken secondary to the release 
of growth factors, chemotactic factors, and inflammatory 
mediators from platelets and other inflammatory cells that 
result in proliferation of smooth muscle cells and increased 
production of ECM molecules, narrowing the lumen and 
resulting in restenosis.

Drug-eluting stents, which impart the controlled release 
of drugs from durable polymers to the vessel wall, effectively 
inhibit in-stent restenosis.51,52 The drugs used most widely 
are rapamycin (sirolimus)53 and paclitaxel54 in the Cypher 
(Cordis) and Taxus (Boston Scientific) stents, respectively. 
Rapamycin, a drug used for immunosuppression in solid 
organ transplant recipients, inhibits proliferation, migra-
tion, and growth of smooth muscle cells and ECM synthesis. 
Paclitaxel, a drug used in the chemotherapeutic regimens for 
several types of cancer, also has similar anti-smooth muscle 
cell activities. These drugs are embedded in a polymer matrix 
(such as a copolymer of poly-n-butyl methacrylate and 
polyethylene-vinyl acetate or a gelatin-chondroitin sulfate 
coacervate film) that is coated onto the stent. However, stent 
thrombosis emerged as a major safety concern with DES early 
after their adoption in clinical practice, requiring prolonged 
dual antiplatelet therapy.55 Pathological examination of clini-
cal specimens and animal studies have suggested that these 
DES were associated with DES-induced inhibition of stent 
endothelialization and delayed arterial healing and polymer 
hypersensitivity reactions resulting in chronic inflammation 
that contributed to stent thrombosis. Recently, DES have 
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 Chapter 5 Cardiovascular Pathology 113

been developed to overcome these issues with improved 
stent designs and construction and the use of biocompatible 
polymers.56

In contrast to the permanent presence of a foreign body in 
BMS and DES, RBS provide a scaffold and then ultimately 
disappear by resorption of foreign scaffold material that may 
potentiate a thrombotic event, permit more versatility in 
subsequent therapies, and not interfere with the diagnostic 
evaluation by noninvasive imaging such as cardiac magnetic 
resonance and CT.57,58 Several RBS are in development or in 
clinical trials. The key challenge is to balance biomechanics 
(strength, deliverability, and lesion crossing), potential for 
side-branch occlusion (owing to thicker struts), durability 

A

B

FIGURE 5-10 Stent pathology. (A) Thrombosis. H&E stain.  
(B) Thickened proliferative neointima separating the stent wires (black 
structure) from the lumen, with bare metal coronary artery stent 
implanted long term. Movat stain. (Reproduced with permission 
from Silver MD, Gotlieb AI, Schoen FJ: Cardiovascular Pathology, 
3rd ed. Philadelphia: Churchill Livingstone/Elsevier; 2001.)

and biocompatibility, and to control the kinetics of stent 
degradation at a rate appropriate to maintain mechanical 
strength to limit recoil.

Coronary Artery Bypass Graft Surgery
Coronary artery bypass graft (CABG) surgery improves 
survival in patients with significant left main CAD, three-
vessel (and possibly two-vessel) disease, or reduced ventricu-
lar function, and prolongs and improves the quality of life in 
patients with left main equivalent disease (proximal LAD and 
proximal left circumflex), but does not protect them from 
the risk of subsequent myocardial infarction.59 The principal 
mechanism for these benefits is thought to be the restoration 
of blood flow to hibernating myocardium.

The hospital mortality rate for CABG surgery is approxi-
mately 1% in low-risk patients, with fewer than 3% of patients 
suffering perioperative myocardial infarction. The most 
consistent predictors of mortality after CABG are urgency 
of operation, age, prior cardiac surgery, female sex, low left 
ventricular ejection fraction, degree of left main stenosis, and 
number of vessels with significant stenoses. The most com-
mon mode of early death after CABG is acute cardiac failure 
leading to low output or arrhythmias, owing to myocardial 
necrosis (often with features of reperfusion described in the 
preceding), postischemic dysfunction of viable myocardium, 
or a metabolic cause, such as hypokalemia.

Early thrombotic occlusion of the graft vessel may 
occur, usually potentiated by inadequate distal run-off from 
extremely small and/or atherosclerotic distal native coro-
naries. Additional factors may include atherosclerosis, arte-
rial branching or dissection of blood into the graft or native 
vessel at the anastomotic site, or distortion of a graft that is 
too short or too long for the intended bypass. In some cases, 
thrombosis occurring early postoperatively involves only the 
distal portion of the graft, suggesting that early graft throm-
bosis was initiated at the distal anastomosis. Most patients 
who die early after CABG have patent grafts.

The patency of saphenous vein grafts is reported as 60% at 
10 years; occlusion results from (with increasing postoperative 
interval) thrombosis, progressive intimal thickening, and/or 
obstructive atherosclerosis.60 Between 1 month and approxi-
mately 1 year, graft stenosis is usually caused by intimal hyper-
plasia with excessive smooth muscle proliferation and ECM 
production (similar to that seen in restenosis following angio-
plasty and stenting). Atherosclerosis becomes the predominant 
mechanism in graft occlusion beyond 1 to 3 years after CABG, 
and earliest in those patients with the most significant athero-
sclerotic risk factors. Plaques in grafts often have poorly devel-
oped fibrous caps with large necrotic cores and can develop 
secondary dystrophic calcific deposits that extend to the lumen 
(Fig. 5-11); thus, the potential for disruption, aneurysmal dila-
tion, and embolization of atherosclerotic lesions in vein grafts 
exceeds that for native coronary atherosclerotic lesions, and 
balloon angioplasty, stenting or intraoperative manipulation of 
grafts may potentiate atheroembolism.
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114 Part I Fundamentals

In contrast to saphenous vein grafts, IMA grafts have greater 
than 90% patency at 10 years (Fig. 5-12).61 Multiple factors 
likely contribute to the remarkably higher long-term patency 
of IMA grafts compared with vein grafts. Although free 
saphenous vein grafts sustain disruption of their vasa vasora 
and nerves, endothelial damage, medial ischemia, and acutely 
increased internal pressure, an IMA graft generally has mini-
mal preexisting atherosclerosis and requires minimal surgical 
manipulation, maintains its nutrient blood supply, is adapted 
to arterial pressures, needs no proximal anastomosis, and has 
an artery-to-artery distal anastomosis. Graft and recipient ves-
sel have comparable sizes with the IMA but are disparate (graft 
substantially larger) with saphenous vein. The advent of off-
pump and minimally invasive coronary artery bypass grafting 
has stimulated efforts to facilitate sutureless anastomosis of the 
graft to the aorta.62

Although advances in medical therapy and PCI have 
contributed to fewer CABGs performed each year, chal-
lenges remain and new technologies are under consider-
ation to make the procedure safer and more efficacious.63 

FIGURE 5-12 Internal mammary artery as coronary artery bypass 
graft removed 13 years following surgery, demonstrating near-normal 
morphology, including an intact internal elastic lamina (arrow) 
Verhoff von Giesen stain (for elastin, black) 60×. (Reproduced with 
permission from Schoen FJ: Interventional and Surgical Cardiovascu-
lar Pathology: Clinical Correlations and Basic Principles. Philadelphia: 
Saunders; 1989.)

FIGURE 5-11 Atherosclerosis of saphenous vein bypass graft. (A) Fibrous cap (between arrows) is attenuated over the necrotic core (large asterisk).  
Lumen is at upper right. (B) Saphenous vein graft aneurysm. Hematoxylin and eosin (A) 100×; Gross photo. Verhoff von Giesen stain (for elastin) 
10×. ([A] Reproduced with permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correlations and Basic 
Principles. Philadelphia: Saunders; 1989. [B] Reproduced with permission from Liang BT, Antman EM, Taus R, et al: Atherosclerotic aneurysms 
of aortocoronary vein grafts, Am J Cardiol. 1988 Jan 1;61(1):185-188.)

A B
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For example, patients needing revascularization have a 
much more complicated combination of disease processes 
and many of the patients have extensive CAD with prior 
attempts at revascularization. The future of coronary artery 
bypass grafting may benefit from smaller incisions and 
potentially robotic endoscopic CABG, facilitated by novel 
anastomotic devices and intraoperative determination of 
graft patency. Hybrid surgical/catheterization suites that 
allow for simultaneous staged CABG and PCI are currently 
under development.

VALVULAR HEART DISEASE
Normal valve function requires structural integrity and coor-
dinated interactions among multiple anatomical components. 
For the atrioventricular valves (mitral and tricuspid), these 
elements include leaflets, commissures, annulus, tendinous 
cords (chordae tendineae), papillary muscles, and the atrial 
and ventricular myocardium. For the semilunar valves (aortic 
and pulmonary), the key structures are the cusps, commis-
sures, and their respective supporting structures in the aortic 
and pulmonary roots.

The anatomy of the mitral and aortic valves is illustrated 
in Fig. 5-13.

Mitral Valve
The mitral valve (see Fig. 5-13A) has two leaflets: the anterior 
(also called septal, or aortic) leaflet, roughly triangular and 
deep, with the base inserting on approximately one-third of 
the annulus, and the posterior (also called mural or ventricu-
lar) leaflet, more shallow than the anterior and attached to 
about two-thirds of the annulus. The posterior leaflet typi-
cally has distinct scallops that are designated P1, P2, and 
P3, respectively, beginning from the anterolateral toward the 
posteromedial commissure. The mitral leaflets have a com-
bined area approximately twice that of the annulus; appo-
sition during systole occurs over approximately 50% of the 
depth of the posterior leaflet and 30% that of the anterior 
leaflet. Each leaflet receives tendinous cords from both ante-
rior and posterior papillary muscles. The mitral valve orifice 
is D-shaped, with the flat anteromedial portion comprising 
the subaortic attachment of the anterior mitral leaflet. This 
part of the annulus is fibrous and noncontractile; in contrast, 
the posterolateral portion of the annulus is muscular and con-
tracts during systole to asymmetrically reduce the area of the 
orifice. The edges of the mitral leaflets are held in or below the 
plane of the orifice by the tendinous cords, which themselves 
are pulled from below by the contracting papillary muscles 
during systole. This serves to draw the leaflets to closure and 
maintain competence. The posterior leaflet, with its more 
delicate structure and shorter annulus-to-free-edge dimen-
sion than the anterior, is more prone to postinflammatory 
fibrous retraction and deformation owing to myxomatous 
degeneration. The orifice of the tricuspid valve is larger and 
less distinct than that of the mitral; its three leaflets (anterior, 

posterior, and septal) are larger and thinner than those of the 
mitral valve.

Aortic Valve
The aortic valve has structural complexity at several levels.64 
The three aortic valve cusps (left, right, and noncoronary) 
attach to the aortic wall in a semilunar fashion, ascending 
to the commissures and descending to the base of each cusp 
(see Fig. 5-13B). Commissures are spaced approximately 
120 degrees apart and occupy the three points of the annular 
crown, representing the sites of separation between adjacent 
cusps. Behind the valve cusps are dilated pockets of aortic 
root, called the sinuses of Valsalva. The right and left coronary 
arteries arise from orifices behind the right and left cusps, 
respectively. At the midpoint of the free edge of each cusp is 
a fibrous nodule called the nodule of Arantius. A thin, cres-
cent-shaped portion of the cusp on either side of the nodule, 
termed the lunula, defines the surfaces of apposition of the 
cusps when the valve is closed (approximately 40% of the 
separating area). The lunular tissue does not contribute to 
separate aortic from ventricular blood during diastole. Thus, 
fenestrations (holes) near the free edges commonly occur 
as a small (<2 mm in diameter), developmental, or degen-
erative abnormality and have no functional significance. In 
contrast, defects in the portion of the cusp below the lunula 
are associated with functional incompetence; such holes also 
suggest previous or active infection. When the aortic valve is 
closed during diastole, there is a back pressure on the cusps 
of approximately 80 mm Hg. The pulmonary valve cusps and 
surrounding tissues have architectural similarity to but are 
more delicate than those of the corresponding aortic compo-
nents, and lack coronary arterial origins.

All four cardiac valves have a similar microscopically inho-
mogeneous architecture, consisting of well-defined tissue lay-
ers in the plane of the cusp. Using the aortic valve as the 
paradigm (see Fig. 5-13C), beneath the valvular endothe-
lium, on the inflow side the ventricularis faces the left ven-
tricular chamber and is enriched in radially aligned elastic 
fibers, which enable the cusps to have minimal surface area 
when the valve is open but stretch during diastole to form 
a large coaptation area. The spongiosa is centrally located 
and is composed of loosely arranged collagen and abundant 
proteoglycans. This layer has negligible structural strength, 
but accommodates relative movement between layers dur-
ing the cardiac cycle and absorbs shock during closure. The 
fibrosa provides structural integrity and mechanical stabil-
ity through a dense aggregate of circumferentially aligned, 
densely packed collagen fibers, largely arranged parallel to 
the cuspal free edge. Normal human aortic and pulmonary 
valve cusps have few blood vessels; they are sufficiently thin 
to be perfused from the surrounding blood. In contrast, the 
mitral and tricuspid leaflets contain a few capillaries in their 
most basal thirds.

Best developed in aortic valve, key specializations facili-
tating valve function include crimp of collagen fibers along 
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116 Part I Fundamentals

FIGURE 5-13 Normal mitral and aortic valves. In (A), opened left ventricle of the normal heart, demonstrating mitral valve and components of 
the mitral apparatus. (B) Aortic valve viewed from distal aspect in open (bottom) and closed (top) phases. (C) Normal aortic valve histology, demon-
strating layered structure, including the fibrosa (f ), spongiosa (s), and ventricularis (v) layers. The inflow surface is at bottom. Verhoeff van Giesen 
(stain for elastin, black) 150×. ([A] Reproduced with permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical 
Correlations and Basic Principles. Philadelphia: Saunders; 1989. [B and C] Reproduced with permission from Silver MD, Gotlieb AI, Schoen FJ: 
Cardiovascular Pathology, 3rd ed. New York: Churchill Livingstone/Elsevier; 2001.)

A

C

B
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 Chapter 5 Cardiovascular Pathology 117

their length, bundles of collagen in the fibrous layer ori-
ented toward the commissures, and grossly visible corruga-
tions; these allow cusps to be extremely soft and pliable when 
unloaded in systole, but taut and stiff when stretched in dias-
tole. Moreover, the orientation of connective tissue and other 
architectural elements is nonrandom in the plane of the cusp, 
yielding greater compliance in the radial than circumferential 
direction. The fibrous network within the cusps effectively 
transfers the stresses of the closed phase to the annulus and 
aortic wall. This minimizes sagging of the cusp centers, pre-
serves maximum coaptation, and prevents regurgitation. 
Additionally, for the mitral valve, the subvalvular apparatus 
including tendinous cords and papillary muscles is a critical 
mechanism of valve competency.

Valvular Cell Biology
Recent studies have fostered an emerging picture of how 
valves form embryologically, mature in the fetus, and func-
tion, adapt, maintain homeostasis, and change throughout 
life. These essential relationships facilitate an understand-
ing of valve pathology and mechanisms of disease, foster 
the development of improved tissue heart valve substitutes, 
and inform innovative approaches to heart valve repair and 
regeneration.65

During normal development of the heart, the heart 
tube undergoes looping, following which the valve cusps/
leaflets originate from mesenchymal outgrowths known as 
endocardial cushions.66 A subset of endothelial cells in the 
cushion-forming area, driven by a complex array of signals 
from the underlying myocardium, changes their phenotype 
to mesenchymal cells and migrates into the acellular ECM 
called cardiac jelly. Likely regulated by TGF-β and vascu-
lar endothelial growth factor (VEGF), the transformation 
of endocardial cells to mesenchymal cells is termed trans-
differentiation or endothelial-to-mesenchymal transformation 
(EMT). Changes in cell phenotype and ECM remodeling 
continue throughout human fetal and postnatal develop-
ment, and throughout life, leading to ongoing changes in 
properties, as evidenced by increasing valve stiffness with 
increasing age.67,68

Two types of cells are present in the aortic valve: endo-
thelial cells located superficially and interstitial cells located 
deep to the surface. Aortic valve endothelial cells (VECs) have 
a different phenotype than endothelial cells in the adjacent 
aorta and elsewhere,69,70 but the implications of these differ-
ences are not yet known. The second cell type comprises the 
valvular interstitial cells (VICs), which have variable proper-
ties of fibroblasts, smooth muscle cells, and myofibroblasts. 
VICs maintain the valvular ECM, the key determinant of 
valve durability. To maintain integrity and pliability through-
out life, the valve cusps and leaflets must undergo ongoing 
physiologic remodeling that entails synthesis, degradation, 
and reorganization of its ECM, which depends on matrix-
degrading enzymes such as MMP. Although VICs are pre-
dominantly fibroblast-like in normal valves, they can become 
activated when exposed to environmental (ie, mechanical and 

chemical) stimulation and assume a myofibroblast-like phe-
notype that mediates connective tissue remodeling.

Pathologic Anatomy of Valvular Heart 
Disease
Cardiac valve operations utilizing replacement or repair usu-
ally are undertaken for dysfunction caused by calcification, 
fibrosis, fusion, retraction, perforation, rupture, stretch-
ing, infection, dilation, or congenital malformations of the 
valve leaflets/cusps or associated structures. Valvular stenosis, 
defined as inhibition of forward flow secondary to obstruc-
tion caused by failure of a valve to open completely, is almost 
always caused by a cuspal abnormality that induces a chronic 
disease process. In contrast, valvular insufficiency, defined as 
reverse flow caused by failure of a valve to close completely, 
may result from intrinsic disease of the cusps/leaflets and/or 
damage to or distortion of the supporting structures (eg, the 
aorta, mitral annulus, chordae tendineae, papillary muscles, 
and ventricular free wall). Thus, regurgitation can appear 
either precipitously, as with cordal rupture, or gradually, as 
with leaflet scarring and retraction. Both stenosis and insuf-
ficiency can coexist in a single valve. The most commonly 
encountered types of valvular heart disease are illustrated in 
Figs. 5-14 and 5-15.

Calcific Aortic Valve Stenosis
Aortic stenosis (AS) is the most common valvular heart dis-
ease in Western countries and has serious consequences.71 The 
prevalence of AS increases with age, reaching about 3% after 
the age of 75 in the United States. Thus, the global burden 
of AS is expected to double within the next 50 years as life 
expectancy lengthens. The limited available understanding 
of AS mechanisms and pathobiology has precluded develop-
ment of effective noninvasive medical treatments.72 Symp-
tomatic severe AS not treated promptly by corrective surgery 
has a high mortality as well as high and accelerating symptom 
burden.

Calcific AS, the most frequent valvular abnormality requir-
ing surgery, is usually the consequence of calcium phosphate 
deposition in either an anatomically normal aortic valve or in 
a congenitally bicuspid valve (see Fig. 5-14A,B).73 Stenotic, 
previously normal tricuspid valves present primarily with 
calcific aortic valve disease in the seventh to ninth decades 
of life, while congenitally bicuspid valves with superimposed 
calcification generally become symptomatic earlier (usually 
sixth to seventh decades).74

Calcific AS is characterized by heaped-up, calcified masses 
initiated in the cuspal fibrosa at the points of maximal cusp 
flexion (the margins of attachment); they protrude distally 
from the aortic aspect into the sinuses of Valsalva, inhibit-
ing cuspal opening. However, the ventricular surfaces of the 
cusps usually remain smooth (see Fig. 5-14C). The calcifica-
tion process generally does not involve the free cuspal edges, 
appreciable commissural fusion is absent, and the mitral valve 
generally is uninvolved. Calcified material resembling bone is 
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118 Part I Fundamentals

often present (see Fig. 5-14D). Aortic valve sclerosis comprises 
a common, earlier, and hemodynamically less significant 
stage of the calcification process. Nevertheless, aortic sclerosis 
is associated with an approximately 50% increase in the risk 
of death from cardiovascular causes, even in the absence of 
hemodynamically significant obstruction of left ventricular 
outflow.75

Aortic stenosis induces a pressure gradient across the 
valve, which may reach 75 to 100 mg Hg in severe cases, 

necessitating a left ventricular pressure of 200 mg Hg or more 
to expel blood. Consequently, cardiac output is maintained 
by the development of pressure-overload left ventricular 
hypertrophy. The onset of symptoms such as angina, syn-
cope, or heart failure in AS heralds the exhaustion of com-
pensatory cardiac hyperfunction and carries a poor prognosis 
if not treated by aortic valve replacement (AVR).76 Other 
complications of calcific AS include embolization that may 
occur spontaneously or during interventional procedures, 

FIGURE 5-14 Calcific aortic valve stenosis. (A) Calcific aortic valve 
disease causing aortic stenosis in an elderly patient, characterized by 
mineral deposits at basal aspect of cusps. (B) Calcification of con-
genitally bicuspid aortic valve, having two unequal cusps, the larger 
with a central raphe (arrow). (C and D) Photomicrographs of calcific 
deposits in calcific aortic valve disease. Hematoxylin and eosin 15×. 
Calcific aortic valve stenosis. (C) Nearly transmural deposits with only 
thin uninvolved cusp on inflow surface (at bottom). (D) Bone forma-
tion (osseous metaplasia).

A
B
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 Chapter 5 Cardiovascular Pathology 119

FIGURE 5-15 Etiologies of mitral valvular disease. (A and B) Rheumatic valve disease. (A) Atrial view and (B) subvalvular aspect of valve from 
patient with rheumatic mitral stenosis. The valvular changes are severe, including diffuse leaflet fibrosis and commissural fusion and ulceration of 
the free edges of the valve, as well as prominent subvalvular involvement with distortion (arrow in [B]). (C and D) Myxomatous degeneration of 
the mitral valve. In (C) there is prolapse into the left atrium of a redundant posterior leaflet (arrow). (D) Surgically resected, markedly redundant 
myxomatous valve. ([A and B] Reproduced with permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correla-
tions and Basic Principles. Philadelphia: Saunders; 1989.)

A B

C D
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120 Part I Fundamentals

hemolysis, infective endocarditis, and extension of the cal-
cific deposits into the ventricular septum causing conduction 
abnormalities.

Aortic valve calcification has been traditionally consid-
ered a wholly degenerative, dystrophic, and passive process. 
However, recent studies suggest active regulation of calcifica-
tion in aortic valves, with mechanisms that include inflam-
mation, lipid infiltration, and phenotypic modulation of 
VIC to an osteoblastic phenotype,77 and risk factors over-
lapping with those of arterial atherosclerosis. Similarities 
to atherosclerosis have stimulated interest in the possibility 
that statin drugs may decrease the rate of AS progression; 
however, benefit of statins for AS has not been supported by 
clinical studies.78

Congenitally Bicuspid Aortic Valve
Bicuspid aortic valve (BAV) typically has two cusps of 
unequal size, with the larger (conjoined) cusp having a 
midline raphe, representing an incomplete separation or 
congenital fusion of two cusps. Less frequently, the cusps 
are of equal size (see Fig. 5-14B). Neither stenotic nor 
symptomatic at birth or throughout early life, BAV are 
predisposed to accelerated calcification; ultimately, almost 
all become stenotic. Aortic pathology, including dilation 
and/or dissection, commonly accompanies BAV. Despite 
a prevalence of approximately 1%,79 BAV and other con-
genital valve abnormalities underlie over two-thirds of AS 
in children and almost 50% in adults. Infrequently, BAV 
become purely incompetent, or complicated by infective 
endocarditis, even when the valve is hemodynamically 
normal. Only rarely is an uncomplicated BAV encoun-
tered incidentally at autopsy.

Recent studies have confirmed previous reports of familial 
clustering of BAV and left ventricular outflow tract obstruc-
tion malformations, and their association with other car-
diovascular malformations.80 For example, mutations in the 
signaling and transcriptional regulator NOTCH1 caused a 
spectrum of developmental aortic valve abnormalities and 
severe calcification in two families with nonsyndromic famil-
ial aortic valve disease.81

Mitral Annular Calcification
Calcific deposits also can develop in the ring (annulus) of 
the mitral valve of elderly individuals, especially women. 
Although generally asymptomatic, the calcific nodules 
may lead to regurgitation by interference with systolic con-
traction of the mitral valve ring or, very rarely, stenosis by 
impairing mobility of the mitral leaflets during opening. 
Occasionally, the calcium deposits may penetrate sufficiently 
deeply to impinge on the atrioventricular conduction system 
to produce arrhythmias (and rarely sudden death). Patients 
with mitral annular calcification have an increased risk of 
stroke, and the calcific nodules, especially if ulcerated, can be 

the nidus for thrombotic deposits or infective endocarditis. 
Mitral annular calcification can also mimic a left ventricular 
neoplasm.

Rheumatic Heart Disease
Rheumatic fever is an acute, often recurrent, inflammatory 
disease that generally follows a pharyngeal infection with 
group A beta-hemolytic streptococci, principally in children. 
In the past several decades, rheumatic fever and rheumatic 
heart disease have declined markedly but not disappeared in 
the United States and other developed countries. Evidence 
strongly suggests that rheumatic fever is the result of an 
immune response to streptococcal antigens, inciting either 
a cross-reaction to tissue antigens or a streptococcal-induced 
autoimmune reaction to normal tissue antigens.82

Chronic rheumatic heart disease most frequently affects 
the mitral and to a lesser extent the aortic and/or the tricus-
pid valves. Usually dominated by mitral stenosis,83 chronic 
rheumatic valve disease is characterized by fibrous or fibro-
calcific thickening of leaflets and tendinous cords, and com-
missural and chordal fusion (see Fig. 5-15A and B). Stenosis 
results from leaflet and chordal fibrous thickening and com-
missural fusion, with or without secondary calcification. 
Regurgitation usually results from postinflammatory scar-
ring-induced retraction of cords and leaflets. Combinations 
of lesions may yield valves that are both stenotic and regur-
gitant. Although considered the pathognomonic inflamma-
tory myocardial lesions in acute rheumatic fever, Aschoff 
nodules are found infrequently in myocardium sampled at 
autopsy or at valve replacement surgery, most likely reflect-
ing the extended interval from acute disease to critical func-
tional impairment.

Degeneration of the Mitral Valve  
(Mitral Valve Prolapse)
Degenerative mitral valve disease (mitral valve prolapse) 
causes chronic, pure, isolated mitral regurgitation by leaflet 
stretching and prolapse into the left atrium and occasion-
ally cordal rupture.84 Owing to improved imaging technol-
ogy and large community studies, a prevalence of mitral 
valve prolapse (MVP) of approximately 2% has been estab-
lished. Potentially serious complications include progres-
sive congestive heart failure, infective endocarditis, stroke, 
or other manifestation of thromboembolism, sudden death, 
or atrial fibrillation. Mitral valve prolapse is the most common 
indication for mitral valve repair or replacement.

In MVP, one or both mitral leaflets are enlarged, redun-
dant, or floppy and will prolapse or balloon back into the left 
atrium during ventricular systole (see Fig. 5-15C). The three 
characteristic anatomic changes in MVP are: (1) intercordal 
ballooning (hooding) of the mitral leaflets or portions thereof 
(most frequently involving the posterior leaflet), sometimes 
accompanied by elongated, thinned, or ruptured cords; 

Cohn_ch05_p0099-0156.indd   120 08/05/17   11:32 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 5 Cardiovascular Pathology 121

(2) rubbery diffuse leaflet thickening that hinders adequate 
coaptation and interdigitation of leaflet tissue during valve 
closure; and (3) annular dilation, with diameters and cir-
cumferences that may exceed 3.5 and 11.0 cm, respectively  
(see Fig. 5-15D). Pathologic mitral annular enlargement 
predominates in and may be confined to the posterior leaf-
let, because the anterior leaflet is firmly anchored by the 
fibrous tissue at the aortic valve and is far less distensible. 
The key microscopic change is myxomatous degeneration 
with attenuation or focal disruption of the fibrous layer of 
the valve, weakening the leaflet. Focal or diffuse thickening of 
the spongy layer by proteoglycan deposition gives the tissue 
an edematous, blue appearance on microscopy (called myxo-
matous by pathologists).85 Concomitant involvement of the 
tricuspid valve is present in some cases, and the aortic and 
pulmonary valves are rarely affected.

Secondary changes may occur, including (1) fibrous 
thickening along both surfaces of the valve leaflets; (2) lin-
ear thickening of the subjacent mural endocardium of the 
left ventricle as a consequence of friction-induced injury by 
cordal hamstringing of the prolapsing leaflets; (3) thrombi 
on the atrial surfaces of the leaflets, particularly in the 
recesses behind the ballooned leaflet segments; (4) calci-
fication along the base of the posterior mitral leaflet; and  
(5) cordal thickening and fusion that can resemble postrheu-
matic disease.

Although the pathogenesis of mitral valve degeneration 
is uncertain, this valvular abnormality is a common feature 
of Marfan’s syndrome and occasionally other hereditary con-
nective tissue disorders such as Ehlers-Danlos syndrome, sug-
gesting an analogous connective tissue defect. In heritable 
disorders of connective tissue, including Marfan’s syndrome, 
MVP is usually associated with mutations in fibrillin-1 
(FBN-1); recent evidence also has implicated abnormal 
TGF-β signaling (similar to the aortic abnormalities in the 
pathogenesis of Marfan’s syndrome and related disorders).86 
Although it is unlikely that more than 1 to 2% of patients 
with MVP have an identifiable connective tissue disorder, 
studies utilizing genetic linkage analysis have mapped fami-
lies with autosomal dominant MVP to specific chromosomal 
abnormalities, several of which involve genes that could be 
involved in valvular tissue remodeling.

Ischemic Mitral Regurgitation
In ischemic mitral regurgitation (IMR), also called functional 
mitral regurgitation, myocardial structure and function are 
altered by ischemic injury; in contrast to degenerative valve 
disease, the leaflets are intrinsically normal.87 Present in many 
patients with CAD, IMR worsens prognosis following myo-
cardial infarction, with reduced survival directly related to 
the severity of the regurgitation. Mechanisms of IMR include 
an ischemic papillary muscle that fails to tighten the cords 
during systole, and fibrotic, shortened papillary muscle that 
fixes the chordae deeply within the ventricle. Nevertheless, 
papillary muscle dysfunction alone is generally insufficient 

to produce IMR, and regional dysfunction and dilation with 
an increasing spherical shape of the left ventricle, which 
pulls the papillary muscles down and away from the center 
of the chamber, usually contributes. Although there is sub-
stantial interest in developing surgical and/or percutaneous 
approaches to the repair of IMR,88,89 the degree to which 
correcting IMR improves survival and/or symptoms remains 
uncertain.90,91

Carcinoid and Drug-Induced Valve 
Disease
Patients with the carcinoid syndrome often develop plaque-
like intimal thickenings of the endocardium of the tricuspid 
valve, right ventricular outflow tract, and pulmonary valve 
superimposed on otherwise unaltered endocardium.92 The left 
side of the heart is usually unaffected. These lesions are related 
to elaboration by carcinoid tumors (most often primary in the 
gut) of bioactive products, including serotonin, which cause 
valvular endothelial cell proliferation but are inactivated by 
passage through the lung.

Left-sided but similar valve lesions have been reported to 
complicate the administration of fenfluramine and phenter-
mine (fen-phen), appetite suppressants used for the treatment 
of obesity, which may affect systemic serotonin metabolism 
(see Fig. 5-15E).93 Typical diet drug-associated plaques have 
proliferation of myofibroblast-like cells in a myxoid stroma. 
Similar left-sided plaques may be found in patients who 
receive methysergide or ergotamine therapy for migraine 
headaches; these serotonin analogs are metabolized to sero-
tonin as they pass through the pulmonary vasculature. More-
over, drug-related valve disease has been reported in patients 
taking pergolide mesylate, an ergot-derived dopamine recep-
tor agonist used to treat Parkinson’s disease and restless leg 
syndrome.94

Infective Endocarditis
Infective endocarditis is characterized by colonization or 
invasion of the heart valves, mural endocardium, aorta, 
aneurysmal sacs, or other blood vessels, by a microbiologic 
agent, leading to the formation of friable vegetations laden 
with organisms, fibrin, and inflammatory cells (Fig. 5-16).95 
Although virtually any type of microbiologic agent can cause 
infective endocarditis, most cases are bacterial.

The clinical classification into acute and subacute forms 
is based on the severity and tempo of the disease, virulence 
of the infecting microorganism, and presence of underlying 
cardiac disease. Acute endocarditis is a destructive infection by 
a highly virulent organism, often involving a previously nor-
mal heart valve, and leading to death within days to weeks in 
more than 50% of patients if left untreated. In contrast, in 
a more indolent lesion, called subacute endocarditis, organ-
isms of low virulence cause infection on previously deformed 
valves; in this situation, the infection may pursue a protracted 
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122 Part I Fundamentals

course of weeks to months during which the infection may be 
undetected and untreated.

Staphylococcus aureus is the leading cause of acute endo-
carditis and produces necrotizing, ulcerative, invasive, and 
highly destructive valvular infections. The subacute form is 
usually caused by Streptococcus viridans. Cardiac abnormali-
ties, such as chronic rheumatic heart disease, congenital heart 
disease (particularly anomalies that have small shunts or 
tight stenoses creating high-velocity jet streams), degenera-
tive mitral valves, BAVs, and artificial valves and their sewing 
rings predispose to endocarditis. In intravenous drug abusers, 
left-sided lesions predominate, but right-sided valves are com-
monly affected. In about 5 to 20% of all cases of endocarditis, 
no organism can be isolated from the blood (culture-negative 
endocarditis), often because of prior antibiotic therapy or 
organisms difficult to culture.96

The modified Duke criteria provide a standardized assess-
ment of patients with suspected infective endocarditis that 
integrates factors predisposing patients to the development 
of infective endocarditis, blood-culture evidence of infec-
tion, echocardiographic findings, and clinical and laboratory 
information.97 The previously important clinical findings of 
petechiae, subungual hemorrhages, Janeway’s lesions, Osler’s 
nodes, and Roth’s spots in the eyes (secondary to retinal 
microemboli) have now become uncommon owing to the 
shortened clinical course of the disease as a result of antibi-
otic therapy.

The complications of endocarditis include valvular insuf-
ficiency (rarely stenosis), abscess of the valve annulus (ring 
abscess), suppurative pericarditis, and embolization. With 
appropriate antibiotic therapy, vegetations may undergo heal-
ing, with progressive sterilization, organization, fibrosis, and 

FIGURE 5-16 Infective (bacterial) endocarditis. (A) Endocarditis of mitral valve with damage to the anterior mitral leaflet. (B) Acute endocarditis 
of congenitally bicuspid aortic valve (caused by Staphylococcus aureus), with large vegetation, causing extensive cuspal destruction and ring abscess 
(arrow). (C) Photomicrograph of vegetation, showing extensive acute inflammatory cells and fibrin. Bacterial organisms were demonstrated by 
tissue Gram stain. (D) Healed endocarditis, demonstrating aortic valvular destruction but no active vegetations on a congenitally bicuspid aortic 
valve. ([B] Reproduced with permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correlations and Basic Prin-
ciples. Philadelphia: Saunders; 1989. [C] Reproduced with permission from Schoen FJ. Surgical pathology of removed natural and prosthetic heart 
valves, Hum Pathol. 1987 Jun;18(6):558-567.)
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 Chapter 5 Cardiovascular Pathology 123

occasionally calcification. Cusp or leaflet perforation, cordal 
rupture, or fistula formation from a ring abscess into an adja-
cent cardiac chamber or great vessel can cause regurgitation. 
Ring abscesses are generally associated with virulent organ-
isms, and a relatively high mortality rate.

Valve Reconstruction and Repair
Reconstructive procedures to repair mitral insufficiency of 
various etiologies and to minimize the severity of rheumatic 
mitral stenosis are now highly effective and commonplace.98 
Reconstructive therapy of selected patients with aortic 
insufficiency (AI) and aortic dilation may also be done in 
some cases,99 but repair of AS has been notably more chal-
lenging. The major advantage of repair over replacement 
relates to the elimination of both prosthesis-related com-
plications and the need for chronic anticoagulation therapy. 
Other reported advantages include a lower hospital mortal-
ity, better long-term function owing to the ability to main-
tain the continuity of the mitral apparatus, and a lower rate 

of postoperative endocarditis. Figures 5-17 and 5-18 illus-
trate the pathologic anatomy of various open and catheter-
based mitral valve reconstruction procedures. Figure 5-19 
illustrates a key difficulty of surgical repairs for AS, in that 
the cuspal calcification extends nearly to the inflow surface 
(recall Fig.14-C).

Mitral Stenosis
Commissurotomy may be employed in the operative repair 
of some stenotic mitral valves in which fibrosis and short-
ening of both cords and leaflets have markedly decreased 
leaflet mobility and area. Factors that compromise the late 
functional results of or technically prevent mitral commis-
surotomy and thereby necessitate valve replacement include 
(1) left ventricular dysfunction; (2) pulmonary venous 
hypertension and right-sided cardiac factors, including right 
ventricular failure, tricuspid regurgitation, or a combination 
of these; (3) systemic embolization; (4) coexistent cardiac 
disorders, such as coronary artery or aortic valve diseases; 

FIGURE 5-17 Open surgical reconstructive procedures for mitral valve disease. (A) Mitral commissurotomy in mitral stenosis; incised commis-
sures are indicated by arrows. (B) Mitral valve repair with annuloplasty ring. (C) Dehiscence of mitral annuloplasty ring (arrow). (D) ePTFE suture 
replacement (arrow) of ruptured cord in myxomatous mitral valve. ([A] Reproduced with permission from Schoen FJ. Surgical pathology of 
removed natural and prosthetic heart valves, Hum Pathol. 1987 Jun;18(6):558-67. [C] Used with permission from William A. Muller, MD, PhD, 
Northwestern University School of Medicine, Chicago.)
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124 Part I Fundamentals

(5) residual or progressive mitral valve disease, including 
valve restenosis, residual (unrelieved) stenosis, or regurgita-
tion induced at operation; (6) advanced leaflet (especially 
commissural) calcification; (7) subvalvar (predominantly 
chordal) fibrotic changes; and (8) significant regurgitation 
owing to retraction.

Percutaneous balloon mitral valvuloplasty has been used to 
treat mitral stenosis for over two decades, with excellent suc-
cess in patients with suitable valvular and subvalvular mor-
phology.100 However, because balloon valvuloplasty largely 
involves separation of the fused leaflets at the commissures, 
this procedure is also unlikely to provide significant benefit to 
patients with the valve features summarized in the preceding 
that obviate surgical commissurotomy.

Mitral Regurgitation
Reconstructive techniques are widely used to repair mitral 
valves with nonrheumatic mitral regurgitation.101-103 Structural 
defects responsible for chronic mitral regurgitation include 
(1) dilation of the mitral annulus; (2) leaflet prolapse into the 
left atrium with or without elongation or rupture of chordae 
tendineae; (3) redundancy and deformity of leaflets; (4) leaflet 
perforations or defects; and (5) restricted leaflet motion as a 
result of commissural fusion in an opened position, and leaflet 
retraction, or chordal shortening or thickening.

Following surgical resection of excess anterior or posterior 
leaflet tissue in valves with redundancy, annuloplasty with 
or without a prosthetic ring is used to reduce the annulus 

A B

C D

FIGURE 5-18 Percutaneous correction of mitral regurgitation. (A) Schematic approach utilizing the proximity of the coronary sinus to the poste-
rior mitral annulus to effect a simulated annuloplasty. Diagram showing the relationship of the coronary sinus and the posterior leaflet of the mitral 
valve. A remodeling device is seen within the coronary sinus. (B) The Monarc device consists of two anchoring stents with a bridge connector that 
shortens approximately 25% over the space of weeks with the intention of reducing the dimensions of the mitral annulus. Percutaneous correction 
of mitral regurgitation. (C and D) Edge-to-edge approximation of the anterior and posterior leaflets of the mitral valve is achieved by deployment of 
clip (Evalve mitral clip device) that is analogous to an Alfieri stitch, thereby creating a double orifice with improved leaflet coaptation. (Reproduced 
with permission from McManus BM, Braunwald E: Atlas of Cardiovascular Pathology for the Clinician. Philadelphia: Current Medicine; 2008.)
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 Chapter 5 Cardiovascular Pathology 125

dimension to correspond to the amount of leaflet tissue 
available. Edge-to-edge (Alfieri stitch) mitral valve repair has 
also been used.104 Tissue substitutes such as glutaraldehyde-
pretreated xenograft or autologous pericardium can be used 
to repair or enlarge leaflets. Ruptured or elongated cords may 
be repaired by shortening or replacement with pericardial 
tissue or thick suture material.

Percutaneous approaches currently being evaluated for 
mitral regurgitation attempt to emulate one or more of the 
components of surgical mitral valve repair, including annu-
lar reduction and edge-to-edge mitral leaflet apposition.105-107 
However, leaflet resection and cordal modification cannot be 
easily done via catheter, and there is considerable anatomical 
variability of the coronary sinus.108 Percutaneous approaches 
considered include implantation of a device in the coronary 
sinus, left atrium (or both), or by device placement behind 
the posterolateral leaflet of the mitral valve (see Fig. 5-18A 
and B). The goal is to plicate or straighten the posterior mitral 
annulus. Additional annuloplasty approaches, presently in 
preclinical testing, include a suture annuloplasty from the 

ventricular side of the mitral annulus, thermal modification 
of the annulus to obtain shrinkage, and a percutaneous ven-
tricular restraint system that attempts to reshape the left ven-
tricle. Another catheter-based approach uses an edge-to-edge 
clip prosthesis simulating the edge-to-edge surgical (Alfieri 
stitch) repair in which the midportions of the anterior and 
posterior mitral leaflets are clipped together (see Fig. 5-18C 
and D).109,110

Aortic Stenosis
In balloon dilation of calcific AS, individual functional 
responses vary considerably and data suggest a modest early 
incremental benefit, high early mortality, and high early reste-
nosis rate owing to recoil of stretched tissue. Improvement 
derives from commissural separation, fracture of calcific depos-
its, and stretching of the valve cusps (see Fig. 5-19A). The 
major complications include cerebrovascular accident second-
ary to embolism, massive regurgitation owing to valve trauma, 
and cardiac perforation with tamponade. Fractured calcific 

A

B

C

FIGURE 5-19 Reconstructive procedures for aortic stenosis. 
(A) Aortic valve balloon valvuloplasty for degenerative calcific aortic 
stenosis, demonstrating fractures of nodular deposits of calcifica-
tions highlighted by tapes. [B and C] Operative decalcification of 
the aortic valve. (B) Aortic valve after operative mechanical decalci-
fication demonstrating perforated cusp. (C) Low-power photomicro-
graph of cross-section of aortic valve cusp after decalcification with 
lithotripter. Weigert elastic stain. Ca = calcium. ([A] Reproduced with 
permission from Silver MD, Gotlieb AI, Schoen FJ: Cardiovascular 
Pathology, 3rd ed. New York: Churchill Livingstone/Elsevier; 2001.  
[B and C] Reproduced with permission from Schoen FJ: Interven-
tional and Surgical Cardiovascular Pathology: Clinical Correlations and 
Basic Principles. Philadelphia: Saunders; 1989.)
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126 Part I Fundamentals

nodules can themselves prove dangerous.111 In pediatric cases 
in which the cusps are generally pliable, cuspal stretching, tear-
ing, or avulsion may also occur.

In calcific AS, the calcific deposits arise deep in the valve 
fibrous layer (see Fig. 5-14C). Their removal by sharp dissec-
tion or ultrasonic debridement generally removes a considerable 
fraction of the valve substance, resulting in severe compromise 
of mechanical integrity (see Fig. 5-19B and C).112

Valve Replacement
Severe symptomatic valvular heart disease other than pure 
mitral stenosis or incompetence is most frequently treated 
by excision of the diseased valve(s) and replacement by a 
functional substitute. Five key factors determine the results 
of valve replacement in an individual patient: (1) technical 
aspects of the procedure; (2) intraoperative myocardial isch-
emic injury; (3) irreversible and chronic structural alterations 
in the heart and lungs secondary to the valvular abnormality; 
(4) coexistent obstructive CAD; and (5) valve prosthesis reli-
ability and host-tissue interactions.

Cardiac valvular substitutes are of two types, mechanical and 
biologic tissue (Fig. 5-20 and Table 5-2).113,114 Prostheses func-
tion passively, responding to pressure and flow changes within 
the heart. Mechanical valves are composed of nonphysiologic 
biomaterials and employ a rigid, mobile occluder (composed 
of pyrolytic carbon in contemporary valves), in a metallic cage 
(cobalt-chrome or titanium alloy) as in the Bjork-Shiley, Hall-
Medtronic, or Omniscience valves, or two carbon hemidisks 
in a carbon housing (as in the St. Jude Medical, CarboMed-
ics CPHV, and On-X prostheses). Pyrolytic carbon has high 
strength and fatigue and wear resistance and good thrombore-
sistance. Tissue valves resemble natural semilunar valves, with 
pseudoanatomical central flow and biological material. In the 
past decade, innovations in tissue valve technologies and design 
have expanded indications for their use. Contemporary utiliza-
tion of bioprosthetic tissue valves is estimated to be about 80% 
of all aortic and 69% of all mitral substitute heart valves.115,116 
Most tissue valves are bioprosthetic xenografts fabricated from 
porcine aortic valve or bovine pericardium, which have been 
preserved in a dilute glutaraldehyde solution, and a small per-
centage are cryopreserved allografts.

In a recent compilation of risk models of isolated valve sur-
gery by the Society for Thoracic Surgeons, the overall mortality 
was 3.4% (3.2% aortic and 5.7% mitral) and varied strongly 
with case mix.117 The majority of early deaths are caused by 
hemorrhage, pulmonary failure, low cardiac output, and sud-
den death with or without myocardial necrosis or documented 
arrhythmias. Potential complications related to mitral valve 
insertion include hemorrhagic disruption and dissection of 
the atrioventricular groove, perforation or entrapment of the 
left circumflex coronary artery by a suture, and pseudoaneu-
rysm or rupture of the left ventricular free wall.

Improvement in late outcome has occurred predomi-
nantly from earlier referral of patients for valve replacement, 
decreased intraoperative myocardial damage, improved surgi-
cal technique, and improved valve prostheses. Following valve 

replacement with currently used devices, the probability of 
5-year survival is about 80% and of 10-year survival about 
70%, depending on overall functional state, preoperative left 
ventricular function, left ventricular and left atrial size, and 
extent and severity of CAD.

Substitute Valve-Related Complications
Although early prosthetic valve–associated complications 
are unusual, prosthetic valve–associated pathology becomes 
an important consideration beyond the early postoperative 
period. Late death following valve replacement results pre-
dominantly from either cardiovascular pathology unrelated 
to the substitute valve or prosthesis-associated complica-
tions. In the few randomized studies comparing mechani-
cal prosthetic and bioprosthetic valves several decades ago 
(comprising Bjork-Shiley mechanical and porcine aortic 
bioprosthetic valves), approximately 60% or more patients 
had an important device-related complication within  
10 years postoperatively. Moreover, long-term survival was 
better among patients with a mechanical valve, but with 
an increased risk of bleeding.118,119 Valve-related compli-
cations frequently necessitate reoperation, now account-
ing for approximately 10 to 15% of all valve procedures, 
and they may cause death. Four categories of valve-related 
complications are most important: thromboembolism 
and related problems, infection, structural dysfunction 
(ie, failure or degeneration of the biomaterials comprising 
a prosthesis), and nonstructural dysfunction (ie, miscel-
laneous complications and modes of failure not encom-
passed in the previous groups) (Table 5-3).120

THROMBOSIS AND THROMBOEMBOLISM
Thromboembolic complications are the major valve-related 
cause of mortality and morbidity after replacement with 
mechanical valves, and patients receiving them require 
lifetime chronic therapeutic anticoagulation with warfarin 
derivatives.121,122 Thrombotic deposits on a prosthetic valve 
can immobilize the occluder(s) or cusps, or shed emboli 
(Fig. 5-21). Owing to biologic material and central flow, 
tissue valves are less thrombogenic than mechanical valves; 
their recipients generally do not require long-term antico-
agulation in the absence of another specific indication, such 
as atrial fibrillation. Nevertheless, the rate of thromboembo-
lism in patients with mechanical valves on anticoagulation is 
not widely different from that in patients with bioprosthetic 
valves without anticoagulation (2 to 4% per year). Chronic 
oral anticoagulation also carries a risk of hemorrhage. Anti-
coagulation is particularly difficult to manage in pregnant 
women.123 The risk of thromboembolism is potentiated by 
preoperative or postoperative cardiac functional impairment.

“Virchow’s triad” of factors promoting thrombosis (surface 
thrombogenicity, hypercoagulability, and locally static blood 
flow) largely predicts the relative propensity toward and loca-
tions of thrombotic deposits.124 For example, with caged-ball 
prostheses, thrombi form distal to the poppet at the cage 
apex. Tilting disk prostheses are particularly susceptible to 
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 Chapter 5 Cardiovascular Pathology 127

A B

FIGURE 5-20 Photographs of the widely used types of heart valve substitutes. (A) Bileaflet tilting disk mechanical heart valve (St. Jude Medical, 
St. Jude Medical Inc., St. Paul, MN). (B) Porcine aortic valve bioprosthesis (Hancock, Medtronic Heart Valves, Santa Ana, CA). (C) Bovine pericardial 
bioprosthesis (Carpentier-Edwards, Edwards Life Sciences, Santa Ana, CA). (Reproduced with permission from Silver MD, Gotlieb AI, Schoen FJ: 
Cardiovascular Pathology, 3rd ed. New York: Churchill Livingstone/Elsevier; 2001.)

C

total thrombotic occlusion or shedding emboli from small 
thrombi, with the thrombotic deposits generally initiated in 
a flow stagnation zone in the minor orifice of the outflow 
region of the prosthesis. In contrast, bileaflet tilting disk valves 
are most vulnerable to thrombus formation near the hinges 
where the leaflets insert into the housing (see Fig. 5-21A). 
Late thrombosis of a bioprosthetic valve is marked by large 

thrombotic deposits in one or more of the prosthetic sinuses 
of Valsalva (see Fig. 5-21B), and no causal underlying cuspal 
pathology can usually be demonstrated by pathologic studies. 
Some valve thromboemboli, especially early postoperatively 
with any valve type, are thought to be initiated at the valve 
sewing cuff before it is healed, thus providing a rationale for 
early antithrombotic therapy for all types.
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128 Part I Fundamentals

TABLE 5-2: Types and Characteristics of Representative Types of Substitute Heart Valves*

Valve type Model(s) Hemodynamics
Freedom from thrombosis/
thromboembolism Durability

Mechanical        
Caged ball Starr-Edwards +§ + + + +
Single tilting disk Bjork-Shiley      
  Hall-Medtronic + + + + + + +†

  Omnicarbon      
Bileaflet tilting disk St. Jude Medical + + + + + + + + +‡

  Carbomedics      
  Edwards-Duromedics      
Tissue        
Heterograft/ 

xenograft 
bioprostheses    

Carpentier-Edwards (porcine and bovine 
pericardial)

+ + + + + + +

Hancock (porcine) lonescu-Shiley (bovine 
pericardial)   

              

Mitroflow (bovine pericardial)      
Homograft/allograft Cryopreserved human aortic/pulmonary  

valve
+ + + + + + + + + +

*Presently or previously.
†Except Bjork-Shiley 60°/70° convexo-concave valve (see text).
‡Except previous model of Edwards-Duromedics valve (see text).
§Performance criteria: + = least favorable to + + + + = most favorable.
Data from Vongpatanasin, et al.

TABLE 5-3: Complications of Substitute 
Heart Valves

Generic Specific

Thrombotic limitations Thrombosis
  Thromboembolism
  Anticoagulation-related 

hemorrhage
Infection Prosthetic valve endocarditis
Structural dysfunction 

(intrinsic)
Wear

  Fracture
  Poppet escape
  Cuspal tear
  Calcification
  Commisural region dehiscence
Nonstructural dysfunction 

(most extrinsic)
Pannus (tissue overgrowth)

  Entrapment by suture or tissue
  Paravalvular leak
  Disproportion
  Hemolytic anemia
  Noise

Modified with permission from Schoen FJ, Levy RJ, Piehler HR: Pathological 
considerations in replacement cardiac valves, Cardiovasc Pathol. 1992 
Jan-Mar;1(1):29-52.

Although platelet deposition dominates initial blood-
surface interaction, and prosthetic valve thromboembolism 
correlates strongly with altered platelet function, antiplatelet 
therapy alone is generally considered insufficient to adequately 
prevent thromboembolism. The lack of vascular tissue adja-
cent to thrombi that form on bioprosthetic or mechanical 
valves retards their histologic organization and may prolong 
the susceptibility to embolization as well as render the age of 
such thrombi difficult to determine microscopically. Never-
theless, this feature has permitted thrombolytic therapy to be 
an option in some cases.125

PROSTHETIC VALVE ENDOCARDITIS
Prosthetic valve infective endocarditis (Fig. 5-22) occurs in 3 to 
6% of recipients of substitute valves.126 Infection can occur 
early or late. The microbial etiology of early prosthetic valve 
endocarditis (<60 days postoperative) is dominated by Staph-
ylococcus epidermidis and S. aureus, even though prophylactic 
regimens used today target these microorganisms. The clini-
cal course of early prosthetic valve endocarditis tends to be 
fulminant. In the generally less virulent late endocarditis, a 
source of infection and/or bacteremia can often be found; 
the most frequent initiators are dental procedures, urologic 
infections and interventions, and indwelling catheters. The 
most common organisms in these late infections are S. epider-
midis, S. aureus, S. viridans, and enterococci. Rates of infec-
tion of bioprostheses and mechanical valves are similar, and 
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 Chapter 5 Cardiovascular Pathology 129

FIGURE 5-21 Thrombotic occlusion of substitute heart valves. 
(A) Bileaflet tilting disk prosthesis, with thrombus initiated in the 
region of the pivot guard, causing near-total occluder immobility.  
(B) Porcine bioprosthesis, with thrombus filling the bioprosthetic  
sinuses of Valsalva. ([A] Reproduced with permission from Buchart EG, 
Bodnar E: Thrombosis, Embolism, and Bleeding. London: ICR Publishers; 
1992. [B] Reproduced with permission from Schoen FJ, Hobson CE: 
Anatomic analysis of removed prosthetic heart valves: causes of failure of 
33 mechanical valves and 58 bioprostheses, 1980 to 1983, Hum Pathol. 
1985 Jun;16(6):549-559.)

A

B

previous endocarditis on a natural or substitute valve mark-
edly increases the risk.

Infections associated with mechanical prosthetic valves 
and some with bioprosthetic valves are localized to the pros-
thesis-tissue junction at the sewing ring, and accompanied 
by tissue destruction around the prosthesis (see Fig. 5-22A). 
This comprises a ring abscess, with potential paraprosthetic 
leak, dehiscence, fistula formation, or heart block caused by 

A

B

C

FIGURE 5-22 Prosthetic valve endocarditis. (A) Endocarditis with 
large ring abscess (arrow) observed from ventricular surface of aortic 
Bjork-Shiley tilting disk prosthesis in patient who died suddenly. Ring 
abscess impinged on proximal atrioventricular conduction system. 
(B and C) Bioprosthetic valve endocarditis viewed from inflow (B) 
and outflow (C) aspects. (Reproduced with permission from Schoen FJ: 
Cardiac valve prostheses: pathological and bioengineering considerations, 
J Card Surg. 1987 Mar;2(1):65-108.)
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130 Part I Fundamentals

conduction system damage. Bioprosthetic valve infections 
may also involve, and are occasionally limited to, the cuspal 
tissue, sometimes causing secondary cuspal tearing or perfo-
ration with valve incompetence or obstruction (see Fig. 5-22 
B and C). Surgical reintervention usually is indicated for large 
highly mobile vegetations or cerebral thromboembolic epi-
sodes, or persistent ring abscess.

STRUCTURAL VALVE DYSFUNCTION
Prosthetic valve dysfunction owing to materials degradation can 
necessitate reoperation or cause prosthesis-associated death 

(Fig. 5-23). Durability considerations vary widely for mechan-
ical valves and bioprostheses, specific types of each, different 
models of a particular prosthesis (utilizing different materi-
als or having different design features), and even for the same 
model prosthesis placed in the aortic rather than the mitral 
site. Mechanical valve structural failure is often catastrophic 
and may be life threatening; in contrast, bioprosthetic valve 
failure generally causes progressive symptomatic deterioration.

Fractures of metallic carbon components (disks or hous-
ing) are unusual in most contemporary bileaflet tilting disk 
mechanical valves127 (see Fig. 5-23A). Historically, however, 

FIGURE 5-23 Structural valve dysfunction. (A) Disk fracture and escape in a Hemex-Duramedics heart valve prosthesis. (B and C) Porcine valve 
primary tissue failure owing to calcification with severe stenosis. (B) Gross photograph. (C) Photomicrograph demonstrating predominant site of 
calcification in cells of the residual porcine valve matrix (arrows). (D) Clinical porcine bioprosthesis with noncalcific tear of one cusp (arrow). ([A] 
Reproduced with permission from Schoen FJ, Levy RJ, Piehler HR: Pathological considerations in replacement cardiac valves, Cardiovasc Pathol. 
1992 Jan-Mar;1(1):29-52. [B] Reproduced with permission from Schoen FJ, et al: Long-term failure rate and morphologic correlations in porcine 
bioprosthetic heart valves, Am J Cardiol. 1983 Mar 15;51(6):957-964. [C] Reproduced with permission from Silver MD, Gotlieb AI, Schoen FJ: 
Cardiovascular Pathology, 3rd ed. New York: Churchill Livingstone/Elsevier; 2001.)

A B

C D
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 Chapter 5 Cardiovascular Pathology 131

durability failures of mechanical valves were not uncommon. 
For example, of approximately 86,000 Bjork-Shiley 60- and 
70-degree convexo-concave heart valves implanted, a cluster 
of more than 500 cases has been reported in which the two 
attachment points of the welded outlet strut fractured because 
of metal fatigue, leading to disk escape and often death.128

In contrast, structural dysfunction of tissue valves con-
tinues to be the major cause of failure of the most widely 
used bioprostheses (flexible-stent-mounted, glutaraldehyde- 
preserved porcine aortic valves, and bovine pericardial valves) 
(see Fig. 5-23B-D).129 Long-term data on the first several 
decades of bioprosthetic valves (1970s through almost 2000) 
indicate that 50% of bioprosthetic mitral or AVRs require 
replacement within 15 to 20 years following implantation, 
because of structural dysfunction manifested as primary tis-
sue failure. Cuspal mineralization is the key mechanism, 
causing stenosis, and secondary tears can cause regurgita-
tion. Noncalcific structural damage owing to collagen fiber 
disruption (independent of calcification) also contributes to 
bioprosthetic heart valve failure.130 Calcific deposits are usu-
ally localized to cuspal tissue (intrinsic calcification), but cal-
cific deposits extrinsic to the cusps may occur in thrombi or 
endocarditic vegetations. Calcification is markedly accelerated 
in younger patients, with children and adolescents having an 
especially accelerated course. Bovine pericardial valves can also 
suffer calcification and tearing, with abrasion of the pericardial 
tissue an important contributing factor in some designs.131

The morphology and determinants of calcification of bio-
prosthetic valve tissue have been widely studied. The process is 
initiated primarily within residual membranes and organelles 
of the nonviable connective tissue cells that have been devital-
ized by glutaraldehyde pretreatment procedures, and involves 
reaction of calcium-containing extracellular fluid with mem-
brane-associated phosphorus. The pathologic changes in bio-
prosthetic valves that occur following implantation are largely 
rationalized on the basis of changes induced by the preserva-
tion and manufacture of a bioprosthesis, including (1) denu-
dation of surface cells, including endothelial cells in porcine 
aortic valves, and mesothelial cells in bovine pericardium; 
(2) loss of viability of the interstitial cells; and (3) locking of 
the cuspal microstructure in a static geometry.129

NONSTRUCTURAL DYSFUNCTION
Nonstructural dysfunction of substitute heart valves are illus-
trated in Fig. 5-24. Paravalvular defects may be clinically 
inconsequential may aggravate hemolysis or may cause heart 
failure through regurgitation. Early paravalvular leaks may be 
related to suture knot failure, inadequate suture placement, or 
separation of sutures from a pathologic annulus in endocarditis 
with ring abscess, myxomatous valvular degeneration, or calci-
fied valvular annulus as in calcific AS or mitral annular calci-
fication. Late small paravalvular leaks usually are caused by 
tissue retraction from the sewing ring between sutures during 
healing. Small paravalvular defects are difficult to locate by 
surgical or pathologic examination (see Fig. 5-24A).

Extrinsic factors can mediate late prosthetic valve steno-
sis or regurgitation, including a large mitral annular calcific 

nodule, septal hypertrophy, exuberant overgrowth of fibrous 
tissue (see Fig. 5-24B and C), interference by retained valve 
remnants (such as a retained posterior mitral leaflet or com-
ponents of the submitral apparatus; see Fig. 5-24D), or 
unraveled, long, or looped sutures or knots (see Fig. 5-24E). 
With bioprosthetic valves, cuspal motion can be restricted by 
sutures looped around stents, and suture ends cut too long 
may erode into or perforate a bioprosthetic valve cusp.

Valvular Allografts/Homografts
Aortic or pulmonary valves (with or without associated vas-
cular conduits) transplanted from one individual to another 
have exceptionally good hemodynamic profiles, a low inci-
dence of thromboembolic complications without chronic 
anticoagulation, and a low reinfection rate following valve 
replacement for endocarditis.132 Contemporary cryopre-
served allografts, in which freezing is performed with protec-
tion from crystallization by dimethyl-sulfoxide and storage 
until use at –196°C in liquid nitrogen, have demonstrated 
freedom from degeneration and durability equal to or better 
than those of conventional porcine bioprosthetic valves.

Morphologic changes are summarized in Fig. 5-25. 
Cryopreserved human allograft heart valves/conduits show 
gross changes of conduit calcification and cuspal stretching 
(see Fig. 5-25A and B). Microscopically, there is progressive 
loss of normal structural demarcations and cells beginning in 
days. Long-term explants are devoid of both surface endo-
thelium and deep connective tissue cells; they have minimal 
inflammatory cellularity (Fig. 5-25C).133 Despite the widely 
discussed hypothesis that human allograft valve failure can 
be attributed to an immunological process, the available evi-
dence supports purely degenerative mechanisms.

Pulmonary Valvular Autografts
Often called the Ross operation in recognition of its origina-
tor, Sir Donald Ross, pulmonary autograft replacement of 
the aortic valve yields excellent hemodynamic performance, 
avoids anticoagulation, and carries a low risk of thrombo-
embolism.134 Explanted pulmonary autograft cusps show 
(1) near-normal trilaminar structure; (2) near-normal colla-
gen architecture; (3) viable endothelium and interstitial cells; 
(4) usual outflow surface corrugations; (5) sparse inflam-
matory cells; and (6) absence of calcification and thrombus  
(see Fig. 5-25C).135 However, the arterial walls show consid-
erable transmural damage (probably perioperative ischemic 
injury caused by disruption of vasa vasorum) with scaring and 
loss of medial smooth muscle cells and elastin. The early necro-
sis and healing with probable resultant loss of strength/elasticity 
of the aortic wall may potentiate late aortic root dilation.136,137

Stentless Porcine Aortic Valve 
Bioprostheses
Nonstented (stentless) porcine aortic valve bioprostheses consist of 
glutaraldehyde-pretreated pig aortic root and valve cusps that 
have no supporting stent.138 The most widely used models,  
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132 Part I Fundamentals

FIGURE 5-24 Nonstructural dysfunction of prosthetic heart valves. 
(A) Paravalvular leak adjacent to mitral valve prosthesis (arrow). 
(B) Tissue overgrowth compromising inflow orifice of porcine bio-
prosthesis. (C) Tissue overgrowth incorporating and resultant retrac-
tion and obliteration of bioprosthetic valve cusps. (D) Immobility 
of tilting disk leaflet by impingement of retained component of 
submitral apparatus (arrow) that had moved through orifice late fol-
lowing mitral valve replacement surgery. (E) Suture (arrow) looped 
around central strut of a Hall-Medtronic tilting disk valve causing disk 
immobility. ([A and C] Reproduced with permission from Schoen FJ, 
Gimbrone MA: Cardiovascular Pathology: Clinicopathologic Correlations 
and Pathogenetic Mechanisms. Philadelphia: Williams & Wilkins; 1995. 
[B] Reproduced with permission from Schoen FJ, Levy RJ, Piehler HR: 
Pathological considerations in replacement cardiac valves, Cardiovasc 
Pathol. 1992 Jan-Mar;1(1):29-52). [D] Reproduced with permission 
from Silver MD, Gotlieb AI, Schoen FJ: Cardiovascular Pathology, 
3rd ed. New York: Churchill Livingstone/Elsevier; 2001. [E] Used with 
permission from the Chief Medical Examiner, New York City.)
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 Chapter 5 Cardiovascular Pathology 133

A B

FIGURE 5-25 Morphology of valve allografts (homografts) valve and pulmonary valve autografts. (A) Gross photograph of pulmonary valve 
allograft removed following 7 years for conduit stenosis in a child. The pulmonary arterial wall is heavily calcified but the cusps are not. (B) Gross 
appearance of cryopreserved aortic valve allograft removed at 3 years for aortic insufficiency. (C) Comparative morphologic features of autografts 
and homografts obtained from the same patients. Autograft valves had near-normal structure and cellular population (a, c, e), in contrast, homo-
grafts from the same patients (b, d, f ) had a progressive collagen hyalinization and loss of cellularity. Bar = 200 μm ×400. (Reproduced with permis-
sion from Rabkin-Aikawa E, Aikawa M, Farber M, et al: Clinical pulmonary autograft valves: pathological evidence of adaptive remodeling in the 
aortic site, J Thorac Cardiovasc Surg. 2004 Oct;128(4):552-561.)
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St. Jude Medical Toronto SPV (St. Jude Medical Inc.,  
St. Paul, MN), Medtronic Freestyle (Medtronic Heart Valves, 
Santa Ana, CA), and Edwards Prima (Edwards Life Sciences, 
Irvine, CA), bioprostheses differ slightly in overall configura-
tion, details of glutaraldehyde fixation conditions, and antical-
cification pretreatment. The principal advantage of a stentless 
porcine aortic valve is that it generally allows for the implanta-
tion of a larger bioprosthesis (than stented) in any given aortic 
root, which is hypothesized to enhance hemodynamics and 
thereby regression of hypertrophy and patient survival.139

The available evidence suggests that the durability of stent-
less bioprostheses is comparable with that of contemporary 
stented bioprostheses. However, nonstented porcine aortic 
valves have greater portions of aortic wall exposed to blood 
than in currently used stented valves, and calcification of the 
aortic wall and inflammation at the junction of aortic wall 
within the recipient’s tissue, are potentially deleterious, owing 
to the large area of this interface. Calcification of the wall por-
tion of a stentless valve could stiffen the root, cause nodular 
calcific obstruction potentiate wall rupture, or provide a nidus 
for emboli. Analyses of explanted nonstented valves show 
pannus and tissue degeneration, manifest as tears and cuspal 
calcification, but not substantial aortic wall calcification.140,141

Catheter-Based Valve Implantation
New catheter techniques for inserting foldable prosthetic valves 
within stenotic aortic and pulmonary valves, and for emulating 
surgical repair of regurgitant mitral valves are in various stages 
of preclinical development and clinical use.142,143 Presently, 
catheter-based, percutaneous or transapical valve replacement is 
most widely used in patients with severe AS disease deemed oth-
erwise inoperable as a bridge to valve replacement in patients in 
whom surgery needs to be delayed or has excessive risk, in repair 
of failed bioprosthetic valves, and in congenital heart disease, in 
which percutaneous pulmonary valve replacement may find a 
distinct niche to obviate the morbidity of reoperation to replace 
malfunctioning pulmonary conduits.

Catheter-based valve implantation uses a device that has two 
components: (1) an outer stentlike structure and (2) leaflets; 
these two components together constitute a functioning valvu-
lar prosthesis. Representative designs are illustrated in Fig. 5-26. 
The stent holds open a valve annulus or segment of a prosthetic 
conduit, resists recoil, provides the means for seating of the pros-
thesis in the annulus or vessel, and supports the valve leaflets.

Valves designed for catheter-based implantation gener-
ally consist of biologic tissue such as bovine, equine, or por-
cine pericardium (for aortic valve implantation) and bovine 
jugular venous valves (for pulmonary conduit implanta-
tion) mounted within a collapsable stent. The stents can 
be made from self-expandable or shape-memory materials 
such as nickel-titanium alloys (eg, Nitinol), or from bal-
loon-expandable materials such as stainless steel, platinum-
iridium, or other alloys. For a balloon-expandable device 
the delivery strategy involves collapsing the device over a 
balloon and placing it within a catheter-based sheath. The 
catheter containing the device can be inserted into the 
femoral artery (or vein) for right-sided valves.

The Medtronic Melody transcatheter pulmonary valve is 
composed of a balloon expandable platinum-iridium alloy 
stent that houses a segment of bovine jugular vein containing 
its native venous valve. The Melody was designed to be used in 
children or young adults with congenital heart disease who have 
received surgically implanted right ventricular outflow tract con-
duits that are failing because of either stenosis or regurgitation.

Catheter-based stent-mounted prosthetic valves present 
novel challenges. Valved stents are significantly larger than 
most existing percutaneous cardiac catheters and devices, and 
are presently on the order of 22 to 24 Fr. In the aortic posi-
tion, there is the potential to impede coronary flow, or inter-
fere with anterior mitral leaflet mobility or the conduction 
system or the native diseased leaflets. Stent architecture may 
also preclude future catheter access to the coronaries for pos-
sible interventions. Secure seating without paravalvular leaks 
within the aortic annulus or a pulmonary conduit and long-
term durability of both the stent and the valve tissue are also 
major considerations.

Transcatheter Aortic Valve Implantation
Transcatheter aortic valve implantation (TAVI), first per-
formed in humans in 2002, is accomplished through periph-
eral arterial access, is a less invasive alternative to conventional 
AVR, and extends the opportunity for effective mechani-
cal correction to a potentially large population of otherwise 
untreatable individuals.144,145 Approximately 65,000 AVRs are 
done in the United States each year. It is estimated that at least 
30% of patients with severe symptomatic AS are inoperable.146 
Previously, incumbent surgical valve manufacturers offered no 
effective surgical intervention suitable for these patients.

Clinical experience with TAVI is growing rapidly, with 
an estimated 200,000+ TAVI procedures performed world-
wide to date. Randomized and observational clinical trials 
comparing TAVI to classical open surgical AVR suggest that 
survival following TAVI in high-risk patients is equivalent 
to or better than that of AVR at 1 to 2 years.147-149 TAVI has 
rapidly become the new standard of care for many patients 
with symptomatic AS who would otherwise be deemed 
inoperable or have high risk for surgery.

For repair of AS, the device is passed from the femoral 
artery retrograde up the aorta to the aortic valve and deployed 
between the cusps of the calcified aortic valve, pushing the 
diseased cusps out of the way. Alternatively, in patients with 
significant atherosclerotic disease of the femoral artery and/
or aorta, the device can be deployed in an antegrade fashion 
through a minimally invasive surgical approach exposing the 
apex of the left ventricle (transapical implantation). The valve 
is inserted within the diseased native aortic valve, unlike sur-
gical AVR that removes the native valve, and without the use 
of cardiopulmonary bypass. Access is obtained either through 
a peripheral artery (femoral or subclavian) or directly through 
the aorta or left ventricular apex. Once located at the level 
of the aortic valve, the device requires balloon dilatation or 
self-expands (if fabricated from a shape memory alloy such 
as Nitinol). The patient’s native aortic valve is not removed 
(as in AVR) but rather is pushed aside to the periphery of 
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FIGURE 5-26 Transcatheter valves. (A) The Cribier-Edwards/Sapien 
valve consists of three equine pericardial leaflets fixed to a balloon-
expandable steel stent. It is hand crimped over a delivery balloon 
prior to deployment. (B) The CoreValve system is constructed of 
porcine pericardium attached to a self-expanding nickel-titanium 
alloy (nitinol) stent. The ventricular portion has a high radial force to 
compress the native valve. The midportion is tapered to avoid inter-
ference with the coronary arteries. The aortic portion is flared to pro-
vide additional fixation against the wall of the ascending aorta. (C) The 
Melody pulmonary valve is constructed from a bovine jugular venous 
valve attached with sutures to a platinum-iridium alloy stent. Its use 
is primarily in failed surgically constructed right ventricular to pul-
monary artery conduits in the pediatric population. (D) Postmortem 
photograph from a patient who died following percutaneous valve 
implantation. The valve prosthesis can be seen to be fully expanded 
within the left ventricular outflow tract with good leaflet coaptation. 
The interventricular septum can be seen to the left and the anterior 
leaflet of the mitral valve to the right. (E) Specimen from a patient 
who had a valve-in-valve procedure. (Reproduced with permission 
from McManus BM, Braunwald E: Atlas of Cardiovascular Pathology 
for the Clinician. Philadelphia: Current Medicine; 2008.)
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the annulus, and compressed against the aortic root. During 
TAVI, delivery, positioning, and permanent fixation in the 
optimal location are guided by fluoroscopy and echocardiog-
raphy are critical to procedural success. These devices may 
also play a role in the treatment of surgically implanted bio-
prosthetic valves that are failing because of stenosis or regur-
gitation in a so-called “valve-in-valve” application, in which a 
new valve is placed via catheter into the lumen of the existing 
valve (see Fig. 5-26E).

The design of the devices used in TAVI is necessarily dif-
ferent than that of conventional substitute heart valves. Valves 
used in TAVI generally consist of a bioprosthetic tissue valve, 
typically fabricated from bovine pericardium, mounted on a 
compressible metallic stent (Fig. 5-26). Complications have 
been observed in approximately one-third of patients and 
may include vascular injury, paravalvular leak, and stroke.150

Several devices are currently in various stages of develop-
ment and clinical use in the aortic and pulmonary position. 
The two transcatheter aortic valves with the largest clinical 
experience are the Edwards SAPIEN device (Fig. 5-26A) and 
the CoreValve system (Fig. 5-26B).151,152 The SAPIEN device 
is composed of a balloon expandable stainless steel stent 
that houses a bovine pericardial valve. The stent has a low 
profile and is designed to be placed in the subcoronary posi-
tion. There is a polymer skirt circumferentially attached to 
the stent to reduce paravalvular leaks. The CoreValve device 
is composed of a self-expandable Nitinol stent that houses a 
porcine pericardial trileaflet valve. The CoreValve stent is lon-
ger and is meant to be placed in the left ventricular outflow 
tract extending into the aortic root. These devices have been 
approved by the US Food and Drug Administration (FDA) 
and other regulatory bodies abroad.

There have been a number of clinical trials from different 
countries, including randomized trials comparing transcath-
eter aortic valve replacement to classical AVR . The consensus 
of these studies is that TAVI is not inferior to classical AVR 
in terms of procedure “success” and short-term morbidity and 
mortality. Long-term survival is primarily limited by comor-
bidities in this elderly group of patients—death is often due to 
severe renal, pulmonary, or nonvalvular heart disease.

Aortic insufficiency, while uncommon after classical AVR, 
is common after TAVI, and is usually due to paravalvular 
leaks. Repositionable valves may be beneficial in lowering 
procedural complications. Vascular events are the most com-
mon complications of the procedure and contribute to pro-
cedural mortality. The resulting vascular injury may lead to 
significant bleeding requiring transfusion and even death. 
As smaller, lower-profile systems are developed, vascular inju-
ries leading to significant blood loss are expected to occur 
less frequently. A rise in creatinine following TAVR has been 
reported in 5 to 28% of cases. However, renal function often 
improves with the increase in cardiac output. Elderly patients 
that are candidates for TAVI generally have some degree of 
atherosclerotic CAD. The presence of severe CAD increases 
procedural risks and must be dealt with before the procedure. 
The coronary ostia can be blocked by the device. The risk is 
dependent on the site of placement of the device and ana-
tomic factors, such as unusually heavy calcification of the 

aortic valve or aortic root, or low coronary ostia. The conduc-
tion system passes through the interventricular septum imme-
diately below the aortic valve. Hence, injury to this region 
during valve placement may cause partial or complete heart 
block. New-onset bundle branch block following TAVI has 
been reported in up to 45% of patients, according to early 
reports. TAVI is commonly associated with some myocar-
dial injury, as assessed by CK-MB and cTnT release. Myocar-
dial injury, judged by elevated cardiac biomarkers, is inversely 
correlated to improvement in ejection fraction and directly 
proportional to postprocedural cardiac mortality. Stroke 
during or after TAVI may occur from thromboemboli, aortic 
injury (eg, dissection or atheroemboli), hypotension, hemor-
rhage, or dislodgement of calcific fragments during valvulo-
plasty. Given that TAVI is intended for individuals who are 
poor surgical candidates, it is not surprising that many have 
comorbidities that increase the risk of thrombosis and stroke. 
Not surprisingly, individuals most at risk include those with a 
history of atrial fibrillation, severe diastolic dysfunction, and/
or left atrial or ventricular hypertrophy.

Transcatheter heart valves (THVs) are susceptible to failure 
modes typical to those of surgical bioprostheses and unique 
to their specific design.153 A recent review found 87 published 
cases of TAVI failure. Similar to surgical bioprosthetic heart 
valve failure, prosthetic valve endocarditis, structural valve 
failure due to leaflet calcification thrombosis were the most 
frequent complications THV embolization and THV com-
pression occurred in multiple cases following cardiopulmo-
nary resuscitation (CPR).

CARDIAC REPLACEMENT AND 
MECHANICAL ASSIST
Cardiac Transplantation
Cardiac transplantation provides long-term survival and 
improved quality of life for many individuals with end-stage 
cardiac failure that is refractory to optimal medical manage-
ment.154 The current 1-year survival is approximately 90% 
and 5-year survival is about 70%.155 The most common indi-
cations for cardiac transplantation, accounting for 90% of 
the adult recipients, are idiopathic cardiomyopathy and end-
stage ischemic heart disease; other recipients have congenital, 
other myocardial, or valvular heart disease. Retransplantation 
is a viable option for patients with failing allografts, and rates 
of retransplantation have been rising recently.

Hearts explanted at the time of transplantation may also 
have previously undiagnosed conditions and unexpected 
findings.156 Some of these findings are important for patient 
management, as certain diseases responsible for failure of the 
native heart such as amyloidosis, sarcoidosis, giant cell myo-
carditis, and Chagas disease may recur in the transplanted 
heart. Making a specific diagnosis of a genetic condition 
such as HCM or ARVC at the time of explant has impor-
tant implications for the family members. The most frequent 
unexpected finding in the explanted heart is eosinophilic or 
hypersensitivity myocarditis, seen in 7 to 20% of explants 
and characterized by a focal or diffuse mixed inflammatory 
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infiltrate, rich in eosinophils, and generally associated with 
minimal myocyte necrosis. In virtually all cases, the hypersen-
sitivity is a response to one or more of the many heart failure 
medications taken by transplant candidates, including dobu-
tamine. Recipients of heart transplants undergo surveillance 
endomyocardial biopsies on an institution-specific schedule, 
which typically evolves from weekly during the early post-
operative period, to biweekly until 3 to 6 months, and then 
approximately one to four times annually, or at any time 
when there is a change in clinical state. Histologic findings of 
rejection frequently precede clinical signs and symptoms of 
acute rejection. Optimal biopsy interpretation requires four 
or more pieces of myocardial tissue; descriptions of technical 
details and potential tissue artifacts are available.157

The major sources of mortality and morbidity in the first 
few post transplant years are perioperative ischemic injury/
graft failure, infection, and multisystem organ failure, while 
malignancy, graft vasculopathy, and renal failure dominate 
after 3 to 5 years posttransplant. Because of the success of 
surveillance endomyocardial biopsies and current effective 
immunosuppressive therapies, acute cellular rejection is an 
uncommon cause of death in the modern era.155

Early Ischemic Injury
Ischemic injury can originate from the ischemia that accom-
panies procurement and implantation of the donor heart. 
Several time intervals are potentially important: (1) the 
donor interval between brain death and heart removal, per-
haps partially related to terminal administration of pressor 
agents or the release of norepinephrine and cytokines asso-
ciated with brain death; (2) the interval of warm ischemia 
between donor cardiectomy to cold storage; (3) the interval 
during cold transport; and (4) the interval during rewarm-
ing, trimming, and implantation. Hypertrophy and coronary 
obstructions in the donor heart tend to promote ischemia, 
whereas decreased tissue temperature and cardioplegic arrest 
mitigate against ischemic injury. As in other situations of 
transient myocardial ischemia, frank necrosis, or prolonged 

ischemic dysfunction of viable myocardium or both may be 
present. Myocardial injury can cause low cardiac output in 
the perioperative period.

Perioperative myocardial ischemic injury may be detect-
able in endomyocardial biopsies. Owing to the anti-inflam-
matory effects of immunosuppressive therapy, the histologic 
progression of healing of myocardial necrosis in transplanted 
hearts may be delayed (Fig. 5-27). Therefore, the repair phase 
of perioperative myocardial necrosis frequently confounds the 
diagnosis of rejection in the first postoperative month, and in 
some cases, for as long as 6 weeks. Late ischemic necrosis sug-
gests occlusive graft vasculopathy (see the following).

Rejection
Improved immunosuppressive regimens in heart transplant 
patients have substantially decreased the incidence and severity 
of rejection episodes. Hyperacute rejection occurs rarely, most 
often when a major blood group incompatibility exists between 
donor and recipient, and acute rejection is unusual earlier than 
2 to 4 weeks postoperatively. Although acute rejection episodes 
occur largely in the first several months after transplantation, 
rejection can occur years postoperatively, rationalizing the 
practice of many transplant centers to continue late surveil-
lance biopsies at late but widely spaced intervals.

Acute cellular rejection is characterized histologically by 
an inflammatory cell infiltrate, with or without damage to 
cardiac myocytes; in late stages, vascular injury may become 
prominent (Fig. 5-28). The current International Society for 
Heart and Lung Transplantation (ISHLT) grading system 
for acute cellular rejection, revised (denoted by “R”) in 2004 
from the 1990 version, is: Grade 0R—no rejection (no change 
from 1990), Grade 1R—mild rejection (1990 grades 1A, 1B, 
and 2), Grade 2R—moderate rejection (1990 grade 3A), and 
Grade 3R—severe rejection (1990 grades 3B and 4).158 The 
1990 and 2004 formulations are compared in Table 5-4. 
The past decade has seen tremendous progress in the recog-
nition, understanding, and diagnosis of acute antibody-
mediated rejection (AMR). AMR was originally recognized as a 

FIGURE 5-27 Perioperative ischemic myocardial injury demonstrated on endomyocardial biopsy. (A) Coagulative myocyte necrosis (arrows). 
(B) Healing perioperative ischemic injury with predominantly interstitial inflammatory response (arrows), not encroaching on and clearly separated 
from adjacent viable myocytes. The infiltrate consists of a mixture of polymorphonuclear leukocytes, macrophages, lymphocytes, and plasma cells. 
Hematoxylin and eosin, 200×.
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138 Part I Fundamentals

clinicopathologic entity characterized by (1) cardiac dysfunc-
tion in the absence of cellular rejection or ischemic injury; 
(2) histologic features of interstitial edema, endothelial cell 
swelling, and intravascular macrophages on endomyocardial 
biopsy; (3) positive immunoperoxidase staining for C4d; 
and (4) the presence of circulating antidonor antibodies. 
Recently, the ISHLT has recommended pathologic grading 
of AMR in the following manner: pAMR0—no histologic 
changes of AMR and negative immunopathologic (eg, C4d) 
staining, pAMR1 (H+)—histologic changes consistent with 
AMR but immunopathologic studies are negative, pAMR1 

(I+)—no histologic changes of AMR but immunopatho-
logic studies are positive, pAMR2—pathologic AMR with 
histologic changes and positive immunopathologic studies, 
pAMR3—severe pathologic AMR with histologic changes, 
positive immunopathologic studies and marked edema, 
interstitial hemorrhage, capillary fragmentation, endothelial 
cell damage, and mixed interstitial inflammation.159 AMR 
most often is diagnosed in sensitized patients (including 
those with previous transplantation, transfusion or preg-
nancy, and previous ventricular assist device use) and is asso-
ciated with worse graft survival. Evidence is mounting that 

A

C

E

B

D

F

FIGURE 5-28 Histologic features of cardiac transplant rejection, designated as International Society for Heart and Lung Transplantation 
(ISHLT), 2004 Formulation, grades of rejection. (A-C) Grade 1R (mild). Focal perivascular lymphocytic and diffuse interstitial lymphocytic 
infiltrate without damage to adjacent myocytes, and up to one focus of dense lymphocytic infiltrate with associated myocyte damage, respectively. 
(D) Grade 2R (moderate). Multiple foci of dense lymphocytic infiltrates with associated myocyte damage and intervening areas of uninvolved 
myocardium. (E and F) Grade 3R (severe). Diffuse infiltrate with associated myocyte damage and polymorphous infiltrate with extensive myocyte 
damage, edema, and hemorrhage, respectively. (H&E stain). (Reproduced with permission from Silver MD, Gotlieb AI, Schoen FJ: Cardiovascular 
Pathology, 3rd ed. New York: Churchill Livingstone/Elsevier; 2001.)
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 Chapter 5 Cardiovascular Pathology 139

episodes of AMR predispose to the earlier development of 
allograft coronary disease. Although the optimal therapeutic 
strategy is still under debate, most transplant centers will use 
plasmapheresis to treat AMR with impaired cardiac function. 
Findings in surveillance endomyocardial biopsies that must 
be distinguished from rejection include lymphoid infiltrates 
either confined to the endocardium or extending into the 
underlying myocardium and often accompanied by myocyte 
damage (so-called Quilty lesions, which have no known clini-
cal significance), old biopsy sites, and healing ischemic injury 
either in the perioperative period or resulting from graft vas-
culopathy. Lymphoproliferative disorders and infections also 
may be seen in biopsies.

Infection
The immunosuppressive therapy required in all heart trans-
plant recipients confers an increased risk of infection with 
bacterial, fungal, protozoan, and viral pathogens, with cyto-
megalovirus (CMV) and Toxoplasma gondii remaining com-
mon opportunistic infections in this setting. Prophylaxis is 
typically given to patients at high risk of primary CMV infec-
tion (donor seropositive, recipient seronegative). Viral and 
parasitic infections can present a challenge in endomyocardial 
biopsies as the multifocal lymphocytic infiltrates with occa-
sional necrosis seen with these infections can mimic rejection.

Graft Vasculopathy (Graft Coronary 
Disease)
Graft vasculopathy is the major limitation to long-term graft 
and recipient survival following heart transplantation.160 Up to 
50% of recipients have angiographically evident disease 5 years 
after transplantation, whereas intravascular ultrasound identifies 
graft vasculopathy in 75% of patients at 3 years posttransplant. 
However, graft vasculopathy may become significant at any time 
and can progress at variable rates. We have encountered graft 
coronary disease in several patients as early as 6 to 12 months 
postoperatively at the Brigham and Women’s Hospital.

Graft vasculopathy (Fig. 5-29) occurs diffusely and ulti-
mately involves both intramyocardial and epicardial allograft 
vessels, potentially leading to myocardial infarction, arrhyth-
mias, congestive heart failure, or sudden death. Although 
this process has been called “accelerated atherosclerosis,” the 
morphology of the obstructive lesion of graft vasculopathy is 
distinct from that of typical atherosclerosis (Table 5-5).

The vessels involved have concentric occlusions character-
ized by marked intimal proliferation of myofibroblasts and 
smooth muscle cells with deposition of collagen, ECM, and 
lipid (see Fig. 5-29A and B). Lymphocytic infiltration var-
ies from almost none to quite prominent. The internal elas-
tic lamina often is almost completely intact, with only focal 
fragmentation. The resulting myocardial pathology includes 
subendocardial myocyte vacuolization (indicative of sublethal 
ischemic injury) and myocardial coagulation necrosis (indica-
tive of infarction).

Evidence suggests that chronic allogenic immune response 
to the transplant and nonimmunologic factors mediate the 
vascular injury.161 Conventional risk factors of atheroscle-
rosis (eg, hyperlipidemia, diabetes, advanced age), pre- or 
peritransplant injuries, infection, innate immunity, T-cell-
mediated immunity, and B-cell-mediated immunity via pro-
duction of donor specific antibodies have been associated 
with increased and accelerated graft vasculopathy, likely act-
ing in concert with each other. There is no apparent differ-
ence in the frequency with which graft vasculopathy develops 
in patients who were transplanted for end-stage CAD versus 
idiopathic cardiomyopathy.

Early diagnosis of graft vasculopathy is limited by the lack 
of clinical symptoms of ischemia in the denervated allograft, 
by the relative insensitivity of coronary angiography, which 
frequently underestimates the extent and severity of this dif-
fuse disease, and by the exclusive or predominant involve-
ment of small intramyocardial vessels. Histologic changes 
of chronic ischemia such as subendothelial myocyte vacuol-
ization can be seen on surveillance biopsies as evidence of 
myocardial ischemia and may suggest graft vasculopathy 
(see Fig. 5-29C and D). Obstructive vascular lesions are not 
usually amenable to PCI or coronary artery bypass grafting 

TABLE 5-4: ISHLT Standardized Cardiac Biopsy Grading of Acute Cellular Rejection: Clinicopathologic 
Comparison of 1990 and 2004 Formulations

Rejection level Histologic findings
Rejection 
grade 1990

Rejection 
grade 2004 Clinical response

None Normal 0 0R No change
Mild Lymphocytic inflammation ± one focus of 

myocyte damage
1A, 1B, 2 1R No/minimal change to chronic 

immunosuppressive regimen
Moderate Lymphocytic inflammation + multiple foci  

of myocyte damage
3A 2R Steroid bolus ± change in chronic 

immunosuppressive regimen
Severe Lymphocytic inflammation + diffuse  

myocyte damage ± vascular injury
3B, 4 3R Aggressive therapy (eg, steroids ± 

monoclonal antibodies [OKT3])

ISHLT = International Society for Heart and Lung Transplantation.
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140 Part I Fundamentals

FIGURE 5-29 Gross and microscopic features of graft coronary dis-
ease and graft arteriosclerosis–induced myocardial pathology in heart 
transplant recipients. (A) Gross photograph of transverse cross-section 
of heart from patient who died of graft arteriosclerosis. Severe concen-
tric stenosis of an epicardial coronary is apparent with only a pinhole 
lumen (arrow). (B) Histologic appearance of graft arteriosclerosis as 
low-power photomicrograph of vessel cross-section, demonstrating 
severe, near-complete, and predominantly concentric intimal pro-
liferation with nearly intact internal elastic lamina (arrow). Verhoff-
van Gieson stain (for elastin) 60×. Gross and microscopic features of 
graft coronary disease and graft arteriosclerosis–induced myocardial 
pathology in heart transplant recipients. (C) Myocardial microinfarct 
indicative of disease of small intramural arteries (outlined by arrows) 
Hematoxylin and eosin and (D) subendocardial myocyte vacuoliza-
tion indicative of severe chronic ischemia. Trichrome stain, 375×. 
([B] Reproduced with permission from Salomon RN, Hughes CWH, 
Schoen FJ, et al: Human coronary transplantation-associated arterio-
sclerosis: evidence for a chronic immune reaction to activated graft 
endothelial cells, Am J Pathol. 1991 Apr;138(4):791-798.)

A

B

C

D

because of their diffuse distribution. Retransplantation is 
the only effective therapy for most cases of established graft 
atherosclerosis.

Posttransplant Lymphoproliferative 
Disorders
Posttransplant lymphoproliferative disorders (PTLDs) are a 
well-recognized and serious complication of the high-intensity 
long-term immunosuppressive therapy required to prevent 
rejection in cardiac allografts. PTLD occurs in approximately 

2% of cardiac allograft recipients. Several factors increase the 
risk of PTLD, including pretransplant Epstein-Barr virus 
(EBV) seronegativity (10- to 75-fold increase), young recipi-
ent age, and CMV infection or mismatching (donor-positive, 
recipient-negative).162

Posttransplant lymphoproliferative disorders can present 
as an infectious mononucleosis-like illness or with localized 
solid tumor masses, especially in extranodal sites (eg, heart, 
lungs, gastrointestinal tract). The vast majority (>90%) of 
PTLDs derive from the B-cell lineage and are associated with 
EBV infection, although T- or NK-cell origin and late-arising 
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EBV-negative lymphoid malignancies have been described. 
There is strong evidence that the lesions progress from 
polyclonal B-cell hyperplasias (early lesions) to lymphomas 
(monomorphic PTLDs) in a short period of time, in asso-
ciation with the appearance of cytogenetic abnormalities. 
Therapy centers on a stepwise approach of antiviral treatment 
and reduction in immunosuppression, and then progression 
to lymphoma chemotherapy.

Cardiac Assist Devices and Total 
Artificial Hearts
Continuing and increasing discrepancy between the number 
of available donor hearts and therefore transplants performed 
(2500 annually in the United States) and the number of 
patients in the terminal phase of heart failure and refractory 
to medical management (estimated at 250,000 to 500,000 
in the United States, and rising) has prompted efforts in 
the development of VADs, total artificial hearts, and other 
therapies.

Mechanical cardiac assist devices and artificial hearts have 
traditionally been used in two settings: for ventricular aug-
mentation sufficient to permit a patient to survive postcardi-
otomy or postinfarction cardiogenic shock while ventricular 
recovery is occurring, and as a bridge to transplantation when 
ventricular recovery is not expected and the goal is hemody-
namic support until a suitable donor organ is located. More 
recently, left ventricular assist devices (LVADs) have been 
shown to provide long-term cardiac support with survival and 
quality-of-life improvement over optimal medical therapy in 
patients with end-stage congestive heart failure who are not 
candidates for transplantation. LVADs are also being inves-
tigated as a “bridge-to-recovery” in patients with congestive 

heart failure to induce reverse ventricular remodeling leading 
to an improvement in cardiac function that would eventu-
ally allow device removal. Many types of pumps are currently 
under development or in clinical use as ventricular assist 
devices.163 Mechanical devices that entirely replace the native 
heart are currently in use or under development as bridge to 
transplant (SynCardia Total Artificial Heart)164 or as destina-
tion therapy (Abiomed AbioCor).165

The major complications of cardiac assist devices are hem-
orrhage, thrombosis/thromboembolism, infection, and inter-
actions with host tissue (Fig. 5-30).166 Hemorrhage continues 
to be a problem in device recipients, although the risk of major 
hemorrhage has been decreasing with improved devices, ther-
apies, patient selection, and surgical methods. Many factors 
predispose to perioperative hemorrhage, including (1) coagu-
lopathy secondary to hepatic dysfunction, poor nutritional 
status, and antibiotic therapy; (2) platelet dysfunction and 
thrombocytopenia secondary to cardiopulmonary bypass; 
and (3) the extensive nature of the required surgery.

Nonthrombogenic blood-contacting surfaces are essential 
for a clinically useful cardiac assist device or artificial heart. 
Indeed, thromboembolism occurred in most patients hav-
ing long-term implantation of the Jarvik-7 artificial heart 
and is a major design consideration for current devices. The 
current generation of continuous flow LVADs is carefully 
designed to minimize thrombosis, but oral anticoagulation 
is still required. The incidence of pump thrombosis in the 
continuous axial flow HeartMate II LVAD (see Fig 5-30A) 
appears to have been increasing,167 and is currently the subject 
of intense debate and research. Thrombi also may form out-
side the LVAD, often in association with crevices and voids, 
and in areas of disturbed blood flow such as near connec-
tions of conduits and other components to the native heart 
(see Fig. 5-30B).168 Accounting for significant morbidity and 
mortality following the prolonged use of cardiac assist devices, 
infection can occur either within the device or associated with 
percutaneous drive lines (see Fig. 5-30C). Susceptibility to 
infection is potentiated by not only the usual prosthesis-
associated factors (see later), but also by the multisystem 
organ damage from the underlying disease, the periprosthetic 
culture medium provided by postoperative hemorrhage, 
and by prolonged hospitalization with the associated risk of 
nosocomial infections. Assist device-associated infections are 
often resistant to antibiotic therapy and host defenses, but 
are generally considered not an absolute contraindication to 
subsequent cardiac transplantation. Novel device designs, 
including alternative sites for driveline placement and the 
elimination of the driveline altogether with transcutaneous 
energy transmission technology, may play a role in further 
decreasing infection.

Left ventricular assist device implantation can allow for 
reverse remodeling (see below), resulting in a decrease of 
the size of the left ventricular chamber. Therefore, an LVAD 
inflow cannula may end up contacting cardiac structures in 
the now-smaller left ventricular chamber that it was nowhere 
near at the time of implantation into a dilated ventricle. This 
can lead to inflow obstruction (see Fig. 5-30D), acquired 

TABLE 5-5: Characteristics of Graft 
Arteriosclerosis versus Typical Atherosclerosis

Graft arteriosclerosis Typical atherosclerosis

Rapid onset (months to years) Slow onset (many years)
Risk factors uncertain Hypertension, lipids, smoking, etc
Usually silent/congestive heart 

failure, sudden death
Chest pain, etc

Diffuse Focal
Epicardial/intramural Epicardial
Concentric Eccentric
Lesions rarely locally complicated Lesions often locally complicated
Smooth muscle cells, 

macrophages, lymphocytes
Smooth muscle cells, 

macrophages, foam cells
Primary immunologic 

mechanism(s)
Complicated stimuli

Difficult to treat; retransplant 
usually only option

Revascularization by angioplasty, 
stents, aortocoronary bypass

Reproduced with permission from Schoen FJ, Libby P: Cardiac transplant graft 
arteriosclerosis, Trends Cardiovasc Med. 1991 Jul-Aug;1(5):216-223.
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ventricular septal defect, myocardial hemorrhage, and poten-
tial arrhythmias. Other complications include hemolysis, 
pannus formation around anastomotic sites, calcification, 
and device malfunction. There is evidence that patients on 
LVADs are more likely to develop allosensitization, which 
can pose a significant risk to posttransplantation outcome in 
the bridge-to-transplant patients.169 These complications not 
only have significant morbidity and can be fatal, but they 
may make a previously suitable patient ineligible for future 
transplantation.

Long-term LVADs are primarily used as a bridge to trans-
plantation because cardiac transplantation currently offers 
a better long-term outlook for most patients. In a subset of 
patients, support by LVAD results in improved cardiac func-
tion, with heart transplantation no longer necessary even 
after removal of the LVAD (bridge to recovery). Left ventricu-
lar assist device support is now recognized to offer potential 
for myocardial recovery, a favorable outcome that is further 
enhanced by combination with pharmacologic therapy. 
LVADs lead to lowered cardiac pressure and volume overload 

FIGURE 5-30 Complications of left ventricular assist devices (LVADs). (A) Circumferential thrombus (arrows) on the inflow bearing of the 
impeller of a Thoratec HeartMate II LVAD. (B) Thrombus (arrows) on the outer aspect of the inflow cannula of a HeartWare HVAD within the 
left ventricular cavity. (C) Fungal infection in LVAD outflow graft. (D) Inflow cannula of a HeartWare HVAD impinging on the posterior left 
ventricular wall resulting in obstruction. (Reproduced with permission from Silver MD, Gotlieb AI, Schoen FJ: Cardiovascular Pathology, 3rd ed. 
New York: Churchill Livingstone/Elsevier; 2001.)
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in the myocardium followed by decreased ventricular wall 
tension, reduced cardiomyocyte hypertrophy, improved coro-
nary perfusion, and decreased chronic ischemia.

To what extent recovery of myocardial function can occur 
during VAD implantation is uncertain. Many pathophysio-
logic changes occur during the progression to end-stage heart 
failure, ranging from the subcellular (eg, abnormal mitochon-
drial function and calcium metabolism) to the organ and 
system level (eg, ventricular dilation, decreased ejection frac-
tion, and neurohormonal changes), leading to the signs and 
symptoms of congestive failure. Implantation of an LVAD 
can reverse many of these changes (reverse remodeling), lead-
ing to increased cardiac output, decreased ventricular end-
diastolic volume, and normalization of neurohormonal status 
such that a small fraction of patients can be weaned from the 
device without the need for subsequent cardiac transplanta-
tion. Current research focuses on the mechanisms of cardiac 
recovery, identification of patients who could achieve recov-
ery, and specifics such as the timing and duration of therapy; 
a key goal is to identify potential predictors and novel thera-
peutic targets capable of enhancing myocardial repair.170

ARRHYTHMIAS
Arrhythmias generally occur as a result of disorders of electri-
cal impulse formation, disorders of electrical impulse conduc-
tion, or a combination of the two. The underlying anatomic 
substrates for arrhythmogenesis are many. Many cardiomy-
opathies can present with arrhythmias, including those with 
genetic (eg, HCM, ARVC, and the ion channelopathies), 
mixed (eg, dilated cardiomyopathy), and acquired (eg, myo-
carditis, sarcoidosis and amyloidosis) etiologies. A common 
cause of arrhythmias and sudden death (especially in the older 
adult population) is ischemic heart disease, both in patients 
with and without a prior myocardial infarction. Myocardial 
hypertrophy and fibrosis of any etiology (eg, secondary to 
valvular heart disease, hypertension, or a remote infarction) 
also can provide the anatomical and functional substrate for 
the development of an arrhythmia. These underlying pro-
cesses and pathologic anatomy increase the risk of spontane-
ous lethal arrhythmias in the setting of acute initiating events 
such as acute ischemia, neurohormonal activation, changes in 
electrolytes, and other metabolic stressors.171

Treatments for arrhythmias and their complications 
include pharmacologic therapy, device therapy172,173 (eg, pace-
makers, defibrillators), and ablation therapy.

Pacemakers and Implantable 
Cardioverter-Defibrillators
Modern cardiac pacing is achieved by a system of intercon-
nected components consisting of (1) a pulse generator that 
includes a power source and electric circuitry to initiate the 
electric stimulus and to sense normal activity; (2) one or 
more electrically insulated conductors leading from the pulse 
generator to the heart, with a bipolar electrode at the distal 
end of each; and (3) a tissue, or blood and tissue, interface 

between electrode and adjacent stimulatable myocardial cells, 
which is of critical importance in the proper functioning of 
the pacemaker. Typically, a layer of nonexcitable fibrous tissue 
forms around the tip of the electrode. This fibrosis may be 
induced by the electrode itself or may result from myocardial 
scarring from some other cause, most commonly a healed 
myocardial infarction. The thickness of this nonexcitable 
tissue between the electrode and excitable tissue determines 
the stimulus threshold, or the strength of the pacing stimu-
lus required to initiate myocyte depolarization, and thus the 
amount of energy required from the pacemaker. Attempts to 
reduce the thickness of this layer (thereby extending battery 
life) include improved lead designs174 with active fixation and 
the use of slow, local release of corticosteroids from the lead 
tip. Implantable cardioverter-defibrillators (ICDs) are used 
in the treatment of patients who have life-threatening ven-
tricular arrhythmias that are refractory to medical manage-
ment and unsuitable for other surgical or ablative therapy, 
and have similar components to the pacemaker described in 
the preceding. These devices sense arrhythmias that can lead 
to sudden death and deliver therapy in the form of rapid ven-
tricular pacing and/or a defibrillation current to terminate 
the dysrhythmic episode. ICDs also must overcome the bar-
rier posed by the interfacial fibrosis at the electrode tip.

Complications from the use of pacemakers include lead 
displacement, vascular or cardiac perforation leading to 
hemothorax, pneumothorax or tamponade, lead entrapment, 
infection, erosion of the device into adjacent tissues owing to 
pressure necrosis, rotation of the device within the pocket, 
thrombosis and/or thromboembolism, and lead fracture, in 
addition to malfunction of the device itself. If the lead needs 
to be extracted for chronic infection or device-related defects, 
damage to the myocardium and/or tricuspid valve may occur 
secondary to encasement of the lead in fibrous tissue. Simi-
lar complications affect ICDs, with additional considerations 
being the consequences of repeated defibrillations on the 
myocardium and vascular structures, including myocardial 
necrosis, and the risk of oversensing (with resultant unneces-
sary shocks) or undersensing (with resultant sudden death). 
Increased attention has been paid of late to malfunction-
ing ICDs because of electrical flaws in a specific model that 
resulted in failure to terminate fatal arrhythmias.175

Ablation
Ablation involves the directed destruction of arrhythmogenic 
myocardium, accessory pathways, or conduction system struc-
tures to control or cure a variety of arrhythmias, including atrial 
flutter and fibrillation, ventricular tachycardias, and paroxys-
mal supraventricular tachycardias that are refractory to medical 
management.176,177 Ablation can be carried out as part of a surgi-
cal procedure, or through percutaneous catheter means. Electro-
physiologic (EP) studies can be used to (1) provide information 
on the type and location of rhythm disturbance, (2) terminate 
a tachycardia by electrical stimulation, (3) evaluate the effects of 
therapy, (4) ablate myocardium involved in the tachycardia, and 
(5) identify patients at risk for sudden cardiac death.
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Radiofrequency ablation acutely produces coagulation 
necrosis within the myocardium directly underneath the 
source tip, eliminating the source or pathway of the arrhyth-
mia. The characteristic histologic changes include loss of 
myocyte striations, loss or pyknosis of nuclei, hypereosino-
philia, and contraction bands. The edge of the fresh lesion 
is often hemorrhagic with interstitial edema (Fig. 5-31) and 
inflammation. The area undergoes the usual progression of 
healing similar to that in an infarct, with an early neutrophilic 
infiltrate, followed by macrophages to handle the necrotic 
debris, followed by granulation tissue formation and even-
tual scarring. Through the use of irrigated, cooled catheters, 
the lesions can penetrate deeply into the myocardium. Tech-
niques using other forms of energy, including cryoablation, 
microwave, and lasers, have been used to create lesions in the 
myocardium for the treatment of arrhythmias.

NEOPLASTIC HEART DISEASE
Although metastatic tumors to the heart are present in 1 to 
3% of patients dying of cancer, primary tumors of the heart 
are unusual.178,179 The most common tumors, in descend-
ing order of frequency, are: myxomas, lipomas, papillary 
fibroelastomas, angiomas, fibromas, and rhabdomyomas, all 
benign and accounting for approximately 80% of primary 
tumors of the adult heart. The remaining 20% are malignant 
tumors, including angiosarcomas, other sarcomas, and lym-
phomas. Many cardiac tumors have a genetic basis.

The most frequent cardiac tumors are illustrated in 
Fig. 5-32.

Myxoma
Myxomas are the most common primary tumor of the heart 
in adults, accounting for about 50% of all benign cardiac 
tumors. They typically arise in the left atrium (80%) along the 
interatrial septum near the fossa ovalis. Occasionally, myxo-
mas arise in the right atrium (15%), the ventricles (3–4%), 

or valves. These tumors arise more frequently in women and 
usually present between the ages of 50 and 70 years. Sporadic 
cases of myxoma are almost always single, whereas familial 
tumors can be multiple and present at an earlier age.

Myxomas range from small (<1 cm) to large (up to 10 cm) 
and form sessile or pedunculated masses that vary from 
globular and hard lesions mottled with hemorrhage to soft, 
translucent, papillary, or villous lesions having a myxoid and 
friable appearance (see Fig. 5-32A). The pedunculated form 
frequently is sufficiently mobile to move into or sometimes 
through the ipsilateral atrioventricular valve annulus during 
ventricular diastole, causing intermittent and often position-
dependent obstruction. Sometimes, such mobility exerts a 
wrecking ball effect, causing damage to and secondary fibrotic 
thickening of the valve leaflets.

Clinical manifestations are most often determined by 
tumor size and location; some myxomas are incidentally 
detected in patients undergoing echocardiography for other 
indications, whereas others may present with sudden death. 
Symptoms are generally a consequence of valvular obstruc-
tion, obstruction of pulmonary or systemic venous return, 
embolization, or a syndrome of constitutional symptoms. 
Intracardiac obstruction may mimic the presentation of mitral 
or tricuspid stenosis with dyspnea, pulmonary edema, and 
right-sided heart failure. Fragmentation of a left-sided tumor 
with embolization may mimic the presentation of infective 
endocarditis with transient ischemic attacks, strokes, and 
cutaneous lesions; emboli from right-sided lesions may pres-
ent as pulmonary hypertension. Constitutional symptoms 
such as fever, erythematous rash, weight loss, and arthralgias 
may result from the release of the acute-phase reactant inter-
leukin-6 from the tumor leading to these inflammatory and 
autoimmune manifestations. Echocardiography, including 
transesophageal echocardiography, provides a means to non-
invasively identify the masses and their location, attachment, 
and mobility. Surgical removal usually is curative with excel-
lent short- and long-term prognosis. Rarely, the neoplasm 
recurs months to years later, usually secondary to incomplete 
removal of the stalk.

The Carney complex is a multiple neoplasia syndrome fea-
turing cardiac and cutaneous myxomas, endocrine and neural 
tumors, as well as pigmented skin and mucosal lesions. Previ-
ously described cardiac myxoma syndromes such as LAMB 
(lentigines, atrial myxoma, mucocutaneous myxomas, and 
blue nevi) and NAME (nevi, atrial myxomas, mucinosis of 
the skin, and endocrine overactivity) are now encompassed 
by the Carney complex. The Carney complex is inherited as 
an autosomal dominant trait, and is associated with muta-
tions in the PRKAR1α gene encoding the R1α regulatory 
subunit of cyclic AMP–dependent protein kinase A.

Histologically, myxomas are composed of stellate or glob-
ular cells (myxoma cells), often in formed structures that 
variably resemble poorly formed glands or vessels, endothe-
lial cells, macrophages, mature or immature smooth muscle 
cells, and a variety of intermediate forms embedded within 
an abundant acid mucopolysaccharide matrix and covered by 
endothelium. Although it had long been questioned whether 

FIGURE 5-31 Site of ablation of arrhythmogenic focus by radiofre-
quency ablation (arrows).
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FIGURE 5-32 Gross features of primary cardiac tumors. (A) Resected left atrial myxoma, as irregular polypoid, gelatinous friable mass. The resec-
tion margin that surrounds the proximal portion of the stalk is at right. (B) Papillary fibroelastoma. Gross photograph demonstrating resemblance 
of this lesion to a sea anemone, with papillary fronds. (C) Massive pericardial angiosarcoma, subepicardial and with deep myocardial invasion 
at multiple sites. ([C] Reproduced with permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correlations and 
Basic Principles. Philadelphia: Saunders; 1989.)

A

B

C

cardiac myxomas were neoplasms, hamartomas, or organized 
thrombi, it is now widely believed that they represent benign 
neoplasia. These tumors are thought to arise from remnants 
of subendocardial vasoformative reserve cells or multipo-
tential primitive mesenchymal cells, which can differentiate 
along multiple lineages, giving rise to the mixture of cells 
present within these tumors.

Other Cardiac Tumors and Tumor-like 
Conditions
Cardiac lipomas are discrete masses that are typically epi-
cardial, but may occur anywhere within the myocardium or 
pericardium. Most are clinically silent, but some may cause 
symptoms secondary to arrhythmias, pericardial effusion, 
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intracardiac obstruction, or compression of coronary arter-
ies. Magnetic resonance imaging is useful in the diagnosis 
of adipocytic lesions because of its ability to identify fatty 
tissues. Histologically, these tumors are composed of mature 
adipocytes, identical to lipomas elsewhere. A separate, non-
neoplastic condition called lipomatous hypertrophy of the 
interatrial septum is characterized by accumulation of unen-
capsulated adipose tissue in the interatrial septum that can 
lead to arrhythmias. Histologically, this tissue is composed of 
a mixture of mature and immature adipose tissue and cardiac 
myocytes, in contrast to the pure mature adipose tissue of a 
proper lipoma.

Papillary fibroelastomas180 are usually solitary and located 
on the valves, particularly the ventricular surfaces of semilu-
nar valves and the atrial surfaces of atrioventricular valves. 
The most common site is the aortic valve, followed by the 
mitral valve. They constitute a distinctive “sea anemone-like” 
cluster of hair-like projections up to 1 cm or more in length, 
and can mimic valvular vegetations echocardiographically 
(see Fig. 5-32B).181 Histologically, they are composed of a 
dense core of irregular elastic fibers, coated with myxoid con-
nective tissue, and lined by endothelium. They may contain 
focal platelet-fibrin thrombus and serve as a source for embo-
lization, commonly to cerebral or coronary arteries. Surgical 
excision is recommended to eliminate these embolic events. 
Although classified with neoplasms, fibroelastomas may rep-
resent organized thrombi, similar to the much smaller, usually 
trivial, whisker-like Lambl’s excrescences that are frequently 
found on the aortic valves of older individuals.

Rhabdomyomas comprise the most frequent primary 
tumor of the heart in infants and children.182 They are usu-
ally multiple and involve the ventricular myocardium on 
either side of the heart. They consist of gray-white myocar-
dial masses up to several centimeters in diameter that may 
protrude into the ventricular or atrial chambers, causing 
functional obstruction. These tumors tend to spontaneously 
regress, so surgery is usually reserved for patients with severe 
hemodynamic disturbances or arrhythmias refractory to 
medical management. Most cardiac rhabdomyomas occur in 
patients with tuberous sclerosis, the clinical features of which 
also include infantile spasms, skin lesions (hypopigmenta-
tion, shagreen patch, subcutaneous nodules), retinal lesions, 
and angiomyolipomas. This disease, in its familial form, 
exhibits autosomal dominant inheritance, but about half the 
cases are sporadic owing to new mutations. Histologically, 
rhabdomyomas contain characteristic “spider cells,” which 
are large, myofibril-containing, rounded, or polygonal cells 
with numerous glycogen-laden vacuoles separated by strands 
of cytoplasm running from the plasma membrane to the cen-
trally located nucleus.

Cardiac fibromas, although also occurring predominantly 
in children and presenting with heart failure or arrhythmias, or 
incidentally, differ from rhabdomyomas in being solitary lesions 
that may show calcification on a routine chest radiograph.183 
Fibromas are white, whorled masses that are typically ventricu-
lar. There is an increased risk of cardiac fibromas in patients with 
Gorlin’s syndrome (nevoid basal cell carcinoma syndrome),184  

an autosomal dominant disorder characterized by skin lesions, 
odontogenic keratocysts of the jaw, and skeletal abnormali-
ties. Histologically, fibromas consist of fibroblasts showing 
minimal atypia and collagen with the degree of cellularity 
decreasing with increasing age of the patient at presentation. 
Although they are grossly well circumscribed, there is usually 
an infiltrating margin histologically. Calcification and elastin 
fibers are not uncommon in these lesions.

Sarcomas, with angiosarcomas, undifferentiated sarcomas, 
and rhabdomyosarcomas being the most common, are not 
distinctive from their counterparts in other locations. They 
tend to involve the right side of the heart, especially the right 
atrioventricular groove (see Fig. 5-32C). The clinical course is 
rapidly progressive as a result of local infiltration with intra-
cavity obstruction and early metastatic events.

Peculiar microscopic-sized cellular tissue fragments have 
been noted incidentally as part of endomyocardial biopsy or 
surgically removed tissue specimens, either free-floating or 
loosely attached to a valvular or endocardial mass.185 Termed 
mesothelial/monocytic incidental cardiac excrescences 
(MICE), they appear histologically largely as clusters and 
ribbons of mesothelial cells and entrapped erythrocytes and 
leukocytes, embedded within a fibrin mesh. These “masses” 
are considered artifacts of no clinical significance formed by 
compaction of mesothelial strips (likely from the pericar-
dium) or other tissue debris and fibrin, which are transported 
via catheters or around an operative site on a cardiotomy suc-
tion tip.

BIOMATERIALS AND TISSUE 
ENGINEERING
Biomaterials are synthetic or modified biologic materials that 
are used in implanted or extracorporeal medical devices to 
augment or replace body structures and functions.186,187 Bio-
materials include polymers, metals, ceramics, carbons, pro-
cessed collagen, and chemically treated animal or human 
tissues, the latter exemplified by glutaraldehyde-preserved 
heart valves and pericardium. Biomaterials in medical devices 
interact with the surrounding tissues. The first generation 
of biomedical materials (eg, metals used for early valve sub-
stitutes) was generally designed to be inert; the goal was to 
reduce the host inflammatory responses to the implanted 
material. By the mid-1980s, a second generation of technol-
ogy, comprising bioactive biomaterials, was emerging that 
could interact with the host in a beneficial manner (eg, bio-
degradable polymer sutures, drug delivery systems, textured 
bladder surfaces in ventricular assist devices). In the recent 
past, with a greater understanding of material-tissue interac-
tions at the cellular and molecular levels, materials are being 
designed to stimulate specific cellular and tissue responses 
at the molecular level.188,189 These materials are intended to 
be regenerative, and to yield functional tissue and organs, in 
approaches called tissue engineering (discussed later).

Biomaterial-tissue interactions comprise effects of both 
the implant on the host tissues and the host on the implant, 
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 Chapter 5 Cardiovascular Pathology 147

and are important in mediating prosthetic device compli-
cations (Fig. 5-33).190 These interactions have local and 
potentially systemic consequences. Complications of car-
diovascular medical devices, irrespective of anatomical site 
of implantation, can be grouped into six major categories: 
(1) thrombosis and thromboembolism; (2) device-associated 
infection; (3) exuberant or defective healing; (4) biomaterials 
failure (eg, degeneration, fracture); (5) adverse local tissue 
interaction (eg, toxicity, hemolysis); and (6) adverse effects 
distant from the intended site of the device (eg, biomaterials/
device embolism/migration, systemic hypersensitivity).

Blood-Surface Interaction
Thromboembolic complications of cardiovascular devices cause 
significant mortality and morbidity. Thrombotic deposits can 
impede the function of a prosthetic heart valve, vascular graft, 
or blood pump, or cause distal emboli. As in the cardiovascular 
system in general, surface thrombogenicity, hypercoagulability, 
and locally static blood flow (called Virchow’s triad), present 
individually or in combination, determine both the relative 
propensity toward thrombus formation and the location of 
thrombotic deposits with specific devices. No known synthetic 
or modified biologic surface is as thromboresistant as the nor-
mal, unperturbed endothelium. Like a blood vessel denuded of 
endothelium, foreign materials on contact with blood sponta-
neously and rapidly (within seconds) absorb a film of plasma 
components, primarily protein, followed by platelet adhesion.191 

If conditions of relatively static flow are present, macroscopic 
thrombus can ensue. The specific physical and chemical char-
acteristics of materials that regulate the outcomes of blood-
surface interaction are incompletely understood.

Coagulation proteins, complement products, other pro-
teins, and platelets are activated, damaged, and consumed by 
blood-material interactions. The clinical approach to control 
of thrombosis in cardiovascular devices is generally through 
systemic anticoagulants, particularly Coumadin (warfarin) 
or antiplatelet agents. Coumadin inhibits thrombin forma-
tion but does not inhibit platelet-mediated thrombosis and 
induces a risk of hemorrhage. Coumadin is also teratogenic, 
causing a risk of fetal malformations in pregnant women. 
Hemolysis (damage to red blood cells) in implants and extra-
corporeal circulatory systems can results from both cell-sur-
face contact and turbulence-induced shear forces.

Tissue-Biomaterials Interaction
Synthetic biomaterials elicit a foreign body reaction, a special 
form of nonimmune inflammatory response with an infil-
trate predominantly composed of macrophages.192,193 For 
most biomaterials implanted into solid tissue, encapsulation 
by a relatively thin fibrous tissue capsule (composed of col-
lagen and fibroblasts) resembling a scar ultimately occurs, 
often with a fine capillary network at its junction with nor-
mal tissue. Ongoing mild chronic inflammation associated 
with this fibrous capsule is common with clinical implants. 

Biomaterials-tissue interactions

Device-patient
complications

Local interactions
(at biomaterial-tissue interface)

Effect of material
on host tissues

Effect of environment
on materials

• Blood-material
    interactions
• Toxicity
• Modification of healing
• Inflammation
• Infection
• Tumorigenesis

Physical-mechanical effects
• Wear
• Fatigue
• Corrosion
• Stress-corrosion cracking
Biological effects
• Tissue absorption of
    implant constituents
• Enzymatic degradation
• Calcification

Systemic interactions
• Embolization
• Hypersensitivity
• Elevation of implant
   elements in blood
• Lymphatic particle 
   transport

• Thrombosis/thromboembolism
• Infection
• Biomaterials failure
• Adverse local tissue reaction
• Adverse systemic effect

FIGURE 5-33 Overview of potential interactions of biomaterials with tissue, comprising local, distant, and systemic effects of the biomaterial 
on the host tissue, as well as the physical and biologic effects of the environment on the materials and the device. These interactions comprise the 
pathophysiologic basis for device complications and failure modes. (Modified with permission from Ratner BD, Hoffman AS, Schoen FJ, et al: 
Biomaterials Science: An Introduction to Materials in Medicine, 2nd ed. Orlando: Elsevier; 2004.)
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148 Part I Fundamentals

FIGURE 5-34 Vascular graft healing. (A) Schematic diagram of pannus formation, the major mode of graft healing with currently available vas-
cular grafts. Smooth muscle cells migrate from the media to the intima of the adjacent artery and extend over and proliferate on the graft surface. 
The thin smooth muscle cell layer is covered by a proliferating layer of endothelial cells. (B and C) Anastomotic hyperplasia at the distal anastomosis 
of synthetic femoropopliteal graft. (B) Angiogram demonstrating constriction of distal graft anastomosis (arrow). (C) Photomicrograph demon-
strating Gore-Tex graft (arrow) with prominent intimal proliferation and very small residual lumen (asterisk). (Reproduced with permission from 
Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correlations and Basic Principles. Philadelphia: Saunders; 1989.)

Vascular graftArtery

Internal elastic lamina

Endothelium
Extracellular matrix

Smooth muscle cells
Proteins, platelets,
and leukocytes

A

B C

Although immunologic reactions have been proposed rarely 
for synthetic biomaterial-tissue interactions,194 and antibod-
ies can be elicited by implantation of some materials in finely 
pulverized form, proven clinical cardiovascular device failure 
owing to immunologic reactivity is rare.

Healing of a Vascular Graft, Heart Valve 
Sewing Cuff, or Endovascular Stent
Healing of a vascular graft, heart valve sewing cuff, or endovascu-
lar stent derives principally from overgrowth from the host ves-
sel across anastomotic sites; this tissue is called pannus. Grafts, 
fabrics, and stents used as cardiovascular implants heal primarily 
by ingrowth of endothelium and smooth muscle cells from the 
cut edges of the adjacent artery, and contact points with vessels 

and/or myocardium; where endothelium is present, the tissue is 
called a neointima. Additional potential mechanisms of endo-
thelialization include (1) tissue ingrowth through the fabric of a 
graft with interstices large enough to permit ingrowth of fibro-
vascular elements arising from capillaries extending from outside 
to inside the graft, which may permit endothelial cells to migrate 
to the luminal surface at a large distance from the anastomo-
sis; and (2) deposition of functional endothelial cell progenitors 
from the circulating blood.195

Exuberant fibrous tissue can occur at a vascular anastomosis 
as an overactive but physiologic repair response (Fig. 5-34). Syn-
thetic and biologic vascular grafts often fail because of general-
ized or anastomotic narrowing mediated by connective tissue 
proliferation in the intima, and heart valve prostheses can have 
excessive pannus that occludes the orifice. Intimal hyperplasia 
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 Chapter 5 Cardiovascular Pathology 149

results primarily from smooth muscle cell migration, prolifera-
tion, and ECM elaboration following and possibly mediated 
by acute or ongoing endothelial cell injury. Important contrib-
uting factors include (1) surface thrombogenesis; (2) delayed or 
incomplete endothelialization of the fabric; (3) disturbed flow 
across the anastomosis; and (4) mechanical “mismatch” at the 
junction of implant and host tissues.

Diminished healing also is clinically important in certain 
circumstances, such as periprosthetic leak associated with 
heart valve prostheses. Moreover, markedly diminished endo-
thelialization owing to toxicity of the cytostatic agents, pacli-
taxel and sirolimus, has been implicated in late thrombosis of 
drug-eluting coronary stents. For uncertain reasons, humans 
have a limited ability to completely endothelialize cardiovas-
cular prostheses beyond a zone near an anastomosis, typically 
10 to 15 mm, thereby allowing healing of intracardiac fabric 
patches and prosthetic valve sewing rings, but not long vascu-
lar grafts. Thus, except adjacent to an anastomosis of a vascu-
lar graft, a compacted platelet-fibrin aggregate (pseudointima) 
comprises the inner lining, even after long-term implantation. 
Because firm adherence of such linings to the underlying graft 
may be impossible, dislodgment of the lining and formation 
of a flap-valve can occur and cause obstruction.196 Current 
research focuses on novel vascular graft materials that enhance 
endothelial cell attachment, grafts, and other implants pre-
seeded with unmodified or genetically engineered endothelial 
cells, attempts to block smooth muscle cell proliferation, and 
engineered tissue vascular grafts (see the following).197

Infection
Infection is a common complication of implanted prosthetic 
devices and a frequent source of morbidity and mortality.198,199 
Early implant infections (<1 to 2 months postoperatively) 
most likely result from intraoperative contamination or early 
postoperative wound infection. In contrast, late infections 
generally occur by a hematogenous route, and can be initiated 
by bacteremia induced by therapeutic dental, gastrointestinal, 
or genitourinary procedures. Antibiotics given prophylacti-
cally at the time of device implantation and shortly before 
subsequent diagnostic and therapeutic procedures may pro-
tect against implant infection.

The presence of a foreign body potentiates infection in 
several ways. Microorganisms may inadvertently be intro-
duced into deep tissue locations by contamination at device 
implantation, bypassing natural barriers against infection. 
Some devices, such as current left ventricular assist devices, 
require a percutaneous driveline, providing a continuous 
potential means of entry for microorganisms. Infections asso-
ciated with medical devices are characterized microbiologi-
cally by a high prevalence of organisms capable of forming 
protective biofilms (ie, a multicellular consortium of micro-
bial cells that is irreversibly associated with a material surface 
and enclosed in a self-produced ECM composed primarily of 
polysaccharides),200 including gram-positive bacteria such as 
S. epidermidis, S. aureus, Enterococcus faecalis, and S. viridans, 
gram-negative bacteria such as Escherichia coli and Pseudomonas 

aeruginosa, and fungi such as Candida albicans. Some of these 
organisms, especially S. epidermidis and S. viridans, are of rel-
atively low virulence in the absence of a foreign body, but are 
frequent causes of medical device infection. The production 
of a biofilm by an organism is protective against the humoral 
and cellular immune response of the host201 and inhibits 
the penetration and effectiveness of opsonizing antibodies, 
inflammatory cells, and antibiotics. Moreover, vasculature 
may be diminished and there may be necrotic tissue in the 
vicinity of an implant. Consequently, an implant-associated 
infection often persists until the device is removed.

Tissue Engineering and Cardiovascular 
Regeneration
Tissue engineering comprises therapeutic approaches that use 
endogenous or exogenously delivered living cells together with 
natural materials or synthetic polymers to develop or regener-
ate functional tissues.202-204 In the most widely used generic 
strategy to engineering tissues, cells are initially seeded on a 
synthetic polymer scaffold (usually a bioresorbable polymer 
in a porous configuration) or natural material (such as col-
lagen, decellularized tissue, or otherwise chemically treated 
tissue), in the desired geometry for the engineered tissue, and 
a tissue is matured in vitro. The in vitro phase is done in a 
vessel (a bioreactor), containing a metabolically and mechani-
cally supportive environment with growth media. The cells, 
which may be either fully differentiated or stem cells, pro-
liferate and an elaborate ECM is created in the form of a 
“new” tissue (the construct). In the second step, the construct 
is implanted in vivo into the appropriate anatomical location. 
Following implantation remodeling of the construct in vivo 
is intended to recapitulate normal functional architecture of 
an organ or tissue. Another collection of methods uses the 
in vivo environment as the bioreactor and thereby aims to 
recruit endogenous cells to build tissues from within. Key 
processes occurring during the in vitro and in vivo phases of 
tissue formation and maturation are: (1) cell proliferation, 
sorting, and differentiation; (2) ECM production and orga-
nization; (3) degradation of the scaffold; and (4) remodeling 
and potentially growth of the tissue.

The principles and processes of tissue engineering have 
been applied to vascular grafts, myocardium, and heart valves, 
as discussed next.

Engineered Vascular Grafts
Tissue-engineered vascular grafts blood vessels of small cali-
ber are actively being investigated.205-207 Vascular cells have 
been applied onto tubular resorbable polymer scaffolds and 
matured in vitro in a bioreactor prior to in vivo implanta-
tion.208 Exposure to pulsatile physical forces during tissue 
formation generally enhances graft properties; pulsed grafts 
are thicker, have greater suture retention, and higher cell and 
collagen density than nonpulsed engineered grafts, and have a 
histologic appearance similar to that of native arteries. Other 
investigators have fabricated mechanically sound engineered 
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150 Part I Fundamentals

tissue vascular grafts by constructing a cohesive cellular sheet 
of smooth muscle cells, rolling this sheet to form the vessel 
media, analogous to a jelly roll, wrapping a sheet of human 
fibroblasts around the media to serve as an adventitia, and 
seeding endothelial cells in the lumen.209 Vessel “equivalents” 
composed of collagen and cultured bovine fibroblasts, and 
smooth muscle and endothelial cells have been investigated, 
but despite reinforcement with a Dacron mesh, such grafts 
have been unable to withstand burst strengths for in vivo 
applications.210 Another approach to vascular graft engineer-
ing utilizes naturally derived matrices with or without cell 
repopulation prior to implantation.211 Vascular grafts fabri-
cated from small intestine submucosa used as experimental 
vascular grafts in dogs were reported to be completely endo-
thelialized and histologically similar to arteries.212,213

Another approach to vascular tissue engineering extends 
the concept of Sparks’ silicone mandril-grown graft used 
clinically in the 1970s, in which a collagenous fibrous cap-
sule tube was formed around an implanted cylindrical foreign 
body (silicone mandril) adjacent to a diseased vessel; the man-
dril was subsequently removed yielding an autologous tissue 
tube that could be anastomosed to the vessels proximal and 
distal to an obstruction.214 However, owing to the variability 
of the quality of tissue generated in older patients in areas 
of circulatory insufficiency, such vascular replacements often 
developed aneurysms when used clinically. Grafts grown as 
the reactive tissue that forms around silicone tubing inserted 
into the peritoneal cavity of rats, rabbits, and dogs, everted 
(so that a mesothelial cell lined surface become the blood-
contacting surface), and grafted into the carotid artery of the 
same animal remained patent up to 4 months.215

Initial clinical studies of tissue-engineered blood vessels 
as pulmonary artery segments and hemodialysis access grafts 
have been reported.216,217 Clinically employed conventional 
ePTFE vascular grafts have been seeded with endothelial cells 
at the time of implantation, yielding reportedly better out-
comes than unseeded grafts.218-224

Regeneration of Cardiac Tissue
The adult heart responds to mechanical overload by hyper-
trophy (increase in cell size) and to severe ischemic or other 
injury by cell death (see earlier). Functional increase in car-
diac myocyte number by cell regeneration or hyperplasia has 
generally not been considered possible. Nevertheless, several 
lines of research raise enthusiasm that clinically important 
cardiac regeneration and/or engineered cardiac tissue may 
indeed be possible.

Recent evidence suggests that myocyte regeneration and 
death occur physiologically, and that these cellular processes 
are enhanced in pathologic states, challenging the dogma that 
the heart as a postmitotic organ. Some investigators believe 
that heart homeostasis may be regulated by a stem cell com-
partment in the heart characterized by multipotent cardiac 
stem cells having the ability to acquire the distinct cell lin-
eages of the myocardium. In this view, humans are capable of 
regenerating myocytes and coronary vessels throughout life 

and have the capacity to adapt to increases in pressure and 
volume loads.225 Moreover, adult bone marrow cells may be 
able to differentiate into cells beyond their own tissue bound-
ary and create cardiomyocytes and coronary vessels. Myo-
cardial tissue generated from cells, scaffolds, and bioreactors 
has been encouraging with respect to construct survival, vas-
cularization, and integration, but significant and sustained 
functional improvement has yet to be demonstrated.226,227 
Application of cyclic mechanical stretch and electrical signals 
have been shown to enhance cell differentiation and force of 
contraction.228

Animal experiments and some early-phase clinical trials 
lend credence to the notion that cell-based cardiac repair may 
be an achievable therapeutic target, including (1) the pos-
sibility that the heart may have endogenous mechanisms of 
repair; (2) cell-based therapies in which fetal or adult cardio-
myocytes, skeletal myoblasts or nonmuscle stem or differenti-
ated cells are injected into the heart; and (3) experimental 
generation of functional myocardium by cell-scaffold-
bioreactor tissue engineering approaches yielding a prosthetic 
myocardial patch.229-231 Clinical trials have used cells derived 
from skeletal muscle and bone marrow, and basic research-
ers are investigating sources of new cardiomyocytes, such as 
resident myocardial progenitors and embryonic stem cells 
to achieve structural and functional integration of the graft 
with the host myocardium. Nevertheless, the most appropri-
ate form of cellular therapy for myocardial injury remains 
to be identified. Moreover, and it remains unclear at pres-
ent whether the beneficial effects observed in some studies 
are a result of functional and electrically integrated myocytes 
(the ideal), enhancement of angiogenesis owing to a local and 
nonspecific inflammatory reaction at the site of injection, or a 
“paracrine” effect, whereby transplanted cells produce growth 
factors, cytokines, and other local signaling molecules that are 
beneficial to the infarct through neovascularization and/or 
scar remodeling.

Tissue-Engineered Heart Valves
Recent scientific and technological progress has stimulated 
the goal of generating a living valve replacement that would 
obviate the complications of conventional valve replacement, 
adapt to changing environmental conditions in the recipient, 
and potentially grow with a growing patient.232-235 The long-
term success of a tissue-engineered (living) valve replacement 
will depend on the ability of its living cellular components 
(particularly VIC) to assume normal function with the capac-
ity to repair structural injury, remodel the ECM, and poten-
tially grow.

Tissue-engineered heart valves (TEHV) grown as valved 
conduits from autologous cells (either vascular wall cells or 
bone marrow–derived mesenchymal stem cells) seeded on 
biodegradable synthetic polymers grown in vitro have func-
tioned in the pulmonary circulation of growing lambs for up 
to 5 months.236,237 In some studies, these grafts evolved in vivo 
to a specialized layered structure that resembled that of native 
semilunar valve. Pulmonary vascular walls fabricated from 
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vascular wall cells and biodegradable polymer and implanted 
into very young lambs enlarged proportionally to overall ani-
mal growth over a 2-year period.238

To eliminate the need for in vitro cell seeding and cul-
ture steps, an alternative tissue engineering strategy has used a 
scaffold of either decellularized naturally derived biomaterial 
(such as animal or human allograft valve, decellularized sheep 
intestinal submucosa [SIS]), or a porous polymer matrix 
implanted without prior seeding but with the intent of har-
nessing intrinsic circulating cells to populate and potentially 
remodel the scaffold.239 Tissue-derived scaffolds must pos-
sess desirable three-dimensional architecture, mechanical 
properties, and potential adhesion/migration sites for cell 
attachment and ingrowth. Nevertheless, decellularized por-
cine valves implanted in humans had a strong inflammatory 
response and suffered structural failure.240 Work is also being 
done on cell-seeded, engineered tissue valves for transcatheter 
implantation.241

Translation of heart valve tissue engineering and regen-
erative medicine from the laboratory to the clinical realm 
has exciting potential but also formidable challenges and 
uncertainties. Key hurdles include selection and validation 
of suitable animal models, development of guidelines for 
characterization and assurance of the quality of an in vitro 
fabricated TEHV for human implantation, and strategies 
to understand, monitor, and potentially control patient-to-
patient variability in wound healing and tissue remodeling 
in vivo.
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Advances in computed tomography (CT) technology have 
revolutionized the diagnosis of cardiovascular disease. CT has 
dramatically reduced, and for some clinical scenarios elimi-
nated, the need for additional testing such as diagnostic arte-
rial catheterization. In the process, CT has become invaluable 
in cardiac diagnosis and surgical planning.

CT is based on an x-ray source and detector system 
mounted on the “CT gantry” that rotates around the patient. 
Major technology advances have enabled CT to image the 
beating heart, and routine CT at Brigham and Women’s 
Hospital (BWH) has noninvasively excluded coronary artery 
disease in one heart beat (Fig. 6-1) for over 7 years.1 How-
ever, the role of CT extends far beyond the coronary arter-
ies alone. Using roughly the same CT acquisition strategies, 
native coronary imaging can be extended to coronary bypass 
grafts, the beating myocardium, valve motion, the ventricles 
and ventricular outflow tracks, and cardiac lesions.

In order to understand the clinical contribution of CT 
and to avoid pitfalls in image interpretation, it is essential for 
the surgeon to appreciate the basic principles of CT used in 
cardiac imaging. This chapter is divided into two parts. The 
first part describes the technical considerations for cardiac 
CT. By understanding each component, the surgeon will be 
better able to distinguish image artifacts from pathology. The 
second part reviews those CT examinations that are most fre-
quently performed in the noninvasive cardiovascular imaging 
program at BWH, detailing the strengths and limitations of 
each exam.

 PART 1. CARDIAC CT PROTOCOLS
Most advances in cardiac CT, for example in coronary CT 
angiography (CTA), have focused on the development of 
protocols consistent with the rapid incremental technology 

improvements. One of the major technological advances 
has been the incorporation of multiple elements into the 
CT detector system, called Multi-Detector CT (MDCT). 
MDCT is synonymous with multislice CT. Since all mod-
ern scanners have multiple detectors, the semantics can 
and should be eliminated; this chapter simply uses “CT” to 
describe the technology.

Data from each of CT detector is used to reconstruct an 
axial slice perpendicular to the long axis, or z-axis, of the 
patient. The width of the detectors determines the minimum 
slice thickness and thus the ability to resolve small anatomic 
detail (spatial resolution) of the scanner. Thinner slices yield 
superior spatial resolution; however, comparing two scanners 
that produce the same number of slices, the scanner with 
thinner slices will have less z-axis (ie, craniocaudal) coverage 
per gantry rotation and thus will have a longer scan time. 
To date, the minimum detector width and largest number of 
detector rows is 0.5 mm and 320, respectively.2,3 This yields 
16 cm (0.5 mm × 320) z-axis coverage per gantry rotation, 
and thus the entire heart can be imaged with data acquired 
over a single R-R interval.

TEMPORAL RESOLUTION
Successful cardiac imaging by any modality relies on the 
ability of the hardware to produce motion-free images or, in 
other words, to image faster than the heart beats. Because it 
requires that the gantry be rotated around the patient, CT is 
inherently slower than digital subtraction angiography (DSA) 
where each frame corresponds to a single projection image. 
As described below, CT has become faster so that cardiac CT 
is now being routinely performed.

Temporal resolution is the metric that measures imaging 
speed. For a CT scanner with a single photon source, the tem-
poral resolution is one half of the CT gantry rotation time. 

Computed Tomography of 
the Adult Cardiac Surgery 
Patient: Principles  
and Applications
Andreas A. Giannopoulos • Frank J. Rybicki  
• Tarang Sheth • Frederick Y. Chen 
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158 Part I Fundamentals

This is because image reconstruction requires CT data acquired 
from one half (180°) of a complete gantry rotation. All manu-
facturers have gantry rotation times on order of 300 ms or less. 
Using this gantry rotation time as an example, an electrocar-
diogram (ECG)-gated cardiac image can be reconstructed 
(using single-segment reconstruction, described below) with 
CT data acquired over 150 ms of the cardiac cycle. Thus, the 
reconstructed images inherently display the average of the car-
diac motion over the roughly 150 ms during which the data 
was acquired. This is how ECG gating enables cardiac CT. 
Without gating, cardiac images are nondiagnostic because 
the reconstruction “averages” the motion over the entire R-R 
interval, for example, over 1000 ms for a patient with a heart 
rate of 60 beats per minute.

There are important strategies to improve temporal resolu-
tion. The first uses two independent x-ray CT sources and 
two independent (64 or greater slice) detector systems built 
into the CT gantry.4 The second x-ray source is positioned 
90° from the first x-ray source, and the second detection sys-
tem is positioned 90° from the first detection system. With 
respect to temporal resolution, the practical consequence of 
this CT configuration is that 180° of gantry rotation can 
be achieved in half the time (eg, 75 ms as opposed to 150 
ms). This halves the temporal resolution (to 75 ms), and 
thus for this “dual-source” CT configuration, motion is aver-
aged over only 75 ms. Another strategy uses both X-ray CT 
source-detector systems to sample the entire heart within a 
single R-R interval by rapidly moving the patient through the  
scanner.5 Both implementations have technical advantages 
and disadvantages that are beyond the scope of this chap-
ter. However, cardiac imaging in a single heart beat can be 
achieved using the same heart rate control as noted below.

FIGURE 6-1 Selected coronary computed tomography angiogra-
phy (CTA) image of the proximal left coronary arterial system in a 
patient scheduled for isolated mitral valve surgery. Using the protocol 
detailed in this chapter, CT demonstrated normal coronary arteries in 
this patient, eliminating the need for arterial catheterization.

Lt main

LAD

LCx

Ramus

For single-source scanners, temporal resolution can be 
improved by adopting a so-called “multisegment” image 
reconstruction. The difference between single-segment and 
multisegment reconstruction is that in the former, 180° of 
data is acquired from a single heart beat, while multisegment 
reconstruction uses several heart beats to obtain the one half 
gantry CT data. For example, in a two-segment reconstruc-
tion, two heart beats are used to generate a single axial slice, 
and thus the temporal resolution is halved. Similarly, if four 
heart beats are used (four-segment reconstruction), only 45° 
of data are used from each heart beat. This yields a fourfold 
reduction in the effective temporal resolution, making it 
theoretically possible to perform high spatial resolution car-
diac CT in patients with a rapid (eg, >70 beats per minute) 
heart rate. However, since multiple heart beats are used to fill 
the 180° of gantry rotation necessary for the reconstruction, 
stable periodicity of the heart is essential. When beat-to-beat 
variations in heart rate occur, image quality is degraded sig-
nificantly. In our experience, multisegment reconstruction 
works well in patients with high heart rates who are being 
studied for clinical indications where the highest image 
quality may not be required (eg, studies of graft patency or 
pericardial calcification). For more demanding applications 
(eg, native coronary CTA) we still routinely employ beta- 
blockade for heart rates >60 beats per minute.

BETA-BLOCKADE FOR HEART RATE 
CONTROL
As suggested above, beta-blockade is an important compo-
nent of most coronary-based CT examinations. As the tem-
poral resolution of cardiac CT improves, the dependence on 
lowering the heart rate will naturally be mitigated. However, 
the speed of all CT scanners is inferior to coronary catheter-
ization, and thus beta-blockade is recommended for the large 
majority of patients in whom it is safe. In our experience, 
many surgical patients have standing orders for beta-blockers 
as part of their medical therapy, and image quality is excel-
lent. When this is not the case, either oral and/or IV meto-
prolol is routinely administered.

ECG GATING
ECG gating refers to the simultaneous acquisition of both 
the patient’s ECG tracing and CT data. By acquiring both 
pieces of information, CT images can be reconstructed using 
only a short temporal segment of the R-R interval. Each seg-
ment is named by its “phase” in the cardiac cycle; the com-
mon nomenclature is to name the percentage of a specific 
phase with respect to its position in the R-R interval. For 
example, reconstruction of 20 (equally spaced) phases would 
be named as 0%, 5%, 10%, ..., 95%. The period in which 
the heart has the least motion is usually (but not always) in 
mid-diastole, near 75%. Thus, the CT exposure (and sub-
sequent patient radiation level) can be lowered by limiting 
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the exposure to a small part of the R-R interval where coro-
nary motion is expected to be a minimum. This is termed 
“prospective” ECG gating since the reconstruction phase and 
width is determined prospectively. The disadvantage of this 
approach is that cine loops of the entire R-R interval cannot 
be reconstructed because a complete data set is not acquired 
throughout the R-R interval. If this is desired, the so-called 
“retrospective” ECG gating can be used, at the expense of 
higher radiation levels.

For patients who require imaging of bypass grafts, it is 
important to note that periodic displacement of both saphe-
nous vein grafts (SVG), radial grafts, and internal mammary 
artery (IMA) grafts is far less than the motion of the native 
coronary arteries. Thus, for these vessels, a single reconstruc-
tion at mid-diastole is usually sufficient (Fig. 6-2), and pro-
spective ECG gating is routinely used. However, the benefits 
of lower radiation in this population are relatively moot, 
since the latent period for a radiation-induced malignancy 

is roughly a decade for blood tumors and significantly lon-
ger for solid tumors. Patients under consideration for repeat 
bypass surgery typically have a shorter life expectancy based 
on cardiac status. Thus, it is essential that the surgeon not 
only recognizes that motion has degraded image quality, but 
also realizes that additional reconstructions, and even repeat 
imaging, can and should be performed. If the entire course of 
the graft is not clear to the surgeon at a single cardiac phase, it 
is almost always the case that another phase will yield motion-
free depiction of the graft segment that was poorly seen.  
Open communication between the radiologist and the sur-
geon for every case has eliminated this pitfall and ensures that 
the maximum amount of imaging data is incorporated into 
presurgical planning.

In cine CT, such as imaging the aortic valve over the entire 
R-R interval, images are acquired with retrospective ECG gat-
ing and subsequently reconstructed throughout the cardiac 
cycle and then played, in cine mode, to demonstrate function. 

A B

C

FIGURE 6-2 ECG-gated CT images from a single reconstruction 
at mid-diastole for a patient scheduled for redo CABG. The patient is 
status post-LIMA to LAD coronary bypass grafting. (A) Axial image 
demonstrates the LIMA graft coursing between two staples and adher-
ent to the posterior table of the sternum. (B) Multiplanar reformatting 
is now performed routinely to detect and illustrate cases where repeat 
thoracotomy through the sternal incision is likely to damage a pat-
ent LIMA graft. An alternate surgical approach was required for this 
patient. (C) Selected image from a three-dimensional (3D) volume 
rendering again demonstrates the course of the graft. Volume render-
ing fully surveys the thoracic landmarks and is useful for spatial rela-
tionships and the communication of important findings.
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160 Part I Fundamentals

Each individual image (Fig. 6-3) offers an outstanding assess-
ment of the aortic valve and root structure. Cine CT can also 
be used to assess ventricular-wall motion. In comparison with 
magnetic resonance imaging (MRI), the reference standard 
for global- and regional-wall motion abnormalities, CT often 
has inferior temporal resolution. However, it is important to 
emphasize that cine CT does not require a separate image 
acquisition. The entire CT data set (coronary, valve, myocar-
dium, and pericardium) is acquired in a single breath hold; 
cine CT is simply part of the image postprocessing.

For surgical patients, CT has the distinct advantage over 
MR, in that it is by far the best imaging modality to identify 
and quantify calcification. Also, the most common contraindi-
cations for cardiac CT (eg, impaired renal function as measured 
by glomerular filtration rate or alternatively by serum creatinine) 
differ from those for MR (pacemaker), and thus CT can often 
be used for patients who cannot have MR. As noted above, sin-
gle heart beat cardiac CT is now a clinical reality, with an entire 
cardiac acquisition in approximately one second.1 In addition to 
the fact that patient radiation is decreased, multiple scans can be 
performed with the same injection of iodinated contrast mate-
rial, creating the opportunity for a host of additional studies 
including myocardial perfusion6-10 that are, at present, largely in 
the domain of cardiac MR and nuclear cardiology.

PATIENT IRRADIATION
Because ECG gating is required, ascending aorta and cardiac 
CT delivers more patient irradiation than CT of any other 

body part. While details regarding cardiac CT dosimetry are 
beyond the scope of this chapter, discussions regarding CT 
dose must be based on sound principles. The radiation risk 
most commonly quoted relates to the probability that the 
CT scan will result in the development of a fatal radiation-
induced neoplasm.11 Human data for radiation at this low 
level (the level delivered in ECG-gated cardiac CT) is very 
sparse; all anecdotal reports support a long latency period as 
described above. For this reason, patients should be separated 
into two groups: those with a life expectancy of roughly 10 
to 15 years or less, and those with a longer life expectancy. In 
the former group, the only dose consideration is whether the 
radiation could cause a skin burn (the only short-term com-
plication of any consequence). X-ray skin burns are extremely 
uncommon, particularly in CT (even for ECG-gated stud-
ies), and typically result from multiple exams repeated at 
short-term intervals. Thus, for this subset of patients, radia-
tion dose should not be a consideration in determining a modal-
ity for cardiac imaging. For those patients for whom radiation 
is an important consideration, prospective ECG gating 
should be used. X-ray current modulation is standardly used 
to lower the radiation dose. The tube current (expressed as 
the mA) is modulated over the course of the cardiac cycle so 
that the desired (high) diagnostic current is delivered only in 
diastole. The patient dose is decreased because the tube cur-
rent is reduced for the remainder of the cardiac cycle. While 
current modulation is helpful in many cases (eg, pediatric 
patients), the decision to use it should be made after consul-
tation between surgeon and radiologist because the potential 
drawbacks are significant. Most importantly, when current 
modulation is used, images reconstructed during phases with 
low tube current are relatively noisy because less tube current 
is used to generate them.

SCANNING PARAMETERS
The scan time refers to the time required to complete the 
CT acquisition along the z-axis of the patient. As described 
above, better temporal resolution decreases the scan time, not 
only decreasing cardiac motion, but also enabling breath hold 
CT. This is important in cardiac CT because in comparison 
to nongated CT, ECG gating not only increases patient radia-
tion but also increases the scan time.

In practical terms, a 64-slice ECG-gated cardiac CT scan 
(craniocaudal, or z-axis imaging over ~15 cm) can be per-
formed in roughly 10 seconds, versus 20 to 25 seconds with a 
16-slice scanner. One great benefit of wide area detector CT is 
faster (single heart beat) scans. If this option is not available, 
increasing the thickness of the detectors increases the z-axis 
coverage per rotation and thus decreases the scan time. For 
example, in a patient that cannot perform the breath hold, 
using thicker detectors (eg, 1 mm thickness as opposed to  
0.5 mm thickness) will decrease the scan time by providing 
more z-axis coverage per rotation. However, routinely increas-
ing the width of the detectors for cardiac applications is 
undesirable since it degrades the spatial resolution of the exam-
ination. In general, spatial resolution refers to the ability to 

FIGURE 6-3 ECG-gated CT image through the left ventricle and 
the aortic valve in a patient status post aortic root repair. Note the 
pacemaker (right heart wires); magnetic resonance imaging (MRI) was 
contraindicated. The repair is well visualized and without complica-
tion, with only mild aortic valve calcification (cine images showed a 
tricuspid valve with no significant stenosis). This image also demon-
strates a punctate calcified plaque along the superior course of the 
proximal left main coronary artery, without a significant stenosis.
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differentiate small detail in an image. This is essential compo-
nent to coronary imaging since the diameter of the proximal 
coronary arteries are on the order of 3 to 4 mm. Substitu-
tion of 0.5 mm reconstructed images with 1 mm images thus 
impacts the ability to see detail that may be required for accu-
rate diagnoses. Routine consultation between the surgeon and 
radiologist is essential to best understand and optimize the 
tradeoff between scan time and slice thickness. For example, 
imaging of the myocardium and aorta almost never requires 
submillimeter slices, because the pathology is larger. Thus, for 
dyspneic patients who require only imaging of the ascending 
aorta, thicker slices should be used to cut the scan time.

The scanning parameters that primarily determine the 
number of photons used to create a CT image are termed 
“mAs,” or milliamperes-seconds and “kV,” or kilovolts. The 
former represents the X-ray tube current; the latter refers to 
the voltage applied within the tube. For the surgeon, choos-
ing the best numbers (typical values are 550 to 700 effective 
mAs, 120 kV) is far less important than understanding the 
fact that modern cardiac CT pushes the limits of technology, 
and thus creates tradeoffs with respect to the x-ray CT source. 
The source generates photons that are either attenuated by 
the patient or reach the detectors. When more photons reach 
the detectors, the image quality is higher because there is less 
noise. The decision to image with thinner slices (eg, 0.5 mm 
as opposed to 1 mm) means that fewer photons reach the 
detector; thus, thinner slices have more noise. This is espe-
cially important in obese patients because their increased 
body mass absorbs more photons than thin patients. For the 
same effective mAs and kV, images of obese patients can be 
dramatically degraded by greater image noise.

If there were no limit to the number of photons that an 
X-ray CT source could produce, the solution would be to sim-
ply increase the number of photons (and the radiation dose) 
until image noise was satisfactory. Unfortunately, because the 
X-ray CT tube heats excessively when pushed to its maximum, 
there is a limit to the number of photons that can be pro-
duced. This is why image noise becomes problematic with thin 
slice imaging of obese patients. When this is the case, consulta-
tion between the surgeon and radiologist is important because 
diagnostic images can often be obtained by increasing the 
image thickness, scanning a smaller z-axis field of view (FOV), 
or both. The latter can be particularly useful if the examination 
can be tailored to the most important structure. Scanning a 
smaller z-axis means that more photons can be generated and 
used before the X-ray CT tube reaches its heat limit.

On the other hand, whenever possible, the z-axis FOV 
should be generous, as unexpected pathology can extend in 
both cranially and caudally. For example, an ECG-gated car-
diac and ascending aorta examination to evaluate extension of 
the intimal flap into the coronary arteries can reveal extension 
into the great vessels. Also, scanning must allow for variations 
in the FOV induced by breath holding. As a general rule, for 
scanning the native coronaries alone, the superior border of 
the FOV is set at the axial slice corresponding to the top of 
the carina. This is typically 2 to 3 cm superior to the origin 
of the left main coronary artery. The inferior border should 

scan through the entire inferior wall of the heart and should 
include several slices of the liver to account for cardiac dis-
placement during breath holding. For bypass graft imaging, 
the superior border of the FOV must include the subclavian 
arteries and the origin of both IMAs.

CONTRAST MATERIAL
Most CT examinations are performed with iodinated con-
trast material. The exceptions are scans performed solely for 
the assessment of cardiac and aortic calcification, plus imag-
ing of the aorta and great vessels for aneurysm size measure-
ments alone. Contrast is administered from a peripheral vein, 
typically with a dual injection system. This injector has two 
reservoirs to inject contrast followed by saline. For coronary 
imaging, the contrast and saline delivery are timed so that 
the left heart, aorta, and coronary arteries are enhanced with 
contrast while the right heart is filled with saline. The use and 
the timing of the saline are essential parts of the examina-
tions because artifacts that limit interpretation of the RCA 
will be induced if the right heart and central veins are densely 
enhanced with contrast (as opposed to saline).

  PART 2. APPLICATIONS IN CARDIAC 
SURGICAL PATIENTS

CORONARY DISEASE
Native Coronary CTA
One of the most common clinical indications for cardiac 
CT is to evaluate the native coronary arteries for stenosis  
(Figs. 6-4 to 6-7). Numerous validation studies have evalu-
ated cardiac CT for this purpose.12-25 In these studies, data 
are typically reported on a per coronary artery segment basis, 
comparing CTA and DSA. A significant stenosis is gener-
ally defined as >50%, determined by quantitative coronary 
angiography. Data are also analyzed on a per patient basis 
regarding the value of CTA in ruling-in or excluding CAD. 
Literature to date reports on patient populations with a rela-
tively high prevalence of CAD (ie, patients already scheduled 
for DSA). Among the most consistent findings is a very high 
negative predictive value (NPV) of coronary CTA when per-
formed with 64 or greater detector row scanners. The data 
and our experience with 320 row scanners suggest a very 
high NPV, arguing that cardiac CTA can effectively exclude 
CAD in patients with low to intermediate pretest probability 
of disease. Furthermore, noncontrast CTA for evaluation of 
coronary calcium score, an independent predictor of adverse 
cardiac events and all-cause mortality, is considered to be 
appropriate for intermediate-risk patients as well as for low-
risk patients with family history of premature CAD.26-28

Consequently, CTA has become increasingly useful for the 
cardiac surgeon in managing patients scheduled for noncoro-
nary cardiac surgery. If the clinical suspicion is low, but not 
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162 Part I Fundamentals

FIGURE 6-4 Proximal RCA 50% stenosis diagnosed by coronary CT angiography and confirmed by conventional angiography. Double oblique 
maximum intensity projection image (4 mm thick) through proximal RCA (A) and LAO projection still image from conventional angiogram 
(B) demonstrate a segment of approximately 50% stenosis (arrows).

FIGURE 6-5 Proximal left circumflex 
greater than 50% stenosis diagnosed by 
coronary CT angiography and confirmed by 
conventional angiography. Double oblique 
maximum intensity projection image (4 mm 
thick) through proximal LCX (A) demon-
strates a segment of calcified and noncalcified 
plaque with significant luminal narrowing 
(arrow). Finding is confirmed by true vessel 
short axis multiplanar reformatted images 
through the proximal reference (B-left) and 
the lesion (B-right) which demonstrate mini-
mal residual lumen at the level of the lesion. 
AP-Caudal projection still image from con-
ventional angiogram (C) confirms a greater 
than 50% in the proximal LCX (arrow).

A B

A

Proximal reference Lesion

B

C
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insignificant, CTA affords the surgeon a method of assessing 
coronary disease without subjecting the patient to femoral 
arterial puncture with its known complications. For example, 
patients undergoing isolated mitral valve surgery for degen-
erative, myxomatous disease have a low prevalence of CAD, 
making CTA an ideal alternative to conventional angiog-
raphy to exclude significant CAD. When the CT protocol 
described in Part 1 is followed, high-quality imaging is rou-
tine, and when CTA excludes CAD, surgeons have increased 
confidence in using CTA alone. Follow-up with DSA can be 
reserved for those patients who might benefit from catheter-
based intervention.

Current guidelines from all major societies support the 
use of cardiac CT for evaluation of low- to intermediate-risk 

patients while also being appropriate even for the high-risk 
CAD patients.28-32

CORONARY ARTERY BYPASS GRAFT  
CTA—REOPERATIVE SURGERY
Cardiac CT provides the cardiac surgeon with a noninvasive 
method to assess graft patency after coronary artery bypass 
graft (CABG). Studies using early 16 detector row CT scan-
ners suggest 100% sensitivity and specificity for identify-
ing occluded versus patent grafts,33-35 with benefits from 
advanced image postprocessing tools.36 In similar fashion, 
64- and 320-slice CTA have demonstrated good diagnostic 
accuracy in the evaluation of significant venous or arterial 

A B

C D

FIGURE 6-6 Right coronary artery greater than 50% stenosis diagnosed by CT and confirmed by conventional angiography. Double oblique 
maximum intensity projection images (4 mm thick) through ongoing RCA at 90° angles (A, B) demonstrate a segment of noncalcified plaque with 
nonvisualization of lumen (black arrows). The PIV is also partially demonstrated (white arrow). Finding is confirmed by LAO (C) and AP-cranial 
(D) projection still images conventional angiogram (black arrow). The PIV is also seen (white arrow).
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164 Part I Fundamentals

grafts stenosis, nongrafted, and recipient vessels.37,38 The 
additional prognostic value of CTA helps enable long-term 
risk stratification of CABG patients.39 In clinical practice, this 
application is of value in the evaluation of the symptomatic 
patient in the early postoperative period in whom graft fail-
ure is being considered (Fig. 6-8). It is particularly useful for 
the demonstration of graft patency in patients with a remote 

surgical history and unknown graft anatomy prior to DSA, 
and in patients in whom conventional angiography fails to 
demonstrate a known graft (Fig. 6-9). In the reoperative set-
ting, such data has virtually revolutionized surgical decision-
making and planning prior to surgery in patients who have 
already undergone CABG. Knowledge of anatomic place-
ment of prior grafts, cannulation sites, and previous incisions 

FIGURE 6-7 Proximal LAD less than 50% stenosis diagnosed by coronary CT angiography. Double oblique maximum intensity projection 
image (4 mm thick) through proximal LAD (A) demonstrates a segment of noncalcified plaque that is not associated with any significant luminal 
narrowing (arrow). True vessel short axis multiplanar reformatted images through the lesion (B-right) and through proximal reference segment 
(B-left) confirm minimal luminal narrowing. Low-density (ie, noncalcified) plaque with positive vessel remodeling is seen (arrow). This case high-
lights the ability of CTA to detect early stages of subclinical atherosclerosis. This lesion would presumably not have been detected at a conventional 
angiogram.

A

Proximal reference Lesion

B
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FIGURE 6-8 (A) Postoperative cardiac CT performed for evaluation of graft patency. Three-dimensional volume-rendered image demonstrates 
patent LIMA to LAD (black arrows), T-graft RIMA to obtuse marginal (white arrows), and SVG to RCA (grey arrows). This study was obtained in 
a patient 1-day follow off-pump coronary artery bypass grafting. The patient had developed recurrent chest pain and an elevated troponin. Cardiac 
CT ruled out early graft failure as a cause for the patient’s presentation. (B) Companion case in a different patient. Oblique multiplanar reformat-
ted images demonstrate an acutely occluded saphenous vein graft to obtuse marginal. Note the patent graft stump (black arrow) and thrombosed 
graft body (white arrows).

A

B
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166 Part I Fundamentals

FIGURE 6-9 Cardiac CT performed to evaluate possible radial graft 
occlusion. The patient had surgery 1 month prior and presented with 
recurrent angina. The radial to RCA graft could not be selective cath-
eterized at conventional angiography and was also not seen at aortic 
root injection. Three-dimensional volume-rendered image demon-
strates patent radial graft (white arrows) to RCA (black arrow). The 
anastomosis is not seen on this orientation.

FIGURE 6-10 Surgical clip artifacts can limit cardiac CT evaluation 
of coronary bypass grafts. Double oblique maximum intensity projec-
tion image (10 mm thick) demonstrates multiple surgical clips placed 
along the length of a radial to PIV graft (black arrows). Artifact from 
these metallic clips can partially or completely obscure the adjacent 
vessel lumen precluding evaluation of these segments for the presence 
or absence of stenosis. Although CT can unequivocally demonstrate 
graft patency based on the delivery of contrast throughout the entire 
course of the graft, surgical clip artifact usually does not allow com-
plete graft evaluation to rule out graft stenosis.

have impacted properative planning of the reoperative cardiac 
surgery patient.

Patients with recurrent angina after bypass surgery may 
have developed stenosis or occlusion in bypass grafts, or may 
have progression of native coronary disease. In these patients, 
CTA can be more limited. For example, exclusion of signifi-
cant stenosis in a graft may be problematic due to metallic 
surgical clips that cause artifact (Fig. 6-10). Moreover, native 
CAD in these patients is often advanced and heavily calcified. 
A large volume of calcium may result in an uninterpretable 
study for many segments of the native coronaries (Fig. 6-11). 
CTA for plaque assessment in such patients may not be defini-
tive; consequently conventional angiography may be preferred 
in this population.40 CTA is increasingly useful for patients 
with less calcification and less metal artifact.

In the research context, graft patency is an important 
outcome in the evaluation of different surgical techniques. 
Randomized controlled trials utilizing conventional angiog-
raphy for assessment of graft patency typically demonstrate a 
10 to 20% rate of noncompliance. This noncompliance is at 
least partly attributable to the invasive nature of the test.41-43 
Cardiac CT is an attractive, noninvasive, and very accurate 
method to assess graft patency for clinical trials, again obviat-
ing a traditional arterial puncture with its risks and known 

complications. Cardiac CT may also be used for routine post-
operative control of grafts following implementation of a new 
surgical technique in a local center practice (Fig. 6-12). How-
ever, to our knowledge, there are no published guidelines for 
appropriate use of cardiac CT in patients status post CABG.

REOPERATIVE SURGERY
Reoperative cardiac surgery with live coronary grafts after 
previous CABG represents one of the most difficult problems 
in cardiac surgery. Reoperative sternotomy is challenging sec-
ondary to adhesions, loss of tissue planes, and the potential 
for injury to patent grafts, the aorta, and the right ventri-
cle. Injury to a patent left internal thoracic artery graft to 
the left anterior descending artery (LAD) is associated with 
a mortality of 50%.44,45 Cardiac CT has been revolutionary 
in precisely defining the relationship of important structures 
(including the aorta, right ventricle, and live grafts) to the 
midline and sternum for reentry planning (Fig. 6-13). At 
BWH, every reoperative surgery includes a preoperative CTA 
with z-axis coverage to include all grafts and the entire course 
of the IMAs. Preoperative identification of all structures at 
risk is mandatory, and different, specific operative approaches 
always remain in consideration.46 Experience suggests that 
preoperative cardiac CT will lead to a modification in surgi-
cal strategy for 1 in 5 patients undergoing re-do cardiac sur-
gery.36 For example, if CT demonstrates a patent left internal 
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A

B

FIGURE 6-11 Cardiac CT is often limited in its evaluation of 
native coronary arteries in the postcoronary artery bypass graft patient 
due to the presence of advanced and heavily calcified coronary ath-
erosclerosis. Double oblique maximum intensity projection image  
(4 mm) demonstrates (A) the proximal LAD (black arrows) and a large 
first diagonal branch (white arrow) and (B) the proximal right coro-
nary artery (white arrows). The white areas are very high attenuation 
and represent calcification. All vessel segments demonstrated are heav-
ily calcified. The extent of calcification completely obscures the vessel 
lumen and presence or absence of stenosis cannot be reliably assessed.

FIGURE 6-12 Cardiac CT obtained for postoperative graft con-
trol in patient who underwent MVST. Three-dimensional volume- 
rendered image demonstrates patent LIMA to LAD (white arrows) 
and radial T-graft to obtuse marginal (black arrows).

mammary artery (LIMA) is close to the midline or a right 
ventricle directly adherent to the posterior table of the ster-
num, cardiopulmonary bypass is instituted prior to reentry. 
Definition of live grafts with respect to their proximal place-
ment of the aorta is instrumental in determining, before the 
operation, the precise manner in which those grafts will be 
handled. For example, in reoperative surgery for conventional 

aortic valve replacement (AVR) in the setting of live grafts, 
CTA allows the surgeon to plan preoperatively whether or 
not those grafts will have to be divided in carrying out the 
aortotomy for the AVR. As described above, CT also allows 
the cardiac surgeon to preoperatively plan the precise location 
of the aortotomy itself.

Minimally Invasive Surgery Coronary 
Artery Bypass Grafting (MIDCAB)
Minimally invasive coronary artery bypass surgery is becom-
ing an alternative to open surgery. With limited intraopera-
tive access for direct visualization, aspects of coronary artery 
anatomy such as vessel diameter, extent of calcification, and 
the presence of intramyocardial segments become even more 
important to define preoperatively (Fig. 6-14). In addition, 
3D models that combine visualization of a partially trans-
parent thoracic cage over mediastinal structures allow the 
surgeon to obtain detailed preoperative understanding of the 
patient’s cardiothoracic anatomy (Fig. 6-15). Preoperative 
CT has demonstrated usefulness for MIDCAB47 and totally 
endoscopic coronary artery bypass surgery,48 whereas postop-
erative CT has been utilized for graft patency evaluation in a 
prospective study.49 CT is also expected to become invaluable 
for procedures such as multivessel small thoracotomy coro-
nary revascularization.
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168 Part I Fundamentals

FIGURE 6-14 Preoperative planning for minimally invasive cardiac 
surgery (MIDCAB). Two chamber plane maximum intensity projec-
tion image (6 mm thick) demonstrates the LAD. A segment of heavy 
calcification is identified in the proximal vessel (black arrow), this cor-
responds to the site of the stenotic lesion. No significant calcification 
is present in the remainder of the vessel. Immediately beyond the cal-
cified segment an intramyocardial segment is present (white arrows).

FIGURE 6-15 Preoperative planning for minimally invasive cardiac 
surgery (MIDCAB). Specialized display protocols for 3D volume-
rendered images can be used to provide combined visualization of a 
semi-transparent thoracic cage and underlying cardiac and mediasti-
nal structures. These models can be rotated and viewed from any angle 
or degree of magnification. With cardiac CT, 3D localization of target 
vessels, accessibility from proposed incision site, and position of LV 
apex with respect to chest wall can all be understood preoperatively.

A

B

FIGURE 6-13 Planning for reoperative coronary artery bypass 
grafting. Laterally orientated 3D volume-rendered image (A) from 
a patient who had previously undergone left internal mammary 
artery (LIMA) coronary bypass grafting. The LIMA (white arrows) is 
grafted to the left anterior descending coronary artery. Note the rela-
tively large distance between the grafted LIMA and the sternum (grey 
arrow). Axial image (B) clearly shows the LIMA graft (white arrow) 
to be clear of midline and well posterior to the sternum (grey arrow). 
Since the most common surgical approach in a redo CABG is repeat 
thoracotomy through the sternal incision, this study demonstrates 
that surgical revascularization through sternal reentry has no signifi-
cant risk of damage to the patent LIMA graft.
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CARDIAC VALVES
In patients with suspected valve dysfunction based on echo-
cardiography, cine CT from retrospective ECG gating as 
described in Part 1 provides valuable additional data. As 
noted earlier, reconstruction is performed for all phases of 
the cardiac cycle, and the reformatted data can be played in 
a cine loop. This has relevance in assessment in native, bio-
prosthetic, and mechanical aortic valves. Recent experience 
suggests an excellent correlation between planimetric valves 
areas obtained by CT, MRI and transesophageal echocardiog-
raphy (TEE).50 Consequently, CT can be used as an alternate 
modality for evaluation of aortic valve area. This is relevant if 
trans-thoracic echocardiography (TTE) is of poor technical 
quality or discrepant with a clinically expected result. Since 
patients may be evaluated with CT for concomitant aortic 
aneurysm or CAD prior to aortic valve surgery, valve area 
may be obtained from CT with no additional scanning and 
only a small amount of image postprocessing. CT can be used 
in correlation with valve area as determined with echocar-
diography (Fig. 6-16).

Postoperative evaluation of bioprosthetic valves may also 
be conducted using CT scanning. Although echocardiog-
raphy determined trans-valvular gradients are the reference 
standard for determination of “effective” orifice area, CT 
provides a useful correlative modality—particularly when 
the echo is technically challenging or discordant with clinical 
findings. In patients with unexpectedly high gradients post-
valve implantation, increasing use of CT will provide more 
information to guide management (Fig. 6-17). In patients 
with suspected bioprosthetic valve endocarditis, CT can be 
an invaluable modality to delineate para-valvular and valvular 
sequela of the infection (Fig. 6-18).

FIGURE 6-16 Reformatted CT angiography through the aortic 
valve shows calcification and stenosis with a valve area of 1.00 cm2 
measured by direct planimetry.

FIGURE 6-17 Seventy-seven-year-old man with a #23 Medtronic 
Mosaic valve. The patient developed shortness of breath approxi-
mately 1 year following surgery. Echocardiography which demon-
strated a peak gradient of 78 mm Hg; the effective orifice area was 
reported at 0.9 cm2. Subsequent cardiac CT showed a normal valve 
area of 1.7 cm2, providing reassurance to both patient and surgeon.

Cardiac CT also permits high-resolution functional evalu-
ation of mechanical aortic valve prostheses without artifact 
(Fig. 6-19). CT can be readily incorporated to evaluate valve 
dysfunction, measure opening angles, and to elucidate the 
underlying cause of valve failure. Figure 6-20 illustrates cor-
relation between CT and surgical specimen in a mechanical 
aortic valve patient with restricted opening angle and elevated 
gradients. CT readily made the preoperative diagnosis of pan-
nus in-growth.

Trascatheter Aortic Valve Replacement 
(TAVR)
Although cardiac CT is traditionally a second line imag-
ing modality for the evaluation of aortic valve disease, it 
holds a key role in preintervention planning for TAVR.51,52  
Contrast-enhanced CTA is considered by appropriateness 
criteria guidelines as reference standard for both aortic valve 
plane planning as well as for supravalvular aorta and iliofemo-
ral system planning.53 The volumetric data and high spatial 
resolution afforded by CT makes it ideal for accurate 3D 
measurements of the aortic annulus, the aortic root, and the 
ascending aorta; precise measurements of the aortic annulus 
are particularly important in choosing the appropriate pros-
thesis size (Fig. 6-21). There is a potential risk that the native 
valve leaflets will be displaced superiorly during prosthetic 
valve placement, potentially blocking the coronary artery 
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170 Part I Fundamentals

FIGURE 6-18 Patient with clinically suspected bioprosthetic valve endocarditis. Left image shows a pseudoaneurysm originating below the aortic 
valve ring and exerting mass effect on the adjacent left atrial wall. The right image shows nodular thickening of the aortic valve leaflets consistent 
with vegetations.

ostia. This risk can be assessed from the CT images by mea-
suring the coronary ostia heights from the leaflet hinge points 
as well as the leaflet lengths. The optimal fluoroscopic projec-
tions, oriented to the aortic valve plane, can also be identified 
by CT, allowing for improved periprocedural planning.

For TAVR planning, additional CTA images of the abdo-
men and pelvis enables evaluation of candidate peripheral 
access vessels, including diameter, distribution of calcifica-
tion, tortuosity, and angulation. This information is impor-
tant given the large size of the introducer sheath and delivery 
catheter used for TAVR.

Although postintervention evaluation of TAVR requires 
a multidisciplinary imaging approach (MR, TEE, TTE), 
potential complications can be readily identified with CTA.54 
CT findings correlated with findings from echocardiography 
allow for excellent assessment of both the postoperative aortic 
root as well as functional information in patients with para-
valvular leak or infection. We note that despite the critical 
role for CT in TAVR planning, to our knowledge there are no 
published guidelines for appropriate use of CT for postproce-
dural TAVR assessment.

AORTA AND GREAT VESSELS
Surgery of the aortic root, the ascending aorta, the arch, and 
the descending aorta is becoming increasingly commonplace 
as the population ages. CT has been used for many years to 
assess the thoracic aorta and is considered to be the currently 
preferred imaging modality.55 Non-ECG-gated CT is highly 
accurate in the assessment of the aortic arch and descending 
thoracic aorta since they are not subject to significant cardiac 
motion. However, ECG-gating cardiac CT adds motion-
free imaging of the aortic root, aortic arch, and ascending 
aorta. Gated cardiac CTA is particularly useful for measuring 

the true short-axis diameters of the aorta in assessing aortic 
aneurysmal growth and decision making regarding interven-
tion. As supported by appropriateness criteria guidelines56 
and without question from a clinical perspective, any surgery 
involving the aorta (whether the root, the arch, the ascending, 
or the descending portion) requires preoperative and postop-
erative CTA for surgical decision-making and follow-up.

Noncontrast CTA for Cross-Clamping
The superior imaging of ECG-gated CTA better defines the 
pathology and hence facilitates the preoperative planning. 
For example, noncontrast CTA is by far the best imaging 
modality to clearly define aortic calcification. If portions of 
the aorta are calcified on CTA, then aortic cross clamping 
and cannulation for cardiopulmonary bypass at those sites are 
contraindicated in order to avoid embolic phenomenon and 
stroke. Studies have supported the routine use of noncontrast 
enhanced CTA for identifying ascending aortic calcification 
and selecting the optimal surgery strategy in patients with 
aortic stenosis or hemodialysis.57,58 Preoperative cardiopul-
monary bypass strategy and myocardial protection are often 
critically altered by preoperative CTA. At BWH, the majority 
of elderly patients increasingly undergo noncontrast CT to 
assess aortic calcifications.

Aortic Aneurysm
As with calcification, CT is the most accurate modality to 
evaluate the aortic root, with both 2D and 3D visualization  
(Fig. 6-22). Not only can the aortic root be sized from mul-
tiple imaging planes, but also the exact location of the aneu-
rysmal pathology with respect to the valve and sinotubular 
junction can often be defined.59 This assessment is critical 
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FIGURE 6-19 Evaluation of mechanical valve function with cardiac CT. Coronal oblique multiplanar reformatted images (A) demonstrate 
closed and open positions of mechanical AVR in a patient with suspected valve dysfunction based on echo-Doppler. Axial oblique slab maximum 
intensity projection images (B) demonstrate closed and open position of mechanical AVR in a patient in atrial fibrillation at the time of cardiac CT. 
Although image quality is degraded by arrhythmia, optimization of the dataset with ECG-editing can result in diagnostic quality images. Four-
chamber oblique multiplanar reformatted images (C) demonstrate closed and open positions of a mechanical MVR. Images can be generated over 
the cardiac cycle and displayed in a cine movie format to allow dynamic evaluation of valve function. Since the study is performed with contrast, 
thrombus or perivalvular abscess can also be identified if present.

A

B

C
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172 Part I Fundamentals

FIGURE 6-20 Patient with mechanical aortic valve. Low density material restricting leaflet opening on the undersurface of the valve is suspicious 
for pannus in-growth causing restricted opening angle (left). Photograph of explant (right) demonstrates the pannus with high correlation with 
presurgical imaging.

FIGURE 6-21 Multiplanar reformatted image of the annulus of the aorta in a patient under evaluation for TAVR. The right-hand image shows 
the routine annotation for measuring the annular area and dimensions in both short and long axis. Measurements are used for to determine the 
best sizing before the procedure.

for preoperative decision-making and surgical planning. In 
patients with ascending aortic aneurysm, if the aortic root is 
determined to be aneurysmal near the coronary ostia, surgical 
decision-making changes from a simple tube graft repair for 
the aneurysm to a much more complex composite root repair 
with coronary reimplantation. Three-dimensional volume ren-
dering optimally depicts other aortic root pathologies such as 
coronary anomalies or a sinus of Valsalva aneurysm (Fig. 6-23). 
In patients with a sinus of Valsalva aneurysm, as opposed to a 
root aneurysm, CT alters surgical strategy for repair.

For known ascending aortic aneurysms that do not meet 
size criteria for surgery, CTA is excellent to periodically assess 
size or change. For those patients who require surgery, CTA 

with 3D volume-rendered images provides the surgeon with 
preoperative visualization of aneurysm size and extent. The 
extension of an ascending aortic aneurysm into the arch can 
be demonstrated and, as mentioned above, the expected loca-
tion of aortic cross-clamping can be determined preoperatively  
(Fig. 6-24). The location of normal aorta distally and the extent 
of arch involvement will preoperatively determine the arterial 
cardiopulmonary bypass cannulation site as well as the need 
for concomitant arch repair, circulatory arrest, or selective ante-
grade perfusion. Selective antegrade cerebral perfusion itself is 
dependent on intact right axillary and innominate arteries, and 
CTA is optimal for defining this anatomy. Since the success of 
a procedure can be compromised by unexpected intraoperative 
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FIGURE 6-22 Demonstration of aortic root and aortic valve. Axial 
oblique multiplanar reformatted image from a systolic dataset dem-
onstrates an open bicuspid aortic valve. Note the precise definition of 
the aortic wall, free from the cardiac motion related artifacts that are 
present at conventional thoracic CT scanning. Aortic root size mea-
surements are highly accurate due to lack of motion artifacts and the 
high spatial resolution of the cardiac CT scanning (<0.5 mm).

FIGURE 6-23 Cardiac CT provides optimal visualization of 
complex aortic root pathology. Prior echocardiogram suggested the 
entire aortic root to be aneurysmal at greater than 4.5 cm. Three- 
dimensional volume-rendered image from cardiac CT demonstrates 
a 2.6 cm sinus of Valsalva aneurysm arising off of the right coronary 
sinus (white arrow). The remainder of aortic root is normal.

FIGURE 6-24 Comprehensive evaluation of ascending aortic aneurysm for preoperative planning. On the left, 3D volume-rendered image 
demonstrates an aneurysmal ascending aorta. Sagittal oblique maximum intensity projection image (20 mm thick) can be used to demonstrate 
aortic size measurements. The aneurysm can be seen to extend into the aortic arch. As the entire ascending aorta and proximal arch needed to  
be replaced, cross-clamping could not occur proximal to the innominate in this patient and would have to occur in the mid-distal arch altering the 
surgical risk of the procedure.
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FIGURE 6-25 Although multiple modalities may be used for evaluation of the aortic root, cardiac CT is the gold standard for all pathology of the 
aorta, including the exclusion and characterization of type A dissection. Parasternal long-axis image from trans-thoracic echocardiogram (A) dem-
onstrates a linear area of echogenicity (white arrow) above the noncoronary cusp of the aortic valve concerning for an intimal flap. The finding was 
detected incidentally in a patient with recent stroke and possible PFO. Subsequent trans-esophageal echocardiogram (B) again demonstrated the 
finding. Axial image from cardiac CT scan (C) provides excellent visualization of the aortic root and definitively excludes the present of an intimal 
flap. Sagittal oblique maximum intensity projection image (D) demonstrates aortic root and ascending aorta to be normal. No further evaluation 
is needed. Echocardiographic findings were presumed to be from artifact.

A

B

C D

findings, CT has contributed enormously to surgical planning 
by defining anatomy that would not be preoperatively visual-
ized with any other imaging modality.

Aortic Dissection and Aortic Intramural 
Hematoma (AIH)
CTA enjoys a sensitivity and specificity of almost 100% for 
detection of aortic dissection and intramural hematoma, 

thus allowing the surgeon to understand the extent of the 
intimal flap.56 In particular, ECG-gated CT offers informa-
tion regarding dissection of the ascending aorta (the proxi-
mal extent of the dissection flap and its relationship to the 
coronary arteries and the aortic valve) that was not available 
before gating was routinely performed. In addition, motion-
free images obtained with ECG gating allow for definitive 
exclusion of type A dissection (Fig. 6-25). The location of the 
true and false lumen is critical in the preoperative planning, 
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the operative sequence, and the extent of repair. For example, 
in dissection of the descending aorta, end-organ perfusion 
is assessed by demonstrating contrast enhancement of indi-
vidual organs and related compromise of the celiac, superior 
mesenteric, inferior mesenteric or renal arteries. As is the case 
for a nonsurgical aneurysm, if a descending thoracic aor-
tic dissection is stable and to be followed expectantly, CTA 
remains the reference standard for periodic assessment. Emer-
gency nonenhanced CT, followed by CT contrast-enhanced 
angiography is the guideline endorsed recommendation,60 
in particular when IMH or aortic dissection are suspected. 
Contrast-enhanced CTA is the appropriate,61 definitive test 
in patients with suspicion of aortic dissection.

Traumatic Aortic Injury
For patients with suspected trauma of the aorta and the great 
vessels contrast-enhanced CT is the guideline-endorsed60,62 
reference standard. Almost all polytrauma diagnostic algo-
rithms include a combination of chest radiography plus CTA 
for initial patient evaluation. The sensitivity and specificity 
of CT are close to 100% and it is the only imaging modality 
that has NPV of 100%.63,64

Aside direct visualization of traumatic aortic injury, CT 
allows for simultaneous imaging of indirect signs including 
widened mediastinum, pulmonary contusion, left scapula 
fracture, hemothorax, and pseudoaneurysm of the aortic wall 
(Fig. 6-26).65

Pulmonary Embolism
Growing evidence from recent studies and known societies 
guidelines66,67 support CT pulmonary angiography (CTPA) 
as the first-line imaging test to confirm or exclude the clini-
cal suspicion of acute pulmonary embolism (PE).68 Com-
bined with careful clinical assessment and specific biomarkers 
(d-Dimers, NT-pro-BNP, Troponin I), CTPA can further 
guide management in patients of low to moderate risk.  
Right ventricular dysfunction as demonstrated by an enlarged 
RV diameter,69,70 abnormal position of interventricular sep-
tum and inferior vena cava contrast reflux, provides aside 
to diagnostic assistance, prognostic value and may predict 
adverse outcomes and patient mortality (Fig. 6-27).71

HEART FAILURE
Heart transplantation is the definitive therapy for end-stage 
heart failure whereas left ventricular assist devices (LVAD) 
represent a bridge to transplantation, a destination therapy, 
or a bridge to recovery.72,73 Complications can appear either 
acutely or gradually. Aside providing important anatomi-
cal information preoperationally, CT can be utilized for the 
assessment of proper device function and the early identifica-
tion of complications. Since this patient population often has 
impaired renal function, iodinated contrast-induced nephro-
toxicity is an important risk that should be carefully consid-
ered in discussion between the surgeon and radiologist. Scans 

FIGURE 6-26 Patient status post motor vehicle accident. (A) Multi-
planar reformatted image demonstrates traumatic aortic injury with a 
contained pseudoaneurysm (arrow) at the level of the ligamentumar-
teriosum. (B) Image from conventional angiography were obtained at 
intervention. The modern diagnosis and exclusion of traumatic injury 
of the aorta rests almost entirely on CT.

A

B

can sometimes be performed with a reduced iodine load with 
satisfactory image quality.

Implantable Devices for Heart Failure
For patients with implantable cardiac devices, ECG-gated 
cardiac CT is feasible, accurate, and enhances the diagnostic 
evaluation of suspected LVAD dysfunction, further modify-
ing management.74,75

For LVAD assessment, CT is superior to echocardiography 
that has limited imaging depth and coverage volume with 
regards to the limited acoustic window and acoustic shadow-
ing.76 Common complications such as in-device-thrombus 
formation, hemorrhage, cannula/driveline obstruction, peri-
cardium tamponade, or infections can be recognized; the 
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A

B

FIGURE 6-27 Patient with acute hypoxia. (A) Saddle pulmonary 
embolus (arrow) demonstrated by a large contrast (white) filling 
defect. Note the enlargement of the main pulmonary artery and (B) 
relative enlargement of the RV (*) with respect to the LV. This finding 
strongly suggests right heart strain.

A

B

FIGURE 6-28 Heart failure patient status post VAD placement. 
(A) Axial image demonstrates a fluid attenuation lesion containing a 
punctate amount of gas (arrow) at the level of the ventricular inser-
tion. (B) Reformatted image shows the orientation of the ventricular 
insertion pointed superiorly to the long axis of the left ventricle with 
impingement on the anterior heart.

orientation of the device can be assessed using multiplanar 
reformatted images (Fig. 6-28).77

The diagnosis of tamponade in patients with LAVD almost 
entirely relies on CT, and common findings include inferior 
vena cava dilatation, right ventricle compression, and con-
trast material reflux into the azygos vein.77 Peridevice presence 
of gas or fluid accumulation are indicative of infections, and 
given the contraindication of MR, cardiac CT is considered 
to be the test of choice to evaluate for mycotic pseudoaneu-
rysm.78 CT is recommended by guidelines79 for visualization 
of the native heart and LVAD components and may be valu-
able when other imaging modalities have not been revealing.

In patients with implantable pacemakers and defibrilla-
tors, ECG-gated CT with multiplanar reformatting is useful 
for identifying late (>1 month postimplantation) lead mal-
position, and in conjunction with echocardiography findings 
can evaluate possible cardiac perforation.80

Heart Transplantation
The role of cardiac CT is secondary for the diagnosis of acute 
transplantation complications, namely acute cardiac allograft 
rejection, as echocardiography and MR are used as the first-
line imaging modalities.81 Coronary allograft vasculopathy 
(CAV) affects almost half of the transplant recipients and 
represents one of the major mortality causes. CTA offers a 
reliable diagnostic tool alternative to the traditionally used 
interventional coronary angiography (ICA) and intravascu-
lar ultrasound. By offering an excellent NPV in relation to 
reference ICA, CT can be utilized as a noninvasive approach, 
thereby minimizing invasive procedures.82, 83 Important limi-
tation is the inability to adequately visualize distal coronary 
vasculature with a diameter of <1.5 mm where early CAV is 
usually recognized. Cardiac CT can exclude significant CAV 
within the larger, major coronary segments that may be suit-
able for stenting.84
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CT MR

FIGURE 6-29 Calcific constrictive pericarditis. Short axis multiplanar reformatted image from cardiac CT demonstrates extensive thickening 
and calcification involving left-sided pericardium. In the appropriate clinical setting, these findings would support the diagnosis of constrictive 
pericarditis. Short axis double inversion recovery fast spin echo image from cardiac MR in the same patient also shows abnormal pericardial thick-
ening, but is insensitive to calcification.

VARIOUS
Imaging of the Pericardium
In patients with clinically suspected constrictive pericarditis, 
cardiac MR or CT can be used to confirm and measure peri-
cardial thickening. In comparison with MR, CT far better 
demonstrates the presence and extent of calcification as well 
as the localization and characterization of pericardial effusion, 
cysts, or masses. This may be of value in confirming chronic 
calcific pericardial thickening, supporting the diagnosis of 
constrictive pericarditis (Fig. 6-29). In these cases, 3D volume 
rendering illustrates regional localization and distribution of 
pericardial abnormality; CT is an outstanding preoperative 
planning tool prior to pericardial stripping (Fig. 6-30). Fur-
thermore, retrospectively ECG-gated studies can guide func-
tional evaluation of septal bounce or pericardial tethering.85

Primary or metastatic pericardial masses are rare. CT and 
MRI offer additional information on the localization and 
sizing, detection of calcification, and tissue characterizations 
(presence of blood, thrombus, or fat). Usual image findings 
include contrast enhancement and high-signal intensity T2W 
images in CT and MR, respectively. Uncommon lesions such 
as pericardium cysts and diverticula have typical appearance 
on CT as well-circumscribed, thin-walled fluid collection 
most frequently found in the right cardiophrenic angle.

Cardiac Masses
Cardiac MRI is the preferred modality for high spatial 
resolution cross-sectional imaging to evaluate cardiac and 

pericardial masses. However, CT may be desired, and 
potentially required, if the mass is known to extend into 
the mediastinum, chest wall, or lung, or if the patient has 
a contraindication to MRI. CT also evaluates extra-cardiac 
thoracic structures with high spatial resolution; thus, it can 
define the full extent of disease (Fig. 6-31). CT is also useful 
as a single follow-up examination in patients with metas-
tases to the heart and lungs because it avoids the need for 
periodic assessment with both conventional chest CT and 
cardiac MRI. Fat-containing lesions are very amenable to 
evaluation by CT, since these low attenuation lesions have a 
characteristic appearance, appearing black relative to water 
(Fig. 6-32).

Cardiac Infections
Infective endocarditis (IE) may involve native or prosthetic 
cardiac valves. The diagnosis is typically suggested on clinical 
assessment. However, imaging confirms the clinical suspi-
cion and demonstrates cardiac valve vegetations, paravalvular 
abscesses, complications, and further identifying and grad-
ing heart failure. ECG-gated CT in IE may be appropriate 
by guidelines,86,87 depending on the clinical presentation, 
and is complimentary to echocardiography (TTE and TEE) 
for the evaluation of suspected paravalvular and myocardial 
abscesses, pseudoaneurysms and infections of prosthetic heart 
valves (Fig. 6-33). CTA may be appropriate, again depending 
on the clinical scenario, for identifying the coronary arteries 
origin prior to surgery.87 Vegetations smaller than 1 cm are 
hard to detect with CT (NPV = 55.5%).
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FIGURE 6-30 Preoperative evaluation of chronic calcific pericardial thickening prior to pericardial stripping. Three-dimensional volume- 
rendered images from cardiac CT demonstrate extensive regional pericardial calcification (white areas). This includes over the RVOT, right ven-
tricle, right atrium, and entire inferior wall extending inferolaterally. Anterior and anterolateral pericardium was normal.

FIGURE 6-31 Cardiac CT of undifferentiated LV sarcoma per-
formed to evaluate cardiac and extra-cardiac extent of disease. Four 
chamber multiplanar reformatted image (A) demonstrates invasive 
myocardial mass centered on the lateral wall beginning at the mid-
ventricular level with extension to involve the base of both papil-
lary muscles and distal circumferential involvement of the LV apex. 
Large epicardial component is noted intimate with pericardium  
(white arrows). There is no evidence of chest wall invasion. Left pleu-
ral effusion is seen (black arrow). Sagittal oblique maximum intensity 
projection image (B) (12 mm thick) shows encasement but patency of 
the LAD (black arrow) by tumor (white arrows) at the LV apex over a 
2.5 cm length. Full field of view axial image (C) shows LV mass with-
out gross chest wall invasion (black arrows), evidence of prior mastec-
tomy (white arrow), and left pleural effusion.

A

C

B
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FIGURE 6-32 Lipomatous hypertrophy of the interatrial septum. Oblique axial multiplanar reformatted image (A) demonstrates a low attenua-
tion mass (white arrow) insinuated between SVC (grey arrow) and left atrium (black arrow). Second more caudal image (B) demonstrates character-
istic sparing of the fossa ovalis (white arrow). This lesion is nonencapsulated and can be quite extensive as in this case. Note presence of leads from 
pacemaker which precluded an MR study.

A B

FIGURE 6-33 Intravenous drug user who presented with fever of unknown origin. The four panels of the CT images demonstrate complex fluid (*) 
at the level of the aortic root, consistent with abscess (confirmed by sampling). The three orthogonal images (upper panels and lower right panel) 
show the relationship with the elongated and narrowed left main coronary artery (arrow). The bottom left pane shows a 3D volume rendering that 
can be viewed at any angle for interventional planning.
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Additional imaging utilizing CT or MRI in acute infectious 
pericarditis can be considered for association with clinical 
findings and echocardiography in complicated cases. Non-
calcified pericardial thickening along with contrast enhance-
ment of visceral and parietal surfaces of the pericardial sac are 
common findings. CT provides information on the nature of 
the effusion fluid by distinguishing between exudative versus 
transudative fluid (usually <10 HU), or hematomas.

CT VERSUS MRI OF THE HEART
Throughout this chapter, comparisons between CT and MRI 
have illustrated the strengths and limitations of each. Both 
modalities give the surgeon valuable pre- and postoperative 
information. While the modality best suited for specific clini-
cal indications evolves with the technology, at present cer-
tain generalizations can be made. Cardiac CT is invaluable in 
reoperative cardiac surgery as it offers higher quality noninva-
sive angiography of native coronary arteries and bypass grafts. 
Since 3D volume rendering with CT has higher quality and 
better spatial resolution, it is preferred for preoperative plan-
ning for reoperative CABG or minimally invasive cardiac sur-
gery. All calcifications are poorly seen on MRI and superbly 
seen with CT, and thus CT is far superior in demonstrating 
coronary, myocardial, pericardial, and valvular calcifications. 
The same is true for mechanical valve prostheses; because of 
large areas of artifact on MR images, functional evaluation 
is only possible with CT. Finally, all patients with a surgical 
problem of the aorta require evaluation with CT.

The strengths of MRI include high temporal resolution, 
greater blood-myocardial image contrast, multiparametric 
functional evaluation, and techniques for myocardial tissue 
characterization. In addition, cardiac MRI is invaluable in 
assessing myocardial function, contractility, and actual tissue 
perfusion and viability. For these reasons, MRI remains the 
reference standard to assess biventricular volumes, function, 
and myocardial mass. A variety of MRI pulse sequences can 
accurately delineate areas of chronic myocardial infarction, 
identify certain specific cardiomyopathies, and confirm the 
presence of neoplasm. With the use of parallel imaging tech-
niques to increase the speed of the MRI acquisition, very 
high temporal resolution (20–30 ms) can be obtained to 
study bioprosthetic and native valve function. In addition, 
measurements of flow parameters through a vessel cross- 
section can be used to, for example, accurately quantify val-
vular regurgitant lesions.

One distinct advantage of MRI over CT is that MRI deliv-
ers no patient radiation. As detailed in Part 1, the radiation 
exposure in ECG-gated CT is higher than that for CT of any 
other body part. In younger patients, who typically have less 
comorbid disease and may require multiple follow-up exam-
inations over years or decades, MRI should be used when 
possible.

Dramatic progress in CT technology has enabled advanced 
cardiac imaging for cardiac surgery patients. CT has rapidly 
demonstrated broad ranging applicability, and in particular 
CT has revolutionized the preoperative assessment of patients 

for reoperative surgery. Understanding the technical consid-
erations will allow the surgeon to appreciate the inherent 
strengths and weaknesses of cardiac CT and to optimally 
communicate with the radiologist. This, in turn, will result in 
the best quality diagnostic examination in the vast majority 
of cardiac surgery patients.
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Assessing risk to improve outcomes is not a new principle. 
Formal assessment of patient care to improve outcomes dates 
back millennia. While it may be hard to establish an exact 
beginning, there are historical times and iconoclastic health-
care providers who stand out as important contributors to 
the modern concepts of quality assessment and performance 
improvement. At least six individuals stand out as icono-
clasts in the field of performance improvement in surgery 
(Table 7-1). From the practice-changing observational stud-
ies of medieval surgeons like Albucasis and Trotula to the 
twentieth century insistence on evidence-based studies and 
randomized controlled trials (RCTs) by Archie Cochrane, 
many individuals served as champions of performance 
improvement using the tools of their times. The six people 
outlined in Table 7-1 had exceptional effects on differentiat-
ing good from bad outcomes and on implementing process 
improvements that benefit our patients today. Each of these 
six shared a common life experience. At some time in their 
careers, they were outcasts among their peers. Their peers, 
and in some cases the public, chastised them for stating the 
obvious. Thankfully, they persisted despite these unpopular 
reactions. Reading the historical accounts of these six indi-
viduals reminds one that today’s public resistance to straight-
forward observations is a long-standing perpetual obstacle 
that surgical leaders overcame.

ASSESSMENT OF CARDIAC 
OPERATIONS
Measures of Successful Operations
PERFORMANCE MEASURES—OUTCOMES,  
STRUCTURE, AND PROCESS
In the early 1960s, Donabedian suggested that quality in 
health care is defined as improvement in patient status after 
accounting for the patient’s severity of illness, presence of 
comorbidity, and the medical services received.1 He further 
proposed that quality could best be measured by consider-
ing three domains: structure, process, and outcome. Only 

recently has the notion of measuring health-care quality using 
this Donabedian framework been accepted and implemented.  
In 2000, the Institute of Medicine (IOM) issued a report that 
was highly critical of the US health-care system, suggesting that 
between 50,000 and 90,000 unnecessary deaths occur yearly 
because of errors in the health-care system.2 The IOM reports 
created a heightened awareness of more global aspects of qual-
ity. For most of the history of cardiac surgery an outcome 
measure, operative mortality, defined surgical quality. After the 
IOM report appeared, change occurred, and other aspects of 
Donabedian’s framework surfaced to measure quality. In addi-
tion to operative mortality, health-care quality measurement 
gave way to a broader analysis that included additional per-
formance measures including operative morbidity, processes of 
care, and structural measures of care. The Joint Commission on 
Accreditation of Healthcare Organizations (formerly JCAHO 
now officially called The Joint Commission) proposed the fol-
lowing definitions of important quality measures:

 • Performance measure—A quantitative entity that pro-
vides an indication of an organization’s or surgeon’s per-
formance in relation to a specified process or outcome.

 • Outcome measure—A measure that indicates the results 
of process measures. Examples are operative mortality, the 
frequency of postoperative mediastinitis, renal failure, and 
myocardial infarction.

 • Process measure—A measure that focuses on a process 
leading to a certain outcome. Intrinsic in this definition is 
a scientific basis for believing that the process will increase 
the probability of achieving a desired outcome. Examples 
include the rate of internal mammary artery (IMA) use 
in coronary artery bypass graft (CABG) patients or the 
fraction of CABG patients placed on anti-platelet agents 
postoperatively.

 • Structural measure—A measure that assesses whether 
an appropriate number, type, and distribution of medi-
cal personnel, equipment, and/or facilities are in place to 
deliver optimal health care. Examples include enrollment 
in a national database, adequate intensive care unit (ICU) 
facilities, or procedural volume.

Risk Assessment and 
Performance Improvement in 
Cardiac Surgery
Victor A. Ferraris • Fred H. Edwards • Jeremiah T. Martin 
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184 Part I Fundamentals

TABLE 7-1: Shaping the Quality of Surgical Care Over Millennia

Health-care 
Provider 
(Surgeon, 
Midwife, or 
Nurse) Time Period Contributions

Albucasis of 
Andalusia

Around 900 A.D. •  Most frequently cited surgical author of the middle ages.121

•  Greatest contribution to medicine is the Kitab al-Tasrif, a thirty-volume encyclopedia of medical practices.
•   Instrumental in transforming medicine from “philosophy” to an actual discipline. Met with great 

resistance from peers who favored less invasive interventions.
•   May be the “father of modern surgery” because of his insistence on observational studies, proper 

training, and use of operative techniques.
•   Firsts include—description of ectopic pregnancy; hereditary nature of hemophilia; performance 

of bowel surgery; use of surgical instruments for procedures including breast surgery, urethral 
exam, tooth implant, stone removal (kidney, bladder, and gall bladder), important advances in 
pharmacology (prepared medicines by sublimation and distillation).

Trota of Salerno Around 1200 
A.D.

•   Advised women on conception, menstruation, pregnancy, caesarian sections, and childbirth as a 
female faculty member of the Medical School of Salerno.

•  Wrote a textbook that impacted practice for 300-400 years.122

•   Her radical ideas on conception shocked the medical and social community. Based on observational 
studies, Trotula believed that not only women, but men, both have physiologic and anatomic defects 
that cause conception difficulties.

•  Defined the concept of “laudable pus” for wound abscess drainage.
Angelique du 
Coudrey of France

Mid 1700s •   As a practicing midwife, Mme du Coudray violated the majority of standards demanded of 
midwives; she had no children of her own, was not married, and believed in the organization and 
training of midwives.123

•   In 1759, Mme du Coudray released the first edition of her midwifery manual Abrege de L’art des 
Accouchements that ultimately updated the textbook of Trotula of Salerno.

•   Trained more than 40,000 midwives in France and dramatically improved the newborn infant 
mortality rate. By 1780, two-thirds of the midwives in France were Madame du Coudray’s pupils.

•  Designed child-bearing machines/models for simulation training of vaginal delivery.124

John Hunter 
(England)

Late 1700s •   Premier anatomist/surgeon of his time. Insisted that diseases were caused by anatomic abnormality not 
abstract explanations of illness like “humors” or “spirits.”125

•   Outspoken critic of many medications claiming to cure common diseases of the times (eg, 
gonorrhea). Devised an experiment to test the effect of pills made of bread to show that gonorrhea 
“mostly cured itself.” One of the first records of the placebo effect.

•  Impact of Hunter’s anatomic explanations carried forward to modern day (eg, Hunter’s canal.)
•   Friends included Benjamin Franklin, Edward Jenner, Lord Byron, Casanova, and Adam Smith. List 

of enemies probably equally as distinguished.
Florence 
Nightingale 
(England)

Early 1800s •   Battlefield nurse in Crimean War. Elevated nursing to honorable profession. Famous quote: “It may 
seem a strange principle to enunciate as the very first requirement in a Hospital that it should do the sick 
no harm.”126

•   Troubled by observation that hospitalized patients in London hospitals died at higher rates than 
those in rural hospitals or treated at home.

•   Studied epidemiology of hospital deaths. Introduced quality improvement projects that included better 
sanitation, less crowding, and location of hospitals at a distance from crowded cities.

•   Observed that some patients admitted to urban hospitals were sicker than others and were more 
likely to die—beginning of risk assessment.

Ernest Amory 
Codman (United 
States)

Early 1900s •   Classmate of Harvey Cushing—together they instituted intraoperative records to document 
complications.

•   Passionate about outcome analysis—claimed that most adverse outcomes were the “surgeons’ fault.” 
Believed in “End Result Idea.”

•   Founded his own hospital after being dismissed from Mass General. Became very unpopular because 
of his insistence on surgeon-related causes of adverse outcomes.

•   Co-founder of the American College of Surgeons and ultimately the precursor of the Joint Commission, 
the ACS tumor registry, and National Trauma Databank.127

(Continued )
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 Chapter 7 Risk Assessment and Performance Improvement in Cardiac Surgery 185

TABLE 7-1: Shaping the Quality of Surgical Care Over Millennia

Health-care 
Provider 
(Surgeon, 
Midwife, or 
Nurse) Time Period Contributions

Archie Cochrane 
(Scotland)

Mid-twentieth 
Century

•   Volunteered with the International Brigade, Spanish Civil War. Branded as a “Tortyskite” and 
“socialist” because of insistence on a National Health Service.

•  Captain, Royal Army Medical Corps. Taken prisoner of war in June 1941 in Crete.
•   POW medical officer in various German POW camps. Developed questions about the best 

treatment of TB that triggered his insistence on randomized trials.
•   Strong advocate of randomized controlled trials to provide actionable evidence to support evidence-

based interventions.
•  1960-1974: Director, Medical Research Council Epidemiology Research Unit, Cardiff, Wales.
•   Published Effectiveness and Efficiency—Random Reflections on Health Services that summarized 

rationale for evidence-based medicine.
•   Driving force behind the creation of the Cochrane Collaboration that serves as the repository of 

RCT’s and systematic reviews today.

Data from Quality Performance Measures. The Society of Thoracic Surgeons.

Birkmeyer and coworkers outlined advantages and disad-
vantages associated with each of these three specific types of 
performance measures.3 The fact that structural measures can 
be readily tabulated in an inexpensive manner using admin-
istrative data is a distinct advantage. On the other hand, 
many structural measures do not lend themselves to altera-
tion. Particularly in smaller hospitals, there may be no way to 
increase procedural volume or to introduce costly ICU design 
changes in an attempt to improve their performance on struc-
tural measures. Attempts to alter structure might even have 
adverse consequences (eg, unnecessary operations, costly and 
unnecessary new beds). Links between health-care quality 
and process measures exist and they are usually actionable on a 
practical level. Their major disadvantage lies in the fact that 
their linkage to outcomes may be weak. Although outcome 
measures are the most important endpoint for patients, inad-
equate  sample  size  and  lack  of  appropriate  risk-adjustment 
limit accurate assessment of these outcomes.

Several national organizations develop and evaluate per-
formance  measures.  Perhaps  the  most  visible  of  these  is 
the National Quality Forum (NQF), a public-private col-
laborative organization that uses a process of exhaustive, 
evidence-based scrutiny of candidate measures to determine 
their relevance to both patients and healthcare providers. 
The NQF considers whether candidate measures can be 
assessed accurately and whether actionable interventions 
can improve performance for these measures. Because of 
this scrutiny, NQF-endorsed measures have a high level of 
national credibility (Table 7-2).

PATIENT SATISFACTION—PATIENT-REPORTED 
OUTCOMES
Other outcomes following cardiac procedures, such as 
patient satisfaction and health-related quality of life, are less 
well studied but extremely important in the assessment of 

performance. Meeting or exceeding patients’ expectations 
is  a major  goal  of  the  health-care  system. While  all  recog-
nize the importance of performing safe surgery, one must 
also acknowledge that a safe operation with minimal patient 
benefit is to be avoided. The growing importance of patient-
reported outcomes (PRO) also reflects the increasing preva-
lence of chronic disease in our aging population. The goal of 
therapeutic interventions is often to relieve symptoms and to 
improve quality of life, rather than cure a disease and pro-
long survival. This is especially important in selecting elderly 
patients for cardiac operations. Recent studies suggest that 
CABG results in excellent health-related quality of life 10 to 
15 years following operation in most patients,4 and that this 
benefit extends to those patients older than 80 years of age.5 
Future research into patient-perceived performance assess-
ment is inevitable given the aging of populations in the devel-
oped countries.

Statistical models to adjust  for patient risk are essential 
to determine the probability of procedural outcomes. Tradi-
tionally, risk models predict the probability of death or other 
postprocedural complications such as stroke, infection, or 
renal failure. These traditional models are clearly important 
to assess procedural risk, but the safety of an operation is 
only part of the decision-making process as to whether to 
recommend a given procedure. Patient benefit must be con-
sidered as well. Just because one can do a procedure safely 
does not mean it should be done—if it affords the patient 
only minimal benefit, then the patient has received poor 
treatment.

Patient  benefit  can  be  represented  by  using  appropriate 
metrics other than procedural mortality and morbidity. PRO 
can  be  objectively  determined  from  a  variety  of  published 
scoring protocols. These scores can be considered to be an 
objective measure of patient benefit. In turn, the scores pro-
vide information necessary to develop statistical models that 

(Continued )
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186 Part I Fundamentals

TABLE 7-2: National Quality Forum (NQF) 
Endorsed National Standards for Cardiac 
Surgery for 2014*

NQF endorsed adult cardiac surgery measures
Composite Measure
 1.  STS CABG Composite Score composed of six outcome 

measures and five process measures.
Outcome Measures
  2.  Risk-Adjusted Deep Sternal Wound Infection Rate.
  3.   Risk-Adjusted Operative Mortality for Aortic Valve 

Replacement (AVR).
  4.  Risk-Adjusted Operative Mortality for AVR + CABG Surgery.
  5.  Risk-Adjusted Operative Mortality for CABG.
  6.   Risk-Adjusted Operative Mortality for Mitral Valve (MV) 

Repair.
  7.   Risk-Adjusted Operative Mortality for MV Repair + CABG 

Surgery.
  8.  Risk-Adjusted Operative Mortality for MV Replacement.
  9.   Risk-Adjusted Operative Mortality for MV Replacement + 

CABG.
10.  Risk-Adjusted Postoperative Renal Failure.
11.  Risk-Adjusted Prolonged Intubation (Ventilation).
12.  Risk-Adjusted Stroke/Cerebrovascular Accident.
13.  Risk-Adjusted Surgical Re-exploration.
Process Measures
14.  Anti-Lipid Treatment at Discharge.
15.  Anti-Platelet Medication at Discharge.
16. Beta Blockade at Discharge.
17.   Duration of Antibiotic Prophylaxis for Cardiac Surgery 

Patients.
18.  Preoperative Beta Blockade.
19.   Selection of Antibiotic Prophylaxis for Cardiac Surgery 

Patients.
20. Use of Internal Mammary Artery in CABG.
Structural Measure
21.  Participation in a Systematic Database for Cardiac Surgery.

*http://www.sts.org/quality-research-patient-safety/quality/
quality-performance-measures.

predict the probability of PRO scores, in much the same way 
that traditional models predict the probability of procedural 
complications. The results of these models should serve as 
a meaningful measure of predicted patient benefit. Clinical 
registries are now collecting data that will permit an objective 
estimate of both patient risk and patient benefit. Statistical 
risk models should soon be available to predict not only pro-
cedural mortality and major non-fatal complications, but also 
the probability of patient benefit.

COMPOSITE MEASURES THAT REFLECT PROCESS, 
STRUCTURE, AND OUTCOME DOMAINS
The best approach to assessing surgical quality is uncertain. 
Operative mortality for most cardiac procedures is low and 
performance assessment requires large patient numbers to 

discriminate between hospitals and providers. For this reason 
other measures surface for performance assessment. There is 
growing interest in the use of composite measures to assess pro-
vider and hospital performance. Composite measures com-
bine multiple quality indicators into a single score and can 
include outcome, structural, and process measures in various 
combinations. Evidence suggests that composite variables 
that incorporate multiple outcome measures as well as struc-
tural and process performance measures are better reflections 
of quality than are individual outcomes alone.6 Examples 
of composite performance measures used for quality assess-
ment include indices that combine ICU care variables with 
outcome measures,7 and those that combine process of care 
variables with outcome variables and structural variables.8,9

Certain outcome variables may  reflect multiple domains 
of performance. One such measure is failure-to-rescue, usu-
ally defined as the mortality rate for a subset of patients who 
experience postoperative complications. Studies suggest 
that failure-to-rescue rates depend on structural measures  
(eg, advanced ICU capabilities and presence of residency 
training), processes of care, and traditional morbidity out-
come measures.10,11 While traditional outcome measures such 
as operative mortality are thought to be mostly dependent 
on patient-related risk factors, it appears that failure-to-rescue 
rates reflect a different part of the care continuum, specifically 
the intensive care arena. Some consider failure-to-rescue rates 
to be primarily a structural measure focused on nursing care 
and ICU staffing. There are multiple contributions to failure-
to-rescue rates, thereby qualifying this variable as a composite 
performance measure. Several studies are underway to deter-
mine the ability of this variable to identify and stratify quality 
performers.

The development of composite measures is statistically 
complex. The composite metric is very dependent on the sta-
tistical approach used to combine the component variables.8 
Despite the complexities of creating composite measures, 
increased reliance on composite measures of quality is inevi-
table, and efforts at improving the reliability and predictive 
accuracy are underway.

TOOLS OF PERFORMANCE 
ASSESSMENT
Basic Statistical Treatment of Outcome 
Data
RECAP, RELATE, AND REGRESS
Analysis of cardiac surgical results is purpose-driven. Use of 
statistics follows the purpose for which data were gathered. 
There are three broad uses of statistics for analysis of cardiac 
surgical  outcomes.  Perhaps  the  most  basic  use  of  statistics 
is to recap or summarize information about a patient group. 
Certain reports can only document surgical outcomes in a 
few patients because of the rarity of disease or limited ability 
to sample patient populations. A single estimate of an out-
come in a limited population may be misleading. In order to 
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acknowledge the inaccuracy of a single estimate of a limited 
population, statistical measures describe this imprecision. 
Multiple statistical terms describe this uncertainty, including 
sample, mean, standard deviation, interquartile range, confi-
dence interval, and standard error.

More commonly, statistics serve to relate or compare attri-
butes of two or more groups. Comparisons between groups 
require comparisons between known reference distributions 
(eg, chi-square and t-distribution) and the data sample dis-
tribution. Differences between these two distributions allow 
calculation of a probability that there really is a difference 
between the sample and the reference distribution. This prob-
ability has different names including p-value or alpha (α) 
level. The most commonly used test for comparisons of two 
numeric variables is the Student’s t-test. The t-test makes use 
of the symmetry of the t-distribution of a sample and com-
pares the t statistic calculated from each of the two group’s 
t-distributions with critical values. The astute reader quickly 
realizes that the statistical formulation of the t-test requires 
computer support as the workhorse that does the calculations.  
In fact, very few statistical tests do not rely on computer-
intensive calculations. Reliance on computers to calculate 
p-values, and to perform statistical tests in general, provides 
opportunity for misuse or inaccurate use of both simple and 
complex statistics.12 Misuse of the simplest statistical tests is 
common, and has been for many years.13-15 It behooves the sur-
geon who evaluates the literature or who performs statistical 
analyses to understand the principles and application of various 
statistical tests used for comparing two or more groups.12

Comparing the outcomes between two groups based on 
several characteristics of each group considered simultane-
ously requires multivariable analysis. Multivariate regres-
sion analysis provides a means of accounting for multiple 
independent variables (also called risk factors) that predict 
the dependent (also called outcome) variable. The result of 
multivariate  regression  is  called  a  “model,”  a  slightly  coun-
ter-intuitive term. Regression models allow assignment of a 
regression coefficient to each predictor variable that roughly 
corresponds to the variable contribution to outcome predic-
tion. Again, computer software does the work; investigators 
do the interpretation.

OUTCOME MODELS
There is a multitude of regression models available for analysis 
of cardiac surgical data. Perhaps the most common is logistic 
regression. Logistic regression models are a means of analyzing 
independent variables that predict a dichotomous outcome (eg, 
death, renal failure, and mediastinitis).

Regression models provide risk-adjusted assessment of out-
comes that is often used for performance assessment across 
groups of providers. For example, logistic regression models 
provide a population probability (value between zero and 
one) of an outcome based on multiple independent pre-
dictor  variables. These  probabilities  are  called  risk-adjusted 
probabilities and can be defined as the predicted population 
outcome or expected outcome. Individual members of the 

population have an observed outcome. The ratio of observed 
outcome to predicted outcome is called O/E ratio, and reflects 
a measure of individual provider performance. There are mul-
tiple ways to assess adequacy of regression models, especially 
logistic regression. Hosmer and coauthors provide a particu-
larly comprehensive, yet practical, description of regression 
model assessment.16 The O/E ratio for an individual provider 
may give a rough estimate of risk-adjusted performance, but 
this measure alone does not strictly determine clinical com-
petence or quality of care. Cumulative sum (CUSUM) analysis 
calculates provider O/E ratios over time and allows a graphi-
cal picture of performance that avoids point estimates.

LATE TIME-RELATED EVENTS
Cardiac surgeons are frequently concerned about events that 
occur late following operations. Special statistical methods 
are used to determine the long-term status of patients follow-
ing operative procedures.

The most common way to estimate time-related benefit 
employs the Kaplan-Meier method. This method provides 
an estimate of survival (or some other later time-dependent 
event) probability before all patients in the cohort experience 
the late event. This method assumes that patients who are 
alive at the time of analysis have the same risk of future death 
as those who have already died. The graphical representation 
of the Kaplan-Meier model gives a survival curve and allows 
comparisons between survival rates associated with different 
interventions (eg, two different valve types). The log-rank sta-
tistic is used most often to compare Kaplan-Meier survival 
curves.

At any point in time, an individual patient has a risk of 
experiencing the designated endpoint. This risk of reaching 
the endpoint is known as the hazard. If death is the selected 
endpoint, then the hazard is the risk of dying at any point 
in time. The cumulative hazard function is the negative loga-
rithm of the Kaplan-Meier estimated survival obtained from 
the survival curve.

Surgeons are often interested in the multiple factors that 
predict long-term survival. These factors are typically the 
clinical risk factors for a patient population or the type of 
intervention performed. Cox regression models provide a mul-
tivariable analysis of predictors of survival using the hazard 
function. Using the results of Cox models, one can calculate 
a hazard ratio (HR), which adjusts for clinical factors in the 
process of providing a comparison of survival for two inter-
ventions at a given time. For example, to compare the sur-
vival of CABG against the survival of percutaneous coronary 
intervention (PCI) at a specified time after the procedure, one 
could determine the HR comparing the two procedures. The 
HR provides the relative risk of death of CABG versus PCI 
for  risk-adjusted populations at a given point  in  time. This 
method assumes that the hazard function is constant over 
time; hence the proper name Cox proportional hazards regres-
sion. When survival curves intersect at some point in time, 
the proportional hazards assumption is not met and one 
should then use other metrics such as the risk ratio.
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Risk Adjustment and Comorbidity
MEASURES OF COMORBIDITY
Essential for the assessment of the success of cardiac opera-
tions is the ability to arrange patients according to their 
severity of illness. Comorbid illness in patients with cardiac 
disease  is  common. Various measures  of  comorbidity  com-
pile  patients’  risk  factors  into  a  single  variable  that  reflects 
global  comorbidity  (Table  7-3).  The  comorbidity  indices 
in Table 7-3 adjust  for  the  incremental  risk associated with 
specific preoperative factors variously known as risk factors, 
risk predictors, comorbidities, or covariates. The comorbidity 
systems listed in Table 7-3 are in constant evolution and use 
of these indices often extends to populations that include car-
diac surgical patients, despite the fact that none of the indices 
are derived from patients undergoing cardiac procedures.

Table  7-3  compares  commonly  used  comorbidity  mea-
sures. The Charlson Index, the CIRS, the ICED, and the 
Kaplan Index are valid and reliable measures of comorbid-
ity as measured in certain specific patient populations, but 

not in patients undergoing cardiac operations.17 The other 
comorbidity  measures  in Table  7-3  do  not  have  sufficient 
data to assess their validity and reliability and are probably 
less useful than the four validated measures. There are many 
limitations of comorbidity indices, and they are not applied 
widely in studies of efficacy or medical effectiveness for car-
diac operations.

RISK ADJUSTMENT SYSTEMS FOR CARDIAC 
OPERATIONS
Comorbidity indices, and risk factors in general, make up 
the variables that generate regression models that are used for 
risk  adjustment. Most  risk-adjustment models  share  several 
common features. First, the risk factors or comorbidities in 
the model are associated with a specific outcome. Second, if 
the goal is to measure provider performance, the risk factors 
include only patient characteristics (not hospital, physician, 
or regional characteristics) present prior to surgery.18 Third, 
a sufficient number of patients must have the risk factor, and 

TABLE 7-3: Characteristics and Study Populations of Commonly Used Comorbidity Indices 

Comorbidity Index Variables in the Index
Weights Used to 
Compute Index Final Index Score

Population Used to 
Derive Index

Charlson Index 19 comorbid conditions Relative risk for each 
comorbid condition derived 
from logistic regression of 
mortality

Sum of weights Cancer patients, heart 
disease, pneumonia, 
elective noncardiac 
operations, amputees.

CIRS 13 body systems Score from 0 to 4 for each 
body system

Sum of weights Elderly patients many 
institutionalized for long-
term care.

ICED 14 disease categories and 
10 functional categories

Score of 1 to 5 for disease 
categories and 1 to 3 for 
functional categories

Scoring algorithm that 
sums up disease and 
functional scores to arrive 
at values from 1 to 4

Total hip replacements and 
nursing home patients.

Kaplan Index Two categories—vascular 
or nonvascular disease

Graded 0 through 3 for each 
category

Most severe condition. 
Two grade 2 are ranked as 
grade 3

Diabetes and breast cancer.

BOD Index 59 diseases 0 through 4 for each disease Sum of weights Long-stay nursing home 
patients.

Cornoni-Huntley Index 3 categories 1—No comorbidity
2—Impaired hearing or vision
3—Heart disease, stroke or 
diabetes
4—Both 2 and 3

Graded 1 through 4 Hypertensive population 
and age > 75 years.

Disease Count Number of diseases present 
based on ICD-9 codes

Sum number of diseases Maximum score based on 
number of diseases

Breast cancer, MI, HIV, 
asthma, appendicitis, low 
back pain, pneumonia, 
diabetes, abdominal hernia.

Shwartz Index 21 comorbidities Relative risks from model that 
predicts medical costs

Sum of relative risks for 
each comorbidity

Stroke, lung disease, heart 
disease, prostate cancer, hip 
fracture, and low back pain.

Adapted with permission from de Groot V, Beckerman H, Lankhorst GJ, Bouter LM: How to measure comorbidity. A critical review of available methods, J Clin Epidemiol 
2003 Mar;56(3):221-229.
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a sufficient number must experience the adverse outcome, in 
order to construct an accurate risk model. Finally, it is neces-
sary to define the period of observation for the outcomes of 
interest (eg, in-hospital, 30-day mortality, or both). Table 7-4 
lists risk-adjustment models used to define quality or perfor-
mance based on clinical outcome measures (eg, risk of death 
or other adverse clinical outcomes). In addition, two of the 
risk adjustment models shown in Table 7-4 (the Pennsylvania 
Cardiac Surgery Reporting System and the Canadian Provin-
cial Adult Cardiac Care Network of Ontario) assess risk based 
on resource utilization (eg, hospital length-of-stay and cost) as 
well as on clinical outcome measures.19,20 Of the risk models 
listed in Table 7-4, only one, the APACHE III system, com-
putes a risk score independent of patient diagnosis.21 All of the 
others in the table are diagnosis-specific systems that use only 
patients with particular diagnoses in computing risk scores.

Once developed from a reference population, each of the 
risk stratification models shown in Table 7-4 is validated in 

some way. There are too many individual patient and proce-
dural differences, many of them unknown or unmeasured, to 
allow completely accurate validated preoperative risk assess-
ment. The most important reason that risk-adjustment meth-
ods fail to completely predict individual outcomes is that the 
data set used to derive the risk score comes from retrospec-
tive, observational data that contain inherent selection bias, 
that is patients were given a certain treatment that resulted in 
a particular outcome because a clinician had a selection bias 
about what treatment that particular patient should receive. 
In observational datasets, patients are not allocated to a given 
treatment in a randomized manner. In addition, clinician 
bias may not reflect evidence-based data. Methods are avail-
able that attempt to overcome some of these limitations of 
observational data. These methods include use of propensity 
matching and “bootstrap” variable selection.22,23 Observational 
datasets are much more readily available and represent “real-
world”  treatment  and  outcomes  compared  to  RCTs.  An 

TABLE 7-4: Examples of Risk Adjustment Models Used for Patients Undergoing Cardiac Surgical 
Procedures

Severity System Data Source Classification Approach Outcomes Measured

APACHE III Values of 17 physiologic  
parameters and other clinical 
information

Integer scores from 0 to 299 measured 
within 24 hours of ICU admission

In-hospital death

Pennsylvania Clinical findings collected at time  
of admission

Probability of in-hospital death ranging 
from 0 to 1 based on logistic regression 
model and MediQual’s AtlasTM admission 
severity score

In-hospital death and cost of 
procedure

New York Condition specific clinical  
variables from discharge record

Probability of in-hospital death ranging 
from 0 to 1 based on logistic regression 
model

In-hospital death

Society for Thoracic 
Surgeons

Condition-specific clinical  
variables from discharge record

Originally used Bayesian algorithm to 
assign patient to risk interval (percent 
mortality interval). More recently used 
logistic and hierarchical regression 
methods

In-hospital death and morbidity

EuroSCORE Condition specific clinical  
variables from discharge record

Additive logistic regression model with 
scores based on presence or absence of 
important risk factors

30-day and in-hospital mortality

Veterans Administration Condition-specific clinical  
variables measured 30 days after 
operation

Logistic regression model used to assign 
patient to risk interval (percent mortality 
interval)

In-hospital death and morbidity

Canadian Condition specific clinical variables 
entered at time of referral for  
cardiac surgery

Range of scores from 0 to 16 based on 
logistic regression odds ratio for six key 
risk factors

In-hospital mortality, ICU stay 
and postoperative length of stay

Northern New England Condition specific clinical variables 
and comorbidity index entered  
from discharge record

Scoring system based on logistic 
regression coefficients used to calculate 
probability of operative mortality from  
7 clinical variables and 1 comorbidity 
index

In-hospital mortality

Abbreviations: Pennsylvania = Pennsylvania Cost Containment Committee for Cardiac Surgery; New York = New York State Department of Health Cardiac Surgery Report-
ing System; Society for Thoracic Surgeons = Society of Thoracic Surgeons Adult Cardiac Surgery Risk Model; Veterans Administration = Veterans Administration Cardiac 
Surgery Risk Assessment Program; Canadian = Ontario Ministry of Health Provincial Adult Cardiac Care Network; Northern New England = Northern New England Car-
diovascular Disease Study Group.
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190 Part I Fundamentals

excellent review of the subtleties of evaluating the quality of 
risk-adjustment methods is given in the book by Iezzoni and 
this reference is recommended to the interested reader.24

Within the last decade the Society of Thoracic Surgeons 
(STS) published the most comprehensive set of cardiac sur-
gery risk models yet available. Twenty-seven risk models 
encompassed nine endpoints for each of three major groups 
of cardiac procedures (isolated CABG, isolated valve, and 
valve  +  CABG).25-27 These risk models provide the frame-
work for measurement of risk-adjusted outcomes for cardiac 
operations and, ultimately, for performance assessment of 
individual cardiac programs or for individual providers. The 
NQF has endorsed most of the STS risk adjustment models 
for use in determining cardiac surgery quality measures (see 
Table 7-2).

Ideally,  differences  in  risk-adjusted  outcomes  are  due  to 
differences in quality of care, but caution is necessary in the 
interpretation of provider differences based on differences derived 
from risk adjustment models. One study simulated the mor-
tality experience for a hypothetical set of hospitals assuming 
perfect risk adjustment and with prior perfect knowledge of 
poor quality providers.28 These authors used various simula-
tion models, including Monte Carlo simulation, and found 
that under all reasonable assumptions, sensitivity for deter-
mining poor provider quality was less than 20% and the 
predictive error for determining high outliers was greater 
than 50%. Much of the observed mortality rate differences 
between high outliers and nonoutliers were attributable to 
random variation. Park and coauthors suggest that providers 
identified as high outliers using conventional risk adjustment 
methods do not provide lower quality care than do nonout-
liers, and that most of the outcome differences are due to 
random variations.29

Performance of Risk Adjustment Models
Many risk stratification models for cardiac operations are 
used to assess surgical performance. Before a risk model and 
its component risk factors are used to evaluate provider per-
formance, these models are tested for accuracy. Many patient 
variables are candidate risk factors for operative mortality fol-
lowing coronary revascularization. Examples include serum 
blood urea nitrogen (BUN), cachexia, oxygen delivery, HIV, 
case volume, low hematocrit on bypass, the diameter of the 
coronary artery, and resident involvement in the operation. 
On the surface, these variables seem like valid risk factors, 
but many are not. All putative risk factors should be sub-
jected  to  rigorous  scrutiny.  Tests  of  risk  model  prediction 
including regression diagnostics (eg, receiver operating char-
acteristics (ROC) curves and cross-validation studies) per-
formed  on  the models  included  in Tables  7-4  suggest  that 
the models are good, but not perfect, at predicting outcomes. 
In statistical terms this may mean that all of the variability 
in outcome measurement is not explained by the set of risk 
factors included in the regression models. Hence, it is pos-
sible that inclusion of new putative risk factors in the regres-
sion equations may improve the validity and precision of the 
models. New regression models, and new risk factors, must 

be scrutinized and tested with regression diagnostics before 
acceptance. However, it is uncertain whether inclusion of 
many more risk factors will significantly improve the quality 
and predictive ability of regression models, and there is an 
ongoing tension between parsimonious models and robust 
models that contain many variables. For example, the STS 
risk stratification model described in Table 7-4 includes many 
predictor variables, while the Toronto risk adjustment model 
includes only five predictor variables. Yet the regression diag-
nostics for these two models are similar, suggesting that both 
models have equal precision and predictive capabilities for 
identifying outcome measures. Studies show that much of 
the predictive ability of risk models is contained in a rela-
tively small number of risk factors.30,31 Other studies suggest 
that the limiting factor in the accuracy of current risk mod-
els may be a failure to understand and account for all the 
important factors related to risk.32 Additionally, risk models 
are useful for predicting the average outcome for a population 
of patients with specific risk factors, but not necessarily accu-
rate for predicting the outcome for a specific patient. Further 
work needs to be done, both to explain the differences in risk 
factors seen between the various risk models and to determine 
which models are best suited for studies of quality improve-
ment and performance assessment.

Study Designs to Compare Outcomes
RANDOMIZED CONTROL TRIALS
After World War II, there was a rapid expansion of thera-
peutic options, especially drugs, for treatment of previously 
untreatable acute and chronic diseases. With the advent of 
this new drug therapy came the introduction of RCTs to 
define the efficacy of various drug regimens. Archie Cochrane, 
a Scottish pulmonary medicine specialist, championed RCTs 
as the most reliable means of deciding on optimal treatment  
(Fig. 7-1). He suggested that RCTs were the best means of 
identifying  interventions  that  have  a  causal  influence  on 

FIGURE 7-1 Portrait of Archie Cochrane and significant life events 
and accomplishments. (Used with permission from the Cochrane 
Collaboration.)
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outcomes. His efforts eventually led to the creation of the 
Cochrane Collaboration, a repository for works of evidence-
based medicine (EBM). He is arguably the father of EBM and 
is largely responsible for the current preeminence of RCTs as 
the “holy grail” of decisions about treatment options. RCTs 
provide the best evidence to decide about surgical treatment 
options for cardiac diseases, as well as providing the best means 
of identifying cause and effect relationships. The impact of 
Cochrane’s insistence on wide dissemination of published 
high-quality evidence, including RCTs, and summaries of 
RCTs and observational data including meta-analyses and sys-
tematic reviews (collectively referred to as EBM publications), 
is felt today, even more than in previous decades. In 2014, a 
Pub Med search identified 27 EBM publications concerning 
various treatment options related to cardiac operations and 
associated diseases.

NONRANDOMIZED COMPARISONS FOR CAUSAL 
INFERENCE
Not every question about cardiac operations can be answered 
by  RCTs.  For  many  reasons  the  majority  of  the  published 
cardiac surgical studies are observational studies, not RCTs. 
In nearly all observational studies, there may be selection bias. 
Patients underwent a treatment for nonrandom reasons. The 
nonrandom nature of observational studies mandates statisti-
cal methods to account for variables (usually preoperative vari-
ables) that affect the outcome (typically operative mortality 
and/or morbidity). Shortly after the creation of the Cochrane 
Collaboration in the 1970s, publications suggested that obser-
vational studies may weight outcomes in favor of new therapies, 
much more so than RCTs that address the same comparisons.33 
Almost 20 years later reassessment of the value of nonrandom-
ized comparisons suggested that well-done observational stud-
ies using carefully selected controls (either cohort or case-control 
designs) do not overestimate treatment benefit.34

There are multiple ways to address bias in observational 
studies. Perhaps the most widely used technique involves care-
ful matching of treatment and control groups using various 
statistical techniques, the most popular method being pro-
pensity score matching.35 The propensity score is constructed 
in as robust a manner as possible given the population 
variables. Typically logistic regression with all preoperative 
independent variables forced into the regression equation is 
used to compute the propensity score for comparison of two 
groups.36 Matching control and experimental groups based 
on their propensity scores (ie, probability of a given outcome 
based on the logistic regression-derived probability) provides 
a  “pseudo-randomized”  group  from  the  total  population. 
Comparisons using carefully matched groups approximate 
RCTs in most cases.34

STUDY DESIGN: THE TENSION BETWEEN  
RANDOMIZED TRIALS AND OBSERVATIONAL 
STUDIES
There are clear advantages and disadvantages associated with 
both RCT and observational studies. Because of the absence 
of confounding and selection bias, the RCT remains the “gold 

standard”  for  comparing  results.  RCTs  focus  on  relatively 
small, highly select populations that may have little in com-
mon with patients typically seen in practice. Small sample size 
often precludes meaningful subgroup analysis and statistical 
analyses may be underpowered. RCTs are also quite costly 
and so time-consuming that results may often be outdated by 
the time they are reported. On the other hand, observational 
studies  usually  involve  large  populations  of  “real-world” 
patients. Subgroup cohorts with adequately powered statisti-
cal analysis are commonly seen in observational studies. Since 
these studies often use registry data, they can be carried out 
in a timely fashion with minimal expense. Cohort balanc-
ing using propensity scoring techniques and other statistical 
approaches provides useful comparisons that can approximate 
RCTs, but careful matching techniques for group compari-
sons never completely rule out bias or confounding.

GOALS OF CARDIAC SURGICAL 
PERFORMANCE ASSESSMENT
Using Quality Assessments to Create 
Guidelines
One goal of assessment of cardiac procedures is to define best 
practices. Wide dissemination of global assessment of cardiac 
operations can provide evidence that helps surgeons know the 
best alternative for surgical treatment of cardiovascular disor-
ders. Recognizing the difficulties in defining “best practices” 
for a given illness, professional organizations opted to pro-
mote  practice  guidelines  or  “suggested  therapy”  for  cardiac 
surgical diseases.37,38 These practice guidelines represent a com-
pilation of available published evidence, including random-
ized trials and observational studies. For example, the practice 
guideline for CABG is available for both practitioners and 
the  lay  public  on  the  Internet  (http://circ.ahajournals.org/
content/124/23/e652.full.pdf+html).

Guidelines are a list of recommendations that have varying 
support in the literature. The strength of a guideline recom-
mendation is often graded by class and by level of evidence 
used to support the class of recommendation. A typical rat-
ing scheme used by the STS Workforce on Evidence Based 
Surgery and by the Joint American College of Cardiology/
American Heart Association Task Force on Practice Guide-
lines has three classes of recommendations as follows:

 • Class  I—Conditions  for which  there  is  evidence  and/or 
general agreement that a given procedure or treatment is 
beneficial, useful, and effective.

 • Class  II—Conditions  for which  there  is  conflicting  evi-
dence and/or a divergence of opinion about the useful-
ness/efficacy of a procedure or treatment.

 • Class  IIa—Weight  of  evidence/opinion  is  in  favor  of 
usefulness/efficacy.

 • Class  IIb—Usefulness/efficacy  is  less well  established  by 
evidence/opinion.

 • Class III—Conditions for which there is evidence and/or 
general agreement that a procedure/treatment is not useful/ 
effective and in some cases may be harmful.
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192 Part I Fundamentals

Evidence supporting the various classes of recommenda-
tions ranges from high-quality RCTs to consensus opinion of 
experts. Three categories describe the level of evidence used to 
arrive at the Class of Recommendation:

 • Level A—Data derived from multiple randomized clinical 
trials or meta-analyses.

 • Level B—Data derived from a single randomized trial or 
nonrandomized studies.

 • Level C—Consensus opinion of experts, case  studies, or 
standard-of-care.

Guidelines, derived from assessment of cardiac operations, 
provide surgeons with accepted evidence-based standards of 
care that most would agree upon, with an ultimate goal of 
limiting deviations from accepted standards.

Other Goals of Performance 
Assessment (Cost Containment and 
Altering Physician Practices)
Financial factors are a major force behind health-care reform. 
America’s health-care costs amount to 15 to 20% of the gross 
national product and this figure is rising at an unsustainable 
rate. Institutions who pay for health care are demanding 
change, and these demands are fueled by studies that suggest 
that  20  to 30% of  care  is  inappropriate with  services  both 
underused and overused compared to evidence-based practice 
standards.39 This resulted in a shift in emphasis, with health-
care costs being emphasized on equal footing with clinical 
outcomes of care. Sometimes health-care costs and clinical 
outcomes are combined into a metric that reflects health-care 
value for service rendered.

Variations  in  physician  practice  distort  the  allocation  of 
health-care funds in an inappropriate way. Research suggests 
that there is a 17-year lag time between medical discovery and 
when most patients benefit from the discovery. The failure 
on the part of some surgeons to implement innovation has a 
huge cost in terms of morbidity and mortality.40 Solutions to 
this problem involve altering physician practice patterns to 
be consistent with best available evidence, something that is 
difficult to achieve.41

Rewarding High Performers (“Pay for 
Performance”)
Many believe that additional incentives for quality improve-
ment can be obtained by linking quality scores to reimburse-
ment.42 This concept, commonly called pay-for-performance 
(P4P) or value-based purchasing, is supported by a variety of 
organizations. Effective performance-based payments show 
positive results in private industrial applications and, in spite 
of the absence of convincing evidence, there is widespread 
belief that similar results can be obtained in medicine. P4P 
is particularly popular among third party payers. Historically 
payment was based on the number and the complexity of ser-
vices provided to patients, but with P4P, some portion of pay-
ment is determined by the quality rather than the quantity of 

services. It remains to be seen whether reimbursement incen-
tives will lead to meaningful improvements in quality of care.

There are several reimbursement models associated with 
P4P, the most common of which is the tournament model. In 
the tournament approach, there are unequivocal winners and 
losers. Top performers get bonuses which come from reduced 
payments to the lower performers. Although popular because 
of its simplicity, this budget-neutral approach in which one 
“robs Peter to pay Paul,” penalizes precisely the group which 
most needs financial resources for improvement.43 Regardless 
of the mode of implementation, it is obvious that perfor-
mance measures are destined to be an important and intrinsic 
part of the surgical milieu in the upcoming years.

Problems with Assessing Quality of 
Care—Underuse, Misuse, and Overuse
Assessing the quality of cardiac care is a worthy goal of mea-
suring performance. However, this goal is elusive and hard to 
define. A major problem arises in attaining this goal because 
uniform definitions of quality of care are not available. Per-
formance measures are a means of assessing cardiac surgical 
performance. A logical construct from measuring perfor-
mance standards is that providers who do not meet the per-
formance standards outlined by these measures are guilty of 
misuse of health-care resources. But there are other indices 
of health-care quality not covered by these measures, includ-
ing appropriateness of care and disparities in care (eg, women 
and minorities often receiving substandard care). Inappro-
priate use of procedures is often referred to as overuse, and 
failure to provide indicated care as underuse. Both are found 
in treatment of cardiovascular diseases. For example, there is 
substantial geographic variation in the rates at which patients 
with cardiovascular diseases undergo diagnostic procedures, 
with little, if any, evidence that these variations affect survival 
or improved outcome. In one study, coronary angiography 
was  performed  in  45%  of  patients  after  acute  myocardial 
infarction for patients in Texas compared to 30% for patients 
in New York State.44 Another study showed large variations in 
care delivered to patients having cardiac operations.45 Among 
six Veteran’s Administration Medical Centers that treated very 
similar patients, there were large differences in the percent-
age of elective, urgent, and emergent cases, ranging from 58 
to 96% elective, 3 to 31% urgent, and 1 to 8% emergent.45 
There was also a tenfold difference in the preoperative use of 
intra-aortic balloon counterpulsation for control of unstable 
angina, varying from 0.8 to 10.6%.45 Similar variations in 
physician-specific practices exist for mitral valve procedures, 
carotid endarterectomy and for blood transfusion during car-
diac procedures.46-48 This variation in clinical practice may 
reflect  uncertainty  about  the  efficacy  of  available  interven-
tions or differences in practitioners’ clinical judgment.

While wide differences in the use of cardiac interven-
tions  initially  fueled  charges  of  overuse  in  certain  areas;49 
further evaluations suggest that underuse of indicated car-
diac interventions (either PCI or CABG) may be a cause of 
this variation.50,51 Whether caused by underuse or overuse of 
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cardiovascular services, regional variations in resource uti-
lization  suggest  that  a  rigorous  definition  of  the  “correct” 
treatment of acute myocardial infarction, as in other cardio-
vascular disease states, is elusive and the definition of quality 
of care for such patients is imperfect. Regional variations in 
cardiovascular care delivery are only a few of the examples 
of unclear best practices. Age, gender, race, community size, 
patient preference, and hospital characteristics influence uti-
lization of diagnostic and operative interventions without 
much evidence that these factors should direct the appropri-
ate treatment for various cardiac disorders.52 While measures 
that define performance assessment may be a way  to  judge 
quality of care among providers, much more work needs to 
be done to define best practices and to limit practice varia-
tions before performance measures accurately reflect quality 
of care.

TYPES OF ASSESSMENT OF CARDIAC 
PROCEDURES
Assessment Using Operative Mortality
By far, the bulk of available experience with outcome assess-
ment in cardiothoracic surgery deals with operative mortal-
ity, particularly in patients undergoing operative coronary 
revascularization (CABG). Table 7-5 is a partial list of risk 
models used to assess operative mortality in patients under-
going coronary revascularization. Risk stratification models 
like those shown in Table 7-5 evaluate mortality outcomes 
in CABG patients, because mortality is such an unequivocal 
endpoint of greatest interest to patients and is recorded with 
high accuracy. For the diagnosis of ischemic heart disease hav-
ing operative repair, Table 7-5 lists the significant risk factors 
found to be important for each of the various risk stratifi-
cation systems. The definition of operative mortality varies 
among the different systems (either 30-day mortality and/or 
in-hospital mortality), but the risk factors identified by each 
of the stratification schemes in Table 7-5 show many simi-
larities. Regression diagnostics validated each of the models 
in Table 7-5; hence, there is some justification for using any 
of the risk stratification methods both in preoperative assess-
ment of patients undergoing CABG and in assessing provider 
performance (either physicians or hospitals). Using the risk 
models in Table 7-5 for performance assessment of surgeons 
or hospitals must be done with caution, since, as described 
previously, risk models are imperfect. Results indicating that 
a provider is a statistical outlier should always be corroborated 
by clinical review, and preferably with constructive quality 
improvement initiatives.

There  are  many  critical  features  of  any  risk-adjustment 
algorithm that must be considered when determining its suit-
ability for profiling provider performance. Daley provides a 
summary of the key features that are necessary to validate any 
risk adjustment model.53 Differences in risk-adjusted mortali-
ties across providers may reflect differences in the process and 
structure of care,54 rather than simple outcome assessment, an 
issue that needs further study.

Assessment Using Postoperative 
Morbidity and Resource Utilization
Patients  with  non-fatal  outcomes  following  operations  for 
ischemic heart disease make up more than 95% of the pool of 
patients undergoing operation. Obviously all non-fatal oper-
ative results are not equivalent. Patients who experience renal 
failure requiring lifelong dialysis, or a serious sternal wound 
infection, have not had the same result as a patient who leaves 
the hospital with no major complications, as occurs in about 
85% of patients entered in the STS Database. The compli-
cations occurring in surviving patients range from serious 
organ system dysfunction to minor limitation or dissatisfac-
tion with life style, and account for a significant fraction of 
the cost of the procedures. We estimate that as much as 40% 
of the yearly hospital costs for CABG are consumed by 10 
to 15% of the patients who have serious complications after  
operation.10,55 This is an example of a statistical principle 
called the Pareto principle and also suggests that reducing 
morbidity in high-risk cardiac surgical patients has significant 
impact on cost reduction.

A great deal of information exists on non-fatal complica-
tions after cardiac operations. Several large databases iden-
tify risk factors for both non-fatal morbidity and increased 
resource utilization. Table 7-6 is a summary of some of the 
risk factors identified by available risk stratification models 
that are associated with either serious postoperative morbid-
ity or increased resource utilization as measures of undesir-
able outcomes.

For many years, operative mortality was the sole criterion 
for a successful CABG procedure. This concept gave way to 
a broader focus on the entire hospitalization associated with 
CABG. There is universal agreement that non-fatal complica-
tions play a central role in the assessment of CABG quality, 
but many morbidity outcomes are relatively difficult to define 
and track. Risk adjustment is particularly difficult because of 
the fact that risk factors for most complications are not well-
established. The low frequency of some complications also 
creates statistical challenges.

Shroyer and coworkers used part of the large national expe-
rience captured in the STS Database to examine five impor-
tant postoperative CABG complications: stroke, renal failure, 
reoperation  within  24  hours  after  CABG,  prolonged  (>24 
hours) postoperative ventilation, and mediastinitis.56 Revised 
morbidity models using contemporary statistical approaches 
followed this landmark study by Shroyer and coworkers.26,57,58 
In 2009, the STS morbidity risk models were updated using 
data from 2002 to 2006, with specific models for isolated 
CABG,  isolated  valve,  and  combined  CABG  +  valve  pro-
cedures. Given the contemporary data and large reference 
populations, these risk models will undoubtedly play an 
important role in future attempts at performance assessment.

Patient Satisfaction as an Outcome
Patients’ assessment of surgical outcome is an alternate means 
of  judging  performance.  There  are  several  difficulties  with 
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194 Part I Fundamentals

TABLE 7-5: Published Variables Used in Risk Assessment Models to Predict Coronary Bypass Surgical 
Mortality  

Risk Model STS NYS Canada USA VA Australia Canada2 NNE Japan

Number of Patients 774,881 174,210 57,187 50,357 13,368 12,712 12,003 3654 24,704
No. of Risk Factors 29 29 16 13 6 9 5 9 17
Age X X X   X X X X X
Gender X X X X X   X    
Surgical urgency X X   X X X   X X
Ejection fraction X X X   X   X X X
Renal dysfunction X X X X       X X
Creatinine X                
Previous CABG X X   X       X X
NYHA class   X X X   X     X
Left main disease X X X         X  
Diseased coronary vessels X X X   X        
Peripheral vascular disease X X   X   X      
Diabetes mellitus X X X   X        
Cerebrovascular disease X X   X   X     X
Intraop/postop variables       X     X    
Myocardial infarction X X X X          
Body size X X X            
Preoperative IABP X X X     X      
Cardiogenic shock/unstable X X X         X X
COPD X X X           X
PTCA X X   X          
Angina X   X       X    
Intravenous nitrates   X       X      
Arrhythmias   X             X
History of heart operation X   X     X      
Hemodynamic instability X X              
Charlson comorbidity score               X  
Dialysis dependence X X X           X
Valvular heart disease X               X
Pulmonary hypertension   X              
Diuretics   X       X      
Systemic hypertension X                
Serum albumin                  
Race X X              
Previous CHF X             X X
Myocardial infarction timing X X              
Cardiac index                  
LV end-diastolic pressure                  
CVA timing X X              
Liver disease       X          
Neoplasia/Metastatic disease       X          
Ventricular aneurysm       X          
Steroids/Antiplatelet drugs/
other drugs

X X             X

Reproduced with permission from Grunkemeier GL, Zerr KJ, Jin R: Cardiac surgery report cards:  making the grade. Ann Thorac Surg. 2001 Dec;72(6):1845-1848.
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measurement  of  PRO,  and  consequently  cardiothoracic  
surgeons are not deeply involved with systematic measure-
ments of patient satisfaction after operation. Considerable 
research deals with instruments that measure patient satisfac-
tion. At least two of these instruments, the Short-Form Health 
Survey or SF-3659 and the San Jose Medical Group’s Patient 
Satisfaction Measure,60 are used to monitor patient satisfac-
tion over time. The current status of these and other measures 
of patient satisfaction does not allow accurate comparisons 
among providers, because the quality of the data generated by 
these measures is poor. These instruments are characterized 
by low response rates, inadequate sampling, infrequent use, 
and unavailability of satisfactory benchmarks. Nonetheless, 
available evidence indicates that feedback on patient satis-
faction data to physicians may impact physician practices.61 
Managed care organizations and hospitals use PRO measures 
to compare institutions and individual providers.

Risk stratification methodology can identify patients who 
are optimal candidates for coronary revascularization based 
on quality of life and functional status considerations. Multi-
variate risk factors associated with unimproved postoperative 

quality of life after CABG include female gender,62 patients 
with depressive disorders,63 and operations complicated by 
sternal wound infection.64 One comparative study found no 
difference between patients older than 65 years and those 
younger than or equal to 65 with regard to quality of life out-
comes after cardiac operations (symptoms, cardiac functional 
class, activities of daily living, and emotional and social func-
tioning).65 This study identified a direct relationship between 
clinical severity and quality of life indicators, since patients 
with less comorbid conditions and better preoperative func-
tional status had better quality of life indicators six months 
after operation than those with significant comorbidities. In 
contrast, Rumsfeld and coworkers found that improvement 
in  the  self-reported  quality  of  life  (from  Form  SF-36)  was 
more likely in patients who had relatively poor health sta-
tus before CABG compared to those who had relatively good 
preoperative health status.66 Interestingly, these same authors 
found that poor preoperative self-reported quality of life indi-
cator was an independent predictor of operative mortality 
following CABG.67 These findings suggest that the risks of 
patient dissatisfaction after CABG are poorly understood but 

TABLE 7-6: Risk Factors Associated with Either Increased Length of Stay (L) or Increased Incidence of 
Organ Failure Morbidity (M) or Both (L/M) Following Coronary Revascularization

Risk Factor STS56 STS Updated27 Boston128 Albany55 VA129 Canada130

Demographics            
Advanced age M M L   M L
Low preoperative red blood cell 
volume

M     L/M    

Race   M        
Female gender M M       L
Disease-specific diagnoses            
CHF M M L L/M M  
Concomitant valve disease M M     M L
Reoperation M M     M L
LV dysfunction (ejection 
fraction)

M M       L

Surgical priority M M     M L
3-Vessel disease   M        
IABP preop M M L      
Active endocarditis         M  
Left-main disease   M        
Preoperative atrial fibrillation   M        
Comorbid conditions            
Obesity   M L      
Renal dysfunction M M L L M  
Diabetes   M        
Peripheral vascular disease M M   L M  
Chronic obstructive lung disease M M   L    
Cerebrovascular disease M M   L/M    
Hypertension M M   L/M    
Immunosuppression   M        

Abbreviations: CHF = congestive heart failure; LV = left ventricular; IABP = intra-aortic balloon pump.
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196 Part I Fundamentals

may be dependent on preoperative comorbid factors as well 
as on the indications for, and technical complexities of, the 
operation itself. At present, there is no well-established risk 
model to identify patients who are likely to report dissatisfac-
tion with operative intervention following CABG.

USING DATA TO IMPROVE 
PERFORMANCE—CASE STUDIES
Management Philosophy and 
Performance Assessment
American health care made almost unbelievable strides in the 
last 100 years. We are at the brink of being able to treat disease 
at the genotypic molecular level. Further, cardiac surgeons 
treat patients considered inoperable as recently as a decade 
ago. Yet almost no one is happy with the health-care system. 
It costs too much, excludes many, is inefficient, and is igno-
rant about its own effectiveness. A similar state of confusion 
existed with Japanese industry after World War II. Out of the 
confusion and crisis of post-World War II, Japan became a 
monolith of efficiency. Two major architects of this transfor-
mation were an American statistician, W. Edwards Deming, 

and a Romanian-American theoretician, J. M. Juran. They 
led the way in establishing and implementing certain prin-
ciples of management and efficiency based on quality. Their 
efforts are recognized in Japan by the annual awarding of the  
Deming Prizes in recognition of achievements in attaining 
high quality. Deming’s and Juran’s books are some of the clas-
sics of quality management in industry.68,69

Deming’s and Juran’s management philosophy are some-
times referred to as total quality management or TQM. The 
amazing turn-around in Japanese industry led many orga-
nizations to embrace and modify the principles of TQM, 
including organizations involved in delivery and assess-
ment of health care. Table 7-7 outlines the key features of 
TQM. A TQM project starts from critical observations. For 
example, excessive blood transfusion after operation may 
result in increased morbidity, including disease transmission, 
increased infection risk, and increased cost. Tools such as flow 
diagrams that document all of the steps in the process are used 
in a TQM project (eg, steps involved in the blood transfusion 
process after CABG). A logical starting point for efforts to 
improve the quality of the blood transfusion process would 
be to focus on a high-risk subset of patients who consume 
a disproportionate amount of blood resources. An Italian 

TABLE 7-7: Principles of Total Quality Management (TQM) Applied to Health Care

Principle Explanation

Health-care delivery is a process. The purpose of a process is to add value to the input of the process. Each person in an organization is part of 
one or more processes.

Quality defects arise from 
problems with the process.

Former reliance on quotas, numerical goals, and discipline of workers is unlikely to improve quality, since 
these measures imply that workers are at fault and that quality will get better if workers do better. The 
problem is with the process not with the worker. Quality improvement involves “driving out fear” on the part 
of the worker, and breaking down barriers between departments so that everyone may work effectively as a 
team for the organization.

Customer-supplier relationships 
are the most important aspect of 
quality.

A customer is anyone who depends on the organization. The goal of quality improvement is to improve 
constantly and to establish a long-term relationship of loyalty and trust between customer (patient) and 
supplier (health-care organization) and, thereby, meet the needs of the patient. The competitive advantage for 
an organization that can better meet the needs of the customer is obvious. The organization will gain market 
share, reduce costs, and waste less effort in activities that do not add value for patients.

Understand the causes of 
variability.

Failure to understand variation in critical processes within the organization is the cause of many serious quality 
problems. Unpredictable processes are flawed and are difficult to study and assess. Managers must understand 
the difference between random (or common-cause) variation and special variation in a given outcome.

Develop new organizational 
structures.

Managers are leaders not enforcers. Eliminate management by objective numerical goals. Remove barriers that 
rob workers of their right to pride of workmanship. Empower everybody in the organization to achieve the 
transformation to a quality product.

Focus on the most “vital few” 
processes.

This is known as the Pareto principle (first devised by Juran) and states that whenever a number of individual 
factors contribute to an outcome, relatively few of those items account for the bulk of the effect. By focusing 
on the “vital few,” the greatest reward for effort will occur.

Quality reduces cost. Poor quality is costly. Malpractice suits, excessive use of costly laboratory tests, and unnecessarily long hospital 
stay, are examples of costly poor quality. The premise that it is too costly to implement quality control is 
incorrect.

Statistics and scientific thinking 
are the foundation of quality.

Managers must make decisions based on accurate data, using scientific methods. Not only managers, but all 
members of the organization, utilize the scientific method for improving processes as part of their normal 
daily activity.
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economist, Vilfredo Pareto, made the observation that a rela-
tively few factors account for the majority of the outcomes of 
a complex process. This has been termed the Pareto Principle, 
also known as the “80-20 rule.” Juran was one of the first to 
apply this principle to manufacturing in the United States 
and Japan.69 In medicine, this principle is commonly used 
to point out that most of the observed complications come 
from a small part of the overall patient population. Applying 
the Pareto Principle, one should logically focus attention not 
on the entire population, but rather on that small popula-
tion associated with the majority of the problem. A graphical 
method of identifying the spectrum of outcomes in a process 
is included in most statistics programs, and is termed a Pareto 
diagram. Figure  7-2  is  an  example  of  a Pareto diagram  for 
blood product transfusion in cardiac operations. Figure 7-2 
suggests that about 20% of the patients consume 80% of the 
blood products transfused following cardiac procedures. Sub-
stantial savings in cost and morbidity should result by focus-
ing on decreasing the amount of blood transfusion in these 
20% “high-end” users. For TQM purposes, strategies can be 
devised and tested to decrease blood product consumption 
in the high-risk subset, and ultimately, monitors are set up to 
measure the effectiveness of the new strategies. Other tools 
of TQM such as data sampling strategies and use of control 
charts play an important role in the process.

One example of using the principles of TQM to improve 
patient care is to isolate high-risk subsets obtained from pop-
ulation-based risk models. These retrospective risk models  
(ie, effectiveness studies) are examined to define key elements 
of the processes of care that contribute to outcomes. The key 
components of the process are then used as test interventions 
to improve outcome in high-risk subsets using RCTs (ie, effi-
cacy studies). For example, a population-based risk model 
of postoperative blood transfusion revealed that the follow-
ing factors were significantly associated with excessive blood 

transfusion (defined as more than 4 units of blood products 
after CABG): (1) template bleeding time, (2) red blood cell 
volume, (3) cardiopulmonary bypass time, and (4) advanced 
age.70 Based on these retrospective effectiveness studies, inves-
tigators hypothesized that process improvement interven-
tions aimed at reducing blood transfusion after CABG would 
most likely benefit high-risk patients with prolonged bleed-
ing time and low red blood cell volume. A prospective clini-
cal trial tested this hypothesis using two components of the 
blood conservation process, platelet-rich plasma saving and 
normovolemic hemodilution, in patients undergoing CABG. 
Results showed that these two blood conservation interven-
tions reduced bleeding and blood transfusion only in the 
high-risk subset of patients.71 These studies imply that more 
costly interventions such as use of platelet-rich plasma sav-
ers are more efficacious in high-risk patients, with the high-
risk subset defined by risk stratification methodologies. This 
approach  of  using  observational  risk  adjustment models  to 
devise and test hypotheses using efficacy studies is a valuable 
use of risk assessment models and embodies principles of 
TQM.

A limitation of any outcomes-based quality improvement 
project is that knowing outcomes does not necessarily provide 
the answer to producing better outcomes, rather, it requires 
the elements of TQM to make meaningful advances. The 
principles of TQM, including transparent self-assessment 
and identification of process deficits, are the foundations of 
quality improvement. Participating in databases like the STS 
Adult Cardiac Surgery database or the American College of 
Surgeons  National  Surgical  Quality  Improvement  Project 
database does not guarantee adequate performance assess-
ment and quality improvement.72,73 Leadership, educational 
tools, EBM guidelines, practice standards, and benchmarking 
of improvement processes are important, and essential, addi-
tions to outcomes measurement for quality improvement.
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FIGURE 7-2 Pareto diagram of blood transfusion in 4457 patients undergoing cardiac procedures over a 4 year period. (Reproduced with permis-
sion from Ferraris VA, Ferraris SP, Saha SP, et al.: Perioperative blood transfusion and blood conservation in cardiac surgery: the Society of Thoracic 
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198 Part I Fundamentals

STS Database and Quality 
Improvement—Transparent Risk 
Assessment
The STS recognized a compelling need for a national stan-
dard in cardiac surgery as early as 1986 with the creation of 
an STS committee to develop a national database of cardiac 
surgery. This committee gathered and analyzed data in order 
to establish a national standard of care in cardiac surgery. The 
STS Database is a voluntary registry that currently collects 
perioperative patient data from more than 90% of cardiac 
centers in the United States. Individual participant sites enter 
extensive clinical data on each patient undergoing cardiac  
surgery. This information is harvested quarterly and aggre-
gated at the Duke Clinical Research Institute (DCRI). The data 
are analyzed and reports, which include benchmark data and 
risk-adjusted outcomes, are provided to each site. This report-
ing process allows sites to pinpoint areas in need of improve-
ment so that tailored quality assessment and performance 
improvement programs can be developed. The database has 
numerous important practical applications that allow perfor-
mance assessment and document workload.

The STS database allows accurate determination of  
thoracic surgeons’ workload. Much of the recommendations 
for surgeon reimbursement stems from the American Medical 
Association/Specialty Society Relative Value Scale Update Committee, 
or RUC  (rhymes with “truck”)  for  short. The RUC’s  recom-
mendations to the Centers for Medicare and Medicaid Services 
(CMS) influence the relative values assigned to physician ser-
vices and, as a result, how much physicians are paid. STS data 
allows monitoring of trends in the patient profile of cardiac  
surgery patients over the years. This kind of information impacts 
negotiations with RUC. Deliberations with the RUC were 
traditionally based on small surveys but the use of STS data 
allowed a more accurate presentation of objective information 
that provides a truly fair and meaningful workload analysis.74

The STS database reporting and feedback process to indi-
vidual sites produced impressive performance improvements in 
surgical outcomes. Database information showed a progres-
sive increase in CABG operative risk from 1993 to 2008. In 
spite of this risk increase, the observed operative mortality 
steadily  declined  from  over  4%  to  approximately  2% dur-
ing this period. Improvements in process measures like use of 
the IMA in CABG accompanied these impressive advances in 
outcome measures.

Peer-Directed Outcomes Assessment
A superb example of a TQM-based approach to improving 
cardiac surgery quality is the Northern New England Car-
diovascular Study Group (NNECVDSG). Founded in 1987, 
this voluntary consortium of clinicians, scientists, and admin-
istrators represents cardiac surgery programs in Northern 
New England. Its mission is to study and improve the quality 
of cardiovascular care provided to patients through the use 
of systematic data collection and feedback. Shortly after its 
formation, this group developed and validated a logistic risk 

model to account for case mix differences across its member 
institutions.75 Using this model, the group analyzed CABG 
outcomes  for  3055  patients  operated  upon  at  five medical 
centers  in  Maine,  New  Hampshire  and  Vermont  between 
July 1987 and April 1989.76 Overall unadjusted CABG mor-
tality was 4.3% but  this varied  substantially among centers 
(3.1  to  6.3%).  Even  after  case-mix  adjustment,  significant 
variability persisted among medical centers (p = 0.021) and 
surgeons (p = 0.025). In 1990, the NNECVDSG initiated a 
regional intervention aimed at reducing both absolute CABG 
mortality and inter-institutional variability.76 The three major 
components of this TQM approach included feedback of 
outcomes data, training in continuous quality improvement 
techniques, and site visits to each program. During the latter, 
visitors from each discipline focused on the practice of their 
counterparts at the host institutions. Numerous changes were 
implemented as a result of these site visits including tech-
nical aspects, processes of care, personnel organization and 
training, decision-making, and methods of evaluating care. 
Following these interventions, observed mortality declined to 
less than expected in all categories of patient acuity.

Following publication of these landmark papers, the 
Northern New England consortium continued to grow in 
size, and their registry forms the basis for numerous publica-
tions aimed at improving the care of cardiac surgical patients. 
Their publications cover a wide range of topics including the 
impact of preoperative variables on hospital and long-term 
mortality, the optimal conduct of cardiopulmonary perfu-
sion, the prevention of specific postoperative complications, 
on-pump versus off pump CABG operations, and modes of 
death following CABG.77-79 Over two decades since its incep-
tion, the NNECVDSG serves at the “poster child” of efforts 
to improve cardiac surgery quality through voluntary, confi-
dential, and collaborative TQM.

CONTROVERSIES IN THE 
ASSESSMENT OF PERFORMANCE
Dangers of Outcome Assessment
After the introduction of provider report cards in New York 
and  Pennsylvania  in  the  early  1990s,  studies  emerged  sug-
gesting that providers were changing their practice patterns 
in response to public reporting. The release of risk-adjusted 
data may alienate providers and result in the sickest patients 
having less accessibility to care. This may have happened in 
New York State80  and  in  other  regions where  risk-adjusted 
mortality and cost data were released to the public.

Of even more concern is the selection bias that may exist 
in managed care Health Maintenance Organization (HMO) 
enrollment. Morgan and coworkers suggested that Medicare 
HMOs benefit from the selective enrollment of healthier 
Medicare recipients and the dis-enrollment or outright rejec-
tion of sicker beneficiaries.81 This form of separation of patients 
into unfavorable or favorable risk categories is a direct result of 
risk assessment and may be an unintended consequence of per-
formance assessment methodology. This type of discrimination 
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undermines the effectiveness and appropriateness of care. 
Omoigui and colleagues addressed this issue in a report about 
the effect of publication of surgeon-specific report cards in 
New York state.82 These authors concluded that surgeons in 
that state were less willing to operate on high-risk patients. 
Patients in New York state were subsequently transferred in dis-
proportionately large numbers to the Cleveland Clinic, where 
both their expected and observed adverse outcomes exceeded 
those of other referral areas without report cards. Although 
some public figures challenged  this “outmigration” phenom-
enon, additional studies in New York and Pennsylvania suggest 
that the concept of risk aversion may have some validity.83,84 
Subsequent and more comprehensive analyses of CABG 
public reporting in New York state could not document any 
systematic exclusion of high-risk patients from CABG opera-
tions, and showed that the severity of illness and comorbidi-
ties of operated patients actually increased over the years.85,86 
There may be some degree of risk aversion in public reporting 
environments, and this could result in denial of care to the 
high-risk patients that might benefit most from intervention. 
Others suggest that it may redirect such patients to the most 
experienced providers, which could be a more positive result.87

Validity and Reliability of Assessment 
Methods
ACCURACY OF DATABASES—ADMINISTRATIVE 
VERSUS CLINICAL DATA
Perhaps the most important tool of any outcome assessment 
endeavor is a database that is made up of a representative 
sample of the study group of interest. The accuracy of the 
data elements in any such database cannot be overempha-
sized. Factors such as the source of data, the outcome of 
interest, the methods used for data collection, standardized 
definitions of the data elements, data reliability checking, and 
the time frame of data collection are essential features that 
must be considered when either constructing a new database 
or deciding about using an existing database.88

Data obtained from claims or administrative databases 
are less reliable than those obtained from clinical databases. 
Because claims data are generated for the collection of bills, 
their clinical accuracy is inadequate and it is likely that these 
databases overestimate complications for billing purposes. 
They may incorrectly classify some surgical procedures, and 
this in turn may result in erroneous and misleading outcomes 
results.89,90 Furthermore, claims data underestimate the effects 
of comorbid illness and contain major deficiencies in impor-
tant prognostic variables for CABG, such as left ventricular 
function and number of diseased vessels. The Duke Data-
bank  for Cardiovascular Disease  found major discrepancies 
between clinical and claims databases, with claims data fail-
ing to identify more than half of the patients with important 
comorbid conditions such as congestive heart failure (CHF), 
cerebrovascular disease, and angina.91 The quality of databases 
used to generate comparisons cannot be overemphasized.

Health-care experts recognize the shortcomings of claims 
or administrative databases. The primary reason for continued 

reliance on these types of data sources is their ease of use and 
readily available access. Current information suggests that 
discharge coding accuracy is the major problem in the use of 
administrative databases for outcomes comparisons. Recent 
reviews found that coding accuracy improved with renewed 
emphasis on accuracy.92 It is likely that the low cost and ready 
availability of administrative data will continue and even 
increase as health-care resources are ratcheted down.

LOGISTIC REGRESSION AND HIERARCHICAL 
REGRESSION MODELS
One of the most common yet controversial applications of 
logistic regression models is provider profiling, sometimes 
mandated by governmental organizations,93,94 in which case 
the results are usually published as report cards and made 
available to the public. The statistical methodology previously 
used to develop most such report cards is straightforward. The 
probability of mortality for each of a provider’s patients dur-
ing a given time period is estimated using logistic regression 
or some other multivariate method based on a large database 
containing multiple surgeons’ patients. These probabilities are 
aggregated to determine a particular provider’s expected mor-
tality, or E. The observed mortality, O, is simply the counted 
number of operative deaths. An O/E ratio has a value close to 
one if the performance is what would be predicted from the 
model. Ratios significantly greater than 1.0 imply worse than 
expected performance, and ratios significantly less than 1.0 
suggest better than expected performance. Often, the O/E 
ratios are multiplied by the population unadjusted mortality 
rate to obtain the risk-adjusted mortality ratio (RAMR).

Statisticians realize that, although intuitively appealing, 
it is not ideal to aggregate patient-level data to make infer-
ences about providers using logistic regression.93 Assessing 
operative mortality among hospitals and among surgeons 
is inherently multilevel. Multiple levels exist that may alter 
operative mortality, including surgeons, hospitals, refer-
ring physicians, etc. In such situations simply aggregating 
between levels may lead to erroneous conclusions. Multilevel 
or hierarchical models are available for such situations. These 
models address most of the major concerns regarding the use 
of standard logistic regression models. Hierarchical models 
“shrink” the observed mortality rates of lower volume provid-
ers toward the mean of the overall population of providers, a 
way of borrowing strength or pooling the data from multiple 
levels of hospitals and providers. The resulting estimates are 
more accurate and stable. Standard logistic models do not 
accurately partition the multiple levels of variability (between 
and within providers), which is one of the central questions 
to be answered by profiling. Hierarchical models correctly 
partition this variability and account for sample size variation 
and compensate for multiple comparisons. Numerous studies 
investigated the difference in the results of provider profiling 
obtained from traditional logistic regression versus hierarchi-
cal modeling. For example, Goldstein and Spiegelhalter com-
pared a hierarchical model of operative mortality of surgeons 
in New York state to a traditional single level logistic model, 
and found reduced number of surgeon outliers using the 
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hierarchical models.95 A logical objection to the use of hierar-
chical models is that, by reducing the chance of false outlier 
identification, it may also reduce the sensitivity to detect true 
outliers. Ultimately, this tradeoff is a health policy and regula-
tory decision.93 Hierarchical models are complex and require 
not only extensive computer resources but also close planning 
and oversight by a statistician experienced in these methods. 
Most investigators regard them as the best model for multi-
level comparisons, and hierarchical modeling is used both by 
the state of Massachusetts and by the STS for the develop-
ment of provider profiles.

The Downside of Performance 
Assessment
COST AND IMPERFECTION
Collecting risk-adjusted data for performance assessment and 
quality improvement adds to the administrative costs of the 
health-care system. It is estimated that 20% of health-care 
costs ($150–$180 billion/year) are spent on the administra-
tion of health care.96 The costs of implementing a risk-adjust-
ment system are substantial. Additional costs are incurred 
in implementing quality measures that are suggested by 
risk-stratification methodology. A disturbing notion is that 
the costs of performance assessment may outweigh the pay-
ers’ willingness to pay for these benefits. For example, Iowa 
hospitals estimated that they spent $2.5 million annually 
to gather MedisGroups severity data that was mandated by 
the state. Because of the cost, the state abandoned this man-
date and concluded that neither consumers nor purchasers 
used the data anyway.97 Similarly, reports suggest that public 
release of quality indicators neither improves composite hos-
pital performance nor changes consumer behavior.98,99 It is 
possible that quality improvement may cost rather than save 
money; although one of the principles of TQM (often quoted 
by Deming) is that the least expensive means to accomplish 
a task (eg, deliver health care) is the means that employs the 
highest quality in the process. Ultimately, improved quality 
will be cost-efficient, but start-up costs may be daunting. In 
order to be cost-effective, any cost savings realized from per-
formance assessment must be factored into the total costs of 
gathering risk-adjusted data and implementing performance 
improvement. Further, given the considerable costs of a single 
serious complication, such as stroke, dialysis-dependent renal 
failure, or a sternal infection, the cost savings of avoiding 
these complications using performance assessment and qual-
ity improvement programs may be substantial.

INTERPRETATION OF RISK-ADJUSTED OUTCOMES
One of the least well understood aspects of performance 
report cards  is  the correct  interpretation of  risk-adjusted or 
risk-standardized outcomes, which are derived by compar-
ing observed outcomes with those predicted by statistical risk 
models. There is a tendency by the public, by insurance com-
panies, and by government officials to regard Risk-Adjusted 
Mortality  Ratios  (eg,  O/E  ratios)  and  Risk-adjusted  or 

Standardized Mortality Rates as the ultimate metric of pro-
vider performance. Compared to unadjusted rates  these are 
certainly superior approaches, but their limitations must be 
recognized. First, all risk models are only approximations of 
reality, and they cannot adjust for all possible combinations 
of risk factors. These models are useful for predicting popula-
tion average outcomes given a particular patient mix, but they 
are less useful for predicting the outcome for specific patients 
and providers. Second, even if there were perfect risk adjust-
ment, the results for a particular provider must be correctly 
interpreted. The risk-standardized or risk-adjusted mortality 
for a hospital reflects its performance for its specific patient 
case mix, compared to what would have been expected had 
these same patients been cared for by an average provider in 
the reference population. Because indirect rather than direct 
standardization is used for virtually all risk models used in 
profiling, it may not be appropriate to directly compare the 
risk-adjusted results of one institution with those of another. 
The  risk-adjusted mortality  of  a  small  community  hospital 
is based largely on a low-risk population. Even though it is 
adjusted, it cannot be compared directly to the risk-adjusted 
rate of a quaternary referral center, which is based largely on 
a population of patients that the community program rarely 
if ever sees. In this extreme example, these two hospitals may 
have virtually no types of patients in common, and even 
though  their  rates  are  adjusted  they  should not  be  directly 
compared with one another.

RANKING PROVIDERS—LEAGUE TABLES VERSUS 
FUNNEL PLOTS
There is a problem with report cards of provider results that 
appear in the lay press and on the Internet. Most report cards 
rank providers in the form of league tables, similar to tables 
used in sports to rank teams or individuals. League tables 
always have someone on top and someone on the bottom. In 
general, the public does not understand that there is no mean-
ingful difference for the vast majority of names published in 
league tables of cardiac surgeons’ performance.100 The limited 
sample size of any individual surgeon or hospital leads to wide 
fluctuation in outcomes over time. Reporting of one surgeon 
as being better (ie, higher in the league table) than another 
is inaccurate and probably unethical. Spiegelhalter addressed 
this concern and suggested better options for reporting sur-
geons’ and hospitals’ results.101 He advocated funnel plots as 
a far better alternative than league tables to report provider 
outcomes. A funnel plot is a plot of individual surgeons’ 
volume  (x-axis)  versus  risk-adjusted mortality  (y-axis)  with 
population confidence intervals. The plot allows immediate 
identification of outliers (ie, providers outside the confidence 
intervals) and gives the viewer an estimate of the larger uncer-
tainties  (ie,  increased  confidence  intervals)  of  risk-adjusted 
mortality of low-volume providers compared to high-volume 
providers. The limits of uncertainty (ie, control limits) form 
a funnel around the provider outcome. The United King-
dom Central Cardiac Audit Database (http://www.ic.nhs.uk/
services/national-clinical-audit-support-programme-ncasp/
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 Chapter 7 Risk Assessment and Performance Improvement in Cardiac Surgery 201

heart-disease/adult-cardiac-surgery) and the STS Congenital 
Heart Surgery Database Report use funnel plots to identify 
outliers.100

FUTURE DIRECTIONS
Effectiveness, Appropriateness, 
Guidelines, and Standards
EFFECTIVENESS VERSUS SAFETY
Since the IOM report on medical errors that appeared in 
2000,2 reducing medical errors both by physicians and by 
hospitals garnered significant resources. Since then, several 
authors suggested that the culture of safety in hospitals is 
unchanged.102,103 Brennan and coauthors point out that the 
IOM distinguishes safety from effectiveness. Effectiveness 
is defined as an evidence-based intervention that improves 
quality, whereas safety encompasses a much narrower defini-
tion  of  limiting  accidental  injury.102 These authors suggest 
redirection of health-care goals toward effectiveness interven-
tions and away from accident reduction interventions. An 
important advantage of focus on effectiveness is the ease with 
which effectiveness outcomes can be measured compared to 
safety outcomes. There is some evidence that focus on evi-
dence-based interventions (eg, providing aspirin to cardiac 
patients when they leave the hospital) improves the effective-
ness of treatment with secondary benefit of reducing errors.104 
Furthermore, there is still a reluctance to deal transparently 
with medical mistakes and identifying problems with safety 
may be difficult. Health-care providers may not spend signifi-
cantly increased resources on safety and error management 
largely because the return on this type of investment is very 
hard to measure. On the other hand, quality improvement 
efforts based on evidence of effectiveness are likely to be more 
readily embraced and may save more lives than will safety-
related interventions that lack an evidence base.102

PRACTICE GUIDELINES AND APPROPRIATENESS 
CRITERIA
An important part of implementing effectiveness of care is 
knowing what evidence-based interventions represent best 
practice. Practice guidelines provide evidence-based recom-
mendations for cardiovascular interventions and serve as a 
template for effectiveness.37 Professional  societies  attempted 
to enhance adherence to evidence-based practice guidelines 
by introducing appropriateness criteria. Appropriateness cri-
teria are lists of appropriate indications for interventions in 
common clinical scenarios based on available evidence. They 
document indications for drug or device intervention with 
a scale metric. For example, the AHA/ACC/STS Joint Task 
Force generated appropriateness criteria for coronary revascu-
larization that used a scale of 1 to 10.105 Values of 7 through 
10 indicated that coronary revascularization is appropriate for 
patients with a particular set of risk factors. Scores of 1 to 
3 indicate revascularization is  inappropriate and unlikely to 
improve health outcomes or survival. The mid-range scores  

(4–6) suggests that improvement in survival or other health-
care outcomes with coronary revascularization is uncertain. 
The aim of appropriateness criteria is to guide physician deci-
sion making toward use of evidence-based interventions. It is 
likely that expansion of the appropriateness criteria concept 
will occur.

GUIDELINES VERSUS STANDARDS
Practice guidelines gained a hallowed position in the hierar-
chy of evidence starting with Archie Cochrane in the 1950s 
(see Fig. 7-1). Cochrane championed RCTs as a means of 
testing medical hypotheses in order to make decisions about 
best treatment for diseases. His work ultimately led to estab-
lishment of the Cochrane Collaboration and the Cochrane 
Library, a repository of RCTs, meta-analyses, and systematic 
reviews. Cochrane is arguably the father of EBM, although 
his definition of EBM in the 1960s was much narrower than 
the current definition. Today’s definition of EBM encom-
passes practice guidelines that reflect available evidence. The 
basic principles of EBM are that decisions about medical care 
should be based on research and that these research recom-
mendations should be ranked based on specific norms (ie, the 
level of evidence).

Several pieces of evidence suggest that adherence to guide-
lines and incorporation into clinical practice is suboptimal.106-108 
For example, blood conservation guidelines for cardiac surgery 
developed by the STS were circulated widely and are among 
the most cited articles in the thoracic surgery literature.37 None-
theless, wide variation in the transfusion of blood products in 
patients having a standard operation for coronary revasculariza-
tion persists.109 A Physician Consortium of the American Medi-
cal Association and The Joint Commission identified transfusion 
as one of the five most overused procedures in the United States 
(http://www.jointcommission.org/overuse_summit/).

There are many reasons for guideline nonadherence,106 but 
it is apparent that implementation strategies need to accom-
pany evidence-based recommendations and dissemination. 
Professional  organizations  recognize  the  limits  of  guideline 
development and take a different approach to implemen-
tation of evidence-based recommendations. These imple-
mentation strategies have various names like standardized 
practice design, standardized EBM protocol, evidence-based  
algorithm, decision aids, or perhaps most euphemistically, 
“organizational  recommendations.”  Collectively  imple-
mentation strategies define a term called practice standards. 
Standards are a means of operationalizing EBM and practice 
guidelines. For example, the Society for the Advancement of 
Blood Management (SABM) recognized the limitations of 
blood management guidelines as a means of improving trans-
fusion practice. SABM developed blood management practice 
standards to address this problem. This organization defined 
twelve patient blood management standards that operational-
ize blood conservation guidelines and provide a roadmap for 
the creation of an infrastructure that leads to implementation 
of evidence-based guidelines. Simply stated, standards allow 
conversion of guidelines into bedside practice. Accompanying 
the standards are hard outcome measures that are monitored 
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by multidisciplinary teams. The efforts that go into creating 
standards parallel the rigor accompanying development of 
guidelines. While guidelines reflect available evidence, stan-
dards indicate how to implement EBM and monitor the suc-
cess of those efforts in a continuing cycle of implementation 
and measurement. The introduction of practice standards 
guides quality assessment, and their increased use is virtually 
assured given the changing health-care environment.

Human Factors Research and 
Performance Assessment
Surgeons make errors in the operating room. The causes 
of these errors and their ultimate impact on outcomes are 
an important measure of performance. Human factors are 
responsible for many errors that affect performance. Human 
factors research is concerned primarily with the performance 
of one or more persons in a task-oriented environment 
interacting with equipment, other people, or both. Struc-
tured observation of surgeons by experts in human factor 
analysis can provide performance assessment and improve  
outcomes.110 The airline industry had success in limiting 
errors by instituting human factor analysis of pilots during 
simulated flight. This industry is used as a model of success-
ful implementation of error avoidance behavior and pro-
cess improvement.111 Several authors report application of 
these same principles of human factors analysis to pediatric  
cardiac operations with some success.112,113 They employed 
self-assessment questionnaires and human factors researchers 
who observed behavior in the operating room, an approach 
similar to the quality improvement steps used in the airline 
industry. These studies highlight the important role of human 
factors in adverse surgical outcomes. More importantly, they 
found that appropriate behavioral responses in the operating 
room can mitigate potentially harmful events during opera-
tion. Such studies emphasize that human factors are associated 
with outcomes, both good and bad. Behavior modification 
and process improvement that involves human factor analysis 
hold promise for error reduction in cardiac surgery.

Public Reporting and Provider 
Accountability
Today there is an unprecedented call for accountability and 
public reporting. That call comes from consumer groups and 
insurers as it has in the past, but today it is coming from gov-
ernmental organizations including the US Congress as well. 
There is now federal legislative force mandating the collection 
and the release of this information. The Centers for Medicare 
and Medicaid Services (CMS), for example, made it quite 
clear  that  their  upcoming  “pay  for  performance”  programs 
will include mandated public reporting of data.

The World Wide Web provides ready access to a wide vari-
ety of medical facts, particularly concerning cardiothoracic 
surgery. Simple Internet searches provide the public with lit-
erature reviews of cardiac procedures, the results of random-
ized trials, new innovations, and surgeon and hospital-specific 

outcomes. This ready public access will undoubtedly increase. 
There is limited external scrutiny or validation of many of 
the information sources. Most information available on these 
sites is accepted at face value by the public and quality control 
of the information sources is limited to self-imposed efforts 
on the part of the website authors. The Agency for Health-
care Research and Quality (AHRQ) attempted to empower the 
public to critically evaluate the various web-based sources of 
health-care information in order to limit the spread of mis-
information. The success of the AHRQ efforts is uncertain 
but becomes extremely critical as the amount of health-care 
information available on the web skyrockets.

The goal of public reporting of performance is to empower 
consumers to seek optimal care and to modify provider prac-
tices to improve outcomes. The ability of public reporting 
of performance to accomplish these goals is uncertain. Evi-
dence suggests that public reporting does not accomplish any 
of these stated goals. A Cochrane Review found that public 
release of performance data neither changes consumer behav-
ior nor improves care.99 Despite shortcomings associated 
with web-based public information sources, the national cry 
for public reporting continues unabated. Recognizing the 
inevitability of this national movement, the STS initiated 
a project  to develop a public reporting format that contains 
clinical data that is meaningful, audited, totally transparent 
and clinically relevant both for physicians and for the public. 
In collaboration with Consumers Union, the STS began pub-
lishing the composite CABG performance measures for those 
program participants that agreed to do so.114,115 This infor-
mation appeared in Consumer’s Report and was one of the 
most widely read issues of this magazine ever (http://www. 
consumerreports.org/cro/2011/08/looking-for-a-heart-
surgeon/index.htm). There is obvious public interest in infor-
mation transparency about cardiac operations. The uncertainty 
is how, or if, the public changes behavior in response to this 
publically available information. This type of partnership 
may well become the paradigm for other professional orga-
nizations as they manage public reporting. Public reporting 
of cardiac surgical outcomes provides transparency and has 
public appeal.

Information Management: Electronic 
Medical Records
Medical records are an invaluable source of information 
about patient risk factors and outcomes. Inevitably com-
puter applications are applied to medical records. Pilot stud-
ies assessed the importance of computerized medical records in 
a  variety  of  clinical  situations. Perhaps  the most  important 
example of successful implementation of computerized medi-
cal records lies within the Veterans Health Affairs (VHA) med-
ical system in the United States.116 Over a 20 year period the 
VHA  system of hospitals  completed  a dramatic  conversion 
from problematic, fragmented care to a nationally recognized 
health-care delivery system.116 This transformation was aided, 
if not completely caused by, the implementation of a costly 
but highly successful computerized medical record system. 
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Iezzoni pointed out the difficulties with computerized medi-
cal records and suggests that they may not adequately reflect 
the importance of chronic disability while at the same time 
prolonging the time that physicians spend documenting care 
into the computer system.117 Yet the advantages of reduced 
medical errors, improved efficiency, and expanded access 
to  medical  information  all  overshadow  most  objections  to 
implementation of an electronic information system.

Legislation passed by Congress allocates health-care 
reforms that include an investment of $50 billion to promote 
health information technology.118 Further, in its economic 
recovery package, the Obama administration will spend $19 
billion to accelerate the use of computerized medical records 
in  doctors’  offices  (http://www.nytimes.com/2009/03/01/
business/01unbox.html). Medical experts agree that elec-
tronic patient records, when used wisely, can help curb 
costs  and  improve  care.  Pending  legislation  indicates  that  
physicians  will  be  paid  a  bonus  only  for  the  “meaningful 
use” of digital records, although the government has not yet 
defined that term precisely. The new legislation also calls for 
creation  of  “regional  health  I.T.  extension  centers”  to  help 
doctors in small office practices use electronic records. It is 
apparent that the need for data about large groups of patients 
exists, especially for managed care and capitation initiatives. 
It is reasonable to expect that efforts to computerize medi-
cal records will expand. Applications of electronic medical 
records that may be available in the future for cardiotho-
racic surgeons include monitoring of patient outcomes, sup-
porting clinical decision making, and real-time tracking of 
resource utilization.

Computer applications were applied to the electronic 
medical record in hopes of minimizing physician errors in 
ordering. Computerized physician order entry (CPOE) is one 
of these applications that monitors and offers suggestions 
when physicians’ orders do not meet a predesigned computer 
algorithm. CPOE is viewed as a quality indicator and private 
employer-based  organizations  used  the  presence  of  CPOE 
to judge whether hospitals should be part of their preferred 
network (http://www.leapfroggroup.org/). One of these pri-
vate groups is the Leapfrog Group and an initial survey by this 
Group in 2001 found that only 3.3% of responding hospitals 
currently had CPOE systems in place (http://www.ctsnet.org/
reuters/reutersarticle.cfm?article=19325). In New York State, 
several large corporations and health-care insurers agreed to 
pay hospitals that meet the CPOE standards a bonus on all 
health-care billings submitted. Other computer-based safety 
initiatives that involve the electronic medical record are likely 
to surface in the future. The impact of these innovations on 
the quality of health care is untested and any benefit remains 
to be proven.

The success of information technology used to reduce 
medical errors is mixed. Innovations that employ monitoring 
of electronic medical records may reduce errors.119 However, 
with  the  increasing  implementation  of  commercial  CPOE 
systems in various settings of care, evidence suggests that 
some implementation approaches may not achieve previ-
ously published results or may actually cause new errors or 

even harm.120 Much work needs to be done before computer-
aided methods lead to medical error reduction but the future 
will see more efforts of this type made. The increasing role 
of CPOE systems in health care invites much more scrutiny 
about the effectiveness of these systems in actual practice.
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Of the many developments in cardiothoracic surgery, the 
introduction of a broad spectrum of simulation techniques 
for education and training of students and residents as well 
as ongoing faculty training are among the most exciting and 
critical for the continued advancement of the specialty. There 
are increasing demands for safety during training, for training 
to be more effective and efficient, and have minimal impact 
on the process of patient care. The productivity of training 
for physicians has advanced in many ways; simulation is one 
approach to teaching that offers solutions to challenges in 
training in general and especially in cardiac surgery. In this 
chapter, we describe a spectrum of simulation technologies 
and techniques that are being applied to address these chal-
lenges. We also address approaches to using simulation to its 
greatest effect and speculate about future technologies and 
applications and how they will be integrated into education 
at all levels of experience.

BACKGROUND
Simulation has been described as a “technique, not a technol-
ogy, to replace or guide real experiences with guided experi-
ences that evoke or replicate substantial aspects of the real 
world in a fully interactive manner.”1 The roots of simulation 
in medicine can be traced back for centuries. More recent 
applications in the 1960s and 1970s for training in specific 
tasks include the Sim One for teaching in anesthesia resi-
dency, Resusci Anne for training in cardiac life support, and 
Harvey for teaching about cardiology to medical students.2 
The more modern era of simulation began in earnest in the 
late 1980s with the development of more realistic manne-
quins for teaching basic skills and management of crises in 
anesthesia. Surgeons have long used various forms of simu-
lation, from tying knots on paperclips placed in clay to 
cadavers and animals. The first use of a model simulator was 
introduced by Howard in 1868 in which a mannequin was 
created to teach hernia repair.3 But, more technology-based 
forms of task trainers for various surgical and procedural skills 
appeared beginning in the late 1980s.2

For many reasons, the use of simulation is growing in 
all of healthcare, and specifically in cardiac surgery. Ziv and 
colleagues described the adoption of simulation in surgi-
cal training as an ethical imperative noting patient safety 
as their cause.4 With patients having increased acuity, prac-
ticing outside of the operating room is critical for master-
ing tasks to quickly develop critical skills without exposing 
patients to increased risk. Practice via simulation has been 
shown to increase speed for completion of coronary anasto-
mosis5 as well as increase speed and accuracy of mitral valve 
annuloplasty.6 Through deliberate practice (rehearsing a task 
or behavior repeatedly), simulation provides the ability to 
advance the mastery of some skills more quickly, reducing 
operating time related to training. Simulation is also the 
preferred modality to improve teamwork and communica-
tion and to practice emergencies not frequently seen during 
training. It enables surgeons and teams to work out complex 
problems in a nonthreatening setting and apply the lessons to 
urgent and emergent situations.

Surgical simulation may provide an important modality 
for measuring proficiency for certification, recertification, or 
for judging appropriateness of clinical advancement within a 
training program. For example, a particular task such as anas-
tomosis of one small vessel to another has many components 
that can be evaluated for simple tasks such as instrument use, 
suture handling, and tissue handling. The same tasks can be 
integrated into a more complex scenario on a higher fidelity 
simulator; for example, rather than sewing a simple anasto-
mosis, anastomoses may be incorporated into a beating-heart 
coronary artery bypass graft (CABG) on the simulator. Graft 
measurement, appropriateness of anastamotic site, vessel 
opening, and preparation can be evaluated. In addition, these 
tasks can be incorporated into the entire bypass procedure for 
more advanced learning as training progresses.

Simulation education has gained significant traction in 
cardiac anesthesia training as well. Bruppacher and colleagues 
performed a randomized controlled trial in which anesthe-
sia residents were randomized to simulation training and no 
simulation training for cardiopulmonary bypass weaning.7 
The residents were evaluated using an internally validated 
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scoring system administered by blinded attending anesthe-
siologists before and after simulation training. The residents 
who underwent two hours of simulation training improved 
significantly more than the residents who underwent two 
hours of didactic instruction.

The most exciting advancement in cardiac surgical simu-
lation training occurred in 2005 when Ramphal created a 
relatively high realism porcine beating-heart model to address 
the shortage of cardiac surgery cases being afforded to resi-
dents in training in Jamaica8 (Figs. 8-1 and 8-2). The sim-
ulator was adapted by a leadership group in cardiothoracic 
surgery in the United States and incorporated into focused 
programs to advance simulation-based learning. The Thoracic 
Surgery Foundation for Research and Education’s (TSFRE) 
annual Boot Camp conference and “Senior Tour” are spon-
sored by the Thoracic Surgery Directors’ Association and the 
American Board of Thoracic Surgery and the Joint Counsel 
on Thoracic Surgical Education (JTSE).9 The three-day, well-
orchestrated simulation curriculum has been conducted since 

2008 and provides focused learning for first-year cardiotho-
racic residents with feedback and standardized evaluations. 
Standardized evaluation of first-year residents participat-
ing in the “Boot Camp” consistently show improvement in 
time to complete basic cardiothoracic techniques as well as 
accuracy.10,11

Creating a successful cardiac simulation program requires 
understanding and application of the principles of adult 
learning. In 1993, Reznick12,13 described the process of adults 
learning surgery and the relationship between the trainee 
and expert instructor. He referenced key educational litera-
ture describing Kopta’s three stages of adult learning, per-
ception, integration, and automatation14 as well as Collins’ 
framework for the apprenticeship model characterizing the 
roles the teacher plays as the student progresses from novice 
to expert.15 Those principles are applied to how we approach 
simulation-based training in all aspects. We next present 
the current state of how this is done for training in basic 
skills, what specific procedures currently can be simulated, 
and what existing simulators are available for cardiac and  
thoracic surgery.

BASIC SKILLS TRAINING
For cardiothoracic surgery, simulation training begins with 
teaching of component tasks, starting at the most basic 
level and combining those into multiple tasks and then full 
procedures. A consortium of six hospitals (Massachusetts  
General Hospital, University of North Carolina Chapel Hill, 
Johns Hopkins, University of Rochester, Stanford Univer-
sity, Vanderbilt University, and University of Washington) 
developed a 7-week syllabus, broken down into multiple 
key concepts and procedures consisting of cardiopulmonary 
bypass (Fig. 8-3), CABG (Figs. 8-4 to 8-7), valve replacement  
(Figs. 8-8 to 8-10), air embolism, and acute intraoperative 
aortic dissection (Fig. 8-11). First, fundamentals of cardiopul-
monary bypass are taught step by step, including cannulation 
of the aorta, right atrium, and cardioplegia perfusion with 
repetitive practice on a perfused porcine heart. Concomitant 

FIGURE 8-1 Porcine heart in Ramphal Simulator.

FIGURE 8-2 Anesthesia monitor during simulation with the 
Ramphal Simulator.

FIGURE 8-3 Porcine heart in the Ramphal Simulator cannulated 
for cardiopulmonary bypass.
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 Chapter 8 Simulation in Cardiac Surgery 209

FIGURE 8-4 Synthetic artery and vein grafts for coronary artery 
bypass simulation.

FIGURE 8-5 Synthetic graft anastomosis to synthetic aorta to  
simulate the proximal anastomosis of coronary artery bypass graft.

FIGURE 8-6 Chamberlain Group synthetic internal thoracic artery 
for use in coronary artery bypass graft simulation.

FIGURE 8-7 “Dry” porcine heart with synthetic grafts simulating 
didstal anastomosis for CABG.

FIGURE 8-8 Mitral valve repair on Chamberlain Group synthetic 
mitral valve model.

FIGURE 8-9 “Dry” porcine heart simulation of mechanical aortic 
valve repair.
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210 Part I Fundamentals

FIGURE 8-10 Simulation of mechanical aortic valve repair on 
Ramphal beating heart simulator.

FIGURE 8-11 Aortic anastomosis on “dry” porcine model.

with learning the technical aspects of these tasks is a memo-
rization and understanding of the concept of initiating and 
weaning from cardiopulmonary bypass. The component tasks 
are then combined with the knowledge base on a higher fidel-
ity model after practicing on the dry porcine heart. The stu-
dent then integrates these steps using a beating-heart model to 
fully cannulate, institute bypass, arrest the heart, wean from 
bypass, and decannulate. The trainee is assessed in a standard-
ized fashion by the expert instructor. The same process of 
moving from simpler tasks with low-fidelity models to more 
sophisticated and integrated tasks on higher fidelity simula-
tors is conducted for the five components of the curriculum.

Deliberate practice prepares trainees to apply the basic 
principles of cardiac surgery to more complicated group-
ings of tasks. In the CABG component of the curriculum, 
the resident performs large and small vessel anastomoses, first 
on a component simulator and later on a porcine heart. The 

trainee will later combine the steps to perform a full coronary 
bypass operation on the beating-heart simulator. This process 
is repeated with the basics of aortic valve surgery. That train-
ing begins by teaching the resident about the anatomy of the 
aortic valve and root and exposing it in the anatomic dis-
section on the porcine heart. The resident will next practice 
excising the valve, placing sutures in the annulus repetitively, 
ultimately seating and tying in all different types of valves 
until they become proficient. Once this task is mastered, it 
is incorporated with the previously mastered bypass skills 
to perform an aortic valve replacement on the beating-heart 
simulator.

In a similar fashion, mitral valve surgery can be learned. 
After these basic techniques have been practiced repeatedly, 
more advanced teaching that incorporates team training and 
dealing with emergencies can be simulated.

The training via simulation can include creating a plan, 
implementing that plan with the team in a dry model, and 
then carrying it out on the beating heart simulator. As noted 
above, specific emergencies that have been vetted on a simu-
lator include managing aortic dissection at the cannulation 
site, managing massive air embolism and problems that can 
occur when weaning off cardiopulmonary bypass, for exam-
ple, right heart failure, kinked or twisted grafts that can be 
too long or too short, leaks around the valve, and aortic root 
dissection. Simulation training is reaching beyond OR-based 
procedures to bedside invasive resuscitation and surgery.

In cardiac surgery, research has demonstrated that a model 
neck-cannulation trainer can improve trainee’s ability to can-
nulate the neck vessels for extracorporeal membranous oxy-
genation (ECMO) resuscitation.16 Chan and colleagues used 
a similar model but included a full pediatric intensive care 
unit (PICU) team in their ECMO training and evaluation.17 
These were not evaluated by assessing participants’ skills dur-
ing the cannulation of a live patient, however. Simulation 
is also being used to train perfusionists. Morris and Pybus 
describe a simulated (Orpheus) perfusion machine that can 
be used for training in the operating room or in a simulation 
center.18 Lansdowne and colleagues describe using the same 
simulator for training perfusionists and respiratory therapists 
on ECMO management.19 A new, exciting, and different 
use of simulation is 3-D printing for operative planning.20-22 
Valverde and colleagues used magnetic resonance imaging 
(MRI) and angiography to design a 3-D-printed model to 
plan endovascular stenting of an aortic arch coarctation in 
a 15-year-old boy.23 Costello and colleagues even used 3-D 
printing as an educational model to train residents on ven-
tricular septal defect (VSD) repair.24

Trainees can also be led to assimilate hemodynamic infor-
mation and practice communication skills with other person-
nel, including anesthesiologists, perfusionists, and nurses. 
While basic skills can be taught in a laboratory setting, team-
work skills can be taught in a high-realism operating room 
setting. This multimodal approach, with the gradation from 
low technology to high fidelity makes a rich environment not 
only for teaching but also for performance evaluation (see 
below).
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 Chapter 8 Simulation in Cardiac Surgery 211

FIGURE 8-12 Disposable Wet Lab station. (Used with permission 
from Wetlab Ltd.)

SIMULATORS
In order to accomplish the teaching goals discussed above, 
many simulators have been developed over the years. These 
include full mannequin simulators, part task trainers, and 
virtual reality systems.25 These are used in various forms to 
meet the specific training objectives. For training on specific 
cardiac surgical tasks, various forms of models of the heart 
and blood vessels have been developed. Virtual reality simula-
tors generally are most useful for laparoscopic procedures. In 
cardiac surgery, mannequin simulators are mostly used as part 
of an overall cardiac surgical operating room environment, 
especially for team training and can also be used for practice 
of an entirely new procedure.

For training in cardiac surgical procedures, part task train-
ers have been developed to enable practice on a range of tasks 
from the most simple and to some more complex. Some of 
the most realistic cardiac surgery simulation tools have come 
from the Chamberlain group [Great Barrington Massachusetts] 
(Figs. 8-4, 8-6, and 8-8). Limbs and Things [Savannah 
Georgia] and the Wet Lab facility in the United Kingdom 
(Fig. 8-12) have all been instrumental in providing synthetic 
and tissue-based simulators. Despite the simulators that are 
available, many tasks that are required in cardiac surgery do 
not fit into a typical commercial simulation product. As a 
result, porcine hearts have become the mainstay for teach-
ing cannulation and many of the other elements of cardiac  
surgery such as CABG and valve replacement and repair men-
tioned above. As shown in the accompanying figures, much 
work has been done to develop perfused pig heart models 
to more realistically simulate the cannulation scenarios  
(Figs. 8-1, 8-3, and 8-10).

There is now a 25-year history of using simulation for 
training in communication and other teamwork skills.2,26 
Generally, this has involved the use of full-body, mannequin 
simulators of varying degrees of realism and fidelity. The early 
work of Gaba and colleagues has been widely disseminated 
and such mannequin simulators are used in thousands of 

centers around the world. The mannequins typically have 
the features that are needed to simulate many of the char-
acteristics of patient physiology during surgical procedures, 
for example, audio of a beating heart, respiration, pulses, 
blinking eyes, and constricting pupils. Placed in a realistic 
operating room setting, complete with all surgical, anesthe-
sia, nursing, and other paraphernalia, the mannequins enable 
creation of a setting that is realistic enough to engage teams of 
operating room professionals into scenarios that mimic many 
types of critical events that occur during surgical procedures 
(Fig. 8-13). The mannequins can be enhanced by incorpora-
tion of cardiac surgical anatomy and bypass, allowing simula-
tion of an entire procedure and are especially useful for team 
training and practice for emergencies (see section below)  
(Fig. 8-14).

SIMULATION AND TEAMWORK 
TRAINING IN CARDIAC SURGERY
The importance of teamwork to patient safety and efficiency 
is now well recognized in healthcare.27 It has been more than 
two decades since anesthesiologist David Gaba and colleagues 
brought Crew Resource Management principles from avia-
tion to healthcare and developed a training program he called 
Anesthesia Crisis Resource Management (ACRM) to teach 
anesthesiologists to handle critical events in the OR.26,28 
ACRM recognizes that anesthesiology has many similarities 
to aviation. The environment of the OR, including all of 
the professionals who work there, is complex and dynamic 
requiring effective coordination of skills and resources for safe 
patient care. Similar to aviation, a majority of incidents and 
accidents in anesthesia involved some level of human error 
despite technical expertise.28 There is similar evidence that 
the same is true for surgery in general and cardiac surgery in 
particular.29,30

The patient safety movement is giving increasing attention 
to improving team performance in delivery of care. Health-
care professionals from different disciplines and professions 
must coordinate their activities to make patient care safe 
and efficient. Those working in a healthcare team, includ-
ing in cardiac surgery, typically have diverse educational 
backgrounds and have different experience and perspectives; 
and they are rarely trained together. Simon and colleagues 
were the first to demonstrate that formal teamwork training 
can lead to improvement in staff attitudes toward teamwork, 
quality of teamwork, and a significant reduction in observed 
clinical errors in teamwork-trained emergency departments.31 
Despite recognition of the importance of teamwork and exis-
tence of teamwork programs, there does not yet seem to be 
deep penetration or routine training for healthcare profes-
sional teams. Interprofessional training in general is lacking 
in healthcare.32

The complexity of medical care is a challenge to the effec-
tive communication and teamwork essential for the delivery 
of high quality and safe patient care. Poor communication 
and poor teamwork have been shown to be one of the major 
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212 Part I Fundamentals

FIGURE 8-13 Simulated operating room viewed from control room.

FIGURE 8-14 Simulated cardiac surgical field.

contributors to adverse events.33 Communication failures 
are the leading cause of inadvertent patient harm. Teamwork 
failures in the operating room have been linked to a higher 
risk of complications and death.33 The clinicians providing 
care had very different views of what was expected to hap-
pen; they did not share the same mental model and often did 
not have an environment to speak up when there were safety 
concerns. Even the most skilled, experienced, and highly 
motivated clinicians have performance limitations and will 
make mistakes. Effective communication can help prevent 
these mistakes from becoming consequential and harming 
patients.34

The practice of surgery is an area of major risk for mal-
practice insurers. Root-cause analysis of claims from the 
Harvard-affiliated malpractice insurer Controlled Risk 

Insurance Company, Risk Management Foundation 
(CRICO/RMF) and other major insurers show that errors 
in surgical care most commonly occurred in the operating 
room. Communication breakdowns were the second most 
common factors identified in contributing to error, after 
technical performance.35

A growing body of evidence links teamwork in surgery 
to improved outcomes.36 Elements of the Surgical Safety 
Checklist can be used as an actual briefing to enhance team-
work. Voicing one’s name, role, and concerns not only gets 
the entire team on the same page but makes the environ-
ment more open for any team member to speak up through-
out the case. This struggle over speaking up in a clinical 
domain is consistent with research in the organizational 
behavior domain.37 Interviews with employees have shown 
that they perceived risks of speaking up to be personal and 
immediate, whereas they were uncertain of the benefit of 
sharing their ideas. There was a powerful protective instinct 
that inhibited speech; employees played it safe by keeping 
quiet.38 People have difficulty in speaking up across a hier-
archical gradient; such gradients exist in the operating room 
environment.

Communication breakdowns and lapses in teamwork 
are a leading cause of errors in the operating room result-
ing in preventable patient harm, second only to technical 
errors. Analyses from closed claims from both the American  
Society of Anesthesiologists and the American College of  
Surgeons found poor communication both inside and outside 
the operating room to be a significant cause of preventable 
adverse events. Technical errors were significantly more likely 
to be deemed preventable if they were also accompanied by 
communication failures.39,40 Studies have supported the con-
cept that interventions designed to improve teamwork and 
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aPersonal communication, William Berry, MD.

communication may have beneficial effects on technical per-
formance and patient outcome.41

Risk management data for CRICO/RMF has shown 
that the anesthesiologists’ already good malpractice profile 
improved, since the anesthesia staff began participating in 
Anesthesia Crisis Resource Management training.42 Encour-
aged by their success, CRICO/RMF promoted simulation-
based team training as a risk control strategy for obstetrical 
providers. CRICO/RMF later concluded that formal train-
ing in communication and teamwork for obstetric clini-
cians could ultimately mitigate or prevent adverse perinatal 
events. An interprofessional simulation-based team-training 
course for obstetric clinicians was systematically designed as 
advocated by Salas and Cannon-Bowers and modeled after 
the successful ACRM training. Risk management data from 
CRICO/RMF has shown that the number of claims has 
been trending down in the Harvard-affiliated institutions’ 
obstetric departments since their faculty obstetricians and 
midwives have participated in this course. As a result of this 
trend, CRICO continues to offer a significant reduction in 
malpractice insurance premiums to obstetricians and certi-
fied nurse midwives who participate in this training.43,44

Arriaga and colleagues note that there is a growing call 
for simulation team training programs with the entire operat-
ing room teams on a large scale.45 They described a standard-
ized multicenter high-fidelity simulation-based team-training 
pilot program. This program was developed with the inter-
professional make-up of the team in mind, ensuring that it 
was clinically relevant to all of the participants. Simulation 
scenarios that had been used effectively to train anesthesiolo-
gists were adapted to include tasks for the surgeons, nurses, 
and other professions on the operating room team. Surgical 
props and models were used to keep the surgeons engaged 
(Fig. 8-14). Ninety-two percent of participants found the sce-
narios to be realistic, appropriately challenging, and clinically 
relevant toward providing safer care.45 Debriefing of the cases 
was done by faculty who received training in giving feedback 
in a direct, clear, and respectful way that was supportive and 
consistent with “debriefing with good judgment.”46 They 
found that, despite the simulated crises with chaotic operative 
environments, more than 96% of participants were comfort-
able being open and honest with each other in the debriefing. 
Surgeons commented on the value of improving their com-
munication skills and anesthesiologists and nurses on their 
desire to improve assertiveness. The vast majority of partici-
pants believed the course had a meaningful impact on their 
approach to clinical practice.

Cardiac surgery is a particularly stressful and intense envi-
ronment which requires effective teamwork and communica-
tion for resolution of acute events and prevention of adverse 
outcomes. Cardiac surgery operating room teams are gener-
ally large interprofessional teams with established hierarchy 
and requiring seamless coordination. The procedures can be 
technically challenging and emergencies are common. There 
can be many challenges with complex bypass equipment, 
multiple drug infusions, and lack of standardization allow-
ing for individual surgeon’s preferences for equipment and 

cardioplegia. Communication is even more essential with 
complicated patients and the interruption of continuity of 
care with work hour limitations.

Stevens and colleagues sought to provide a compre-
hensive program to sharpen performance of experienced 
cardiac surgical teams in acute crisis management.47 They 
developed and implemented a program of simulation-based 
training with high enough realism, including a bypass simu-
lator, to engage an entire cardiac surgery team, including 
surgeon, anesthesiologist, nurses, perfusionists, and physi-
cian assistants. Realistic simulated scenarios engaged the 
team in critical events that elicited teamwork skills, includ-
ing effective leadership of event management and specific 
communication skills. As is always done in such training, 
the simulated cases were each followed by a debriefing by 
trained facilitators. Critical elements of information shar-
ing in the cardiac surgical environment were identified and 
ways to optimize their interpersonal communication and 
team response were discussed. The program also included 
an interactive, four-hour workshop for the entire hospital 
cardiac surgical service.47

Based on perceptions of the participants, this program was 
judged to have positive impact within the cardiac surgical 
service. Focus group participants noted feeling that patient 
care had improved as a result of this training. The surgeons 
interviewed reported that they were conducting briefings 
and other participants described desirable teamwork behav-
ior changes prompted by the program. Eighty-two percent 
of participants recommended repeat simulation training 
every 6 to 12 months. The interactive workshop partici-
pants identified speaking up about critical information and 
interprofessional information-sharing as the areas of highest  
priority.

Involving the full operating room team in teamwork 
training has presented challenges including logistical and 
financial barriers. While simulations for operating room pro-
fessionals have been conducted for many years, the inclusion 
of practicing surgeons appears still to be rare. Where OR 
teamwork training is conducted, the role of the surgeon is 
often played by a member of the team who is of a different 
profession. Indeed, the use of simulation-based training for 
surgery to date has been on acquisition of technical skills 
for surgeons. Less importance is given to the nontechnical 
skills of communication, leadership, and teamwork. Despite 
these challenges and small sample size of studies that include 
attending surgeons, the results suggest a significant posi-
tive impact on team performance.48 As a result of the per-
ceived success of surgical teamwork training pilot programs, 
CRICO/RMF expanded its malpractice insurance premium 
incentive program to include surgeons in high-risk special-
ties. Cardiac and other surgeons participating once every 
two years in a six-hour simulation-based training with a full 
operating room team qualify for a ten percent lower annual 
premium.a
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214 Part I Fundamentals

SIMULATION AS AN EVALUATION 
TOOL
While simulation has predominantly been used in cardiac 
surgery as a method for training cardiothoracic surgical res-
idents, simulation also holds the potential to be used as a 
standardized evaluation tool. This would provide objective 
criteria for certifying trainees as possessing the competence 
required to operate independently. In 1997, Martin and  
colleagues validated the Objective Structured Assessment 
of Technical Skills for general surgery skills.49 In 2013,  
de Montbrun and colleagues validated a similar tool to assess 
technical competence for colorectal surgical skills.50 Meth-
ods for using simulators to assess task-specific competency 
for coronary anastomoses, mitral valve surgery, and perfusion 
management are currently being developed and tested5,6,51  
(Tables 8-1 and 8-2). In 2013, Lee et al. evaluated the Joint 
Council on Thoracic Surgery Education Coronary Artery 
Assessment Tool for interrater reliability.52 The JTSE tool for 
coronary anastomosis consists of 13 assessment parameters, 
which are scored on a Likert scale from 1 (poor) to 5 (out-
standing). Lee had 10 attending-level surgeons ranging from 
2 to 33 years of practice watch videos of a medical student, 
a resident, a fellow, and two attending surgeons operate on a 
low-fidelity simulator, high-fidelity simulator, and in a human 
CABG. The study reported high interrater reliability and inter-
nal consistency for this scoring system suggesting it may be 
useful for assessing trainee’s competence for coronary anasto-
mosis.52 Currently, however, no assessment tools have been val-
idated as a standard assessment tool in cardiothoracic surgery.

FUTURE DIRECTIONS
Ericsson presented evidence that achievement of expert per-
formance in challenging professional domains requires on the 
order of 10,000 hours of deliberate practice, including men-
toring via a coach.53 Modern clinical residents do not com-
plete their training with nearly 10,000 hours of operating 
time, not to mention deliberate practice time, and it is doubt-
ful they ever could. Simulation has the promise of offering 
the opportunity to acquire more deliberate practice particu-
larly in technical skills both during training and throughout 
a lifetime of surgical practice. Furthermore, because of both 
safety and efficiency demands, the modern resident should 
enter the operating room coached on basic skills prior to first 
being involved in direct patient care. Training programs are 
moving in that direction, but much more needs to be done 
before all aspects of pre-training can be accomplished, espe-
cially for challenging technical tasks and even more so for all 
of the areas of surgical care that involve judgments before and 
during an actual procedure.

This chapter has described a number of the current simu-
lation paradigms available in cardiothoracic training from 
synthetic to tissue-based, from low- to high-fidelity. However, 
we are far from a systematic curriculum utilizing these tools. 
Future training programs will need to develop a training par-
adigm where residents spend time in simulation with a coach 
prior to entering the operating room. Baker and colleagues 
suggested one possible method to design such a curriculum 
in 2012.54 Training should begin on low-fidelity simulators 
where interns and junior residents can learn basic suture 

TABLE 8-1: Components of Performance Rating Scores

1.  Graft orientation (proper orientation for toe-heel, appropriate start  
and end points)

1 2 3 4 5

2.  Bite appropriate (entry and exit points, number of punctures, even  
and consistent distance from edge)

1 2 3 4 5

3.  Spacing appropriate (even spacing, consistent distance from previous  
bite, too close vs too far)

1 2 3 4 5

4.  Use of Castroviejo needle holder (finger placement, instrument  
rotation, facility, needle placement, pronation and supination, proper  
linger and hand motion, lack of wrist motion)

1 2 3 4 5

5.  Use of forceps (facility, band mot ion, assist needle placement,  
appropriate traction on tissue)

1 2 3 4 5

6.  Needle angles (proper angle relative to tissue and needle bolder,  
consider depth of field, anticipating subsequent angles)

1 2 3 4 5

7.  Needle transfer (needle placement and preparation from stitch to  
stitch, use of instrument and band to mount needle)

1 2 3 4 5

8.  Suture management/tension (too loose vs too tight, use tension  
to assist exposure, avoid entanglement)

1 2 3 4 5

9.  Knot tying (adequate tension, facility, linger and hand follow  
for deep knots)

1 2 3 4 5

Scores: 1, excellent. Able to accomplish goal without hesitation, showing excellent progress and flow; 2, good, able to accomplish goal deliberately, with minimal hesitation, 
showing good progress and flow; 3, average, able to accomplish goal with hesitation. Discontinuous progress and flow; 4, below average, able to partially accomplish goal 
with hesitation; 5, poor, unable to accomplish goal, marked hesitation (adapted from the Objective Structured Assessment of Technical Skill3).
Reproduced with permission from Fann JI, Caffarelli AD, Georgette G, et al: Improvement in coronary anastomosis with cardiac surgery simulation, J Thorac Cardiovasc 
Surg 2008 Dec;136(6):1486-1491.
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techniques and knot tying progressing to high-fidelity simula-
tion such as the synthetic-beating heart simulator where they 
can practice aortic cannulation and coronary anastomoses.54 
We expect that competency-based training programs such 
as described by Ferguson et al. for orthopedic surgery will 
become more widely used throughout surgery and rely heav-
ily on all of the various forms of simulation.55

Simulation for team training likewise is at the early stages 
of integration into surgical practice. For all types of simu-
lation and other experiential training outside of the direct 
patient care setting, there is a substantial economic and cul-
tural barrier. The current apprenticeship form of training 
does not easily accommodate simulation since it requires 
removing the training from patient-care-related activities, 
which of course have their own value in developing expertise 
and are challenged by increasing complexity of care, the need 
for sub-specialization, and work-hour restrictions.

Another area of utility for cardiac surgical simulation 
will be for introducing new technologies into the flow of 
established operations. Opening of a new operating room 
or suite of rooms, introducing a new type of procedure or 
new technologies can benefit from conducting simulations 
before initial utilization. This has been done for numerous 
other healthcare domains, but we are not aware of a specific 
published application in cardiac surgical care.56,57

Currently, most simulator technologies have a limited rep-
ertoire of patient pathology and variations from the normal 
distribution of anatomy aberrations. And, there are few simu-
lation tools designed to develop judgment for pre- and intra-
procedure decision-making. Thus, for the advances above to 
be achieved, much more technically accurate and biologically 
diverse simulations must be developed. The increasing use of 
3-D printing of patient-specific, anatomically correct organ 
and body area by combining 3-D imaging and using 3-D 
printing to build a simulated surgical site is also likely to gain 

more widespread use and will further enable optimization of 
surgical approach, practice in performing a complex, atypical 
procedure and team training required to do that safely and 
efficiently.

We expect that simulation in all its various forms will 
be increasingly applied in cardiac surgery as the technology 
advances and as innovation responds to the demands for 
greater safety and process efficiency.
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Cardiovascular care is the diagnosis, treatment, and preven-
tion of cardiovascular disease. Cardiovascular disease includes 
pathology of the heart and the peripheral vasculature. It 
remains the number one killer in the United States. The 2010 
overall rate of death attributable to cardiovascular disease was 
235.5 per 100,000. On the basis of this death rate, more than 
2150 Americans die of cardiovascular disease each day, which 
corresponds to 1 death every 40 seconds. However, the death 
rate attributable to cardiovascular disease has declined by 
31% from 2000 to 2010.1 The reasons for this include prog-
ress in preventive medicine as well as better treatment of risk 
markers like hypertension and hyperlipidemia, timely appli-
cation of reperfusion therapy for acute myocardial infarction 
and better access to cardiovascular operations and procedures. 
This has correlated with a dramatic increase in the volume of 
cardiovascular care. For example, there were approximately 
6,000,000 inpatient cardiovascular operations and proce-
dures in 2000, which increased by 25% to approximately 
7,500,000 inpatient cardiovascular operations and proce-
dures in 2010.1 As a result of these trends, cardiovascular care 
comes at a larger cost to society. The total direct and indirect 
costs of cardiovascular disease and stroke in the United States 
in 2010 were estimated at $315.4 billion.1

EVOLUTION OF CARDIOVASCULAR 
SUBSPECIALTIES
Cardiovascular care is provided by a number of different 
cardiovascular subspecialties. This includes cardiac sur-
geons, cardiovascular physicians, interventional cardiologists, 
interventional and noninterventional radiologists, vascular  
surgeons, cardiovascular anesthesiologists, critical care special-
ists, and primary care physicians. Each of these subspecialties 
has evolved from very different historical roots. For example, 
cardiac surgery emerged from general surgery during the  
Second World War, when Dwight Harken successfully removed 
foreign bodies in and around the heart of some 130 injured 
soldiers.2 In contrast, interventional cardiology emerged from 
radiology when Dr. Charles Dotter performed the first-ever 

angioplasty procedure in a leg artery at the Oregon Health 
and Science University in Oregon3 and, building on his work, 
Dr. Andreas Gruentzig performed the first balloon angioplasty 
procedure on a coronary artery.4 Similarly, each of the other 
subspecialties that contribute to cardiovascular care has evolved 
from distinct historical roots. As a result of these different 
historic roots, providers of cardiovascular care were originally 
organized in separate medical school departments according to 
the patient populations that their disciples historically served 
and the instruments that were historically used in their clinical 
practice.

EVOLUTION OF CARDIOVASCULAR 
CENTERS
The departments of early medical schools were initially formed 
by individual professors and their assistants. Subsequent 
expansion of the departments increased their organizational 
complexity but they continued to operate as separate units 
under the leadership of autonomous chairmen.5 Advances 
in medical research in the twentieth century resulted in the 
emergence of departmental subspecialists who predomi-
nantly treated one specific organ. Consequently, many medi-
cal school departments established divisions that focused 
on particular organ systems.5 As the divisions became ever 
more specialized, the clinical interests of individual divi-
sions of separate departments began to overlap more with 
each other than with the rest of their respective departments. 
In particular, the emergence of cardiac surgery as a subspe-
cialty resulted in a symbiotic relationship between cardiac 
surgeons and cardiologists.5 Moreover, cardiac surgeons and 
cardiologists increasingly relied on specialized cardiovascular 
radiologists and cardiovascular anesthesiologists. Over time, 
these relationships between the cardiovascular subspeciali-
ties evolved into formal associations and eventually dedicated  
cardiovascular centers were formed. These cardiovascular cen-
ters allowed physicians of different subspecialties to cooperate 
at an unprecedented level to optimally orchestrate the cardio-
vascular care of their patients.

The Integrated 
Cardiovascular Center
T. Konrad Rajab • Lawrence Lee • Vakhtang Tchantchaleishvili  
• Mandeep R. Mehra • John G. Byrne 
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218 Part I Fundamentals

ADVANTAGES OF PROVIDING 
CARDIOVASCULAR CARE IN 
CARDIOVASCULAR CENTERS
Cardiovascular centers that integrate multiple cardiovascular 
subspecialties provide a number of important advantages. 
Firstly, integrated cardiovascular centers improve the clinical 
care for patients. For example, clinical care is improved by 
increasing patient volume. The relationship between patient 
volume and quality of care has been demonstrated in many 
areas of cardiovascular care. For example, a large body of evi-
dence shows that increasing procedural volumes in cardiac 
surgery results in improved quality with decreased complica-
tion rates. Moreover, there is evidence that increased surgeon 
volume results in improved quality of care.6 Therefore profes-
sional organizations have recommended that cardiac surgery 
programs performing fewer than 125 coronary artery bypass 
graft (CABG) procedures annually consider affiliation with 
high-volume tertiary centers.7 A similar relationship between 
volume and quality of care exist in interventional cardiology. 
Among hospitals in the United States that have full interven-
tional capabilities, a higher volume of angioplasty procedures 
was found to be associated with a lower mortality rate among 
patients undergoing primary angioplasty.8 On the basis of 
this and other studies, professional organizations recom-
mended that patients with ST elevation myocardial infarc-
tion undergo primary angioplasty by cardiac catheterization  
laboratories performing at least 36 primary angioplasties as 
well as at least 200 total angioplasties per year.9 Integrated 
cardiovascular centers are ideally suited to deliver such high 
procedural numbers by concentrating cardiovascular care in 
dedicated centers, attracting referrals, co-marketing, and by 
sharing patients among the physicians. Higher quality of 
care can also be delivered by building up specialized expertise 
within narrow boundaries, multidisciplinary management of 
patients, and co-locating services. Finally, a substantial clinical 
research effort facilitates participation in multicenter trials that 
give patients access to the latest clinical treatment modalities.

Secondly, integrated cardiovascular centers improve the 
efficiency of patient flow pathways. This allows coordination 
of hospital visits to minimize intrusion in the patients’ lives. 
For example, preoperative tests such as echocardiography,  
cardiac catheterization, and evaluation by cardiac anesthe-
sia can occur on the least number of visits possible. Besides 
enhancing the patients’ satisfaction with their care, the cost of 
cardiovascular care to society is reduced by minimizing time 
off work and allowing patients to participate in other activities.

Finally, integrated cardiovascular centers provide improved 
efficiency in practice management and reduced expenses. For 
example, an audit of the merger of a five-physician vascu-
lar surgery group, its noninvasive laboratory, and a three- 
physician interventional radiology group showed that inte-
grating these cardiovascular subspecialties into a single cen-
ter resulted in increased efficiencies that allowed the total 
expenses of the merged group to fall by 13% compared with 
the 12-month period that immediately preceded the merger.10

THE INTEGRATED CARDIOVASCULAR 
CENTER OF THE FUTURE
In the future, the advantages provided by cardiovascular 
centers will be maximized by full integration at the level of 
clinical care, education, and research. Integration of clinical 
care will result in multidisciplinary management at all levels 
of patient care. This will include multidisciplinary outpa-
tient clinics, conferences, in-patient rounds, and procedures. 
For example, outpatient clinics for cardiac surgery, cardiol-
ogy, and preoperative cardiovascular anesthesia will ideally 
be located in the same physical space and coordinated at 
the same time. One model could involve clinicians sharing 
a centralized physician work-space and patients being seen 
in designated clinic cubicles. This means that patients could 
be seen by physicians from different subspecialties without 
having to leave their designated cubicle. Physicians could see 
their patients together with other providers from different 
subspecialties at the same time, or sequentially based on the 
complexity and needs of individual patients. In practice, this 
may involve taking a joined preoperative history and physi-
cal examination by anesthesia and cardiac surgery mid-level 
providers. Cardiologists and cardiac surgeons could engage in 
a joined discussion with patients regarding the risks and ben-
efits of the multimodality treatment options, which might 
include medical management, interventional management, 
or surgery. Finally, an integrated electronic medical record 
would minimize redundancy and increase efficiency.

Similarly, interpretation of cardiovascular studies by  
cardiologists and radiologists will take place in a shared read-
ing room to pool the expertise of the providers. For exam-
ple, cardiologists could contribute their clinical knowledge 
and their understanding of cardiovascular pathophysiology, 
whereas radiologists could offer imaging and information 
technology expertise.

Multidisciplinary conferences that benefit from the joint 
expertise of cardiac surgeons, cardiologists, and cardiovascu-
lar anesthesiologists include high-risk preoperative confer-
ences for example. During these conferences each specialty 
can contribute toward an accurate assessment of the overall 
risk and benefit ratio of different treatment modalities for 
high-risk patients.

Finally, integration of clinical care will mean that proce-
dures will increasingly take place in shared treatment spaces. 
The prime example for this is the hybrid operating room. 
Hybrid operating rooms have the usual features of an operat-
ing room with additional cardiac catheterization and endovas-
cular capabilities (Fig. 9-1). This creates a shared work-space 
where cardiac surgeons, interventional cardiologists, and 
vascular surgeons can cooperate during joined procedures. 
Combining the tools of the catheterization laboratory and 
operating room greatly enhances the options available to  
surgeons and cardiologists to treat complex patients. One 
example is hybrid coronary revascularization wherein a left 
internal mammary artery graft is placed on the left anterior 
descending (LAD) artery either by minimally invasive or open 
technique and combined with percutaneous intervention of 
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 Chapter 9 The Integrated Cardiovascular Center 219

non-LAD vessels.11 Another example is minimally invasive 
valve surgery combined with percutaneous intervention 
to coronary lesions in order to convert high-risk valve and 
CABG operations into a low-risk isolated minimally invasive 
valve procedures. Yet, other possibilities include hybrid endo-
myocardial and epicardial arrhythmia procedures12 and hybrid 
open and endovascular approaches for the descending thoracic 
aorta and pathologies of the aortic arch and distal ascending 
aorta.13 Finally, the hybrid operating rooms represent an opti-
mal setting for transcatheter aortic valve replacement.14 This 
has already resulted in a new paradigm, the Hybrid Paradigm, 
where providers of the different cardiovascular subspecialties 
consider themselves cardiovascular proceduralists.

From the close clinical collaboration between the cardio-
vascular subspecialties follows that education and training 
need to be integrated in order to create a common culture 
and knowledge base. For example, free standing cardiotho-
racic surgery and vascular surgery residencies are evolving 
that allow better integration of the cardiovascular subspecial-
ties during training than previous models which depended 
on general surgery training. For example, residents of a 
free-standing cardiothoracic surgery residency may rotate 
with cardiology during their early years of training. Another 
example is a TAVR fellowship that involves mandatory 
training with interventionalists in the catheterization suite. 
Conversely, cardiology fellows subspecializing in heart fail-
ure frequently accompany the cardiac surgery teams during 
heart procurements and are observers in the operating room 
during recipient implant procedures. Finally, the integration 

of cardiovascular centers will allow trainees to participate in 
more related cases that are not part of their primary specialty.10

Research will also be facilitated by integrated cardiovas-
cular centers that attract a critical mass of multidisciplinary 
research teams focusing on cardiovascular disease. In particu-
lar, center will provide organized leadership and the ability to 
distribute research activity at the level of subgroups. Faculty 
will also benefit from the close interaction with researchers 
outside of their divisions. Research support structures that 
can be custom focused on cardiovascular research include a 
wide range of areas from basic science core facilities to sta-
tistical support, specialized research grant administrators, 
and maintenance of an institutional clinical outcomes data-
base. Multidisciplinary cardiovascular research conferences, 
common cafeteria, and leisure space will also facilitate the 
exchange of ideas between subspecialties. Ideally, integrated 
cardiovascular centers will participate in basic, translational, 
and clinical outcomes research focusing on cardiovascular 
disease since all of these fields benefit from a concentration of 
cardiovascular knowledge and clinical experience (Fig. 9-2).

In addition, there are specific advantages for each level 
of research. At the level of basic research, the differences 
between cardiovascular subspecialties nearly disappear. As a 
result, integrated cardiovascular centers offer ideal conditions 
for pooling and conducting such research. At the level of 
translational research there is also a convergence of interests 
since cutting edge translational research frequently involves 
multidisciplinary fields that transcend conventional depart-
mental boundaries. Since basic and translational research 

FIGURE 9-1 A hybrid operating room combines the usual features of an operating room with additional cardiac catheterization and endovascular 
capabilities.

Cohn_ch09_p0217-0220.indd   219 08/05/17   5:29 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



220 Part I Fundamentals

is often dependent on large amount of funding, integrated  
cardiovascular centers will be able to provide laboratories with 
common small and large animal spaces and provide shared 
equipment which would otherwise be too expensive for indi-
vidual departments. Large multidisciplinary laboratories can 
be set up in cardiovascular centers which would otherwise be 
hard to assemble or maintain. The larger size of cardiovascular 
centers will also make it easier to bring in additional multidis-
ciplinary expertise such as stem cell experts, tissue engineer-
ing, mechanical and bioengineering, valve hemodynamics, 
and 3D printed modeling capabilities that can contribute 
to research efforts of different cardiovascular subspecialties. 
Finally, clinical outcomes research is more efficient because 
follow-up of patients involves multiple specialties which can 
each contribute relevant data to a jointly maintained database.

In summary, the cardiovascular center of the future will 
be a multidisciplinary and collaborative entity encompassing 
clinical care, education, and research. This structure has the 
potential to improve quality of care, reduce costs, improve 
training, and accelerate research.
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FIGURE 9-2 Integrated cardiovascular centers participate in basic science research, translational research, and clinical outcomes research. At each 
level there are different opportunities for cooperation between the cardiovascular subspecialties.
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Advances in surgical techniques and improved patient out-
comes have enabled the application of cardiac surgery in 
patient populations previously considered ineligible for an 
intervention of this magnitude. The decision to intervene sur-
gically, as well as the type of intervention best suited to the 
patient, should be based on an individual risk-benefit analy-
sis. The risks of the procedure, including major morbidities 
and short- and intermediate-term mortality, must be weighed 
against the expected benefits with respect to longevity, symp-
tom relief, and improved functional capacity. This chapter 
reviews the essential information that the cardiologist and  
surgeon must collect and review to evaluate a patient for car-
diac surgery (Table 10-1). This information includes patient 
and disease characteristics as well as surgical considerations 
that can be integrated into scoring systems that provide a semi-
quantitative risk assessment. With the ever-evolving complex-
ity of patients requiring specialized cardiovascular care, the 
refinement of surgical techniques, and the emergence of less 
invasive alternatives for high-risk patients, it has become appar-
ent that there are important limitations to these scores in that 
they do not adequately account for procedure-specific impedi-
ments, major organ system compromise, and patient frailty. In 
addition, there has been recognition that risk assessment must 
occur in a framework of shared decision making that ensures 
that patients and their families have a thorough understand-
ing of the relative risks and benefits of the various treatment 
options and, most importantly, that their wishes and prefer-
ences are respected in the therapeutic plan. There has been 
increasing recognition that a Heart Team approach that draws 
on the strength of multidisciplinary participation in decision 
making may be ideally suited to meet this challenge.

RISK ASSESSMENT
Patient Characteristics and Conditions
AGE
The volume of cardiac surgical procedures in the elderly con-
tinues to increase as life expectancy improves and the ben-
efits of surgery outweigh the risks in appropriately selected 

individuals. While perioperative mortality rates do not vary 
significantly by age, mortality 1 year after surgery is gener-
ally higher in patients over 75 years of age, compared with 
those who are younger.1 Octagenarians have nearly double 
the mortality rate compared with younger patients (4.1 vs 
2.3%) and more than 60% of octogenarians have at least 
one nonfatal postoperative complication.2,3 The most fre-
quent complications include the need for prolonged ven-
tilatory support in intensive care units, reoperation for 
bleeding and pneumonia—all resulting in longer hospi-
tal stays.3 A higher proportion of complications occur in 
elderly patients with low body weight ((body mass index) 
BMI < 23).4 With improved surgical techniques and care-
ful patient selection, nonagenarians can safely undergo car-
diac surgery with a 95% 30-day survival and 93% survival to  
hospital discharge.5-7

GENDER
Some but not all epidemiologic studies suggest that female 
gender is an independent predictor of postoperative morbid-
ity and mortality.8-10 Gender differences are present in both 
traditional coronary artery bypass graft (CABG) and off-
pump surgery.11 Several large retrospective cohort studies of 
patients undergoing CABG found that women had higher 
mortality rates than men even after adjusting for comorbidi-
ties and confounding factors, including body surface area.8,9 
Possible explanations for worse outcomes in women include 
smaller coronary arteries (which might enhance the technical 
difficulty of performing anastomoses and limit graft flow), 
differences in referral for surgery (ie, women being referred 
at later disease stages), and gender differences in self-reported 
outcomes.12 Data suggest that benefit in terms of QOL after 
cardiac surgery is similar for men and women.13

RACE
Although crude post-CABG mortality rates differ signifi-
cantly by race, data suggest that after controlling for patient 
and hospital variables, these differences are small.14,15 How-
ever, in the United States, self-reported black race is associated 

Preoperative Evaluation for 
Cardiac Surgery
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224 Part II Perioperative/Intraoperative Care

with an increased risk of postoperative complications, includ-
ing prolonged ventilatory support, length of stay, reoperation 
for bleeding, and postoperative renal failure.16

DIABETES
Patients with diabetes have significantly worse outcomes fol-
lowing cardiac surgery.17-19 Studies have shown diabetes to be 
an independent predictor of in-hospital mortality after CABG 
although emerging evidence indicates that the severity of  
diabetes, specifically target organ damage, may be important 
in risk stratification.20,21 Postoperative mortality does not dif-
fer significantly between nondiabetic and diabetic patients 
without diabetic sequelae, though diabetic patients with 
vascular disease and/or renal failure have an increased risk of 
mortality.21 Patients with insulin-dependent type II diabetes in 
particular are at increased risk of major postoperative compli-
cations including renal failure, deep sternal wound infection, 
and prolonged hospital stay.22,23 Strict perioperative glucose 
control has been shown to lower operative mortality and the 
incidence of mediastinits.24,25 Off-pump surgery also appears 
to decrease postoperative morbidity in diabetic patients.26

RENAL FUNCTION
Renal dysfunction is common in patients undergoing cardiac 
surgery. Approximately half of patients undergoing CABG 
have at least mild renal dysfunction and one quarter have at 

least moderate renal dysfunction.27 There is a graded increase 
in operative mortality and morbidity with worsening preop-
erative renal function.27-29 Renal insufficiency is associated 
with greater risk of both 30-day (odds ratio, OR = 3.7) and 
1-year mortality (OR = 4.6).30 Even mild renal dysfunc-
tion (serum creatinine 1.47–2.25 mg/dL) is associated with 
increased rates of operative and long-term mortality, need for 
postoperative dialysis, and postoperative stroke.31

Renoprotective drugs, such as fenoldopam and N- 
acetylcysteine, have no effect on the deterioration of renal func-
tion in high-risk patients.32,33 Off-pump CABG (OP CABG) 
is associated with a lower prevalence of the need for postop-
erative renal replacement therapy; larger studies are needed to 
determine if this correlates with improved outcomes.34

PULMONARY FUNCTION
It is well established that patients with compromised pulmo-
nary function, predominantly due to chronic obstructive pul-
monary disease (COPD), have a higher mortality and increased 
incidence of postoperative complications including arrhyth-
mias, reintubation, pneumonia, prolonged intensive care unit 
(ICU) length of stay (LOS), and increased LOS.35,36 Postopera-
tive respiratory failure is a common complication (14.8% in a 
New York State database) with a higher incidence (14.8%) in 
combined CABG and valve operations.37 Optimizing respi-
ratory status prior to surgery, including smoking cessation, 

TABLE 10-1: Risk Assessment Combining STS Risk Estimate, Frailty, Major Organ System Dysfunction, 
and Procedure-Specific Impediments

Low Risk (Must Meet 
ALL Criteria in This 
Column)

Intermediate Risk 
(Any 1 Criterion in 
This Column)

High Risk (Any  
1 Criterion in This 
Column)

Prohibitive Risk (Any  
1 Criterion in This Column)

STS PROM* <4% 4–8% >8% Predicted risk with surgery of 
death or major morbidity

AND OR OR
Frailty† None 1 Index (mild) ≥2 Indices (all-cause) >50% at 1 year

AND OR (moderate to severe) OR OR
Major organ system 

compromise not 
to be improved 
postoperatively‡

None 1 Organ system No more than 2 organ 
system

≥3 Organ systems

AND OR OR OR
Procedure-specific 

impediment§
None Possible procedure-

specific impediment
Possible procedure-specific 

impediment
Severe procedure-specific 

impediment
*Use of the STS PROM to predict risk in a given institution with reasonable reliability is appropriate only if institutional outcomes are within 1 standard deviation of STS 
average observed/expected ratio for the procedure in question.
†Seven frailty indices: Katz Activities of Daily Living (independence in feeding, bathing, dressing, transferring, toileting, and urinary continence) and independence in ambu-
lation (no walking aid or assist required or 5-m walk in <6 s). Other scoring systems can be applied to calculate no, mild-, or moderate-to-severe frailty.
‡Examples of major organ system compromise: Cardiac-severe LV systolic or diastolic dysfunction or RV dysfunction, fixed pulmonary hypertension; CKD stage 3 or worse; 
pulmonary dysfunction with FEV1 < 50% or DLCO2 < 50% of predicted; CNS dysfunction (dementia, Alzheimer’s disease, Parkinson’s disease, OVA with persistent  
physical limitation); Gl dysfunction—Crohn’s disease, ulcerative colitis, nutritional impairment, or serum albumin < 3.0; cancer-active malignancy; and liver-any history of 
cirrhosis, variceal bleeding, or elevated INR in the absence of VKA therapy.
§Examples: Tracheostomy present, heavily calcified ascending aorta, chest malformation, arterial coronary graft adherent to posterior chest wall, or radiation damage.
CKD, chronic kidney disease; CNS, central nervous system; CVA, stroke; DLCO?, diffusion capacity for carbon dioxide; FEV1, forced expiratory volume in 1 s; Gl, gastro-
intestinal; INR, international normalized ratio; LV, left ventricular; PROM, predicted risk of mortality; RV, right ventricular; STS, Society of Thoracic Surgeons; and VKA, 
vitamin K antagonist.
(Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a 
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, Am Coll Cardiol 2014 Jun 10;63(22):e57-e185.)
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antibiotics for pneumonia, and treatment of COPD flares 
with bronchodilator therapy and steroids is a critical part of 
preoperative management.38 There is evidence that intensive 
inspiratory muscle training prevents postoperative pulmo-
nary complications in high-risk patients.39

Surgical Considerations
REOPERATION
Hospital mortality among patients undergoing reoperative 
cardiac surgery has traditionally been higher than among 
patients undergoing primary operation.40-42 This is likely due 
to the higher-risk profile of patients undergoing reoperation 
(older, more extensive vascular and coronary disease, multiple 
comorbidities) and the demanding surgical aspects including 
sternal reentry, pericardial adhesions, in situ arterial grafts 
and diseased saphenous vein grafts.43

Despite these factors, hospital mortality rates associated 
with coronary reoperation have decreased with greater surgi-
cal experience and now approach those observed with pri-
mary CABG.43,44 With careful preoperative risk evaluation 
and surgical management, reoperation can be performed 
safely.

PRIOR RADIATION
Patients receiving thoracic radiation for treatment of malignan-
cies before cardiac surgery have poorer short- and long-term 
outcomes.45,46 Thoracic radiation exposure is heterogeneous 
with respect to different malignancies and there is a gradient 
of risk.

A study dividing patients undergoing cardiac surgery 
into three levels of radiation exposure: extensive (Hodgkin’s  
disease, thymoma, and testicular cancer), variable (non-
Hodgkin’s lymphoma and lung cancer), and tangential 
(breast cancer), demonstrated that patients with extensive 
radiation exposure had longer radiation-to-operation inter-
val, poorer pulmonary function, and more severe aortic 
regurgitation, diastolic dysfunction and left main coronary 

stenosis.47 Hospital deaths (13% vs 8.6% vs 2.4%) and respi-
ratory complications (24% vs 20% vs 9.6%) were higher after 
more extensive radiation and 4-year survival was poorer (64% 
vs 57% vs 80%).

SURGICAL COMPLEXITY AND TECHNIQUE
It is important to consider the type of cardiac surgical pro-
cedure (CABG, valve, or combined) as well as the surgical 
technique (on-pump, off-pump, minimally invasive, robotic, 
and hybrid) when providing preoperative risk assessment as 
mortality and morbidity risks may vary.

Valve surgeries generally have a higher complication rate 
than isolated CABG, and combined surgeries have the high-
est risk (Fig. 10-1). Participants in the Society of Thoracic 
Surgeons National Adult Cardiac Surgery Database collected 
data between 2002 and 2006 on more than 3.6 million  
procedures.48-50 They reported 30-day mortality and a com-
posite end point of mortality and major in-hospital morbid-
ity including stroke, renal failure, prolonged ventilation, deep 
sternal wound infection, and reoperation. CABG mortality 
was 2.3% with a 14.4% rate for the combined end point 
of mortality and major morbidity.48 Isolated valve proce-
dures had higher mortality rates, including 3.2% for aortic 
valve replacement (AVR), 5.7% for mitral valve replacement 
(MVR), and 1.6% for mitral valve repair (MVP).49 Com-
bined mortality and major morbidity was also higher for 
valve surgery at 18.3% (AVR 17.4%, MVR 26.7%, MVP 
12.7%). Combined CABG and valve procedures had the 
highest mortality rate at 6.8% (AVR + CABG 5.6%, MVR + 
CABG 11.6%, and MVP + CABG 7.4%) with a combined 
mortality and major morbidity of 30.1% (AVR + CABG 
26.3%, MVR + CABG 43.2%, and MVP + CABG 33.5%).50

Minimally invasive surgical techniques can be divided by 
approach and use of cardiopulmonary bypass (CBP). The 
use of alternatives to standard median sternotomy has been 
increasingly adopted in surgical centers for performance of 
both CABG and valve procedures. The potential benefits of 
minimally invasive surgery are earlier extubation, reduced 

40
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Isolated valve
Combined CABG + valve

Mortality Mortality + major morbdity
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FIGURE 10-1 Thirty-day mortality and a composite end point of mortality and major in-hospital morbidity (stroke, renal failure, prolonged 
ventilation, deep sternal wound infection, and reoperation) from the Society of Thoracic Surgeons National Adult Cardiac Surgery Database  
(STS NCD).48-50 CABG = coronary artery bypass graft surgery.
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226 Part II Perioperative/Intraoperative Care

TABLE 10-2: Comparison of Preoperative 
Risk Factors for Risk Stratification Models

Preoperative Risk Factor EuroSCORE STS

Age X X
Gender X X
Race X X
Weight/BSA X
IABP/inotropes X
LV function X X
Renal disease X X
Lung disease X X
PVD X X
Diabetes X
Neurologic dysfunction X X
Active endocarditis X
UA or recent MI X X
Previous cardiac surgery X X
Combined surgery X X
Aortic involvement X X
Valve surgery X X
Emergency surgery X X

discomfort, lower rates of wound infection, less blood loss, 
and shorter recovery times.51

Off-pump CABG is performed with stabilization devices 
to reduce motion of target vessels while anastomoses are per-
formed without CBP. Current surgical approaches to valve 
surgery require CBP and cardioplegic arrest. Meta-analyses 
of observational and randomized trials of OP CABG versus 
on-pump CABG have not demonstrated a clear advantage 
of OP CABG with respect to mortality or morbidity.52,53 
Postoperative complications with OP CABG generally 
show consistent reductions in postoperative AF, blood loss, 
wound infections and myocardial injury with nonsignificant 
trends toward lower death, myocardial infarction (MI) and 
stroke.53-55 The benefits of OP CABG are particularly notable 
in the elderly and in patients with heavily calcified aortas.54

There have been continued advances in optics, instrumen-
tation and perfusion technology that have facilitated use of 
totally endoscopic robotic cardiac surgery.56 This technology 
has been applied to many cardiac surgical procedures, in par-
ticular MVP and totally endoscopic coronary artery bypass 
grafting (TECAB). Short-term results are promising in some 
series but long-term studies are lacking and a steep learning 
curve characterizes the early phase of application.

Simultaneous “hybrid” percutaneous coronary interven-
tion with drug-eluting stents and minimally invasive surgical 
bypass grafting procedures in a specially designed operating 
suite (hybrid OR) are also gaining more widespread accep-
tance. Hybrid procedures require close cooperation between 
surgical and interventional teams. Although there are lim-
ited data available, hybrid patients have similar angiographic 
vessel patency and major adverse cardiac events (MACE) 
at six months with shorter hospital lengths of stay, intuba-
tion times and less blood loss despite aggressive antiplatelet 
therapy.57

RISK SCORES
Preoperative risk assessment has important implications not 
only for individual patient well-being but as a qualitative 
tool to serve as a reference standard to compare outcomes 
among surgeons, institutions, or assessment of new proce-
dures and techniques. There are numerous risk stratification 
scores and systems that have been developed from large data-
bases to quantity the mortality and morbidity risks of car-
diac surgery. Both patient and surgical factors are considered 
preoperatively and assessed for their ability to predict postop-
erative complications. This section will focus on two of the 
most widely used risk scoring systems: European System for  
Cardiac Operative Risk Evaluation (EuroSCORE) and Soci-
ety for Thoracic Surgeons (STS) risk estimate (Table 10-2).

The European System for Cardiac 
Operative Risk Evaluation (EuroSCORE)
The EuroSCORE, initially published in 1999, is the most 
rigorously evaluated scoring system in cardiac surgery.58 

The score is calculated by assessing 17 risk factors (patient,  
cardiac, and operation) known to affect outcome. There are 
two available methods: the original additive model and the 
more recent logistic model.59,60 Studies have indicated that the 
additive model overestimates mortality in low-risk patients 
and underestimates mortality in high-risk patients.60-62 The 
logistic model was designed to address these issues but there is 
still concern that this model overestimates mortality in many 
risk groups.60 The logistic EuroSCORE is more accurate 
at predicting mortality in combined CABG and valve sur-
gery.63 The EuroSCORE calculator is available online (www. 
euroscore.org).

Society for Thoracic Surgeons Score
The STS has an extensive database with an online calcula-
tor (www.sts.org). Compared with the EuroSCORE calcula-
tor more extensive data entry is required to calculate an STS 
score. Models have been developed and revised for CABG, 
valve surgery, and combined procedures.48-50 These models 
include mortality as well as multiple morbidity end points 
including stroke, renal failure, prolonged ventilation, deep 
sternal wound infection, and prolonged postoperative stay. 
Studies demonstrate that STS score showed similar discrimi-
native capability and predictive performance compared with 
EuroSCORE and other risk algorithms.64,65

All risk models share important limitations. Preoperative 
risk factors included in the model can change significantly 
over time, leading to substantial under- or overestimation 
of postoperative risk.66 Caution should also be used when 
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 Chapter 10 Preoperative Evaluation for Cardiac Surgery 227

interpreting the results of a model with respect to an indi-
vidual patient’s risk. The models are derived from large data-
bases and do not include important considerations for an 
individual’s specific risk profile such as surgeon experience 
and comorbidities not incorporated in the model’s deriva-
tion. These models also do not capture patient frailty, which 
has been increasingly shown to have a decisive influence on 
procedural outcomes.

FRAILTY
Frailty is a syndrome that reflects a state of decreased physi-
ological reserve and vulnerability tostressors.67,68 The preva-
lence of frailty ranges from 10 to 60%, depending on the 
cardiovascular burden of the population as well as the specific 
frailty measures and thresholds utilized for its assessment.69,70 
Following surgery, or any other physiologic stressor, frail 
patients are at a marked risk for clinical decompensation, 
procedural complications, prolonged recovery, functional 

decline, disability, and mortality.71 The emerging biology of 
frailty implicates systemic dysregulation of the immune, hor-
monal, and endocrine systems resulting in up-regulation of 
inflammatory cytokines, decreased testosterone levels, and 
insulin resistance.72-78 The subsequent catabolic state that 
ensues precipitates a progressive decline in muscle mass and 
strength (sarcopenia).79

Many tools have been developed to measurefrailty.80 Most 
tools focus on 1 or more of the 5 core domains that define 
the frailty phenotype: slowness, weakness, low physical activ-
ity, exhaustion, and shrinking. Slowness is measured by a 
comfortable-pace gait speed test, weakness by a maximal 
handgrip strength test (using a dynamometer), and other 
domains by questionnaire or more specialized instruments. 
These domains may be considered individually or combined 
into a variety of scales (Table 10-3). The Fried scale and the 
Short Physical Performance Battery (SPPB) are two of the 
most frequently utilized and cited scores.81-83 Although in 
contrast to these multi-item assessments, single measures of 

TABLE 10-3: Recommended Frailty Assessment Tools

Domain Tool(s) Operational Definition Common Cutoffs for Frailty

Slowness 5-m gait speed test Patient is positioned behind start line and asked to walk at a 
comfortable pace past 5-m finish line; cue to trigger stopwatch 
is first footfall after start line and first footfall after finish line; 
repeated 3 times and averaged

Slow: <0.83 m/s (>6 s)
Very slow: <0.65 m/s (>7.7 s)
Extremely slow: <0.50 m/s  

(>10 s)
Weakness Handgrip strength test Patient is asked to squeeze a handgrip dynamometer as hard as 

possible; repeated 3 times (once with each hand and then with 
strongest hand); maximum value is recorded

Men: <30 kg
Women: <20 kg

Knee extensor strength 
test

Patient is seated on the dynamometer machine and asked to 
extend his/her knee against resistance; maximum isotonic force 
is recorded

Frailty cutoffs not yet established

Low physical 
activity

Physical activity 
questionnaire

Many questionnaires have been validated; those that provide 
a measure of activity in kcal/week are recommended (eg, 
Minnesota Leisure Time Activity, PASE, Paffenbarger Physical 
Activity Questionnaire)

Men: <383 kcal/week
Women: <270 kcal/week

Portable accelerometer Patient is asked to wear a portable accelerometer for a period of  
1 to 7 days; total kcal expenditure is recorded

Frailty cutoffs not yet established

Exhaustion CES-D questionnaire Patient is asked 2 questions: How often in the past week did you 
feel like everything you did was an effort?/like you could not  
get going? (often [ie, ≥3 days] or not often [ie, 0-2 days])

Positive if often is the answer to 
either question

Anergia questionnaire Patient is asked 7 questions pertaining to lack of energy over the 
past month

Positive if major criterion “sits 
around a lot for lack of energy” 
+ any 2 of 6 minor criteria

Shrinking Weight loss Self-reported or measured unintentional weight change not  
due to dieting or exercise

≥10 lbs in past year

Appendicular muscle 
mass

Measured muscle mass in arms and legs using a dual-energy  
x-ray absorptiometry scan

Frailty cutoffs not yet established; 
general cutoffs >2 SD from 
controls

Men:≤7.23 kg/height in m2 
Women: ≤5.67 kg/height in m2

Serum albumin Measured serum albumin ≤3.3 g/dl

(Reproduced with permission from Afilalo J, Alexander KP, Mack MJ, et al: Frailty assessment in the cardiovascular care of older adults, J Am Coll Cardiol 2014 Mar 4; 
63(8):747-762.)
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228 Part II Perioperative/Intraoperative Care

TABLE 10-4: Potential Outcomes of Effective 
Heart Team Interventions

Patient Clinician
Health 
System

Improved knowledge X X
Reduced decisional conflict X
Greater satisfaction (with care 

delivery process)
X X

Involvement in shared decision 
making

X X

Improved quality of life 
(functional status [patient]  
or workplace [clinician])

X X

Expanded clinical and 
procedural skill set

X

Reduction in variability both  
in access and outcome

X

Greater adherence to  
guidelines

X

Lower readmission rates X
Shorter length of stay X
Faster time to decision X
Lower cost X
Improved care coordination and 

communication
X

(Reproduced with permission from Coylewright M, Mack MJ, Holmes DR Jr, 
et al: A call for an evidence-based approach to the Heart Team for patients with 
severe aortic stenosis, J Am Coll Cardiol 2015 Apr 14;65(14):1472-1480.)

frailty such as the 5-m gait speed, and to a lesser extent hand-
grip strength, often out perform the more elaborate and time-
consuming scales.84-86

The Frailty ABCs (Frailty Assessment Before Cardiac  
Surgery) prospective study showed that slow 5-m gait speed 
was associated with a threefold increase in postoperative mor-
tality or major morbidity and provided incremental value 
above the STS risk score.87 Patients with slow gait speed and a 
high-risk score had a 43% incidence of mortality/major mor-
bidity, whereas those with normal gait speed and a low- to 
intermediate-risk score had a 6% incidence. Additional stud-
ies have demonstrated that preoperative frailty is associated 
with postoperative mortality at 30 days and 1 to 2 years.88-90

HEART TEAM
The concept of the “Heart Team” originated from two ran-
domized trials comparing percutaneous and surgical strategies 
in patients with coronary artery disease and aortic stenosis: 
SYNTAX (Synergy between PCI with Taxus and Cardiac 
Surgery) and PARTNER (Placement of Aortic Transcatheter 
Valves).91-93 In these trials, the Heart Team was composed of 
an interventional cardiologist and a cardiovascular surgeon 
but membership has expanded in many centers to include 
specialists from imaging, neurology, pulmonology, anesthesia, 
geriatrics, palliative care, social work, information technology, 
administration, and finance.94 The Heart Team approach is 
central to the care of high-risk or prohibitive surgical risk 
patients with severe aortic stenosis. It has a Class I recom-
mendation from American and European valve guidelines 
and is required for reimbursement for transcatheter AVR in 
the United States.95,96

The goal of this collaborative approach in patients with 
aortic stenosis is to improve outcomes by optimization of 
patient selection, utilization of synergistic procedural skill 
sets, standardization of intra- and post-procedural care path-
ways, and establishment of post-discharge follow-up.97 An 
additional focus is to deliver more patient-centered care, 
through processes such as shared decision making (SDM).95,96 
With the obvious broad applicability of the Heart Team 
approach to many of the surgical and percutaneous deci-
sions that patients with advanced heart disease face, it will 
be critical to focus health services research on the key metrics 
of patient-centered outcomes, clinician outcomes, and health 
system outcomes in order to advance our care delivery to our 
highest risk patients (Table 10-4).

SHARED DECISION MAKING
Clinicians often think that patients do not want to take an 
active role in decision making and that patients prefer their 
clinicians to make decisions on their behalf.98,99 This senti-
ment does not appear to be reflective of patients’ attitudes 
regarding their roles in health care decisions. Studies have 
found that the vast majority patients (~70%) prefer a shared 
role in which both they and their clinicians contribute equally 

to treatment decisions.100 Health policy has firmly embraced 
SDM and there is recent advocacy for SDM in cardiovascular 
clinical practice guidelines.98,101,102

One of the biggest challenges remains the logistics of incor-
porating SDM into routine clinical practice. A helpful first 
step is to identify and review the various tools and resources 
available. Three comprehensive publically available resources 
include Ottawa Decision Aids Repository (available at http://
decisionaid.ohri.ca/decaids.html), the Mayo Shared Decision 
Making Resource Center (available at http://shareddecisions.
mayoclinic.org/), and a repository of Option Grids (available 
at http://www.optiongrid.org/). A key component of SDM 
beyond just the dissemination and discussion of “facts” is 
the emphasis placed on developing a therapeutic relationship 
with the patient to allow him/her to feel comfortable express-
ing an informed preference.97

FUTILITY
Advances in surgical and minimally invasive techniques, as 
well as coordinated multidisciplinary perioperative care, have 
successfully extended treatment options to patients previously 
thought to be too high risk due to advanced age, frailty, and 
burden of comorbidities. However, there are many patients 
who are unlikely to benefit from a procedure even if it can be 
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performed successfully. Therapeutic futility has been defined 
as a lack of medical efficacy—when the therapy is unlikely to 
produce its intended clinical result, as judged by the physician; 
or lack of a meaningful survival, as judged by the personal 
values of the patient.103,104

This issue of how to assess futility and incorporate it into 
the dialogue between patients and caregivers has become 
increasingly important with the emergence of transcatheter 
aortic valve replacement (TAVR) as a less invasive alternative 
to surgical valve replacement.92,93,105 TAVR is a transformative 
innovation that has extended treatment to numerous patients 
with severe aortic stenosis who previously were not referred 
for or were denied surgical treatment.103 However, clinical 
experience demonstrates that some patients die soon after 
the procedure or have little improvement in QOL or func-
tional status.106,107 The decision regarding futility is one of 
the most challenging in medicine and surgery and should be 
made collaboratively by the care team with the patient. As the 
ability to distinguish patients who will benefit from therapy 
from those who will not continue to evolve, it is important 
to emphasize to patients and families not only that decisions 
not to offer invasive treatment do not equate with abandon-
ment of care but also that continued efforts will be made to 
promote patient goals and well-being.103
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233

CORONARY REVASCULARIZATION
Coronary Artery Disease, Surgical 
Revascularization, and Myocardial 
Oxygen Supply: Demand
Heart disease is the leading cause of death in the United 
States, accounting for 600,000 fatalities annually.1 Coronary 
artery disease (CAD) is a complex and multifactorial process, 
primarily characterized by the progressive and silent accu-
mulation of atherosclerotic plaques, fibrous materials, and 
inflammatory mediators within the coronary arteries, poten-
tially leading to obstruction of flow and resultant myocardial 
hypoperfusion.2 Manifestations of this disease tend to pres-
ent in males 40 years and older and in females 50 years and 
older. Risk factors include a strong family history of the dis-
ease, hypercholesterolemia, hypertension, diabetes, obesity, 
and smoking. If left untreated, CAD can lead to angina, heart 
failure, arrhythmias, and sudden death. Although medical 
therapy and percutaneous coronary interventions are often 
mainstay treatments for milder forms of the disease and most 
single- and double-vessel lesions, the gold standard for most 
multi-vessel lesions remains surgical revascularization.3,4

Anesthesiologists should be acutely aware of the height-
ened risks of myocardial ischemia for patients during revas-
cularization surgery due to their obstructed coronary vessels 
and the critical dependence on oxidative phosphorylation for 
cardiac energy production. Myocardial oxygen supply is the 
product of arterial oxygen content and coronary blood flow.

O2 content = [(1.34)(hemoglobin concentration) 
                          (% oxygen saturation) + (0.003)(PaO2)]

Maximizing oxygen release at the tissue level involves 
maintaining high hemoglobin concentration, high oxygen 
saturation, warm temperature, and increased 2,3-diphospho-
glycerate. The myocardium tends to maximally extract oxygen 
from its blood supply while at rest, and therefore, can only 
increase myocardial oxygen delivery during stress by increas-
ing coronary blood flow. If this flow is obstructed by CAD, 
then the risk of myocardial ischemia is greatly increased. 

Coronary artery blood flow is proportional to coronary per-
fusion pressure (CPP), where

CPP =  (aortic diastolic blood pressure) –  
(left ventricular end-diastolic pressure)

and is inversely proportional to coronary vascular resis-
tance. Normal coronary arteries have autoregulated flow at 
CPPs between 50 and 150 mm Hg. Coronary vascular resis-
tance is determined by hormonal and metabolic factors, the 
autonomic nervous system, endothelial modulation, and in 
diseased vessels, by atherosclerotic plaques. Left ventricular 
(LV) endocardial blood flow occurs entirely during diastole, 
when the vast majority of the remaining myocardium is oxy-
genated (Fig. 11-1). Therefore, the anesthesiologist attempt-
ing to maximize CPP and oxygen supply should target normal 
to increased diastolic blood pressure, low left ventricular end-
diastolic pressure (LVEDP), and a slow heart rate to maxi-
mize time during diastole. Additionally, myocardial oxygen 
demand can be minimized by avoiding tachycardia, minimiz-
ing LVEDP, reducing chamber size, and reducing contractil-
ity. This general principle of optimizing myocardial oxygen 
supply while minimizing demand should be an over-reaching 
goal for the anesthesiologist caring for a patient undergoing 
coronary revascularization surgery.5,6

Preoperative Considerations
When evaluating a patient prior to a coronary revasculariza-
tion procedure, the anesthesiologist should be mindful of the 
anesthetic goals common to all surgeries: providing amnesia, 
analgesia, and a quiet surgical field while ensuring optimal 
myocardial oxygen supply and demand to minimize ischemic 
risk. In addition, the anesthesiologist should provide optimal 
hemodynamic control to optimize cardiac performance, and 
be prepared to help guide the surgery while rapidly diagnosing 
cardiac complications, often by using advanced noninvasive 
and invasive hemodynamic monitors including transesopha-
geal echocardiography (TEE).

Initial preoperative patient assessment should include a 
comprehensive history and physical examination focused on 
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234 Part II Perioperative/Intraoperative Care

the cardiac and pulmonary systems, along with a standard 
airway examination. Though direct laryngoscopy is routinely 
used to facilitate tracheal intubation, a predicted difficult air-
way may prompt alternative intubation strategies. A thorough 
review of the medical record is in order, with careful attention 
to patient medications, laboratory studies (complete blood 
count, electrolytes, creatinine, troponin, B-type natriuretic 
peptide, coagulation panels, blood cross matches), electro-
cardiogram, carotid ultrasound studies, chest radiograph, car-
diac stress tests, cardiac catheterization, and echocardiography 
reports. The anesthesiologist should be aware of the coronary 
anatomy and lesions, along with any invasive pressure mea-
surements as described by the catheterization report. Close 
review of any preoperative echocardiography studies is essen-
tial to assess both systolic and diastolic ventricular function 
and to examine the cardiac valves.

A comprehensive preoperative assessment is important to 
determine the perioperative risk. The two most widely used 
risk stratification tools are the Society of Thoracic Surgeons 
(STS) Risk Calculator and EuroSCORE II, each based on 
large historical patient databases. These formulae use sophisti-
cated mathematical modeling techniques to allow the user to 

determine predicted mortality and other complications based 
on a variety of entered criteria, including age, gender, ejection 
fraction, urgency of surgery, renal function, and other vari-
ables. Risk assessment calculators can be valuable preoperative 
planning tools for the patient, surgeon, and anesthesiologist, 
and their use should be considered prior to each case.7,8

While concluding the preoperative visit, the anesthe-
siologist should ensure informed consent and provide the 
opportunity for any patient questions to be answered. The 
anesthesiologist’s visit itself is a powerful means to allay 
patient fears and helps address patient and family members’ 
concerns.9 Additionally, the anesthesiologist should consider 
any premedications to administer, include anxiolytics as nec-
essary. Beta-blocker medications are recommended preop-
eratively to reduce the risk of postoperative atrial fibrillation, 
myocardial ischemia, and mortality. Statins should be admin-
istered unless contraindicated to reduce the rate of myocardial 
ischemia, graft atherosclerosis, and mortality.10,11 In general, 
antihypertensives should be continued on the day of surgery, 
while use of angiotensin-converting enzyme inhibitors and 
angiotensin II receptor antagonists is associated with intra-
operative hypotension and remains controversial. The use of 
antiplatelet and anticoagulation agents should be discussed 
with the surgeon.12

Finally, the anesthesiologist should have an active preop-
erative meeting with the surgeon and the surgical team, as 
necessary, in order to facilitate the procedure and minimize 
complications. Checklist and protocol-driven processes have 
demonstrated reduced complications and improved mortal-
ity.13 Cardiac anesthesiologists with formal fellowship training 
and skill in TEE are recommended to provide care for high-
risk patients.14

Monitoring
A vigilant cardiac anesthesiologist is the best single monitor 
for patients undergoing revascularization procedures. Stan-
dard American Society of Anesthesiology monitors should 
also be used, including FiO2 monitor, pulse oximeter, end-
tidal CO2 monitor, continuous electrocardiogram, noninva-
sive blood pressure monitor, and a temperature measurement 
device. In addition to these standard monitors, a urinary cath-
eter often with bladder thermistor, an arterial catheter most 
commonly placed in the radial artery, and a central venous 
catheter are all used routinely. Central venous catheter place-
ment using real-time ultrasound guidance is safer than using 
an anatomic-guided approach, and is the recommended tech-
nique when available.15

The risk of intraoperative awareness is increased during 
cardiac surgery due to the lower use of volatile anesthetics and 
increased hemodynamic instability in comparison to non-
cardiac surgery.16 Processed electroencephalograms, such as 
the bispectral index (BIS) monitor, have been used to detect 
inadequate patient amnesia with recent meta-analysis data 
suggesting that their use reduces the risk of intraoperative 
awareness in high-risk patients with an odds ratio of 0.24.17 
Although this risk reduction is not universally found18 and 

FIGURE 11-1 Wiggers diagram depicting relationship of left coro-
nary artery pressure and flow with the phase of the cardiac cycle. Note 
that left coronary flow occurs primarily during ventricular diastole, 
even though the head pressure of the vessel is higher during systole. 
This is due to the high transmural ventricular pressure during systole, 
and the relatively low pressure in diastole as the myocardium relaxes, 
as governed by the coronary perfusion equation: CPP=DBP-LVEDP, 
where CPP=coronary pressure, DBP=diastolic blood pressure, and 
LVEDP=left ventricular end diastolic pressure. LCA=left coronary 
artery, LV=left ventricle. (Reproduced with permission from Lee J, 
Smith NP: The multi-scale modelling of coronary blood flow, Ann 
Biomed Eng 2012 Nov;40(11):2399-2413.)

Cohn_ch11_p0233-0266.indd   234 08/05/17   5:30 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 11 Cardiac Anesthesia 235

the use of the BIS remains controversial, the National Insti-
tute for Health and Clinical Excellence recommends “the use 
of electroencephalography-based depth of anesthesia moni-
tors…during any type of general anesthesia in patients con-
sidered at higher risk.”19

The technique of near-infrared spectroscopy allows for 
cerebral regional oxygen saturation to be measured using skin 
sensors placed on the scalp. Low cerebral tissue oxygen values 
are associated with increased long-term surgical risk and can 
also detect cerebral hypoperfusion states caused by problems 
with bypass cannulae, emboli, and obstruction of cerebral 
vessels. Cerebral oximetry is often used with aortic surgery 
involving circulatory arrest, and less commonly with isolated 
coronary artery bypass grafting (CABG) procedures.20 Cere-
bral oximetry has yet to be clearly demonstrated to be benefi-
cial in high-quality randomized intervention trials, and its use 
remains controversial.21,22

The pulmonary artery catheter (PAC) is frequently used 
during revascularization procedures as a means of measuring 
cardiac output via thermodilution and directly measuring pul-
monary artery pressures. Additionally, LVEDP, as a marker of 
LV preload, can often be inferred from the pulmonary artery 
occlusion pressure or the pulmonary artery diastolic pressure. 
The use of a PAC is not without risk however, and it has been 
associated with rare but often lethal complications includ-
ing pulmonary artery rupture. PAC use for revascularization 
surgery became widespread by the 1980s but its current use 
is declining due to the proliferation of less-invasive cardiac 
output monitoring devices, TEE, and some data which fails 
to demonstrate an association with improved outcome.23,24 
Even so, PACs remain popular with more than two-thirds of 
anesthesiologists reporting that they use this catheter more 
than 75% of the time in cases requiring cardiopulmonary 
bypass (CPB).25 The perioperative use of a PAC remains rec-
ommended in patients with cardiogenic shock (Class I indi-
cation), hemodynamic instability (Class IIa), and its use may 
be reasonable in stable patients undergoing revascularization 
procedures (Class IIb).26

TEE has become a routine monitor during cardiac sur-
gery, and has been shown to have a significant favorable influ-
ence on intraoperative surgical management and outcomes.27 
Current practice guidelines recommend that unless contra-
indicated, TEE be used for all valvular heart procedures and 
should be considered in CABG surgeries.28 Recent global 
survey data suggest that TEE is used in 61 to 69% of iso-
lated CABG procedures.29 In addition to serving as the gold 
standard for valve evaluation, TEE can be used to monitor 
volume status, ventricular function, and gauge regional-wall 
motion patterns to detect and assess myocardial ischemia—all 
useful assessments during revascularization surgery.29

Anesthetic Techniques and Agents
Historically, general anesthesia was commonly induced and 
maintained with high-dose fentanyl (50 to 100 mcg/kg) and 
pancuronium (Table 11-1). This high-dose opiate technique 
purportedly avoided myocardial depression associated with 

other anesthetic agents while providing stable hemodynam-
ics and effective blunting of surgical stresses.30 In the 1990s, 
efforts at cost reduction spurred the evolution of “fast-track” 
cardiac anesthetic techniques using volatile anesthetics and 
low-dose opiates, with early extubation and reducing ICU 
stays as primary goals. Fast-track techniques have subse-
quently been demonstrated to be as safe as historical anes-
thetics in low- and medium-risk patients.31 Around the same 
time, the concept of ischemic and pharmacological precondi-
tioning was described, whereby certain maneuvers or pharma-
cologic agents including volatile anesthetics could minimize 
the extent of myocardial damage to subsequent myocardial 
ischemia.32 As a result, contemporary approaches to coronary 
revascularization surgery commonly involve induction with 
thiopental, propofol, etomidate, or midazolam, followed by 
a balanced anesthetic technique employing a volatile anes-
thetic (ie, isoflurane, desflurane, or sevoflurane) as its pri-
mary component. The volatile anesthetic is accompanied by 
a low-dose semisynthetic opiate (ie, fentanyl, sufentanil, or 
remifentanil) and a paralyzing agent. There is no significant 
difference in extubation times between fentanyl, sufentanil, 
and remifentanil using fast-track protocols.33 The use of a 
volatile anesthetic, and therefore induction of pharmacologic 
preconditioning, has now become a more common standard 
anesthetic approach. Meta-analyses suggest that cardiac sur-
gery mortality is reduced when using a volatile anesthetic as 
compared to a propofol-based intravenous anesthetic, with 
an odds ratio of 0.51 in favor of volatile anesthetics.34 Xenon 
is a promising inhalational anesthetic agent that purports to 
improve recovery from myocardial stunning, preserve hemo-
dynamic control, and provide neuroprotective qualities. Early 
trials have been favorable, but its use remains experimental.35

Neuroaxial techniques are occasionally used during 
revascularization surgery. However, systemic heparinization 
increases the concern of epidural hematoma and resultant 
spinal cord injury thereby limiting their use, although the 
actual incidence of this complication is very low.36 Preop-
erative intrathecal opiate injection and continuous thoracic 
epidural local anesthetics can provide good analgesia and 
facilitate recovery; however, current data do not demonstrate 
a reduction in the risk of mortality, myocardial infarction, or 
neurological complications as compared to general anesthetic 
alone.37 Awake cardiac surgery is performed in a very small 
number of centers using thoracic epidural anesthesia and may 
offer rapid recovery benefits in select patients.38

Hemodynamic Optimization
Patients undergoing coronary revascularization frequently 
develop hypotension and/or low cardiac output, particu-
larly following CPB. Risk factors for low cardiac output 
syndrome include renal disease, significant regional-wall 
motion abnormalities, CABG with mitral valve (MV) sur-
gery, reoperation, moderate-to-severe mitral regurgitation 
(MR), prolonged aortic cross clamp time, left ventricular 
ejection fraction (LVEF) < 40%, cardiac index < 2.5 L/
min/m2, and LVEDP ≥ 20 mm Hg.39,40 Strict attention to 
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236 Part II Perioperative/Intraoperative Care

hemodynamic monitors coupled with a command of car-
diac physiology and pharmacology will aid the anesthesiolo-
gist in maintaining adequate systemic perfusion. Markers 
of inadequate systemic perfusion include low cardiac index, 
hypotension, oliguria, metabolic acidosis, increased base 
deficit, and elevated serum lactate.

The anesthesiologist is tasked with preventing, diagnos-
ing, and treating inadequate systemic perfusion, and imple-
menting an algorithmic approach may help direct therapy  
(Fig. 11-2). By using a combination of traditional hemo-
dynamic monitors, invasive and noninvasive cardiac output 

monitoring devices, dynamic indexes, changes in end-tidal 
carbon dioxide, arterial blood gas analysis, and echocardiog-
raphy, systemic perfusion can be assessed and treatment 
adjusted. A number of vasoactive medications are avail-
able and their use should be individualized based on each 
patient’s hemodynamic needs (Table 11-2). A recent addi-
tion is levosimendan, a novel inotrope that increases tro-
ponin C affinity to calcium without increasing myocardial 
oxygen consumption or impairing ventricular relaxation, 
while also exerting pharmacologic preconditioning effects 
by opening mitochondrial KATP channels. Levosimendan 

TABLE 11-1: General Anesthetic Regimens

  Agent Dose Notes

High-dose opiate technique    
  Fentanyl 50-100 mcg/kg load Technique now less commonly used due to increased risk 

of delayed extubation, increased risk of intraoperative 
awareness, and lack of ischemic preconditioning volatile 
anesthetic.

  Pancuronium 0.1 mg/kg load, then  
0.01 mg/kg as needed

Mild tachycardic effect may help offset bradycardia 
associated with high opiate technique. Must reduce dose 
in renal impairment.

Fast-track balanced 
anesthetic

    Routinely used.

Induction Propofol 1-3 mg/kg  
IV induction agent Thiopental 3-5 mg/kg  
  Etomidate 0.2-0.4 mg/kg Associated with adrenal suppression.
  Midazolam 0.05-0.15 mg/kg  
Maintenance      
Opiates Fentanyl 10-20 mcg/kg Typically given as initial load during induction, with 

intermittent boluses as necessary.
  Sufentanil 0.5-2.0 mcg/kg Typically given as initial load, with intermittent boluses or 

infusion as necessary.
  Remifentanil 0.05-1.0 mcg/kg/min Administer long-acting analgesics prior to discontinuing 

remifentanil.
Volatile anesthetic Isoflurane MAC 1.13% Titrate to effect, target 1 MAC for ischemic 

preconditioning.
  Sevoflurane MAC 2.05% Titrate to effect, target 1 MAC for ischemic 

preconditioning.
  Desflurane MAC 7.25 % Titrate to effect, target 1 MAC for ischemic 

preconditioning.
Paralytic Rocuronium 0.6 mg/kg load, then  

0.15 mg/kg as needed
 

  Vecuronium 0.1 mg/kg load, then  
0.01 mg/kg as needed

 

  cis-Atracurium 0.15-0.20 mg/kg load, then  
0.02 mg/kg as needed

Safe for renal failure patients.

Total IV anesthetic      
  Propofol 50-150 mcg/kg/min Combine with opiate and paralytics as above. Lacks 

benefit of volatile anesthetic-mediated ischemic 
preconditioning. Likely increased mortality when 
compared to volatile anesthetic-based technique.
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 Chapter 11 Cardiac Anesthesia 237

is recommended for treatment of acute heart failure in 
Europe41 and has shown mortality benefits when compared 
to dobutamine, but is not yet available in the United States. 
If after optimizing volume status and maximizing pharma-
cologic support the patient remains hypoperfused, then 
mechanical assist devices should be considered.42 The intra-
aortic balloon pump (IABP) is well established and techni-
cally easiest to place; however its efficacy has been recently 
questioned.43 In centers trained in their use, ventricular 
assist devices (VAD) and extra-corporeal membranous oxy-
genators (ECMO) may confer a survival benefit and should 
be considered.

Overview of Procedural Considerations
The anesthetic care of a patient undergoing CABG is a com-
plex, multi-step process. After the anesthesiologist completes 
a thorough preoperative evaluation, a large bore peripheral 
IV is placed followed by an arterial catheter, usually placed 
in the radial artery. Anxiolytics are routinely administered in 

the preoperative area. In the operating room, standard ASA 
monitors are applied, and intravenous induction and tracheal 
intubation are performed, most commonly with a fast-track 
approach (Table 11-1), targeting early extubation unless con-
traindicated. A central venous catheter is then placed if not 
placed prior to induction, often with PAC. Then, the patient 
is positioned and draped for surgery while a TEE is performed 
and results are discussed with the surgeon. Prior to incision, an 
antifibrinolytic is commonly administered (eg, aminocaproic 
acid, tranexamic acid) to reduce perioperative bleeding. Anti-
biotics (typically vancomycin and cefuroxime) are given as 
infection prophylaxis. Anesthetic depth is adjusted to match 
changes in surgical stimulation with attention to hemody-
namic control and myocardial oxygen supply/demand opti-
mization. Heparin is administered several minutes prior to 
bypass cannulae placement (usually 300 to 400 units/kg), 
and its effect confirmed by measuring an activated clotting 
time (ACT) value of 480 seconds or greater prior to initiating 
bypass. Inadequate ACT values must prompt action by the 
anesthesiologist to determine the cause and achieve proper 

Cardiac physiology flowchart

Hypotension
(BP = CO X SVR)   

Cardiac output
(CO = HR x SV)

Heart rate and rhythm

Bradycardia
Rx: pacing, chronotrope

Tachycardia
Rx: assess and treat underlying

cause, consider rate control agents
or anti-arrhythmics

Rhythm
Rx: if not normal sinus rhythm,

consider pacing, anti-arrhythmics,
or cardioversion

Stroke volume
(SV = LVEDV - LVESV)

LVEDV
Low: hypovolemia, Rx: volume

therapy

High: hypervolemia, Rx: consider
inotropes, diuretics, vasodilators

LVESV
Low: hypovolemia or vasodilation,
Rx: volume or vasoconstrictor, as

appropriate

High: suggests heart failure,
Rx: inotropes, diuretics, vasodilators

Systemic vascular
resistance

Low SVR
Rx: vasoconstrictors
(eg, phenylephrine,

norepinephrine,
vasopressin)

High SVR
Rx: vasodilators (volatile
anesthetic, nitroglycerin,

nitroprusside, nicardipine)

FIGURE 11-2 Algorithm for diagnosing, preventing, and treating inadequate systemic perfusion. (Data from Johnston WE: Applied Cardiac 
Physiology. ASA Refresher Courses in Anesthesiology, 2012;40(1):73-79.)
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TABLE 11-2: Vasoactive Agents

a ß1 ß2 V1 HR CO SVR MAP RBF Dosing Notes

Epinephrine + ++ ++ 0 ++ ++ +/– + – – 0.01-0.20 mcg/kg/min May give up to 1 mg intravenously at a time during 
hemodynamic collapse, repeating as necessary.

Norepinephrine +++ ++ 0 0 – – +++ +++ – – – 0.01-0.20 mcg/kg/min  
Dopamine ++ ++ + 0 + +++ + + +++ 2-20 mcg/kg/min  
Dobutamine 0 +++ + 0 + +++ 0 + ++ 2-20 mcg/kg/min Mild vasodilation at low doses, vasoconstriction at 

higher doses.
Isoproterenol 0 +++ +++ 0 +++ +++ – – +/– – 0.01-0.07 mcg/kg/min Use generally limited to heart transplants.
Ephedrine ++ + + 0 ++ ++ + ++ – – 10-25 mg SIVP Marked tachyphylaxis. Not used as infusion.
Phenylephrine +++ 0 0 0 – – +++ +++ – – – 50-100 mcg SIVP,  

0.3-10 mcg/kg/min
Routinely used to treat mild vasodilation. Causes 

reflexive bradycardia.
Vasopressin 0 0 0 +++ 0 0 +++ +++ – Up to 40 units IV bolus, 

0.01-0.1 units/min
 

Milrinone 0 0 0 0 + +++ – – – – – Bolus up to 50 mcg/kg  
over 10-30 min, then 
0.125-0.75 mcg/kg/min

Phosphodiesterase inhibitor. May be effective for 
pulmonary hypertension and right ventricular 
dysfunction can cause systemic hypotension.

Levosimendan 0 0 0 0 + ++ – – + Bolus 12-24 mcg/kg over 
10 min, 0.05-0.3 mcg/
kg/min

Inodilator and calcium sensitizer, not available in 
the United States.

Data from Stoelting RK, Hillier SC: Pharmacology and Physiology in Anesthetic Practice, 4th ed. Philadelphia, Lippincott Williams and Wilkins; 2005 and Overgaard CB, Dzavîk V: Inotropes and asopressors: review of 
physiology and clinical use in cardiovascular disease, Circulation 2008 Sep 2;118(10):1047-1056. 
Heart rate (HR), cardiac output (CO), systemic vascular resistance (SVR), mean arterial pressure (MAP), renal blood flow (RBF). No effect (0), minimal increase (+), moderate increase (++), marked increase (+++), minimal 
decrease (–), moderate decrease (– –), marked decrease (– – –).
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 Chapter 11 Cardiac Anesthesia 239

anticoagulation before initiating CPB. The surgeon and per-
fusionist should be kept notified of the ACT values and any 
difficulties in anticoagulation. Heparin resistance may require 
treatment with fresh frozen plasma or antithrombin III con-
centrate to achieve adequate heparin effect.

After heparinization, the surgeon places an arterial cannula 
and a venous cannula. Upon initiation of CPB, mechanical 
ventilation is stopped, the heart is arrested, and revascular-
ization is performed. During this time, volatile anesthetic is 
typically administered via the bypass circuit by the perfusion-
ist under the anesthesiologist’s and surgeon’s direction. ACT, 
hematocrit, arterial blood gases, and blood sugar should 
be checked periodically during CPB, and any aberrations 
treated. Serum glucose levels > 180 mg/dL should be treated 
with insulin infusion.

After the revascularization is complete, the patient should 
be weaned from bypass. The anesthesiologist should antici-
pate bypass separation and be prepared, following a standard-
ized routine. Separation preparation steps include: ensuring 
function of intravascular catheters, ensuring adequate depth 
of anesthesia, assessing for intracardiac air with TEE, ensuring 
that core temperature ≥ 36°C, performing a lung recruitment 
maneuver, and resuming normal ventilation. Establishing an 
adequate cardiac rhythm and rate, generally 80 to 100 beats 
per minute may require a pacemaker. Normalizing electro-
lytes, treating anemia, and preparing vasoactive medications 
are also important considerations. Though most patients will 
have adequate cardiac function with a ventricular pacemaker 
lead, some patients dependent on active atrial contraction for 
ventricular filling (eg, severe diastolic dysfunction) will require 
atrial pacing. Biventricular pacing may improve cardiac out-
put to a small degree, which may be clinically important in 
patients with severe cardiac dysfunction. The actual process of 
separation requires intense focus and frequent communica-
tion amongst the surgeon, anesthesiologist, and perfusionist, 
and therefore should be conducted in a quiet, “sterile cockpit” 
environment.44

Once the anesthesiologist, surgeon, and perfusionist are 
prepared to wean from CPB, the anesthesiologist should 
work to ensure systemic perfusion and cardiac performance 
by optimizing heart rate and rhythm, infusing volume from 
the CPB machine to achieve normovolemia, adjusting after-
load with vasodilators or vasopressors as necessary, and opti-
mizing contractility with inotropes as needed. This dynamic 
process occurs while gradually reducing CPB machine flows 
to minimal support, at which point cardiac function is reas-
sessed, and then pump flow is stopped completely. If cardiac 
function is not adequate, then steps to correct this are taken 
prior to separation.

Immediately after separation, the heart is assessed for ade-
quate function, particularly for markers of ischemia (eg, wall 
motion abnormalities, worsened ventricular function, inad-
equate graft flow), valvular abnormalities, and for preload, 
afterload, and contractility. Frequently, adjustments in vol-
ume therapy and vasoactive medicines are made, guided pri-
marily by TEE and hemodynamic monitors. After achieving 
sufficient hemodynamic parameters generally targeting SBP 

100 to 120 mm Hg, and a CI ≥ 2.2 L/min/m2, protamine is 
slowly given prior to the bypass cannulae being removed.

Following separation, the anesthesiologist must remain 
vigilant and continue to control and optimize patient hemo-
dynamics. Hemostasis should be assessed by examining the 
surgical field, measuring ACT and heparin concentration, 
and in certain cases with thromboelastography. Cardiac out-
put should be measured again after chest closure and support 
adjusted as necessary. Transfer to the ICU should conclude 
with a detailed, clear handoff to the ICU team in order to 
minimize communication failures.

Surgical coronary revascularization can also be performed 
on a beating heart without CPB, and is termed “off-pump” 
coronary artery bypass (OPCAB). OPCAB typically utilizes 
a heart stabilization device that isolates a localized region of 
surgical interest immobile while allowing the rest of the heart 
to beat. OPCAB became popularized in the late 1990s and 
early 2000s, eventually becoming the surgical approach for 
nearly one-third of coronary revascularizations in the United 
States. OPCAB purported to reduce the surgical inflamma-
tory stress response, mortality, stroke, cognitive dysfunction, 
and kidney injury. However, recent meta-analyses suggest 
that there is no significant difference in cognitive dysfunction 
between OPCAB and CABG,45 and that all-cause mortality 
in OPCAB (3.7%) was slightly higher than CABG (3.1%).46 
Furthermore, the need for subsequent revascularization may 
be higher in OPCAB.47 As a result, the use of beating heart 
techniques in the United States is declining.

The OPCAB lends itself to fast-track anesthetic regimens, 
and in some centers, this is augmented with thoracic epidural 
analgesia. Heparinization protocols for OPCAB are variable, 
though many surgeons target ACT values of 300 seconds. 
Ischemic preconditioning techniques should definitely be 
considered, given that transient ischemia is likely during the 
grafting procedure. Surgical exposure may lead to marked 
alterations in the heart’s position within the chest, potentially 
dramatically impacting cardiac output. The anesthesiolo-
gist should be prepared to monitor systemic perfusion most 
commonly with TEE and continuous cardiac output moni-
tors, and treat hypoperfusion with volume and inotropes as 
necessary. Occasionally, despite hemodynamic optimization, 
adequate perfusion cannot be maintained, necessitating con-
version to an on-pump procedure. As a result, a perfusionist 
and CPB machine should be available during OPCAB.

Minimally invasive approaches to coronary revasculariza-
tion, either on- or off-pump are becoming more common, 
and involve either a shorter sternotomy incision or any of var-
ious small thoracotomies for access to the coronary arteries. 
Robotic-assisted techniques allow for remote surgical access 
via small incisions or ports into the chest cavity. The anes-
thesiologist must communicate with the surgeon preopera-
tively to discuss the operative strategy and plan accordingly. 
Often, lung isolation with a double-lumen endotracheal tube 
or bronchial blocker facilitates surgical visualization. Anesthe-
siologists should also be prepared to aggressively avoid hypo-
thermia and ensure that external defibrillator pads are placed 
due to the limited direct access to the heart.48
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240 Part II Perioperative/Intraoperative Care

VALVE SURGERY
The perioperative care of patients with valvular heart disease 
creates a considerable challenge for anesthesiologists, sur-
geons, and intensivists. A great deal of challenge stems from 
the wide diversity of pathophysiologic derangements found 
in these patients. This diversity can, in part, be appreciated by 
comparing representative LV pressure-volume loops for the 
different left-sided valvular lesions (Fig. 11-3). Clearly, there 
are significant and important distinctions in end-diastolic LV 
volume, intracavitary pressure, and stroke volume. However, 
not only do the major valvular lesions differ from one another 
in terms of adaptive ventricular responses and hemodynamic 
profiles, but patients with the same valvular lesion may pres-
ent with entirely different degrees of symptomatology and 
hemodynamic compromise depending on the clinical situa-
tion and time course over which the valve pathology develops. 
Again, LV pressure-volume loops illustrate this concept. The 
patient who develops acute, severe aortic regurgitation (AR) 
due to endocarditis will present with notably different LV fill-
ing volumes and pressures when compared to a patient with 
a similar regurgitant fraction whose AR develops gradually 
due to progressive aortic root dilatation (Fig. 11-4). Clinical 
management must be appropriately adapted.

Another complicating factor in the management of patients 
with valvular heart disease is the frequent occurrence of mul-
tiple valvular lesions in the same patient. General hemody-
namic goals for patients with left-sided valve pathology can 
be easily summarized (Table 11-3). However, not uncom-
monly, two valve lesions coexist in which hemodynamic goals 
are opposite. For example, selecting an ideal heart rate for 
the patient with aortic stenosis (AS) becomes more difficult 
in the setting of concomitant MR. In these situations, the 
physician either determines which lesion contributes most to 
the patient’s symptoms, signs, and hemodynamic profile or 

P
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u

re

Volume

FIGURE 11-4 Representative left ventricular pressure-volume loops 
comparing a normal ventricle (black) to a patient with acute aortic 
regurgitation (orange) and chronic aortic regurgitation (purple).
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Volume

FIGURE 11-3 Representative left ventricular pressure-volume loops 
depicting a normal ventricle (black), mitral stenosis (blue), aortic 
stenosis (red), mitral regurgitation (green), and aortic regurgitation 
(yellow).

TABLE 11-3: Hemodynamic Goals for 
Patients with Valvular Heart Disease

Preload Afterload Heart Rate

Aortic stenosis ↑ ↑ n/↓
Aortic regurgitation ↑ ↓ ↑
Mitral stenosis n/↑ ↑ ↓
Mitral regurgitation 0 ↓ ↑

chooses a management strategy that represents a compromise 
between competing goals.

Although the spectrum of valvular heart disease encom-
passes a wide variety of hemodynamic findings and adap-
tive ventricular responses, the natural history of many valve 
disorders often follows a similar general course. During the 
initial development of valvular stenosis or regurgitation, the 
patient remains asymptomatic. Ventricular remodeling serves 
to normalize indices such as wall tension or stroke volume. 
Atrial enlargement may mitigate increases in pulmonary or 
systemic venous pressure. Eventually, following a variable 
latent period, adaptive responses fail leading to the elevation 
of cardiac filling pressures, exhaustion of preload reserve, and 
declining cardiac output. Signs and symptoms of congestive 
heart failure (CHF) develop or evidence of ventricular dys-
function manifests during imaging studies prompting surgical 
intervention. The optimal timing of surgical intervention for 
valvular heart disease continues to evolve, guided by clinical 
investigations and expert consensus.49

Aortic Stenosis
Aortic stenosis represents the most common valve disorder 
in the United States.50 Two reasons help explain this observa-
tion. First, a congenital bicuspid aortic valve (AV), which has 
an increased tendency to become stenotic over time, is found 
in 1 to 2% of the population. Second, risk factors for degen-
erative calcification of a trileaflet AV such as hyperlipidemia, 
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 Chapter 11 Cardiac Anesthesia 241

hypertension, smoking, and advanced age are also common. 
Obstruction to outflow creates abnormal systolic pressure (P) 
within the LV cavity, which in turn, increases wall tension (T) 
according to the law of Laplace:

=T PR
2h

where R represents the radius of the ventricular cavity and h 
represents myocardial wall thickness. Increases in wall thick-
ness by the process of concentric myocyte hypertrophy serve 
to normalize wall tension, although this remodeling invari-
ably leads to diastolic dysfunction and creates the setting 
for oxygen supply and demand mismatch. Thus both LV 
outflow restriction and the pathophysiology of concentric 
hypertrophy guide perioperative management. For example, 
tachycardia is particularly deleterious. Increased heart rates 
disproportionately encroach on diastolic filling and coronary 
perfusion time in a ventricle where myocardial relaxation is 
delayed. At the same time, tachycardia increases myocardial 
oxygen consumption. Elevated end-diastolic pressures in an 
LV with reduced compliance limit coronary perfusion to 
subendocardial regions of the hypertrophied myocardium. 
Reduced LV compliance also makes the LV more dependent 
on atrial contraction for diastolic filling and atrial fibrillation 
may be poorly tolerated. Synchronized cardioversion should 
be employed early in the patient with severe AS who develops 
atrial fibrillation with signs of low cardiac output.

The anesthesiologist must consider the pathophysiology of 
outflow obstruction as well as consequences of concentric LV 
hypertrophy when selecting a perioperative management plan. 
Since patients with severe AS are very sensitive to anesthetic-
induced decreases in preload and afterload, an arterial line is 
often placed prior to induction to allow early recognition of 
blood pressure changes and response to treatment. The choice 
of induction agent is probably not as important as adherence 
to key hemodynamic goals that include the maintenance of 
preload and afterload along with a heart rate in the low to 
normal range. Hypotension is treated promptly, usually with 
an α-adrenergic agonist. Opioids such as fentanyl are often 
included in a balanced anesthetic induction and maintenance 
regimen since they tend to lower heart rate and minimally 
impact myocardial contractility. High-dose opioid anesthetic 
regimens, more popular in preceding decades, provide hemo-
dynamic stability but may hamper early postoperative extu-
bation. Drugs that increase heart rate, such as ketamine or 
pancuronium, should be used cautiously or in conjunction 
with vagotonic agents such as opioids. However, while avoid-
ance of tachycardia represents an important perioperative 
goal, anesthesiologists must also avoid severe bradycardia.51 
In patients with AS, flow across the AV limited and cardiac 
output declines with heart rates less than 50 beats per min-
ute. When treating bradycardia, drugs such as β-adrenergic 
agonists or anticholinergics should be titrated carefully to 
avoid overshoot and the development of tachycardia.51 Atrial 
or atrio-ventricular pacing represents an attractive option for 

the cardiac surgical patient since it allows precise titration of 
heart rate.

In addition to an arterial line, central venous access along 
with a PAC is generally selected for patient undergoing aortic 
valve replacement (AVR). Central venous access is desirable 
for the administration of vasoactive medications although 
central venous pressure (CVP) does not accurately reflect 
LV filling pressures in patients with severe AS. Likewise, the 
pulmonary capillary wedge pressure (PCWP) also does not 
provide a reliable assessment of LV filling in the setting of AS 
and reduced ventricular compliance. Measuring end-diastolic 
LV cavity area with TEE provides a more accurate reflection 
of preload compared with PAC-derived measurements.51 
Nonetheless, despite the limited ability to assess preload and 
the small risk of arrhythmia during insertion, the PAC offers 
several advantages including the opportunity to track cardiac 
output, measure pulmonary artery (PA) pressure, and serve as 
a conduit for a temporary pacing wire.

Aortic Regurgitation
Aortic regurgitation (AR) leads to significant volume over-
loading of the LV and when chronic, the pressure-volume 
loop shifts farther to the right than for any other valvular 
lesion (Fig. 11-3). The eccentric LV hypertrophy and cham-
ber dilatation that develop in the setting of chronic AR 
serve to normalize wall tension and accommodate very large 
end-diastolic volumes without significant increases in end- 
diastolic pressure. Patients may remain asymptomatic for 
years, though eventually compensatory changes are exhausted 
and in the face of progressively larger ventricular volumes, LV 
systolic function declines. In cases of acute severe AR, com-
pensatory LV changes are not present. End-diastolic pressure 
rises quickly and may reach aortic diastolic pressure. In such 
cases, the combination of a low aortic diastolic pressure and a 
high LV end-diastolic pressure limit CPP, creating the poten-
tial for ischemia.

The hemodynamic goals for patients with severe AR dif-
fer from those used to manage AS patients. When the regur-
gitant fractions exceed 60%, maintenance of cardiac output 
requires an increase in heart rate.51 A faster heart rate also 
reduces the diastolic period available for regurgitant flow into 
the LV. Avoidance of opioid-induced bradycardia along with 
the use of a muscle relaxant that increases heart rate such as 
pancuronium may prove useful. A reduction in afterload pro-
motes forward flow. Propofol, which reduces afterload and 
displays minimal effects on myocardial contractility at usual 
clinical doses, represents a reasonable option for the induction 
of anesthesia.52 Additional afterload reduction in the form of 
vasodilators such as sodium nitroprusside may be selected. 
Because the LV may be severely dilated and LV systolic may be 
depressed even in asymptomatic patients,51 inotropic support 
should be readily available. Agents with β-adrenergic agonist 
activity, such as dobutamine along with phosphodiesterase 
inhibitors such as milrinone, increase myocardial contractility 
while favoring a reduction in afterload.
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242 Part II Perioperative/Intraoperative Care

The hemodynamic monitors chosen for patients with 
severe AR undergoing AVR are similar to those selected for 
patients with AS. Intra-arterial pressure monitoring, central 
venous cannulation, and PAC placement are generally used 
together with intraoperative TEE. As in the case of AS, the 
measurement of PCWP may not accurately reflect LV filling, 
particularly in the case of severe, acute AR where the rapid 
rise of LV end-diastolic pressure may promote closure of the 
MV in late diastole. However, many anesthesiologists find 
the ability to obtain serial measurements of cardiac output to 
be beneficial. Furthermore, a PAC provides an easy route by 
which a pacing lead may be placed prior to sternal opening, 
facilitating the maintenance of an elevated heart rate.

Mitral Stenosis
Rheumatic disease accounts for most cases of acquired mitral 
stenosis (MS) in developed countries. Patients with rheumatic 
MV disease may remain asymptomatic for many years as the 
left atrium (LA) progressively dilates. Symptoms develop 
when severe MS limits LV filling and cardiac output. Alterna-
tively, patients with moderate MS may become symptomatic 
during periods of increased transvalvular flow such as preg-
nancy or conditions associated with tachycardia.51 As shown 
in the simplified Gorlin equation, for a given valve area, when 
transvalvular flow increases, the pressure gradient also rises.

=Valve area Flow
Pressure gradient

Rising LA pressure promotes pulmonary venous conges-
tion and leads to feelings of dyspnea. Over time, pulmonary 
hypertension develops which may, in turn, lead to right 
ventricular (RV) enlargement, RV systolic dysfunction, and 
functional tricuspid regurgitation (TR). A major goal in the 
perioperative care of patients with severe MS is the identifica-
tion and quantification of RV impairment.

The anesthetic management of patients with severe MS 
undergoing MV replacement is guided by several principles. 
First, tachycardia, which shortens diastolic LV filling time 
and increases LA pressure, should be treated promptly. The 
judicious use of preoperative sedation may ameliorate anx-
iety-induced tachycardia although excess sedation promotes 
hypoventilation with the attendant risk of increased pulmo-
nary vascular resistance. A number of different agents may be 
chosen to reduce heart rate including calcium channel block-
ers, β-blockers, or amiodarone. Atrial fibrillation is commonly 
found in patients in this patient group and is generally toler-
ated provided the ventricular rate is controlled. Therefore, 
unlike patients with severe AS who develop atrial fibrillation, 
the immediate focus in patients with MS should be to main-
tain a low to normal ventricular rate rather than conversion to 
sinus rhythm. Second, because LV filling is already impaired 
by the stenotic MV, additional reductions in preload caused 
by anesthesia or blood loss should be carefully corrected. 
Vasodilation resulting from inhaled or intravenous anesthet-
ics may be treated with incremental doses of an α-adrenergic 

agonist or vasopressin, ideally while monitoring PA pressures. 
Surgical blood loss should be replaced though overly zealous 
fluid administration should be avoided to prevent pulmonary 
vascular congestion and further RV impairment. While the 
PCWP does not reflect LV end-diastolic pressures in the set-
ting of severe MS, display of PA pressures and serial mea-
surement of cardiac output may be useful in guiding fluid 
administration. A third principle in the management of these 
patients involves control of PA pressures and augmentation of 
the RV systolic function. Because of the aforementioned need 
to maintain preload, the use of systemic vasodilators, though 
they may reduce PA pressure, may be poorly tolerated in this 
group. Instead, a select pulmonary vasodilator such as inhaled 
prostaglandin or nitric oxide should be considered for those 
with pulmonary hypertension and RV dysfunction. Addition-
ally, arterial blood gas management is essential. The avoidance 
of hypoxia together with mild hyperventilation, combine to 
reduce pulmonary vascular resistance.

Following MVR with normalization of left-sided preload, 
LV systolic performance is expected to improve. However in 
a subset of patients, LV systolic performance may be impaired 
following valve replacement. Possible causes include rheu-
matic endocarditis or an unfavorable position of the ventricu-
lar septum in the setting of pulmonary hypertension and RV 
enlargement.51 Intraoperative TEE readily detects abnormali-
ties of ventricular septal position and RV dysfunction in addi-
tion to providing a qualitative and quantitative assessment of 
LV systolic performance. Inotropic support may be required.

Mitral Regurgitation
Mitral regurgitation shares some similarities with AR. Both 
conditions increase the preload of the LV and over time, 
eccentric hypertrophy develops. Like those with AR, patients 
with MR may remain asymptomatic for long periods. Simi-
lar to AR patients, those with MR present for surgery with a 
spectrum of clinical and imaging findings. The patient with 
MV prolapse who is followed with serial echocardiograms 
over a decade differs in important ways from the patient with 
acute, severe MR due to papillary muscle rupture. The former 
may well remain asymptomatic or minimally symptomatic 
and be referred for surgery due to abnormalities in LV size or 
function, while the latter is likely to present in heart failure 
with florid pulmonary edema and require intra-aortic balloon 
pump support preoperatively.

In patients with chronic MR, the contractile appearance 
of the LV in MR patients often improves initially in response 
to preload augmentation according to the Frank-Starling 
principle. Furthermore, the ejection of large quantities of 
blood into the low pressure LA leads to increases in the cal-
culated ejection fraction although forward cardiac output 
may decline. An LVEF < 60% identifies reduced systolic 
performance in patients with severe MR and represents an 
indication for surgery.49,53 Physicians have also recognized 
that an early decline in LVEF following MV surgery for MR 
is common. Although sometimes considered an inevitable 
consequence of MV surgery for MR, significant reductions 
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in LV function postoperatively associated with an ejection 
fraction < 40% may identify a group at increased risk for 
premature death.54 Several reasons have been postulated to 
explain reduced LV systolic performance following MV sur-
gery, including reduced preload and ischemic cross-clamp 
injury55 as well as unrecognized, preexisting systolic dysfunc-
tion.54 Impaired preoperative LV systolic impairment may be 
underappreciated by echocardiography.56 Several risk factors 
identify patients with MR who are at increased risk for low 
ejection fraction following mitral surgery, including preopera-
tive pulmonary hypertension, preoperative atrial fibrillation, 
and a preoperative LV end-systolic diameter > 36 mm which 
confers a 6.5-fold increased risk of having a postoperative 
LVEF < 40%.54,55 By assessing preoperative risks factors, anes-
thesiologists and surgeons can better prepare for the possible 
use of pharmacologic and mechanical circulatory support 
after MV surgery. Inotropic agents such as epinephrine and 
milrinone should be available. Early consideration should be 
given to placement of an IABP if hemodynamic compromise 
is refractory to drug therapy.

Hemodynamic goals for patients with severe MR include 
a reduction in the regurgitant fraction with augmentation of 
forward flow. For those patients with longstanding MR and 
pulmonary hypertension, support of the RV is also important. 
Providing that LV systolic function is not severely impaired, 
most patients tolerate an intravenous induction of anesthesia. 
Agents such as propofol reduce afterload and promote for-
ward flow. Bradycardia is avoided since lower heart rates facil-
itate greater LV filling and distention. Inhalation agents are 
good choices for the maintenance of anesthesia as they also 
provide vasodilatation and may increase heart rate slightly. In 
patients with chronic MR, the LA is usually dilated. Atrial 
fibrillation may be present but is generally well tolerated since 
LV filling is unimpeded.

Robotic and Minimally Invasive Mitral 
Valve Surgery
The popularity of robotic and other minimally invasive 
approaches to MV surgery continues to grow. Advantages of 
these approaches include reduced time to extubation, short-
ened hospital length of stay, lower blood product transfusion 
rates, and improved postoperative respiratory function.57,58 
The use of robotic and minimally invasive techniques neces-
sitates changes in anesthetic management. These changes 
include the need for one-lung ventilation, the percutaneous 
placement of cannulae for CPB and retrograde cardioplegia, 
the expanded use of TEE (Table 11-4), and altered strategies 
for defibrillation. Smaller incisions and reduced need for opi-
oid medications also create the potential for more rapid extu-
bation and the expanded use of regional anesthesia.

Both thoracoscopic and robotic mitral repair utilize a small 
working incision and additional port access in the right chest. 
This approach requires deflation of the right lung. Either a 
double-lumen endotracheal tube or a bronchial blocker may 
be used to facilitate the operation.59 Oxygen desaturation asso-
ciated with one-lung ventilation is particularly problematic 

TABLE 11-4: Uses of Transesophageal 
Echocardiography During Robotic Mitral 
Valve Surgery

•  Assess valvular heart disease
•  Assess valve repair/replacement
•  Detection of additional findings (eg, patent foramen ovale)
•  Guide cannulation

– Femoral venous/inferior vena cava
– Internal jugular/superior vena cava
– Coronary sinus cardioplegia line
– Endo-aortic balloon
– Pulmonary artery vent

•  Monitor cardioplegia delivery

following CPB and may be treated by the application of con-
tinuous positive airway pressure (CPAP) to the nonventilated 
right lung, the use of positive end-expiratory pressure (PEEP) 
with the left lung, or intermittent two-lung ventilation.60

Cannulation for CPB for these operations usually con-
sists of femoral arterial and venous access with or without 
supplementary venous drainage in the form of a vent line in 
the pulmonary artery or a superior vena cava cannula placed 
percutaneously from the right internal jugular vein. Surgeon 
preference and institutional experience guide the cannulation 
strategy. Intraoperative TEE is used to verify the position of 
the guidewire and femoral venous cannula. Inadvertent place-
ment of a femoral venous guidewire across a patent foramen 
ovale is possible and should prompt redirection (Fig. 11-5). 
Supplementary venous drainage from the main pulmonary 
artery can be accomplished by means of a specialized endo-
vent, the tip of which should be located in the main PA, near 
the bifurcation (Fig. 11-6A). Again, intraoperative TEE is 
used to ensure proper placement. TEE imaging can be dif-
ficult in these cases requiring the placement of multiple lines 
in the right heart (Fig. 11-6B).

Aortic cross clamping and cardioplegia administration can 
be accomplished by several different mechanisms. An endo-
aortic balloon may be advanced from the femoral artery into 
the ascending aorta where inflation serves to isolate the aortic 
root and facilitate antegrade cardioplegia delivery from the end 
of the delivery catheter. A percutaneous coronary sinus cath-
eter may also be placed via the right internal jugular vein using 
TEE or fluoroscopic guidance to allow for the administration 
of retrograde cardioplegia. Lastly, an antegrade cardioplegia 
and vent line may be placed via a parasternal stab incision, a 
strategy similar to many open cardiac operations (Fig. 11-7A). 
In this last scenario, a long transthoracic aortic cross-clamp 
is used via a small lateral thoracic incision. The position of 
this cardioplegia line (Fig. 11-7B) and subsequent cardioplegia 
delivery (Fig. 11-7C) can be monitored with TEE.

Small incisions preclude the use of internal paddles for defi-
brillation and cardioversion in robotic MV surgery. Instead, 
external patches are applied in an anterior-posterior orienta-
tion on the left chest.61 Should defibrillation prove difficult, 
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A B

FIGURE 11-5 Transesophageal echocardiographic images showing a guidewire inserted via the femoral vein crossing a patent foramen ovale (A) 
before being redirected into the superior vena cava (B).

BA

FIGURE 11-6 (A) A potential venous cannulation strategy for 
robotic mitral valve repair using a multi-orificed cannula inserted via 
the femoral vein and positioned with its tip in the superior vena cava 
along with supplemental drainage provided by a vent placed percuta-
neously into the pulmonary artery. (B) Transesophageal echocardio-
gram demonstrating a venous cannula in the right atrium and superior 
vena cava (arrows) along with a pulmonary artery vent (arrowheads).

consideration should be given to inflating the right lung to 
improve electrical impedance.59

Minimally invasive mitral surgery facilitates rapid extuba-
tion, particularly when regional anesthesia is used.57 Multiple 
regional anesthetic techniques have been used in these cases 
including intrathecal opioid administration, intercostal nerve 
block, and paravertebral nerve block. The use of preoperative 
paravertebral nerve block together with a limited opioid dos-
ing strategy was shown to facilitate extubation in the oper-
ating room following robotic mitral repair in approximately 
90% of cases in one study.57

Tricuspid Regurgitation
Tricuspid regurgitation (TR) found in patients present-
ing for cardiac surgery is most often functional in nature 
and occurs secondary to left-sided valve disease, pulmonary 

hypertension, or RV dysfunction. As such, the anesthetic 
management of these patients is usually dictated by the pri-
mary condition. However, patients may present with TR due 
to isolated, organic tricuspid valve (TV) disease. Examples 
include endocarditis, carcinoid valvulopathy, trauma, or pace-
maker-induced valve dysfunction.

General hemodynamic goals for patients with severe TR 
include support of RV contractility, maintenance of a mildly 
elevated heart rate, and reduction of RV afterload by reducing 
pulmonary vascular resistance. Phosphodiesterase inhibitors 
such as milrinone may augment RV contractility while reduc-
ing RV afterload. Dobutamine and isoproterenol represent 
other possible options. As in cases of pulmonary hypertension 
or RV systolic dysfunction, careful attention to arterial blood 
gas values provides an important nonpharmacologic means 
by which the anesthesiologist can manipulate pulmonary vas-
cular resistance.

In addition to direct arterial pressure monitoring, CVP 
monitoring is nearly always used for patients undergoing TV 
surgery even though CVP is a poor indicator of RV filling 
in the setting of severe TR. Although it may be difficult to 
advance in the face of severe TR, consideration can be given 
to PAC placement especially if TV repair or replacement with 
a tissue prosthesis is contemplated. A PAC facilitates assess-
ment of pulmonary vascular resistance and thermodilutional 
cardiac output measurement becomes more feasible following 
TV surgery. The measurement of cardiac output by arterial 
waveform analysis provides the anesthesiologist with a rea-
sonable alternative to placement of a PAC. These devices can 
be connected to any invasive arterial monitoring line. Early 
comparative studies with thermodilutional techniques were 
disappointing though the updated software in newer models 
may deliver more robust results.62,63 The use of TEE can be 
invaluable in assessing not only valvular pathology but RV 
function as well. An additional important use of TEE in iso-
lated TV surgery is the identification of intracardiac shunts 
since in the absence of shunting, CPB without a cross clamp 
becomes feasible.
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THORACIC AORTIC SURGERY

The spectrum of diseases of the thoracic aorta may be classified 
according to pathology, etiology, timing, clinical presentation, 
location, and management options.64-66 Thorough preopera-
tive assessment including a comprehensive history and physi-
cal exam, review of preoperative imaging studies, and patient 
stability all play a role in determining whether the patient can 
be treated medically with continued surveillance, or surgically 
with definitive intervention.64-66 When surgery is warranted, 
the urgency and planned surgical approach to repair signifi-
cantly influence the anesthetic plan. Factors such as the can-
nulation strategy for CPB, the need for temporary cessation 
of blood flow, and anticipated methods for organ protection 
determine the optimal anesthetic technique and monitoring 

choices during thoracic aortic surgery. While routine moni-
toring involved in all cardiac surgery patients applies to aortic 
surgery as well, the anesthesiologist must further individu-
alize management to the patient’s disease and the surgeon’s 
operative approach. Hemodynamic goals, especially blood 
pressure management, can be significantly different from 
those of the cardiac surgical patient presenting for nonaortic 
surgery. Maintaining organ perfusion and protecting major 
organs, specifically those subjected to periods of ischemia, is 
crucial in allowing for optimal outcomes. Additional moni-
toring to detect and treat end-organ ischemia is another factor 
in procedural success. Furthermore, complex thoracic aortic 
surgery associated with prolonged procedure times and hypo-
thermia frequently results in postoperative coagulopathy that 
can be effectively managed with anticipation of bleeding and 

A

B C

FIGURE 11-7 (A) Surgical site photo of a patient undergoing robotic mitral valve repair. A percutaneous antegrade cardioplegia line is seen (open 
arrow) along with a right internal jugular vein introducer sheath (solid arrow) used facilitate placement of a percutaneous superior vena cava can-
nula. (B) Transesophageal echocardiogram demonstrating the tip of the percutaneous antegrade cardioplegia line in the proximal ascending aorta 
(arrow). (C) Antegrade cardioplegia administration via a percutaneously placed line.
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246 Part II Perioperative/Intraoperative Care

transfusion requirements. In addition, reliance on intraopera-
tive TEE in guiding the operation, managing isolated single-
lung ventilation to allow for adequate surgical exposure, and 
placement of lumbar cerebrospinal (CSF) drainage catheters 
are also essential aspects of the operation that give the car-
diac anesthesiologist a key role in the surgical treatment of 
thoracic aortic disease. Recent multi-disciplinary guidelines 
for thoracic aortic diseases include evidence-based recom-
mendations regarding anesthetic techniques and intraopera-
tive monitoring.64-66 This review of anesthetic and monitoring 
considerations for thoracic aortic surgery will be presented in 
the following three sections: (1) aortic root/ascending aorta;  
(2) aortic arch; and (3) descending thoracic aorta.

Aortic Root and Ascending Aorta
Surgical intervention for the aortic root and ascending aorta 
may be isolated to these aortic segments or may continue dis-
tally into the arch and beyond. Surgery for ascending aorta 
pathology above the root may often involve partial recon-
struction of the aortic arch as well.67 When isolated to the 
level of the aortic root, the aortic arch may not be included 
in the surgical intervention. Typically, surgical indications for 
ascending aortic intervention include dissection, intramural 
hematoma, and aneurysm.64-67 Factors such as patient age, 
connective tissue disorder, family history, and bicuspid aortic 
valve must all be taken into account when finalizing the surgi-
cal plan.64-67

The surgical approach to these cases is via a midline ster-
notomy, and therefore, patients will be positioned supine 
with both arms tucked and padded at their sides. Along with 
a balanced general endotracheal anesthetic, these patients 
typically have an arterial line and PAC placed for hemody-
namic monitoring. The maintenance of normotensive blood 
pressure is suitable for patients with chronic aortic disease. 
When presenting for elective surgery, preoperative antihyper-
tensive therapy should be titrated to achieve a blood pres-
sure less than 140/90 mm Hg or less than 130/80 mm Hg in 
patients with diabetes or chronic renal disease (Class I recom-
mendation; Level B evidence).64,65 Preoperative therapy may 
even be titrated in known aortic aneurysm patients to achieve 
the lowest possible blood pressure that is tolerated without 
adverse effects (Class IIa recommendation; Level B evi-
dence).64,65 In acute pathologies of the ascending aorta such 
as dissection, more aggressive treatment to a systolic pressure 
of 100 to 120 mm Hg is recommended since aortic rupture 
is a major concern in this phase.64,65 This strict control of sys-
tolic blood pressure is typically achieved with adequate anes-
thetic depth, titrated analgesia with opioids such as fentanyl 
and morphine, and vasodilator therapy with agents such as 
beta-blockers, nitroprusside, nicardipine, or morphine. Intra-
venous beta-blockade is typically avoided in the settings of 
significant aortic regurgitation and/or cardiac tamponade 
since cardiac output in these presentations remains rate-
dependent.64,65,68 Since acute aortic dissection is dynamic and 
progressive, patients may become acutely hemodynamically 
unstable, emphasizing the importance for not only being 

prepared for these scenarios, but also the importance of a 
prompt anesthetic induction to minimize delays and control 
patient anxiety and hypertension.

Anesthetic induction should involve a smooth intravenous 
induction with adequate anesthetic depth and blood pressure 
control for laryngoscopy and endotracheal intubation. If pre-
senting emergently, concerns for a full stomach should lead 
to a ‘modified’ rapid sequence induction, where cricoid pres-
sure is applied but gentle mask ventilation is used prior to 
endotracheal intubation. The choice of a left or right radial 
arterial line depends on disease extent and cannulation strat-
egy. High-quality communication between all members of 
the operating room team streamlines this process. Indications 
for a left radial arterial line include innominate disease, and 
planned right axillary arterial cannulation. A right radial arte-
rial line is often indicated for monitoring of cerebral perfu-
sion pressure in antegrade cerebral perfusion during periods 
of systemic circulatory arrest.69-71 The institutional practices 
for cannulation and monitoring will often determine prefer-
ences for which side is chosen. This may include a require-
ment for bilateral upper extremity arterial lines.

TEE is reasonable in all open surgical repairs of the tho-
racic aorta, unless a specific contraindication to its use exists 
(Class IIa recommendation; Level B evidence).65 When used 
specifically for the ascending aorta or root surgery, there is 
a strong consensus that TEE is particularly suited for aortic 
imaging in unstable patients with suspected acute aortic syn-
dromes.64,65 TEE can also verify the aortic diagnosis, interro-
gate the aortic valve comprehensively, and confirm important 
aortic diameters.64-66,72 Precise measurements of the aortic 
root diameters can provide data to guide decision making 
about whether to replace or spare the root, depending on the 
clinical scenario (Fig. 11-8).65-67 Similarly, TEE can be used 
to assess the extent of proximal dissection within the root 
and whether the dissection flap crosses the AV to cause AR  
(Fig. 11-9). This information can provide data to guide the 
surgical plan for the aortic valve.73,74 In addition to identi-
fying the presence of a pericardial effusion with or without 
tamponade, the origin of the primary tear, the extent of the 
dissection, and regional wall motion abnormalities from 
coronary dissection, TEE can also guide the surgeon’s suc-
cessful placement of the arterial inflow cannula when direct 
central cannulation through the dissection is chosen.75 In 
this scenario, the echocardiographer must identify the true 
lumen on TEE with certainty in order to verify correct wire 
placement (Fig. 11-10).75 Checking for appropriate flow in 
the true lumen after initiation of CPB can then further ver-
ify adequate cannula location. In addition to assessment of 
the thoracic aorta, TEE also serves to exclude other cardiac 
pathology and evaluate the surgical repair and ventricular 
function after CPB. In the setting of aortic root replacement 
with coronary reimplantation, TEE can analyze ventricular 
wall motion after CPB to verify adequate blood flow. While 
the indications described above are more specific to ascend-
ing aorta pathology, TEE plays a similar role in open aortic 
arch and descending aorta surgical procedures. In addition to 
TEE, intraoperative monitoring of the carotid arteries with 
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A B

FIGURE 11-8 Aortic valve long-axis transesophageal echocardiography (TEE) views in two patients with ascending aorta aneurysms. The ben-
efits of TEE in aortic surgery include the ability to quantify dilation, as well as identify structural integrity of the aortic valve and root. Panel A 
demonstrates definition of the sinotubular junction (arrowheads), while Panel B demonstrates effacement requiring root replacement.

A B

FIGURE 11-9 Aortic valve long-axis transesophageal echocardiography (TEE) views in a patient with a type A dissection. Aortic regurgitation 
may not necessarily be due to structural valve disease. TEE demonstrates that in systole (Panel A), the dissection flap (red arrow) extends into the 
root, but it is above the aortic valve (yellow arrow). During diastole (Panel B), the dissection flap (red arrow) prolapses across the aortic valve, thus 
preventing adequate coaptation of the valve leaflets.

ultrasound can be beneficial in aortic dissection to confirm 
bilateral carotid flow prior to CPB, while on CPB, and after 
cross-clamping. In this scenario, brachiocephalic malperfu-
sion may result from factors such as retrograde arterial perfu-
sion, loss of flow through intimal fenestrations, and loss of 
pulsatile flow.76 If detected, changes in cannulation site and/or 
intimal fenestration can restore normal cerebral perfusion.76

While midline sternotomy with CPB is the typical 
operative plan for ascending aorta pathology, endovascular 
approaches in patients deemed too high risk for open repair 
have been performed with success.77,78 Transapical access 
allows antegrade stenting of the ascending aorta with verifi-
cation of wire placement and assistance with stent position-
ing provided by TEE (Fig. 11-11).78 Just as in transapical 
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248 Part II Perioperative/Intraoperative Care

FIGURE 11-10 The role of transesophageal echocardiography 
(TEE) is again demonstrated in a patient undergoing a Type A dis-
section repair. Central aortic cannulation was performed over a wire 
placed into the distal ascending aorta. TEE of the proximal descend-
ing aorta confirms that the wire (arrowheads) is indeed in the true 
(T) lumen. TEE is also valuable in guiding venous wire and cannula 
placement.

A B C

FIGURE 11-11 Transesophageal echocardiography (TEE) views of a patient with an ascending aorta intramural hematoma (Panel A). Consid-
ered too high risk for sternotomy and cardiopulmonary bypass, an endovascular approach via the left ventricular apex was chosen. TEE demon-
strates wire access (red arrowheads) across the aortic valve (Panel B) before stent deployment (yellow arrowheads) into the proximal ascending aorta 
(Panel C).

transcatheter AVR, the anesthetic plan should anticipate the 
need for rapid ventricular pacing for stent deployment and 
should include appropriate resuscitative measures for hemo-
dynamic recovery after pacing.79

Aortic Arch
The decision to include the aortic arch in the operative 
plan depends on the pathology and extent of disease.64-66,80 
Although a hemiarch is often appropriate, total aortic arch 
replacement may be required in the setting of extensive arch 
disease.64-66 Furthermore, the advent and expansion of hybrid 
aortic arch procedures will likely lead to a drift towards 
endovascular adjuncts in high-risk patients.64-66,81 Direct 

arch replacement typically requires temporary cessation of 
systemic blood flow to allow for arch reconstruction, with 
greater periods of hypothermic circulatory arrest frequently 
required for total arch replacement. Although hypothermic 
circulatory arrest is an established classic technique, it still 
carries the risk of neurological complications.82 Therefore, 
neuroprotective strategies must be incorporated into the 
anesthetic and surgical plans to decrease risk to the patient 
(Class 1 recommendation; Level B evidence).64,65 Although 
there are several neuroprotective options available, there still 
exists marked variation in the conduct of hypothermic circu-
latory arrest, including choice of cerebral protection strategies 
and preferred neuromonitoring techniques.83,84

NEUROPROTECTION DURING ADULT AORTIC 
ARCH REPAIR
The high metabolic rate of the brain makes it particularly 
susceptible to ischemic injury during periods of circulatory 
arrest.85 To mitigate this ischemia, hypothermia is utilized to 
decrease both cerebral metabolic and oxygen demands, allow-
ing for increased periods of circulatory arrest.85 The degree of 
hypothermia utilized for aortic arch repair has recently been 
defined by international consensus into four levels: profound, 
deep, moderate, and mild (Table 11-5).85 The optimal level 
of hypothermia for aortic arch repair has recently been under 
scrutiny.85 The requirement for profound or deep hypother-
mic circulatory arrest has recently been questioned due to 
concerns about the increased risks of coagulopathy, inflamma-
tory response, and end-organ dysfunction.82-85 The increasing 
utilization of cerebral perfusion adjuncts, such as retrograde 
cerebral perfusion (RCP) or selective antegrade cerebral per-
fusion (ACP), have enabled moderate degrees of hypothermia 
to be increasingly chosen for aortic arch procedures with suc-
cessful outcomes.82,85-87 The conduct of RCP involves retro-
grade perfusion through the superior vena cava cannula to 
achieve a CVP of 15 to 20 mm Hg, typically monitored at 
the level of the right internal jugular vein.88 Although RCP 
with deep hypothermic circulatory arrest provides excellent 
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 Chapter 11 Cardiac Anesthesia 249

TABLE 11-5: Consensus Classification of 
Hypothermia in Aortic Arch Surgery

Level of Hypothermia Nasopharyngeal Temperature

Profound hypothermia ≤14°C
Deep hypothermia 14.1-20.0°C
Moderate hypothermia 20.1-28.0°C
Mild hypothermia 28.1-34.0°C

outcomes for aortic arch repair with short reconstruction 
times, the amount of perfusate that actually provides meta-
bolic substrate to support brain metabolic function during 
RCP remains low.88,89

The emerging contemporary paradigm for adult aortic 
arch repair is the utilization of moderate hypothermia with 
ACP since this guarantees cerebral perfusion, extends the 
duration of time for aortic arch reconstruction, and avoids 
the morbidity of deeper levels of hypothermia.82,84-87 ACP can 
be performed either in a unilateral fashion with a cannula in 
the right axillary artery or innominate artery, or in a bilateral 
fashion with cannulas in both the innominate and left carotid 
arteries. Although ACP can be unilateral or bilateral, recent tri-
als both in elective and emergent adult aortic arch repair sug-
gest that unilateral ACP at adequate pressure with appropriate 
neuromonitoring is safe, effective, and straightforward.90-92 
Perfusion during ACP is often titrated to maintain flows in 
the range of 10 to 15 mL/kg, a right radial artery pressure of 
approximately 50 to 60 mm Hg, and a baseline neuromoni-
toring profile.93 The final selection of both the degree of hypo-
thermia and type of cerebral perfusion adjunct will depend on 
factors such as the patient, the aortic arch pathology, surgical 
preferences, and institutional practices. Despite the significant 
variability, it is reasonable to use the perfusion management 
strategy that is best suited to the team and institution (Class 
IIa Recommendation; Level B Evidence).65

In addition to these perfusion strategies for neuropro-
tection, pharmacologic agents are also often employed.83,84 
Thiopental or propofol may be given at doses to cause burst 
suppression.93 Corticosteroids, magnesium, and lidocaine 
are also popular for their potential neuroprotective ben-
efit.83,84,94,95 Recent analysis from a large adult European reg-
istry has suggested that steroids may decrease the stroke rate 
after aortic arch reconstruction.95 There is currently no strong 
evidence to guide the choice of pharmacologic agents for 
improving neurologic outcomes after thoracic aortic surgery. 
Therefore, the use of these agents should be considered an 
adjunct to hypothermia. Further trials are required to identify 
best practices in this area.

NEUROMONITORING DURING ADULT AORTIC 
ARCH REPAIR
Neuroprotective strategies during aortic arch repair such as 
hypothermia, cerebral perfusion adjuncts, and appropriate 
pharmacology do not guarantee prevention of postoperative 

neurologic injury. Furthermore, general anesthesia precludes 
a full neurological examination during the procedure. Intra-
operative neurophysiologic monitoring remains important for 
early detection of possible neurologic injury and for assessment 
of adequate perfusion. The ability to identify impending injury 
can also allow for earlier intervention to prevent permanent 
injury. The use of intraoperative monitors can certainly help 
guide therapy, but the decision to use such monitoring will 
depend on individual patient needs, institutional resources, 
the urgency of the procedure, and the perfusion techniques 
being used (Class IIa Recommendation; Level B Evidence).65 
Furthermore, while these monitors provide valuable informa-
tion intraoperatively, there are no large, randomized controlled 
trials that provide conclusive evidence that these monitors 
decrease neurologic injury after adult aortic arch repair.

Electroencephalography (EEG) measures spontaneous 
electrical brain activity via electrodes placed in a standardized 
fashion on the scalp. The electrical activity is amplified and 
displayed on a monitor as a continuous EEG signal. During 
the use of deep hypothermic circulatory arrest, gradual slow-
ing of the EEG occurs until electrocortical silence is achieved 
with continued lower temperatures (Fig. 11-12).96 Therefore, 
the degree of hypothermia needed for neuroprotection can 
be determined by EEG silence as a marker of brain tempera-
ture and metabolic suppression.88,96,97 Without EEG, simply 
cooling to a target temperature such as 18 degrees Celsius 
may not provide adequate cerebral metabolic suppression 
since this approach does not guarantee EEG silence in 100% 
of patients.96,97 EEG is also a useful monitor to detect sei-
zures and ischemia during thoracic aortic surgery.98,99 Since 
anesthetic agents can attenuate EEG amplitude and frequen-
cies, high-quality communication between all intraoperative 
team members can minimize anesthetic interference with the 
EEG recordings for optimal neuromonitoring at all phases 
of the procedure. During systemic rewarming, the return of 
the EEG signal to baseline suggests neurologic injury did 
not occur as a result of the arch repair or unintended brain 
hyperthermia.97,100

An increase in jugular bulb venous oxygen saturation 
monitored via an oximetric catheter has also been utilized 
for guiding temperature-induced cerebral metabolic sup-
pression.101 Although jugular bulb saturation > 95% suggests 
cerebral metabolic suppression, routine jugular bulb satura-
tion monitoring has not enhanced the neuroprotective effects 
of hyporthermia.101 As an alternative, near-infrared spectro-
photometry (NIRS) offers noninvasive measurement of cere-
bral oxygen saturation.83,84,93 A further advantage of NIRS 
over EEG is its ability to continue monitoring cerebral perfu-
sion status after EEG silence has occurred. However, NIRS 
only provides a focal assessment due to small sample size of 
brain tissue being monitored, and therefore, it may not detect 
ischemia in other brain regions.102 Similar to pulse oximetry, 
the NIRS device is based on different absorption character-
istics of oxygenated and deoxygenated hemoglobin, as mea-
sured from two adhesive pads placed over the frontal lobes.102 
Cerebral oximetry values typically increase during deliberate 
hypothermia since cerebral oxygen demand decreases.
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During periods of cerebral ischemia such as circulatory 
arrest, decreases from the baseline cerebral oximetry val-
ues suggest inadequate perfusion.102 Whether RCP or ACP 
is being employed, perfusion pressures via RCP cannulas 
or ACP cannulas can be adjusted to seek an improvement 
in NIRS values. Similarly, when unilateral ACP is being 
employed, a drop in the contralateral NIRS monitor sug-
gests inadequate contralateral hemispheric perfusion due to 
an incomplete circle of Willis or due to inadequate ACP flow. 
Increasing ACP unilateral flow and/or instituting bilateral 
ACP typically restore the NIRS values to baseline, which may 
correlate with better perioperative neurologic outcomes.103,104 
While the use of NIRS is becoming more standard in the 
conduct of adult aortic arch repair, further trials are required 
to delineate best practices with this novel technology.102

Descending Thoracic Aorta
The main diseases of the descending thoracic aorta and/or the 
thoracoabdominal aorta that require surgical intervention are 
aneurysm and dissection.64-66 The repair options include open 
replacement, thoracic endovascular aortic repair (TEVAR) 
and hybrid procedures that involve both techniques.105 The 
anesthetic plan for descending thoracic aorta repair must be 
tailored according to the surgical approach, with a major goal 
for all surgical techniques to prevent distal ischemic injury 
to the visceral organs and the spinal cord. This ischemia can 
occur during the repair itself when flow may be intermittently 
occluded or due to loss of aortic branches. To prevent organ 
injury and neurologic deficit, emphasis should be placed on 
strategies to minimize ischemia, as well as quickly identify 
and treat ischemia.

OPEN SURGICAL REPAIR
Access for open repair of the descending thoracic aorta is 
achieved by a left thoracotomy with the patient in the right 
lateral decubitus position. When the disease process extends 
into the abdominal aorta, an extensive thoracoabdominal 
incision is indicated for retroperitoneal access to the abdomi-
nal aorta.106 In addition to full invasive monitoring, it is 
preferable to have a femoral arterial line to monitor lower 
body perfusion. To allow for adequate visualization in the left 
chest, a left-sided double-lumen endotracheal tube is typi-
cally utilized for selective collapse of the left lung, although 
at times, aneurysmal compression of the left main bronchus 
may require downsizing or a switch to a bronchial blocker 
for effective lung separation. In addition to allowing good 
exposure, lung isolation also reduces the need for pulmonary 
retraction and may decrease unintended pulmonary contu-
sions.65 At the conclusion of the operation, the decision to 
exchange the endotracheal tube for a single-lumen endotra-
cheal tube should be made after a thorough evaluation for 
airway edema and bleeding. A single-lumen tube is usually 
desired to allow for better pulmonary hygiene; however, rou-
tine exchange to a single-lumen tube is not recommended 
when significant upper airway edema or hemorrhage is pres-
ent (Class III Recommendation; Level C Evidence).65

Prevention of postoperative spinal cord ischemia remains 
a major goal for descending aortic surgery (Table 11-6).107 
When an open repair is performed, various strategies are pos-
sible to maintain distal aortic and spinal cord perfusion. These 
surgical options will only be briefly discussed here, allowing 
for a focus on nonsurgical adjuncts and neuromonitoring. A 
simple aortic cross-clamp technique has been used with suc-
cess when clamp time is minimized, but it does not allow 
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FIGURE 11-12 Electroencephalography (EEG) obtained during a case of ascending aorta and hemiarch replacement using deep hypothermic 
circulatory arrest. As the patient is progressively cooled, amplitude and frequency decrease from baseline (Panel A) until EEG silence (Panel B) is 
obtained (approximately 18°C in this patient). Note the signal artifact in Panel B.
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TABLE 11-6: Strategies for Spinal Cord 
Protection During Descending Thoracic 
Aortic Repair

Gott shunt Augmentation of mean arterial 
pressure

Partial left heart bypass Decrease CSF pressure via CSF 
drainage

CPB with DHCA Reattachment of intercostal arteries
Systemic hypothermia Somatosensory evoked potentials
Steroid administration Motor evoked potentials

CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; 
CSF, cerebrospinal fluid.

for organ protection during the ischemic period.107 Prolonged 
cross clamp can be detrimental to organ function, especially 
when >30 minutes.107 Distal perfusion using left heart bypass 
can be achieved with drainage of oxygenated blood from the 
left atrium being returned to a femoral artery after going 
through a perfusion circuit.106,107 Modifications based on the 
presence or absence of an oxygenator dictate anticoagulation 
requirements. This technique has the benefit of maintaining 
spinal cord, mesenteric, and renal perfusion, while simulta-
neously allowing for a degree of proximal hypertension to 
maintain additional spinal cord perfusion via the vertebral 
artery.106,107 Left heart bypass can also keep the LV unloaded 
in situations of extreme proximal hypertension. Alternatively, 
the surgeon can choose full CPB with hypothermic circula-
tory arrest to complete the repair when the distal aortic arch 
requires intervention.107,108

An additional strategy to potentially provide spinal cord 
protection from ischemia includes the use of mild to moderate 
systemic hypothermia (Class IIa Recommendation; Level B 
Evidence).65,106,107 Hypothermia not only decreases metabolic 
demands, but it also attenuates the inflammatory response 
during reperfusion. As mentioned above, administration of 
steroids for neuroprotection is frequently practiced to poten-
tially reduce spinal cord edema, but clear evidence for ben-
efit remains uncertain (Class IIb Recommendation; Level B 
Evidence).65,106,107 The augmentation of spinal cord perfusion 
is also an important perioperative technique for neuropro-
tection (Class IIa Evidence; Level B Evidence).65,106,107 Spinal 
cord perfusion pressure is equal to the difference between the 
mean arterial pressure and the cerebrospinal fluid (CSF) pres-
sure. Systemic vasoconstrictors such as phenylephrine, nor-
epinephrine, and/or vasopressin to increase the mean arterial 
pressure can effectively treat spinal cord ischemia, and grad-
ual continued augmentation should be continued if ischemia 
persists.106,107 It is important to keep in mind that cardiac out-
put augmentation with inotropes may also be necessary to 
improve oxygen delivery. The second option for spinal cord 
perfusion pressure augmentation is CSF drainage via a lum-
bar CSF drain. CSF drainage is recommended in all patients 
at high risk for spinal cord ischemia (Class IIa Recommen-
dation; Level B Evidence).66,108 Both randomized trials and 

meta-analyses have demonstrated that CSF drainage results 
in decreased postoperative paraplegia after open thoracic aor-
tic surgery.107 Drainage of CSF should aim for a lumbar CSF 
pressure of 10 mm Hg, without causing rapid drainage that 
can result in intracranial hypotension.107 Although preopera-
tive placement of these catheters is common, postoperative 
placement may be indicated in patients with spinal cord isch-
emia. Like all neuraxial invasive techniques, the coagulation 
status of the patient should be normalized prior to instru-
mentation to avoid hematoma formation. Further reported 
complications from CSF drainage catheters include retained 
catheter fragments, spinal headaches, nerve palsy, and men-
ingitis.107 A surgical option for augmenting spinal cord perfu-
sion is reimplantation of intercostal and segmental branches 
to the new aortic graft or occlusion of large vessels that back-
bleed to prevent arterial steal.107

As equally important as it is to treat spinal cord ischemia is 
the ability to detect ischemia.106-108 Early detection can allow 
for intervention to take place before permanent, irreversible 
ischemic damage occurs. Postoperatively, serial neurologic 
examinations can be performed on the patient that has recov-
ered from general anesthesia.107 This is not an option, how-
ever, for the anesthetized patient in the operating room that is 
undergoing an open repair. Therefore, the use of neurophysi-
ological monitoring of the spinal cord is advocated when fea-
sible (Class IIb Recommendation; Level B Evidence).65

The use of somatosensory evoked potentials (SSEPs) and 
motor evoked potentials (MEPs) allow the surgeon and anes-
thesiologist to respond quickly to changes seen from base-
line recordings. SSEPs are performed by placing stimulating 
electrodes on peripheral nerves in both upper and lower 
extremities. Stimulation is then conducted via the posterior 
and lateral columns of the spinal cord to the cerebral cortex. 
SSEPs can influence blood pressure and CSF management, 
but they can also guide the need for further reimplantation of 
segmental vessels.107 The advantage of SSEPs is that the signal 
is less affected by anesthetics and paralytic agents. However, 
anterior spinal cord ischemia can still occur without a change 
in SSEPs. While more complex, the use of MEPs is occasion-
ally advocated because they rely on stimulation of the motor 
cortex with signals conducted through the anterior column 
of the spinal cord. Although more sensitive than SSEPs, 
MEP signal is also more influenced by anesthetic and para-
lytic agents.107-109 The choice of SSEPs or MEPs is often also 
dependent on institutional culture and resources. Interpreta-
tion should be performed and guided by trained team that 
often includes a neurologist. It is essential to keep in mind 
that changes in SSEP or MEP signals from baseline are not 
necessarily caused by spinal cord ischemia (Fig. 11-13).107-110 
Hypothermia can cause global signal attenuation.110 Simi-
larly, interruption of lower extremity blood flow from infra-
renal vascular clamping can also cause signal attenuation. 
The site of signal attenuation along the neural pathway can 
determine whether central or peripheral malperfusion has 
occurred. Close communication between the neuromonitor-
ing team and the rest of the intraoperative team is essential to 
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252 Part II Perioperative/Intraoperative Care

ensure appropriate and timely detection of and intervention 
for significant events.107-110

ENDOVASCULAR REPAIR
Endovascular intervention for descending thoracic aortic 
disease has significantly increased.64-66 In addition to being 
far less invasive and allowing for quicker recovery, TEVAR 
may also reduce perioperative complications.64-66,107,111 Simi-
lar to open repair, the principles of preventing, detecting, and 
treating spinal cord and organ ischemia remain important, 
although the risk of spinal cord ischemia in TEVAR is sig-
nificantly lower.107 Risk factors for spinal cord ischemia in 
this setting include a long segment of aortic coverage (eg, left 
subclavian to celiac arteries) and patients with prior aortic 
repair.107 Although the adjuncts of neuromonitoring and 
CSF drainage are not routine in TEVAR, they are strongly 
considered in elective patients with risk factors.107 Significant 
attenuation of evoked potentials in this setting merit inter-
ventions such as permissive hypertension and CSF drainage, 
as outlined earlier.

During TEVAR, the patient remains supine with both 
arms tucked at the sides. For general anesthesia, a single-
lumen endotracheal tube suffices since lung isolation is not 
required. A radial arterial line and typically large-bore central 
venous access are also obtained. Tracheal extubation is a rea-
sonable goal for uncomplicated interventions. This allows for 
a quick neurologic examination to rule out any potential isch-
emia that may have occurred. Alternatively, either regional or 
local anesthesia may be options, depending on institutional 
practice and case specifics.112 A continuous epidural infusion 
can allow for patient comfort, as well as continuous detection 
of neurologic function. However, it is imperative to differ-
entiate the effects of neuraxial blockade by local anesthetics 
from true spinal cord malperfusion. Although not routinely 
performed, TEE is reasonable in endovascular aortic repair 
for monitoring, procedural guidance, and/or graft leak detec-
tion (Class IIa Evidence; Level B Evidence).65 Comprehensive 
TEE can assist with quantifying vessel caliber, locating guide-
wires, as well as postdeployment assessment of cardiac func-
tion and interrogation of the aorta.

R Upper L Lower R LowerUpper R Upper L Lower R LowerUpper
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FIGURE 11-13 Somatosensory evoked potentials (SSEPs) are obtained from all four extremities in a patient undergoing open descending aorta 
repair. Overlapping signal in Panel A suggests similarity to baseline readings, while global loss of signal in Panel B (obtained at 24°C) is likely due 
to hypothermia and not spinal cord ischemia.
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 Chapter 11 Cardiac Anesthesia 253

Involvement of the distal arch may require a very proxi-
mal landing zone for the TEVAR stent. In some instances, 
coverage of the left subclavian artery may be warranted and 
unavoidable in emergent situations. While an argument can 
be made to monitor left radial arterial pressure for this sce-
nario, a right radial arterial line is more practical if preop-
erative revascularization has not been performed. In more 
elective cases of TEVAR, a prior staged procedure can include 
either transposition of the left subclavian to the left common 
carotid artery or a left carotid-subclavian bypass.113-115 This 
revascularization option is now being endorsed when feasible 
due to recent meta-analysis that suggests an increased risk of 
arm ischemia, stroke, and spinal cord injury.113-115

HEART FAILURE SURGERY
Despite maximal goal-directed medical therapy, a subset of 
patients with chronic CHF will develop advanced stages of 
disease.116 For these patients who progressively deteriorate 
despite optimal goal-directed medical therapy, interven-
tions including implantable defibrillator device or cardiac 
resynchronization therapy and surgical therapy including 
revascularization, valve, ventricular restoration and remodel-
ing surgery, or mechanical circulatory support (VADs, heart 
transplantation) may be warranted.116.

Anesthetic Management of the Patient 
with Heart Failure
Anesthetizing patients with advanced CHF can be challeng-
ing as they commonly have the following findings consistent 
with poor functional reserve: severe symptoms at rest or with 
minimal exertion; episodes of fluid retention and/or periph-
eral hypoperfusion; objective evidence of severe cardiac dys-
function (ie, LVEF < 30%, restrictive mitral inflow pattern 
by Doppler echocardiography, elevated LV and/or RV filling 
pressures, elevated B-type natriuretic peptides); evidence of 
systemic organ injury (ie, renal and hepatic dysfunction); 
severe impairment of functional capacity; and history of 
multiple hospitalizations for CHF in the prior six months.117 
Hyponatremia with serum sodium < 133 mEq/L is also rela-
tively common and is associated with worse outcomes.118

Preoperative evaluation includes an assessment of the level 
of the patient’s dependency on cardiovascular support with 
medications and devices. Heart failure patients are medically 
managed with a variety of medications that have significant 
perioperative implications.119 Hypotension with induction 
and maintenance of anesthesia is common among patients 
taking angiotensin-converting enzyme inhibitors (ACE-I), 
angiotensin-receptor blockers, milrinone, and nesiritide 
because all of these drugs can cause significant vasodila-
tion.120,121 Perioperative hypotension associated with angio-
tensin-receptor blockers may require the administration of 
vasopressin because it may be refractory to phenylephrine or 
ephedrine.122

Heart failure patients are often fully anticoagulated at 
the time of urgent or emergent surgery because they are 
taking prophylactic agents to attenuate the development 
of venous thromboembolic disease due to reduced cardiac 
output, increased systemic venous pressure, and chemical 
changes promoting blood clotting. As such, they may require 
aggressive perioperative warfarin reversal. However, instead 
of volume-loading patients with fresh-frozen plasma, other 
therapies including vitamin K and/or four-factor prothrom-
bin complex concentrates (ie, plasma-derived concentrates of 
vitamin K-dependent clotting factors II, VII, IX, X, protein 
C and S) may be required perioperatively.123 Of note, most 
prothrombin complex concentrates contain varying amounts 
of heparin and are therefore contraindicated in patients with 
heparin-induced thrombocytopenia (HIT).124 Furthermore, 
many patients have had prior cardiac surgery and will need 
blood products (irradiated and cytomegalovirus-negative) 
immediately available in the operating room at the time of 
induction of anesthesia.

Assessment of antiarrhythmic devices and implantable 
cardioverter-defibrillator includes interrogation and repro-
gramming to a mode that is not affected by electrocautery. 
External defibrillator pads need to be placed and the defibril-
lator function temporarily deactivated.125 Appropriate arterial 
and venous lines are placed before induction of anesthesia. 
Depending on the patient characteristics and the presence of 
a nonpulsatile VAD, arterial line placement may be difficult 
and may require ultrasound guided placement. If a patient 
does not already have a PAC, one can be placed before or after 
induction of anesthesia. Of note, placing a PAC in a patient 
with a VAD can be challenging and may have to be placed 
under fluoroscopic guidance in the catheter laboratory or in 
the operating room. Floating a PAC across the tricuspid valve 
is sometimes difficult and for the patient undergoing heart 
transplantation, the catheter tip needs to be withdrawn into 
the superior vena cava. In this position, the infusion ports are 
outside of the vein in the sheath, making them unavailable 
for use until the catheter is reintroduced into the correct posi-
tion after the donor heart is transplanted.

Induction and maintenance of anesthesia in CHF patients 
with marginal reserve requires diligent titration of medica-
tions in order to maintain acceptable organ perfusion, while 
avoiding arrhythmias and hypotension. A balanced anesthetic 
is usually provided by administering a combination of nar-
cotics, muscle relaxants, and intravenous and/or inhalational 
anesthetic agents with judicious use of vasopressors and ino-
tropes. Anticoagulation for CPB is usually achieved with 
heparin, but because heart failure patients are often exposed 
to heparin, they may have antibodies, and direct thrombin 
inhibitors may need to be administered instead.126,127

Weaning from CPB can be challenging and intraoperative 
TEE can be useful in guiding patient care. As heart failure 
patients often have preexisting pulmonary hypertension or 
RV dysfunction, they are more likely to develop post-bypass 
right heart failure. Vigilance in prevention and early detec-
tion of post-bypass RV failure is important128 (Table 11-7).
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254 Part II Perioperative/Intraoperative Care

TABLE 11-7: Management of Right 
Ventricular Failure After Cardiac Surgery

Optimization of RV rate and rhythm
a.  Maintain sinus rhythm to maintain optimal filling of a 

hypertrophied, dilated right ventricle: consider pacing, early 
cardioversion

b.  Because of associated TR, higher heart rates may be desirable 
(80-100 beats/min) to reduce end-diastolic volume but if there 
is significant RV ischemia, excessive tachycardia may not be 
tolerated

Optimize RV filling
a.  When CVP is low, the RV may be “coping” and an elevated 

CVP may imply a failing RV with or without TR
b.  Although past teachings encouraged volume loading the RV to 

increase pulmonary blood flow and cardiac output, injudicious 
volume loading can result in acute RV distention resulting in RV 
failure

Maintain RV coronary perfusion pressure
a. Inotropic support
Reduce pulmonary vascular resistance
a. Optimize ventilation strategies
b.  Avoid acidosis and hyperinflation of the lungs
c.  Inhaled pulmonary vasodilators (nitric oxide, prostacyclin, 

iloprost, and milrinone)
Surgical Management
a. RVAD
b. ECMO

ECMO, extra-corporeal membranous oxygenators; RV, right ventricle; TR, tricuspid 
regurgitation; CVP, central venous pressure; RVAD, right ventricular assist device.

Anesthetic Management for the Heart 
Transplantation
Heart transplantation is the gold standard for treatment of 
end-stage heart failure. The 1-year and 5-year survival after 
heart transplantation is 81% and 69% respectively, with a 
median survival of 11 years for all recipients, and 14 years for 
those surviving the first year after transplantation (www.ishlt.
org/registries).129 Cardiomyopathy (55%) and chronic isch-
emic heart disease (36%) are the leading underlying cause 
of heart failure among heart transplant recipients for whom 
the median adult recipient age is 54 years while the propor-
tion of patients transplanted at extremes of ages continues 
to increase.129 Not surprisingly, close to half of the recipients 
have undergone previous cardiac surgery, 35% have a VAD, 
most commonly for the LV, and 7% have an IABP. Although 
1.1% of transplant recipients were on preoperative extracor-
poreal membrane oxygenation (ECMO), this number has 
increased from 0.3% in the mid-1990s.127

Heart transplantation occurs urgently or emergently 
and requires close coordination with the harvesting team 
to minimize ischemic time. As close to half of the patients 
have had prior sternotomy, blood availability and cannula-
tion strategies need to be confirmed. In addition to the usual 
antibiotic prophylaxis, immunosuppressive medications need 
to be administered. Inotropic medications, IABP, or other 

mechanical assistance are maintained until institution of 
CPB.130 TEE is useful in assessing the native heart. Pretrans-
plant TEE evaluation includes an assessment of the presence 
of intracardiac thrombus and degree of atheromatous plaque 
at cannulation sites.

Heart failure patients are at increased risk for develop-
ing HIT. Thus it is important to ascertain that heparin use 
is acceptable. Otherwise, alternative anticoagulation with 
direct thrombin inhibitors or preoperative plasmapheresis to 
reduce HIT antibodies may be necessary.126,127 Patients who 
are sensitized with preformed anti-human leukocyte antigen 
antibodies against donor antigens are at increased risk for 
acute or hyperacute rejection as well as transplant vasculopa-
thy.131 Antibodies are common among patients presenting for 
a second transplant.131 Various densensitization modalities 
may need to be employed (plasmapheresis, immunoglobulin, 
rituximab, and bortezomib), and some of the therapies may 
require pretreatment with acetaminophen, diphenhydramine, 
and corticosteroids to prevent cytokine release syndrome.132

Weaning from CPB can be challenging as post-bypass con-
tractility can often be marginal or poor. Certain donor heart 
characteristics may predispose the recipient to poor prognosis 
after heart transplantation (Table 11-8). After weaning from 
CPB, right heart failure can develop and in extreme cases, 
primary graft failure can occur.133 Careful TEE evaluation 
and titration of inotropes and ventilator strategies aimed at 
reducing pulmonary vascular resistance and use of inhaled 
epoprostenol or other selective inhaled pulmonary vasodila-
tors can facilitate weaning from CPB. Occasionally, patients 
may develop RV failure requiring temporary support with a 
VAD or ECMO.134,135

Anesthetic Considerations for 
Ventricular Assist Device Implantation
Mechanical circulatory support, including the use of VADs 
and the total artificial heart, is another therapeutic option 
for the advanced stage heart failure patient.116 Similar to 
heart transplant recipients, patients eligible for VAD place-
ment have marginal reserve and require careful titration of 
anesthetic drugs to induce and maintain anesthesia. Many 
of these patients require significant preoperative inotropic 
support, which often must be maintained throughout the 
operative course. Up to 40% of patients undergoing VAD 
implantation have profound vasoplegia and may require vaso-
pressin and methylene blue administration.136,137 The goal of 
perioperative fluid management is to maintain intravascular 
volume to facilitate left VAD (LVAD) function without creat-
ing RV dysfunction.138 Blood transfusions are avoided if pos-
sible to prevent sensitization for future heart transplantation. 
Because infection is a major cause of death, VAD patients 
often receive multiple prophylactic antibiotics.

The key to successful LVAD implantation lies in prevent-
ing RV failure, which occurs in 25 to 50% of recipients.139 
Ventricular interdependence plays an important role in the 
development of post-LVAD failure of the RV. Because of 
the anatomic proximity of the RV to the LV, changes in LV 
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 Chapter 11 Cardiac Anesthesia 255

TABLE 11-8: Donor and Recipient 
Characteristics Associated with a Poor 
Prognosis After Heart Transplantation

Donor heart characteristics
Donor age
 Increased age is associated with higher risk at 1-year and  

 long-term mortality (12)
Presence of LVH
 LVH > 14 mm associated with lower survival in recipients (33)
Gender mismatches (34)
Donor cause of death (35)
 Intracranial bleed associated with transplant vasculopathy
Donor history of coronary artery disease
 Can cause early and late graft failure (37)
Recipient characteristics
Obesity (BMI > 30 kg/m2 or percent ideal body weight > 140%)
Associated with > 5-year mortality rates and shorter time to high-

grade acute rejection (7)
Ischemic time* > 210 min
Associated with increase in acute graft failure in 1-year and 5-year 

mortality rates (17)
Presence of donor-specific antibodies (DSA)
 Increases risk for acute or hyperacute rejection and transplant  

 vasculopathy (38)
Elevated pulmonary vascular resistance
Pretransplant RVAD only, ECMO, extracorporeal LVAD**,  

TAH (32)
 Associated with poor graft survival

*Ischemic time:donor aortic cross-clamp to removal of recipient aortic 
cross-clamp.
**Pretransplant implantable LVAD dependence was not shown to be associated 
with decreased graft survival.
References are shown in parenthesis. LVH, left ventricular hypertrophy; BMI, 
body mass index; RVAD, right ventricular assist device; ECMO, extracorporeal 
membrane oxygenation; LVAD, left ventricular assist device; TAH, total artificial 
heart.

volume can result in immediate changes to RV pressure and 
volume and vice versa. Monitoring the position of the septum 
in the immediate post-CPB period is crucial since >50% of 
RV function is dependent on proper septal function.128

Studies have shown that a functioning LVAD can decrease 
RV afterload, increase RV compliance, and decrease RV con-
tractility.140 When the LV is completely decompressed, global 
RV contractility can be impaired secondary to the leftward 
shift of the interventricular septum. Nonetheless, RV myo-
cardial efficiency and power output are maintained through a 
decrease in RV afterload and increase in RV preload.140 How-
ever, with preexisting right heart dysfunction, anatomic ven-
tricular interaction is accentuated causing a greater decrease 
in RV contractility which can ultimately lead to RV failure.128

In order to maintain midline position of the interven-
tricular and interatrial septum, LVAD flows, volume status, 
RV function, degree of tricuspid regurgitation (TR) as well 
as other hemodynamic variables (CVP, pulmonary artery 
pressures, left atrial pressures, and mean blood pressure) may 
need to be carefully adjusted. LVAD flows may also need to 

be decreased to prevent increased venous return from over-
whelming the functional capacity of the RV. Other treatment 
principals in preventing or mitigating RV failure need to be 
considered as well, including (1) maintaining sinus rhythm 
in order to optimize filling of a hypertrophied or dilated 
RV; (2) avoiding acute RV distension by overzealous volume 
loading; (3) maintaining RV CPP and RV inotropic therapy;  
(4) maintaining RV geometry; and (5) reducing pulmo-
nary vascular resistance128 (Table 11-7). In severe RV failure, 
RVAD placement may be necessary.

Although several preoperative risk factors for post-LVAD 
failure of the RV have been identified, the occurrence of RV 
failure is largely unpredictable.138 Therefore, in addition to 
utilizing ventilator strategies to decrease pulmonary vascular 
resistance by avoiding PEEP, hypoxia, hypercarbia, and aci-
dosis, nonselectively inhaled pulmonary vasodilators (nitric 
oxide, epoprostenol) at the time of weaning from bypass may 
be utilized.

Pre-LVAD implant intraoperative TEE evaluation includes 
assessment for thrombus in the apex where the inflow can-
nula will be inserted; evaluation for atherosclerosis of the 
ascending aorta where the outflow graft will be placed; evalu-
ation for atrial septal defects or patent foramen ovale as sig-
nificant right-to-left shunting post-LVAD implantation can 
lead to severe hypoxemia; determining the degree of AR as 
valve replacement or surgical closure may be required in the 
presence of moderate or severe AR; and a thorough evalua-
tion of RV function.

TEE is also valuable in assisting the surgeon with the posi-
tion of inflow and outflow cannulae. The LVAD inflow can-
nula is usually placed in the apex for destination therapy and 
bridge-to-transplant, and in the left atrium for those who 
with a previous ventriculoplasty procedure or in those with 
an anticipated quick recovery. Ideally, the LV inflow cannula 
should be angled toward the MV in alignment with the LV 
inflow tract, while not abutting any wall.141 The outflow graft 
in the proximal ascending aorta can sometimes be difficult 
to visualize by TEE. The tip of an RVAD inflow cannula is 
ideally oriented in the middle of the right atrium away from 
the atrial septum and tricuspid valve. The outflow cannula is 
usually placed in the pulmonary artery, 1.5 to 2 cm beyond 
the annulus.

The development of smaller VADs has enabled the increas-
ing use of minimally invasive implant strategies, including 
off-pump procedures. Transthoracic echocardiography (TTE) 
and TEE are helpful in assisting placement of the inflow can-
nula via a small thoracotomy or subcostal incision.142

Total Artificial Heart
Total artificial heart (TAH) implantation is relatively rare and 
involves only 2.3% of all device implants.143 Several manage-
ment issues specific to the TAH (SynCardia, Inc., Tucson, 
AZ; formerly known as CardioWest) have significant clinical 
implications.144 Anesthetic management of other total artifi-
cial heart devices that are not yet FDA-approved is not dis-
cussed in this section.
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256 Part II Perioperative/Intraoperative Care

During TAH implantation, the native cardiac ventricles 
and arterioventricular valves are removed and in its place, 
an orthotopic pneumatic pulsatile device consisting of two 
separate artificial ventricles is implanted. Each ventricle has 
two single-tilting mechanical valves mounted on the hous-
ing of the artificial ventricle. Several advantages of a TAH 
include the ability to pump at high flow rates (>9 L/min at 
maximal stroke volume of 70 mL) with filling pressures of 
8 to 15 mm Hg. Common indications that favor TAH ver-
sus biventricular assist device include severe myopathies that 
result in biventricular hypertrophy with small intraventricu-
lar chamber size, failed Fontan, failed cardiac transplantation, 
myocardial infarction with related ischemic cardiomyopathy 
resulting in intractable biventricular failure with postinfarct 
ventricular septal defects (VSD), large LV apical aneurysm 
or LV thrombus, and severe AV pathology including AR or 
mechanical valve prosthesis.144

When placing a perioperative central venous line, the tip 
of the central venous catheter must not extend into the right 
atrium, as central venous catheter entrapment in the right 
TAH mechanical inflow valve can result in fatal TAH malfunc-
tion.145 Thus, placement of a PAC should not be attempted 
in these patients after TAH implantation. Although weaning 
from CPB is generally not an issue, some patients may require 
vasopressors to treat vasoplegia. Inotropes are not needed in 
these patients. Assessing adequate de-airing can be challeng-
ing because the TAH air diaphragms that drive blood out of 
the ventricles appear similar to intracardiac air. Thus, de-air-
ing relies on repeated evaluation for air in the atria, pulmo-
nary veins, ascending aorta, and main pulmonary artery.146

Cardiac tamponade in the classical sense of RV diastolic 
compression after TAH implantation cannot occur because 
of the rigid construction of the artificial ventricles. However, 
“tamponade” due to compression or kinking of the vena cavae 
(IVC compression more common than SVC) and/or pulmo-
nary veins (left pulmonary vein compression more common 
than the right) can occur. Therefore, while the native heart is 
in place, baseline TEE of the vena cava and pulmonary veins 
may be useful for enabling identification and evaluation of 
kinking after TAH implantation.146

Peak Doppler flow velocities ≥ 1.1 m/s in patients follow-
ing radiofrequency ablation for atrial fibrillation have been 
associated with pulmonary vein stenosis.147 Although peak 
velocities > 2 m/s have been associated with no apparent 
hemodynamic consequences after TAH implantation, more 
studies are necessary to determine acceptable peak values.146 
In the meantime, establishing baseline post-TAH implant 
pulmonary vein flow velocities may provide a helpful com-
parison in the future when other signs of hypoperfusion 
point to possible kinking of the pulmonary veins.

ELECTROPHYSIOLOGY AND CARDIAC 
CATHETERIZATION LABS
As technology advances and the population ages, medical 
interventions and surgical treatments converge, while target 
patient populations combine as complexity and acuity rise. 

Our ability to treat conditions once outside the penumbra 
of “traditional” surgical and medical care continues to grow. 
As diagnosis and interventions become more specialized and 
sophisticated, the broadened scope of our medical horizon 
necessitates the integration of related disciplines, particularly 
in the case of interconnected specialties. Nowhere is this 
more pressing than in cardiovascular medicine. For cardiac 
surgeons, cardiac anesthesiologists, electrophysiologists, and 
interventional cardiologists, it is increasingly necessary that 
we understand the essential framework of each other’s medi-
cal thought process and practice in order to optimize the care 
we provide and the therapeutic interventions we offer.155

Electrophysiology Lab
In a relatively short period of time, electrophysiology (EP) 
procedures have developed from largely diagnostic studies to 
complex, lifesaving interventions. Patients are more complex 
than ever, and demand for devices and procedures is high. 
Successful treatments and long-term survival of previously 
tenuous cardiovascular medicine patients has broadened the 
target population. Similarly, cardiac surgery patients often 
benefit from therapeutic interventions in the EP lab.

DEVICES FOR THE MANAGEMENT OF 
DYSRHYTHMIAS

Pacemakers. Bradycardia at the level of the sinus node or 
AV node, either spontaneous or as a result of cardiac medica-
tions or surgeries, can be treated with pacemakers.156 These 
devices deliver electrical impulses that depolarize myocar-
dial cells near the lead tip and propagate into the contigu-
ous myocardium. Pacemakers can be programmed in many 
ways. Pulse delivery sequences depend on how the pacemaker 
is programmed. Single-chamber transvenous pacemakers 
have a lead in the atrium or in the ventricle. Dual-chamber 
transvenous pacemakers typically have leads in both the right 
atrium and ventricle. Pacemakers capable of biventricular 
pacing have ventricular leads that can pace both the RV and 
LV. These devices are usually placed within the EP laboratory 
and require minimal to moderate sedation for the patient. 
Occasionally in the case of very frail patients, only local 
anesthesia is used. If the patient has psychiatric, neurologi-
cal, neuromuscular, or other disorders, which preclude the 
use of nurse-administered sedative agents, anesthesiologists 
can provide deeper sedation or general anesthesia with other 
intravenous agents or volatile anesthetics. Surgically placed 
epicardial pacemakers may have electrodes that pace the heart 
overlying the right atrium, RV or LV. Patients often come 
to the EP lab with surgically implanted epicardial wires for 
hookup to a pacemaker, which is subsequently placed by 
an electrophysiologist. When necessary, hybrid surgical and 
transvenous systems can be created for patients with prohibi-
tive anatomy, including those with tricuspid valve replace-
ment, congenital heart disease or occluded vessels. Standard 
programmed modes for pacemaker operation are included in 
Table 11-9.157
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 Chapter 11 Cardiac Anesthesia 257

TABLE 11-9: Pacemaker Modes7

North American Society of Pacing and Electrophysiology (NASPE) and British Pacing and Electrophysiology Group (BPEG) code 
describing pacemaker function

Position I II III IV V
Category Chambers paced Chambers sensed Response to sensing Programmability, rate 

modulation
Multisite pacing*

Letters used O—None
A—Atrium
V—Ventricle
D—Dual (atrium 

and ventricle)

O—None
A—Atrium
V—Ventricle
D—Dual (atrium 

and ventricle

O—None
T—Triggered
I—Inhibit
D—Dual (triggered 

and inhibited)

O—None
R—Rate modulation

O—None
A—Atrium
V—Ventricle
D—Dual (atrium and 

ventricle)

*Not commonly used in reference to pacemaker modes.

Single-chamber pacemakers are typically programmed to 
pace in the cardiac chamber where the electrode is attached, 
only when bradycardia occurs in that chamber. For example, 
a single-chamber ventricular pacemaker programmed in the 
VVI mode with a lower rate limit of 60 bpm in a patient with 
atrial fibrillation and slow ventricular response will only pace 
when the patient’s heart rate goes below 60 bpm. In contrast, 
a dual-chamber pacemaker programmed in the DDD mode 
with a lower rate limit of 60 bpm will pace the atrium if the 
atrial rate falls below 60 bpm but will also pace the ventri-
cle if the programmed AV interval has elapsed. Therefore, a 
normally functioning dual-chamber pacemaker may at times 
pace the atrium, the ventricle, or both cardiac chambers.

In response to development of a rapid atrial rhythm 
such as atrial fibrillation, a device may “mode switch” which 
means that the device would switch from a tracking mode 
such as DDD to a nontracking mode such as VVI or DDI in 
response to rapidly detected atrial rates. The “mode switch” 
option prevents the device from inappropriate rapid pacing 
the ventricle when a rapid rhythm occurs in the atrium. Car-
diac surgeons and cardiac anesthesiologists need to be aware 
of pacemaker settings both in the operating room and after 
surgery. A patient in the operating room with a pacemaker 
may develop a rapid ventricular rate in response to a rapid 
atrial rate on induction of anesthesia or insertion of an inva-
sive line if “mode-switch” is not enabled. Atrial fibrillation 
can commonly occur after cardiac surgery as well. This can 
be particularly problematic for those with pacemakers with-
out “mode-switch” who do not tolerate rapid rates, such as 
patients with hypertrophic obstructive cardiomyopathy.

ICDs. Implantable cardioverter defibrillators (ICDs) have 
the capability of treating rapid ventricular arrhythmias to 
prevent sudden death. They have pacing functions that are 
much the same as electronic pacemakers. In the past, patients 
required separate pacemaker and defibrillator units implanted 
in order to achieve dual-chamber pacemaker function with 
concomitant defibrillator capability. However, modern 
devices are capable of the majority of pacemaker and defibril-
lator functions simultaneously. ICD leads differ from pacing 
leads in that there is a coil present on defibrillator leads that 

participates in the shocking circuit. ICDs detect ventricular 
arrhythmias via a small bipolar electrode at the tip of the 
lead. Detection rates for ventricular arrhythmia are set by 
the operator via a radiofrequency communication link. ICDs 
have two ways of responding to ventricular arrhythmia. They 
can be programmed to deliver antitachycardia pacing or ATP, 
which will deliver a burst of pacing to the ventricle slightly 
faster than the cycle length of the ventricular tachycardia. 
ATP offers the possibility of terminating the arrhythmia 
without delivering a potentially painful shock to the patient. 
If ATP is unsuccessful or if the arrhythmia is rapid enough to 
exceed programmed parameters, the device can also deliver a 
shock to terminate the tachycardia. ICDs can be implanted 
in the EP lab with the same anesthetic regimens as pacemak-
ers. If patients requiring ICDs are clinically fragile they may 
benefit from anesthesiology oversight.

Both pacemakers and ICDs can provide Cardiac Resyn-
chronization Therapy. In patients with low ejection fraction > 
35% and ventricular dysynchrony, pacing of both ventricles 
simultaneously can improve heart failure symptoms. Patients 
who come to the EP lab for an upgrade or implantation of a 
device for this purpose frequently manifest the clinical signs 
of chronic low perfusion. Sedation regimens must be tailored 
to these individuals and/or anesthesiology backup may be 
needed.

Electrocautery can produce electromagnetic interference 
that can alter the appropriate function of both pacemakers 
and ICDs. This can be a significant problem in the operating 
room. Electrocautery “noise” can initiate pacemaker failure. 
In the case of ICDs, electrocautery “noise” can cause inap-
propriate detection of ventricular arrhythmia and inappropri-
ate delivery of shocks. Both pacemakers and ICDs have their 
function altered in response to magnet application. This is 
achieved by a reed switch which moves in response to magnet 
application and then returns to its original position after the 
magnet is removed. Pacemakers respond to magnet applica-
tion by pacing in an asynchronous mode (AOO, VOO, or 
DOO) at a rate which is related to the remaining battery 
life. For ICDs, the effect of magnet application is to turn off 
detection for ventricular arrhythmias. No effect on pacing 
occurs. If a patient with an ICD is pacemaker dependent, 
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their device may require reprogramming in addition to mag-
net application for safe performance of a surgical procedure 
involving electrocautery.

ELECTROPHYSIOLOGY STUDIES AND ABLATION 
PROCEDURES
Common indications for electrophysiology study include 
risk stratification for sudden death, determination of cause of 
syncope, diagnosis and treatment of supraventricular tachy-
cardias, as well as diagnosis and treatment of idiopathic ven-
tricular tachycardias. Standard electrophysiology studies are 
typically performed under light conscious sedation, though 
in the pediatric population these are sometimes performed 
under general anesthesia. EP studies typically require femo-
ral vein access, occasionally bilateral. Arterial access or trans-
septal puncture is performed to reach left-sided structures.  
In an electrophysiology study, solid multi-electrode catheters 
are used to measure electrical impulses during sinus rhythm 
and arrhythmia from stereotyped locations, including the 
right atrium, the RV, and the His bundle. For supraventricular 
tachycardia ablation, a catheter is often also positioned in the 
coronary sinus. Radiofrequency energy is the most commonly 
used ablation modality, though cryoablation is also used.

Catheter Ablation of Atrial Fibrillation. Atrial fibrilla-
tion is the most common sustained cardiac arrhythmia. It is 
the most common contributor to cerebrovascular accident in 
the United States. Risk factors for developing atrial fibrilla-
tion include older age, hypertension, valvular heart disease, 
cardiomyopathy, obesity, sleep apnea, and CAD. There are 
also metabolic causes including hyperthyroidism and acute 
alcohol intoxication. Other diseases or conditions that cause 
cardiac irritation such as pericardial status or pneumonia can 
play a role. In 1998 Dr. Haïssaguerre and colleagues showed 
that atrial fibrillation in patients with paroxysmal atrial fibril-
lation and frequent atrial ectopy had rapid firing from myo-
cardial sleeves around pulmonary veins that could initiate 
atrial fibrillation.158 It is now understood that many patients 
with atrial fibrillation have at least a contribution from these 
myocardial sleeves in the pulmonary veins which remain a 
primary target for typical atrial fibrillation ablation. For 
patients with more persistent atrial fibrillation, other areas 
are also targeted, including some lines of ablation such as the 
roof, mitral isthmus, in an attempt to mimic the results of the 
Cox MAZE procedure.

Success rates for catheter ablation of atrial fibrillation are in 
the 80% range for patients with normal hearts, and paroxys-
mal atrial fibrillation. For patients with low ejection fractions 
or heart failure, success rates are closer to 50 to 70%. The 
procedure is improving with better anticoagulation and abla-
tion techniques. Complications are in the 1 to 2% range and 
include a risk of stroke, myocardial infarction, tamponade, 
atrial esophageal fistula, pulmonary vein stenosis, pericardi-
tis, and phrenic nerve injury. Many centers utilize esopha-
geal temperature monitoring to avoid esophageal injury 
during ablation which can be life-threatening. Phrenic nerve 
injury can also occur during the procedure. Pacing is used 

to identify the phrenic nerve and avoid injury. Ablation for 
atrial fibrillation is usually performed under general anesthe-
sia. Multiple anesthetic protocols can be used, but paralysis 
must be avoided in order to avoid obscuring phrenic nerve 
injury. Anesthetic regimens should involve short acting agents 
since pain after the procedure is minimal and can usually be 
managed with nonsteroidals. Because these procedures can 
be long, patients often experience discomfort from lying on 
a hard table for long periods of time. Common comorbidi-
ties among patients with atrial fibrillation include obesity and 
sleep apnea, although many are otherwise healthy. Intubation 
and extubation require care and expertise. Care must be taken 
to avoid coughing at the end of the procedure to minimize 
potential disruption of femoral access sites and retroperito-
neal bleeding.159

Ventricular Tachycardia Ablation in Structural Heart 
Disease. Ventricular tachycardia (VT) in structural heart 
disease is a highly morbid condition that is associated with 
inappropriate device discharges, and life-threatening VT 
storm.160 Successful catheter ablation can eliminate the need 
for toxic antiarrhythmic drugs, and can be life-saving particu-
larly in VT storm. Ventricular tachycardia in the setting of 
structural heart disease is usually the result of reentry circuits 
which form around regions of scar tissue. Electro-anatomic 
barriers to conduction due to dense fibrosis form in zones 
of slow conduction. Patients with scar-related VT can have 
ischemic heart disease due to myocardial infarction which 
may be remote. Cardiomyopathies due to sarcoidosis, Chagas 
disease, idiopathic cardiomyopathy, or viral cardiomyopathy 
occur as well. All of these conditions have other systemic 
effects as well. Scar-related VT due to prior cardiac surgery is 
also seen often after repair of congenital heart disease such as 
Tetralogy of Fallot.

Catheter ablation of scar-related VT requires thorough 
preoperative preparation and planning. Interdisciplinary dis-
cussion is critical because the patients can be quite tenuous. 
Anesthesiologists, electrophysiologists, and cardiac surgeons 
should be aware of the potential for possible untoward events. 
Echocardiography is used to screen for mobile LV thrombus. 
Heart failure regimens are optimized. Screening for residual 
ischemic heart disease is often performed. These patients are 
also often complex and have many comorbidities. Planning 
is necessary for intraprocedural and postprocedural manage-
ment of other concomitant disease, including vascular, pul-
monary, and renal disease. This type of ablation is typically 
done under general anesthesia. Often vasoactive agents are 
needed, and induction of anesthesia requires planning for 
potential arrhythmia management during airway manipula-
tion. Invasive lines may be required prior to induction of the 
arrhythmia so that hemodynamic and fluid management can 
be optimized. If the patient’s ventricular function is severely 
compromised, adjuvant inotropic, intra-aortic balloon 
pumping or percutaneous LVADs may be needed.159 Anes-
thesiologist and electrophysiologists should both be involved 
in making planning decisions including when and how to 
decide on admission to ICU, postprocedure ventilation, and 
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extubation parameters. A plan for the approach to the ventri-
cles is made and should be discussed with all team members. 
The LV can be accessed via a retrograde aortic or transseptal 
approach. Epicardialsubxiphoid percutaneous puncture is 
often also employed. For patients in whom neither of these 
approaches is possible, surgical approaches to the epicardium 
as well as transcoronary alcohol approaches can be utilized.158 
The procedure itself usually consists of identification of the 
relevant scar substrate, induction of the clinical arrhythmia, 
confirmation of the location of the VT circuit by pacing, and 
ablation of the slow conduction areas.

Structural Heart Disease in the Cardiac 
Catheterization Laboratory
The breadth of structural heart conditions now amenable 
to treatment in the Cardiac Catheterization Laboratory has 
expanded enormously in the past decade. This is a direct 
result of both technological advancement and an age-related 
increase in the size of target patient populations. Not only 
is the prevalence of age-related disease on the increase, but 
the long-term survival of surgically treated patients and con-
genital heart disease patients makes the advent of nonsurgi-
cal interventions preferable in a group where surgical options 
may be limited.

CLOSURE OF PATENT FORAMEN OVALE
Patent foramen ovale (PFO) is a common condition esti-
mated to be present in 25% of the population. However, the 
vast majority of patients with PFO have no related clinical 
issues. Clinical conditions that may arise as a result of the 
present of a PFO include paradoxical embolism resulting in 
neurological injury, myocardial infarction, renal or mesen-
teric infarction, or limb ischemia. A PFO may also result in 
abnormal right to left shunting in patients with alterations 
in chest anatomy associated with kyphoscoliosis or after sur-
gery resulting in positional hypoxemia also known as platyp-
nea-orthodeoxia syndrome. At the present time, there is no 
FDA approved indication for PFO closure as clinical trials 
in patients with neurological events have not definitively 
shown benefit.161,162 However, PFO closure is still performed 
in specific patients who experience neurological events or in 
patients with platypnea-orthodeoxia syndrome.

PFO closure requires femoral venous access for device 
delivery. Ultrasound guidance is required and can be achieved 
by intracardiac ultrasound (ICE) or TEE. If ICE is used, a 
second femoral venous access site is required for the delivery 
of the catheter. If TEE is to be utilized, patients are usually 
placed under general anesthesia for airway protection and 
comfort during the procedure. Patients undergoing PFO 
closure usually do not experience hemodynamic compro-
mise, and short-acting anesthetics are advisable since post-op 
intubation is not usually required. The decision to use ICE 
versus TEE depends on comfort level of the implanting phy-
sician with either modality. ICE does have the advantage of 
not requiring general anesthesia and allowing the implanting 

physician to control image acquisition. TEE has the advan-
tage of greater breadth of visualization of cardiac structures.

The procedure usually does not require hemodynamic 
assessment as these defects are not hemodynamically signifi-
cant and usually do not result in left to right shunting. The 
defect is crossed using any of a variety of catheters and a stiff 
wire is delivered to the left upper pulmonary vein. The deliv-
ery sheath is then advanced to the left atrium and the device 
is delivered attached to a delivery catheter. The left atrial side 
of the device is opened, the device pulled back to the intra-
atrial septum, and then the right atrial side of the device is 
deployed. Once the position is confirmed by fluoroscopy 
and echocardiography, the device is released from the deliv-
ery cable. At the present time, there are no FDA approved 
devices for PFO closure. Devices that can be used for this 
purpose include the St. Jude Cribriform Septal Occluded (St. 
Jude Medical, Minneapolis, MN) or the Gore Helix septal 
occluder (Gore, Newark, DE).

ATRIAL SEPTAL DEFECT
Atrial septal defect (ASD) is a much less common condition 
than PFO. The adult with ASD is referred for closure if they 
demonstrate symptoms of dyspnea or exercise intolerance, 
or they have evidence of right heart volume overload due to 
left to right shunt which is usually detected by enlargement 
of right heart structures on echocardiography. Percutaneous  
closure of ASD is the treatment of choice for ostium secun-
dum defects. Ostium primum and sinus venosus defects 
require surgical closure as placement of a septal occluder 
device may impinge on vital adjacent structures.

Like PFO closure, ASD closure can be performed using 
ICE or TEE. Echocardiography is vital for device sizing. 
Once femoral access is obtained, right heart catheterization is 
performed to assess hemodynamics and shunt fraction across 
the defect. The defect is then crossed and occluded with a 
sizing balloon until color flow across the defect ceases. The 
waist of this balloon is then measured on echo for estima-
tion of defect size and device size selection. Echocardiography 
is also vital for device placement and ensuring proper posi-
tion of the device prior to releasing it from the delivery sys-
tem and to ensure that nearby structures including the MV,  
tricuspid valve, inferior/superior vena cava have not been 
compromised by the placement of the device. General anes-
thesia is commonly utilized for these cases. Because patients 
develop right heart volume overload, close hemodynamic 
monitoring during the case is necessary. Arrhythmias are not 
uncommon in this population. Short-acting anesthetics are 
preferred, post-op intubation is usually not required. At the 
present time, there are two devices approved for ASD closure, 
the Amplatzer Atrial Septal Occluder (ASO) (St. Jude Medi-
cal, Minneapolis, MN) and the Gore Helix septal occluder 
(Gore, Newark, DE).

VENTRICULAR SEPTAL DEFECT
Ventricular septal defect can be congenital or acquired. Adult 
cardiac catheterization labs more typically see acquired VSD 
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in the setting of ventricular septal rupture after myocardial 
infarction or as a result of trauma. Acquired VSD closure in 
the catheterization lab can be a very challenging procedure. 
Patients are critically ill, often decompensated and require 
intubation. In most cases, the percutaneous option is a sal-
vage procedure. Patients with acute rupture are felt to be poor 
candidates for surgical repair. VSD closure requires access-
ing and crossing the defect which can be difficult. Precise 
visualization can be challenging as collateral structures are 
often disrupted and hard to identify. TEE guidance may be 
required for three-dimensional visualization. Venous access 
can be obtained from the right internal jugular approach or 
right femoral approach if the defect is to be crossed from the 
right heart. If the defect is to be crossed from the left heart, 
some operators choose to take the transseptal approach to left 
heart access and defect crossing. Once the defect is crossed, 
a wire is advanced to the other side of the circulation, and 
the wire is snared from an alternative access site, usually the 
femoral artery. The wire is retracted out of the sheath and 
secured, allowing the wire to serve as a rail for device deliv-
ery, which can be challenging given the tortuosity involved. 
There is no ideal device for acquired VSD closure and the 
device chosen is generally based on the location and perceived 
shape of the device. Closure of congenital defects is generally 
an elective procedure with similar techniques used for defect 
crossing and device delivery. A variety of VSD occluders are 
available for this purpose.

Anesthetic management during traumatic VSD repair can 
be complex and extremely demanding. It involves hemody-
namic compensation during manipulation required to place 
and deploy the closure device. Oxygenation may be an issue 
and patients can present in shock. For closure, more than one 
device may be required because the integrity of the diseased 
tissue is poor. Procedures can be long. Vasoactive agents are 
commonly needed, and post-op intubation is usually required. 
Although the incision of an open heart procedure is not needed, 
the circulatory status of the patient is usually severely compro-
mised and the cardiac tissue is in suboptimal condition.

PARA-VALVULAR LEAK
Patients with significant para-valvular leak (PVL) of mitral 
or aortic valve prostheses who are not candidates for repeat 
cardiac surgery are referred to the catheterization laboratory 
for attempt at closure of the defect. These can be the most 
challenging procedures due to complexities involved in cross-
ing the defect, delivering a closure device, and obtaining a 
reasonable seal of the defect with the device.

PVL closure is elective. However, patients can be com-
promised by their pathology. Given the potential length of 
the procedure as well as the importance of TEE guidance, 
patients usually receive general endotracheal anesthesia. 
Three-dimensional TEE has become an important adjunct 
to this procedure as it allows the operator to see where the 
defect is along the sewing ring of the valve, and to accu-
rately direct guidewires across the defect. Mitral prosthesis 
defects are approached by obtaining transseptal access to the 

left atrium, and crossing the defect into the LV. Aortic pros-
thesis defects are approached retrograde by gaining access in 
the femoral artery and crossing from aorta to LV. Once the 
defect is crossed, the guidewire is snared and externalized via 
an arterial sheath. The wire is secured and serves as a rail over 
which a delivery catheter can be delivered. The defect is sized 
with a balloon and an appropriately sized occluder device is 
placed across the defect. A variety of closure devices can be 
used to cross the defect and occlude it. There is no ideal clo-
sure device for this purpose as these defects are generally cres-
centic and irregularly shaped. Post-device closure assessment 
with TEE is vital to assess residual leak and need for further 
devices as well as to ensure that prosthetic valve function is 
not hampered by the presence of the closure device.

AORTIC VALVE DISEASE
As the population ages, a greater number of patients are pre-
senting with severe, symptomatic AS. Once a patient with 
severe AS becomes symptomatic, there is a rapid decline in 
functional status and development of congestive heart failure. 
If not corrected, the condition will ultimately be lethal within 
several years. Surgical AVR is the standard of care for severe 
AS; however, transcatheter aortic valve replacement (TAVR) 
is now an option for some patients. Based on recent clinical 
trials, TAVR is now indicated for patients who are deemed 
inoperable or high risk for standard surgical AVR. High risk is 
defined as having a Society of Thoracic Surgeons risk score of 
>8%.163-166 There are several possible routes of access for TAVR 
with the preferred route being transfemoral access. However, 
in patients with inadequate femoral access, alternative routes 
can be considered, including trans-apical, direct trans-aortic, 
and subclavian access. Depending on the institution and 
route of access, TAVR can be performed in the catheterization 
lab or a hybrid catheterization laboratory/operating room.

In patients who are in need for urgent or emergent aortic 
valve intervention but are not acutely candidates for surgery 
or TAVR, balloon aortic valvuloplasty (BAV) may be per-
formed to relieve the obstruction across the aortic valve and 
improve hemodynamics allowing the patient to recover from 
their acute illness. The durability of the result is limited, how-
ever, and if deemed appropriate candidates, these patients will 
go to need definitive aortic valve therapy.

Most TAVR procedures are performed under general anes-
thesia with TEE guidance; however there is a growing experi-
ence with performing transfemoral procedures under heavy 
sedation and TTE assessment. Given the potential for acute 
instability, however, these procedures are virtually uniformly 
performed in collaboration with anesthesia independent of 
the method of sedation. Echocardiography is not critical 
for guidance of the device placement but is necessary post-
device placement to assess for complications including PVL, 
valve dysfunction, and pericardial effusion. For transfemoral 
TAVR, careful femoral access is critical as the delivery sheaths 
used for the procedure range in size from 14Fr to 20Fr 
depending on the device and size of device used. Once the 
diseased valve is crossed with a guidewire, a balloon dilation 
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of the valve may be performed depending on the device that 
will be used. The device is then deployed using fluoroscopic 
guidance and aortography.

There are two devices approved for TAVR at this time, the 
Sapien XT device (Edwards Lifesciences, Irvine, CA) and the 
CoreValve device (Medtronic, Minneapolis, MN). The Sapien 
XT device is a balloon expandable device. Once positioned, 
rapid pacing is initiated to essentially cease cardiac output 
and ensure valve stability during deployment. The CoreValve 
device is a self-expanding prosthesis that is positioned across 
the valve and opened by “de-sheathing” the valve in position. 
Rapid pacing may be utilized during the most critical portion 
of delivery but usually at rates of 110 beats per minute.

TEE is performed to determine if placement is appropriate 
and to assess PVL. Findings may guide operators to perform 
an additional balloon dilation to reduce PVL or perhaps con-
sider the placement of a second device.167 At the conclusion of 
the procedure, the delivery sheath is removed and the access 
site closed, usually with a suture-mediated closure device that 
is deployed in the artery prior to sheath delivery. For patients 
who have insufficient transfemoral access for TAVR, alterna-
tive access sites can be used. The Sapien XT device can be 
delivered via a direct trans-aortic approach or a trans-apical 
approach. The CoreValve device can be delivered via a direct 
trans-aortic approach or a subclavian approach. Each of these 
alternative access sites require surgical access and are therefore 
performed under general anesthesia in a hybrid catheteriza-
tion laboratory/operating room suite.

MITRAL VALVE DISEASE
The treatment of choice for rheumatic MS is balloon mitral 
valvotomy (BMV) in appropriate patients. Suitability for 
BMV is based on the degree of leaflet mobility, leaflet cal-
cification, subvalvular apparatus calcification, and degree of 
MR. Successful BMV has a long-term outcome that is similar 
to surgical repair; however it is not a commonly performed 
procedure in developed nations as the incidence of rheu-
matic fever is low. BMV for rheumatic MS can be performed 
under conscious sedation, as echocardiography is not usually 
required for the performance for this procedure. However, 
some operators prefer the use of general anesthesia and TEE 
for the procedure and it may be required in patients with 
respiratory compromise. TEE allows for direct visualization 
of the intra-atrial septum during the transseptal puncture. 
TEE also allows for direct assessment of post-BMV MR. The 
procedure requires femoral vein access for balloon catheter 
delivery and femoral arterial access for placement of a pig-
tail catheter in the LV to allow for simultaneous left atrium/
ventricle pressure measurement to assess the trans-mitral gra-
dient post-BMV. Transseptal puncture is performed and the 
appropriately sized balloon is advanced across the septum and 
MV. The balloon is inflated and then removed. Gradients are 
then measured to assess adequacy of the result.

The Mitra-Clip (Abbott Vascular, Santa Clara, CA) is FDA 
approved for patients with severe symptomatic degenerative 
MR who are deemed high risk or inoperable for surgical MV 

repair/replacement.168 This procedure requires general anes-
thesia and TEE guidance. The clip is usually placed on the 
middle anterior (A2) and posterior (P2) segments of the MV, 
thereby mimicking the effect provided by an Alfieri stitch 
of the MV, although more than one clip may be necessary. 
Transseptal puncture is first performed for left atrial access. 
The device is then delivered into the left atrium and across the 
MV for echo-guided deployment.

Potential Complications
EP LAB
Any procedure which involves the introduction of wires 
into the heart or great vessels incurs a risk of perforation 
of those structures. RV perforation can occur during pace-
maker implantation as well as during radiofrequency abla-
tion. Extraction of any hardware can cause perforation as 
well. Retroperitoneal hematomas can also occur, as well as 
pneumothoraces. Vigilance is essential on the part of elec-
trophysiologists, anesthesiologists, and consulting surgeons.  
It is important to remember that some EP labs are located at a 
distance from the operating rooms, and transport of a rapidly 
decompensating patient can be difficult.

CARDIAC CATHETERIZATION LAB
Unique risks associated with PFO/ASD closure include 
device malposition and/or embolization. Given the small size 
of most PFOs, this is a very rare complication. While also 
rare with ASD closure, there is a higher risk of this compli-
cation with very large defects or defects with deficient rims 
of atrial tissue that may not allow the device to hold onto 
the intra-atrial septum. Once the device is deployed, it is still 
retrievable if positioning or sizing is not satisfactory. Careful 
TEE assessment is warranted to ensure proper device seating 
and maintenance of integrity of nearby structures, including 
the mitral/tricuspid valves, coronary sinus, and vena cavae. 
If device embolization occurs, the device can generally be 
retrieved using percutaneous techniques. Rarely, however, 
surgical extraction may be required. Other complications 
include air embolism resulting in temporary coronary isch-
emia. Vascular complications are uncommon when access 
involves only venous structures.

Patients referred for acquired VSD/PVL closure are usu-
ally acutely or chronically ill with multiple comorbidities and 
are usually already deemed poor surgical candidates prior to 
referral for the procedure. Their comorbidities increase their 
risk for complications associated with the procedure and 
anesthesia. The transseptal puncture is one potential compli-
cation point of the procedure. An inappropriately performed 
puncture may result in aortic perforation or pericardial effu-
sion. The risk of these complications is reduced with echocar-
diographic guidance. Device embolization is a risk of both 
of these procedures. Like with PFO/ASD devices, they can 
be retrieved using percutaneous techniques. In the event of 
inability to retrieve, these patients will likely not be candi-
dates for surgical retrieval.
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262 Part II Perioperative/Intraoperative Care

There are several points of risk during TAVR. For trans-
femoral TAVR, careful and safe femoral access is critical due 
to the size of the sheaths that will be used for the procedure. 
An inappropriate puncture site can increase the risk of ret-
roperitoneal hematoma or inability to close the access site at 
the conclusion of the procedure. Attempts to place a deliv-
ery sheath in a femoral/iliac of borderline size could result 
in arterial dissection, or rupture which can be fatal. Both 
sheath insertion and removal are critical points for complica-
tions. During balloon valvuloplasty and valve deployment, 
patients can experience severe hemodynamic impairment. 
Since the Sapien XT requires deployment during rapid pac-
ing, recovery of heart rate and contractile function can be 
compromised if the patient has poor cardiac reserve or severe 
un-revascularized coronary artery disease. The CoreValve 
procedure also results in brief severe hypotension during 
the point where the native aortic valve is obstructed and the 
prosthetic aortic valve has not fully opened. Annular rupture 
has been reported with both devices. Risk factors for annular 
rupture include severe LV outflow tract calcium, device over-
sizing, and balloon post-dilation. Annular rupture will likely 
be immediately fatal with little time for surgical repair. How-
ever, contained rupture can occur and the decision to proceed 
to operative repair needs to be made in real-time with the 
cardiac surgeon involved in the case. Para-valvular leak after 
valve deployment needs to be assessed carefully with TEE/
TTE, aortography, and/or hemodynamics. Trace and mild 
PVL is generally of no concern. But moderate to severe leak 
can occur in up to 10% of cases. Treatment of these leaks 
usually requires additional post-dilation or the placement of 
a second prosthesis. PVL rarely results in acute hemodynamic 
issues, but may limit the benefit of the TAVR. Moderate to 
severe PVL is associated with worse long-term mortality after 
TAVR. It is prudent to assess for the presence of a pericardial 
effusion post-TAVR as perforation can occur following tem-
porary pacemaker placement.
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INTRODUCTION
Echocardiography plays an important role in cardiac surgery 
by defining myocardial structure, function, and intracardiac 
blood flow velocities. Preoperatively, transthoracic and trans-
esophageal echocardiography with color and spectral Doppler 
identify, quantify, and characterize cardiac disease and sup-
port decision making in terms of surgical timing and choices. 
Intraoperative transesophageal echocardiography (TEE) pro-
vides high-fidelity assessment of underlying pathophysiology, 
guides beating heart procedures in real time, supports surgi-
cal planning, and, allows for timely assessment of the results 
of surgical procedures. Furthermore, TEE can be critical in 
the early postoperative period to elucidate various etiologies 
of perioperative hemodynamic instability, allowing surgeons 
and intensivists to identify and manage complications accu-
rately and efficiently. Lastly, transthoracic echocardiography 
(TTE) is often employed to evaluate and monitor long-term 
surgical results due to its noninvasive nature.

It is important that surgeons appreciate the potential and 
the limitations of perioperative ultrasound to provide case-
specific predictors and intraoperative procedural guidance 
to improve surgical outcomes and facilitate incorporation of 
new technologies into current practice.

The goals of this chapter are to provide a framework for 
understanding the technique, and its indications for use. 
We summarize American Society of Echocardiography/
Society of Cardiovascular Anesthiologists (ASE/SCA) guide-
lines for the surgical use of epicardial ultrasound, which 
can supplement or substitute for intraoperative TEE when 
TEE is contraindicated. Finally, we outline expectations that 
surgeons should have for intraoperative TEE images and 
interpretations.

BASIC PRINCIPLES
Echocardiographic images are constructed by transmitting high-
frequency sound waves into the chest from a transducer com-
posed of piezo-electric crystals. These waves reflect off cardiac 
structures, and the returning signals are received by the same 
transducer. By knowing when the signal was sent, the speed of 

the sound in the tissue, and the time it takes for the reflected 
signal to return to the transducer, the position of the structure 
responsible for the reflection can be calculated. An image from 
these signals can thus be created. The quality of the image relies 
on many factors, including the media through which the sound 
is traveling, the orientation of the structures in relation to the 
ultrasound beam, and the composition of the structure. Sound 
travels incredibly well through water and blood, reasonably well 
through tissue, but poorly through air. Therefore, the media 
through which the sound travels will determine the strength 
of the returning signal. When the ultrasound beam reflects off 
various portions of the heart, the signal is scattered in various 
directions such that some never return to the transducer. For 
this reason, structures that are perpendicular to the ultrasound 
beam and reflect stronger signals back to the transducer produce 
images of the most accuracy. On the other hand, strong reflec-
tors such as calcified valvular leaflets will result in a bright picture 
but they also inevitably create imaging artifacts. The fact that 
sound transmitted from a TEE transducer has less distance to 
travel (which means less signal lost to scatter) and mainly travels 
through muscle and blood (and rarely air) explains why the qual-
ity of TEE images is usually better than TTE imaging.

Echocardiographic displays include M-mode, two-
dimensional (2D) and three-dimensional (3D) imaging. The 
M-mode echocardiogram has superior temporal resolution 
and can be thought of as a display of the motion of a single 
cut through the heart over time. It is now used primarily to 
quantify the timing of intracardiac events. Two-dimensional 
echocardiography provides a display with better spatial reso-
lution and excellent temporal resolution. Three-dimensional 
echocardiography provides the best display of the spatial rela-
tionships of various structures and flow patterns, and its reso-
lution continues to improve.

Blood flow velocities are assessed by the Doppler principle. 
The wavelength of sound reflecting off moving blood parti-
cles will be shorter if blood is moving toward the transducer 
and longer, if moving away. By quantifying this change in fre-
quency of the ultrasound beam, one can determine the blood 
velocity and direction. This calculation, however, is influenced 
by the angle between the ultrasound beam and the blood flow 
such that as this angle increases, the calculated velocity is lower 

Echocardiography in 
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268 Part II Perioperative/Intraoperative Care

and less accurate. Thus the goal is to keep alignment of the 
beam as parallel to the blood flow as possible. As blood travels 
through a restrictive or stenotic region at a constant flow, its 
velocity will increase and the pressure gradient can be calcu-
lated from the simplified Bernoulli Equation (Δpressure = 4 × 
velocity2). The peak and mean pressure gradients are calculated 
from spectral Doppler techniques. Pulse wave (PW) Doppler 
has excellent spatial resolution, allowing the identification of 
the specific locations of flow disturbances such as obstructions 
or leaks. Continuous wave (CW) Doppler has excellent veloc-
ity resolution and identifies the highest velocity along the path 
of the ultrasound beam (which is assumed to occur at the nar-
rowest region). Color-flow mapping displays the velocities and 
directions of flow determined by Doppler. This technique is 
valuable to identify and quantify regurgitation. However, it 
must be remembered that the color display of a regurgitant jet 
represents the velocity of the blood disturbed by the regurgita-
tion and is not the volume of regurgitation as one would see on 
an angiogram. The color display of these jets is influenced by 
various echocardiography machine settings.

Doppler quantitation of velocities is dependent on one’s 
hemodynamic profiles, and since these conditions are often 
different during anesthesia (compared to preoperative rest-
ing state), the pressure gradients obtained by spectral Dop-
pler and the color Doppler display of regurgitant jets may 
differ significantly from preoperative assessments. Thus the 
decision to operate should be based on preoperative values.

Finally, the echocardiographic views of the heart required to 
assess different pathologies as well as the necessary components 
of a perioperative TEE have been established by expert consen-
sus and serve as a roadmap to understand the basic TEE.1

SAFETY OF INTRAOPERATIVE 
TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY
While TTE has some roles in the operating room, the domi-
nant ultrasound modality for perioperative imaging is TEE. 
It has been in use in the operating room for over 30 years 
and has an excellent safety record. The incidence of complica-
tions in 7200 intraoperative TEEs performed at the Brigham 
and Women’s Hospital was 0.2%, and no intraoperative 
TEE-associated mortality was noted. The most common 
complication was odynophagia severe enough to warrant 
esophagogastroduodenoscopy (0.1%) and this was followed 
by acute upper gastrointestinal hemorrhage (0.03% includ-
ing esophageal tear but not esophageal perforation), dental 
injury (0.03%), arterial desaturation due to malposition-
ing of endotracheal tube (0.03%), and esophageal perfora-
tion (0.01%). Unsuccessful TEE probe insertion occurred in 
0.18% of cases and contraindications to TEE were noted in 
0.5%.2 A smaller study has reported a higher rate of major 
upper gastrointestinal complications at 1.2% in patients 
undergoing intraoperative TEE with a significant proportion 
of the injuries manifesting greater than 24 hours after the 
procedure.3 The reported TEE complication rate in pediatric 

cardiac surgical patients is higher at 2.4%.4 As a reference, an 
older study of the complication rates in over 10,000 TEEs 
performed on conscious patients outside of the operating 
room reported an event rate similar to that of adult intraop-
erative patients (0.18%) however the types of complications 
differed and included one death.5

An important way to reduce complications, especially esopha-
geal and gastric injury, is to prospectively recognize those patients 
who are at risk and avoid TEE in those with extensive esophageal 
and gastric diseases. Another key principle is to balance risk and 
benefit ratio carefully such that TEE is only performed when its 
benefits outweigh its risks.6 Absolute contraindications to TEE 
include perforated viscous, prior esophagectomy, and esopha-
gogastrectomy. Relative contraindications to TEE include those 
with oropharyngeal cancer, preexisting esophageal pathologies 
(including varices, strictures, diverticula, esophagitis, Mallory-
Weiss tears, radiation injury), and gastrointestinal pathologies 
(such as recent upper gastrointestinal hemorrhage, gastric ulcer 
or symptomatic hiatal hernia).7

TRAINING AND QUALITY
Both cardiology and anesthesiology specialty and subspe-
cialty societies have outlined recommendations for appropri-
ate training required prior to independent performance of 
intraoperative TEE such as a minimum number of studies to 
maintain proficiency along with other benchmarks to guaran-
tee imaging quality and practitioners’ ability to interpret find-
ings accurately.8–12 Some surgeons have taken part in these 
training and certification programs, and many Cardiotho-
racic (CT) surgical training programs are including imaging 
skills-training in the curriculum.

SURGICAL USE OF EPICARDIAL 
ULTRASOUND
Epiaortic
The cardiac surgical use of ultrasound in most practices is 
limited to epiaortic scanning prior to aortic cannulation. Evi-
dence is strong that routine use, coupled with alterations in 
surgical approach in the setting of significant atheromatous 
changes, reduces morbid neurological outcomes.82 The Society 
of Cardiovascular Anesthesiologists (SCA)/American Society 
of Echocardiography (ASE) Guidelines suggest measuring (1) 
maximal plaque height/thickness; (2) location of the maximal 
plaque within the ascending aorta; and (3) presence of mobile 
components in each of the three ascending aortic short axis 
segments and for the aortic arch.80,81 Figure 12-1 shows the 
guideline views. “Mid” is usually the aortic cross-clamp site, 
“distal” is usually the cannulation site.

Epicardial
In addition to epiaortic scanning, the epicardial probe can 
be utilized to supplement intraoperative TEE assessment. 
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 Chapter 12 Echocardiography in Cardiac Surgery 269

The ASE guidelines assist surgeons in developing expertise in 
obtaining meaningful images when TEE is contraindicated. 
Figures 12-2 through 12-8 demonstrate the recommended 
views, which can be obtained in a setting of a median sternot-
omy incision. These ASE views serve as a general suggestion 
to help develop a user-dependent approach that is tailored to 
best suit each surgeon’s individual practice.

It is suggested that surgeons take a few moments when 
they have the ultrasound probe in the surgical field to practice 
obtaining these standard ASE images. In the situation of a criti-
cal need for intraoperative ultrasound imaging when TEE is 
contraindicated (noted above in the section Safety of Intraop-
erative Transesophageal Echocardiography), a standard epicar-
dial probe can be used if there is a full sternotomy. If there is a 
minimally invasive incision, placing the TEE probe in a sterile 
sheath filled with ultrasound gel can also provide excellent epi-
cardial images of all structures from almost any small incision, 
which allows access to the pericardial space. However, in order 
for this to be most successful, the surgeon should practice along 

with the assistance of the echocardiographer as a team to obtain 
useful views—with the echocardiographer manipulating the 
controls and the surgeon manipulating the TEE probe over the 
heart. The same locations used in the ASE epicardial guidelines 
can be used, but relevant views can be obtained from many 
locations in the pericardial space.

THE DIAGNOSIS OF INTRACARDIAC 
AIR AFTER OPEN HEART SURGERY
Once the heart is closed and begins to beat at the end of 
cardiopulmonary bypass, pockets of air are often present in 
the left heart and the ascending aorta. Air can change loca-
tions quickly. The ability to precisely locate and evacuate air 
decreases the time from cross-clamp removal to successful 
weaning from cardiopulmonary bypass and decreases short- 
and long-term morbidity. Thus it behooves the surgeon to 

Short axis view Long axis view

Ascending aorta

Mid

Right
pulmonary
artery

Distal

Proximal

Mid ascending
aorta

Superior
vena cava

Right pulmonary
artery

FIGURE 12-1 Short and long axis graphic of epiaortic scanning views.

R

L

N

FIGURE 12-2 Epicardial aortic valve short-axis (SAX) view (TTE 
parasternal AV short-axis equivalent). With the transducer orientation 
marker facing toward the left shoulder, place the transducer over the 
aortic valve (AV) groove directly over the AV.

AO

AV

LVOT

FIGURE 12-3 Epicardial AV long-axis view (TTE Suprasternal AV 
long-axis equivalent). With the transducer orientation marker facing 
toward the right shoulder, place the transducer over the base of the 
ascending aorta.
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270 Part II Perioperative/Intraoperative Care

understand how ultrasound imaging can guide this process. 
The specific views most likely to eludicate air pockets are the 
left atrial dome view, left and right superior pulmonary vein 
views, left atrial appendage view, and LV apex and LV septal 
wall views. Figure 12-9 shows all of these views from the TEE 
window, but the information can also be obtained by the sur-
geon using an epicardial probe in the event that TEE is not 
available.

RV

AL

PL

FIGURE 12-4 Epicardial left ventricular (LV) basal SAX view 
(TTE modified parasternal mitral valve basal SAX equivalent). With 
the transducer orientation marker facing the left shoulder, place the 
transducer over the body of the right ventricle (RV). View RV with 
tricuspid valve and LV with mitral anterior (AL) and posterior (PL) 
leaflets in short axis.

A

S
L

I

FIGURE 12-5 Epicardial LV mid-SAX view (TTE parasternal LV 
mid-SAX equivalent). With the transducer orientation marker facing 
the left shoulder, place the probe over the mid-left anterior descending 
artery (LAD). A=anterior, S=septal, L=lateral, and I= inferior.

FIGURE 12-7 Epicardial two-chamber view (TTE Modified para-
sternal LAX equivalent). With the transducer orientation marker fac-
ing the right shoulder, place the probe over the mid-LAD artery.

Tricuspid

RVOT

AV

PV

FIGURE 12-8 Epicardial RV outflow tract view (TTE parasternal 
SAX equivalent). With the transducer orientation marker facing the 
left shoulder, place the probe over the RVOT.

AV

LV
MV

LA

FIGURE 12-6 Epicardial LV long-axis (LAX) view (TTE paraster-
nal LAX equivalent). With the transducer orientation marker facing 
the right shoulder, place the probe over the mid-right ventricular out-
flow tract (RVOT).
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1A 1B

2A 2B

3A 3B

4A 4B

FIGURE 12-9 Diagnosis of intracardiac air at the end of cardiopulmonary bypass—common air locations. The “A” panels show the anatomy 
without air, and the “B” panels show the same views with air present.  Panel 1 is 120 Mid esophageal long axis (120°) with air in the LVOT, Panel 
2 shows dome of the LA with air behind the aortic valve in the LA, Panel 3 is a view of the L superior pulmonary vein, and Panel 4 is the right 
superior pulmonary vein with two comet tail artifacts indicating air in both branches of the vein.
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USE OF ECHOCARDIOGRAPHY IN 
PREOPERATIVE ASSESSMENT OF 
SPECIFIC CARDIAC DISEASES

Coronary Artery Disease
Echocardiography diagnoses the presence of ischemic heart dis-
ease by demonstrating resting LV wall motion abnormalities or 
inducing new regional wall dysfunction with stress modalities.

The ASE recommends a 16-segment model for the assess-
ment and description of segmental LV wall motion.13 This 
model divides the LV basal and mid-ventricular short axis 
views in a clockwise fashion into anterior, anterolateral, lat-
eral, inferolateral, inferior, inferoseptal and anteroseptal seg-
ments. The apex is divided into anterior, lateral, inferior and 
septal segments (Fig. 12-10). A 17-segment model also exists 
where there is an additional apical cap to assess myocardial 
perfusion.

Long axis Two chamber

1

7

128

119

62

53

13

15

10

4

1714 16

Four chamber

Long axisTwo chamberFour chamber

Anterior

Inferoseptal In
fe

ro
la

te
ra

l

A
nt

er
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ep
ta

l A
nterolateral

Inferior

FIGURE 12-10 Echocardiography segments of the left ventricle. Orientation of the apical four-chamber, apical two chamber and apical long axis 
views in relation to the bull’s eye display of the LV segments. (Reproduced with permission from Lang RM, Badano LP, Mor-Avi V, et al: Recom-
mendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the 
European Association of Cardiovascular Imaging, J Am Soc Echocardiogr 2015 Jan;28(1):1-39.)
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To assess wall motion, each segment is evaluated in multi-
ple views and reported to be (1) normal or hyperkinetic (nor-
mal or enhanced wall thickening), (2) hypokinetic (reduced 
thickening), (3) akinetic (absent or negligible thickening), or 
(4) dyskinetic (systolic thinning or bulging).13

Resting regional hypokinesis is indicative of ischemia or 
infarction in a specific coronary artery distribution that sup-
plies the particular segment. Myocardial infarction with scar 
appears as a thin, highly reflective or bright, akinetic segment. 
An aneurysm is a thin dyskinetic segment that has a distorted 
diastolic shape and bulges outward in systole.

STRESS ECHOCARDIOGRAPHY
Stress echocardiography diagnoses and localizes obstructive 
coronary artery disease (CAD) and is performed with exercise 
or pharmacological agents. Exercise with supine bicycle or 
treadmill is physiologic and always preferred to pharmacolog-
ical stress testing. Patients unable to exercise may be stressed 
with inotropic drugs (dobutamine), vasodilator agents (ade-
nosine or dipyridamole) or a combination of these. Stress 
echocardiography has a specificity of 76% and sensitivity of 
88%, which are comparable to nuclear stress modalities.14

In a normal stress test, there is a hyperdynamic response 
with an increase in left ventricular ejection fraction (LVEF), 
decrease in LV cavity size, and absence of new regional wall 
motion abnormalities. A positive stress test demonstrates new 
inducible wall motion abnormality in the ischemic segment 
with stress. Decreases in global LVEF and LV dilatation sug-
gest the presence of severe obstructive CAD such as multives-
sel CAD or severe left main stenosis.15

Intravenous echocardiographic contrast agents can be used 
to enhance endocardial definition, hence increasing the sensi-
tivity of stress echocardiography for the diagnosis of ischemic  
heart disease.

MYOCARDIAL VIABILITY
Low-dose dobutamine stress echocardiography is utilized to 
identify viable myocardium that is stunned or hibernating, 
and has the potential to recover after revascularization. Viable 
segments are hypokinetic at rest and typically demonstrate a 
“biphasic response” with an initial improvement of myocardial 
contractility with low-dose dobutamine infusion (2.5 to 10 
mcg/kg/min). However, at higher doses of dobutamine (20 to 
40 mcg/kg/min), the segmental wall motion deteriorates and 
appears similar or worse than at rest. There is a strong asso-
ciation between myocardial viability on noninvasive testing 
and improved survival after revascularization in patients with 
chronic CAD and LV dysfunction.16 An area that fails to aug-
ment is indicative of a nonviable segment or scar.

MECHANICAL COMPLICATIONS OF ISCHEMIC 
HEART DISEASE
Patients with acute myocardial infarction who develop hemo-
dynamic instability should have an echocardiogram as soon 
as possible to differentiate mechanical complications that 

require urgent surgical intervention, from cardiogenic shock 
secondary to primary ‘pump’ failure.

RUPTURE OF LEFT VENTRICULAR FREE WALL 
AND PSEUDOANEURYSM
Rupture of the LV free wall is the second leading cause of 
in-hospital death, after cardiogenic shock in the setting of 
an acute myocardial infarction. It is usually associated with a 
first transmural (usually large anterior) infarct, but not infre-
quently it can also occur in a small area of lateral necrosis. 
Acute rupture is catastrophic and rapidly fatal, with death 
ensuing from cardiac tamponade and pulseless electrical 
activity. Subacute rupture is a gradual and incomplete rup-
ture of the infarcted area with slow or repetitive bleeding into 
the pericardial sac causing hemopericardium, which typically 
occurs through small intramyocardial communications.17 
This leads to a moderate to large pericardial effusion, with or 
without features of tamponade. Often thrombus forms in the 
myocardial channels that communicate with the pericardial 
space, which prevents continued rupture. Thrombus in the 
pericardial space can be observed as a mass of echoes.

A postmyocardial infarction (post-MI) LV pseudoaneu-
rysm is a rupture of the ventricular free wall contained by local 
pericardial adhesions or organized thrombus. Echocardiogra-
phy identifies a narrow neck of the pseudoaneurysm and often 
spectral and color Doppler imaging shows flow through the 
communication between the LV and the pericardium.

VENTRICULAR SEPTAL RUPTURE (VSR)
Post myocardial infarction VSRs are uncommon but asso-
ciated are with high mortality and usually occur in a large 
transmural, index infarct. Approximately 50 to 66% of 
postinfarction VSRs occur in anterior infarctions with the 
rest seen in inferior infarctions.18,19 A VSR after an anterior 
MI most often occurs in the distal 1/3 of the septum whereas 
an inferior MI is associated with rupture of the basal inferior 
septum. Off-axis 2D and color Doppler imaging are useful, 
especially to demonstrate the RV exit site (Fig. 12-11). The 
size of the defect and the pressure difference between the 
ventricles determine the amount of shunting, which in turns 
influences mortality. Three-dimensional echocardiography 
can visualize the defect en face to demonstrate the precise 
location of the rupture and provide size measurements. This 
can be helpful in determining the suitability of percutaneous 
device versus surgical closure.20

ACUTE MITRAL REGURGITATION (MR)
Acute mitral regurgitation (MR) in the setting of infarction 
is caused by papillary muscle infarction or rupture. It is usu-
ally associated with an inferior infarct as the posteromedial 
papillary muscle has a single blood supply from the posterior 
descending artery, whereas the anterolateral papillary mus-
cle has dual blood supply from the left anterior descending 
artery and the left circumflex artery. Two-dimensional echo-
cardiography demonstrates a flail segment of the mitral valve. 
The ruptured head of the papillary muscle or corresponding 
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chords may be seen moving randomly within the LV cavity 
(Fig. 12-12).

Color Doppler can underestimate the severity of acute 
MR. Due to rapid equalization of left atrial (LA) and LV pres-
sures, coupled with tachycardia and the usually small LA size, 
the MR jet area can be of short duration and appear decep-
tively small. Assessment by vena contracta width remains 

reliable in this setting. Pulmonary venous systolic flow rever-
sal is a feature which supports the presence of acute severe 
MR.21 Assessment with TEE can provide a more definitive 
diagnosis.

RIGHT VENTRICULAR INFARCTION
Echocardiography is a valuable diagnostic test for RV infarc-
tion. The most common features of RV infarction include 
inferior MI and hemodynamic compromise, often associ-
ated with jugular distension and absence of pulmonary 
edema. RV involvement is associated with higher mortality, 
arrhythmias, shock and mechanical complications.22 Echo-
cardiographic signs of RV infarction include RV dilatation 
and decreased RV free wall function. Impaired function is 
demonstrated by reduced tricuspid annular plane systolic 
excursion (TAPSE < 17 mm), and decreased tricuspid annu-
lar systolic velocity measured by Doppler tissue imaging (S′ 
velocity < 9.5 cm/s).13,23 Signs of elevated right atrial (RA) 
pressure include a dilated inferior vena cava (IVC) that does 
not collapse >50% on inspiration or bowing of the interatrial 
septum towards the left.

Mitral Valve Disease
Echocardiography of the mitral valve (MV) includes evalua-
tion of the valvular leaflets, mechanism and grading of sever-
ity of mitral stenosis (MS) and mitral regurgitation (MR), 
and assessment of the effects on the LA and LV. Specifically 

A B

FIGURE 12-11 Post MI ventricular septal rupture. (A) Transthoracic echocardiographic off axis apical four-chamber view displaying the RV 
exit site of the VSR at the mid-septum. (B) Color Doppler displaying left to right shunting across the VSR in systole. RV = right ventricle, VSR = 
ventricular septal rupture.

FIGURE 12-12 Papillary muscle rupture. Transesophageal echocar-
diographic four-chamber view of a ruptured papillary muscle head in 
the left atrium (arrow).
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this includes 2D imaging of leaflet thickness, mobility, coap-
tation geometry and area, LA size, LV size and function, spec-
tral and color Doppler, valvular gradients, valvular area, and 
RV systolic pressure (RVSP).

Mitral Regurgitation
ETIOLOGY OF MR
MR can be classified into organic (primary) or functional 
(secondary). Organic MR is caused by intrinsic valvular dis-
ease whereas functional MR occurs as a result of regional or 
global left ventricular remodeling.

ORGANIC (PRIMARY) MR
The most common cause of MR in the industrialized world is 
degenerative MV disease. The spectrum of conditions ranges 
from fibroelastic deficiency causing isolated prolapsed seg-
ments due to chordal rupture, to extensive myxomatous dis-
ease affecting all segments of the valvular leaflets. The former 
is most often seen in the older population whilst the latter in 
younger patients.

Mitral valve prolapse (MVP) is defined by displacement of 
the body of the leaflets by more than 2 mm behind the annu-
lar plane, measured in a long axis view (parasternal or apical 
views). Due to the saddle shape of the normal mitral annulus 
with its lowest points anteriorly and posteriorly, assessment in 
the apical four-chamber view which depicts the medial and 
lateral MV annulus is not recommended as this can lead to a 
false diagnosis of MVP.24

Flail leaflet is a common sequel of myxomatous disease and 
occurs due to ruptured chordae. The posterior leaflet (usually 
middle or P2 scallop) is predominantly affected, resulting in 
anteriorly directed MR. On echocardiography, the flail por-
tion of the leaflet will exhibit excessive motion and the leaflet 
tip is displaced into the LA beyond the mitral annular plane 
(Fig. 12-13).

Other less common causes of primary MR include rheu-
matic heart disease, infective endocarditis, mitral valve cleft 
(in conjunction with a partial atrioventricular septal defect, 
or rarely in isolation), connective tissue diseases, and radia-
tion induced heart disease. Of note, rheumatic mitral regur-
gitation is caused by commissural thickening, leaflet motion 
restriction, and loss of central coaptation. This is often 
accompanied by a degree of stenosis.

ACUTE MR
Acute MR can be assessed by echocardiography and occurs 
due to disruption of the MV complex. Leaflet destruction or 
perforation occurs in infective endocarditis. Chordal rupture 
can be associated with endocarditis, but is more often seen in 
degenerative mitral valve disease. Papillary muscle dysfunc-
tion (rupture or ischemia) occurs with MI (usually the infe-
rior territory). Due to the acute nature of the MR, the LV and 
LA sizes are often normal. LV systolic function is normal or 
hyperdynamic, except when the acute MR is due to myocar-
dial ischemia.

FUNCTIONAL (SECONDARY) MR
In functional (or secondary) MR, the mitral valve leaflets 
and subvalvular apparatus are structurally normal. The MR 
occurs as a result of LV remodeling from previous infarction 
or nonischemic cardiomyopathy. Regional or global LV dila-
tation and remodeling leads to displacement of the papillary 
muscles, stretching of chordae and subsequent leaflet tether-
ing. The coaptation zone of the mitral valve leaflets is dis-
placed apically and there is incomplete closure of the mitral 
valve. Dilation of the mitral annulus also contributes to func-
tional MR (Fig. 12-14).

Regional infarction (particularly of the inferoposterior ter-
ritory) and subsequent local remodeling leads to unbalanced 
tethering forces that cause asymmetric closure of the valvular 

A B

FIGURE 12-13 Flail anterior mitral valve leaflet. (A) Flail anterior mitral valve leaflet displayed on mid-esophageal TEE view with transducer 
angled at 0°. The leaflet tip is noted to extend into the LA cavity with a large coaptation gaps. (B) This results in severe posterolaterally directed MR.
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276 Part II Perioperative/Intraoperative Care

leaflets. In such cases, the anterior leaflet tip may appear to 
prolapse relative to the tethered posterior leaflet, resulting in 
a posteriorly directed MR jet. In patients who develop diffuse 
LV dysfunction and global LV dilation either from ischemic 
or nonischemic causes, the papillary muscle displacement is 
more symmetric and the resultant MR is centrally directed.

Carpentier has developed a functional classification to 
reflect the pathological changes based on leaflet motion 
that caused MR: normal, excessive, restricted diastolic and 
restricted systolic motion.25 (Table 12-1) Both TTE and TEE 
can be used to identify these patterns.

ECHOCARDIOGRAPHIC ASSESSMENT OF 
SEVERITY OF MR
The timing for intervention in MR is largely driven by symp-
toms and the impact of the volume load on LV size and func-
tion. Thus, accurate assessment of the severity of MR and 
the associated hemodynamic consequences is critical. Typical 
methods and supporting parameters are shown in Table 12-2. 

Assessment of severity requires the integration of both quali-
tative and quantitative methods to minimize the effect of 
technical or measurement errors. For example, the severity 
of MR by color Doppler can be influenced by blood pres-
sure, and MR can appear less severe during TEE compared to 
TTE, especially when lowered blood pressure is secondary to 
sedation or general anesthesia.

COLOR FLOW DOPPLER
Assessment of the regurgitant jet size and extent into the LA 
by color flow Doppler is the easiest and most common way to 
qualitatively assess the severity of MR. Generally speaking, an 
MR jet area >40% of the LA is consistent with severe MR.21 
However, this method is dependent on multiple hemody-
namic and technical factors. For example, the driving blood 
pressure, machine settings such as gain or velocity scale, and 
regurgitant jet direction will all influence the appearance of 
the regurgitant jet area. When it comes to regurgitant jet 
direction, if MR jets are directed towards the wall of the 

A B

FIGURE 12-14 Incomplete closure of the mitral valve on apical four-chamber TTE. (A) There is global left ventricular dilation resulting in 
displaced papillary muscles. The mitral valve leaflets are pulled apically resulting in incomplete closure of the mitral valve. (B) Large central jet of 
mitral regurgitation.

TABLE 12-1: Mechanism and Etiology of MR (Carpentier’s Classification)

Organic MR Functional MR

Normal leaflet motion 
(Type I)

Excessive leaflet motion 
(Type II)

Restricted diastolic leaflet 
motion (Type IIIa)

Restricted systolic leaflet 
motion (Type IIIb)

 • Perforation (endocarditis)
 • Mitral annular calcification
 • Mitral annular dilatation
 • Mitral valve cleft (anterior 
more common)

 • Myxomatous mitral valve 
disease (most common)

 • Chordal rupture flail leaflet
 • Papillary muscle dysfunction

 • Rheumatic valve
 • Drugs (diet pills, ergot) 
 • Radiation heart disease

 • Ischemic heart disease (IHD)
 • Dilated cardiomyopathy
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LA (ie, eccentric MR jets), then jet energy (velocity) is lost 
and eccentric MR jets would appear smaller on screen when 
compared to central MR jets despite similar regurgitant vol-
umes.26 Color flow should be used to diagnose presence of 
MR, but quantitative measures should be utilized when more 
than a small central MR jet is present to avoid this problem.

VENA CONTRACTA WIDTH
The vena contracta is the region of the jet as it exits the regur-
gitant orifice.  When quantified it is an indirect measure of 
the effective regurgitant orifice area (EROA) and this mea-
surement is less subject to the factors affecting display of the 
color jet area. The VC is typically measured at the narrowest 
portion of the MR jet just beyond the coaptation line  
(Fig. 12-15). When measured as a linear dimension, it is 
assumed that the regurgitant orifice area is circular; however 

VC has been found to often be elliptical in functional MR. A 
VC of >7 mm is consistent with severe MR. Intermediate values 
(3 to 7 mm) need confirmation by other quantitative methods.

FLOW CONVERGENCE/PROXIMAL ISOVELOCITY 
SURFACE AREA
Quantitative parameters that assess MR severity include 
EROA, regurgitant volume (R Vol) and regurgitant fraction. 
These can be calculated by the proximal isovelocity surface 
area (PISA) method with echocardiography.

This method relies on the fact that the regurgitant flow 
at the regurgitant orifice is equal to the product of the cross-
section area (CSA = 2πr2) of the flow and the peak velocity of 
the flow (peak MR vel). By adjusting the Nyquist limit (the 
velocity at which the signal is aliased) towards the direction 
of the regurgitant jet, a flow convergence zone in the LV with 
radius r can be depicted and measured.

Assuming that the flow converges onto the regurgitant ori-
fice in an axis-symmetric fashion, the flow of this zone can be 
identified as 2πr2 × aliasing velocity (Va) and will also be equal to 
the flow through the valve. This can be expressed as the product 
of the EROA and the peak velocity of the MR CW Doppler 
profile. Rearranging this continuity of flow relation yields:

EROA = (2πr2 × Va)/peak MR vel
Since stroke volume is quantified as the product of the 

cross-sectional area and the velocity time integral of the CW 
MR velocity profile (VTIMR), the regurgitant volume (R Vol) 
is expressed as

R Vol (cc) = EROA (cm2) × VTIMR (cm)
Qualitatively, the presence of flow convergence on TTE 

at a Nyquist limit of 50 to 60 cm/s should alert the surgeon 
to the presence of significant MR and prompt an assessment 
by quantitative method. The two-dimensional isovelocity 
surface area (2D PISA) approach is performed in either the 
four- or three-chamber view (Fig. 12-16).

OTHER ECHOCARDIOGRAPHIC METHODS TO 
QUANTIFY MR
The regurgitant fraction can be calculated from stroke vol-
ume calculations if there is no aortic regurgitation present. 
The regurgitant fraction is the ratio of the volume of MR to 
the mitral inflow stroke volume. The volume of MR is the 
difference between the mitral inflow stroke volume and the 
aortic outflow stroke volume. The stroke volumes are calcu-
lated as the product of cross-sectional area (CSA) and velocity 
time integral (VTI) of flow. Thus, the volume of MR is the 
difference between (1) the product of the cross-sectional area 
of the mitral annulus and the VTI at the mitral annulus and 
(2) the product of the cross-sectional area of the left ventricu-
lar outflow tract (LVOT) and the VTI at the LVOT.

Direct measurement of the EROA by 3D planimetry of 
the vena contracta is feasible, does not require geometric or 
flow assumptions, and may improve the accuracy of MR 
grading when compared to the 2D PISA method.27 However, 
due to technical limitations such as spatial resolution, 3D 

TABLE 12-2: Echocardiographic Methods of 
Assessment of MR

Semi-quantitative
 • Vena contracta
 • Jet area/extent

Quantitative: proximal isovelocity surface area (PISA) method
 • Effective regurgitant orifice area (EROA)
 • Regurgitant volume
 • Regurgitant fraction

Supportive
 • Pulmonary venous velocity profile
 • Continuous wave Doppler velocity profile density
 • Transmitral E wave maximum velocity
 • LA size
 • Pulmonary artery or RV systolic pressure
 • LV size and systolic function

FIGURE 12-15 Vena contracta measurement in MR. The vena con-
tracta is measured at the narrowest portion of the MR jet just beyond 
the coaptation line (red double-headed arrow). A measurement greater 
than 7 mm is consistent with severe MR.
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color Doppler to date is used only in TEE and mainly for 
research applications.

OTHER SUPPORTIVE PARAMETERS
Adjunctive parameters help consolidate determination of the 
severity of MR when there is discrepancy between the quanti-
fied degree of MR and the clinical context.

Systolic reversal of flow in pulmonary veins as assessed by 
pulse wave Doppler is a reliable marker of severe MR. Blunting 
alone of systolic flow can accompany mitral regurgitation of 
increasing severity, but this phenomenon also occurs in atrial 
fibrillation, increasing age and diastolic dysfunction or other 
causes of elevated left atrial pressure. Therefore blunting of the 
pulmonary venous systolic flow lacks specificity for severe MR.

MR of increasing severity leads to increased transmitral 
forward flow in early diastole, reflected by an elevated E veloc-
ity. In the absence of mitral stenosis (MS), a peak E velocity 
of >1.5 m/s is suggestive of severe MR, whereas the presence 
of a dominant A wave excludes it. This feature however lacks 
specificity since anything that raises LA pressure can lead to 
increased E velocity.

Severe MR produces a dense CW Doppler signal intensity. 
The CW display of MR velocity can demonstrate a “cut-off” 
sign, appearing more triangular than parabolic (reflecting the 
effect of the MR on LA pressure). It may be difficult to cap-
ture the full envelope of the MR jet in eccentrically directed 
MR despite the relatively dense velocity signal.

ECHOCARDIOGRAPHIC QUANTIFICATION OF 
SEVERE MR
The quantification of severity in functional MR can be dif-
ficult. In patients with functional MR, adverse outcomes 
are associated with a smaller calculated EROA compared 
to organic MR. Functional MR will progress due to associ-
ated progressive LV systolic dysfunction from the underly-
ing myopathic process and adverse remodeling. There is also 

an underestimation of EROA by the 2D echocardiography 
derived flow convergence method due to the fact that the 
regurgitant orifice may not be circular. Hence, the thresh-
old to define severe functional MR is lower than that used 
for organic MR. An EROA ≥ 40 mm2 or R Vol ≥ 60 mL 
indicates severe organic MR while an EROA ≥ 20 mm2 or R 
Vol ≥ 30 mL identifies patients at risk of increased cardiovas-
cular events with functional MR (Table 12-3).28

HEMODYNAMIC CONSEQUENCES AND PROG-
NOSTIC FACTORS OF SEVERE MR
In order to maintain forward stroke volume in chronic signif-
icant MR, the LV end diastolic volume increases in response 
to volume overload. This, in turn, leads to an increased LVEF. 

A B

FIGURE 12-16 PISA method to quantify the severity of MR. (A) Measurement of the radius of the flow convergence zone (double-headed arrow). 
The Nyquist limit baseline is shifted in the direction of the MR jet (red arrow). (B) The maximum velocity and VTI of the MR jet is measured 
from the continuous wave Doppler jet profile.

TABLE 12-3: Echocardiographic Signs of 
Severe MR

 • Central jet of MR > 40% LA or holosystolic eccentric jet
 • ERO ≥ 0.4 cm2 (organic MR), ≥ 0.2 cm2 (functional MR)
 • Vena contracta ≥ 0.7 cm
 • Regurgitant volume ≥ 60 mL (organic MR), ≥ 30 mL 
(functional MR)

 • Regurgitant fraction ≥ 50%
 • Systolic flow reversal of the pulmonary veins
 • Peak E velocity > 1.5 m/s (in absence of mitral stenosis)
 • Moderate-to-severe LA enlargement
 • LV enlargement (LVESD > 40 mm)
 • Pulmonary hypertension

(Data from Lancellotti P, Tribouilloy C, Hagendorff A, et al: Recommendations 
for the echocardiographic assessment of native valvular regurgitation: an execu-
tive summary from the European Association of Cardiovascular Imaging, Eur 
Heart J Cardiovasc Imaging 2013 Jul;14(7):611-644; Nishimura RA, Otto CM, 
Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients 
with valvular heart disease: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines, J Am Coll Cardiol 
2014 Jun 10;63(22):e57-e185.)
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A “normal” LVEF in MR is approximately 70%. Over time, 
as LV contractility declines, the LV end systolic volume also 
increases, leading to a reduction in LVEF. Once the LVEF 
declines below 60%, or when the LV end systolic dimension 
is >40 mm, this suggests the onset of LV dysfunction, even 
though the LVEF is still in the normal range. LA dilation also 
occurs with MR of significant severity (except in acute MR), 
and therefore the presence of LA dilation suggests chronicity.

In primary MR, negative prognostic features include 
presence of symptoms, onset of LV dysfunction, pulmonary 
hypertension (pulmonary artery systolic pressure >50 mm 
Hg) and onset of new atrial fibrillation.29,30 Thus these find-
ings are triggers for mitral valve surgery in the 2014 American 
Heart Association (AHA)/American College of Cardiology 
(ACC) guidelines (Fig. 12-17).

Mitral valve surgery is a Class I recommendation for 
chronic severe primary MR and LV dysfunction: LVEF 
> 30% in symptomatic patients, and LVEF 30 to 60% +/– 
left ventricular end-systolic diameter (LVESD) ≥ 40 mm 
in asymptomatic patients. In asymptomatic nonrheumatic 
MR, a resting pulmonary artery systolic pressure (PASP) of 

>50 mm Hg or new onset atrial fibrillation (AF) is a Class IIa 
indication for mitral valve repair.

TEE IN MITRAL REGURGITATION
TTE alone is often helpful in determining the etiology of 
MR. TEE enables a more detailed and precise anatomic 
assessment of the mitral valve and should be utilized in more 
complex lesions or when further anatomic information is 
required about the mitral valve complex to assist in surgi-
cal planning. The proximity of the TEE probe to the mitral 
valve and the higher imaging frequency result in much 
improved resolution, which provides a more accurate and 
higher quality assessment of the vena contracta and PISA. 
Interrogation of flow in all four pulmonary veins is generally 
feasible with TEE.

TEE is also particularly useful in infective endocarditis 
where other potential infected structures can be fully assessed. 
Three-dimensional echocardiography is widely used as it 
displays the en face “surgeon’s view” of the mitral valve and 
enables direct visualization of mitral valve pathology.

Mitral regurgitation

Primary MR Secondary MR

Severe MR
Vena contracta ≥ 0.7 cm

R Vol ≥ 60 mL
RF ≥ 50%

ERO ≥ 0.4 cm2

LV dilation

Progressive MR
(stage B)

Vena contracta < 0.7 cm
R Vol < 60 mL

RF < 50%
ERO < 0.4 cm2

CAD Rx
HF Rx

Consider CRT

Symptomatic
severe MR
(stage D)

Asymptomatic
severe MR
(stage C)

Progressive
MR

(stage B)

Asymptomatic
(stage C)

Asymptomatic
(stage D)

LVEF > 30%

NO

*Mitral valve repair is preferred over MVR when possible.

NOYES YES

LVEF 30 to ≤ 60%
or LVESD ≥ 40 mm

(stage C2)

LVEF > 60% and
LVESD < 40 mm

(stage C1)

New onset AF or
 PASP > 50 mm Hg

(stage C1)

Likelihood of successful
repair > 95% and

Expected mortality < 1%

Persistent NYHA
class III-IV
symptoms

Periodic monitoringPeriodic monitoring
MV surgery*

(lIb)
MV repair

(IIa)
MV surgery*

(I)
MV surgery*

(lIb)

Class I

Class Ila

Class lIb

FIGURE 12-17 AHA algorithm for MR. (Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC 
guideline for the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines, J Am Coll Cardiol 2014 Jun 10;63(22):e57-e185.)
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280 Part II Perioperative/Intraoperative Care

EXERCISE ECHOCARDIOGRAPHY IN MITRAL 
REGURGITATION
Exercise echocardiography may prove helpful when symp-
toms or degree of LV and LA enlargement are out of propor-
tion to the magnitude of MR on a resting TTE. Worsening 
MR severity, marked increase in pulmonary arterial pressure 
(PASP > 60 mm Hg during exercise), impaired exercise abil-
ity and symptoms during exercise echocardiography identify 
patients who may benefit from early surgery.28

Mitral Stenosis
The majority of cases of mitral stenosis (MS) are due to rheumatic 
heart disease. Other less common causes include functional ste-
nosis from severe mitral annular calcification, LA myxoma, con-
genital mitral stenosis (parachute mitral valve), drug induced 
valvulopathy, and systemic lupus erythematosus (SLE).

ECHOCARDIOGRAPHIC FEATURES
Rheumatic MS has classic appearances on echocardiography. 
Thickening of leaflet tips with relative sparing of the mid-
portion and fusion of the commissures leads to a doming or 
“hockey stick” appearance of the length of the anterior leaf-
let in diastole, which is best seen in the parasternal long axis 
view. The posterior leaflet is also thickened and restricted in 
motion. Commissural thickening and fusion is best appreci-
ated in the short axis view. The subvalvular apparatus, mainly 
the chordae tendinae, are also thickened and may demon-
strate calcification and fusion (Fig. 12-18).

Significant mitral annular calcification is seen in the elderly 
population. When the annular calcification is bulky enough 
to reduce the annular area or it extends onto the mitral valve 
leaflets reducing their excursion, increased diastolic gradi-
ents, particular during atrial contraction, are noted across the 
mitral valve. In these cases, the reduced orifice is most often 
at the base of the mitral leaflets as opposed to the leaflet tips, 

A B

C

FIGURE 12-18 Mitral stenosis. (A) On parasternal long axis TTE, doming of the anterior mitral valve leaflet results in a “hockey stick deformity” 
with calcified leaflet tips, causing mitral stenosis. The left atrium is dilated. (B) Planimetry of the mitral valve orifice is performed in the parasternal 
short axis view. (C) Continuous wave Doppler spectral pattern showing the peak and mean gradients across the stenotic mitral valve. A mean gradi-
ent of 16 mm Hg is consistent with severe mitral stenosis.
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TABLE 12-4: Wilkins’ Score to Assess Suitability for Percutaneous Mitral Balloon Valvuloplasty

Grade Leaflet mobility Subvalvular thickening Leaflet thickening Leaflet calcification

1 Highly mobile, only restricted 
leaflet tips

Minimal thickening just 
below the MV leaflets

Leaflet thickness 4 to 5 mm Single area of increased echo 
brightness

2 Leaflet mid and base have normal 
mobility

Thickening up to 1/3 of 
chordal length

Mid-leaflets normal, thickening 
margins 5 to 8 mm

Scattered areas of brightness 
confined to leaflet  
margins

3 Valve continues to move forward 
in diastole, mainly from the  
base

Thickening extending to 
distal 1/3 of chords

Entire leaflet thickening 5 to 8 mm Brightness extending into 
midportions of leaflets

4 No or minimal forward move-
ment of the leaflets in diastole

Extensive thickening of all 
chordal structures

Thickening of all leaflet tissue 8 to 
10 mm

Extensive brightness throughout 
much of the tissue

(Adapted with permission from Wilkins GT, Weyman AE, Abascal VM, et al: Percutaneous balloon dilatation of the mitral valve: an analysis of echocardiographic variables 
related to outcome and the mechanism of dilatation, Br Heart J 1988 Oct;60(4):299-308.)

and the pressure half-time method used to calculate valve area 
for rheumatic MS cannot be reliably applied.

ASSESSMENT OF SEVERITY OF MITRAL STENOSIS
Anatomic Assessment. The normal MV area (MVA) in 
adults is 4 to 5 cm2. The 2014 AHA/ACC guidelines for val-
vular heart disease define a MVA of ≤1.5 cm2 as severe MS 
and <1 cm2 as very severe MS.31 This area can be measured 
directly from echocardiographic images by planimetry in the 
short axis view. Care must be taken to ensure that the pla-
nimetry is performed at the level of the leaflet tips where the 
orifice is narrowest during the time point where this orifice 
is the largest in early diastole. Three-dimensional (3D) echo-
cardiography permits proper alignment of the leaflet tips to 
ensure the most accurate measurement of the MVA.32

Doppler Assessment. The mean transmitral gradient is 
the single-most important factor in describing the severity 
of MS (mild < 5 mm Hg, moderate 5 to 10 mm Hg, severe 
>10 mm Hg).33

The mean and peak gradients are easily obtained from the 
mitral inflow CW Doppler signal. However, these measure-
ments are also influenced by heart rate, loading conditions, 
and stroke volume. With tachycardia, there is reduced diastolic 
filling time, which leads to an elevation in mean gradient.

The most common Doppler method to calculate MVA is 
the pressure half-time in milliseconds (PHT), which is the 
time required for the transmitral pressure gradient to decay to 
half its value. It has a linear relationship with the MVA; the 
more severe the MS, the longer the pressure half-time:

MVA (cm2) = 220/PHT (ms)

The constant of 220 is the net compliance constant and is 
derived empirically in a group of patients with mitral stenosis. 
Although easy to obtain, PHT measurements can be unreli-
able in tachycardia or atrial fibrillation (average of 5 beats rec-
ommended). PHT is also significantly affected by decreased 
LV compliance, which results in more rapid equilibration of 

LA and LV pressures in diastole, leading to a shorter PHT 
and overestimation of the MVA if the constant of 220 is 
utilized. For this reason, MVA by PHT can be less reliable 
in patients with advancing age, hypertension, diabetes, and 
aortic stenosis. Also in the hours immediately following bal-
loon mitral valvuloplasty, the net compliance constant is not 
accurately represented by the constant of 220.

MVA by the continuity method can be measured in the 
absence of MR or aortic regurgitation (AR):

MVA = SVLVOT/VTIMS

The PISA method, which requires an angle correction to 
account for the funnel shape of the accelerating mitral valve 
inflow in MS, is seldom used in clinical practice.

Transesophageal Echocardiography in Mitral Stenosis. A 
high-quality TTE is often sufficient for the diagnosis and 
quantification of mitral stenosis. TEE however has incremental 
value for assessment of associated left atrial body or appendage 
thrombus, or if TTE images of the valve are suboptimal.

Severe MS. Severe MS is defined by a series of echocardio-
graphic variables. These include: a mitral valve area < 1.5 cm2, 
a mean gradient > 10 mm Hg, a diastolic pressure half time 
≥ 150 ms and an RV systolic pressure > 50 mm Hg.

Mitral Stenosis Valve Morphology Score. Percutaneous 
mitral balloon valvuloplasty (PMBV) is considered first-line 
therapy when intervention is indicated in mitral stenosis. 
Mitral valve surgery is generally reserved for patients who are 
unsuitable candidates for or fail PMBV. Features favoring sur-
gical interventions include moderate-to-severe MR, extensive 
leaflet and subvalvular thickening, fibrosis and calcification.

The valvular morphology or Wilkins’ score is most com-
monly used in TTE to assess four components of the mitral 
valve and the summed score describes suitability for PMBV 
(Table 12-4).34 A Wilkins’ score of >8 and/or presence of 
moderate MR suggests that the valve will have a low proba-
bility of PMBV success and a surgical approach is advisable.
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282 Part II Perioperative/Intraoperative Care

Stress Echocardiography in Mitral Stenosis. The 2014 
AHA/ACC guidelines recommend exercise testing with Dop-
pler to evaluate the response of the mean mitral gradient and 
pulmonary artery pressure in patients with MS when there 
is a discrepancy between resting Doppler echocardiographic 
findings and clinical symptoms or signs.31 Intervention can 
be considered if there is a rise in right ventricular systolic 
pressure to >60 to 70 mm Hg with exercise.

Aortic Valve Disease
AORTIC STENOSIS
Echocardiographic imaging of the stenotic aortic valve 
includes assessment of the valvular leaflet morphology, 
motion and thickness, description of the presence and loca-
tion of calcification, measurement of the aortic root and 
ascending aorta, as well as quantification of LV function and 
wall thickness. This is followed by Doppler assessment of the 
severity of stenosis and the presence or absence of concomi-
tant aortic regurgitation.

Etiology. The most common causes of aortic stenosis (AS) 
in the developed world are degenerative calcification of a 
trileaflet valve, or accelerated calcification of a bicuspid valve. 
Rheumatic AS is more prevalent in the developing world.

A bicuspid aortic valve affects approximately one percent 
of the population. The most common form involves fusion 
of the right and left coronary cusps (70–86%) with com-
missures observed in a horizontal position. This is followed 
by fusion of the right and noncoronary cusps (~12%) with 
commissures seen in the vertical orientation.35 Fusion of the 
left and noncoronary cusps is seen rarely. The diagnosis of 
bicuspid valve is made in the short axis view in systole where 
an elliptical orifice formed by two unequally sized leaflets is 
present. However, when a raphe (fusion line of two leaflets) 
is present, the diastolic echocardiographic image may mimic 
the presence of a third leaflet. In the long axis view, the bicus-
pid aortic valve demonstrates an asymmetric closure line, 
systolic doming and, often, diastolic prolapse of the valvu-
lar leaflets. Since aortopathy is associated with bicuspid aor-
tic valve, assessment of the aortic root and ascending aorta 
dimensions is necessary. Unicuspid and quadricuspid valves 
are rare causes of AS. Unicuspid valves usually have a posteri-
orly positioned commissure.36

Rheumatic AS results in commissural fusion and a nar-
rowed triangular systolic orifice. Calcification is most 
prominent along the edges of the cusps. Aortic regurgita-
tion and mitral involvement are common associations with 
rheumatic AS.

Subvalvular and Supravalvular Obstruction. Subval-
vular and supravalvular AS are identified by 2D echocar-
diography and further characterized by Doppler velocity. 
Subvalvular obstruction may be fixed or dynamic. The former 
is seen in the form of a congenital discrete membrane or mus-
cle band in the LVOT and the peak velocity typically occurs 
in mid-systole. A common cause of dynamic obstruction is 

hypertrophic obstructive cardiomyopathy, where the obstruc-
tion usually occurs later in systole. In such cases, the CW 
Doppler systolic velocity profile appears late peaking or “dag-
ger” shaped. Supravalvular obstruction is rare and typically 
a congenital condition. It is seen in adults as a recurrent or 
persistent discrete constriction at the superior aspect of the 
sinuses of Valsalva, or as a diffuse narrowing of the ascending 
aorta.37

Assessment of Severity of Aortic Stenosis by Echocar-
diography. Doppler methods to assess the hemodynamic 
severity of aortic stenosis include the maximum transvalvular 
velocity (Vmax) and calculation of the peak and mean pressure 
gradients. The aortic valve area (AVA) is typically calculated 
by the continuity equation.33

Maximum Velocity and Gradients. The maximum 
transvalvular velocity is measured using CW Doppler. The 
velocities across the aortic valve are assessed from multiple 
transducer positions including apical, suprasternal, and right 
parasternal locations to ensure that the highest velocity is 
recorded. Velocities from three beats are averaged in sinus 
rhythm and at least five beats in irregular rhythms. Postextra 
systolic beats are not measured. In more severe obstruction, 
the maximum velocity occurs later in systole and the CW 
Doppler profile assumes a more rounded shape, reflecting a 
higher gradient throughout systole.

The peak instantaneous gradient is calculated using the 
simplified Bernoulli equation:

ΔP = 4(Vmax)
2

The mean gradient is typically calculated using a mea-
surement program on the echocardiography machine, which 
averages the instantaneous gradients over the ejection period.

Aortic Valve Area (AVA). A normal AVA is 3 to 4 cm2 and 
one definition of severe AS is an AVA less than 1 cm2. The 
AVA can be indexed to BSA, with a value ≤0.6 cm2/m2 con-
sidered severe AS in children, adolescents, and small adults 
(BSA < 1.5 m2, BMI < 22).33 Indexing to BSA is less appli-
cable to obese patients.

The AVA is calculated based on the concept of continuity 
of flow: the stroke volume (SV) ejected through the LVOT is 
equal to the SV that passes though the stenotic aortic valve 
(Fig. 12-19).

Stroke volume is the product of the VTI of the Doppler-
derived flow velocity profile and the CSA of the structure at 
the level the velocity profile is obtained:

SV = CSA × VTI

Continuity of flow is represented by

SVAV = SVLVOT or CSAAV × VTIAV = CSALVOT × VTILVOT

Solving for the AVA (CSAAV) yields:

AVA = (CSALVOT × VTILVOT)/VTIAV
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The CSA of the LVOT is assumed to be circular and calcu-
lated using the equation for area of a circle:

CSALVOT = π(D/2)2

where D is diameter of the LVOT measured in early systole. 
Of note, often the peak velocity is substituted for the VTI.

Accurate measurement of the LVOT diameter is of utmost 
importance. Since this parameter is squared for the calculation 
of the CSALVOT, deviations in measurement lead to significant 
errors in the AVA. For example, an under- or over-estima-
tion of a 2-cm LVOT diameter by 5% (1 mm) will result 
in a 10% error in the LVOT area and AVA. Other potential 
errors include inaccurate measurement of LVOT or peak AV 
flow velocity profile when obtained at a nonparallel intercept 
angle, and failure to interrogate maximum AV velocity from 
multiple windows to obtain the highest velocity.

One approach that reduces potential sources of error 
related to inaccurate measurement of the LVOT diameter 

is to remove the CSA from the equation. The dimensionless 
index expresses the size of the valvular effective orifice area 
as a proportion of the CSALVOT. This index can be calculated 
using a peak velocity ratio33 or VTI ratio:

Dimensionless index = VLVOT/VAV  or  VTILVOT/VTIAV

A dimensionless index of ≤0.25 indicates severe stenosis, 
corresponding to a valvular area 25% of the normal.38

AVA by planimetry is not routinely performed as it can 
be technically challenging to identify the minimum orifice  
area at the valvular tips, particularly when extensive calcifica-
tion is present. Moreover, it is the effective orifice area rather 
than the anatomic orifice area that is the primary predictor of 
outcome in severe AS. However, during intra-operative TEE 
when it may be difficult to obtain accurate LVOT and AV 
velocities, planimetry can be used as a measure of stenosis.39

The 2014 AHA/ACC guidelines classify symptomatic 
severe AS into three groups: severe high-gradient AS, low 

BA

C D

FIGURE 12-19 Aortic stenosis. (A) Measurement of the LVOT diameter (arrow) is usually performed in the parasternal long axis TTE view. (B) 
Morphology of the aortic valve is determined in the parasternal short axis TTE view. This image shows a calcified trileaflet aortic valve with severe 
stenosis. (C) Pulse wave Doppler profile with the cursor placed in the LVOT in the apical five-chamber view to obtain the VTI. (D) Continuous 
wave Doppler profile across the aortic valve reveals a maximum velocity of 4.4 m/s, consistent with severe stenosis. Calculation of the aortic valve 
area: CSALVOT = π(2.2/2)2 = 3.8 cm2. AVA = 3.8 × 22.8/97.1 = 0.89 cm2.
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flow low gradient (LFLG) severe AS with reduced LVEF, and 
low-gradient severe AS with normal LVEF (or paradoxical 
low flow AS).31 Echocardiographic definitions for each class 
are shown in Table 12-5.

Identification of Severe Aortic Stenosis by Echocar-
diography. The traditionally well-accepted definition of 
severe AS is based on the natural history of AS without surgical 
intervention. Prognosis was shown to be poor with Vmax > 4 
m/s, which corresponds to a mean gradient of > 40 mm Hg.40 
The prognosis of patients was also poorer when AVA < 1 cm2.41 
These patients are classified as severe high-gradient AS.

However, a proportion of patients with severe AS have 
a low velocity and pressure gradient, that is, Vmax < 4 m/s 
and mean gradient < 40 mm Hg, despite a calculated AVA of 
<1 cm2. This typically occurs in the setting of decreased LVEF 
and SV. It is estimated that 5 to 10% of patients with severe 
AS have LFLG severe AS related to a decrease in LVEF. These 
patients typically have a dilated LV with markedly decreased 
LV systolic function due to concurrent ischemic heart disease, 
other cardiomyopathy and/or secondary to chronic pressure 
overload from the AS.42 It is important to ascertain that the 
calculated low AVA is due to true severe AS, as opposed to 
pseudo-AS as the former benefits from AVR. In both situa-
tions, there is low flow due to the low LVEF, resulting in low 
Vmax and low mean transvalvular gradient. In the latter condi-
tion, the aortic valve is only mildly or moderately stenotic; 
however the “weak” LV is unable to generate high enough 
flow to allow full excursion of the valve leaflets. Therefore, the 
AVA appears erroneously low. As discussed above, when there 
is a discrepancy between velocity/gradient and valvular area, 
it is important to make sure the proper LVOT measurement 
was used in the AVA calculation.

Low dose dobutamine combined with echocardiography 
is useful in distinguishing true severe LFLG AS with reduced 

LVEF from pseudo-severe AS.43 Patients with pseudo-severe 
AS will demonstrate an increase in AVA with only a mod-
est increase in transaortic velocity or gradient as transaortic 
stroke volume increases with the dobutamine infusion. In 
contrast, patients with true severe AS will have a fixed valve 
area even with an increase in LV contractility and transaor-
tic flow rate. Severe AS on low dose dobutamine stress echo-
cardiography is defined as a maximum velocity of ≥4.0 m/s 
with a valve area of ≤1.0 cm2 at any point during the test 
protocol.33

Dobutamine stress echo also identifies a subgroup of 
patients who have a “lack of contractile reserve” by failing to 
show a 20% increase in stroke volume with dobutamine. This 
subgroup of patients has a poor prognosis with either medical 
or surgical therapy.44

Low Gradient AS with Normal LVEF. Low gradient AS 
with normal LVEF (also known as paradoxical LFLG AS) 
was first described in 2007.45 These patients have severe AS 
defined by an indexed AVA ≤0.6 cm2, but paradoxically lower 
than expected transvalvular gradients due to low stroke vol-
ume despite preserved LVEF (>50%). This entity is found in 
approximately 10 to 25% of patients with severe AS.42 They 
consist primarily of elderly women with more pronounced 
concentric LV hypertrophy resulting in a small LV cavity size 
and reduced stroke volume (<35 mL/m2). The LV end dia-
stolic diameter is generally <47 mm, and end diastolic vol-
ume indexed for BSA < 55 mL/m2.46 Such patients often have 
signs of diastolic dysfunction with restrictive physiology and 
decrease in LV compliance and filling.

Identification of this entity is important as patients with 
symptomatic low-gradient AS with normal LVEF have a 
poorer prognosis compared with patients with high-gradient 
severe AS if treated medically rather than surgically.47 Before 
this diagnosis is considered, it is important to exclude errors 
in the component measurements used to calculate aortic 
valve area (LVOT size, or LVOT and aortic flows).

Hemodynamic Effect on LV. Echocardiography is useful 
in assessing the LV response to chronic pressure overload that 
results in LV hypertrophy. LV systolic function and volumes 
can be estimated by 2D and 3D echocardiography. Diastolic 
dysfunction often accompanies LV hypertrophy and is par-
ticularly pronounced in low-gradient AS with normal LVEF. 
Mitral E/e′ > 15, MV E wave deceleration time < 150 ms and 
a transmitral E/A ratio > 2.5 suggests a restrictive filling pat-
tern.48 Estimation of pulmonary systolic pressure is obtained 
from the peak tricuspid regurgitation (TR) velocity using the 
simplified Bernoulli equation.

Diagnostic Pitfalls with Echocardiography. Maxi-
mum velocity and transvalvular gradients are dependent on 
LV function and flow. Hence, conditions affecting flow can 
influence the values of these parameters. For instance, when 
there is coexisting significant AR, the maximum transvalvu-
lar velocity and mean gradient will be higher for a given val-
vular area because of the high transaortic systolic flow rate. 

TABLE 12-5: Classifications of Severe AS

Severe high gradient AS 
(classical AS)

 • AVA ≤ 1 cm2 (or AVAi < 0.6 cm2/m2) 
but may be larger with mixed AS/AR

 • Or aortic Vmax ≥ 4 m/s
 • Or mean gradient ≥ 40 mm Hg

Low flow low gradient 
AS with reduced 
LVEF (LVEF < 50%)

 • AVA ≤ 1 cm2 with resting aortic Vmax 
<4 m/s or resting mean gradient 
<40 mm Hg

 • Or with dobutamine inotropic 
stimulation to increase stroke volume, 
the resultant is AVA ≤ 1 cm2 with Vmax 
≥ 4 m/s

Low gradient AS 
with normal LVEF 
(paradoxical low 
flow AS)

 • AVA ≤ 1 cm2 with Vmax < 4 m/s or mean 
gradient < 40 mm Hg

 • Indexed AVA ≤ 0.6 cm2/m2 and
 • Stroke volume index < 35 mL/m2

 • Measured when patient is normotensive 
(systolic BP < 140 mm Hg)
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In the presence of severe MR, transaortic flow rate may be 
low resulting in a low gradient even when severe AS is pres-
ent. Valvular area calculations, however, remain accurate.

Use of TEE. TEE allows high-fidelity assessment of the 
geometry and the height of valvular leaflets relative to one 
another. This level of detail is not well seen on TTE. The CSAL-

VOT can also be obtained via 3D multi-planar reconstruction 
to reduce errors when using the continuity equation to cal-
culation the AVA. TEE is also superior to TTE in obtaining 
precise measurements of the aortic root and ascending aorta, 
thus supporting surgical planning for aortic valve repair and 
guidance in the use of transapical or transcatheter AVR.

The 2014 AHA/ACC guidelines employ multiple echo-
cardiographic parameters discussed above as part of the algo-
rithm to determine the timing for an aortic valve replacement 
for severe AS (Fig. 12-20).

AORTIC REGURGITATION
Echocardiography provides diagnostic information about the 
mechanism of aortic regurgitation (AR), assessment of severity 
of AR, hemodynamic effect of resultant volume overload on 
the LV, and the morphology and dimensions of the aortic root.

Etiology of Aortic Regurgitation by Echocardiogra-
phy. Echocardiography can differentiate whether AR occurs 
as a result of leaflet abnormality, or aortic root dilatation that 
prevents complete leaflet coaptation. Specifically, echocardiog-
raphy can identify leaflet abnormalities such as bicuspid aortic 
valve, degenerative leaflet calcifications, infective endocardi-
tis, and rheumatic thickening. Likewise, dilation of the aortic 
annulus, sinuses of Valsalva, sinotubular junction, and ascend-
ing aorta can be easily quantified with echocardiography. Some 
causes of aortic dilation include long-standing hypertension, 
Marfan’s syndrome, connective tissue disorders, and aortitis.

Severe AS
Vmax ≥ 4 m/s

∆Pmean ≥ 40 mm Hg

Vmax 3 m/s–3.9 m/s
∆Pmean 20–39 mm Hg

Asymptomatic
(stage B)

Asymptomatic
(stage C)

Symptomatic
Symptomatic
(stage D1)

LVEF < 50%
(stage C2)

Other cardiac surgery

Vmax  ≥ 5 m/s
∆Pmean ≥ 60 mm Hg

Low surgical risk

Abnormal ETT

∆Vmax > 0.3 m/s/y
Low surgical risk

AVR
(I)

AVR
(IIa)

AVR
(IIb)

AVR
(IIa)

LVEF < 50%

No

DSE with
AVA ≤ 1 cm2 and

Vmax ≥ 4 m/s
(stage D2)

AVA ≤ 1 cm2

and
LVEF ≥ 50%
(stage D3*)

AS likely cause of
symptoms

*AVR should be considered with stage D3 AS only if valve obstruction is the most likely cause of symptoms, stroke volume index is <35 mL/m2, indexed AVA
is ≤0.6 cm2/m2, and data are recorded when the patient is normotensive (systolic BP <140 mm Hg).

Other cardiac
surgery

Abnormal aortic valve with
reduced systolic opening

Yes

Class I

Class Ila

Class lIb

FIGURE 12-20 AHA/ACC guidelines: Algorithm for management of AS. (Reproduced with permission from Nishimura RA, Otto CM, Bonow 
RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines, J Am Coll Cardiol 2014 Jun 10;63(22):e57-e185.)
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286 Part II Perioperative/Intraoperative Care

The echocardiographic description of bicuspid aortic valve 
was discussed earlier under aortic stenosis. Since aortopathy is 
associated with bicuspid aortic valve, assessment of the aortic 
root and ascending aorta dimensions are important.

In degenerative calcific AR, the central portions of the 
cusps are calcified and there is no commissural fusion. In 
rheumatic AR, in contrast, there is commissural fusion, and 
the calcification and diffuse thickening of the leaflets at the 
leaflet free edges result in leaflet retraction and central AR.

Echocardiographic Assessment of AR Severity. Assess-
ing the severity of AR requires integration of qualitative 
and quantitative echocardiographic measures, similar to the 
assessment of MR (Table 12-6).21

Color flow imaging is the easiest method to provide a 
visual estimate of the degree of AR. However, this method 
is subject to many limitations. Color jet size and length are 
influenced by the aortic to LV diastolic pressure gradient 
and LV compliance. Thus, it can poorly correlate with the 
severity of AR. Jets directed towards the anterior mitral 
valve leaflet or septum may appear narrow. Jet area and size 
are often overestimated in the apical views, and for this rea-
son, they are best assessed in the parasternal long axis views 
due to better axial resolution. The ratio of the proximal jet 
width (measured from the long axis view) to the diameter of 
the LV outflow tract of >65% is consistent with severe AR49 
(Fig. 12-21).

The vena contracta width is the narrowest flow diameter 
at the level of the aortic valve. This is measured in the para-
sternal long axis view and provides an indirect measure of 
the EROA. A vena contracta of 6 mm at a Nyquist limit of 
–60 cm/s correlates with severe AR.50

The EROA is an ideal parameter for the assessment and 
follow up of AR. As discussed for MR, this requires assess-
ment of the flow convergence zone. It is very challenging to 
derive EROA due to difficulty obtaining high-quality images 
of the flow convergence zone. Where feasible, the apical five-
chamber view is recommended for central regurgitant jets, 
whereas in eccentric jets, the parasternal long axis view is 
used. An EROA ≥ 30 mm2 or regurgitant volume ≥ 60 mL 

indicates severe AR.31 Measurement of this parameter is less 
common than for MR.

Brief aortic diastolic flow reversal is observed in the aorta 
in normal studies as measured by pulse wave Doppler in the 
proximal descending aorta (just distal to the origin of the sub-
clavian artery). In severe AR, there is holodiastolic flow with 
an end diastolic velocity typically >20 cm/s.51

The density of the CW jet in comparison to the antegrade 
flow provides an estimate of the volume of regurgitation; 
however, it can be difficult to distinguish moderate from 
severe regurgitation based on CW jet density alone. CW 
Doppler of the AR jet is best obtained from the five-chamber 
view. Eccentrically directed jets may be better obtained from 
the right parasternal window.

The rate of deceleration of the diastolic regurgitant veloc-
ity and the PHT reflect the rate of equalization of aortic and 
LV diastolic pressure. In severe acute AR, there is rapid equal-
ization resulting in a short PHT. A PHT < 200 ms is con-
sistent with severe AR, whereas >500 ms is consistent with 
mild AR. However, this parameter is influenced by cham-
ber compliance and pressure. The PHT can be shortened by 
elevated LV diastolic pressure, or lengthened and normalized 
with chronic LV adaptations to the severe AR.

Hemodynamic Effects on the LV. The LV dilates in 
response to the chronic volume overload of AR and assumes 
a more spherical shape. LV mass increases, although the 
increase in wall thickness is modest. Deterioration of LV sys-
tolic function is a late and possibly irreversible finding. How-
ever, patients with severe LV dysfunction (LVEF ≤ 35%) and 
severe AR still experience a mortality benefit from AVR.52

In the 2014 AHA/ACC guidelines, aortic valve replace-
ment is indicated when LV systolic dysfunction (LVEF < 50%) 
is present (Class I) and is reasonable with severe LV dilation 
(LVESD > 50 mm or indexed LVESD indexed > 25 mm/m2) 
with normal LV systolic function (LVEF ≥ 50%) (Class IIa).

TABLE 12-6: Echocardiographic Signs of 
Severe AR

Qualitative
 • Holodiastolic flow reversal in descending aorta (end-diastolic 
velocity > 20 cm/s)

 • Large central jet (jet width to LVOT diameter ratio > 65%)
 • Dense CW signal of AR jet
 • Left ventricular dilatation

Semi-Quantitative
 • VC width > 6 mm
 • Pressure half-time < 200 ms

Quantitative
 • EROA ≥ 30 mm2

 • Regurgitant Vol ≥ 60 mL

FIGURE 12-21 Aortic regurgitation. Color Doppler paraster-
nal long axis TTE view displays aortic regurgitant jet that fills the 
entire left ventricular outflow tract, consistent with severe aortic 
regurgitation.
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Acute AR. The most common causes of acute AR are infec-
tive endocarditis and aortic dissection. The specificity and 
sensitivity of TTE for the diagnosis of aortic dissection are 
only 80% and 60% respectively, whereas TEE has a specific-
ity and sensitivity of 95 to 100% and 98 to 100%.53 Infective 
endocarditis causes aortic regurgitation via leaflet perforation, 
destruction, and malcoaptation due to mechanical effects of 
vegetations on the leaflet tips.

The primary difference in acute and chronic AR on echo-
cardiography is the LV. In chronic AR, the LV has had time 
to remodel and dilate. Sudden volume overload in acute AR 
is poorly tolerated by the normally sized LV and this leads to a 
rapid rise in LV diastolic pressure and pulmonary edema. Due 
to the rapid equalization of aortic and LV diastolic pressures, 
the CW velocity profile of the acute AR jet demonstrates a 
steep slope with a short pressure half-time of <200 ms and 
pulse wave Doppler of the descending aorta demonstrates no 
end diastolic velocity. Markedly elevated LV diastolic pres-
sures are indicated by short deceleration time on the mitral 
inflow and premature closure of the mitral valve on M-mode 
echocardiography.

TEE in AR. TEE is utilized for assessing the aortic root and 
ascending aorta dimensions when aortic dissection is sus-
pected and for obtaining precise measurements in the surgi-
cal planning phase of aortic valve repair. A magnified view of 
the aortic valve can provide a cleaner vena contracta measure-
ment than on TTE. Other Doppler assessments are better 
obtained from TTE due to difficulty obtaining TEE views 
where the ultrasound beam is parallel to the jet direction. 
But in the operating room, transgastric TEE can come close 
to being “on axis” in the LVOT. Also 3D TEE datasets can 
be manipulated in near real time to obtain perfect alignment 
and some systems allow reassessment of Doppler information 
in postanalysis. Also TEE is particularly useful in infective 
endocarditis to identify vegetations and abscess formation 
not seen as well on TEE.

Timing of AVR for AR Based on Echocardiographic 
Parameters. The 2014 AHA/ACC valvular heart disease 
guidelines utilize echocardiographic parameters in the algo-
rithm for the timing of aortic valve replacement for severe 
AR. The algorithm is shown in Fig. 12-22.

Aortic regurgitation

Severe AR
(stages C and D)

Vena contracta > 0.6 cm
Holodiastolic aortic flow reversal

R Vol ≥ 60 mL/beat
RF ≥ 50%

ERO ≥ 0.3 cm2

LV dilation

Progressive AR
(stage B)

Vena contracta ≤ 0.6 cm
R Vol < 60 mL/beat

RF < 50%
ERO < 0.3 cm2

Other cardiac
surgery

Other cardiac
surgery

LVEF ≥ 50%
LVESD ≥ 50 mm

(stage C2)

LVEF ≥ 50%
LVEDD > 65 mm
Low surgical risk

LVEF ≥ 50%
LVESD ≤ 50 mm
LVEDD ≤ 65 mm

LVEF < 50%
(stage C2)

Asymptomatic
(stage C)

Symptomatic
(stage D)

AVR
(I)

AVR
(lIa)

AVR
(lIb)

Periodic monitoring
AVR
(lIa)

Class I

Class Ila

Class lIb

YESNO

FIGURE 12-22 AR algorithm. (Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for 
the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on 
Practice Guidelines, J Am Coll Cardiol 2014 Jun 10;63(22):e57-e185.)
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288 Part II Perioperative/Intraoperative Care

Tricuspid Valve Disorders
TRICUSPID REGURGITATION
Echocardiographic assessment of TR provides information on 
valvular morphology, severity of TR, hemodynamic effects on 
right-sided chambers and significance of left-sided disease. This 
requires a combination of 2D and Doppler methods to assess 
leaflet structure and function including thickness, coaptation 
geometry, gradients, annular dilation, presence of masses, RV 
size and function, and RV systolic pressure (RVSP).

Functional TR. The most common cause of TR is func-
tional, where the leaflets are structurally normal and regurgita-
tion is caused by incomplete leaflet coaptation due to annular 
dilatation and leaflet tethering. Any condition that causes 
RV dilatation and systolic dysfunction can lead to functional 
TR. The most common causes are left-sided heart disease 
particularly mitral and aortic valve diseases. Other etiologies 
include atriopathy related to atrial fibrillation and pulmonary 
conditions causing pulmonary hypertension. Normal tricus-
pid valve annulus diameter measured in diastole in the four-
chamber view is 28 ± 5 mm. A diastolic annulus > 34 mm is a 
marker of significant TR. Severe annular dilatation (>40 mm 
or >21 mm/m2) indicates an increased risk of persistent or 
progressive TR after isolated mitral valve surgery.54 Thus, 
efforts are now focused on identifying patients early who will 
benefit from tricuspid valve (TV) interventions.

Primary TR. Primary disorders of the tricuspid apparatus 
are much less common. In rheumatic disease, the leaflets and 
papillary muscles are thickened, shortened and retracted. Tri-
cuspid valve prolapse most often involves the anterior and 
septal leaflets and is almost always associated with mitral 
valve prolapse. A flail leaflet is caused by ruptured chordae, 
degenerative disease, infective endocarditis, trauma, or it can 
be iatrogenic from central lines, intravalvular pacemaker leads 
or during endomyocardial biopsies. Intracardiac device leads 
can also interfere with coaptation if there is impingement of 
the valvular leaflets.55 With Ebstein’s anomaly, the tricuspid 
valve leaflets are malformed: in the most common form, the 
anterior leaflet is the largest leaflet and the posterior and septal 
leaflets are vestigial and arise posteriorly and apically. Carci-
noid disease affects the tricuspid and pulmonary valves. These 
leaflets appear short, thickened, and fibrotic with restricted 
motion. In severe cases of carcinoid disease, the leaflets are 
nonmobile, resulting in wide-open regurgitation.

Assessment of Severity by Echocardiography. The 
standards for determining the severity of TR are less robust 
than for MR with limited studies to validate quantitative 
measures for TR. The European Association of Echocardiog-
raphy/American Society of Echocardiography (EAE/ASE) 
guidelines recommend an integrative approach: evaluating 
size and function of right-sided chambers, septal motion, and 
various Doppler parameters (Table 12-7).21,28

The following parameters are consistent with severe 
TR: (1) a jet area > 10 cm2 (caveat being that the severity 

of eccentrically directed regurgitant jets may be underes-
timated); (2) a vena contracta of ≥7 mm;56 (3) EROA ≥ 
40 mm2 or regurgitant volume of ≥ 45 mL57 (although the 
flow convergence method is rarely used in clinical practice); 
(4) continuous wave Doppler of the TR jet is dense and com-
plete, and can appear truncated with a triangular contour due 
to an early peak velocity (cut-off sign); and (5) systolic flow 
reversal in the hepatic veins (sensitivity of 80%).6

Hemodynamic Consequences of TR: Echocardio-
graphic Assessment. Chronic significant TR causes 
volume overload of the right-sided chambers, which sub-
sequently leads to RV dilatation and failure, and elevated 
PASP. With RV volume overload, the interventricular sep-
tum demonstrates paradoxical motion and in the short axis 
view, appears flat in diastole. When pulmonary hyperten-
sion ensues, the septum also appears flat in systole as a sign 
of RV pressure overload. Chronic back pressure causes the 
interatrial septum to bow to the left, and there is right atrial 
(RA), IVC and hepatic vein dilatation indicating elevated 
RA pressure.

Impaired RV function has a negative impact on sur-
vival outcomes after tricuspid valve surgery7 and interven-
tion should ideally be performed before RV dysfunction 
occurs.58 The assessment of RV function can be challenging 
due to its complex shape. Specifically, there is no single 2D 
imaging plane in which the inflow, apical and outflow views 
of the RV can be imaged simultaneously. Normal RV func-
tion can be defined by many echocardiographic parameters 
as defined by the ASE guidelines: TAPSE > 17 mm, frac-
tional area change >35%, tricuspid valve annular velocity 
(S′) >9.5 cm/s.13,23

Estimation of RVSP is obtained from the TR jet peak 
velocity using the simplified Bernoulli equation (pressure = 
4 × velocity2). The velocity of the TR jet itself is not equal to 
the severity of TR, but rather it is related to the peak systolic 
gradient between the RV and RA. The RVSP is then esti-
mated as the sum of this pressure gradient determination plus 
the RA pressure. In wide-open TR, the TR jet may appear 
less turbulent, with a low jet velocity (<2 m/s) due to rapid 
equalization of RA and RV pressures. In this scenario the sim-
plified Bernoulli method may underestimate RVSP.

TABLE 12-7: Echocardiographic Signs of 
Severe TR

 • Vena contracta width > 0.7 cm
 • CW jet density and contour: dense, triangular with early peak 
(“cut-off” sign)

 • EROA ≥ 40 mm2

 • Regurgitant volume ≥ 45 mL
 • Central jet area > 10 cm2

 • Hepatic vein flow: systolic flow reversal
 • Tricuspid inflow: E wave dominant (≥1 cm/s)
 • Dilated RV, RA and IVC with decreased respirophasic variation
 • Interventricular septal flattening in diastole (RV volume overload)
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Important Echocardiographic Parameters for Timing 
of TV Surgery. Severe TR is associated with poor progno-
sis independent of LV and RV function, RV size and age.59 
TR is most often seen in left-sided disease, particularly mitral 
or aortic pathologies. The 2014 AHA/ACC guidelines rec-
ommend tricuspid valve surgery for patients with severe TR 
undergoing left-sided valve surgery (Class I).31 Mild or mod-
erate degrees of TR can progress in up to 25% of patients if 
left untreated at the time of left-sided valve surgery. Thus, tri-
cuspid valve repair can be beneficial for patients with at least 
mild functional TR when undergoing left-sided valve surgery, 
if there is: (1) tricuspid annular dilatation (>40 mm diam-
eter or 21 mm/m2 indexed to body surface area), (2) prior 
evidence of right-heart failure (Class IIa); or (3) pulmonary 
hypertension present (Class IIb).31 The risk factors for pro-
gression of TR include dilated tricuspid annulus (>40 mm 
diastolic diameter or 21 mm/m2), degree of RV dysfunc-
tion, pulmonary artery hypertension, AF, intra-annular RV 
pacemaker, or implantable cardioverter-defibrillator leads. 
Reoperation for severe isolated tricuspid regurgitation after 
left-sided valve surgery is associated with significant periop-
erative mortality.

TEE in TR. TEE is seldom required in the preoperative 
assessment of TR but is useful in infective endocarditis and 
when assessing for interference of intracardiac device leads on 
the valve leaflet function. Transgastric views can demonstrate 
the tricuspid valve in short axis, which is a view not readily 
seen on TTE, and a transgastric 120° view provides a highly 
reliable tricuspid annulus measurement for assessing the need 
for tricuspid repair. Also Doppler analysis of the flow direc-
tion in the anterior hepatic vein provides very precise data 
about the presence of systolic reversal of hepatic vein flow, an 
important indicator of severe TR.

Prosthetic Valves
Echocardiography with Doppler is the method of choice for 
the noninvasive evaluation of prosthetic function. Echocar-
diographic assessment of prosthetic valves includes 2D imag-
ing of the valve, its leaflets and its overall seating, assessment 
of valvular hemodynamics including transvalvular velocities 
and gradients, identification and quantification of valvular 
stenosis or regurgitation; and evaluation of cardiac chamber 
sizes, left ventricular systolic function and pulmonary artery 
pressures.

The basic Doppler principles applied to native valves to 
assess gradients and calculate for effective orifice area (EOA) 
are also used for prosthetic valves. Different models and sizes 
of prosthetic valves have different gradients and EOA.60 The 
expected ranges of normal gradients and EOA for differ-
ent types of valves in different valvular positions have been 
reported and are available in guidelines and other documents.60

Peak instantaneous pressure gradient is calculated by the 
simplified Bernoulli equation as previously described (see the 
Aortic Stenosis section). The EOA of the prosthetic aortic 
valve is calculated from the continuity equation, similar to 

native stenotic aortic valves. For prosthetic aortic valves, it is 
also reasonable to use the dimensionless velocity index (DVI) 
to assess for stenosis. The DVI is the ratio of the velocity in 
the LVOT measured by pulse wave (PW) Doppler to the 
velocity through the aortic prosthesis measured by CW Dop-
pler. A DVI <0.25 suggests significant valve obstruction if 
accompanied by an acceleration time > 100 ms (which is the 
time from transvalvular flow onset to maximum velocity).60

The continuity equation can also be applied (in the 
absence of significant MR or AR) for the mitral valve but is 
not as frequently used. When applied it is:

MV area CSA
VTI

VTIMV
MV

MV
annulus

annulus= ×

The PHT technique used to quantify the area of native ste-
notic mitral valves can be used to monitor prosthetic mitral 
valve function. Prolongation of the PHT when compared 
to baseline is a reliable indication of obstruction. DVI is 
increased in mitral prosthetic stenosis or regurgitation. In this 
scenario, the PHT can help differentiate between the two. A 
PHT of >200 ms is most consistent with stenosis, whereas 
a PHT < 130 ms, especially with an elevated peak E wave 
velocity, suggests regurgitation.60

A small degree of regurgitation occurs with virtually all 
types of mechanical prostheses and can be detected by color 
Doppler. These jets are normally brief and of low intensity 
with little penetration into the LA.61 These “washing jets” are 
thought to prevent thrombus formation on the edges of the 
occluders and also reduce friction that might impede rapid 
valve opening.

PROSTHETIC VALVULAR DYSFUNCTION
The main causes of prosthetic valvular dysfunction requir-
ing surgery are prosthetic valve obstruction manifested by 
moderate-to-severe stenosis, degeneration manifested by 
moderate-to-severe central valvular regurgitation, or signifi-
cant paravalvular regurgitation. Obstructions are most com-
monly caused by thrombosis, vegetation, pannus or fibrous 
ingrowth. Degeneration most commonly is due to aging of 
bioprosthetic leaflets or effects of endocarditis while paraval-
vular leaks most often are associated with infection.

PROSTHETIC VALVULAR OBSTRUCTION
Almost all prosthetic valves have an EOA that is smaller than 
the native orifice area. Comparison with the baseline postop-
erative echocardiogram or with established normal values for 
valves of that specific type and size is particularly helpful for 
detection of significant prosthetic valvular obstruction.60

Mechanical valvular obstruction or stenosis occurs as a 
result of thrombus deposition or pannus formation, which 
interferes with normal leaflet occluder motion. Obstruction 
may not be obvious on 2D TTE imaging, but is suspected 
when there is a significant increase in pressure gradient. TEE 
is the primary means to confirm prosthetic valvular obstruc-
tion and identify its causes, particularly for the mitral valve 
(Fig. 12-23). It can be difficult to differentiate a thrombus 
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290 Part II Perioperative/Intraoperative Care

from a pannus on echocardiography. However, a thrombus is 
usually larger, has a “softer” ultrasound appearance similar to 
myocardium and may demonstrate mobile elements. Large 
thrombi (>1 cm in length or 0.8 cm2 in area) have a 2.4-fold 
higher rate of complications per 1 cm2 increase in size.62 Pan-
nus formation is more common in aortic prostheses.60 For a 
bioprosthetic valve, fibrosis and calcification of leaflets are the 
most common causes for obstruction.

Patient prosthesis mismatch (PPM) occurs when the EOA of 
the prosthesis is too small for the patient’s body size and stroke 
volume requirements, resulting in abnormally high gradients. 
Most studies have focused on the aortic prosthesis. PPM is 
considered mild (and therefore not clinically significant) if the 
indexed EOA of the aortic prosthesis is >0.85 cm2/m2, moder-
ate if >0.65 to ≤0.85 cm2/m2, and severe if ≤0.65 cm2/m2.63

PROSTHETIC VALVE PATHOLOGIC 
REGURGITATION
Pathological regurgitation of a mechanical prosthetic valve is 
typically due to a paravalvular leak. Paravalvular regurgita-
tion that occurs soon after surgery is usually due to technical 
factors or infective endocarditis. Late paravalvular regurgita-
tion is almost always due to infective endocarditis, causing 
suture dehiscence. Significant dehiscence can result in rock-
ing or independent motion of the prosthesis. Occasionally 
thrombus or pannus formation limits normal occluder clo-
sure resulting in significant central valvular regurgitation.

For bioprostheses, pathologic central regurgitation usually 
occurs as a result of leaflet degeneration and/or calcification. 
The causes of paravalvular regurgitation are similar to that of 
mechanical prostheses.

Detection of regurgitation by TTE is challenging for 
mitral and tricuspid valves due to acoustic shadowing and 
reverberation artifacts from the prostheses that can obscure 

evidence of the Doppler regurgitation signal in the atria. 
Localization of paravalvular regurgitation may be difficult 
and can only be diagnosed if the flow is visualized around 
the outside of the sewing ring. Multiplanar TEE is particular 
helpful in these situations (Fig. 12-24). Real-time 3D TEE 
with color Doppler can facilitate the location and quantify 
the extent of prosthetic regurgitation by visualizing the regur-
gitant orifice area en face from the perspective of the chamber 
receiving the regurgitation.

Indications for surgical intervention of significant pros-
thetic valve regurgitation are the same as indications for 
native regurgitation of the aortic or mitral valve. Specifi-
cally, this includes echocardiographic evidence of LV dys-
function including low LVEF or progressive LV dilation.31

For a discussion of echocardiographic imaging of infective 
endocarditis of prosthetic valves, see the section on Infective 
Endocarditis below.

TTE VERSUS TEE IMAGING OF THE PROSTHETIC 
VALVES
TTE detects prosthetic valve dysfunction through quanti-
tation of the severity of stenosis and regurgitation by Dop-
pler techniques. TTE also allows assessment of LV size 
and systolic function, LA size, right heart function and 
estimation of pulmonary pressures. However, with its bet-
ter image quality and structure resolution, TEE is superior 
to determine the actual mechanism of prosthetic valvular 
dysfunction in addition to providing the same information 
that TTE is capable of. But in the presence of multiple 
mechanical prostheses, either method may be limited by 
echo shadowing from one of the devices, and a combina-
tion of both may provide the most complete information. 
In the operating room this may mean combining TEE 
with epicardial views.

FIGURE 12-23 Mechanical mitral prosthetic valve obstruction. 
TEE midesophageal long axis view of a thrombosed bileaflet mitral 
prosthesis. Only one leaflet opens in diastole (arrow). The other leaflet 
is obstructed by thrombus, that is also seen on the left atrial wall (*). 
LA = left atrium.

FIGURE 12-24 Mitral paravalvular leak. Mid-esophageal TEE of a 
mechanical bileaflet mitral prosthesis at transducer angle of 60°. Two 
physiological washing jets are seen at the periphery of the discs. A 
large paravalvular leak is noted outside the lateral aspect of the sewing 
ring. LA = left atrium, LV = left ventricle.
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Infective Endocarditis
Echocardiography plays a pivotal role in the diagnosis of 
infective endocarditis (IE), identifying underlying predispos-
ing conditions, detecting complications, characterizing the 
hemodynamic severity of valvular lesions, and assessing ven-
tricular function and pulmonary pressures.

The hallmark of IE on echocardiography is the identifica-
tion of new vegetations. New or worsening valvular regur-
gitation, abscess and new partial dehiscence of a prosthetic 
valve are also important echocardiographic features.64 A veg-
etation is defined echocardiographically as a mass that exhib-
its a motion pattern that is independent of the structure it is 
attached to, such as a valve or implanted intracardiac device. 
The sensitivity of TTE for the detection of vegetations ranges 
from 50 to 90%, depending on the quality of images, the 
location of the lesion, and the size of the lesion. TEE has 
far superior sensitivity at 90 to 100%.31 Identification of 
vegetations may be difficult in the presence of preexisting 
lesions (degenerative calcified valves, mitral valve prolapse, 
prosthetic valves), if the vegetations are small or already 
embolized.

COMPLICATIONS IDENTIFIED BY 
ECHOCARDIOGRAPHY
Valvular regurgitation is the most common complication of 
native valve endocarditis. It can arise from multiple mecha-
nisms: coaptation failure from vegetation interference, leaf-
let destruction and perforation, or flail leaflet from ruptured 
chords.

Paravalvular abscess generally affects the aortic valve 
around the aortic root and can spread to the intervalvular 
fibrosa and anterior leaflet of the mitral valve. On echocar-
diography, an abscess is seen as a nonhomogeneous para-
valvular thickening often with lucent spaces within it. The 
abscess can drain into a cardiac cavity and it may appear on 
echocardiography as a pseudoaneurysm (Fig. 12-25). With 
color Doppler, the pulsatile flow can be recorded into and 
out of this echo-free space. Fistula formation is more rare 
and visualized as a communication between two neighboring 
cavities through a perforation. The pattern and timing of the 
flow in the fistula with color Doppler is a function of the rel-
ative pressures between the two cavities. Spread of infection 
into the pericardial space can result in purulent pericarditis. 
It is difficult using echocardiography to distinguish purulent 
pericarditis from a sterile inflammatory pericardial effusion; 
so, the diagnosis is generally made based on clinical findings.

Systemic embolization of the vegetation or portions of 
the vegetation are a frequent and life-threatening complica-
tion. Echocardiographic features of the vegetation that cor-
relate with embolization include large size (>10 mm for left 
sided lesions and 20 mm for right sided lesions) and excessive 
mobility especially when associated with the anterior leaflet 
of the mitral valve.65,66 Worse prognosis is seen in vegetations 
>15 mm, increasing vegetation size despite antibiotic therapy, 
multiple sites of involvement, and extension to extra-valvular 
structures.67

PROSTHETIC VALVE ENDOCARDITIS (PVE)
PVE has a lower incidence of vegetations (especially mechani-
cal prostheses) and a higher incidence of annular abscesses and 
other paravalvular complications. Infection usually involves 
the region between the sewing ring and the annulus in PVE, 
leading to abscess formation that can progress to dehiscence, 
pseudoaneurysms, and fistulae. Echocardiographic features 
of valve dehiscence include paravalvular regurgitation, and 
excessive rocking motion of the valve. In bioprosthetic PVE, 
vegetations can also be seen on the leaflets, which can lead 
to perforation. Infrequently, large vegetations can cause pros-
thetic valve obstruction.

TTE and TEE have complementary roles in PVE. TEE is 
superior for detecting annular abscesses, and smaller vegeta-
tions. However, owing to acoustic shadowing from the valve, 
the anterior portion of the aortic valve and the LV side of the 
MV prosthesis are not as well seen on TEE and can be better 
assessed on TTE.68 Assessment of hemodynamic severity of 
regurgitation is most often better assessed by TTE. Assess-
ment of Doppler-derived aortic valve pressure gradients is 
typically better with TTE due to better alignment of the 
Doppler interrogation with flow.

The 2014 AHA/ACC guidelines for the management of 
valvular heart disease recommend early surgery during initial 
hospitalization for valve dysfunction causing heart failure, 
left-sided IE due to Staphylococcus aureus, fungal or highly 
resistant organism, heart block, annular or aortic abscess, and 
destructive penetrating lesions (Class I, level of evidence C). 

FIGURE 12-25 Prosthetic valve pseudoaneurysm. TEE mid-
esophageal long axis view showing a dehisced mechanical aortic 
valve (white arrow) with pseudoaneurysm formation (star) as a com-
plication of an aortic root abscess. There is communication between 
the LVOT and the pseudoaneurysm (red arrow). LA = left atrium, 
LV = left ventricle.
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292 Part II Perioperative/Intraoperative Care

Surgery is recommended in relapsing PVE without other 
source for portal of infection (Class I, Level of evidence B). 
Early surgery may be considered in mobile vegetations with 
a dimension larger than 10 mm (Class IIb, Level of evidence 
B). Early surgery is reasonable in patients with recurrent 
emboli and persistent vegetations despite appropriate antibi-
otic therapy (Class IIa, Level of evidence B).31

Diseases of the Aorta
The thoracic aorta can be visualized almost in its entirety by 
echocardiography. TTE routinely assesses the aortic root and 
proximal ascending aorta in the parasternal view whereas 
the aortic arch and its three major branches are seen in the 
suprasternal view. TEE can depict all portions of the thoracic 
aorta with high resolution except for a small “blind spot”. 
This blind spot is in the distal ascending aorta just before the 
innominate artery, and is due to interposition of the right 
bronchus and trachea between the heart and esophagus. The 
descending aorta is easily seen from the left subclavian artery 
to the celiac trunk either in its short or long axis.

AORTIC ANEURYSMS
Aortic root and ascending aorta aneurysms are well seen on 
echocardiography with reproducible and accurate measure-
ments. Arch and descending aorta aneurysms, however, are 
better quantified by CT or magnetic resonance imaging 
(MRI). Since treatment guidelines are based on size, it must 
be understood that measurements by echocardiography are 
slightly smaller when compared to CT and MRI. The rea-
son for this is that with echocardiography the measurements 
of the aorta are typically inner edge to inner edge (internal 
diameter) while with CT and MRI the outer edge to outer 
edge (external diameter) is measured.69 Sinus of Valsalva 
aneurysms typically affect the right sinus. These are seen 
protruding into the right atrium in the short axis view and 
appear like a mobile, “windsock” structure.

ACUTE AORTIC SYNDROMES
The diagnosis of acute aortic syndromes requires speed and 
accuracy due to the high mortality of these conditions and 
thus the need for rapid triage to appropriate treatment. TEE 
has similar diagnostic accuracy to CT and MRI.70 Additional 
advantages are absence of radiation, the ability to be per-
formed on unstable patients at the bedside without needing 
transfer to the imaging equipment, and no need for intra-
venous contrast whose use is a relative contraindication for 
patients with renal dysfunction. However, sedation and a 
fasting state are typically required. Although TEE is the tech-
nique of choice, TTE can be utilized initially in the immedi-
ate setting to not only diagnose the presence of dissection, 
but also to assess LV function, the presence of AR and peri-
cardial effusion. A negative TTE does not exclude dissection 
and another imaging modality must be utilized if clinical sus-
picion is high. The specificity and sensitivity of TTE for the 
diagnosis of aortic root dissection are only 80% and 60% 

respectively, whereas TEE has a specificity and sensitivity of 
95 to 100% and 98 to 100%.53

Dissection typically occurs in the setting of aortic dilation. 
The diagnosis on echocardiography is made by identifica-
tion of an intimal flap, which divides the aorta into true and 
false lumens. The true lumen is usually smaller than the false 
lumen, expands in systole and reveals systolic antegrade flow 
by Doppler. The false lumen is filled with slow moving blood 
and in situ thrombosis can be present. The points of entry and 
exit can often be identified by color Doppler.

Reverberation artifacts in a dilated ascending aorta are 
common and reported to be present in 44 to 55% of stud-
ies.71 While these can be mistaken for a dissection flap they 
exhibit different characteristics. A dissection flap has indepen-
dent mobility (low amplitude, high frequency), whereas an 
artifact moves in parallel motion with the aortic wall (higher 
amplitude, lower frequency). M-mode echo is often used to 
display these motion characteristics. Color flow imaging is 
useful in demonstrating separation of flow by the dissection 
flap, whereas flow will move through an artifact.

Intramural hematoma occurs as a result of hemorrhage 
within the medial layer of the aortic wall, with no com-
munication between the media and true lumen. On echo-
cardiographic cross-sectional views this appears as a crescent 
thickening of the aortic wall. The inner margin is smooth 
and displacement of intimal calcification due to accumula-
tion of blood within the aortic wall can be seen. In contrast, a 
penetrating aortic ulcer has a crater-like distortion of the aor-
tic wall, which is often associated with extensive atheroma.72 
A thrombus, represented by soft irregular echoes, often fills 
the ulceration.

COMPLICATIONS OF AORTIC DISSECTION 
DETECTED BY ECHOCARDIOGRAPHY
Aortic regurgitation (AR) is a common complication in 
aortic dissection, occurring in approximately 40 to 76% of 
patients.73 Multiple mechanisms account for this and they 
can be diagnosed by TEE. These include dilation of the aortic 
root and annulus, disruption of the valvular cusps or annulus, 
loss of support of the cusps due to extension of the dissection 
into the aortic root, or prolapse of the intimal flap through 
the aortic valve leaflets into the LVOT73 (Fig. 12-26). Identi-
fication of the mechanism of AR helps in determining if the 
aortic valve can be spared at the time of dissection repair.

Pericardial tamponade is observed in <20% of patients 
with ascending aorta dissection and associated with doubling 
of mortality.74 Presence of a pericardial effusion suggests rup-
ture of the aorta has occurred and is associated with poor 
prognosis. However, the effusion may be secondary solely to 
inflammation. Determining etiology of the pericardial effu-
sion by echocardiography is often not possible.

During TEE depiction of dissection, the origins of the 
coronary arteries and extra-aortic arch vessels should be 
demonstrated to determine the extent of the dissection and 
whether these vessels are supplied by the true or false lumen. 
The ostia of the coronary arteries are best seen in a short view 
of the aortic sinuses of Valsalva. The right coronary artery 
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is most frequently involved and the presence of a new LV 
inferior wall motion abnormality can be used as indirect or 
supporting evidence of this occurrence. On TEE, the origins 
of the left subclavian and left common carotid arteries are 
usually easily visualized in an upper esophageal view either in 
a short axis view or an off-axis view of the aortic arch. How-
ever, the origin of the innominate artery is more challenging 
to visualize on TEE and the suprasternal view of the aortic 
arch on TTE may be superior for depicting it.

COARCTATION OF AORTA
Coarctation of the aorta is diagnosed on TTE from the supra-
sternal view. A discrete narrowing of the proximal descend-
ing aorta is seen, corresponding with increased turbulence 
and high velocities detected by Doppler imaging in region of 
coarctation. In the presence of a hemodynamically significant 
coarctation, the Doppler display of blood flow in the abdom-
inal aorta persists into diastole in contrast to the normal flow 
limited to systole.

Pericardial Disease
CARDIAC TAMPONADE
Transthoracic echocardiography is the best diagnostic modal-
ity to demonstrate the presence of a pericardial effusion and 
its hemodynamic significance. In most cases of cardiac tam-
ponade, a moderate-to-large size effusion is present. How-
ever, tamponade can occur even in small effusions that have 
accumulated rapidly in the setting of a normal or noncompli-
ant pericardium. In this situation there is a rapid acute rise in 
intrapericardial pressure. The sizes of pericardial effusions are 
typically quantified subjectively: small effusions are generally 
50 to 100 mL, moderate 100 to 500 mL, and large greater 
than 500 mL.

Echocardiographic signs of cardiac tamponade include 
imaging signs of increased pericardial pressure and Dop-
pler signs of exaggerated respiratory variation in intracardiac 
flows. Inversion of the RA free wall during ventricular sys-
tole (atrial diastole) that persists for greater than one-third 
of the cardiac cycle is nearly 100% sensitive and is specific 
for tamponade.75 Inversion of the RV outflow tract or free 
wall of the RV in early diastole occurs next; however, this 
sign may be delayed or absent in the presence of pulmonary 
hypertension or RV hypertrophy. RV collapse is more specific 
but less sensitive than RA inversion (Fig. 12-27). With hemo-
dynamically more severe tamponade the duration of diastolic 
RV wall collapse increases and the sensitivity of this feature 
increases. Left atrial collapse is a less common but an accurate 
sign for tamponade. Left ventricular collapse is rare since a 
higher pericardial pressure is required to distort the thicker 
LV walls but it can be observed in regional tamponade, which 
can occur with perioperative or postoperative bleeding.

As the intrapericardial pressure rises during the develop-
ment of cardiac tamponade, exaggerated respiratory variation 
in the early mitral and tricuspid inflow (E wave) velocity is 
noted by pulse wave Doppler. During inspiration, the tricus-
pid E wave peak velocity increases >60% and the mitral E 
wave peak velocity decreases by 30%, whereas in expiration, 
the mitral E velocity increases >30%.76 These findings reflect 
the influence of intrathoracic pressure on intracardiac filling 
as intrapericardial pressure rises. This variation in flow will be 
reversed during positive pressure ventilation.77 Dilated infe-
rior vena cava and hepatic veins typically indicate elevated 
right atrial pressures.

Regional cardiac tamponade, that is tamponade of only a 
portion of the heart but resulting in systemic hemodynamic 
affects, is most often noted after cardiac surgery, periocar-
diotomy, or myocardial infarction. A localized effusion or 
hematoma that compresses selective cardiac chambers may be 

FIGURE 12-26 Aortic root dissection. Aortic root and ascending 
aorta dissection depicted in this TEE mid-esophageal long axis view. 
Two dissection flaps are seen: one flap in the aortic root prolapses 
across the aortic valve in diastole (arrow). The ascending aorta is 
dilated.

FIGURE 12-27 Cardiac tamponade. TTE parasternal long axis 
view of a pericardial effusion (star). The anterior portion of the effu-
sion is causing diastolic right ventricular compression (arrow) consis-
tent with tamponade.
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294 Part II Perioperative/Intraoperative Care

difficult to visualize on TTE and typically requires a TEE. 
The Doppler alterations in intracardiac flow may be noted on 
the TTE in this setting but with a reduced frequency com-
pared to tamponade due to circumferential effusions. Car-
diac tamponade seen in the postoperative period can be 
early (<24 hours), or late (>5 to 7 days). Early tamponade 
is typically related to surgical bleeding. In this situation, 
the right-sided chambers, particularly the RA, are usually 
compressed; however a posterior hematoma may compress 
the left atrium or LV.77

CONSTRICTIVE PERICARDITIS
In the United States and Europe, the most common causes 
for constrictive pericarditis are postcardiac surgery, idiopathic 
or secondary to nonspecific viral pericarditis. Other causes 
include tuberculous pericarditis, radiation pericarditis, and 
collagen vascular disease.78

Typical echocardiographic features include septal motion 
abnormalities, biatrial enlargement, and alterations in early 
diastolic mitral inflow. There are two types of septal wall 
motion abnormalities noted in constrictive pericarditis. The 
first is called the septal bounce. It is a subtle, early diastolic 
flutter that is noted on every cardiac cycle. This sign reflects 
an exaggeration in the difference in timing of passive filling 
of the right and left ventricles that occurs due to ventricu-
lar interdependence. The second septal wall motion abnor-
mality is a brisk movement of the interventricular septum 
towards the LV in inspiration, followed by a brisk rebound 
back towards the RV in expiration. This occurs due to an 
exaggeration in the diastolic ventricular pressure differences 
induced with respiration. Moderate biatrial enlargement 
reflects the chronicity of the increase in atrial pressures. 
A restrictive transmitral pulse wave Doppler filling pattern 
is observed which is characterized by high early diastolic E 
velocity, reduced atrial A wave (E/A ratio > 2.5), and short 
E wave deceleration time (<160 ms).48,76 This pattern reflects 
the increase in LA pressure and the reduced filling (due to 
early equilibration of LA and LV diastolic pressure) from 
pericardial constraint. Pulse wave Doppler shows a decrease 
>25% in the mitral inflow velocity and a >40% increase in 
tricuspid inflow velocity with the first beat of inspiration.76,4 
This variation in flow reflects the fact that the intracardiac 
pressures are isolated from the intrathoracic pressures due to 
the thickened pericardium. Thus, as intrathoracic pressure 
decreases with inspiration, the LA and LV diastolic pressures 
do not also decrease to the same magnitude and thus flow 
into the left heart from the pulmonary circulation is reduced. 
This pattern will be reversed for patients on positive pressure 
ventilation. The mitral annular motion and velocity assessed 
by tissue Doppler is normal or elevated (>7 cm/s). In con-
trast to normal subjects, the lateral annular velocity is lower 
than septal annular velocity, reflecting tethering of the lateral 
free wall to the thickened pericardium. The inferior vena cava 
and hepatic veins are usually dilated indicating elevated right 
atrial pressure. Prominent diastolic flow reversal in the hepatic 
veins is a classic finding in pericardial constriction. Some of 

the Doppler signs of constrictive pericarditis can be difficult 
to differentiate from those noted with restrictive cardiomy-
opathy since that process is also associated with elevated LA 
pressure and early diastolic pressure equilibration (restrictive 
filling). However, in restrictive cardiomyopathy the respira-
tory variation in the Doppler pattern is not present.79

Perioperative ECHO Guidance
The cardiac surgeon should develop a pattern of close com-
munication with the echocardiographer, especially in the 
intraoperative setting.  It is important to integrate imaging 
information into cardiac surgical practice and be willing to 
change the plan based on the ultrasound data. The surgeon 
can enhance outcomes by developing and communicat-
ing expectations for ultrasound data specific to the opera-
tion being performed. Based on data, the echocardiographer 
should be expected to make predictions which can help the 
surgeon to choose appropriate surgical techniques to opti-
mize outcomes.83 Examples of specific data elements and pre-
dictions are listed in Table 12-8.

In demanding operations such as aortic and mitral valve 
repair, communication between surgeon and echocar-
diographer is ideally a two-way street. The intraoperative 

TABLE 12-8: Perioperative ECHO Guidance

Operation
Expected 
measurements

Echo-based 
predictions

Mitral repair Mechanism of MR 
Leaflet heights
Distance from Cx coronary 

to P1annulus
Coaptation depth potential
Quantitation of tethering
LA size
LV size
Mitral inflow gradient
MR quantitation
Assessment of AL to LVOT

Ring or band size
SAM potential
Size of prosthesis 

if repair fails
Potential for 

Cx coronary 
damage

Mitral 
replacement

Same as Mitral repair Potential for Strut 
SAM

Aortic repair Mechanism of AI
Annulus diameter
Diameter of Sinuses of 

Valsalva
Diameter of sinotubular 

junction
Quantitation of aortic 

regurgitation
Quantitation of AV systolic 

gradient

Potential to 
shorten A2 and 
create MR

Tricuspid repair Mechanism of TR
Annulus dimensions

Ring or band size
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echocardiographer can use 3D images to enhance communi-
cation in terms of structure and function, and can base pre-
dictions on precise 3D TEE measurements. The surgeon can 
provide feedback to the imaging physician by using a head 
camera or field camera to share the anatomy and the performed 
operation.

The, modern cardiac surgeon should prepare himself or 
herself not only to understand ultrasound data, but also to 
acquire the skill to generate high-quality ultrasound images 
via an epicardial ultrasound probe in cases where TEE is not 
possible. Creating a culture of shared information promotes 
steep and continuous learning curves on both sides of the 
ether screen, supports the introduction of new technologies 
and devices, and can only improve patient outcomes.
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Cardiopulmonary bypass (CPB) for support during cardiac 
surgery is unique because blood exposed to foreign, non-
endothelial cell surfaces is collected and continuously recir-
culated throughout the body. This contact with synthetic 
surfaces within the perfusion circuit, as well as open tissue 
surfaces within the wound, triggers a defense reaction that 
involves at least five plasma protein systems and five types of 
circulating blood cells. This inflammatory response to CPB 
initiates a powerful thrombotic stimulus and the production, 
release, and circulation of vasoactive and cytotoxic substances 
that affect every organ and tissue within the body. Because of 
this, open-heart surgery (OHS) using CPB is essentially not 
possible without anticoagulation, usually with heparin; thus 
the inflammatory response to CPB involves the consequences 
of exposing heparinized blood to foreign surfaces, not lined 
with endothelial cells.

Although the inflammatory response has been well char-
acterized, the development of a nonthrombogenic artificial 
surface that would allow heparin-free circulatory support 
has not yet occurred. This chapter summarizes the applica-
tion of extracorporeal circulation in adult cardiac surgery, 
and is divided into three sections. The first section describes 
the components and operation of perfusion systems and 
related special topics. The issues of thrombosis and bleed-
ing are addressed in the second section, whereas the humoral 
response to CPB, including the reaction of blood elements 
and the inflammatory response are presented later in this 
chapter. The final section deals with organ damage as a conse-
quence of extracorporeal perfusion (ECP).

PERFUSION SYSTEMS
During CPB for cardiac surgery, blood is typically drained by 
gravity into the venous reservoir of the heart-lung machine 
via cannulas placed in the superior vena cava (SVC) and 
inferior vena cava (IVC) or a single cannula placed in the 
right atrium. Specialized cannulas can also be placed into 
the lower IVC through a femoral approach. Blood from the 
reservoir is then pumped through a hollow fiber oxygenator, 

and after appropriate gas exchange takes place, into the sys-
temic arterial system through a cannula placed in the dis-
tal ascending aorta, the femoral artery, or the axillary artery 
(Fig. 13-1). This basic ECP system can be adapted to provide 
partial or total circulatory and respiratory support or partial 
support for the left or right heart or for the lungs separately.

The complete heart-lung machine includes many addi-
tional components (Fig. 13-2).1 Most manufacturers con-
solidate a hollow-fiber oxygenator, venous reservoir, and heat 
exchanger into a single unit. A microfilter-bubble trap is added 
to the arterial outflow. Depending on the operation, various 
suction systems can be used to return blood from the surgical 
field, cardiac chambers, and/or the aorta, directly back into the 
cardiotomy reservoir, through a microfilter and then into the 
venous reservoir. Increasing evidence of the potential harmful 
effects of returning fat and lipid particles from the field into 
directly into the circulation, have increasingly led surgeons 
to preferentially use a cell saver system to collect and wash shed 
blood within the surgical field, and return the blood to the 
patient or circuit as packed red cells. In addition to adjusting 
pump flow, partially occluding clamps on venous and arterial 
lines allow additional regulation of venous drainage and flow. 
Access ports for sampling and sensors for monitoring pres-
sures, temperatures, oxygen saturation, blood gases, and pH 
are included within most CPB systems. A separate pump and 
circuit for the administration of cardioplegic solutions at con-
trolled composition, rate, and temperature is usually included 
in the system. An ultrafilter can be easily added within the 
circuit for the removal of excess fluid, electrolytes, and some 
inflammatory mediators, or simply for hemoconcentration.

Venous Cannulation and Drainage
PRINCIPLES OF VENOUS DRAINAGE
Venous blood usually enters the circuit by gravity or siphon-
age into a venous reservoir placed 40 to 70 cm below the 
level of the heart. The amount of drainage is determined by 
central venous pressure, the height differential and any resis-
tance within the system (cannulas, tubing, and connectors). 
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300 Part II Perioperative/Intraoperative Care

Successful drainage is dependent on a continuous column of 
blood or fluid and the absence of air within the system. Cen-
tral venous pressure is determined by intravascular volume 
and venous compliance, which is influenced by medications, 
sympathetic tone, and anesthesia. Inadequate blood volume 
or excessive siphon pressure may cause compliant venous or 
atrial walls to collapse against cannular intake openings to 
produce “chattering” or “fluttering.” This phenomenon is 
corrected by adding volume to the system (circuit and/or 
patient), or partially occluding the venous line near the inlet 
to decrease the negative pressure.

VENOUS CANNULAS AND CANNULATION
Most venous cannulas are made out of flexible plastic, which 
may be stiffened with wire reinforcement to prevent kink-
ing. Cannula tips may be straight or angled and often are 
constructed of thin, rigid plastic or metal. Cannula sizes are 
selected based on patient size and weight, anticipated flow 
rate, and an index of catheter flow characteristics and resis-
tance (provided by the manufacturer), as well as size of the 
vessel to be cannulated. For an average adult with 60-cm 
negative siphon pressure, a 30-French cannula in the SVC, 
and 34 French in the IVC or a single 42-French cavoatrial 
catheter almost always provides excellent venous drainage. 
Thin metal tipped right angle cannulas allow placement of 
smaller diameter cannulas with equal flow characterisitcs, and 
assist with insertion directly into the vena cavae. Catheters 
are typically inserted through purse-string guarded incisions 
in the right atrial appendage, lateral atrial wall, or directly in 
the SVC and IVC.

Three basic approaches for central venous cannulation 
are used: bicaval, single atrial, or cavoatrial (“two-stage”) 
(Fig. 13-3). Bicaval cannulation and caval tourniquets are 

necessary to prevent bleeding into the field, and air entry 
into the system when the right heart is entered during CPB. 
Because of coronary sinus return, caval tourniquets should 
not be tightened without decompressing the right atrium if 
the heart is not still ejecting. Bicaval cannulation without 
caval snares is sometimes preferred to facilitate venous return 
during exposure of the left atrium and mitral valve.

Single venous cannulation is adequate for most aortic valve 
and coronary artery surgery; however, usually a cavoatrial 
cannula (“two-stage”) is employed (Fig. 13-3B). Introduced 
via the right atrial appendage, the narrowed distal end is 
guided into the IVC, leaving the wider proximal portion with 
multiple side holes to rest within the mid-right atrium. This 
tends to provide better venous drainage than a single cannula; 
however, proper positioning is critical.2 Care must be taken 
with both a single and two-stage cannula as elevation of the 
heart may kink the superior cavoatrial junction, decreasing 
venous return, and potentially, and more importantly, imped-
ing venous outflow from the cerebral circulation.

Venous cannulation can also be accomplished via the 
femoral or iliac veins through an open or percutaneous tech-
nique. This technique is frequently employed in emergency 
situations, where central venous cannulation may be difficult 
(as in complex redo sternotomies3) or for cardiopulmonary 
support when a thoracotomy is the approach of choice, as 
in descending aortic procedures, or redo mitral valve opera-
tions. It is also valuable in the support of critically ill or 
unstable patients prior to the induction of anesthesia, and 
for applications of CPB that do not require a chest incision. 
Adequate venous drainage requires the use of larger cannu-
las (up to 28 French), with the drainage ports either within 
the intrahepatic IVC or in the right atrium. Transesophageal 
echocardiography (TEE) can be particularly helpful in assur-
ing proper placement of these cannulas. Specially designed 

Reservoir

Venous cannula(s)

Arterial cannula

Pump
Filter

Membrane
oxygenator/
heat exchanger

FIGURE 13-1 Basic cardiopulmonary bypass circuit with membrane oxygenator and centrifugal pump.
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 Chapter 13 Extracorporeal Circulation 301

commercially manufactured long, ultrathin, wire-reinforced 
catheters are available for this purpose. With recent advances 
in minimally invasive thoracic surgery, longer two stage can-
nulas which can be inserted percutaneously via the femoral 
veins and guided superiorly into the SVC and RA have been 
developed and are now readily available.

PERSISTENT LEFT SUPERIOR VENA CAVA
A persistent left SVC (PLSVC) is present in 0.3 to 0.5% of 
the general population and usually drains into the coronary 
sinus; however, in about 10% of cases it drains into the left 
atrium.4 Although more common in association with other 
congenital defects, it can be seen as an isolated anomaly, and 
should be suspected when the (left) innominate vein is small 

or absent, or when a large coronary sinus (or the PLSVC 
itself ) is seen on baseline TEE.5

A PLSVC may complicate the delivery of retrograde car-
dioplegia or entry into the right heart.6 If an adequate-sized 
innominate vein is present (30% of patients), the PLSVC can 
simply be occluded during CPB, assuming the ostium of the 
coronary sinus is present, and the coronary venous drainage 
is not dependent on the PLSVC.7 If the right SVC is absent 
(approximately 20% of patients with PLSVC), the left cava 
cannot be occluded and should be drained. With a normal 
right SVC (RSVC), but an innominate vein that is absent 
(40% of patients) or small (about 33%), occlusion of the 
PLSVC may cause venous hypertension and possible cere-
bral injury. Although division of the innominate vein during 
redo-sternotomy or complex surgery such as transplantation 

Systemic
blood 
pump
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heater

water source

Systemic flow line

Aortic root suction

Cardiotomy suction

Left ventricular vent

One-way
valve

Cardiotomy
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Filter

Vent Suction Suction

Flowmeter
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Gas
flow
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FIGURE 13-2 Diagram of a typical cardiopulmonary bypass circuit with vent, field suction, aortic root suction, and cardioplegic system. Blood 
is drained from a single “two-stage” catheter into the venous reservoir, which is part of the membrane oxygenator/heat exchanger unit. Venous 
blood exits the unit and is pumped through the heat exchanger and then the oxygenator. Arterialized blood exits the oxygenator and passes through 
a filter/bubble trap to the aortic cannula, which is usually placed in the ascending aorta. Blood aspirated from vents and suction systems enters a 
separate cardiotomy reservoir, which contains a microfilter, before entering the venous reservoir. The cardioplegic system is fed by a spur from the 
arterial line to which the cardioplegic solution is added and is pumped through a separate heat exchanger into the antegrade or retrograde catheters. 
Oxygenator gases and water for the heat exchanger are supplied by independent sources.
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has been shown to be safe, occlusion of the PLSVC during 
CPB relies on drainage of the cerebral venous return by the 
contralateral system, and so special attention must be paid to 
assure adequate RSVC cannula size, and prevent any kinking 
of the RSVC. In circumstances in which retrograde cardio-
plegia is required (severe aortic insufficiency) in the pres-
ence of a PLSVC, the retrograde cardioplegia cannula can 
be directly inserted into the coronary sinus and secured with 
a pursestring around the orifice of the coronary sinus, and 
with temporary snaring of the PLSVC, successful retrograde  
cardioplegia can be delivered.

AUGMENTED OR ASSISTED VENOUS RETURN
Negative pressure can be applied to the venous line to provide 
assisted venous drainage (AVD) using either a roller or a cen-
trifugal pump system,8 or by applying a regulated vacuum to 
a closed hard-shell venous reservoir (vacuum-assisted venous 
drainage, VAVD).9 This may permit use of smaller diameter 
catheters10 and may be helpful when long, peripheral catheters 
are used. However augmented negative pressure in the venous 
line increases the risk of aspirating gross or microscopic air and 
causing cerebral injury,11,12 hemolysis, or aspiration of air into 
the blood phase of hollow fiber oxygenators. Conversely, posi-
tive pressure in the venous reservoir can cause air to enter the 
venous lines and the right heart.13 These potential complica-
tions require special safety monitors and devices and adherence 
to detailed protocols when using AVD techniques.13,14

COMPLICATIONS ASSOCIATED WITH VENOUS 
CANNULATION AND DRAINAGE
Atrial arrhythmias, bleeding from atrial or vena caval tears, air 
embolization, venous injury, or obstruction owing to catheter 

malposition, reversing arterial and venous lines, and unexpected 
decannulation can all occur during the conduct of cannulation 
for CPB. Encircling the vena cavae for snaring may lacerate 
branches or nearby vessels (eg, right pulmonary artery), or injure 
the vena cava itself. All of these injuries are more likely in the 
presence of previous surgery, and need to be recognized and cor-
rected early to assure the proper conduct of CPB and minimize 
additional complications. During cannulation for minimally 
invasive procedures where placement is more “blind” than with 
direct open cannulation techniques, the use of ultrasound and 
TEE may help guide placement of the various cannulas and 
potentially prevent very serious complications.

Either before or after CPB, cannulas still in place may 
compromise venous return to the right atrium. The venous 
cannulas in the SVC or the superior caval tape may displace or 
compromise central venous or pulmonary arterial monitoring 
catheters. Conversely, monitoring catheters may compromise 
the function of caval tapes, allowing air to enter the venous 
lines between the cannulas and the catheters or sheaths.

During the conduct of the operation itself, any intracar-
diac catheter may be trapped by sutures, which may impede 
removal before or after the wound is closed. Any connec-
tion between the atmosphere and cannula intake ports may 
entrain air to produce an air lock or gaseous microembolism. 
AVD increases the risk of air entrainment.15 Finally, improp-
erly placed pursestring sutures may obstruct a cava when tied, 
particularly in the SVC.16

CAUSES OF LOW VENOUS RETURN
Low venous pressure, hypovolemia, drug- or anesthetic-
induced venous dilatation, inadequate differential height 
between the heart and the reservoir, inadequate cannula size, 

svc

PA

RA

RV

IVC

svc

PA

RA

RV

IVCA B

FIGURE 13-3 Placement of venous cannulas. (A) Cannulation of both cavae from incisions in the right atrium. (B) Cannulation using the 
“two-stage cannula.” Blood in the right atrium is captured by vents in the expanded shoulder several inches from the narrower IVC catheter tip.
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cannula obstruction or kinking, “air-lock,” and excessive 
flow resistance in the drainage system are all possible causes 
of impaired or inadequate venous return. These can usually 
be prevented or quickly corrected through close attention to 
detail, keeping the venous lines visible within the field when 
possible, and perhaps most importantly, frequent and detailed 
communication between surgeon and perfusionist. In addi-
tion to contributing to inadequate antegrade flow from the 
pump, partial obstruction of the venous line may lead to right 
ventricular distention and impair contractility off CPB.

Arterial Cannulation
ARTERIAL CANNULAS
The tip of the arterial cannula is usually the narrowest part of 
the perfusion system and may produce high pressure differ-
entials, jets, turbulence, and cavitation at the required flows 
for CPB, particularly if the arterial catheters are small. Most 
arterial catheters are rated by a performance index, which 
relates external diameter, flow, and pressure differential.17 
High-velocity jets may damage the aortic wall, dislodge athero-
emboli, produce dissections, disturb flow to nearby vessels, and 
cause cavitation and hemolysis. Pressure differences that exceed 
100 mm Hg cause excessive hemolysis and protein denatur-
ation.18 Weinstein19 attributed a predominance of left-sided 
stroke after cardiac surgery to the “sand-blasting” effect of end-
hole aortic cannulas directing debris into the left carotid artery. 
Available aortic catheters with only side ports20 are designed to 
minimize jet effects and better distribute arch vessel perfusion 
and pressure21 and may be associated with fewer strokes.19

Recently a dual-stream aortic perfusion catheter has been 
developed that features an inflatable horizontal streaming 
baffle that is designed to protect the arch vessels from ath-
erosclerotic and other emboli and permits selective cerebral 
hypothermia.22 Another novel aortic cannula features a side 
port that deploys a 120-μm mesh filter to remove particulate 
emboli beyond the ascending aorta.23 Although this cathe-
ter may increase the pressure gradient by 50%,24 it has been 
shown to remove an average of eight emboli in 99% of 243 
patients studied, and reduce the incidence of cerebral injuries 
below an expected rate.25

CONNECTION TO THE PATIENT
Anatomical sites available for arterial inflow include the prox-
imal aorta, innominate artery and distal arch, femoral, exter-
nal iliac, axillary, and subclavian arteries. Cannulation can be 
direct by arterial puncture within a pursestring, through a 
side graft anastomosed to an arterial vessel, or percutaneous, 
although usually only in emergency situations. The choice 
is influenced by the planned operation26 and distribution of 
atherosclerotic disease.27

ATHEROSCLEROSIS OF THE ASCENDING AORTA
Dislodgement of atheromatous debris from the aortic wall 
from manipulation,28 cross-clamping, or the sand-blasting 
effect of the cannula jet is a major cause of perioperative 

stroke29 as well as a risk factor for aortic dissection30 and 
postoperative renal dysfunction.31 Simple palpation has been 
shown to be sensitive and accurate for detecting severe ath-
erosclerosis than epiaortic ultrasonic scanning.28,32 Although 
some have advocated for its use, even TEE views of the mid-
dle and distal ascending aorta are often inadequate.32,33 Epi-
aortic scanning is now the preferred method of screening in 
all patients with a history of transient ischemic attack, stroke, 
severe peripheral vascular disease, palpable calcification in the 
ascending aorta, calcified aortic knob on chest radiograph, 
age older than 50 to 60 years, or TEE findings of moderate 
aortic atherosclerosis.28 A calcified aorta (“porcelain aorta”), 
which occurs in 1.2 to 4.3% of patients,34 is another indica-
tion for relocation of the aortic cannula.35 Alternative sites 
include the distal aortic arch34 along with the innominate, 
axillary-subclavian, or femoral arteries.

ASCENDING AORTIC CANNULATION
The distal ascending aorta is the most common cannulation 
site because of easy access, and few complications. The can-
nula is usually placed through a small stab wound within one 
or two concentric pursestring sutures that are then snared to 
secure the cannula and provide hemostasis. Risk of dissection 
may be reduced by avoiding cannulation into the hyperten-
sive aorta, and many surgeons choose to transiently reduce 
the systemic pressure below 100 mm Hg. The observation of 
pulsatile back bleeding into the cannula confirms that the tip 
is within the lumen of the aorta, and then the cannula should 
be positioned to direct flow to the mid-transverse aorta. The 
use of a long catheter with the tip placed beyond the left 
subclavian artery has also been reported.36 Proper cannula 
placement is critical21 and is confirmed by noting pulsatile 
pressure in the aortic line monitor and equivalent pressure 
in the radial artery. The cannula must be properly secured in 
place to prevent inadvertant dislodgement during the con-
duct of the operation.

Complications include difficult insertion; bleeding; tear-
ing of the aortic wall; intramural or malposition of the can-
nula tip (in or against the aortic wall, toward the valve, or 
in an arch vessel)37; atheromatous emboli; failure to remove 
all air from the arterial line after connection; injury to the 
aortic back wall; high line pressure, indicating obstruction 
to flow; inadequate or excessive cerebral perfusion38; inadver-
tent decannulation; and aortic dissection.39 It is essential to 
monitor aortic line and radial artery pressures and carefully 
observe the aorta for possible cannula-related complications 
particularly during the initiation of CPB as well as during 
the placement of aortic clamps. Asymmetric cooling of the 
face or neck may suggest a problem with cerebral perfusion. 
Late bleeding and infected or noninfected false aneurysms are 
delayed complications of aortic cannulation.

Aortic dissection occurs in 0.01 to 0.09% of aortic cannu-
lations30,40 and is more common in patients with aortic root 
disease. Early signs of aortic dissection include discoloration 
beneath the adventia near the cannulation site, an increase 
in arterial line pressure, or a sharp reduction in return to 
the venous reservoir. TEE may be helpful in confirming the 
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304 Part II Perioperative/Intraoperative Care

diagnosis,41 but prompt action is necessary to limit the dissec-
tion and maintain perfusion. The cannula must be promptly 
transferred to a peripheral artery or uninvolved distal aorta. 
Blood pressure should be controlled pharmacologically and 
perfusion cooling to temperatures less than 20°C initiated. 
During hypothermic circulatory arrest, the aorta is opened at 
the original site of cannulation and repaired by direct suture, 
patch, or circumferential graft.40 When recognized early, sur-
vival rates range from 66 to 85%, but when undiscovered 
until late during of after the operation, survival is approxi-
mately 50%.

CANNULATION OF THE FEMORAL OR 
ILIAC ARTERY
These vessels are usually the first alternative to aortic cannu-
lation, but may be the primary choice for rapid initiation of 
CPB for severe bleeding, cardiac arrest, acute intraoperative 
dissection, or severe shock. It is also a common first choice for 
limited access cardiac surgery, as well as in selected reoperative 
patients.3 Femoral or iliac cannulation limits cannula size but 
the retrograde distribution of blood flow is similar to antegrade 
flow.42 Percutaneous cannulation kits are available for emer-
gency femoral access, and many surgeons also use these long 
wire reinforced peripheral arterial cannulas with an open Seld-
inger technique, inserting the cannula through a pursestring in 
the femoral or iliac vessel by direct cutdown. This may reduce 
some of the complications of open insertion of large short 
cannluas, and simplifies cannula removal and arterial repair. 
Femoral cannulation may be associated with many complica-
tions,3 including tears, dissection, late stenosis or thrombosis, 
bleeding, lymphatic collection or drainage, groin infection, 
and cerebral and coronary atheroembolism. In patients with 
prior aortic dissections, retrograde femoral perfusion may cre-
ate a malperfusion situation; thus, some surgeons recommend 
alternative cannulation sites for these patients.43 Ischemic com-
plications of the distal leg may occur during prolonged (3- to 
6-hour) retrograde perfusions,44,45 unless perfusion is provided 
to the distal vessel. This may be provided by a small Y catheter 
in the distal vessel45 or a side graft sutured to the artery.46

Retrograde arterial dissection is the most serious complica-
tion of femoral or iliac arterial cannulation and may extend to 
the aortic root or cause retroperitoneal hemorrhage with an 
incidence of around 1% or less,47 and is associated with a mor-
tality of about 50%. This complication is more common in 
patients greater than 40 years, and in those with significantly 
diseased arteries. The diagnosis is similar to an aortic cannula 
dissection and may be confirmed by TEE of the descending 
thoracic aorta.41 Antegrade perfusion in the true lumen must 
be immediately resumed by either the heart itself or cannula-
tion in the distal aorta or axillary-subclavian artery. It is not 
always necessary to repair the dissected ascending aorta unless 
it progresses proximally to involve the aortic root.47

OTHER SITES FOR ARTERIAL CANNULATION
The axillary-subclavian artery has been increasingly used 
for cannulation.48,49 Advantages include freedom from 

atherosclerosis, antegrade flow into the arch vessels, and 
protection of the arm and hand by collateral flow. Because 
of these advantages and the dangers of retrograde perfusion 
in patients with aortic dissection, some surgeons prefer this 
cannulation site over femoral access for these patients.49 Bra-
chial plexus injury and axillary artery thrombosis are reported 
complications.48 The axillary artery is approached through a 
subclavicular incision, whereas the intrathoracic subclavian 
artery may be cannulated through a thoracotomy.50

Occasionally the innominate artery may be cannulated 
through a pursestring suture without obstructing flow to 
the right carotid artery by using a 7- or 8-French cannula.26 
The ascending aorta can also be cannulated by passing a can-
nula through the aortic valve from the left ventricular apex.51 
Coselli and Crawford52 also describe retrograde perfusion 
through a graft sewn to the abdominal aorta.

Venous Reservoir
The venous reservoir serves as volume reservoir during CPB 
and particularly with the body exsanguination of deep hypo-
thermic circulatory arrest. It is placed immediately before 
the arterial pump when a membrane oxygenator is used 
(see Fig. 13-1). This reservoir serves as a high-capacitance (ie, 
low-pressure) receiving chamber for venous return, facilitates 
gravity drainage, is a venous bubble trap, provides access for 
drugs, fluids, or blood, and increases the storage capacity for 
the perfusion system. As much as 1 to 3 L of blood may be 
translocated from patient to circuit when full CPB is initiated. 
The venous reservoir also provides several seconds of reaction 
time if venous return is suddenly decreased or interrupted.

Reservoirs may be rigid (hard) plastic canisters (“open” 
types) or soft, collapsible plastic bags (“closed” types). The rigid 
canisters facilitate volume measurements and management of 
venous air, often have larger capacity, are easier to prime, per-
mit suction for VAVD, and may be less expensive. Some hard-
shell venous reservoirs incorporate macrofilters and microfilters 
and can serve as cardiotomy reservoirs to receive vented blood.

Disadvantages include the use of silicon antifoam com-
pounds, which may produce microemboli,53 and increased 
activation of blood elements.54 Soft bag reservoirs eliminate 
the blood-gas interface and by collapsing reduce the risk of 
pumping massive air emboli if venous return is suddenly 
interrupted.

Interest in miniaturization of the circuit has peaked over 
recent years in an effort to reduce priming volumes and the 
need for transfusion with its associated consequences as dis-
cussed later in this chapter. A variety of these devices are now 
available. However as with all “advances”, there are associated 
disadvantages, primarily the loss of a safety margin of circuit 
blood volume for continued perfusion should there be a sud-
den interruption in venous return.

Oxygenators
Membrane oxygenators imitate the natural lung by inter-
spersing a thin membrane of microporous polypropylene or 
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polymethylpentene (0.3- to 0.8-μm pores), or silicone rub-
ber between the gas and blood phases. Compared with previ-
ously used bubble oxygenators, membrane oxygenators are 
safer, produce less particulate and gaseous microemboli,55 are 
less reactive to blood elements, and allow superior control of 
blood gases.56 With microporous membranes, plasma-filled 
pores prevent gas entering blood, but facilitate transfer of 
both oxygen and CO2. Because oxygen is poorly diffusible in 
plasma, blood must be spread as a thin film (approximately 
100 μm) over a large area with high differential gas pres-
sures between compartments to achieve oxygenation. Areas 
of turbulence and secondary flow enhance diffusion of oxy-
gen within blood and thereby improve oxyhemoglobin satu-
ration.57 Carbon dioxide is highly diffusible in plasma and 
easily exits the blood compartment despite small differential 
pressures across the membrane.

The most popular design uses sheaves of hollow fibers 
(120-200 μm) connected to inlet and outlet manifolds within 
a hard-shell jacket (Fig. 13-4). The most efficient configura-
tion creates turbulence by passing blood between fibers and 
oxygen within fibers. Arterial PCO2 is controlled by gas flow 
rate, and PO2 is controlled by the fraction of inspired oxygen 
(FIO2) produced by an air-oxygen blender. Modern mem-
brane oxygenators add up to 470 mL of O2 and remove up 
to 350 mL CO2 per minute at 1 to 7 L of flow with priming 
volumes of 220 to 560 mL and resistances of 12 to 15 mm Hg 
per liter blood flow. Most units combine a venous reservoir, 
heat exchanger, and hollow fiber membrane oxygenator into 
one compact unit.

Oxygen and CO2 diffuse across thin silicone membranes, 
which are made into envelopes and wound around a spool to 
produce a spiral coil oxygenator. Gas passes through the enve-
lope and blood passes between the coil windings. Because 
of protein leakage that frequently occurs with hollow fiber 
membranes after 8 to 12 hours of use, these spiral coil silicone 
membranes have been preferred for the prolonged perfusions 
(days) used in long-term respiratory and cardiac support of 
extracorporeal membrane oxygenation or “ECMO” systems. 
More recently, however, the development of polymethylpen-
tene oxygenators have combined the benefit of efficient small 
surface area hollow fiber oxygenators without the detrimental 
plasma leakage seen with polypropylene, and have allowed 
these membranes to be used with both CPB and ECMO.

Other membranes feature a very thin (0.05 μm), solid 
membrane on the blood side of a highly porous support 
matrix. This membrane reduces the risk of gas emboli and 
plasma leakage during prolonged CPB, but may impair trans-
fer of volatile anesthetics.58

Flow regulators, flow meters, gas blender, oxygen analyzer, 
gas filter, and moisture trap are parts of the oxygenator gas sup-
ply system used to control the ventilating gases within mem-
brane oxygenators. Often an anesthetic vaporizer is added, but 
care must be taken to prevent volatile anesthetic liquids from 
destroying plastic components of the perfusion circuit.

Bubble oxygenators are obsolete in the United States, but 
may still be used elsewhere for short-term CPB because of 
low cost and efficiency. Because each bubble presents a new 
foreign surface to which blood elements react, bubble oxy-
genators cause progressive injury to blood elements and 
entrain more gaseous microemboli.59 In bubble oxygenators, 
venous blood drains directly into a chamber into which oxy-
gen is infused through a diffusion plate (sparger). The sparger 
produces thousands of small (approximately 36 μm) oxygen 
bubbles within blood. Gas exchange occurs across a thin film 
at the blood-gas interface around each bubble. Carbon diox-
ide diffuses into the bubble and oxygen diffuses outward into 
blood. Small bubbles improve oxygen exchange by effectively 
increasing the surface area of the gas-blood interface,60 but 
are difficult to remove. Large bubbles facilitate CO2 removal. 
Bubbles and blood are separated by settling, filtration, and 
defoaming surfactants in a reservoir. Bubble oxygenators add 
350 to 400 mL oxygen to blood and remove 300 to 330 mL 
CO2 per minute at flow rates from 1 to 7 L/min.56 Priming 
volumes are less than 500 mL. Commercial bubble oxygen-
ators incorporate a reservoir and heat exchanger within the 
same unit and are placed upstream to the arterial pump.

Oxygenator malfunction requiring change during CPB 
occurs in 0.02 to 0.26% of cases,61-63 but the incidence var-
ies between membrane oxygenator designs.64 Development of 
abnormal resistant areas in the blood path is the most com-
mon cause,63 but other problems include leaks, loss of gas 
supply, rupture of connections, failure of the blender, and 
deteriorating gas exchange. Blood gases need to be monitored 
to ensure adequate CO2 removal and oxygenation. Heparin 
coating may reduce development of abnormally high resis-
tance areas.62

Blood in

Water in
Fresh 
gas in

Heat
exchanger

Water out Exhaust
gases cut

Oxygenator

Blood out

FIGURE 13-4 Diagram of a hollow fiber membrane oxygenator and 
heat exchanger unit. Blood enters the heat exchanger first and flows 
over water-cooled or water-warmed coils and then enters the oxygen-
ator to pass between woven strands of hollow fibers. Oxygen enters 
one end of the bundles of hollow fibers and exits at the opposite end. 
The hollow fiber bundles are potted at each end to separate the blood 
and gas compartments. Oxygen and carbon dioxide diffuse in oppo-
site directions across the aggregate large surface of the hollow fibers.
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306 Part II Perioperative/Intraoperative Care

Heat Exchangers
Heat exchangers control body temperature by heating or 
cooling blood passing through the perfusion circuit. Hypo-
thermia is frequently used during cardiac surgery to reduce 
oxygen demand or facilitate operative exposure with brief 
periods of circulatory arrest. Because gases are more soluble 
in cold than in warm blood, rapid rewarming of cold blood 
within the circuit or the body may cause formation of bubble 
emboli.65 Most membrane oxygenator units incorporate a 
heat exchanger upstream to the oxygenator to minimize this 
potential problem. Blood should not be heated above 40°C to 
prevent denaturation of plasma proteins, and the temperature 
gradient between the body and the perfusion circuit remains 
within 10°C to prevent bubble emboli. The heat exchanger 
may be supplied by hot and cold tap water, but separate 
heater/cooler units with convenient temperature-regulating 
controls are preferred. Leakage of water into the blood path 
can cause hemolysis and malfunction of heater/cooler units 
may occur.61

Separate heat exchangers are needed for cardioplegia. The 
simplest system uses bags of precooled cardioplegia solution; 
however, commonly cardioplegia fluid is circulated through a 
dedicated heat exchanger or tubing coils placed in an ice or 
warm water bath.

Pumps
Most heart-lung machines use two types of pumps, although 
roller pumps can be used exclusively (Table 13-1). Centrifugal 
pumps are usually used for the primary perfusion circuit for 
safety reasons and for a possible reduction in injury to blood 
elements, although this remains controversial and unproven.66

Centrifugal pumps (Fig. 13-5) consist of a vaned impeller 
or nested, smooth plastic cones, which when rotated rapidly, 
propel blood by centrifugal force.67 An arterial flowmeter is 
required to determine forward blood flow, which varies with 
the speed of rotation and the afterload of the arterial line. 
Unless a check valve is used,68 the arterial line must be clamped 
to prevent backward flow when the pump is off. Centrifugal 
blood pumps generate up to 900 mm Hg of forward pressure, 
but only 400 to 500 mm Hg of negative pressure and, there-
fore, less cavitation and fewer gaseous microemboli. They can 
pump small amounts of air, but become “deprimed” if more 
than 30 to 50 mL of air enters the blood chamber. Centrifu-
gal pumps are probably superior for temporary extracorporeal 
cardiac assist devices and left heart bypass, and for generating 
pump-augmented venous return.

Roller pumps consist of a length of 1/4- to 5/8-inch (inter-
nal diameter) polyvinyl, silicone, or latex tubing, which is 
compressed by two rollers 180° apart, inside a circular race-
way. Forward flow is generated by roller compression and flow 
rate depends upon the diameter of the tubing, rate of rotation 
(RPM), the length of the compression raceway, and complete-
ness of compression or “occlusion.” Compression is adjusted 
before use to be barely nonocclusive against a standing col-
umn of fluid that produces 45 to 75 mm Hg back pressure.69 

Hemolysis and tubing wear are minimal at this degree of com-
pression.69 Flow rate is determined from calibration curves for 
each pump for different tubing sizes and rates of rotation. Roller 
pumps are inexpensive, reliable, safe, insensitive to after-load, 
and have small priming volumes, but can produce high nega-
tive pressures and microparticles shed from compressed tubing 
(spallation).70 Roller pumps are vulnerable to careless operation 
that results in propelling air; inaccurate flow calibration; back-
flow when not in use if rollers are not sufficiently occlusive; 
excessive pressure with rupture of connections if arterial inflow 
is obstructed; tears in tubing; and changing roller compression 
settings during operation. In general roller pumps rather than 
centrifugal pumps are used for sucker systems and for deliver-
ing cardioplegic solutions.

Centrifugal pumps produce pulseless blood flow and stan-
dard roller pumps produce a sine wave pulse around 5 mm 
Hg. The arterial cannula dampens the pulse of pulsatile pumps, 
and it is difficult to generate pulse pressures above 20 mm Hg 
within the body during full CPB.71 To date no one has con-
clusively demonstrated the need for pulsatile perfusion during 
short- or long-term CPB or circulatory assistance.72

Complications that may occur during operation of either 
type of pump include loss of electricity; loss of the ability 
to control pump speed, which produces “runaway pump” or 

TABLE 13-1: Roller Versus Centrifugal Pump

Roller pump Centrifugal pump

Description Nearly occlusive Nonocclusive
  Afterload  

independent
Afterload sensitive

Advantages Low prime volume Portable, position 
insensitive

  Low cost Safe positive and 
negative pressure

  No potential for 
backflow

Adapts to venous return

  Shallow sine-wave  
pulse

Superior for right or left 
heart bypass

    Preferred for long-term 
bypass

    Protects against massive 
air embolism

Disadvantages Excessive positive and 
negative pressure

Large priming volume

  Spallation Requires flowmeter
  Tubing rupture Potential passive 

backward flow
  Potential for massive  

air embolism
Higher cost

  Necessary occlusion 
adjustments

 

  Requires close 
supervision
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 Chapter 13 Extracorporeal Circulation 307

“pump creep” when turned off; loss of the flow meter or RPM 
indicator; rupture of tubing in the roller pump raceway; and 
reversal of flow by improper tubing in the raceway. A means 
to manually provide pumping in case of electrical failure 
should always be available.

Filters and Bubble Traps
MICROEMBOLI
During clinical cardiac surgery with CPB the wound and 
the perfusion circuit generate gaseous and biologic and non-
biologic particulate microemboli (<500 μm diameter).23,73,74 
Microemboli produce much of the morbidity associated with 
cardiac operations using CPB (see section “Organ Damage” 
later in this chapter). Gaseous emboli contain oxygen or nitro-
gen and may enter the perfusate from multiple sources and 
pass through other components of the system.12,15 Potential 
sources of gas entry include stopcocks, sampling and injec-
tion sites,74 priming solutions, priming procedures, intrave-
nous fluids, vents, the cardiotomy reservoir, tears or breaks 
in the perfusion circuit, loose pursestring sutures (especially 
during augmented venous return),12 rapid warming of cold 
blood,65 cavitation, oxygenators, venous reservoirs with low 
perfusate levels,15 and the heart and great vessels. Bubble oxy-
genators produce many gaseous emboli; membrane oxygen-
ators produce very few.55,56 Aside from technical errors (open 
stopcocks, empty venous reservoir, air in the heart) the car-
diotomy reservoir is the largest source of gaseous emboli in 
membrane oxygenator perfusion systems.

Blood produces a large number of particulate emboli 
related to thrombus formation (clots), fibrin, platelet and 
platelet-leukocyte aggregation, hemolyzed red cells, cellular 
debris, and generation of chylomicrons, fat particles, and 
denatured proteins.75 Stored donor blood is also an important 
source of blood-generated particles.76 Other biologic emboli 
include atherosclerotic debris and cholesterol crystals and 
calcium particles dislodged by cannulation, manipulation 
for exposure, or the surgery itself. Both biologic and nonbio-
logic particulate emboli are aspirated from the wound. Bits 
of muscle, bone, and fat are mixed with suture material, talc, 
glue, and dust and aspirated into the cardiotomy reservoir.76,77 
Materials used in manufacturing, spallated material, and dust 
may also enter the perfusate from the perfusion circuit76 if it 

is not first rinsed by recirculating saline through a prebypass 
microfilter, which is discarded.

In vivo microemboli larger than 100 μm are detected by 
transcranial Doppler ultrasound,78 fluorescein angiography,55 
TEE, and retinal inspection. In the circuit, microemboli are 
monitored by arterial line ultrasound79 or monitoring screen 
filtration pressure. Microfilter weights and examination, his-
tology of autopsy tissues, and electron particle size counters 
of blood samples76 verify microemboli beyond the circuit.

PREVENTION AND CONTROL OF MICROEMBOLI
Table 13-2 outlines sources of microemboli. Major methods 
include using a membrane oxygenator and cardiotomy reser-
voir filter; minimizing and washing blood aspirated from the 
field80; and preventing air entry into the circuit and using left 
ventricular vents when the heart is opened.81,82

The brain receives 14% of the cardiac output and is the 
most sensitive organ for microembolic injury.83 Strategies to 
selectively reduce microembolism to the brain include reduc-
ing PaCO2 to cause cerebral vasoconstriction84; hypothermia85; 

A B C

FIGURE 13-5 Diagrams of blood pumps. (A) Roller pump with two rollers, 180° apart. The compression of the rollers against the raceway is 
adjustable and is set to be barely nonocclusive. Blood is propelled in the direction of rotation. (B) The impeller pump uses vanes mounted on a 
rotating central shaft. (C) The centrifugal pump uses three rapidly rotated, concentric cones to propel blood forward by centrifugal force.

TABLE 13-2: Major Sources of Microemboli

Gas Foreign Blood

Bubble oxygenators Atherosclerotic debris Fibrin
Air entry into the 

circuit
Fat, fat droplets Free fat

Residual air in the 
heart

Fibrin clot Aggregated 
chylomicrons

Loose purse-string 
sutures

Cholesterol crystals Denatured proteins

Cardiotomy reservoir Calcium particles Platelet aggregates
Rapid rewarming Muscle fragments Platelet-leukocyte 

aggregates
Cavitation Tubing debris, dust Hemolyzed red cells
  Bone wax, talc Transfused blood
  Silicone antifoam  
  Glue, Surgicel  
  Cotton sponge fiber  
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308 Part II Perioperative/Intraoperative Care

placing aortic cannulas downstream to the cerebral vessel36,74; 
and using special aortic cannulas with22,23,30 or without19 spe-
cial baffles or screens designed to prevent cannula-produced 
cerebral atherosclerotic emboli.

Two types of blood microfilters are available for use within 
the perfusion circuit: depth and screen.86,87 Depth filters con-
sist of packed fibers or porous foam, have no defined pore 
size, present a large, tortuous, wetted surface, and remove 
microemboli by impaction and absorption. Screen filters 
are usually made of woven polyester or nylon thread, have a 
defined pore size, and filter by interception. Screen filters vary 
in pore size and configuration and block most air emboli; 
however, as pore size decreases, resistance increases. As com-
pared with no filter, studies indicate that all commercial filters 
effectively remove gaseous and particulate emboli.88,89 Most 
investigations find that the Dacron wool depth filter is most 
effective, particularly in removing microscopic and macro-
scopic air. Pressure differences across filters vary between 24 
and 36 mm Hg at 5 L/min flow. Filters cause slight hemolysis 
and tend to trap some platelets; nylon filters may also activate 
complement.86

The need for microfilters in the cardiotomy suction res-
ervoir is universally accepted,77 and most commercial units 
contain an integrated micropore filter. The need for a filter 
in the cardioplegia delivery system, however, remains debat-
able,90 and although almost always used, the requirement of 
an arterial line filter is unsettled.87 In vitro studies demon-
strate that an arterial filter reduces circulating microemboli89 
and clinical studies are confirmatory.89 However, these filters 
do not remove all microemboli generated by the extracorpo-
real circuit.12,74,77 When bubble oxygenators are used, stud-
ies show equivocal or modest reductions in microemboli55,91 
and neurologic outcome markers.91 In contrast, membrane 
oxygenators produce far fewer microemboli and when used 
without an arterial filter, the numbers of microemboli are 
similar to those found with bubble oxygenators plus arterial 
line filters.87

Although the efficacy of arterial line microfilters remains 
unsettled, their use is almost universal92; and although they 
are effective bubble traps, they do increase cost, occasion-
ally obstruct during use, are difficult to de-air during prim-
ing, and require a small bypass line and valved purge line to 
remove any air.

Other sources of biologic microemboli may be more 
important. Cerebral microemboli are most numerous dur-
ing aortic cannulation,93,94 application and release of aortic 
clamps,94 and at the beginning of cardiac ejection after open 
heart procedures.95 Furthermore, as compared with perfusion 
microemboli, surgically induced emboli are more likely to 
cause postoperative neurologic deficits.96

LEUKOCYTE-DEPLETING FILTERS
Leukocyte-depleting filters are discussed later in this chapter 
and have been recently reviewed.97 These filters reduce circu-
lating leukocyte counts in most studies,98 but fail to produce 
convincing evidence of clinical benefit.99

Tubing and Connectors
The various components of the heart-lung machine are con-
nected by polyvinyl tubing and fluted polycarbonate con-
nectors. Medical grade polyvinyl chloride (PVC) tubing is 
universally used because it is flexible, compatible with blood, 
inert, nontoxic, smooth, nonwettable, tough, transparent, 
resistant to kinking and collapse, and can be heat sterilized. To 
reduce priming volume, tubing connections should be short. 
To reduce turbulence, cavitation, and stagnant areas, the flow 
path should be smooth and uniform without areas of con-
striction or expansion. Wide tubing improves rheology, but 
also increases priming volume. In practice 1/2- to 5/8-inch 
(internal diameter) tubing is used for most adults, but until 
a compact, integrated, complete heart-lung machine can be 
designed and produced as a unit, the flow path will produce 
some turbulence. Loose tubing connections can be sources 
of air intake or blood leakage and so all connections must be 
secure. For convenience and safety, most tubing and connec-
tors are prepackaged and disposable.

Heparin-Coated Circuits
Heparin can be bound to blood surfaces of all components 
of the extracorporeal circuit by ionic or covalent bonds. 
The Duraflo II heparin coating ionically attaches heparin 
to a quaternary ammonium carrier (alkylbenzyl dimethyl-
ammonium chloride), which binds to plastic surfaces 
(Edwards Lifesciences, Irvine, CA). Covalent attachment 
is produced by first depositing a polyethylenimine poly-
mer spacer onto the plastic surface, to which heparin frag-
ments bind (Carmeda Bioactive Surface, Medtronic, Inc., 
Minneapolis, MN). Ionic-bound heparin slowly leaches, 
but this is irrelevant in clinical cardiac surgery. The use 
of heparin-coated circuits during CPB has spawned an 
enormous literature100-102 and remains controversial largely 
because studies are contaminated by patient selection, 
reduced doses of systemic heparin, and washing or discard-
ing field-aspirated blood.102 To date, there is no irrefut-
able and credible evidence that heparin-coated perfusion 
circuits reduce the need for systemic heparin or reduce 
bleeding or thrombotic problems associated with CPB. 
Although the majority of studies indicate that heparin 
coatings reduce concentrations of C3a and C5b-9,103 the 
inflammatory response to CPB is not reduced and the evi-
dence for clinical benefit is not convincing.104

Other more recently developed and available surface 
modifications and coatings101 include a phosphorylcho-
line coating,105 surface-modifying additives,106 and a tril-
lium biopassive surface107 as well as other proprietary 
substances. While many in vitro and even in vivo studies 
imply multiple benefits from these coatings by reduc-
tions in various inflammatory mediators and in the stim-
ulation of the coagulation cascade, there have been no 
blinded randomized trials demonstrating any measurable 
benefit in patient outcomes. Clearly additional investiga-
tion in this area is desirable.
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Cardiotomy Reservoir and Field Suction
Blood aspirated from the surgical wound may be directed 
to the cardiotomy reservoir for defoaming, filtration, and 
storage before it is added directly to the perfusate. A sponge 
impregnated with a surfactant removes bubbles by reducing 
surface tension at the blood interface and macro, micro, or 
combined filters remove particulate emboli. Negative pres-
sure is generated by either a roller pump or vacuum applied 
to the rigid outer shell of the reservoir. The degree of negative 
pressure and blood level must be monitored to avoid excessive 
suction or introducing air into the perfusate.

The cardiotomy suction and reservoir are major sources of 
hemolysis, particulate and gaseous microemboli, fat globules, 
cellular aggregates, platelet injury and loss, thrombin genera-
tion, and fibrinolysis.73,77,108 Air aspirated with wound blood 
contributes to blood activation and destruction and is dif-
ficult to remove because of the high proportion of nitrogen, 
which is poorly soluble in blood. High suction volumes and 
admixture of air are particularly destructive of platelets and 
red cells.108 Commercial reservoirs are designed to minimize 
air entrainment and excessive injury to blood elements. Air 
and microemboli removal are also facilitated by allowing aspi-
rated blood to settle within the reservoir before it is added to 
the perfusate.

An alternative method for recovering field-aspirated blood 
is to dilute the blood with saline and then remove the saline 
to return only packed red cells to the perfusate. Two types 
of centrifugal cell washers automate the process. Intermit-
tent centrifugation (eg, Haemonetics Cell Saver, Meomonet-
ics Corp., Braintree, MA) removes air, thrombin, and many 
biologic and nonbiologic microemboli from the aspirate at 
the cost of discarding plasma. Continuous centrifugation (eg, 
Fresenius/Terumo CATS, Elkton, MD) in addition removes 
fat and activated leukocytes.109 A third alternative is to dis-
card all field-aspirated blood, although most surgeons would 
find this practice unacceptable if it increased allogeneic 
blood transfusion. Increasingly, field-aspirated blood is rec-
ognized as a major contributor to the thrombotic, bleeding, 
and inflammatory complications of CPB.

Venting the Heart
If the heart is unable to contract, distention of either ventricle 
is detrimental to subsequent contractility.110 Right ventricular 
distention during cardiac arrest or ventricular fibrillation is 
rarely a problem, but left ventricular distention can be insidi-
ous in that blood can enter the flaccid, thick-walled chamber 
from multiple sources during this period. During CPB, blood 
escaping atrial or venous cannulas and from the coronary 
sinus and thebesian veins may pass through the unopened 
right heart into the pulmonary circulation. This blood 
plus bronchial arterial and venous blood, blood regurgitat-
ing through the aortic valve, and blood from undiagnosed 
abnormal sources (patent foramen ovale, patent ductus, etc.) 
may distend the left ventricle unless a vent catheter is used 
(Fig. 13-6). During CPB bronchial blood and noncoronary 

collateral flow average approximately 140 ± 182 and 48 ± 
74 mL/min, respectively.111

There are several methods for venting the left heart during 
cardiac arrest. Although it was used commonly in the past, 
few surgeons in the modern era vent the left ventricular apex 
directly because of inconvenience and myocardial injury. 
Most often a multihole, soft-tip catheter (8-10 French) is 
inserted into the junction of the right superior pulmonary 
vein and left atrium (see Fig. 13-6) or left atrial appendage 
and may or may not be passed into the left ventricle. Oth-
ers prefer to place a small suction catheter into the pulmo-
nary artery.112 The ventricle can also be vented by passing a 
catheter retrograde across the aortic valve when working on 
the mitral valve. Vent catheters are drained to the cardiotomy 
reservoir by a roller pump, vacuum source, or gravity drain-
age,113 but must be carefully monitored for malfunction. 
If connected to a roller pump, the system should be care-
fully tested before use to ensure proper operation. Although 
inspection and palpation may detect ventricular distention, 
TEE monitoring or direct measurements of left atrial or pul-
monary arterial pressures are more reliable. The heart is no 
longer vented for most myocardial revascularization opera-
tions, but the ventricle must be protected from distention.114 
If the heart cannot remain decompressed during distal anas-
tomoses, a vent should be inserted. Often the cardioplegia 
line inserted into the aortic root is used for venting when not 
used for cardioplegia.115

The most common and serious complication of left heart 
venting is residual air when the heart is filled and begins 

1

2

A

B

D

 C
RV

MV

FIGURE 13-6 Diagram shows locations used to vent (decompress 
the heart). (A) Aortic root vent, which can also be used to adminis-
ter cardioplegic solution after the ascending aorta is clamped. (B) A 
catheter placed in the right superior pulmonary vein/left atrial junc-
tion can be passed through the mitral valve into the left ventricle. 
(C) Direct venting of the left ventricle at the apex. (D) Venting the 
main pulmonary artery, which decompresses the left atrium because 
pulmonary veins lack valves.
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310 Part II Perioperative/Intraoperative Care

to contract. De-airing maneuvers and TEE are important 
methods for ensuring removal of all residual air. In addi-
tion, many surgeons aspirate the ascending aorta via a 
small metal or plastic cannula to detect and remove any 
escaping air as the heart begins to eject.116 Bleeding, atrial 
perforation, mitral valve injury, and direct injury to the 
myocardium are other complications associated with left 
ventricular vents.

Cardioplegia Delivery Systems
Cardioplegic solutions contain 8 to 20 mEq/L potassium, 
magnesium, and often other components that are infused 
into the aortic root proximal to the aortic cross clamp, or 
retrograde into the coronary sinus to arrest the heart in dias-
tole. The carrier may be crystalloid or blood and is infused at 
temperatures around 4 or 37°C, depending upon surgeon’s 
preference. Normothermic cardioplegia must be delivered 
almost continuously to keep the heart arrested while cold 
cardioplegia may be infused intermittently. Cardioplegic 
solutions are delivered through a separate perfusion system 
that includes a reservoir, heat exchanger, roller pump, bub-
ble trap, and perhaps microfilter (see Fig. 13-2). Tempera-
ture and infusion pressure are monitored. The system may 
be completely independent of the main perfusion circuit or 
it may branch from the arterial line. The system also may 
be configured to vent the aortic root when not delivering 
cardioplegia.

Antegrade cardioplegia is delivered through a small can-
nula in the aortic root or via cannulas directly into the 
coronary ostia when the aortic valve is exposed. Retrograde 
cardioplegia is delivered through a cuffed catheter inserted 
into the coronary sinus.117 Proper placement of the retrograde 
catheter is critical, but not difficult, and is verified by palpa-
tion, TEE, color of the aspirated blood, or pressure waveform 
of a catheter pressure sensor.118 Complications of retrograde 
cardioplegia include rupture or perforation of the sinus, 
hematoma, and rupture of the catheter cuff.119

Hemoconcentrators (Hemofiltration/
Ultrafiltration)
Hemoconcentrators, like oxygenators, contain one of sev-
eral available semipermeable membranes (typically hollow 
fibers) that transfer water, electrolytes (eg, potassium), and 
molecules up to 20 kDa out of the blood compartment.120 
Hemoconcentrators may be connected to either venous or 
arterial lines or a reservoir in the main perfusion circuit, 
but require high pressure in the blood compartment to 
effect fluid removal. Thus a roller pump is needed unless 
connected to the arterial line. Suction may or may not be 
applied to the air side of the membrane to facilitate filtra-
tion. Up to 180 mL/min of fluid can be removed at flows 
of 500 mL/min.121 Hemoconcentrators conserve platelets 
and most plasma proteins as compared with centrifugal 
cell washers, and may allow greater control of potassium 

concentrations than diuretics.122 Aside from cost, disadvan-
tages are few and adverse effects are rare.121

Perfusion Monitors and Safety Devices
Table 13-3 lists monitors and safety devices that are com-
monly used during CPB. Pressure in the arterial line between 
pump and arterial line filter is monitored continuously to 
instantly detect any increased resistance to arterial inflow 
into the patient. This pressure should be higher than radial 
arterial pressure because of resistance of the filter (if used) and 
cannula. The arterial pressure monitor may be connected to 
an audible alarm or the pump switch to alert the perfusionist 
to dangerous increases in the arterial line pressure.

An arterial line flowmeter is essential for centrifugal pumps 
and may be desirable to confirm flow calculations with roller 
pumps as well.

In-line devices are available to continuously measure blood 
gases, hemoglobin/hematocrit, and some electrolytes.123 Placed 
within the venous line, these devices permit continuous 
assessment of oxygen supply and demand.124 In the arterial 
line the devices offer better control of blood gases.125 The 
need for these devices is unproved and because reliability 
is still uncertain, use may distract operative personnel and 
spawn unnecessary laboratory measurements.126 The use of 

TABLE 13-3: Safety Devices and Procedures

Device or procedure

Low venous blood level alarm with pump cut-off
High arterial line pressure alarm with pump cut-off
Macrobubble detector with pump cut-off
Arterial line filter
Prebypass recirculation/filtration
Oxygen supply filter
In-line venous oxygen saturation
In-line arterial oxygen saturation
Oxygenator gas supply oxygen analyzer
One-way valved intracardiac vent lines
Batteries in heart-lung machine
Alternate dedicated power supply
Electrical generator
Back-up arterial pump head
Back-up heater-cooler
Back-up oxygen supply
Emergency lighting
Prebypass activated clotting time
Activated clotting time during cardiopulmonary 

bypass
Prebypass check list
Written protocols
Log of perfusion incidents
Log of device failures
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 Chapter 13 Extracorporeal Circulation 311

automated analyzers by the perfusion team in the operat-
ing room is an alternative if frequent measurement of blood 
gases, hematocrit, and electrolytes is desirable.123

The flow and concentration of oxygen entering the oxygen-
ator should be monitored.127 Some teams also monitor exit 
gases to indirectly estimate metabolic activity and depth of 
anesthesia.127 Some manufacturers recommend monitoring 
the pressure gradient across membrane oxygenators, which may 
be an early indication of oxygenator failure, although it is a 
rare event.62-64

Temperatures of the water entering heat exchangers must be 
monitored and carefully controlled to prevent blood protein 
denaturation and gaseous microemboli.65 During operations 
using deep hypothermia, changes in venous line temperatures 
reflect rates of temperature change in the patient, and moni-
toring arterial inflow temperature helps prevent brain hyper-
thermia during rewarming.

A low-level sensor with alarms on the venous reservoir and 
a bubble detector on the arterial line are additional safety 
devices sometimes used. A one-way valve is recommended in 
the purge line between an arterial filter/bubble trap and car-
diotomy reservoir to prevent air embolism. Ultrasound trans-
ducers imbedded in the arterial perfusion tubing distal to the 
filter are now available to monitor low-level air entry into 
the circulation. Valves in the venous and vent lines protect 
against retrograde air entry into the circulation or in the arte-
rial line to prevent inadvertent exsanguination.68

Automatic data collection systems are available for preopera-
tive calculations and to process and store data during CPB.128 
Computer systems for operating CPB are in development.129

CONDUCT OF CARDIOPULMONARY 
BYPASS
The Perfusion Team
Although the surgeon is directly responsible for the outcome 
of the operation, he or she needs a close working relationship 
with both the anesthesiologist and the perfusionist. These 
three principals must communicate freely, often, and can-
didly. Their overlapping and independent responsibilities rel-
evant to CPB are best defined by written policies that include 
protocols for various types of operations and emergencies and 
by periodic multidisciplinary conferences. This teamwork is 
not unlike the communication advocated for the cockpit 
crew of commercial and military aircraft.

The surgeon determines the planned operation, target per-
fusion temperatures, methods of cardioplegia, cannulations, 
and anticipated special procedures. During operation the 
surgeon communicates the procedural steps involved in con-
necting and disconnecting the patient to CPB and interacts 
with the other principals to coordinate perfusion management 
with surgical exposure and working conditions. The perfusion-
ist is responsible for setting up and priming the heart-lung 
machine, performing safety checks, operating the heart-
lung machine, monitoring the conduct of bypass, monitoring 

anticoagulation, adding prescribed drugs, and maintaining a 
written perfusion record.

The anesthesiologist monitors the operative field, anes-
thetic state and ventilation of the patient, the patient’s physi-
ology, and conduct of perfusion. A vigilant anesthesiologist is 
the safety officer and often “troubleshooter” of these complex 
procedures and along with the surgeon is in the best posi-
tion to anticipate, detect, and correct deviations from desired 
conditions. In addition the anesthesiologist provides TEE 
observations before, during, and immediately after bypass.

Assembly of Heart-Lung Machine
The perfusionist is responsible for setting up and preparing 
the heart-lung machine and all associated components nec-
essary for the proposed operation. Most perfusionists use 
commercial, sterile, preprepared customized tubing packs 
that are connected to the various components that constitute 
the heart-lung machine. This dry assembly takes about 10 to 
15 minutes, and a dry system can be kept in standby for up 
to 7 days. Once the system is primed with fluid, which takes 
about 15 minutes, it should be used within 8 hours to pre-
vent malfunction of the oxygenator. After assembly, the per-
fusionist conducts a safety inspection and completes a written 
prebypass checklist.

PRIMING
Traditional adult ECP circuits require 1.5 to 2.0 L of bal-
anced electrolyte solution such as lactated Ringer’s solution, 
Normosol-A, or Plasma-Lyte. Before connections are made 
to the patient, the prime is recirculated through a micropore 
filter to remove any residual particulate matter or air. In the 
average-sized adult, the priming volume represents approxi-
mately 30 to 35% of the patient’s blood volume and reduces 
the hematocrit to about two-thirds of the preoperative value. 
In smaller patients or in the presence of peroperative anemia, 
banked blood may be added to the prime volume to raise the 
hematocrit to a predetermined minimum (eg, 25% or more), 
to achieve an acceptable resultant hemotocrit once CPB has 
been initiated. There is no consensus regarding the optimal 
hematocrit during CPB; most perfusates have hematocrits 
between 20% and 25% when used with moderate hypother-
mia (25-32°C). Dilution reduces perfusate viscosity, which is 
not a problem during clinical CPB, but also reduces oxygen-
carrying capacity; mixed venous oxygen saturations less than 
60% usually prompt either transfusion or increased pump 
flow.124 Sometimes 12.5 to 50 g of mannitol is added to 
stimulate diuresis and possibly minimize postoperative renal 
dysfunction.

Efforts to avoid the use of autologous blood include 
reducing the priming requirement of the machine by using 
smaller diameter and shorter tubing lengths and operating 
the machine with minimal perfusate in the venous and car-
diotomy reservoirs. This latter practice increases the risk of 
air embolism, the risk of which can be reduced by using 
collapsible reservoirs and reservoir level sensors that stop 
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312 Part II Perioperative/Intraoperative Care

the pump. In recent years, smaller, more compact circuits 
have been designed to reduce the prime volume and sub-
sequent hemodilution, reducing transfusion requirements 
and platelet consumption.130 Many of these circuits have 
totally removed the venous reservoir and used a variety 
of coated surfaces in an attempt to reduce hemodilution, 
avoid points of stasis and minimize activation of inflamma-
tion and coagulation cascades. A typical such mini-circuit is 
pictured in Fig. 13-7.

Autologous blood prime is another technique to minimize 
hemodilution, which displaces and then removes crystalloid 
prime by draining blood volume from the patient into the 
circuit just before beginning CPB.131 This method reduces 
perfusate volume, but phenylephrine may be required to 
maintain stable hemodynamics.131 The method reduces trans-
fusions and does not affect clinical outcome.

The use of colloids (albumin, gelatins, dextrans, and 
hetastarches) in the priming volume is controversial.132 
Although their use clearly minimizes the decrease in col-
loid osmotic pressure133 and may reduce the amount of 
fluid entering the extracellular space, any impact on clini-
cal outcome remains unproved. Prospective clinical stud-
ies have failed to document significant clinical benefits 
with albumin,133 which is expensive and may have adverse 
effects.134 Hetastarch may contribute to postoperative bleed-
ing.135 McKnight et al. found no influence of prime com-
position on postoperative nitrogen balance.136 Because of 
possible adverse effects, including neurologic deficits, the 
addition of glucose and/or lactate to the prime is generally 
avoided.137,138

Anticoagulation and Reversal
Porcine heparin (300-400 units/kg IV) is administered before 
arterial or venous cannulas are inserted, and CPB is not started 
until anticoagulation is confirmed by either an activated clot-
ting time (ACT) or the Hepcon test. Although widely used, 
bovine heparin is more antigenic in inducing antiplatelet IgG 
antibodies than is porcine heparin.139 Although the distribu-
tion of intravenously administered heparin has been shown 
to be extremely rapid,140 in general, the anticoagulation effect 
is measured about 3 minutes after heparin administration. 
However, groups differ in the minimum ACT that is con-
sidered safe for CPB. The generally accepted minimum for 
ACT before initiation of CPB is greater than or equal to 400 
seconds; however, many groups recommend 480 seconds141 
because heparin only partially inhibits thrombin formation 
during CPB. More recently, in an attempt to reduce surgi-
cal bleeding, some centers have advocated accepting lower 
ACTs in the 300 range. Although early unpublished results 
may suggest that this can be done safely, it is still not gener-
ally accepted. Outside the United States, where aprotinin is 
still available, it is important to measure ACT with kaolin as 
opposed to celite, because celite may artifactually and erro-
neously increases the ACT. Failure to achieve a satisfactory 
ACT may result from either inadequate heparin dosage or 
low concentrations of antithrombin. If a total of 500 units/kg 
of heparin fails to adequately prolong ACT, antithrombin III 
should be administered to the patient either as fresh-frozen 
plasma or as recombinant antithrombin III when available142 
to increase antithrombin concentrations to overcome “hepa-
rin resistance.” Antithrombin III is a necessary cofactor that 
binds circulating thrombin; heparin accelerates this reaction 
a thousandfold. See Thrombosis and Bleeding for manage-
ment of patients with suspected or proved heparin-induced 
antiplatelet IgG antibodies and alternative anticoagulants to 
heparin.

During CPB, ACT or the Hepcon test is measured every 
30 minutes. If ACT goes below the target level, more hepa-
rin is given. As a general rule, one-third of the initial total 
heparin bolus required for adequate anticoagulation is given 
every hour even when the ACT is within the normal range. 
The Hepcon test titrates the heparin concentration and is 
more reproducible than ACT, but ACT provides satisfactory 
monitoring of anticoagulation. Although excessively high 
concentrations of heparin (ACT > 1000 seconds) may cause 
remote bleeding away from operative sites, low concentra-
tions increase circulating thrombin concentrations and risk 
clotting within the ECP circuit.

After the patient has successfully weaned from CPB 
and remains stable, 1 mg of protamine is given for each 
100 units of heparin given in the initial bolus dose, but 
not to exceed 3 mg/kg. The heparin-protamine complex 
activates complement and may causes acute hypotension, 
which may be attenuated by the administration of calcium 
(2 mg/1 mg protamine). Once the administration of prot-
amine has begun, it is generally recommended that the use of 
cardiotomy suction into the reservoir is discontinued because 

FIGURE 13-7 Typical miniature closed cardiopulmonary bypass 
circuit that uses coated surfaces to reduce coagulation and inflam-
mation and removes the venous reservior and excess tubing to reduce 
hemodilution.
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 Chapter 13 Extracorporeal Circulation 313

of the risk of generating clot within the circuit and losing the 
potential for emergency support should the patient become 
unstable. Rarely, protamine may cause an anaphylactic reac-
tion in patients with antibodies to protamine insulin.143 This 
severe reaction may require urgently placing the patient back 
on CPB, although it may also be treating with resuscita-
tion using epinephrine and immediate discontinuation of 
the protamine infusion. Neutralization of heparin is usually 
confirmed by an ACT or Hepcon test and more protamine 
(50 mg) is given if either test remains prolonged or bleeding 
is a problem. Heparin rebound is a term used to describe a 
delayed heparin effect because of release of tissue heparin after 
protamine is cleared from the circulation, particularly from 
heparin deposited in adipose tissues, and seen more often in 
obese patients. Although protamine is a mild anticoagulant 
at higher doses, one or two supplemental 25- to 50-mg doses 
can be given empirically if heparin rebound is suspected, or if 
the ACT remains elevated. It is also noted that the ACT can 
be elevated in the presence of significant thrombocytopenia, 
despite the full reversal of heparin. As a rule, the heart-lung 
machine should be available for unexpected decompensation 
and the need for urgent return to CPB until the wound is 
closed, the drapes are removed, and at many centers until the 
patient leaves the operating room.

Initiation of Cardiopulmonary Bypass
Once the appropriate cannulation has occurred and adequate 
anticoagulation has been confirmed, CPB is initiated at the 
surgeon’s request with concurrence of the anesthesiologist 
and perfusionist. As the venous return enters the machine, 
the perfusionist progressively increases arterial flow while 
monitoring the patient’s blood pressure and volume levels in 
all reservoirs. Six observations are critical:

1. The venous drainage is adequate for the desired flow
2. The pressure in the arterial line is acceptable
3. The arterial blood is adequately oxygenated
4. The systemic arterial pressure is acceptable
5. The systemic venous pressure is acceptable
6. The heart is adequately decompressed

Once full stable CPB is established for at least 2 minutes, 
lung ventilation is discontinued, perfusion cooling may 
begin, and the aorta may be clamped for arresting the heart. 
Just as is seen with initiation of dialysis, it is not uncommon 
to see some vasodilation and early hypotension as the patient 
is first exposed to the artificial surfaces, particularly the oxy-
genator. This can usually be managed by the perfusionist 
with increased flows until the vasodilation resolves, although 
occasionally vasopressors such as neosynephrine may be tran-
siently required.

Cardioplegia
Antegrade blood or crystalloid cardioplegia is administered 
directly into the aortic root at 60 to 100 mm Hg pressure 
proximal to the aortic cross-clamp by a dedicated cardioplegia 

roller pump (see Fig. 13-2). Blood entering the right atrium 
from the coronary sinus is captured by the right atrial or 
unsnared caval catheters. If the caval snares are tightened, 
the right atrium should be vented to prevent right ventricu-
lar distention. Many surgeons choose to monitor myocardial 
temperature and administer cardioplegia to cool the myocar-
dium to a specific temperature range. Others deliver a specific 
amount of cardioplegia, or monitor the electrical activity to 
determine the delivered volume. With appropriate delivery of 
antegrade cardioplegia, the heart should usually arrest within 
30 to 60 seconds, and failure to do so may indicate problems 
with delivery of the solution or unrecognized aortic regurgita-
tion. Some surgeons monitor myocardial temperature or pH 
via direct needle sensors.144

The usual flow of retrograde cardioplegia is 200 to 
400 mL/min at coronary sinus pressures between 30 and 
50 mm Hg.145 Higher pressures may injure the coronary 
venous system119; low pressures usually indicate inadequate 
delivery owing to malposition of the catheter or leakage around 
the catheter cuff, but may also indicate a tear in the coronary 
sinus. Induction of electrical arrest is slower (2-4 minutes) than 
with antegrade delivery, and retrograde cardioplegia may pro-
vide incomplete protection of the right ventricle.117

Key Determinants of Safe Perfusion
The following offers rational guidelines for management of 
CPB, which uses manipulation of temperature, hematocrit, 
pressure, and flow rate to adequately support cellular metabo-
lism during nonphysiologic conditions.

BLOOD FLOW RATE
Under normal circumstances, basal cardiac output is deter-
mined by oxygen consumption, which is approximately  
250 mL/min. It is impractical to measure oxygen consump-
tion while on CPB, so a generally accepted flow rate at 35 
to 37°C with a hematocrit of 25% is approximately 2.4 L/
min/m2 in deeply anesthetized and muscle-relaxed patients. 
Hemodilution reduces blood oxygen content from approxi-
mately 20 to 10 to 12 mL/dL; consequently, flow rate must 
increase over resting normal cardiac output or oxygen demand 
must decrease. The resistance of venous catheters, turbulence, 
and loss of physiologic controls of the vasculature may also 
effect venous return and limit maximum pump flow.

Hypothermia reduces oxygen consumption by a factor of 
0.5 for every 10°C decrease in temperature. However, at both 
normothermia and hypothermia maximal oxygen consump-
tion falls with decreasing flow as described in the following 
equation: 

VO2 = 0.44 (Q – 62.7) + 71.6.

This relationship at various temperatures is depicted in 
Figure 13-8. For this reason Kirklin and Barratt-Boyes146 
recommend that flows be reduced only to levels that permit 
at least 85% of maximal oxygen consumption. At 30°C this 
flow rate in adults is approximately 1.8 L/min/m2; at 25°C, 
1.6 L/min/m2; and at 18°C, 1.0 L/min/m2.
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314 Part II Perioperative/Intraoperative Care

As long as mean arterial pressure remains above 50 to 
60 mm Hg (ie, above the autoregulatory range), cerebral 
blood flow is preserved even if systemic flow is less than nor-
mal. However, there is a hierarchal reduction of flow to other 
organs as total systemic flow is progressively reduced. First 
skeletal muscle flow falls, then abdominal viscera and bowel, 
and finally renal blood flow.

PULSATILE FLOW
Theoretical benefits of pulsatile blood flow include increased 
transmission of energy to the microcirculation, which reduces 
critical capillary closing pressure, augments lymph flow, and 
improves tissue perfusion and cellular metabolism. Theoreti-
cally, pulsatile flow reduces vasocontrictive reflexes and neuro-
endocrine responses and may increase oxygen consumption, 
reduce acidosis, and improve organ perfusion. However, 
despite extensive investigation no one has convincingly dem-
onstrated a benefit of pulsatile blood flow over nonpulsatile 
blood flow for short- or long-term CPB.71,147 Two studies 
reported the association of pulsatile flow with lower rates of 
mortality, myocardial infarction, and low cardiac output syn-
drome,148 but others failed to detect clinical benefits.149

Pulsatile CPB can reproduce the normal pulse pressure 
within the body, but is expensive, complicated, and requires 
a large-diameter aortic cannula. Higher nozzle velocities 
increase trauma to blood elements,150 and pulsations may 
damage micromembrane oxygenators.151 Thus for clinical 
CPB, nonpulsatile blood flow is an acceptable, nonphysi-
ologic compromise with few disadvantages.

ARTERIAL PRESSURE
Systemic arterial blood pressure is a function of flow rate, 
blood viscosity (hematocrit), and vascular tone. Perfusion 
of the brain is normally protected by autoregulation, but 

autoregulation appears to be lost somewhere between 55 
and 60 mm Hg during CPB at moderate hypothermia and a 
hematocrit of 24%.84,152 Cerebral blood flow may still be ade-
quate at lower arterial pressures,153 but the only prospective 
randomized study found a lower combined major morbidity/
mortality rate when mean arterial pressure was maintained 
near 70 mm Hg (average 69 ± 7) rather than below 60 (aver-
age 52).154 In older patients, who may have vascular disease155 
and/or hypertension, mean arterial blood pressure is gener-
ally maintained between 70 and 80 mm Hg at 37°C. Higher 
pressures are undesirable because collateral blood flow to the 
heart and lungs increases blood in the operative field.

Hypotension during CPB may be the result of low pump 
flow, aortic dissection, measurement error, or vasodilata-
tion. Phenylephrine is most often used to elevate blood pres-
sure, but arginine vasopressin (0.05-0.1 unit/min) has more 
recently been introduced. If anesthesia is adequate, hyperten-
sion can be treated with nitroprusside, an arterial dilator, or 
nitroglycerin, which predominantly dilates veins and pulmo-
nary vessels.

HEMATOCRIT
The ideal hematocrit during CPB remains controversial. Low 
hematocrits reduce blood viscosity and hemolysis, reduce 
oxygen-carrying capacity, and reduce the need for autologous 
blood transfusion. In general, viscosity remains stable when 
percent hematocrit and blood temperature (in degrees Cel-
sius) are equal (ie, viscosity is constant at hematocrit 37%, 
temperature 37°C, or at hematocrit 20%, temperature 20°C). 
Hypothermia reduces oxygen consumption and permits per-
fusion at 26 to 28°C with hematocrits between 18% and 
22%, but at higher temperatures limits on pump flow may 
not satisfy oxygen demand.156,157 Hill158 found that hemato-
crit during CPB did not affect either hospital mortality or 
neurologic outcome, but DeFoe observed159 increasing hospi-
tal mortality with hematocrits below 23% during CPB; thus 
the issue remains unresolved.160 However, higher hemato-
crits (25-30%) during CPB appear justified157 in view of the 
increasing safety of autologous blood transfusion, improved 
neurologic outcomes with higher hematocrits in infant car-
diac surgery,161 and more frequent operations near normo-
thermia in older sicker patients.

TEMPERATURE
The ideal temperature for uncomplicated adult cardiac sur-
gery is also an unsettled question.157 Until recently, nearly all 
operations reduced body temperature to 25 to 30°C during 
CPB to protect the brain, support hypothermic cardiople-
gia, permit perfusion at lower flows and hematocrits, and 
increase the safe duration of circulatory arrest in case of 
emergency. Hypothermia, however, interferes with enzyme 
and organ function, aggravates bleeding, increases systemic 
vascular resistance, delays cardiac recovery, lengthens dura-
tion of bypass, increases the risk of cerebral hyperthermia, 
and is associated with higher levels of depression and anxiety 
postoperatively.162 Because the embolic risk of cerebral injury 
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sion from Kirklin JW, Barratt Boyes BG: Cardiac Surgery, 3rd ed.  
New York: Churchill Livingstone; 2003.)
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 Chapter 13 Extracorporeal Circulation 315

often is greater than perfusion risk, perfusion at higher tem-
peratures (33-35°C), or “tepid” CPB, is recommended, in 
part because detrimental high blood temperatures are avoided 
during rewarming.163 Increasingly, efforts are made to avoid 
cerebral hyperthermia during and after operation, and one 
study suggests improved neuropsychometric outcomes if 
patients are rewarmed to only 34°C.164

PH/PCO2 MANAGEMENT
There are two strategies for managing pH/PCO2 during hypo-
thermia: pH stat and alpha stat. During deep hypothermia 
and circulatory arrest (see the following) there is increasing 
evidence that pH-stat management may produce better neu-
rologic outcomes during pediatric cardiac surgery.161 Alpha 
stat may be better in adults.165 pH stat maintains tempera-
ture-corrected pH 7.40 at all temperatures and requires the 
addition of CO2 as the patient is cooled. Alpha stat allows the 
pH to increase during cooling so that blood becomes alka-
lotic. Cerebral blood flow is higher, and pressure is passive 
and uncoupled from cerebral oxygen demand with pH stat. 
With alpha stat, cerebral blood flow is lower, autoregulated, 
and coupled to cerebral oxygen demand.166

ARTERIAL PaO2

PaO2 should probably be kept above 150 mm Hg to assure 
complete arterial saturation. Whether or not high levels (ie, 
>200 mm Hg) are detrimental has not yet been determined.

GLUCOSE
Although Hill158 found no relationship between blood glucose 
concentrations during CPB and adverse neurologic outcome, 
others have been concerned that hyperglycemia (>180 mg/dL) 
aggravates neurologic injury138 and other morbidity/mortal-
ity,167 and recently many studies have documented the impor-
tance of tight glucose control in the prevention of infection, 
neurologic injury, renal and cardiac complications, as well as a 
reduction in ICU length of stay and overall mortality.168

Patient Monitors
Systemic arterial pressure is typically monitored by radial, 
brachial, or femoral arterial catheter. Central venous pressure 
is routinely monitored by a jugular venous catheter. Routine 
use of a Swan-Ganz pulmonary arterial catheter is controver-
sial and not necessary for uncomplicated operations in low-
risk patients.169 During CPB the pulmonary artery catheter 
should be withdrawn into the main pulmonary artery to pre-
vent lung perforation and suture ensnarement.

TRANSESOPHAGEAL ECHOCARDIOGRAPHY
A comprehensive TEE examination170 is an important moni-
tor during most applications of CPB171 to assess catheter and 
vent insertion and location117,172,173; severity of regional ath-
erosclerosis33; myocardial injury, infarction, dilatation, con-
tractility, thrombi, and residual air; undiagnosed anatomic 

abnormalities170; valve function after repair or replacement; 
diagnosis of dissection41,174; and adequacy of de-airing at the 
end of CPB.175

TEMPERATURE
Bladder or rectal temperature is usually used to estimate tem-
perature of the main body mass, but does not reflect brain 
temperature.176 Esophageal and pulmonary artery tempera-
tures may be affected by local cooling associated with car-
dioplegia. The jugular venous bulb temperature is considered 
the best surrogate for brain temperature, but is more cumber-
some to obtain.177 Nasopharyngeal or tympanic membrane 
temperatures are more commonly used, but tend to under-
estimate jugular venous bulb temperature during rewarming 
by 3 to 5°C.178 During rewarming, arterial line temperature 
correlates best with jugular venous bulb temperature.179

NEUROPHYSIOLOGIC MONITORING
Neurophysiologic monitoring during CPB is becoming more 
commonly used in both adult and pediatric perfusion, partic-
ularly in preparation for deep hypothermic circulatory arrest. 
However, its full efficacy and impact on outcomes has not yet 
been fully established as a necessary component of CPB, and 
remains under investigation. Techniques being investigated 
include jugular venous bulb temperature and saturation, 
transcranial Doppler ultrasound, near-infrared transcranial 
reflectance spectroscopy (NIRS), and the raw or processed 
electroencephalogram (EEG).180

ADEQUACY OF PERFUSION
During CPB oxygen consumption (VO2) equals pump flow 
rate multiplied by the difference in arterial (CaO2) and 
venous oxygen content (CVO2). For a given temperature, 
maintaining VO2 at 85% predicted maximum during CPB 
assures adequate oxygen delivery (see Fig. 13-8).146 Oxygen 
delivery (DO2) equals pump flow multiplied by CaO2 and 
should be greater than 250 mL/min/m2 during normother-
mic perfusion.156 Mixed venous oxygen saturation (SVO2) 
assesses the relationship between DO2 and VO2; values less 
than 60% indicate inadequate oxygen delivery. Because of 
differences in regional vascular tone, higher SVO2 does not 
assure adequate oxygen delivery to all vascular beds.181 Meta-
bolic acidosis (base deficit) or elevated lactic acid levels may 
indicate inadequate perfusion, even in the face of “normal” 
SVO2 measurements.

URINE OUTPUT
Urine output is usually monitored but varies with renal perfu-
sion, temperature, composition of the pump prime, diuretics, 
absence of pulsatility, and hemoconcentration. Urine produc-
tion is reassuring during CPB and oliguria requires investigation.

GASTRIC TONOMETRY AND MUCOSAL FLOW
These Doppler and laser measurements gauge splanchnic per-
fusion but are rarely used clinically.
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316 Part II Perioperative/Intraoperative Care

Weaning from Cardiopulmonary Bypass
Before stopping CPB the patient is rewarmed to 34 to 36°C, 
the heart is defibrillated if necessary, and the lungs are reex-
panded and ventilated. The cardiac rhythm is monitored, and 
hematocrit, blood gases, acid-base status, and plasma elec-
trolytes are reviewed. If the heart has been opened, TEE is 
recommended for detection and removal of trapped air before 
the heart is allowed to eject. Caval catheters are adjusted to 
ensure unobstructed venous return to the heart. If the need 
for inotropic drugs is anticipated, these are started at low flow 
rates. Vent catheters are removed, although sometimes an 
aortic root vent is placed on gentle suction to remove undis-
covered air.

Once preparations are completed, the surgeon, anesthesi-
ologist, and perfusionist begin to wean the patient off CPB. 
The perfusionist gradually occludes the venous line to allow 
filling of the right heart and ejection through the lungs to 
the left side, while simultaneously reducing pump input as 
cardiac rate and rhythm, arterial pressure and pulse, and 
central venous pressure are monitored and adjusted. Ini-
tially blood volume within the pump is kept constant, but 
as pump flow approaches zero, volume is added or removed 
from the patient to produce arterial and venous pressures 
within the physiologic ranges. During weaning, cardiac fill-
ing and contractility is often monitored by TEE, and intra-
cardiac repairs and regional myocardial contractility are 
assessed. Pulse oximetry saturation near 100%, end-tidal 
CO2 greater than 25 mm Hg, and mixed venous oxygen 
saturation higher than 65% confirm satisfactory ventilation 
and circulation. When cardiac performance is satisfactory 
and stable, all catheters and cannulas are removed, prot-
amine is given to reverse the heparin, and blood return from 
the surgical field is discontinued.

Once the patient is hemodynamically stable, as determined 
by surgeon and anesthesiologist, and after starting wound 
closure, the perfusate may be returned to the patient in sev-
eral ways. The entire perfusate may be washed and returned 
as packed cells, excess fluid may be removed by a hemocon-
centrator, or the perfusate, which still contains heparin, can 
be gradually pumped into the patient for hemoconcentration 
by the kidneys. Occasionally some of the perfusate must be 
bagged and given later. The heart-lung machine should not 
be completely disassembled until the chest is closed and the 
patient is ready to leave the operating room.

SPECIAL TOPICS
Special Applications of Extracorporeal 
Perfusion
Reoperations, surgery of the descending thoracic aorta, and 
minimally invasive procedures may be facilitated by surgical 
incisions other than midline sternotomy. These alternative 
incisions often require alternative methods for connecting the 
patient to the heart-lung machine. Some alternative applica-
tions of CPB are presented in the following.

RIGHT THORACOTOMY
Anterolateral incisions through the fourth or fifth interspaces 
provide easy access to the cavae and right atrium, adequate 
access to the ascending aorta, as well as exposure to the left 
atrium and mitral valve, but no direct access to the left ven-
tricle. Adequate exposure of the ascending aorta is available 
for cross-clamping, aortotomy, and administration of cardio-
plegia by retracting the right atrial appendage. De-airing the 
left ventricle (eg, after mitral valve repair) is more difficult. 
External pads facilitate defibrillation.

LEFT THORACOTOMY
Lateral or posterolateral incisions in the left chest are used 
for a variety of operations. Venous return may be captured 
by cannulating the pulmonary artery via a stab wound in 
the right ventricle, or by retrograde cannulation of the left 
pulmonary artery or cannulation of the left iliac or femoral 
vein. With iliac or femoral cannulation, venous return may 
be augmented by threading the cannula into the right atrium 
using TEE guidance.182 The descending thoracic aorta or left 
subclavian, iliac, or femoral arteries are accessible for arterial 
cannulation.

LEFT HEART BYPASS
Left heart bypass uses the beating right heart to pump blood 
through the lungs to provide gas exchange.183 An oxygenator 
is not used and intake cannulation sites are exposed through a 
left thoracotomy. The left superior pulmonary vein-left atrial 
junction is an excellent cannulation site for capturing blood. 
The left atrial appendage can also be used, but may be more 
friable and therefore more difficult with which to work. The 
apex of the left ventricle is infrequently used because of the 
potential for myocardial injury. The tip of the intake cath-
eter must be free in the left atrium and careful technique is 
required to avoid air entry during cannulation and perfusion. 
The extracorporeal circuit typically consists only of tubing 
and a centrifugal pump and does not include a reservoir, heat 
exchanger, or bubble trap. This reduces the thrombin bur-
den and may permit reduced or no heparin if anticoagulation 
poses an additional risk (eg, in acute head injury). Otherwise, 
full heparin doses are recommended. The reduced perfusion 
circuit precludes the ability to add or sequester fluid, adjust 
temperature, or intercept systemic air emboli. Intravenous 
volume expanders may be needed to maintain adequate 
flows; temperature usually can be maintained without a heat 
exchanger.184

Full left heart bypass may be employed for left-sided coro-
nary artery surgery by draining all of the pulmonary venous 
return out of the left atrium and leaving no blood for left 
ventricular ejection. If the heart fibrillates, blood can still pas-
sively pass through the right heart and lungs, but often an 
elevated central venous pressure is required.185

Partial left heart bypass is identical in configuration and 
cannulation to full left heart bypass and is used to facilitate 
surgery on the descending thoracic aorta. This accomplishes 
two goals by providing perfusion to the lower body beyond 
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 Chapter 13 Extracorporeal Circulation 317

the aortic clamps, as well as allowing the perfusionist to 
remove preload as needed by increasing the flow, thereby 
controlling the perfusion pressure in the proximal aorta, 
preventing both hypotension, as well as hypertension and 
potential LV strain. The patient’s left ventricle supplies 
blood to the aorta proximal to aortic clamps, and the circuit 
supplies blood to the distal body. Typically about two-thirds 
normal basal cardiac output (ie, 1.6 L/min/m2) is pumped 
to the lower body. Arterial pressure is monitored proxi-
mal (radial or brachial) and distal (right femoral, pedal) to 
the aortic clamps. Blood volume in the body and circuit 
is assessed by central venous pressure and TEE monitoring 
of chamber dimensions. Management is more complicated 
because of the single venous circulation and separated arte-
rial circulations.183

PARTIAL CARDIOPULMONARY BYPASS
Partial CPB with an oxygenator is also used to facilitate sur-
gery of the descending thoracic aorta. After left thoracotomy, 
systemic venous and arterial cannulas are placed as described 
in the preceding. The perfusion circuit includes a reservoir, 
pump, oxygenator, heat exchanger, and bubble trap. The 
beating left ventricle supplies the upper body and heart, so 
lungs must be ventilated and upper body oxygen satura-
tion should be independently monitored. Blood flow to the 
separate upper and lower circulations must be balanced as 
described for partial left heart bypass.

FULL CARDIOPULMONARY BYPASS
Full CPB with peripheral cannulation is used when access 
to the chest is dangerous because of proximity of the heart, 
vital vessels (eg, mammary arterial graft), or pathologic con-
dition (eg, ascending aortic mycotic aneurysm) abutting the 
anterior chest wall.3 The patient is supine and a complete 
ECP circuit is prepared and primed. Venous cannulas may 
be inserted into the right atrium via the iliac or femoral 
vessels and/or the right jugular vein. The iliac, femoral, or 
axillary subclavian arteries may be used for arterial cannula-
tion. Initiation of CPB decompresses the heart, but pro-
found cooling is usually deferred to keep the heart beating 
and decompressed until the surgeon can insert a vent cath-
eter, unless the conduct and complexity of the operation 
dictate deep hypothermic circulatory arrest (DHCA) prior 
to dividing the sternum.

FEMORAL VEIN TO FEMORAL ARTERY BYPASS
Femoral vein to femoral artery bypass with full CPB is used 
to initiate bypass outside the operating room for emergency 
circulatory assistance,3 supportive angioplasty,186 intentional 
(aneurysm repair) or accidental hypothermia. Femoral ves-
sel cannulation is occasionally used during other operations 
to facilitate control of bleeding (eg, cranial aneurysm, tumor 
invading the IVC) or ensure oxygenation (eg, lung transplan-
tation, upper airway reconstruction).

CANNULATION FOR MINIMALLY INVASIVE 
(LIMITED ACCESS) SURGERY
Off-pump coronary artery bypass (OP-CAB) describes con-
struction of coronary arterial bypass grafts on the beating 
heart without CPB. Minimally invasive direct CAB (MID-
CAB) refers to coronary arterial bypass grafting with or 
without CPB through small, strategically placed incisions. 
Peripheral cannulation sites, described above, may be used, 
but often central cannulation of the aorta, atrium, or cen-
tral veins is accomplished using specially designed or smaller 
cannulas placed through the operative incision or through a 
separate small incisions in the chest wall.187 Venous return 
may be augmented by applying negative pressure (see discus-
sion of venous cannulation above); often soft tipped arterial 
catheters are used to minimize arterial wall trauma.20

The Port-Access System provides a means for full CPB, 
cardioplegia administration, and aortic cross-clamping with-
out exposing the heart and can be used for both valvular and 
coronary arterial operations.173 Through the right internal 
jugular vein separate transcutaneous catheters are inserted 
into the coronary sinus for retrograde cardioplegia and the 
pulmonary artery for left heart venting. A multilumen cathe-
ter is inserted through the femoral artery and using TEE and/
or fluoroscopy is positioned in the ascending aorta for arterial 
pump inflow, for balloon occlusion of the ascending aorta, 
and administration of antegrade cardioplegia into the aortic 
root. Venous return is captured by a femoral venous catheter 
advanced into the right atrium. The system allows placement 
of small skin incisions directly over the parts of the heart that 
require surgical attention.

Minimally invasive surgery using CPB is associated with 
potential complications that include perforation of vessels 
or cardiac chambers, aortic dissection, incomplete de-airing, 
systemic air embolism, and failure of the balloon aortic 
clamp. Because CO2 is heavier than air and more soluble in 
blood, the surgical field is sometimes flooded with CO2 at 
5- to 10-L/min flow to displace air when the heart is open. 
The intra-aortic balloon occluder can leak, prolapse through 
the aortic valve, or move distally to occlude arch vessels. For 
safety the position of the occluding balloon is closely moni-
tored by TEE, bilateral radial arterial pressures, and one of 
the following: transcranial Doppler ultrasound, cerebral near-
infrared spectroscopy, or EEG.188

Deep Hypothermic Circulatory Arrest
Deep hypothermic circulatory arrest is commonly used for 
operations involving the aortic arch, a heavily calcified or 
porcelain aorta, thoracoabdominal aneurysms, pulmonary 
thromboendarterectomy, selected uncommon cardiovascular 
and neurologic procedures,189 and certain complex congeni-
tal heart procedures. The technology involves reducing body 
temperature to less than 20°C, arresting the circulation for a 
short period, and then rewarming to 37°C. Deep hypother-
mia reduces cerebral oxygen consumption (Fig. 13-9), and 
attenuates release of toxic neurotransmitters and reactive 
oxidants during ischemia and reperfusion.190
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318 Part II Perioperative/Intraoperative Care

Because perfusion cooling produces differential tem-
peratures within both the body and brain,176 more than one 
temperature is customarily monitored. Bladder, pulmonary 
artery, esophageal, or rectal temperatures are used to estimate 
body temperature. Nasopharyngeal and tympanic membrane 
temperatures are imperfect surrogates for mean brain tem-
perature. Most surgical teams cool to either EEG silence, 
jugular venous saturation greater than 95%, or for at least 
30 minutes before stopping circulation at nasopharyngeal 
or tympanic membrane temperatures below 20°C. Caloric 
exchange is proportional to body mass, rate of perfusion, and 
temperature differences between patient and perfusate; how-
ever, rates of perfusion cooling and rewarming are restricted 
(see the section on heat exchangers). Perfusion cooling is 
usually supplemented by surface cooling using hypothermia 
blankets and/or packing the head in ice. Hyperthermia is 
avoided by keeping arterial inflow temperature below 37°C 
during rewarming, and by avoiding gradients greater than 
10°C between the inflow blood temperature and the lowest 
monitored body temperature.

Changes in temperature affect acid-base balance, which 
must be monitored and managed during deep hypothermia. 
The pH-stat protocol (CO2 is added to maintain tempera-
ture corrected blood pH at 7.4) may be preferred over the 
alpha-stat protocol, which allows cold blood to become alka-
lotic. Compared with alpha-stat, pH-stat increases the rate 
and uniformity of brain cooling,191,192 slows the rate of brain 
oxygen consumption by 30 to 40% at 17°C,192 and improves 
neurologic outcomes in animal models161,193 and in infants,194 
but not necessarily in adults.195 Hyperglycemia appears to 
increase brain injury and is avoided during deep hypother-
mia.196 The value of high-dose corticosteroids or barbiturates 
remains unproved.

The safe duration of circulatory arrest during deep 
hypothermia is unknown. In adults arrest times as short as 
25 minutes are associated with poor performance on neu-
ropsychologic tests of fine motor function and memory.197 

Ergin et al.198 found duration of arrest was a predictor of 
temporary neurologic dysfunction, which correlated with 
long-term neuropsychologic deficits.199 At 18°C, cerebral 
metabolism and oxygen consumption are 17 to 40% of 
normothermia200 and abnormal encephalographic patterns 
and cerebrovascular responses can be detected after 30 min-
utes of circulatory arrest.200 Most investigators,201 but not 
all202 report increased mortality and adverse neurologic out-
comes after 40 to 65 minutes of circulatory arrest in adults. 
Most surgeons try to keep the period of arrest at less than 
45 minutes and, if the operation allows, many perfuse for 
10 to 15 minutes between serial arrest periods of 10 to  
20 minutes. (For more details on DHCA, see Chapter 14.)

Antegrade and Retrograde 
Cerebral Perfusion
Antegrade cerebral perfusion is used in lieu of DHCA or as a 
supplement. Once the body has been appropriately cooled as 
for DHCA, the cerebral vessels can be cannulated separately 
and perfused together by a single pump203 or perfused col-
lectively after a graft with a side branch is sewn to the top of 
the aortic arch from which the innominate, left carotid, and 
left subclavian arteries originate. Separate perfusion of sepa-
rately cannulated vessels is rarely done. Perfusion is usually 
provided by a separate roller pump that receives blood from 
the arterial line. Line pressure is monitored and a microfil-
ter may or may not be used. The cerebral vessels are collec-
tively perfused with cold blood between 10 and 18°C and 
at approximate flows of 10 mL/kg/min; perfusion pressures 
are usually restricted to 30 to 70 mm Hg, though individual 
protocols vary widely.204 The adequacy of cerebral perfusion 
can be assessed by monitoring jugular venous saturation or 
near-infrared spectroscopy. Selective antegrade cerebral per-
fusion risks dislodging atheromatous emboli or causing air 
embolism, cerebral edema, or injury from excessive perfusion 
pressure.

Retrograde cerebral perfusion (RCP) was initially introduced 
in 1980 as emergency treatment for massive air embolism.205 
Later, Ueda et al. introduced continuous RCP for cerebral 
protection as an adjunct to DHCA during aortic surgery.206 
During RCP and DHCA the SVC is perfused at pressures 
usually between 25 and 40 mm Hg, temperatures between 
8 and 18°C, and flows between 250 and 400 mL/min from 
a sideport off the arterial line, which is clamped downstream 
from the sideport. Some surgeons advocate much higher 
pressures and flows to compensate for runoff and have not 
shown detrimental effects.207 A snare is usually placed around 
the superior caval catheter cephalad to the azygous vein to 
reduce runoff. The IVC may or may not be occluded.208

Retrograde cerebral perfusion has been widely and safely 
used,207,209 but its effectiveness in protecting the brain is not 
clear.210 The method can wash out some particulate emboli 
entering from arteries, which is a major cause of brain injury 
after aortic surgery.211 However, it is not clear how adequately 
and completely all regions of the brain are perfused.210 Lin 
et al.209 found cortical flows to be only 10% of control values. 
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FIGURE 13-9 Relation between cerebral oxygen consumption and 
nasopharyngeal temperature during CPB at 2 L/min/m2. (Data from 
Croughwell N, Smith LR, Quill T et al: The effect of temperature on 
cerebral metabolism and blood flow in adults during cardiopulmo-
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RCP slows but does not arrest the decrease in cerebral oxygen 
saturation203,207 and the decay in amplitude of somatosen-
sory evoked potentials.212 Other clinical and animal studies 
have suggested RCP provides some cerebral protection over 
DHCA alone.207,209 A few studies report that antegrade cere-
bral perfusion provides better protection than the retrograde 
technique.203

Complications and Risk Management
Life-threatening incidents can occur in 0.4 to 2.7% of opera-
tions with CPB and the incidence of serious injury or death 
is between 0.06% and 0.08% (Table 13-4).61,92 Massive air 
embolism, aortic dissection, dislodgement of cannulas, and 
clotting within the circuit during perfusion are the principal 
causes of serious injury or death. Malfunctions of the heat 
exchanger, oxygenator, pumps, and electrical supply are the 
most common threatening incidents related to equipment. 
Others include premature takedown or clotting within the 
perfusion circuit.

MASSIVE AIR EMBOLISM
The incidence of massive air embolism is between 0.003% 
and 0.007% with 50% of outcomes adverse.61,92 Air can enter 
any component of the perfusion circuit at any time during an 

operation if the integrity of the circuit is broken.213 Stopcocks, 
connections, vent catheters, empty reservoirs, pursestring 
sutures, cardioplegia infusion catheters, and unremoved air in 
opened cardiac chambers are the most common sources of air 
emboli. Uncommon sources include oxygenator membrane 
leaks, residual air in the circuit after priming, reversal of flow 
in venous, vent or arterial lines, and unexpected inspiration 
by the patient during cannula removal.

Massive air embolism during perfusion is a catastrophe, 
and management guidelines are evolving.14,205,213 Perfusion 
should stop immediately and clamps should be placed on 
both venous and arterial lines. Air in the circuit should be 
rapidly removed by recirculation and entrapment of all air 
in a reservoir or bubble trap. The patient should be imme-
diately placed in steep Trendelenburg position and blood 
and air at the site of entry should be aspirated until no air is 
retrieved. TEE should be rapidly employed to search for air, 
but perfusion must resume promptly depending upon body 
temperature to prevent ischemic brain damage. Cooling to 
deep hypothermia should be considered to protect the brain 
and other organs while air is located and removed. As soon as 
possible, retrograde perfusion of the brain should be under-
taken while the aortic arch is simultaneously aspirated with 
the patient in steep Trendelenburg position. Corticosteroids 
and/or barbiturates may be considered. Depending upon 
circumstances and availability, hyperbaric oxygen therapy 
may be helpful if patients can be treated within 5 hours of 
operation.214

RISK MANAGEMENT
Minimizing risks of ECP requires strict attention to per-
sonnel training, preparation and training for emergencies, 
equipment function, and record keeping.14 All members of 
the operative team must be trained, certified, and recertified 
in their respective roles and participate in continuing educa-
tion programs. A policy manual for the perfusion team and 
written protocols should be developed and continuously 
updated for various types of operations and emergencies. 
Emergency kits are prepared for out-of-operating-room 
(OR) crises. Adequate supplies are stocked in designated 
locations with sufficient inventory to support any operation 
or emergency for a specified period. An inventory of sup-
plies is taken and recorded at regular intervals. Checklists are 
prepared and used for setting up the perfusion system and 
connecting to the patient. Equipment is inspected at regular 
intervals; worn, loose, or outdated parts are replaced; and 
preventive maintenance is provided and documented. New 
equipment is thoroughly checked before use and instruc-
tions are thoroughly digested by all user personnel. Safety 
alarms are optional; none replace the vigilance and attention 
of all OR personnel during an operation. Complete, signed 
written records are required for every perfusion; adverse 
events are recorded in a separate log and reviewed by the 
entire OR team. A continuous quality assurance program 
is desirable.215

During the procedure communication must be open 
among the surgeon, anesthetist, and perfusionist to 

TABLE 13-4: Adverse Incidents Involving 
Cardiopulmonary Bypass

Incidence  
(events/1000)

Death or  
serious injury (%)*

Protamine reaction 1.3 10.5
Thrombosis during  

cardiopulmonary bypass
0.3-0.4 2.6-5.2

Aortic dissection 0.4-0.8 14.3-33.1
Dislodgment of cannula 0.2-1.6 4.2-7.1
Rupture of arterial 

connection
0.2-0.6 0-3.1

Gas embolism 0.2-1.3 0.2-8.7
Massive systemic gas 

embolism
0.03-0.07 50-52

Electrical power failure 0.2-1.8 0-0.6
Pump failure 0.4-0.9 0-3.5
Heater-cooler problems 0.5-3 0
Replace oxygenator during  

cardiopulmonary bypass
0.2-1.3 0-0.7

Other oxygenator problems 0.2-0.9 0
Urgent re setup after 

takedown
2.9 13

Early unplanned cessation 
of cardiopulmonary 
bypass

0.2 0-0.7

*Percentage of incidents that resulted in death or serious injury. Data derived 
from references 94 and 151.
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320 Part II Perioperative/Intraoperative Care

coordinate activites. Statements are verbally acknowl-
edged. Distractive conversations are discouraged. The 
entire OR team is committed to a zero-error policy, 
which can only be achieved by discipline and attention 
to details.216

THROMBOSIS AND BLEEDING
Response of Humoral and Cellular 
Elements of Blood to Extracorporeal 
Circulation
Within the body the endothelial cell, the only surface in 
contact with circulating blood, simultaneously maintains 
the fluidity of blood and the integrity of the vascular sys-
tem. This remarkable cell maintains a dynamic equilibrium 
by producing anticoagulants to maintain blood in a fluid 
state and generating procoagulant substances to enhance gel 
formation when perturbed. Blood proteins circulate as inert 
zymogens, which convert to active enzymes when stimu-
lated. Likewise, blood cells remain quiescent until activated 
to express surface receptors and release proteins and enzymes 
involved in coagulation and inflammation. The continu-
ous exposure of heparinized blood to the perfusion circuit 
and to cell tissues and fluid constituents of the wound dur-
ing clinical cardiac surgery produces an intense thrombotic 
stimulus that involves both the tissue factor (TF) pathway 
(extrinsic coagulation pathway) in the wound and the con-
tact and intrinsic coagulation pathways in the perfusion 
circuit. Thrombin is continuously generated and circulated 
despite massive doses of heparin in all applications of ECP.217 
This powerful enzyme along with TF from the wound and 
many other cytokines also activate an inflammatory reaction, 
which can damage tissues and ultimately produce cell death 
by necrosis or apoptosis.

Initial Reactions in the Perfusion Circuit
When heparinized blood contacts any biomaterial, plasma 
proteins are instantly adsorbed (<1 second) onto the surface 
to form a monolayer of selected proteins.218 Different bio-
materials have different intrinsic surface activities for each 
plasma protein. The physical and chemical compositions of 
the biomaterial surface determine the intrinsic surface activ-
ity of the biomaterial. Thus intrinsic surface activity differs 
among biomaterial surfaces, plasma proteins, and different 
bulk concentrations of plasma proteins. The composition of 
the protein monolayer is specific for the biomaterial and vari-
ous concentrations of proteins in the plasma, but the topog-
raphy of the adsorbed protein layer may not be uniform 
across the surface of the biomaterial.219 Thus it is not possible 
to predict the “thrombogenicity” of any biomaterial except 
by trial and error.

On most biomaterial surfaces fibrinogen is selectively 
adsorbed, but the adsorbed concentration of fibrinogen and 

other proteins may change over time.220 The complexity of 
blood-biomaterial interactions is further compounded by the 
fact that adsorbed proteins often undergo limited confor-
mational changes221 that may expose “receptor” amino acid 
sequences that are recognized by specific blood cells or bulk 
plasma proteins.

Thus, heparinized blood does not directly contact bio-
material surfaces in ECP circuits, but contacts monolayers 
of densely packed, immobile plasma proteins arranged in 
undefined mosaics that differ between locations and possi-
bly across time. All biomaterial surfaces, including heparin-
coated surfaces, are procoagulant222; only the endothelial cell 
is truly nonthrombogenic (Fig. 13-10).

Anticoagulation
ECP and CPB are not possible without anticoagulation; the 
large procoagulant surface quickly overwhelms natural circu-
lating anticoagulants—antithrombin, proteins C and S, TF 
pathway inhibitor, and plasmin—to produce thrombin and 
thrombosis within the circuit. Thrombin is produced in ECP 
systems with small surface areas and high-velocity flow,223 but 
thrombosis may not be apparent if other procoagulants (eg, 
addition of blood from wounds) are absent. Generation of 
thrombin varies widely between applications of extracorpo-
real technology, but this powerful and potentially dangerous 
enzyme is produced whenever blood contacts a nonendothe-
lial cell surface (Fig. 13-11).

During CPB and OHS high concentrations of hepa-
rin (3-4 mg/kg, initial dose) are needed to maintain 
the fluidity of blood. Heparin has both advantages and 

FIGURE 13-10 Electron micrograph of a rabbit endothelial cell 
(E), the only known nonthrombogenic surface. Note the overlapping 
junctions with neighboring endothelial cells. Endothelial cells rest on 
the internal elastic lamina (I), which abut medial smooth muscle cells. 
The vessel lumen is at the top. (Reproduced with permission from 
Colman RW, Hirsh J, Marder VJ, et al: Hemostasis and Thrombosis: 
Basic Principles and Clinical Practice, 2nd ed. Philadelphia: Lippincott 
Williams & Wilkins; 1987.)
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 Chapter 13 Extracorporeal Circulation 321

disadvantages; the most notable advantages are paren-
teral use, immediate onset of action, and rapid reversal 
by protamine or recombinant platelet factor 4.224 Heparin 
does not directly inhibit coagulation, but acts by acceler-
ating the actions of the natural protease, antithrombin.225 
Heparin-catalyzed antithrombin, however, does not 
inhibit thrombin bound to fibrin226 or factor Xa bound 
to platelets within clots227; thus, heparin only partially 
inhibits thrombin in vivo. Antithrombin primarily binds 
thrombin; its action on factors Xa and IXa is much slower. 
Heparin inhibits coagulation at the end of the cascade 
after nearly all other coagulation proteins have been con-
verted to active enzymes. In addition, heparin to varying 
degrees activates several blood constituents: platelets,228 
factor XII,229 complement, neutrophils, and monocytes.230 
Thrombin concentrations cannot be measured in real time 
and only insensitive, indirect methods are available to reg-
ulate heparin anticoagulation in the operating room.231

Heparin is also associated with some clinical idiosyncra-
sies. In some patients recent, prolonged parenteral heparin 
may reduce antithrombin concentrations and produce hep-
arin resistance.232 Insufficient antithrombin may also occur 
because of insufficient synthesis or increased consumption 
in cachectic patients and patients with advanced liver or 
renal disease. The deficiency in antithrombin prevents hep-
arin from prolonging ACTs to therapeutic levels. In these 
patients fresh-frozen plasma or recombinant antithrombin 
is needed to increase plasma antithrombin concentrations 
to inhibit thrombin. Heparin rebound is a delayed antico-
agulant effect after protamine neutralization because of the 
rapid metabolism of protamine and delayed seepage of hep-
arin into the circulation from lymphatic tissues and other 
deposits. Heparin is also associated with an allergic response 

in some patients that produces heparin-induced throm-
bocytopenia (HIT) with or without thrombosis (HITT). 
Lastly, heparin only partially suppresses thrombin forma-
tion during CPB and all applications of extracorporeal per-
fusion and mechanical circulatory and respiratory assistance 
despite doses two to three times those used for other indica-
tions (see Fig. 13-11).217

Potential safe alternatives for heparin during ECP include 
low-molecular-weight heparin, recombinant hirudin (lepi-
rudin), and the organic chemical, argatroban (Texas Bio-
technology Corp.). All have important drawbacks and are 
approved for use in HIT and in patients with circulating 
IgG anti-heparin–PF4 complex antibodies (see the follow-
ing). Low-molecular-weight heparins have long half-lives 
in plasma (4-8 hours), require antithrombin as a cofac-
tor, primarily inhibit factor Xa, and are not reversible by 
protamine.233 Recombinant hirudin (lepirudin) is a direct 
inhibitor of thrombin, is effective rapidly, does not have an 
effective antidote, is monitored by the partial thromboplas-
tin time, is cleared by the kidney, and has a relatively short 
half-life in plasma (40 minutes).234 This drug has been suc-
cessfully used during CPB and OHS, but in many instances 
bleeding after bypass has been troublesome and substantial. 
A newer drug is a semisynthetic bivalent thrombin inhibi-
tor composed of 12 amino acids from hirudin.235 This drug, 
bivalirudin (angiomax), has a shorter half-life than hiru-
din and therefore may be safer. Argatroban is also a direct 
thrombin inhibitor with rapid onset of action and short 
plasma half-life (40-50 minutes).236 Argatroban is metabo-
lized in the liver and is without an antidote, but can be 
monitored with partial thromboplastin times or ACTs. At 
present there growing experience with the use of argatroban 
and bivalirudin as alternative anticoagulant when heparin 
cannot be used.237

Heparin-Associated Thrombocytopenia, 
Heparin-Induced Thrombocytopenia, 
and Heparin-Induced Thrombocytopenia 
and Thrombosis
Heparin-associated thrombocytopenia (HAT) is a benign, 
nonimmune, 5 to 15% decrease in platelet count that occurs 
within a few hours to 3 days after heparin exposure. HIT and 
heparin-induced thrombocytopenia and thrombosis (HITT) 
are different manifestations of the same immune disease. 
Heparin binds to platelets in the absence of an antibody and 
releases small amounts of platelet factor 4 (as occurs in HAT). 
PF4 avidly binds heparin to form a heparin-PF4 (H-PF4) 
complex, which is antigenic in some people. In these individu-
als IgG antibodies to the H-PF4 complex are produced within 5 
to 15 days after exposure to heparin and continue to circulate 
for approximately 3 to 6 months.238 IgG-anti-H-PF4 antibodies 
plus H-PF4 complexes form HIT complexes, which unite IgG 
Fc terminals to platelet Fc receptors (Fig. 13-12). This bind-
ing strongly stimulates platelets to release more PF4.239 A self-
perpetuating, accelerating cascade of platelet activation, release, 
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FIGURE 13-11 Plasma thrombin-antithrombin (TAT) measure-
ments of thrombin generation during CPB and clinical cardiac 
surgery of varying duration. (Data from Brister SJ, Ofosu FA, Buchanan 
MR: Thrombin generation during cardiac surgery: is heparin the ideal 
anticoagulant? Thromb Haemost. 1993 Aug 2;70(2):259-262.)

Cohn_ch13_p0299-0346.indd   321 12/04/17   2:06 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



322 Part II Perioperative/Intraoperative Care

and aggregation ensues. Since platelet granules contain several 
procoagulatory proteins (eg, thrombin, fibronectin, factor V, 
fibrinogen, von Willebrand factor), release also activates coagu-
lation proteins to generate thrombin.

The intensity of the immune reaction varies between 
patients, but also varies by the indications for heparin use. 
Patients who do not have conditions that activate platelets 
have a low incidence of HIT after administration of heparin, 
because few PF4 molecules are available to form H-PF4 com-
plexes. Large doses of heparin are given and huge numbers of 
platelets are activated during CPB. Thus after CPB, 50% of 
patients have IgG anti-H-PF4 antibodies; 2% have immune 
heparin-induced thrombocytopenia; and approximately 1% 
develop HITT.240 Because IgG antibodies are transient, a sec-
ond heparin exposure 6 months after HIT is not likely to 
produce HIT or HITT,239 but will stimulate production of 
new IgG antibodies to the H-PF4 complex. The danger is a 
second heparin exposure when IgG anti-H-PF4 antibodies 
are still circulating.

IgG anti-H-PF4 antibodies are detected in two ways. 
The serotonin release test detects the release of radioactive 

serotonin from normal platelets washed by the patient’s 
serum.241 An enzyme immunoassay measures IgG anti-H-
PF4 antibodies directly. Both assays are equally sensitive in 
patients with clinical HIT, but the enzyme immunoassay is 
more sensitive in detecting IgG anti-H-PF4 antibodies in 
patients without other evidence of the disease.242

The clinical presentation of HIT may be insidious. If 
the platelet count was originally normal, the earliest sign 
is an abrupt decrease of at least 50% in platelet count (to 
<150,000/μL) in a patient who has had exposure to hepa-
rin within the past 5 to 15 days. This event is a preoperative 
stop sign for elective cardiac operations. After CPB, platelet 
counts less than 80,000/μL should trigger an order to stop 
all heparin, including heparin flushes, and obtain daily plate-
let counts. The patient should be thoroughly examined for 
deep vein thrombosis, extremity ischemia, stroke, myocar-
dial infarction, or any evidence of intravascular thrombosis 
using ultrasound and appropriate radiographic technology. 
Any evidence of vascular thrombosis should prompt a plasma 
sample for IgG anti-H-PF4 antibodies. A positive anti-
body test confirms the diagnosis of HIT in patients with 

PF4
PF4

(H-PF4)

H-PF4
H-PF4

H-PF4

IgG-Ab

FIGURE 13-12 The generation of HIT complexes. Read each horizontal group of three left to right beginning at top left. See text for full 
explanation.
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 Chapter 13 Extracorporeal Circulation 323

thrombocytopenia and HITT in those with either venous or 
arterial thrombosis or both. It is important to stress that HIT 
or HITT is a clinical diagnosis, and a positive antibody test is 
not required before stopping heparin.

Once the diagnosis of HIT or HITT is suspected, 
management must focus on prevention of further intra-
vascular thrombosis. Bleeding is rarely the problem; intravas-
cular thrombosis is. Neither heparin nor platelet transfusions 
should be given; platelet transfusions only add more PF4 if 
heparin and IgG anti-H-PF4 antibodies are still circulating. 
If heparin is proven absent from the circulation, platelet 
transfusions may be used very cautiously if the patient has 
significant nonsurgical bleeding. Surgical measures to reopen 
thrombosed large arteries are usually futile because the plate-
let-rich thrombus (white clot) often extends into small arter-
ies and arterioles.

Modern management also includes full anticoagulation 
with recombinant hirudin (lepirudin), argatroban, or pos-
sibly bivalirudin to prevent further extension of thrombo-
sis or development of clinical intravascular thrombosis. 
This may occur in 40 to 50% of patients with HIT who 
are treated only with heparin cessation.243 At present there is 
little experience with argatroban in cardiac surgical patients 
with HITT, but the drug is a direct thrombin inhibitor, has 
attractive pharmokinetics, and is approved for patients with 
HITT.244 Full anticoagulation with hirudin or bivalirudin in 
fresh postoperative cardiac surgical patients is recommended, 
but the safety zone between bleeding and thrombosis is nar-
row. The patient must be carefully monitored for pericardial 
tamponade and signs of hidden bleeding. Hirudin is moni-
tored by a PTT and the range used is similar to that with 
intravenous heparin. Dose must be reduced in patients with 
renal failure because the kidney clears the drug. Argatroban 
is sometimes a better choice, but it should be remembered 
that it is difficult to manage in the presence of liver disease 
because it is metabolized in that organ. In most patients oral 
anticoagulation with warfarin is started at the same time as 
intravenous hirudin.

Emergency or urgent OHS with CPB using hirudinis 
possible in patients with circulating IgG anti-HPF4 anti-
bodies. The therapeutic level of drug should be between 3.5 
and 4.5 μg/mL during CPB.245 Greinacher recommends 
bolus doses of 0.25 mg/kg IV and 0.2 mg/kg in the prim-
ing volume followed by an infusion of 0.5 mg/min until 
15 minutes before stopping CPB. At that time 5 mg of 
hirudin is added to the perfusate to prevent clotting within 
the heart-lung machine. Bivalirudin has been compared 
to heparin and found to be comparible related to post op 
bleeding.246

Coagulation and Extracorporeal 
Perfusion: Thrombin Generation
Generation of thrombin during CPB and other applications 
of extracorporeal circulatory technology is the cause of the 
thrombotic and bleeding complications associated with ECP. 
Theoretically, if thrombin formation could be completely 

inhibited during ECP, the consumptive coagulopathy, which 
consumes coagulation proteins and platelets and causes 
bleeding complications, would not occur.

Thrombin generation and the fibrinolytic response pri-
marily involve the extrinsic and intrinsic coagulation path-
ways, the contact and fibrinolytic plasma protein systems, 
and platelets, monocytes, and endothelial cells.

CONTACT SYSTEM
The contact system includes four primary plasma proteins—
factor XII, prekallikrein, high-molecular-weight kininogen 
(HMWK), and C-1 inhibitor and is activated during CPB and 
clinical cardiac surgery.247 This system is involved in comple-
ment and neutrophil activation and the inflammatory response 
to ECP, but is not involved in thrombin formation in vivo.

INTRINSIC COAGULATION PATHWAY
The intrinsic coagulation pathway probably does not generate 
thrombin in vivo, but does initiate thrombin formation when 
blood contacts nonendothelial cell surfaces such as perfusion 
circuits.248

EXTRINSIC (TISSUE FACTOR) COAGULATION 
PATHWAY
The extrinsic coagulation pathway is the major coagulation 
pathway in vivo and is a major source of thrombin genera-
tion during CPB and clinical cardiac surgery.249,250 Exposure 
of blood to TF by direct contact in the wound or by wound 
blood aspirated into the ECP circuit initiates the extrinsic 
coagulation pathway.251 TF is a cell-bound glycoprotein that 
is constitutively expressed on the cellular surfaces of fat, 
muscle, bone, epicardium, adventia, injured endothelial cells, 
and many other cells except pericardium.252 Plasma TF asso-
ciated with wound monocytes is a second source of TF and 
may be an important source during CPB and clinical cardiac 
surgery.253

COMMON COAGULATION PATHWAY
Factor Xa is the gateway protein of the common coagu-
lation pathway. Factor Xa slowly cleaves prothrombin to 
α-thrombin, the active enzyme, and a fragment, F1.2, and 
is the major pathway producing thrombin.251 F1.2 is a useful 
marker of the reaction.

THROMBIN
Thrombin is a powerful enzyme that accelerates its own for-
mation by several feedback loops.254 Thrombin is the major 
activator of factor XI and the exclusive activator of factor VIII 
in the intrinsic pathway. Thrombin is a secondary activator 
of factor VII, but once formed may be the most important 
activator in the wound.

Thrombin has both procoagulant and anticoagulant prop-
erties.254 Thrombin is the enzyme that cleaves fibrinogen to 
fibrin and in the process creates two fragments, fibrinopep-
tides A and B. Thrombin activates platelets via the platelet 
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324 Part II Perioperative/Intraoperative Care

thrombin receptor and thus may be the major agonist for 
platelets both in the wound and in the perfusion circuit. 
Thrombin also activates factor XIII to cross-link fibrin to an 
insoluble form and attenuate fibrinolysis.

Thrombin also stimulates the production of anticoagu-
lants. Surface glycosaminoglycans, such as heparan sulfate, 
inhibit thrombin and coagulation via antithrombin. Throm-
bin stimulates endothelial cells to produce tissue plasminogen 
activator, t-PA, which is the major enzyme that cleaves plas-
minogen to plasmin, and initiates fibrinolysis.

THROMBIN GENERATION DURING 
EXTRACORPOREAL PERFUSION
All applications of ECP and exposure of blood to nonendo-
thelial cell surfaces generate thrombin.217 F1.2 is a protein 
fragment that is formed when prothrombin is cleaved to 

thrombin; thus F1.2 is a measure of thrombin generation but 
not of thrombin activity. F1.2 and thrombin-antithrombin 
(TAT) complex increase progressively during clinical cardiac 
surgery with CPB, during applications of circulatory assist 
devices255 and during extracorporeal life support (ECLS) 
(Fig. 13-13). The amount of thrombin produced seems to 
vary with the intensity of the stimuli for thrombin produc-
tion and may vary with age, comorbid disease, and clinical 
health of the patient. Complex cardiac surgery that requires 
several hours of CPB produces more F1.2 than short pro-
cedures with minimal exposure of circulating blood to the 
wound.256 Thrombin generation varies with the amount 
and type of anticoagulant used; surface area of the blood-
biomaterial interface; duration of exposure to the surface; 
turbulence, stagnation, and cavitation within perfusion cir-
cuits; and to a lesser degree temperature and the “thrombore-
sistant” characteristics of biomaterial surfaces.257

Generation of thrombin

Contact with the wound

Extrinsic pathway

Step I:

Step II:

Step III:

Step IV:

Step V:

Step VI:

Formation of FVII a
1. Cellular TF + FVII + PL + Ca++

2. Plasma TF + Mono + FVII + Ca

Formation of FIXa

Formation of tenase

Formation of FXa

Formation of prothrombinase

Formation of thrombin

Prothrombinase

1. (FVIIa – TF + FIX + PL) + FX      FXa
2. FXa + FIX + Ca   + PL     FIXa 

1. (FVIIIa – TF + Ca     + PL)
(Extrinsic tenase)

1. Extrinsic tenase + FX      FXa

1. FXa + FVa – PL + Ca

Prothrombin                          Thrombin + F1.2

Contact with synthetic surfaces

FXII + PK + HMWK      FXIIa
FXII   + HMWK + FXI      FXIaa

Intrinsic pathway

Formation of FXIa
1. Thrombin + FXI

1. FXIa + FIX + Ca     + PL     FIXa

1. FVIIIa + FIXa + FX + Ca     + PL
(Intrinsic tenase)

1. Intrinsic tenase + FX      FXa

++

++

++

++

++

+

FIGURE 13-13 Steps in the generation of thrombin in the wound and in the perfusion circuit via the extrinsic, intrinsic, and common coagu-
lation pathways. PK, prekallikrein; HMWK, high-molecular-weight kininogen; Ca2+, calcium ion; PL, cellular phospholipid surface; TF, tissue 
factor; Mono, monocyte. Activated coagulation proteins are indicated by the suffix -a.
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 Chapter 13 Extracorporeal Circulation 325

For many years blood contact with the biomaterials of the 
perfusion circuit was thought to be the major stimulus to 
thrombin formation during CPB and OHS. Increasing evi-
dence indicates that the wound is the major source of throm-
bin generation during CPB and clinical cardiac surgery. This 
understanding has encouraged development of strategies to 
reduce the amounts of circulating thrombin during clinical 
cardiac surgery by either discarding wound blood258 or exclu-
sively salvaging red cells by centrifugation and washing in a 
cell saver. The reduced thrombin formation in the perfusion 
circuit has also supported strategies for reducing the systemic 
heparin dose during first-time coronary revascularization 
procedures using heparin-bonded circuits.259 Although there 
is no good evidence that heparin-bonded circuits reduce 
thrombin generation, there is strong evidence that discarding 
wound plasma or limiting exposure of circulating blood to 
the wound (eg, less bleeding in the wound) does reduce the 
circulating thrombin burden.260

Cellular Procoagulants and 
Anticoagulants
PLATELETS
Platelets are activated by thrombin, contact with the sur-
face of nonendothelial cells, heparin, and platelet-activating 
factor produced by a variety of cells during all applica-
tions of extracorporeal perfusion and/or recirculation of 
anticoagulated blood that has been exposed to a wound. 
Circulating thrombin and platelet contact with surface-
adsorbed fibrinogen in the perfusion circuit are probably 
the earliest and strongest agonists. Circulating thrombin, 
although rapidly inhibited by antithrombin, is a powerful 
agonist and binds avidly to two specific thrombin recep-
tors on platelets: PAR-1 and GPIb α.261 As CPB contin-
ues, complement, plasmin, hypothermia, epinephrine, and 
other agonists also activate platelets and contribute to their 
loss and dysfunction.

The initial platelet reaction to agonists is shape change. 
Circulating discoid platelets extend pseudopods, central-
ize granules, express GPIb and GPIIb/IIIa receptors,262 and 
secrete soluble and bound P selectin receptors from alpha 
granules.263 GPIIb/IIIa (αIIb β3) receptors almost instanta-
neously bind platelets to exposed binding sites on the α- and 
γ-chains on surface-adsorbed fibrinogen (Fig. 13-14),264 but 
the rough surfaces accumulate more platelets than smooth 
surfaces. Platelet adhesion and aggregate formation reduce 
the circulating platelet count, which is already reduced by 
dilution with pump priming solutions.

Plasma fibrinogen forms bridges between platelets 
expressing GPIIb/IIIa receptors to produce circulating 
platelet aggregates. Platelet bound P-selectin binds platelets 
to monocytes and neutrophils to form aggregates.265 Dur-
ing ECP the circulating platelet pool is reduced by dilution, 
adhesion, aggregation, destruction, and consumption. The 
platelet mass consists of a reduced number of morphologi-
cally normal platelets, platelets with pseudopod formation, 
new and larger platelets released from megakaryocytes, par-
tially and completely degranulated platelets. Most of the 
circulating platelets appear structurally normal, but bleed-
ing times increase and remain prolonged for several hours 
after protamine.266 The functional state of the circulating 
intact platelet during and early after CPB is reduced, but 
it is not clear whether this functional defect is intrinsic or 
extrinsic to the platelet. Flow cytometry studies of circulat-
ing intact platelets show little change in platelet membrane 
receptors.267

MONOCYTES
In the wound with calcium present, monocytes associate with 
plasma TF to rapidly accelerate the conversion of factor VII 
to factor VIIa.268 This association is specific for monocytes as 
the reaction is essentially nil for platelets, neutrophils, and 
lymphocytes—and does not occur if monocytes, plasma TF, 
or factor VII is not present. The major sources of TF in the 

Discoid platelets

Shape change

Exposure of receptor
(GpIIb/IIIa)

Platelets adhere

Surface adsorbed
fibrinogen

FIGURE 13-14 Adhesion of activated platelets binding to surface-adsorbed fibrinogen via GPIIb/IIIa (αIIb β3) receptors. The same receptors 
bind plasma fibrinogen molecules to form platelet aggregates.
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326 Part II Perioperative/Intraoperative Care

wound are the combination of monocytes, plasma TF, and 
cell-bound TF.

Endothelial Cells
Endothelial cells, charged with maintaining the fluidity of 
circulating blood and the integrity of the vascular system, are 
activated during CPB and clinical cardiac surgery by throm-
bin, C5a, IL-1, and TNF-α.269 Endothelial cells produce both 
procoagulants and anticoagulants. Procoagulant activities of 
endothelial cells include expression of TF and production of 
a host of procoagulant proteins.270 Anticoagulant activities 
of endothelial cells include the production of tissue plasmin-
ogen activator (t-PA), heparin sulfate, TF inhibitor protein, 
prostacyclin, nitric oxide, and adenosine.271

Fibrinolysis
Circulating thrombin activates endothelial cells to produce 
tissue plasminogen activator (t-PA), which binds avidly to 
fibrin.272 Endothelial cells are the principal source of t-PA.273 
The combination of t-PA, fibrin, and plasminogen cleaves 
plasminogen to plasmin; plasmin cleaves fibrin. This reaction 
produces the protein fragment, D-dimer, which is a useful 
marker of fibrinolysis, and a marker of thrombin activity 
because fibrin is cleaved from fibrinogen by thrombin.274

Fibrinolysis is controlled by native protease inhibitors, 
α2-antiplasmin, α2-macroglobulin, and plasminogen acti-
vator inhibitor-1.274 Alpha 2-antiplasmin rapidly inhibits 
unbound plasmin, preventing the enzyme from circulating, 
but poorly inhibits plasmin bound to fibrin.

Consumptive Coagulopathy
Simultaneous and ongoing thrombin formation and fibri-
nolysis are by definition a consumptive coagulopathy275 and 
is present in all applications of ECP. In the normal state the 
fluidity of blood and the integrity of the vascular system are 
established and maintained by an equilibrium between pro-
coagulants favoring clot and anticoagulants favoring liquid-
ity (Fig. 13-15A). Blood contact with ECP systems and the 
wound disrupts this equilibrium to produce a massive pro-
coagulant stimulus that overwhelms natural anticoagulants; 
therefore, an exogenous anticoagulant, heparin, is required for 
nearly all applications of ECP (Fig. 13-15B). Exceptions are 
only possible in applications that produce a relatively weak pro-
coagulant stimulus and a minimal thrombin burden that can 
be contained by natural anticoagulants. Surgeons must realize 
that any blood exposure to nonendothelial cell surfaces, includ-
ing prosthetic heart valves, produces a procoagulant stimulus 
whether or not a clot is produced. Except for the healthy endo-
thelial cell, no nonthrombogenic surface exists.

This concept of an equilibrium between procoagulants 
and anticoagulants is helpful in managing the thrombotic 
and bleeding complications associated with all applications 
of ECP. During ECP procoagulant stimuli, manifested by 
thrombin formation that is not measurable in real time, must 

be balanced by either increased anticoagulation or a reduction 
in the thrombin burden to maintain equilibrium. After ECP, 
anticoagulants must be inhibited to avoid excessive bleed-
ing. During consumptive coagulopathy, coagulation proteins 
and platelets are consumed and may become too deficient to 
generate thrombin and fibrin-platelet clots. In cardiac sur-
gical patients many additional variables affect the coagula-
tion equilibrium and impact the availability of coagulation 
proteins and functional platelets. These variables include the 
quantity of blood in contact with the wound; surface area 
of the perfusion system; duration of perfusion; circulating 
anticoagulants; and to lesser degrees temperature and the 
rheology and biomaterials of the perfusion system. Patient 
factors also affect the coagulation equilibrium; these include 
age, infection, history or presence of cardiogenic shock, mas-
sive blood losses and transfusions, platelet coagulation defi-
ciencies, fibrinolysis, liver disease, cachexia, reoperation, and 
hypothermia.

Management of Bleeding
The cornerstone of bleeding management is meticulous surgi-
cal hemostasis during all phases of an operation. The surgi-
cal techniques, topical agents, and customary drugs used do 
not need reiteration for trained surgeons. Most cardiac surgi-
cal operations involving CPB are accompanied by net blood 
losses between 200 and 600 mL. Reoperations; complex 
procedures; prolonged (>3 hours) CPB; and patient factors 
listed above may be associated with excessive and ongoing 
blood losses. Most surgeons use an antifibrinolytic, such as 

The normal equilibrium of blood
“A tug of war”

A

B

Generation of thrombin
Platelet activation
Endothelial cell procoagulants

Gel Fluid

Natural aticoagulants
Endothelial cell anticoagulants
Fibrinolysis

Thrombosis Bleeding

Wound and circuit
Generator of thrombin
Platelet activation
Soluble tissue factor

Heparin
Fibrinolysis
Platelet dysfunction

A new equilibrium
CPB and OHS

FIGURE 13-15 (A) The balance between procoagulant and antico-
agulant forces that produces an equilibrium allows blood to circulate. 
(B) During CPB and OHS (open heart surgery) the normal equilib-
rium is disturbed by changes in both procoagulants and anticoagu-
lants. Imbalance of procoagulants risks thrombosis; an imbalance of 
anticoagulants risks bleeding.
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tranexamic acid or epsilon amino caproic acid, to reduce 
fibrinolysis in prolonged or complex operations. Problem 
patients who bleed excessively after heparin neutralization 
require an attempt to rebalance procoagulants and anticoagu-
lants to near normal, pre-CPB concentrations.

The most useful tests in the operating room are an ACT 
or a protamine titration test to assess the presence of heparin; 
prothrombin time to uncover deficiency in the extrinsic coag-
ulation pathway; and platelet count. If heparin is neutralized, 
the partial thromboplastin time may be measured to assess 
possible deficiency of coagulation proteins. Other tests such 
as measurements of fibrinogen, template bleeding time, and 
the thromboelastograph are controversial and/or difficult to 
obtain. Platelet counts below 80,000 to 100,000/μL should 
initiate platelet transfusions in bleeding patients, except those 
with IgG anti-H-PF4 antibodies, to add functioning platelets 
to the mass of partially dysfunctional platelets.

Measurements of F1.2 and D-dimer are two tests that can 
be very helpful and probably should be made available on an 
emergency basis in hospitals that perform complex proce-
dures and offer mechanical circulatory and respiratory assis-
tance. F1.2 measures thrombin formation by factor Xa, and 
if absent or low, there may be a deficiency in the concentra-
tions of coagulation proteins; fresh-frozen plasma is needed. If 
F1.2 and D-dimer (a measurement of fibrinolytic activity) are 
both elevated, thrombin is being formed and an antifibrinol-
ytic (tranexamic acid or epsilon amino caproic acid) is needed 
to neutralize plasmin. If both markers or F1.2 remain elevated 

after the antifibrinolytic drug, this indicates continuing throm-
bin generation, and the cause (eg, infection usually) should be 
aggressively treated with antibiotics. Some thrombin is needed 
to stop bleeding, but excessive thrombin production feeds the 
consumptive coagulopathy. As with diffuse intravascular coag-
ulopathy,275 no guaranteed therapeutic recipe is known; success 
requires patience, persistence, and judicious use of platelets, 
antifibrinolytics, specific clotting factors, and replacement 
transfusions to rebalance the coagulation equilibrium at near 
normal concentrations of the constituents.

THE INFLAMMATORY RESPONSE
Primary Blood Constituents
COMPLEMENT
The complement system constitutes a group of more than 
30 plasma proteins that interact to produce powerful vasoac-
tive anaphylatoxins, C3a, C4a, and C5a, and the terminal 
complement cytotoxic complex, C5b-9.276 Complement is 
activated by three pathways, but only the classical and alter-
native pathways are involved in CPB. Direct contact between 
heparinized blood and the synthetic surfaces of the ECP 
circuit activates the contact plasma proteins and the classical 
complement pathway. Activation of C1, possibly by activated 
factor XIIa, sequentially activates C2 and C4 to form C4b2a 
(classical C3 convertase) that cleaves C3 to form C3a and 
C3b (Fig. 13-16).

Step I

Step II

Step III

Step IV

Step V

Step VI

Step VI

Step VII

Step VIII

Classical pathway

Activated C  cleaves C  and then C1 4 2

C   and C    combine to
form C       convertase
4b 2a

4b2a

4b2a

4b2a

3 3a 3b

3b4b2a

3b4b2a

C       cleaves C  into C    and C

C    combines with C       to form
C           convertase       

C           convertase cleaves C

Alternative pathway

C    on cells is activated by plasma C3b

3b 3b

3b

3

3
3

3 b

b

3 b

b

5

C    binds factor B to form C    B complex

Factor D cleaves C  B complex to form C  B

Properdin binds C  B  to stabilize
C  B  convertase

C  B  convertase cleaves C5

5 5a 5b

5b 6 7 5b-7

8 5b-7 5b-8

5b-8 9

C                C    , C

C    binds C   and then C   to form cellular lipid binding C       trimer

C   binds C       trimer: C       penetrates cell membrane bilayer

C       binds one or more C   molecules which
widely open cell membranes

3b

FIGURE 13-16 Steps in activation of the classical and alternative complement pathways and formation of the membrane attack complex, C5b-9. 
(Data from Walport MJ: Complement. NEJM 2001; 344:1058; and Volkankis JE, Frank ME: The Human Complement System in Health and 
Disease. New York: Marcel Dekker; 1998.)
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328 Part II Perioperative/Intraoperative Care

Generation of C3b activates the alternative pathway, which 
involves factors B and D in the formation of C3bBb, which 
is the alternative pathway C3 convertase that cleaves C3 to 
form C3a and C3b (see Fig. 13-16). Whereas the classical 
pathway proceeds in sequential steps, the alternative pathway 
contains a feedback loop that greatly amplifies cleavage of C3 
by membrane-bound C3 convertase to membrane-bound 
C3b and C3a. During CPB complement is largely activated 
by the alternative pathway.277

The complement system is activated at three different 
times during CPB and cardiac surgery: during blood con-
tact with nonendothelial cell surfaces278 and wound exudate- 
containing tissue factor279; after protamine administration 
and formation of the protamine-heparin complex280; and 
after reperfusion of the ischemic, arrested heart.281 CPB and 
myocardial reperfusion activate complement by both the clas-
sical and alternative pathways; the heparin-protamine com-
plex activates complement by the classical pathway.

The two C3 convertases effectively merge the two com-
plement pathways by producing C3b, which activates C5 
to C5a and C5b (see Fig. 13-16). C3a and C5a are potent 
vasoactive anaphylatoxins. C5a, which avidly binds to neu-
trophils and therefore is difficult to detect in plasma, is the 
major agonist. C3b acts as an opsonin, which binds target 
cell hydroxyl groups and renders them susceptible to phago-
cytic cells expressing specific receptors for C3b.282,283 C5b is 
the first component of the terminal pathway that ultimately 
leads to formation of the membrane attack complex, C5b-9. 
In prokaryotic cells like erythrocytes, C5b-9 creates trans-
membrane pores, which cause death by intracellular swelling 
after loss of the intracellular/interstitial osmotic gradient. In 
eukaryotic cells, deposits of C5b-9 may not be immediately 
lethal but may eventually cause injury mediated by release of 
arachidonic acid metabolites (thromboxane A2, leukotrienes) 
and oxygen free radicals by macrophages and neutrophils, 
respectively.284

NEUTROPHILS
Neutrophils are strongly activated during CPB (Fig. 13-17).285 
The principal agonists are kallikrein and C5a produced by the 
contact and complement systems. Neutrophils are recruited 
to localized areas of injury or inflammation by chemokines, 
complement proteins (C5a), IL-1β, TNF-α, and adhesion 
molecules. During CPB thrombin stimulates endothelial cell 
production of platelet activating factor (PAF).286 Thrombin 
and PAF cause rapid expression of P-selectin by endothelial 
cells.287 Regional vasoconstriction mediated by PAF reduces 
blood flow rates within local vascular beds to allow neutro-
phils to marginate near endothelial cell surfaces. P-selectin 
weakly binds to neutrophils288; selectin binding causes 
the slowly passing neutrophils to roll and eventually stop 
(Fig. 13-18).289 Stronger adherence is produced by intracel-
lular adhesion molecule-1 (ICAM-1) expressed on endothe-
lial cells, which binds β2 neutrophil integrins, principally 
CD11b/CD18. These adhesion molecules from the immu-
noglobulin superfamily completely stop neutrophils and the 
process of transmigration begins in response to chemoattrac-
tants and cytotoxins produced in the extravascular space.290 
This trafficking is strongly regulated by IL-8 produced by 
neutrophils, macrophages, and other cells.291

Using pseudopods and following the scent of complement 
proteins (C5a, C3b) and IL-8, neutrophils arrive at the scene 
of inflammation to begin the process of phagocytosis and 
release of cytotoxins. Organs and tissues experience periods of 
ischemia followed by reperfusion (lung, heart, brain) during 
CPB, and as a result express adhesion receptors and reactive 
oxidants, and are sources of neutrophil chemoattractants.292 
Neutrophils vary considerably among individuals in expres-
sion of adhesive receptors293 and responsiveness to chemoat-
tractants during CPB. The presence of diabetes, oxidative 
stress, and perhaps genetic factors (see the following) influ-
ences expression of cellular and soluble adhesive receptors 
and cytokines, which affect neutrophil adhesion and release 

FIGURE 13-17 Scanning electron micrographs of resting neutrophils (left) and 5 seconds after exposure to a chemoattractant. (Reproduced with 
permission from Baggiolini M: Chemokines and leukocyte traffic, Nature 1998 Apr 9;392(6676):565-568.)
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of granule contents. Neutrophils contain a potent arsenal of 
proteolytic and cytotoxic substances. Azurophilic granules 
contain lysozyme, myeloperoxidase, cationic proteins, elas-
tase, and collagenases.294 Activated neutrophils, in a “respi-
ratory burst,” also produce cytotoxic reactive oxygen and 
nitrogen intermediates including superoxide anion, hydrogen 
peroxide, hydroxyl radicals, singlet oxygen molecules. Finally, 
neutrophils produce arachidonate metabolites, prostaglan-
dins, leukotrienes, and platelet-activating factor. During CPB 
these vasoactive and cytotoxic substances are produced and 
released into the extracellular environment and circulation. 
Circulation of these substances mediates many of the mani-
festations of the “whole body inflammatory response” or “sys-
temic inflammatory response syndrome” (SIRS) associated 
with CPB and clinical cardiac surgery.295

MONOCYTES
Monocytes and macrophages (tissue monocytes) are rela-
tively large, long-lived cells that are involved in both acute 
and chronic inflammation. Monocytes respond to chemi-
cal signals, are mobile, phagocytize microorganisms and cell 

fragments, produce and secrete chemical mediators, par-
ticipate in the immune response, and generate cytotoxins.296 
Monocytes are activated during CPB and have a major role 
in thrombin formation. Monocytes also produce and release 
many inflammatory mediators during acute inflammation, 
including proinflammatory cytokines, reactive oxygen and 
nitrogen intermediates, and prostaglandins.

ENDOTHELIAL CELLS
Endothelial cells are activated during CPB and OHS by a 
variety of agonists.297 The principal agonists for endothelial 
cell activation during CPB are thrombin, C5a, and the cyto-
kines IL-1β and TNF-α. IL-1β and TNF-α induce the early 
expression of P-selectin and the later synthesis and expression 
of E-selectin, which are involved in the initial stages of neutro-
phil and monocyte adhesion. The two cytokines also induce 
expression of ICAM-1 and Vascular Cell Adhesion Molecule-1 
(VCAM-1), which firmly bind neutrophils and monocytes 
to the endothelium and initiate leukocyte trafficking to the 
extravascular space (see Fig. 13-18). Experimentally ICAM-1 
is upregulated during CPB in pulmonary vessels298 and there 

L selectin

Sialyl Lewis antigen

PSGL-1

Rolling PMNs

β2 Integrin

β2 integrin

Slowing and
margination

Firm adherence

PECAM-1

PECAM-1

Transendothelial
migration and release
of granules

Interstitial space

Granule
release

Endothelial
cell layer

E selectin

Basement
membrane

Vessel
wall

P selectin

L-selectin

P or E selectin

ICAM/VCAM

FIGURE 13-18 Mechanism of arrest and transmigration of neutrophils into the interstitial space. Neutrophils constitutively express 
L-selectin, which binds to endothelial cell glycoprotein ligands. Simultaneously, early response cytokines stimulate endothelial cells to rapidly 
express P-selectin and later E-selectin receptors, which weakly bind neutrophil PSGL-1 ligands. Marginated neutrophils, which are slowed by 
local vasoconstriction and reduced blood flow, lightly adhere to endothelial cells via selectin expression and begin to roll. Neutrophils activated 
by C5a, kallikrein, and early response cytokines express β2 CD11b and c receptors, which bind firmly to cytokine-activated endothelial cell 
intergrins, ICAM-1, and VCAM-1. Once arrested, L-selectins are shed and PECAM receptors on endothelial cell surfaces mediate neutrophil 
transmigration through endothelial cell junctions, led by chemoattractants into the interstitial space.
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is evidence that selectins are upregulated during CPB and 
in myocardial ischemia-reperfusion sequences. IL-1β and 
TNF-α induce endothelial cell production of the chemo-
tactic proteins IL-8 and MCP-1, and induce production of 
PGI2 (prostacyclin) by the cyclooxygenase pathway and NO 
by NO synthase. These two vasodilators reduce shear stress 
and increase vascular permeability and therefore enhance leu-
kocyte adhesion and transmigration.

PLATELETS
Platelets are probably initially activated during CPB by 
thrombin, which is the most potent platelet agonist. Plasma 
epinephrine, PAF, vasopressin, from other cells, and inter-
nally generated thromboxane A2 contribute to activation as 
CPB continues. Platelets possess several protease-activated 
receptors to most of these agonists and to collagen, which 
has an important role in adhesion and thrombus formation. 
Platelets contribute to the inflammatory response by syn-
thesis and release of eicosanoids299; serotonin from dense 
granules; chemokines; and other proteins.300 Platelets also 
produce and release acid hydrolases from membrane-bound 
lysozymes. Platelet-secreted cytokines may be particularly 
involved in the inflammatory response to CPB because 
of strong activation of platelets in both the wound and 
perfusion circuit.

Other Mediators of Inflammation
ANAPHYLATOXINS
The anaphylatoxins C3a, C4a, and C5a are bioactive pro-
tein fragments released by cleavage of complement proteins 
C3, C4, and C5. These fragments have potent proinflamma-
tory and immuno-regulatory functions and contract smooth 
muscle cells, increase vascular permeability, serve as che-
moattractants, and in the case of C5a, activate neutrophils 
and monocytes.301 Anaphylatoxins contribute to increased 

pulmonary vascular resistance, edema, and neutrophil seques-
tration and an increase in extravascular water during CPB. 
The duration of postoperative ventilation directly correlates 
with plasma C3a concentrations.302 C3a and C5a are impor-
tant mediators in ischemia/reperfusion injuries.

CYTOKINES
Cytokines are small, cell-signaling peptides produced and 
released into blood or the extravascular environment by both 
blood and tissue cells. Cytokines stimulate specific receptors 
on other cells to initiate a response in that cell. All blood leu-
kocytes and endothelium produce cytokines, but many tissue 
cells including fibroblasts, smooth muscle cells, and cardiac 
monocytes also produce cytokines.303 IL-1β and TNF-α are 
early response cytokines that are produced by macrophages. 
These proteins stimulate surrounding cells to produce chemo-
kines. The main anti-inflammatory cytokine observed during 
CPB is IL-10, which inhibits the production of chemokines 
from leukocytes.304 Proinflammatory cytokines increase dur-
ing and after cardiac surgery using CPB with peak concen-
trations occurring 12 to 24 hours after CPB305 (Fig. 13-19). 
Some of the variation in measurements between studies also 
may be caused by patient factors such as age, left ventricular 
function, and genetic factors.306

REACTIVE OXIDANTS
Neutrophils, monocytes, and macrophages produce reactive 
oxidants, which are cytotoxic inside the phagosome, but 
act as cytotoxic mediators of acute inflammation outside. 
Four enzymes generate a large menu of reactive oxidants: 
NADPH (nicotinamide adenine dinucleotide phosphate) 
oxidase, super-oxide dismutase, nitric oxide synthase, and 
myeloperoxidase.307 The four products produced by these 
enzymes, O2, H2O2, NO, and HOCL, generate all reactive 
oxidants from nonenzymatic reactions with other molecules 
or ions.

0
A B C D E F G A B C D E F G

0

50

100

150

200

2

4

6

IL
-1

β 
(p

g/
m

L)

IL
-6

 (
pg

/m
L)

8

10
A B

FIGURE 13-19 Changes in IL-1β (A) and IL-6 (B) in 30 patients who had elective first-time myocardial revascularization. Letters on x-axis 
represent the following events: (A) induction of anesthesia; (B) 5 minutes after heparin; (C) 10 minutes after starting CPB; (D) end of CPB;  
(E) 20 minutes after protamine; (F) 3 hours after CPB; (G) 24 hours after CPB. (Adapted with permission from Steinberg JB, Kapelanski DP, Olson 
JD, et al: Cytokine and complement levels in patients undergoing cardiopulmonary bypass, J Thorac Cardiovasc Surg. 1993 Dec;106(6):1008-1016.)

Cohn_ch13_p0299-0346.indd   330 12/04/17   2:07 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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ENDOTOXINS
Endotoxins, including lipopolysaccharides, and fragments of 
bacteria that are powerful agonists for complement, neutro-
phils, monocytes, and other leukocytes.308 Endotoxins have 
been detected during CPB and after aortic cross-clamping.309 
Sources include contaminants within sterilized infusion solu-
tions, the bypass circuit, and possibly the gastrointestinal 
tract owing to changes in microvascular intestinal perfusion, 
which may translocate bacteria.310

METALLOPROTEINASES
CPB induces the synthesis and release of matrix metallopro-
teinases,311 which are one of the four major classes of mam-
malian proteinases. These proteolytic enzymes have a major 
role in degradation of collagens and proteins in the patho-
genesis of atherosclerosis and postinfarction left ventricular 
remodeling. The significance and possible injury produced by 
activation of these interstitial degradation enzymes over the 
long term remain to be determined.

Control of the Acute Inflammatory 
Response to Cardiopulmonary Bypass
OFF-PUMP CARDIAC SURGERY
Myocardial revascularization without either CPB or car-
dioplegia reduces the acute inflammatory response, but does 
not prevent it.312 The response to surgical trauma, myocar-
dial ischemia, manipulation of the heart, pericardial suction, 
heparin, protamine, other drugs, and anesthesia activates 
the extrinsic clotting system and produces an increase in the 
markers of acute inflammation, C3a, C5b-9, proinflamma-
tory cytokines (TNF-α, IL-6, IL-9), neutrophil elastase, and 
reactive oxidants, but the magnitude of the response is sig-
nificantly less than that observed with CPB.313 Although it 
has not been shown that the attenuated acute inflammatory 
response directly reduces organ dysfunction, elderly patients, 

and those with reduced renal and pulmonary function often 
tolerate off-pump surgery with less morbidity and mortality 
than patients created with CPB.314

PERFUSION TEMPERATURE
Release of mediators of inflammation is temperature sensi-
tive. Normothermic CPB increases the release of cytokines 
and other cellular and soluble mediators of inflammation,312 
whereas hypothermia reduces production and release of these 
mediators until rewarming begins.315 Perfusion at tepid tem-
peratures between 32 and 34°C is a reasonable compromise 
for many operations requiring 1 to 2 hours of CPB.316

PERFUSION CIRCUIT COATINGS
Ionic- or covalent-bonded heparin perfusion circuits are the 
most widely used surface coatings and are often combined 
with reduced doses of systemic heparin in first-time myocar-
dial revascularization patients.317 It is well established that 
heparin is an agonist for platelets, complement, factor XII, 
and leukocytes, but there is no reproducible evidence that 
heparin coating either produces a nonthrombogenic surface 
or reduces activation of the clotting cascade.318 Clinical trials 
that have combined heparin-coated circuits with reduced sys-
temic heparin and exclusion of field-aspirated blood from the 
perfusion circuit have demonstrated significant clinical bene-
fits319 (Fig. 13-20). New surface coatings are being developed 
or undergoing clinical studies.320 In clinical trials these surface 
coatings significantly reduced platelet loss and granule release, 
and reduced markers of thrombin generation.320,321 PMEA 
(poly-2-methylethylacrylate) is another manufactured surface 
coating designed to reduce surface adsorption of plasma pro-
teins. Laboratory studies show reduced surface adsorption of 
fibrinogen and reduced bradykinin and thrombin generation 
in pigs.321 Clinical studies show significant reductions in C3a, 
C4D, and neutrophil elastase, but ambivalent effects on IL-6 
and platelets.322

15

10

5

0
–50 0 50 100 150 200 250 300 (min)

cpb

Uncoated
Heparin coated

TCC (AU/mL)

FIGURE 13-20 Changes in C5b-9 (TCC) terminal complement complex in heparin coated (n = 15) and uncoated (n = 14) perfusion circuits 
during myocardial revascularization. The two curves are significantly different by ANOVA (p = .004). (Reproduced with permission from Videm V, 
Mollnes TE, Fosse E, et al: Heparin-coated cardiopulmonary bypass equipment. I. Biocompatibility markers and development of complications in 
a high-risk population, J Thorac Cardiovasc Surg. 1999 Apr;117(4):794-802.)
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332 Part II Perioperative/Intraoperative Care

MODIFIED ULTRAFILTRATION
Modified ultrafiltration to remove intravascular (and extra-
vascular) water and inflammatory substances has produced 
improved results in adults and children.323,324 Dialysis during 
CPB in adults may be beneficial in removing water, potas-
sium, and protein wastes in patients with renal insufficiency.

COMPLEMENT INHIBITORS
The sequential activation cascade with convergence of the 
classical and alternative pathways at C3 offers many oppor-
tunities for inhabitation by recombinant proteins. Using a 
humanized, recombinant antibody to C5 (h5G1.1-scFv), 
Fitch et al. demonstrated that generation of C5b-9 was com-
pletely blocked in a dose-response manner (Fig. 13-21) and 
that neutrophil and monocyte CD11b/CD18 expression was 
attenuated in patients during and for several hours after clini-
cal cardiac surgery using CPB.325 Large-scale clinical trials 

that have followed have shown significant improvements in 
morbidity and mortality.326

Other complement recombinant protein inhibitors have 
been developed and are under active investigation because of 
the importance of this plasma protein system in CPB, isch-
emia/reperfusion, and injuries that summon the acute inflam-
matory response. Although any effective and safe inhibitor is 
welcome, C3 may be a better target for inhibition because both 
activation pathways are blocked at the point of convergence 
and because C3 concentrations in plasma are 15 times greater 
than C5.327

GLUCOCORTICOIDS
Many investigators have used glucocorticoids to suppress the 
acute inflammatory response to CPB and clinical cardiac sur-
gery, but beneficial effects in adult patients have been incon-
sistent.328 Steroids reduce release of rapid-response cytokines, 
TNF-α, and IL-1β from macrophages, enhance release of 
IL-10, and suppress expression of endothelial cell selectins 
and neutrophil integrins.329 Clinical results from a few ran-
domized trials are conflicting: One study observed earlier 
extubation and reduced shivering,330 but another found 
increased blood glucose levels and delayed extubation.331 
A recent large meta-analysis found that low-dose cortico-
steroids reduced atrial fibrillation incidence, and decreased 
ICU and hospital length of stay without increasing infec-
tious complications.332

ORGAN DAMAGE
Cardiopulmonary bypass can preempt normal reflex and che-
moreceptor control of the circulation, initiate coagulation, 
activate blood cells, release circulating cell-signaling proteins, 
generate vasoactive and cytotoxic substances, and produce 
a variety of microemboli. Venous pressure can be elevated, 
plasma colloid osmotic pressure is reduced, flow is nonpulsatile, 
and temperature is manipulated. Tissues and organs may suffer 
from regional malperfusion that is independent of physiologic 
controls, and is caused by microemboli, increased interstitial 
water, and perfusion with a variable amount of cytotoxic sub-
stances. Reversible and irreversible cell injury may occur, but 
damage is diffusely distributed throughout the entire body as 
individual cells or small groups of cells are affected. Ischemia-
reperfusion injury augments damage to the heart and on occa-
sion to other organs. Amazingly, the body is able to withstand 
and for the most part repair the cellular damage, although 
some abnormalities may appear later. This section summarizes 
the reversible and permanent organ damage produced by CPB 
and complements the preceding two sections of this chapter 
and the chapter on ischemia and reperfusion (see Chapter 3).

Mechanisms
Cardiac output during CPB is carefully monitored and syn-
chronized with temperature and hemoglobin concentration 

C
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FIGURE 13-21 Inhibition of C5b-9, complement terminal attack 
complex, with placebo (solid circles) and 2 μg/kg of h5G1.1-scFv 
(open circles) during clinical cardiac surgery with CPB. Letters on 
x-axis represent the following events: (A) before heparin; (B) 5 minutes 
after drug; (C) 5 minutes after cooling to 28°C; (D) after beginning 
rewarming; (E) 5 minutes after reaching 32°C; (F) 5 minutes after 
reaching 37°C; (G) 5 minutes after CPB; (H) 2 hours after CPB; (I) 
12 hours after CPB; (J) 24 hours after CPB. HcG1.1-scFv completely 
inhibited formation of the C5b-9 terminal attack complex. (Data 
from Fitch JC, Rollins S, Matis L, et al: Pharmacology and biologi-
cal efficacy of a recombinant, humanized, single-chain antibody C5 
complement inhibitor in patients undergoing coronary artery bypass 
graft surgery with cardiopulmonary bypass, Circulation. 1999 Dec 
21-28;100(25):2499-2506.)
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 Chapter 13 Extracorporeal Circulation 333

to ensure that the entire body is adequately supplied with 
oxygen (see earlier section on ECP systems). Excessive 
hemodilution reduces oxygen delivery,333 and hemoglobin 
concentrations significantly below 8 g/L cause organ dys-
function at temperatures above 30°C.334 However, regional 
hypoperfusion is not monitored; is independent of reflex 
and chemoreceptor controls; and is influenced by the 
inflammatory response, which produces circulating vaso-
active substances. Regional perfusion is also influenced 
by acid-base relationships during cooling and may affect 
postoperative organ function. Alpha-stat management 
(pH increases during cooling) decreases cerebral perfusion 
during hypothermia; pH stat (pH 7.40 is maintained by 
adding CO2) improves organ perfusion but may increase 
embolic injury.335 Temperature differences within the body 
and within organs produce regional temperature-perfusion 
mismatch,336 which can precipitate regional hypoperfusion 
and acidosis caused by inadequate oxygen delivery.

The inflammatory response produces the cytotoxic com-
pounds and activated neutrophils and monocytes that can 
and do destroy organ and tissue cells. These agents directly 
access the specialized cells of every organ by passing between 
endothelial cell junctions to reach the interstitial compart-
ment. Reduced plasma colloid osmotic pressure, elevated 
venous pressure, and widened endothelial cell junctions337 
increase the volume of the interstitial space during CPB in 
proportion to the duration of bypass, magnitude of the dis-
section, transfusions, and other factors. In prolonged com-
plicated perfusions the interstitial compartment may increase 
18 to 33%,338 but intracellular water does not increase during 
CPB.

Microemboli are defined as particles less than 500 μm in 
diameter. They enter the circulation during CPB from a vari-
ety of sources.339 Table 13-2 summarizes sources of gas, for-
eign, and blood-generated microemboli, which are more fully 
discussed earlier. Air entry into the perfusion circuit produces 
the most dangerous gas emboli because nitrogen is poorly 
soluble in blood and is not a metabolite. Carbon dioxide is 
rapidly soluble in blood and is sometimes used to flood the 
surgical field to displace air. Foreign emboli, largely generated 
in the surgical wound, reach the circulation from the surgical 
field via the cardiotomy reservoir. The cardiotomy reservoir is 
the primary source of foreign emboli and the major source of 
blood-generated emboli, particularly fat emboli.340 Extensive 
activation and physical damage to blood elements produce a 
wide variety of emboli, which tend to increase with the dura-
tion of perfusion.335

Strategies for Reducing Microemboli
Although discussed in earlier sections, the principal meth-
ods for reducing circulating microemboli deserve emphasis 
and include the following: adequate anticoagulation; mem-
brane oxygenator; washing blood aspirated from the sur-
gical wound341; filtering the cardiotomy reservoir; secure 
pursestring sutures around cannulas; strict control of all air 
entry sites within the perfusion circuit; removal of residual 

air from the heart and great vessels; avoidance of athero-
sclerotic emboli; and selective filtration of cerebral vessels 
(Table 13-5).342,343

Many intraoperative strategies are available to reduce cere-
bral atherosclerotic embolization. These include routine epi-
cardial echocardiography of the ascending aorta to detect both 
anterior and posterior atherosclerotic plaques and find sites free 
of atherosclerosis for placing the aortic cannula.344 Recently, 
special catheters with or without baffles or screens have been 
developed to reduce the number of atherosclerotic emboli that 
reach the cerebral circulation.345 In patients with moderate or 
severe ascending aortic atherosclerosis a single application of 
the aortic clamp as opposed to partial or multiple applications 
is strongly recommended and has been shown to reduce post-
operative neuronal and neurocognitive deficits in a large clini-
cal series.346 Retrograde cardioplegia is preferred over antegrade 
cardioplegia in these patients to avoid a sandblasting effect 
of the cardioplegic solution.347 No aortic clamp may be safe 
or even possible in some patients with severe atherosclerosis 
or porcelain aorta. If intracardiac surgery is required in these 
patients, deep hypothermia may be used with or without graft 
replacement of the ascending aorta. If only revascularization is 
needed, pedicled single or sequential arterial grafts,348 T or Y 
grafts from a pedicled mammary artery,349 or vein grafts anas-
tomosed to arch vessels can be used.

In-depth or screen filters are essential for cardiotomy res-
ervoirs and are usually used in arterial lines. The efficacy of 
arterial line filters is controversial because screen filters with a 
pore size less than 20 microns cannot be used because of flow 
resistance across the filter. However, air and fat emboli can 
pass through filters although 20 micron screen filters more 
effectively trap microemboli than larger sizes.350

TABLE 13-5: Minimizing Microemboli

Membrane oxygenator, centrifugal arterial pump
Cardiotomy reservoir filter (≤40 μm)
Arterial line filter/bubble trap (≤40 μm)
Keep temperature differentials ≤8-10 °C
Prime with carbon dioxide flush; recirculate with saline  

and filter (5 μm)
Prevent air entry into the circuit
Snug purse-string sutures
Three-way stopcocks on all sampling ports
Meticulous syringe management
Adequate cardiotomy reservoir volume (for debubbling)
Avoid excessive suction on vents
One-way valved purge lines for bubble traps
Use transesophageal echocardiography to locate trapped 

intracardiac air; de-air thoroughly
Wash blood aspirated from the surgical field
Prevent thrombus formation with adequate anticoagulation
Assess inflow cannulation site by epiaortic ultrasound imaging
Cannulate distal aorta or axillary artery
Consider use of special aortic cannulas
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334 Part II Perioperative/Intraoperative Care

Cardiac Injury
It is difficult to separate postoperative cardiac dysfunction 
from injury owing to CPB, ischemia/reperfusion, direct 
surgical trauma, the disease being treated, and maladjust-
ment of preload and afterload to myocardial contractile 
function. The heart, like all organs and tissues, is subject 
to microemboli, protease and chemical cytotoxins, acti-
vated neutrophils and monocytes, and regional hypoperfu-
sion during CPB before and after cardioplegia or fibrillatory 
arrest. However, the heart is protected from CPB for at least 
one half of the case when the aorta is cross-clamped. Some 
degree of myocardial “stunning” during the period coronary 
blood flow is interrupted is inevitable,351 as is some degree 
of reperfusion injury after ischemia. Both myocardial edema 
and distention of the flaccid cardioplegic heart during aortic 
cross-clamping352 reduce myocardial contractility. Lastly, if 
myocardial contractility is weak, excessive preload or high 
afterload during weaning from CPB increases ventricular 
end-diastolic volume, myocardial wall stress, and oxygen 
consumption. Thus postoperative performance of the heart 
depends upon many variables and not just the injuries pro-
duced by CPB.

Neurologic Injury
The brain is the effecter organ for all behavior, innate, and 
learned. It is the monarch of blood flow and will shut down 
all other vascular systems to preserve its own supply. Con-
versely, dysfunction in other organs can adversely affect brain 
function. It monitors other organ systems and is acutely sen-
sitive and responsive to both the external and internal envi-
ronment. Thus, even small injuries to the brain may produce 
symptomatic, functional losses that would not be detect-
able or important in other organs. Regional hypoperfusion, 
edema, microemboli, circulating cytotoxins or subtle changes 
in blood glucose, insulin, or calcium may result in changes in 
cognitive function, ranging from subtle to profound. A small 
2-mm infarct may cause a disruption of behavioral patterns, 
physiologic and physical function changes can pass unno-
ticed, be accepted, and dismissed, or profoundly compromise 
the patient’s quality of life. Move the lesion half a centime-
ter and the same volume lesion may result in a catastrophic 
stroke. Thus the brain is the most sensitive organ exposed to 
damage by CPB and also the organ that, with the heart, is 
most important to protect.

ASSESSMENT
Routine assessment of neurologic injury that occurs in the set-
ting of cardiac surgery is not done for most patients because 
of the priority of the cardiac lesion as well as costs in time 
and money. General neurologic examinations by members of 
the surgical team or individuals lacking specialized training 
are not adequate to rule out subtle neurologic injuries, and 
this is the principal reason that the incidence of stroke, or 
neurologic or neuropsychological injury varies widely in the 
surgical literature.353

The most obvious neurologic abnormalities are paresis, 
loss of vital brain functions such as speech, vision, compre-
hension, or coma. These are commonly lumped under the 
general heading of stroke. Disorders of awareness or con-
sciousness can include coma, delirium, and confusion, but 
transitory episodes of delirium and confusion are often dis-
missed as caused by anesthesia or medications. More subtle 
losses are determined by comparison of preoperative and post-
operative performances using a standard battery of neuropsy-
chological tests prepared by a group of neuropsychologists. A 
neuropsychological examination is basically an extension of 
the neurologic examination with a much greater emphasis on 
higher cortical function. Dysfunction is objectively defined 
as a deviation from the expected, relative to a large popula-
tion. For example, although performing at a 95 IQ level is in 
the normal range, it is low for a physician, and a search for 
a neurologic impairment would be triggered by such a poor 
performance. A 20% decline in two or more of these tests, 
compared with the patient’s own baseline, suggests a neuro-
psychological deficit that should be followed until resolved 
or not resolved.354 In studies involving long-term follow-up 
the inclusion of a control group of unoperated patients with 
the same disease and similar demographics helps define the 
causes of neuropsychological decline that occurs later than 3 
to 6 months after surgery.355

Computed axial tomograms (CAT) or magnetic reso-
nance imaging (MRI) scans are essential for the definitive 
diagnosis of stroke, delirium, or coma. Preoperative imag-
ing is usually not necessary when new techniques such as 
diffusion-weighted MRI imaging, MRI spectroscopy, or 
MRI angiography are used to assess possible new lesions after 
operation.356 Biochemical markers of neurologic injury after 
cardiac surgery are relatively nonspecific and inconclusive. 
Neuron-specific enolase (NSE) is an intracellular enzyme 
found in neurons, normal neuroendocrine cells, platelets, 
and erythrocytes.357 S-100 is an acidic calcium-binding pro-
tein found in the brain.358 The beta dimer resides in glial 
and Schwann cells. Both S-100 and NSE increase in spinal 
fluid with neuronal death and may correlate with stroke or 
spinal cord injury after CPB.359 However, plasma levels are 
contaminated by aspiration of wound blood into the pump 
and hemolysis and are often elevated after prolonged CPB 
in patients without otherwise detectable neurologic injury.360 
Newer blood-borne biochemical markers such as Tau have 
been identified, but as of yet have not been shown to be diag-
nostic for subtle neurologic injury.

POPULATIONS AT RISK
Advancing age increases the risk of stroke or cognitive impair-
ment in the general population, and surgery, regardless of 
type, increases the risk still higher.361 In 1986, Gardner and 
colleagues reported the risk of stroke during CABG surgery to 
be directly related to age.362 A European study compared 321 
elderly patients without surgery to 1218 patients who had 
noncardiac surgery and found a 26% incidence of cognitive 
dysfunction 1 week after operation and a 10% incidence at 
3 months.363 Between 1974 and 1990 the number of patients 
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 Chapter 13 Extracorporeal Circulation 335

undergoing cardiac surgery over age 60 and over age 70 
increased twofold and sevenfold, respectively364 (Fig. 13-22). 
Genetic factors also influence the incidence of cognitive dys-
function after cardiac surgery.365 The incidence of cognitive 
dysfunction at 1 week after cardiac surgery is approximately 
double that of noncardiac surgery.

As the age of cardiac surgical patients’ increases, the 
number with multiple risk factors for neurologic injury also 
increases. Hypertension and diabetes occur in approximately 
55% and 25% of cardiac surgical patients, respectively.366 
Fifteen percent have carotid stenosis of 50% or greater, and 
up to 13% have had a transient ischemic attack or prior 
stroke. The total number of MRI atherosclerotic lesions in 
the brachiocephalic vessels adds to the risk of stroke or cog-
nitive dysfunction,367 as does the severity of atherosclerosis 
in the ascending aorta as detected by epiaortic ultrasound 
scanning.368 Palpable ascending aortic atherosclerotic plaques 
markedly increase the risk of right carotid arterial emboli as 
detected by Doppler ultrasound.369 The incidence of severe 
aortic atherosclerosis is 1% in cardiac surgical patients less 
than 50 years old and is 10% in those aged 75 to 80.370

MECHANISMS OF INJURY
The three major causes of neurologic dysfunction and injury 
during cardiac surgery are microemboli, hypoperfusion, and 
a generalized inflammatory reaction, which can occur in the 
same patient at the same time for different reasons. The vast 
majority of intraoperative strokes are caused by the emboliza-
tion of atherosclerotic material from the aorta and brachioce-
phalic vessels. This occurs as a result of manipulation of the 
heart and major thoracic vasculature as well as dislodgement 
of atheromata from shearing forces directed at the walls of 
vessels from inflow CPB cannulae.371 The use of a no-touch 
technique for CABG where patients with aortic atherosclero-
sis have no manipulation of the aorta and all arterial grafting 
have produced the best results in avoiding emboli.386 Micro-
emboli are distributed in proportion to blood flow20; thus 
reduced cerebral blood flow reduces microembolic injury 
but increases the risk of hypoperfusion.372 During CPB both 
alpha-stat acid-base management and phenylephrine reduce 
cerebral injury in adults, probably by causing cerebral vessel 

vasoconstriction and reducing the number of microemboli.373 
Air, atherosclerotic debris, and fat are the major types of 
microemboli causing brain injury in clinical practice, and all 
cause neuronal necrosis by blocking cerebral vessels.374 Mas-
sive air embolism causes a large ischemic injury, but gaseous 
cerebral microemboli may directly damage endothelium 
in addition to blocking blood flow.375 The identification of 
unique small capillary arteriolar dilatations (SCADs) in the 
brain associated with fat emboli376 (Fig.13-23) raises the pos-
sibility that these emboli not only block small vessels, but 
also release cytotoxic free radicals, which may significantly 
increase the damage to lipid-rich neurons.

Anemia and elevated cerebral temperature increase cere-
bral blood flow but may cause inadequate oxygen delivery 
to the brain,377 however, these conditions are easily avoided 
during clinical cardiac surgery. Although some investigators 
speculate that normothermic and/or hyperthermic CPB cause 
cerebral hypoperfusion,378 experimental studies indicate that 
cerebral blood flow increases with temperature. Brain injuries 
associated with this practice are more likely due to increased 
cerebral microemboli, which produce larger lesions at higher 
cerebral temperatures.376

NEUROPROTECTIVE STRATEGIES
Recommended conditions for protecting the brain during 
CPB include mild hypothermia (32-34°C) and hematocrit 
above 25%.161 Temporary increases in cerebral venous pres-
sure caused by SVC obstruction and excessive rewarming 
above blood temperatures of 37°C should be avoided.379 A 
randomized study in which patients were mildly rewarmed to 
35°C core temperature demonstrated improved neurocogni-
tive outcomes over patients rewarmed to 37°C. Mean perfu-
sion pressure (MPP) appears to have an effect on neurological 
outcome. Gold et al. randomized 248 patients to low (50- 
60 mm Hg) or high (80-100 mm Hg) MPP. The incidence of 
neurologic injury in the high pressure group was significantly 
reduced.380 Either jugular venous bulb oxygen saturation or 

19 21
2826

57 58
69 75
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5-7 days 1 month

60 70

20

40
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FIGURE 13-22 Effect of age by decade on neuropsychologic out-
come after CABG. Abnormal neuropsychologic outcomes at 1 week 
and 1 month postoperative are more common with advancing age. 
Percentages of patients with deficits on two or more tests are shown  
(n = 374). (Reproduced with permission from Hammon JW Jr, 
Stump DA, Kon ND, et al: Risk factors and solutions for the develop-
ment of neurobehavioral changes after coronary artery bypass grafting, 
Ann Thorac Surg 1997 Jun;63(6):1613-1618.)

FIGURE 13-23 Small capillary and arterial dilatations (SCADs) in 
cerebral vessels in a patient who expired 48 hours after CABG using 
cardiopulmonary bypass. (Alkaline phosphatase-stained celloidin sec-
tion, 100 μm thick: ×100.)
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336 Part II Perioperative/Intraoperative Care

near-infrared cerebral oximetry are recommended for moni-
toring cerebral perfusion in patients who may be at high risk 
for cerebral injury.381

Barbiturates reduce cerebral metabolism by decreasing 
spontaneous synaptic activity and provide a definite neuro-
protective effect during clinical cardiac surgery using CPB.382 
Unfortunately, these agents delay emergence from anesthesia 
and prolong intensive care unit stays. NMDA (N-methyl-D-
aspartate) antagonists, which are effective in animals, provide 
mild protection compared with control patients, but have 
a high incidence of neurologic side effects.383 A small study 
demonstrated a neuroprotective effect of lidocaine, but this 
beneficial effect has not been reproduced.384 Thus cortico-
steroids are the only drugs with potential neuroprotective 
effects that have significant evidence for a positive effect on 
outcomes.332

Off-pump myocardial revascularization theoretically 
avoids many of the causes of cerebral injury owing to CPB, 
but, as noted, many causes of neuronal injury are indepen-
dent of CPB and related to atherosclerosis and air entry 
sites into the circulation. Nonrandomized measurements of 
carotid emboli by Doppler ultrasound indicate fewer emboli 
and slightly improved neurocognitive outcomes in high-risk 
patients who have off-pump surgery.385 Clinical trials of off-
pump versus on-pump patients have demonstrated a lower 
stroke rate in off-pump patients who were treated with all 
arterial grafting and a no-touch surgical technique.386

PROGNOSIS
Patients with intraoperative stroke or those who develop 
stroke symptoms in the first week after surgery often improve 
in direct relation to the lesion size and location on imag-
ing studies. Neuropsychologic deficits that are present after 

3 months are almost always permanent.386 Assessments after 
that time are confounded by development of new deficits, 
particularly in aged patients.387,388

The difficulty of separating intraoperative brain injury 
from that which occurs in the early or late postoperative 
period has been recently addressed by a reanalysis of data pub-
lished earlier. The authors tracked specific neuropsychologi-
cal deficits that persisted unchanged for 6 months (persistent 
deficits) and separated them from new deficits that appeared 
after surgery389 (Fig. 13-24). Using this technique it is pos-
sible to accurately measure surgical brain injury and design 
techniques to eliminate this important cause of morbidity. 
Late follow-up studies should include a control group with 
similar risk factors but not having cardiac operations.390 This 
technique demonstrated similar outcomes in surgical and 
nonsurgical controls at 3 years, putting to rest the previous 
fear that surgical patients had recurrent neurocognitive defi-
cits and were thus at greater risk for poor long-term outcomes. 
In a recent study, a group of surgical patients who were evalu-
ated with preoperative and postoperative neuropsychological 
studies had rigid control of cardiovascular risk factors.391 They 
demonstrated no delayed or late cognitive decline offering 
hope that aggressive medical therapy can compliment skillful 
surgery in preventing neurological injury.

Lung Injury
Patient factors and the separate effects of operation and CPB 
combine to compromise lung function early after operation. 
Chronic smoking and emphysema are the most common 
patient factors, but muscular weakness, chronic bronchi-
tis, occult pneumonia, preoperative pulmonary edema, 
and unrelated respiratory disease are other contributors to 

Persistent neurobeavioral deficits at 6 months
Fisher’s exact test, p = 0.061
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FIGURE 13-24 Neurobehavioral deficits at 6 months after coronary artery bypass surgery. Note that an intraoperative strategy utilizing a single 
cross clamp results in fewer persistent neuropsyscological deficits than multiple cross clamp or off pump coronary artery bypass (OPCAB). (Data 
from Hammon JW, Stump DA, Butterworth JF, et al: Coronary artery bypass grafting with single cross-clamp results in fewer persistent neuropsy-
chological deficits than multiple clamp or off-pump coronary artery bypass grafting, Ann Thorac Surg. 2007 Oct;84(4):1174-1178.)
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 Chapter 13 Extracorporeal Circulation 337

postoperative pulmonary dysfunction. Incisional pain, lack 
of movement, shallow respiratory sighs, increased work of 
breathing, reduced pulmonary compliance, weak cough, 
increased pulmonary arterial-venous shunting, and intersti-
tial edema, to some degree, are consequences of anesthesia 
and any operation. CPB significantly adds to this injury.

During CPB the lungs are supplied by the bronchial arteries 
and pulmonary arterial blood flow may be absent or minimal. 
Whether or not alveolar cells suffer an ischemic/reperfusion 
injury is unclear, but the lungs are subject to many insults 
that combine to increase pulmonary capillary permeability 
and interstitial lung water. Hemodilution, reduced plasma 
oncotic pressure, and temporary elevation of left atrial or 
pulmonary venous pressure during CPB or during weaning 
from CPB increase extravascular lung water.392 Microemboli 
and circulating cellular, vasoactive, and cytotoxic mediators 
of the inflammatory response reach the lung via bronchial 
arteries during CPB and with resumption of the pulmo-
nary circulation during weaning.393,394 These agents increase 
pulmonary capillary permeability, perivascular edema, and 
bronchial secretions, and perhaps cause observed changes in 
alveolar surfactant.395 The combination of increased intersti-
tial lung water and bronchial secretions, altered surfactant, 
patient factors, and the consequences of operation reduces 
pulmonary compliance and functional residual capacity and 
increases the work of breathing.396 All of these changes com-
bine to enhance regional atelectasis, increase susceptibility to 
infection, and increase the physiologic arterial-venous shunt, 
which reduces systemic arterial PaO2.

Postoperative respiratory care is based on restoring nor-
mal pulmonary capillary permeability and interstitial lung 
volume; preventing atelectasis; reinflating atelectatic seg-
ments; maintaining normal arterial blood gases; and prevent-
ing infection and facilitating removal of bronchial mucus. 
Improved postoperative respiratory care, an understanding 
of the mechanisms of lung injury during CPB, and efforts 
to prevent or control the causes of injury397 have markedly 
reduced the incidence of pulmonary complications in recent 
years. (See Chapter 16 for a more detailed discussion of post-
operative care.)

Acute respiratory distress syndrome (ARDS) is a rare com-
plication of lung injury during CPB and is usually caused by 
intrabronchial bleeding from traumatic injury by the endo-
tracheal tube or pulmonary artery catheter or to extravasa-
tion of blood into alveoli from acute increases in pulmonary 
venous pressure or severe pulmonary capillary toxic injury.398

Renal Injury
As with other organs, the preoperative health of the kidneys 
is a major factor in the ability of that organ to withstand the 
microembolic, cellular, and regional malperfusion injuries 
caused by extracorporeal circulation. Risk factors include pre-
vious renal injury, increased age, and complex disease or car-
diac operation.399 The incidence of acute renal failure requiring 
dialysis after CPB is remarkably low, averaging 1%; however, 
the incidence increases to 5% with complex operations.

Some degree of renal injury is inevitable during CPB and 
post-perfusion proteinuria occurs in all patients.400 Renal 
blood and plasma flow, creatinine clearance, free water clear-
ance, and urine volume decrease without hemodilution.401 
Hemodilution attenuates most of these functional changes 
and also reduces the risk of hemoglobin precipitation in renal 
tubules if plasma-binding proteins become saturated with 
free hemoglobin during extracorporeal perfusion. Hemoglo-
bin is toxic to renal tubules and precipitation can block both 
blood and urine flow to the tubules. Hemodilution dilutes 
plasma hemoglobin; improves flow to the outer renal cortex; 
improves total renal blood flow; increases creatinine, electro-
lyte, and water clearance; and increases glomerular filtration 
and urine volume.402

Perioperative periods of low cardiac output and/or hypo-
tension added to the microembolic, cellular, and cytotoxic 
injuries of CPB and to any preoperative renal disease are the 
major cause of postoperative renal failure.403 Low cardiac 
output reduces renal perfusion pressure and causes angioten-
sin II production and renin release, which further decrease 
renal blood flow. Kidneys, already compromised by preopera-
tive disease and the CPB injury, are particularly sensitive to 
ischemic injury secondary to low cardiac output and hypo-
tension. Thus perioperative management includes efforts to 
maximize cardiac output using dopamine or dobutamine 
if necessary, avoiding renal arterial vasoconstrictive drugs, 
providing adequate crystalloid infusions to maintain urine 
volume, and alkalinizing urine to minimize precipitation of 
tubular hemoglobin if excessive hemolysis has occurred.

If perioperative low cardiac output and hypotension do 
not occur, the normal kidney has sufficient functional reserve 
to provide adequate renal function during and after opera-
tion. The appearance of oliguric renal failure is ominous 
and usually requires dialysis, which is generally permanent if 
required for more than 2 weeks. Oliguric renal failure mark-
edly increases morbidity and mortality by approximately 
eightfold.

Injury to the Gastrointestinal Organs
LIVER INJURY
Although subjected to microemboli, cytotoxins, and regional 
malperfusion during CPB, the enormous functional reserve 
and reparative processes of the normal liver nearly always 
overcome the injury without consequences. Often liver 
enzymes are mildly elevated, and 10 to 20% of patients are 
mildly jaundiced. Persistent and rising bilirubin 2 or more 
days after CPB may precede development of liver failure 
and is associated with increased morbidity and mortality.404 
Catastrophic liver failure, however, occurs in patients with 
overwhelming sepsis, oliguric renal failure, anesthetic or drug 
toxicity, or after a prolonged period of low cardiac output or 
an episode of hemorrhagic shock and multiple blood transfu-
sions and is uniformly fatal. The liver usually is involved in 
patients who develop multiorgan failure and is often presaged 
by sudden hypoglycemia.
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338 Part II Perioperative/Intraoperative Care

PANCREATIC INJURY
Less than 1% of patients develop clinical pancreatitis after 
CPB, but approximately 30% develop a transitory, asymp-
tomatic increase in plasma amylase and/or lipase.405 A history 
of recurrent pancreatitis, perioperative circulatory shock or 
hypotension, excessively prolonged CPB, and continuous, 
high doses of inotropic agents are risk factors for developing 
postoperative pancreatitis.406 Experimentally and clinically, 
high doses of calcium increase intracellular trypsinogen acti-
vation and histologic evidence of pancreatitis.407 Fulminant 
pancreatits is very rare, but is often fatal.

STOMACH AND GUT INJURY
CPB at adequate flow rates does not decrease splanchnic blood 
flow.408 Risk factors for gastrointestinal complications include 
advanced age, emergency surgery, prolonged CPB, postopera-
tive low cardiac output or shock, prolonged vasopressor ther-
apy, and elevated preoperative systemic venous pressure.409

CPB decreases gastric pH, which declines further after 
operation. Before the advent of H2 blockers and regular use 
of antacids, duodenal and/or gastric erosion, ulcer, and bleed-
ing were frequent complications after clinical cardiac surgery 
and were associated with mortality that approached 33 to 
50%.410 These complications are now uncommon.

Several days to 1 week after operation very elderly patients 
rarely may develop mesenteric vasculitis or severe mesenteric 
vasoconstriction in response to vasopressors that proceeds to 
small bowel ischemia and/or infarction. New onset abdomi-
nal pain with a silent, rigid abdomen and abrupt rise in white 
count may be the only signs of this catastrophic complica-
tion, which is frequently fatal. If suspected before infarction, 
infusion of papaverine or alternative vasodilators directly 
into the mesenteric arteries may prevent or limit subsequent 
infarction.

The role of CPB in the etiology of gastrointestinal compli-
cations is not completely known. If the complications listed 
in the preceding develop, an increase in the morbidity and 
mortality may be expected.411
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Concurrent with the development of cardiac surgery in the 
1950s as a means of correcting congenital heart defects came 
the need for large-volume blood transfusions. In the 1960s 
and 1970s, the introduction of valve prostheses and direct 
grafting of coronary arteries also made the repair of acquired 
heart diseases a possibility. These landmarks, along with the 
early liberal use of allogeneic blood transfusion therapy, led to 
rapid growth of our field.

Historically, open-heart surgery has been associated with 
large transfusion requirements. Some reports suggest that 
up to 70% of this patient population requires blood trans-
fusions, resulting in an average of 2 to 4 donor exposures 
per patient.1,2 It has been reported that cardiac surgery con-
sumes about 20% of the available blood supply in the United 
States, with similar figures observed worldwide.3 These rel-
atively high rates of transfusions are mostly attributable to 
cardiopulmonary-bypass-induced phenomena: coagulopathy, 
platelet dysfunction, and red cell hemolysis all occur to vary-
ing degrees as a result of the cardiopulmonary bypass (CPB) 
circuit.4-6 Other mechanisms for bleeding include inherited 
and acquired disorders (including platelet dysfunctions, 
coagulation factor deficiencies, and derangements leading to 
excessive fibrinolysis) of numerous etiologies.7 While com-
mon transfusion reactions such as urticaria and fever are 
easily managed and largely benign, rarer complications like 
transfusion-related acute lung injury (TRALI) pose serious 
risks to patients (eg, the mortality rate for TRALI in criti-
cally ill populations ranges from 35–58%8,9) and provide fur-
ther impetus for the avoidance of blood product transfusions 
when at all possible.

Although life-threatening hemorrhage is an obvious abso-
lute indication for blood products, many transfusions are also 
given to improve oxygen-carrying capacity and to avoid or 
reverse end-organ ischemia. Despite the potential benefits 
of transfusing blood to maintain end-organ oxygenation, 
there is a surprising lack of evidence to support the liberal 
use of blood transfusions in cardiac surgery. In fact, there 
is a growing literature base demonstrating that transfusions 
are associated with an increased risk of both morbidity and 
mortality.10-12 For example, red blood cell (RBC) transfusions 

have been associated with longer intensive care unit lengths 
of stay as well as with worse short- and long-term survival.13-15 
A large prospective study identified RBC transfusion as the 
strongest independent predictor of all-cause morbidity and 
mortality following isolated coronary artery bypass grafting 
(CABG) and that each unit of blood transfused posed an 
additive risk for adverse outcomes.16

Concerns over the negative consequences of blood transfu-
sions are not new. As cardiac surgery grew as a discipline in the 
1970s, investigators concomitantly noted an increasing inci-
dence of transfusion-transmitted hepatitis; this public health 
concern first alerted patients and physicians to the concept 
of blood conservation. The emergence of the human immu-
nodeficiency virus (HIV) a decade later further heightened 
interest in this area. Considering (1) the increased awareness 
of blood-borne infectious diseases, (2) the ever-present short-
age of available blood donors, (3) the costs of blood prod-
ucts to both patients and institutions, (4) the needs of special 
populations like Jehovah’s Witnesses, and (5) the inherent 
risks from transfusions, a greater effort was made to perform 
open-heart procedures without blood transfusions, even in 
high-risk patients. Additionally, randomized trials showing 
that lower hemoglobin thresholds were tolerated in both criti-
cally ill and cardiac surgical patients further contributed to 
decreasing transfusions and to the acceptance of some degree 
of anemia in our patients.17-19

As we will discuss, advances in preoperative screening and 
patient optimization; improvements in surgical techniques 
and shorter operative times; the use of perioperative phar-
macologics and other technologies designed to curtail blood 
loss; and the aforementioned tolerance of lower hematocrits, 
especially on bypass, have allowed for extensive procedures 
to be routinely performed without significant blood loss and 
with fewer transfusions.

Comprehensive blood conservation programs that com-
bine such elements (analogous to the use of care bundles in 
the critical care setting) are likely the most effective strat-
egy in decreasing patients’ exposure to allogeneic blood. In 
1991, Ovrum and colleagues established the effectiveness of 
the simple “core” approach to blood conservation in a cohort 
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of 121 consecutive elective CABG patients –the authors 
achieved a transfusion rate of 4.1% and required only 0.06 
RBC units per patient.20 Later that year, the same group 
applied these principles to a larger group of 500 elective 
CABG patients, obtaining similar low rates of transfusion 
(2.4% of patients) and demonstrating that an impressive 
96% of patients received no allogeneic blood products; the 
authors concluded their multimodal six-step blood conser-
vation program was simple, safe, and cost effective.21 More 
recently, Van der Linden and colleagues developed a blood 
conservation program that employed a standardized transfu-
sion policy and algorithm-driven protocols aimed at mini-
mizing perioperative blood loss.22 Using this strategy, the 
group reported a 53% decrease in RBC utilization and a 
46% decrease in the number of patients receiving any blood 
products, without a significant difference in postoperative 
hemoglobin; moreover, their strategy was also shown to be 
safe and cost effective.22 It should be noted that the success of 
such multidisciplinary programs is not limited to large teach-
ing institutions, as similar results have been shown in the 
community setting.23

BLOOD CONSERVATION: 
PREOPERATIVE CONSIDERATIONS
Identification of Patients at Risk of 
Bleeding or of Requiring Transfusion
An important first step in mitigating bleeding and transfu-
sion requirements is to identify those patients most at risk 
for blood loss and/or for needing blood product replace-
ment. Five factors have been identified that are consistently 
associated with increased rates of RBC transfusions in car-
diac surgery: low preoperative hemoglobin and/or hemato-
crit, advanced patient age, female sex, renal insufficiency, 
and surgery urgency.24 Additional risk factors include a 
personal and/or family history of any excessive bleeding 
or the presence of a documented bleeding disorder; preop-
erative antiplatelet or anticoagulation therapy (eg, aspirin, 
clopidogrel, warfarin); insulin-dependent diabetes mellitus; 
decreased left ventricular function; anticipated long CPB 
time; and type of surgery (with complex valvular and aortic 
surgeries conferring the greatest risks).25 Current Society of 
Thoracic Surgery/Society of Cardiovascular Anesthesiolo-
gists (STS/SCA) blood conservation guidelines recommend 
obtaining preoperative hematocrits and platelet counts to 
aid risk prediction, as abnormalities in these variables are 
amenable to intervention; preoperative bleeding time may 
also be determined in high-risk patients, especially those 
on preoperative antiplatelet agents.26 Of note, preoperative 
screening of the intrinsic coagulation system is not recom-
mended unless there is a clinical history of a prior bleeding 
diathesis.26

Awareness of the above-listed risk factors is important as 
the recognition of specific risks should guide subsequent pre-
operative patient management with the intent of optimizing 
a given patient’s risk profile. We will in turn discuss three 

such preoperative management issues: medication cessation, 
increasing preoperative RBC mass, and preoperative autolo-
gous donation.

Managing Medications Contributing to 
Bleeding and Transfusion Risks
The regular, preoperative use of antiplatelet medications like 
aspirin and clopidogrel have been associated with increased 
perioperative blood loss as well as with the need for blood 
products in cardiac surgery patients—as such, a thorough 
understanding of current guidelines pertaining to their use 
prior to cardiac surgery is requisite. With the advent of newer 
anticoagulants (eg, direct thrombin inhibitors, direct factor 
Xa inhibitors), insight into what to do about these drugs 
must be assimilated with knowledge of older, well-established 
guidelines on the cessation of traditional vitamin K antago-
nists. Table 14-1 lists some of the more commonly encoun-
tered of these drugs.

ASPIRIN
Aspirin irreversibly inhibits cyclooxygenase-1 and -2, lead-
ing to decreased formation of thromboxane A2 and ulti-
mately to inhibited platelet aggregation. The ability of aspirin 
to irreversibly induce this qualitative platelet defect has led 
to its widespread use as a thromboprophylaxing agent in 
many cardiovascular disease states (eg, coronary artery dis-
ease, carotid artery stenosis, after prosthetic valve insertion, 
or CABG); as such, aspirin is a very frequently encountered 
drug in our patient population. Current guidelines state that 
it is reasonable to discontinue aspirin prior to cardiac surgery 
only in purely elective patients not having acute coronary 
syndromes.26

ADENOSINE DIPHOSPHATE  
RECEPTOR INHIBITORS
These antiplatelet drugs (clopidogrel, prasugrel, ticagrelor, 
and ticlopidine) inhibit the P2Y12 subtype of platelet adenos-
ine diphosphate (ADP) receptors, thus causing irreversible 
platelet inhibition (of note, ticagrelor is an allosteric antago-
nist, making its ADP blockage reversible). Members of this 
class of drugs are frequently used in combination with other 
antiplatelet agents like aspirin as part of dual antiplatelet 
therapies for acute coronary syndromes and for thrombopro-
phylaxis in those with stents and/or cerebrovascular disease. 
ADP receptor inhibitors are felt to confer greater bleeding 
and transfusion risks than aspirin; as such, guidelines recom-
mend discontinuation of these agents as few as 3 days prior 
to cardiac surgery (with specific timing determined by a 
given drug’s half-life of elimination).26 Point-of-care (POC, 
discussed later) testing assessing platelet responsiveness to 
clopidogrel, specifically, may be used to identify those non-
responders who are candidates for early operative coronary 
revascularization and who may thus not require a preopera-
tive cessation period.26
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TABLE 14-1: Antiplatelet Agents and Anticoagulants

Drug Mechanism Binding Half-life

Aspirin Acetylation of COX-1 and -2 enzymes, resulting in inhibition  
of TXA2 formation, thereby inhibiting platelet aggregation.

Irreversible 15-20 min

ADP Receptor Inhibitors      
 Clopidogrel (Plavix) Inhibits the P2Y12 subtype of platelet ADP receptors, thus  

preventing GP IIb/IIIa receptor complex activation, thereby 
reducing platelet activation and aggregation.

Irreversible 6 h

 Prasugrel (Effient) Inhibits the P2Y12 subtype of platelet ADP receptors, thus  
preventing GP IIb/IIIa receptor complex activation, thereby 
reducing platelet activation and aggregation.

Irreversible 7 h

 Ticagrelor (Brilinta) Inhibits the P2Y12 subtype of platelet ADP receptors, thus  
preventing GP IIb/IIIa receptor complex activation, thereby 
reducing platelet activation and aggregation.

Reversible 7 h

 Ticlopidine (Ticlid) Inhibits the P2Y12 subtype of platelet ADP receptors, thus  
preventing GP IIb/IIIa receptor complex activation, thereby 
reducing platelet activation and aggregation.

Irreversible 13 h

GP IIb/IIIa Inhibitors      
 Abciximab (ReoPro) Monoclonal anti-GP-IIb/IIIa antibody, resulting in steric  

hindrance, thus inhibiting platelet aggregation.
Noncompetitive 30 min

 Eptifibatide (Integrilin) Cyclic heptapeptide inhibitor of GP IIb/IIIa receptor, thus  
interferes with platelet aggregation.

Reversible 2.5 h

 Tirofiban (Aggrastat) Non-peptide inhibitor of GP IIb/IIIa receptor, thus interferes  
with platelet aggregation.

Reversible 2 h

 Unfractionated Heparin Complexes with AT III, accelerating the thrombin-inactivating 
function of AT III by 1000- to 4000-fold.

Reversible 1.5 h

 Warfarin Inhibits hepatic synthesis of vitamin K-dependent coagulation 
factors (II, VII, IX, and X as well as proteins C and S).

Competitive 20-60 h

Novel Oral Anticoagulants      
 Dabigatran (Pradaxa) Direct thrombin inhibitor; inhibits coagulation via prevention  

of thrombin-mediated effects.
Reversible 12-17 h

 Apixaban (Eliquis) Direct factor Xa inhibitor, thus inhibits conversion of  
prothrombin to thrombin, thereby preventing platelet  
activation and fibrin formation.

Reversible 12 h

 Edoxaban (Savaysa) Direct factor Xa inhibitor, thus inhibits conversion of  
prothrombin to thrombin, thereby preventing platelet  
activation and fibrin formation.

Reversible 6-11 h

 Rivaroxaban (Xarelto) Direct factor Xa inhibitor, thus inhibits conversion of  
prothrombin to thrombin, thereby preventing platelet  
activation and fibrin formation.

Reversible 5-9 h

ADP, adenosine diphosphate; AT, antithrombin; COX, cyclooxygenase; GP, glycoprotein; TXA2, thromboxane A2.

GLYCOPROTEIN IIb/IIIa INHIBITORS
Members of this drug class (eg, abciximab, eptifibatide, tiro-
fiban) prevent platelet aggregation via inhibition of glycopro-
tein (GP) IIb/IIIa receptors on the surface of platelets; these 
agents are frequently used during percutaneous coronary 
interventions and in the treatment of acute coronary syn-
dromes. Like the other previously mentioned high-intensity 
antiplatelet drugs, GP IIb/IIIa inhibitors are associated with 
increased bleeding after cardiac operations; as such, these 
medications should be stopped prior to surgery in order to 
decrease minor and major bleeding events.26 Exact timing 
again depends on the half-life of each agent in question.

It should be noted that unfractionated heparin is the 
notable exception to the cessation recommendations pertain-
ing to the high-intensity antithrombotic drugs outlined by 
the STS/SCA guidelines: unfractionated heparin is the only 
agent which can either be discontinued shortly before opera-
tion or not at all.26

VITAMIN K ANTAGONISTS
Vitamin K antagonists are anticoagulants that reduce hepatic 
production of coagulation factors II, VII, IX, and X as well 
as of proteins C and S—all of which depend on vitamin K 
for their synthesis. Warfarin, the most widely encountered of 
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350 Part II Perioperative/Intraoperative Care

these drugs, is used both in the prophylaxis and treatment of 
thromboembolic disorders (eg, venous or pulmonary clots, 
prosthetic valve thrombosis); warfarin is similarly used in 
atrial fibrillation and can serve as an adjunct to reduce sys-
temic embolic risks after myocardial infarction. According 
to recent guidelines produced by the European Association 
for Cardio-Thoracic Surgery, patients on warfarin prior to 
cardiac surgery should be managed in a similar manner to 
those undergoing major noncardiac surgery.27 That is, war-
farin should be discontinued 2 to 4 days before surgery and 
patients at higher risk of thrombosis should be bridged with 
intravenous heparin once the international normalized ratio 
becomes subtherapeutic.27

NOVEL ORAL ANTICOAGULANTS: DIRECT 
THROMBIN INHIBITORS AND DIRECT FACTOR  
XA INHIBITORS
Although novel oral anticoagulants (NOACs) belonging to 
the direct thrombin inhibitor (eg, dabigatran) and direct fac-
tor Xa inhibitor (rivaroxaban, apixaban, edoxaban) classes are 
currently not indicated for patients with mechanical valves, 
their ease of use and their lack of a monitoring requirement 
(as compared to warfarin) have increased the popularity of 
these drugs for patients requiring long-term anticoagulation 
for nonvalvular reasons. Current guidelines regarding the 
perioperative use of NOACs recommend these drugs be dis-
continued 2 to 5 days prior to procedures with a high risk 
of bleeding, including major abdominal, cardiovascular, and 
thoracic operations.28,29 Since the diminution of the antico-
agulant effects of NOACs is predictable after their cessation, 
bridging is typically not required after NOACs are stopped.

The management of patients on NOACs requiring emer-
gency surgery is complicated by the fact that these agents 
have no specific antidote. In this setting, surgery should be 
deferred for at least 12 hours if at all possible; given NOACs’ 
short half-lives, this should allow for some mitigation of bleed-
ing risk.30 If delaying surgery is not possible, expert opinion 
suggests the use of oral activated charcoal or hemodialysis; 
prophylactic administration of fresh frozen plasma (FFP) or 
prothrombin complex concentrates (PCCs, discussed below) 
is not recommended in the absence of major bleeding.30

HERBAL SUPPLEMENTS AND COMPLEMENTARY 
MEDICINE
The use of herbal supplements and complementary medicine 
has seemingly exploded in popularity recently and warrants 
mentioning since many of these naturopathic treatments can 
have profound hematologic effects. Herbs, such as thyme 
and rosemary have been shown to have a direct inhibitory 
effect on platelets.31 Fish oil, an omega-3 polyunsaturated 
fatty acid, may affect platelet aggregation and/or vitamin 
K-dependent coagulation factors. Omega-3 fatty acids may 
lower thromboxane A2 within platelets as well as decrease fac-
tor VII levels,32 while garlic, ginger, and Gingko biloba have all 
been associated with platelet-dysfunction-induced bleeding.33  
Given the many possible antiplatelet and anticoagulant 

effects of such alternative medicines, not to mention their 
myriad interactions (both known and unknown) with other 
drugs, it is therefore prudent to inquire about any supple-
ments patients may be taking prior to cardiac surgery. It is 
our practice to have patients stop all such remedies 7 days 
prior to surgery.

Increasing Preoperative Red Blood  
Cell Mass
Increasing RBC mass prior to surgery is another component 
of blood conservation, as decreased preoperative hemoglo-
bin or hematocrit levels have been shown to be powerful 
predictors of the need for transfusion as well as significant 
risk factors for early and late mortality.25,34 Such optimization 
necessitates diagnosing and treating preoperative anemia. 
Since iron-deficiency anemia is common in the cardiac sur-
gery population, iron supplementation can restore hemoglo-
bin concentrations to adequate levels (eg, 13 g/dL or above), 
thereby decreasing transfusion risk.

The use of recombinant human erythropoietin (EPO) has 
been studied as an additional means of improving RBC mass 
in anemic patients preparing to undergo cardiac surgery. A 
meta-analysis examining such preoperative EPO administra-
tion demonstrated that its use prior to cardiac surgery was 
associated with a significant reduction in the risk of exposure 
to allogeneic blood.35 While there are some concerns that 
chronic EPO use may carry an increased risk of thrombotic 
complications, a recent randomized, blinded trial of pre-
operative high-dose EPO of short duration showed a 56% 
decrease in the relative risk of exposure to blood products 
in patients undergoing off-pump CABG following preopera-
tive EPO versus those not given EPO; no adverse effects were 
observed.36 The contemporary STS/SCA guidelines state that 
it is reasonable to use preoperative EPO and iron several days 
prior to cardiac surgery in patients with anemia, in those who 
refuse transfusion (eg, Jehovah’s Witness), or in patients who 
are at high risk for postoperative anemia.26

Preoperative Autologous  
Blood Donation
Preoperative autologous blood donation (PABD) remains an 
option at selected centers for minimizing patient exposures to 
allogeneic blood. Although this technique has been in prac-
tice since the 1960s, its use in cardiac surgery did not achieve 
widespread acceptance until the 1980s, when the rise of HIV 
led to increased interest in PABD as a way of reducing allo-
geneic transfusions. Unfortunately, the acuity of most cardiac 
operations precludes the routine use PABD as there must be 
sufficient time between donation and surgery to allow for the 
regeneration of the patient’s RBC mass. In general, this time 
is a minimum of 2 weeks per unit of blood donated. What is 
more, patients must have enough reserve to tolerate the ensu-
ing transient anemia, further limiting PABD’s utility. PABD 
is only an option for the elective, stable preoperative patient; 

Cohn_ch14_p0347-0360.indd   350 08/05/17   5:31 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 14 Transfusion Therapy and Blood Conservation 351

additionally, there are numerous relative contraindications to 
PABD, including the presence of left main disease, critical 
aortic stenosis, congestive heart failure, severe coronary artery 
disease with ongoing ischemia, active endocarditis, and base-
line anemia.

Most of the randomized studies evaluating PABD involve 
small sample sizes and level A evidence of its benefits are  
lacking37; nevertheless, a recent case-control study examining 
the technique showed a lower incidence of allogeneic transfu-
sions among those patients who donated preoperatively com-
pared to those who did not (but 20% of the donated blood 
products were discarded postoperatively).38 As such, the most 
recent STS/STA guidelines do not directly endorse PABD; 
they mention PABD only in the context of EPO use, wherein 
the guidelines state EPO additionally may be considered to 
restore RBC volume in patients undergoing PABD.26 For rea-
sons of practicality and cost effectiveness, PABD has largely 
been supplanted by numerous perioperative blood conserva-
tion strategies, which we discuss in the next section.

BLOOD CONSERVATION: 
PERIOPERATIVE STRATEGIES
Cardiopulmonary Bypass Considerations
Numerous CPB techniques have been validated to reduce 
blood loss and to protect against transfusions during and after 
cardiac surgery. These strategies, which we discuss in turn, 
require coordination between the operating surgeon and per-
fusionist and constitute another vital component of any com-
prehensive blood conservation program.

ACUTE NORMOVOLEMIC HEMODILUTION
Acute normovolemic hemodilution (ANH) involves the 
removal of 1 to 2 units of whole blood (target hematocrit 
of 25–30%) from the patient immediately before, or during, 
surgery (but prior to CPB initiation) while simultaneously 
replacing it with crystalloid or colloid to maintain normo-
volemia. The theoretical basis for ANH (also known referred 
to as intraoperative autologous donation) is that this lowering 
of the hematocrit results in fewer RBCs being lost when the 
patient subsequently bleeds during the course of the opera-
tion. Moreover, the removed blood is spared the effects of 
hemodilution from CPB and is shielded from the inflamma-
tory response of blood cells to the bypass circuit. The col-
lected blood—rich in valuable components (eg, platelets, 
coagulation factors)—is then infused back to the patient after 
separation from CPB and heparin reversal.

The amount of blood that an individual patient is capable 
of donating via ANH depends strictly on the patient’s own 
physiologic parameters, estimated blood volume (based on 
height-weight nomograms), and hematocrit. Figure 14-1 is 
our nomogram for allowable ANH blood drainage—this 
conservatively estimates the volume of blood that can be 
removed to achieve a hematocrit of 24% or greater (based on 
a 1000 mL CPB prime volume).

ANH is relatively contraindicated in patients with pre-
operative anemia, unstable angina, and those with ejection 
fractions less than 30%.37 Additionally, evidence support-
ing its use is conflicting: a few prospective studies showed a 
significant decrease in allogeneic blood product use,39,40 oth-
ers showed no benefit from ANH,41,42 while a meta-analysis 
and review found only a modest benefit.43 Contemporary 
guidelines state that ANH may be considered as part of a 
multipronged approach to blood conservation in selected 
(ie, nonanemic) patients, but note that its usefulness is not 
well-established.26,44

RETROGRADE AUTOLOGOUS PRIMING
Low hematocrits during CPB were shown to have detrimen-
tal effects on end-organ function and cognitive outcomes.45-49 
In retrograde autologous priming (RAP), the CPB circuit is 
primed with the patient’s own whole blood, thereby minimiz-
ing circuit-induced hemodilution (which results from crystal-
loid priming) and ideally reducing the subsequent need for 
allogeneic transfusions. Specifically, blood from the aorta is 
allowed to flow retrogradely through the arterial arm of the 
bypass circuit, displacing portions of the crystalloid prime. 
Once the desired prime volume is displaced, a similar pro-
cedure can be applied to the venous line (so-called venous 
antegrade priming) to remove additional crystalloid from the 
circuit.

RAP was shown to reduce hemodilution and alloge-
neic transfusions (as compared to conventional CPB prim-
ing) in a large, retrospective study50 as well as in a recent  
meta-analysis51; however, the latter showed that RAP had no 
effect on clinical outcomes like ventilator hours or length of 
stay.51 RAP is currently endorsed by several societal guidelines 
as a method of reducing allogeneic blood transfusions during 
on-pump cardiac surgery.26,44

MINI-CIRCUITS AND VACUUM-ASSISTED  
VENOUS DRAINAGE
Advances in CPB circuit design have further reduced 
the impact of priming-induced hemodilution as well as 
the inflammatory responses initiated by blood-material  
interactions—these improvements may lessen the need for 
subsequent transfusions. Minimizing circuit length decreases 
the priming volume while also reducing the surface area of 
foreign material to which blood is exposed. This latter point 
serves to decrease the contact-dependent systemic inflamma-
tory response, thereby reducing transcapillary leak; minimiz-
ing blood-material interactions via smaller circuits can also 
decrease the sheering of blood cells.37

Newer, so-called mini-circuits are fully closed CPB sys-
tems that also eliminate blood-air contact, as these circuits 
often do not use a venous reservoir; mini-circuits typically 
have priming volumes of less than 500 mL. Compared to 
conventional CPB, mini-circuits have been shown to more 
stably maintain hemoglobin concentrations intraoperatively, 
to reduce postoperative transfusion requirements, and even to 
improve mortality after CABG.52-54 One potential downside 
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352 Part II Perioperative/Intraoperative Care

to mini-circuits is that the introduction of air into the closed 
venous system risks creation of an air lock; additionally, the 
absence of a venous reservoir creates the potential for exsan-
guination after uncontrolled bleeding. Based on the results of 
nine randomized trials and a well-constructed meta-analysis, 
all of which suggested mini-circuits reduce postoperative 
bleeding and transfusions, the STS/STA guidelines now rec-
ommend the use of these systems for blood conservation.26

Many mini-circuits also incorporate vacuum-assisted 
venous drainage, as opposed to the gravity drainage used in 
conventional CPB systems. While mini-circuits using vac-
uum drainage may improve hemostasis and decrease blood 
requirements compared to regular circuits, there is some 
concern that the vacuum entrains air and that this can lead 
to increased systemic microemboli compared with gravity 
venous drainage. Therefore, current guidelines urge caution 
with respect to vacuum-assisted venous drainage but point 
out that this technology may provide some benefit, especially 
in pediatric patients.26

MODIFIED ULTRAFILTRATION
Another method of limiting CPB-induced hemodilution 
involves modified ultrafiltration (UF), wherein water and 
low-molecular-weight substances are filtered out of the blood 

at the conclusion of a case; the resultant protein-rich con-
centrated whole blood is then returned to the patient. Spe-
cifically, this technique uses a special UF device added to a 
typical bypass system; using the existing CPB cannulae, free 
water as well as detrimental, pump-induced inflammatory 
mediators are removed from the patient’s blood at the con-
clusion of a pump run but prior to the patient leaving the 
operating theater. Compared with other intraoperative UF 
procedures (eg, conventional UF, which runs simultaneously 
with CPB, or zero balance UF, in which the removed free 
water is replaced with a crystalloid solution), modified UF 
has well-established benefits in terms of mitigating hemodi-
lution as well as reducing postoperative bleeding and blood 
product usage.26 As such, the current STS/STA guidelines 
recommend the use of modified UF for blood conservation 
and for reducing postoperative blood loss in adult cardiac sur-
geries requiring CPB.26

AUTOTRANSFUSION OF  
CARDIOTOMY-SUCTIONED, CENTRIFUGED, OR 
RESIDUAL-CIRCUIT BLOOD
Salvaging extravascular blood (ie, shed blood from the opera-
tive field or residual blood in the bypass circuit) is another 
important element in blood conservation. Cell salvage 

Preop hematocrit% in OR

Weight kg 30% 32% 34% 36% 38% 40% 42% 44% 46% 48% 50%

40 338 361 384 406 429 451 474 496 519 541 564

45 418 446 474 502 530 558 585 613 641 669 697

50 498 531 564 598 631 664 697 730 764 797 830

55 578 616 655 693 732 770 809 847 886 924 963

60 658 701 745 789 833 877 921 964 1008 1052 1096

65 737 787 836 885 934 983 1032 1082 1131 1180 1229

70 817 872 926 981 1035 1090 1144 1199 1253 1308 1362

75 897 957 1017 1076 1136 1196 1256 1316 1375 1435 1495

80 977 1042 1107 1172 1237 1302 1368 1433 1498 1563 1628

85 1057 1127 1197 1268 1338 1409 1479 1550 1620 1691 1761

90 1136 1212 1288 1364 1439 1515 1591 1667 1742 1818 1894

95 1216 1297 1378 1459 1541 1622 1703 1784 1865 1946 2000

100 1296 1382 1469 1555 1642 1728 1814 1901 1987 2000 2000

105 1376 1468 1559 1651 1743 1834 1926 2000 2000 2000 2000

110 1456 1553 1650 1747 1844 1941 2000 2000 2000 2000 2000

115 1535 1638 1740 1842 1945 2000 2000 2000 2000 2000 2000

120 1615 1723 1831 1938 2000 2000 2000 2000 2000 2000 2000

125 1695 1808 1921 2000 2000 2000 2000 2000 2000 2000 2000

130 1775 1893 2000 2000 2000 2000 2000 2000 2000 2000 2000

135 1855 1978 2000 2000 2000 2000 2000 2000 2000 2000 2000

140 1934 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000

145 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000

150 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000

Based on 70 mL/kg BV, RAP, 1000 mL dilution and 24% CPBhct
0 BAG No IAD
I BAG 500 mL
2 BAGS 1000 mL
3 BAGS 1500 mL
4 BAGS 2000 mL

IAD removal volume mL

Legend

FIGURE 14-1 Nomogram for allowable acute normovolemic hemodilution/intraoperative autologous donation.
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 Chapter 14 Transfusion Therapy and Blood Conservation 353

systems have been shown to decrease the incidence of RBC 
transfusions in cardiac surgery55 and may be especially use-
ful in off-pump CABG, where cardiotomy suction is not 
available.37

Contemporary blood conservation guidelines therefore 
recommend intraoperative autotransfusions during CPB 
using blood directly from cardiotomy suction and/or recycled 
blood that has been centrifuged to concentrate red cells.26,44 
Additionally, consensus suggests that reinfusion of residual 
blood in the CPB circuit at the conclusion of a procedure is a 
reasonable part of a blood management program.26

Operative Techniques
Interest in minimally invasive techniques for cardiac surgery 
continues to grow. At their core, these advanced procedures 
are intended to lessen the extent of the surgical insult, which, 
in turn, can translate into reduced blood loss and the avoid-
ance of transfusions. Operations performed without CPB, via 
transcatheter or endovascular approaches, or through mini-
thoracotomies (MTs) are becoming increasingly prevalent in 
cardiac surgery and have been studied with respect to their 
ability to conserve blood.

OFF-PUMP CABG
A number of well-designed studies have shown that patients 
undergoing off-pump CABG have reduced transfusion 
requirements as compared to patients undergoing CABG 
on CPB,56-58 have fewer reoperations for bleeding,57 and are 
less coagulopathic postoperatively.58 As is the case with mini-
circuits, these benefits from off-pump surgery stem from the 
avoidance of CPB-induced hemodilution and inflammation. 
While the current STS/STA blood conservation guidelines 
recommend off-pump CABG as a reasonable means of blood 
conservation,26 recent evidence suggesting that graft patency 
is reduced in off-pump CABG patients has tempered some of 
the earlier excitement surrounding this technique.56,59

OTHER MINIMALLY INVASIVE APPROACHES
Numerous other minimally invasive surgical procedures 
have emerged over the last decade. These techniques are still 
evolving and many have not been subjected to rigorous, 
prospective study. Nevertheless, promising lines of evidence 
are beginning to emerge showing that several of these new 
cardiac operations may have the potential to curb blood loss 
and to reduce transfusion risks. For example, thoracic endo-
vascular aortic repair (TEVAR) is increasingly being used to 
repair various descending aortic lesions and has been demon-
strated to reduce transfusions and reoperations for bleeding 
as compared to open aortic surgery.60 The use of TEVAR in 
selected patients was therefore added as a recommendation 
in the most recent STS/STA blood conservation guidelines.26 
Transcatheter aortic valve replacement (TAVR) allows for 
the replacement of stenotic aortic valves in high-risk patients 
using a sternum-sparing, endovascular approach. Although 

TAVR has been associated with higher rates of vascular com-
plications, major bleeding events occurred less often with this 
technique as compared to surgical aortic valve replacement 
(AVR).61 Accordingly, the incidence of transfusions following 
TAVR was also shown to be less than with surgical AVR.62-64

Bleeding can also be minimized by forgoing full sternot-
omy in favor of smaller thoracic incisions. For instance, both 
the aortic and mitral valves can be approached via a small right 
anterior thoracotomy (ie, MT). AVR performed through MT 
has been shown to reduce blood loss as compared to ster-
notomy-based AVR65; similarly, mitral valve replacement 
(MVR) via MT was demonstrated to reduce RBC transfusion  
volumes as compared to MVR performed via traditional  
sternotomy.66 Although current International Society for 
Minimally Invasive Cardiothoracic Surgery (ISMICS) guide-
lines do not go so far as to recommend such MT approaches 
outright, they point out that the ability of MTs to reduce 
allogeneic blood exposures should be considered when bal-
ancing the risks and benefits of these newer procedures.44

Topical Hemostatic Agents
Surgical bleeding (ie, bleeding from suture lines or anasto-
moses) accounts for over half of all cases taken back to the 
operating room due to postoperative blood loss.67 As a result, 
numerous topical hemostatic agents have been developed to 
reduce or prevent surgical bleeding when used as adjuncts 
to conventional suturing techniques. The limited efficacy of 
older topical agents such as oxidized cellulose and microfi-
brillar collagen has led to the introduction of newer products 
with novel applicator systems, some of which can directly 
activate the clotting cascade. We briefly describe some of the 
more commonly encountered of these products, although 
evidence-based comparisons between these agents are largely 
lacking. Table 14-2 comprehensively summarizes most of the 
currently available topical agents.

Fibrin sealants (Tisseel [Baxter Healthcare Corp., Deerfield, 
IL, USA], Beriplast [CSL Bering, King of Prussia, PA, USA], 
and Hemaseel [Haemacure Corp., Montreal, QB, Canada]) 
comprised of freeze-dried human fibrinogen, clotting pro-
teins, fibronectin, and bovine thrombin or bovine aprotinin 
have been widely used in cardiac surgery; a systematic review 
on their use suggested that fibrin sealants are efficacious in 
decreasing the need for allogeneic transfusions.68 However, 
these products are quite immunogenic and can lead to an 
unacceptably high incidence of anaphylaxis69; recent reports 
of myocardial injury secondary to acute coronary bypass graft 
thrombosis70 and of mechanical aortic valve dysfunction71 
following the use of fibrin sealants have led some to further 
caution against using these agents in such procedures.

FloSeal (Baxter Healthcare Corp.) is a bovine-derived 
gelatin matrix cross-linked with a human-derived thrombin 
solution, which when applied, activates the clotting cascade 
and simultaneously forms a nondisplacing hemostatic plug. 
Unlike other fibrin sealants, FloSeal requires blood as a fibrin-
ogen source; the product is biocompatible and reabsorbed in 
6 to 8 weeks. Compared to a Gelfoam-thrombin control, 
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354 Part II Perioperative/Intraoperative Care

FloSeal proved more effective in stopping arterial suture line 
bleeding within 10 minutes in cardiac surgery patients, espe-
cially before protamine reversal.72

BioGlue (CryoLife Inc., Kennesaw, GA, USA) is a biologic 
glue approved initially for use in the repair of aortic dissec-
tions. This product consists of a glutaraldehyde solution and 
a separate bovine serum albumin solution that are mixed at 
the time of use via a dual-cartridge, single-nozzle dispenser. 

The resultant flexible mechanical seal forms within 2 minutes, 
independent of the body’s clotting mechanism. Both obser-
vational and randomized studies have demonstrated Bio-
Glue significantly decreased anastomotic bleeding in cardiac, 
aortic, and peripheral vascular procedures as compared with a 
standard surgical control.73,74

Current STS/STA guidelines state that topical hemo-
static agents may be considered to provide local hemostasis 

TABLE 14-2: Topical Hemostatic Agents Recommended by the Society of Thoracic Surgeons/Society 
of Cardiovascular Anesthesiologists Blood Conservation Clinical Practice Guidelines.26

Agent Commercial name Composition Mechanism of action
Class of 
recommendation

Oxidized regenerated 
cellulose for wound 
compression

Surgicel, Oxycel Oxidized cellulose Accelerate clotting by platelet activation 
followed by swelling and wound 
compression. Some bacteriostatic 
properties.

Class IIb

Microfibrillar  
collagen

Avitene, Colgel, Helitene Bovine collagen 
shredded into  
fibrils

Collagen activates platelets causing 
aggregation, clot formation, and 
wound sealing.

Class IIb

Combined  
compression and 
sealant topical agent

Recothrom or Thrombin 
JMI added to USP 
porcine Gelfoam,  
Costasis, FloSeal

Bovine fibrillar  
collagen or bovine 
gelatin combined  
with thrombin 
and mixed with 
autologous plasma

Activation of platelet-related clotting 
followed by swelling and wound 
compression. Recombinant thrombin 
has potential safety advantage. 
Combination of compression and 
sealant agents.

Class IIb

Fibrin sealants  
(“fibrin glue”)

Tisseel, Beriplast,  
Hemaseel, Crosseal

Source of fibrinogen 
and thrombin mixed 
with antifibrinolytics 
combined at 
anastomotic sites

Fibrin matrix serves to seal the wound. 
Contains either aprotinin or 
tranexamic acid.

Class IIb

Synthetic cyanoacrylate 
polymers

Omnex Polymers of 2 forms 
of cyanoacrylate 
monomers

Seals wounds without need for intact 
clotting mechanism.

Class IIb

Synthetic polymers  
of polyethylene  
glycol

CoSeal, DuraSeal Polymers of  
polyethylene glycol 
cross link with local 
proteins

Polymers and proteins form matrix 
sealant.

Class IIb

Sealant mixture  
of bovine albumin  
and glutaraldehyde

BioGlue Albumin and 
glutaraldehyde 
dispensed in  
2-syringe system

Sealant created without need for 
intrinsic clotting system by 
denaturation of albumin. Safety 
concerns because of glutaraldehyde 
toxicity.

Class IIb

Large surface area 
polysaccharide 
hemospheres

Arista, HemoStase Plant-based 
polysaccharides  
with a very large 
surface area

Rapidly dehydrate blood by 
concentrating serum proteins, 
platelets, and other blood elements 
on the surface of contact.

Class IIb

Chitin-based sealants Celox, HemCon, 
Chitoseal

Naturally occurring 
polysaccharide 
polymer

Chitin forms clots in defibrinated 
or heparinized blood by a direct 
reaction with the cell membranes of 
erythrocytes. Probably induces local 
growth factors.

Class IIb

Antifibrinolytic agents in 
solution

Trasylol, tranexamic acid Antifibrinolytic agents 
dissolved in saline

Limit wound-related generation of 
plasmin.

Class IIa

Reproduced with permission from Ferraris VA, Brown JR, et al: 2011 update to the Society of Thoracic Surgeons and the Society of Cardiovascular Anesthesiologists blood 
conservation clinical practice guidelines. Society of Thoracic Surgeons Blood Conservation Guideline Task Force, Ann Thorac Surg. 2011 Mar;91(3):944-982.
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 Chapter 14 Transfusion Therapy and Blood Conservation 355

at anastomotic sites as part of a multimodal blood manage-
ment program.26 As those guidelines point out, despite the 
widespread use of such products in cardiac surgery, no single 
topical preparation has emerged as a clear frontrunner, high-
lighting the need for randomized controlled trials of these 
agents.26

Antifibrinolytic Agents
Antifibrinolytic prophylaxis has been well-studied in cardiac 
surgery and currently is centered around two drugs: the lysine 
analogs tranexamic acid (TA) and epsilon-aminocaproic acid 
(EACA). These agents bind to plasminogen and inhibit its 
binding to fibrin, thereby impairing fibrinolysis. A third anti-
fibrinolytic drug, aprotinin, is a bovine-derived serine pro-
tease inhibitor of the fibrinolytic enzyme, plasmin. While 
aprotinin has long been confirmed to decrease bleeding 
rates and transfusion requirements as compared to placebo, 
aprotinin was removed from market in 2007 over concerns 
regarding renal toxicity75,76 and because of higher mortality in 
aprotinin-treated patients in a randomized, prospective trial 
comparing that drug with TA and EACA.77

TRANEXAMIC ACID
Although TA and EACA share similar mechanisms of action, 
the significant difference between the two agents is that TA 
is roughly 10 times more potent than EACA. Several meta-
analyses have highlighted the benefits of TA in decreasing 
postoperative transfusion requirements,78,79 the most recent 
of which demonstrated significant decreases in RBC transfu-
sions and in repeat surgery rates for bleeding when comparing 
TA use with controls.80 No sufficiently powered, randomized 
controlled trial exists, however, comparing the effects of TA 
administration versus placebo on transfusion requirements. 
Of note, concerns over TA’s safety profile (seizure risk, in 
particular) as well as debates on dosing strategies for this 
drug continue. Nevertheless, the use of TA is a class I rec-
ommendation in the current STS/SCA blood conservation 
guidelines for reducing total blood loss and for decreasing the 
number of patients who require blood transfusions during 
cardiac procedures.26

EPSILON-AMINOCAPROIC ACID
Introduced to cardiac surgery in 1962,81 EACA remains the 
most commonly used antifibrinolytic agent in the United 
States. EACA has repeatedly been shown to result in decreased 
postoperative RBC blood loss and in transfusion rates 
similar to those observed for aprotinin (when compared to  
placebo).82-85 Loading doses from 50 to 150 mg/kg followed 
by infusions from 25 to 30 mg/kg/h allow plasma EACA lev-
els to be maintained at greater than 130 μg/mL, the mini-
mum concentration needed to suppress plasmin activity.25 
Like TA, EACA is indicated for blood conservation by the 
contemporary STS/SCA guidelines.26

POSTOPERATIVE CONCERNS  
AND MANAGEMENT
Blood conservation does not stop at the conclusion of the 
cardiac surgery; rather, through the coordinated efforts of 
both the surgical and intensivist teams, various postopera-
tive strategies—transfusion triggers, POC testing, the use of 
novel blood products, etc.—can be employed to minimize 
further bleeding and to avoid unnecessary hemodilution and 
RBC transfusions. Perhaps the most central issue in this post-
operative blood conservation paradigm concerns the seem-
ingly straightforward question of “when do we transfuse a 
patient?”

Transfusion Triggers
The literature indicates that the anesthetized patient on full 
CPB at moderate hypothermia can safely tolerate a hema-
tocrit as low as 15%, with the exception of patients at risk 
for decreased cerebral oxygen delivery—namely, those with a 
history of stroke, diabetes, or cerebrovascular disease.86 These 
latter patients can tolerate a hematocrit as low as 18% when 
using moderate hypothermia.87 Once the patient is warm and 
being weaned from CPB, these percentage points are raised 
by 2% each (17% and 20%, respectively) because the relative 
protective effects of hypothermia are no longer present. In our 
institution, once the patient is off CPB, our practice is to rein-
fuse all (or as much as possible) remaining blood in the CPB 
circuit to the patient and then to give all available cell salvage 
blood, including any blood remaining in the CPB circuit that 
was not initially given back to the patient; next, any blood 
collected from ANH, and finally, PABD blood if available. 
Then and only then, if the hematocrit remains unsatisfactorily 
low, does the patient receive allogeneic blood. Of course, the 
issue becomes: what does “unsatisfactorily low” mean?

Unfortunately, data to support postoperative transfusion 
decisions in cardiac surgery are sparse. Since a given patient’s 
unique clinical situation (eg, volume status, hemodynamics, 
surgical extent, ongoing bleeding, and mixed venous oxygen 
saturation) is likely the most important factor in weighing his 
or her need for transfusion, it would be impossible to assign 
a single transfusion trigger that can universally be applied to 
all patients. However, based upon the results of numerous 
case series, several nonrandomized observational studies, a 
handful of prospective randomized clinical trials, and expert 
opinions, consensus now exists that helps guide us in the 
transfusion decision-making process.26,88

It is widely accepted (and as outlined by the current STS/
SCA guidelines) that RBC transfusions to improve oxygen 
transport when a hemoglobin level is greater than 10 g/dL are 
almost never of benefit, whereas most patients with hemoglo-
bin levels less than 7 g/dL do indeed stand to benefit from 
transfusion.26,88 Two studies in particular formed much the 
basis for this understanding: in 1999, a multicenter ran-
domized trial of Transfusion Requirements in Critical Care 
(TRICC) enrolled 838 critically ill patients and randomized 
them to either a restrictive (transfuse if hemoglobin < 7 g/dL)  
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or a liberal (transfuse if hemoglobin < 10 g/dL) transfusion 
strategy.89 The 30-day mortality rates, though better in the 
restrictive strategy group, did not reach statistical signifi-
cance; however, myocardial infarction and pulmonary edema 
occurred less frequently under the restrictive strategy.89 A sub-
group analysis, which looked at younger patients (age < 55) 
and patients who were less acutely ill (APACHE score < 20) 
showed significantly lower mortality rates with the restrictive 
strategy.89 Patients with known, significant cardiac disease 
had comparable mortality rates regardless of the transfusion 
strategy used.89

A second, more recent randomized trial examined appro-
priate transfusion triggers in cardiac surgical procedures spe-
cifically: the Transfusion Requirements After Cardiac Surgery 
(TRACS) trial randomized 502 patients who had undergone 
cardiac surgical procedures with the use of CPB to restrictive 
(maintain hematocrit ≥ 24%) versus liberal (maintain hema-
tocrit ≥ 30%) transfusion strategies.19 The primary, composite 
end point of 30-day mortality and in-hospital major morbid-
ity was comparable between both strategies.19 In the restrictive 
strategy group, there was a 60% diminution in the number of 
transfused units.19 Furthermore, RBC transfusions were again 
found to be an independent risk factor for mortality.19

The contemporary STS/SCA blood conservation guide-
lines therefore state RBC transfusion is reasonable when 
hemoglobin levels are below 6 g/dL, as they can be life-saving.26  
Moreover, transfusion is reasonable in most postoperative 
patients whose hemoglobin is less than 7 g/dL, even though 
little high level evidence supports this recommendation.26

Point-of-Care Testing
Traditional laboratory-based testing of blood (eg, complete 
blood counts, coagulation profiles) helps guide rational 
transfusion practices. Yet, some of these assays may be lim-
ited by processing times that are quite long relative to the 
acuity of many postsurgical cardiac patients. Hence, various 
POC tests have been developed that seek to optimize and 
expedite patient management. The proposed advantages of 
POC testing include (1) the targeting of transfusion therapies 
according to specific coagulation abnormalities, (2) the rapid 
identification of patients who could benefit from pharmaco-
logic therapy to decrease bleeding, and (3) the identification 
of a surgical source for excessive bleeding in the setting of 
normal test results.25

The use of thromboelastography (TEG) or rotational 
thromboelastometry (ROTEM) to assess whole-blood coagu-
lation, platelet function, and fibrinolytic activity has gained 
popularity in cardiac surgery (Fig.14-2).90 However, as the 
recent ISMICS consensus statement points out, despite some 
evidence that TEG/thromboelastometry may reduce blood 
subcomponent transfusions, results have been largely het-
erogeneous and no benefits have been shown with respect to 
clinically relevant outcomes.44 As such, evidence remains too 
premature to recommend POC technologies for routine use 
in blood conservation following cardiac surgery.

Novel Blood Products
Two newer, novel blood products—recombinant activated 
factor VII (rFVIIa) and PCCs—have garnered considerable 
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FIGURE 14-2 Working principles of thromboelastography and rota-
tional thromboelastometry.90 Thromboelastography (TEG) and rota-
tional thromboelastometry (ROTEM) assess viscoelastic changes in 
clotting whole blood under low shear conditions after the addition of a 
specific coagulation activator to a sample of blood. The main end point 
of TEG and ROTEM is the determination of the blood’s viscoelastic-
ity, referred as amplitude (for TEG) and clot firmness (for ROTEM). 
Specifically, the viscoelastic (tensile) force between the blood-containing 
cup and the immersed pin results from the interaction between acti-
vated platelet glycoprotein IIb/IIIa receptors and polymerizing fibrin 
during endogenous thrombin generation and fibrin degradation by 
fibrinolysis. In TEG (A), the cup holding the blood sample is rotat-
ing, whereas the torsion wire is fixed. In ROTEM (B), the cup is fixed, 
whereas the pin is rotating. Changes in torque are detected electrome-
chanically in TEG and optically in ROTEM. The computer-processed 
signal is then presented as a tracing. (C) Shows typical tracings from 
TEG (lower tracing) and ROTEM (upper tracing). The time course 
of viscoelastic changes is depicted as additional parameters that reflect 
the rate and stability of clot formation; the values of these parameters 
can then guide clinical decision-making. (Reproduced with permission 
from Bolliger D, Seeberger MD, Tanaka KA: Principles and practice of 
thromboelastography in clinical coagulation management and transfu-
sion practice, Transfus Med Rev. 2012 Jan;26(1):1-13.)
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attention but their roles in cardiac surgery and blood conser-
vation may not yet be widely understood by practicing sur-
geons. We therefore close this chapter with brief discussions 
of these two products.

RECOMBINANT ACTIVATED FACTOR VII
Endogenous activated factor VII plays a central role in coag-
ulation; rFVIIa is nearly identical to the endogenous form 
of this factor and works by both tissue-factor-dependent 
and—independent mechanisms to generate thrombin.91 The 
rFVIIa is approved by the Food and Drug Administration for 
the management of bleeding in patients with hemophilias A 
and B and in patients with congenital factor VII deficiency.  
The off-label use of rFVIIa in cardiac surgery has surged in 
recent years, where it is used to treat refractory intraoperative 
and/or postoperative hemorrhage.

However, the results of studies examining the use of this 
novel agent in cardiac surgery (mainly nonrandomized stud-
ies, case reports, and small case series) have been mixed. 
As such, a randomized controlled clinical trial was recently 
undertaken to assess the dose-escalating safety and efficacy 
of rFVIIa in postoperative cardiac surgical patients with 
refractory bleeding.92 When used at either a low or high dose  
(40 or 80 μg/kg, respectively), rFVIIa was associated with 
significantly lower bleeding rates and allogeneic transfusions 
than was placebo.92 The authors concluded that this therapy 
was effective for refractory bleeding but that the study was 
ultimately underpowered to speak to this blood product’s 
safety profile.92 A recent comprehensive review of 35 random-
ized clinical trials using rFVIIa for all off-label indications 
sought to address this question of safety and demonstrated 
a significantly higher incidence of arterial thrombotic events 
with rFVIIa versus placebo (5.5 vs 3.2%, respectively).93

Current blood conservation guidelines state that rFVIIa 
may be considered for the management of intractable non-
surgical bleeding that is otherwise unresponsive to conven-
tional hemostatic therapies.26,44 Yet, the routine, prophylactic 
use of rFVIIa in cardiac surgery cannot be endorsed for rea-
sons of cost, due limited data on its efficacy, and because of 
concerns for increased risk of serious adverse events with this 
blood product.

PROTHROMBIN COMPLEX CONCENTRATES
PCCs are plasma-derived concentrates of vitamin K-dependent 
coagulation factors (II, VII, IX, X, and proteins C and S); 
several PCC products are currently available. PCCs are useful 
for the rapid reversal of oral anticoagulants; in a randomized 
trial of cardiac surgical patients, PCC reversed oral antico-
agulation safely, more quickly, and with decreased bleeding 
compared to reversal with FFP.94 PCCs are also beginning to 
be studied for the treatment of post-CPB coagulopathy and 
early results suggest that PCC use may decrease subsequent 
FFP and platelet transfusion requirements95—though these 
promising preliminary results have yet to be validated in 
larger, randomized controlled clinical trials.

KEY POINTS
 • There is little evidence to support the routine, liberal use 

of blood transfusions in cardiac surgery.
 • Comprehensive blood conservation programs are the most 

effective strategy in decreasing patients’ exposures to allo-
geneic blood.

 • Blood conservation should be approached in a multidisci-
plinary fashion using a team that includes members from 
surgery, anesthesiology, nursing, perfusion, blood bank-
ing, and quality improvement.

 • Preoperative strategies for minimizing bleeding risks and 
transfusion requirements include: the identification of 
high-risk patients; appropriately stopping medications 
that contribute to coagulopathy; and increasing preopera-
tive red cell mass with iron supplementation, erythropoi-
etin, and/or PABD.

 • The use of CPB techniques that reduce blood loss and 
protect against transfusions should be maximized—these 
include: ANH with the subsequent reinfusion of drained 
autologous blood, retrograde autologous priming, and the 
utilization of mini-circuits and modified UF.

 • Antifibrinolytic drugs and topical hemostatic agents are 
important adjuncts to blood conservation.

 • A patient’s unique clinical situation, rather than rigid trans-
fusion triggers, should guide postoperative blood utilization.

 • The incorporation of new surgical techniques, novel agents 
and blood products, and evolving technologies into blood 
conservation programs must be based on evidence from 
well-designed clinical trials.
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Surgical therapy for aortic arch disease involves partial or 
complete replacement of the arch with great vessel reimplan-
tation during a period of time when native cerebral blood 
flow is temporarily interrupted. In its original description, 
this interval of suspended cerebral perfusion required the 
cessation of blood flow to the entire body and was labeled 
hypothermic circulatory arrest (HCA). HCA employs the 
use of systemic hypothermia to protect the brain and visceral 
organs during the ischemic period, and provides a bloodless 
operative field to facilitate arch reconstruction. Since the ini-
tial report of the use of HCA for aortic arch replacement, 
cerebral protection, and circulation management techniques 
have evolved to enable safe, reproducible arch reconstruction 
with excellent neurologic outcomes.1

HCA traces its beginnings to the work of Bigelow who 
demonstrated a role for hypothermia in cardiac surgery in 
a canine model.2 John Lewis used systemic hypothermia at 
28°C combined with venous inflow occlusion to perform 
the first successful atrial septal defect repair. He subsequently 
described the use of profound systemic hypothermia (9°C) 
with one hour of circulatory arrest without any evidence of 
central nervous system injury to treat an adult with ovar-
ian carcinoma.3,4 Systemic hypothermia was temporarily 
abandoned with the arrival of the cardiopulmonary bypass 
machine, but was rediscovered and used in isolated reports of 
arch replacement in the 1960s.5,6 However, it was the trans-
lational research of Dr. Randall Griepp, who applied lessons 
learned from his canine laboratory models to successfully 
repair aortic arch aneurysms using HCA, that ushered in the 
modern era of aortic arch surgery.1

BASIC PRINCIPLES
For the purposes of clarity throughout this chapter, the use 
of HCA without adjunctive cerebral perfusion will be termed 
as “HCA alone”. The classification system in Table 15-1 will 
be used to describe varying degrees of hypothermia used 
for HCA Table 15-1. Deep hypothermic circulatory arrest 
(DHCA) and moderate hypothermic circulatory arrest 
(MHCA) are the two levels of HCA that will be primarily 
focused upon throughout the subsequent text.

Cerebral Metabolism and Blood Flow
Comprehension of HCA mandates a fundamental under-
standing of cerebral metabolism and blood flow. The 
metabolic rate and energy requirements of the brain are 
approximately 7.5 times the metabolism of non-nervous 
system tissues. The brain depends upon the aerobic pro-
cess of glycolysis for energy and is estimated to have only 
a 2-minute supply of glucose stored as glycogen in neurons 
at any time. The brain is intolerant of ischemia and in that 
setting quickly resorts to anaerobic metabolism for energy 
production. Once adenosine triphosphate (ATP) stores are 
depleted, basic cellular ionic pumps fail and calcium accu-
mulates in the intracellular space. This leads to irreversible 
neuronal injury.7

In order to support the high cerebral metabolic rate, the 
body provides approximately 60 mg of glucose and 3.5 mL 
of oxygen per 100 mg of brain tissue per minute. This trans-
lates to a cerebral blood flow of 750 to 900 mL/min or 15% 
of resting cardiac output under normothermic conditions.7 
The autoregulatory capacity of the cerebral microcircula-
tion ensures constant flow rates in normotensive individu-
als within a mean arterial blood pressure range of 60 to 140 
mm Hg. This level of perfusion maintains a ratio of cerebral 
blood flow to metabolism of 20:1. However, several physi-
ologic variables including temperature, pH, and hematocrit 
can modulate cerebral blood flow.8

Since oxygen is vital to brain metabolism, measurement 
of the cerebral metabolic rate for oxygen (CMRO2) provides 
important comparative information regarding the metabolic 
state of the brain. Hypothermia has been shown to exponen-
tially reduce cerebral metabolism. Systemic hypothermia at 
20°C reduces the CMRO2 to 76% of its baseline, and deeper 
hypothermia to 15°C reduces CMRO2 to 84% of baseline 
values (Table 15-2).9 In contrast to the CMRO2, hypother-
mia reduces cerebral blood flow in a linear fashion. As the 
core body temperature decreases to 22°C, the cerebral micro-
circulation loses its ability to autoregulate and cerebral blood 
flow becomes dependent upon mean arterial pressure.10 Loss 
of autoregulation translates into an uncoupling of cerebral 
blood flow and metabolism. This produces excess or “luxury” 
perfusion of the brain, and the ratio of cerebral blood flow to 
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362 Part II Perioperative/Intraoperative Care

metabolism increases to a ratio of 75:1. The significance of 
luxury perfusion is unclear. Potential beneficial effects of lux-
ury perfusion include a quicker, more homogenous cooling 
of the brain; however, potential detrimental effects include 
the development of brain edema and exposure to an increased 
embolic load.8

The most clinically accessible method of assessing cerebral 
metabolism is the measurement of cerebral electrical activity, 
which can be monitored by electroencephalography (EEG). 
Systemic cooling diminishes cerebral electrical activity and 
electrocerebral or EEG silence indicates maximal cerebral 
metabolic suppression. Many aortic centers use complete 
EEG silence during the cooling period as a reliable and safe 
measure of adequate cerebral suppression, indicating that it is 
safe to initiate HCA.

pH Management
As stated previously, cerebral blood flow is impacted by tem-
perature and the acid-base status of the blood. Two different 
strategies are used during HCA to manage pH. Alpha-stat 
pH management maintains normal acidemia and blood 
gases in 37°C (normothermic) blood. This optimizes cellu-
lar enzyme activity and preserves cerebral autoregulation. In 

alpha-stat management, the pH is allowed to change as the 
blood temperature decreases, and the blood becomes more 
alkaline and hypocapneic. Such conditions cause a shift of the 
oxyhemoglobin dissociation curve to the left, which increases 
the affinity of hemoglobin for oxygen. The net effect is that in 
deep hypothermia, oxygen bound to hemoglobin is less avail-
able to be released to the tissues, and the fraction of oxygen 
dissolved in blood represents the major source of oxygen to 
the tissues.

The alternative strategy is pH-stat management, which 
maintains a normal pH at hypothermia by adding CO2 to 
the blood during cooling. Supplementary CO2 causes cere-
bral vasodilatation and eliminates the autoregulatory capacity 
of the cerebral microvasculature. This results in an increase 
in cerebral blood flow and an uncoupling of cerebral blood 
flow from cerebral metabolism. Due to the supplementary 
CO2, at deep hypothermia, the oxyhemoglobin dissociation 
curve is shifted to the right, which decreases the affinity of 
hemoglobin to oxygen and increases the delivery of oxygen to 
the tissues. Under pH-stat management, the blood becomes 
acidotic and hypercapneic when the blood temperature is 
rewarmed to 37°C.

Studies comparing the two strategies have been con-
ducted in both large animals and humans. The majority 
of human studies contain small numbers of patients who 
underwent either adult cardiac or congenital heart proce-
dures that did not utilize circulatory arrest. The adult stud-
ies are composed of patients undergoing coronary artery 
bypass grafting under moderate-to-mild levels of hypother-
mia (26-32°C). Conclusions from the adult studies indicate 
superior outcomes with alpha-stat management. The animal 
and pediatric studies contain data conducted under deep 
hypothermia with either low flow cardiopulmonary bypass 
or circulatory arrest. Outcomes in these studies were supe-
rior with pH-stat management.11

The mechanisms of intraoperative brain injury dif-
fer between adults and children. Adults are prone to suffer 
embolic injury secondary to risk factors for vasculopathy (eg, 
hypertension, atherosclerosis, diabetes mellitus). Children 
undergoing repair of complex congenital heart disease are 
more susceptible to global ischemic injury from prolonged 
periods of low flow or circulatory arrest. Therefore, alpha-stat 
management may be more optimal in adults, where the pres-
ervation of cerebral autoregulation enables the microvascula-
ture to adjust to areas of stenoses and any disproportionate 
distribution of flow. Conversely, children may benefit from 
the global cerebral vasodilatation associated with pH-stat 
management to augment blood flow during prolonged low 
flow states.11-13

Pathogenesis of Brain Injury During HCA
It is well recognized that there are two different types of 
brain injury observed in patients treated with HCA: (1) per-
manent neurologic dysfunction (PND) and (2) temporary 
neurologic dysfunction (TND). PND, commonly referred 
to as stroke, manifests clinically as a focal neurologic deficit 

TABLE 15-2: Measurement of the Cerebral 
Metabolic Rate for Oxygen (CMRO2) 
Provides Important Comparative Information 
Regarding the Metabolic State of the Brain

Temperature 
(°C)

Cerebral metabolic 
rate (% of base line)

Safe duration of 
HCA (min)

37 100 5
30 56 (52-60) 9 (8-10)
25 37 (33-42) 14 (12-15)
20 24 (21-29) 21 (17-24)
15 16 (13-20) 31 (25-38)
10 11 (8-4) 45 (36-62)

Reproduced with permission from McCullough JN, Zhang N, Reich DL, et al: 
Cerebral metabolic suppression during hypothermic circulatory arrest in humans, 
Ann Thorac Surg. 1999 Jun;67(6):1895-1899.

TABLE 15-1: Consensus on Hypothermia 
Classifications in Aortic Arch Surgery

Category Nasopharyngeal temperature

Profound hypothermia ≤14°C
Deep hypothermia 14.1-20°C
Moderate hypothermia 20.1-28°C
Mild hypothermia 28.1-34°C

Reproduced with permission from Yan TD, Bannon PG, Bavaria J, et al:  
Consensus on hypothermia in aortic arch surgery, Ann Cardiothorac Surg.  
2013 Mar;2(2):163-168.
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 Chapter 15 Deep Hypothermic Circulatory Arrest 363

secondary to an embolism of particulate matter or air/gas 
bubbles causing vascular occlusion resulting in an ischemic 
cerebral infarct. Risk factors for PND in patients under-
going HCA include atheromatous disease involving both 
the ascending aortic and the site of arterial cannulation for 
cardiopulmonary bypass.14-16 The axillary artery has been 
shown to provide the lowest risk of stroke in patients under-
going HCA operations.16 Other neuroprotective strategies 
to reduce the risk of embolic stroke include the use of epi-
aortic ultrasound to guide the site of arterial cannulation 
and aortic cross clamping, and the addition of antegrade or 
retrograde cerebral perfusion (RCP).

TND is a reversible, diffuse subtle injury which is attrib-
uted to inadequate cerebral protection.17 Patients with TND 
can experience confusion, agitation, delirium, prolonged 
obtundation, orparkinsonism without localizing signs in 
the immediate postoperative period. Brain imaging in this 
clinical setting with computed tomography or magnetic reso-
nance imaging is negative. TND is the clinical manifestation 
of a global cerebral ischemic injury that results in necrotic 
and/or apoptotic neuronal cell death.

Necrotic cell death following HCA occurs due to a fail-
ure to meet minimum cerebral cellular metabolic and oxygen 
requirements. In this instance, cellular stores of ATP are 
exhausted and the cell converts to anaerobic metabolism. The 
lack of ATP also causes a failure of the Na+/K+ pump which 
has a multitude of consequences including cellular swelling, 
depolarization of the cell membrane, opening of voltage sen-
sitive Ca2+ channels and a massive influx of calcium into the 
cytoplasm. Accumulation of intracellular calcium activates 
proteases and lipases that disrupt the cellular membrane 
and results in cell lysis and death. Histologically, cellular 
necrosis is characterized by pyknotic nuclei, swollen eosino-
philic cytoplasm, and the presence of an inflammatory reac-
tion. Risk factors for neuronal cell necrosis following HCA 
include inadequate levels of hypothermia, the presence of 
electrocerebral activity at the time of circulatory arrest, and 
prolonged duration (>40 minutes) of HCA without cerebral 
perfusion.18-20

The second type of cell death observed in patients after 
HCA with inadequate cerebral protection is apoptosis. Apo-
totic cell death is an energy-dependent process that occurs 
despite adequate stores of cellular energy. It represents a sub-
lethal ischemic injury that results in the activation of specific 
genes, receptors and enzymes that break down the cell in a 
programmed manner.21 Morphologically it is characterized by 
nuclear karyorrhexis, and margination of chromatin in the 
nucleus with minimal cytoplasmic or inflammatory changes. 
Apoptosis is a highly sophisticated and complex process that 
has not yet been fully characterized, and a detailed descrip-
tion is beyond the scope of this chapter. Fundamentally, it 
is a carefully regulated process that leads to the generation 
of caspases which initiate a proteolytic cascade in which one 
caspase activates other caspases and leads to rapid cell death.22 
Multiple animal models of DHCA have demonstrated apop-
totic cell death beginning within hours of reperfusion and 
continuing as long as 72 hours after DHCA.23,24

Ischemia and hypoxia can initiate cell death through a 
third mechanism related to excessive neuronal stimulation 
and hyperactivity. Once the brain converts to anaerobic 
metabolism, lactate is produced. The inability of the neuro-
nal cells to utilize lactate as an energy source, combined with 
the lack of blood flow during HCA, results in the accumu-
lation of lactate and a drop in intracellular pH. The devel-
opment of intracellular acidosis has a multitude of effects 
including the release of the potent excitatory neurotransmit-
ters glutamate and aspartate, and failure of the neurotrans-
port pumps. This results in the accumulation of glutamate 
in the intercellular space. Glutamate in increasing concen-
trations becomes neurotoxic and mediates the opening of 
calcium channels. The end result is an influx of calcium into 
the cytoplasm, which initiates a lethal biochemical cascade 
resulting in neuronal cell death. Excitotoxicity is the term 
applied to this type of neuronal cell death induced by excit-
atory amino acids. Excitotoxicity plays an important role in 
both necrotic and apoptotic ischemic neuronal cell death.18 
Metabolic rates differ throughout the different regions of the 
brain, and foci with high metabolic rates are more sensitive 
to ischemia. This concept has been termed “selective vulner-
ability” and, applies to neurons in the hippocampus, basal 
ganglia and cerebellum.25,26 Patients with TND due to inad-
equate cerebral protection following HCA can often display 
poor cognition, altered short-term memory, and fine motor 
deficits. Neuropsychological tests in patients undergoing 
HCA have demonstrated memory and fine motor deficits 
consistent with subtle brain injury in patients following 
periods of DHCA > 25 minutes.27 This type of subtle brain 
injury is likely due to necrotic or apoptotic neuronal cell 
death in the hippocampus, basal ganglia, and cerebellum. 
The impact of TND is not clinically insignificant and cor-
relates with long-term memory and motor deficits following 
prolonged periods of DHCA.28

DEEP HYPOTHERMIC 
CIRCULATORY ARREST
Cooling
After the initiation of cardiopulmonary bypass, systemic 
hypothermia is achieved by cooling the blood passing through 
a heat exchanger connected to the perfusion circuit. A tem-
perature gradient (arterial inflow to venous return) that does 
not exceed 10°C is maintained during the cooling period to 
prevent the formation of gaseous emboli. The duration of 
the cooling period required to equilibrate blood and tissue 
temperatures is highly variable and is dependent upon blood 
flow, temperature gradient (between perfusate and organs), 
and tissue-specific coefficients of temperature exchange. 
Patient-specific variables that impact cooling include occlu-
sive vascular disease and body mass index.

There is no consensus regarding cooling strategies for 
HCA. Intraoperative monitoring of time, temperature, 
jugular venous bulb oxygen saturation, and electroenceph-
alographic activity can assist in the evaluation of cerebral 

Cohn_ch15_p0361-0372.indd   363 08/05/17   11:48 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



364 Part II Perioperative/Intraoperative Care

metabolic suppression during the cooling period. Tem-
perature is monitored in many different sites including 
the inflow and outflow lines of the perfusion circuit, and 
by probes inserted into the bladder, rectum, nasopharynx, 
and esophagus. If the cerebral protection strategy is HCA 
alone or in conjunction with RCP, then the cooling strategy 
should be based upon esophageal or nasopharyngeal tem-
peratures, as these sites have been shown to closely approxi-
mate brain temperature.29 However, if antegrade cerebral 
perfusion is used, bladder or rectal temperatures are more 
important, as visceral organ protection becomes the primary 
goal of hypothermia.

Generally accepted parameters that ensure sufficient 
cerebral metabolic suppression include cooling for a mini-
mum of 30 minutes, a goal nasopharyngeal temperature of 
18°C, a jugular venous saturation > 95%, and electrocerebral 
silence.30-32 However, relying on such parameters alone as a 
measure of adequate metabolic suppression may not be com-
pletely adequate. In a study of 109 patients undergoing HCA, 
>50% of patients had not achieved electrocerebral silence at 
a nasopharyngeal temperature of 18°C, and approximately 
25% of patients have not achieved electrocerebral silence 
after 30 minutes of cooling.33 This emphasizes the need to 
thoroughly evaluate all available monitoring parameters prior 
to initiating HCA. If HCA alone is employed, topical cooling 
by packing the head in ice is advocated in order to minimize 
upward drift of intracranial temperatures during the ischemic 
period.31

Rewarming
Cerebral reperfusion and rewarming following the period of 
HCA is a critical phase that can exacerbate neuronal injury 
if not conducted properly. Following HCA, reinitiating 
brain reperfusion with a short period of low-pressure cold 
blood flow prior to rewarming is recommended. In contrast 
to immediate rewarming, cold reperfusion has been asso-
ciated with improved cerebral perfusion, a reduction in 
intracranial pressure, and a decrease in cerebral edema. This 
strategy attenuates the adverse effects of the impaired cere-
bral vascular autoregulation that occurs following DHCA, 
and results in a reduction in brain injury.34,35 Experimen-
tal data have also suggested that reperfusion should also be 
carried out with a higher hematocrit and normoglycemia. 
A lower hematocrit in the reperfusate (≈20%) has been 
shown to increase the degree of histopathologic brain injury 
compared to a higher (30%) hematocrit.36 In addition to 
an increased oxygen carrying capacity, a higher hematocrit 
is thought to be beneficial due to an increase in the buf-
fer, redox and free-radical scavenging capacity. Hyperglyce-
mia during reperfusion has been correlated with worsening 
intracellular acidosis, which prevents the return of normal 
cellular metabolism.37

Oxygen delivery to the brain is particularly important 
during the reperfusion period as there is a mismatch between 
cerebral metabolism and blood flow. Cerebral vascular resis-
tance is increased for up to 8 hours following the period of 

HCA. This results in a reduction in cerebral blood flow and 
an abnormally high extraction rate of oxygen and glucose 
from the blood in order to sustain cerebral metabolism.38 It is 
during this period that secondary brain injury can occur with 
episodes of hypotension, hypoxemia, and anemia.31 A gradi-
ent < 10°C must be maintained to prevent the formation of 
gas emboli, and the temperature of the perfusate should not 
exceed 36°C. Cerebral hyperthermia results in worse neu-
robehavioral outcomes and increased neuronal cell injury 
compared to mild hypothermia following DHCA.39 The 
mechanisms behind this injury are poorly understood; how-
ever, it is likely multi-factorial and related to increases in the 
permeability of the blood-brain barrier and cellular metabo-
lism in the setting of hyperthermia. The risk of this delayed 
neurologic injury is significant, and many high volume aortic 
centers advocate a period of permissive hypothermia in the 
intensive care unit following DHCA in an attempt to reduce 
this risk.18,40

Safe Duration of DHCA
“DHCA alone” or DHCA without adjunctive cerebral per-
fusion represents the simplest, most convenient form of 
cerebral protection. It does not require complex perfusion 
strategies or neuromonitoring, and is the cerebral protection 
strategy of choice for surgeons who infrequently perform 
aortic arch reconstructions. The main concern surrounding 
the use of DHCA alone is the duration of the circulatory 
arrest period.

In an attempt to provide data regarding the safe interval of 
circulatory arrest at different temperatures, the Mount Sinai 
group measured arterial and venous blood gases at various 
time and temperature points in 37 adults undergoing HCA. 
This led to the calculation of the CMRO2 consumption at var-
ious temperatures. Using CMRO2, the Q10 (a well-described 
physiologic variable describing the temperature-dependent 
decrease in cerebral metabolism), and the assumption that 
cerebral blood flow can be safely interrupted for 5 minutes at 
37°C, a calculated safe duration of HCA was determined for 
a range of temperatures. Figure 15-1 demonstrates the rela-
tionship between CMRO2, temperature, and the calculated 
safe duration of HCA.9,18

Although most high volume aortic centers have added 
adjunctive cerebral perfusion to HCA as their standard strat-
egy of cerebral protection, some centers such as Dr. Elefteria-
des’ group at Yale still maintain the use of DHCA alone. In a 
contemporary series of 394 patients undergoing elective and 
emergent proximal and distal thoracic aortic repairs involv-
ing arch pathology, these authors cooled to a mean bladder 
temperature of 19°C without the use of neuromonitoring 
prior to initiating HCA. This correlated to a cooling period 
of 30 to 35 minutes. Their overall mortality and stroke rates 
were 6.3% and 4.8%. The incidence of seizure and dialysis 
were 3.1% and 2.3%, respectively. The mean DHCA time 
was 31 minutes, and there was a trend toward an increased 
stroke risk in patients with a DHCA time exceeding 40 min-
utes.30 In a series of 656 patients undergoing DHCA alone 
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 Chapter 15 Deep Hypothermic Circulatory Arrest 365

from Dr. Crawford’s Houston group, circulatory arrest times 
> 40 minutes were also associated with an increased risk of 
stroke.41

Based upon these data above, when using DHCA alone 
for the repair of aortic pathology involving the arch, cooling 
for 30 minutes to achieve a bladder temperature of 18°C 
or an esophageal/nasopharyngeal temperature of 15°C will 
safely provide cerebral protection for 30 minutes of circu-
latory arrest. When the circulatory arrest period extends 
beyond this duration, adjunctive cerebral perfusion should 
be employed.

Cerebral Perfusion
Although DCHA revolutionized aortic arch surgery, the inci-
dence of brain injury following prolonged periods of DHCA 
alone was not insignificant. It was quickly recognized that 
complex aortic arch reconstructions requiring circulatory 
arrest times > 30 minutes were associated with increased 
rates of adverse neurologic outcomes and mortality.30,41,42 The 
introduction of adjunctive cerebral perfusion as an additional 
method of cerebral protection had a transformative effect on 
the field and produced dramatic improvements in neurologic 
outcomes following arch reconstruction.

RETROGRADE CEREBRAL PERFUSION
RCP was first described by Mills and Ochnerin the treat-
ment of a massive air embolus during cardiopulmonary 
bypass.43 In 1990, Ueda was the first to report the use of RCP 

as an adjunct to profound HCA in a series of eight patients 
undergoing aortic arch replacement.44 RCP is performed by 
cannulating and snaring the superior vena cava, and infus-
ing hypothermicarterial blood from the cardiopulmonary 
bypass circuit up the superior vena cava to perfuse the brain 
in a retrograde direction during the period of circulatory 
arrest (Fig. 15-2). Generally accepted flow rates are 300 to 
500 mL/min to maintain a SVC pressure of 20 to 25 mm Hg. 
If performed properly, RCP will produce dark blood (suggest-
ing cerebral oxygen extraction) flowing retrograde from the 
origins of the great vessels into the open aortic arch during 
HCA. The theoretical cerebral protection benefits of RCP are 
to (1) flush embolic material (gaseous and particulate) from 
the cerebral circulation; (2) maintain cerebral hypothermia 
by bathing the brain in cold blood; and (3) support cerebral 
metabolism by providing sufficient cerebral flow during the 
period of HCA.
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FIGURE 15-1 Limits of ‘safe’ duration of circulatory arrest. Q10 
for the adult brain calculated from direct measurement of cerebral 
metabolic rate for oxygen (CMRO2) in 37 adult patients undergo-
ing thoracic aortic operations with DHCA. The temperature-related 
reduction in the metabolic rate and the calculated ‘safe’ periods of 
arrest are shown. (Data from McCullough JN, Zhang N, Reich DL, 
et al: Cerebral metabolic suppression during hypothermic circulatory 
arrest in humans, Ann Thorac Surg. 1999 Jun;67(6):1895-1899.)
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FIGURE 15-2 Schematic of retrograde cerebral perfusion (RCP). 
Arterial blood is perfused via the superior vena cava, with a target 
CVP of 25 mm Hg. Flow can be monitored through the open aortic 
arch. Balloon occlusion catheter can be employed to increase perfu-
sion to body.
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366 Part II Perioperative/Intraoperative Care

The proposed benefits of RCP have been extensively inves-
tigated using experimental models of HCA. RCP has been 
shown to significantly reduce intracranial temperatures in 
porcine and canine models of HCA. The maintenance of 
cooler temperatures resulted in a reduction of neurologic 
injury based upon histolopathology examinations.45,46 RCP 
has also been shown to be highly effective in washing out 
particulate emboli from the brain using microspheres in a 
porcine model.47 However, despite a large number of experi-
ments in various animal models, the data are inconclusive 
regarding the capacity of RCP to provide significant cerebral 
blood flow. Shunting of blood away from brain capillaries 
occurs during profound hypothermic RCP via large venoar-
terial connections.46,48-51 Cerebral blood flow can be improved 
with higher retrograde perfusion pressures and occlusion of 
the inferior vena cava; however, there is an increase in cerebral 
edema with histologic evidence of cerebral injury.52 Based 
upon human cadaver studies, the majority of internal jugular 
veins have competent venous valves. In these experiments, sig-
nificant retrograde cerebral blood flow was observed in <30% 
of cadavers, and the azygous rather than the internal jugu-
lar vein, represented the predominant pathway of flow.53,54 
Despite the unconvincing results of the cerebral blood flow 
data, RCP has been shown to improve metabolic support 
during HCA, with improved oxygen delivery, increased lev-
els of cerebral ATP, a reduction in lactate production, and 
improved brain tissue oxygenation.46,55,56

Although human studies have also failed to conclusively 
demonstrate significant cerebral capillary blood flow, the 
addition of RCP to HCA has markedly improved clinical 
outcomes following arch reconstruction.57,58 In a series of 
479 patients undergoing elective and emergent arch repair, 
Coselli compared outcomes using DHCA (n = 189) versus 
DHCA + RCP (n = 290). The addition of RCP significantly 
reduced mortality (DHCA + RCP 3.4% vs DHCA 14.8%, 
p < .001) and stroke rates (DHCA + RCP 2.4% vs DCHA 
6.5%, p < .05).59 In a series of 1107 arch repairs, Estrera-
compared outcomes using DHCA (n = 200) versus DHCA + 
RCP (n = 900). For the entire series, the mortality and stroke 
rates were 10.4% and 2.8%, respectively. In both univariate 
and multivariate analyses, the addition of RCP was protective 
against mortality (p < .001) and stroke (p = .02). However, 
the incidence of TND was 15.5% with relatively short mean 
RCP times of 26 minutes.60 Although this is lower than the 
25% incidence of TND associated with arch reconstruction 
using DHCA alone,28 it still represents a significant incidence 
of inadequate cerebral protection. Other groups have also 
reported an incidence of TND ranging from 17 to 25% 
with the use of DHCA + RCP.61-63

SELECTIVE ANTEGRADE CEREBRAL PERFUSION
DeBakey and Cooley were the first to successfully describe 
the use of selective antegrade cerebral perfusion (SACP) in 
the surgical repair of an arch aneurysm in 1957.64 In their 
initial report, cannulas were placed into the right femoral and 
bilateral carotid arteries, and a separate pump from the main 

cardiopulmonary bypass machine was used to perfuse normo-
thermic blood into the carotid arteries during the period of 
HCA. Despite its initial success, this method was considered 
complex and cumbersome, and was subsequently abandoned. 
SACP was later revisited in the late 1980s due to the recog-
nition of the limitations of DHCA alone. In 1991, Bachet 
published a series of 54 patients undergoing open arch recon-
struction in which SACP was combined with HCA for cere-
bral protection. The technique consisted of bilateral carotid 
artery cannulation and infusion of blood at temperatures of 
6 to 12°C (“cold cerebroplegia”) at a rate of 250 to 350 mL/
min during a mean period of 22 minutes of HCA conducted 
at a rectal temperature of 25 to 28°C. Hospital mortality was 
13% and the incidence of stroke was 1.8%.65 One year later, 
Kazui reported the results of 23 arch reconstructions per-
formed with systemic hypothermia, SACP, and lower body 
perfusion alone via the femoral artery. The mortality rate was 
8.7% and there were no strokes. The mean SACP perfusion 
time was 90 minutes.66 These two initial series provided the 
foundation for the use of SACP as the predominant form of 
cerebral protection for extended aortic arch reconstructions 
in the modern era.

In contrast to RCP, experimental data have confirmed the 
ability of SACP to provide adequate cerebral blood flow to 
support brain metabolism during the period of HCA. Tran-
scranial Doppler measurements of middle cerebral artery 
blood flow in patients undergoing arch reconstruction have 
clearly demonstrated the superiority of SACP compared to 
RCP in providing reliable cerebral perfusion.67 In a porcine 
model of HCA, Filgueiras and colleagues demonstrated 
the maintenance of near normal cerebral metabolism with 
DHCA + SACP, based upon measurements of pH and levels 
of cerebral metabolites. Animals undergoing DHCA + RCP 
or DHCA alone demonstrated a significant drop in cerebral 
pH during the protocol.68 In a separate study using the same 
model, these same investigators demonstrated preserved cell 
structure upon histopathologic analysis with DHCA + SACP 
compared to DHCA + RCP.69 Hagl and colleagues showed 
in an acute porcine model that a strategy of DHCA + SACP 
compared to DHCA alone is associated with improved neuro-
physiologic recovery, lower intracranial pressure, less cerebral 
edema, and reduced tissue acidosis following the circulatory 
arrest period.70

It should be recognized that the utilization of SACP 
changes the paradigm of circulatory arrest. Circulatory arrest, 
as originally described, refers to the complete interruption of 
the circulation and the absence of perfusion to all organs. The 
addition of SACP changes this concept from total body cir-
culatory arrest to lower body circulatory arrest, as the brain, 
arms, and the spinal cord (via collateral circulation) are per-
fused. Therefore the legs and the abdominal visceral are the 
sole ischemic organs during the circulatory arrest period with 
the use of SACP.

Numerous techniques have been described for the delivery 
of SACP. Bilateral SACP (bSACP) involves direct cannula-
tion of the cervical left and right common carotid arteries or 
the introduction of perfusion cannulas into the ostia of the 
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 Chapter 15 Deep Hypothermic Circulatory Arrest 367

innominate and left carotid arteries via the open arch at the 
time of HCA. The disadvantages of this latter method include 
the risk of introducing air or atherosclerotic emboliand clut-
tering the operative field with additional cannulas. At Emory, 
the preferred method of cerebral perfusion is unilateral SACP 
(uSACP) via right axillary artery cannulation. An 8-mm graft 
is sewn end to side to the right axillary artery prior to sternot-
omy and used as the arterial inflow line to initiate cardiopul-
monary bypass. At the time of HCA, blood flow is decreased 
to 10 mL/kg/min and the base of the innominate and left 
common carotid arteries are occluded with vascular clamps 
(Fig. 15-3). Left carotid occlusion is performed to pressurize 
the extra cranial circulation and collateral system and mini-
mize steal. This enables blood to flow via the right common 
carotid and right vertebral arteries to perfuse the brain and 
spinal cord. Flows are adjusted to maintain cerebral perfu-
sion pressures of 50 to 60 mm Hg.71 Critics of this technique 
argue that uSACP provides insufficient cerebral blood flow to 
the left cerebral hemisphere. However, both animal and clini-
cal data have demonstrated that there is no significant differ-
ence in cerebral blood flow between uSACP and bSACP, with 
and without an intact circle of Willis.72-74 Furthermore, data 
from a large, contemporary, propensity-matched analysis of 
1097 patients undergoing arch replacement with HCA and 
SACP demonstrated no difference in morbidity and mortality 
between uSACP and bSACP. Interestingly, there was a trend 
toward a higher incidence of stroke in the bSACP group that 
was attributed to great vessel manipulation.77

MODERATE HYPOTHERMIA
The implementation of SACP as an adjunct to hypothermia for 
cerebral protection has led to a departure from the use of deep 
hypothermia, to the use of moderate levels of hypothermia 

at the time of lower body ischemia. The rationale behind 
this strategy is based upon the concept that SACP has trans-
formed total body circulatory arrest into lower body circula-
tory arrest. Since cerebral perfusion is maintained with cold 
blood throughout the period of circulatory arrest, the primary 
purpose of systemic hypothermia is to provide protection to 
the visceral organs, skeletal muscle, and spinal cord via meta-
bolic suppression. The metabolic rate of the visceral organs and 
skeletal muscle is significantly less than the brain; therefore, 
the visceral organs require a reduced degree of hypothermia for 
optimal protection and are more tolerant of ischemia. As stated 
in the preceding sections, colder temperatures clearly correlate 
with a greater reduction in metabolism. However, the induc-
tion of deep hypothermia is not a benign process. It requires 
prolonged cardiopulmonary bypass times for cooling and 
rewarming which can have detrimental effects on the lungs, 
liver, and kidneys. Deep hypothermia has been associated with 
vascular endothelial dysfunction, bleeding complications, and 
an increased systemic inflammatory response.75-78

The impact of MHCA has been examined in several retro-
spective studies. Minatoya and colleagues evaluated the out-
comes of 229 patients who received arch reconstruction with 
HCA + bSACP at three different temperatures: 20°C (n = 81), 
25°C (n = 81), and 28°C (n = 67). Eighty-one percent of all 
patients received total arch replacement. There were no sig-
nificant differences between the three groups with regard to 
the incidence of mortality, PND, or TND.79 These authors 
published a subsequent review of 1007 patients undergoing 
elective and emergent arch reconstruction (73% total arch) 
comparing DHCA (<25°C)/bSACP versus MHCA (>25°C)/
bSACP. Their overall mortality was 4.7% with PND and 
TND rates of 3.5% and 6.7%, respectively, with no differ-
ences observed between the two strategies.80 Paciniand col-
leagues examined the impact of moderate hypothermia on 
visceral organ protection in 334 patients undergoing elective 
arch reconstruction with a strategy of either DHCA (<25°C)/
bSACPor MHCA (>25°C)/bSACP. Overall in-hospital 
mortality was 4.6% and the incidence of PND and TND 
were 5.9% and 7.9%, respectively. The incidence of dialysis-
dependent renal failure was 6.9% and there were no cases 
of liver failure. There was no difference in mortality, PND, 
TND, dialysis-dependent renal failure, or liver dysfunction 
between the two strategies. In a multivariate analysis of their 
results, cardiopulmonary bypass time > 180 minutes and 
deep hypothermia were predictive risk factors for renal and/
or liver dysfunction.81

MHCA/SACP currently represents the preferred cir-
culation management strategy for many high-volume aor-
tic centers worldwide. At Emory, MHCA with uSACP is 
the standard cerebral protection method for elective and 
emergent hemiarch and total arch replacements. Hemiarch 
replacement is routinely conducted at temperatures of 28 
to 29°C with mortality rates in elective and emergent cases 
of 4.3% and 7.7%, respectively. There is a low incidence of 
PND (elective 1.9%, emergent 4.6%), TND (elective 3.8%, 
emergent 6.2%), and dialysis-dependent renal failure (elective 
2.4%, emergent 9.2%) with this technique. Mean circulatory 

FIGURE 15-3 Schematic of right axillary artery cannulation for 
antegrade cerebral perfusion (ACP). Insert shows open aortic arch 
and ACP with occlusion of arch vessels to ensure perfusion of Circle 
of Willis.
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368 Part II Perioperative/Intraoperative Care

arrest times are 23 minutes in elective cases and 33 minutes 
in emergent cases.82 Total arch replacement is conducted at 
temperatures of 25 to 26°C for both emergent and elective 
cases. A recent review of 145 consecutive patients undergo-
ing total arch replacement at Emory demonstrated an opera-
tive mortality of 9.7%. The incidence of PND, TND, and 
dialysis-dependent renal failure were 2.8%, 5.6%, and 2.8%, 
respectively. The mean duration of circulatory arrest for these 
patients was 55 minutes.83 Other high volume aortic centers 
have reported similar outcomes confirming MHCA/SACP as 
a safe and effective strategy for circulation management in 
aortic arch surgery.81,84-86

COMPARISONS OF CEREBRAL PROTECTION  
STRATEGIES
Currently there is no consensus amongst aortic surgeons 
regarding the optimal method of cerebral protection dur-
ing arch reconstruction. Instead, high-volume aortic centers 
employ a variety of different techniques using varying degrees 
of hypothermia with or without adjunctive cerebral perfu-
sion. Often the method of cerebral protection is based upon 
the institutional bias rather than outcome data. Contempo-
rary cerebral protection strategies are composed of multiple 
variables:arterial cannulation site, temperature at HCA, ante-
grade versus RCP, and unilateral versus bSACP. The major-
ity of comparisons of cerebral protection strategies in the 
literature are essentially retrospective reviews of changes in 
circulation management strategies at a single institution over 
time. These comparisons are valuable, but limited by their 
retrospective nature, lack of randomization, and differences 
in several important variables including the extent of arch 
reconstruction, the temperature at HCA, antegrade versus 
RCP, and the percentage of emergent cases. Nevertheless, 
several lessons may be learned from a review of the existing 
literature.

Hagl reviewed the neurologic outcomes from the Mount 
Sinai experience of 717 patients undergoing arch replacement 
with different methods of cerebral protection: (1) DHCA 
(n = 588); (2) DHCA/RCP (n = 43); and (3) DHCA/SACP 
(n = 86). All patients were cooled to esophageal temperatures 
of 10 to 13°C. The overall incidence of PND and TND were 
5.7% and 30%. In the 156 patients with HCA times > 40 
minutes, there was no difference in the incidence of PND; 
however; DHCA/SACP significantly reduced the incidence 
of TND compared to the other strategies.87 A recent retro-
spective review of the Japanese Adult Cardiovascular Surgery 
Database analyzed the outcomes of 8169 patients undergo-
ing elective total arch replacement using either DHCA/RCP 
(n = 1141) or MHCA/SACP (n = 7038). The RCP group 
underwent HCA at 21.2°C compared to the SACP group 
who underwent HCA at 24.2°C. The duration of HCA was 
not reported in this study. In unmatched and propensity-
matched analyses, there were no differences between the 
groups in mortality, PND, TND, or dialysis. However, it was 
clear that in this contemporary study, SACP was the preferred 
modality of cerebral perfusion amongst Japanese surgeons 

for total arch replacements that required prolonged periods 
of HCA.88 There is a single prospective trial comparing the 
impact of SACP versus RCP in the literature. Okita com-
pared DHCA/RCP versus DHCA/SACP in 60 consecutive 
patients undergoing total arch replacement with a variety of 
different cannulation sites. RCP patients underwent HCA at 
17.2°C and SACP patients underwent HCA at 22.1°C. There 
was no difference in mortality or stroke, but SACP signifi-
cantly reduced the incidence of TND (SACP 13.3% vs RCP 
33.3%, p = .05).89

The remainder of the retrospective comparisons between 
SACP and RCP in the literature are limited by significant 
differences in the temperature at which HCA is conducted. 
In these studies, the majority of patients receiving SACP 
undergo circulatory arrest at moderate levels of systemic 
hypothermia, as opposed to DHCA with the use of RCP. 
Three recurring themes emerge from the existing analyses 
in the literature: (1) an adjunct form of cerebral protec-
tion (SACP or RCP) is superior to DHCA alone and (2) 
the method of cerebral perfusion (SACP or RCP) has no 
impact upon the incidence of PND, however, (3) SACP sig-
nificantly reduces the incidence of TND. Furthermore, most 
experts agree that in patients undergoing extended/complex 
arch reconstructions requiring prolonged periods of HCA, 
SACP is superior to RCP in preventing TND and is associ-
ated with improved overall neurologic outcomes.40,90-92 The 
thoracic aortic surgical community recognizes the need for a 
prospective randomized multi-institutional trial comparing 
cerebral protection strategies; however, the logistics remain 
complicated.

Pharmacologic Adjuncts
Pharmacologic adjuncts that have been utilized to optimize 
cerebral protection during HCA include corticosteroids, 
barbiturates, and mannitol. Cardiopulmonary bypass and 
DHCA have been associated with a significant systemic 
inflammatory response, increased permeability of the blood-
brain barrier and cerebral edema. Corticosteroids are a potent 
anti-inflammatory agent that have been shown to suppress the 
inflammatory response associated with DHCA. Experimental 
data have demonstrated that pretreatment with corticoste-
roids prior to cardiopulmonary bypass reduces the permeabil-
ity of the blood-brain barrier, attenuates cerebral apoptosis 
and improves cerebral blood flow following DHCA.93,94 At 
Emory our typical protocol includes the administration of 
1 g of methylprednisolone following induction of anesthesia 
and a rapid taper of steroids over the first 72 hours of the 
postoperative period.

Barbiturates have been shown to reduce cerebral oxygen 
consumption, produce an isoelectric electroencephalogram, 
and minimize cerebral edema. Thiopental, the most com-
monly used barbiturate, is employed in several high-volume 
aortic centers for cerebral protection in cases requiring 
DHCA. The timing and dose of thiopental administra-
tion can impact its effectiveness. If administered prior to 
HCA, the cerebral energy state is reduced which may lead 
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to adverse outcomes; however, its effects are considered to 
be advantageous when thiopental is administered during 
HCA. Furthermore, there is also a dose-dependent effect 
of barbiturates. Although low-dose barbiturates minimize 
cerebral metabolism, higher doses are associated with nega-
tive inotropy and sedation which could prolong the time 
to extubation. A recent analysis of the currently existing 
data did not conclusively demonstrate a cerebral protection 
advantage with the use of barbiturates in patients undergo-
ing DHCA.95,96

Mannitol is a potent osmotic diuretic that is an estab-
lished agent for reducing cerebral edema. It also possesses 
free oxygen radical scavenger properties and may have an 
anti-apoptotic effect following cerebral ischemia.96 The 
impact of these three pharmacologic agents upon post-
operative mortality and adverse neurologic outcomes was 
recently evaluated in an analysis of the German Registry for 
Acute Aortic Dissection Type A. Based upon univariate and 
multivariate analyses, steroids were the only agent that pro-
vided additional cerebral protection by reducing the risk of 
new postoperative PND. Both mannitol and barbiturates 
were associated with a significant reduction in 30-day mor-
tality based upon the univariate analysis, but only mannitol 
lowered mortality in the multivariate analysis. Neither agent 
conferred additional neuroprotection.96 In summary, the use 
of steroids and mannitol is advantageous following DHCA, 
while the use of thiopental cannot be recommended based 
upon the available data.
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Myocardial protection in the operating room refers to strate-
gies and methods used to attenuate or prevent perioperative 
infarction and/or postischemic ventricular dysfunction. In 
the setting of an acute myocardial infarction (MI) it refers to 
adjuvant therapy administered before, during or after reper-
fusion therapy. In transplantation it refers to the methods 
used to preserve the donor heart. Although the clinical situ-
ations are different, the goal of protection is the same, that 
is, to prevent or treat myocardial stunning and infarction. 
The underlying pathophysiology in all three settings is the 
same and relates to the etiology and consequences of isch-
emia/reperfusion (I/R) injury. After surgery the injury may 
manifest as low cardiac output, hypotension, and the need for 
postoperative inotropic support and ultimately mechanical 
circulatory support. I/R injury may be reversible (stunning) 
or irreversible (infarction) and is differentiated by electrocar-
diographic abnormalities (presence of a new Q-wave), ele-
vations in the levels of specific plasma enzymes or proteins 
such as creatine kinase-MB and troponin I or T and/or the 
presence of regional or global echocardiographic wall motion 
abnormalities. Depending upon the criteria used, the inci-
dence of postoperative MI in patients undergoing coronary 
artery bypass grafting (CABG) with cardiopulmonary bypass 
(CPB) ranges between 3% and 18%.1-4 While the majority 
of these are non-Q wave infarctions, they still are indepen-
dently associated with adverse outcomes and prolonged aortic 
cross-clamp time and duration of CPB. Despite advances in 
techniques and cardioprotective strategies, the incidence of 
severe ventricular dysfunction, heart failure and death post-
operatively ranges between 1% and 15%. The higher mortal-
ity rates are generally associated with high-risk patients with 
minimal cardiac reserve. These complications have an enor-
mous impact on both families and society. From an economic 
standpoint alone, procedures for cardiovascular diseases are 
costly.

According to Heart Disease and Stroke Statistics–2015 
Update,5 in 2010 an estimated 954,000 percutaneous inter-
ventions (PCIs), 397,000 CABG operations, 1,029,000 
diagnostic cardiac catheterizations, 97,000 defibrillator 
implants and 370,000 pacemaker procedures were performed 
on inpatients in the United States. The estimated cost was 

$204.4 billion. Between 2013 and 2030, medical costs of cor-
onary heart disease alone are projected to increase by 100%. 
Cardiovascular disease costs more than any other diagnostic 
group. Therefore, a reduction in perioperative complications 
associated with heart surgery would have a significant impact 
on resource utilization and overall operative costs.6-8 Since I/R 
injury is a major cause of morbidity and mortality after heart 
surgery, the purpose of this chapter is to review its underly-
ing mechanisms, review the history of myocardial protection, 
update the reader regarding the current protective techniques 
and discuss new strategies under investigation.

ISCHEMIA/REPERFUSION INJURY
The etiology of perioperative myocardial necrosis and post-
ischemic myocardial dysfunction after cardiac surgery is 
multifactorial. Myocardial necrosis and elevation of associ-
ated cardiac biomarkers may arise as a result of ischemia due 
to intrinsic coronary disease unrelated to revascularization, 
anesthetic factors, atrial cannulation, suturing of heart mus-
cle, plaque rupture or platelet embolism, and graft spasm or 
thrombosis. Despite the considerable progress made to date, 
high-risk heart surgery patients including those with unstable 
angina, poor ventricular function, diabetes, repeat CABG, 
and advanced age continue to experience postoperative com-
plications such as low cardiac output, perioperative MI and 
heart failure requiring prolonged intensive care. In many of 
these instances the complications are due to I/R injury and 
inadequate myocardial protection. Thus there is a compelling 
unmet need to develop better methods to protect the heart 
during surgery.

Deleterious Sequelae of Ischemia/
Reperfusion
Myocardial I/R injury manifests as postischemic “stunning”, 
which is reversible, and apoptosis and/or necrosis, which are 
irreversible. Myocardial stunning is an injury that lasts for 
hours to days despite the restoration of normal blood flow. 
Typically these patients require some type of temporary ino-
tropic support in the immediate postoperative period in order 

Myocardial Protection
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374 Part II Perioperative/Intraoperative Care

to maintain an adequate cardiac output. Stunned cardiomyo-
cytes exhibit minimal ultrastructural damage that resolves 
within hours to days following relief of ischemia. Apoptosis, 
or programed cell death, is a pattern of cell death that affects 
single cells. It is characterized by an intact cell membrane 
with blebbing, cell shrinkage, condensation of the nucleus 
and oligonucleosomal fragmentation of DNA. Externaliza-
tion of phosphatidylserine on the outer leaflet of the plasma 
membrane serves as a cue for phagocytic removal of apoptotic 
cells by neighboring cells or professional phagocytes without 
inflammation. It is unclear whether apoptosis is initiated dur-
ing ischemia and but manifests during reperfusion or whether 
it is a consequence of reperfusion, but the preponderance of 
evidence favors the latter.9,10 Regardless, apoptotic cell death 
occurs in the infarct zone and continues to occur in the bor-
der zone subsequently. Prolonged ischemia results in necrotic 
cell death characterized by cell swelling, plasma membrane 
rupture, mitochondrial swelling and loss of cristae, and DNA 
degradation followed by an inflammatory response to the 
cellular debris. Dying cells may exhibit features of both apop-
tosis and necrosis, that is, both nuclear condensation and 
plasma membrane damage.11-14

Long-term Consequences
While the end result of inadequate myocardial protection is 
usually apparent in the immediate postoperative period, for 
example, low cardiac output syndrome, the full impact may 
not be evident for months to years. Klatte and colleagues 
reported that the 6-month mortality was greater in patients 
with increased peak creatine kinase-myocardial band (CK-MB) 
enzyme ratios after CABG surgery.15 The 6-month mortal-
ity rates were 3.4%, 5.8%, 7.8% and 20% for patients with 
peak CK-MB ratios that were <5, 5-10, 11-20, and >20-fold 
higher than the upper limits of normal (UNL), respectively. 
In another study, Costa and colleagues16 reported that normal 
postoperative CK-MB levels were observed in only 38.1% 
of 496 patients who underwent CABG surgery. When the 
CK-MB levels were stratified, the incidence of death at  
30 days was 0.0%, 0.5%, 5.4%, and 7.0% when the enzyme 
levels were normal, 1 to 3 times higher, 4 to 5 times higher, 
and >5-fold higher than ULN, respectively. The 1-year mor-
tality for these groups was 1.1%, 0.5%, 5.4%, and 10.5%. 
The peak postoperative cardiac enzyme level correlated sig-
nificantly with worse clinical outcome. Thus, while CK-MB 
elevations are often dismissed as inconsequential in the set-
ting of multivessel CABG surgery, they occur frequently and 
are associated with significant increases in both repeat MI and 
death beyond the immediate perioperative period. Consistent 
with this is the report by Steuer17 and associates in which they 
examined postoperative serum aspartate aminotransferase and 
CK-MB levels and their relationship to early and late cardiac-
related death in 4911 consecutive patients who underwent 
CABG during a 6-year period. They reported that elevated 
enzyme levels on the first postoperative day greatly increased 
the risk of early cardiac death and were associated with a 40 to 
50% increased risk in late mortality at 7 years.

In a retrospective analysis Brener et al showed that CK-MB 
elevation was common after both percutaneous and surgical 
revascularization.18 The incidence of CK-MB elevation above 
the normal range was 90% for CABG surgery and 38% for 
percutaneous coronary intervention (PCI). In a small fraction 
of patients the elevations exceeded 10 × ULN (6% for CABG 
and 5% for PCI). At 3 years follow-up the cumulative mor-
tality was 8% for CABG and 10% for PCI. Even relatively 
small CK-MB elevations after interventions were associated 
with increased mortality over time. Similar observations were 
made when troponin release was used as a biomarker of myo-
cardial injury. Lehrke et al reported in a series of 204 patients 
that a serum troponin-T concentration of 0.46 mcg/L or 
more, 48 hours after surgery was associated with a 4.9-fold 
increase in long-term risk of death.19

Finally, in one of the largest studies to date Domanski 
et al20 reviewed the relationship between peak postopera-
tive levels of biomarkers of myocardial damage and early-, 
intermediate- and long-term mortality reported in previ-
ously reported and randomized clinical trials and registries. 
A total of 18,908 patients from seven studies were included 
for analysis. The follow-up ranged from 3 months to 5 years. 
The investigators reported that, in the aggregate, even modest 
elevations of troponin I at the 24-hour level were prognosti-
cally significant, and any CK-MB elevation after CABG was 
associated with increased mortality. In short, biomarkers of 
myocardial injury are frequently elevated after CABG surgery 
and are associated with decreased short-, medium-, and long-
term survival.

Intracellular Mechanisms Underlying 
Ischemia/Reperfusion Injury
The primary mediators of I/R injury include intracellular 
Ca2+ overload and oxidative stress induced by reactive oxy-
gen species (ROS) generated at the onset of reperfusion21 
(Fig.16-1). The molecule nitric oxide (NO) also can interact 
with superoxide (O2

–) or peroxides to generate reactive nitro-
gen species that are capable of inducing injury as well.22 In 
addition, metabolic alterations occurring during ischemia can 
contribute directly and indirectly to Ca2+ overload and ROS 
formation. For example, decreased cytosolic phosphorylation 
potential, that is, [ATP]/([ADP] × [Pi]), results in less free 
energy from ATP hydrolysis than is necessary to drive the 
energy-dependent pumps (sarcoplasmic reticulum calcium 
ion adenosine triphosphatase (Ca2+-ATPase), the sarcolem-
mal Ca2+-ATPase) that maintain intracellular calcium homeo-
stasis.23 With the onset of ischemia and the build-up of lactic 
acid, pH falls to as low as 6.6, resulting in proton efflux and 
sodium influx via the Na+-H+ exchanger. The driving forces 
for Na+/H+ exchange are the relative transmembrane N+ and 
H+ gradients. The activity of the exchanger is regulated by the 
interaction of the H+ with a sensor site on the exchanger pro-
tein; it can be additionally modulated by phosphorylation.24 
During reperfusion the accumulated intracellular Na+ com-
petes with Ca2+ for sites on the Na+/Ca2+ exchanger, effectively 
causing the exchanger to run in reverse, thereby exacerbating 
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 Chapter 16 Myocardial Protection 375

intracellular calcium accumulation. The elevated intracellu-
lar Ca2+ leads to activation of calcium-dependent proteases 
and phospholipases, calpain-mediated damage to myofibril-
lar contractile elements, gap junction dysfunction, injury of 
the sarcoplasmic reticulum and opening of the mitochondrial 
permeability transition pore (mPTP). Opening of the pore in 
the inner mitochondrial membrane is associated with a col-
lapse of the membrane, uncoupling of the electron transport 
chain, release of cytochrome c and other proapoptotic factors, 
swelling of the matrix and ultimately rupture of the outer 
mitochondrial membrane and cell death.25

The metabolic changes that occur during ischemia also 
deplete the endogenous antioxidant defense systems of car-
diac myocytes. I/R damages mitochondrial complex I gen-
erating excessive ROS (O2

– and H2O2) and resulting in 
damage to cellular lipids, proteins and nucleic acids. Gluta-
thione is a critical defense against oxidative stress, in which 
GSH (reduced glutathione) is used to repair oxidized pro-
tein thiols, generating GSSG (oxidized glutathione) system; 
GSH is regenerated by glutathione reductase which depends 
upon the nicotinamide adenine dinucleotide phosphate, 
reduced form: nicotinamide adenine dinucleotide phosphate 
(NADPH:NADP+) ratio. Depletion of glutathione impairs 

the ability to detoxify ROS-mediated damage to proteins.26,27 
During ischemia NADPH levels drop thereby limiting the 
ability to regenerate reduced glutathione. Thus, the forma-
tion of ROS during reperfusion occurs at a time when the 
myocyte’s endogenous defense mechanisms are depressed. 
The NADPH:NADP+ ratio is a primary determinant of the 
redox state of the cell, and there is evidence that the redox 
state plays a key role in determining the bioactivity and the 
redox state of NO.22,28 In addition, there are several reports 
that in the absence of normal levels of its cofactors, nitric 
oxide synthase (NOS), itself can generate the superoxide 
anion.29 Although systolic intracellular calcium concentra-
tion, [Ca2+]i, may decrease to normal levels early in the reper-
fused stunned myocardium, transient increases in [Ca2+]i 
can result in sustained activation of protein kinase C (PKC) 
isoforms, calpain proteases and deoxyribonuclease II (DNase 
II).30 Calpain-mediated proteolysis of contractile proteins has 
been implicated in the reduction of myofilament Ca2+ sensi-
tivity observed in stunned myocardium.31

There is considerable evidence that ROS are involved in 
mediating myocardial stunning. Various spin-trap agents 
and chemical probes have demonstrated the rapid release of 
ROS into the vascular space during reperfusion after brief 
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376 Part II Perioperative/Intraoperative Care

ischemia in vivo.32 While mitochondria are a major source of 
intracellular ROS in cardiac myocytes, they are not the only 
source of ROS during I/R.33,34 It has been shown that anti-
oxidants administered before the onset of ischemia attenu-
ate myocardial stunning in vitro and in vivo. Antioxidants 
administered prior to or at the onset of reperfusion may show 
efficacy, although there are contradictory studies.21,35 It has 
been shown that ROS can attack thiol residues of numerous 
proteins such as the sarcoplasmic reticulum Ca2+ ATPase (SR 
Ca2+-ATPase), the ryanodine receptor, and contractile pro-
teins, which may explain why myofibrils isolated from in vivo 
reperfused stunned, but not necrotic myocardium, exhibit 
reduced Ca2+ sensitivity.36,37 Prolonged ischemia resulting in 
irreversible injury is associated with more severe intracellular 
Ca2+ overload and further depletion of endogenous antioxi-
dants, conditions that both contribute to and are exacerbated 
during reperfusion by the production of ROS. Overproduc-
tion of ROS during reperfusion increases in [Ca2+]i through 
increased L-type Ca2+ channel current.27,38,39 Ca2+ overload 
with I/R exacerbates mitochondrial ROS production.39,40 
Mitochondria can buffer small increases in intracellular Ca2+ 
via the Ca uniporter, a process that is energetically favorable 
owing to the [Ca2+] gradient and the mitochondrial mem-
brane potential. During reperfusion the increase in cyto-
solic Ca2+ enhances mitochondrial Ca2+ uptake. Since excess 
cytosolic Ca2+ has been associated with the loss of myocyte 
viability, mitochondrial Ca2+ buffering is initially cardiopro-
tective.41 However, continued mitochondrial Ca2+ uptake in 
the face of decreased antioxidant reserves and ongoing oxida-
tive stress ultimately triggers opening of the mitochondrial 
permeability transition pore, a large conductance channel 
that allows release of stored mitochondrial Ca2+, osmotic 
swelling of the mitochondria, collapse of mitochondrial 
membrane potential and cell death. The synergistic inter-
actions between Ca2+ overload and ROS formation during 
conditions of decreased antioxidant reserves also may explain 
why ROS scavengers are not very effective at reducing irre-
versible injury when administered at reperfusion.42 It also 
possible that antioxidants employed in studies to date are not 
targeted to the sites where ROS are generated and mediate 
most of their damage. Specific mitochondrial antioxidants 
may be more effective.43-45

Broadening the Spectrum of Ischemia/
Reperfusion Injury
Historically myocardial I/R injury has been characterized as 
either reversible or irreversible, based on staining techniques, 
enzyme release and histology. There is now increasing evi-
dence that the transition from reversible to irreversible injury 
occurs on a continuum rather than an all-or-none phenom-
enon. Apoptosis depends on the availability of ATP and pre-
cedes loss of membrane integrity; however, if ATP depletion 
occurs rapidly, the Na+/K+-ATPase will be unable to regu-
late cell volume, resulting in plasma membrane rupture and 
necrotic cell death before the enzymatic processes of apop-
tosis are complete.46,47 Intracellular ROS and/or intracellular 

calcium overload can initiate the apoptotic program through 
proapoptotic BH3-only proteins Bnip3 (activated by ROS) 
and Bid (proteolytically activated by calpain).48,49 (Fig. 16-2) 
The BH3-only proteins trigger oligomerization of Bax or Bak 
directly or indirectly (through interaction with antiapoptoic 
Bcl-2 family members, Bcl-2, Bcl-xL, or Mcl-1), thus per-
meabilizing the outer mitochondrial membrane and allowing 
the release of cytochrome c into the cytosol.49-51 Formation 
of a cytosolic complex comprising cytochrome c, apoptotic 
protease activating factor 1 (APAF-1), and caspase-9 leads 
to proteolytic activation of caspase 3 and subsequent cleav-
age of multiple targets and activation of endonucleases and 
poly(ADP)-ribose polymerase (PARP). Proteolytic activation 
of PARP results in rapid consumption of adenine nucleotides 
and culminates in cell death. In parallel, intracellular ROS 
and calcium overload trigger mPTP opening and mitochon-
drial swelling; the mitochondrial F0-F1 ATP synthase runs in 
reverse hydrolyzing ATP in a futile effort to restore mem-
brane potential across the inner mitochondrial membrane. 
ATP depletion compromises the ability to maintain ion and 
volume homeostasis via the Na+/K+-ATPase culminating in 
cell swelling, rupture of the plasma membrane and necrotic 
cell death. Myocardial damage can be further aggravated by 
the influx of macrophages and leukocytes, complement acti-
vation, and endothelial plugging by platelets and neutrophils.

Detection of apoptosis based on DNA fragmentation 
(TUNEL assay), the final event in apoptotic cell death under-
estimates the extent of apoptosis. Detection of externalized 
phosphatidylserine with annexin V conjugated to a fluorescent 
dye allows earlier recognition of apoptosis and has been used 
for in vivo imaging of apoptosis in the mouse heart; however, 
not all cells recognized by Annexin V are irreversibly commit-
ted to cell death.52-55 Estimates of apoptosis in I/R injury are 
further confounded by the fact that the apoptotic remnants are 
efficiently cleared by neighboring cells or professional phago-
cytes. Thus the magnitude and significance of apoptosis in 
I/R injury has remained controversial. Genetic manipulations 
of mice have shown that disrupting the apoptotic machinery 
can result in a 60 to 70% reduction in infarct size. However, 
attempts to mitigate apoptosis with caspase inhibitors have 
not resulted in substantial reductions in infarct size, possibly 
because interruption of the late stages of apoptosis may simply 
result in necrosis. As a result, many investigators have turned 
their attention to interventions targeting the early events in 
apoptosis or preventing mPTP opening and necrotic cell 
death. Regardless of which stage is being addressed, current 
cardioprotection strategies are designed to reduce cellular and 
subcellular ROS formation and oxidative stress to enhance the 
heart’s endogenous antioxidant defense mechanisms and pre-
vent intracellular Ca2+ overload.

CARDIOPROTECTION: 
HISTORICAL PERSPECTIVES
In 1883, Ringer described the antagonistic effects of cal-
cium and potassium ions on cardiac contraction. In 1929, 
Hooker reported the successful resuscitation of dogs with 
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 Chapter 16 Myocardial Protection 377

potassium in which ventricular fibrillation was induced by 
electric shock.56,57 In 1930, Wiggers reported that injections 
of potassium chloride were capable of abrogating ventricular 
fibrillation and arrested the heart in diastole. He also dem-
onstrated that revival of the heart was possible using calcium 
chloride and massage.58 The work by Wiggers led Beck, a 
thoracic surgeon, to successfully apply defibrillation therapy 
and save a human life using this method.59 This resulted in 
a surge in basic and clinical research in the field of fibrilla-
tion and defibrillation with the principles applied to cardiac 
surgery.

With the advent of CPB, there was a need to refine tech-
niques to protect the heart while creating a quiescent and 

bloodless field for the unhurried repair of intracardiac defects. 
Over the next 50 years, a variety of cardioprotective meth-
ods and techniques were introduced (Table 16-1). One of the 
first methodologies evolved from the concept of shielding the 
heart from perioperative insult using hypothermia. Bigelow 
and colleagues suggested using hypothermia “as a form of 
anesthetic” to expand the scope of surgery. The technique 
“might permit surgeons to operate upon the ‘bloodless heart’ 
without recourse to extra corporal pumps and perhaps allow 
transplantation of organs.”60 Five years later Melrose and col-
leagues reported another way to stop and restart the human 
heart reliably by injecting potassium citrate into the root of 
the aorta at both normal and reduced body temperatures.61 
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FIGURE 16-2 Mechanisms of cardiomyocyte cell death following ischemia-reperfusion injury. Bax, proapoptotic family of proteins; Bcl-2, 
antiapoptotic protein; Ca2+, calcium; ROS, reactive oxygen species; Apaf, apoptotic protease-activating factor 1; PS, phosphatidylserine; SR, sarco-
plasmic reticulum. Intracellular Ca2+ overload during ischemia and reperfusion and reactive oxygen species (ROS) formation during reperfusion are 
primary mediators of cell death via apoptosis and necrosis. The mechanisms of Ca2+ overload and ROS formation are described in detail in the text. 
In the intrinsic apoptosis pathway, BH3-only proapoptotic members of the Bcl-2 family are activated by calpain or caspase 8 (Bid) or ROS (Bnip3); 
they interact with Bax or Bak to form pores in the outer mitochondrial membrane allowing release of cytochrome c. This interaction is opposed by 
the antiapoptotic Bcl-2 family members including Bcl-2, Bcl-xL, and Mcl-1. In the cytosol, cytochrome c interacts with Apaf-1 and ATP or dATP 
to promote proteolytic activation of caspase 9 and the downstream executioner protease, caspase 3. Caspase 3 cleaves multiple targets, inactivating 
many cell survival pathways and activating endonucleases responsible for oligonucleosomal DNA fragmentation (DNA laddering). Cleavage of 
spectrin internal to the plasma membrane is permissive for phosphatidylserine redistribution to the external leaflet of the cell membrane, marking 
the dying cell for phagocytic removal by tissue macrophages or neighboring cells without an inflammatory response. In the necrotic death pathway, 
Ca2+ overload and ROS trigger opening of the mitochondrial permeability transition pore (mPTP), resulting in swelling of the matrix, disruption 
of the outer mitochondrial membrane, and rampant ATP hydrolysis by the ATP synthase running in reverse in a futile attempt to restore mito-
chondrial membrane potential. This energetic crisis leads to failure of the plasma membrane Na+/K+ ATPase, loss of plasma membrane integrity, 
and cell rupture, triggering an inflammatory response.
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378 Part II Perioperative/Intraoperative Care

Soon thereafter, the clinical application of potassium citrate 
arrest was adopted by many centers. Interest in using the 
Melrose technique waned, however, with subsequent reports 
that potassium citrate arrest was associated with myocardial 
injury and necrosis. Within a short time, many cardiac sur-
geons shifted from using potassium-induced arrest to nor-
mothermic cardiac ischemia, that is, normothermic heart 
surgery performed with the aorta occluded while the patient 
was on CPB, intermittent aortic occlusion or coronary artery 
perfusion. Experimental and clinical evidence showed, how-
ever, that normothermic cardiac ischemia was associated with 
metabolic acidosis, hypotension and low cardiac output.62-64 
As a consequence, there was a renewed interest in discov-
ering ways to arrest the heart. Bretschneider published the 
principle of arresting the heart with a low-sodium, calcium-
free solution.65 It was Hearse and colleagues however who 

studied the various components of cardioplegic solutions 
which led to the development and use of St. Thomas solu-
tion.66 The components of this crystalloid solution were 
based on Ringer’s solution with its normal concentrations 
of sodium and calcium with the addition of potassium chlo-
ride (16 mmol/L) and magnesium chloride (16 mmol/L) to 
arrest the heart instantly. The latter component was shown 
by Hearse to provide an additional cardioprotective benefit. 
In 1975, Braimbridge and colleagues introduced this crystal-
loid solution into clinical practice at St. Thomas Hospital.67 
Gay and Ebert showed experimentally that lower concentra-
tions of potassium chloride could achieve the same degree 
of chemical arrest and myocardial protection afforded by the 
Melrose solution without the associated myocardial necrosis 
reported earlier.67,68 Shortly thereafter, Roe and colleagues 
reported an operative mortality of 5.4% for patients who 

TABLE 16-1: Evolution of Cardioprotective Methods and Techniques

Reference Year Innovation

Bigelow WG60 1950 Studied the application of hypothermia to cardiac surgery in canines
Swan H75 1953 Showed that hypothermic arrest (26°C) in humans provided a bloodless field for operating
Melrose DG61 1955 Introduced the concept of reversible chemical cardiac arrest in canines
Lillehei CW76 1956 Heart was protected by retrograde coronary sinus infusion of oxygenated blood
Lam CR77 1957 One of the earliest known uses of the term “cardioplegia”
Gerbode F78 1958 Used potassium citrate to induce cardiac arrest in humans
McFarland JA79 1960 Challenged the safety of the Melrose technique; changed from potassium arrest to intermittent aortic 

occlusion or coronary artery perfusion for myocardial protection
Bretschneider HJ65 1964 Developed a sodium-poor, calcium-free, procaine-containing solution to arrest the heart
Sondergaard KT80,81 1964 Adopted Bretschneider’s solution for clinical use
Gay WA68 1973 Credited with revival of potassium-induced cardioplegia; demonstrated that potassium solution could 

arrest a canine heart for 60 minutes without cellular damage
Roe BB69 1973 Demonstrated that “the modalities of cardioplegia, hypothermia, and capillary washout” provided 

effective myocardial protection
Tyers WA62 1974 Demonstrated in preclinical studies that an infusion of cold blood to maintain myocardial temperature 

<4°C provided 90 minutes of protection
Hearse DJ66 1975 Emphasized preischemic infusions to negate ischemic injuries in rats; this formula became known as 

St. Thomas solution no. 1
Braimbridge MV67 1975 One of the first to use St. Thomas solution no. 1 clinically
Effler DB82 1976 Simple aortic clamping at room temperatures recommended
Solarzano J83

Buckberg GD71
1978
1979

Introduced concept of retrograde coronary sinus perfusion as adjunct to myocardial protection
Blood is an effective vehicle for infusing potassium into coronary arteries

Akins CW84 1984 Hypothermic fibrillatory arrest for coronary revascularization without cardioplegia
Murry CE85 1986 First to report that brief periods of ischemia (preconditioning) and reperfusion enable the heart to 

withstand longer periods of ischemia in a canine model
Lichtenstein SV86

Salerno TA87
1991 Reported warm antegrade and retrograde blood cardioplegia safe

Ikonomidis JS88 1995 Combined normothermic continuous retrograde cardioplegia with intermittent antegrade infusions
Teoh LK89 2002 Introduced concept that intermittent cross-clamp fibrillation in CABG surgery patients confers 

cardioprotection via ischemic preconditioning and adenosine receptor activation
Quinn DW90 2006 Phase II human trial demonstrated efficacy of cardioprotective effects of systemic glucose-insulin-

potassium (GIK) when administered perioperatively
Mentzer Jr RM1 2008 Phase III myocardial protection trial demonstrated proof of concept that perioperative MI can be 

reduced with an intravenous infusion of a pharmacologic agent in CABG surgery patients
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underwent cardiac surgery with potassium-induced arrest as 
the primary form of myocardial protection.69 In 1977, Tyers 
and colleagues demonstrated that potassium cardioplegia 
provided satisfactory protection in over 100 consecutive car-
diac patients.70 By the 1980s, normothermic aortic occlusion 
had been replaced for the most part by cold blood cardiople-
gia to protect the heart during cardiac surgery. The major 
controversy at the time was not whether cardioplegic solu-
tions should be used, but what was the ideal composition. 
The chief variants consisted of (1) the Bretschneider solution 
(containing primarily sodium, magnesium, and procaine); 
(2) the St. Thomas solution (consisting of potassium, mag-
nesium, and procaine added to Ringer’s solution); and, 
(3) potassium-enriched solutions containing no magnesium 
or procaine (Table 16-2). Coincident with this controversy, 
another variant of cardioplegia was introduced, that is, the 
use of potassium-enriched blood cardioplegia.71,72 Theoreti-
cally blood cardioplegia would be a superior delivery vehicle 
based on its oxygenating and buffering capacity. Ironically, 
Melrose and colleagues had initially used blood as the vehicle 
to deliver high concentrations of potassium citrate more than 
20 years earlier. While hypothermia and potassium infusions 
remain the cornerstone of myocardial protection today, a 
variety of cardioprotective techniques and solutions are used 

which allow patients to undergo heart operations with excel-
lent 30-day outcomes.73,74

CARDIOPLEGIC TECHNIQUE
Cardioplegic surgery techniques utilize solutions containing a 
variety of chemical agents that are designed to arrest the heart 
rapidly in diastole, create a quiescent operating field and pro-
vide reliable protection against ischemia/reperfusion injury. 
While contemporary cardiac surgery in low-risk patients is 
relatively safe, patient characteristics have been changing over 
the past decade. In addition to coronary heart disease and 
poor ventricular function, patients are presenting with more 
comorbidities such as obesity, diabetes, renal dysfunction, 
peripheral vascular disease and emphysema. Despite ongo-
ing improvements in cardioplegic techniques, low cardiac 
output syndrome (LCOS) still occurs after surgery and is a 
major factor associated with poor outcomes. In the absence of 
technical complications, the most common cause of postop-
erative LCOS is inadequate myocardial protection. For this 
reason, there is a real need to develop more effective strat-
egies and novel additives to existing cardioplegic solutions. 
Currently there are two types of cardioplegic solutions that 
are used: crystalloid cardioplegia and blood cardioplegia. These 

TABLE 16-2: Components of Various Cardioplegic Solutions

Composition*

Sodium Potassium Magnesium Calcium Buffer pH
Osmolarity 
(mOsm/L)

Other 
Components

Intracellular crystalloid CP
Bretschneider’s no. 3 12.0 10.0 4.0 0 Histidine 7.4 320 Procaine; 

mannitol
Bretschneider’s HTK 15.0 9.0 4.0 0 Histidine 7.3 310 a-ketoglutarate; 

tryptophan; 
mannitol

Roe’s 27.0 20.0 3.0 0 Tham 7.6 347 Glucose
Extracellular crystalloid CP
del Nido solution†† 140 5 0.75 0 Bicarbonate 7.4 375 Lidocaine; 

mannitol
St. Thomas no. 1 144.0 20.0 32.0 4.8 None 5.5 285 Procaine
St. Thomas no. 2 110.0 16.0 32.0 1.2 Bicarbonate 7.8 324 None
Tyer’s 138.0 25.0 3.0 1.0 Bicarbonate 7.8 275 Acetate; 

gluconate
Blood CP†

Cold Induction 118.0 18.0 1.6 0.3-0.5 ± Tham 7.6-7.8 320-340 Glucose; 
oxygen

Warm Induction 122.0 25.0 1.6 0.15-0.25 ± Tham 7.5-7.6 340-360 Glucose; 
oxygen; 
glutamate; 
aspartate

*Values are expressed in milliequivalents per liter unless otherwise note. 
†The blood cardioplegia composition when delivered in a blood to crystalloid solution ratio of 4:1. CP = Cardioplegia. 
††History and use of del Nido cardioplegia solution at Boston Children’s Hospital. Matte GS, et al. J Extra Corpor Technol. 2012.
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380 Part II Perioperative/Intraoperative Care

solutions are administered most frequently under hypother-
mic conditions.

Crystalloid Cardioplegia
One of the first cardioplegic solutions used to protect the 
heart during surgery consisted of a cold crystalloid formula-
tion. It was developed on the premise that its administration 
would protect the heart by reducing its metabolism and aid 
the surgeon by providing a bloodless field. Over the years 
a number of crystalloid cardioplegic solutions have been 
developed which contain different ingredients. The ratio-
nale for these ingredients has been based on the need to: 
(a) induce a rapid cardiac arrest using potassium or magne-
sium; (b) reduce energy demand and conserve ATP reserves 
using hypothermia; (c) maintain intracellular ionic and 
metabolic homeostasis; (d) lower myocardial oxygen con-
sumption; (e) enhance anaerobic and aerobic energy produc-
tion utilizing glucose and amino acids; (f ) stabilize the pH 
using bicarbonate, phosphate, or histidine buffers; (g) stabi-
lize cellular membranes by using steroids, oxygen free radi-
cal scavengers such as glutathione, calcium antagonists and/
or procaine; (h) avoid intracellular calcium overload by pro-
viding a hypocalcemic environment and adding magnesium; 
and (i) prevent cellular edema by the addition of colloids such 
as mannitol to maintain normal oncotic pressures.

There are basically two types of crystalloid cardioplegic 
solutions: the intracellular type and the extracellular type.91 
Both types can be used as preservation solutions for organ 
transplantation. The intracellular types are characterized 
by absent or low concentrations of sodium and calcium. 
The extracellular types contain relatively higher concentra-
tions of sodium, calcium and magnesium. Both types avoid 
concentrations of potassium >40 mmol/L (typical range is 
10-40 mmol/L), contain bicarbonate for buffering and are 
osmotically balanced. Examples of various crystalloid cardio-
plegic solutions are shown in Table 16-2.

OPERATIVE PROCEDURE
While the degree of core cooling varies from center to cen-
ter, patients undergoing CPB are cooled to between 33 and 
28°C. To initiate immediate chemical arrest after cross-
clamping the aorta, the solution is infused through a car-
dioplegic catheter inserted into the aorta proximal to the 
cross-clamp. The catheter may or may not be accompanied 
by a separate vent cannula. The cold hyperkalemic crystal-
loid solution is then infused (antegrade) at a volume that 
generally does not exceed 1000 mL. One or more infu-
sions of 300 to 500 mL of the cardioplegic solution may be 
administered if there is evidence of resumption of electrical 
heart activity or if a prolonged ischemic time is anticipated. 
If myocardial revascularization is being performed, the aor-
tic cross-clamp can be removed after completing the distal 
anastomoses and the heart reperfused while the proximal 
anastomoses are completed using a partial occlusion clamp. 
Alternatively, the proximal grafts can be performed after the 

distal grafts have been completed with the cross-clamp still 
in place (the single-clamp technique). Another approach 
is to perform the proximal aortic grafts first with a partial 
occlusion clamp and then cross-clamp the aorta and infuse 
the cardioplegic solution. When valve repair or replace-
ment is being performed, the crystalloid cardioplegia can be 
administered directly into the coronary arteries via cannula-
tion of the coronary ostia. Crystalloid cardioplegia also can 
be administered retrograde via a coronary sinus catheter with 
or without a self-inflating silicone cuff.

OUTCOMES
Although there is a concern that crystalloid cardioplegia 
lacks blood components and therefore has a limited oxygen 
carrying capacity, this has not been shown to be clinically 
relevant. Likewise while there is preclinical evidence that 
hyperkalemic crystalloid cardioplegia may damage coronary 
vascular endothelium and impair the ability of endothelial 
cells to replicate and produce endothelial derived factors, 
this has not been shown to be of clinical significance.92,93 
In fact, there are numerous clinical studies which demon-
strate that crystalloid cardioplegia is as effective as blood 
cardioplegia, particularly in centers where it is the primary 
form of protection.94,95

Blood Cardioplegia
Cold blood cardioplegia, widely employed throughout the 
world, is the cardioplegic technique used most often in the 
United States. The rationale for using blood as a vehicle 
for hypothermic potassium-induced cardiac arrest is that 
it (a) provides an oxygenated environment and a method 
for intermittent reoxygenation of the heart during arrest; 
(b) limits hemodilution when large volumes of cardioplegic 
solution are used; (c) affords an excellent buffering capacity 
and osmotic properties; (d) allows for electrolyte composition 
and pH that are physiologic; (e) offers a number of endog-
enous antioxidants and free-radical scavengers; and (f ) is less 
complex to prepare than other solutions.

Although there are a variety of formulations it is usually 
prepared by combining autologous blood, obtained from 
the extracorporeal circuit while the patient is on CPB, with 
a crystalloid cardioplegic solution that consists of citrate-
phosphate-dextrose (CPD) buffered with tris-hydroxymethyl-
aminomethane or bicarbonate and supplemented with 
potassium chloride. The CPD is used to lower the ionic 
calcium, and the buffer is used to maintain an alkaline pH 
at approximately 7.8. The final concentration of potassium 
used to arrest the heart is approximately 20 to 25 mEq/L. 
After the initial induction dose for rapid arrest, subsequent 
administrations may be intermittent or continuous and uti-
lize a concentration of 8 to 10 mEq/L (the low concentration 
maintenance dose).96,97 (Table 16-2)

Prior to administering blood cardioplegia, the temperature 
of the solution usually is lowered with a heat-exchanging coil 
to between 12 and 4°C. The ratio of blood to crystalloid var-
ies among centers with the most common ratios being 8:1, 
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4:1, and 2:1; this in turn affects the final hematocrit of the 
blood cardioplegia infused. For example, if the hematocrit of 
the autologous blood obtained from the extracorporeal circuit 
is 30, these ratios would result in a blood cardioplegia with 
a hematocrit of approximately 27, 24, and 20, respectively.

The use of undiluted blood cardioplegia, or “miniplegia” 
(using a minimum amount of crystalloid additives), also has 
been reported to be effective. Petrucci et al studied the use of 
all-blood miniplegia in a clinically relevant swine preparation 
and compared miniplegia with crystalloid cardioplegia. They 
concluded that the use of all-blood miniplegia was effective 
or superior in the acutely ischemic heart.98 Velez and col-
leagues used an acute ischemia/reperfusion canine prepara-
tion to test the hypothesis that an all-blood cardioplegia in 
66:1 blood:crystalloid ratio would provide superior protec-
tion compared with a 4:1 blood cardioplegia delivered in a 
continuous retrograde fashion.99 They found very little differ-
ence between the animal groups with respect to infarct size or 
postischemic recovery of function. This is consistent with the 
findings by Rousou and colleagues years earlier; that, it is the 
level of hypothermia that is important in blood cardioplegia 
not necessarily the hematocrit.100

With respect to efficacy, there are numerous preclinical 
studies and nonrandomized and randomized clinical trials 
that demonstrate cold blood cardioplegia is an effective way 
to provide excellent myocardial protection. Many of these 
same studies have suggested that cold blood cardioplegia is 
superior to cold crystalloid cardioplegia. It is important to 
note that other investigators have shown crystalloid cardio-
plegia to be as cardioprotective and cost-effective if not more 
so. Unfortunately, most contemporary clinical trials compar-
ing the efficacy of blood cardioplegia with crystalloid cardio-
plegia have involved single-center studies, enrolled a limited 
number of patients, focused on a specific subset of patients 
and/or omitted details regarding clinical management. In 
2006, Guru et al reported the results of a meta-analysis of 
34 clinical trials that compared blood cardioplegia to crys-
talloid cardioplegia. A lower incidence of low cardiac out-
put syndrome and CK-MB release was observed in patients 
administered blood cardioplegia; no difference, however, was 
observed in the incidence of perioperative MI or mortality.101 
Jacob et al (2008) analyzed clinical data from 15 randomized 
trials. Although eight of the trials reported statistically signifi-
cant outcomes favoring blood cardioplegia, and five showed 
differences in enzyme release, the bulk of the evidence favor-
ing one over the other was inconclusive.95

In 2014, Zeng performed a meta-analysis of 12 random-
ized control trials in which cold blood cardioplegia was com-
pared to cold crystalloid cardioplegia.102 The trials accounted 
for 2866 patients: 1357 received cold crystalloid cardioplegia; 
1509 received cold blood cardioplegia. The analysis showed 
no significant differences in mortality risk, incidence of fibril-
lation or stroke. The incidence of perioperative MI was lower 
however in the patients receiving cold blood cardioplegia. 
Regardless, the authors concluded that both crystalloid and 
cold blood cardioplegia are safe and effective for revascular-
ization. The limitations of the study include the inherent 

problems associated with meta-analyses, and mortality was 
assessed only at the end of 30 days.

Warm Blood Cardioplegia
The concept of using warm (normothermic) blood car-
dioplegia as a cardioprotective strategy dates back to the 
1980s. Proponents held that warm blood cardioplegic solu-
tions would provide nutrients and endogenous factors that 
were absent in crystalloid solutions, and that normothermia 
would avoid possible adverse consequences of hypothermia. 
In 1982, Rosenkranz and colleagues reported that warm 
induction with normothermic blood cardioplegia, followed 
by maintenance of arrest with multi-dose cold blood car-
dioplegia, resulted in better recovery of function in canines 
than a similar protocol using cold blood induction.103 In 
1986, Teoh and colleagues provided experimental evidence 
that a terminal infusion of warm blood cardioplegia before 
removing the cross-clamp (a “hot shot”) accelerated myo-
cardial metabolic recovery.104 This was followed by a report 
in 1991 by Lichtenstein and colleagues that normothermic 
blood cardioplegia in humans is an effective cardioprotective 
approach.86 They compared the results of 121 consecutive 
patients undergoing CABG surgery who received antegrade 
normothermic blood cardioplegia to a historical group of 
133 patients who received antegrade hypothermic blood 
cardioplegia. The operative mortality in the warm cardiople-
gic group was 0.9% compared with 2.2% for the historical 
controls. Despite these encouraging reports, there are con-
cerns that for any given patient, it is difficult to determine 
how long a warm heart can tolerate an ischemic insult if the 
infusion is interrupted or flow rates are reduced owing to an 
obscured surgical field or maldistribution of the cardioplegic 
solution. Another concern is the report by Martin and col-
leagues that warm cardioplegia is associated with an increased 
incidence of neurologic deficits.52 In a prospective, random-
ized study conducted in 1001 patients, the efficacy of contin-
uous warm blood cardioplegia with systemic normothermia 
(≥35°C) versus intermittent cold oxygenated crystalloid 
cardioplegia and moderate systemic hypothermia (≤28°C) 
were compared. While operative mortalities were similar 
(1.0 vs 1.6%, respectively), the incidence of permanent 
neurologic deficits was threefold greater in the warm blood 
normothermic group (3.1 vs 1.0%). Thus in this study-
warm blood cardioplegia offered no advantage over cold 
crystalloid cardioplegia in terms of myocardial protection 
and carried with it the risk of increased ischemic injury if 
the oxygen supply to the warm heart was interrupted.

In 2014, DeBryn and colleagues performed a retrospec-
tive review of a prospectively collated database to compare 
the relative efficacies of using either antegrade warm blood 
cardioplegia (32°C) or antegrade cold crystalloid cardioplegia 
(7°C).105 The database included patient demographics, preop-
erative risk factors, operative technique, postoperative course 
and 30-day, in-hospital morbidity and mortality. The first 
150 patients received cold crystalloid cardioplegia; the sec-
ond group of 143 patients received cold blood cardioplegia. 
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382 Part II Perioperative/Intraoperative Care

Overall the investigators found the clinical outcome for the 
patients was comparable and concluded that while warm 
blood cardioplegia is safe; it did not confer superior protec-
tion. Thus it appears that appropriately designed protocols 
using intermittent antegrade warm blood cardioplegia pro-
vide clinically acceptable myocardial protection.106-108

Tepid Blood Cardioplegia
Both cold blood (4-10°C) and warm blood cardioplegic 
solutions (37°C) have temperature-related advantages and 
disadvantages. As a consequence, a number of studies were 
performed in the 1990s to determine the optimal tempera-
ture. Hayashida and colleagues were one of the first groups 
to study the efficacy of tepid blood (29°C) cardioplegia.109 In 
this study, 72 patients undergoing CABG were randomized 
to receive cold (8°C) antegrade or retrograde, tepid (29°C) 
antegrade or retrograde, or warm (37°C) antegrade or ret-
rograde blood cardioplegia. While protection was adequate 
for all three, the tepid antegrade cardioplegia was the most 
effective in reducing anaerobic lactate acid release during the 
arrest period. These authors reported similar findings when 
the tepid solution was delivered continuously retrograde and 
intermittently antegrade.110 In contrast, Baretti et al reported 
in anesthetized open-chest swine placed on CPB that tepid 
normokalemic continuous antegrade blood cardioplegia was 
associated with an increased incidence of intermittent fibrilla-
tion.111 Subsequent to this report Mallid et al, in a retrospec-
tive chart review, analyzed the effects of cold blood and warm 
or tepid blood cardioplegia on early and late outcomes in 
6064 patients who underwent CABG surgery. In the patients 
receiving warm or tepid blood cardioplegia (n = 4532), the 
systemic temperature was maintained between 32 and 37°C. 
The temperature of warm blood cardioplegia was 37°C. In 
the tepid cardioplegia cohort the systemic temperature was 
allowed to drift between 32 and 34°C; the temperature of 
the tepid cardioplegia ranged between 28 and 30°C. In the 
cold blood cardioplegia cohort (n = 1532) the systemic tem-
perature was maintained between 25 and 32°C; the tempera-
ture of the blood cardioplegia ranged between 5 and 8°C. At 
5 years, actuarial survival was 91.1% in the warm cardiople-
gia group and 89.9% in the cold blood cardioplegia group 
(p = .09). While this study has all the limitations associated 
with a large retrospective chart review conducted over the 
course of a decade, the findings are consistent with the basic 
conclusion that current methods of cardioplegia all show sim-
ilar degrees of efficacy. To date, most tepid blood cardioplegia 
studies have been single-center studies conducted in relatively 
small cohorts of patients. Whether tepid cardioplegia confers 
superior protection over other methods remains to be deter-
mined. For the most part, however, the current methods of 
cardioplegia all show similar efficacy.

Methods of Delivery
In addition to a variety of formulations and temperatures, 
there are also many different ways of administering the 

Antegrade
Retrograde

Combined retrograde/antegrade

Infusion types

Cold
Tepid
Warm

Infusion temperatures

Intermittent
Continuous

Infusion intervals

FIGURE 16-3 Methods for delivering cardioplegic solutions.

cardioplegic solutions (Fig. 16-3). As one might expect with 
so many options, the optimal delivery method also remains 
controversial. The various methods include intermittent 
antegrade, antegrade via the graft, continuous antegrade, 
continuous retrograde, intermittent retrograde, antegrade 
followed by retrograde and simultaneous antegrade and ret-
rograde infusions. While all methods appear to be similarly 
efficacious, comparisons across trials are difficult because the 
studies also have differed with respect to: (1) the composition 
of the solution; (2) the temperature of the solution; (3) the 
duration of the infusion; and, (4) the infusion pressure. 
Additional factors that affect a surgeon’s choice for delivery 
method include the type and complexity of the operation and 
the anticipated cross-clamp time.

ANTEGRADE CARDIOPLEGIA
The most widely used method of delivering cardioplegic 
solutions is the antegrade method. It entails infusion of the 
solution into the aortic root while the ascending aorta is 
cross-clamped. After the initiation of CPB, chemical arrest 
can be achieved quickly with the infusion of the solution 
through a catheter inserted into the aorta proximal to the 
cross-clamp. The catheter may or may not be accompanied 
by a separate vent cannula to decompress the left ventricle 
between infusions. The induction dose usually has a higher 
concentration of potassium than subsequent maintenance 
doses. It is infused rapidly to ensure aortic valve closure usu-
ally at a rate of 250 to 300 mL/min (10 and 15 mL/kg body 
weight/min). If cardiac activity persists or recurs additional 
infusions may be necessary. For maintenance, infusions can 
be administered at 15 to 20 minute intervals or as needed. 
Concurrent external cooling can be achieved by suffusion 
with cold saline (4°C).

The typical aortic root perfusion pressure is maintained 
between 60 mm Hg and 80 mm Hg. Adjustments in rates 
of administration are made to accommodate patients with 
hypertrophied ventricles. Intermittent maintenance doses 
of 300 to 500 mL of low-dose cardioplegia are adminis-
tered every 15 to 20 minutes or earlier if there is evidence 
of resumption of electrical activity. During CABG surgery, 
in order to minimize cold ischemia and aortic cross clamp 
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time, the heart can be reperfused earlier by removal of the 
aortic cross-clamp as soon as the distal anastomoses are 
completed; the proximal anastomoses are then performed 
using a partial occlusion clamp. Alternatively the proximal 
grafts can be performed after the distal grafts have been 
completed with the cross-clamp still in place (the single-
clamp technique).

The administration of antegrade cardioplegia depends on 
a competent aortic valve and hence is liable to be ineffective 
and relatively contraindicated in patients with significant aortic 
valve incompetence. In such cases, antegrade cardioplegia can 
be administered directly into the coronary arteries via cannula-
tion of the individual coronary ostium. This technique is used 
in cases requiring the opening of the ascending aorta such as in 
aortic valve replacement, ascending aortic aneurysm repair and 
aortic root replacement procedures. Coronary ostial infusion 
may be necessary for induction in patients with severe aortic 
incompetence in the presence of coronary sinus pacing leads. 
Potential complications include coronary dissection, uninten-
tional selective delivery into left anterior descending or left cir-
cumflex artery due to a short left main coronary artery, and the 
late occurrence of coronary ostial stenosis.112

RETROGRADE CARDIOPLEGIA
Retrograde cardioplegia entails placement of a coronary sinus 
catheter with or without a self-inflating silicone cuff and 
infusion of the cardioplegic solution either for induction or 
maintenance of cardioplegia. This approach originated with a 
concept developed by Pratt in 1898, who suggested that oxy-
genated blood could be supplied to the ischemic heart via the 
coronary venous system.113 Sixty years later, Lillehei and col-
leagues used retrograde coronary sinus perfusion to protect 
the heart during aortic valve surgery.76 Today, it is an accepted 
method for delivering a cardioplegic solution and is used fre-
quently as an adjunct to antegrade cardioplegia. Placement 
of the catheter is often facilitated by the use of catheters that 
are precurved and the simultaneous use of transesophageal 
echocardiography to guide placement. Care must be taken to 
avoid rupture of the coronary sinus, an uncommon but real 
and potentially fatal complication. This can be prevented by 
infusing the solution at a rate that ensures that the coronary 
sinus perfusion pressure does not exceed 45 to 50 mm Hg. 
The retrograde approach can be used for continuous or inter-
mittent delivery of blood or crystalloid cardioplegia as well. 
In situations where the native coronary arteries are severely 
stenotic or totally occluded, the antegrade approach may 
result in an uneven distribution in the myocardium. In this 
situation retrograde infusion or infusion via the vein grafts as 
they are completed can be complementary. While most rou-
tine on-pump cardiac procedures can be done with good out-
comes using just the antegrade technique, patients with poor 
ventricular function, high-risk patients requiring long aortic 
cross clamp times and those with occlusive coronary disease 
may benefit from a dual approach, that is, both antegrade 
and retrograde techniques. Another advantage to the retro-
grade technique is that it may be effective in reducing the risk 
of embolization from saphenous vein grafts that could occur 

during antegrade perfusion for reoperative coronary artery 
bypass surgery. The retrograde approach also has the theoreti-
cal advantage of ensuring a more homogeneous distribution 
of the cardioplegic solution to regions of the heart that are 
poorly collateralized.

Despite these advantages, retrograde cardioplegia is not 
without its limitations. There are experimental and clini-
cal studies which suggest that cardioplegia administered via 
the coronary sinus results in a suboptimal distribution of 
cardioplegia to the right ventricle. This is due in part to the 
anterior region of the right ventricle being poorly drained by 
the coronary sinus, the marked variability in venous anatomy, 
the frequency of coronary sinus anomalies and the Thebesian 
veins draining directly into the cavities of the heart. As a con-
sequence a number of studies have been performed to evalu-
ate not only the safety and efficacy of the retrograde approach 
but also to compare its efficacy to a combined antegrade/ret-
rograde approach.114-117 While the findings have been mixed, 
most of results have shown that retrograde delivery of car-
dioplegic solutions is safe and effective during cardiac surgery. 
Taking a different approach, Bhaya et al compared the effi-
cacy of an antegrade approach with an integrated antegrade/
retrograde method in patients undergoing on pump heart 
surgery using three-dimensional transthoracic speckle track-
ing echocardiography.118 Twenty-two patients were studied 
one day prior to surgery and 4 to 5 days after the operation. 
They found that the integrated approach conferred better 
protection in terms of maintenance of strain parameters in 
segments of the septum and free wall of the left ventricu-
lar free wall and septum. These findings support the general 
consensus that a combined approach allows for a more reli-
able homogeneous distribution of cardioplegic solutions. The 
combined approach may be most relevant when it is antici-
pated that the cross-clamp time will be long and/or when the 
coronary artery stenoses are particularly extensive and severe.

CONTINUOUS CARDIOPLEGIA VERSUS 
INTERMITTENT CARDIOPLEGIA
To minimize the interruption of coronary flow during aortic 
cross-clamping, cardioplegia can be administered continu-
ously using a retrograde coronary sinus catheter or cannu-
lating the coronary ostia directly via an open aortic root. A 
continuous infusion, especially if it is oxygenated, has the 
theoretical advantage of minimizing ischemia particularly 
during periods of prolonged aortic cross-clamping. One of 
the first studies to test this assumption was by Louagie and 
colleagues.119 Seventy patients undergoing CABG surgery 
were prospectively randomized to receive retrograde cold 
blood cardioplegia either intermittently (n = 35) or in a 
continuous fashion (n = 35). Hemodynamic measurements 
included right ventricular ejection fraction, cardiac output, 
left and right ventricular stroke work index and systemic and 
pulmonary vascular resistance. Coronary sinus blood samples 
were obtained before aortic cross-clamping and immediately 
after unclamping for the measurement of lactate and hypo-
xanthine levels; venous blood samples were collected at pre-
determined times to measure CK-MB and troponin levels. 
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384 Part II Perioperative/Intraoperative Care

Overall, they found a trend for better hemodynamics and a 
lower use of inotropic agents and significantly lower lactate 
and hypoxanthine levels in the patients who received contin-
uous retrograde cardioplegia. On the other hand there were 
no differences in patient outcomes, and the CK-MB and tro-
ponin levels were comparable postoperatively. Given this was 
a single-center study, the surgery was performed by the same 
surgeon, and the relatively small sample size, it is difficult to 
extrapolate the findings to the general population of patients 
undergoing cardioplegic surgery with aortic cross-clamping. 
To date it remains unclear as to whether continuously admin-
istered cardioplegia is superior to intermittent cardioplegia. 
The major advantage of using intermittent cardioplegia is the 
ability to achieve and sustain a dry, quiescent operative field. 
Moreover, continuous cardioplegia still necessitates interrup-
tion of the surgical steps while the infusion is delivered.

Current Status of Cardioplegic Technique
In summary, controversy persists as to whether blood cardio-
plegia or crystalloid cardioplegia is better, which temperature 
is ideal and what is the best method of delivery. A survey 
of practice patterns in the United Kingdom in 2004 showed 
that 56% of all cardioplegia on-pump surgery was performed 
with cold blood cardioplegia; whereas, warm blood cardiople-
gia was used in 14% of cases.120 In the same survey, 14% of 
surgeons used crystalloid cardioplegia, 21% used retrograde 
cardioplegia and 16% did not use any cardioplegia, pre-
ferring to use cross-clamp fibrillation only. Based on these 
observations and experiences in the United States, it appears 
that most surgeons favor cold intermittent blood cardiople-
gia. Nevertheless a wide spectrum of variation exists among 
heart centers; there is no international consensus regarding 
the ideal cardioplegic solution or its use.120 Awareness of the 
options allows the surgeon to utilize the best approach that 
meets the individual needs of the patient.

Noncardioplegic Technique
Intermittent cross-clamping with fibrillation (ICCF) and 
systemic hypothermia with intermittent elective fibrillatory 
arrest are the most common forms of noncardioplegic heart 
surgery used today. The objective is to provide a relatively 
quiescent surgical field without having to arrest the heart 
with a cardioplegic solution.

Intermittent Aortic Cross-Clamping with 
Fibrillation
This technique is the earliest method developed to protect 
the heart during surgery and is still used at many centers. The 
patient is placed on CPB, the ascending aorta is cannulated 
and generally a dual-stage single-venous cannula is used. Often 
the patient is cooled to 30 to 32°C; this technique allows the 
surgeon to operate in a relatively quiet but not quiescent field 
during ventricular fibrillation. In the setting of CABG sur-
gery, the aortic cross-clamp is removed intermittently after the 

completion of each graft. The duration of fibrillation is deter-
mined by how long it takes to perform the distal anastomosis. 
After completion of the revascularization, the heart is defibril-
lated and the proximal anastomoses performed on the beating 
heart using an aortic partial occlusion clamp. This technique is 
particularly useful in patients with cold agglutinin disease, an 
autoimmune phenomenon in which antibody directly agglu-
tinates human red cells at low temperatures. In these patients 
open heart operations with hypothermia carry the risk of red 
cell agglutination and may result in hemolysis, MI, renal insuf-
ficiency and cerebral damage.

As a result of increasing pressures to reduce cost and yet 
maintain acceptable levels of cardioprotection, there remains 
an interest in using this approach. There are a number of 
reports which indicate that satisfactory protection can be con-
ferred using this technique. In 1992, Bonchek et al reported a 
large clinical series in which the advantages and safety of this 
technique were meticulously analyzed.121 In this study, the 
authors reviewed the outcomes of the first 3000 patients at 
their institution who underwent primary CABG using ICCF. 
Preoperative risk factors, for example, age, gender, left ven-
tricular dysfunction, preoperative use of the intra-aortic bal-
loon pump (IABP), the urgency of operation and operative 
deaths were analyzed. In this series, 29% of the patients were 
older than 70 years of age, 27% were females, 9.7% had an 
ejection fraction of less than 0.30, 13% had an MI less than 
1 week preoperatively and 31% had preinfarction angina 
in the hospital; only 26% underwent purely elective opera-
tions. Using the noncardioplegic cardioprotective technique, 
the authors reported an elective operative mortality rate of 
0.5%, an urgent mortality rate of 1.7% and an emergency 
rate of 2.3%. Postoperatively, inotropic support was needed 
in only 6.6% of the patients, and only 1% required insertion 
of the IABP. It is important to note however that this was a 
retrospective, single-center institutional experience. The find-
ings would have been enhanced if the analysis had included 
a similarly matched group of patients at the same institution 
in which cardioplegic arrest had been employed. Neverthe-
less the findings support the perspective that noncardioplegic 
strategies can provide satisfactory myocardial protection even 
in high-risk patients.

In 2002, Raco and colleagues reported their experience in 
800 consecutive CABG operations performed by a single sur-
geon using ICCF in both elective and nonelective settings. The 
patients were divided into three cohorts: (1) elective; (2) urgent; 
and, (3) emergent. Among these cohorts the mean age, number 
of distal grafts and mortality among the three groups was com-
parable. The mortality rate in the elective, urgent and emergent 
groups was 0.6%, 3.1%, and 5.6%, respectively, and consistent 
with outcomes associated with cardioplegic surgery. Since this 
report reflects the experience of a single surgeon, there is the 
concern that the technique may not be generally applicable. 
Regardless, the findings do support the notion that ICCF is a 
safe technique for both elective and nonelective patients under-
going CABG surgery.122-124 In 2003, Bonchek et al reported 
their experience in 8300 patients who underwent CABG sur-
gery without cardioplegia. The unadjusted mortality rates in 

Cohn_ch16_p0373-0404.indd   384 12/04/17   2:10 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 16 Myocardial Protection 385

elective, urgent and emergent patients was 0.9%, 1.5%, and 
4.0%, respectively. The overall mortality of 1.7%, was consid-
erably lower than the 3.27% predicted based on the Society of 
Thoracic Surgeons National Database model.125 This experience 
represented the work of five surgeons, three of whom had not 
been trained in noncardioplegic surgery; it provides additional 
evidence that ICCF is an effective form of cardioprotection. 
Evidence that the cardioprotective effects of ischemic precon-
ditioning (IPC) may contribute to the efficacy of ICCF in the 
human heart has resulted in an interest in using this method of 
protection especially in the United Kingdom. Results in animal 
studies indicate that the protective effect of ICCF is blocked 
by protein-kinase C inhibitors and KATP channel antagonists, 
both of which have been implicated in the signaling pathways 
involved in IPC.126 Regardless of the mechanism underlying 
the protection, there are numerous reports which indicate that 
noncardioplegic strategies such as ICCF can provide satisfac-
tory myocardial protection even in high-risk patients.127

Systemic Hypothermia and Elective 
Fibrillatory Arrest
Elective fibrillatory arrest is another safe approach to protect 
the heart during noncardioplegic heart surgery. The use of 
systemic hypothermia (26-30°C) and maintenance of sys-
temic perfusion pressure between 80 and 100 mm Hg are 
key elements. This approach is particularly applicable in 
the setting of the severely calcified “porcelain aorta,” where 
clamping the aorta may be associated with increased risk of 
stroke and aortic dissection. Under these circumstances the 
distal anastomoses are performed locally occluding the coro-
nary artery using vascular clamps or sutures. The proximal 
anastomoses can be completed during short periods of hypo-
thermic circulatory arrest. Alternatively the proximal anasto-
moses can be based entirely on an in situ internal thoracic 
artery. Using this approach one can avoid manipulation of 
the aorta altogether. Akins and colleagues, in 1984, reported 
a low incidence of perioperative MI and a low hospital mor-
tality rate in 500 consecutive patients using this technique.84 
In 1987, Akins and Carroll assessed the late results of hypo-
thermic fibrillatory arrest in 1000 consecutive patients under-
going nonemergent CABG surgery. They concluded that the 
technique is effective and yields excellent event-free survival. 
Potential disadvantages include (1) the surgical field may be 
obscured as a result of existing collateral circulation; (2) ven-
tricular fibrillation may be associated with increased muscular 
tone and thus compromise the surgeon’s ability to position 
the heart for optimal exposure; (3) aortic valvular regurgita-
tion may be exacerbated; and (4) it is generally not applicable 
for intracardiac procedures. An advantage with the technique 
is that it can be used when aortic occlusion or cardioplegic 
arrest is undesirable, for example, in the setting of a calcified 
ascending aorta. This approach can also be used in patients 
undergoing mitral valve surgery.128 Imanaka et al, in 2003, 
published a retrospective observational study in which mitral 
valve surgery was performed in 27 patients with ischemic 
mitral regurgitation using perfused ventricular fibrillation. 

Concomitant procedures included CABG in 23 patients and 
the Dor procedure in five patients. Surgery was performed 
using moderate hypothermia (~28°C) and fibrillatory arrest; 
flow rates on bypass were maintained at 2.4 L/min/m2 and 
the perfusion pressure was 70 mm Hg. Among these select 
patients the mortality rate was 3.7%. The authors concluded 
that extended periods of ventricular fibrillation during hypo-
thermic surgery can be well-tolerated without excessive mor-
bidity and mortality and is appropriate in patients in whom 
aortic cross-clamping is unsuitable or the duration of cross-
clamping is expected to be long.129

Strategies for Cardioprotection 
under Investigation
There are currently a number of physiological processes and 
pharmacological agents known to confer protection against 
I/R injury in the experimental setting. Several clinical tri-
als are underway to determine the relevance of these new 
approaches. The purpose of this section is to review the car-
dioprotective strategies that are being examined and hold 
promise for the future.

Physiological Processes
ISCHEMIC PRECONDITIONING
“Preconditioning with ischemia is an endogenous adaptive 
phenomenon whereby the heart becomes more tolerant to a 
period of prolonged ischemia if first exposed to brief episodes 
of coronary artery occlusion. This adaptation to ischemia was 
first described by Murry and colleagues and is now referred to 
as ‘classic,’ ‘first window’ or ‘early phase’ ischemic precondition-
ing (IPC).85 IPC is associated with a reduction in infarct size, 
apoptosis, and reperfusion-associated arrhythmias and has 
been demonstrated in every animal species studied to date. It 
lasts for as long as 1 to 2 hours after the preconditioning stim-
ulus.130-132 It is ineffective when the sustained ischemic insult 
lasts for more than 3 hours; thus, protection is conferred only 
when the sustained ischemia is followed by timely reperfusion. 
Subsequent studies have revealed that this endogenous defense 
mechanism manifests itself in several ways. After the acute 
phase of preconditioning disappears, a second phase of protec-
tion appears 24 hours later and is sustained for up to 72 hours. 
This is referred to as the ‘second window of protection,’ ‘late-phase’ 
preconditioning, or ‘delayed’ preconditioning. Late phase precon-
ditioning protects against MI and stunning unlike classic IPC 
which only protects against infarction.”133,134

Cellular Mechanisms Underlying IPC. Reports of adap-
tation to ischemia led to major investigative efforts to elu-
cidate the intracellular mechanism(s) underlying the heart’s 
endogenous defenses against I/R injury. The assumption 
was, and still is today, that a better understanding of these 
mechanism(s) would lead to the development of potent new 
therapeutic modalities that would be more effective in treat-
ing or preventing the deleterious consequences of I/R injury. 
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386 Part II Perioperative/Intraoperative Care

One of the earliest hypotheses was that the primary media-
tor of IPC was the activation of the adenosine A1 and/or A3 
receptors on the cardiomyocyte.132,135 Subsequent studies have 
shown that in addition to adenosine, there are multiple gua-
nine nucleotide-binding (G) protein-coupled receptors that 
once activated can mimic the infarct-sparing effect of isch-
emic preconditioning. These include bradykinin, endothelin, 
α1-adrenergic, muscarinic, angiotensin II, and delta-opioid 
receptors (Fig. 16-4). The infusion of exogenous agents to 

mimic ischemic preconditioning is referred to as pharmaco-
logic preconditioning. Exactly which of these receptors is the 
most important in mediating endogenous preconditioning is 
unknown because there appear to be species differences 
and redundant signaling pathways. Regardless, it is now 
thought that these triggers of IPC result in activation of 
various tyrosine kinases, isoforms of PKC, p38 mitogen-
activated protein kinases and extracellular signal-regulated 
kinases (ERKs)]. P38 mitogen-activated protein kinases 
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FIGURE 16-4 Signaling pathways of ischemic preconditioning (IPC). IPC, ischemic preconditioning; MMP, matrix metalloproteinases; HB-
EGF, heparin-binding epidermal growth factor; Pro, Pro-HB-EGF; PI3, phosphatidylinositol 3-kinase; PI4,5P2, phosphatidylinositol bisphosphate; 
PI3,4,5, P3; phosphatidylinositol trisphosphate; MEK, mitogen activated protein kinase kinase; ERK, extracellular-signal regulated kinase; NO, nitric 
oxide; NOS, NO synthase; eNOS, endothelial NOS; GC, guanylyl cyclase; PKG, protein kinase G; PKC, protein kinase C; ROS, reactive oxygen 
species; mKATP, mitochondrial ATP-dependent potassium channel; p70SK6 kinase; GSK-3β, glycogen synthase kinase; mPTP mitochondrial 
permeability transition pore; PDK, phosphoinositide-dependent kinase. Numerous triggers (opioids, bradykinin, and adenosine) and intracellular 
signaling pathways are involved in the cardioprotection conferred by IPC. The signal transduction pathways are complex, interactive, and include 
the HB-EGF receptor, PI3K, Akt, ERK1/2, eNOS, PKG, the opening of the mKATP channel, ROS production, PKC activation, p70 S6 kinase, and 
GSK-3β. Possible end effectors of IPC include the opening of the mKATP channel and inhibition of the mitochondrial transition pore opening. If 
only a few mitochondria are affected, cytochrome c may be released and induce apoptosis and cause cell death at a later time. Recent evidence sug-
gests a unique role for the adenosine A2b receptor when activated at the time of reperfusion. While the process of autophagy has been implicated 
in IPC-induced cardioprotection where and how this process interacts with the signaling pathways remains to be determined.
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are a family of serine/threonine protein kinases that are 
responsive to various stress stimuli cytokines, include heat 
shock protein, and are involved in cell differentiation, apo-
pand autophagy. The ERK cascade couples signals from cell 
surface receptors to transcription factors which regulate gene 
expression.

Interestingly, IPC-induced cardioprotection appears 
to require repopulation of receptors and activation (or, 
in some instances, reactivation) of “pro-survival” kinases 
upon relief of sustained ischemia. In this regard, Hausenloy 
and Yellon introduced the term “Reperfusion Injury Sal-
vage Kinase” (RISK) pathway to represent the PI3K-Akt 
and ERK1/2 prosurvival kinases activated at the time of 
reperfusion and proposed that manipulation and upregula-
tion of the RISK pathway may represent another approach 
to myocardial protection.136

While the identity of the end effector(s) of IPC remain 
speculative, significant evidence has accumulated indicating 
that the cardiomyocyte mitochondria are key targets of con-
ditioning-induced protection (Fig.16-4).137,138 Specifically, 
inhibition of mPTP and the opening of the mitochondrial 
KATP (mKATP) channels have been implicated as the effectors 
of IPC.139,140 Under normal conditions the mitochondrial 
inner membrane is impermeable to most metabolites and 
ions, and the mPTP is closed. While the molecular structure 
of the pore has yet to be determined, it is characterized by the 
formation of a large conductance megachannel, which is reg-
ulated by cyclophilin D in the matrix.140a While early inves-
tigations implicated the voltage-dependent anion channel in 
the outer mitochondrial membrane and the adenine nucleo-
tide translocator (ANT) in the inner membrane in addition 
to cyclophilin D, genetic studies have refuted that model. 
Mouse models in which all ANT isoforms were deleted still 
exhibited mPTP opening; this was also the case for dele-
tion of voltage-dependent anion channel (VDAC) isoforms. 
However, deletion of cyclophilin D resulted in hearts that 
were much more resistant to I/R injury, and further studies 
revealed that although the threshold for mPTP opening was 
greatly increased, it was still possible to trigger pore open-
ing. It was concluded that cyclophilin D plays an important 
regulatory role in mPTP opening, but the molecular com-
position of the pore remains uncertain. Under conditions of 
stress, the mPTP may open resulting in depolarization of the 
inner mitochondrial membrane and an influx of water and 
ions into the matrix due to its high oncotic pressure. Matrix 
swelling expands the highly folded inner membrane but ulti-
mately ruptures the outer membrane resulting in release of 
cytochrome c and other proapoptotic factors. Even in the 
absence of outer membrane rupture, loss of mitochondrial 
membrane potential results in ATP hydrolysis by the F0-F1 
ATP synthase in a futile effort to restore membrane potential, 
thereby accelerating energy depletion.

An ATP-sensitive potassium channel in the mitochondrial 
inner membrane (mKATP) has been implicated on the basis 
of pharmacologic effects of diazoxide and pinacidil (channel 
openers) and 5-hydroxydecanoate and glibenclamide (chan-
nel closers). Many pharmacologic studies have demonstrated 

a protective role for the putative mKATP, although its molecu-
lar composition also remains unknown. Garg and Hu have 
proposed that PKC activation enhances the import of plasma 
membrane KATP channels into mitochondria.141 This was 
based on their observation that in COS-7 cells, Kir6.2 protein 
(a subunit of KATP channels) and channel activity increased 
in mitochondria after PMA treatment, and this increase 
was inhibited by the selective PKC inhibitor chelerythrine. 
Pharmacologically triggered opening of the mKATP channel 
has been shown to reduce calcium overload, mitochondrial 
ROS production, swelling, and to preserve ATP levels after 
ischemia/reperfusion.

While early-phase preconditioning shares many of the 
same signaling mechanisms with late-phase preconditioning, 
the most obvious difference between the two is the appar-
ent requirement for protein synthesis in the latter. Late-phase 
IPC has been shown to be associated with the upregulation 
of various proteins including but not limited to heat-shock 
proteins, inducible NOS (iNOS), cyclooxygenase 2, heme-
oxygenase and manganese superoxide dismutase.142,143 There 
are however conflicting reports on what specific proteins 
are upregulated during late-phase preconditioning, which 
may be due to species differences as well as stimulus-specific 
responses.

Clinical Relevance of IPC. There is evidence that ischemic 
preconditioning occurs in the human being. Investigators 
have reported that patients experiencing angina prior to an 
MI have a better in-hospital prognosis and a reduced inci-
dence of cardiogenic shock, fewer and less severe episodes of 
congestive heart failure and smaller infarcts as assessed by car-
diac enzyme release.144 Moreover, follow-up studies suggest 
that patients who have had angina prior to an infarct have 
better long-term survival rates.145-147 There are also a myriad 
of reports that patients who undergo PCIs have an enhanced 
tolerance to ischemia after the first balloon inflation provided 
that the first balloon inflation exceeds 60 to 90 seconds.131 
Chest pain severity, regional wall motion abnormalities, ST-
segment elevation, QT dispersion, lactate production and 
CK-MB release all have been reported to be attenuated in 
this setting as well.148,149

In patients undergoing PCI, a preconditioning-like effect 
has been mimicked by the administration of a variety of 
pharmacologic agents that are known to induce precondi-
tioning in animal studies. For example, the administration of 
adenosine prior to PCI has been reported to attenuate myo-
cardial ischemic indices during the first balloon inflation.150 
Administration of other agents, such as bradykinin and nicor-
andil (a KATP channel opener), also have been reported to 
produce similar effects.151,152 Conversely the administration 
of aminophylline (a nonselective adenosine receptor antago-
nist), glibenclamide (a KATP channel blocker), or naloxone (an 
opioid receptor blocker) reportedly abolish the effects of isch-
emic preconditioning during PCI.153,154 Additional studies 
provide evidence of delayed pharmacologic preconditioning 
in the clinical setting. Leesar and colleagues reported that a 
4-hour intravenous infusion of nitroglycerin (an NO donor) 
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388 Part II Perioperative/Intraoperative Care

24 hours prior to PCI decreased ST-segment, changed and 
reduced chest pain during the first balloon occlusion com-
pared with patients treated with saline vehicle.155 An earlier 
report by this same group indicated that delayed precondi-
tioning with nitroglycerin decreased exercise-induced ST-
segment changes and improved exercise tolerance. Thus there 
are observational studies that support the hypothesis that 
myocardial protection conferred by ischemic preconditioning 
and its possible mediators in animal studies is translatable to 
humans. It is important to note however that classic or early 
ischemic preconditioning observed in animals is associated 
with a reduction in infarct size, but not protection against 
stunning, and that many of the clinical studies are either ret-
rospective in nature or have used surrogate markers of injury 
as end points.

With respect to a role for IPC during cardiac surgery, 
numerous small trials have been conducted.156 One of the 
first studies was conducted by Yellon and colleagues in 
patients undergoing CABG surgery.157 Patients were sub-
jected to a protocol that involved two cycles of 3 minutes of 
global ischemia. The aorta was cross-clamped intermittently 
and the heart was paced at 90 beats per minute to induce 
ischemia. This was followed by 2 minutes of reperfusion 
before a 10-minute period of global ischemia and ventricu-
lar fibrillation. Myocardial biopsies were obtained during the 
10-minute period of global ischemia, and ATP tissue con-
tent was measured. The results showed that the ATP levels 
in the biopsies obtained from patients subjected to the pre-
conditioning-like protocol were higher. However, since ATP 
content is not a marker of necrosis, a follow-up study was 
performed, and troponin T serum levels were measured. In 
this study the investigators reported that troponin release was 
attenuated in the patients subjected to the preconditioning 
protocol. In 2002, Teoh and colleagues reported that IPC 
conferred myocardial protection beyond that provided by 
intermittent cross-clamp fibrillation in patients undergoing 
CABG.89 While other investigators reported similar find-
ings, most of these studies have involved small numbers of 
patients.

In 2008, Walsh et al reported the results of a meta-analysis 
of the available small trials to determine the effect of IPC 
on patient outcomes.156 They identified 22 eligible trials 
encompassing 933 patients; there were 374 patients in the 
IPC cohort and 402 patients served as controls. Twenty of the 
trials followed a protocol that involved aortic cross-clamping, 
and two involved coronary artery occlusion. The primary end-
point was perioperative mortality; the secondary endpoints 
included incidence of postoperative ventricular arrhythmias 
and MIs, the need for postoperative inotropic support and 
stroke. While the results suggested IPC was associated with a 
reduction in the incidence of ventricular arrhythmias, inotro-
pic requirements and admissions to the critical care units and 
the incidence of perioperative MI and death was the same 
between the two cohorts. The investigators were appropri-
ately cautious in the interpretation of the data considering the 
many caveats including bias and heterogeneity in relation to 
the endpoints. Given the low mortality rate in both groups, 

the study was markedly underpowered to discern an effect  
on the primary endpoint, that is, death.

Thus despite a number of surgical studies that suggest IPC 
is effective in the setting of aortic cross-clamping and the 
administration of cardioplegia, it is important to note that 
the total number of patients studied to date is relatively small, 
and the outcomes have been limited to surrogate markers of 
myocardial necrosis, viz., CK-MB levels and troponin release 
and not definitive endpoints such as perioperative MI and 
death. In addition to the inherent risk of neurological compli-
cations associated with manipulation of the ascending aorta, 
the absence of compelling clinical outcomes may explain why 
IPC has not been adopted as an adjuvant approach among 
the myocardial protection techniques employed to date. A 
more promising strategy may evolve however once a better 
understanding of the intracellular events and effectors that 
confer protection have been elucidated.

Postconditioning. The phenomenon of ischemic “postcon-
ditioning” (PostCond) was first reported by Zhao et al in the 
canine model.158 The term refers to rapid intermittent inter-
ruptions of blood flow in the early phase of reperfusion, that is, 
relief of ischemia in a stuttered or staccato manner. While the 
cellular mechanisms underlying PostCond are poorly defined, 
they appear to involve many of the same signal transduction 
pathways that are involved in IPC including cell surface recep-
tor signaling, prosurvival kinases, inhibition of mPTP and 
activation of the mKATP channel. Although the duration and fre-
quency of ischemia/reperfusion cycles may differ across studies, 
for the most part the cycles that induce PostCond are measured 
in seconds in smaller species and slightly longer in larger ani-
mals and humans, justifying the name “stuttering reperfusion.” 
The reduction in infarct size appears to be comparable to that 
observed with IPC. Preclinical studies conducted in multiple 
models and species (including dog, rat, rabbit, mouse, and pig) 
have demonstrated a reduction in infarct size that ranges from 
20 to 70%. The restoration of blood flow in a stuttering man-
ner during early reperfusion is of major interest to clinicians 
since it holds particular promise for patients presenting with 
an acute MI. In the surgical setting PostCond could be applied 
in the operating room after release of the aortic cross-clamp.

Evidence that PostCond exists in humans was first 
reported in patients undergoing PCI. Patients receiving brief 
balloon inflations/deflations in the initial minutes of reperfu-
sion during PCI exhibited smaller ST-segment changes and 
lower levels of total creatine kinase release compared with 
patients that were not subjected to stuttering reperfusion. In 
2007, Darling et al conducted a retrospective chart review 
in patients undergoing emergent cardiac catheterization for 
ST segment elevation MI (STEMI).159 The hypothesis was 
that outcome would be better in patients undergoing mul-
tiple balloon inflations after primary angioplasty. Patients 
were divided into two cohorts: those who, at the discretion of 
the interventional cardiologist, received one to three balloon 
inflations and those in whom four or more inflations were 
applied. In this retrospective analysis, peak CK release was 
less in patients requiring ≥4 inflations. In a separate study 
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 Chapter 16 Myocardial Protection 389

by Lønborg et al, the cardioprotective effects of PostCond in 
patients treated with PCI was evaluated using magnetic reso-
nance imaging (MRI).160 These investigators reported that 
mechanical PostCond appeared to be independent of the size 
of myocardium at risk. The findings were consistent with the 
concept that stuttering reperfusion confers cardioprotection 
during percutaneous interventions.

In the context of heart surgery, Luo reported a beneficial 
effect of surgical PostCond in 24 patients undergoing repair 
for tetralogy of Fallot at the time of aortic declamping. The 
postconditioning protocol consisted of aortic reclamping 
for 30 seconds and declamping for 30 seconds; the process 
was repeated twice. The intervention was reported to reduce 
perioperative troponin-T and CK-MB release and decreased 
the need for inotropic support after surgery.161 A similar find-
ing was reported by the same investigator in a study of adult 
patients undergoing valve surgery and children undergoing 
corrective surgery using cardioplegia. Thus there is evidence 
that a PostCond protocol may benefit patients undergoing 
heart surgery, albeit the majority of studies suggesting a ben-
eficial effect have been conducted in the setting of percutane-
ous interventions. While PostCond may offer more promise 
than IPC in terms of clinical application, it is important to 
note that both are invasive in nature. Ideally, the elucidation 
of the cellular mechanisms underlying ischemic conditioning 
will lead to pharmacological approaches that would obviate 
the need for invasive approaches.

Remote Ischemic Preconditioning. Remote ischemic 
preconditioning (RIPC) is a phenomenon whereby brief isch-
emia of one organ or tissue confers protection on a distant 
naive organ or tissue against a sustained ischemia-reperfusion 
injury. RIPC was first described by Przyklenk and colleagues 
in 1993.162 In the original study the investigators questioned 
whether IPC protected only heart cells exposed to brief coro-
nary artery occlusions or was it possible that repetitive or stut-
tering occlusions in a remote naive vascular bed could reduce 
infarct size in the area subjected to prolonged ischemia. They 
used a canine preparation in which a branch of the circumflex 
coronary artery was subjected to four episodes of 5-minute 
occlusion and reperfusion; this was followed by 1-hour occlu-
sion of the left anterior descending (LAD) coronary artery. After 
4.5 hours of reflow, infarct size in the distribution of the LAD 
was measured. Indeed a marked reduction in infarct size was 
observed. Since then numerous other investigators have con-
firmed these findings, and the phenomenon has been observed 
in various species and with different organs. Brief occlusions of 
the renal and mesenteric arteries and brief restriction of blood 
flow to the skeletal muscle of the lower limb have also been 
reported to reduce myocardial infarct size.163 As a consequence, 
RIPC is also referred to as inter-organ preconditioning.

Not surprisingly, multiple mechanisms trigger RIPC is 
signaled through neuronal signaling and multiple secreted 
factors (such as adenosine, bradykinin and calcitonin gene-
related peptide) followed by activation of multiple kinases 
including p38 mitogen-activated phosphokinase (p38 
MAPK), extracellular signal-regulated kinase 1/2 (ERK1/2) 

and c-Jun N-terminal kinase (JNK). One way by which 
the remote preconditioning signal may be conveyed to 
the target organ is through exosomes. These membrane-
bound nanoparticles contain proteins, mitochondrial RNAs 
(mRNAs) and microRNAs which are taken up by target cells 
and elicit a response.164 As with many other cardioprotective 
interventions, lack of a clear understanding of the molecular 
basis of the phenomenon has not dampened the enthusiasm 
for applying the approach clinically.

One of the first studies involving surgery was conducted 
in 17 children undergoing congenital heart surgery with 
CPB.165 Brief intermittent lower limb ischemia attenuated 
troponin release and the need for postoperative inotropic 
support. Hausenloy et al reported a similar finding in 57 
patients undergoing CABG.166 Patients were randomized to 
RIPC or no treatment; all patients also received cardiopro-
tection by either intermittent cross-clamping or cardioplegia. 
Perioperative troponin-T release was reduced by 43% in the 
RIPC group. In another study involving 23 adult patients 
undergoing on-pump CABG surgery and cold blood cardio-
plegia, RIPC was associated with a 42% reduction in total 
troponin-T release.167 In this study, RIPC was induced by 
three 5-minute cycles of right forearm ischemia by inflating a 
blood pressure cuff on the upper arm to 200 mm Hg with an 
intervening 5-minute reperfusion period; the control group 
had a deflated cuff placed on the upper arm for 30 minutes.

In 2013, Thielmann et al reported the results of a prospec-
tive single-center double-blind randomized controlled study 
in 329 CABG patients. Patients underwent surgery preceded 
by RIPC (n = 162) or not (n = 167). Patient demograph-
ics and perioperative data were comparable between the two 
groups. Postoperative troponin I levels were significantly lower 
in the RIPC group. At 4-year follow-up, all-cause mortality 
and major adverse cardiac and cerebrovascular events were less 
frequent; however, this did not reach significance because the 
study was underpowered, given the low mortality rate. This is 
one of the first studies to examine the clinical benefit of RIPC 
beyond the biochemical markers of myocardial damage. The 
findings parallel other studies of patients undergoing PCI 
electively or for ST-segment-elevation MI.168,169 Not all studies 
have shown that RIPC improves clinical outcomes after sur-
gery. To examine the effects of RIPC combined with remote 
ischemic PostCond (RIPostCond), Hong and colleagues pro-
spectively randomized 1280 CABG surgery patients to receive 
RIPC plus RIPostCond or no conditioning.170 The protocol 
consisted of four cycles of 5-minute ischemia and 5-minute 
reperfusion administered to the upper limb prior to initiating 
CPB and repeated after CPB. The primary endpoints were a 
reduction in major adverse events including MI, stroke and 
death. Treatment had no effect on mortality or the incidence 
of cardiac or neurological complications. Of concern, the sub-
group of off-pump patients that received RIPC plus RIPost-
Cond had an increase in composite adverse events, notably 
increased RBC transfusions. The impact of the study was lim-
ited by the heterogeneity of procedures and the exclusion of 
patients with poor ventricular function; however it did raise 
concern regarding clinical efficacy of RIPC and RIPostCond. 
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390 Part II Perioperative/Intraoperative Care

Taken altogether, these RIPC studies led to the RIPHeart 
Study and the ERRICA trial. 

In the RIPHeart Study, the objective was to assess the effi-
cacy of remote ischemic preconditioning (RIPC) in reducing 
the composite endpoint of death, MI, stroke or acute renal 
failure in patients undergoing CABG surgery.170a Patients 
were randomized to undergo RIPC (n=692) induced by four 
5 min cycles of transient upper limb ischemia/reperfusion or 
a control group (n=693) receiving four cycles of blood pres-
sure cuff inflation/deflation in an imitation arm. In this study 
RIPC treatment had no effect on the composite endpoint or 
on any of the subgroup analyses. The incidence of postop-
erative MI was similar for the two groups, viz., 6.8% in the 
RIPC arm and 9.1% in the placebo group. 

The ERICCA Trial170b was a multicenter, sham-controlled 
study in which the clinical relevance of RIPC. Patients 
undergoing on-pump CABG with blood cardioplegia were 
randomized to a RIPC group (n=801) or a control group 
(n=811). RIPC was induced with four 5-minute inflations 
and deflations of a standard blood-pressure cuff on the upper 
arm prior to surgery. The combined endpoint was death from 
cardiovascular causes assessed at 12 months. In this study, 
RIPC had no effect on the primary endpoint or any of the 
secondary end points of perioperative myocardial injury. As 
a consequence of these studies, for now, it appears that RIPC 
will not become a therapeutic modality in the routine prac-
tice of cardiac surgery.

Conditioning by Stem Cells and Cell Products. While 
stem cells have been explored for treatment of tissue loss after 
MI or in the setting of chronic heart failure, most studies have 
focused on endpoints months to years out, based on the expec-
tation that stem cells function by regenerating tissue. However, 
recent work suggests they may be beneficial in the acute set-
ting.171 Marbán and colleagues used cardiosphere-derived cells 
(CDCs) delivered via intracoronary infusion 30 minutes after 
onset of reperfusion in a porcine model of MI. They found 
that the CDC infusion resulted in lower troponin I levels at 
24 hours and decreased infarct size and microvascular obstruc-
tion at 48 hours. In isolated perfused rat hearts, an infusion 
of mesenchymal stem cells pre-stimulated with transforming 
growth factor alpha (TGF-alpha) before ischemia resulted in 
improved functional recover and reduced inflammation and 
cell death.172 A conditioned medium from human mesenchy-
mal stem cells was shown to reduce infarct size and improve 
function in pigs subjected to MI.173 The same group subse-
quently showed that the active component of the conditioned 
medium was exosomes.174 Exosomes derived from an immor-
talized allogenic stem cell line offer a number of advantages for 
clinical development including standardization of the material, 
longer shelf life and availability for all patients without the 
need for histocompatibility matching. Thus cell therapy may 
be eclipsed by exosomes, and both approaches hold promise for 
intraoperative myocardial protection.

Autophagy. In the heart, adaptive autophagy is an endog-
enous protective response to cardiac stress. It plays an important 

role in cardiovascular disease, neurodegeneration, and cancer. 
Studies are now underway to harness its cardioprotective poten-
tial and, based on this process, develop effective cardioprotec-
tive therapies to protect the heart against I/R injury. Autophagy 
is the process whereby a double-membrane structure called the 
autophagosome sequesters cytoplasmic components such as 
ubiquitinated protein aggregates or organelles including mito-
chondria, peroxisomes and endoplasmic reticulum. It is involved 
in degradation of long-lived proteins and the removal of excess 
or damaged organelles. The outer autophagosomal membrane 
fuses with a lysosomal membrane, resulting in degradation of the 
cargo by lysosomal hydrolases; the resulting macromolecules are 
exported to the cytosol for reuse175 (Fig. 16-5).

One of the first studies to suggest autophagy is an adap-
tive process responsive to stress in the heart was the report by 
Decker et al in which they noted an increase in degenerating 
mitochondria and autophagosomes in rabbit hearts subjected 
to hypoxia and reoxygenation.176 Reperfusion restored contrac-
tility, and the injured myocytes underwent a cellular repair pro-
cess that involved a marked increase in lysosomal autophagy. 
They concluded that autophagy was part of a repair response to 
hypoxic stress in the heart. Upregulation of autophagy has been 
described in cell models of hypoxia/reoxygenation and models 
of I/R injury in rodents and pigs.177-185 Hamacher-Brady et al 
showed that upregulation of autophagy in HL-1 myocytes pro-
tected against cell death induced by simulated ischemia reper-
fusion (sI/R) whereas inhibition of autophagy-enhanced cell 
death.177 Dosenko et al also found that inhibition of autophagy 
exacerbated cell death during anoxia-reoxygenation.178 Matsui 
et al showed that glucose deprivation increased the number 
of autophagosomes in neonatal cardiac myocytes, whereas 
inhibiting autophagy enhanced cell death.179 In a porcine 
model of chronic myocardial ischemia and hibernating 
myocardium, Yan et al reported that cardiac myocytes with 
enhanced autophagy were not apoptotic; in contrast, apop-
totic cells did not show features of autophagy.180 Collectively 
these studies suggest that upregulation of autophagy pro-
motes survival during I/R.

There is now direct evidence that autophagy plays an 
important role in mediating ischemic and pharmacologic 
preconditioning. Using HL-1 cells and adult rat cardiomy-
ocytes, Yitzhaki et al showed that the adenosine precondi-
tioning agent 2-chloro-N(6)-cyclopentyladenosine (CCPA) 
upregulated autophagy within 10 minutes of adenosine 
treatment and inhibition of autophagy resulted in significant 
loss of cytoprotection against hypoxia/reoxygenation injury. 
Autophagy was also shown to be important for delayed 
preconditioning in this cell-based model.181 Multiple car-
dioprotective agents including CCPA, sulfaphenazole and 
chloramphenicol, as well as ischemic preconditioning, also 
upregulate autophagy in vivo.182-185 Based on these findings, 
it appears that autophagy is an important mediator of protec-
tion in the heart.

Autophagy in the Human Heart. Delineating the role of 
impaired autophagy in heart patients is challenging because 
of the need to access tissue. One of the first studies to suggest 
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 Chapter 16 Myocardial Protection 391

that autophagy is an adaptive process in the human heart was 
the report by Kassiotis et al.186 Biopsies of the left ventricle 
were obtained from nine patients with idiopathic dilated 
cardiomyopathy at the time of implantation and removal of 
left ventricular assist devices. Autophagy-related mRNAs and 
proteins were downregulated after prolonged circulatory sup-
port leading the authors to conclude that autophagy is an 
adaptive mechanism in the human heart. Garcia et al studied 
170 patients who had undergone elective CABG and preop-
eratively were in normal sinus rhythm.187 Intraoperative right 
atrial biopsies revealed that autophagic vesicles and lipofuscin 
deposits and biochemical markers of impaired autophagic 
flux were more commonly observed in the biopsies of the 

patients who developed postoperative atrial fibrillation sug-
gesting that loss of normal autophagic activity may increase 
the risk of postoperative arrhythmias. Jahania et al reported 
the results from 19 patients in which atrial biopsies were col-
lected just prior to the onset of CPB and again after removal 
of aortic cross-clamp and weaning from CPB. Ischemic stress 
was associated with a significant depletion of autophagy-
related proteins suggestive of a coordinated engagement of 
the autophagy machinery.188 Consistent with this, Singh 
et al examined mRNA and protein in samples taken from 
right atrial appendages before cardioplegic arrest and after 
reperfusion.189 I/R was associated with upregulation of sev-
eral autophagy-related genes and biochemical evidence of 

Signal
ROS, RNS mTOR inhibition, AMPK, Atg1

Induction

Formation

Fusion Breakdown and recycling

Atg4, Atg7

Atg7

Atg12-Atg5-Atg16L

Damaged
mitochondrion

Phagophore

VPATPase

H+

Degradation of contents
and export of components

Autolysosome

Lysosome

Bafilomycin
or chloroquine

Autophagosome

Autophagosomes

LC3 Beclin1, Vps34 PIP3

3MA or wortmannin

FIGURE 16-5 Cellular process of autophagy. Adapted from Gottlieb RA, Finley KD, Mentzer Jr RM: Cardioprotection requires taking out 
the trash. Basic Res Cardiol 2009; 104:169-180. I/R, ischemia/reperfusion; ROS, reactive oxygen species; RNS, reactive nitrogen species; mTor, 
mammalian target of rapamycin; AMPK, AMP-activated protein kinase; LC3, light chain 3-phosphatidylethanolamine; Atg1, Atg4, Atg7, Atg12, 
Atg16L, autophagy regulating proteins; Vps34, a class III PI3 kinase involved in vesicular trafficking, nutrient signaling, and autophagy; PIP3, 
phosphatidylinositol 3,4,5-trisphosphate; 3MA, 3-methyladenine. Autophagy is a dynamic adaptive process in the setting of I/R injury. The process 
involves the synthesis of a cup-shaped pre-autophagosomal double-membrane structure which surrounds cytoplasmic material and closes to form 
an autophagosome. This process is regulated by the autophagy proteins Atg4, Atg7, LC3, and the complex of Atg12-Atg5-Atg16L. The process 
is activated by a number of stimuli including ROS or RNS. Induction by Beclin1 and Vps34 in conjunction with other Atg proteins results in 
the formation of an isolation membrane to which Atg proteins are recruited. Atg12-Atg5 and LC3 proteins are involved in the expansion of the 
membrane. This allows the phagophore to surround and engulf damaged organelles or protein aggregates which may accumulate as a result of I/R 
injury. The result is the formation an autophagosome. The green insert shows autophagosomes (green puncta). This photo was obtained in a cell 
expressing a fusion protein of green fluorescent protein (GFP) fused to the N-terminus of LC3; the GFP-LC3 was incorporated into the double-
membrane structure of the phagophore. Wortmannin and 3 MA are agents that can inhibit the initiation phase of autophagy; bafilomycin and 
chloroquine can inhibit the degradation phase.
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392 Part II Perioperative/Intraoperative Care

increased autophagy, leading the authors to conclude that 
I/R affects gene expression and posttranslational regula-
tion of autophagy in the human heart. In contrast, Gedik 
et al190 failed to detect an association between autophagy 
and protection conferred by RIPC in patients undergoing 
CABG surgery. Analysis of autophagy proteins in left ven-
tricular biopsies taken before initiation of CPB and at early 
reperfusion showed no consistent changes in key autophagy 
proteins either with I/R or between the placebo and RIPC 
cohorts, despite evidence of RIPC-induced protection mani-
fest as a reduction in serum cardiac isoform of troponin I 
(cTnI). In the Jahania study, each patient’s paired results were 
reported as a ratio from pre-CPB to post-CPB. The Gedik 
study reported the mean baseline (before cross-clamp) com-
pared to the mean value at 10-minute reperfusion and may 
have missed individual pre-post changes. While the majority 
of observations to date suggest that cardiac autophagy is an 
active and adaptive response in humans, additional studies 
are needed to confirm these findings and determine whether 
enhancement of adaptive autophagy will open the door to 
new cardioprotective strategies.

Pharmacological Methods of Inducing 
Protection
A number of pharmacological agents are known to limit 
I/R injury in animal models. Clinical trials involving many 
of these agents, however, have yielded mixed or negative 
results.191 The failure to translate promising preclinical inter-
ventions and agents into effective clinical therapies prompted 
the National Heart Lung and Blood Institute to convene a 
panel of experts in 2011 to discuss the reasons for failure and 
to develop a series of recommendations designed to move 
the field of myocardial protection forward.192 The working 
group concluded that future preclinical cardioprotection 
studies should concentrate on relevant animal models that 
reflect human comorbid conditions such as atherosclerosis, 
hypercholesterolemia, hypertension, diabetes, and advanced 
age. The panel also suggested that cardioprotective candidates 
for future clinical development should have demonstrated 
efficacy in multiple independent preclinical studies involv-
ing rodent and large-animal models. Early-stage clinical trials 
to evaluate safety of the most promising candidates should 
also show efficacy based on surrogate markers. In addition to 
cardiac enzymes, advances in MRI make it possible to assess 
infarct size,193 ischemic and pharmacologic precondition-
ing, postconditioning, remote postconditioning, sodium-
hydrogen exchange inhibitors, adenosine analogs, and 
cyclosporine A have shown promise in studies using healthy 
young animals but have not been adequately evaluated in 
animal models with comorbidities such as obesity or age. 
The purpose of this section is to review the status of several 
of these treatments that have been studied clinically.

ADENOSINE
There is considerable preclinical evidence that activa-
tion of various adenosine receptor subtypes results in 

cardioprotection similar to that induced by IPC. Preischemic 
administration of the nucleoside adenosine retards the rate of 
ischemia-induced ATP depletion, prolongs the time to onset 
of ischemic contracture, attenuates myocardial stunning, 
enhances postischemic myocardial energetics and reduces 
infarct size.194,195 There are four distinct adenosine recep-
tor sub-types: A1, A2a, A2b, and A3. While all of the recep-
tors reportedly have cardioprotective properties, agonists of 
A1, and A2a receptors have been the most widely investigated. 
The A2b receptor has also been shown to protect against I/R 
injury. These receptors are coupled to heterotrimeric guanine 
nucleotide-binding (G) proteins in which the subtype (Go, 
Giα2, Giα3, Gq, and Gs) varies according to the receptor and 
tissue. There is evidence that two and possibly three of the 
adenosine receptor subtypes are expressed in the adult human 
heart. Activation of the adenosine A1 and A2a receptors con-
fers protection in animal studies when administered prior to 
the onset of ischemia (preconditioning); the A2b receptor is 
protective when activated at the time of reperfusion.196-199 
Administration of adenosine is complicated by the fact that 
it causes systemic hypotension, limiting the use of prolonged 
administration or higher doses. Evidence that extracellular 
adenosine signaling can be protective has led to a number 
of clinical trials in the setting of PCI for acute MI and heart 
surgery. With respect to the former, two particularly intrigu-
ing ones are Acute Myocardial Infarction Study of Adenosine 
(AMISTAD-I) and AMISTAD-II.200-202 In AMISTAD-I, 236 
patients undergoing thrombolytic therapy for acute MI were 
randomized to receive adenosine or placebo within 6 hours of 
the onset of infarction. The primary endpoint was infarct size 
by technetium-99m sestamibi (single-photon emission com-
puted tomography, SPECT); secondary endpoints included 
myocardial salvage index and a composite endpoint compris-
ing death, reinfarction, shock, congestive heart failure (CHF), 
and stroke. In this study, there was a 67% relative reduction 
in infarct size in patients with anterior infarction; however, 
there was no reduction in patients with infarcts located else-
where. It may be easier to detect an effect on infarct size if 
the area at risk is larger, which is often the case when the 
LAD coronary artery is involved. Although there was a trend 
toward achieving the composite secondary endpoint, there 
were no significant differences in clinical outcome between 
the two groups. This led to the AMISTAD-II trial. In this 
study, 2118 patients with evolving anterior infarcts and 
receiving thrombolysis or primary angioplasty were random-
ized to receive placebo or a low or high dose of adenosine. 
The primary composite endpoint consisted of new CHF, first 
rehospitalization for CHF, or death at 6 months. In a subset 
of patients (n = 243), infarct size was measured by SPECT. 
In this study, adenosine therapy had no effect on clinical out-
comes; it did demonstrate however that, as in AMISTAD-I, 
adenosine treatment resulted in a dose-related reduction in 
infarct size. At the higher dose, a 57% relative reduction in 
infarct size was observed. A likely explanation for the diver-
gence between reduced infarct size and yet no effect on out-
comes is that the study was underpowered to show clinical 
improvement. The significance of these two studies however 
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is that for the first time there was evidence that a pharma-
cologic agent—specifically adenosine—could reduce infarct 
size when administered at reperfusion.

Other adenosine studies, however, failed to show efficacy. 
Desmet et al reported the effects of a high-dose intracoronary 
bolus of adenosine administered just prior to PCI. Patients 
were randomized to receive adenosine (4 mg) or placebo; 
infarct size was assessed using MRI. Four months later there 
was no evidence of infarct scar reduction or a decrease in 
microvascular obstruction by MRI.203 Fokkema et al also 
evaluated the effect of high-dose adenosine given as intracor-
onary boluses on infarct size in patients with acute STEMI. 
Patients (n = 448) were randomized to receive placebo 
(n = 222) or two bolus injections of intracoronary adenosine 
(2 × 120 μg in 20 mL saline) (n = 226). The first bolus was 
administered after thrombus aspiration, and the second was 
given after stenting the infarct-related artery. In this study, 
adenosine treatment had no effect on infarct size as deter-
mined by CK and CK-MB or Thrombolysis In Myocardial 
Infarction (TIMI) flow.204 A major limitation of both studies 
was the mode of administration. The half-life of adenosine 
in blood is measured in seconds; the retrospective inference 
is that a single or double bolus injection of adenosine is too 
short-lived to confer protection.191

With respect to adenosine and cardiac surgery, most of 
the studies have been relatively small as well. Fremes and col-
leagues reported the results of an open-label, nonrandom-
ized CABG surgery study in which adenosine administration 
was combined with antegrade warm blood cardioplegia. 
The adenosine concentrations studied were 15, 20, and 
25 μm. These investigators reported that adenosine could be 
added safely as a supplement to cardioplegic solutions, but it 
had no effect on myocardial function at the doses studied.205 
Cohen and colleagues observed a similar lack of efficacy in 
a phase II double-blind, placebo-controlled trial performed 
in patients undergoing CABG surgery. Patients were treated 
with placebo (saline) or warm blood cardioplegia supple-
mented with 15, 50, or 100 μm adenosine. These investiga-
tors found that adenosine did not alter survival, the incidence 
of MI or the incidence of low cardiac output syndrome. A 
limitation of this study was the use of low concentrations 
of adenosine in the setting of warm blood cardioplegia. In 
blood, the nucleoside is metabolized rapidly to inosine and 
hypoxanthine; its half-life is measured in seconds, thus limit-
ing its potential effect.206

A beneficial effect was observed by Mentzer and col-
leagues, however, in an open-label, single-center study in 
which the safety, tolerance, and efficacy of high doses of 
adenosine were studied when added to cold blood cardio-
plegia in CABG surgery patients.207 Sixty-one patients were 
randomized to receive standard cold blood cardioplegia or 
cold blood cardioplegia containing one of five adenosine 
doses ranging between 100 μm and 2 mm. Invasive and 
noninvasive studies of myocardial function were obtained 
sequentially after bypass. Parameters included the recording 
of inotropic utilization rates for the postoperative treatment 
of low cardiac output. Blood samples were collected for the 

measurement of nucleoside levels. High-dose adenosine 
treatment achieved a 249-fold increase in the plasma ade-
nosine concentration and was associated with a reduction 
in postbypass inotropic drug utilization, improved regional 
wall motion and global function measured by transthoracic 
echocardiography.

Subsequently, Mentzer and colleagues examined the 
effects of high-dose adenosine treatment in 253 CABG sur-
gery patients randomized to one of three treatment arms. 
This was a double-blind, placebo-controlled multicenter trial 
using cold blood cardioplegia. Adenosine was administered in 
three different doses and rates. Invasive and noninvasive mea-
surements of ventricular performance were obtained before, 
during and after surgery. The study revealed a trend toward 
the decreased need for high-dose inotropic support and fewer 
perioperative MIs in the high-dose adenosine group, but it 
was underpowered to show an effect on any single endpoint. 
A post hoc composite outcome analysis revealed that patients 
who received high-dose adenosine were less likely to expe-
rience the composite endpoint of high-dose dopamine and 
epinephrine use, insertion of an intra-aortic balloon pump, 
MI, or death.208

In 2001, Wei et al208a initiated a prospective random-
ized, controlled study in 30 patients undergoing elective 
CABG surgery and CPB to investigate the effect of adenos-
ine pretreatment on myocardial recovery and inflammatory 
response. Patients received a 7-minute infusion of adenosine 
prior to the initiation of CPB (n = 15); outcomes were com-
pared to a second group of patients (n = 15) who did not 
receive the infusion. CPB was initiated 3 minutes after cessa-
tion of the adenosine infusion. Cold blood cardioplegic solu-
tion was infused antegrade retrograde during the period of 
aortic cross-clamping, and warm blood retrograde cardiople-
gia was administered at the end of cross-clamping. Postop-
erative CK-MB, perioperative leukocyte counts and various 
cytokines were measured. CK-MB levels were lower and the 
cardiac index was better in the adenosine-treated cohort. 
Leukocyte counts and cytokine levels were unaffected. The 
authors concluded that adenosine treatment was protective, 
but its mechanism of action was independent of effects on 
inflammation.

In contrast, Ahlsson et al did not detect a beneficial effect 
with adenosine added to cold blood cardioplegia adminis-
tered continuously in patients undergoing isolated aortic 
valve replacement.209 In this study, 80 patients were random-
ized into four groups: Group I—antegrade cardioplegia with 
adenosine (n = 19); Group II—antegrade cardioplegia 
with placebo (n = 21); Group III—retrograde cardioplegia 
with adenosine (n = 21); and Group IV—retrograde car-
dioplegia with placebo (n = 19). Adenine nucleotide content 
and lactate were determined from left ventricular biopsies 
obtained before aortic occlusion, after bolus cardioplegia, at 
60 minutes of aortic occlusion and at 20 minutes after release 
of the aortic occlusion. CK-MB and troponin-T were mea-
sured at 1, 3, 6, 9, 12, and 24 hours after aortic occlusion. 
Hemodynamic profiles were obtained before surgery and 1, 8, 
and 24 hours after CPB. In this study, investigators observed 
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394 Part II Perioperative/Intraoperative Care

that retrograde blood cardioplegia was associated with a 
higher myocardial oxygen uptake and lactate accumulation 
than antegrade, but the addition of adenosine to cardioplegia 
showed no benefit.

In summary, it is still not clear whether adenosine is ben-
eficial in the setting of heart surgery. It is possible that this 
conundrum will be solved with the development of receptor-
selective adenosine analogs that confer protection without 
causing systemic hypotension.

SODIUM-HYDROGEN EXCHANGER INHIBITORS
The sodium-hydrogen exchangers (NHEs) are a family of 
membrane proteins with nine isoforms that are involved in 
the transport of hydrogen ions in exchange for sodium ions. 
NHE-1 is the isoform that is expressed in the heart and most 
likely plays a minor role in the normal excitation-contraction 
coupling process. As discussed in the section, Intracellular 
Mechanisms of Ischemia/Reperfusion Injury, NHE-1 con-
tributes to calcium overload and cell death. In the setting 
of I/R injury, NHE-1 contributes to arrhythmias, stunning, 
apoptosis, necrosis, postinfarction ventricular remodeling 
and heart failure.210,211 In the context of heart surgery, there 
have been a number of small clinical trials to test whether 
inhibition of NHE-1 can prevent I/R injury. EXPEDITION 
was a phase III trial to address the safety and efficacy of 
NHE-1 inhibition by cariporide in the prevention of death 
or MI in patients undergoing CABG surgery. High-risk 
CABG patients (n = 5770) were randomized to receive either 
intravenous cariporide or placebo. The composite endpoint 
was assessed at 5 days, and patients were followed for up to 
6 months. The incidence of postoperative MI (which had very 
specific criteria involving EKG changes, CK-MB elevation, 
with or without chest pain) in this series of patients was 18%, 
much higher than previously thought. The results revealed 
an 18.3% relative risk reduction in the incidence of death or 
MI at 5 days (p = .0002). The relative risk reduction for death 
or MI at day 30 and month 6 was 16.1% (p = .0009) and 
15.7% (p = .0006), respectively. When MI risk was analyzed 
separately, the relative risk reduction was 23.8% at 5 days 
(p = .000005) and 25.6% at month 6 (p = .000001). This 
cardioprotective effect was extremely robust; however, the 
overall mortality rate increased at 5 days from 1.5% in the 
placebo group to 2.2% in the group with cariporide, which 
was attributed to an increase in the incidence of cerebrovascu-
lar events. Thus, while cariporide was effective in reducing the 
incidence of nonfatal MI, it increased the risk of death from 
cerebrovascular events resulting in an unacceptable safety pro-
file. In this study the drug was administered continuously for 
49 hours beginning preoperatively, although no preclinical 
studies had examined the necessity or possible adverse effects 
of prolonged administration; the preclinical studies utilized a 
single bolus. Nevertheless this study was significant because it 
was the first Phase III study in heart surgery patients to clearly 
demonstrate that it is possible to pharmacologically protect 
the heart and reduce the incidence of perioperative MI. The 
findings also suggest that NHE-1 inhibitors represent a new 

class of drugs that hold promise for reduction of MI associated 
with I/R injury, provided it is possible to eliminate the risk of 
cerebrovascular events.1,212 It is possible that some of the newer 
drugs in this class may be safer.

ACADESINE
Acadesine (also known as 5-aminoimidazole-4-carboxamide-
1-β-D-ribofuranoside, AICA riboside) is a purine nucleoside 
analog which was thought to elevate tissue levels of adenosine 
selectively during ischemic conditions. Numerous preclinical 
studies demonstrated its cardioprotective efficacy, although it 
is not clear whether the protective effect is due to its effects 
on intracellular ATP synthesis, extracellular adenosine con-
centrations or its ability to activate AMP-activated protein 
kinase (AMPK) and thereby stimulate glucose uptake and 
autophagy.213,214 Early preclinical studies indicated acadesine 
treatment improved left ventricular wall motion after inter-
mittent ischemia, diminished the frequency of ventricular 
arrhythmias during reperfusion, attenuated myocardial stun-
ning, and preserved myocardial function after cardiac arrest 
and cold cardioplegia. These observations led to several clini-
cal trials in CABG surgery patients in the 1990s. The find-
ings however were inconclusive due in part to the fact that 
they were underpowered. In 2006, Mangano performed a 
meta-analysis on the combined data from five trials compris-
ing more than 4000 CABG patients to determine the effects 
of i.v. acadesine on the prespecified perioperative outcomes 
of MI, stroke, and cardiac death. In these five studies, aca-
desine was given intravenously prior to and during surgery 
along with a fixed concentration included in the cardiople-
gia solution. The meta-analysis concluded that acadesine was 
effective in reducing perioperative MI, cardiac death, and 
combined adverse cardiovascular outcomes.215

Mangano et al then examined the 2-year, all-cause mor-
tality after perioperative MI in a follow-up of the Acadesine 
1024 Trial. In this analysis, patients who received acade-
sine and had a postreperfusion MI had a significant four-
fold reduction in mortality compared to the patients who 
had an MI but did not receive the drug (3/46 patients vs 
15/54 patients, respectively).216 This led to a large prospec-
tive randomized trial, Reduction in Cardiovascular Events 
by Acadesine in Patients Undergoing CABG (RED-CABG). 
High-risk CABG patients were randomized to receive either 
acadesine or placebo prior to the induction of anesthesia. The 
target enrolment was 7500 patients, and the primary com-
posite endpoint was all-cause mortality, stroke and need for 
mechanical support for left ventricular failure. Midway into 
the study, a futility analysis indicated a low probability of 
detecting a statistically significant difference between treat-
ment and placebo groups; the trial was terminated after 3080 
patients had been enrolled.217 In reviewing the outcome of 
RED-CABG the investigators acknowledged that planning 
a clinical trial based on a meta-analysis carries inherent risk. 
While the study was intended to enroll high-risk patients (a 
higher event rate would make it easier to discern a beneficial 
effect), it turned out that many of the patients were not high 
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risk resulting in a lower than expected event rate (the com-
posite endpoint). Because MI was an exploratory outcome 
rather than a primary endpoint, enzyme levels were deter-
mined only during the first 24 hours. Despite these caveats 
however, the investigators concluded that acadesine treat-
ment had no effect of all-cause mortality, nonfatal stroke or 
need for mechanical circulatory support. This disappointing 
outcome makes it unlikely that acadesine will be the subject 
of further clinical investigation.

GLUCOSE-INSULIN-POTASSIUM
Numerous studies have shown that glucose-insulin-potassium 
(GIK) infusions are effective in reducing perioperative MIs, 
postischemic myocardial dysfunction and atrial fibrillation 
in patients undergoing heart surgery.218 Increased glycolytic 
flux driven by glucose and insulin supplementation increases 
pyruvate generation and maintains the GSH/GSSG balance. 
Additionally glycolytic ATP protects membranes through 
stimulation of the Na+/K+-ATPase and supports uptake of 
Ca2+ by the sarcoplasmic reticulum. Provision of K+ improves 
sodium homeostasis of ischemic myocardium.

Despite a strong rationale for its application, the efficacy 
of GIK in the setting of heart surgery remains controversial. 
The use of GIK to treat patients with acute MI yielded mixed 
results in the 1990s. Fath-Ordoubadi and Beatt performed 
a meta-analysis on 1932 patients in nine small trials of GIK 
for acute MI and found it was beneficial. It should be noted 
that none of the patients underwent reperfusion therapy 
(thrombolysis or primary PCIs).219 In 2003, van der Horst 
reported the results of a randomized open label study in 
which 940 patients with acute MI and eligible for angioplasty 
received either continuous infusion of GIK or no infusion.220 
GIK infusion had no effect on overall patient mortality, but 
a significant reduction in mortality was observed in the sub-
group of patients without evidence of heart failure (1.2% vs 
4.2%). The investigators concluded that the effect of GIK 
infusion in patients with heart failure was uncertain. To 
confirm these findings, a folstudy, GIPS-II, was initiated in 
2003. The purpose was to confirm clinical benefit of GIK in 
STEMI patients without signs of heart failure. Patients were 
randomized to traditional care or additional GIK infusion. 
The study, however, was terminated early due to lack of effi-
cacy. It was concluded that GIK in adjunct to reperfusion 
therapy in STEMI patients does not lower mortality.221

In follow up to the Fath-Ordoubadi and Beatt meta-
analysis in 1997,219 Mamas et al reported the results of 
a meta-analysis of GIK therapy for the treatment of acute 
MI in 2010.222 Unlike the previous meta-analysis, this study 
included patients who underwent reperfusion therapy. A total 
of 16 randomized trials accounting for 28,373 patients were 
identified between 1966 and 2008. These investigators failed 
to find any life benefit for GIK therapy in STEMI patients. 
The findings were consistent with the combined subgroup 
analysis of GIK therapy for acute MI in the OASIS-6 and 
CREATE-ECLA trials which also showed that GIK infusion 
had no effect on key clinical endpoints.223

It was hypothesized that the efficacy of GIK infusions 
depends upon how soon it is administered after the onset of 
ischemia. Selker and colleagues tested this hypothesis in the 
IMMEDIATE Trial in 2012.224 GIK was administered to pre-
sumed MI patients prior to hospitalization with the expecta-
tion that it would slow the progression of MI or STEMI. 
Secondary endpoints included the incidence of cardiac arrest, 
mortality and heart failure. A total of 911 patients were ran-
domized; 59 were not enrolled because they did not give 
written consent on arrival at the hospital. The investigators 
found that MI progression did not differ between the GIK 
and the placebo groups, and GIK administration had no 
effect on 30-day survival; however, GIK was associated with 
a lower rate of the composite endpoint of cardiac arrest and 
in-hospital mortality. Moreover, infarct size was smaller in 
the subgroup of GIK-treated patients who underwent cardiac 
imaging at 30 days. The investigators concluded that early 
GIK therapy did not alter MI progression but had a beneficial 
effect on the secondary composite endpoint and called for 
additional studies. One-year follow-up revealed no significant 
differences in outcome with the exception of patients with 
STEMI in which the composites of cardiac arrest or 1-year 
mortality, and of cardiac arrest, death or rehospitalization for 
heart failure were significantly reduced.225 These findings have 
fueled discussions over the timing of administration, target 
populations and overall efficacy of GIK as a cardioprotective 
intervention for patients with acute MI.

Bruemmer-Smith et al reported that GIK infusion dur-
ing surgery had no effect on myocardial cellular damage as 
measured by cTnI levels 6 hours after CPB and was associ-
ated with increased hyperglycemia. Although this was a ran-
domized, prospective, double-blind study in CABG surgery 
patients and the two groups were well matched for age and 
number of bypassed vessels, the study was most likely under-
powered, given that only 42 patients were enrolled.226 In 
another study, Lell et al reported on 46 patients undergoing 
elective off-pump CABG surgery; the patients received either 
normal saline or a GIK infusion for 12 hours. These inves-
tigators were also unable to demonstrate a beneficial effect 
on cardiac performance using the clinical measurements of 
cardiac index and inotropic requirements. They noted per-
sistent hyperglycemia—a known risk factor for postoperative 
complications—despite the use of supplemental insulin.227 
Lazar et al228 conducted a study in diabetic CABG patients 
to determine whether GIK solution with tight perioperative 
glycemic control was more effective than standard glycemic 
control and no GIK. The rationale was that GIK with tight 
glycemic control would optimize myocardial metabolism and 
improve perioperative outcomes. The preoperative patient 
profiles of the 141 randomized patients were similar with 
respect to age, sex, ejection fraction, urgency of surgery and 
the type of diabetes. Although the 30-day survival was com-
parable in both groups, the patients receiving GIK plus tight 
control had significantly higher cardiac indices and less need 
for inotropic support. There was also a lower incidence of 
atrial fibrillation. Follow-up data 5 years later were available 
in 60 of 70 GIK patients (83.3%) and in 60 of 69 placebo 
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patients (86.9%). Survival was significantly better in the 
patients who received GIK; the investigators attributed these 
long-lasting benefits to the perioperative GIK treatment, but 
it might also have been due to the careful glycemic control. 
In another study of patients with type-2 diabetes, Barcellos 
et al reported their findings in 24 patients who underwent 
CABG surgery. Patients were administered GIK or subcu-
taneous insulin from the onset of anesthesia until 12 hours 
postoperatively. The use of GIK neither improved the cardiac 
index nor reduced the use of inotropic agents.229

In another single-center study, Quinn et al conducted a 
prospective, randomized, double-blind, placebo-controlled 
trial in 280 nondiabetic CABG surgery patients.90 They 
found that GIK treatment was associated with fewer epi-
sodes of low cardiac output, less inotropic support postopera-
tively and a reduction in serum cardiac troponin I levels. The 
authors concluded that GIK is an effective, inexpensive and 
safe cardioprotective adjunct.90 Rabi et al conducted a meta-
analysis of 20 clinical trials to determine the effect of GIK or 
glucose-insulin (GI) on in-hospital mortality and atrial fibril-
lation (AF).230 They found that GIK/GI failed to significantly 
reduce mortality or AF in patients undergoing CABG sur-
gery. The authors discouraged the routine use of GIK/GI in 
patients undergoing CABG surgery until future clinical trials 
provided sufficient evidence to warrant the practice. Fan et al, 
however, came to a different conclusion in their meta-analysis 
of 33 randomized clinical trials.231 This analysis involved 2113 
patients: 1150 were randomized to GIK and 963 served as a 
control group. Most of the studies were performed in CABG 
patients; six trials were based on valve or combined valve/
CABG operations. Twenty studies used a placebo for control 
and 13 used standard of care as the control. Some studies 
included diabetic patients; glycemic control was used in 13 
trials. The insulin dose and timing of infusions varied across 
studies. This meta-analysis showed that GIK therapy was 
associated with a significant reduction in perioperative MI 
and inotropic support, but had no effect on all-cause mortal-
ity, postoperative atrial fibrillation or length of hospital stay.

While most studies had focused on CABG patients, 
Howell et al sought to evaluate the effects of GIK in patients 
undergoing surgery for aortic stenosis.232 Patients with critical 
aortic stenosis often have left ventricular hypertrophy (LVH), 
which is thought to compromise myocardial protection and 
put them at greater risk of a poor outcome. To test the benefits 
of GIK in this setting, the investigators initiated a single-cen-
ter, double-blind placebo-controlled study with the primary 
endpoint a reduction in low cardiac output syndrome. Inter-
mittent antegrade cardioplegia using St. Thomas solution 
buffered in cold blood was used for myocardial protection. 
Left ventricular biopsies were obtained to measure posttrans-
lational modifications of specific proteins as an indication 
of GIK’s effect on cardioprotective signaling. Over 4 years, 
217 patients were randomized to GIK (n = 110) or placebo 
(n = 107). The investigators found that GIK treatment was 
associated with higher cardiac index from the beginning of 
treatment until 12 hours after the removal of the cross-clamp, 
a significant reduction in the incidence of low cardiac output 

and frequency of inotrope use 6 to 12 hours postoperatively. 
This was accompanied by biochemical markers consistent 
with cardioprotective signaling. Although the investigators 
had expected that hypertrophic hearts would be at greater risk 
for myocardial necrosis and that GIK would therapy would 
be associated with lower troponin levels, they found that GIK 
had no effect on troponin levels. This was similar to the ear-
lier study by Quinn et al from the same institution studying 
CABG patients.90 The findings suggest that GIK ameliorates 
myocardial stunning but not necrosis.

GIK therapy has also been examined in the setting 
of patients undergoing urgent off-pump CABG surgery 
(OPCAB) for acute MI. Shim et al (2012) reported the 
results of a study in which 66 patients were randomized to 
receive GIK infusion or placebo.233 The primary endpoints 
were the highest concentrations of CK-MB and troponin-T 
after reperfusion and the area under the curve (AUC) of serial 
troponin-T measurements obtained before the operation and 
at 12, 24, and 48 hours after reperfusion. The secondary end-
points were troponin-T levels greater than 0.8 ng/mL, MI 
defined by specific criteria and composite morbidity. The 
investigators found that GIK therapy was associated with a 
significant reduction in peak concentraions of CK-MB and 
troponin-T and the AUC of troponin-T. However, the inci-
dence of postoperative MI was similar for both groups as were 
the other secondary clincial endpoints. In contrast to the 
Howell study, this clinical trial of urgent OPCAB for acute 
coronary syndrome found GIK attenuated myocardial necro-
sis (troponin-T and CK-MB) but did not alter incidence of 
MI or composite morbidity.

Taken altogether the evidence supporting the effi-
cacy of GIK in the setting of heart surgery is still mixed. 
Meta-analyses of randomized clinical trials and numerous 
small studies indicate it may or may not be effective in 
preventing postischemic ventricular dysfunction, myocar-
dial necrosis and atrial arrhythmias. This is due in part to 
the many small studies that are insufficiently powered to 
definitively conclude that GIK is ineffective; they can only 
conclude that they failed to see a benefit. Additional limi-
tations include the heavy reliance on surrogate markers of 
injury, inherent limitations associated with meta-analyses, 
variability in managing hyperglycemia, variations in the 
specific composition and mode of administration of GIK 
and inclusion of low-risk patients (which lowers the event 
rate and limits the chance to detect a benefit). A large ran-
domized, multi-center clinical trial specifically designed to 
address these issues will be required to resolve the contro-
versies around the use of GIK for myocardial protection 
during heart surgery.

CYCLOSPORINE
A major feature of reperfusion injury is the opening of 
the mitochondrial permeability transition pore (mPTP) 
which leads to necrotic cell death. For this reason prevent-
ing mPTP opening is considered a therapeutic target for 
I/R protection.234-237 Cyclosporin A (CsA), Sanglifehrin A 
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and NIM 811 act directly on cyclophilin D, a key regula-
tor of pore opening. As Ca2+ and ROS trigger pore open-
ing, other preclinical interventions have targeted those 
upstream modulators. mPTP opening is also suppressed at 
acidic intracellular pH, which has been targeted by inhib-
iting NHE-1 to prevent proton extrusion.236,238 CsA has 
been used extensively as an immunosuppressive agent in 
the management of transplant patients but is also a potent 
inhibitor of mPTP; its efficacy has been explored in small 
clinical trials involving patients undergoing heart surgery 
or PCI for acute MI.

In 2008, Ovize’s group randomized 58 patients to 
receive CsA (n = 30) or placebo (n = 28) immediately 
prior to undergoing PCI for acute STEMI.239 The primary 
endpoint was myocardial necrosis measured by CK and 
troponin-I; for a secondary endpoint in a subgroup of 
27 patients, MRI was used to assess infarct size at 5 days 
as determined by the area of delayed hyper-enhancement. 
There were no differences between groups with respect to 
baseline characteristics, duration of ischemia, area at risk 
and ejection fraction. All patients underwent stenting of 
the culprit lesion. The CsA group demonstrated a 40% 
reduction in myocardial necrosis as assessed by serial CK, 
although, curiously there was no difference in troponin I 
release. They also compared CK levels to the area at risk 
estimated by circumferential extent of abnormally contract-
ing segments and found that for any given size of the area 
at risk, smaller infarcts were observed in the CsA-treated 
patients. In the subgroup of patients who were studied by 
MRI, hyperenhancement was significantly reduced. Ejec-
tion fraction measured by echocardiography at 3 months 
did not differ between the two groups. While offering 
promise as a novel therapeutic approach, the strength of 
the study’s conclusions are compromised by limitations 
subsequently pointed out in letters to the editor of the 
New England Journal of Medicine where the study had 
been published. There were outliers in the control group 
with respect to CK, TnI and infarct size assessed by MRI; 
it was suggested that these outliers skewed the control 
group mean and that eliminating them would remove 
the significant difference between the two groups. It was 
also noted that in the control group 13 patients had failed 
thrombolytic therapy before PCI versus only five in the 
CsA group, which might have biased outcome.

A similar small study was performed in 78 CABG surgery 
patients randomized to receive an intravenous bolus of CsA 
(2.5 mg/kg) (n = 40) or placebo (n = 38).240 The drug was 
administered after induction of anesthesia and prior to ster-
notomy. Perioperative infarction was assessed by serial tropo-
nin-T (cTnT) and CK-MB levels. Cold blood cardioplegia or 
cross-clamp fibrillation was used for cardioprotection in both 
groups. The two groups were similar in patient characteristics 
and intraoperative vessels. While CsA treatment had no effect 
on postoperative CK-MB or cTnT levels, the investigators 
found in post hoc analysis that in patients with longer CPB 
times (120 vs 70 minutes), CsA treatment was associated with 
reduced cTnT release. They concluded that administration of 

CsA prior to CABG surgery can reduce the incidence of peri-
operative myocardial injury in patients with longer CBP times, 
and the effect may be mediated by prevention mPTP opening. 
Concerns with this study however include the small sample 
size and the absence of any clinically relevant endpoints.

Subsequently, Ovize’s group conducted a prospective, ran-
domized, single-blinded, controlled study in which 61 valve 
surgery patients were assigned to receive an intravenous bolus 
of CsA (n = 30) or saline (n = 31) less than 10 minutes before 
aortic unclamping. The primary endpoint was the 72-hour 
area under the curve for cTnI release; secondary outcomes 
included extubation time and length of stay in the intensive 
care unit and hospital. After removal of the aortic cross-
clamp, the need for defibrillation was the same; weaning from 
CPB was without incident for both groups. The CsA-treated 
group showed lower cTnI release (72 hours AUC) even after 
correcting for duration of cross-clamp time (global ischemia). 
There was no difference in the secondary outcomes. While 
this study was quite small in scope, it was exciting because 
the drug appeared to be effective when administered prior 
to reperfusion. For this reason, based on the reports that 
cyclosporine was effective in preventing reperfusion injury 
in patients undergoing PCI for AMI, coronary artery bypass 
surgery (CABG), and heart valve operations, the Circus trial 
was initiated.241 This was a large randomized placebo, double-
blind study involving patients with acute STEMI. Patients 
were randomized to receive intravenous cyclosporine (n = 396) 
or placebo (n = 395) prior to undergoing PCI revasculariza-
tion for acute anterior S-T segment elevation myocardial 
infarction. The primary endpoint was a composite outcome 
comprised of death from any cause, worsening of heart failure 
during the initial hospitalization, re-hospitalization for heart 
failure, or adverse left ventricular remodeling at 1 year. In 
this study, cyclosporine had no effect on the incidence of the 
composite endpoint or any of the separate clinical compo-
nents or other events, including recurrent infarction, unstable 
angina, and stroke. The findings in this multicenter trial high-
light the importance of recognizing the limits of small single 
center myocardial protection studies, particularly those that 
rely on reductions of troponin levels as markers of myocardial 
injury as opposed to necrosis. At present the results of Circus 
trial call into question the clinical advantage of using mPTP 
inhibitors to protect the heart against I/R injury.

MYOCARDIAL PROTECTION DURING 
BEATING HEART SURGERY
In an effort to minimize complications associated with cardio-
pulmonary bypass such as stroke and a systemic inflammatory 
response, a number of coronary artery bypass graft operations 
are performed without cardiopulmonary bypass (off-pump: 
OPCAB). The assumption is that avoidance of aortic cross-
clamping will be associated with a lower incidence of cerebro-
vascular complications and perioperative MI, lower rates of 
renal and respiratory failure, less postoperative bleeding, less 
pain and shorter length of hospitalization. There is a concern, 
however, that OPCAB may be associated with incomplete 
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revascularization, a higher incidence of perioperative MI and 
a reduction in long-term graft patency.242-244 While the rela-
tive benefits of OPCAB versus on-pump CABG surgery are 
still under investigation, as many as 20% of CABG patients 
undergo the procedure off-pump. Thus it is important to 
appreciate the principles and methods of myocardial protec-
tion as it relates to beating heart surgery.

The acceptance of OPCAB is due in part to the develop-
ment and refinement of a myriad of surgical aids that allow 
for stabilization and local immobilization of the heart during 
grafting. Techniques include the temporary occlusion of the 
coronary artery or shunting of blood during sustained coro-
nary artery occlusion. Since temporary occlusion of an already 
diseased artery may aggravate ongoing ischemia, pharmaco-
logic agents and nonpharmacologic maneuvers are used to 
protect the heart during displacement required to access lat-
eral and inferior wall vessels. Many of these interventions are 
designed to reduce myocardial oxygen demand at a time when 
supply is limited. Ischemia during temporary occlusion of a 
coronary artery during OPCAB may last from 6 to 25 minutes 
based on the surgeon’s experience, quality and size of the vessel 
and adequacy of the exposure. Most patients with preexisting 
severe coronary heart disease have experienced self-limiting 
episodes of ischemia during daily life and may have acquired a 
certain degree of tolerance to the surgically induced ischemia. 
This tolerance has been documented using ECGs, transesoph-
ageal echocardiography and continuous mixed venous oxygen 
saturation (SVO2) monitoring. In order to better understand 
the differences in the ischemic stress between OPCAB and on-
pump CABG surgery, Chowdhury et al studied 50 patients 
with respect to the release pattern of various cardiac biomark-
ers including cardiac troponin I, heart-type fatty acid-bind-
ing protein, CK-MB, high-sensitivity C-reactive protein and 
myoglobin.245 Samples were obtained at baseline and then at 
hourly intervals up to 72 hours after completion of the last 
anastomosis in the noncardioplegic OPCAB group and after 
release of aortic cross-clamp in the cardioplegic group. The car-
dioplegic group exhibited greater release of cardiac troponin I, 
high-sensitivity C-reactive protein and heart-type fatty acid-
binding protein consistent with the fact that OPCAB surgery 
puts less myocardium at ischemic risk. Ventricular function 
as measured by transthoracic echocardiography was similar in 
the two groups. Schroyer et al analyzed both short-term and 
long-term outcomes in 2203 patients randomized to undergo 
either on-pump or off-pump surgery.246 The primary endpoints 
included mortality and complications such as reoperation, 
need for new mechanical support, cardiac arrest, coma, stroke 
or renal failure before discharge or within 30 days of surgery. 
The long-term outcome consisted of the composite endpoint 
of death from any cause, repeat revascularization procedure or 
a nonfatal MI within 1 year. Secondary endpoints included 
graft patency and neurologic outcomes. While there were no 
differences at 30 days, they observed that OPCAB patients 
had a higher incidence of death from cardiac causes within 1 
year, tended to have lower graft patency and had fewer arteries 
bypassed. The incidence of stroke or resource utilization was 
similar for both on-pump and off-pump procedures. While 

OPCAB puts less myocardium at risk, it is clear that there is 
still a need for ischemic protection.

One approach to minimizing the risk of injury is to 
reduce myocardial oxygen demand using pharmacologic 
beta-blockade. Ultra-short-acting beta blockers such as esmo-
lol and labetalol are frequently used to reduce inotropy and 
achieve negative chronotropy. Another approach is to opti-
mize systemic mean blood pressures while reducing afterload. 
Calcium channel blockers such as diltiazem are used to lower 
blood pressure with less compromise of myocardial contrac-
tility than beta blockers. Patients who become hypertensive 
during the operation may benefit from intravenous nitrates 
to enhance coronary vasodilation and increase blood flow via 
collaterals. Gentle core cooling, by allowing the body tem-
perature to drift from 35 to 36°C, and deepening the level 
of anesthesia are other concurrent measures that can be 
employed to minimize cardiac work and concomitant oxygen 
requirements. IPC, RIPC and volatile anesthetics with condi-
tioning-like effects have been used in beating heart surgery in 
an effort to mitigate I/R injury; however, none of these have 
been shown to improve clinical outcomes.247 Thus while the 
OPCAB approach to myocardial revascularization reduces 
the amount of myocardium at risk, it does not obviate the 
need to develop new methods to attenuate I/R injury.

Challenges of Myocardial 
Protection Trials
It has been difficult to translate promising cardioprotective 
agents identified in animal studies to the clinic. One reason 
may be that preclinical studies typically involve healthy young 
animals of a single sex. While a particular drug may show effi-
cacy in this model, it may fail in humans when both sexes are 
enrolled and when the study includes patients with advanced 
age. Aging in itself affects numerous biological processes 
invoked during I/R. Furthermore, many patients may have 
comorbid conditions including hypertension, dyslipidemias, 
obesity and diabetes which may compromise the ability to 
mount a cardioprotective response. In support of this, preclini-
cal studies have confirmed that obese animals show less infarct 
size reduction from ischemic preconditioning compared to 
lean animals, and it has also been reported that hypercholes-
terolemia interferes with ischemic preconditioning.235 When 
a promising agent identified in preclinical studies advances to 
testing in humans, trial design is challenging. As an example 
of the difficulties in adapting experimental protocols to the 
clinical setting, agents that were shown to be protective when 
given prior to ischemia were much less effective when given 
at reperfusion which, in the case of PCI for acute MI, is the 
only clinically feasible approach. Clinical trials that are open-
label or single-blind open the door for bias in postoperative 
management such as administration of inotropic support. 
Trials are often designed to test whether a particular agent 
or intervention has benefit. A far larger number of patients 
must be enrolled to prove the null hypothesis, that is, that the 
intervention has no benefit. This becomes a challenge if the 
endpoint, such as 30-day mortality, occurs with relatively low 
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frequency. Given the already low early mortality associated 
with current surgical approaches, the size of the trial needed 
to test the null hypothesis becomes daunting. The study by 
Lehrke et al showed a clear relationship between 48-hour post-
operative cTnT levels ≥0.46 μg/L and long-term (28 months) 
survival; it was also associated with perioperative MI, in-hos-
pital heart failure and 30-day mortality suggesting that these 
short-term endpoints may be valid surrogate markers of long-
term mortality.19 A more recent meta-analysis confirmed an 
association between postoperative troponin release and short-
term and mid-term (12-month) all-cause mortality.248 Similar 
validation studies are needed for MRI assessment of infarct 
size and risk zone in order for this increasingly sophisticated 
imaging modality to become accepted as a reliable indicator 
of cardioprotection.249 At present the U.S. Food and Drug 
Administration considers improvement in morbidity and 
mortality the only acceptable endpoints—rather than surro-
gate markers—for approval of a cardioprotective intervention. 
As a consequence the high cost of clinical trials has discour-
aged even large pharmaceutical companies from pursuing car-
dioprotection as a therapeutic target. In turn this has fostered 
the proliferation of small, single-center trials with short-term 
endpoints and surrogate markers that fall short of proving or 
disproving efficacy. Despite these considerations, cardiac sur-
gery remains an ideal testing ground for study of cardiopro-
tective treatments: in cardiac surgical patients it is possible to 
document the onset and duration of ischemia, establish the 
interval between onset of reperfusion and endpoint analysis 
and obtain MRIs before and after the ischemic stress to accu-
rately document the volume of necrosis. This information 
should increase the predictive value of small clinical trials.

While considerable progress has been made in the field of 
myocardial protection over the past 50 years, the ideal cardio-
plegic solution, pharmacological intervention, technique or 
delivery method has yet to be determined. This is due in part 
to the increasing awareness of the complexity of I/R injury 
and the concern that surrogate markers or short-term mortal-
ity rates are only weakly predictive of durable beneficial out-
comes. Myocardial stunning and necrosis remain significant 
challenges that impact short- and long-term outcomes; there 
is ongoing need to find new ways to protect the heart during 
cardiac surgery.

Three Billion Heartbeats

Three billion heartbeats or maybe more
Before you reach life’s other shore.
When things go wrong and blood flow’s blocked
The loss of muscle by the minute is clocked.
Time is essence as muscle will die
Reflected in rising troponin I.
Protect the heart, try anything!
Drugs or cells or conditioning.
Studies hold hope yet still are unclear,
But an answer grows likelier every year.

Roberta A. Gottlieb
March 20, 2015
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Mortality and morbidity in cardiac surgery have continued 
to decline despite increases in patient age, comorbid con-
ditions, and procedure complexity. Much of this success 
can be attributed to advances in critical care. This chapter 
will outline some strategies and principles of modern post-
operative care.

CARDIOVASCULAR CARE
Hemodynamic Assessment
Assessment and optimization of hemodynamics is a principle 
focus of care following cardiac surgery. Appropriate manage-
ment requires knowledge of preoperative cardiac function 
and an appreciation of the impact of intraoperative events. 
The goal of postoperative hemodynamic management is the 
maintenance of adequate oxygen delivery to vital tissues in a 
way that avoids unnecessary demands on a heart recovering 
from the stress of cardiopulmonary bypass (CPB), ischemia, 
and surgery.

A basic initial hemodynamic assessment includes a review 
of current medications, heart rate and rhythm, mean arte-
rial pressure (MAP), central venous pressure (CVP), and an 
ECG analysis to exclude ischemia and conduction abnormali-
ties. The presence of a pulmonary artery catheter enables the 
measurement of pulmonary artery pressures, left-sided filling 
pressures (pulmonary capillary wedge pressure (PCWP)), and 
mixed venous oxygen saturation (MVO2). Cardiac output 
(CO), as well as pulmonary and systemic vascular resistances 
(SVRs) can also be calculated when a PA catheter is pres-
ent. CO is determined utilizing thermodilution or by using 
the Fick equation. CO, blood pressure (BP), and SVR are 
related to each other using Ohm’s law (Table 17-1). Reason-
able minimum goals for most patients include an MVO2 of 
about 60%, MAP > 65 mm Hg, and a cardiac index (CI) 
> 2 L/min/m2. Goals should be individualized. Patients with a 
history of hypertension or significant peripheral vascular dis-
ease will benefit from higher BP; patients who are bleeding 
or who have suture lines in fragile tissue are best served with 
tighter control. Strategies designed to produce a supra-normal 
CI or MVO2 have failed to demonstrate a survival advantage.1

Failure to achieve adequate CO and end-organ oxygen 
delivery can be caused by many co-dependent factors. These 
include volume status (preload), peripheral vascular tone 
(afterload), cardiac pump function, heart rate and rhythm, 
and blood oxygen carrying capacity.

Volume status can be estimated using invasive monitor-
ing. CVP, unless it is very low, is an unreliable indicator of 
left ventricular end-diastolic volume. An elevated CVP can 
be seen in volume overload, right heart failure, tricuspid and 
mitral regurgitation, pulmonary hypertension, cardiac tam-
ponade, tension pneumothorax, and pulmonary embolism. 
Pulmonary artery diastolic pressure correlates with left-sided 
filling pressures when pulmonary vascular resistance (PVR) 
is normal (low). PCWP (or left atrial pressure if this is being 
directly measured) provides the most accurate assessment 
of left-sided filling pressures in the absence of significant 
mitral stenosis, and its correlation with pulmonary artery 
diastolic pressure should be noted to enable a more con-
tinuous assessment of left-sided pressures. Determination of 
optimum filling pressures is generally empiric. A wedge pres-
sure of 15 mm Hg is generally adequate, but many patients 
can require higher pressures. Most patients arrive from the 
operating room with a significant net fluid gain, but much 
of this excess volume is extravascular due to third space and 
pleural cavity accumulation. Consequently, many patients 
are intravascularly underfilled and have on going volume 
requirements in the immediate postoperative period. Post-
operative vasoplegia is common. Contributors include a sys-
temic inflammatory response to CPB and the stress of surgery 
in addition to preoperative and perioperative medications 
including ACE inhibitors, calcium channel blockers, and 
sedatives. Urine output and bleeding are common sources of 
ongoing fluid loss. Hypothermia promotes vasoconstriction. 
As patients rewarm, changes in peripheral vascular tone con-
tribute to labile hemodynamics which are often best treated 
with volume replacement.

Peripheral vascular tone needs to be sufficient to provide 
the patient with adequate BP; excess vasoconstriction can 
increase SVR and create dangerous levels of hypertension 
and decreased CO. Increases in afterload can be caused by 
medications, hypothermia, increased sympathetic output 
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TABLE 17-1: Common Intensive Care Values and Formulae

Early postoperative hemodynamic parameters Expected values

Mean arterial pressure (MAP) 60-90 mm Hg
Systolic blood pressure (sBP) 90-140 mm Hg
Right arterial pressure (RAP) 5-15 mm Hg
Cardiac index (CI) 2.2-4.4 L/min/m2

Pulmonary artery wedge pressure (PAWP) 10-15 mm Hg
Systemic vascular resistance (SVR)  1400-2800 dyn-s/cm5 

Common hemodynamic formulae Normal values

CO = SV × HR
CI = CO/BSA
CO = cardiac output; HR = heart rate; SV = stroke volume; BSA = body surface area

4-8 L/min
2.2-4.0 L/min/m2

SV =
CO (L/min) 1000 (mL/L)

HR
× 60-100 mL/beat (1 mL/kg/beat)

SVI = SV ÷ BSA
SVI = stroke volume index

33-47 mL/beat/m2

MAP =
DP + (SP –DP)

3

70-100 mm Hg

×SVR =
MAP –CVP

CO
80

CVP = central venous pressure; Ohm’s law: Voltage (V) = Current (I) × Resistance (R); 
Resistance is directly proportional to viscosity (hematocrit) and inversely proportional to the 
radius to the 4th power

800-1200 dyn-s/cm5

×PVR =
PAP – PCWP

CO
80

PVR = pulmonary vascular resistance, PAP = mean pulmonary arterial pressure,  
PCWP = pulmonary capillary wedge pressure

50-250 dyn-s/cm5

LVSWI = SVI × (MAP - PCWP) × 0.0136
(LVSWI = left ventricular stroke work index)

45-75 mg-M/beat/m2

O2 delivery = CO (Hb × %sat)(1.39) + (PaO2)(0.0031)

1.39 is milliliters of oxygen transported per gram of serum hemoglobin (Hb); 0.0032 is 
solubility coefficient of oxygen dissolved in solution (mL/torr of PaO2)

60-80%

A-V O2 Difference = (1.34)(Hb) × (SaO2 – SvO2)

Fick Cardiac Output =
Estimated O consumption

A-V O difference
2

2

A-V = arterio-venous oxygen difference. Oxygen consumption is measured from a nomogram 
based on age, sex, height, height; Hb = serum hemoglobin (g/dL), SaO2 = arterial oxygen 
saturation (%) in arterial blood, SvO2 = mixed venous oxygen saturation (%) from the 
pulmonary artery in the absence of a shunt or calculated MvO2 = (3 × SVC saturation + IVC 
saturation) ÷ 4, if a left-right shunt is present; 1.34 = m O2 per gram of Hb, 10 dL/L

Normal Pvo2 = 40 torr and SvO2 = 75%
Normal Pao2 = 100 torr and

SaO2 = 99%

Shunt Fraction =
Qp
Qs

=
(SaO –Mvo )
(Pvo – Pao )

2 2

2 2

Qs = systemic flow (L/min); Qp = pulmonary flow (L/min)

Normal, <5%

−
EF (%)=

end-diastolic volume end-systolic volume
end-diastolic volume

EF = ejection fraction (an index of ventricular activity)

60-70%

(Continued )
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 407

TABLE 17-1: Common Intensive Care Values and Formulae

Respiratory formulae Normal values

D(A – a)O2 = (FiO2) × (713) - Pao2 – (Pao2 ÷ 0.8)

D(A – a)O2 = alveolar-arterial oxygen difference, taking FiO2 (inspired oxygen into 
consideration); a sensitive index of efficiency of gas exchange

Suboptimal oxygenation > 350 on 100% 
oxygen

Or Pao2< 500 torr on 100% oxygenation

Renal and metabolic values and formulae

×

×
×C =

(140 – age) wt (kg)
72 Cr

0.8 (for females)CR

Cockroft and Gault equation for creatinine clearance (CCR) (an approximation to glomerular 
filtration rate, GFR)

Or more precisely with 24 h or 2 h urine specimen:

CCR = (UCR ÷ PCR) × (volume/1440 min, or 120 min)
UCR and PCR = Urinary and plasma creatinine concentrations

CCR < 55 mL/min threshold below which 
surgical risk increases128

Evaluating oliguria Prerenal Renal

BUN/Cr
U/P creatinine
Uosm
U/P osmolality
Urine-specific gravity
UNa (mEq/L)
FENa
Urinary sediment

BUN=urea nitrogen, serum (7-18 mg/dL)

> 20:1
> 40
> 500
> 1.3
> 1.020
< 20
< 1%
Hyaline casts

< 10:1
< 20
< 400
< 1.1
1.010
> 40
> 2%
Tubular epithelial 

casts; granular casts

×

×
×FE =

U P
P U

100Na
Na CR

Na CR

FENa = fractional excretion of sodium; U and P are urinary and plasma concentrations of 
sodium and creatinine, respectively

Normal = 1-3%

Anion Gap = (Na+) – [(Cl–) + (HCO3
–)]

Elevated by ethanol, uremia (chronic renal failure), diabetic ketoacidosis, paraldehyde, 
phenformin, iron tablets, isoniazide, lactic acidosis (CN-, CO, shock), ethanol, ethylene 
glycol, salicylates

Normal = 8-12

CH2O = V – Cosm
Cosm = Uusm × V/Posm

CH2O = free water clearance; V = urine flow rate; Posm and Uosm = plasma and urine osmolarity, 
respectively

Posm = 275-295 mOsmol/kg

Capillary fluid exchange (starling forces) Edema

Net filtration pressure = Pnet = [(Pc – Pi) – (πc – πi)]
Kf = filtration constant (capillary permeability)
Net fluid flow = (Pnet) (Kf)

Pc = capillary pressure-tends to move fluid out of capillary
Pi = interstitial fluid pressure-tends to move fluid into capillary
πc = plasma colloid oncotic pressure-tends to cause osmosis of fluid into capillary
πI =  interstitial fluid colloid osmotic pressure-tends to cause osmosis of fluid out of capillary

1. High Pc; heart failure
2. Low πc; nephritic syndrome
3. High Kf; toxins, sepsis, inflammatory 

cytokines
4. High πI; lymphatic blockage

(Continued )

(Continued )
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408 Part II Perioperative/Intraoperative Care

TABLE 17-1: Common Intensive Care Values and Formulae

Prosthetic heart valves: current anticoagulation regimens (adapted from Ref. 129) Coumadin target INR/aspirin 81 mg

AVR mechanical 2.5-3.0/yes, if high risk
AVR bioprosthetic (tissue) 2.5-3.0 (3 months) or none if aspirin 

used/yes
MVR mechanical 2.5-3.5 (indefinitely)/yes, if high risk
MVR bioprosthetic or MV repair 2.5-3.0 (3 months; continue 1 year if history 

of embolism; indefinitely if AF and LA 
thrombus at time of surgery)/yes, after 
3 months

AVR and MVR mechanical 2.5-3.0 (indefinitely)/yes
AVR and MVT bioprosthetic (tissue) 2.5-3.0 (3 months)/yes, after 3 months
Atrial fibrillation (with any of the above) 2.5-3.0 (indefinitely)/yes

AF = atrial fibrillation; AVR = aortic valve replacement; MVR = mitral valve replacement; high risk = AF, myocardial infarction, enlarged left atrium (LA), endocardial dam-
age, low EF, history of systemic emobolism despite adequate anticoagulation.

(including pain and anxiety) or may be secondary to hypovo-
lemia or pump failure.

Left ventricular pump function can be influenced by 
levels of exogenous or endogenous inotropes, postoperative 
ischemic stunning or infarction, valve function, acidosis, 
electrolyte abnormalities, hypoxia or cardiac tamponade. 
Bradycardia, arrhythmias, and conduction defects can also 
adversely affect CO.

The oxygen carrying capacity of blood is a function 
of hematocrit and oxygenation. A hematocrit of 21% and 
oxygen saturation greater than 90% is adequate for a stable 
postoperative patient.

It is important not to allow the evaluation of the patient 
to become obscured by too many numbers or theories, and 
an overall assessment of the patient is always more important 
than any single parameter. Trends in hemodynamic parameters 
are usually more important than isolated values. Patients gen-
erally do well if they have warm, well-perfused extremities, a 
normal mental status and good urine output (>0.5 cc/kg/min). 
Acute changes in hemodynamic status are common postopera-
tively, and vigilant monitoring should enable care to be more 
preemptive than reactive.

Hemodynamic Management
FLUID MANAGEMENT
As emphasized previously, the goal of postoperative hemo-
dynamic management is the maintenance of adequate 
end-organ perfusion without taxing the heart unnecessar-
ily. Assessment and optimization of intravascular volume 
status are generally the first steps in this process. Most 
patients have ongoing fluid requirements in the immedi-
ate postoperative period that can be caused by persistent 
third spacing, warming, diuresis, vasodilation, and bleed-
ing. Careful monitoring of fluid balance and filling pres-
sures should guide volume resuscitation. Starling curves 
are highly variable; it is helpful to correlate CO and MVO2 

with changes in volume status. Patients with ventricular 
hypertrophy (eg, those with a history of hypertension 
or aortic stenosis) diastolic dysfunction or systolic ante-
rior motion of the mitral valve usually need higher filling 
pressures. Patients with persistently low filling pressures 
despite aggressive fluid administration are usually either 
bleeding or vasodilated. Calculation of CO and SVR can 
often help sort this out. Monitoring devices that measure 
respiratory variation in the pulse arterial waveform have 
been shown to successfully predict the ability to improve 
CO with volume administration. In the case of significant 
vasodilation, judicious use of a pressor agent can help to 
decrease fluid requirements. Inotropic agents should not 
be administered for the treatment of hypovolemia. Fluid 
requirements can often be reduced following extubation; 
as decreased intrathoracic pressures will improve venous 
return.

The choice of an optimal resuscitation fluid has been 
controversial. In the acute setting, colloid infusions achieve 
comparable hemodynamic effects with less volume when 
compared to crystalloid solutions. After one hour, 80% of 
1000 cc of 5% albumin solution is retained intravascularly. 
In situations characterized by loss of vascular endothelial 
integrity (ie, following CPB) albumin will redistribute into 
the interstitial space and increase third space fluid accu-
mulation. One study has shown that the accumulation of 
extravascular pulmonary water is unaffected by the prime 
type or the type of fluid administered postoperatively.2 The 
largest prospective randomized controlled study compar-
ing colloid to crystalloid has been unable to demonstrate 
a difference in outcomes, although a subsequent subgroup 
analysis found increased mortality in patients who suf-
fered brain injury who were randomized to receive colloid.3 
Albumin and hetastarch provide comparable hemody-
namic benefits, although hetastarch should be avoided in 
bleeding or coagulopathic patients or in those with renal 
impairment.

(Continued )
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 409

TABLE 17-2: Common ICU Scenarios and Management Strategies

Cardiac output syndromes

MAP CVP CO PCW SVR Strategy

Normotensive

Hypertension
Hypotension

Hypotension
Hypotension

High

High
Low

High
Normal/low

Low

Normal
Low

Low
Normal/high

High

High
Low

High
Normal/low

Normal/High

High
Normal

High
Low

Venodilator/diuretic/
inotrope

Vasodilator/iNO/iPGI2
Vasodilator
Volume/Inotrope/IABP

α-agent

CVP = central venous pressure; CO = cardiac output; SVR = systemic vascular resistance; iNO = inhaled nitric oxide; iPGI2 = inhaled prostacyclin.

Commonly used vasoactive drugs and hemodynamic effects

Pharmacological agent HR PCW CI SVR MAP MVO2

Inotropic agents
Dobutamine
Milrinone

Mixed vasoactive agents
Epinephrine
Norepinephrine
Dopamine

Vasopressor agents
Phenylephrine
Vasopressin
Methylene blue

Vasodilating agents
Nitroglycerine
Nitroprusside
Nicardipine
Nesiritide

↑↑
 ↑

↑↑
↑↑
↑↑

↔
↔
↔

 ↑
↑↑
↔
↔

 ↓
 ↓

↑↓
↑↑
↑↓

 ↑
↔
↔

↓↔
↓↔
 ↔
↓↔

 ↑
 ↑

 ↑
 ↑
 ↑

↔
↔
↔

↔
↔
↔
↔

 ↓
↓↓

 ↑
↑↑
↑↓

↑↑
↑↑
 ↑

 ↓
↓↓
↓↓
 ↓

↑↓
 ↓

 ↑
↑↑
↑↓

↑↑
↑↑
 ↑

 ↓
↓↓
↓↓
 ↓

↑↔
 ↑↓

  ↑
  ↑
  ↑

↑↔
↑↔
  ↑

↔↓
↔↓
 ↔
 ↔

HR = heart rate; PCW = pulmonary capillary wedge; CI = cardiac index; SVR = systemic vascular resistance; MAP = mean arterial pressure; MVO2 = mixed venous 
oxygen saturation.

Although unusual in the immediate postoperative 
period, volume overload is a common problem in the days 
following surgery. If patients have normal cardiac function 
they often diuresis appropriately without intervention. 
Conversely, volume overload is a common cause of post-
operative heart failure. Diuretics and vasodilators are fre-
quently required in patients with impaired pump function 
before or following surgery, or in those who receive large 
volumes of fluid perioperatively. Patients with impaired 
renal function may require renal replacement therapy 
(ultrafiltration, continuous veno-venous hemofiltration, or 
hemodialysis) to become euvolemic. Rapid diuresis accom-
panied by inadequate electrolyte repletion is frequently 
arrhythmogenic.

PHARMACOLOGIC SUPPORT
Medications are used perioperatively to provide vasocon-
striction, venous and arterial vasodilation, inotropic support 
and treatment of arrhythmias. As summarized in Table 17-2, 
many of the medications commonly used have multiple 
actions. Selection of appropriate agents depends on accurate 
hemodynamic assessment.

Pressors are indicated for vasodilated patients who have 
normal pump function and are unresponsive to volume. 
These agents include α-agents (neosynephrine) and vasopres-
sin. Methylene blue has demonstrated efficacy in vasopressor-
resistant hypotension. Pressors can contribute to peripheral 
ischemia and vasospasm of coronary arteries and arterial 
conduits. Careful monitoring of extremity perfusion and 

(Continued )
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410 Part II Perioperative/Intraoperative Care

TABLE 17-2: Common ICU Scenarios and Management Strategies

NASPE/BPEG Pacemaker identification codes130

Code positions

I II III IV V

Chamber paced Chamber sensed Response to 
sensing

Programmable 
functions

Antitachyarrhythmia functions

V-ventricle V-ventricle T-triggers 
pacing

P-programmable 
rate and/or 
output

P-antitachyarrhythmia

A-atrium A-atrium I-inhibits 
pacing

M-multi-
programmable

S-shock

D-double D-double D-triggers 
and inhibits 
pacing

C-communicating 
functions 
(telemetry)

D-dual
(pacer and shock)

O-none O-none O-none R-rate modulation O-none
S-single chamber S-single chamber - O-none -

Postoperative mediastinal bleeding

Bleeding scenario Diagnosis Strategy

<50 cc/h
Stable BP, coagulopathy

>100 cc/h

Hypothermic
Acute hypotension (MAP < 50 mm Hg)
Diffuse bloody ooze
Coagulopathy:
1. High PTT, PT
2. INR > 1.4
3. Low fibrinogen
4. Platelets < 105/μL
5. Platelets > 105/μL
6. Bleeding > 10 min
7. Bleeding > 30 min (High D-dimers,  

evidence of fibrinolysis)

>200-300 cc/h
>200 cc/h for 4 h
>300 cc/h for 2-3 h
>400 cc/h for 1 h

Post-CPB

Hypothermia
(see above)

Borderline coagulopathy

Rebound heparin effect
Deficient clotting factors
Deficient clotting factors
Thrombocytopenia
Platelet dysfunction
Fibrinolysis
Fibrinolysis

Surgical bleeding

Observation

Re-warming strategies
Fluid resuscitation (Aim 

MAP 60-65 mm Hg)

PEEP trial (5-10 cm H2O), 
Coagulation screen

Heparin level; protamine
Fresh frozen plasma
Fresh frozen plasma
Platelet pool
DDAVP
Tranexamic acid, 

ε-aminocaproic acid, 
aprotinin

Surgical reexploration

DDAVP = desmopressin (synthetic vasopressin); PTT = activated partial thromboplastin time; FDP = fibrin and fibrinogen degradation products; PEEP = positive  
end-expiratory pressure; PT = prothrombin time; BP = blood pressure; CPB = cardiopulmonary bypass.

electrocardiographic changes is required when using these 
agents.

Vasodilators are indicated for hypertensive patients and 
for patients who are normotensive with poor pump function. 
Nitroglycerin and sodium nitroprusside are commonly used in 
the immediate postoperative period. Both have the advantage 
of being short acting and easy to titrate. Both can cause hypoxia 
by inhibiting pulmonary arterial hypoxic vasoconstriction and 
increasing blood flow through poorly oxygenated lung. Nitro-
glycerin is a stronger venodilator than an arterial dilator, and 

can increase intercoronary collateral blood flow, but patients 
can quickly become tachyphylactic. Prolonged nitroprusside 
use can lead to cyanide toxicity, and methemaglobin levels must 
be monitored. Nicardipine is a calcium channel blocker with 
minimal effects on contractility or atrioventricular (AV) nodal 
conduction; it appears to have the efficacy of nipride without 
its toxicity. Nicardipine has been shown to control BP with 
less variability than nitroglycerine or nitroprusside and this 
has been found to correlate with improved outcomes. Nesirit-
ide, or brain naturetic peptide, promotes diuresis in addition 

(Continued )

Cohn_ch17_p0405-0428.indd   410 08/05/17   3:05 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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to vasodilation and may have beneficial lusitropic effects in 
patients with diastolic dysfunction.

Hypertension can also be treated with beta blockers. 
These agents work by decreasing heart rate and contractility. 
Esmolol is useful in the presence of labile BP because of its 
short half-life. Labetolol combines beta and alpha adrenergic 
blockade. Patients whose pump function is inotrope depen-
dent should not receive beta blockers.

Inotropic agents are indicated when low CO persists despite 
optimization of fluid status (preload), vascular tone (afterload), 
and heart rate and rhythm. These agents include beta adrener-
gic agents (dobutamine) and cyclic nucleotide phosphodiester-
ase inhibitors (milrinone). Both of these agents increase CO by 
increasing myocardial contractility and by reducing afterload 
through peripheral vasodilation. Dobutamine is shorter acting 
and easier to titrate; milrinone achieves increases in CO with 
lower myocardial oxygen consumption. Both are arrhythmo-
genic and can exacerbate coronary ischemia. Both epineph-
rine and norepinephrine combine β and α adrenergic agonist 
effects; they are pressors in addition to positive inotropes. Rela-
tive α effects increase with dose. Dopamine in low doses causes 
splanchnic and renal vasodilation; α and β effects dominate at 
higher doses. Since perioperative beta blockade has been shown 
to improve mortality and morbidity following cardiac surgery, 
it seems reasonable to avoid the gratuitous use of inotropes, 
and efforts should be made to rapidly wean these agents when 
they are no longer required.

Heart Rate and Rhythm Management
Deviations from normal sinus rhythm can cause significant 
clinical deterioration and optimization of heart rate and 
rhythm is frequently an effective way to improve hemody-
namic status.

PACING (SEE TABLE 17-2)
Within normal rate ranges, CO increases linearly with heart 
rate, and pacing is often very helpful. However, it is impor-
tant to carefully monitor the response to pacing. For exam-
ple, sinus bradycardia is often more effective than ventricular 
pacing at a more normal rate. Ventricular pacing can cause 
ventricular dysfunction and dys-synchrony and the loss of 
consistent filling from atrial contraction; ventricular pacing is 
often useful in acutely decreasing BP while waiting to initiate 
a vasodilator. If possible atrial pacing is preferred to AV pac-
ing which is preferred to ventricular pacing. Pacing too rap-
idly can adversely affect cardiac performance by decreasing 
filling time, exacerbating ischemia or inducing heart block. 
Ensure that pacemakers in patients undergoing ventricular 
pacing can sense appropriately in order to avoid R on T and 
subsequent ventricular fibrillation. Internal pacemakers can 
often be reprogramed to improve output.

Heart block can occur following aortic, mitral and tricus-
pid valve surgery. It is also associated with inferior myocardial 
infarction and can be secondary to medications (eg, digoxin, 
amiodarone, calcium channel blockers, and beta block-
ers). If a bi-atrial trans-septal approach to the mitral valve is 

employed, sinus rhythm can be lost due to the division of the 
sinoatrial node.4 Heart block is frequently transient. If the 
ventricular escape rate is absent or insufficient, pacing wire 
thresholds need to be carefully monitored and backup pacing 
methods employed (by transvenous wire, pacing pulmonary 
artery catheter, or external pacing pads) if needed while wait-
ing for placement of a permanent pacemaker.

VENTRICULAR ARRHYTHMIAS
Nonsustained ventricular tachycardia (VT) is common fol-
lowing cardiac surgery and typically a reflection of periop-
erative ischemia/reperfusion injury, electrolyte abnormalities 
(typically hypokalemia and hypomagnesemia) or an increase 
in exogenous or endogenous sympathetic stimulation. Gener-
ally, nonsustained VT is more important as a symptom of an 
underlying cause requiring diagnosis and correction than as a 
cause of hemodynamic instability.

Sustained VT persisting for more than 30 seconds or asso-
ciated with significant hemodynamic compromise, requires 
more aggressive treatment. Ongoing ischemia should be 
ruled out (coronary angiography may be necessary), electro-
lytes should be replaced and inotropes should be minimized. 
Beta blockers, amiodarone, and lidocaine can be useful thera-
pies. Electrocardioversion should be employed if sustained 
VT causes significant compromise.

ATRIAL FIBRILLATION AND FLUTTER
Background. The incidence of postoperative atrial fibrilla-
tion (POAF) following cardiothoracic surgery is 30 to 50%,5 
and has been shown to be higher in the elderly and patients 
with renal impairment or chronic obstructive pulmonary dis-
ease (COPD).6 This is associated with an increased risk of 
stroke, longer hospitalization, higher cost, and greater risk of 
long-term mortality.7

Prophylaxis. The incidence of POAF is 20 to 40% in coro-
nary artery bypass graft (CABG) patients but it is generally 
more common in patients undergoing valve and combined 
procedures. POAF is typically a transient phenomenon. Use 
of beta blockers for the prevention of POAF is supported by 
the highest level of evidence. Therefore, beta blockers should 
be started or resumed as soon as they can be safely tolerated 
following cardiac surgery. Inotropic support, hemodynamic 
compromise, and AV block (PR interval > 0.24 ms, second 
or third degree block) are contraindications. Beta blockers 
appear to provide more effective prophylaxis when they are 
dosed with high frequency and titrated to produce an effect 
on heart rate and BP. Sotalol and amiodarone are also effective 
for prophylaxis but not superior. Sotalol, like other type II 
agents, can promote ventricular arrhythmias. Beta blockers 
also confer benefits other than atrial fibrillation prophylaxis, 
are easy to titrate, and do not have the toxicities associated 
with amiodarone. The postinflammatory milieu following 
cardiothoracic surgery may contribute to the pathogenesis of 
postoperative arrhythmias. For example, IL6 and C-reactive 
protein elevation postoperatively and atrial fibrillation (AF) 
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412 Part II Perioperative/Intraoperative Care

have been linked. In the only randomized clinical trial in this 
arena atorvastatin started 7 days before cardiac surgery was 
associated with a >60% reduction in the incidence of post-
operative AF among 200 patients undergoing CABG surgery. 
However, the high AF rate (~60%) in the control group of 
this study was not representative of the experience at most 
centers; this may reflect the fact that beta blockers were not 
administered routinely after surgery.

Treatment. There are many treatment strategies for the man-
agement of atrial fibrillation. We have developed the guidelines 
outlined in Table 17-1. The principle premise of this strategy 
is the recognition that for most patients with new onset atrial 
fibrillation, the arrhythmia is well tolerated and self-limited 
(90% of patients are in sinus rhythm within 6 to 8 weeks inde-
pendent of treatment approach). The pursuit of a rate con-
trol and anticoagulation strategy typically produces outcomes 

comparable to a rhythm control strategy. Our prophylactic 
regimen begins with metoprolol 12.5 to 25 mg orally (po) four 
times a day and is titrated upward as tolerated.

STRATEGY FOR THE TREATMENT OF POSTOPERA-
TIVE ATRIAL FIBRILLATION (FIG. 17-1)
A. Initial assessment: The management of atrial fibrillation 

should be guided by the answers to the following three 
questions:

1. Is the patient symptomatic? Atrial fibrillation is gen-
erally well tolerated, and over aggressive management 
can cause significant morbidity. Nonetheless, the first 
step in the management of atrial fibrillation is an assess-
ment of its hemodynamic significance. Significant 
symptoms may respond to rate control alone or may 
require chemical or electrical cardioversion. Evidence 

No Yes

Postoperative Atrial Fibrillation Guidelines

Rule out/Treat precipitating factors

Hemodynamically unstable or interfering with recovery?

Yes Rhythm managementContraindication to anticoagulation?

Yes Significant hypotension?

No

No

Electrical cardioversion
200-360 J Synchronous

Yes

Ibutilide 1 mg IV x 2

NSR?

Amiodarone 1 g PO x 1,
then 400 mg PO tid x 5 

days, then 400 mg PO qd

Metoprolol Rx 6 weeks
D/C Home

No

No

Yes

Yes

After 2 g amiodarone
load, electrical cardioversion

200-360 J synchronous
NSR?

Cardiology
consultation

NSR?
D/C Home

Amiodarone 200 mg
PO qd

No

NoYes

Amiodarone 5 mg/kh IV
over 1/2 hour then

0.5 mg/min, convert to
po 400 mg PO tid plus
hemodynamic support

NSR?

NSR?

No

No

Yes

Yes

Yes

Ibutilide 1mg IV
360 J Synchronous

No

No

Resting heart rate < 100?

Metoprolol 50 mg PO, then 25 mg PO,
then 25 mg PO q2 hours up to 8 doses

until effective rate control achieved

Resting heart rate < 100?

Rate management
Anticoagulate (Coumadin) after 24-48
hours, heparin or enoxaparin for Hx

CVA or TIA

Postoperative prophylaxis
Unless contraindicated, all patients should receive metoprolol
12.5 mg PO qid starting POD #1, increase dose as tolerated.

Continue current Rx
D/C Home if ambulatory

rate < 130
Amiodarone 1 g PO x 1,

then 400 mg PO tid x 5 days,
then 400 mg PO qd

Resting heart rate < 100?

Consider cardioversion or additional
rate control agents

Consider metoprolol or
amiodarone 1 g PO x 1,
then 400 mg PO tid x 5

days, then 400 mg po qd

FIGURE 17-1 Postoperative atrial fibrillation guidelines. (Reproduced with permission from Maisel WH, Rawn JD, Stevenson WG: Atrial fibril-
lation after cardiac surgery, Ann Intern Med. 2001 Dec 18;135(12):1061-1073.)
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 413

of compromise includes hypotension, changes in men-
tal status, decreased urine output, impaired periph-
eral perfusion, symptoms of coronary ischemia, and 
decreased CO or increased filling pressures.

2. What are the precipitating factors? Appropriate man-
agement of atrial fibrillation requires identification and 
treatment of potential risk factors. Atrial fibrillation 
can result from ischemia, atrial distension, increased 
sympathetic tone, electrolyte imbalances (particularly 
hypokalemia and hypomagnesemia precipitated by 
diuresis), acid-base disturbances (particularly alkalosis), 
sympathomimetic medications (inotropes, bronchodi-
lators), beta blocker withdrawal, pneumonia, atelecta-
sis, and pulmonary embolism.

3. What are the goals of therapy? Hemodynamic stability 
is the primary goal. For most patients, rate control is suf-
ficient since 90% of patients with new onset atrial fibril-
lation following cardiac surgery will be in normal sinus 
rhythm within 6 weeks. In long-term studies of patients 
with chronic atrial fibrillation it has been difficult to 
show a benefit from rhythm control strategies.8 Opti-
mal target heart rates depend on many patient-specific 
factors. A randomized study comparing strict control 
(heart rate less than 80) to lenient control (heart rate less 
than 110) in permanent atrial fibrillation found fewer 
adverse events in the lenient control group.9 Evidence of 
hemodynamic compromise or interference with recovery 
should prompt chemical or electrical cardioversion.

B. Drug therapy: Agents can be conveniently divided into 
rate control and rhythm control agents, although beta 
blockers are also effective in converting atrial fibrillation 
postoperatively. Mono drug therapy is generally better 
than poly drug therapy.

Rate control agents
1. Beta blockers. Metoprolol should be first line therapy 

in most patients and can be given orally or intrave-
nously. Metoprolol should be titrated to effect with a 
heart rate goal typically less than 110 beats/minute at 
rest. The suggested treatment for new onset atrial fibril-
lation is 50 mg po. followed by 25 mg po every 2 to 3 
hours until NSR or adequate rate control is achieved. 
Some patients may require oral doses over 400 mg/day.

2. Calcium channel blockers. Diltiazem is the agent of 
choice. It can be given orally starting at 30 mg po three 
time a day. It can also be initiated as a bolus of 0.25 
mg/kg IV, followed by 0.35 mg/kg IV, followed by a 
continuous infusion at 5 to 15 mg/h.

3. Digoxin can be considered in patients with con-
traindications to beta blockers, in particular those 
with poor ejection fraction. There is evidence that it 
increases atrial automaticity. It has a half-life of 38 
to 48 hours in patients with normal renal function, 
significant potential toxicity, and a narrow therapeu-
tic range. Levels must be monitored, particularly in 
patients with renal insufficiency. Many agents, includ-
ing amiodarone, increase its serum level.

Antiarrythmics
1. Metoprolol
2. Ibutilide. Ibutilide is given as a 1-mg intravenous 

bolus and repeated once if cardioversion fails to occur. 
Patients need to be monitored for a small but signifi-
cant incidence of torsade de pointes which may be 
increased if given in conjunction with amiodarone.

3. Amiodarone can cause myocardial depression, heart 
block, and acute pulmonary toxicity; significant hypo-
tension is most commonly associated with rapid bolus 
infusion. Significant toxicity is associated with pro-
longed use of amiodarone, and consideration should 
be given to discontinuing the drug within six weeks of 
surgery.

4. Adenosine is helpful in the treatment of supraven-
tricular tachycardia. (It should be avoided in trans-
plant recipients, partially revascularized patients and in 
patients with atrial flutter).

5. Dronedarone. Dronedarone is an amiodarone analog 
without iodine moiety in its structure, and is similar to 
amiodarone with regard to its structural and electro-
physiological properties.10 It has been associated with 
increased mortality in patients with severely depressed 
left ventricular function.11,12 It appears to be less toxic 
but also less effective than amiodarone.13

C. Electrical cardioversion: Electrical cardioversion should 
be used emergently for the treatment of hemodynamically 
unstable atrial fibrillation. Synchronous cardioversion 
rather than defibrillation should be utilized to minimize 
the risk of precipitating ventricular fibrillation. Sedation 
should be used. In patients with atrial wires who are in 
atrial flutter, overdrive pacing can be attempted.

D. Anticoagulation: Patients who remain in atrial fibrilla-
tion for >24 hours or have multiple sustained episodes 
over this period should be started on coumadin in the 
absence of contraindications. Heparin (unfractionated IV 
or low molecular weight SQ) should be considered after 
48 hours, particularly in patients with a history of stroke 
or TIAs or who have a low ejection fraction. Coumadin 
can be initiated in patients who may require permanent 
pacer placement as pacemakers can generally be safely 
placed with INR < 2. Postprocedure heparin bridging has 
been associated with significant rates of pocket hematoma 
formation.

Postoperative Ischemia and Infarction
Postoperative ischemia and infarction can be caused by inade-
quate intraoperative myocardial protection, kinked, spasmed 
or thrombosed conduits, thrombosed endarterectomized 
vessels, or embolization by air or atherosclerotic debris. It 
should be suspected in the presence of otherwise unexplained 
poor pump function, ST changes, new bundle branch block 
or complete heart block, ventricular arrhythmias or enzyme 
elevation. Electrocardiographic changes should be correlated 
with the anatomy of known atherosclerotic or revascularized 
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414 Part II Perioperative/Intraoperative Care

territories. Air embolism preferentially involves the right 
coronary artery and inferior ST changes are generally pres-
ent in the operating room. It typically resolves within hours. 
It is worth noting that nonspecific ST changes are common 
postoperatively and usually benign. Pericardial changes are 
generally characterized by diffuse concave ST elevations, 
accompanied by a pericardial rub and delayed in onset by at 
least 12 hours following surgery.

New wall motion abnormalities or mitral regurgitation 
diagnosed echocardiographically can help determine the 
hemodynamic significance of suspected ischemia or infarc-
tion. Knowledge of the quality of conduits, anastamoses, 
and target vessels is critical in planning management strat-
egy (eg, there may be little to be gained and much to lose in 
attempting to improve flow to a small, highly diseased pos-
terior descending artery with poor run-off). On the other 
hand, if significant myocardium appears at risk a timely trip 
to the operating room or the cardiac catheterization labora-
tory can dramatically improve outcomes. Ongoing ischemia 
should prompt consideration of standard treatment strat-
egies including anticoagulation, beta blockade, and nitro-
glycerin as tolerated. Intra-aortic balloon pump placement 
should be considered to minimize inotrope requirements, 
decrease myocardial oxygen requirements and minimize 
infarct size.

Right Ventricular Failure and Pulmonary 
Hypertension
Right ventricular failure can be a particularly difficult post-
operative problem. It can be caused by perioperative ischemia 
or infarction or by acute increases in PVR. Preexisting pul-
monary hypertension is commonly caused by left-sided heart 
failure, aortic stenosis, mitral valve disease, and pulmonary 
disease. Chronic pulmonary hypertension is characterized 
by abnormal increased vasoconstriction and vascular remod-
eling.14 Acute increases in PVR are commonly caused by 
acute left ventricular dysfunction, mitral valve insufficiency 
or stenosis, volume overload, pulmonary edema, atelectasis, 
hypoxia, or acidosis. Pulmonary embolism should also be con-
sidered, but it is rare in the immediate postoperative period. 
As the right heart fails it becomes distended, CVP increases, 
tricuspid regurgitation may develop, and pulmonary artery 
pressures and left-sided filling pressures become inadequate. 
Strategies for reversing this potentially fatal process begin 
with identifying potentially reversible etiologies. Volume sta-
tus and left-sided function should be optimized. The RV has 
its own starling curve, and while the failing right ventricle 
(RV) often needs more volume to ensure adequate left-sided 
filling, overdistension will worsen function. Judicious use of 
positive end-expiratory pressure (PEEP) to recruit atelectatic 
lung and hyperventilation can decrease the impact of pulmo-
nary vasoconstriction mediated by hypoxia and hypercapnia. 
Use of intravenous vasodilators to reduce PVR is frequently 
limited by systemic hypotension. Inotropes (typically mil-
rinone which also provides vasodilation) can be beneficial. 
Vasopressin, unlike other pressors, appears to increase SVR 

more than PVR.15 Since no intravenous vasodilator is selec-
tive for the pulmonary vasculature, topical administration 
can be significantly more effective in reducing PVR without 
causing systemic hypotension. Inhaled NO and PGI2 have 
comparable efficacy. They can also improve oxygenation by 
shunting blood to ventilated lung.

Valve Diseases: Special Postoperative 
Considerations
AORTIC VALVE REPLACEMENT
The different pathophysiologies associated with aortic steno-
sis (primarily a pressure overload phenomenon) versus aortic 
insufficiency (volume overload) can result in significantly dif-
ferent postoperative courses.

Aortic Stenosis. Aortic stenosis can lead to the develop-
ment of a hypertrophied, noncompliant left ventricle (LV). 
For some patients, replacement of a stenotic valve allows a 
ventricle conditioned to pumping against abnormally high 
afterload to easily achieve supranormal levels of CO and 
BP postoperatively. Meticulous BP control is frequently 
required to avoid disrupting fresh suture lines. In some 
patients, the degree of ventricular hypertrophy can lead to 
dynamic outflow obstruction; the condition is most effec-
tively treated with volume, beta blockers, and afterload 
augmentation. Even without dynamic outflow obstruction, 
reduced compliance (diastolic dysfunction) can create sig-
nificant hemodynamic compromise if the patient becomes 
hypovolemic or loses normal sinus rhythm (up to 30% of 
stroke volume can be dependent on synchrony between 
atria and ventricles). The placement of atrial wires in addi-
tion to ventricular wires can provide significant advantages 
in the event that the patient is bradycardic or experiences 
heart block postoperatively.

Aortic Regurgitation. The LV in a patient with aortic 
regurgitation is frequently dilated without significant hyper-
trophy and often functions poorly postoperatively. Optimi-
zation of volume, afterload, inotropy, and rhythm in these 
patients is often challenging.

MITRAL VALVE REPAIR/REPLACEMENT
Mitral Regurgitation. Following repair or replacement of 
an incompetent mitral valve, increased afterload and conse-
quent greater wall stress unmask LV dysfunction. Frequently 
inotropic support and systemic vasodilation is required to 
reduce the afterload mismatch seen following surgery. Occa-
sionally LV dysfunction can be the result of inadvertent 
suture placement compromising the circumflex coronary 
artery.

Mitral Stenosis. Unlike patients with mitral regurgita-
tion, patients with mitral stenosis typically have preserved 
LV function. Exacerbation of preexisting pulmonary hyper-
tension is common, however. Postoperative strategies focus 
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 415

on optimizing right ventricular function and decreasing 
PVR.

Cardiac Arrest and Cardiopulmonary 
Resuscitation
The incidence of cardiac arrest following cardiac surgery 
ranges between 0.7% and 2.9%. These patients represent a 
special case for application of advanced cardiac life support 
(ACLS) algorithms. The majority of these events happen in 
the immediate postoperative period when many patients 
are still intubated and monitored in the intensive care unit 
(ICU). In addition to ventricular arrhythmias, common eti-
ologies for arrest in these patients include readily reversible 
causes: hypovolemia from hemorrhage, cardiac tamponade, 
acute hypoxia, electrolyte abnormalities, tension pneumo-
thorax, pacing failure, and myocardial ischemia. Many of 
these patients develop clinical deterioration prior to the 
arrest which can provide clues to the mechanism of the 
arrest and guide therapy. Early recognition in a critical care 
environment, the presence of trained clinicians, patient-
specific knowledge, and reversible etiologies combine to 
produce outcomes that are significantly better when com-
pared to outcomes in the broader population of patients 
experiencing arrest. Cardiac surgery patients undergoing 
resuscitation in the 24 hours following surgery have survival 
rates up to 70%.16,17

The most important factors contributing to survival fol-
lowing cardiac arrest are prompt defibrillation and immediate, 
high quality, and uninterrupted chest compressions. There are 
special circumstances in cardiac surgery patients when chest 
compressions may be deferred. The European Resuscitation 
Council has recommended three successive (stacked) shocks 
for ventricular fibrillation or pulseless VT occurring in imme-
diate postoperative cardiac surgery patients prior to chest com-
pressions if defibrillation is immediately available.18 Minutes 
matter19 and patients at high risk for arrhythmias should have 
defibrillator pads placed postoperatively. Because chest com-
pressions in the immediate postoperative period can cause 
myocardial injury, sternal and rib fractures, bypass graft injury, 
prosthetic valve dehiscence, lung injury, and hemorrhage,20 it 
would be preferable to avoid compressions if return of spon-
taneous circulation (ROSC) can be achieved with electrical 
cardioversion. For asystole or severe bradycardia, pacing wires 
should be utilized when available prior to initiating chest com-
pressions. Adding a ground wire in the skin can sometimes 
improve the capture of poorly functioning temporary pacing 
wires. Patients with pulseless electrical activity may respond 
to volume administration or pressor administration; if these 
interventions are ineffective, chest compressions should be 
initiated. Finally, if tamponade is suspected and emergency 
resternotomy is immediately available in the ICU, it is reason-
able to minimize chest compressions and open the chest.

The efficacy of chest compressions can be monitored 
with preexisting arterial lines or with end-tidal CO2 
(ETCO2) monitoring (quantitative waveform capnogra-
phy). These techniques can also minimize interruption of 

chest compressions and help to identify ROSC. Systolic 
pressures close to 80 mm Hg or ETCO2 > 10 mm Hg is 
considered to reflect adequate CPR. ETCO2 > 40 is associ-
ated with ROSC.

If patients are not ventilated, intubation should be deferred 
and mask ventilation utilized until experienced personnel are 
available. Chest compressions should be interrupted only to 
insert the endotracheal tube through the vocal cords once 
visualized. Postoperative cardiac surgery patients are often 
very sensitive to increases in intrathoracic pressure and respi-
ratory rates should be approximately 10 breaths per minute 
and minimal tidal volumes should be used.

Use of epinephrine should be limited and not follow 
standard algorithms in the resuscitation of cardiac surgery 
patients because of the potential for hypertension leading to 
suture line disruption and hemorrhage. Smaller doses may be 
cautiously titrated to effect. Amiodarone (300 mg IV) should 
be considered for persistent ventricular fibrillation or tachy-
cardia resistant to electrical cardioversion.

Chest tubes should be placed in the mid-clavicular line 
in the second intercostal space if tension pneumothorax is 
suspected. Resternotomy should be considered if resuscitative 
efforts have failed to achieve ROSC within 5 to 10 minutes, 
particularly if tamponade is suspected. Ultrasonography can 
suggest, but not rule out, cardiac tamponade. Upon open-
ing the chest, internal cardiac massage can be initiated. Clot 
should be evacuated, sources of bleeding identified, and 
bypass graft patency can be assessed.

Effective teamwork is a critical component of effective 
cardiopulmonary resuscitation. A call for additional help 
should be made if personnel resources are suboptimal. A 
team leader needs to be identified to manage the effort. If 
resources are adequate, the leader’s role should be restricted 
to coordinating care. The leader should assign tasks after 
assessing a practitioner’s competence to perform the assigned 
task. Communication should be closed loop; when team 
members are assigned a task they need to communicate that 
they understand the task and provide notification when they 
have completed it. The effective leader should rely on the 
collective knowledge of the team by actively soliciting infor-
mation about the patient’s condition prior to the arrest and 
exploring potential diagnoses and courses of action. As men-
tioned previously, ACLS algorithms were not developed for 
cardiac surgery patients specifically, and cardiopulmonary 
resuscitation should be performed with awareness of the 
special problems facing these patients postoperatively and 
with awareness of the specific circumstances of the patient. 
Knowledge of the patient’s medical problems, operative 
details (including bleeding problems, hemodynamic instabil-
ity coming off bypass, echocardiographic findings, and revas-
cularization challenges) and postoperative course should 
guide strategy. Mobilization of personnel and equipment to 
open the chest should occur if resuscitation efforts are not 
immediately successful.

Training of practitioners in resuscitation is critical to opti-
mization of outcomes. As important as knowing what to do 
in an emergency situation is to know how to do it. Mock 
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416 Part II Perioperative/Intraoperative Care

codes should focus on teamwork and effective leadership 
in addition to focusing on issues specific to cardiac surgery 
patients. Required equipment should be dedicated and read-
ily available and all members of the team should know how 
to access it.

BLEEDING, THROMBOSIS, AND 
TRANSFUSION STRATEGIES
One of the principle challenges of cardiac surgery is to 
achieve sufficient anticoagulation while supported on 
CPB without experiencing excessive bleeding postop-
eratively. Not surprisingly, patients undergoing off-pump 
CABG experience a significant reduction in postoperative 
bleeding and blood product transfusion requirements.21 
Excessive bleeding and its complications, including blood 
product transfusions, cause significant morbidity and 
mortality.

Preoperative Evaluation
Preoperative evaluation includes documenting a history 
of abnormal bleeding or thrombosis, and obtaining basic 
coagulation studies, a hematocrit and platelet count. A his-
tory of recent heparin exposure associated with thrombo-
cytopenia should suggest a diagnosis of heparin-induced 
thrombocytopenia (HIT). Confirmation of the presence 
of IgG directed against platelet factor 4 (the prevalence of 
these antibodies in patients with previous heparin exposure 
can be up to 35%)22 requires either a delay in surgery until 
the assay is negative (usually 3 months), or if surgery is more 
urgently required, alternative anticoagulation strategies 
(bivalirudin23) can be considered. Preoperative medications 
that can increase bleeding risk are common. Aspirin inhibits 
cyclooxygenase, reduces the synthesis of thromboxane-A2, 
and decreases platelet aggregation. Preoperative aspirin use 
modestly increases postoperative bleeding, but preoperative 
and early postoperative use (ie, within 6 hours) is benefi-
cial to outcome and ultimate survival.24 Other antiplatelet 
agents have more profound impacts on platelet function. 
The glycoprotein IIb/IIIa inhibitors eptifibatide (Integril-
lin) and tirofiban (Aggrastat) are sufficiently short acting 
that surgery can be safely conducted despite recent expo-
sure. Abciximab (Reopro) usually requires a 24 to 48-hour 
delay of surgery, if feasible, to avoid catastrophic bleeding. 
Clopidogrel (Plavix), prasugrel (effient), and ticagrelor (bril-
inta) inhibit the P2Y12 component of platelet ADP receptors 
preventing ADP platelet activation. Discontinuing these 
agents 5 to 7 days before surgery will minimize bleeding, 
but they are often continued closer to the time of surgery 
because the risk of mortality is high from acute coronary 
stent occlusion, particularly in patients with recently placed 
drug-eluting stents. Customarily, warfarin (which inhibits 
the vitamin K-dependent clotting factors II, VII, IX, and X) 
is discontinued 4 to 7 days preoperatively to allow gradual 
correction of the INR. Although patients undergoing an 

interruption in warfarin administration frequently receive 
bridging anticoagulation with heparin, increasing evidence 
suggests that this strategy increases bleeding without pre-
venting thromboembolism.25,26

Newer oral anticoagulant agents such as direct thrombin 
inhibitors Dabigatran (Pradaxa) and direct factor Xa inhibi-
tors including Rivaroxaban (Xarelto), Apixaban (Eliquis), 
and Edoxaban (Lixiana, Savaysa) have been developed 
recently. The long-term efficacy and safety of these target-
specific oral anticoagulants are comparable with couma-
din in specific applications. The half-life of these agents 
is shorter, making it easier to discontinue before elective 
cardiac surgery. Levels can be measured by thrombin time 
for Dabigatran and anti-factor Xa for Apixaban. However, 
reversal of anticoagulant effects of these agents in an urgent 
situation is challenging. Antifibrinolytic agents, DDAVP, 
prothrombin complex concentrates (PCCs), oral activated 
charcoal, and hemodialysis are suggested, but there is no 
high-quality evidence supporting the efficacy of these inter-
ventions. There are no data to support use of rFVIIa, FFP, 
or cryoprecipitate for reversal.

Preoperative anemia in patients undergoing cardiac 
surgery is associated with increased morbidity and mor-
tality 27,28 and increased rate of intraoperative and postop-
erative red blood cell transfusion. Therefore, identifying 
and treating reversible causes of anemia is advisable. Elec-
tive surgeries should be delayed when possible to allow 
optimization of preoperative hemoglobin levels with iron 
supplementation and vitamin B12.29Administration of 
erythropoietin has not been demonstrated to reduce the 
need for RBC transfusion and may actually contribute to 
adverse outcomes.30 Efforts to reduce phlebotomy volumes 
and frequency can have a significant impact on the inci-
dence of perioperative anemia.31

Intraoperative Strategies
Multiple intraoperative strategies have evolved to prevent 
unnecessary bleeding and blood product transfusion. Anti-
thrombolytics Σ-aminocaproic acid (Amicar) and Tranexamic 
acid (Cyclokapron) inhibit plasminogen activation and limit 
fibrinolysis. Topical use of tranexamic acid intraoperatively 
prior to closure has been shown to be a simple and effec-
tive way to reduce postoperative bleeding,32 particularly in 
patients with friable tissue undergoing reoperations or with 
previous exposure to chest irradiation.

Retrograde autologous priming of the CPB circuit involves 
displacing circuit prime at the initiation of CPB by draining 
the patient’s blood both antegrade through the venous can-
nula and retrograde through the arterial cannula.33 This strat-
egy has been shown to significantly decrease the requirement 
for blood transfusion following CABG. The use of heparin 
bonded circuitry has enabled the safe use of lower anticoagu-
lation targets while on bypass. Careful attention to hemo-
stasis intraoperatively and avoidance of excessive use of the 
cell saver (which depletes platelets and clotting factors) pays 
dividends postoperatively.
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 417

Postoperative Bleeding
Most patients are mildly coagulopathic postoperatively, but 
only a minority bleeds excessively. Postoperative coagulopa-
thy can be due to residual or rebound heparin effects follow-
ing CPB, thrombocytopenia (qualitative and quantitative), 
clotting factor depletion, hypothermia, and hemodilution. 
Chest tube outputs persistently greater than 50 to 100 cc per 
hour or other clinical evidence of bleeding demand attention.

Strategies for avoiding postoperative hypothermia are 
also very important. Hypothermia (≤35°C) on arrival to the 
ICU is associated with delayed extubation, shivering, and 
increased peripheral O2 consumption, hemodynamic insta-
bility, atrial and ventricular arrhythmias, increased SVR, and 
coagulopathy.

The treatment of postoperative bleeding depends initially 
upon making a judgment: Is bleeding surgical, coagulo-
pathic, or both? Surgical bleeding is treated as quickly as pos-
sible by reexploration while coagulopathies can be corrected 
in the ICU. Coagulopathic patients demonstrate micro-
vascular bleeding (often bleeding from wound edges and 
puncture sites) and rarely have significant clot formation in 
their chest tubes. Standard maneuvers include warming the 
patient, controlling BP, increasing PEEP, infusing additional 
Σ-aminocaproic acid, calcium gluconate and blood prod-
ucts. In general, blood products should not be used to cor-
rect coagulation abnormalities unless the patient is bleeding 
significantly. All allogeneic blood products can contribute to 
transfusion-related lung injury and have other adverse effects. 
Protamine is rarely indicated and can increase bleeding. Des-
mopressin (DDAVP) is a synthetic vasopressin analog which 
acts by increasing the concentration of Von Willebrand factor, 
an important mediator of platelet adhesion. It is of benefit in 
patients with von Willebrand’s disease and in patients with 
severe platelet dysfunction secondary to uremia. It is some-
times used for bleeding associated with anitplatelet agents, 
but there is little evidence to support this practice.

Recombinant factor VIIa (rFVIIa) is a drug approved for 
use in hemophiliacs that has been used successfully to stop 
bleeding in patients with life-threatening hemorrhage after 
cardiac surgery. In combination with tissue factor, it acti-
vates the extrinsic coagulation system via factor X, resulting 
in thrombin generation and prompt correction of the PT. It 
has a significant risk of systemic thrombosis and should be 
reserved for otherwise uncontrollable bleeding.34

Prothrombin complex concentrates (PCCs) are indicated 
for the urgent reversal of acquired coagulation factor defi-
ciency induced by vitamin K antagonist (ie, warfarin) therapy 
in adult patients with acute major bleeding, and can reduce 
the need for FFP transfusion. PCCs have less risk of graft or 
prosthetic valve thrombosis when compared to factor VIIa.

Mediastinal Reexploration
Reexploration should be considered when computed tomog-
raphy (CT) outputs are >400 mL/h for 1 hour, >300 mL/h 
for 2 to 3 hours and 200 mL/h for 4 hours (Table 17-2)35 or 

if signs of tamponade or hemodynamic instability develop. 
Tamponade should be considered in the presence of hypo-
tension, tachycardia, elevated filling pressures, increasing ino-
trope requirements, pulsus paradoxus, and/or equalization 
of right and left atrial pressures. An echocardiogram may be 
useful in this situation but cannot rule out tamponade. Chest 
X-rays (CXRs) are a necessary element of the evaluation for 
bleeding, look for widening of the mediastinum or evidence 
of hemothorax. CXRs should be repeated on all patients with 
initial high chest tube output that later subsides to ensure 
that chest tubes have not clotted.

Autotransfusion
Autotransfusion of shed mediastinal blood remains controver-
sial. It can be lifesaving in the presence of catastrophic bleed-
ing. Red blood cell viability in unwashed shed mediastinal 
blood is comparable to that of autologous whole blood.36 
Additionally, there is evidence indicating no apparent clinical 
coagulopathy (low fibrinogen levels, but normal coagulation 
times at 1 and 24 hours) following reinfusion of shed blood.37 
This method of blood salvage is without allogeneic transfu-
sion risks and has been shown to decrease transfusion require-
ments.38 Autotransfusion should be avoided in patients with 
infectious endocarditis, hematologic diseases such as sickle cell 
or hemolysis, or if exogenous chemicals such as hemostatic 
agents or topical antibiotics were used during the operation.

Blood Transfusion
Recent guidelines39 have highlighted the risks associated with 
blood transfusion and advocated restrictive transfusion strate-
gies. The STS guidelines recommend transfusion for patients 
who have bled more than 30% of their blood volume or who 
are bleeding uncontrollably. In stable postoperative patients, 
it is recommended that transfusion be considered only if Hb 
falls below 7 g/dL (hematocrit < 21%). This recommendation 
is based, in large part, on the only significant randomized 
control trial examining the impact of transfusion strategies on 
outcome. The Canadian Critical Care Trials group found that 
patients randomized to a Hb target of 7 g/dL versus 10 g/dL 
had equivalent outcomes. Patients who were younger or less 
critically ill had a statistically significant improvement in 
survival if they received less blood.40 Retrospective studies in 
cardiac surgery have shown a durable and dose-related asso-
ciation between transfusion and survival41 (see Fig. 17-2). In 
addition, blood transfusion has been linked to an increase in 
postoperative infection, lung injury and prolonged intuba-
tion, myocardial ischemia and infarction, renal failure, stroke, 
and increased ICU length of stay, hospital length of stay, 
and overall cost.42,43 A study examining patients undergoing 
cardiac surgery in the UK found that patients who received 
blood were more likely to experience death, infections, isch-
emic complications (myocardial infarction, stroke, and renal 
failure) and prolonged stays in the hospital.44 The guidelines 
support transfusion above a Hb of 7 g/dL in patients with 
evidence of end-organ ischemia, but the evidence supporting 
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these recommendations rely almost entirely on expert consen-
sus. In a well-designed propensity matched study, researchers 
compared Jehovah’s witness patients (who refuse blood trans-
fusion based on religious belief ) with non-witness patients 
who received blood after cardiac surgery. Witnesses, who 
received no blood, had similar late survival compared with 
a matched group of cardiac surgical patients who received 
RBCs, and experienced fewer postoperative myocardial 
infarctions, a lower incidence of prolonged ventilation, less 
reoperation for bleeding, shorter ICU stays, and a lower haz-
ard for in-hospital death.45 They then compared witnesses 
with non-witnesses who did not receive blood and found 
comparable results.46 There is little evidence supporting the 
belief that transfusion of stored, allogenic blood acutely 
improves oxygen carrying capacity. Stored blood is deficient 
in 2,3 DPG (and less capable of releasing oxygen to tissues) 
and nitric oxide; it also contains cells which are less flexible 
and may be more likely to occlude capillaries.

Blood transfusions have immunomodulating effects (by 
either alloimmunization or tolerance induction) that may 
increase the risk of nosocomial infections, transfusion-
associated graft versus host disease, transfusion-related lung 
injury (TRALI), cancer recurrence, and the possible devel-
opment of autoimmune diseases later in life. Furthermore, 
the risk of “newer” transfusion-transmitted diseases has 
become recognized. Proinflammatory mediators and cyto-
kines have been associated with an increased risk of wound 
infection, sepsis, pulmonary and renal insufficiency.47

Heparin-induced Thrombocytopenia
Heparin-induced thrombocytopenia (HIT) is an immune-
medicated syndrome affecting up to 3% of patients undergo-
ing cardiac surgery. A complex of platelet factor 4 (released by 

activated platelets) and heparin stimulate the production of 
IgG antibodies (detected by an anti-PF4 assay) which cause 
vigorous platelet and monocyte activation and aggregation. 
This process results in platelet consumption and thrombin 
production causing in turn a drop in platelet count and sys-
temic thrombotic complications. These can include micro-
angiopathic thrombosis in the digits, deep vein thrombosis 
and pulmonary embolism, and end-organ injury including 
stroke, renal failure, and gut ischemia. Thrombocytopenia 
is typical following CPB and is secondary to hemodilution, 
platelet destruction and aggregation. The platelet count usu-
ally reaches its nadir by the first or second postoperative 
day followed be a steady recovery. A second drop in platelet 
count of more than 30 to 50% of the postoperative peak 5 to 
14 days after cardiac surgery is strongly suspicious for HIT 
syndrome. More rarely, patients may develop HIT earlier 
(within the first four postoperative days) without the char-
acteristic postoperative rebound in platelet count. It can also 
occur later (weeks after hospital discharge).48,49

Antiplatelet antibodies are more common than throm-
botic complications in patients undergoing cardiac surgery. 
The presence of anti-PF4 antibodies is detected utilizing an 
enzyme-linked immunoabsorbent assay (ELISA). The test 
is very sensitive (>95%) but has only a 75 to 85% specific-
ity. A positive test occurs when optimal density (OD) values 
exceed 0.4. Some suggest the threshold of OD > 1 is associ-
ated with a higher likelihood of thrombotic events compared 
with OD values between 0.4 and 0.99.50 The diagnosis can be 
confirmed with a more specific functional assay, typically, a 
serotonin release assay.

Once suspected, all heparin products must be discon-
tinued, heparin-coated lines must be removed, and a direct 
thrombin inhibitor (bivalirudin, lepirudin, or argatroban) 
can be initiated. Warfarin, because it inhibits the synthesis 
of protein C, should be avoided initially. Bivalirudin is often 
the preferred thrombin inhibitor because its administration 
typically does not elevate the INR significantly (when com-
pared to argatroban) making the transition to subsequent 
warfarin administration less complicated. Platelet transfu-
sions can exacerbate thrombosis and are not recommended. 
When diagnosis is confirmed anticoagulation therapy with 
thrombin inhibitors should be continued until recovery of 
the platelet count followed by a transition to warfarin.51,52

RESPIRATORY CARE
Postoperative Pulmonary 
Pathophysiology
Patients undergoing heart surgery experience a spectrum of 
pulmonary dysfunction following heart surgery. The lungs 
become atelectatic during bypass and become edematous as a 
result of fluid shifts and the inflammatory response provoked 
by the bypass circuit. Increases are seen in the A-a gradient and 
pulmonary shunt fraction with a resultant decrease in compli-
ance and impaired oxygenation. Many inflammatory media-
tors have been implicated. Complement is activated (C3a, 
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C5b-C9) and can directly damage pulmonary endothelium as 
well as sequester neutrophils. When activated these neutrophils 
release oxygen free radicals and proteases furthering injury. 
Macrophage cytokine production and platelet degranulation 
has also been demonstrated in models of bypass-induced lung 
injury.53 TRALI can also exacerbate lung dysfunction.

In spite of increased knowledge of the mechanisms of 
injury, pharmocologic interventions have not proved effective 
in preventing it. To the contrary, administration of methyl-
prednisolone in a randomized double-blinded study signifi-
cantly increased A-a gradient and shunt fraction, decreased 
both static and dynamic compliance and delayed early extu-
bation in a dose-dependent manner.54

Assessment on Arrival
On arrival to the intensive care unit, auscultation of the 
lungs should be performed to assure equal breath sounds and 
absence of bronchospasm. Ventilator settings should aim to 
minimize barotrauma and transition to a spontaneous ven-
tilatory mode in a timely manner.55 A review of the initial 
postoperative CXR should confirm proper endotracheal tube 
position 2 to 3 cm above the carina, proper nasogastric tube, 
and intravenous line placement. Clinicians should be alert for 
pneumothoraces, hemothoraces, and a widened mediastinum. 
Arterial blood gas should confirm adequate oxygenation, and 
absence of hypercapnea or metabolic acidosis. Arterial blood 
gas results should be correlated with pulse oximetry, minute 
ventilation, and end tidal CO2 measurements.

Troubleshooting Hypoxia
As discussed above, oxygenation in all patients will be 
diminished compared to baseline. The inability to wean 
FiO2 below 50% within the first few postoperative hours 
should prompt a reevaluation for treatable causes. Some-
times simply replacing the pulse oximeter probe onto 
another finger or an earlobe will improve reported oxygen 
saturation. This is particularly true in patients with periph-
eral vasoconstriction, and more frequent ABGs may be 
necessary for correlation. The use of vasodilators including 
nitroglycerin, milrinone, sodium nitroprusside, and nicar-
dipine can increase shunt fraction (by inhibiting hypoxic 
pulmonary vasoconstriction in poorly ventilated regions 
of the lung) enough to cause significant hypoxia. Increas-
ing PEEP to improve alveolar recruitment is frequently 
beneficial.56 Nebulizer treatments decrease bronchospasm, 
and repeat CXR may demonstrate pneumothorax, retained 
hemothorax, retained mediastinal hematoma, atelectasis, or 
a new infiltrate representing aspiration.

Atelectasis, particularly in the left lower lobe, is present 
to some degree in nearly all patients. Bibasilar atelectasis 
is believed to be the combined product of the prolonged 
supine position, and intraoperative muscle relaxation allow-
ing upward displacement of abdominal contents and the dia-
phragm. This reduces functional reserve capacity by up to 1 L. 
On the left, this is compounded by pleurotomy for internal 

mammary artery take-down, compression of the left lung and 
decreased ventilatory tidal volumes to clear the field for IMA 
dissection. Lobar atelectasis, especially when associated with 
mucus plugging, can be improved by bronchoscopic aspira-
tion in up to 80% of cases.57 A prospective study comparing 
bronchoscopy to aggressive chest physiotherapy found the 
two techniques to be equally effective,58 but only if the chest 
physiotherapy regimen is adhered to.

Sedation
Sedation and pain relief in cardiac surgery “fast-tracking” 
relies on short-acting agents including propofol, fentanyl, 
and midazolam. Dexmedetomidine is a highly selective α2-
adrenoreceptor agonist and has anxiolytic, sympatholytic, 
and analgesic effects without contributing to respiratory 
depression, oversedation, or delirium. It may provide myo-
cardial protection, and has been shown to improve outcomes 
in cardiac surgery.59 Hypotension and bradycardia can com-
plicate its use.

Early Extubation
Stable patients with a normal mental status can often be 
extubated either in the operating room or within a few hours 
following arrival in the intensive care unit. Once an arterial 
blood gas has confirmed adequate oxygenation and ventila-
tion, pulse oximetry and monitoring of minute ventilation or 
end tidal CO2 can guide extubation, often without the need 
for subsequent blood gases.

Although hemodynamically unstable patients can improve 
following a reduction in airway pressures or extubation, a 
more cautious approach to early extubation should be taken 
in patients with preoperative pulmonary failure requiring 
intubation, uncompensated congestive heart failure with pul-
monary edema, cardiogenic shock (including a requirement 
for intra-aortic balloon counterpulsion), deep hypothermic 
circulatory arrest, persistent hypothermia < 35.5°C; persis-
tent hypoxia PaO2:FiO2 < 200, persistent acidosis with pH 
< 7.30, persistent mediastinal bleeding, or cerebrovascular 
accident or reduced mental status (inability to follow com-
mands or protect airway).

Ventilator Weaning and Extubation
Prolonged mechanical ventilatory support is a source of sig-
nificant morbididty and mortality. In general, every effort 
should be made to wean the patient from the ventilator. 
Minimizing barotrauma has been shown to improve out-
comes both in patients with severe lung injury and in those 
with more normal lung function. Spontaneous ventilatory 
modes (pressure support) are typically better tolerated by 
patients and are associated with lower airway pressures. Most 
ventilated patients do not need to be unconscious. Overse-
dation can cause hypotension, delirium, and prolong intu-
bation. Benzodiazepine infusions and prolonged propofol 
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administration should be avoided as these agents promote 
delirium and accumulate.

The decision to extubate must take into account the ade-
quacy of oxygenation and ventilation on minimal ventilatory 
support as well as an estimate of the patient’s ability to man-
age secretions and protect his or her airway.60 Finally, an assess-
ment of the patient’s ability to perform the work of breathing 
needs to be made. For patients unable to wean from the vent 
immediately following surgery, a spontaneous breathing trial 
(SBT) (30 minutes of spontaneous breathing with 5 cm H2O 
of pressure support or unassisted breathing through a T-tube) 
has been shown to be the most accurate predictor of a success-
ful extubation. Breathing trials are typically discontinued for 
signs of distress such as respiratory frequency > 35/min, O2 
saturation < 90%, HR > 140 bpm, SBP > 180 or <90 mm Hg, 
agitation, diaphoresis, or anxiety.61 The minute ventilation VE 
and maximal inspiratory pressure is significantly less predictive 
of successful extubation than a successful SBT.62

The strategy of daily or intermittent SBTs has been directly 
compared to weaning strategies based on stepwise reduc-
tion of the frequency of intermittent mandatory ventilation 
(IMV), or stepwise reduction of the level of pressure-support 
ventilation (PSV). Daily or intermittent SBTs lead to success-
ful extubation 2 to 3 times earlier than either IMV or PSV 
weans.

Extubation Failure
Overall, approximately 5% of cardiothoracic patients require 
reintubation.63 Patients with COPD have a 14% incidence,64 
while those with a past history of stroke have a 10% inci-
dence.65 Other risk factors include NYHA class IV functional 
status, renal failure, need for intra-aortic balloon counter-
pulsion, reduced pO2:FiO2, reduced vital capacity, longer 
operating room time, a longer CPB run, and a longer initial 
ventilatory requirement.66 Unfortunately for ICU patients 
reintubation is typically a predictor of increased length of stay 
and increased mortality.

Chronic Ventilation and Tracheotomy
In the early 1960s, translaryngeal intubation was associated 
with a prohibitively high rate of tracheal stenosis. As a result, 
a consensus existed that tracheotomy should be performed 
for patients requiring mechanical ventilation for longer 
than 3 days.67 Low-pressure cuffs and soft tubes have since 
decreased the urgency of this intervention. A consensus sub-
sequently evolved advocating that patients who continue to 
require mechanical ventilation at two weeks should undergo 
tracheotomy. Several trials have suggested that earlier discon-
tinuation of mechanical ventilation and reduced complica-
tions are associated with earlier tracheotomy.68 Tracheostomy 
results in reduced dead-space and airway resistance, is more 
comfortable for the patient, and usually allows the patient 
to participate more in the recovery process. It has been sug-
gested that clinician behavior is positively affected by the 
presence of a tracheostomy tube; more aggressive attempts at 

weaning and discontinuation of mechanical support may be 
made because reconnecting the ventilator is easy.

Percutaneous dilatational tracheotomy (PDT) per-
formed in the ICU has increasingly been recognized as a 
safe procedure. A recent randomized prospective study of 
medical patients projected to require more than 14 days of 
mechanical ventilation69 compared two groups: PDT within 
48 hours and 14 to 16 days. One hundred twenty patients 
were enrolled. In the early PDT group, there was a strongly 
significant reduction in duration of mechanical ventilation 
(7.6 ± 4.0 vs 17.4 ± 5.3 days, p < .001), incidence of pneu-
monia (5 vs 25%, p < .005), and mortality (31.7 vs 61.7%, 
p < .005). There was no difference in incidence or severity of 
tracheal stenosis identified in-hospital and at 10 weeks.

Pleural Effusion
Accumulation of fluid in the pleural space is common after 
cardiac surgery, particularly on the left side, and often resolves 
with time and diuresis. Contributory factors can include fluid 
overload, residual hematoma which can draw fluid into the 
pleural space, bleeding, pericardial and pleural inflammation 
(postpericardiotomy syndrome), atelectasis, hypoalbumin-
emia, pneumonia, or pulmonary embolism. Pleural effusion 
can cause chest pain or heaviness, shortness of breath, or 
hypoxia. Symptomatic effusions can be treated with thora-
centesis. Nonsteroidal anti-inflammatory agents and colchi-
cine can be used to treat postperiocardotomy syndrome. Tube 
thoracostomy drainage may be necessary until resolution of 
the inciting process. Placed utilizing the Seldinger technique, 
smaller diameter tubes are often better tolerated than tradi-
tional chest tubes. In contrast, a significant hemothorax may 
need to be evacuated surgically to avoid subsequent develo-
pent of fibrothorax requiring decortication.

Pneumonia
Nosocomial pneumonias increase postoperative mortality. 
The incidence of ventilator associated pneumonia increases 
approximately 1% per day.70 Clinical diagnosis involves iden-
tification of a new or progressive infiltrate on CXR, change in 
character of sputum, leukocytosis, and fever.71 Expectorated 
sputum cultures are considered to be very inaccurate, and 
directed bronchosopic sampling is preferred. Proper bron-
choalveolar lavage requires large volumes of irrigant (>100 
cc) and is infrequently performed. More commonly tracheo-
bronchial aspiration is performed using several milliliters 
of normal saline. A Gram stain containing > 25 squamous 
epithelial cells per LPF indicates oral contamination. More 
than 25 neutrophils per LPF suggest infection. Quantitative 
culture of 105 to 106 cfu/cc (“moderate to numerous,” “3 to 
4+”) is indicative of infection, while ≤ 104 cfu/cc (“rare to 
few,” “1 to 2+”) is more suggestive of colonization. Gram-
negative organisms are the most common, and should be the 
target of first-line empiric antibiotic coverage. Specific patient 
and hospital factors and culture results and sensitivities will 
further refine antibiotic therapy.72
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The important role of pulmonary toilet in both the pre-
vention and treatment of nosocomial pneumonias cannot be 
over emphasized. All patients should be encouraged to get out 
of bed and ambulate (even if attached to the ventilator), turn, 
cough, and deep breathe. Chest physiotherapy and broncho-
dilators can also provide benefits. Sterile-in line suctioning 
should be performed in ventilated patients to clear secretions. 
Nasotracheal suctioning is effective in extubated patients. 
Therapeutic fiberoptic bronchoscopy can also be performed.

Pulmonary Embolism
Deep venous thrombosis (DVT) and pulmonary thrombo-
embolism (PE) are considered uncommon in the cardiac sur-
gery population. The reported incidence of PE ranges from 
0.5 to 3.5%, accounting for only 0.3 to 1.7% of perioperative 
deaths. This is believed to be due to large intraoperative doses 
of heparin, impaired platelet function post-CPB, increased 
use of antiplatelet agents and anticoagulants, and early ambu-
lation. A recent autopsy study demonstrated a 52% incidence 
of DVT. Twenty percent of deceased cardiac surgery patients 
had small pulmonary emoboli,73 and and PE was identified 
as the cause of death in 7%. Unfortunately, risks of bleed-
ing and HIT make the choice of heparin DVT prophylaxis 
problematic. Intermittent pneumatic compression devices are 
effective if patients and staff are compliant with their use.

The diagnosis of PE requires a high index of suspicion, and 
should be considered in any postoperative patient who devel-
ops an increased PaO2:FiO2 gradient, shortness of breath, 
or reduced exercise tolerance, particularly in the setting of 
a clear or unchanged CXR or thrombocytopenia consistent 
with HIT. Diagnosis is reliably obtained by PE-protocol thin-
cut high-speed helical computed tomography of the chest,74 
although accuracy is still influenced by pretest probability.75

RENAL AND METABOLIC SUPPORT
Perioperative Renal Dysfunction/
Insufficiency
The new onset of renal dysfunction following cardiac sur-
gery is correlated with significant morbidity and mortality. 
The incidence of acute renal failure (ARF) in CABG patients 
in the 1997 STS database was 3.14%, and 0.87% of these 
patients required dialysis.76 Chertow studied 43,642 VA 
patients undergoing CABG or valve surgery.77 The overall risk 
of ARF requiring dialysis was 1.1%. The mortality rate in this 
group was 63.7% compared with 4.3% in patients without 
ARF. Decreased myocardial function and advanced athero-
sclerosis were independent risk factors for the development 
of dialysis-dependent renal failure.

Patients with preoperative renal dysfunction (serum 
creatinine > 1.5 mg/dL) have a higher incidence of stroke, 
bleeding complications, dialysis, prolonged mechanical ven-
tilation, length of stay, and death. Chertow found that pre-
operative renal function correlated with postoperative renal 
failure. The risk of ARF was 0.5%, 0.8%, 1.8%, and 4.9% 

with baseline serum creatinine concentrations of <1 mg/dL, 
1.0 to 1.4 mg/dL, 1.5 to 1.9 mg/dL, and 2.0 to 2.9 mg/
dL, respectively. Chronic dialysis patients undergoing cardiac 
surgery have an 11.4% operative mortality rate, a 73% com-
plication rate, and 32% 5-year actuarial survival rate.78 Car-
diac surgery following renal transplantation has an associated 
operative mortality rate of 8.8%.79

To optimize preoperative renal function, contrast loads 
should be minimized and patients should be well hydrated 
and receive renoprotective agents (eg, N-acetylcysteine).

Effects of Cardiopulmonary Bypass on 
Renal Function
Operative considerations include limiting the duration of 
CPB and maintenance of MAPs greater than 60 mm Hg. 
Additional effects of CPB include trauma to blood constit-
uents, especially erythrocytes, with increased free hemoglo-
bin levels and microparticle embolic insults to the kidneys. 
Hypothermia (during rewarming, vasodilation and hyper-
emia of tissue beds can result in third spacing of fluid), 
hemodilution (reduces viscosity of blood and plasma oncotic 
pressure) and ischemia reperfusion injury can influence renal 
function. Additionally, CPB leads to an increased release of 
catecholomines, hormones (rennin, aldosterone, angioten-
sin II, vasopressin, atrial natriuretic peptide, urodilan80) and 
inflammatory cytokines (kallikrein, bradykinin) which also 
affect renal function adversely. These adverse stimuli cause 
low renal blood flow, a decreased glomerular filtration rate 
and an increase in renal vascular resistance. Hypotension 
and pressor agents accentuate this response. Ultrafiltration is 
utilized in long pump runs to decrease volume overload in 
patients with renal dysfunction.

Independent of preoperative renal function, the primary 
postoperative goal is the maintenance of adequate renal per-
fusion pressure and a urine output greater than the 0.5 cc/
kg/h. Brisk diuresis (>200 to 300 cc/h) is common following 
CPB. Volume replacement and maintenance of adequate BP 
and CO is required for adequate renal perfusion. The best 
measure of kidney perfusion is adequate urine output inde-
pendent of diuretics. Beyond optimizing hemodynamics and 
avoiding nephrotoxic medications, there is no convincing 
evidence that treatment with diuretics, mannitol, dopamine, 
fenoldapam, nesiritide, or any other agent is renoprotective. 
This is not to say, however, that these agents are of no benefit 
in promoting diuresis and avoiding renal replacement thera-
pies in the event of renal dysfunction.

Electrolyte Disturbances
CALCIUM
Levels of ionized calcium (normal, 1.1 to 1.3 mmol/L) are 
critical for myocardial performance and hemostasis, and 
involved in reperfusion injury. Hypocalcemia causes a pro-
longed QT interval. Postoperatively hypocalcemia is com-
mon following CPB or an episode of hemodilution, sepsis, 
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422 Part II Perioperative/Intraoperative Care

or citrated blood transfusions. The concentration of calcium 
ion is greatest in the intracellular space, with small amounts 
in the extracellular fluid. Calcium levels bound to albumin 
change with the levels of serum albumin whereas ionized lev-
els remain unchanged.

POTASSIUM
Potassium fluxes during cardiac surgery can be significant 
and affect cardiac automaticity and conduction. Cardiople-
gia, decreased urine output, decreased insulin levels, and RBC 
hemolysis all contribute to hyperkalemia.81 Brisk diuresis, insu-
lin, and alkalosis can cause hypokalemia.82 Aggressive treat-
ment of hypokalemia decreases the incidence of perioperative 
arrhythmias. Serum potassium levels and replacement proto-
cols are an integral part of early postoperative management. 
Serum potassium rises logarithmically with replacement; larger 
quantities are required to treat significant hypokalemia.

MAGNESIUM
Magnesium (normal, 1.5 to 2 mEq/L) is the second most 
common intracellular cation after potassium. It is involved in 
endothelial cell homeostasis,83 cardiac excitability and muscle 
contraction through its role as an ATP cofactor and calcium 
antagonist, and it is also closely involved in the regulation of 
intracellular potassium.84 Following hemodilution and CPB, 
hypomagnesaemia is common (>70% of patients) and is asso-
ciated with an increased risk of atrial fibrillation and torsade 
de pointes.85

Endocrine Dysfunction
DIABETES MELLITUS
Up to 30% of patients have diabetes (type I or II) in the 
cardiac surgery population. Following CPB the hormonal 
stress response (increased growth hormone, catecholomines, 
and cortisol) causes hyperglycemia (even in nondiabetics) 
with a decrease in insulin production; this may persist for 
up to 24 hours postoperatively and is exacerbated by exog-
enous catecholamine administration. Anthony Furnary was 
the first to demonstrate that moderate control of blood glu-
cose levels with continuous insulin infusions reduces the inci-
dence of sternal wound infection by an order of magnitude.86 
Work by Van den Berghe suggested that a more aggressive 
approach aimed at maintaining blood glucose levels at or 
below 110 mg/dL resulted in a reduction in mortality rate in 
critically ill patients, and guidelines were revised to encourage 
stricter control.87 Subsequently, the NICE-Sugar-Study was 
performed to determine the optimal target range for blood 
glucose in critically ill patients.88 In this study, tight control 
(utilizing a target of 81 to 108 mg per deciliter) was associ-
ated with a higher incidence of hypoglycemia and mortality 
than conventional control (utilizing a target of 180 mg/dL). 
The STS workforce on blood glucose management in cardiac 
surgery patients concluded that targets <180 mg/dL reduce 
mortality, morbidity, and the incidence of wound infection 
and improve long-term survival.

ADRENAL DYSFUNCTION
The strain of cardiac surgery activates the hypothalamic-
pituitary-adrenal axis and increases plasma ACTH and cor-
tisol levels. Subclinical adrenal insufficiency is present in up 
to 20% of the elderly population and can be unmasked by 
the stress of surgery. Perioperative stress dose steroids should 
be considered for patients taking exogenous steroids within 
6 months of surgery. Any patient exhibiting prolonged, 
unexplained vasodilatory shock should be suspected of hav-
ing adrenal insufficiency. Critically ill patients with normal 
adrenal function should have high cortisol levels. If the diag-
nosis is in doubt, a cosyntropin stimulation test should be 
performed for diagnosis. In the interim, dexamethasone may 
be administered IV without interfering with the test.

RELEVANT POSTOPERATIVE 
COMPLICATIONS
Neurological
CENTRAL NERVOUS SYSTEM
The incidence of stroke following cardiac surgery is procedure 
specific and varies between 1 and 4%. Ricotta and colleagues 
associated carotid stenosis (>50%), redo heart surgery, valve 
surgery, and prior stroke with increased postoperative neuro-
logical risk.89 John and colleagues reviewed 19,224 patients 
in New York State.90 The stroke rate was 1.4% following 
CABG, with a 24.8% mortality rate in that group. Multi-
variable logistic regression identified the following predictor 
variables: calcified aorta, prior stroke, age, carotid artery dis-
ease, duration of CPB, renal failure, peripheral vascular dis-
ease, smoking, and diabetes. Intraoperative factors that may 
cause postoperative neurologic deficits include particulate 
macroembolization of air, debris, or thrombus, microembo-
lization of white blood cells, platelets, or fibrin,91 duration 
of CPB,92 cerebral hypoperfusion during nonpulsatile CPB 
and hypothermic circulatory arrest.93 Because of bleeding 
risk, patients presenting with stroke are not candidates for 
intraenous thrombolytic interventions. Endovascular therapy 
may be beneficial in select patients with embolic occlusion 
if performed within 6 to 8 hours of the event, this window 
may be as long as 24 hours in patients with posterior circula-
tion occlusion. If a patient is considered to be a candidate 
for endovascular intervention, a CT angiogram is required to 
define the anatomy of the vascular occlusion.

Neuropsychiatric deficits (neurocognitive dysfunction, 
delirium, seizures) are very common, occurring in up to 50 to 
70% of patients following cardiac surgery. The cause of these 
neuropsychiatric disorders is uncertain and remains contro-
versial. Although the dysfunction remains unclear, patients 
remain at risk for long-term cognitive decline. Van Dijk and 
colleagues94 reviewed 12 cohort studies, a pooled analysis of 
6 comparable studies showed 22.5% of patients to have a 
cognitive deficit at 2 months after operation. This may, how-
ever, be related to progression of underlying cerebrovascular 
disease rather than to CABG or CPB.95
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 Chapter 17 Postoperative Care of Cardiac Surgery Patients 423

Up to 50% of cardiac surgery patients experience delir-
ium, particularly those with preexisting organic mental dis-
orders, significant prior alcohol consumption, advanced 
age, or intracranial cerebral artery disease.96 Perioperative 
medications, particularly benzodiazepines and opiates, as 
well as phenothiazines and anticholinergics can contribute 
to delerium.97 There is increasing evidence that sedation 
with dexmedetomidine causes less delirium and results in 
improved outcomes when compared to sedation with ben-
zodiazepines.98 Right-sided parietal lobe lesions may present 
as delirium. Other causes of postoperative delirium in the 
cardiac intensive care patient include sleep deprivation, renal 
failure, hepatic failure, and thyroid abnormalities. electroen-
cephalograms on these patients are usually abnormal, whereas 
in primary psychiatric diseases they are normal. Treatment 
involves correcting metabolic abnormalities, establishing a 
normal sleep-wake cycle in extubated patients, minimizing 
medications likely to cause delirium, and providing venti-
lated patients with sedation holidays.

BRACHIAL PLEXUS INJURY/PERIPHERAL 
NERVE INJURY
Excessive sternal retraction during a median sternotomy may 
cause a brachial plexus injury as the first rib may impinge the 
lower trunk and branches.99 IMA harvesting may also cause 
damage to the brachial plexus with serious consequences.100 
Malpositioning of the upper limbs during surgery may result 
in a neuropraxia due to compression of the ulnar nerve.101 
Palsy or plegia of dorsiflexion and eversion of the foot can 
be caused by common peroneal nerve stretch or compression 
at the level of the head of the fibula.102 Saphenous neuropa-
thy (sensory changes on the medial side of the calf to the 
great toe) following open vein graft harvesting (less so with 
endoscopic harvest) is also a potential complication second-
ary to the avulsion of pretibial or infrapatellar branches of the 
nerve.103

Gastrointestinal
Mesenteric ischemia following cardiac surgery is infrequent 
but often catastrophic.104 Risk factors include duration of 
bypass (hypoperfusion), use of pressor support (sympathetic 
vascoconstriction), use of an IABP or other sources of ath-
erosclerotic embolism, atrial fibrillation, peripheral vascular 
disease, and HIT. Early surgical intervention (<6 hours) is 
associated with a 48% mortality rate, and this rises to 99% 
with delays (>6 hours) in surgical intervention. Gastrointes-
tinal bleeding is common and can cause significant morbid-
ity. The incidence of gastrointestinal bleeding can be reduced 
with the use of H2-inhibitors, proton pump inhibitors and 
sucralfate.105 Other gastrointestinal complications include 
pancreatitis (hyperamylasemia is present in 35 to 65% of 
patients and is associated with an overt pancreatitis rate of 
0.4 to 3%),106 acute acalculous cholecystitis (likely second-
ary to hypoperfusion or biliary stasis promoted by narcotics 
or parenteral nutrition107), dysphasia secondary to tracheal 

intubation or perioperative use of TEE,108 small or large 
bowel ileus (Ogilvie’s syndrome is associated with long-term 
ventilation, narcotic use, and anticholinergic agents).109 Pre-
operative liver dysfunction (noncardiac cirrhosis) is associated 
with a high incidence of postoperative morbidity and mortal-
ity (Child class A cirrhosis: 20% morbidity, 0% mortality; 
Child class B cirrhosis: 80% morbidity, 100% mortality). 
Although 20% of patients develop a transient hyperbilirubi-
nemia, fewer than 1% have significant hepatocellular damage 
which progresses to chronic hepatitis or liver failure.110 Liver 
failure associated with multisystem organ failure can lead to 
coagulopathy and hypoglycemia; these symptoms are gener-
ally associated with an extremely poor prognosis.

Nosocomial Infections
Ten to twenty percent of cardiac surgery patients develop a 
nosocomial infection. Infections may be related to the sur-
gical wound, lung, urinary tract, invasive lines or devices, 
or the gastrointestinal tract. Prolonged mechanical ventila-
tion is associated with nosocomial pneumonia. Pneumonia is 
second only to urinary tract infection in frequency and car-
ries the highest mortality rate. Smokers and COPD patients 
are most likely to be colonized preoperatively and have a 
higher incidence of pulmonary infection (15.3 vs 3.6% in 
controls).111

Catheter-related infections (ie, bladder and vascular related) 
are common in the intensive care unit. The most common 
pathogens are Staphylococcus aureus (12%), coagulase-negative 
staphylococci (11%), Candida albicans (11%), Pseudomonas 
aeruginosa (10%), and Enterococcus sp.112

FEVER
Fevers are common in the intensive care setting, but are a 
poor indicator of postoperative bacteremia (3.2% incidence 
in 835 febrile CABG patients).113 The yield of true positive 
bacteremia ranges from 4 to 5%, with a contamination rate 
ranging from 32 to 47%.114 The incidence of false-postive 
blood culture resuts can be minimized by avoid blood draws 
from indwelling lines. Noninfectious causes of fever in car-
diac surgery patients include myocardial infarction, post-
pericardiotomy syndrome, and drug fever. Infectious causes 
include wound infection, urinary tract infection, pneumonia, 
catheter sepsis, and loculated areas of contaminated blood 
accumulation (eg, pericardial, pleural, retroperitoneal, and 
leg wound spaces).

SEPSIS/SEPTIC SHOCK
Septic shock following cardiac surgery should prompt an 
agrresive search for etiology. Pathophysiologic features of sep-
sis include systemic inflammation, hypotension, and impaired 
fibrinolysis, leading to multiorgan failure, irreversible shock, 
and death (20 to 50% mortality has been reported).115 MVO2 
can be abnormally high secondary to shunting and a failure 
to extract oxygen at the cellular level. In vasodilatory shock 
the maintenance of end-organ tissue perfusion is critical; this 
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424 Part II Perioperative/Intraoperative Care

includes aggressive fluid management and vasopressin.116 
Methylene blue (which inhibits NO synthesis) has been 
used successfully in refractory hypotension. Bernard and col-
leagues117 in the PROW/ESS study group showed a distinct 
survival advantage in the treatment of severe sepsis utilizing 
drotrecogin alfa (activated) or recombinant human-activated 
protein C (Zigris). These agents reduce the systemic inflam-
matory, procoagulant, and fibrinolytic reactions to infection. 
In a randomized study of 1690 patients, the mortality rate 
was 30.8% in the placebo group versus 24.7% in the treat-
ment group.

WOUNDS
Delayed Sternal Closure/Sternal Infection. Com-
plicated operations with persistent bleeding and hemo-
dynamic instability (due to tissue edema) may preclude 
primary sternal closure. Delayed sternal closure allows 
hemodynamic stabilization, and diuresis.118 Anderson and 
colleagues119 outlined the Brigham and Women’s Hospi-
tal experience: 1.7% (87 of 5177) open chests were man-
aged with a hospital survival rate of 76%. Complications 
included deep sternal infection (n = 4), stroke (n = 8), and 
dialysis (n = 13). Multivariate analysis revealed mechani-
cal ventricular assistance and reoperation for bleeding as 
independent predictors of in-hospital mortality.

Superficial and Deep Sternal Wounds. Superficial 
and deep sternal wound infections are significant complica-
tions of cardiac surgery. Deep sternal infection with associ-
ated mediastinitis occurs in 1 to 2% of cardiac operations, 
with a resultant mortality rate approaching 10%.120 Com-
mon organisms include Staphylococcus epidermidis, S. aureus 
(including methicillin-resistant S. aureus), Corynebacterium, 
and enteric Gram-negative bacilli.121 Patients predisposed to 
sternal infections include those with significant comorbidi-
ties (obesity, diabetes, COPD, renal dysfunction, low serum 
albumin), prolonged CPB, blood transfusions, reoperations, 
diabetics with bilateral IMA harvests,122 and patients with 
hyperglycemia.123 Simple preoperative measures such as clip-
ping of chest hair, using Hibiclens washes, administration 
of adequate prophylactic antibiotics prior to skin incision, 
ensuring good intraoperative hemostasis without the use of 
bone wax, and closure with subcuticular sutures and Derma-
bond (topical adhesive) rather than skin staples. Effective 
glucose control during surgery and for at least 3 days postop-
eratively is associated with a significantly lower sternal wound 
infection rate.

Minor infections frequently respond to intravenous 
antibiotics, opening of the wound, and local wound care. 
Deeper infections require intravenous antibiotics (6 weeks); 
initial empiric therapy should consist of broad coverage 
against Gram-positive cocci and Gram-negative bacilli 
with the regimen adjusted when cultures (blood, medi-
astinal or deep sternal wound drainage) have been speci-
ated. The mainstay of treatment is surgical exploration and 
extensive debridement which may require removal of the 

sternum with primary or secondary closure with muscle or 
an omental flap.124 Postoperative vacuum-assisted closure125 
of mediastinal wounds improves wound healing and reduces 
hospital length of stay.

Nutrition
Preoperative debilitated or cachectic patients (ie, more than 
10% weight loss over 6 months) with albumin levels of less than 
3.5 g/dL126 are exceptionally prone to complications following 
surgery. There is no evidence to support a role for preoperative 
hyperalimentation. Body mass index (a good nutritional index) 
of less than 15 kg/m2 is associated with increased morbidity. 
Postoperative patients have accelerated catabolic protein losses, 
usually requiring 25 to 40 kcal/kg/day. Advances in immuno-
nutritional pharmacology (arginine, glutamine, and n-3 fatty 
acids) in complex postoperative cardiac surgery patients may 
have a defined role in the future.127
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A number of ventricular assist devices (VADs) are available 
for acute circulatory support. As opposed to long-term VADs, 
which are designed primarily for bridge to transplantation or 
long-term support in the nontransplant patient, temporary 
VADs are designed to reestablish adequate organ perfusion 
rapidly. Patients in cardiogenic shock require early aggres-
sive therapy. Despite relief of ischemia, inotropic drugs, and 
control of cardiac rhythm, some patients remain hemody-
namically unstable and require some type of mechanical cir-
culatory support in order to restore a normal cardiac output 
and maintain end-organ perfusion. Cardiogenic shock occurs 
in 2.4 to 12% of patients with acute myocardial infarction 
(AMI).1 The landmark Should We Emergently Revascularize 
Occluded Coronaries for Cardiogenic Shock (SHOCK) trial 
demonstrated mortality of greater than 50% despite revascu-
larization.2 If instituted promptly, temporary mechanical sup-
port leads to improved survival in this group of patients.3 The 
need for circulatory support in the postcardiotomy period is 
relatively low and has been estimated to be in the range of 
0.2 to 0.6%,4 but when it occurs, it needs to be managed 
effectively if the patient is to be salvaged. Additional indica-
tions for acute VADs are in chronic heart failure patients who 
suffer cardiovascular collapse, and severe cases of myocarditis 
and postpartum cardiomyopathy.

All practicing cardiac surgeons should have an under-
standing of current devices, and have at least one of these 
support systems available. Studies show that even smaller 
facilities that do not have advanced heart failure programs 
can have improved patient survival if a device can be imple-
mented rapidly and the patient is transferred to a tertiary care 
facility with expanded capabilities.5

This chapter describes the devices currently available, 
indications for support, patient management, and the overall 
morbidity and mortality associated with temporary mechani-
cal support. In addition, it describes some of the more prom-
ising devices that have just received approval or are currently 
undergoing trial. The goal of all temporary assist devices is 
to alleviate shock and establish an environment in which the 
native heart and end organs can recover. If recovery is unlikely, 
then a bridge to a long-term device, typically for bridging to 
a heart transplant, may be the best strategy. Rarely should 

individuals be supported directly to heart transplantation 
from an acute support device, because the newer generations 
of long-term devices typically provide more reliable support 
and allow for better rehabilitation in an out-of-hospital set-
ting. It may be possible to bridge a patient who is not a trans-
plant candidate to a long-term device, but given that these 
patients often are older with comorbities, bridging a patient 
from an acute VAD to a long-term DT pump must be done 
with caution.

COUNTERPULSATION
Intra-aortic balloon pumps (IABPs) are often the first line 
of mechanical assistance utilized for patients in cardiogenic 
shock. The concept of increasing coronary blood flow by 
counterpulsation was demonstrated by Kantrowitz and 
Kantrowitz in 1953 in a canine preparation and again by 
Kantrowitz and McKinnon in 1958 using an electrically 
stimulated muscle wrap around the descending thoracic 
aorta to increase diastolic aortic pressure.6 In 1961, Clauss 
and colleagues used an external counterpulsation system syn-
chronized to the heartbeat to withdraw blood from the fem-
oral artery during systole and reinfuse it during diastole.7,8 
One year later, Moulopoulos and colleagues produced an 
inflatable latex balloon that was inserted into the descending 
thoracic aorta through the femoral artery and inflated with 
carbon dioxide.8 Inflation and deflation were synchronized 
to the electrocardiogram to produce counterpulsation that 
reduced end-systolic arterial pressure and increased diastolic 
pressure. In 1968, Kantrowitz reported survival of one of 
three patients with postinfarction cardiogenic shock refrac-
tory to medical therapy using an IABP.9 These pioneering 
studies introduced the concept of supporting the failing cir-
culation by mechanical means.

Physiology
The major physiologic effects of the IABP are a concomitant 
reduction in left ventricular afterload along with an increase 
in coronary perfusion pressure secondary to an increase in 
aortic diastolic pressure.10 Important related effects include 
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430 Part II Perioperative/Intraoperative Care

reduction in left ventricular systolic wall tension and oxygen 
consumption, reduction in left ventricular end-systolic and 
end-diastolic volumes, reduced preload, and an increase in 
coronary artery and collateral vessel blood flow.11 Cardiac 
output increases because of improved myocardial contractil-
ity owing to increased coronary blood flow and the reduced 
afterload and preload, but the IABP does not directly move 
or significantly redistribute blood flow.12 IABP counterpulsa-
tion reduces peak systolic wall stress (afterload) by 14 to 19% 
and left ventricular systolic pressure by approximately 15%.12 
Because peak systolic wall stress is related directly to myocar-
dial oxygen consumption, myocardial oxygen requirements 
are reduced proportionately. As measured by echocardiog-
raphy and color-flow Doppler mapping, peak diastolic flow 
velocity increases by 117% and the coronary flow velocity 
integral increases by 87% with counterpulsation.13 Experi-
mentally, collateral blood flow to ischemic areas increases up 
to 21% at mean arterial pressures greater than 90 mm Hg.14

Several variables affect the physiologic performance of the 
IABP. The position of the balloon should be just downstream 
of the left subclavian artery (Fig. 18-1). Diastolic augmenta-
tion of coronary blood flow increases with proximity to the 
aortic valve.15 The balloon should fit the aorta so that inflation 
nearly occludes the vessel. Experimental work indicates that for 
adults, balloon volumes of 30 or 40 mL significantly improve 
both left ventricular unloading and diastolic coronary perfu-
sion pressure when compared with smaller volumes. Inflation 
should be timed to coincide with closure of the aortic valve, 

which for clinical purposes occurs at the dicrotic notch of the 
aortic blood pressure trace (Fig. 18-2). Early inflation reduces 
stroke volume, increases ventricular end-systolic and -diastolic 
volumes, and increases both afterload and preload. Diastolic 
counterpulsation is visualized easily as a pressure curve in the 
arterial waveform and indicates increased diastolic perfusion 
of the coronary vessels (and/or bypass grafts).16 Deflation 
should occur as late as possible to maintain the duration of 
the augmented diastolic blood pressure but before the aortic 
valve opens and the ventricle ejects. For practical purposes, 
deflation is timed to occur with the onset of the electrocar-
diographic R wave. Active deflation of the balloon creates a 
suction effect that acts to decrease left ventricular afterload 
(and therefore myocardial oxygen consumption).

Physiologic factors that influence the in situ hemody-
namic performance of the IABP include heart rate and 
rhythm, mean arterial diastolic pressure, competence of the 
aortic valve, and compliance of the aortic wall. Severe aortic 
regurgitation is a contraindication to use of the IABP as a 
very low mean aortic diastolic pressures reduce aortic root 
pressure augmentation and coronary blood flow. A calcified, 
noncompliant aorta increases diastolic pressure augmentation 
but risks injury to the aortic wall. On the other hand, young 
patients with a highly elastic, compliant aorta may manifest 
decreased diastolic pressure augmentation.

For an IABP to perform optimally, a regular heart rate 
with an easily identified R wave or a good arterial pulse trac-
ing with a discrete aortic dicrotic notch is required. Current 

LV diastole LV systole

A B

FIGURE 18-1 (A) Balloon inflation during left ventricular (LV) diastole occludes the descending thoracic aorta, closes the aortic valve, and 
increases proximal coronary and cerebral perfusion. (B) Balloon deflation during LV systole decreases LV afterload and myocardial oxygen demand.
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 Chapter 18 Temporary Mechanical Circulatory Support 431

balloon pumps trigger off the electrocardiographic R wave 
or the arterial pressure tracing. Both inflation and deflation 
are adjustable, and operators attempt to time inflation to 
coincide with closure of the aortic valve and descent of the R 
wave. During tachycardia, the IABP usually is timed to inflate 
every other beat; during chaotic rhythms, the device is timed 
to inflate in an asynchronous fixed mode that may or may 
not produce a mean decrease in afterload and an increase in 
preload. In unstable patients, every effort is made to establish 
a regular rhythm, including a paced rhythm, so that the IABP 
can be timed properly. The newer-generation IABP consoles 
come with algorithms that select the most appropriate trigger 
mode and time inflation and deflation automatically which 
have been further enhanced by fiber-optic transducers at the 
tip of the IABP which do not require a conventional fluid-
filled transducer to accurately reflect arterial pressure and are 
more easily timed.17

Indications
The traditional indications for insertion of the IABP are 
cardiogenic shock, uncontrolled myocardial ischemic pain, 
and postcardiotomy low cardiac output.18 Additional indi-
cations for IABP have broadened to include patients with 
high-grade left main coronary artery stenosis, high-risk 
or failed percutaneous transluminal coronary angioplasty, 
atherectomy, or stents; patients with poorly controlled ven-
tricular arrhythmias before or after operation; and patients 
with postinfarction ventricular septal defect (VSD) or acute 
mitral insufficiency after myocardial infarction (MI).19 
Occasionally an IABP is used prophylactically in high-risk 
patients with poor left ventricular function (LVF) with 
either mitral regurgitation or preoperative low cardiac out-
put owing to hibernating or stunned myocardium. These 
patients may benefit from temporary afterload reduction in 

FIGURE 18-2 Illustration showing the effect of the intra-aortic 
balloon on aortic pressure. After ejection produces the pulse (A), 
inflation of the balloon increases aortic diastolic pressure (B). At end 
diastole, sudden deflation reduces aortic end-diastolic pressure (C) 
below that of an unassisted beat and reduces afterload and myocardial 
oxygen demand.

the prebypass period and during weaning from cardiopul-
monary bypass.

Techniques of Insertion
The IABP usually is inserted into the common femoral artery 
either by the percutaneous technique or surgical cut down. 
A cut down is used most often during cardiopulmonary 
bypass when the pulse is absent. To avoid a formal cut down, 
a femoral artery catheter may be inserted in anticipation of 
IABP use in patients undergoing complex procedures who 
have myocardial dysfunction .The superficial femoral artery 
is avoided because of its smaller size and increased possibility 
of leg ischemia. For patients with small vessels, a 7-French 
catheter without a sheath is recommended to lessen the pos-
sibility of leg ischemia. The iliac and axillary arteries and, 
very rarely, the abdominal aorta are infrequently used alter-
nate sites.20,21 Direct insertion into the ascending aorta can 
be used intraoperatively in patients with severe aortoiliac or 
femoral occlusive disease that prevents passage of the balloon 
catheter.22,23

An IABP is inserted using Seldinger’s technique. In the 
catheterization laboratory, both the guidewire and balloon 
are monitored by fluoroscopy, but this is not essential if not 
readily available. In the operating room, the guidewire and 
balloon are typically placed and positioned under trans-
esophageal echocardiographic guidance.24 The catheter can 
be inserted without the sheath when the size of the common 
femoral artery is a concern.25

Typically patients with an IABP receive heparin for anti-
coagulation, but this practice varies from center to center. 
The exit site of the catheter must be kept clean with anti-
septics and covered in an effort to prevent local infection or 
septicemia.

A percutaneous IABP can be removed without exposing 
the femoral puncture site. The exit site is prepped and secur-
ing sutures are cut. The balloon catheter is disconnected 
from the pump and completely deflated using a 50-mL 
syringe. When the balloon is removed, the proximal artery 
is compressed and retrograde bleeding is allowed, which 
flushes any distal clot into the wound. The distal femoral 
artery then is compressed, and antegrade flushing then is 
allowed. Finally, steady nonocclusive pressure is held over 
the femoral puncture site. Pressure is maintained over the 
puncture site for 30 minutes to ensure that thrombus closes 
the hole. If the balloon is inserted via a cut down, the bal-
loon preferably is removed in the operating room. The 
puncture site is closed with sutures. If blood flow to the 
lower limb is impaired after removal, a formal thromboem-
bolectomy is required.

If the percutaneous needle punctures the iliac artery 
above the inguinal ligament intentionally or inadvertently 
in obese individuals, removal should be done through a sur-
gical incision in the operating room because the backward 
slope of the pelvis makes pressure difficult to maintain after 
withdrawal, and substantial occult retroperitoneal bleeding 
may occur.
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432 Part II Perioperative/Intraoperative Care

An IABP may be useful before insertion of more long-
term left ventricular assist systems to optimize perfusion 
and right ventricular function. Use of an IABP in patients 
with chronic systolic heart failure as a bridge to transplan-
tation or left ventricular assist device (LVAD) therapy is a 
common practice with over half of the patients being sta-
bilized with this strategy.26 More importantly, placement of 
the IABP through a graft sewn to the subclavian artery is a 
strategy that has allowed ambulation of the patients while 
waiting for the next stage of therapy with a reported success 
rate of 93%.27

In this technique, a 6-mm graft is sewn to the artery in an 
end-to-side manner and the shortened standard IABP sheath 
is inserted into this graft.27 The IABP is then placed through a 
separate stab wound, or through the externalized IABP sheath 
and then positioned under fluoroscopy and transesophageal 
echocardiography (TEE). The wound over the sheath is then 
closed. Some groups bury the hub of the IABP sheath, but 
our preference is to externalize it so that if the IABP needs 
to be repositioned, the wound does not need to be reopened.

In patients waiting for a new heart, the presence of an 
IABP qualifies a patient as 1A, or the highest status, on the 
UNOS heart transplant waiting list.

Complications
Reported complication rates of the IABP vary between 12.9 
and 29% and average approximately 20%.28 Life-threaten-
ing complications are rare. Leg ischemia is by far the most 
common complication (incidence 9-25%); other complica-
tions include balloon rupture, thrombosis within the bal-
loon, septicemia, infection at the insertion site, bleeding, 
false aneurysm formation, lymph fistula, lymphocele, and 
femoral neuropathy.29 There is no significant difference 
in limb ischemia in the different types of IABPs clinically 
available.28,30

Balloon rupture occurs in approximately 1.7% of patients 
and usually is manifested by the appearance of blood within 
the balloon catheter and only occasionally by the pump 
alarm. Rupture may be slightly more common with trans-
aortic insertion. Although helium usually is used to inflate 
the balloon, gas embolism has not been a problem. If rup-
ture occurs, the balloon should be deflated forcibly to mini-
mize thrombus formation within the balloon and should 
be promptly removed. If the patient is IABP dependent, a 
guidewire is introduced through the ruptured balloon, the 
original balloon is removed, and a second balloon catheter is 
inserted over the wire. If the ruptured balloon is not removed 
easily, a second balloon is inserted via the opposite femoral 
or iliac artery or through the axillary artery to maintain cir-
culatory support.

Removal of a kinked or thrombosed ruptured balloon 
that cannot be withdrawn easily requires operative removal 
as forcibly removing a ruptured IABP which contains clot 
can disrupt the iliac or femoral artery upon removal and 
lead to uncontrollable hemorrhage. The catheter should 
be withdrawn as far as possible until resistance is met. 

The location of the tip should be determined by x-ray or 
ultrasound, and an incision should be planned to expose 
that segment of the vascular system. The trapped balloon is 
removed through an arteriotomy after control of the vascular  
segment is obtained.

Although the incidence of clinically significant lower leg 
ischemia varies in from 9 to 25% of patients, up to 47% 
patients have evidence of ischemia during the time the IABP 
is used.29 Thus, the preinsertion status of the pedal pulses 
should be determined and recorded before the IABP is 
inserted in every patient. After insertion, the circulation of 
the foot is followed hourly by palpating pulses or Doppler 
ultrasound. Foot color, mottling, temperature, and capillary 
refill are observed. The appearance of pain, decreased sensa-
tion, and compromised circulation indicate severe ischemia 
that requires restoration of the circulation to the extremity as 
soon as possible. There are three alternatives. If the patient is 
not balloon dependent, the balloon is removed immediately. 
In the majority of patients, this relieves the distal ischemia; a 
few patients require surgical exploration of the puncture site, 
removal of thrombus and/or emboli, and reconstruction of 
the femoral artery. If the patient is balloon dependent, a 
second balloon catheter can be introduced into the oppo-
site femoral or iliac artery and the first is removed. Several 
risk factors for development of leg ischemia have emerged. 
Female gender, peripheral vascular disease, diabetes, ciga-
rette smoking, advanced age, obesity, and cardiogenic shock 
are reported to increase the risk of ischemic complications 
after IABP. Because the IABP is inserted for compelling 
indications, identification of risk factors does not influence 
management, except to encourage removal of the device 
as soon as the cardiac status of the patient allows. In some 
series, longer duration of IABP counterpulsation is associ-
ated with an increased risk of complications.29 Although 
most ischemic complications are the result of impairment of 
arterial inflow, severe atherosclerotic diseases of the descend-
ing thoracic aorta may produce embolization of atheroscle-
rotic material. Approximately 1% of patients develop false 
aneurysms at the femoral puncture site either in the hospital 
or shortly after discharge, and rare patients develop an arte-
riovenous fistula. Both conditions are confirmed readily by 
duplex scanning.

Results
Very few complications of IABP cause death. Rare instances 
of bleeding (retroperitoneal or aortic), septicemia, central 
nervous system injury, or aortic dissection may cause or con-
tribute to a patient’s death. Mortality is higher in patients 
with ischemic leg complications than in those without this 
complication.

Without revascularization, IABP produces a marginal 
increase in survival, but with revascularization, both short- 
and long-term survival, as well as quality of life have been 
shown to be improved.31 However, mortality is high in 
patients who receive an IABP because of the cardiac problems 
that led to the need for the device. Overall hospital mortality 

Cohn_ch18_p0429-0450.indd   432 12/04/17   2:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 18 Temporary Mechanical Circulatory Support 433

ranges from 26 to 50%.32,33 Risk factors for hospital mortality 
include advanced age, female gender, high New York Heart 
Association (NYHA) class, preoperative nitroglycerin, opera-
tive or postoperative insertion, and transaortic insertion in 
one study and age and diabetes mellitus in another. A third 
study correlates hospital death with AMI, ejection fraction of 
less than 30%, NYHA class IV, and prolonged aortic cross-
clamp and bypass times.34 Time of insertion affects hospital 
mortality. Preoperative insertion is associated with a mortal-
ity of 18.8 to 19.6%.18 Mortality for intraoperative insertion 
is 27.6 to 32.3%.17 Postoperative IABO insertion is associ-
ated with a mortality of 39 to 40.5%. Mortality is highest 
at 68% for patients with pump failure, lowest at 34% for 
patients with coronary ischemia, and 48% for patients who 
had a cardiac operation. Long-term survival varies with the 
type of operation and is highest in patients who had cardiac 
transplantation or myocardial revascularization.18 Patients 
who received an IABP and required valve surgery with or 
without revascularization have a poorer prognosis. Creswell 
and colleagues found 58.8% of all patients alive at 1 year and 
47.2% alive at 5 years. Naunheim and associates found that 
nearly all survivors were in NYHA class I or II.34 Approxi-
mately 18% of hospital survivors have some symptoms of 
lower extremity ischemia.

Given the overall ease of IABP insertion, excellent physi-
ologic augmentation of coronary blood flow and left ven-
tricular unloading, an IABP should be considered as the first 
line of mechanical support in patients who do not have sig-
nificant peripheral vascular disease. There is some suggestion 
that preoperative prophylactic IABP insertion in high-risk 
patients (eg, left ventricular ejection fraction [LVEF] of less 
than 40%, unstable angina, left main stenosis of greater than 
70%, or redo coronary artery bypass grafting [CABG]) can 
improve cardiac index, length of intensive care unit (ICU) 
stay, and reduce mortality.35 However, with meticulous myo-
cardial protection and the judicious use of inotropes, such 
as epinephrine and milrinone, most groups experienced in 
dealing with such high-risk patients do not find routine IABP 
insertion helpful.

According to latest 2013 ACC/AHA guidelines on ST 
elevation myocardial infarction (STEMI), use of MCS 
devices (including IABP) is reasonable in patients with 
STEMI who are hemodynamically unstable and require 
urgent CABG (Class IIa recommendation).36 Prior to this, 
2004 ACC/AHA and 2010 ESC STEMI guidelines listed 
specifically IABP use in cardiogenic shock as class 1B and 
IC recommendations, respectively, although there were no 
randomized trials supporting those recommendations. The 
IABP SHOCK II trial was a recent randomized trial of 600 
patients who presented with AMI and cardiogenic shock who 
were to be treated with revascularization strategies. Three 
hundred patients received an IABP and 298 patients were 
treated medically. The degree of shock, and patient charac-
teristics were similar. In this trial, there was no difference in 
the 30-day mortality (IABP 39.7%: control 41.3%)37 and 
also no differences in adverse events, leading to downgrading 
in guideline recommendation class.38

Many surgeons consider prophylactic insertion of IABP 
before high-risk cardiac surgery. Although the impact of 
this strategy is debatable, a recent meta-analysis of ran-
domized-controlled trials has demonstrated that in high-
risk patients, prophylactic IABP insertion leads to decrease 
in mortality, reduces the incidence of low output cardiac 
syndrome and translates into shorter ICU length of stay.39 
Application of IABP in postcardiac surgery varies widely. 
Most surgeons consider this as the first line of mechani-
cal circulatory support in situations of persistent hypoten-
sion or low cardiac output in the immediate postoperative 
phase. Again, in postcardiotomy situations, in presence of 
persistent low cardiac output requiring high-dose pressor 
and inotropic support, the impact of IABP is limited and 
consideration for devices that can significantly increase 
flow should be given.

The standard IABP has a volume of 40 cc. A 50-cc IABP 
has been introduced and studies show that it leads to higher 
augmented diastolic pressure, greater systolic unloading, 
and a greater reduction of pulmonary capillary wedge 
pressure.40

While an IABP can be helpful in the management of 
shock patients, it is important to understand that it is 
not the final therapy in terms of mechanical support for 
the failing heart. If the shock state persists, as evidence 
by a depressed cardiac index, then some form of direct 
mechanical support must be implemented so as to restore 
adequate end-organ perfusion. Failure to adequately treat 
a patient in cardiogenic shock will most assuredly result in 
the patient’s demise.

DIRECT CIRCULATORY SUPPORT
Background
The need for acute cardiac support beyond cardiopulmonary 
bypass was clear from the early days of cardiac surgery. In 
1966, the first successful use of a LVAD was reported after a 
double-valve operation by DeBakey, who used an assist device 
that was implanted in an extracorporeal location between the 
left atrium and the axillary artery.41 The patient was sup-
ported for 10 days on the pump, eventually was discharged 
home, and was a long-term survivor.41

Ideal Device
The ideal acute support device should be capable of provid-
ing adequate flow, maximizing hemodynamics, and unload-
ing the ventricle for patients of all sizes. Current devices have 
addressed the problem associated with variations in patient 
size by being designed as extracorporeal systems. There-
fore, by virtue of having small-diameter cannulae transvers-
ing the chest, the pumps can support patients with varying 
body surface area. The disadvantages of such a system are 
the potential for driveline and mediastinal infections, as well 
as limiting patient mobility. In addition, the length of the 
cannula between the heart and the device, particularly the 
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434 Part II Perioperative/Intraoperative Care

inflow cannula, predisposes to areas of stasis and potential 
thrombus generation. All current pumps require anticoagula-
tion, which increases the ever-present threat of early postop-
erative bleeding. In addition, requirements for transfusion of 
large amounts of coagulation factors and platelets enhance 
the inflammatory response that is induced by surgery and is 
further perpetuated by the circuit. Activation of the contact 
and complement systems and the release of cytokines by leu-
kocytes, endothelial cells, and macrophages further increase 
the potential negative and detrimental effects of use of tem-
porary assist devices.44 The ensuing inflammatory cascade and 
volume overload can have detrimental effects on the pulmo-
nary vascular resistance and lead to right ventricular overload, 
often necessitating the addition of a right ventricular assist 
device (RVAD).

Current temporary assist devices can be configured for 
biventricular support as needed, provided that the lungs can 
support oxygenation and ventilation. In cases of acute lung 
injury superimposed on circulatory failure, extracorporeal life 
support (ECLS) can be configured with conventional or the 
more recent centrifugal pumps.

The clinical scenarios that lead to the need for mechanical 
support all require that support be instituted in an expedi-
tious manner. Therefore, all current devices must be easily 
implantable. In the postcardiotomy setting with access to 
the great vessels, the cannulae should allow the versatility 
of choosing any inflow or outflow site that is clinically indi-
cated. In an active resuscitative setting, such as cardiac arrest 
in the catheterization laboratory, in which time is critical and 
transport to the operating room often impractical, percutane-
ous cannulation must be an option.

At present, the ideal device does not exist. Until innova-
tions in the field of circulatory support lead to the develop-
ment of an ideal device, the currently available technology 
must be tailored to the specific requirements of each patient, 
taking into consideration the duration of support needed.

Indications for Support and Patient 
Selection
A wide range of indications exist for acute mechanical sup-
port, the primary goal of all being rapid restoration of the 
circulation and stabilization of hemodynamics. The rou-
tine use of TEE has helped greatly in assessing the etiology 
of cardiogenic shock by allowing evaluation of ventricular 
function, regional wall motion abnormalities, and valvular 
mechanics. In a patient with mechanical complications sec-
ondary to MI such as acute rupture with tamponade, acute 
papillary muscle rupture, or postinfarction VSD, emergent 
surgical correction may obviate the need for device sup-
port. Similarly, in the postcardiotomy setting with fail-
ure to separate from cardiopulmonary bypass, TEE may 
direct the surgeon to the need for additional revasculariza-
tion and reparative valve surgery and successful weaning  
from bypass.

If echocardiography fails to reveal a surgically correctable 
cause for cardiogenic shock, most surgeons use hemodynamic 

data to consider the need for mechanical assistance. These 
criteria include, but are not limited to, a cardiac index of 
less than 2.2 L/min/m2, systolic blood pressure of less than 
90 mm Hg, mean pulmonary capillary wedge pressure or 
central venous pressure of greater than 20 mm Hg, and con-
comitant use of high doses of at least two inotropic agents.42 
These situations may be associated clinically with arrhyth-
mias, pulmonary edema, and oliguria. In such circum-
stances, use of an IABP may be considered as the first step. In 
the postcardiotomy setting, the preceding hemodynamic cri-
teria, in absence of mechanical support, are associated with 
a greater than 50% chance of mortality.31 In this setting, 
some believe that earlier implantation of an assist device 
capable of supporting higher flows and allowing the heart to 
rest may improve results and allow for recovery of stunned 
myocardium.43 Furthermore, pharmacologic agents such as 
the phosphodiesterase inhibitor milrinone, nitric oxide, and 
vasopressin have helped to optimize hemodynamics during 
this critical initial period, reducing the need for concomitant 
right ventricular support.44,45

Once mechanical assistance has been instituted, the sta-
bilized patient can undergo periodic evaluation to assess 
native heart recovery, end-organ function, and neurologic 
status. If appropriate, evaluation for cardiac transplanta-
tion ensues. Patients without malignancy, severe untreated 
infection, or neurologic deficit and who are not at an 
advanced age are selected for cardiac transplantation if all 
other criteria are met, and there is no sign of cardiac recov-
ery. In this subgroup, we generally transition to a chronic 
VAD until an organ becomes available, a strategy that has 
been termed “a bridge to a bridge,” in that a short-term 
device is used to “bridge” the patient to a more durable 
“bridge to transplant” VAD. In patients with improve-
ment in myocardial pump function, the devices may be 
weaned and removed.

DEVICES
Devices currently approved by the Food and Drug Admin-
istration (FDA) for temporary support include centrifugal 
pumps, roller pumps, venoarterial extracorporeal membrane 
oxygenation (ECLS, ECMO), the ABIOMED AB5000 
Ventricle and Impella devices (ABIOMED, Danvers, MA), 
Thoratec Centrimag (Thoratec Inc., Pleasanton, CA), and 
the Thoratec paracorporeal VAD (pVAD) (Pleasanton, CA), 
and the TandemHeart system (CardiacAssist, Inc.). A num-
ber of other devices are undergoing investigation for short-
term support.

Continuous-Flow Pumps
Two types of pumps are available commercially for extracorpo-
real circulation: roller pumps and centrifugal pumps. In adults, 
roller pumps are used rarely, if ever, for temporary circulatory 
support beyond routine cardiopulmonary bypass applica-
tions because of important disadvantages. Although inexpen-
sive, roller pumps are insensitive to line pressure and require 
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unobstructed inflow. Additionally, roller pumps may cause 
spallation of tubing particles and are subject to tubing failure 
at unpredictable times. These systems require constant vigi-
lance and are difficult to operate for extended periods. Use of 
roller pumps beyond 4 to 5 hours is associated with hemolysis 
and, for this reason, is inappropriate for mechanical assistance 
that may involve several days to weeks of support.46 Axial flow 
pumps, in which the pump rotor is parallel to the blood path, 
have entered the field of temporary support with the introduc-
tion of the Impella devices but most of the experience with 
temporary support devices has been with centrifugal pumps.

CENTRIFUGAL PUMPS
Centrifugal pumps are familiar assist systems because of their 
routine use in cardiopulmonary bypass. In these devices, the 
blood path is perpendicular to the rotor. Although many dif-
ferent pump-head designs are available, they all work on the 
principle of generating a rotary motion by virtue of moving 
blades, impellers, or concentric cones. These pumps generally 
can provide high flow rates with relatively modest increases 
in pressure. They require priming and de-airing prior to use 
in the circuit, and the amount of flow generated is sensitive 
to outflow resistance and filling pressures. The differences 
in design of the various commercially available pump heads 
are in the numbers of impellers, the shape and angle of the 
blades, and the priming volume. The Medtronic Bio-Pump® 
(Medtronic Bio-Medicus, Inc., Eden Prairie, MN), which is 
based on two concentric cones generating a rotary motion, 
has been extensively utilized in the field of acute circulatory 
support.47 The pump heads are disposable, relatively cheap 
to manufacture, and mounted on a magnetic motorized unit 
that generates the power that drives the pump. Although ear-
lier designs caused mechanical trauma to the blood elements 
leading to excessive hemolysis, the newly engineered pumps 
are less traumatic and can be used for longer periods.

The Rotoflow (Maquet Cardiovascular) is another exam-
ple of a centrifugal pump that is extensively utilized in the 
field of acute circulatory support.

Complications. Complications with temporary mechanical 
assistance are high and are very similar for patients on cen-
trifugal pump support or ECLS. The major complications 
reported by a voluntary registry for temporary circulatory assis-
tance using primarily LVADs, RVADs, and biventricular assist 
devices (BVADs) are bleeding, persistent shock, renal failure, 
infection, neurologic deficits, thrombosis and emboli, hemo-
lysis, and technical problems. Neurologic deficits occurred in 
approximately 12% of patients, and in Golding’s experience, 
noncerebral emboli occurred equally often.48 Golding also 
found that 13% of patients also developed hepatic failure. 
An autopsy study found anatomical evidence of embolization 
in 63% of patients, even though none had emboli detected 
clinically.49

Results. Although a meaningful comparison of results of 
centrifugal support from different institutions is not pos-
sible, in general, overall survival has been in the range of 

21 to 41%. A voluntary registry reported the experience 
with 604 LVADs, 168 RVADs, and 507 BVADs; approxi-
mately 70% were with continuous-flow pumps and the 
remainder with pulsatile pumps.50 There were no significant 
differences in the percentage of patients weaned from circu-
latory assistance or the percentage discharged from the hos-
pital according to the type of perfusion circuitry. Overall, 
45.7% of patients were weaned, and 25.3% were discharged 
from the hospital.50 The registry also reports that long-term 
survival of patients weaned from circulatory support is 46% 
at 5 years.50 Most of the mortality occurs in the hospital 
before discharge or within 5 months of discharge.

Golding reported an identical hospital survival rate for 
91 patients in 1992 using only centrifugal pumps, and Noon 
reported that 21% of 129 patients were discharged.49,51 
Patients who received pulsatile circulatory assistance were sup-
ported significantly longer than those supported by centrifu-
gal pumps, but there were no differences in the percentage of 
patients weaned or discharged. Survivors were supported an 
average of 3.1 days using continuous-flow pumps. Patients 
supported for AMI did poorly; only 11.5% survived to be 
discharged. Joyce reports that 42% of patients supported by 
Sarns impeller pumps eventually were discharged.52

EXTRACORPOREAL LIFE SUPPORT (ECLS/ECMO)
By the 1960s, it was clear that cardiopulmonary bypass was 
not suitable for patients requiring circulatory support for sev-
eral days to weeks. The development of ECLS as a temporary 
assist device (also referred to as extracorporeal membrane oxy-
genation [ECMO]) is a direct extension of the principles of 
cardiopulmonary bypass and follows the pioneering efforts of 
Bartlett and colleagues in demonstrating the efficacy of this 
technology in neonatal respiratory distress syndrome.53

There are a number of key differences between cardiopul-
monary bypass and ECLS. The most obvious difference is 
the duration of required support. Whereas cardiopulmonary 
bypass typically is employed for several hours during cardiac 
surgery, ECLS is designed for longer duration of support. 
With ECLS, lower doses of heparin are used, and reversal of 
heparin is not an issue. Because a continuous circuit is used, 
areas of stasis, such as the cardiotomy suction and venous 
reservoir, are not present. These differences are thought to 
reduce the inflammatory response and the more pronounced 
coagulopathy that can be seen with cardiopulmonary bypass54 
although there is generally a rapid rise of inflammatory cyto-
kines with initiation of ECLS support.55

A typical ECLS circuit is demonstrated in Fig. 18-3. The 
system consists of the following:

1. Hollow-fiber membrane oxygenator with an integrated heat-
exchange system. The microporous membrane provides the 
necessary gas-transfer capability via the micropores where 
there is direct blood-gas interface with minimal resistance 
to diffusion. By virtue of the membranes being close to 
each other, the diffusion distance has been reduced with-
out a significant pressure drop across the system. Control 
of oxygenation and ventilation is relatively easy. Increasing 
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436 Part II Perioperative/Intraoperative Care

the total gas flow rate increases CO2 removal (increasing 
the “sweep”) by reducing the gas-phase CO2 partial pres-
sure and promoting diffusion. Blood oxygenation is con-
trolled simply by changing the fraction of O2 in the gas 
supplied to the oxygenator.

2. Centrifugal pump. These pumps are totally nonocclusive 
and afterload dependent. An increase in downstream 
resistance, such as significant hypertension, will decrease 
forward flow to the body. Therefore, flow is not deter-
mined by rotational flow alone, and a flowmeter needs to 
be incorporated in the arterial outflow to quantitate the 
actual pump output. If the pump outflow should become 
occluded, the pump will not generate excessive pressure 
and will not rupture the arterial line. Similarly, the pump 
will not generate significant negative pressure if the inflow 
becomes occluded. This protects against cavitation and 
microembolus formation. The newer generation mag-
netically levitated centrifugal pumps have been also used 
recently in the ECLS circuit and may have less traumatic 
effect on the blood elements.56

3. Heat exchanger. This allows for control of blood temperature 
as it passes through the extracorporeal circuit. Generally, the 
transfer of energy occurs by circulating nonsterile water in a 
countercurrent fashion against the circulating blood. Use of 

water as the heat-exchange medium provides an even tem-
perature across the surface of the heat exchanger without 
localized hot spots. The use of a heat exchanger allows for 
maintenance of normothermia given the potential heal loss 
that can occur through the long circuit.

4. Circuitry interfaced between the patient and the system. The 
need for systemic anticoagulation on ECLS and the com-
plications associated with massive coagulopathy and per-
sistent bleeding during the postcardiotomy period led to 
the development of biocompatible heparin-bonded bypass 
circuits. In 1991, the Carmeda Corporation in Stockholm, 
Sweden, released a heparin-coating process that could be 
used to produce an antithrombotic surface.57 This process 
was applied to extracorporeal tubing and the hollow-fiber 
microporous oxygenator surface.58 Initial experience sug-
gested that the need for systemic anticoagulation had 
been eliminated. In addition, heparin coating has been 
associated with a decrease in the inflammatory response 
with reduced granulocyte59 and complement activation.60 
Bindslev and colleagues61 and Mottaghy and colleagues62 
reported excellent hemodynamic support with minimal 
postoperative blood loss in experimental animals for up 
to 5 days. Magovern and Aranki reported similar excellent 
results with clinical application.63,64

Centrifugal
pump

Oxygenator

FIGURE 18-3 Percutaneous extracorporeal membrane oxygenation (ECMO) support is attained via femoral vessel access. Right atrial blood is 
drained via a catheter inserted into the femoral vein and advanced into the right atrium. Oxygenated blood is perfused retrograde via the femoral 
artery. Distal femoral artery perfusion is not illustrated.
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 Chapter 18 Temporary Mechanical Circulatory Support 437

Although these heparin-bonded circuits were initially 
thought to completely eliminate the need for heparinization, 
thrombus formation without anticoagulation remains a per-
sistent problem. In a study of 30 adult patients with cardio-
genic shock who underwent ECLS using the heparin-bonded 
circuits and no systemic anticoagulation, 20% of patients 
developed left ventricular thrombus by TEE, and an addi-
tional 6% had a visible clot in the pump head.65 Protamine 
administration after starting ECLS can precipitate intracar-
diac clot. If the left ventricle does not eject and blood remains 
static within the ventricle, clot formation is more likely. 
Intracavitary clot is more likely in patients with MI owing to 
expression of tissue factor by the injured cells. Protamine may 
bind to the heparinized coating of the new circuit and negate 
an anticoagulant effect.66

Cannulation. The main difference between the centrifugal 
pump and ECLS is the presence of an in-line oxygenator. As 
a result, ECLS can be used for biventricular support by using 
central or peripheral cannulation. Intraoperatively, the most 
common application of ECLS has been for patients who 
cannot be weaned from cardiopulmonary bypass after heart 
surgery. In these cases, the existing right atrial and aortic can-
nulas can be used. An alternative strategy is to convert the 
system to peripheral cannulas, which potentially permits later 
decannulation without opening the chest.

Cannulation is accomplished by surgical cut down or 
percutaneous insertion. The entire vessel does not need to 
be mobilized, and exposure of the anterior surface of the 
vessels typically suffices. A purse string suture is placed over 
the anterior surface of the vessel. Typically, arterial cannu-
lae of 16 to 20 French and venous cannulae of 18 to 25 
French are used. The cannulation is performed under direct 
vision using Seldinger’s technique. A stab incision is made 
in the skin with a no. 11 blade knife, a needle is inserted 
through the stab incision into the vessel, and a guidewire 
is advanced gently. Dilators then are passed sequentially to 
gently dilate the tract and the insertion point in the vessel. 
The cannulae then are inserted, the guidewire is removed, 
and a clamp is applied. For venous drainage, a long venous 
cannula is directed into the femoral vein to the level of 
the right atrium under transesophageal echocardiographic 
guidance.

To minimize limb complications from ischemia, one 
strategy is to place an 8- to 10-French perfusion cannula in 
the superficial femoral artery distal to the primary arterial 
inflow cannula to perfuse the leg (Fig. 18-4). This cannula 
is connected to a tubing circuit that is spliced into the arte-
rial circuit with a Y-connector. The distal cannula directs 
continuous flow into the leg and significantly reduces the 
incidence of leg ischemia. It should be noted, however, that 
limb ischemia associated with long-term peripheral cannu-
lation relates not only to arterial perfusion, but also to the 
relative venous obstruction that can occur with large venous 
lines. In such circumstances distal venous drainage can be 
established by splicing another small venous cannula into 
the circuit.

Femoral artery

Femoral vein
10 Fr.

20 Fr.

20 Fr.

FIGURE 18-4 Surgical exposure of the femoral vessels facilitates 
cannulation for ECMO. A small 10-French cannula is used to perfuse 
the distal femoral artery.

An alternative strategy is to completely mobilize the com-
mon femoral artery and sew a 8- or 10-mm short Dacron 
graft to its anterior surface as a “chimney.” The graft serves as 
the conduit for the arterial cannula. Alternatively a standard 
perfusion connector may be secured in the graft and hooked 
to the 3/8 tubing of the circuit. This strategy also allows for 
a more secure connection and avoids problems with inadver-
tent dislodgement of the cannulas because of loosening of the 
purse strings or tourniquets.

In general, complete percutaneous placement of arterial 
cannulae is avoided to prevent iatrogenic injury during inser-
tion and ensure proper positioning of the cannula. However, 
when venovenous bypass is the only mode of support needed, 
percutaneous cannulation is performed. Surgical exposure is 
not necessary, and bleeding is less with this technique.

Central cannulation sometimes is indicated because of 
either severe peripheral vascular disease or the desire to deliver 
the highly oxygenated blood directly to the coronary arteries 
and cerebral circulation. In patients with an open chest, aortic 
and right atrial cannulae may be used, but our preference is to 
anastomose a graft to the ascending aorta and connulate the 
right atrium from the femoral vein. Reinforcing purse string 
sutures are placed and tied over rubber chokers and buttons 
for later tying at decannulation. The catheters are brought 
through the chest wall through separate stab wounds, and 
after bleeding is secured, the chest may be closed.

An alternative central cannulation site is the axillary artery. 
The most secure cannulation strategy for the axillary artery is 
to sew an 8- or 10-mm graft to the vessel as a “chimney.” The 
cannula then is placed in the graft and tied securely with sev-
eral circumferential sutures and zip ties. Clinicians must be 
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438 Part II Perioperative/Intraoperative Care

vigilant for progressive arm edema, which can be controlled 
by partial occlusion of the distal axillary artery by vessel loop.

Once instituted, the system is simple enough to be moni-
tored by trained ICU nurses and maintained by a perfusionist 
on a daily basis. Evidence of clots in the pump head requires 
a change. Leakage of plasma across the membrane from the 
blood phase to the gas phase may be a problem, gradually 
decreasing the efficiency of the oxygenator and increasing 
resistance to flow and necessitating oxygenator exchanges. 
Using this system, ECLS flows of 4 to 6 L/min are possible 
at pump speeds of 3000 to 3200 rpm. Higher pump speeds 
are avoided to minimize mechanical trauma to blood cells. 
Other means of improving flow include transfusion of blood, 
crystalloid, or other colloid solutions to increase the overall 
circulating volume.

Physiologically, ECLS will unload the right ventricle but 
will not unload the compromised left ventricle, even though 
left ventricular preload is reduced.68 In normal hearts, the 
marked reduction in preload and small increase in after-
load produced by the arterial inflow from the ECLS sys-
tem reduce wall stress and produce smaller end-diastolic 
left ventricular volumes because the heart is able to eject 
the blood it receives. However, if the heart is dilated and 
poorly contracting, the increase in afterload provided by the 
ECLS system offsets any change in end-diastolic left ven-
tricular volume produced by bypassing the heart. The heart 
remains dilated because the left ventricle cannot eject suffi-
cient volume against the increased afterload to reduce either 
end-diastolic or -systolic volume. ECLS, therefore, theoreti-
cally may increase left ventricular wall stress and myocardial 
oxygen consumption unless the left ventricle is mechanically 
unloaded. If the PCWP remains high and there is evidence 
of pulmonary congestion, a left-sided vent, which is spliced 
into the venous limb of the circuit is indicated. Most groups 
are finding that direct LV decompression is the effective form 
of left-sided drainage.

As mentioned, the versatility of ECLS is that it allows rapid 
restoration of circulation by peripheral cannulation during 
active resuscitation in the setting of acute cardiac arrest, acute 
pulmonary embolism, or patients in cardiogenic shock, who 
cannot be moved safely to the operating room.

An isolated RVAD is rarely indicated in the postcardiot-
omy setting because, in general, these patients have global 
biventricular dysfunction. ECLS as an RVAD (with outflow 
to the pulmonary artery) may be used only in patients with 
good function of the left ventricle who manifest right ven-
tricular failure and hypoxia or in patients who manifest RV 
failure after implantation of a long-term LVAD.

Complications. The experience in adults with ECLS for 
postoperative cardiogenic shock is associated with high rates 
of bleeding. Surgical bleeding from the chest is exacerbated 
by anticoagulation and the consumptive coagulopathy 
caused by the ECLS circuit. Even without the chest wound, 
bleeding was the major complication in a large study of 
long-term ECLS for acute respiratory insufficiency.67 Mueh-
rcke reported experience with ECLS using heparin-coated 

circuitry with no or minimal heparin.68 The incidence of 
reexploration was 52% in the Cleveland Clinic experience; 
transfusions averaged 43 units of packed cells, 59 units of 
platelets, 51 units of cryoprecipitate, and 10 units of fresh-
frozen plasma. Other important complications associated 
with ECLS using heparin-coated circuits included renal 
failure requiring dialysis (47%), bacteremia or mediastinitis 
(23%), stroke (10%), leg ischemia (70%), oxygenator failure 
requiring change (43%), and pump change (13%).68 Nine 
of 21 patients with leg ischemia required thrombectomy 
and one amputation. Half the patients developed marked 
left ventricular dilatation, and six patients developed intra-
cardiac clot detected by TEE. Intracardiac thrombus may 
form within a poorly contracting nonejecting left ventricle 
or atrium because little blood reaches the left atrium with 
good right atrial drainage. We have observed intracardiac 
thrombus which is related to left ventricular dysfunction 
and stagnant flow. In patients on temporary VADs in whom 
LV clot forms, the clot is removed at the time of permanent 
VAD implantation.

Results. The Cleveland Clinic reported their results looking 
at 202 adults with cardiac failure.69 With an extended follow-
up up of 7.5 years (mean 3.8 years), survival was reported 
to be 76% at 3 days, 38% at 30 days, and 24% at 5 years. 
Patients surviving 30 days had a 63% chance of being alive at 
5 years, demonstrating that the high early mortality remains 
the Achilles heal of this technology. Interestingly, patients 
who were weaned or bridged to transplantation had a higher 
overall survival (40 and 45%, respectively). Failure to wean or 
bridge was secondary to end-organ dysfunction and included 
renal and hepatic failure and occurrence of a neurologic event 
while on support.

The Quadrox D oxygenator (Maquet Cardiovascular) has 
hollow fibers constructed of poly-methylpentene (PMP) as 
opposed to the standard microporous polypropylene hallow 
fiber oxygentators. PMP membrane oxygenerators have less 
plasma leakage and are as such more durable. It has dem-
onstrated improved oxygenator durability, which has led to 
longer periods of support ECLS. Pokersnik and colleagues 
from the Cleveland Clinic Foundation compared outcomes 
of patients supported with ECLS from 2005 to 2010.70 
Forty-nine patients received ECMO following cardiac sur-
gery. Patients were divided into three groups. Group 1 
patients received a biomedicus pump with an affinity oxy-
genator, Group 2 patients received a Biomedicus pump with 
a Quadrox D oxygenator, and Group 3 patients received a 
Rotaflow pump with a Quadrox D oxygenator. Despite oxy-
genator durability improving markedly with the introduction 
of the Quadrox D (oxygenator exchange rate dropping from 
64-7%), survival in the groups improved only from 27 to 
33% with the newer systems. Formica and colleagues from 
Italy demonstrated a similar survival rate of 28% in a mixed 
group (n = 25) of primary and postcardiotomy cardiogenic 
shock patients who were placed on the Rotoflow ECLS 
(Maquet Cardiovascular) system which uses the Quadrox D 
oxygenator.71
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NEWER DEVICES
CardiohelpTM (Maquet Cardiovascular). CardiohelpTM 
is a compact ECLS system with a low priming volume and 
an integrated oxygenator similar to the quadrox (Fig. 18-5). 
The small size of the system lends itself to transport both 
in and out of the hospital. Arit and colleagues reported 
the feasibility and effectiveness of the Cardiohelp in safely 
transporting patients with cardiogenic shock. From 2007 to 
2010, 20 shock patients were transferred from five different 
hospitals while supported on Cardiohelp. The patients were 
treated with angioplasty (n = 2), CABG (n = 6), pulmo-
nary embolectomy (n = 1), and permanent LVAD (n = 1) 
after arrival at the accepting hospital. Overall survival was 
62%.72

TandemHeart. The TandemHeart PTVA (percutaneous 
ventricular assist) System (CardiacAssist, Inc., Pittsburgh, PA) 
has 510K FDA approval for short-term (<6 hours) mechanical 
support. It was envisioned for the short-term support of high-
risk percutaneous interventions in the catheterization lab.73 
The device is powered by a small hydrodynamic centrifugal 
pump that resides in a paracorporeal location. The rotor of 
the pump is suspended and lubricated by a fluid interface of 
heparinized saline. Cannulas are introduced from the femoral 
vessels by either percutaneous or direct insertion techniques. 
Pump inflow is achieved by a novel, proprietary 21-French 
cannula delivered across the atrial septum. Outflow typically 
is directed into the common femoral artery (Fig. 18-6). Posi-
tion is facilitated and confirmed by fluoroscopy and intracar-
diac ultrasound.74

As opposed to an ECLS circuit, excellent left atrial decom-
pression is achieved as long as the inflow cannula is appro-
priately positioned. The device can be introduced either in 
the catheterization laboratory using fluoroscopy or directly in 
the operating room using TEE guidance. Most of the experi-
ence with the device has been in the catheterization labora-
tory, where it has been used extensively to facilitate high-risk 

FIGURE 18-5 Cardiohelp. (Courtesy of Maquet Cardiopulmonary 
GmbH.)

percutaneous interventions.75 Flows of up to 4 L are typical. 
With surgically implanted larger cannulae flows up to 8 L are 
possible.

The TandemHeart can be configured in many ways to 
achieve effective mechanical support. The inlet and outlet 
connectors to the pump are 3/8-3/8 connectors, and as such 
can be connected to any of a number of commercially avail-
able percutaneous or surgically implanted cannulae.

Patients with this device are typically kept in bed, given 
that the device is inserted through the femoral vessels. An 
activated clotting time (ACT) of 200 seconds is targeted 
while the patients are on support. The TandemHeart is a very 
versatile system that can be deployed and discontinued rap-
idly. One beneficial aspect for postcardiotomy support is that 
the entire device can be removed in the ICU without reopen-
ing the patient’s chest. RVAD configurations with right atrial 
inflow and outflow to the main pulmonary artery are pos-
sible in both open76 and percutaneous configurations.77 Tra-
ditionally, for percutaneous RVAD, the 21-French transeptal 
cannula was directed into the main pulmonary artery under 
fluoroscopy, and a separate right atrial cannula was placed 
via a femoral vein.77 While achievable, the vascular access 
requirements were cumbersome. The PROTEK Duo (Cardi-
acAssist, Inc.) Cannula is a dual lumen catheter designed for 
veno-venous ECMO. With proper positioning, it can be con-
figured as a single cannula percutaneous RVAD. When faced 
with a patient that needs biventricular support, some groups 
are splicing an oxygenator into the circuit and using right 
atrial or bi-atrial drainage. In essence such a configuration 
converts the assist system to ECLS circuit.78 With transeptal 
drainage, the issues of left-sided congestion, which sometimes 
plague ECLS patients, are nonexistent.

Karr and colleagues reported 117 patients supported with 
the TandemHeart. Fifty-six patients (47.9%) were undergo-
ing CPR. Thirty-day and six-month survival were 59.8% 
and 54.7%, respectively. The authors concluded that the 
TandemHeart percutaneous VAD effectively and rapidly 
reversed cardiogenic shock refractory to IABP and vasopres-
sor support.79

Gregoric and reported the outcomes of eight patients in 
shock secondary to critical aortic stenosis supported with pre-
operative TandemHeart. Five were receiving chest compres-
sions at the time of TandemHeart Insertion. All underwent 
conventional aortic valve replacement after a mean duration 
of support of 6 days. One patient died of postoperative sepsis. 
The other seven patients were discharged from the hospital 
and were all alive at the time of the report.80

Brinkman and the group at Medical City Dallas reported 
on the outcomes of 22 patients supported with the Tandem-
Heart device. Mean duration of support was 6.8 days with 
no pump failures or pump-related neurologic events. Three 
patients developed bleeding and two patients had lower 
extremity ischemic complications. In 11 patients who were 
neurologically intact at the time of TandemHeart insertion, 
five went on to receive transplants while on TandemHeart 
support, three went on to permanent LVAD placement, and 
two patients recovered. Of 11 patients with indeterminate 
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440 Part II Perioperative/Intraoperative Care

neurologic status or multiorgan failure, seven died, two went 
on to receive permanent LVADs, one was transplanted, and 
one patients recovered.81

It should be noted that use of a TandemHeart beyond 
6 hours and use with an oxygenator are off-label uses of the 
device. It is important to remember that when placing a long-
term VAD in a patient on Tandem support, it is necessary to 
repair the atrial septum. Failure to do so can lead to hypoxia 
caused by entrainment of unoxygenated blood across the 
atrial septal defect created by the TandemHeart inlet cannula.

CentriMag. The CentriMag (Thoratec, Inc., Pleasanton, 
CA) pump is a centrifugal pump with a fully magnetically 
levitated impeller (Fig. 18-7).83 Very little friction is gener-
ated and it requires only a very small priming volume. It can 
be configured for both right- and left-sided heart support typ-
ically with central cannulation via median sternotomy. With 
good cannula placement, more than 9 L of support can be 
achieved. It has FDA 510K approval for 6 hours of use as an 
LVAD and has FDA approval for use as a temporary RVAD 
for 30 days.

The group at the University of Minnesota reported the out-
comes of 12 patients supported with CentriMag BiVADs.83 
Of 12 patients who presented in cardiogenic shock, eight 

went on to receive long-term implantable VADs, two recov-
ered, and two died. Thirty-day survival was 75% and 1-year 
survival was 63%.83

Mohamedali and colleagues reviewed the outcomes of  
48 patients supported with biventricular Centrimag in shock 

FIGURE 18-6 Transeptal inflow cannula of the TandemHeart device. (Used with permission from CardiacAssist, Inc., Pittsburgh, PA.)

FIGURE 18-7 Thoratec CentriMag. (Used with permission from 
Thoratec, Inc., Pleasonton, CA.)
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 Chapter 18 Temporary Mechanical Circulatory Support 441

patients as a bridge to decision from 2008 to 2013. Thirty-
day survival was 56% (27 of 48) with 9 patients explanted 
for recovery and 14 being transitioned to a durable LVAD.84

Takayama and colleagues from Columbia reported the 
results of 148 patients supported with CentriMag in either 
biventricular (67%), isolated RVAD (26%) or LVAD (8%). 
They reported an overall 30-day survival of 69% and 1-year 
survival of 49%. Failure of medical management and graft 
failure after heart transplantation had improved outcomes 
when compared to patients with postcardiotomy failure.85

The group at the University of Pittsburgh reported the 
results of using CentriMag as a temporary RVAD. The indi-
cation for RV support was postcardiotomy RV failure in 
seven (24%), RV failure postcardiac transplant in 10 (35%), 
and RV failure post-LVAD placement in 12 (41%) patients. 
The RVAD was able to be weaned in 43% of postcardiot-
omy patients, 70% of transplant patients, and 58% of LVAD 
patients after a mean duration of support of 8 days. The 
authors concluded that the CentriMag was easy to implant, 
provided effective support, and was easy to wean with low 
overall morbidity.86

Lazar and colleagues from the University of Rochester 
reported 34 patients who required CentriMag RVAD after 
Heartmate II insertion. The mean duration of biventricular 
support was 17 ± 11.9 days. Survival to discharge was not 
statistically different between patients receiving an isolated 
LVAD (95.2%) and those that required a CentriMag RVAD 
(88.2%). One-year survival was 87% with LVAD only com-
pared to 77% for those requiring a temporary CentriMag 
RVAD (p = 0.03) (ATS 2013).87

As with similar pumps, the CentriMag can be config-
ured with an oxygenator to create an ECLS circuit.88 The 
group from Penn State compared mechanical pump function 
between the CentriMag pump and the much less expensive 
Rotoflow in a mock ECLS loop fitted with the Quadrox D 
and using blood and found that maximal pump flow and 
shut off pressure where higher in the Rotoflow than the 
CentriMag implying better mechanical performance. The 
authors concluded that it was much more economically pru-
dent to use the Rotaflow system as it was 20 to 30 times less 
expensive that the CentriMag and demonstrated improved 
performance.89

AXIAL FLOW PUMPS
Impella. The Impella device is a microaxial pump, with 
both peripheral and central cannulation configurations 
available. In either case, the pump is directed across the 
aortic valve into the left ventricle (Fig. 18-8). The cannula 
portion of the device, which sits across the aortic valve, is 
contiguous with the integrated motor that comprises the 
largest diameter section of the catheter. The small diameter 
of the cannula is designed to allow easy co aptation of the 
aortic valve leaflets around it, resulting in minimal aortic 
valve insufficiency. Its hemodynamic support results from 
the design feature that provides active forward flow that 
increases net cardiac output, and its ability to address the 
needs for myocardial protection stems from simultaneously 

FIGURE 18-8 Impella device. (Used with permission from Abiomed, 
Inc, Danvers, MA.)

unloading work from the ventricle (decreasing myocardial 
oxygen demand) and augmenting coronary flow thereby 
increasing oxygen supply.90-92

Three versions for left ventricular support are available: 2.5 
and CP that are inserted percutaneously and a 5.0 version 
that requires surgical approach for deployment. Typically, 
the catheter-pump motor is deployed across the aortic valve 
under fluoroscopic or echocardiographic guidance and blood 
is aspirated through the distal tip-inlet area from the left ven-
tricle, and pumped into the ascending aorta at the proximal 
tip-outlet area of the catheter motor. The catheter has pres-
sure transducers on each end, and effectively measures pres-
sures on each side of the aortic valve, making it possible to 
adjust or reposition the device without need for additional 
imaging in case of catheter displacement after insertion. The 
Impella RP is the newest addition with the goal of provid-
ing percutaneous support for the failing right ventricle. It is 
deployed via the femoral vein, across pulmonary valve aspi-
rating blood from inferior vena cava and pumping it into the 
pulmonary artery (Fig. 18-9). Impella R generates more than 
4 L/min of flow and uses a 22F catheter.

Each of the available devices is designed for a particular 
application depending on the desired flow level. As with all 
LVADs, the actual flow depends on adequacy of blood return 
to the left side of the heart, which in return depends on right 
ventricular function, pulmonary vascular resistance, and ade-
quate blood volume. Impella 2.5 generates up to 2.5 L/min of 
flow and requires a 12F catheter for insertion. Its use is now 
typlically reserved for high risk percutaneous catheter-based 
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therapies involving coronary interventions or high-risk abla-
tion procedures.93,94 Impella CP generates up to 4 L/min of 
flow and requires a 14F catheter for insertion and may be 
more appropriate for patients in low cardiac output state who 
need rapid percutaneous stabilization. If time allows for sur-
gical access, the Impella 5.0 which generates up to 5 L/min 
of flow may be more appropriate. Since this device requires a 
21F catheter, surgical cut down to the femoral artery, or more 
commonly insertion through a vascular graft sewn to the axil-
lary artery is required for placement.

Experience with Impella 2.5 is largely with high-risk percu-
taneous interventions in which the device maintains hemody-
namic stability during balloon inflation and stent deployment. 
In addition, in cases of MI it may help in reducing infarct size. 
In a recent prospective randomized trial, 20 patients under-
went high-risk percutaneous coronary intervention (PCI) while 
being supported with the Impella 2.5.93 All patients had poor 
LVF and had interventions on the left main or the last remain-
ing patent conduit. Patients with recent STEMI or cardio-
genic shock were excluded. The primary safety end point was 
the incidence of major adverse cardiac events at 30 days. The 
primary efficacy end point was freedom from hemodynamic 
compromise during intervention. The Impella 2.5 device was 
implanted successfully in all patients. The mean duration of 
circulatory support was 1.7 ± 0.6 hours (range, 0.4-2.5 hours). 
Mean pump flow during PCI was 2.2 ± 0.3 L/min. At 30 days, 
the incidence of major adverse cardiac events was 20%. (Two 
patients had a periprocedural MI, and two patients died at days 
12 and 14.) There was no evidence of aortic valve injury, car-
diac perforation, or limb ischemia. Two patients (10%) devel-
oped mild, transient hemolysis without clinical sequelae. None 
of the patients developed hemodynamic compromise during 

FIGURE 18-9 The Impella RP device. (Used with permission from 
Abiomed, Inc, Danvers, MA.)

PCI.93 The more recent follow up to that study, the PRO-
TECTII Trial95 452 symptomatic patients with complex 3 ves-
sel coronary artery disease or unprotected left main and poor 
LVF were randomized between IABP (n-226) versus Impella 
2.5 (n-226) during percutaneous intervention. Impella 2.5, as 
expected, provided superior hemodynamic support compared 
to the IABP during the intervention. However, the 30 day inci-
dence of major adverse event was similar in both groups. Based 
on a substudy of PROTECT II trial in patients undergoing 
PCI due to three-vessel disease with impaired LVEF and MCS 
support, Impella 2.5 had better 90-day outcomes compared to 
IABP, lower rate of repeating revascularization, less readmis-
sions and adverse events.96

Several studies looked at potential survival benefit of 
Impella systems compared to alternatives in cardiogenic 
shock. Based on one unadjusted retrospective comparison, 
there has been no difference in survival between Impella 5.0 
and ECMO, while blood transfusion and arterial thrombotic 
events were more common in the EMCO group.97 On the 
other hand, it has been suggested that Impella 5.0 improves 
survival in postcardiotomy shock patients with residual car-
diac output of 1 L/min or more.98

Depending on severity, peripheral vascular disease, athero-
sclerosis, as well as small vessel size, are considered relative 
contraindications due to risk of leg ischemia, and technical 
difficulties in catheter placement.99-103 Other contraindica-
tions include mechanical aortic valve, heavily calcified aortic 
valve, and aortic regurgitation. Some consider aortic regur-
gitation a relative contraindication emphasizing decreased 
pump efficacy as the only undesired effect.

Impella RP (Fig. 18-9) is a fairly new addition to the 
Impella family, with data on its use and performance still 
being scarce, but highlighting an expanding role of pVADs 
in right ventricular support.104,105 Impella RP US clinical trial 
is currently underway with expected completion date June 
2016 (ClinicalTrials.gov Identifier: NCT01777607).

Heartmate PHPTM

The Heartmate PHPTM (Fig. 18-10) is a microaxial pump 
similar in concept to the Impella devices. It is designed to 
be placed through the femoral artery and directed across the 
aortic valve into the left ventricle. The pump is introduced via 
a 13-French introducer, which allows for percutaneous inser-
tion. Once the pump is in the left ventricle, the segment of 
the catheter that houses the pump is unsheathed and expands 
to 24 Fr. It is then withdrawn so that it straddles the aortic 
valve. It is marketed as providing 4 to 5 L/min flow. It has 
recently received CE mark approval and as such is commer-
cially available in Europe.

The SHIELD II (Coronary InterventionS in HIgh-Risk 
PatiEnts Using a Novel Percutaneous Left Ventricular Sup-
port Device) U.S. IDE Clinical Trial is a prospectice, ran-
domized, multi-center, study comparing HeartMate PHP 
(Percutaneous Heart Pump) to the Impella® 2.5 in patients 
undergoing high-risk PCI. The study will randomize up to 
425 patients at up to 60 sites.106
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A

FIGURE 18-10 Thoratec PHP. (Used with permission from Thoratec, Inc., Pleasonton, CA.)

B

Pulsatile Pumps
ABIOMED AB VENTRICLE/AB5000
The AB5000 circulatory support system, introduced in 
2004, consists of the pneumatically driven AB ventricle and 
the AB5000 console, which utilizes vacuum-assisted drain-
age. The ventricle is designed for short-to-intermediate 
(<3 months) support and incorporates many of the fea-
tures of the ABIOCOR total artificial heart. It is driven 
pneumatically with valves that are constructed of Angio-
flex, ABIOMED’s proprietary polyether-based polyure-
thane plastic. Inflow cannulae can be configured for atrial 
or ventricular placement.

Cannulation. ABIOMED cannulae are constructed from 
polyvinyl chloride and have a velour body sleeve that is tun-
neled subcutaneously. Three sizes of wire-reinforced inflow 
cannulas are available commercially. These include malleable 

32-, 36-, and 42-French cannulas. Arterial cannulas have 
a precoated Dacron graft attached and are available in two 
sizes: a 10-mm graft for anastomosis to the smaller and lower-
resistance pulmonary artery and a 12-mm graft for anastomo-
sis to the ascending aorta.

Careful cannula insertion is important for optimal per-
formance. The combination of the high vacuum setting and 
smaller cannula size can lead to hemolysis.107 Optimal can-
nula placement without chamber collapse or a high-velocity 
jet at the inflow cannula tip must be confirmed by TEE before 
leaving the operating room. Anticoagulation to an ACT of 
200 seconds is recommended.

Venous inflow must be unimpeded, and outflow grafts 
must not be kinked. In addition, careful consideration must 
be given to cannula position when bypass grafts cross the epi-
cardial surface of the heart. Depending on the location of 
these grafts, these cannulae must be placed such that graft 
compression cannot occur. The three-dimensional layout of 
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444 Part II Perioperative/Intraoperative Care

this geometry must be visualized and thought out in advance, 
particularly if chest closure is planned. Any graft compression 
will make recovery unlikely.

It is technically much easier to use cardiopulmonary 
bypass for placement of these cannulas, although off-pump 
insertion is possible and may be preferable in certain clini-
cal situations, particularly for isolated right-sided support. A 
side-biting clamp typically is used on the aorta to perform 
the outflow anastomosis. If the patient is on cardiopulmo-
nary bypass, the pulmonary artery anastomosis can be done 
without the need of a partial cross-clamp. The length of the 
graft is measured from the anticipated skin exit site to the 
site of anastomosis, and the preclotted Dacron graft is cut to 
an appropriate length such that there is no excessive tension 
or any kinking. The cutaneous exit site is planned so that 
approximately 2 cm of the velour cuff extends from the skin 
and the remainder is in the subcutaneous tunnel. The cannula 
is not tunneled subcutaneously until after completion of the 
anastomosis. For the aortic anastomosis, incorporation of a 
Teflon or pericardial strip helps to control suture-line bleed-
ing. If an off pump insertion is planned, cannulae must be 
tunneled before anastomosis.

For atrial cannulation, a double-pledgeted purse string 
suture using 3-0 polypropylene is placed concentrically. Tour-
niquets must be secured firmly to prevent inadvertent loosen-
ing of the purse string suture and bleeding from the insertion 
sites. In addition, the heart, generally, is volume loaded to 
prevent air embolism during insertion.

For pump inflow, the 36-French malleable cannula is 
typically used because it provides versatility to accommodate 
variations in anatomy and clinical conditions. Left atrial can-
nulation can be achieved via the interatrial groove, the dome 
of the left atrium, or the left atrial appendage. The right atrial 
appendage provides the most hemostatic way to cannulate 
the right atrium because securing ligatures can be placed 
about the appendage and cannula to afford hemostasis. Alter-
natively, the body of the right ventricle or left ventricular apex 
may be cannulated. In the absence of left ventricular clot, the 
cannula can be introduced through a cruciate-shaped ven-
triculotomy. Ventricular cannulation offers the advantages 
of excellent ventricular decompression, which may enhance 
ventricular recovery. Bleeding in the setting of a recent MI is 
a consideration, but usually is not a problem if careful rein-
forced sutures are placed. A purse string of 00 polypropylene 
suture passed through a collar of bovine pericardium is a help-
ful hemostatic adjunct in particularly friable ventricles. Addi-
tionally, a hand-made or preordered chimney made from a 
preclotted graft sewn to a felt collar facilitates ventricular can-
nulation. A “top-hat”-type conduit is constructed and with 
the “brim” sewn to the left ventricle using mattress sutures. A 
ventriculotomy is made and a cannula is introduced through 
the conduit. If recovery occurs, the graft can be stapled to 
achieve hemostasis. It is simply removed and the site closed or 
converted to a more formal inlet cannulation if a long-term 
device must be used.

The consoles for the ABIOMED device are relatively 
simple to operate. The control system automatically adjusts 

the duration of pump diastole and systole primarily in 
response to changes in preload. Pump rate and flow are vis-
ible on the display monitor. With the AB5000, console vac-
uum is adjusted to the lowest possible setting that provides 
adequate flow.

Complications. A report by Anderson and colleagues 
looked at the outcomes of patients transferred on the 
ABIOMED BVS5000, which is no longer being produced, 
at “spoke” centers and converted to the AB5000 at “hubs.” 
Fifty patients were studied over a 2-year period with a sur-
vival to either recovery, transplant, or destination VAD of 
42%.108

THORATEC VENTRICULAR ASSIST DEVICE-TLC
The Thoratec pVAD (Thoratec Laboratories Corp., Pleasan-
ton, CA) was introduced clinically in 1976 under an inves-
tigational device exemption and was approved for bridge to 
heart transplantation in 1995 and postcardiotomy support in 
1998, respectively.

The device is a pneumatically driven pulsatile pump that 
contains two seamless polyurethane bladders within a rigid 
housing. The inlet and outlet ports contain mono-strut 
tilting-disk valves to provide unidirectional flow. The effec-
tive stroke volume of each prosthetic ventricle is 65 mL. The 
pneumatic drive console applies alternating negative and 
positive pressures to fill and empty each prosthetic bladder. 
Multiple settings can be adjusted to potentially optimize 
pump filling to provide univentricular (LVAD or RVAD) or 
biventricular support (BVAD).

Thoratec pumps reside on the upper abdominal wall and 
are connected to the heart with large wire reinforced cannula. 
The dual drive console is a large, wheeled pneumatic control-
ler that is used early in the patient’s course to optimize VAD 
parameters. The TLC-II driver is smaller and is approved for 
out-of-hospital use.

Cannulation. Device implantation typically is performed 
on cardiopulmonary bypass. It is important to select the can-
nula position and cutaneous exit sites carefully. The pump 
should be planned to rest on the anterior abdominal wall. 
Lateral placement may lead to excessive tension at the skin 
exit sites and prevent formation of a seal. Approximately 
1.5 to 2 cm of the felt covering of the cannulas must extend 
beyond the skin exit site, with the remainder in the subcu-
taneous tunnel to promote ingrowth of tissue and create a 
seal. The distance between the inlet and outlet portion of the 
pump is 4 cm, and the distance between the inlet and outlet 
cannulas of the pump should be planned accordingly. The 
cannulae must be long enough to allow for pump connection 
but should be trimmed to prevent the pump from kinking 
when the patient sits.

The arterial cannulas are available with a 14-mm graft (for 
the pulmonary artery) or an 18-mm graft (for the aorta) and 
must be cut to length after the appropriate exit site has been 
selected. They come in two lengths, 15 and 18 cm, which 
again are selected based on the patient’s anatomy and the 
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 Chapter 18 Temporary Mechanical Circulatory Support 445

planned exit site. The graft is generally sewn on the aorta or 
pulmonary artery after applying a partial-occluding clamp 
and sewn with 4-0 polypropylene suture with or without a 
strip of pericardium or Teflon felt for reinforcement. Inflow 
can be accomplished by cannulation of the atria or the ventri-
cles.109 All cannulations generally are reinforced with a double 
layer of pledgeted concentric purse string sutures. For atrial 
cannulation, a 51-French right-angled cannula is available in 
two lengths, 25 and 30 cm. For the left atrium, the cannula is 
inserted through the atrial appendage, the interatrial groove, 
or the superior dome of the left atrium. For right atrial can-
nulation, the cannula is inserted ideally into the right atrial 
appendage and directed toward the inferior vena cava.

Inflow cannulation of the left ventricle is preferred over 
left atrial cannulation109 because it provides better drainage, 
higher flows, and perhaps improves the chance of myocar-
dial recovery. Left ventricular cannulation also decreases the 
amount of stasis in the LV in the poorly contractile heart, 
which decreases thrombus formation. Atrially cannulated 
patients who develop thrombus are at high risk for throm-
boembolic complication because the ventricle usually con-
tinues to eject. Left ventricular cannulation is achieved by 
placing a concentric layer of pledgeted horizontal mattress 
sutures at the apex of the left ventricle or the acute margin 
of the right ventricle (superior to the posterior descending 
artery). The previously placed sutures are passed sequentially 
through the cuff, the apex of the heart is elevated, the left 
ventricle cored, and the cannula seated. The cannula then is 
inserted and secured by tying the sutures. The free end can 
then be directed out through the previously planned cutane-
ous exit site, and a tubing clamp placed to maintain hemo-
stasis until the pump is connected. Connecting the cannulae 
to the pump is difficult and must be done with care. The 
connections to the pump have a sharp, beveled edge that 
should be directed carefully under gentle pressure to fit the 
cannulas without damaging the inner surface of the tube. In 
addition, if this tip bends, it may provide a nidus for throm-
bus formation. Gentle hand pumping can be performed to 
ensure complete air evacuation using an aortic vent. De-air-
ing of pVADs is best achieved by keeping the heart full and 
keeping the pumps full at all time.

Complications. The complications reported for patients 
bridged to transplantation are similar to those reported for 
postcardiotomy patients. In a multicenter trial, the most 
common complications were bleeding in 42%, renal failure 
in 36%, infection in 36%, neurologic events in 22%, and 
multisystem organ failure in 16% of patients.110 Similar com-
plications have been reported from other centers.111,112

Results. After cardiotomy, results are similar to those 
obtained with ECLS and the ABIOMED BVS 5000. In a 
review of 145 patients with nonbridge use of the Thoratec 
device, 37% were weaned and 21% were discharged. More 
experienced centers have achieved hospital survival rates of 
greater than 40%.111,112

The Thoratec premarket approval experience for the treat-
ment of 53 patients with postcardiotomy heart failure had an 
in-hospital survival of 28%. The majority of these patients 
were supported with a BVAD.110 The Bad Oeynhausen group, 
however, has reported a 60% survival for postcardiotomy 
patients supported with the Thoratec device.111,112

During the era of large pulsatile first-generation VADs, 
Thoratec pVADs were the main stay of support for smaller 
individuals needing mechanical support, or for those need-
ing biventricular support as a bridge to transplant. With the 
advent of smaller continuous flow devises such as the Heart-
Ware HVAD that can support smaller patients and that can 
be configured for biventricular support, the use of the pVAD 
has wained. However, these devices are still available and 
approved for mechanical support of both ventricles and for 
postcardiotomy support.

Device Selection
To date, insufficient data exist to recommend one device over 
another for patients who require temporary mechanical sup-
port. Use of a particular device often is based on availability 
rather than science.

For centers with multiple devices, patient presentation 
and cardiopulmonary status determine the device selected. 
Patients undergoing cardiopulmonary resuscitation are best 
served by urgent femoral cannulation. This avoids the time 
delay of transportation and sternotomy. Patients with severe 
hypoxia and lung injury either from aspiration or pulmonary 
edema benefit from the oxygenation and lung rest provided 
with ECLS. In all ECLS patients, it is important to adequately 
lower the left atrial pressure, because hypoxia secondary to 
continued pulmonary venous congestion precludes weaning 
of the ECLS circuit. Direct venting of the left ventricle is 
increasing gaining favor as it not only decompresses the pul-
monary bed but it also mitigates formation of LVA thrombus.

For postcardiotomy support, typically patients are sup-
ported for 48 to 72 hours while transplant evaluation is com-
pleted. Then they are transitioned to a more long-term device 
if myocardial recovery has failed. This approach avoids high-
risk emergency heart transplantation and provides the time 
necessary for improved organ function.

Biventricular support is often required for fulminant myo-
carditis. Recovery may be possible, but often requires long-
term support with a chronic device.

The TandemHeart with percutaneous transseptal left atrial 
drainage is a very attractive option for patients sustaining 
arrest in the catheterization laboratory, but required expertise 
with transeptal techniques. The Cardiohelp, Impella CP, may 
and Heart mate PHP also has a role to play in this patient 
population.

Patient Management
The ultimate goal is to maintain optimal perfusion of all 
end organs, to allow time for recovery from an acute hemo-
dynamic insult and prevent further deterioration of organ 
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446 Part II Perioperative/Intraoperative Care

function. Ideally, pump flow would achieve a mixed venous 
saturation of greater than 70%. Low-flow states can often be 
corrected by intravascular volume expansion. With centrifu-
gal pumps, speed can be adjusted to control flow and allow 
some degree of cardiac ejection to decrease the likelihood of 
stasis and intracardiac thrombus formation. Increasing flow 
rates by using excessive pump speeds can also cause signifi-
cant hemolysis. Fluid administration to expand intravascular 
volume is the best way to increase flow. However, right-sided 
heart failure also may manifest as a low-flow state in the pres-
ence of low pulmonary artery pressures. This condition usu-
ally requires the institution of right-sided circulatory support 
and is associated with a lower overall survival.

VENTILATORY SUPPORT
Peak inspiratory pressures are maintained below 35-cm H2O. 
Inspired oxygen is set initially at 100% with a positive end-
expiratory pressure of 5-cm H2O. Fractional inspired oxygen 
then is decreased gradually to less than 50%, with partial 
pressure of oxygen maintained at between 85 and 100 mm 
Hg. These measures are instituted to diminish the deleteri-
ous effect of barotrauma and oxygen toxicity in the setting 
of lung injury.

BLEEDING/ANTICOAGULATION
Anticoagulation should be done judiciously to weigh the bal-
ance of excessive risk of bleeding against clot formation in 
the pump. Platelet counts decrease within the first 24 hours 
of support; therefore, counts are monitored every 8 hours, 
and platelets are transfused to maintain counts above 50,000/
mm3 during routine support and above 100,000/mm3 if 
bleeding is present. Fresh-frozen plasma and cryoprecipitate 
are given to control coagulopathy and maintain the fibrino-
gen concentration at greater than 250 mg/dL and also replace 
other coagulation factors consumed by the circuit. Antico-
agulation is achieved by systemic heparinization with a con-
tinuous infusion starting at 8 to 10 μg/kg/h and titrated 
to maintain the partial thromboplastin time at between 45 
and 55 seconds once hemostasis is achieved. In most cases, 
heparin infusion is started within 24 hours if used in the 
postcardiotomy setting, but sooner in patients without a 
sternotomy. One must be constantly vigilant for the signs of 
tamponade, which is heralded by falling pump flows, falling 
mixed venous saturation, rising filling pressures, and falling 
hemoglobin. Every effort must be made to alleviate tampon-
ade and achieve hemostasis before transferring a patient. An 
ambulance is far less suited to the management of tamponade 
or ongoing hemorrhage than is the operating room. In real-
ity bleeding is far more of a lethal problem in the first days 
of support than is thromboembolism, and anticoagulation 
should be used judiciously.

FLUID MANAGEMENT
Patients are diuresed aggressively while on support to mini-
mize third-space fluid accumulations. If response to diuretic 
therapy is suboptimal, we use continuous ultrafiltration or 

continuous venovenous hemodialysis. This system permits 
control over fluid balance that can be adjusted for volume 
removal and also allows for dialysis as needed.

NEUROLOGIC MONITORING
Patients are sedated with fentanyl or propofol infusion 
to maintain comfort. Muscle paralysis is used as needed to 
decrease the energy expenditure and chest wall stiffness to 
allow for optimal adjustment of the ventilation parameters. 
All patients are assessed periodically off sedation to establish 
neurologic function. Response to simple commands, ability 
to move all extremities, and spontaneous eye movements are 
used as gross indications of intact sensorium. A low thresh-
old of obtaining computed tomographic scans of the head is 
exercised if any change is noted or index of suspicion is high.

WEANING
A weaning trial is usually attempted after 48 to 72 hours of 
support. It is critical not to rush weaning and to allow time 
for myocardial as well as end-organ recovery. The principle of 
weaning is common to all devices, and all have various controls 
available that allow reduction in flow, thereby enabling more 
work to be performed by the heart. Flow is reduced gradually 
at increments of 0.5 to 1 L/min. Adequate anticoagulation is 
critical during this low-flow phase to prevent pump thrombo-
sis, and, in general, it is not recommended to reduce flow to 
less than 2.0 L/min for a prolonged period. We add additional 
heparin during this period to maintain an ACT of more than 
300 seconds. With optimal pharmacologic support and contin-
uous TEE evaluation of ventricular function, flows are reduced 
while monitoring systemic blood pressure, cardiac index, pul-
monary pressures, and ventricular size. Maintenance of cardiac 
index and low pulmonary pressures with preserved LVF by 
echocardiography suggests that weaning is likely. A weaning 
failure manifests as a falling systemic blood pressure along with 
a drop in cardiac output and rising pulmonary artery pressures. 
A failed attempt at weaning should result in resumption of 
full flow. Absence of ventricular recovery after several wean-
ing attempts is a poor prognostic sign. Patients who are trans-
plant candidates undergo a full evaluation and subsequently 
are staged to a long-term ventricular assist device as a bridge to 
cardiac transplantation. We and others have found that early 
conversion to chronic ventricular support is beneficial and 
improves the low survival that is associated with cardiogenic 
shock, particularly in the postcardiotomy setting.

CONCLUSION
Currently a number of options exist for temporary circula-
tory support, and with advances in technology, the number 
of devices will expand. Each device has advantages and dis-
advantages, and to date, none satisfies all the requirements 
of an ideal device. We have clearly learned many lessons that 
should direct the development of systems and strategies that 
maximize survival and reduce complications. In this arena, 
better understanding of the host inflammatory response, 
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appreciation of the induced derangement in the coagulation 
cascade, and development of systems that do not require anti-
coagulation should improve overall outcomes. In addition, 
development of therapies that alter reperfusion injury and 
preserve organ function is important.

Risk analysis also has taught us that patients requiring 
postcardiotomy support generally fit into a particular profile. 
Specifically, these are patients who require emergency opera-
tions, have poor ventricular reserve, are older, and have exten-
sive atherosclerotic coronary disease and preexisting renal 
dysfunction. Preoperative awareness should prompt maxi-
mization of medical pharmacologic support and a readiness 
to implement mechanical devices early in the face of cardiac 
pump failure.

Use of the standard centrifugal pump gradually has fallen 
out of favor. Use of the Thoratec pVAD has also waned with 
the emergence of less morbid and more patient-friendly long-
term pumps. Traditional ECLS/ECMO has seen a resurgence 
with smaller more compact systems like the Cardiohelp 
device. Other centers effectively utilize acute support devices 
such as the TandemHeart and CentriMag or Impella 5.0. 
Traditionally, transplantation after transition to long-term 
LVADs has been the only therapy available for patients sup-
ported with acute support devices who have not manifested 
recovery. Recently improved results have been reported with 
the use of a continuous-flow pump in stage D heart failure 
patients who are not transplant candidates.113 Historically 
salvage rates for patients in cardiogenic shock, transitioned 
to destination VADs have been poor, given that typically 
DT patients are older with more comorbid conditions than 
patients being bridged to transplantation.114 Hopefully earlier 
use of more effective and less morbid acute support devices 
can improve results in this population.

Recently a consensus statement on the use of percutane-
ous support devices was generated by both surgical and car-
diology authors representing several societies.3 The take home 
message of this important manuscript is that patients with 
cardiogenic shock represent a multidisciplinary challenge and 
acute support devices play an ever increasing role in the care 
of these critically ill patients.

KEY POINTS

1. Recognize cardiogenic shock in the preoperative and post-
operative patient.

2. Have available at your institutions at least one of the avail-
able temporary support systems.

3. Initiate pharmacologic and first-line mechanical support 
(IABP) in the shock patient.

4. Attempt to treat the causative issue.
5. Recognize when these conservative methods fail, and act 

quickly to implement direct cardiac support to restore 
adequate end-organ perfusion and decompress the heart.

6. Initiate discussions with a center at which advanced heart 
failure therapies (transplant/long-term VAD) are possible.

7. Stabilize the patient and initiate transfer to a tertiary cen-
ter for definitive therapy/weaning.
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At its height, the success of surgical coronary revasculariza-
tion spurred improvement in catheter-based technology—
first for imaging quality, and later for attempted therapy. In 
1974, Andreas Gruentzig completed the development of a 
double-lumen balloon catheter that was miniaturized for use 
in coronary arteries. Soon afterward, techniques for percuta-
neous transluminal coronary angioplasty (PTCA) expanded 
as technical breakthroughs were applied to subselective cath-
eters, devices, guidewires, balloon materials, coronary stents, 
and circulatory support. Currently, trial evidence attests that 
percutaneous therapy is useful as a treatment in patients with 
poorly controlled angina whose anatomy does not imply a 
survival benefit from revascularization, and for emergency 
revascularization during ST-segment elevation myocardial 
infarction (MI). Surgical and percutaneous revascularization, 
however, cannot be considered equivalent.1

BALLOON ANGIOPLASTY
Principles
In the early balloon angioplasty era, several technical limi-
tations restricted the use of percutaneous techniques to 
low-risk patients with proximal, discrete coronary artery 
stenoses, and procedural outcomes lacked predictability. As 
advances in tools and techniques were developed, higher-
risk patients became candidates for percutaneous therapy. 
Over time, several principles for safety and success were  
recognized (Table 19-1).

Tools
GUIDING CATHETERS
Guiding catheters differ from diagnostic catheters in that 
a wire braid supports a thin catheter wall, allowing for a 
larger central lumen and providing enough rigidity to sup-
port the advance of subselective catheters to the distal regions  
of the coronary bed. The anatomy of the ascending aorta and 
the origin of the treated coronary artery determine which 
shape of guiding catheter will provide the most secure posi-
tioning (Fig. 19-1). The choice of guiding catheter often is 
the deciding factor for success when the arterial anatomy is 

Myocardial Revascularization 
with Percutaneous Devices
James M. Wilson • James T. Willerson
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TABLE 19-1: Principles of Percutaneous 
Coronary Intervention

1.  The patient’s outcome is a function of age, comorbidity, and 
coronary morphology

2.  The procedure’s outcome is a function of coronary morphology 
and proper planning (ie, sequence and equipment choices, such 
as guidewires and device)

3.  Proximal and distal control of the treated vessel must be 
maintained
a.  Choose proper guide catheter support
b.  Maintain distal wire position
c.  Keep the guide, device, and distal wire tip visible during any 

movement of any device
4.  The needs and limits to treatment options such as devices, 

adjuvant medical therapy, contrast use, and circulatory support 
are determined by
a.  vascular access
b.  the patient’s condition (eg, stable angina or acute myocardial 

infarction)
c. ventricular function
d. comorbidities such as diabetes mellitus, renal insufficiency

5.  The following factors can lead to failure:
a. Incomplete understanding of the three-dimensional anatomy  

 of the course to be taken and lesion to be treated
b. Unrealistic interpretation of

i.  the capacity of available techniques to achieve success
ii.  the amenability of specific anatomy to percutaneous 

manipulation
c. Ignorance of or inattention to technique in subselective  

 device movement
d. Inattention to anticoagulation
e.  Inattention to catheter hygiene (minimizing blood and contrast 

stagnation within the guiding catheter or other devices)

challenging or when complications increase procedural dif-
ficulty. Guiding-catheter manipulation is a common cause of 
procedural complications that necessitate the urgent transi-
tion to coronary artery bypass surgery.

A recent innovation in guiding catheter technology is 
the Guideliner®. The Guideliner is a device for subselective 
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454 Part III Ischemic Heart Disease

FIGURE 19-1 Commonly used guiding catheters are shown in the relaxed state (A) and as engaged with the coronary ostia in preparation for 
PCI: left Judkins (B), left Amplatz (C), XB (extra backup) (D), right Judkins (E), right Amplatz (F), and left coronary bypass (G). PCI = percutaneous 
coronary intervention. (Reprinted with permission from Cordis Corporation, a Cardinal Health company.)

A B

C D

intubation of the coronary artery branches or saphenous vein 
grafts; its design borrows from that of the original Palmaz-
Schatz stent platform. Subselective delivery of a catheter at or 
beyond the origin of a lesion substantially increases the prob-
ability of successful stent delivery. Most useful in delivering 
stents to the obtuse marginal saphenous vein graft, the Guide-
liner has been used for almost every difficult anatomic variant.2

GUIDEWIRES
When the guiding catheter’s position remains secure, the 
guidewire allows control of the distal vessel. Different wires 
vary in stiffness, coating, diameter, and design of the distal 
steering tip. For most procedures, the chosen wire is a 190- to 
300-cm monofilament that is 0.0254 to 0.0356 cm in diam-
eter, with either a graded tapering segment welded to the tip 
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E F

G

FIGURE 19-1  (Continued)

or a gradual taper of the monofilament. The central wire core 
at the tip is “plastic,” or malleable, and may be shaped by the 
operator. In many wire designs, a wire coil wrapped around 
the central filament projects a blunter, less traumatic tip to 
the vessel that it must traverse. Generally, the softest tip is the 
safest tip. However, in certain situations, such as treatment 
of a chronic total occlusion, a stiffer wire tip with a bonded, 
hydrophilic coating, rather than the wire coil, is frequently 
most effective. Although using these stiffer, “slicker” wires 
increases the likelihood of crossing the lesion successfully, the 
wires also increase the risk of complications, such as the cre-
ation of a subintimal wire course, the induction of dissection, 
or the perforation of the vessel (Fig. 19-2).

TOOLS FOR LUMEN EXPANSION
Most subselective devices for coronary artery manipulation 
are balloon inflation catheters or something similar. Balloon 
catheter designs vary in the placement of the proximal open-
ing of the central lumen. The “on the wire” design has a cen-
tral lumen that extends the length of the catheter. This design 
affords the best trackability and capability for maneuvering 
through difficult anatomy, but it requires an assistant to 
manipulate the wire during device advance. The “monorail” 
design has a central lumen, extending only through the distal 
balloon shaft of the catheter. The remaining catheter shaft 
communicates only with the balloon lumen. This design, 
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456 Part III Ischemic Heart Disease

though less trackable, allows the procedure to be performed 
without the need for an assistant.

Properties of the angioplasty balloon include compliance, 
maximally tolerated pressure, profile, and friction coefficient. 
Compliance, or growth under pressure, and maximally tol-
erated pressure are a function of balloon wall thickness and 
material. Compliance is divided into three categories depend-
ing on the growth of the balloon under pressure: noncom-
pliant, semicompliant, and compliant. The thin-walled, 
compliant balloon has the lowest deflated profile, which 
allows the device to pass through the most severely occluded 
vessels. However, the balloon may not expand uniformly or 
lengthen when exposed to high pressures, such as pressures 
in excess of 20 atm (15,200 mm Hg), which are required to 
dilate hard and heavily calcified stenoses or stents. A variety 
of balloon coatings may be used to reduce the friction coef-
ficient or protect the lumen from abrasion (eg, from passing 
a stent).

ANTITHROMBOTIC THERAPY
During an angioplasty procedure, blood may stagnate in the 
guiding catheter or near the treated lesion when a wire or 

F

F

F cos p

f k

p�

p

FIGURE 19-2 Support for subselective device introduction into the 
coronary vessels is determined primarily by the shape of the guiding 
catheter in relation to the anatomy of the ascending aorta and the 
origin of the left main coronary artery. Shown graphically, advance of 
the device forces the catheter backward. This movement is opposed 
by the alignment of the catheter with the coronary artery and by fric-
tion developing through contact between the primary curve of the 
catheter and the opposing wall of the aorta. (Reproduced with permis-
sion from Ikari Y, Nagaoka M, Kim JY, et al: The physics of guiding 
catheters for the left coronary artery in transfemoral and transradial 
interventions, J Invasive Cardiol. 2005 Dec;17(12):636-641.)

device is placed within the lumen of the target lesion. In addi-
tion, metallic components of the guidewire or other devices 
attract fibrinogen, thus stimulating thrombosis. Therefore, 
a thrombus may form easily unless prevented with intense 
anticoagulation therapy (Table 19-2).3 Most angioplasty pro-
cedures are performed with unfractionated heparin (UFH) 
titrated to an activated clotting time (ACT) value of more 
than 300 seconds.4 Alternative anticoagulants, such as low-
molecular-weight heparins and direct antithrombin antago-
nists, may be used.5-9 Direct thrombin inhibitors may be 
associated with reduced risk for major bleeding complications 
but are not reversible in the event that emergency surgical 
referral is needed.10 Antiplatelet therapy also reduces the risk 
of thrombosis at the treated lesion. In addition to aspirin and 
thienopyridines, glycoprotein IIb/IIIa (GP IIb/IIIa) complex 
inhibitors may be administered in specific circumstances. 
The GP IIb/IIIa complex inhibitors are unique in their ability 
to impair platelet-platelet aggregation, regardless of the type 
or intensity of stimulus. Anticoagulation is titrated to a lower 
intensity (an ACT of 200-250 seconds) when GP IIb/IIIa 
inhibitors are used.

Mechanisms
Balloon angioplasty transmits increased intraluminal pres-
sures circumferentially to the rigid intimal surface of the 
diseased vessel. Because atherosclerotic lesions typically are 
heterogeneous in their circumferential distribution and 
physical characteristics, the nondiseased or less diseased 
wall may be overstretched during balloon inflation. In most 
instances, the lesion segment with the greatest structural 
integrity is a focal point for applied stress. Adjacent regions 
of the vascular wall can shift, and the diseased, inelastic 
intima can fracture. Although this mechanism allows bal-
loon expansion and an increase in luminal diameter, exten-
sion of the fracture into the intima-media border creates a 
dissection plane, the growth of which is determined by the 
mechanical characteristics of the lesion and the amount of 
force applied. If growth of the dissection plane results in 
significant displacement of the diseased intima, the vessel 
will close. This event, termed abrupt or acute occlusion, 
complicates about 10% of balloon angioplasty procedures. 
Overstretching the minimally diseased or nondiseased wall 
without causing plaque fracture typically results in early 
recoil of the treated lesion to its original state.

After balloon deflation, a small amount of thrombus 
accumulates, providing the stimulus and framework for colo-
nization by inflammatory cells and myofibroblasts and the 
eventual, local synthesis of temporary (intimal hyperplasia) 
and permanent (collagen-rich) connective tissue. In addi-
tion, mechanical injury to the media and adventitia results 
in scar formation. The scar’s contracture may reduce vessel 
cross-sectional area—a phenomenon termed negative remod-
eling.11,12 During vascular healing, the encroaching intimal 
hyperplasia that peaks in volume at about 3 months, com-
bined with negative remodeling, results in restenosis after 40 
to 50% of balloon angioplasty procedures.13-15
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TABLE 19-2: Adjunctive Pharmacologic Therapy for PCI

Drug Use Setting Dose
Duration 
of effect

Duration of 
therapy Complications

Aspirin Antiplatelet All PCI 81 mg 5-7 days Permanent GI bleeding
Clopidogrel Antiplatelet All PCI 600 mg 6 h before PCI + 75 mg/

day afterward
5-7 days 6 mo-1 year Bleeding TTP  

(rare)
Prasugrel3 Antiplatelet All PCI 60 mg bolus + 10 mg/day 72 h 6 mo-1 year Bleeding
Ticagrelor3 Antiplatelet All PCI 180 mg bolus + 90 mg 2/2 48 h 6 mo-1 year Bleeding

Dyspnea
Abciximab Antiplatelet ACS 0.25 μg/kg bolus + 0.125 μg/kg/

min
72 h 12 h Bleeding

Thrombocytopenia
Eptifibatide Antiplatelet ACS Two 180-μg/kg boluses (10 min 

apart) + infusion 2 μg/kg/min
4 h 12-72 h Bleeding

Tirofiban Antiplatelet ACS 0.4 μg/kg/min for 30 min, then  
0.1 μg/kg/min

4 h 12-72 h Bleeding

Heparin Anticoagulation All PCI 100 IU/kg
*60 IU/kg

6 h During 
procedure

Bleeding
Thrombocytopenia
Thrombosis

Bivalirudin Anticoagulation UFH alternative 1 mg/kg bolus + 2.5 mg/kg/h for 
4 h

2 h During 
procedure + 
4-6 h if no 
clopidogrel 
bolus

Bleeding

Argatroban Anticoagulation UFH alternative 350 μg/kg bolus + 25 μg/kg/min 2 h During 
procedure + 
4-6 h if no 
clopidogrel 
bolus

Bleeding

Enoxaparin Anticoagulation UFH alternative 1 mg/kg
*0.7 mg/kg

6 h During 
procedure

Bleeding

Dalteparin Anticoagulation UFH alternative 100 IU/kg
*70 IU/kg

6 h During 
procedure

Bleeding

Acetylcysteine Contrast 
nephropathy 
prophylaxis

GFR < 60 mL/
min

600 mg every 12 h Unknown Begin 12 h before 
and continue 
for 12 h 
afterward

None

Verapamil/
diltiazem/
nicardipine

Vasodilator No-/slow-reflow 0.1-0.5 mg IC 20-30 min As needed Hypotension
Bradycardia

Nitroprusside Vasodilator No-/slow-reflow 30 μg IC 30-60 s As needed Hypotension
Adenosine Vasodilator No-/slow-reflow 50 μg IC 30 s As needed Bradycardia

*Recommended dose in conjunction with glycoprotein IIb/IIIa inhibitor therapy.
ACS = acute coronary syndrome; GFR = glomerular filtration rate; GI = gastrointestinal; IC = intracoronary; mo = month; PCI = percutaneous coronary intervention; 
TTP = thrombotic thrombocytopenic purpura; UFH = unfractionated heparin.

Outcomes
In approximately 2 to 10% of balloon angioplasty procedures, 
intimal dissection, thrombosis, and perhaps medial smooth 
muscle spasm combine to produce abrupt closure.16,17 Abrupt 
closure may be treated successfully with repeat balloon infla-
tion but is treated more commonly with stent implantation.18 
The specter of abrupt closure and MI or emergency bypass 
surgery and its complications historically has limited the 
application of balloon angioplasty.

In patients with stable angina, mortality from balloon angio-
plasty procedures is 1% at 1 month.19 About half of the deaths 
are the result of a procedural complication, and most are related 
to low cardiac output (Table 19-3).20 Although the incidence 
of restenosis (>50% diameter stenosis during follow-up) is 
40 to 50% within 6 to 9 months of a PTCA procedure,13,15,21  
only 25% of patients report recurrent angina that warrants fur-
ther investigation.22 Patients with restenosis have an increased 
risk of MI and needing coronary artery bypass surgery.23
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DEVICE-ASSISTED ANGIOPLASTY
Stents
The two failure modes of balloon angioplasty—abrupt clo-
sure and restenosis—have stimulated the development of a 
myriad of devices, all intended to reduce procedure-related 
risk, the risk of restenosis, or both. Only coronary stenting 
has been shown to be advantageous over balloon angioplasty 
alone, except in severely calcified lesions (Table 19-4). There 
are numerous coronary stent designs, but the majority of those 
in current use consist of a cylinder that is made from stain-
less steel (or an alloy, such as cobalt chromium) and that has 
been “carved,” creating a so-called slotted-tube design. Stent 
expansion creates a series of interlocking cells, resembling a 
cylindrical mesh-work (Fig. 19-3). Stents are thus deformable, 
but when expanded, they maintain sufficient rigidity to act as 
scaffolding after the angioplasty balloon is deflated. Intimal 
disruption is contained and far less likely to propagate and 
occlude the treated vessel. In addition, the rigid framework 
left behind becomes part of the vessel wall, addressing the issue 
of remodeling, which is one of the mechanisms of restenosis.

Stents allow safe expansion of the vessel beyond that typi-
cally achieved with PTCA at the time of balloon expansion; 

however, stent use increases the thrombotic and inflamma-
tory responses of the vessel wall. The increased injury and 
a foreign-body response to stent struts result in a more intense and 
prolonged local inflammatory response.24 Consequently, stent 
placement paradoxically exacerbates intimal hyperplasia.25,26 If 
one uses the late (6 or 9 months) loss in lumen diameter after 
stent implantation as a measure of intimal hyperplasia, even 
the most modern stent designs fall within a range of about 
0.8 mm—more than twice the loss incurred after PTCA (0.32 
mm). As a result, with regard to restenosis after angioplasty, the 
impact of stenting for percutaneous coronary revascularization 
(PCR) is rather small in comparison with that of PTCA.25,26 
Intimal hyperplasia and restenosis risk are primarily functions 
of the size of the treated lumen on completion of the procedure, 
the length of the treated lesion, and the presence of unstable 
angina, hypertension, and diabetes mellitus (Table 19-5).27-29 
Long-term follow-up studies indicate that a stent that does not 
reocclude during the first 6 to 9 months after implantation is 
not subject to late, rapid disease progression.30-34

By reducing the likelihood of abrupt closure requiring 
emergency coronary artery bypass surgery and of restenosis, 
stent-assisted angioplasty is more effective than routine balloon 
angioplasty for virtually any type of coronary artery lesion. 
Registry data describe a risk for emergency surgery of only 0.3 
to 1.1% and a procedural mortality of less than 1%.35-38 The 
likelihood of procedural complications may be estimated on 
the basis of lesion characteristics (Table 19-6).39 Depending on 
lesion characteristics and the number of lesions treated, after 1 
year, 5 to 10% of patients require coronary artery bypass sur-
gery, and 15 to 20% undergo a second percutaneous coronary 
intervention (PCI) procedure.40-43 After 5 years, 10 to 15% of 
patients require another revascularization procedure because of 
the development of severe stenosis at an untreated site.34 Diabe-
tes increases the risk for adverse outcomes by increasing the risk 
of restenosis and disease progression at untreated sites.

As noted previously in the description of the guidewire, 
iron components of stent struts attract fibrinogen and provide 
a site for platelet attachment and thrombosis. The increased 
risk of thrombosis at the treated site persists until endothelial-
ization is complete. As a result, more intense antithrombotic 
therapy is required during the procedure and for up to 1 year 
afterward.44,45

TABLE 19-3: Causes of Death after 
Percutaneous Transluminal Coronary 
Angioplasty20

Low-output failure 66.1%
Ventricular arrhythmias 10.7%
Stroke 4.1%
Preexisting renal failure 4.1%
Bleeding 2.5%
Ventricular rupture 2.5%
Respiratory failure 2.5%
Pulmonary embolism 1.7%
Infection 1.7%

Modified with permission from Malenka DJ, O’Rourke D, Miller MA, et al: Cause 
of in-hospital death in 12,232 consecutive patients undergoing percutaneous trans-
luminal coronary angioplasty. The Northern New England Cardiovascular Disease 
Study Group, Am Heart J. 1999 Apr;137(4 Pt 1):632-638.

TABLE 19-4: Devices Used for Coronary Angioplasty

  Experience Ease of use Complications Efficacy Lesion type

Standard balloon angioplasty ++++ ++++ + +++ Any
Cutting balloon + ++ ++ +++ Calcified lesion, ISR, bifurcation
Rotational atherectomy +++ + +++ +++ Heavily calcified, nondilatable ISR
Directional atherectomy + + +++ + Bifurcation, ostial lesion
Laser atherectomy ++ ++ ++ ++ Calcification, ISR, thrombus
Aspiration (mechanical) ++ + + ++ Thrombus
Aspiration (manual) + +++ + ++ Thrombus

ISR = in-stent restenosis.
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Artery Plaque

Stent

Expanded stent

C

B

A

Stenting

Inflated balloon

Balloon

FIGURE 19-3 The coronary stent is a metallic “meshwork” that 
increases its rigidity when cold worked by balloon expansion. But-
tressing of the vascular wall, propagation of dissection, and early 
vascular recoil are reduced significantly. (Used with permission from 
Texas Heart Institute, www.texasheart.org.)

revascularization of the treated vessel. One year after the proce-
dure, the risk of TVF is reduced from 19.4 to 21% with a bare-
metal stent (BMS) to 8.8 to 10% with a DES.40,43,47

Reduced rates of repeat intervention after DES placement 
have been reported for every type of lesion studied except 
bifurcation lesions, for which the risk of restenosis remains 
significant, and the risk of potentially fatal early thrombosis is 
as high as 3.5% (Table 19-7).40,43,48-66 Although the use of a DES 
reduces the rate of failure of long-term treatment and of repeat 

TABLE 19-5: Approximate Risk of Restenosis 
Stratified by Final Lumen Diameter and Stent 
Length

Final lumen diameter (mm)

2.0 2.5 3.0 3.5 4.0
Stent length (mm)
15 32% 22% 14% 8% 4%
30 42% 30% 20% 11% 7%
45 52% 39% 28% 15% 10%
60 60% 47% 35% 20% 13%

Data from de Feyter PJ, Kay P, Disco C, et al. Reference chart derived from 
post-stent-implantation intravascular ultrasound predictors of 6-month expected 
restenosis on quantitative coronary angiography, Circulation 1999  
Oct 26;100(17):1777-1783.

Stents may be used as a drug-delivery system. However, 
rather than simply applying a drug to the stent’s surface from 
which it will dissipate quickly, drug delivery is controlled by 
using a surface polymer or by altering the design or the mate-
rial used to construct the stent.46 This drug-delivery device, 
called a drug-eluting stent (DES), allows the drug to be applied 
at high concentrations at the site of interest and reduces the 
probability of systemic toxicity.

DESs reduce the primary determinant of restenosis by 50 to 
100%, as determined by measuring late lumen loss after angio-
plasty (Fig. 19-4). Studies that examined the efficacy of the DES 
resulted in the introduction of new nomenclature for the follow-
up endpoints. The most useful follow-up endpoint is termed tar-
get vessel failure (TVF), signified by cardiac death, MI, or repeat 

TABLE 19-6: Risk Factors for Ischemic Events 
After Stent Placement39

Strongest correlates

Nonchronic total occlusion
Degenerated SVG

Moderately strong correlates

Length ≥ 10 mm
Lumen irregularity
Large filling defect
Calcium + angle ≥ 45
Eccentric
Severe calcification
SVG age ≥ 10 years

Outcomes

Group Definition
Death/MI/Emergency 

CABG (%)
Highest risk Either of the 

strongest 
correlates

12.7

High risk ≥3 moderate 
correlates

8.2

Moderate risk 1-2 moderate 
correlates

3.4

Low risk No risk factors 2.1

CABG = coronary artery bypass graft surgery; MI = myocardial infarction;  
SVG = saphenous vein graft.

BMS
0

0.2

0.4

La
te

 lo
ss

 (
m

m
)

0.6

0.8

1

Paclitaxel Sirolimus Everolimus

FIGURE 19-4 The effect of various stents on intimal hyperplasia in 
randomized trials is shown. A bare-metal stent’s intimal hyperplasia 
thickness, or late loss, shown on the left, is compared with the late 
loss of drug-eluting stents shown at the right. BMS, bare-metal stent.
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460 Part III Ischemic Heart Disease

procedures, this reduction does not translate to a reduced risk 
of procedure-related complications.67 In addition, incomplete 
healing, a response to the eluting polymer, or both confer an 
increased risk of stent thrombosis that extends beyond 1 year.68 
As a result, after intervention with a first-generation DES or in 
a patient with acute coronary syndrome (ACS), dual antiplatelet 
therapy should be continued for at least 1 year in all patients and 
indefinitely in patients with complex lesions. Newer-generation 
DESs allow for more rapid reendothelialization and a slight 
increase in late loss without increasing the risk of in-stent reste-
nosis. As a result, the duration of dual antiplatelet therapy can 
safely be reduced to less than a year. For clinically stable patients, 
only 6 months of dual therapy is required, which increases the 
number of patients who may safely receive a DES while facing 
the prospect of noncardiac surgery in the near future.69

Other Devices
PERFUSION BALLOONS
Before coronary stents came into routine use, abrupt closure 
owing to dissection could be treated with repeat balloon infla-
tion and, if that was unsuccessful, with coronary artery bypass 
surgery. Prolonged balloon inflation generally was necessary 
for successfully restoring patency, but in the event of failure, 
transport for emergency surgery often was accompanied by 
severe ischemia of the treated territory. As a result, balloon 
catheters with a short third-lumen opening just proximal and 
distal to the balloon were developed. These catheters, or “per-
fusion balloons,” allowed prolonged balloon inflation with far 
less ischemia and could be used to ameliorate ischemia during 
transport for surgery after an unsuccessful procedure. Since 
the introduction of the coronary stent, the use of perfusion 
balloons has become rare.

ATHERECTOMY
When the concept of reducing the bulk of the obstruct-
ing atheroma was first introduced, it was quite attractive. 

The idea was to reduce vessel wall thickness, or “debulk,” 
allowing balloon expansion at a lower pressure. Theoretically, 
with less force applied for lumen expansion, the likelihood 
of abrupt closure would be reduced, as would the degree of 
arterial injury at the time of treatment. Several devices used 
for debulking have been developed and studied, including 
directional coronary atherectomy, percutaneous transluminal 
rotational ablation, and laser ablation. Unfortunately, when 
subjected to rigorous examination, debulking devices were 
found to provide no substantial advantage over plain balloon 
angioplasty in achieving procedural success or avoiding reste-
nosis.70-73 Although each device has acquired a specific niche 
(see Table 19-4), their routine use is generally associated with 
an increased risk of procedural complications, including per-
foration and MI.73-75

Rotational atherectomy requires additional discussion 
because unlike the other types of atherectomy, it is still com-
monly used. The Rotablator (Boston Scientific Corporation, 
Natick, MA) is an olive-shaped device coated with diamond 
chips that is attached to an electrical motor that can rotate the 
device at high speeds. The device is designed to abrade a rigid 
atherosclerotic intima, creating microemboli that are small 
enough to pass through the coronary microcirculation with-
out incident. It is also useful as an initial treatment method 
for very rigid, heavily calcified lesions. However, the con-
cept of rotational atherectomy is not without shortcomings. 
Microembolization is likely to exacerbate ischemia and there-
fore is contraindicated when there are thrombotic lesions, 
if there is impaired microcirculatory flow associated with a 
recent MI, or if the treated vessel is the last remaining patent 
vessel. Use of this device is also associated with an increased 
risk of perforation in highly angulated lesions. Another 
recently developed form of atherectomy is the single-bladed 
rotational atherectomy device used for “orbital” atherectomy. 
This treatment’s place in the PCI armamentarium has not yet 
been fully determined.76

ASPIRATION DEVICES
Several coronary aspiration devices are available to reduce the 
risk of distal embolization and to diminish the local concen-
tration of prothrombotic and vasoactive substances. These 
devices range from a simple end-hole catheter attached to 
a syringe to a complex suction catheter with or without an 
associated mechanical disrupter. These devices forcibly extract 
components of the thrombus or atheroma.77 Their use may 
improve flow after the treatment of thrombus-laden lesions 
or saphenous vein grafts (Fig. 19-5).78

EMBOLIC PROTECTION DEVICES
During balloon angioplasty, mechanical dissolution of 
thrombus (if any is present) may result in macroembolization 
and distal vessel occlusion. The high-pressure manipulation 
of an atheromatous lesion also may free cholesterol crys-
tals and other components of the lesion, resulting in distal 
microembolization, thrombosis, and slow- or no-reflow 
phenomenon.

TABLE 19-7: The Clinical Impact of 
Drug-eluting Stents

Population Endpoint BMS (%) DES (%)

Total40,43 TVF 20-24.1 9.9-10.8
Diabetes mellitus60 MACE 9 mo 27.2-36.3 11.3-15
 Insulin-treated53 MACE 9 mo 31.5 19.6
Myocardial infarction65 TVR 8 mo 32 18
“Complex” lesions56 TLR 12 mo 29.8 2.4
 Long lesion, small vessel51,61,62 MACE 9 mo 18.3-22.6 4-8
 Small vessel48 MACE 8 mo 31.3 9.3
 Bifurcation49,50,64,66 TVR 6 mo 13.3-38 8.6-19
Restenosis55 TVR 6 mo 33 8-19
Saphenous vein graft lesion52 MACE 6 mo 28.1 11.5

BMS = bare-metal stent; DES = drug-eluting stent; MACE = major adverse 
cardiac event; mo = month; TLR = target lesion revascularization; TVF = target 
vessel failure; TVR = target vessel revascularization.
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 Chapter 19 Myocardial Revascularization with Percutaneous Devices 461

Several devices have been developed to reduce the fre-
quency or impact of distal embolization. These devices may 
be placed distal or proximal to the treated lesion. Distal 
devices are mounted on the guidewire and use either a sus-
pended micropore filter to trap particulate matter of 100 to 
150 μm or larger or balloon occlusion of the treated vessel 
with posttreatment aspiration to capture embolized mate-
rial. Proximally placed devices temporarily interrupt flow 
and aspirate the treated vessel. The PercuSurge GuardWire 
Plus (Medtronic, Minneapolis, MN) is a balloon occlusion 
and aspiration device that underwent testing in vein grafts in 
the Saphenous Vein Graft Angioplasty Free of Emboli Ran-
domized trial.79 The trial showed a 42% reduction in creatine 
kinase (CK) elevations and more than a 50% reduction in 
the no-reflow phenomenon.79 Unfortunately, these results did 
not apply to patients with MI.80

FIGURE 19-5 In a patient with ongoing inferior myocardial infarc-
tion, the right coronary artery is occluded by thrombus (A). After 
passage of a guidewire followed by aspiration at the site of occlusion, 
thrombus is withdrawn, restoring antegrade blood flow (B). A stent 
then is placed at the site of the culprit lesion to complete the proce-
dure (C).

A B

C

IMAGING DEVICES

Angiography allows imaging of the coronary lumen but may 
be unreliable in patients with severe calcification, difficult 
branching patterns, or previously placed coronary stents. 
Furthermore, a thrombus that may increase the risk associ-
ated with PCR may go undetected by standard angiography. 
Therefore, several alternative imaging methods have been 
developed to improve diagnosis, to plan revascularization 
efforts, and to evaluate the success of such efforts. Angios-
copy or fiber-optic imaging requires occluding the imaged 
vessel and perfusing it with saline. Although angioscopy is 
a useful tool to investigate the presence or components of 
thrombus within coronary vessels, it has not been a useful 
adjunct to PCR. In contrast, intracoronary ultrasonography 
has proved especially useful. Ultrasonography allows accurate 
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462 Part III Ischemic Heart Disease

determination of vessel size, luminal reduction, lesion com-
ponents, and the progress of revascularization attempts. 
Ultrasound guidance for stent implantation is associated with 
a greater than 30% reduction in the need for repeat proce-
dures.81 Of equal importance, intracoronary ultrasonography 
is an invaluable research tool used to investigate the accuracy 
of contrast angiography and the impact of mural lesion com-
ponents on complications and outcomes after angioplasty.

Optical coherence tomography uses the characteristics of 
light reflection to determine tissue characteristics, providing 
a visual representation of the interrogated artery that provides 
information about both anatomy and disease state. It is useful 
as a research tool, providing extremely accurate tissue thick-
ness measurements, as well as spectacular anatomic images. 
Unfortunately, at the level of clinical care, optical coherence 
tomography offers little more information than intracoronary 
ultrasonography but increases case complexity.82

DEVICES THAT MEASURE LESION SEVERITY
The hemodynamic significance of coronary lesions, the 
appropriateness of a treatment, and the success of treatment 
may be determined by one of the following two means: a 
guidewire that measures the velocity of blood flow within 
coronary arteries, and a calculation of the pressure distal to 
a coronary lesion.

A miniaturized Doppler-equipped guidewire with a 
12-MHz transducer uses a pulsed interrogation that sam-
ples 5.2 mm beyond the guidewire tip at an angle of 14° 
on either side. Assuming that the cross-sectional area of the 
interrogated vessel remains constant during all measure-
ments, the ratio of the velocities measured reflects the ratio 
of blood flow between any two measurements. The most 
important and reliable parameter that a flow probe measures 
is the ratio of resting flow to vasodilated coronary flow, a 
value known as coronary flow reserve. When measured with 
the Doppler probe, the value is termed coronary velocity 
reserve (CVR). As a coronary lesion becomes flow limiting, 
attempts to normalize tissue perfusion by autoregulation 
result in arteriolar dilatation at rest. Therefore, the admin-
istration of an arteriolar vasodilator such as adenosine will 
have little additional effect on flow velocity. The absence 
of an appropriate increase in velocity during adenosine- 
or dipyridamole-induced arteriolar vasodilation produces 
abnormal flow reserve. A CVR less than 2.0 indicates hemo-
dynamically significant lesions.

The CVR measurement reflects changes in flow relative 
to an assumed normal baseline state but is subject to error 
when baseline flow is abnormal. Examples of abnormal 
states include left ventricular (LV) hypertrophy, fibrosis, and 
perhaps anemia. In addition, abnormally large or small driv-
ing pressure gradients may fall outside the range of normal 
coronary autoregulation, altering the basal-to-hyperemic 
ratio. Failure to achieve arteriolar dilatation in response to 
adenosine or dipyridamole will produce an abnormal calcu-
lated flow reserve. Conditions that affect arteriolar dilatation 
include diabetes mellitus, amyloidosis, and recent caffeine or 
theophylline ingestion.

An alternative to flow measurement is pressure measurement 
proximal and distal to the lesion in question. Under normal 
conditions, epicardial vessels present little detectable resistance 
to flow. Therefore, driving pressure (PAo) and arteriolar resis-
tance pressure (PRA) determine maximal coronary blood flow. 
The presence of a flow-limiting coronary lesion will cause some 
of the driving pressure to be lost, so maximal flow will depend 
on the distal coronary pressure (Pd)-to-PRA gradient and arterio-
lar resistance. Therefore, the fraction of maximal basal flow that 
remains possible in the presence of the lesion is

lesion/ no lesion = (Pd–PRA/Rbasal)/–(PAo–PRA/Rbasal)

Canceling resistance and assuming that right atrial pres-
sure remains constant result in a very simple relationship:

lesion/ no lesion = Pd/PAo

This ratio, called the myocardial fractional flow reserve 
(FFR), is obtained after the administration of adenosine. 
An FFR of 0.75 or less is used to identify a hemodynamically 
significant lesion. Routine use of FFR to ensure the necessity 
of PCI reduces the risk of adverse events, both immediately 
and 1 year after the procedure.83

Physicians who care for patients with coronary artery dis-
ease differ widely in their estimates of the severity of a coronary 
lesion. Fortunately, that conflict can be objectively resolved 
with FFR. Using FFR to guide revascularization decisions in 
most cases improves the revascularization decision, helps in 
assigning the patient the most appropriate care, and reduces 
the risk of complications and repeat procedures.84 Absent an 
alternate physiologic cue for revascularization, FFR should 
guide the decision in all but the most obvious cases.

BRACHYTHERAPY
Before the advent of DESs, restenosis after angioplasty or 
stent implantation could be treated by medical therapy, repeat 
angioplasty, or coronary artery bypass surgery. The high fre-
quency of restenosis led to a large population of patients with 
multiple treatment failures, intractable symptoms, and pro-
hibitive contraindications to surgical treatment. Because a 
proportion of the cell population colonizing a treated lesion 
and contributing to restenosis arose from the media of the 
treated lesion, radiation therapy to prevent cell replication 
was proposed. The well-recognized dangers of high-dose, 
external-beam radiation limited dosing to local application, 
but this therapy still was seen as posing a substantial risk. 
Although radiation brachytherapy is a source of increased 
adverse events when used as a treatment for de novo coronary 
lesions, it has been used with some (albeit limited) success to 
treat refractory in-stent restenosis.85,86

CIRCULATORY SUPPORT
Performing a percutaneous revascularization procedure 
includes an obligatory period of ischemia in the treated 
region. The duration of ischemia may be prolonged in 
the event of abrupt closure or distal embolization, and 
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recovery may be incomplete or delayed for a period of 
days, as in the treatment of acute MI. For patients with 
depressed LV systolic function and for those in whom the 
treated territory is large, there is a risk for developing car-
diogenic shock during and after the procedure. This risk 
substantially increases the possibility of acute renal fail-
ure, stroke, and death. The likelihood of shock complicat-
ing an angioplasty procedure may be predicted by using a 
scoring method that incorporates the extent and severity 
of systolic dysfunction present before the procedure and 
the extent that can be expected as a result of the proce-
dure (Table 19-8).39,87 Elective placement of an intraaortic 
balloon pump (IABP) is associated with a reduced risk of 
hypotension and major complications.88

The percutaneous left ventricular assist device (pLVAD) 
is a miniaturized axial-flow pump that is being used increas-
ingly to support patients in shock or during high-risk angio-
plasty procedures.89 The pLVAD is capable of providing up 
to 4 L/min of additional blood flow. The pLVAD and its 
variants are superior to the balloon pump in providing cir-
culatory support and avoiding flow-related complications. 
However, complications at the access site and with the flow 
delivery limit their application to the highest-risk patients for 
whom we do not have an objective measure (score) to ensure 
benefit.90-92

COMPLICATIONS
In addition to abrupt closure and restenosis, there are several 
other potential complications of PCR that may influence the 
risk-to-benefit ratio for an individual patient. These compli-
cations include bleeding, vascular access-site complications, 
stroke, radiocontrast nephropathy (RCN), and MI owing to 
distal embolization.

Hemorrhage
Bleeding that necessitates transfusion or results in hemody-
namic instability occurs in 0.5 to 4% of PCR procedures, 
depending on patient variables (eg, age, gender, presence of 
peripheral vascular disease), procedural variables (eg, loca-
tion of femoral arteriotomy, duration), and pharmacologic 

variables (eg, intensity of antithrombotic therapy).4 Several 
devices have been designed to improve femoral hemosta-
sis after sheath removal, but none has proven superior to 
standard compression hemostasis.93 With the availability of 
lower-profile equipment, the radial artery is being used with 
greater frequency, which results in a reduction in bleeding 
and access-site complications.94,95

Ischemia
Stroke complicates approximately 0.18% of PCR proce-
dures.96 Its occurrence is associated with increased age, 
depressed LV ejection fraction, diabetes mellitus, saphenous 
vein graft intervention, and complicated or prolonged proce-
dures requiring the placement of an IABP.97

The frequency with which MI complicates PCR proce-
dures depends on the definition of MI.98 If MI is defined as 
the presence of new Q wave, the incidence is 1%,99 whereas if 
MI is defined as any elevation of the MB fraction of CK (CK-
MB), the incidence is as high as 38%.98 Using more stringent 
definitions of infarction, such as greater than 3 or 10 times 
the upper limit of normal, reduces the reported values to 11 
to 18% or 5%, respectively.99-101 Actually, any elevation car-
ries prognostic significance, but elevation above three times 
the upper limit of normal is accepted as a definition of peri-
procedural MI.

Elevated markers of myocardial injury may be seen after 
apparently uncomplicated procedures.98 One mechanism 
for such events is microscopic distal embolization. When 
severe, microscopic distal embolization of a coronary 
artery creates the angiographic appearance of slow vessel 
filling, it is termed no- or slow-reflow. No-reflow is seen 
most often during saphenous vein graft angioplasty but 
also may complicate rotational atherectomy and primary 
PCR for acute MI. Methods of quantifying abnormal flow 
after PCR include a subjective estimation of flow veloc-
ity, the thrombolysis in myocardial infarction (TIMI) flow 
rate (III, normal; II, slow; I, minimal contrast material 
flow beyond the treated site; and 0, no flow), and the more 
objective method of corrected TIMI frame count. Individ-
ual frames of the angiographic image are counted from the 
time of contrast material entry into the treated vessel until 
a predetermined distal landmark is reached. No-reflow may 
be a brief and self-limiting phenomenon, but when pro-
longed, it is associated with increased mortality.102 Pharma-
cologic manipulations, including intracoronary verapamil, 
adenosine, and nitroprusside administration, may be used 
in an attempt to prevent or treat the no-reflow phenom-
enon (see Table 19-2).

Perforation of the coronary artery complicates 0.5% of 
angioplasty procedures,103 and its frequency increases almost 
10-fold when ablation devices are used (1.3% for ablation 
vs 0.1% for PTCA; p < .001). Coronary artery perfora-
tion occurs more frequently in elderly and female patients  
(Table 19-9).103,104

Pericardial tamponade is frequently but not invariably asso-
ciated with coronary artery perforation. The overall incidence 

TABLE 19-8: A Score Predicting the Need 
for Circulatory Support87

Six arterial segments LAD, D1, S1, OM, PLV, PDA

Score 1 Target lesion or any additional lesion 
with >70% diameter stenosis

Score 0.5 Subtended region is hypokinetic but 
has no stenosis

For a score >3 Consider IABP

D1 = first diagonal branch; IABP = intraaortic balloon pump; LAD = left anterior 
descending artery; OM = obtuse marginal branch; PDA = posterior descending 
artery; PLV = posterior left ventricular artery; S1 = first septal branch.
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464 Part III Ischemic Heart Disease

FIGURE 19-6 In cases of early saphenous vein graft closure with 
myocardial infarction and postinfarction angina, attempts to access 
the culprit native vessel with a stiff guidewire have led to coronary 
perforation. Shown in this injection of the left coronary artery are 
occlusions of the left anterior descending and left circumflex coronary 
arteries. Staining is seen (arrows) in the region of the attempted recan-
alization of the left circumflex coronary artery, indicating perforation 
(type II). The patient was treated successfully with reversal of antico-
agulation and temporary occlusion of the circumflex with the PTCA 
balloon. PTCA, percutaneous transluminal coronary angioplasty.

TABLE 19-9: Coronary Artery Perforations Classified by Severity

Type Incidence Treatment Mortality

I: A visible extraluminal crater without extravasation* 26% Nonsurgical 95% of the time Rarely fatal
II: Pericardial or myocardial blushing* 50% Requires surgery 10% of the time 13%
III: 1-mm-diameter perforation with contrast material streaming 26% Requires surgery or covered stent 63%

*Typically a result of improper guidewire manipulation or placement. See Fig. 19-6. 
Modified with permission from Ellis SG, Ajluni S, Arnold AZ, et al: Increased coronary perforation in the new device era. Incidence, classification, management, and  
outcome, Circulation 1994 Dec;90(6):2725-2730.

of tamponade after PCI is 0.12% and doubles when ablation 
devices are used. Tamponade associated with PCI is recog-
nized 55%105 of the time during or after the procedure while 
the patient is still in the catheterization laboratory and 45% 
of the time after the patient leaves the laboratory.100 A minor-
ity of episodes of late tamponade (13%) are associated with 
recognized coronary artery perforation. Tamponade requires 
surgical treatment in 39% of patients, is closely associated 
with MI complicating PCR, and carries a mortality rate of 
42%.105

The covered stent that was developed to prevent, but 
failed to reduce the risk of, saphenous vein graft restenosis106 
currently is used as a rescue device after coronary artery per-
foration or for the treatment of coronary or saphenous vein 
graft aneurysms (Fig. 19-7).107 When a covered stent is used 
to treat coronary artery perforation, the need for emergency 
surgery is reduced, as is the risk of coronary artery perfo-
ration. A small number of patients, however, still require 
surgery.108

Toxicity
Acute renal failure after exposure to radiocontrast material, 
or RCN, is poorly understood. Its occurrence is a function 
of age, congestive heart failure, hemodynamic instability, 
diabetes mellitus, preexisting renal insufficiency, anemia, 
peripheral vascular disease, and the amount of contrast 
material administered.109-111 The incidence of RCN after 

A

B

FIGURE 19-7 A large saphenous vein graft aneurysm (A) is treated 
with a covered stent (B).
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coronary angiography is 5 to 6%, and the nadir of renal 
function occurs 3 to 5 days after the procedure.112 Even a 
transient decline in renal function leads to an increased risk 
of ischemic cardiovascular events during follow-up, and renal 
failure necessitating hemodialysis is seen in about 10% of 
patients with RCN, increasing both short- and long-term 
mortality.109,110,113

The only methods for reducing the risk of RCN are the 
use of iso-osmolar contrast, volume expansion, and, perhaps, 
acetylcysteine administration. Using iodixanol, an iso-osmo-
lar nonionic contrast agent, reduces the incidence of RCN 
after noncardiac angiography.114 Giving four oral doses of 
N-acetylcysteine (600 mg each; two doses on the day before 
and two on the day of the procedure) to prevent RCN has 
had varied outcomes in several studies.115,116 Administering 
crystalloid solution in volumes sufficient to maintain brisk 
urine flow, perhaps aided by alkalinization of urine pH, is the 
most effective intervention for preventing RCN by ensuring 
an adequate volume state.117

SPECIAL CIRCUMSTANCES
Acute Coronary Syndromes
Successful PTCA and stent implantation (in most instances) 
within the first 6 hours of ST-segment-elevation MI is at least 
as effective as, and perhaps more effective than, thrombo-
lytic agents in limiting myocardial damage and improving 
in-hospital survival.118-120 The routine use of coronary stents 
for acute MI is associated with a restenosis rate of 17% and 
a 6-month event-free survival of 83 to 95%.121-124 The use 
of DESs reduces the risk of any adverse event from 17 to 
9.4% at 300 days.57 After failed attempts at thrombolysis or 
for patients with cardiogenic shock who received thromboly-
sis, stent revascularization increases myocardial salvage and 
reduces the risk of death, heart failure, or reinfarction.125-128

Attempts to reduce the impact of reperfusion injury have 
been mostly ineffective. However, one remains promising: the 
occlusion of mitochondrial pores, which allows the release of 
newly generated oxygen free radicals into the cytosol. Oxygen 
radicals represent a form of second messenger system inside 
the cell, triggering inflammatory response, prothrombotic 
behavior, and apoptosis. Uncoupling these responses has, his-
torically, been the purview of statins and other cholesterol-
lowering drugs. However, cyclosporine, typically considered 
an immunosuppressant, may also be effective in blocking 
mitochondrial release of oxygen radicals. The results of small, 
early trials are a source of enthusiasm, but confirmation in 
larger trials is necessary.129

Previous Coronary Artery Bypass
Stent implantation with the assistance of embolic protection 
devices is the preferred method for percutaneous treatment of 
occluded saphenous vein grafts.79,126 The use of distal embolic 
protection reduces the risk of periprocedural MI from 14.7 to 
8.6%.79 Unfortunately, diseased grafts have a high probability 

of developing new lesions, reducing long-term event-free 
survival. After stent implantation, overall survival is 79% at 
4 years, but survival free of MI or another revascularization 
procedure is only 29%.130-134 DESs reduce the risk of restenosis 
after saphenous vein graft PCR but do not affect the likelihood 
of disease progression elsewhere in the diseased graft.52

THE FUTURE
The future of interventional cardiology lies in reducing pro-
cedural risk and extending treatment durability. For many 
patients, the goal of providing durable treatment success has 
been very nearly achieved with the introduction of DESs, an 
approach that has yet to be fully explored. However, a DES 
does not reduce procedural risk, and problems remain for 
patients with diffuse atherosclerosis, diabetes mellitus, bifur-
cation lesions, and ACSs. In cases in which it is not clear 
whether PCI or surgical revascularization is more likely to 
produce a favorable outcome, the Synergy between Percu-
taneous Coronary Intervention with TAXUS and Cardiac 
Surgery (SYNTAX) score can be used to make an objective 
decision.135 The original SYNTAX score was developed to 
quantify—wholly on the basis of angiographic findings—the 
procedural risk and the odds of long-term success of revas-
cularization by DES placement or surgical procedures. A 
modified version of the score includes clinical risk factors that 
appear to add predictive value to that of the anatomic data: 
LV function, renal function, and lung disease (for the latest 
version of the SYNTAX score calculator, see http://syntax-
score.com). Using this combined scoring method, the likely 
short- and long-term outcomes of both surgical and percuta-
neous revascularization may be compared objectively to guide 
the choice of revascularization method. The adoption, utili-
zation, and regular refinement of the SYNTAX score will be 
difficult but necessary to match the right patient to the right 
treatment (Table 19-10).136

Ironically, the goal of reducing procedural risk has 
been pursued most effectively for saphenous vein graft 

TABLE 19-10: Factors Used to Compute the 
SYNTAX Score

The following characteristics are used to score each coronary lesion 
with a diameter stenosis of ≥50% in a vessel at least 1.5 mm long:

 Dominance (right or left)
 Total occlusion
 Trifurcation
 Bifurcation
 Aorto-ostial
 Severe tortuosity
 Length > 20 mm
 Heavy calcification
 Thrombus
 Diffuse disease

Data from The Syntax Score. TCT2008. Syntax.
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revascularization with the development of distal embolic 
protection devices. However, for native-vessel interventions, 
particularly those performed during ACSs, further advances 
will probably be pharmacologic rather than technical. As evi-
denced by observations of ischemic preconditioning, modifi-
cation of myocardial energy metabolism with drugs, such as 
ranolazine and others, represents a means of improving the 
heart’s ability to withstand ischemia, thus temporizing the 
impact of temporary vascular occlusion and macro- or micro-
embolization.137-139 In addition, inhibitors of the protein 
kinase family of enzymes, central to intracellular signaling, 
also may improve the heart’s ability to withstand ischemia 
and reduce the severity of reperfusion injury.129

Local drug delivery has been met with great success in 
reducing the problem of restenosis. However, there are 
numerous methods of modifying the physiology that drives 
intimal hyperplasia after stent implantation. New DES 
platforms offer the alternative of eluting multiple drugs at 
different rates, thereby reducing the need for systemic medi-
cal therapy, such as prolonged dual antiplatelet therapy. In 
addition, complex molecules that can be absorbed by the 
body are being developed as stent platforms. The use of a 
stent that delivers antithrombotic and antiproliferative 
drugs could conceivably allow PCR protection from acute 
closure, recoil, thrombosis, and restenosis without contrib-
uting to vessel rigidity that increases the difficulty of subse-
quent procedures.

A growing number of patients who are surviving longer 
with severe multivessel coronary artery disease remain ham-
pered by severe angina pectoris. In many instances, years of 
slow, steady disease progression have left extensive collat-
eral vessels that prevent infarction and the near or complete 
loss of major branch vessels. These patients currently have 
no option for percutaneous or surgical revascularization. 
For this population, the use of stem cells, perhaps the most 
efficient producers of cytokines and growth factors in their 
proper sequence, has been met with early success. Direct 
injection of stem cells into regions of ischemic myocar-
dium improves walking time and reduces the frequency of 
angina attacks.140

KEY POINTS
1. Percutaneous revascularization is best used to control 

unacceptable symptoms in patients whose anatomy sug-
gests low procedural risk and a good probability of long-
term success.

2. Stent implantation substantially improves the safety of 
PCI, and the use of DESs reduces the likelihood of long-
term treatment failure. However, the use of DESs requires 
that patients be candidates for long-term, dual antiplatelet 
drug therapy.

3. Measurement of the FFR is crucial for determining the 
necessity of revascularization. In addition, its routine use 
for evaluating moderate lesions reduces the risk of major 
procedural complications compared to angiographic anal-
ysis alone.

4. When possible, all saphenous vein graft interventions 
should be performed with distal protection devices in place.

5. In patients who, for clinical reasons, can be treated by 
either percutaneous or surgical means, the modified SYN-
TAX score should be used to ensure an objective decision 
regarding the most appropriate therapy.
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Coronary artery disease (CAD) remains the single larg-
est killer of Americans, accounting for almost half a mil-
lion deaths per year. It imposes a particular burden on the 
elderly, with more than 80% of all CAD deaths occur-
ring in those over age 65.1 The magnitude of this impact 
takes on great significance because it is expected that the 
number of Americans older than 65 years of age will more 
than double over the next four decades.2 If you add to this 
aging population the anticipated increase in the preva-
lence of important risk factors for CAD such as diabe-
tes mellitus (DM) and obesity, the population at risk for 
CAD can only be expected to increase.

Myocardial revascularization represents an effective 
treatment strategy shown to prolong survival. Techniques 
of revascularization include percutaneous coronary inter-
vention (PCI) and coronary artery bypass graft (CABG) 
surgery, which can be performed with or without cardio-
pulmonary bypass. Current techniques for CABG can be 
carried out with low perioperative morbidity and mortal-
ity, with excellent long-term outcomes despite an increas-
ing risk profile.3 CABG surgery with cardiopulmonary 
bypass remains the standard by which the other tech-
niques (ie, PCI, off-pump CABG, robotic CABG, hybrid 
revascularization) are measured.4,5 It is expected that it 
will continue to be a cornerstone in the management of 
CAD in the foreseeable future.

HISTORY OF CORONARY ARTERY 
BYPASS GRAFTING
The modern era of myocardial revascularization with cardio-
pulmonary bypass began in 1954 when Dr. John Gibbon 
reported the development of the cardiopulmonary bypass 
machine.6 An additional seminal advance occurred with the 
development of coronary angiography by Mason Sones at 
the Cleveland Clinic in 1957, which opened the door to the 

elective treatment of coronary atherosclerosis by means of 
direct revascularization.7 Initial reports by Rene Favaloro and 
Donald B. Effler on their techniques to treat clinical events 
associated with stenotic lesions of the coronary arteries cul-
minated in the first large series of aorto-to-coronary artery 
venous grafts reported in 1969.8 Simultaneously Dudley 
Johnson of Milwaukee published a series of 301 patients 
in 1969.9 The success of these techniques was soon demon-
strated in larger series initiating the modern era of coronary 
artery surgery.

INDICATIONS FOR SURGICAL 
CORONARY REVASCULARIZATION
The practicing cardiac surgeon is confronted with no clini-
cal question more often than, “Is coronary bypass indicated 
in this patient?” In brief, the indications established by 
the American College of Cardiology Foundation and the 
American Heart Association (ACCF/AHA) consensus panel 
are based predominantly on the results of trials comparing 
surgical revascularization with medical therapy for patients 
with chronic stable angina.10 Three major historical trials, the 
Coronary Artery Surgery Study (CASS), the Veterans Admin-
istration Coronary Artery Bypass Cooperative Study Group, 
and the European Coronary Surgery Study (ECSS), demon-
strated the greatest survival benefit of revascularization to be 
among those patients at highest risk of death from the disease 
itself as defined by the severity of angina and/or ischemia, the 
number of diseased vessels, and the presence of left ventricu-
lar dysfunction.11-13Even as the technology and methods for 
all manner of revascularization strategies improve, the prin-
ciples established by these seminal trials continue to serve as 
the basis upon which the results of newer trials designed to 
study specific populations, clinical scenarios, and anatomic 
patterns of disease are compared and interpreted.

Myocardial Revascularization 
with Cardiopulmonary  
Bypass
Michael H. Kwon • George Tolis, Jr. • Thoralf M. Sundt 
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472 Part III Ischemic Heart Disease

Clinical and Laboratory Assessment of 
Coronary Artery Disease
A surgeon’s first introduction to a patient with CAD is fre-
quently a conventional coronary angiogram. Indeed most 
studies of coronary revascularization have stratified risk and 
grouped patients according to the number and distribution 
of coronary lesions. For the purposes of this discussion, and 
in an effort to be consistent with the large body of literature 
upon which the current ACCF/AHA guidelines are based, 
“significant” stenosis is defined as ≥70% reduction in luminal 
diameter of a coronary artery other than the left main coro-
nary artery (LMCA) for which ≥50% reduction is considered 
significant.10 A major development in the last decade in assess-
ing the severity of coronary disease has been the introduction 
of the SYNTAX score,14 which is a pure angiographic score 
of severity and complexity that has recently been validated to 
correlate with 3-year outcomes in patients with triple vessel 
and/or main stem disease. It uses dedicated computer soft-
ware to assign points to each lesion based on length, degree of 
stenosis, and relation to areas of bifurcation/trifurcation, such 
that the higher the overall score, the more complex the coro-
nary disease. Although the anatomic distribution and severity 
of hemodynamically significant coronary lesions determines, 
in large part, the optimal therapy (CABG, PCI, or medical 
therapy), the clinical presentation and results of noninvasive 
studies of myocardial perfusion and function are necessary to 
characterize the pathophysiologic implications of the angio-
graphic disease and its impact on prognosis and, therefore, 
to make a clinically appropriate recommendation. In the 
technological era in which we practice, the importance of the 
clinical history bears emphasis, particularly in an aging popu-
lation. Because one of the objectives of surgery is to improve 
symptoms and quality of life, a thorough appreciation of the 
patient’s functional status is a prerequisite in selecting the 
optimal therapeutic strategy.

The system proposed by the Canadian Cardiovascular 
Society for grading the clinical severity of angina pectoris 
is widely accepted (Table 20-1). Unfortunately, angina is a 
highly subjective phenomenon for both patient and physician, 
and prospective evaluation of the assessment of functional 

TABLE 20-1: Canadian Cardiovascular 
Society Angina Classification

Canadian Cardiovascular Society

Angina Classification
0 = No angina
1 = Angina only with strenuous or prolonged exertion
2 =  Angina with walking at a rapid pace on the level, on a grade, or 

upstairs (slight limitation of normal activities)
3 =  Angina with walking at a normal pace less than two blocks or 

one flight of stairs (marked limitation)
4 =  Angina with even mild activity

classification by the CCS criteria has demonstrated a repro-
ducibility of only 73%.15 Furthermore, there may be a strik-
ingly poor correlation between the severity of symptoms and 
the magnitude of ischemia, as is notoriously the case among 
diabetic patients with asymptomatic “silent ischemia.”

Electrocardiography (ECG), if abnormal, is helpful in 
assessing ischemic burden. Unfortunately, it demonstrates 
no pathognomonic signs in half of patients with chronic 
stable angina. Still the monitoring of an ECG under stress 
conditions is simple and inexpensive, and is therefore useful 
as a screening examination. Among patients with anatomi-
cally defined disease, stress ECG provides additional infor-
mation about the severity of ischemia and the prognosis of 
the disease. The sensitivity of the test increases with age, with 
the severity of the patient’s disease, and with the magnitude 
of observed ST-segment shift.16 If ST-segment depression is 
greater than 1 mm, stress ECG has a predictive value of 90%, 
whereas a 2-mm shift with accompanying angina is virtu-
ally diagnostic.17 Early onset of ST-segment depression and 
prolonged depression after the discontinuation of exercise 
are strongly associated with significant multivessel disease. 
Unfortunately, many patients cannot achieve their target 
heart rates owing to beta blockade or a limitation to their 
exercise tolerance caused by coexisting disease, decreasing 
the usefulness of this test in these often high-risk patients. 
Resting abnormalities in the ECG may also limit the predic-
tive accuracy of the test.

Perfusion imaging with thallium-201 or a technetium-
99m–based tracer may be particularly useful in patients with 
abnormalities on their baseline ECG. Reversible defects dem-
onstrated by comparison of images obtained after injection 
of the tracer at peak stress with rest images is indicative of 
ischemia, and hence viability. An irreversible defect indicates 
a nonviable scar. The results obtained with both tracers are 
similar, with the average sensitivity around 90% and specific-
ity of approximately 75%.18 For patients unable to exercise, 
pharmacologic vasodilators such as adenosine or dipyridam-
ole may be used with similar sensitivity.19

Echocardiographic imaging during exercise or phar-
macologic stress has gained increasing popularity among 
cardiologists. Comparative studies have demonstrated 
accuracy similar to that of nuclear studies with sensitivity 
and specificity both around 85%.18 Patients unable to exer-
cise may be stressed with high-dose dipyridamole, or more 
commonly dobutamine at doses from 5 to 40 μg/kg/min. 
An initial augmentation of contractility followed by loss 
or “drop out” is diagnostic of ischemia (and accordingly 
viability), whereas failure to augment contractility at low 
dose suggests scar. Additionally, information regarding 
concomitant valvular disease may be obtained during the 
examination.20

Guidelines for Revascularization
In any discussion regarding the discrete indications for coro-
nary revascularization, it is critical to bear in mind that the 
overarching goal of revascularization is to either improve 
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 Chapter 20 Myocardial Revascularization with Cardiopulmonary Bypass  473

symptoms, prolong survival, or, inasmuch as is inextricably 
tied to both of these goals, to delay and prevent the complica-
tions of coronary disease in order to provide improved quality 
of life over the period of prolonged survival. With this fun-
damental principle in mind, the guidelines for surgical revas-
cularization established by the ACCF/AHA were significantly 
revised in terms of organizational structure in 2011 to reflect 
this understanding (Tables 20-2 and 20-3).10 These guidelines 
outline the recommendations regarding whether revascular-
ization is indicated by either CABG or PCI in comparison 
to medical therapy in specific subsets of patients grouped pri-
marily by the goal of revascularization (either improvement 
of survival or improvement of symptoms). Indications are 
then only secondarily stratified by the anatomic pattern and 
severity of coronary lesions, taking into account the number 
of involved vessels, involvement of the LMCA, the proxi-
mal left anterior descending artery (LAD). Only after these 
two distinctions are made are the effects of baseline clinical 
scenario (eg, presence of diabetes, severity of left ventricular 
dysfunction, presence of unstable angina, non-ST elevation 
and ST elevation myocardial infarction [MI], and the calcu-
lated operative mortality, among others) taken into account 
to determine the recommendations for specific situations.21,10 
The basis for these guidelines resides in the large body of lit-
erature comparing medical therapy with CABG and PCI in 
patients with stable angina.

Recommendations are categorized into classes whereby 
Class I denotes that the benefit exceeds the risk and the pro-
cedure/treatment should be performed, Class IIa denotes 
that the benefit likely exceeds the risk and that it is reason-
able to administer the treatment, Class IIb may be equiva-
lent to or exceed the risk but additional studies are necessary 
to confirm, and that the treatment may be considered. 
Finally Class III represents a recommendation to not per-
form the procedure or treatment as it is known to have no 
benefit and in some cases be harmful.10 Each recommenda-
tion is paired with a description of the strength of evidence 
available to support the recommendation, and ranges from 
Level A, denoting data derived from multiple randomized 
controlled trials or meta-analyses, Level B which denotes 
data from a single randomized trial or nonrandomized stud-
ies, and Level C which represents data from just consensus 
opinions from experts, case studies, and or previously estab-
lished standard of care.10

The complexity of the guidelines reflects the overall com-
plexity and heterogeneity of the patient population present-
ing with CAD. With the major components of the guidelines 
summarized at face value in Tables 20-2 and 20-3, this section 
of the chapter aims to simultaneously deepen and simplify 
the understanding of these guidelines by (1) providing the 
historical background from seminal randomized controlled 
trials and registry studies that provided the basis for how to 
assign patients with stable angina to surgical revascularization 
versus PCI or medical therapy, and (2) provide an update on 
the more recent trials that inform the current guidelines in 
order to provide a framework for how to approach a patient 
presenting with CAD today.

APPROACH TO THE LITERATURE
Before reviewing the results of the seminal trials of CABG 
versus medical therapy performed in the 1970s and those 
of newer prospectively randomized trials comparing the 
results of surgery with PCI and medical therapy, some lim-
itations of these trials and of those that followed must be 
recognized. First, in retrospective or registry studies, it is 
difficult to ensure comparable patient populations by vir-
tue of the extraordinary anatomical and physiologic com-
plexity of CAD as well as the heterogeneity of the patient 
substrate. Differences in ventricular function and comor-
bidities such as age, diabetes, peripheral vascular disease, 
and pulmonary disease may have a profound impact on 
outcomes such as survival or quality of life. For example, 
caution must be exercised in interpreting the results of 
nonrandomized and registry reports of PCI versus surgery, 
because the patients subjected to the former more often 
have one- or two-vessel disease,22,23 whereas the latter com-
monly have three-vessel or left main disease.22,23 Attempts 
to correct for selection bias with statistical techniques such 
as propensity matching are only as valid as the parameters 
entered into the model. Data less tangible than gender or 
chronologic age, such as socioeconomic status or “physi-
ologic age,” are not easily accounted for in such analyses 
and yet may be a critical determinant of outcomes. Despite 
this limitation, retrospective and registry data provide a 
better glimpse of the real world of CAD. Most prospec-
tive randomized trials include only a fraction of the total 
population undergoing revascularization by virtue of strict 
entry criteria. For example, the Bypass Angioplasty Revas-
cularization Investigators (BARI) trial entered only 5% of 
total patients screened.24 Although more recent random-
ized controlled trials of PCI versus CABG have had better 
yield (41-71%), these studies have focused on specific sub-
set populations including patients with diabetes, and those 
with three-vessel and/or left main coronary disease.4,25,26 
Therefore, although the prospectively randomized studies 
do provide objective data directly applicable to the spe-
cific patient subset represented in the study, extrapola-
tion of the results to the more heterogeneous populations 
seen clinically can only be made if the implicit caveats are 
clearly understood. We must be mindful of the inescap-
able tradeoff between selection bias in registry studies and 
entry bias in randomized studies.

Second, as a consequence of the overrepresentation of 
patients at lowest risk of death in randomized trials, most 
are statistically underpowered with respect to survival analy-
sis. For example, given current survival statistics, we would 
need approximately 2000 patients in each arm of a study to 
detect a 30% difference in mortality. The problem is com-
pounded by the exclusion of the very patients for whom 
one would anticipate a survival advantage with adequate 
revascularization, such as those with depressed ventricular 
function. Randomized studies frequently employ softer 
endpoints such as angina or quality of life, or create com-
posites of qualitatively different endpoints, such as death, 
stroke, and MI. Meaningful analysis is further complicated 
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474 Part III Ischemic Heart Disease

TABLE 20-2: 2011 AHA/ACC Guidelines for CABG

Revascularization to Improve Survival Compared with Medical Therapy

Anatomic setting Class of recommendation LOE

Unprotected left main or complex CAD
CABG and PCI I—Heart Team approach recommended C
CABG and PCI IIa—Calculation of STS and SYNTAX scores B
Unprotected left main*
CABG I B
PCI IIa—For SIHD when both of the following are present:

•	 Anatomic	conditions	associated	with	a	low	risk	of	PCI	procedural	complications	and	a	high	likeli- 
hood of good long outcome (eg, a low SYNTAX score of ≤ 22, ostial or trunk left main CAD)

•	 Clinical	characteristics	that	predict	a	significantly	increased	risk	of	adverse	surgical	outcomes	
(eg, STS-predicted risk of operative mortality ≥ 5%)

B

  IIa—For UA/NSTEMI if not a CABG candidate B
  IIa—For STEMI when distal coronary flow is TIMI flow grade < 3 and PCI can be performed more rapidly and 

safely than CABG
C

  IIb—For SIHD when both of the following are present: B
  •	 Anatomic	conditions	associated	with	a	low-to-intermediate	risk	of	PCI	procedural	complications	 

and an intermediate to high likelihood of good long-term outcome (eg, low-to-intermediate  
SYNTAX score of <33, bifurcation left main CAD)

•	 Clinical	characteristics	that	predict	an	increased	risk	of	adverse	surgical	outcomes	(eg,	moderate–severe	
COPD, disability from prior stroke, or prior cardiac surgery; STS-predicted risk of operative mortality > 2%)

 

  III: Harm—For SIHD in patients (vs performing CABG) with unfavorable anatomy for  
PCI and who are good candidates for CABG

B

Three-vessel disease with or without proximal LAD artery disease
CABG I B
  IIa—It is reasonable to choose CABG over PCI in patients with complex three-vessel CAD  

(eg, SYNTAX > 22) who are good candidates for CABG
B

PCI IIb—Of uncertain benefit B
Two-vessel disease with proximal LAD artery disease
CABG I B
PCI IIb B
Two-vessel disease without proximal LAD artery disease
CABG IIa—With extensive ischemia B
  IIb—Of uncertain benefit without extensive ischemia C
PCI IIb—Of uncertain benefit B
One-vessel proximal LAD artery disease
CABG IIa—With LIMA for long-term benefit B
PCI IIb—Of uncertain benefit B
One-vessel disease without proximal LAD artery involvement
CABG III: Harm B
PCI III: Harm B
LV Dysfunction
CABG IIa—EF 35 to 50% B
  IIb—EF < 35% without significant left main CAD B
PCI Insufficient data  
Survivors of sudden cardiac death with presumed ischemia-mediated VT
CABG I B
PCI I C
No anatomic physiologic criteria for revascularization
CABG III: Harm B
PCI III: Harm B

*In patients with multivessel disease who also have diabetes, it is reasonable to choose CABG (with LIMA) over PCI (Class IIa/LOE B). 
CABG, coronary artery bypass graft; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; EF, ejection fraction; LAD, left anterior descending; LIMA, 
left internal mammary artery; LOE, level of evidence; LV, left ventricular; PCI, percutaneous coronary intervention; SIHD, stable ischemic heart disease; STEMI, ST-elevation 
myocardial infarction; STS, Society of Thoracic Surgeons; SYNTAX, Synergy Between Percutaneous Coronary Intervention With Taxus and Cardiac Surgery; TIMI, Throm-
bolysis in myocardial infarction; UA/NSTEMI, unstable angina/non-ST-elevation myocardial infarction; UPLM, unprotected left main disease; VT, ventricular tachycardia.
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by relatively short-term follow-up in most studies. Events 
such as the need for subsequent revascularization and recur-
rence of angina characteristically occur at different time 
intervals after these therapies (restenosis after PCI vs graft 
occlusion after CABG), and an 8- to 10-year follow-up 
period is needed to adequately compare long-term results. 
Patients themselves are also generally interested in outcomes 
measured in years, not months.

Significant improvements in each of the treatment strate-
gies for CAD are occurring constantly. Examples include the 
increased use of antiplatelet agents, angiotensin-converting 
enzyme inhibitors, lipid-lowering therapy, internal thoracic 
aortic (ITA) grafts, and drug-eluting stents (DESs). These 
advances, along with aggressive secondary prevention after 
revascularization, have steadily reduced the morbidity and 
mortality of CAD in all patients, making differences in the 
hard endpoint of survival difficult but not impossible to dem-
onstrate for any therapy.27 This trend will likely increase as 
the beneficial effect of secondary prevention becomes more 
widely appreciated.

Comparative Trials of Revascularization 
versus Medical Therapy in Stable Angina
MEDICAL THERAPY
In the decades since CABG surgery was popularized and cor-
onary angioplasty introduced, an enormous volume of data 
on the results of invasive revascularization has been collected. 
Remarkably, almost from the outset many of these studies 
have been prospectively randomized. Yet in the current era 
there is a dearth of data concerning pharmacologic therapies 
for chronic CAD despite remarkable recent drug develop-
ment. For example, although nitrates are unquestionably 
effective in relieving symptoms, the impact of long-acting 
nitrates on clinical outcomes has never been rigorously tested. 
Furthermore, there has been only one trial of beta-blocker 
therapy in the treatment of angina, the Atenolol Silent Isch-
emia Study, which demonstrated benefit for patients with 
mild effort induced angina or silent ischemia.28 There remain 
no randomized studies examining the impact of beta blockers 
on survival on patients with stable angina. The only evidence 
for improved survival with beta-blocker use comes from one 
recent registry study demonstrating a statistically insignificant 
trend toward improved survival for post-MI patients who 
received beta blockers.29 A handful of studies of combination 
therapy with beta blockers and calcium channel blockers have 
also demonstrated antianginal benefit, but again without any 
evidence that there is any impact on survival.30-32

SURGICAL VERSUS MEDICAL THERAPY
Three major randomized studies, the CASS,12 the Veterans 
Administration Cooperative Study Group (VA),13,33 and the 
ECSS,34,35 as well as several other smaller randomized 
trials,36-38 conducted between 1972 and 1984, provide the 
historical foundation for comparing the outcomes of medical 
and surgical therapy. Despite the limitations noted in the pre-
ceding, these studies are remarkably consistent in their major 
findings, and the qualitative conclusions drawn from them 
continue to be generalizable to current practice.

The central message from all of these studies is that the 
relative benefits of bypass surgery over medical therapy 
on survival are greatest in those patients at highest risk as 
defined by the severity of angina and/or ischemia, the num-
ber of diseased vessels, and the presence of left ventricular 
dysfunction.39 For example, thus far, no study has shown 
survival benefit for CABG over medical therapy for patients 
with single-vessel disease not involving the proximal LAD. 
Accordingly, the current guidelines recommend that CABG 
be performed on a Class I recommendation for all unpro-
tected left main disease,39-41 three-vessel disease,35,39,42-44 and 
two-vesseldisease with proximal LAD disease,35,39,42-44 but 
only with a Class IIa recommendation for two-vessel disease 
without proximal LAD involvement if extensive ischemia 
exists,45 and one-vessel proximal LAD disease.10,46,47 It should 
be emphasized, however, that these trials involved primarily 
patients with moderate chronic stable angina. These conclu-
sions may, therefore, not necessarily apply to patients with 

TABLE 20-3: 2011 AHA/ACC Guidelines for 
CABG

Revascularization to Improve Symptoms with Significant 
Anatomic (≥50% Left Main or ≥70% Non-Left Main 
CAD) or Physiological (Fractional Flow Reserve ≤ 0.80) 
Coronary Artery Disease

Clinical setting Class of recommendation LOE

≥1 significant stenoses amenable to revascularization and 
unacceptable angina despite GDMT

CABG I A
PCI I A
≥1 significant stenoses and unacceptable angina in whom 

GDMT cannot be implemented because of medication 
contraindications, adverse effects, or patient preferences

CABG IIa C
PCI IIa C
Previous CABG with ≥1 significant stenoses associated with 

ischemia and unacceptable angina despite GDMT
PCI IIa C
CABG IIb C
Complex three-vessel CAD (eg, SYNTAX score > 22) with  

or without involvement of the proximal LAD artery  
and a good candidate for CABG

CABG IIa—CABG preferred over PCI B
Viable ischemic myocardium that is perfused by coronary 

arteries that are not amenable to grafting
Transmyocardial laser 

Revascularization 
(TMR)

IIb—TMR as an adjunct to CABG B

No anatomic or physiologic criteria for revascularization
CABG III: Harm C
PCI III: Harm C

CABG, coronary artery bypass graft; CAD, coronary artery disease; GDMT, 
guideline-directed medical therapy; PCI, percutaneous coronary intervention.

Cohn_ch20_p0471-0518.indd   475 12/04/17   2:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



476 Part III Ischemic Heart Disease

unstable angina or to those with more severe degrees of 
chronic stable angina.

A landmark meta-analysis by Yusuf et al, of the seven ran-
domized trials cited in the preceding demonstrated a statisti-
cally enhanced survival at 5, 7, and 10 years, for surgically 
treated patients at highest risk (4.8% annual mortality) and 
moderate risk (2.5% annual mortality), but no evidence of a 
survival benefit for those patients at lowest risk.39 The overall 
survival benefit at 12 years for the three large and four smaller 
randomized studies is shown in Fig. 20-1. Nonrandomized 
studies have also demonstrated a beneficial effect of surgery 
on survival of patients with multivessel disease and severe 
ischemia regardless of left ventricular function.25-28

Following this, between 1997 and 2004, there were three 
randomized controlled trials of invasive revascularization by 
PCI or CABG versus medical therapy. Their results make an 
even stronger case for revascularization. In the Asymptomatic 
Cardiac Ischemia Pilot (ACIP) trial, patients with anatomy 
amenable to CABG were randomized to angina-directed 
antiischemic therapy, drug therapy guided by noninvasive 
measures of ischemia, or revascularization by CABG or 
PCI.45 At 2 years, there was a statistically significant differ-
ence in mortality of 6.6% in the angina-guided group, 4.4% 
in the ischemia-guided group, and 1.1% in the revasculariza-
tion group. The rates of death or MI were also statistically dif-
ferent at 12.1%, 8.8%, and 4.7%, respectively, that is, both 
symptoms and survival were improved with revascularization. 
The Medicine, Angioplasty, or Surgery Study (MASS-II) trial 
randomized patients with multivessel disease among medi-
cal therapy, PCI, and CABG.48,49 Although survival at 1 year 
was equivalent, freedom from additional intervention was 
99.5% for surgical patients and 93.7% for medically treated 
patients. Reintervention was, incidentally, even higher in 
the PCI group than the medical group, with 86.7% free of 
additional intervention. Angina was superior in the CABG 

group (88%) than in the PCI group (79%) or medical ther-
apy group (46%). Meanwhile the 10-year survival rates were 
74.9% with CABG, 75.1% with PCI, and 69% with MT.49 
In the Trial of Invasive versus Medical Therapy in Elderly 
Patients with Chronic Symptomatic Coronary-Artery Dis-
ease (TIME) study, elderly patients were studied with chronic 
angina. This failed to demonstrate a difference between opti-
mized medical therapy and an invasive revascularization strat-
egy (PCI or CABG) in terms of symptoms, quality of life, 
and death or nonfatal MI (20% vs 17%, p = .71). However, 
medically treated patients were at higher risk because of major 
clinical events (64% vs 26% for invasive, p < .001), which 
were mainly attributable to rehospitalization and revascular-
ization.50 In this trial of severely symptomatic elderly patients, 
it was encouraging that the price of an initially conservative 
strategy, followed by crossover to revascularization in approx-
imately 50% of patients, was not paid for in terms of death 
or MI.50

Early historical concern over a prohibitive operative mor-
tality among patients with impaired ventricular function has 
been superseded by the recognition that the survival of these 
patients on medical therapy was much worse than their sur-
vival with revascularization. This, coupled with ever-improv-
ing surgical techniques, such as advances in myocardial 
preservation and perioperative support, has made this specific 
subgroup the one in which the relative survival benefit of sur-
gical therapy is the greatest. Accordingly, left ventricular dys-
function in patients with documented ischemia is now considered 
an important indication—rather than contraindication—for 
surgical revascularization.10,12,39,51-53 More recently, the Surgi-
cal Treatment for Ischemic Heart failure (STICH) trial was 
conducted to better evaluate the effect of CABG plus opti-
mal medical therapy to optimal medical therapy alone, an 
effect that the trial investigators perceived to not have been 
well-established by the studies referenced above considering  
(1) the general exclusion of patients with severe left ventricular 
dysfunction in the three landmark trials from the 1970s and 
(2) the improvements in both medical and surgical therapy 
that had developed since then.53 The study of 1212 patients 
with an ejection fraction (EF) less than 35% and CAD ame-
nable to CABG demonstrated a nonsignificant trend toward 
decreased mortality from any cause in the CABG group 
(36%) compared to the medical therapy group (41%). The 
trial has been criticized for being underpowered, and with 
just 56 months of mean follow-up and a large percentage of 
patients in the medical therapy group crossing over into the 
CABG group (17%) during the study period thereby poten-
tially diminishing the statistical impact of CABG, many have 
interpreted this to represent evidence that the presence of left 
ventricular dysfunction remains an important indication to 
perform CABG for survival benefit. Indeed, the ACCF/AHA 
guidelines consider left ventricular (LV) dysfunction to rep-
resent a Class IIa recommendation for performing CABG if 
the EF is 35 to 50%, but only Class IIb recommendation if 
the EF is <35%, in part based on the results of the STICH 
trial.10 In addition, recent evidence that ischemic, viable, 
hypokinetic myocardium (hibernating or stunned) regains 
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FIGURE 20-1 Survival (mortality) curves for all medically and sur-
gically treated patients with chronic stable angina enrolled in seven 
prospective randomized controlled trials. (Reproduced with permis-
sion from Yusuf S, Zucker D, Peduzzi P, et al: Effect of coronary artery 
bypass graft surgery on survival: overview of 10-year results from ran-
domised trials by the Coronary Artery Bypass Graft Surgery Trialists 
Collaboration, Lancet. 1994 Aug 27;344(8922):563-570.)

Cohn_ch20_p0471-0518.indd   476 12/04/17   2:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 20 Myocardial Revascularization with Cardiopulmonary Bypass  477

stronger contractile function after effective revasculariza-
tion, has prompted expansion of the indications for surgical 
revascularization among patients with severe left ventricular 
dysfunction to include patients who would otherwise be con-
sidered candidates for cardiac transplantation.54 This subject 
is discussed in more detail in the following.

In summary, the current guidelines recommend on the 
basis of a survival advantage that CABG be performed instead 
of medical therapy alone on a Class I recommendation for all 
unprotected left main disease,39-41 three-vessel disease with or 
without proximal LAD involvement,35,39,42-44 and two vessel-
disease with proximal LAD disease35,39,42-44; with a Class IIa 
recommendation for two-vessel disease without proximal 
LAD involvement but with the presence of extensive 
ischemia,45 one-vessel proximal LAD disease,10,46,47 and mod-
erate LV dysfunction (EF 35-50%)39,54-57; and with a Class 
IIb recommendation for two-vessel disease without proximal 
LAD disease or extensive ischemia,44 and in patients with 
severe LV dysfunction (EF < 35%)39,53-57 (Fig. 20-2).

Apart from affording a survival benefit, CABG is also indi-
cated for the relief of angina pectoris and improvement in 
the quality of life. Between 80 and 90% of patients who are 
symptomatic on medical therapy become symptom-free after 

CABG in the early period while approximately 60% remain 
symptom-free at up to 10 years.49 This benefit extends to low-
risk patients for whom survival benefit from surgery is not 
likely.39 Thus, for example, whereas on the basis of a survival 
advantage alone CABG is only indicated for one-vessel dis-
ease if the vessel involved is the left main (Class I) or the 
proximal LAD (Class IIa), a symptomatic patient with single-
vessel disease in any anatomic position represents a Class I, 
Level A indication to perform either CABG or PCI on the 
basis of symptom improvement (Fig. 20-2).10,49,50,58-60 Con-
sensus agreement by the ACC/AHA recommends on a Class 
IIa basis CABG is recommended for patients with at least one 
significant coronary lesions in any position and unacceptable 
angina (1) for whom guideline-directed medical therapy 
(GDMT) cannot be implemented because of medication 
contraindications, adverse effects, or patient preferences; and 
(2) complex three-vessel CAD (eg, SYNTAX score > 22) with 
or without involvement of the proximal LAD and a good 
candidate for CABG (CABG preferred over PCI in this situa-
tion).10,44,61-63 Relief of symptoms appears to relate to both the 
completeness of revascularization and maintenance of graft 
patency, with the benefit of CABG diminishing with time. 
Recurrence of angina following CABG surgery occurs at rates 
of 3 to 20% per year. Although enhanced survival is reported 
when an ITA graft is used to the LAD, there is no signifi-
cant difference in postoperative freedom from angina.46,47 
This may be because of vein graft occlusion or progression of 
native disease in grafted or ungrafted vessels.13

Unfortunately, few patients experience an advantage in 
work rehabilitation with surgery as compared with medical 
management. Generally, employment declines in both groups 
and is determined nearly as much by socioeconomic factors as 
age, preoperative unemployment, and type of job as by type 
of therapy or clinical factors such as postoperative angina. 
Notably, surgical revascularization has not been shown to 
reduce the incidence of nonfatal events such as MI, although 
this may be because of perioperative infarctions that offset 
the lower incidence of infarction in each study follow-up.64,65

PCI VERSUS MEDICAL THERAPY
PCI continues to evolve as a therapy from its historical roots 
as a procedure entailing balloon angioplasty alone, followed 
by the introduction of bare metal stents (BMSs), and sub-
sequently DESs. Despite this evolution and the attendant 
reduction in overall in-stent restenosis rates in the DES era, 
and despite a multitude of evidence in both early and more 
recent trials demonstrating the ability of PCI to effectively 
reduce the incidence of angina compared to medical therapy 
in patients with stable ischemic heart disease, there remains 
no definitive evidence in any study to date that PCI improves 
survival rates or rates of subsequent MI in this patient 
population.43,60,66-71

It is worth describing the specifics of several representa-
tive studies on patients with multivessel disease. In the Ran-
domized Intervention Treatment of Angina (RITA)–2, of 
1018 patients with stable angina randomized to medicine 

–4 –2 0 2 4 6
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Vessel disease
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FIGURE 20-2 Extension of survival in months for various sub-
groups of patients with chronic stable angina treated by surgery as 
compared with those treated by medicine in seven prospective ran-
domized controlled trials. (Reproduced with permission from Yusuf 
S, Zucker D, Peduzzi P, et al: Effect of coronary artery bypass graft 
surgery on survival: overview of 10-year results from randomised trials 
by the Coronary Artery Bypass Graft Surgery Trialists Collaboration, 
Lancet. 1994 Aug 27;344(8922):563-570.)
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478 Part III Ischemic Heart Disease

or PCI, one-third had two-vessel disease and 7% had three-
vessel disease.59 Perhaps surprisingly, at a median follow-up of 
2.7 years, the primary endpoints of death or MI had occurred 
twice as often in the PCI group (6.3 vs 3.3%, p < .02). Sur-
gical revascularization was required during the follow-up 
interval in 7.9% of the PCI group and repeat angioplasty 
was required in 11%. In the medical group, 23% of patients 
required revascularization. Angina relief and exercise toler-
ance were improved to a greater degree in the angioplasty 
group early, but this difference disappeared by 3 years. These 
results are echoed in the MASS-II trial, in which angina relief 
was superior with PCI, but rates of intervention/reinterven-
tion were actually higher in the PCI group.48,49 This supports 
an initial strategy of medical therapy in patients with stable 
ischemic heart disease.

More recently, the COURAGE trial randomized 2287 
patients with stable angina and objective evidence of isch-
emia to contemporary medical therapy or PCI and medical 
management (3% of the stents used were DESs). All patients 
received long-acting metoprolol, amlodipine, and/or isosor-
bidemononitrate, as well as lisinopril or losartan. Patients 
had aggressive antilipid therapy and appropriate antiplatelet 
therapy. The primary finding of this trial was a lack of ben-
efit of PCI over best medical therapy for death, MI, or other 
major cardiovascular events.60 Although this result has caused 
much controversy in the cardiology community, it is consis-
tent with older studies.

A meta-analysis of percutaneous interventions versus 
medical management was published in 2005.68 In patients 
with stable CAD, no benefit was found for invasive therapy 
in terms of death, MI, or need for subsequent revascular-
ization. In 2014, Windecker et al performed a large scale 
meta-analysis of 100 trials comparing both CABG and 
PCI to medical therapy found that patients who received 
new generation everolimus- and zotarolimus-based (Reso-
lute) DESs but not older generation DESs (sirolimus, 
paclitaxel, and Endeavor zotarolimus), BMSs, or balloon 
angioplasty alone, had reduced mortality compared to 
medical therapy.71 However, given the limitations of this 
study, including the inclusion of only one trial comparing 
newer generation DESs to medical therapy and absence of 
individual patient data, the general consensus remains that 
unless and until further evidence is collected to the con-
trary, all patients with stable coronary disease should have a 
trial of optimized medical therapy before invasive interven-
tion in the form of PCI. Accordingly there are no Class I 
recommendations for PCI in the setting of stable ischemic 
heart disease in the 2011 ACCF/AHA guildelines.10 Based 
on subgroup analysis from the SYNTAX trial (discussed 
further in the next section), however, it is recommended 
on a Class IIa basis for stable ischemic heart disease patients 
with unprotected left main disease for benefit if they meet 
the following criteria: (1) anatomic conditions associated 
with a low risk of PCI complications and have a high 
likelihood of good long-term outcome; for example, low 
SYNTAX score ≤22, ostial or trunk left main CAD; and  
(2) clinical characteristics that impart a high risk of 

morbidity and mortality with CABG (eg, Society of Tho-
racic Surgeons (STS)-predicted mortality > 5%).72

PCI VERSUS CABG
Randomized Studies. A number of studies comparing an 
initial strategy of angioplasty versus early surgery have been 
carried out, all with similar results. It is important to recog-
nize that, as a rule, these studies are comparisons of treatment 
strategies and not head-to-head comparisons of revascular-
ization techniques. Accordingly, crossover is permitted and 
endpoints are selected to determine adverse consequences of 
the algorithm on an “intention to treat” basis.

Most early trials of CABG versus PCI have in common 
that PCI was performed first in the form of balloon angio-
plasty alone, followed by those including BMS deployment 
with angioplasty. In all, over 20 randomized controlled trials 
comparing CABG with PCI in the form of angioplasty or 
BMS implantation have been conducted, and on this basis 
the following conclusions were made by Bravata et al73 in a 
recent systematic review and cited in the establishment of 
the ACC/AHA 2011 guidelines:10 (1) Survival is similar after 
CABG and PCI at both 1 year and 5 years, (2) incidence of 
MI was similar at 5 years after randomization, (3) CABG 
produced more effective relief from angina than with PCI at 
1 and 5 years, and (4) repeat coronary revascularization was 
less frequent after CABG than after PCI. In other words, 
at least in the early era of PCI, CABG appears to have a 
benefit over PCI only insofar as it improves symptoms and 
reduces the need for repeat coronary revascularization, but 
without any improvement in overall survival or incidence, 
which reflects the results of even the earliest studies ever con-
ducted on this topic, beginning with the 1994 Swiss trial 
of just 134 patients74 and both the MASS75,76 and MASS-
II48,49 trials. The oft-quoted BARI, Emory Angioplasty versus 
Surgery Trial (EAST), RITA, CABRI, and GABI multivessel 
PCI versus CABG surgery trials,77-81 with only a few nonre-
producible exceptions, generally support the same conclu-
sions above.

Most of the early studies quoted above share the limita-
tion that, in general, only a very small minority of patients 
undergoing revascularization at any center were entered into 
these trials.82,83Accordingly, the populations included in the 
trials may not be generally reflective of clinical practice. For 
instance, few patients in these studies had significant LV 
dysfunction and most randomized patients had only one- or 
two-vessel disease. In the RITA trial, approximately one-third 
of patients had single-vessel disease.77 Among clinically eligi-
ble patients in the BARI80,84 and EAST81 trials, approximately 
two-thirds of patients were excluded on angiographic grounds 
that included chronic total occlusion, LMCA stenosis, diffuse 
disease, or other anatomical factors making PCI potentially 
dangerous. Consequently, these randomized trials contain 
only a portion of the spectrum of patients with CAD encoun-
tered clinically. Entry bias has a significant impact on the like-
lihood of observing an outcome difference among therapies. 
Because a high proportion of the randomized patients are in 
the low-risk group, it is possible that any potential survival 
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benefit of CABG surgery over PCI in high- and moderate-
risk groups may be masked.83

A second consideration in evaluating these studies is that 
the success of revascularization procedures depends not only 
on the criteria employed to define success, but also on the 
interpretation of those criteria by both patient and physician. 
In the 1985 to 1986, National Heart, Lung, and Blood Insti-
tute PCI Registry, 99% of patients were discharged alive from 
hospital, and 92% did not sustain a MI or require CABG sur-
gery.85 In the BARI trial, 99% of patients survived hospital-
ization and 88.6% of PCI-treated patients did not have MI or 
require repeat revascularization by angioplasty or surgery dur-
ing the initial hospitalization.80 Employing event-free criteria 
(death, MI, CABG) for the initial hospitalization, PCI can be 
judged successful. However, if a repeat revascularization pro-
cedure within 5 years is regarded as a negative outcome, then 
far fewer patients are treated successfully. Regardless, the lack 
of differences in mortality or MI rates permits individuals to 
select one or the other procedure as initial therapy without 
the likelihood that they will pay a price with their health.

Considering event-free survival as a more meaningful 
endpoint than overall survival, several more recent studies of 
CABG versus early era PCI (balloon angioplasty only) have 
demonstrated an advantage with surgery. The Argentine Ran-
domized Trial of Coronary Angioplasty versus Bypass Surgery 
in Multi-vessel Disease (ERACI) trial conducted between 
1988 and 1990 demonstrated no difference in death or MI, 
but superior event-free survival in the CABG group at 1 and 
3 years.86,87 In the French Monocentric Study, 152 patients 
with multivessel disease underwent PCI or CABG.88 Again, 
superior event-free survival was seen in the surgical group, 
driven predominantly by a lesser need for subsequent revas-
cularization. Comparing CABG to PCI with BMS implanta-
tion, Mercado et al performed a meta-analysis of the ARTS, 
ERATSII, MASS-II, and SOS trials that demonstrated simi-
lar rates of death, MI, or stroke at 1 year and higher repeat 
revascularization rates with PCI.89 A meta-analysis of 5-year 
data was also recently published, confirming the 1-year results 
with repeat revascularization significantly more frequent after 
PCI than CABG (29% vs 7.9%).90

In large part fueled by recognition of the relatively high 
rates of in-stent restenosis seen with bare metal stents (22- 32% 
at 6 months),91,92 many investigators had hoped that by low-
ering the rates of early restenosis,67 the introduction of DESs 
to the PCI armamentarium might improve overall PCI out-
comes and expand the indications for PCI over CABG in a 
wide variety of clinical scenarios. The Synergy between PCI 
with Taxus and Cardiac Surgery (SYNTAX) trial, assessed 
the optimal revascularization strategy for patients with three-
vessel or left main CAD by randomizing 1800 patients to 
either CABG or paclitaxel-based DESs.4 At 12 months, the 
rates of MI and death were similar between groups, but stroke 
was significantly more common in the CABG patients (2.2% 
vs 0.6% at 1 year). It should be noted that the CABG group 
had much less aggressive medical management postopera-
tively, including fewer patients on antiplatelet medications, 
which may account for some of the increase in stroke risk. 

Despite the use of DESs, the rates of reintervention were still 
significantly higher (13.5% vs 5.9%) in the PCI group than 
the CABG group. Because of the lack of difference in early 
mortality and MI, some cardiologists have begun to suggest 
that left main should no longer be an indication for CABG.93 
However, others maintain that the evidence for PCI is still 
inadequate and that the greater freedom from reintervention 
with CABG suggests that CABG remains the treatment of 
choice for patients with left main disease.94 Meanwhile, the 
SYNTAX scores themselves, which grade the severity and 
complexity of coronary disease according to a variety of ana-
tomic features (extent, location, severity), were defined in post 
hoc analyses as low for scores ≤22, intermediate for scores  
23 to 32, and high if ≥33. While the incidence of major adverse 
cardiac events (MACE) for patients undergoing CABG ver-
sus PCI were similar in subgroup analysis of low SYNTAX 
score patients, those with an intermediate or high SYNTAX 
score had lower incidence of MACE with CABG.4 Further-
more, at 3-year follow-up, those with three-vessel disease had 
significantly lower mortality in the CABG group compared 
to the DES group (6.2% vs 2.9%).63 CABG appears to be 
preferable to PCI for those with diffuse and complex CAD. 
It is on this basis that CABG is recommended over PCI on 
a Class IIa basis for patients those with three-vessel disease 
(regardless of proximal LAD involvement) in patients with 
SYNTAX scores > 22 who are good candidates for CABG.10

Notably, the SYNTAX trial also brought to light the con-
cept of the Heart Team approach, described in the SYNTAX 
trial as a system in which a team consisting of a heart surgeon, 
an interventional cardiologist, and often the general cardiolo-
gist (if available) discuss each case and decide on the basis of 
mutual agreement the optimal method of revascularization in 
multidisciplinary fashion. The Heart Team approach, while 
not validated by any follow-up randomized controlled trial 
is recommended on a Class I basis for all patients presenting 
with unprotected left main or complex CAD.10

Since the SYNTAX trial, there have been five additional 
randomized controlled trials comparing CABG to PCI. Two 
of these trials discuss PCI with DESs in comparison to mini-
mally invasive direct coronary artery bypass and therefore are 
less germane to the present discussion regarding on-pump 
CABG. The PRECOMBAT trial showed that PCI using DES 
was noninferior to CABG in UPLM at 2 years for composite 
endpoint and will be discussed further in the forthcoming 
section on left main disease.95 Meanwhile, the CARDia trial 
achieved the modest goal of demonstrating that in patients 
with multivessel CAD and DM, PCI with the use of DES 
is noninferior to CABG at 1 year with respect to a compos-
ite endpoint of all-cause mortality, MI, and stroke.96 The 
FREEDOM trial, which was designed similarly for a similar 
population but had nearly four times the study population 
size, demonstrated that for patients with DM and advanced 
CAD, CABG resulted in lower rates of the same composite 
endpoint compared to PCI with DES (18.7% vs 26.6%),26 
which is the first time a randomized trial of CABG versus PCI 
with DES has demonstrated this effect. A recent 2014 meta-
analysis of six randomized trials of multivessel CAD whose 
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480 Part III Ischemic Heart Disease

goal was to accurately reflect the more modern era in which 
DES and arterial grafts are used more frequently in PCI and 
CABG, respectively, demonstrated that with a weighted aver-
age follow-up of 4.1 years, CABG was associated with sig-
nificantly lower mortality, lower incidence of MI, and repeat 
revascularization.97 These new findings, which now demon-
strate a survival advantage and not just freedom from repeat 
revascularization and symptom improvement with CABG 
over PCI, were not available at the time of the writing of the 
2011 ACCF/AHA guidelines, but have implications for the 
management of patients in the future if further evidence sup-
porting the same conclusions is gathered.

Nonrandomized Database Comparisons. The infor-
mation provided by randomized studies is complemented by 
information gleaned from large, prospectively managed, non-
randomized database studies. Such registries provide insight 
into the management of the sizeable population of patients 
who would not have been eligible for randomization. The 
1994 Duke Cardiovascular Disease Databank study was one 
of the first large registry studies that established much of what 
we know today about the benefit of CABG compared to PCI 
insofar as it is dependent on the severity of coronary disease.22 
From a practical standpoint, in this database study and in the 
randomized trials, the effect of revascularization on survival 
depended largely on the extent of the CAD and is an example 
of the concept of benefit in relationship to a “gradient of risk.” 
For the least severe (one-vessel) disease, there were no survival 
advantages of revascularization over medical therapy in up to 
5 years of follow-up.22 For intermediate levels of CAD sever-
ity (ie, two-vessel disease), there was a higher 5-year survival 
rate for patients undergoing revascularization than for those 
treated medically. For patients with the most-severe CAD 
(ie, three-vessel disease), CABG surgery provided a signifi-
cant and consistent survival advantage over medical therapy. 
PCI appeared prognostically equivalent to medical therapy 
in these patients, but only a small number of patients in this 
subgroup underwent angioplasty. In comparing PCI with 
CABG surgery, PCI demonstrated a small survival advantage 
over CABG surgery for patients with less-severe two-vessel 
disease, whereas CABG surgery was superior for more severe 
two-vessel disease (ie, proximal LAD involvement).22

Several additional studies in the subsequent PCI with 
BMS era confirmed these findings. A study of 1999 cases 
from the New York State Database between 1993 and 1998 
showed that a survival benefit was observed with angioplasty 
at 3 years for those patients with single-vessel disease not 
involving the LAD, whereas those with LAD or three-vessel 
disease had superior outcomes with surgery.98 In a much 
larger CABG versus PCI registry study from the BMS era, 
survival was again higher among the 37,212 patients who 
underwent CABG than among the 22,102 patients who 
underwent stent placement after adjustment for known risk 
factors61 (Fig. 20-3). This study has limitations of being a 
nonrandomized study and subject to bias; however, the 
surprising finding of a survival advantage apparent as early 
as 3 years postprocedure suggests that improvements in 

cardiac surgical anesthetic care, myocardial protection, and 
intensive care management have at least matched if not sur-
passed advances in percutaneous technology. It is important 
to note that while PCI targets the culprit lesion, CABG 
surgery targets both the culprit lesion and potential future 
culprit lesions by bypassing the diseased vessel. Consider-
ing the finding that medium- and long-term clinical out-
come after PCI (ie, beyond one year postprocedure) is more 
dependent on the progression of coronary disease in other 
culprit lesions than restenosis of the stented lesion,99 this in 
part may explain the apparent mortality benefit derived with 
CABG that has persisted despite advances in stent technol-
ogy that have resulted in lower restenosis rates (Fig. 20-3).100

In the DES era, five of six large registry studies concluded 
that patients undergoing CABG have lower mortality than 
those receiving PCI with DES.62,101-105 In particular, the 
ASCERT study, upon which the Society of Thoracic Sur-
geons ASCERT Long-Term Survival Probability Calculator 
(ascertcalc.sts.org) is based, evaluated outcomes of almost 
200,000 patients over the age of 65 years with multivessel dis-
ease undergoing nonemergent revascularization, and showed 
that although there was no difference in adjusted mortality 
in the CABG and PCI groups at 1 year, CABG patients had 
significantly lower mortality at 4 years (16.4% vs 20.8%).104 
The long-term benefit of CABG compared to PCI was inde-
pendent of age, sex, diabetes, renal function, and lung disease 
and was evident even for patients with propensity scores most 
consistent with selection for PCI. Another registry study of 
over 105,000 propensity-matched United States Medicare 
beneficiaries undergoing either CABG or PCI between 1992 
and 2008 showed that at 5 years, patients undergoing CABG 
had a higher survival rate (74.1% vs 71.9%), an effect which 
was more pronounced in those with diabetes, tobacco use, 
heart failure, and peripheral artery disease.105

In summary, although not void of limitations that ran-
domized controlled trials and associated meta-analyses over-
come, these large registry studies provide a more real-world 
picture of revascularization in actual clinical practice, and 
support the findings of newer randomized controlled trials 
that CABG confers survival benefit over PCI, especially in 

Lesion Vessel

“Complete” revascularization

PCI CABG

Targets

“Future” culprits

FIGURE 20-3 PCI is directed against specific culprit lesions. By 
bypassing diseased vessels, CABG surgery treats both culprit lesions 
and future culprit lesions. (Reproduced with permission from Opie 
LH, Commerford PJ, Gersh BJ: Controversies in stable coronary 
artery disease, Lancet. 2006 Jan 7;367(9504):69-78.)
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patients with multivessel and complex CAD, even in the era 
of DES use and the attendant lower rates of restenosis.

Special Circumstances
ACUTE CORONARY SYNDROMES
The acute coronary syndromes (ACS) cover a wide spec-
trum from ST-segment elevation MI (STEMI) with 
underlying coronary obstruction to Prinzmetal’s or variant 
angina in patients with coronary vasospasm in the absence 
of significant underlying obstruction. The term non-ST-
segment elevation (NSTEMI) ACS encompasses the enti-
ties of unstable angina, non-Q-wave MI, and postinfarction 
angina. They denote acute, symptomatic imbalances of the 
myocardial oxygen supply-demand ratio over a short time 
span. Prinzmetal angina, or coronary vasospasm, is diag-
nosed definitively by electrocardiograms obtained during the 
episode of pain and is treated medically. Unstable angina is 
not a uniform clinical entity, but comprises the spectrum of 
myocardial ischemia between chronic stable angina and MI, 
and is defined as a recent change in the severity, character, 
or trigger threshold of chronic stable angina or new-onset 
angina. Approximately 5.6 million Americans have chronic 
angina, and about 350,000 develop new-onset angina each 
year. Unstable angina develops in approximately 750,000 
Americans each year and is associated with subsequent MI in 
approximately 10%. Postinfarction angina is defined as the 
presence of angina or other evidence of myocardial ischemia 
in a patient with a recent (1- to 2-week) Q-wave or non-Q-
wave MI.

CABG in ST Elevation Myocardial Infarction. Prompt 
myocardial revascularization has been shown to improve 
outcomes compared to no reperfusion in almost all groups 
of patients who present after an acute STEMI. Because the 
degree of improvement in long-term outcomes is dependent 
on the time from symptom onset to revascularization,106,107 
PCI, which in general can be initiated more quickly that can 
CABG, is performed as the primary therapy in most cases, 
relegating CABG largely to a secondary position in this set-
ting (performed in less than 5% of STEMI cases108). In the 
majority of PCI cases, the culprit lesion can be determined 
and successfully stented open, with subsequent improve-
ment in myocardial ischemia. However, in certain cases 
where coronary disease is diffuse and not amenable to stent 
placement, or in the setting of complications from PCI such 
as coronary dissection, perforation with tamponade, stent 
deployment failure, or hyperacute stent closure, revascular-
ization is either not technically possible or remains incom-
plete with ongoing ischemia. Emergency CABG in current 
practice is reserved and, in fact, recommended on a Class I 
basis primarily for survival benefit in the following circum-
stances: (1) after unsuccessful or complicated PCI with ongo-
ing ischemia;109 (2) mechanical complication of acute MI 
requiring surgery including ventricular septal defect, free wall 
rupture, or papillary muscle with acute mitral regurgitation; 

(3) cardiogenic shock, defined as systolic blood pressure  
< 90 mm Hg for over 30 minutes requiring supportive mea-
sures, cardiac index ≤ 2.2 L/min/m2, pulmonary capillary 
wedge pressure ≥ 15 mm Hg, and/or evidence of end-organ 
malperfusion;106,107,110 and (4) patients with life-threatening 
arrhythmias in the presence of significant left main or three-
vessel CAD.10,111 The SHOCK study randomized patients 
to emergency revascularization versus initial medical stabili-
zation in patients presenting with STEMI and cardiogenic 
shock and found that among those who were revascularized 
early, CABG group (36%) of patients had similar survival to 
those undergoing PCI despite higher rates of diabetes and 
complex coronary anatomy in the CABG subset.110

The timing of CABG after STEMI remains controversial, 
but overall the evidence suggests that mortality appears to 
peak in the 7-to-24-hour period after symptom onset. Several 
studies have shown that CABG with in-hospital mortality 
rates of 10.8% if performed within 6 hours of onset, 23.8% 
at 7 to 24 hours after onset, 6.7% at 1 to 3 days, 4.2% at 4 
to 7 days, and 2.4% after 8 days. Another study showed that 
mortality was 6.1% for CABG performed within 6 hours, 
50% at 7 to 23 hours, and 7.1% at 15 days or greater.109 A 
reasonable approach appears to be emergency CABG within 
the 6-hour timeframe if possible to maximize myocardial 
salvage. Those who present after the 6-hour window would 
likely benefit from a delay of three to four days to improve 
survival and decrease bleeding complications.108,109,112

CABG in Non-ST Elevation Myocardial Infarction 
and Unstable Angina. The initial approach to the patient 
with NSTEMI ACS is pharmacologic stabilization followed 
by risk stratification. The latter is based on multiple clini-
cal, demographic, and ECG variables in addition to the use 
of serum biomarkers. The TIMI (Thrombosis in Myocardial 
Infarction) risk score, which takes into account a variety of 
the above clinical factors, is widely used as a prognostic tool 
to determine in patients with unstable angina or NSTEMI 
the 14-day risk of all-cause mortality, new or recurrent MI, 
or severe recurrent ischemia requiring urgent revasculariza-
tion,113 and is often used to risk-stratify patients to a strat-
egy of either immediate angiography, an invasive approach 
(angiography followed by revascularization by either PCI or 
CABG), or a conservative approach (initial period of medi-
cal therapy intensification). Those with hemodynamic insta-
bility, cardiogenic shock, severe LV dysfunction, persistent 
or recurrent angina at rest despite intensive medical therapy, 
mechanical complications, sustained ventricular tachycar-
dia, and dynamic ST-T changes, are usually considered high 
risk irrespective of the TIMI score which does not account 
for these factors. Patients at intermediate or high risk (the 
majority) undergo early angiography with a view to revascu-
larization. In many parts of the world, however, angiographic 
facilities are limited and an alternative approach based upon 
pharmacologic stabilization followed by mobilization and 
risk stratification using stress testing is employed.

In general for those undergoing angiography, the choice of 
PCI versus CABG is largely determined by the anatomy and 
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482 Part III Ischemic Heart Disease

specific clinical features as in the general population present-
ing with stable ischemic heart disease, as per the ACCF/AHA 
guidelines.10

ASYMPTOMATIC CORONARY ARTERY DISEASE
The role of revascularization either by PCI or CABG versus 
medical therapy in the setting of asymptomatic CAD has 
been studied in the ACIP trial.114 Of 558 patients with CAD 
and medically controlled angina, treatment was random-
ized to either revascularization or medical therapy directed 
toward eliminating angina or eliminating ischemia during 
ambulatory ECG. Revascularization was more effective than 
medical therapy in relieving ischemia, and CABG was supe-
rior to PCI (70% freedom from ischemia vs 46%, p < .002). 
Mortality at 1 and 2 years was superior for revasculariza-
tion as compared with angina-directed medical therapy, but 
not superior to ischemia-directed medical therapy.45,114 The 
greatest benefit was among those patients with the most 
severe disease. Importantly, many of these patients with 
“silent ischemia” on ambulatory ECG monitoring did have 
symptomatic angina at other times and thus were not truly 
asymptomatic.

The documentation of ischemia, however, is critical. Sev-
eral studies emphasize the flaws in the assumption that one 
can identify future culprit lesions in the absence of symptoms 
or documentation of ischemia. Among patients undergoing 
serial coronary arteriography who subsequently developed 
acute MI or unstable angina, the severity of stenosis at the 
time of initial angiogram is poorly predictive of the cul-
prit lesion causing the acute ischemic syndrome.115,116 In 
most cases the severity of the lesion responsible for subse-
quent ischemia was less than 50%, and in many patients 
it was not present at all on the initial angiogram, raising 
concern regarding the number of asymptomatic or mini-
mally symptomatic patients undergoing angioplasty without 
stress testing.117 Bech and associates have demonstrated that 
fractional flow reserve exceeded 0.75 in 91 of 325 patients 
planned for PCI without noninvasive evaluation of ischemia, 
and that among those patients, angioplasty had no impact on 
event-free survival or angina.118

DRUG-ELUTING STENTS
Recent progress in stent technology, particularly the intro-
duction of DESs, has further reduced the incidence of reste-
nosis. The use of stents has reduced adverse remodeling, and 
stents-eluting medications such as sirolimus, paclitaxel, or 
everolimus, are having a profound effect on the patterns of 
interventions for CAD. When compared with bare-metal 
stents, DES have not been shown to convey any advantage 
in terms of MI or mortality, but do demonstrate decreased 
rates of angiographic restenosis in a meta-analysis of 11 ran-
domized trials.67 The results of both randomized controlled 
trials and observational studies comparing CABG to PCI 
using DES are described in the preceding section, and sug-
gest that the addition of DES, while successful in decreasing 
the restenosis rate inherent in BMS, the indications for PCI 

and CABG have not changed.101 Some of the most recent 
studies comparing these two strategies (FREEDOM trial, a 
meta-analysis of six randomized trials by Sipahi et al, and the 
ASCERT study)26,97,104 have actually demonstrated a long-
term survival benefit of CABG over PCI despite the use of 
DES in the PCI groups. It is important to note that because 
DES is associated with higher rates of in-stent thrombosis (as 
distinct from restenosis), patients receiving DES in general 
require 6 to 12 months of dual antiplatelet therapy (usually 
clopidogrel and aspirin) to minimize this risk.119 Consider-
ation for CABG or BMS should be given over DES on an 
individualized basis for patients in whom comorbid condi-
tions will require withholding clopidogrel in order to per-
form subsequent surgery.

LEFT MAIN DISEASE
Left main CAD is present in about 5% of patients undergo-
ing coronary angiography,120 and when present is associated 
with multivessel CAD around in 70% of patients.4,94 Sig-
nificant unprotected left main disease (ie, left main disease 
without any preexisting distal CABGs) has been considered 
an indication for CABG rather than PCI for many years, but 
recently studies have begun to question this. A handful of 
registry studies25 as well as subgroup analysis of the SYNTAX 
trial,72 and finally several randomized trials of CABG ver-
sus PCI with DES95,121 have suggested that PCI may be an 
acceptable method of revascularization in patients with left 
main disease. In a matched cohort of more than 1100 patients 
with unprotected left main disease, there was no difference 
in the rates of death or the composite outcome of death, 
Q-wave MI, or stroke between patients undergoing CABG 
or PCI despite a greater rate of target-vessel revascularization 
in the PCI group, including the patients who received DES.25 
The PRECOMBAT trial compared PCI using sirolimus-
eluting stents to CABG in patients with left main disease 
and found that the risk of major adverse cardiac or cerebro-
vascular events (MACCE) was not significantly higher after 
PCI compared to CABG at two years, but did have about 
double the incidence of repeat revascularizations.95 A sub-
group analysis of patients in the SYNTAX trial presenting 
with left main disease supported these findings by showing 
that PCI with a paclitaxel-eluting DES did not increase the 
12-month rate of MACCE in comparison to CABG, but 
did have a higher rate of repeat revascularization.72 Five-year 
outcomes also demonstrate the same findings qualitatively.122 
However, when grouped according to SYNTAX score, while 
those with low or intermediate scores had similar outcomes 
regardless of the method of revascularization, those with 
high-risk scores (>32) undergoing PCI had higher incidence 
of MACCE than CABG patients.72,122,123 Based primarily on 
this evidence, the ACCF/AHA guidelines regard PCI as a 
Class IIa or IIb recommendation in patients with unpro-
tected left main disease and stable ischemic heart disease 
depending on how favorable the anatomy and how high 
the overall surgical risk (Class IIa if SYNTAX score is ≤22 
and STS-predicted mortality is ≥5%, Class IIb if SYNTAX 
score < 33 and STS-predicted mortality > 2%).10 PCI may 
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be performed on a Class IIa recommendation if the patient is 
having unstable angina/NSTEMI and is not a CABG candi-
date due to high risk of operative morbidity and mortality, or 
in the setting of a STEMI when distal coronary flow is grade 
3 and PCI can be performed more rapidly than CABG.10 For 
all other instances (ie, the majority of patients), until addi-
tional data are gathered to the contrary, CABG remains the 
definitive Class I-recommended treatment for most patients 
with unprotected left main disease.10 The EXCEL trial which 
is currently ongoing seeks to compare CABG to PCI using 
newer generation everolimus-eluting stents in patients with 
unprotected left main disease.

SEVERE LEFT VENTRICULAR DYSFUNCTION
Left ventricular dysfunction is a predictor of increased opera-
tive risk for most cardiac surgical procedures, and in the early 
days of coronary revascularization these patients were not 
offered CABG. Like age, however, it is also a strong predic-
tor of poor outcome with medical therapy. Accordingly, more 
recently significant LV dysfunction has been considered an 
indication rather than contraindication to surgical revascu-
larization. In some patients, LV function has been shown to 
improve—sometimes dramatically so—after revasculariza-
tion, leading to the concept of “hibernating” or “stunned” 
myocardium.124,125 The identification of viable myocardium, 
which is potentially recoverable, depends on the identifica-
tion of preserved metabolic activity by positron emission 
tomography, cell membrane integrity by thallium-201 or 
technetium-99m single-photon emission computed tomog-
raphy (SPECT), or dobutamine stress echocardiography.126

Five studies from the early era of CABG as well as sev-
eral meta-analyses of these studies and others that followed 
showed that patients with LV systolic dysfunction (mainly 
mild to moderate) showed that CABG conferred improved 
survival in comparison to medical therapy.39,54-57,127 In regards 
to severe left ventricular dysfunction, however, as mentioned 
above the STICH trial, showed no reduction in all-cause 
mortality for CABG in comparison to GDMT in patients 
with CAD amenable to CABG with an EF of <35%.53 CABG 
did, however, demonstrate a benefit compared to medical 
therapy with respect to the composite endpoint of death from 
any cause or (1) hospitalization for heart failure, (2) hospi-
talization for cardiovascular access, (3) hospitalization for 
any cause, and (4) revascularization with PCI or CABG. In 
other words, event-free survival was better with CABG in this 
population, suggesting that with longer follow-up, an overall 
survival benefit might resolve. The study is being continued 
out to 10 years of follow-up.

The relative roles of CABG and PCI in this population 
are not clearly defined despite the number of randomized tri-
als of PCI versus surgery, largely because these patients were 
excluded from trial entry. In an early multicenter study of 
patients with left ventricular dysfunction (EF < 40%), slightly 
more than one-fourth of the patients died in the 2 years fol-
lowing multivessel PCI.128 The majority of studies comparing 
CABG to PCI in this population have demonstrated similar 
survival,129-133 while some showed improved outcomes with 

CABG.62 Overall, aside from the STICH trial, there remains 
a paucity of meaningful randomized trial data informing 
the choice of CABG versus PCI in the setting of left ven-
tricular dysfunction. For patients with LV dysfunction and 
CAD amenable to revascularization, the recommendation is 
to perform CABG on a Class IIa basis if the EF is slightly 
depressed (35-50%), and on a Class IIb basis if the EF is very 
low (<35%) as long as the LMCA is not involved, in which 
case CABG is more clearly indicated.10 The ACCF/AHA 
guidelines recommend that patients in this category should 
have the method of revascularization tailored to clinical vari-
ables such as the presence of renal disease, diabetes, and the 
complexity of the coronary anatomy.10

CHRONIC TOTAL OCCLUSION
Chronic, totally occlusion of a coronary artery is found on 
up to 20% of all coronary angiograms, and of these, three-
fourths have multivessel disease.134,135 Revascularization is not 
possible nor attempted in 65% of patients with chronic total 
occlusion.134 This population remains poorly studied in the 
randomized trials of multivessel PCI versus CABG as 35 to 
37% of the patients excluded from the overall study were 
disqualified because of the presence of a chronic total occlu-
sion of a coronary artery serving viable myocardium. Nota-
bly, the SYNTAX trial did not exclude patients with chronic 
total occlusion (a condition which alone contributes 10 to 
15 points to the SYNTAX score), and found that complete 
revascularization, which has a known association with reduc-
tion in long-term mortality, MI, and repeat coronary inter-
ventions,136 was significantly higher in patients treated with 
CABG compared to PCI (69% vs 49%).4 Considering that 
the presence of chronic total occlusion was the most com-
mon reason for the inability to achieve complete revascu-
larization in the PCI group, this may account for the lower 
rates of major adverse cardiovascular events including death 
in the CABG group compared to PCI.135 However, success 
rates for achieving complete revascularization by PCI con-
tinue to improve as the interventional cardiology commu-
nity increases its aggressiveness in using PCI to treat these 
lesions, as evidenced by the recent launching of at least three 
trials (EXPLORE, DECISION-CTO, and EURO-CTO), 
all designed to determine the benefit of PCI in this setting 
compared to medical therapy.134 In summary, CABG surgery 
improves survival in patients with multivessel and complex 
CAD compared with PCI, in large part due to the ability of 
CABG to provide higher rates of complete revascularization.

THE ELDERLY
Age is a predictor of operative risk in most models, but is 
also a predictor of poor outcome with medical therapy in 
the presence of CAD. Mortality is estimated to be approxi-
mately 8 to 11% in octogenarians after CABG.137 The Swiss 
Multicenter Trial of invasive versus medical therapy in the 
elderly (TIME) trial examined 301 patients over the age of 
75 years with chronic angina and randomized them to medi-
cal therapy with or without invasive evaluation.50 Of those 
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484 Part III Ischemic Heart Disease

undergoing angiography, two-thirds had revascularization. 
At the 1-year follow-up interval, there was no statistical dif-
ference in death or nonfatal MI rates. Symptoms and qual-
ity of life were also similar. However, there was a substantial 
increased risk of rehospitalization with revascularization in 
those who had medical treatment. Early interest in using off-
pump CABG as a method of reducing risk in the elderly has 
not demonstrated any benefit in comparison to traditional 
on-pump CABG in two randomized controlled trials focus-
ing specifically on patients aged 75 years and older.138,139 A 
recent propensity-matched analysis of 1932 patients in this 
same age group showed that CABG and PCI with DES 
outcomes were similar at a mean follow-up interval of 
1.5 years, with a higher incidence of repeat revascularization 
in the PCI group, similar to the conclusions drawn from stud-
ies in younger populations.140 These data suggest that invasive 
evaluation should be offered to elderly people who are symp-
tomatic only after adequate medical therapy. The choice of 
mode of revascularization will be particularly impacted in this 
group of patients by the presence of comorbidities that may 
increase the risk of surgical intervention, such as cerebrovas-
cular disease, renal dysfunction, and pulmonary disease.

DIABETES MELLITUS
It has been recognized for many years that patients with DM 
are at higher risk following percutaneous141 or surgical142 revas-
cularization. The BARI trial was the first trial large enough 
to identify significant differences in outcome between dia-
betic and nondiabetic patients. In this study, which included 
353 diabetic patients, a survival benefit was observed among 
insulin-dependent patients undergoing CABG with an ITA, 
as compared with those undergoing PCI. The explanation for 
this is not entirely clear, although an intriguing observation is 
that while the incidence of subsequent MI is similar between 
groups, survival after MI is superior among those who have 
undergone surgical revascularization.143 In fact, unlike non-
diabetics, diabetics suffering spontaneous Q-wave MI were 
more than 10 times as likely to die with their infarction if 
they had been treated with PCI as compared with CABG. 
This survival difference was even more pronounced at 7 years 
with 76.4% of diabetics in the surgical arm alive as compared 
with 55.7% in the angioplasty arm.144

The physiologic basis for this difference remains a matter 
of speculation, although the completeness of revasculariza-
tion may be a factor. Because of the significant incidence of 
restenosis after PCI in diabetics, Van Belle and colleagues145 
analyzed EF at 6 months and long-term cardiac mortality and 
morbidity among 513 diabetic patients stratified according 
to the presence of occlusive restenosis (n = 94), nonocclusive 
restenosis (n = 257), and no restenosis (n = 162). The mortal-
ity risk rose with restenosis (24% without restenosis, 35% 
with nonocclusive restenosis, and 59% with occlusion), and 
EF fell with occlusion (decrease of 4.8 ± 12.6%).

The results of the BARI trial prompted retrospective post 
hoc analyses of several earlier trials. The results have been 
variable. There was a nonsignificant trend for better sur-
vival among diabetic patients treated surgically in the EAST 

trial.146 A meta-analysis of pooled data pertaining to diabetic 
patients from CABRI, EAST, and RITA, however, found 
similar 5-year mortality rates following CABG or PCI.147 
Meanwhile, a larger meta-analysis of 10 randomized trials 
showed that long-term survival rates in patients with diabetes 
were lower in patients receiving PCI with balloon angioplasty 
or BMS compared to CABG.133

The follow-up study to BARI, BARI-2D,148 enrolled 2368 
patients with DM and stable CAD and randomized them to 
receive either intensive medical therapy or intensive medical 
therapy and prompt revascularization (CABG or PCI left 
to clinical judgment). At 5 years there was no difference in 
survival or freedom from major cardiovascular events (MI 
or stroke) between medical therapy and revascularization 
groups. This trial was not designed to compare CABG and 
PCI in diabetes, but rather to examine a strategy of inten-
sive medical therapy compared with revascularization. How-
ever, in the stratum of patients who received CABG, there 
were fewer major cardiovascular events when compared with 
medical therapy (22.4 vs 30.5%, p = .002). In the stratum of 
patients who received PCI, there was no difference in major 
cardiovascular events when compared with medical therapy.

In terms of more recent randomized trials, the SYNTAX 
trial showed that those with higher SYNTAX scores had higher 
rates of repeat revascularization after PCI than after CABG.149 
More importantly, the FREEDOM trial demonstrated the 
most definitive and current evidence that even in the DES 
era, CABG confers survival benefit over PCI in diabetics with 
multivessel disease. It compared CABG to PCI with siroli-
mus- and paclitaxel-eluting stents in 1900 patients with mul-
tivessel disease and diabetes and found that 5-year rates of a 
composite endpoint of death from any cause, nonfatal MI, or 
nonfatal stroke were significantly lower in the CABG group 
compared to PCI (18.7 vs 26.5%)26, supporting the results of 
the BARI and BARI-2D trials, but with the added caveat that 
the difference in outcomes was driven by a lower rate of MI 
and death from any cause in the CABG group.

Diabetes is a condition characterized biologically by an 
inflammatory, proliferative, and prothrombotic state. This 
may account in part for the increased risk of restenosis and 
occlusion. Because diabetics tend to have more diffuse dis-
ease, the importance of complete revascularization, which is 
more often achieved surgically that percutaneously, may be 
enhanced. Another explanation may have more to do with 
patient selection than vascular biology. It has long been rec-
ognized from the previously cited studies that the survival 
advantage of CABG over medical therapy is greater the 
more extensive the coronary disease; and more recent stud-
ies of PCI versus CABG have demonstrated similar trends. 
Diabetic patients tend to have more extensive disease, and in 
BARI diabetic patients had a higher frequency of three-vessel 
disease, diffuse disease, proximal LAD disease, and left ven-
tricular dysfunction.

From a clinical standpoint with regard to patient selection 
for coronary revascularization and the method of revascular-
ization, the assessment of diabetics should be made on stan-
dard principles, namely the severity and extent of coronary 
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disease, the potential for complete revascularization, the pres-
ence or absence of left ventricular dysfunction, and the 
technical suitability of the lesions for PCI. The results of 
the aforementioned studies suggest that a preference for sur-
gical over percutaneous revascularization remains appropriate 
among diabetics, especially those with complex disease and/
or ventricular dysfunction. As evident from the results of the 
FREEDOM and SYNTAX trials, this recommendation has 
not changed since the introduction of DESs.

END-STAGE RENAL DISEASE
End-stage renal disease (ESRD) is a growing problem. Car-
diovascular disease is the most common cause of death among 
those with ESRD; therefore, there will likely be high rates 
of revascularization required in these patients in the future. 
Comorbidities complicating surgical or percutaneous revas-
cularization, such as diabetes, hypertension, and calcified ves-
sels, are more common in patients with ESRD, increasing the 
risk of intervention. A study conducted by the Northern New 
England Consortium found dialysis-dependent patients with 
renal failure to be 3.1 times more likely to die after CABG 
after adjusting for known risk factors (OR 3.1, [2.1 to 3.7], 
p < .001).150 They also found significantly increased rates of 
mediastinitis (3.6% vs 1.2%) as well as postoperative stroke 
(4.3% vs 1.7%). The long-term survival was also decreased 
with renal failure, which was found to be a highly significant 
predictor of mortality after adjustment.151 Despite these risks, 
the prognosis without surgical correction of CAD is poor. 
Revascularization in patients with ESRD is associated with 
improved survival compared with medical management,152-154 
with some studies showing that CABG confers improved sur-
vival compared to PCI.152,153,155-159

Concomitant Carotid Disease
Perioperative stroke remains one of the most dreaded com-
plications associated with CABG, and aside from the debili-
tating features of the stroke itself, it is associated with 21 to 
23% hospital mortality.160,161 Concomitant carotid artery dis-
ease is present in approximately 8% of patients undergoing 
CABG (range 2-22%, depending on the definition of steno-
sis, method of diagnosis, and frequency of screening).162-165 
Its presence increases the risk of perioperative stroke in 
some166-169 but not all studies,170-173 and as such, the question 
of whether to intervene on the carotid artery, with the goal 
of decreasing the perioperative as well as long-term stroke 
rate, has garnered significant attention in the literature. Con-
troversy continues regarding the utility and indications for 
carotid endarterectomy (CEA) either before (staged), during 
(concomitant), or after (reverse-staged) CABG, especially in 
patients with asymptomatic carotid artery stenosis for whom 
data regarding increased risk of perioperative stroke are less 
wellestablished. This section will describe the relationship 
between extracranial carotid artery stenosis and neurologic 
outcomes after CABG and discuss the approach to determin-
ing whether and in what manner intervention on the carotid 
artery is indicated.

PERIOPERATIVE STROKE
Incidence and Causes of Perioperative Stroke. The 
overall incidence of perioperative stroke or TIA after CABG 
has been decreasing in the last two decades. Several large reg-
istry studies from prior to 2002 had estimated the incidence 
to be around 3%,160,174 but recently a large registry study 
of almost 1.5 million patients undergoing isolated CABG 
between 2000 and 2009 in all STS-participating institu-
tions has put that risk at about 1.2%.175 The most common 
cause of strokes after CABG is not embolism from carotid 
plaques, but rather athero- or thromboembolism from com-
plex plaques liberated from the ascending aorta as a result of 
direct physical manipulation inherent in the conduct of the 
CABG operation including cross-clamping, aortic cannula-
tion, and the creation of proximal graft anastomoses.176,177 
Other causes include intracardiac emboli which can arise in 
the setting of valvular disease, atrial fibrillation, prosthetic 
valve implantation, suture lines, left-sided heart catheters, 
mural thrombus after MI, and less commonly, entrapped air. 
Finally, miscellaneous causes of perioperative stroke include 
small-vessel occlusive disease, cerebral hypoperfusion from 
low perfusion pressure during cardiopulmonary bypass, peri-
operative MI, acute arterial dissection from cannulation, and 
cerebral hemorrhage. Overall cardioembolic sources includ-
ing those from the aorta and the aortic arch account for about 
75% of perioperative strokes after CABG, while large artery 
stenosis, which includes carotid artery disease, accounts for 
5%.172 Although carotid disease is implicated in only a small 
minority of perioperative strokes, it is the one situation in 
which the surgeon can take definitive action to remove the 
pathology and in so doing, potentially also decrease the risk 
associated therewith.

Risk Factors for Perioperative Stroke. Age is one of the 
most well-established risk factors for the development of peri-
operative stroke. In a study from 1986, Gardner et al, showed 
that stroke rates increased with age, such that those younger 
than 45 years had stroke rates of 0.2%, rising to 3.5% for 
those in their 60s and 8.0% for those older than 75 years.178 
Another study in 1992 showed that stroke rates were 0.9% 
for those younger than 65 years but 8.9% for those older 
than 75 years. Other risk factors from the cardiac surgery lit-
erature include aortic calcification, renal failure, prior stroke, 
tobacco use, age, peripheral vascular disease, diabetes, and 
carotid artery disease.161,179

Relationship of Carotid Stenosis to Perioperative 
Stroke. There are several major studies dating back to the 
1980s that show an increased risk of perioperative stroke 
after cardiac surgery in patients with significant carotid artery 
stenosis. In 1987, Brener and colleagues showed that among 
4047 patients undergoing cardiac surgery, stroke or transient 
ischemic attacks (TIAs) occurred in 9.2% of patients with 
asymptomatic carotid artery stenosis (defined as greater than 
50% luminal narrowing on carotid angiography), while those 
without had a stroke rate of 1.9%.166 Faggioli and colleagues 
investigated this in 1990 and found similarly that those with 

Cohn_ch20_p0471-0518.indd   485 12/04/17   2:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



486 Part III Ischemic Heart Disease

>75% carotid stenosis and age over 60 years, the rate of stroke 
was 15% versus 0.6% in patients in the same age group with-
out carotid stenosis.167 CEA appeared to have a protective 
effect; none of the patients who underwent this procedure 
concomitantly (19 patients) had strokes, while 14.3% (4 of 
28 patients) who had carotid stenosis but did not undergo 
CEA developed strokes.167 For patients 65 years or older, who 
are at higher risk of stroke from any cause to begin with, the 
degree of carotid artery stenosis was shown to affect the peri-
operative stroke rate such that the total neurologic event rate 
(stroke or TIA) was 2.5% for <50% stenosis, 7.6% for ≥50% 
stenosis, 109% for ≥80% stenosis, and 10.9% for unilateral 
occlusion.180

It remains unclear, however, to what extent the pres-
ence of carotid stenosis in this patient population is the 
direct causative element in the development of periopera-
tive stroke, or whether its main significance is as a marker of 
advanced overall cardiovascular disease. Determining which 
of the strokes occurring in those with significant carotid 
stenosis actually occur ipsilaterally has given further insight 
into what the actual impact of performing CEA would be, 
especially in asymptomatic patients. Several small retrospec-
tive studies have shown that the perioperative stroke rate 
directly attributable to ipsilateral carotid stenosis is small 
in asymptomatic patients.172,173 Li et al showed that among 
18 patients with ≥50% carotid stenosis who developed peri-
operative stroke after CABG, only four occurred on the same 
side as the disease itself, and that of these four, the carotid 
was totally occluded in three patients, that is, not amena-
ble to intervention. Therefore only one of 18 strokes was 
potentially preventable by CEA. Since 2005, there have been 
four studies demonstrating a 0% rate of stroke in patients 
with asymptomatic carotid stenosis of ≥50% (n = 156) and 
≥70% (n = 42).170,171,181,182 These data suggest, though not 
definitively, that at least for asymptomatic patients, the risk 
of perioperative stroke directly attributable to the carotid 
stenosis itself may be minimal, lending credence to the idea 
that carotid disease is perhaps more of a surrogate and that 
prophylactic CEA may have little benefit.

Relationship of Uncorrected Carotid Stenosis to Late 
Stroke. The potential benefit of CEA in patients who 
have asymptomatic carotid artery disease has been shown 
to extend beyond the immediate perioperative period. 
Barnes et al showed that at 22 months following CABG 
in 40 patients with untreated asymptomatic carotid steno-
sis, the mortality rate was 10% while 17.5% had suffered 
a stroke.183 One half of the patients had progression of the 
severity of carotid disease by noninvasive testing. Another 
study found that at 48 months, the risk of stroke after CABG 
in the setting of uncorrected significant carotid disease was 
10%, that is, tenfold higher than patients who underwent 
combined CABG and CEA.184 Contemporary random-
ized trials of surgery versus medical therapy for significant 
carotid stenosis have defined the late risk of carotid-related 
stroke in medically treated patients. In the Asymptomatic 
Carotid Surgery trial, actuarial risk of stroke at 5 years was 

12% in medically treated patients with asymptomatic high-
grade carotid stenosis.185

INDICATIONS FOR NONINVASIVE CAROTID TESTING
While some centers have practiced a policy of screening all 
patients undergoing CABG for carotid disease, studies have 
shown that identifying patients who are at high risk of hav-
ing significant carotid disease to begin with can be screened 
selectively with negligible impact on the overall sensitivity. 
A retrospective analysis of 1421 patients undergoing CABG 
limited routine screening by ultrasound to only those that 
met the following criteria: age over 65 years, history of a 
stroke or TIA, and presence of a carotid bruit.186 The investi-
gators determined that this reduced the need for preoperative 
testing by 40% overall while missing only 2% of all candi-
dates with ≥70% carotid stenosis. The ACCF/AHA issued a 
Class IIa recommendation that carotid artery duplex scan-
ning should be performed for patients who have clinical fea-
tures associated with a high risk of concurrent carotid artery 
stenosis, including age over 65 years, left main coronary ste-
nosis, peripheral vascular disease, history of stroke or TIA, 
hypertension, smoking, and DM.10

MYOCARDIAL ISCHEMIC EVENTS IN PATIENTS 
AFTER CAROTID ENDARTERECTOMY
The incidence of CAD in the general population of patients 
undergoing CEA is high. A study from the Cleveland Clinic 
found that in patients studied with routine preoperative 
coronary angiography prior to planned CEA, only 7% had 
normal coronary arteries, while 28% had mild-to-moderate 
CAD, 30% had advanced but compensated disease, 28% had 
severe but correctable disease, and 7% had severe, inoperable 
CAD.187 Early studies demonstrated that the risk of perioper-
ative MI in the setting of CAD as significantly higher (4.3% 
compared to 0.5%).188 Hertzer and colleagues showed that 
for patients undergoing CEA, MI caused more late deaths 
(37%) than did stroke (15%), with improved 10-year sur-
vival in the cohort of patients who had undergone incidental 
CABG compared to those with suspected but undocumented 
coronary disease (55% vs 32%).189

COMBINED CORONARY AND CAROTID 
REVASCULARIZATION
Guidelines for Combined Coronary and Carotid 
Revascularization. To date, there exist no random-
ized trials comparing a combined or staged approach to 
carotid disease in asymptomatic patients to CABG alone. 
The CABACS trial which began in 2010 is currently ongo-
ing and will report on the relative incidence of strokes and 
death from any cause by randomly assigning patients to con-
comitant (ie, synchronous) CEA and CABG versus CABG 
alone in patients with high grade carotid stenosis undergo-
ing CABG.190 Until then, the current guidelines from the 
ACCF/AHA are based on a large body of retrospective data 
that have not conclusively established the optimal approach 
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to treating this patient population. Indeed, the formal Class 
I recommendation is that for patients with clinically signifi-
cant carotid artery disease for whom CABG is planned, a 
multidisciplinary team consisting of a cardiac surgery, car-
diologist, neurologist, and vascular surgeon should convene 
and determine an individualized plan regarding whether and 
when to perform CEA.10 Meanwhile, for patients with a pre-
vious TIA or stroke and a significant carotid artery lesion 
(≥50% stenosis), combined CABG and carotid revasculariza-
tion is recommended on a Class IIa basis. The sequence and 
timing of intervention is determined by the relative magni-
tudes of cerebral and myocardial dysfunction.10 Finally, in 
patients scheduled for CABG who have no history of TIA or 
stroke but have bilateral severe (70-99%) carotid stenosis or 
unilateral severe carotid stenosis with a contralateral occlu-
sion, combined carotid revascularization is recommended on 
a Class IIb basis.10

These guideline recommendations notwithstanding, Cam-
bria and colleagues at our institution have argued that if one 
accepts that (1) uncorrected carotid stenosis is associated with 
an increase in stroke risk for patients with severe carotid and 
CAD who have only isolated CABG; (2) CEA is the indicated 
treatment for severe symptomatic and asymptomatic carotid 
stenosis; (3) CAD increases the early and late risk of death for 
CEA patients; and (4) CABG is an indicated treatment for 
CAD, then the important question becomes not the indica-
tion for but the timing of the two operative procedures. It is 
on these grounds that some surgeons in our institution have, 
since the 1970s, taken an aggressive approach to patients with 
both CAD and carotid stenosis, with the concomitant opera-
tion used as the standard approach.

Staged versus Concomitant Carotid and Coronary 
Artery Operations. The technique of performing CEA 
before coronary bypass grafting is referred to, by conven-
tion, as a staged procedure, while performing the CABG 
first and the CEA in delayed fashion is termed a reverse 
staged procedure. Performing both procedures under the 
same general anesthetic administration is a concomitant 
procedure.

On the one hand, performing CEA first might increase 
the risk of perioperative MI, while performing CABG first 
might increase the risk of perioperative stroke. If the patient 
does not have signs of active ischemia or hemodynamic insta-
bility, especially if the CEA can be performed safely with 
regional anesthesia, most agree that performing CEA first is a 
reasonable strategy. This argument is strengthened further in 
elderly patients with a history of prior stroke or TIA in whom 
the incidence of perioperative MI might be expected to be 
significantly higher. Meanwhile, for patients with active isch-
emia and/or hemodynamic instability secondary to coronary 
disease, the reversed staged procedure is sometimes favored, 
especially for those with asymptomatic carotid stenosis and 
no history of stroke or TIA. These general principles are con-
sidered on a case-by-case basis without the benefit of any 
randomized controlled trial data to definitively support one 
strategy versus the other.

The American Academy of Neurology (AAN) systemati-
cally reviewed all studies with over 50 patients comparing 
staged versus concomitant CEA and CABG and found that 
for nine studies evaluating concomitant CEA and CABG, the 
overall rate of stroke was 3%, while MI occurred in 2.2%, 
and death in 4.7%. In the one study included in this review 
describing staged CEA followed by CABG, the stroke rate 
was 1.9%, while MI occurred in 4.7%, and death in 1.6%. 
The AAN concluded that there was no clear general argument 
for one strategy versus the other based on these data.191

At our institution, the concomitant approach has been the 
standard strategy for most patients presenting with asymp-
tomatic severe carotid stenosis and CAD amenable to CABG. 
Akins et al published a series of 500 patients who underwent 
a concomitant operation between 1979 and 2001 and found 
that hospital mortality was 3.6%, MI rate was 2.0%, and 
stroke occurred in 4.6%.192 While 66% were neurologically 
asymptomatic preoperatively, 21% had prior TIAs while 
13% had a prior stroke. The degree of coronary disease was 
relatively severe with 75% presenting with three-vessel dis-
ease and 42% presenting with significant left main disease. 
Three-fourths had unstable angina, and 53% had prior MI. 
The operation was performed either urgently or emergently 
in 54% of patients. In other words, the outcomes delineated 
above are rather favorable considering the patient population 
included. Of the 23 strokes that occurred, 12 were ipsilat-
eral to the CEA and 11 were contralateral or bilateral, sug-
gesting that this strategy may have neutralized the impact of 
carotid stenosis as a risk factor for stroke during CABG. The 
upcoming CABACS trial will, as the first randomized trial to 
shed light on the question of how these interventions should 
be sequenced, shed some light on the controversy inher-
ent in these results, albeit on a significantly limited subset 
of the patients seen in actual clinical practice, that is, those 
undergoing elective CABG who have asymptomatic carotid 
stenosis.190

PREDICTION OF OPERATIVE RISK
Prediction of risk-adjusted outcomes permits both the sur-
geon and the patient to weigh the potential benefits of opera-
tion against risks of perioperative morbidity and/or mortality. 
The patient’s comprehension of benefit versus risk is para-
mount to informed consent before coronary artery bypass 
surgery. Accurate risk-adjusted prediction of postoperative 
morbidity and mortality also provides an important quality 
improvement tool to understand and examine the variability 
in institutional and individual surgeon performance.

A number of cardiac surgery databases have been used to 
develop risk models for predicting operative morbidity and 
mortality in patients undergoing CABG.21 One of the more 
user-friendly risk assessment tools is that provided by the STS 
Risk Calculator (http://www.sts.org/quality-research-patient-
safety/quality/risk-calculator-and-models/risk-calculator), 
which provides an assessment of individual patient operative 
risk derived using the STS database (Table 20-4). The STS 
risk algorithm is proprietary and is based on data voluntarily 
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488 Part III Ischemic Heart Disease

the assessment focuses disproportionately on coronary anat-
omy and insufficiently on the nature, duration, and severity of 
ischemic symptoms, as well as signs and symptoms of conges-
tive heart failure (CHF). In addition, history of or coexisting 
cerebrovascular and/or peripheral vascular disease, malignancy, 
sternal radiation, COPD, DM, or renal and/or hepatic insuf-
ficiency can have major impact on the operative morbidity and 
even mortality, not all of which are captured in risk models.

Current medications and dosages with special attention 
to antiplatelet agents such as clopidogrel must be reviewed. 
Operation in the setting of recent clopidogrel use is associ-
ated with excessive bleeding and need for reoperation.194 
Most surgeons recommend 5 days from the last adminis-
tered dose of clopidogrel before undertaking CABG with 
cardiopulmonary bypass. The same holds true for several 
new antiplatelet medications routinely used in clinical 
cardiology practice, such as prastagril as well as medica-
tions used as substitutes for warfarin in patients with atrial 
fibrillation (eg, dabigatran).

Physical examination of the lungs and heart should focus 
on the stigma of ischemic and valvular heart disease. Car-
diac murmurs warrant further evaluation. Additionally, the 
adequacy of presternal soft tissues to permit wound closure 
should be considered and evidence of venous varicosities or 
prior vein stripping may impact plans for conduit harvest. 
Peripheral pulses should be documented as their presence or 
absence may impact from which leg to harvest the vein or 

submitted by participating centers on 503,478 patients 
undergoing isolated CABG in the United States from 1997 to 
1999; the application is available for public use.

Overall, the average risks of 30-day operative death and 
major complication for patients reported to the STS database 
undergoing CABG from 1997 to 1999 were 3.05 and 13.4%, 
respectively. Specific complications included stroke (1.6%), 
renal failure (3.5%), reoperation (5.2%), prolonged ventila-
tion (5.9%), and sternal infection (0.63%). Risk models were 
developed using multivariate analysis to stratify the strength 
of the association from among 30 potential preoperative risk 
factors for mortality and major complications as shown in 
Tables 20-5 and 20-6. Except for deep sternal wound infec-
tion, the development of any of these complications corre-
lated with an increased risk-adjusted operative mortality.193

A preliminary sense of operative mortality can be derived 
simply from an understanding of the core variables most pre-
dictive of risk in the aforementioned data sets. The strongest 
predictors of operative mortality include nonelective surgery, 
low EF, and prior heart surgery. Chronic comorbidities are 
also associated with an increased operative mortality after 
coronary bypass, including treated diabetes, peripheral vascu-
lar occlusive disease, chronic renal insufficiency, and chronic 
obstructive pulmonary disease (COPD).21

Patient Evaluation
Regardless of the risk model applied, there is no substitute for 
clinical evaluation of the patient. Unfortunately, all too often 

TABLE 20-5: Variables Associated with 
Development of a Major Complication 
after Isolated Coronary Artery Bypass Graft 
Surgery

Variable
Odds 
ratio

95% 
Confidence 
interval

Renal failure/dialysis 2.49 2.41-2.58
Multiple reoperations 2.13 1.92-2.36
Shock 1.86 1.78-1.95
Intra-aortic balloon pump use 1.78 1.72-1.84
First reoperation 1.75 1.70-1.81
Insulin-dependent diabetes mellitus 1.59 1.54-1.64
Surgery status 1.58 1.53-1.63
Chronic lung disease 1.41 1.38-1.45
Immunosuppressants 1.34 1.26-1.43
Percutaneous transluminal coronary 

angioplasty < 6 h
1.33 1.23-1.43

Any major complication is defined as the composite outcome of stroke, renal 
failure, prolonged ventilation, mediastinitis, or reoperation. Data collected from 
503,478 patients undergoing isolated CABG in the United States from 1997 
to 1999 from the Society of Thoracic Surgeons’ database. Variables are listed in 
decreasing order of importance.
Data from Shroyer AL, Coombs LP, Peterson ED, et al: The Society of Thoracic 
Surgeons: 30-day operative mortality and morbidity risk models, Ann Thorac 
Surg. 2003 Jun;75(6):1856-1864.

TABLE 20-4: Independent Variables 
Associated with Mortality after Isolated 
Coronary Artery Bypass Graft Surgery

Variable
Odds 
ratio

95% Confidence 
interval

Multiple reoperations 4.19 3.61-4.86
First reoperation 2.76 2.62-2.91
Shock 2.04 1.90-2.19
Surgery status 1.96 1.88-2.05
Renal failure/dialysis 1.88 1.80-1.96
Immunosuppressants 1.75 1.57-1.95
Insulin-dependent diabetes mellitus 1.5 1.42-1.58
Intra-aortic balloon pump use 1.46 1.37-1.55
Chronic lung disease 1.41 1.35-1.48
Percutaneous transluminal coronary 

angioplasty, 6 h
1.32 1.18-1.48

Data were collected from 503,478 patients undergoing isolated CABG in the 
United States from 1997 to 1999 from Society of Thoracic Surgeons’ database. 
Variables are listed in decreasing order of importance.
Data from Shroyer AL, Coombs LP, Peterson ED, et al: The Society of Thoracic 
Surgeons: 30-day operative mortality and morbidity risk models, Ann Thorac 
Surg. 2003 Jun;75(6):1856-1864.
CABG, coronary artery bypass graft.
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TABLE 20-6: Variables Associated with Development of a Specific Postoperative Complication

Stroke Renal failure Prolonged ventilation Mediastinitis Reoperation

Variable, odds ratio (95% confidence interval)

PVD/CVD, 1.5 (1.44-1.56) Renal failure/dialysis, 4.3 
(4.09-4.52)

Multiple reoperations, 2.3 
(2.01-2.64)

IDDM, 2.74 (2.47-3.03) Multiple reoperations, 1.69 
(1.49-1.97)

Renal failure/dialysis, 1.49 
(1.37-1.62)

IDDM, 2.26 (2.16-2.37) IABP, 2.26 (2.17-2.36) Chronic lung disease, 1.62 
(1.47-1.78)

Shock, 1.46 (1.37-1.56)

IDDM, 1.48 (1.37-1.59) Shock, 1.6 (1.48-1.72) First reoperation, 1.97 
(1.89-2.05)

NIDDM, 1.53 (1.38-1.70) First reoperation, 1.40 
(1.33-1.47)

Previous CVA, 1.43 
(1.33-1.53)

Multiple reoperations, 1.6 
(1.33-1.92)

Renal failure/dialysis, 1.95 
(1.86-2.04)

Immunosuppressants, 1.49 
(1.18-1.89)

PTCA < 6 h, 1.42 
(1.28-1.58)

Surgery status, 1.38 
(1.29-1.48)

First reoperation, 1.55 
(1.46-1.64)

Shock, 1.95 (1.85-2.06) IABP, 1.43 (1.25-1.64) Renal failure/dialysis, 1.38 
(1.33-1.44)

Shock, 1.36 (1.21-1.52) IABP, 1.54 (1.45-1.64) Chronic lung disease, 1.67 
(1.61-1.73)

Mitral insufficiency, 1.39 
(1.17-1.65)

IABP, 1.36 (1.29-1.43)

NIDDM, 1.36 (1.28-1.45) Immunosuppressants, 1.48 
(1.33-1.64)

IDDM, 1.53 (1.47-1.59) Obese female, 1.38 
(1.35-1.42)

Chronic lung disease, 1.32 
(1.27-1.37)

HTN, 1.30 (1.22-1.38) PTCA < 6 h, 1.46 
(1.29-1.66)

Surgery status, 1.46 
(1.41-1.52)

Renal failure/dialysis, 1.27 
(1.14-1.41)

Mitral insufficiency, 1.31 
(1.23-1.40)

Data collected from 503,478 patients undergoing isolated CABG in the United States from 1997 to 1999 from the Society of Thoracic Surgeons’ database. Variables are 
listed in decreasing order of importance.
CVA, cerebrovascular accident; HTN, history of hypertension; IABP, intra-aortic balloon pump; IDDM, insulin-dependent diabetes mellitus; NIDDM, 
non–insulin-dependent diabetes mellitus; PTCA, percutaneous transluminal coronary angioplasty; PVD/CVD, peripheral vascular disease/cardiovascular disease.
Data from Shroyer AL, Coombs LP, Peterson ED, et al: The Society of Thoracic Surgeons: 30-day operative mortality and morbidity risk models, Ann Thorac Surg.  
2003 Jun;75(6):1856-1864.

place an intra-aortic balloon pump (IABP). A detailed neu-
rologic examination of the ulnar, radial, and median nerves 
should be document in the case of planned radial artery (RA) 
harvest.

Diagnostic evaluation should be directed by the clinical 
assessment, but at a minimum should include a renal panel 
(creatinine), complete blood count, and chest x-ray. The 
ECG should be reviewed for the evidence of previous MI and 
conduction abnormalities. Radiologic evaluation should rule 
out concomitant neoplasm, active pulmonary infection, and/
or ascending aorta calcification; the latter should be further 
assessed with a noncontrast computed tomographic (CT) 
scan because it will impact the location for arterial cannula-
tion and aortic cross-clamp placement.

Hemodynamically significant coronary artery lesions on 
angiography are conventionally defined as those lesions with 
a 50% loss of arterial diameter, which is sufficient to impair 
coronary blood flow reserve and distal coronary pressure.21 
An assessment should be made of left ventricular function 
and regional wall motion abnormalities as well as the pres-
ence and degree of valvular abnormalities, including aortic 
stenosis and mitral regurgitation with echocardiography. Left 
ventriculography is not routinely performed and is reserved 
for patients who require direct pressure measurements of left 
ventricular pressures to further assess the gradient through 
the aortic valve. In cases where a previous sternotomy has 

been performed and the internal thoracic arteries have not 
been utilized, their patency and integrity should be assessed 
at the time of cardiac catheterization since these conduits 
could have been injured at the time of sternal wire placement 
during chest closure. This becomes especially important if 
the saphenous veins are not available for the procedure and 
revascularization is dependent on the integrity of the internal 
thoracic artery (ITA).

It is in the surgeon’s best interest to develop a good rela-
tionship with the patient and his or her significant others. 
Specifics including the risks, benefits, and alternatives to sur-
gery need to be discussed to permit an informed decision. 
Ideally, this discussion is held in the presence of the patient’s 
significant others, because patients often have difficulty 
absorbing the details of the discussion at the time related 
to the stress of the situation. Should the patient experience 
a major complication or mortality, it is often the patient’s 
significant others with whom the surgeon will most often 
interact. Additionally, anticipated need for postoperative 
rehabilitation, as well as the time course of recovery is also 
of interest to all parties. A clear understanding of the expec-
tations for the perioperative period will reduce everyone’s 
anxiety about surgery and may promote early patient recov-
ery. Good rapport with patients and their significant others 
is also the physician’s best protection from litigation should 
untoward events occur.
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490 Part III Ischemic Heart Disease

BYPASS CONDUITS
Internal Thoracic Artery
The left ITA as a bypass graft to the left anterior descending 
coronary artery has been proven to provide superior early and 
late survival and better event-free survival after CABG.46 The 
unparalleled long-term patency and better clinical outcomes 
associated with the use of the ITA make it the conduit of 
first choice for anastomosis to the left anterior descending 
coronary artery in almost all patients regardless of age, and 
establish an argument to use the right ITA as conduit to other 
targets as well.

CHARACTERISTICS
The ITA demonstrates remarkable resistance to develop-
ment of atherosclerosis, which may be in part attributable 
to a greater resistance of its endothelium to harvest injury as 
compared with the saphenous vein. Under electron micros-
copy examination, thrombogenic intimal defects are essen-
tially nonexistent in the ITA but are commonly detected in 
venous grafts.195 Perhaps more significantly, however, is the 
nonfenestrated internal elastic lamina of the ITA that may 
inhibit cellular migration, thereby preventing initiation of 
intimal hyperplasia. In addition, the medial layer of the ITA 
is thin, with fewer smooth muscle cells and a lesser prolif-
erative response to known mitogens such as platelet-derived 
growth factor and pulsatile mechanical stretch.196,197

The endothelium of the ITA is itself unique as well. With 
a significantly higher basal production of the vasodilators 
nitric oxide and prostacyclin, the ITA demonstrates a favor-
able response to pharmacologic agents commonly used in 
the postoperative period. For instance, the ITA shows vaso-
dilation in response to milrinone and yet does not vaso-
constrict in response to norepinephrine.198 Furthermore, 
nitroglycerin causes vasodilation in the ITA, but not in the 
saphenous vein.199 The endogenous secretion of such vaso-
dilators may also have a “downstream” effect on the coro-
nary vasculature, explaining the common observation that 
the native coronary vessel itself often appears relatively pro-
tected from progressive atherosclerotic disease distal to the 
anastomosis. Finally, the ITA exhibits remarkable remodel-
ing over time, adapting to the demand for increased flow by 
often increasing in diameter over time as observed on late 
postoperative angiograms, a phenomenon mediated by the 
endothelium.200

SURGICAL ANATOMY OF THE INTERNAL 
THORACIC ARTERY
The ITA arises from the undersurface of the first portion 
of the subclavian artery opposite the thyrocervical trunk. 
The left ITA originates as a single artery in 70% of patients 
and as a common trunk with other arteries in 30%. In con-
trast, the right ITA originates as a single artery in 95% of 
cases.201 At the level of the clavicle and the first rib, the ITA 
passes at first downward and medially behind the subclavian 

vein and lateral to the innominate vein. In this area, the 
phrenic nerve crosses the ITA from its lateral to its medial 
side, before contacting the pericardium. The phrenic nerve 
crosses anterior to the ITA 66% of the time on the left and 
74% of the time on the right.201 It is important to keep 
these relations in mind to avoid phrenic nerve injury during 
proximal ITA harvest.

Below the first costal cartilage the ITA descends almost 
vertically and slightly laterally at a short distance from the 
margin of the sternum. The ITA lies posterior to the car-
tilages of the upper six ribs and the intervening internal 
intercostal muscles. In the upper chest there is a bare area of 
variable length where the ITA is covered only by the endo-
thoracic fascia and parietal pleura. Below this level the trans-
versus thoracis muscle covers the posterior surface of the ITA. 
The mean distance of the left ITA from the sternal margin 
at the level of the first intercostal space is 10.5 ± 3.2 mm, 
whereas at the level of the sixth intercostal space the distance 
increases to 20.0 ± 6.7 mm. The right ITA is slightly closer 
to the sternal margin than the left ITA. At the level of the 
sixth rib the ITA bifurcates into its terminal branches: the 
musculophrenic and superior epigastric arteries. The length 
of the ITA in situ ranges from 15 to 26 cm, with a mean of 
20.4 ± 2.1 cm; the left ITA is slightly longer than the right.201 
A pair of internal mammary veins (venae comitantes) accom-
panies the ITA; at the most superior portion these veins form 
a single vessel, which runs medial to the artery and drains into 
the innominate vein.

PEDICLED HARVEST TECHNIQUE
After the sternum is divided, the left ITA is harvested using an 
internal mammary retractor to expose the internal mammary 
bed (Fig. 20-4). Excessive distraction of the sternal leaves 
can cause costal fractures or dislocation of the costosternal 
joints, resulting in severe postoperative pain as well as bra-
chial plexus injury. The parietal pleura and loose connective 
tissue with accompanying fat is dissected away from the chest 
wall. It is our preference to enter the left pleural space widely 
to allow easier exposure of the ITA, especially in its most 
proximal aspect, and to permit the ITA to fall into a more 
lateral and posterior path upon wound closure, keeping the 
ITA medial to the lung, lateral to the pericardium, and away 
from the posterior table of the sternum. This makes it less 
susceptible to injury during potential sternal reentry in the 
future. Slightly rotating the operating table to the patient’s 
left and decreasing the patient’s tidal volume can aid in the 
visualization.

The ITA is identified lateral to the border of the sternum 
by inspection of the bare area or by palpation in the area of 
artery covered by muscle. It can be harvested using either 
a pedicled, semiskeletonized, or a skeletonized technique. 
When taken as a pedicle, the dissection plane can be started 
in the bare area of the ITA at the level of the third or fourth 
rib or at the level of the lower sternum. The intercostal space is 
avoided as the initial point of exposure because it contains the 
branch vessels. The endothoracic fascia is incised medially for 
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a distance of about 4 cm using the electrocautery at low set-
ting (ie, 20). The pedicle is carefully separated from the chest 
wall using gentle blunt dissection with the electrocautery tip. 
Exposure can be enhanced by pushing the pedicle away with 
closed forceps or by gently grasping the fascia. The ITA is a 
fragile vessel and the conduit should never be grasped with 
the forceps. Gentle posterior traction on the pedicle allows 
exposure of arterial and venous branches, which should be 
clipped and divided.

After the pedicle has been freed for about 4 cm, the endo-
thoracic fascia is incised laterally, allowing the pedicle to fall 
away from the chest wall. Dissection is continued proxi-
mally and distally to the level of the subclavian vein and ITA 
bifurcation. Attention should be given to avoid injury to 
the phrenic nerve during the proximal exposure. Once the 
dissection is completed, the patient is heparinized (fully or 
partially) and the pedicle sprayed with a papaverine solution 
(1 cc [30 mg] of papaverine added to 9 cc of saline). Three 
minutes after heparinization, the distal ITA is doubly clipped 
just proximal to the bifurcation and the artery divided. An 
atraumatic bulldog clamp is applied to the distal end of the 
artery and the pedicle is kept in a papaverine soaked sponge 
until the vessel is anastomosed to the arterial target. Alter-
natively, the pedicle may be left in situ and transected just 
before using the conduit.

SKELETONIZATION OF THE INTERNAL 
THORACIC ARTERY
Sternal blood flow decreases significantly after pedicled ITA 
harvest. Skeletonized harvest, however, reduces the degree of 
sternal ischemia. Two prospective randomized studies assess-
ing sternal blood supply using bone scan with SPECT after 
skeletonized and pedicled harvest have demonstrated signifi-
cant reduction in sternal vascularity after pedicled harvest, 
whereas skeletonized harvest resulted in minimal change in 
sternal blood supply. Multivariate analysis found harvesting 
technique to be the only factor responsible for postoperative 
sternal ischemia.202,203

Low rates of sternal wound infection have been reported 
using skeletonized bilateral ITA harvest. Matsa and associates 
observed a deep sternal wound infection rate of 1.7% among 
765 patients undergoing bilateral skeletonized ITA harvest. 
Of note, sternal complications occurred in only 2.6% of 231 
diabetic patients in this study, which was not significantly dif-
ferent from that of the nondiabetic patients.204 In Calafiore 
and coworkers’ review of 842 patients undergoing bilateral 
skeletonized ITA harvest compared with a historical nonskel-
etonized bilateral ITA control group, skeletonized harvest 
was associated with a reduced incidence of sternal wound 
complications (4.5%) versus pedicle harvest (1.7%). Diabetic 
patients in the study derived the greatest benefit from skel-
etonized harvest with respect to sternal wound complications: 
10% in the pedicle harvest versus 2.2% in the skeletonized 
harvest groups.205

Using the skeletonized harvest technique, only the artery is 
mobilized, leaving the internal thoracic venous plexus intact. 
Although skeletonization is a technically more demanding 
and time-consuming procedure, it increases luminal diam-
eter and free flow compared with a pedicled graft, and also 
provides a longer conduit.206 Some surgeons have expressed 
concerns regarding functional integrity, vasoreactive profile, 
and early and long-term patency; however, several inves-
tigators have shown no difference in endothelial integrity, 
endothelial-dependent or neurogenic-dependent vasoreac-
tivity between the techniques of pedicle or skeletonized har-
vest.205,207,208 Furthermore, there does not appear to be any 
difference with respect to early and midterm patency.209,210

PATENCY
The superior late patency of an ITA graft to the left ante-
rior descending coronary artery compared to a saphenous 
vein graft (SVG) was initially demonstrated by Barner and 
colleagues in the 1985.211 Superior patency translates into 
improved 10-year survival (left internal thoracic artery 
[LITA]-to-LAD artery 82.6% vs SVG-to-LAD artery 71%) 
with less incidence of MI, hospitalization for cardiac events, 
and cardiac reoperations.46 The superior performance of ITA 
grafts appears to persist in the current era despite the use of 
agents to improve vein graft performance. In the BARI trial 
the patency rates at 1 and 4 years for ITA grafts were 98 and 
91% compared with vein grafts, which were 87 and 83%, 
respectively.212,213 The superior patency of the ITA becomes 

Divided sternum
Lung

Pleure opened
Diaphragm

ITA pedicle

FIGURE 20-4 Internal thoracic artery (ITA) harvest. A self-
retaining mammary retractor is used for exposure of the ITA bed. The 
left pleura is dissected away from the mammary pedicle and opened 
along the course of the ITA. The endothoracic fascia is incised medial 
and lateral to the ITA pedicle. The pedicle is carefully separated with 
blunt dissection from the underside of the rib. Gentle traction on 
the pedicle exposes arterial and venous branches at the level of the 
intercostal spaces; vessels are clipped on the ITA side and cauterized 
or clipped on the chest wall side. The proximal dissection is carried to 
the inferior border of the subclavian vein; the distal dissection is then 
carried to the level of the ITA bifurcation. The trans versus thoracis 
muscle must be divided to expose the ITA bifurcation. The ITA is 
divided after full heparinization, either at the end of harvest or just 
before grafting of the left anterior descending (LAD) artery. (By per-
mission of Mayo Foundation for Medical Education and Research. 
All rights reserved.)
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492 Part III Ischemic Heart Disease

even more prominent with longer follow-up. In an angio-
graphic study of 1408 symptomatic post-CABG patients, 
patency rates for the LITA at 10 and 15 years were 95 and 
88%, respectively, whereas SVG patencies were 61 and 32% 
at the same time intervals.214

Radial Artery
The use of the RA as a conduit for coronary bypass was 
originally described by Carpentier and associates in 1973. 
Spasm of the artery was common during surgery and was 
managed by mechanical dilation. The initial results were 
disappointing with 32% of grafts occluded at 2 years.215 
Accordingly, the RA was abandoned as a conduit for CABG. 
Acar and colleagues revived the use of the RA after several 
grafts, angio-graphically demonstrated to be “occluded” 
early postoperatively, were patent during restudy 15 years 
later. Acar postulated that harvest injury was responsible 
for the spasm/graft occlusion.216 Proponents of the RA as 
a conduit have demonstrated encouraging mid- and long-
term results with a pedicled harvesting technique and phar-
macologic manipulation to prevent RA vasospasm.217 As a 
result, this conduit has enjoyed a remarkable resurgence of 
interest as a supplementary arterial conduit for coronary 
revascularization.

CHARACTERISTICS
Histologically, the RA has a fenestrated internal elastic lamina 
and a thicker wall than the ITA with a higher density of myo-
cytes in its media.218 The RA is also more likely to have ath-
erosclerotic changes at the time of harvest than the ITA, with 
28% of RAs having some degree of demonstrable atheroscle-
rosis, as compared with only 6% of ITAs. Whether these dif-
ferences indicate that the RA will prove more susceptible to 
graft atherosclerosis with reduced patency is unknown.219

Physiologically, the RA is equally sensitive to norepineph-
rine as the ITA; however, given its greater muscle mass, it 
generates a higher force of contraction, accounting for its 
well-recognized propensity for spasm.220 Fortunately, the RA 
also readily responds to a variety of vasodilators, including 
calcium channel blockers, papaverine, nitrates, and milri-
none. In vitro, nitroglycerine appears to be the most effective 
agent for inhibiting and reversing RA spasm.221 Additionally, 
nitroglycerin has been shown to be better tolerated clinically, 
equally effective, and less expensive than diltiazem in prophy-
laxis of RA spasm after CABG in a prospective randomized 
trial.222

SURGICAL ANATOMY OF THE RADIAL ARTERY
The RA originates from the brachial artery just proximal to 
the biceps tendon. In the proximal forearm the RA courses 
underneath the brachioradialis muscle. As it courses distally, 
it emerges from the lower surface of the muscle, becoming 
more superficial, and runs beneath the antebrachial fascia 
between the tendon of the brachioradialis muscle and the 
flexor carpi radialis muscle and anterior to the radius and 

pronator quadratus muscle. The recurrent RA originates 
from the lateral aspect of the RA soon after its origin from 
the brachial artery. Multiple small muscular branches emerge 
from the deep and lateral surfaces of the artery. At the wrist 
the RA gives rise to the palmar carpal branch, the dorsal 
carpal branch, the superficial palmar branch, and the deep 
palm.223 Throughout its course, the RA is accompanied by 
a rich plexus of venae comitantes. The average length of the 
RA ranges between 18 and 22 cm with an internal diameter 
of 2 to 3 mm.224

HARVEST TECHNIQUE
It is most common to consider the patient’s nondominant 
arm for harvest, partially out of concern for the impact of 
even subtle neurologic changes, and partially given the conve-
nience of harvesting the left RA simultaneously with the left 
ITA. The extremity of interest must have adequate ulnar col-
lateral circulation to ensure viability of the hand. Assessment 
of collateral circulation is best performed via noninvasive 
duplex ultrasonography.225 The RA of the dominant hand can 
also be harvested if needed. Tatoulis and associates reported 
261 patients undergoing bilateral RA harvesting with safe 
functional outcomes of both extremities.226

The arm is prepped circumferentially and the hand 
wrapped in a sterile fashion. The upper extremity is placed 
on an arm board perpendicular to the long axis of the oper-
ating table. As shown in Fig. 20-5, a medially curved inci-
sion is made on the skin overlying the RA from a point 2 cm 
proximal to the styloid process of the radius to a point 2 cm 
distal to the elbow crease and 1 cm medial to the biceps ten-
don. The subcutaneous tissue is divided with the cautery. The 
dissection can be initiated at either end depending on the 
surgeon’s preference. The deep fascia of the forearm is incised 
directly over the RA.

The RA is harvested as a pedicle with minimal manipu-
lation using sharp dissection, diathermy, or the harmonic 
scalpel (our preferred method). There are data to suggest 
that early graft flow is superior when the harmonic scalpel 
is used.227 On the proximal half of the forearm, gentle lateral 
retraction of the brachioradialis muscle aids exposure. At the 
distal end of the dissection the satellite veins are identified 
and divided. The proximal end of the dissection is marked by 
the radial recurrent artery branch and a large venous plexus 
in the medial aspect of the RA. It is our routine to leave the 
recurrent radial branch intact. The artery is divided proxi-
mally and distally and stored in a room temperature solution 
of lactate, nitroglycerin, and papaverine.

After the RA is removed from the forearm, hemostasis 
of the operative field is obtained and the arm is closed in 
multiple layers. A closed suction drain is placed, which we 
feel helps reduce postoperative seroma formation. A circum-
ferential elastic wrap is applied. The arm is then abducted 
and secured to the table. Reports of endoscopic RA harvest 
are beginning to emerge with good functional and cosmetic 
results; nonetheless the impact of the technique on graft 
patency is unknown.228 We have not adopted the technique.

Cohn_ch20_p0471-0518.indd   492 12/04/17   2:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 20 Myocardial Revascularization with Cardiopulmonary Bypass  493

Recurrent
radial artery

Biceps
aponeurosis Radial artery with

venae comitantes

Site of
distal division

Radial artery
& venae

comitantes
divided
distally

Superficial
radial nerve

Brachioradialis
muscle

FIGURE 20-5 Radial artery harvest. A medially curved incision is made on the forearm over the artery. The deep fascia of the forearm is incised 
directly over the artery. The brachioradialis muscle is retracted laterally. Dissection is begun at the distal end and the satellite veins are divided. The 
RA is harvested as a pedicle with minimal manipulation. The proximal end of the dissection is marked by the radial recurrent branch, which is left 
intact. After the pedicle is free and heparin has been given, the artery is divided proximally and distally and stored in a room temperature solution 
of lactate, nitroglycerin, and papaverine. Hemostasis of the operative field is obtained and the arm is closed in multiple layers. A closed suction 
drain is placed. (By permission of Mayo Foundation for Medical Education and Research. All rights reserved.)

Two cutaneous nerves are of importance to note during 
RA dissection. The lateral antebrachial cutaneous nerve lies 
superficial to the belly of the brachioradialis muscle and 
runs close to its medial border. Placing the skin incision 
medial to the edge of the brachioradialis prevents poten-
tial injury. Damage to this nerve will produce paresthesias 
and numbness of the radial aspect of the volar forearm. The 
superficial branch of the radial nerve lies under the bra-
chioradialis muscle and in the proximal two-thirds of the 
forearm runs parallel to the RA. Injury to this nerve will 
result in paresthesias and numbness of the thumb and the 
dorsum of the hand. The nerve can best be protected by 
avoiding excessive lateral retraction on the brachioradialis 
muscle.223,229 Transient paresthesias, numbness, and thumb 
weakness are common and are reported by almost a third 
of patients after RA harvest; fortunately, the symptoms 
gradually resolve with time so that after 1 year only 10% of 
patients have residual complaints with only 1% reporting 
their symptoms as severe.230-232

The radial can also be harvested endoscopically through a 
small incision overlying the artery at the wrist, using a smaller 
size endoscope than the one normally used for endoscopic 
saphenous vein harvesting. A long shafted harmonic scalpel 
can also be used with this technique. Proponents of endo-
scopic RA harvesting have reported this to be a safe and effec-
tive technique, with less pain and fewer wound complications 
than the open surgical technique,233 and has become the har-
vesting method of choice of some centers.234

PATENCY
Acar and associates in 1992 reported on 122 radial grafts 
with a 100% patency rate at 2 weeks and 93% patency at 
9 months.235 The results appear durable with reported paten-
cies at 48 months of 89%. Several factors may affect RA 
graft patency, however, including both target artery runoff 
and competitive flow. In the prospective, randomized Radial 
Artery Patency Study, more severe target coronary artery ste-
nosis was associated with lower rate of occlusion (>90% ste-
nosis = 5.9% vs 70 to 89% stenosis = 11.8%).236 The graft 
failure rate is highest if the target vessel is the right coronary 
artery system, but this may be related more to the coronary 
artery than the bypass conduit; one study showed equal 
patency of RA and saphenous vein bypass grafts to the right 
coronary artery.237-239

The proximal RA can be sutured to the ITA as a T- or 
Y-graft (composite), sutured directly to the ascending aorta, 
or sutured to the proximal portion or hood of a separate 
vein graft. In addition, a segment of vein can be interposed 
between the aorta and proximal RA in an end-to-end fash-
ion. Comparisons have been made between the T- or Y-graft 
and direct aortic anastomosis methods. Maniar et al found at 
approximately 30 months follow-up, a significantly greater 
incidence of postoperative angiography for recurrent angina 
among patients with direct aortic anastomosis as compared 
with patients with composite anastomosis (19% vs 11%).237 
There is controversy here, however, as Jung et al found that 
1-, 2-, and 5-year patency rates were significantly better with 
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494 Part III Ischemic Heart Disease

direct aortic anastomosis as compared with composite anas-
tomosis.240 Importantly, it appears that the overall patency of 
RA grafts to ideal targets may be superior to that of saphe-
nous vein bypass grafts at 5 years, 98% versus 86%.241

Other Arterial Conduits
A variety of arterial conduits have been used in patients in 
whom no other conduits are available. The gastroepiploic 
artery (GEA) for the most part is utilized as an alternative 
conduit or as part of an all-arterial revascularization strategy. 
Despite the enthusiastic support of a small cohort of sur-
geons, the widespread use of the GEA as a coronary conduit 
has not been adopted, perhaps because of the increased oper-
ative time and relative difficulty required to harvest the con-
duit, the potential for perioperative and long-term abdominal 
complications, and the lack of consensus on the long-term 
benefit for total arterial revascularization. Anecdotal use of 
the ulnar, left gastric, splenic, thoracodorsal, lateral femoral 
circumflex and inferior epigastric arteries as coronary graft 
conduits has been reported in the literature. The popularity 
of the RA, however, has in large measure superseded these 
options.

Greater Saphenous Vein
The saphenous vein continues to be one of the most com-
monly used conduits in coronary bypass grafting. Charac-
teristics that have solidified the greater saphenous vein as a 
coronary artery bypass conduit include its ease of harvest, 
ready availability, versatility, resistance to spasm, and thor-
oughly studied long-term results. Unfortunately there is a loss 
of clinical benefit after CABG because of time-related attri-
tion. Accordingly, there is interest in pharmacologic strategies 
to maximize early and late venous graft patency.

Prospective randomized trials have shown that early aspi-
rin administration reduces mortality after CABG. Aspirin 
within 48 hours after CABG also reduces early postoperative 
complications, including mortality, MI, stroke, renal failure, 
and bowel infarction.242 More recently, it has been recog-
nized that lipid-lowering agents reduce the progression of 
graft atherosclerosis.243,244 Aggressive use of statins to achieve 
a low-density lipoprotein cholesterol < 100 mg/dL decrease 
by one-third the number of grafts affected with atheroscle-
rosis at angiographic follow-up and also decreased the need 
for repeat revascularization.243 With clear documentation of 
improved outcomes with these two pharmacologic strategies, 
systematic approaches to ensure their universal application 
are needed.21

Finally, in the future, gene therapy may allow modification 
of the venous vascular endothelium to avert development of 
intimal hyperplasia. Unfortunately, the PREVENT IV trial, 
testing whether short-term angiographic vein graft failure 
could be diminished with treatment of the saphenous vein 
before grafting with edifoligide (an oligonucleotide decoy 
that binds to and inhibits E2F transcription factors), demon-
strated no impact of the treatment.245 The concept remains a 

valid one, however, and gene therapy will continue to be an 
exciting area of investigation in the future.

HARVEST TECHNIQUE
Saphenous vein harvest can be performed with an open or 
endoscopic technique. Open-vein harvest can be performed 
with a completely opened technique or bridged technique. 
In the completely open technique, an extensile skin incision 
provides the best exposure of the vein and may allow for har-
vest with the least amount of surgical trauma, but that advan-
tage comes at the risk of higher rates of wound complications 
and postoperative pain. Bridged skin incisions may decrease 
pain and wound complications but may also increase surgical 
manipulation of the vein conduit.

Open-vein dissection can be started either in the upper 
thigh, above the knee, or at the ankle (Fig. 20-6). Some 

Completely open technique

Bridged technique

Bridged incisions

Saphenous vein
harvest complete

FIGURE 20-6 Saphenous vein harvest: open and bridged tech-
nique. Open technique (top): Dissection can be started in the upper 
thigh, above the knee, or at the ankle. Identification of the vein is 
easiest at the ankle, just above the medial malleolus. An incision is 
made overlying the vein and extended directly over its trajectory. The 
vein is dissected and all venous tributaries are ligated and divided in 
situ. Bridged technique (middle): Two- or three-step incisions are 
performed over the course of the vein. Dissection of the vein is car-
ried in a similar fashion as the opened technique except that branches 
are divided in situ and ligated once the vein is explanted. Completed 
dissection (bottom): Once dissection is completed, the vein is ligated 
and divided proximally and distally. Stumps of side branches on the 
vein are left long and then are ligated flush with the vein, avoiding 
narrowing of the conduit. The vein is then gently flushed and stored 
in a solution of room temperature plasmalyte. The skin incisions are 
closed and the leg is wrapped with an elastic bandage. (By permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved.)
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surgeons prefer to harvest vein from the lower leg because 
of a more appropriate vein caliber and wall thickness, as well 
as greater distance from the perineum (a potential source of 
infection). Others prefer to harvest vein from the thigh, argu-
ing improved wound healing, particularly among patients 
with distal peripheral arterial occlusive disease. We are not 
aware of any data supporting one location over another. 
Because of the greater amount of adipose tissue present in 
the thigh area, wound breakdown in that location may prove 
more of a nuisance to treat. The fundamentals of vein harvest 
are to procure the conduit with a minimal amount of trauma 
to the vein. Specifically, the vein should not be grasped with 
forceps, stretched, or over-distended, because patency rates 
may be related to endothelial damage induced during harvest 
and preparation of the conduit. Identification of the vein is 
easiest at the ankle, just lateral to the medial malleolus.

In the completely open technique, a skin incision directly 
over the trajectory of the vein is made, taking care not to cre-
ate skin flaps. Purposeful, directed, sharp dissection is used 
to free the vein from the surrounding tissue. Side branches 
on the vein can initially be left long. Once dissection is com-
pleted, the vein is ligated and divided proximally and distally. 
A blunt-tipped vein cannula is inserted into the distal end of 
the vein and the vein gently flushed and dilated with a room 
temperature solution of PlasmalyteTM. The side branches can 
be clipped flush with the vein at this time, taking care to 
avoid narrowing of the conduit lumen.

When using a bridged technique, several step incisions are 
performed over the course of the vein. Dissection of the vein 
is otherwise carried out in a similar fashion as describe above. 
Exposure of the vein with the bridge technique may be less 
than optimal. Caution is necessary here to avoid excessive 
tension or manipulation of the conduit as an adjunct to deal 
with less than adequate exposure of those segments of the 
vein covered by a skin bridge. For all techniques of vein har-
vest located in the lower thigh and more distal, care should 
be taken to avoid trauma to the saphenous nerve, which is in 
close proximity to the vein. Injury to the nerve can result in 
debilitating postoperative neuralgia.

Endoscopic vein harvest starts with a 1.5- to 2.0-cm skin 
incision in the medial aspect of the extremity above the knee 
(Fig. 20-7). Carbon dioxide insufflation for visualization and 
dissection is established. Dissection is directed toward the 
groin region as far proximally as possible and then distally 
as far as needed to obtain the required length of conduit. 
Side branches are divided by using bipolar cauterizing scis-
sors. Once dissection is completed, small skin punctures are 
made at the limits of the dissection and the vein exteriorized, 
ligated, and divided. The vein is removed and otherwise pre-
pared in the standard fashion. Following skin closure, the leg 
is wrapped with a circumferential elastic bandage.

PATENCY
Minimally invasive harvest of the saphenous vein using an 
endoscopic technique is gaining popularity because it greatly 
reduces the wound morbidity associated with the open 
harvest techniques. Endoscopic harvest decreases wound 

complication rates and produces an improved cosmetic result, 
although the operative time devoted to harvest is increased as 
are the number of defects to the harvested conduit requiring 
suture repair. Initial reports showed no detrimental effects of 
harvest technique on vein morphology, endothelial structure 
or function, or graft patency.246,247 However, in recent report 
of 3000 patients treated with CABG, endovascular vein har-
vest was associated with higher rates of vein-graft failure, 
death, MI, and repeat revascularization.248

The polar opposite to endoscopic vein harvest is the 
“no-touch” technique in which the vein is removed with a 
pedicle of surrounding tissue. The harvested vein is not dis-
tended and it is stored in heparinized blood. In a randomized 
study of 104 patients using this technique, the angiographic 
patency at 18 months was 89% for conventional versus 95% 
for no-touch grafts. At 8.5 years, patency rates were 76% for 
the conventional group versus 90% for the no-touch group. 
Multivariate analysis showed that the most important surgical 
factors for graft patency were the technique of harvesting the 
conduit and the vein quality. By comparison, the patency of 
ITA grafts was 90% in the study.249

Other Venous Conduits
Alternative venous conduits such as the lesser saphenous 
and/or upper extremity cephalic veins are usually second-
ary choices for conduit. If it is planned to use either of these 
veins, preoperative vein mapping can help guide conduit har-
vest. The lesser saphenous vein can be harvested in a supine 
position through a lateral approach by flexing the hip and 
medially rotating the knee or by an inferior approach with 
straight elevation of the extremity. A skin incision is usually 
started midway between the Achilles tendon and the lateral 
malleolus. Dissection is carried proximally up the leg to the 

Endoscopic saphenous vein harvest

FIGURE 20-7 Endoscopic saphenous vein harvest. A 2.0-cm skin 
incision is made in the medial aspect of the knee. CO2 insufflation 
is established. Harvesting is directed toward the groin region as far 
proximally as possible. Side branches are divided by using bipolar cau-
terizing scissors. Once dissection is completed, a small puncture is 
made in the groin directly over the vein and the vein is exteriorized 
under endoscopic guidance. After removing the vein from the leg, side 
branches are clipped. If any branches have been avulsed, the vein is 
repaired with interrupted 7-0 polypropylene sutures. (By permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved.)
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496 Part III Ischemic Heart Disease

popliteal fossa. Attention should be paid to avoid injuring the 
sural nerve.

The patency rate for arm veins is significantly lower than 
that of saphenous veins and for that reason they are consid-
ered conduits of last resort.250 For cephalic vein harvest, the 
arm is prepared and positioned as during RA harvest. Inci-
sions are placed along the medial and superior aspect of the 
arm. The cephalic vein is relatively thinwalled in comparison 
with the greater saphenous vein and is predisposed to aneu-
rysmal dilatation.

CONDUCT OF OPERATION
Procedures are done under general anesthesia with central 
venous access, radial arterial lines, and pulmonary artery 
catheters. Transesophageal echocardiography may be help-
ful for identifying unsuspected intracardiac lesions or aortic 
atherosclerosis, and for evaluating ventricular function at the 
end of the procedure. If ventricular function is poor, a femo-
ral arterial line will facilitate later placement of an IABP. We 
routinely use a temperature-monitoring urinary catheter. The 
patient is positioned in the supine position with arms tucked 
at the side. Care should be taken to avoid peripheral nerve 
complications caused by pressure injury. The lower extremi-
ties are positioned with a slight external rotation and flex-
ion of the knees to aid with groin exposure and harvesting of 
saphenous vein conduits. The patient is prepared and draped 
to include the lower neck, the chest, and abdomen between 
the anterior axillary lines, and the lower extremities circum-
ferentially. The right subclavicular area should also be widely 
prepped in case the axillary artery needs to be used as a source 
of arterial inflow.

Incisions
By far the most common approach for CABG is via median 
sternotomy. Cannulation for cardiopulmonary bypass, man-
aging aortic valve insufficiency, monitoring the left ventricle 
for distention, and evacuating air all are easier with the mid-
line approach. The skin incision extends from a point mid-
way between the angle of Louis and the sternal notch to just 
below the tip of the xiphoid process. The scalpel is used to 
extend the incision through the subcutaneous tissues down 
to the sternum. Extensive Bovey cautery to the subcutaneous 
tissues should be avoided because tissue destruction here may 
result in increased risk of wound complication. Charcoal does 
not bleed, but neither does it heal.

Special attention should be devoted to identifying the 
middle of the sternum. The middle of the sternal periosteum 
is noted and marked with cautery, although we avoid scoring 
the periosteum continuously from notch to xiphoid as this 
devascularizes the periosteum unless the saw passes exactly 
down the line. The interclavicular ligament is divided in the 
sternal notch, allowing palpation of the posterior aspect of 
the sternal manubrium. The xiphoid process is identified and 
divided in the midline with heavy scissors and the midline 
diaphragmatic muscle attachments divided. A finger should 

be inserted under the sternum to document a free space ante-
rior to the pericardium. If there are no significant adhesions 
present, the sternum is divided with the oscillating saw. If 
the prepericardial space is adhered, the sternum should be 
divided using the microsagittal saw. The saphenous vein or 
the RA can be harvested simultaneous with the sternotomy. 
Once the sternum has been divided, the ITA is harvested as 
previously described.

Cannulation and Establishment of 
Cardiopulmonary Bypass
The pericardium is divided vertically down to the diaphragm 
and the inferior attachment of the pericardium to the dia-
phragm is divided transversely. The remnant of thymic tissue 
and pericardial fat is divided in the midline to the inferior 
aspect of the left innominate vein.

If the RITA will be used in situ, the fat overlying the 
pericardium is removed from the diaphragm inferiorly, to 
the innominate vein superiorly and from the left phrenic 
to the right phrenic nerve.This significantly increases the 
reach of the in situ RITA, especially if it will be used in a 
retro-aortic fashion for left sided targets. Although only 
removal of the right sided anterior pericardial fat is neces-
sary to maximize the reach of the RITA, we have found 
that it is quicker and dryer to remove the entire fat pad as 
a block.

Pericardial retraction sutures create a pericardial cradle or 
well to improve exposure of the ascending aorta and right 
atrium. The left pericardium is divided at the level of the 
great vessels toward the phrenic nerve to allow the completed 
ITA bypass graft to fall laterally into the pleural space away 
from the sternum. The distal ascending aorta is inspected and 
palpated for soft nonatherosclerotic areas suitable for arte-
rial cannulation, root ventilation, proximal graft anastomo-
ses, and aortic cross-clamp placement (Fig. 20-8). In some 
institutions, epicardial ultrasound of the ascending aorta is 
performed. Now is the time to redirect the conduct of the 
operation should the aorta harbor areas of significant calcifi-
cation, a topic of later discussion.

Systemic anticoagulation is achieved with the intravenous 
administration of 300 U/kg of unfractionated heparin and 
the adequacy of anticoagulation documented by an activated 
clotting time over 450 seconds. In anticipation of aortic 
cannulation the systolic blood pressure should be reduced 
to about 100 mm Hg to minimize the risk of aortic dis-
section. Two partial-thickness concentric diamond-shaped 
purse-string sutures using 2-0 braided or monofilament 
nonabsorbable suture (such as EthibondTM or ProleneTM, 
respectively) are placed in the distal ascending aorta or 
proximal aortic arch, leaving enough room on the ascend-
ing aorta for all necessary proximal aortic work. The size of 
the purse strings should be large enough to accept the aortic 
cannula tip, usually 20-22 French. The ends of the sutures 
are passed through tourniquets that will be used for tighten-
ing the purse strings and securing the cannulation site after 
decannulation. The aortic adventitia within the purse strings 
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is divided in preparation for aortotomy. The adventitia just 
superior to the planned aortotomy is grasped with a forceps 
and an aortotomy equal in size to the cannula tip is created 
with a no. 11 scalpel blade. Bleeding is easily controlled with 
slight inferior traction of the forceps on the adventitia. The 
aortic cannula is inserted and properly positioned, and the 
purse strings are tightened. The tourniquets are secured to 
the aortic cannula with a heavy silk tie and then the cannula 
is secured to the skin.

Placement of the aortic cannula can result in acute aortic 
dissection. Intraluminal positioning of the cannula is con-
firmed by watching for the cannula to fill with arterial blood. 
The aortic cannula is de-aired and connected to the arterial 
end of the pump tubing. An additional method to assess for 
the presence of aortic dissection is to have the perfusionist 
check the wave form and pressure of the arterial cannula pulse 
and to deliver a test infusion of 50 to 100 mL of fluid through 
the cannula. If an aortic dissection is present, often the test 
infusion will result in an increase in arterial cannula pressure.

Venous cannulation is accomplished with a two- or 
three-stage venous cannula inserted in the right atrial 
appendage. A 2-0 Ethibond or Prolene purse-string suture 
is placed around the tip of the right atrial appendage. The 
purse string should be wide enough for easy access of the 

selected venous cannula. An atriotomy is made with scissors 
at the tip of the appendage. Small bridging fibers of muscle 
are divided with scissors to permit easy entry of the cannula. 
The venous cannula is cautiously inserted, the tip of which 
should lie in the inferior vena cava. The purse-string suture 
is tightened and the tourniquet secured to the venous can-
nula with a heavy silk tie. The venous line is connected to 
the pump tubing.

An aortic root cannula is placed in the ascending aorta and 
retrograde cardioplegia cannula placed in the coronary sinus 
via the right atrium. The patient is placed on cardiopulmo-
nary bypass at 2.4 L/min/m2 and may be perfused at normo-
thermia or may be cooled to 34°C. Once the patient is on full 
bypass, flow ventilation is stopped. A left ventricle vent may 
be placed via the right superior pulmonary vein at this time 
if there is significant aortic regurgitation. Target vessels are 
easier to identify before cardioplegic arrest while they are fully 
distended in their native state. The locations of planned dis-
tal anastomoses are marked with a scalpel. The pump flow is 
turned down temporarily and the aortic cross-clamp applied 
just proximal to the arterial cannula and bypass flow returned 
to normal.

Cold blood cardioplegia (10 mL/kg) is administered and 
may be delivered antegrade, retrograde, or both, with special 
attention given during this time to look for evidence of aor-
tic regurgitation such as a flaccid aorta and/or left ventricle 
distention. Two available options to treat significant aortic 
regurgitation include completion of the procedure using only 
retrograde cardioplegia or placement of a left ventricle vent 
via the right superior pulmonary vein (our preferred method). 
Rarely is aortic valve replacement required. Additional doses 
of cardioplegia (5 mL/kg) are given via the antegrade and ret-
rograde catheters approximately every 20 minutes through-
out the remainder of the cross-clamp period. Cardioplegiare 
dosing should be timed in such a way as not to interrupt the 
‘flow’ of the operation.

Distal Anastomoses
LOCATION OF TARGETS AND SEQUENCE OF 
ANASTOMOSES
Arteriotomy sites should be chosen proximal enough to offer 
the largest-sized coronary target but distal enough to avoid 
areas of obstruction or significant atherosclerotic disease. 
Arteriotomies at bifurcations should be avoided. Diseased 
vessels with an intramyocardial course can often be localized 
by noting epicardial indentation, accompanying epicardial 
veins, or a whitish streak within the myocardium. Sharp dis-
section of overlying tissue is required to identify the desired 
target site. Often a very diseased vessel will be less diseased in 
the intramyocardial segment.

The LAD coronary artery can be particularly difficult to 
identify when it has an intramyocardial course. It can be rela-
tively easy to inadvertently enter the right ventricular cavity 
while dissecting in the interventricular fat plane. If such a 
ventriculotomy is small, it can be closed with fine 6-0 poly-
propylene sutures, keeping in mind that the right ventricle 

FIGURE 20-8 Cannulation. After full systemic heparinization, can-
nulation of the distal ascending aorta is performed with an appropri-
ately sized curved or straight tip aortic cannula. A two-stage venous 
cannula is used for access to the right atrium, usually through the 
right atrial appendage. An aortic root cardioplegia/vent is placed. A 
retrograde cardioplegia cannula may be placed at the discretion of 
the surgeon. Patients with significant aortic regurgitation will benefit 
from placement of a left ventricle vent (placed via the right superior 
pulmonary) to avoid distention of the left ventricle during infusion of 
cardioplegia into the aortic root. (By permission of Mayo Foundation 
for Medical Education and Research. All rights reserved.)
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498 Part III Ischemic Heart Disease

is a low-pressure chamber and deep bites of myocardium are 
not necessary. However, if the right ventricle has been opened 
for a distance, it is best repaired using interrupted, pledget-
ted 2-0 Prolene suture (MH needle) in a horizontal mattress 
fashion, passing the needle under the ITA-LAD anastomosis. 
If difficulty is encountered in identifying an LAD artery, a fine 
probe may be passed retrograde via a small transverse arteri-
otomy into the LAD artery at the apex of the heart. The tip 
of the probe can be palpated in the proximal portion of the 
artery and cut down on appropriately. The distal arteriotomy 
is repaired with interrupted fine suture (7-0 or 8-0 ProleneTM). 
The repair can be done with or without a small vein patch.

The distribution of cardioplegia is usually relatively uni-
form; however, the sequence of anastomoses may be planned 
based on ischemic regions if myocardial protection is a par-
ticular concern. Grafting the most ischemic area first, using a 
distal-proximal routine, will permit early antegrade delivery 
of cardioplegia through the graft to the area of myocardial 
ischemia. Alternatively, the sequence of anastomoses may be 
dictated by the quality of the conduit itself, matching the 
best conduit to the most important territories. It is custom-
ary to perform the left ITA-to-LAD artery anastomosis last 
to avoid tension and potential disruption of the anastomosis.

ARTERIOTOMY
The choice of the site of arteriotomy is critical. Opening into 
a plaque may force endarterectomy, whereas injury to the 

posterior wall with the knife transforms a straightforward 
anastomosis into a complex repair. Silastic tapes placed prox-
imally and distally around the coronary artery may help to 
stabilize the vessel, a technique often employed when graft-
ing the distal right coronary artery or when there is signifi-
cant back bleeding from the opened vessel. The arteriotomy 
is performed with a fine scalpel blade and extended with 
fine Pott’s scissors proximally and distally. The arteriotomy 
should match the conduit diameter, and should be at least 
1.5 times the luminal diameter of the distal coronary artery 
(Fig. 20-9).

ANASTOMOTIC TECHNIQUE
The goal of the anastomosis is to join the conduit and the 
target vessel with precise endothelial approximation afford-
ing minimal resistance to flow. The wall of the vessel should 
be handled with care, avoiding endothelial injury to prevent 
thrombotic complications. Coronary anastomoses are typi-
cally constructed with continuous 7-0 polypropylene suture. 
Sutures should be evenly spaced to prevent leaks at the con-
clusion of the anastomosis. In order to increase anastomotic 
area, we prefer to bevel the conduits at approximately 30° 
and notch them at the heel. Anastomoses are performed with 
continuous suture. We prefer a continuous, parachuting 
technique initiated at the heel for virtually all anastomoses 
regardless of their configuration (ie, end-to-side vs side-to-
side sequential anastomosis).

FIGURE 20-9 Distal anastomosis: Arteriotomy. Arteriotomy sites should be proximal enough to offer the largest-sized coronary target, and just 
distal enough to avoid the area of obstruction. Intramyocardial vessels can often be localized by noting epicardial indentation, accompanying epi-
cardial veins, or a whitish streak within the myocardium. Sharp dissection of overlying tissue is then required to identify the desired target site. The 
arteriotomy is then performed with a no. 11 blade. The arteriotomy is extended with fine Pott’s scissors proximally and distally. The arteriotomy 
should match the conduit diameter, and should be at least 1.5 times the diameter of the distal coronary. (By permission of Mayo Foundation for 
Medical Education and Research. All rights reserved.)
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 Chapter 20 Myocardial Revascularization with Cardiopulmonary Bypass  499

Venous conduit is brought onto the field with a mos-
quito clamp on the adventitia at the toe of the conduit. An 
end-to-side anastomosis is accomplished with continuous 
sutures (Fig. 20-10). Starting at the 3 o’clock position on 
the right side of the vessel, the suture is passed outside-in 
on the conduit and then inside-out at the corresponding 

location of the target coronary vessel. Two more sutures 
are taken before the heel (2 and 1 o’clock positions), one 
directly in the heel (12 o’clock), and then two more on 
the left side (11 and 10 o’clock positions) of the anasto-
mosis before parachuting the conduit down to the target 
vessel.

FIGURE 20-10 Distal anastomosis suture technique. (A) The conduit is beveled at 30 degrees and notched at the heel. We use a continuous, 
parachuting technique with 7-0 or 8-0 polypropylene suture. The conduit is brought onto the field with a mosquito clamp on the adventitia at the 
toe of the conduit. An end-to-side anastomosis is accomplished with 12 sutures. Starting at 3 o’clock on the right side of the vessel, the suture is 
passed outside-in on the conduit and then inside-out at the corresponding location of the target vessel. (B) Two more stitches are taken before the 
heel, one directly in the heel, and then two more on the left side of the anastomosis before parachuting the conduit down to the target vessel. (C) 
The anastomosis is then completed by placing another six stitches evenly spaced in the same manner for the toe. (By permission of Mayo Founda-
tion for Medical Education and Research. All rights reserved.)
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500 Part III Ischemic Heart Disease

The anastomosis is continued by placing additional 
sutures moving in a counterclockwise fashion around the 
anastomosis until the other thread is encountered. The tech-
nique encourages one to move out of the heel and toe areas 
of the anastomosis, minimizing the risk of narrowing the 
outflow. Care must be taken to prevent suturing the back 
wall of the coronary, and the proper amount of tension on 
the follow-through must be provided to avoid both leakage 
and a purse-string effect. Just before completion of the anas-
tomosis, a 1-mm probe is passed proximally and distally to 
ensure patency. To prevent anastomotic tension and torsion, 
pedicled conduits (ie, left ITA) can be suture-fixated to the 
adjacent epicardium.

Sequential grafting permits efficient use of conduit and 
has the potential for increased flow in the conduit. When 
planning sequential anastomoses, the most distal anastomosis 
should be to the largest target vessel with the greatest outflow 
potential. If the reverse situation is created, the most distal 
anastomosis is at increased risk for failure, given the likeli-
hood of preferential flow to the larger more proximal anasto-
mosis.251,252 A clear disadvantage of sequential grafting is the 
reliance of two or more distal targets on a single conduit and 
proximal anastomosis, placing a potentially larger region of 
the myocardium at jeopardy.252

Some surgeons avoid using the ITA for sequential grafting 
or as a donor for composite T or Y-grafting of other conduits 
because of concerns of compromising critical ITA-to-LAD 
flow. However, several series have demonstrated successful 
use of the ITA for sequential grafting of stenotic diagonal 
coronary arteries with excellent results.253,254 The left ITA has 
also been used for multiple sequential anastomoses to the cir-
cumflex territory with grafting of the right ITA to the LAD 
artery.255 Sequential grafting has also been performed with 
the right GEA as well as the RA.256,257

When constructing a sequential anastomosis, it is our 
preference to complete the distal anastomosis first and move 
proximally (Fig. 20-11). We feel that this facilitates deter-
mination of optimal inter graft spacing. In the case of the 
LAD-diagonal graft, however, it is easier to move from prox-
imal to distal, performing the diagonal anastomosis first. 
Sequential side-to-side anastomoses may be perpendicular 
or longitudinal. When constructing perpendicular anasto-
moses care must be taken not to make the arteriotomies too 
long, as there is risk of creating a “gull-wing” deformity and 
placing the graft at jeopardy. Arteriotomies in both the con-
duit and target are made in the direction of the long axis of 
the vessel. The two incisions are then aligned perpendicular 
to one another and the anastomosis completed, creating a 
diamond-shaped anastomosis. The arteriotomy for longitu-
dinal anastomosis may be made as long as necessary without 
risk of distorting the conduit. Typically, the longitudinal 
anastomosis is begun at the heel as previously described.

Coronary Endarterectomy
Coronary endarterectomy predated CABG as a direct surgical 
approach to relieving coronary occlusive disease. Coronary 

endarterectomy has been relegated to a position of second-
ary importance, however, thanks to the reliable and repro-
ducible results obtained with CABG. Recently there has been 
increased interest in endarterectomy techniques, because the 
patient population coming to CABG has a greater atheroscle-
rotic burden owing to diabetes, hyperlipidemia, and advanced 
age.258 Most commonly, the need for endarterectomy arises 
intraoperatively when no soft site can be identified for arteri-
otomy or a vessel has been inadvertently opened in an exten-
sively diseased area not amenable to grafting. Occasionally, 
endarterectomy is undertaken electively in patients with dif-
fuse and extensive coronary disease with no other choices 
except transplantation.

The perioperative risk of CABG with endarterectomy 
is higher than that for CABG alone in most studies. In a 
retrospective study of 1478 patients, the reported mortal-
ity rate with endarterectomy was 3.2%, which was higher 
than for CABG alone (2.2%). Perioperative MI rate was also 
higher in the endarterectomy group, 4.2% versus 3.4%. The 
risk of mortality appears to increase when multiple vessels 
require endarterectomy: single-vessel endarterectomy mor-
tality = 1.8% versus multiple-vessel endarterectomy mortal-
ity = 5.5%.259,260 There has been controversy regarding the 
risk of endarterectomy of the LAD, with some studies show-
ing increased risk whereas others demonstrate no increased 
risk.259-261

The late results of endarterectomy are inferior to those 
of routine CABG, with reported 3-year patency for ITA 
grafts to endarterectomized LAD targets ranging from 74 to 
80%.262,263 Despite this, angina relief is remarkably good ini-
tially. Unfortunately, the rate of recurrent angina is somewhat 
higher than after uncomplicated CABG; reported recurrence 
of angina is 25% at 5 years after endarterectomy.260,264 The 
reported 5-year survival following coronary endarterectomy 
ranges from 76 to 83%.260,264 Among patients in whom bypass 
to more distal nondiseased segments is not possible, coronary 
endarterectomy with subsequent bypass offers a viable alter-
native to leaving a territory ungrafted.

TECHNIQUE
The technique of endarterectomy requires that the central 
core be extracted adequately in order to relieve obstruction 
of the branch vessels. Patency of a graft to the endarterecto-
mized vessel depends upon the adequacy of runoff and there-
fore the distal endpoints of the endarterectomy core must be 
smoothly tapered. If the core fractures leaving behind disease 
in side branches, distal counter-incisions may be needed to 
obtain a satisfactory result.

The RCA is the vessel most often endarterectomized, 
usually at the level of its bifurcation. A manual eversion 
endarterectomy is performed after entering at the vessel 
approximately 1 cm proximal to the crux. A circumferen-
tial plane of dissection between the core and the adventitia 
is developed with a fine coronary spatula. The core is tran-
sected proximally and gently grasped with DeBakey forceps 
while the spatula is used to tease the adventitia away from 
the core. The core is regrasped hand over hand as distally 
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FIGURE 20-11 Sequential anastomosis. (A) Order of anastomoses: The order in which sequential anastomoses are performed is important to 
facilitate optimal inter graft spacing and avoid kinking. The distal anastomosis is completed first and the more proximal sequential anastomosis 
is performed second, except for an LAD-diagonal graft, in which the diagonal is performed first followed by the LAD. (B) Perpendicular sequen-
tial side-to-side anastomosis: Arteriotomies are made in the direction of the long axis of the coronary and the conduit. Care must be taken not 
to make the arteriotomies too long, because there is risk of creating a “gull-wing” deformity. The two incisions are aligned perpendicular to one 
another. The suture is passed starting inside-out at the apex of the target coronary and then outside-in at the mid-portion the conduit. An eight-
stitch anastomosis is completed creating a diamond-shaped anastomosis. (C) Longitudinal sequential side-to-side anastomosis: The arteriotomy 
for longitudinal anastomosis may be made as long as necessary without risk of distorting the conduit. The anastomosis is begun at the heel and the 
far wall is completed open. It is then parachuted down and the front wall completed. (By permission of Mayo Foundation for Medical Education 
and Research. All rights reserved.)
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502 Part III Ischemic Heart Disease

as possible to avoid fracture. When the crux is reached, the 
posterior descending artery and the left ventricular branch 
are endarterectomized separately. If endarterectomy of the 
proximal segment of the RCA is needed, we prefer to use an 
open technique because it is difficult to obtain nice taper-
ing of the core at the takeoff of the acute marginal branches 
with a retrograde eversion endarterectomy. The vessel wall is 
then reconstructed with a long hood created with the bypass 
conduit of choice.

We prefer open extended technique when the LAD is 
endarterectomized (Fig. 20-12). The vessel is opened as far 

proximal as possible if endarterectomy is anticipated. If the 
vessel has been opened in its mid-portion before it is appar-
ent that endarterectomy is necessary, we extend the incision 
in the adventitia proximally before developing the endarter-
ectomy plane. Retrograde eversion endarterectomy is danger-
ous because branch vessels will not be opened. Once the core 
is separated from the adventitia, it is transected proximally 
at the heel and the vessel is opened beyond the takeoff of 
the major diagonals to permit individual eversion endarterec-
tomy of each of the branches. The segment is reconstructed 
with a long hood of the conduit of choice or a vein patch into 

FIGURE 20-12 Coronary endarterectomy: Open extended technique. (A) The extent of disease is evaluated to plan the length of the arteriotomy 
and endarterectomy. The arteriotomy is performed and extended as proximal as needed before the circumferential plane of dissection between 
the core and the adventitia is developed with a fine coronary spatula. Once the core is separated from the adventitia, it is transected proximally at 
the heel and the vessel is opened beyond the takeoff of the major branches to permit individual eversion endarterectomy of each of the branches. 
(B) The segment is reconstructed with a long hood of the conduit of choice. The segment may be reconstructed with a vein patch into which the 
conduit is anastomosed. (By permission of Mayo Foundation for Medical Education and Research. All rights reserved.)
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which the ITA is anastomosed. The circumflex artery is the 
most infrequently endarterectomized vessel. Its rapid branch-
ing pattern makes satisfactory endarterectomy difficult. We 
tend to begin with an eversion technique, focusing our efforts 
on opening the largest distal branches as much as possible.

Proximal Anastomoses
Proximal anastomoses of the saphenous vein or the RA to 
the aorta are performed after the distal anastomoses under 
the same cross-clamp clamp. Our preferred technique is to 
complete each respective bypass graft in a distal anastomo-
sis-proximal anastomosis fashion. Completion of the each 
respective bypass graft allows antegradecardioplegia down the 
completed graft, aiding in myocardial protection. The single 
cross-clamp technique results in longer cross-clamp times 
than with the partial occlusion clamp method. However, the 
partial occlusion clamp technique requires additional aortic 
manipulation and although some authors have found this 
practice to be safe,265 others have demonstrated that it carries 
a higher risk of neuropsychological deficits when compared 
with the single-clamp technique.266

ANASTOMOTIC TECHNIQUE
Once an appropriate site for aortotomy is identified, the 
fatty tissue overlying the aorta is removed (Fig. 20-13). An 
arteriotomy is created with a no. 11 blade, and a 4.0-mm 
punch used to create a circular aortotomy. The size of the 
punch may vary depending on the size of the conduit graft. 
The graft is measured to length with the aorta, right heart, 
and pulmonary artery full of blood. The graft is cut and the 
proximal aspect of the conduit beveled and notched at the 
heel. A running 5-0 polypropylene suture is used for a venous 
graft and a 6-0 polypropylene suture for an arterial conduit. 
The long axis of the graft is aligned at an appropriate angle to 
the ascending aorta. The anastomosis can be completed with 
continuous stitches. Symmetry in the spacing of sutures is 
paramount to obtain a hemostatic anastomosis. Free arterial 
grafts may also be sutured to the hood of a vein graft with 
continuous 7-0 Prolene suture.

COMPOSITE GRAFTS
As an alternative to proximal anastomosis to the aorta, a free 
graft can be anastomosed proximally to the pedicled ITA 
(Fig. 20-14). This technique has the theoretical advantage of 
providing a more physiologic arterial pressure waveform by 
attaching the conduit to a third-order vessel rather than to the 
aorta. Composite grafting is also a useful tool for the hostile, 
calcified ascending aorta or when there is a limited length 
of conduit available. It is also advantageous when there is a 
marked mismatch between aortic wall thickness and arterial 
conduit size.

A combination of composite and sequential grafting 
allows the opportunity to perform complete arterial revas-
cularization with only ITA or with ITA and other arterial 

A

B

FIGURE 20-13 Proximal anastomosis. (A) The proximal anasto-
mosis is performed using a single-clamp technique. The fatty tissue 
overlying the planned aortotomy site is removed. An arteriotomy is 
created with a no.11 blade. (B) A 4- to 5-mm aortic punch is used to 
create a circular aortotomy. The size of the punch will vary depend-
ing on the size of the conduit graft. (C) The proximal aspect of the 
conduit is beveled and then notched at the heel. A running 5-0 or 
6-0 polypropylene suture is used for a venous graft and a 6-0 or 7-0 
polypropylene suture for an arterial conduit. The long axis of the graft 
is aligned at an appropriate angle to the ascending aorta. The anasto-
mosis can be completed with eight stitches in most cases; symmetry 
in the spacing between stitches is of paramount importance to ensure 
hemostasis. (By permission of Mayo Foundation for Medical Educa-
tion and Research. All rights reserved.)
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FIGURE 20-14 Composite Y-graft. Y-graft anastomotic technique: A coronary artery bypass graft (CABG) is used as a donor site for the proximal 
anastomosis of another conduit. An incision is created in the donor conduit. The proximal end of the recipient conduit is then anastomosed to the 
donor site in an end-to-side fashion as previously described for a distal anastomosis. The recipient conduit is then gently parachuted down onto the 
donor conduit. (By permission of Mayo Foundation for Medical Education and Research. All rights reserved.)

Management of the Atherosclerotic 
Ascending Aorta
Ascending aortic atherosclerosis has been consistently iden-
tified as a very important risk factor for stroke in multiple 
series. Routine epiaortic ultrasound should be performed 
to define the extent of atherosclerosis of the ascending aorta 
and its likelihood of embolization. Patients with severe ath-
erosclerosis of the ascending aorta may require alternative 
strategies to prevent embolization of aortic atheroma. If the 
ascending aorta is hostile, we favor cannulation of the right 
axillary artery. Although most surgeons prefer to achieve 
axillary arterial inflow utilizing a chimney side graft, direct 
cannulation of the axillary artery with an appropriately 
designed axillary angled cannula is very safe and effective.269 
If necessary, aortic clamping may be performed in areas free 
of atheroma, usually in the more proximal ascending aorta.

conduits (Fig. 20-15). Multiple configurations of Y- and 
T-grafts can be devised to best suit the anatomic character-
istics of each patient. Some authors have advocated even 
using the distal segment of the LITA as a composite graft 
off the composite RITA to further expand the reach of a 
complete arterial revascularization strategy.267 The LITA 
has been shown to have more than sufficient flow reserve to 
supply flow to the entire coronary circulation.268 The free 
right ITA, the RA, or other arterial conduit can be based 
in this manner.

All-arterial Y-grafts are usually planned in advance and 
constructed before the initiation of cardiopulmonary bypass. 
Special care must be taken during construction of composite 
grafts to avoid tension, rotational torsion, or narrowing of 
the inflow anastomosis. Disadvantages include technical dif-
ficulty and reliance upon a single inflow source for two or 
more distal targets.
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LITA

RITA

Diagonal

OM1

PDA

Circumflex br.
of LCA

FIGURE 20-15 Total arterial revascularization: As shown, arterial 
revascularization can be performed using the right internal thoracic 
artery (RITA) off the left internal thoracic artery (LITA) as a Y-graft 
and liberal use of sequential grafting. (By permission of Mayo Foun-
dation for Medical Education and Research. All rights reserved.)

Coronary revascularization can be achieved with a 
variety of methods. Using a “no-touch” technique, revas-
cularization can be done using only pedicled arterial con-
duits, and if proximal anastomoses are required they can 
be based off pedicled conduits or brachiocephalic vessels. 
Distal anastomoses can be performed with an “on pump, 
beating heart” technique without aortic cross-clamping but 
with vessel occlusion and stabilization techniques used in 
off pump surgery. This does not require cooling or LV vent-
ing, two necessary features of the similar but now obsolete 
cold fibrillatory arrest technique. Proximal anastomoses can 
be performed under deep hypothermic circulatory arrest or 
after graft replacement of the ascending aorta if there are 
large mobile atheromas.270

Weaning from Cardiopulmonary Bypass
On completion of all anastomoses, the aortic cross-clamp 
is removed and a stable heart rhythm established. Some 
advocate allowing the heart to recover on full bypass for 
10 minutes for each 60 minutes of aortic cross-clamp time. 

During this time of recovery the patient is prepared for tran-
sition from supported circulation to native circulation. The 
aortic root vent and retrograde catheters are removed and 
the sites repaired with suture. The bypass grafts are checked 
for kinks, twists, or tension and for presence of hemostasis. 
The patient must be rewarmed to normothermia if cooled 
and the acid-base status and electrolyte abnormalities cor-
rected. We place temporary atrial and ventricular pacing 
wires on all patients.

Weaning from cardiopulmonary bypass is otherwise the 
same as for other cardiac surgical cases. Issues particular to 
CABG include attention to avoid tension on the LITA from 
lung overinflation or overdistention of the heart, which may 
place all grafts on tension and disrupt anastomoses. If air 
has entered the heart, bubbles may pass into the aorta and 
down the bypass grafts causing arrhythmias and regional 
wall motion abnormalities. Treatment involves continued 
recovery on bypass and increasing the perfusion pressure 
as a means to drive the bubbles through the coronary cir-
culation. Persistency of regional wall motion abnormalities 
may require bypass graft revision or placement of additional 
bypass grafts.

OUTCOMES
Operative Mortality
The risk profile of patients requiring isolated CABG in the 
United States changed significantly in the 1990s. Compared 
to previous decades, patients undergoing CABG are older, 
with a greater number of comorbidities, decreased left ven-
tricular ejection fraction (LVEF), and a higher burden of 
atherosclerotic disease; however, early outcomes after CABG 
continue to improve. The STS database demonstrates that 
despite an increase in expected mortality from 2.6 to 3.4% 
(relative increase 30%) in the decade of the 1990s, the 
observed mortality actually decreased from 3.9 to 3.0% (rela-
tive decrease 23%).3

Similar observations have been made using the Veterans 
Affairs mandatory national database, where the unadjusted 
mortality rate for isolated CABG fell from 4.3% in 1989 to 
2.7% in the year 2000.271 In the private sector similar trends 
have been observed. In an analysis of outcomes of patients 
undergoing isolated CABG in the HCA system, a nationwide 
for-profit health care system involving 200 hospitals in 23 
states, Mack and associates reported an ongoing decrease in 
unadjusted operative mortality among 51,353 patients, 80% 
of whom received CABG with cardiopulmonary bypass. In 
this study the operative mortality decreased from 2.9% in 
1999 to 2.2% in 2002.272

This trend has continued throughout the first decade of the 
new millenium, with the observed mortality having declined 
to 1.9% in 2009 on the 1,297,254 patients who underwent 
isolated CABG during that time interval.175 This represented 
a 24.4% reduction in operative mortality between 2000 and 
2009.175

Cohn_ch20_p0471-0518.indd   505 12/04/17   2:26 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



506 Part III Ischemic Heart Disease

Causes of Death
In a multicenter prospective study performed by the North-
ern New England Cardiovascular Disease Study Group, 384 
deaths among 8641 consecutive patients undergoing iso-
lated CABG between 1990 and 1995 were analyzed with 
respect to the mode of death. The mode of death was defined 
as the seminal event that precipitated clinical deterioration 
and ultimately resulted in the patient’s demise. Heart fail-
ure was judged to be the primary mode of death for 65% 
of the patients, followed in frequency by neurologic causes 
(7.3%), hemorrhage (7%), respiratory failure (5.5%), and 
dysrhythmia (5.5%). The greatest variability in mortality 
rates observed across surgeons in the study was attributable to 
differences in rates of heart failure.273 Cardiac causes were also 
identified by Sergeant and colleagues as the most common 
causes of death in a series 5880 patients undergoing CABG 
between 1983 and 1988.274

Operative Morbidity
MYOCARDIAL DYSFUNCTION
Postoperative myocardial dysfunction and cardiac failure 
after CABG may be related to preoperative ischemic injury, 
inadequate myocardial protection, incomplete revasculariza-
tion, or postoperative graft failure. The spectrum of myocar-
dial injury varies from subtle degrees of global myocardial 
ischemia to transmural infarction. The incidence of myocar-
dial injury identified varies with the sensitivity of the method 
used for detection as well as the threshold set. Some stud-
ies have reported perioperative MI rates as high as 10% of 
patients with associated worse clinical outcomes (death, MI, 
or revascularization).275

Some elevations of cardiac-specific enzymes are ubiquitous 
after CABG; however, most would agree that elevations in 
creatinine kinase-myocardial bound (CK-MB) greater than 
five times the upper limit of normal (ULN) value are con-
sidered significant. In a prospective study of 2918 patients 
undergoing CABG, 38% of patients had a CK-MB > 5 ULN 
and 17% had a CK-MB > 10 ULN with an incidence of new 
Q-wave MI of 4.7%.276 Troponin may be a more sensitive 
marker than CK-MB, but its role in large populations of 
CABG patients is still to be defined.277 Prominent elevations 
of CK-MB and troponin have been associated with global 
ischemia, MI, low cardiac output, and increased opera-
tive mortality, as well as increased midterm and long-term 
mortality.276,277

Transient myocardial dysfunction necessitating low-dose 
inotropic support for a short period of time is also com-
mon after CABG. Significant postoperative myocardial 
dysfunction manifest clinically as low cardiac output syn-
drome may be defined by the need for postoperative ino-
tropic support or IABP support to maintain a systolic blood 
pressure > 90 mm Hg or a cardiac index > 2.2 L/min. The 
reported incidence of low output syndrome varies depend-
ing on the defining criteria and has a reported incidence 
of 4 to 9%.278,279 Low output syndrome has been shown 

to be a marker for increased operative mortality by 10- to 
15-fold.280 Independent predictors of low output syndrome 
in order of importance include LVEF < 20%, reoperation, 
emergency operation, female gender, diabetes, age older 
than 70 years, left main disease, recent MI, and triple-vessel 
disease.278

ADVERSE NEUROLOGIC OUTCOME
Neurologic deficits after coronary surgery are divided into 
two types: type 1 deficits include major neurologic deficits, 
stupor, and coma; type 2 deficits are characterized by dete-
rioration of intellectual function and memory. The incidence 
of type 1 deficits was reported to be 1.6% in a large review 
by the Northern New England Cardiovascular Disease Study 
Group with 1-, 5-, and 10-year survival rates significantly 
reduced in affected patients.160 Perioperative mortality is 
similarly increased among those with type 1 injury at over 
24%.281 Type 2 deficits are more difficult to characterize and 
may be more related to the underlying atherosclerosis than 
to the bypass operation per se. In one nonrandomized study, 
there was no evidence that the cognitive test performance of 
CABG patients differed from that of heart healthy control 
groups with CAD over a 1-year period.282

Just like mortality rates, stroke rates have shown a decrease 
in incidence over the last decade (1.6% in 2000 vs 1.2 in 2009, 
a 26.4% decrease).175 More extensive preoperative imaging 
of the aorta and its arch vessels via CT scan or ultrasound, 
as well as liberal usage of axillary cannulation over the last 
decade may be contributing to this improvement, although 
there is no published evidence to support this relationship.

Predictors of neurologic deficits included advanced age 
(≥70 years of age), and history or presence of severe hyper-
tension. Independent predictors of type 1 deficits included 
proximal aortic atherosclerosis, history of prior neurologic 
disease, need for IABP, diabetes, unstable angina, and peri-
operative hypotension. Predictors of type 2 deficits included 
history of alcohol consumption, dysrhythmias, prior CABG, 
peripheral vascular disease, CHF, and perioperative hypoten-
sion. Similar predictors of adverse neurologic outcomes have 
been observed in other studies.283

DEEP STERNAL WOUND INFECTION
Deep sternal wound infection occurs in 1 to 4% of CABG 
patients and has historically carried a mortality rate of 
25%.284 These outcomes have dramatically improved over 
the past 20 years, with the latest meta-analysis reporting a 
1.66% risk of mediastinitis when only one ITA is used and 
2.64% when both ITAs are used.285 When skeletonization 
of the ITAs is performed, these numbers drop to 1.16 and 
1.48%.285 Proven methods to reduce postoperative wound 
complications include the use of preoperative showers with 
chlorhexidine gluconate on the evening and morning before 
the procedure, prophylactic intranasal application of mupi-
rocin given on the evening and the morning before the 
procedure and twice daily for 5 days postoperatively, hair 
clipping the morning of surgery, tight glycemic control, 
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and administration of intravenous prophylactic antibiotics 
before skin incision.286-288 Application of a cyanoacrylate-
based microbial skin sealant may further reduce surgical site 
infection.289

Obesity and diabetes are strong independent predictors 
of mediastinitis. Insulin-dependent diabetic patients are 
especially susceptible to deep sternal wound infection.290-292 
Recent data suggest that tight glycemic control in the postop-
erative period decreases the risk of mediastinitis in the diabetic 
population.293,294 Other preoperative variables independently 
associated with an increased incidence of deep sternal wound 
infection include reoperation, longer operative times, reex-
ploration for bleeding, and blood transfusions.290,291,295

The use of bilateral ITAs had been implicated as a risk fac-
tor for sternal would complications, especially in diabetics.296 
However, this risk appears to be mitigated in part by using 
a skeletonized ITA harvesting technique.297 Bilateral ITA 
harvest should likely be avoided in obese diabetic women, 
in cases of repeat sternotomy, and in patients with severe 
COPD, because they exhibit a higher risk of deep sternal 
wound infection even with skeletonization of the ITA.204,298

ACUTE RENAL FAILURE
Acute renal failure ensuing after CABG with cardiopulmo-
nary bypass is an ominous event. In a prospective obser-
vational study conducted at 24 university centers in the 
United States, including data on 2222 CABG patients,299 
renal dysfunction not requiring dialysis occurred in 6.3%, 
and renal dysfunction requiring hemodialysis developed in 
1.4%. Mortality was directly related to postoperative renal 
function. Patients with no renal dysfunction had 0.9% mor-
tality.299 Postoperative renal dysfunction increased mortality 
to 19% if no dialysis was needed and increased mortality to 
63% if hemodialysis was required. Patients with large creati-
nine increases (>50%) after CABG surgery also have higher 
90-day mortality.300

Independent predictors of postoperative renal dysfunction 
included increasing age, CHF, reoperation, DM, chronic 
renal insufficiency, prolonged cardiopulmonary bypass time, 
and low cardiac output.299 These findings were confirmed 
in another series of 42,733 patients with similar incidence 
and mortality associated with postoperative renal dysfunc-
tion.301 One in four patients with preoperative chronic renal 
insufficiency (creatinine > 1.6 mg/dL) will require renal 
replacement therapy post-CABG, and patients at highest 
risk are older than 70 years and have a baseline creatinine  
> 2.5 mg/dL.302

Continuous infusion of low-dose recombinant human 
B-type natriuretic peptide (nesiritide) from the start of car-
diopulmonary bypass has been evaluated as a method to 
effectively maintain postoperative renal function. In the pro-
spective, randomized, NAPA Trial, 272 patients with EF 
< 40% undergoing CABG who receive nesiritide experienced 
a significantly attenuated peak increase in serum creatinine 
and a greater urine output during the initial 24 hours after  
surgery. In addition, they had a shorter hospital stay and lower 

180-day mortality.303 Similar renal protective results were 
noted in a randomized trial using human atrial natriuretic 
peptide in 251 patients. The treated group had fewer post-
operative complications, lower serum creatinine, and higher 
urinary creatinine and creatinine clearance. The maximum 
postoperative creatinine level and percent increase of creati-
nine were also significantly lower in the treatment group. No 
patient in the natriuretic group required hemodialysis.304 We 
are awaiting further study before adopting natriuretic pep-
tides in our routine CABG practice.

Long-term Outcomes
Long-term outcomes of surgical myocardial revascularization 
depend on the complex interaction of patient-related and 
procedure-related factors. Important patient-related factors 
include anatomic distribution of the CAD, the extent and 
severity of coronary atherosclerosis, the physiologic impact of 
ischemia on ventricular function at the time of the original 
operation, age, gender, overall health status, severity of ath-
erosclerotic burden throughout the body, the presence and 
severity of associated comorbidities, development of opera-
tive complications such as stroke, and need for permanent 
hemodialysis. The progression rate of native coronary athero-
sclerosis after surgery and the development of coronary bypass 
graft failure are of extreme importance in the development of 
post-CABG angina recurrence, MI, need for reintervention, 
and cardiac-related mortality. Procedure-related factors that 
influence long-term outcomes include completeness of revas-
cularization, myocardial protection, and selection of bypass 
conduits.

Sergeant and colleagues at the Gasthuiberg University 
Hospital of the Katholieke Universiteit (KU) Leuven, Belgium 
have provided several reports detailing clinical outcomes after 
myocardial revascularization.305-308 From 1971 to 1993, 9600 
consecutive CABG patients were prospectively followed with 
special attention to clinical outcomes after surgical myocar-
dial revascularization; the investigators achieved a 99.9% 
complete follow-up in this cohort. Clinical outcomes pro-
spectively followed included mortality, return of angina, MI, 
and coronary reintervention.305

Defining the return of angina as the first occurrence of 
angina of any intensity or duration unless it was associated on 
the same day with MI or death, and recording the severity of 
this event, was also recorded. The overall non-risk-adjusted 
freedom from return of angina was 95% at 1 year, 82% 
at 5 years, 61% at 10 years, 38% at 15 years, and 21% at 
20 years. The data suggest that if followed long enough after 
CABG, the return of angina is almost inevitable; by 12 years 
one-half of operated patients had return of angina. The ini-
tial episode of recurrent angina was rated as mild in 59% 
of patients.306 In the Bypass Angioplasty Revascularization 
Investigation (BARI) trial of 914 patients with symptomatic 
multivessel disease randomly assigned to receive CABG, free-
dom from angina was 84% at 5 and 10 years.84

The overall non-risk-adjusted freedom from MI after 
CABG at the KU Leuven was 97% at 30 days, 94% at 5 years, 
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86% at 10 years, 73% at 15 years, and 56% at 20 years.308 
The overall non-risk-adjusted freedom from a coronary rein-
tervention, either PCI or reoperative CABG, was 99.7% at 
30 days, 97% at 5 years, 89% at 10 years, 72% at 15 years, 
and 48% at 20 years (125). In the BARI trial, freedom from 
subsequent coronary reintervention at 10 years was 80%.84

Overall risk-unadjusted survival after CABG in the KU 
Leuven experience was 98% at 30 days, 92% at 5 years, 81% 
at 10 years, 66% at 15 years, and 51% at 20 years. Mortality 
after CABG was characterized by an initial period of high 
risk in the first month after surgery, then risk declined to its 
lowest at 1 year after the operation, and thereafter the mortal-
ity risk rose slowly and steadily for as long as the patient was 
followed. This slow and steady rise in the risk of death over 
time paralleled that of the general population when matched 
for sex, age, and ethnicity.307 In the BARI trial, survival was 
89% at 5 years and 74% at 10 years.84

The occurrence of ischemic clinical events after CABG 
negatively influences survival. In the KU Leuven study, overall 
survival was lessened by return of angina, with an observed sur-
vival of 83% at 5 years and 54% at 15 years; the more intense 
the severity of angina at its return, the greater its influence on 
survival.306 The occurrence of MI after CABG has a greater 
negative effect on survival. Observed long-term survival after 
post-CABG infarction at the KU Leuven was 80% at 30 days, 
65% at 5 years, 52% at 10 years, and 41% at 15 years.308

PROGRESSION OF DISEASE IN NATIVE  
CORONARY ARTERIES
Progression of atherosclerosis in the native coronary arter-
ies continues after CABG. Bourassa and associates studied 
the progression of atherosclerosis in the native circulation 
10 years after surgery and found that progression of CAD 
occurs in approximately 50% of nongrafted arteries.309 The 
rate of progression of disease in nongrafted arteries was no 
different from that of grafted arteries with patent grafts; how-
ever, progression was more frequent in grafted arteries with 
occluded grafts. Progression of preexisting stenoses in native 
coronaries was more frequent than appearance of new steno-
ses, and it was related to the severity of the preexisting steno-
sis only in nongrafted arteries.

Progression of native CAD was associated with deteriora-
tion in left ventricular function. Native coronary atheroscle-
rosis progressed at a similar rate to that of equally diseased 
arteries in nonoperated patients.309 Low levels of high-density 
lipoprotein cholesterol and elevated levels of plasma low-density 
lipoprotein cholesterol correlated with native disease progres-
sion and development of new atherosclerotic lesions.310,311 
Diabetes has been related to accelerated atherosclerosis.

VEIN GRAFT FAILURE
Although the use of the saphenous vein helped popularize 
coronary bypass grafting, the propensity of the SVG to fail 
over time has been the limiting factor of the procedure. It 
has been reported that approximately 15% of vein grafts 

occlude in the first year after CABG, and by 6 and 10 years 
after surgery patency rates fall to approximately 75 and 60%, 
respectively.197 Three entities are responsible for SVG failure: 
thrombosis, intimal hyperplasia, and graft atherosclerosis.

Thrombosis accounts for graft failure within the first 
month after CABG, and graft occlusion is found on angi-
ography in 3 to 12% of all venous grafts. Even when per-
formed under optimal conditions, the harvesting of venous 
conduits is associated with focal endothelial disruption. In 
particular, the high pressure distension used to overcome 
venospasm during harvesting causes prominent endothelial 
cell loss, medial damage, activation of local factors (ie, fibrin-
ogen) influencing hemostasis. Additionally, the inherent 
antithrombotic properties of veins are comparatively weak. 
The propensity for early graft occlusion resulting from these 
prothrombotic effects may, on occasion, be amplified by tech-
nical factors that reduce graft flow, including intact venous 
valves, anastomotic stricture, or graft implantation proximal 
to an atheromatous segment.197

Intimal hyperplasia, defined as the accumulation of 
smooth muscle cells and extracellular matrix in the intimal 
compartment, is the major disease process in venous grafts 
between 1 month and 1 year after implantation. Nearly all 
veins implanted into the arterial circulation develop inti-
mal thickening within 4 to 6 weeks, which may reduce the 
lumen by up to 25%. Intimal hyperplasia rarely produces sig-
nificant stenosis per se; more importantly, however, is that it 
may provide the foundation for later development of graft 
atheroma.312

Progression of atherosclerosis in aortocoronary SVGs is 
frequent and represents the predominant cause of late graft 
failure after CABG. Vein graft atherosclerosis may begin as 
early as the first year, but is fully developed only after about 
5 years. Ten years after surgery, 50 to 60% of SVGs will be 
occluded and one-half of still patent grafts will show angio-
graphic evidence of atherosclerosis; two-thirds of these lesions 
will have a luminal diameter reduction of 50% or greater. 
Vein graft atherosclerosis is the leading cause for reinterven-
tion following CABG, more so than progression of disease in 
native coronary arteries.197

Although the risk factors predisposing to vein graft ath-
erosclerosis are broadly similar to those recognized for native 
coronary disease, the pathogenic effects of these risk factors 
are amplified by inherent deficiencies of the vein as a con-
duit when transposed into the coronary arterial circulation. 
A multifaceted strategy aimed at prevention of vein graft 
disease is emerging, elements of which include continued 
improvements in surgical technique; more effective antiplate-
let drugs; increasingly intensive risk factor modification, in 
particular early and aggressive lipid-lowering drug therapy; 
and a number of evolving therapies, such as gene transfer and 
nitric oxide donor administration, which target vein graft 
disease at an early and fundamental level. At present, a key 
measure is to circumvent the problem of vein graft disease 
by preferential selection of arterial conduits, in particular 
the internal mammary arteries, for coronary bypass surgery 
whenever possible.197
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Extended Use of Arterial Grafting
BILATERAL INTERNAL THORACIC ARTERY GRAFT
In contrast to the easily demonstrated survival benefit con-
ferred by an ITA graft to the LAD artery, it was more difficult 
to demonstrate a survival benefit to a second arterial graft. 
Buxton and colleagues studied 1243 patients undergoing pri-
mary CABG with bilateral ITA grafts compared with 1583 
patients with single ITA grafts. This group demonstrated 
a 15% absolute improvement in actuarial survival rates 
10 years after CABG with the use of bilateral ITA grafts, as 
compared with the use of a single ITA graft (10-year survival 
for bilateral ITA was 86 ± 3% vs 71 ± 5% for a single ITA).312 
Lytle and colleagues similarly demonstrated an improvement 
in survival at 12 years (79 vs 71%) as well as superior reop-
eration-free survival (77 vs 62%) among 2001 bilateral and 
8123 single ITA graft patients.313 The impact of selection bias 
in these studies is difficult to control, however, and although 
some surgeons have embraced bilateral ITA grafting, it still 
represents a small minority of cases reported to the STS data-
base (3.8%).

COMPLETE ARTERIAL REVASCULARIZATION
The better long-term results achieved with the use of bilateral 
ITAs and the well-known time-related attrition in patency 
of venous conduits encouraged the exclusive use of arterial 
conduits for myocardial revascularization. Complete arte-
rial revascularization can be achieved by a variety of strate-
gies, including composite grafting using exclusively ITAs or 
secondary arterial conduits such as the RA and the GEA. 
The use of sequential anastomotic techniques maximizes 
the utilization of arterial conduits. Although technically 
demanding, sequential grafting can be performed safely and 
with excellent long-term results with reported 96% patency 
rates of 7.5 years of follow-up on 1150 sequential ITA 
anastomoses.314

Tector has championed complete arterial revascularization 
using bilateral ITAs in a T configuration with end-to-side 
anastomosis of one ITA as a free graft to the side of the second 
ITA, which is left as a pedicled graft, combined with liberal 
use of sequential anastomoses. In his series of 897 patients 
overall survival was 75%, and freedom from reinterven-
tion was 92%, 8 years after revascularization.315 Barner has 
reported similar encouraging results with composite graft-
ing using one ITA and one RA.316 Data from randomized 
studies are beginning to emerge supporting improvement in 
early outcomes with complete arterial revascularization com-
pared with conventional CABG. Muneretto and associates 
randomized 200 patients to complete arterial revasculariza-
tion (left ITA to the LAD artery and composite grafts with 
the right ITA, RA, or both) versus conventional CABG (left 
ITA to the LAD artery and SVGs). In midterm follow-up 
(20 months) superior event-free survival (freedom from non-
fatal MI, angina recurrence, graft occlusion, need for percu-
taneous transluminal coronary angioplasty, and late death) 
was demonstrable in the complete arterial revascularization 
patients compared to conventional CABG.317

The same group conducted a second randomized trial 
comparing complete arterial revascularization to conven-
tional CABG (ITA to LAD artery and SVG) in 160 patients 
older than 70 years of age undergoing first time nonemergent 
CABG. Early mortality was similar, but at 16 ± 3 months, 
there were significantly fewer graft occlusions and recurrences 
of angina among the complete arterial revascularization 
group. Independent predictors of graft occlusion and angina 
recurrence were use of SVGs, diabetes, and dyslipidemia.318 
At 34 mean months of follow-up in a similar study of dia-
betics, the total arterial revascularization group had a lower 
incidence of cardiac-related events and higher graft patency 
rates.319

The most complete retrospective multicenter analysis of 
complete arterial revascularization versus single ITA supple-
mented by vein grafts compared long-term outcomes of 384 
propensity matched pairs of patients.320 It demonstrated 
a statistically significant survival benefit at 15 years (54 vs 
41%), suggesting bilateral ITA usage should be encouraged 
in patients with a reasonable life expectancy.

KEY POINTS

1. Coronary artery disease (CAD) is the number one killer 
of Americans.

2. Coronary artery bypass is advantageous over medical 
therapy in patients with unprotected LMCA stenosis, 
complex CAD (eg, SYNTAX score > 22), three-vessel 
disease, two-vessel disease with proximal left anterior 
descending disease, two-vessel disease without proxi-
mal left anterior descending disease but with extensive 
ischemia, single-vessel proximal left anterior descending 
disease with use of an ITA graft, and in patients with left 
ventricular dysfunction.

3. The STS risk model for postoperative morbidity and mor-
tality can be found on the STS web site (www.sts.org) and 
includes 30-day stroke and death rates of 1.6 and 3%, 
respectively.

4. The left internal mammary to left anterior descending 
CABG confers a survival advantage to coronary artery 
bypass patients. In the BARI trial, patency rates at 1 and 
4 years were 98 and 91%, respectively.

5. Skeletonization of the internal mammary artery is 
associated with reduced incidence of sternal wound 
complications.

6. RA grafts have better 5-year patency (98 vs 86%) than 
SVGs.

7. Cognitive test performance of patients after CABG is no 
different from that of heart healthy control groups over a 
1-year period.

8. Freedom from angina after CABG in the BARI trial was 
84% at 5 and 10 years.

9. Bilateral compared to single internal mammary artery 
bypass grafting is associated with improved survival, 
but the benefit is not noted until about 10 years after 
operation.
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Despite the increased prevalence of percutaneous coronary 
intervention (PCI) to treat coronary disease, coronary artery 
bypass graft (CABG) will continue to have a major role, par-
ticularly in patients with complex multivessel disease and 
diabetes mellitus. Currently, the majority of surgical revas-
cularization is performed with the use of cardiopulmonary 
bypass (CPB), with most surgeons preferring to perform distal 
anastomoses on an arrested heart. Advocates of this approach 
cite low morbidity and mortality with outcomes that have 
continued to improve despite a surgical patient population 
with increasing comorbid conditions and more advanced and 
severe coronary disease.1-3 However, complications, albeit 
infrequent, continue to plague a small percentage of patients 
undergoing CABG including stroke, renal failure, and respi-
ratory failure. These complications occur not only because of 
the systemic inflammatory activation that occurs with extra-
corporeal circulation, but also because of the manipulation of 
the aorta required for cannulation, CPB, and aortic clamp-
ing. The interest in off-pump techniques was largely driven 
by the increased awareness of the deleterious effects of CPB 
and aortic manipulation.

According to the Society of Thoracic Surgeons Adult 
Cardiac Surgery Database (STS ACSD), off-pump CABG 
(OPCAB) use peaked in 2002 (23%) followed by a decline, 
accounting for approximately 17% of CABG cases in 2012.4 
For most surgeons, the lack of compelling evidence in large 
randomized controlled trials (RCTs) supporting OPCAB over 
conventional on-pump coronary artery bypass (ONCAB) and 
suggestions of more frequent incomplete revascularization 
have been impediments to implementing this strategy in rou-
tine practice.1-3,5,6 Nonetheless RCTs have almost uniformly 
demonstrated reduced transfusion requirements, lower post-
operative serum myocardial enzyme levels, and shorter length 
of stay. Moreover, there are many retrospective trials showing 
a survival benefit as well as reduced morbidity with OPCAB. 
Retrospective database studies have much larger sample size 
and include mixed-risk patients. However, inherent selec-
tion bias may limit the interpretation of these results, despite 
advanced statistical methodology. For individual surgeons to 

consider implementing an off-pump approach, the following 
must be demonstrated: (1) equivalent short- and long-term 
patency rates; (2) complete revascularization; (3) reduced 
morbidity and even reduced mortality, especially in high-risk 
patients; and (4) cost efficiency both in the operating room 
and during the entire hospitalization. For certain high-risk 
subgroups, it would appear intuitive that avoiding the sys-
temic effects of CPB as well as aortic manipulation would 
reduce the incidence of specific complications such as stroke 
and renal failure.

An off-pump approach is more technically challenging, 
with new risks not familiar to on-pump surgery. Therefore, 
OPCAB should be considered an advanced technique, not 
to be performed by all surgeons but by a select few who have 
trained with experts in OPCAB and who themselves per-
form large numbers of OPCAB procedures. Finally, there 
is greater appreciation that OPCAB should be performed 
in revascularization centers of excellence, incorporated 
into a comprehensive approach to revascularization, which 
includes minimally invasive CABG, hybrid, and total arte-
rial revascularization.

PREOPERATIVE CONSIDERATIONS
Surgeon Experience
The adoption of OPCAB into clinical practice requires a com-
mitment to learning a unique skill set. This is best achieved 
by focused training with an established OPCAB surgeon and 
routine adoption of OPCAB techniques such that the sur-
geon can employ this approach in patients likely to derive 
the most benefit. OPCAB surgery poses unique challenges 
to a surgeon who is accustomed to operating in a motionless 
and bloodless field. Furthermore, OPCAB requires an adept 
first and second assistant to provide exposure on a beating 
heart as well as excellent anesthesia management to main-
tain hemodynamics and alert the surgical team of potential 
hemodynamic problems. Thus, the commitment to OPCAB 
is usually tied to a belief that the technical challenges 
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520 Part III Ischemic Heart Disease

inherent in the procedure are worth overcoming so that the 
patient may benefit from the avoidance of CPB. Although 
the benefit may be small in low-risk patients, it is becoming 
apparent that certain high-risk subgroups may benefit from 
minimizing aortic manipulation as well as avoiding the sys-
temic effects of CPB.

The inexperienced OPCAB surgeon embarking on the 
learning curve is best advised to choose his or her initial 
patients carefully and pay close attention to coronary anat-
omy and confounding patient variables. The surgeon must 
come to the operating room with an operative plan that is 
flexible enough to change as operative findings such as hemo-
dynamic fluctuations, ischemia, or arrythmias. Early in a sur-
geon’s experience, it is probably prudent to exclude patients 
with difficult lateral wall targets, especially multiple lateral 
wall targets, severe left ventricular dysfunction, left main dis-
ease, or other complex cases (Table 21-1). Ideal early candi-
dates for OPCAB include those undergoing elective primary 
coronary revascularization with good target anatomy, pre-
served ventricular function, and one to three grafts with easily 
accessible or no lateral wall targets. As experience is gained in 
OPCAB, this technique can be safely and effectively applied 
to the vast majority of patients requiring coronary artery 
bypass surgery. Just as important, however, is the experience 
to know when it is better to use CPB in patients in whom an 
off-pump approach will be exceedingly difficult, impractical, 
or poorly tolerated.

Patient Variables
The preoperative evaluation of patients for OPCAB demands 
careful planning and consideration for certain risk factors. 
We routinely perform screening carotid duplex ultrasonog-
raphy on all patients over the age of 65, smokers, those with 
a carotid bruit, history of transient ischemic attack or stroke, 
left main coronary disease, peripheral vascular disease, or his-
tory of prior carotid intervention. The remainder of the pre-
operative evaluation is similar to ONCAB. In patients with a 

murmur, dyspnea, a history of aortic or mitral regurgitation 
(MR), or ventricular dysfunction on cardiac catheterization, 
preoperative echocardiography is warranted. It is important 
to be aware of right ventricular dysfunction, valvular regur-
gitation, or pulmonary hypertension as positioning during 
OPCAB can result in dramatic changes in these parameters. 
Overall, the clinical condition of the patient, the urgency of 
the operation, and ventricular function need to be carefully 
assessed to determine whether an off-pump approach will be 
tolerated. Patients with left ventricular dysfunction from a 
recent infarct pose a more difficult challenge than those with 
chronic ventricular dysfunction, with the former being much 
more sensitive to cardiac manipulation and displacement and 
more likely to develop intraoperative arrhythmias.

Anesthesia
As in other cardiac operations, all patients require invasive 
monitoring with a pulmonary artery catheter, arterial line, 
Foley catheter, and central venous line. We use transesopha-
geal echocardiography liberally to provide valuable infor-
mation about valvular regurgitation, regional myocardial 
function, and pulmonary hypertension. In our experience, a 
well-experienced anesthesia team is essential to maintaining 
stable hemodynamics and ensuring a smooth and unevent-
ful operation. Unlike ONCAB, which requires active coor-
dination among surgeon, anesthesiologist, and perfusionist, 
the anesthesiologist and surgeon must work especially closely 
to maintain hemodynamic stability during OPCAB. Subtle 
changes in hemodynamic status, gradual elevation in pulmo-
nary artery pressures, frequent boluses, or increased require-
ment of inotropes and vasopressors to maintain hemodynamic 
stability, and rhythm changes can herald cardiovascular col-
lapse. Such an event can reliably be avoided if these changes 
are verbalized and discussed between anesthesiologist and sur-
geon preemptively. When manipulating the heart, it is impor-
tant for the surgeon to communicate these abrupt maneuvers 
to the anesthesia team so that appropriate action can be taken 
and inappropriate reactions (bolusing vasopressors) avoided. 
Changes in table position (Trendelenburg) can provide dra-
matic volume changes that affect cardiac output and blood 
pressure. Autotransfusion of intravascular volume from the 
lower extremities by Trendelenburg positioning should be the 
first maneuver to maintain hemodynamic stability. We prefer 
to avoid giving massive volumes of intravenous fluids, which 
requires later postoperative diuresis. Instead, aggressive use of 
Trendelenburg positioning and judicious use of alpha-adren-
ergic agents provides stable hemodynamics during distal 
anastamoses. This includes patients with pulmonary hyper-
tension, mild or moderate ischemic MR, or left ventricular 
dysfunction in which cardiac manipulation and displacement 
as well as regional myocardial ischemia may be poorly toler-
ated without inotropic support. If preload conditions have 
been optimized, then vasopressor agents such as norepineph-
rine or Neo-Synephrine may be used to assist with maintain-
ing adequate blood pressure during distal anastomoses. In our 
experience, effective communication with a well-experienced 

TABLE 21-1: Relative Exclusion Criteria 
during the Early Adoption of OPCAB

Recent myocardial infarction
More than three grafts required, especially multiple lateral 

wall targets
Difficult lateral wall targets
Intramyocardial coronary arteries
Left ventricular dysfunction
Small or diffusely diseased coronary arteries
Mild to moderate aortic or mitral regurgitation
Redosternotomy
Hemodynamically unstable
Pulmonary hypertension
Urgent/emergent cases
Left main coronary artery disease
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anesthesiologist is of paramount importance to ensure an 
uneventful off-pump operation.

Maintaining normothermia is critically important and 
requires more effort during OPCAB procedures, because the 
luxury of the CPB circuit for rewarming does not exist. This 
usually can be accomplished by infusing intravenous fluids 
through warmers, warming inhalational anesthetic agents, 
maintaining warm room temperatures before and during the 
procedure, and using convective forced-air warming systems 
(Bair Hugger; Arizant Healthcare, Eden Prairie, MN).

Anticoagulation regimens vary according to surgeon pref-
erence. For surgeons in their early experience, a full “pump” 
dose of heparin is reasonable in the event that conversion to 
CPB becomes necessary. Some surgeons continue to imple-
ment a full dose with 400 IU/kg to maintain an activated 
clotting time (ACT) of greater than 400 seconds; others use a 
half dose or 180 IU/kg, whereas others start with 10,000 IU 
and administer additional doses (3000 IU every half-hour) 
or a heparin infusion of 100 IU/min to maintain an ACT of 
300 to 400 seconds. Reversal of anticoagulation with vary-
ing doses of protamine is usually administered to facilitate 
hemostasis.

SURGICAL TECHNIQUE
Preparation
After the induction of anesthesia, patients are positioned, 
prepped, and draped in a standard fashion. At our institution, 
patients receive an aspirin rectal suppository (1000 mg) after 
induction. Aspirin 81 mg and clopidogrel (150 mg postop-
eratively, then 75 mg/day) are routinely administered early in 
the postoperative period after mediastinal drainage decreases 
well below 100 cc/h for 4 hours. This has not been associated 
with an increased risk of mediastinal reexploration.7 Because 
of the absence of CPB—related coagulopathy, patients may 
have a relative hypercoagulable perioperative state, which the-
oretically may jeopardize early graft patency. For this reason, 
we administer aspirin preoperatively, aspirin and clopidogrel 
early postoperatively, and then continue dual antiplatelet 
therapy in the postoperative period.

Endoscopic radial artery and saphenous vein conduits are 
harvested simultaneously during internal mammary artery 
(IMA) harvest. It is our practice to administer 5000 IU of 
heparin before endoscopic vein harvest to minimize thrombus 
formation within the conduit. Concern over graft quality with 
endoscopic vein harvest has prompted increased vigilance in 
atraumatic harvest technique to ensure adequate conduits for 
bypass.8 We routinely harvest skeletonized IMAs using a har-
monic scalpel (Harmonic Synergy, Ethicon, Somerville, NJ). 
Skeletonized harvest of IMA grafts preserves sternal blood flow, 
leads to less postoperative dysesthesia, and may reduce sternal 
wound infection in higher risk patients such as those with 
diabetes mellitus. The Harmonic scalpel uses high-frequency 
mechanical vibration to cut and coagulate tissues and com-
pared with electrocautery, minimizes surgical trauma to the 
sternum and reduces the risk of injury to the adjacent IMA.

After single or bilateral IMA harvest, the heparin dose is 
administered and the arterial conduits divided distally. The 
pericardium is incised in an inverted T-configuration, and 
then extended laterally along the diaphragm to facilitate car-
diac displacement while avoiding injury to phrenic nerves. It 
is essential to free the left lateral pericardium from the dia-
phragm to allow the pericardium to be retracted to displace 
the heart, exposing the lateral wall of the left ventricle. We 
routinely dissect the left IMA distally to the bifurcation as the 
extra length is often necessary to avoid tension on the anas-
tomosis during rightward displacement for lateral or infero-
lateral wall grafting. Dividing or removing the endothoracic 
fascia, skeletonizing the IMA during harvest, and dividing 
the left pericardium vertically toward the left phrenic nerve at 
the level of the pulmonary artery all provide for extra length 
and less tension on the anastomosis.

Several pericardial traction sutures are placed to assist with 
exposure and lateral displacement of the heart. To avoid com-
pression on the right heart during lateral displacement, the 
right pericardium can be dissected along the diaphragm or 
the right pleural space opened widely to allow the heart to fall 
into the right chest during lateral displacement. An important 
traction suture is the “deep stitch,” which is placed approxi-
mately two-thirds of the way between the inferior vena cava 
and left pulmonary vein at the point where the pericardium 
reflects over the posterior left atrium (Fig. 21-1). Care should 
be taken with placement of this suture to avoid the underly-
ing descending thoracic aorta, esophagus, left lung, and adja-
cent inferior pulmonary vein. This suture should be covered 
with a soft rubber catheter to prevent laceration of the epicar-
dium during retraction. Furthermore, the manual elevation 
and compression of the heart required to take this stitch may 
be poorly tolerated in patients with marginal hemodynamics 
or significant left main coronary artery disease. In that case, 

FIGURE 21-1 View from surgeon’s side of the table. The heart is 
elevated toward the surgeon and superiorly for placement of the “deep 
stitch,” which is placed two-thirds of the way between the inferior 
vena cava and inferior left pulmonary vein. With rightward retrac-
tion of the heart, the right-sided pericardial traction sutures should be 
relaxed to prevent compression of the right atrium and right ventricle.

Cohn_ch21_p0519-0538.indd   521 12/04/17   2:27 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



522 Part III Ischemic Heart Disease

grafting and reperfusion of the left anterior descending artery 
(LAD) should be accomplished before placing the deep peri-
cardial traction suture.

Epiaortic Ultrasound
Epiaortic ultrasonography is used in all of our patients 
undergoing cardiac surgery, including OPCAB. It is a 
simple, noninvasive, and inexpensive tool for assessing the 
extent of atheromatous disease in the ascending aorta in 
preparation for aortic clamping or selection of an alternative 
clampless technique.9 Epiaortic ultrasound has been shown 
to be superior to transesophageal echocardiography or pal-
pation alone in identifying aortic atheromatous lesions, 
especially in the mid- to distal ascending aorta.10-12 The 8.5-
MHz linear array probe is placed inside a sterile sleeve filled 
with sterile saline to act as a medium between the probe 
and the surface of the aorta (Fig. 21-2). The information 
allows the surgeon to individualize placement of aortic 
clamps and proximal anastomotic devices to minimize the 
risk of atheroembolism. In our practice, for aortic athero-
sclerosis grades 1 to 2 (Table 21-2), we will use a side-biting 
clamp or promixal anastomosis device. We will not clamp 
or manipulate grades 3 to 5, due to the risk of emboliza-
tion. Rosenberger and coworkers,13 evaluated greater than 
6000 patients with epiaortic ultrasound, suggested that the 
operative course was changed in 4% of patients because 
of the finding of aortic pathology, resulting in improved 
neurologic outcomes. Currently, intraoperative epiaortic 
ultrasound scanning is performed in only a small minority 
of centers. More data linking epiaortic ultrasonography to 
successful intraoperative decision-making and clinical out-
comes should help to drive broader adoption of this promis-
ing diagnostic modality.

Exposure
Cardiac positioners and stabilizers have greatly increased 
the ability to manipulate the heart with minimal hemo-
dynamic compromise. The two systems routinely used in 
our institution are the Medtronic Octopus Tissue Stabilizer 
and Starfish or Urchin Heart Positioner (Medtronic Inc., 
Minneapolis, MN) and the Maquet ACROBAT stabilizer 
and XPOSE positioner (Maquet, Radstat, Germany). Car-
diac positioning devices are frequently placed away from 
the apex, especially to the left of the apex, to expose the 
lateral wall and branches of the left circumflex coronary 
artery (Figs. 21-3 and 21-4). They are generally placed on 
the apex to expose the anterior wall (LAD territory) and 
inferior wall (posterior descending territory) of the heart 
and may be placed on the acute margin to expose the right 
coronary artery (RCA; Fig. 21-5). The suction-based posi-
tioning is well tolerated as the heart is not compressed, thus 
maintaining its functional geometry. The coronary stabilizer 

FIGURE 21-2 Epiaortic ultrasonography is performed in all patients 
prior to aortic manipulation. The 8.5-MHz linear array probe is 
placed inside a sterile sleeve filled with sterile saline to act as a medium 
between the probe and the surface of the aorta.

FIGURE 21-3 View from head of table. With the cardiac position-
ing device placed slightly away from the apex, the lateral wall can be 
exposed. The coronary stabilizers can then be placed to provide expo-
sure and stabilization of obtuse marginal vessels.

TABLE 21-2: Epiaortic Ultrasound Grading 
System

Epiaortic ultrasound 
grade of ascending aorta

Intimal thickness/severity  
of disease

1 Normal (<2 mm)
2 Mild (2-3 mm)
3 Moderate (3-5 mm)
4 Severe (>5 mm)
5 Mobile plaque, irrespective of 

thickness
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 Chapter 21 Myocardial Revascularization Without Cardiopulmonary Bypass 523

devices are placed with minimal tension on the epicardium 
to allow for an area of mechanical stabilization. The ante-
rior wall vessels often require only the coronary stabilizer 
for adequate exposure. The stabilizer is positioned along 
the caudal aspect of the retractor toward the left, with the 
retractor arm placed out of the way to prevent interference 
during the anastomosis. For the lateral and inferior wall ves-
sels, the cardiac positioner is usually placed on the surgeon’s 
side at the most cephalad location of the retractor. A general 
rule is to put the stabilizer in the assistant’s way instead of 
the surgeon’s to prevent these devices from obstructing the 
surgeon’s view or interfering with hand positioning during 
suture placement.

In addition to positioners and stabilizers, manipulating 
the traction sutures can greatly enhance exposure. When the 
“deep stitch” is retracted toward the patient’s feet, it elevates 
the heart toward the ceiling and points the apex vertically 
with remarkably little change in hemodynamics. When 
retracted toward the patient’s left side, the heart rotates from 
left to right, exposing the lateral wall vessels. Variable ten-
sion on this stitch will enhance exposure to both the anterior 
and lateral wall. The left-sided pericardial sutures should be 
pulled taut and the right-sided sutures completely relaxed 
to avoid compression on the right heart during cardiac dis-
placement. Pericardial sutures on both the right and left sides 
should never be under tension simultaneously. Manipulation 
of the operating table can also facilitate exposure. Placing 
the patient in steep Trendelenburg exposes the inferior wall. 
Turning the table sharply toward the right will aid with expo-
sure of the lateral wall targets. For grafting the anterior wall 
vessels, the “deep stitch” can be pulled toward the patient’s 
left side and a coronary stabilizer can then be positioned to 
expose the target coronary artery (Fig. 21-6). Occasionally, a 
warm moist laparotomy pad can be placed between the heart 
and the posterolateral pericardium to assist with elevating the 
heart out of the pericardium.

FIGURE 21-4 View from the head of table. An obtuse marginal 
artery is prepared for grafting. After positioning the coronary stabi-
lizer, a silastic vessel loop is doubly passed around the proximal coro-
nary artery to allow transient occlusion during the anastomosis.

FIGURE 21-5 View from the surgeon’s side of table. With cardiac 
positioner placed on the apex, the heart can be easily displaced to 
expose the inferior wall vessels. Because there is no compression used 
for displacement, this maneuver is usually accomplished with no 
hemodynamic sequelae. Note the location of the cardiac positioner 
and stabilizer on the surgeon’s side of the retractor. Alternatively, the 
stabilizer can be placed on the assistant’s side of the retractor. The 
right pericardial traction sutures are relaxed, and the “deep stitch” is 
retracted inferolaterally.

FIGURE 21-6 View from surgeon’s side of table. With LAD graft-
ing, excellent exposure can be obtained with lateral traction of the 
“deep stitch” and the coronary stabilizer. Note the right pericardial 
traction sutures are released from the retractor.
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524 Part III Ischemic Heart Disease

In our experience, the most common mistakes leading to 
suboptimal exposure are

 • Incompletely freeing the left pericardium from the 
diaphragm

 • The “deep stitch” too far from the posterior left atrium
 • Not loosening the right-sided pericardial sutures during 

exposure of the left-sided targets
 • Compressing the heart against right pericardium, ster-

num, or retractor
 • Kinking the right ventricular outflow tract by excessive 

cephalad tilt of the vertical heart
 • Failing to combine the techniques of deep stitch, position-

ing device “off-apex”, elevation of the right sternal bor-
der on towels, and opening the right pleural space when 
needed

In preparation for distal anastomosis, a soft silastic 
retractor tape mounted on a blunt needle (Retract-o-tape, 
Quest Medical, Inc., Allen, TX) is placed widely around 
the proximal vessel for transient atraumatic occlusion. For 
inferior wall vessels, this suture can be displaced posteriorly 
and caudally by tying a posterior pericardial suture loosely 
around the retractor tape (Fig. 21-7). The pericardial retrac-
tion suture serves as a “pulley” that not only enhances cor-
onary exposure and the surgeon’s view, but also keeps this 
retraction stitch from interfering with the sutures during the 
anastomosis. The field is kept free of blood with a humidi-
fied CO2 blower (DLP, Medtronic, Inc.), which is managed 
by the scrub nurse or second assistant (Fig. 21-8). To avoid 
injury to the coronary endothelium, the blower should be 
set at the minimum setting needed for exposure (<5 L CO2) 
and used only when passing the needle through the vessel. 
Occasionally an epicardial fat retractor can be used to expose 
the coronary target in patients with a large amount of epi-
cardial fat.

Although a well-trained first assistant is necessary for 
providing an effortless anastomosis, the second assistant, 
often the scrub nurse, also plays a major role in exposure. 
This assistant usually stands to the right of the surgeon, and 
controls the CO2 blower and the Cell Saver (Haemonetics 
Corp., Braintree, MA). The blower is used to keep the field 
free of blood and to open the target vessel and graft during 
suture placement. During the inferior wall or lateral wall 
targets, the second assistant may provide better exposure 
by standing to the surgeon’s left. In chronically occluded 
vessels that have collateral and/or retrograde flow, bleeding 
into the field can be controlled with another retractor tape 
distally, a MyOcclude device (United States Surgical Corp., 
Norwalk, CT), or an intracoronary shunt.14,15 We use intra-
coronary shunts selectively rather than routinely, as at least 
one study demonstrated significant endothelial injury with 
its use.16 A final preparatory measure is to place temporary 
atrial or ventricular pacing cables before positioning the 
heart, particularly before RCA occlusion. As the heart is 
rotated toward the right, visualization of the right atrium is 
more difficult, so it is often prudent to place and test these 
cables before positioning.

Coronary Grafting
The current generation of coronary stabilizers relies on epi-
cardial suction rather than compression to maintain epicar-
dial tissue capture. A common mistake is to press down too 
hard on the epicardium, which will paradoxically cause both 
increased movement in the target region and impaired hemo-
dynamics. The malleable pods of the stabilizers can be bent 
or manipulated in any direction to stabilize the target ves-
sel. If there are concerns about hemodynamic stability during 
regional ischemia, the proximal vessel can be test occluded 

FIGURE 21-7 View from the surgeon’s side of the table. For inferior 
vessel exposure (posterior descending or left ventricular branch) the 
Retract-o-tape is guided out of the surgeon’s way through a “pulley” 
created by placing a loosely tied superficial suture in the posterior 
diaphragm. The Retract-o-tape can then be retracted to transiently 
occlude the artery.

FIGURE 21-8 View from the head of the table. During the anasto-
mosis, a humidified CO2 blower managed by the second assistant or 
scrub nurse is used to expose the LAD.
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for 2 to 5 minutes and then reperfused, providing “precon-
ditioning” of the subtended myocardium. Although not used 
routinely, preconditioning with two cycles of 2 minutes of 
LAD occlusion then 3 minutes of reperfusion before the first 
coronary anastomosis decreased postoperative myocardial 
enzyme release, heart rate increase, and restored ventricular 
function.17 During this time the graft can be prepared. This 
gives the surgeon some assurance before committing to the 
anastomosis by creating an arteriotomy. The anastomosis 
is otherwise performed in a manner identical to on-pump 
grafting. It is essential to continue communication with 
the anesthesia team so that adequate steps can be promptly 
taken if hemodynamic conditions deteriorate. For example, 
if pulmonary artery pressures begin to rise and mean arterial 
pressures begin to fall during a lateral wall anastomosis, sev-
eral steps can be taken to avoid cardiovascular collapse: gen-
tly relaxing on the cardiac positioner or coronary stabilizer, 
steep Trendelenburg positioning, fluid boluses, inotropes, 
vasopressors, or pacing. If hemodynamic conditions continue 
to deteriorate, the safe next step is to place an intracoronary 
shunt, relax the retractor tape, and release both the stabilizer 
and positioner, allowing the heart to recover.15 At this point 
a decision must be made whether to convert “electively” to 
an on-pump procedure or complete the procedure off-pump. 
With better preparation (eg, fluids, inotropes, vasopressors, 
pacing, and shunt), the anastomosis can usually be com-
pleted off-pump. Another option for patients at high risk for 
complications of CPB is the use of intra-aortic balloon coun-
terpulsation for mechanical support during cardiac displace-
ment and positioning.

Sequence of Grafting
Careful assessment of the cardiac catheterization is impera-
tive. When planning for OPCAB, particular attention needs 
to be paid to the collateralizing vessel(s), intramyocardial 
vessels, the size of the distal targets, the degree of stenosis, 
the complexity of coronary disease, and the number of lat-
eral wall vessels requiring grafting. The sequence of grafting 
is important as regional myocardial perfusion is temporar-
ily interrupted during anastomosis on the beating heart. 
As a general rule, the collateralized vessel(s) is grafted first 
and the collateralizing vessel is grafted last. For example, in 
patients with an occluded RCA with a posterior descending 
artery (PDA) supplied by collaterals from the LAD, grafting 
the LAD first would not only leave the anterior wall isch-
emic during the anastomosis, but also disrupt flow to the 
septum, inferior wall, and right ventricle. A more prudent 
approach would involve grafting the PDA first, then per-
forming a proximal anastomosis to ensure adequate flow to 
the inferior wall while the proximal LAD is occluded during 
construction of the IMA-LAD anastomosis. Another sce-
nario that may pose problems is a large moderately stenotic 
RCA. Not uncommonly, temporary occlusion will result 
in profound bradycardia and hypotension. The surgeon 
must be prepared to use an intracoronary shunt or provide 
temporary epicardial pacing. Additional options include a 

“proximals first” approach to allow adequate regional perfu-
sion after completion of each distal anastomosis.

 • Perform anastomosis to completely occluded or collateral-
ized vessel first

 • If LAD is not a collateralizing vessel, perform LAD-LIMA 
anastomosis first to allow for anterior wall perfusion dur-
ing lateral and inferior wall positioning

 • Proximal anastomoses can be performed first to allow for 
perfusion of target vessels after each distal anastomosis. 
This can be helpful when cardiac positioning is not well 
tolerated

 • Beware of a large RCA with moderated proximal steno-
sis. Acute occlusion can cause bradycardia and hypoten-
sion. Be prepared for intracoronary shunt and epicardial 
pacing

 • Patients with moderate MR may not tolerate prolonged 
cardiac displacement, which can exacerbate MR, and lead 
to elevated PA pressures and subsequent hemodynamic 
deterioration. Grafting the culprit vessel causing papil-
lary muscle dysfunction should be performed early in the 
procedure.

Proximal Anastomosis
Proximal anastomoses during OPCAB can be performed 
with the use of an aortic partial-occluding clamp after epi-
aortic ultrasound rules out aortic atherosclerosis or a proxi-
mal anastomosis device. In preparation for an aortic clamp, 
the systolic blood pressure is lowered (eg, <95 mm Hg), the 
clamp is applied and aortotomies are made with a 4.0-mm 
aortic punch. Proximal anastomoses are then performed 
using 5-0 or 6-0 polypropylene suture. Before tying down 
the most anterior proximal anastomosis, the clamp is released 
and the aorta is de-aired through the proximal anastomosis 
with clamps on vein grafts. After the suture is tied down, the 
vein grafts can be de-aired with a 25-gauge needle and clamps 
removed. Arterial grafts are not punctured but are allowed to 
bleed backward before clamp removal.

Unlike ONCAB, OPCAB provides the opportunity to 
minimize or completely avoid manipulation of the aorta 
by performing proximal anastomoses to in situ arterial 
grafts, or using clampless proximal anastomotic devices.18-21 
This is particularly relevant in patients with advanced aor-
tic atheromatous disease detected by epiaortic ultrasound. 
Commercially available devices for clampless proximal anas-
tomoses include the Heartstring III (Maquet Cardiovascular 
LLC, San Jose, CA), the PAS-Port Proximal Anastomosis 
System (Cardica Inc., Redwood City, CA), and the Enclose 
II (Vitalitec, Plymouth, MA). The Heartstring and Enclose 
devices create a near hemostatic seal with the inner surface of 
the ascending aorta that allows the creation of a hand-sewn 
anastomosis with a relatively bloodless field (Fig. 21-9). In 
contrast, the PAS-Port Proximal Anastomosis System is a 
fully integrated and automated system that attaches the vein 
graft to the aorta, instantaneously producing a reproducible 
anastomosis.21-23
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526 Part III Ischemic Heart Disease

Graft Flow Measurement
We routinely quantitate graft flow using an intraoperative 
transit-time doppler flow meter (Medistim, Oslo, Norway). 
Acceptable values are flow > 15 mL/min, pulsatility index 
(the difference of maximum and minimum flow divided 
by the mean flow) <5 and diastolic fraction > 50% (for 
left-sided grafts). A post hoc analysis of the Veterans Affairs 
Randomized On/Off Bypass (ROOBY) Trial found that 
lower graft patency (non-FitzGibbon grade A) at 1 year was 
associated with low flow (<20 mL/min) or high pulsatility 
index (3-5 and >5) during intraoperative flow probe mea-
surements.24 Thus, any values outside of this range should 
alert the surgeon to examine the anastamoses and graft for 

potential revision unless unfavorable characteristics of the 
conduit, native coronary artery or distal run-off can readily 
account for the suboptimal doppler findings.

On-Pump Beating Heart Coronary 
Artery Bypass
Performing beating heart coronary artery bypass with CPB 
support is especially useful in certain clinical scenarios such 
as acute coronary syndromes with cardiogenic shock or in 
patients with severe left ventricular dysfunction where car-
diac positioning and displacement will not be tolerated.25,26 
On-pump, beating heart techniques provide hemodynamic 
support while avoiding aortic clamping and the global isch-
emic insult associated with cardioplegic arrest.27,28 However, 
this is an uncommonly used technique.

Outcomes
Clinical outcomes have been compared between OPCAB 
and ONCAB and reported for over a decade. There is a 
general consensus that either approach yields excellent out-
comes in low-risk patients. In select higher-risk patients, 
it appears in recent studies that OPCAB may reduce both 
morbidity and mortality. These studies can generally be 
divided into smaller prospective RCT and larger retrospec-
tive analyses. Prospective RCTs provide the most accurate 
comparison between groups and avoid surgical selection 
bias and confounding inherent to retrospective and obser-
vational analyses. On the other hand, retrospective and 
observational analyses provide much larger sample sizes 
with longer duration of follow-up and have included more 
high-risk patients, but are limited by their retrospective 
nature and inherent selection bias despite the use of propen-
sity matching or other advanced statistical methodologies 
designed to control for confounding variables. Because of 
their larger size, small differences in outcomes can often be 
detected. Taken together, both types of studies can provide 
valuable information to guide clinical practice.

Operative Mortality
In the major prospective randomized large-scale, multicenter 
OPCAB trials, there have been no differences in operative 
mortality between on- and off-pump approaches. ROOBY 
was the first large-scale multicenter RCT comparing OPCAB 
and ONCAB in 2203 patients at Veterans Affairs Centers.2 
There was no difference in the short term primary composite 
endpoint of death or major complications before discharge 
or within 30 days between (OPCAB 7.0 vs ONCAB 5.6%, 
p = .19; Table 21-3). However, OPCAB was associated with 
higher incidence of the composite endpoint of mortality, 
myocardial infarction (MI) and repeat revascularization at 
1 year (9.9 vs 7.4%, p = .04). The major criticisms of this study 
were insufficient surgeon experience (minimum 20 OPCAB 
cases; average 120 and median 50 cases), residents/trainees as 

A

B

FIGURE 21-9 Proximal anastomoses can be performed without 
the use of an aortic clamp with either a Heartstring III (in these 
figures) or the PAS-Port device. The Heartstring III device requires 
a hand-sewn anastomosis, whereas the PAS-Port device is an auto-
mated anastomosis.
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 Chapter 21 Myocardial Revascularization Without Cardiopulmonary Bypass 527

the primary surgeon in 64% of OPCAB cases and a relatively 
young and healthy male patient population, a subset that one 
may not expect to benefit greatly from avoidance of CPB.

The ROOBY Trial was followed by two subsequent large 
RCTs, the CABG Off or On Pump Revascularization Study 
(CORONARY)1,29 and the German Off-Pump CABG in 
Elderly (GOPCABE) Trial.3 The CORONARY study ran-
domized 4752 high-risk patients to OPCAB versus ONCAB 
and is the largest international multicenter RCT to date. The 
co-primary endpoints were death, stroke, MI, or dialysis at 
30 days and 1 year, and death, stroke, MI, dialysis, repeat 
revascularization at 5 years. Surgeons were required to have 
>2 years experience after residency training and >100 cases 
of OPCAB; trainees could not be the primary surgeon. The 
majority of patients had additive EuroSCORE 3 to 5, thus 
being higher risk. This trial also did not find differences 
between OPCAB and ONCAB in composite primary end-
point of mortality, MI and stroke neither at 30 days (9.8 vs 
10.3%, p = .59) nor at 1 year (12.1 vs 13.3, p = .24). However, 

there was a trend towards benefit with OPCAB for patients in 
higher EuroSCORE. GOPCABE was a multicenter random-
ized trial of 2539 high-risk patients (mean logistic EuroS-
CORE 8.3) ≥75 years of age comparing OPCAB versus 
ONCAB. Importantly, OPCAB was “routinely performed at 
all participating centers” and surgeons had an average 514 
cases and median 322 cases with OPCAB. There was no dif-
ference in the primary endpoint, a composite risk of death, 
stroke, MI, repeat revascularization, or new renal replace-
ment therapy at 30 days (7.8 vs 8.2%, p = .74) and at 1 year 
(13.1 vs 14.0%, p = .48).

Several registry studies powered by their large sample size 
were able to detect significant differences in adverse out-
comes among a broad population of patients, suggesting that 
operative mortality may be reduced in patients undergoing 
OPCAB compared with ONCAB. In a study by Hannan 
et al,30 49,830 patients from the New York State registry 
underwent risk-adjusted analysis (Cox proportional hazard 
models and propensity analysis) comparing outcomes after 

TABLE 21-3: Summary of Large-Scale Randomized Controlled Trials Comparing OPCAB and ONCAB

Trial Rooby2 Coronary1,29 Gopcabe3

Year 2009 2012 2013
N 2203 4752 2539
Location 18 Veterans Affairs Centers (US) 79 centers in 19 countries 12 centers (Germany)
Major patient 

characteristics
Patients for CABG-Only Age ≥ 70 and 1 RF: PVD, stroke, carotid 

stenosis ≥ 70%, CKI; Age 60-69 years and 
1 RF or age 50-59 and 2 RFs: diabetes, 
urgent status, LVEF ≤ 35%, recent 
history of smoking

Age ≥ 75 years

OPCAB experience 
requirement

>20 cases 2 years and >100 cases “Expert”

Median OPCAB 
experience

50 cases* — 322 cases

On-pump conversion 12.40% 7.90% 9.70%
Primary outcome Longterm: Death, MI, stroke 

AKI requiring dialysis at 1 year
Death, MI, stroke, AKI requiring dialysis 

at 30 days; death, MI, stroke, AKI requiring 
dialysis, repeat revascularization at 5 years

Death, MI, AKI requiring RRT, 
repeat revascularization at  
30 days and 1 year

30 days
(OPCAB vs ONCAB)

— 9.8 vs 10.3% (p = .59) 7.8 vs 8.2% (p = .74)

1 year
(OPCAB vs ONCAB)

9.9 vs 7.4% (p = .04) 12.1 vs 13.3% (p = .24)† 13.1 vs 14.0% (p = .48)

       
Average no. of grafts 

(OPCAB vs 
ONCAB)

2.9 vs 3.0
(p = .002)

3.0 vs 3.2
(p < .001)

2.7 vs 2.8
(p < .001)

Incomplete 
revascularization

(OPCAB vs ONCAB)

17.8 vs 11.1% (p < .01) 11.8 vs 10.0% (p = .05) 34.0 vs 29.3%

1 Year graft Patency
(OPCAB vs ONCAB)

82.6 vs 87.8% (p < .01) — —

AKI and CKI, acute and chronic kidney injury; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PVD, peripheral vascular disease. 
*A resident was the primary surgeon in 64% of OPCAB cases. 
†Not a prespecified time point for the primary endpoint.
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528 Part III Ischemic Heart Disease

OPCAB versus ONCAB. In this study, OPCAB patients 
had significantly lower 30-day mortality (adjusted OR 0.81, 
95% CI: 0.68 to 0.97, p = .0022). A large registry study of 
CABG outcomes in California demonstrated a significant 
reduction in propensity-adjusted operative mortality with 
OPCAB compared with ONCAB (2.59%, 95% CI: 2.52 to 
2.67 vs 3.22%, 95% CI: 3.17 to 3.27%).31 An intention-
to-treat retrospective analysis of 42,477 patients from the 
STS ACSD showed a reduction in risk-adjusted operative 
mortality (adjusted OR 0.83, p = .03) as well as numerous 
morbidity outcomes favoring patients undergoing OPCAB 
(Fig. 21-10).32 However, Chu and associates used an admin-
istrative database (Nationwide Inpatient Sample database) of 
63,000 patients, and found no difference in hospital mortal-
ity between OPCAB and ONCAB (3.0 vs 3.2%, p = .14).33

Hospital Mortality in Patients Converted 
to On-Pump
A major complication of OPCAB is the emergent conver-
sion to CPB support due to profound and acute hemody-
namic compromise, either because of regional ischemia, 
valvular regurgitation from positioning, bradycardia during 
right-sided or inferior wall grafting, hypotension during car-
diac positioning and stabilization, or intractable ventricular 
tachycardia/fibrillation. Such emergent conversion (“crash 
on pump”) to ONCAB is associated with significantly higher 
perioperative morbidity and mortality. Several studies quote 
mortality specifically for converted patients ranging from 
6 to 15%.34-38 The ROOBY Trial had a 12.4% conversion 
rate from off- to on-pump CABG, roughly five-fold higher 

than the rate reported in the STS ACSD.32 Of these, 49.3% 
were elective conversions, mainly for poor visibility, whereas, 
50.8% were urgent or emergent, mainly for hemodynamic 
instability.39 The 1-year composite outcome of all-cause mor-
tality, MI, and revascularization was significantly worse in 
the converted versus nonconverted OPCAB patients (21.1 
vs 13.7%, p = .03). Importantly, 75% of conversions were 
associated with surgeons with experience of <100 OPCAB 
cases. Furthermore, a retrospective study of 8077 OPCAB 
cases used to identify risk factors for on-pump conversion 
confirmed surgeon experience to be the most significant mul-
tivariable predictor.40 Importantly, there does not appear to 
be an increased risk of complications in patients who are elec-
tively converted to ONCAB.

Mid- and Long-Term Mortality
More recently, mid- and long-term follow-up data has become 
available in patients undergoing OPCAB.1,3,41-46 There was no 
difference in 1-year mortality in the ROOBY (4.1 vs 2.9%, 
p = .15), CORONARY (5.1 vs 5.0%) or GOPCABE Trials 
(7.0 vs 8.0%, p = .38) comparing OPCAB and ONCAB. 
However, with sensitivity analysis, 1-year death from cardiac 
causes was slightly higher in the off-pump group compared 
with the on-pump group (2.7 vs 1.3%, p = .03) in ROOBY. 
The SMART Trial randomized 200 patients to OPCAB ver-
sus ONCAB by a single, experienced off-pump coronary sur-
geon.46 In this trial, there was no difference in late survival 
(mean 7.5 years) (Fig. 21-11, p = .33), graft patency, recur-
rent angina nor repeat catheterization. Furthermore, a recent 
meta-analysis reports a trend towards improved long-term 
survival with ONCAB (HR 1.06; 95% CI: 1.00 to 1.13, 
p = .05) amongst all studies but there was no difference when 
analysis was limited to RCTs and propensity-matched stud-
ies.47 Finally, in the observational study by Hannan et al,30 
3-year survival was equivalent in OPCAB versus ONCAB 
patients (adjusted hazard ratio 1.01, 95% CI: 0.92 to 1.10, 
p = .89; unadjusted 3-year survival 89.4 vs 90.1%, log-rank 
test, p = .20). Based on these studies, it is reasonable to con-
clude that long-term survival after CABG is not affected by 
an on- or off-pump approach for the majority of patients.

Perioperative Morbidity
Large prospective and retrospective studies have consistently 
shown reduction in perioperative morbidities with OPCAB. 
In a meta-analysis of 37 randomized trials comparing OPCAB 
with ONCAB, OPCAB was associated with a reduced inci-
dence of atrial fibrillation (OR 0.58; 95% CI: 0.44 to 0.77), 
transfusion requirements (OR 0.43; 95% CI: 0.29 to 0.65), 
inotrope requirements (OR 0.48; 95% CI: 0.29 to 0.65), respi-
ratory infections (OR 0.41; 95% CI: 0.23 to 0.74), ventilation 
time (weighted mean difference, –3.4 hours; 95% CI: –5.1 to 
–1.7 hours), intensive care unit stay (OR weighted mean differ-
ence, –0.3 days; 95% CI: –0.6 to –0.1 days), and hospital stay 
(weighted mean difference, –1.0 days; 95% CI: –1.5 to –0.5 
days).48 Similarly, in a propensity score analysis of 548 patients, 
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FIGURE 21-10 Risk-adjusted odds ratios for major adverse 
events in all patients undergoing on-pump coronary artery bypass 
(ONCAB) versus off-pump procedures (OPCAB). MACE = Major 
adverse cardiac events; MI = myocardial infarction. (Reproduced 
with permission from Puskas JD, Edwards FH, Pappas PA, et al: Off-
pump techniques benefit men and women and narrow the disparity 
in mortality after coronary bypass grafting, Ann Thorac Surg. 2007 
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OPCAB was associated with significantly lower in-hospital 
mortality (0.5 vs 2.9%; p = .001), incidence of stroke (0 vs 
0.9%; p = .02), postoperative renal dysfunction (4.9 vs 10.8%; 
p = .001), pulmonary complications (10.2 vs 16.6%; p = .002), 
and infections (3.5 vs 6.2%; p = .03).49

Neurologic Outcomes
Stroke remains a significant cause of morbidity and mor-
tality after CABG, occurring in approximately 1 to 14% 
of patients.50,51 In addition, long-term survival after stroke 
post-CABG is negatively impacted with reductions in 1- and 
5-year survival to 66% and 44% compared with 94% and 
81% without stroke.51 Recently, more attention is being 
focused on the observation that a large proportion of strokes is 
embolic in nature and occurs at the time of clamp removal.52 
Other potential sources of emboli include carotid artery 
disease, particulate matter aspirated from cardiotomy suc-
tion, delayed thromboembolism from clamp injuries to the 
ascending aortic intima or proximal anastomotic sites, or left 
atrial thrombi secondary to postoperative atrial fibrillation. 
Additional iatrogenic causes of emboli (gaseous) may include 
aggressive use of carbon dioxide blower devices to facilitate 
visualization during construction of proximal anastomoses.

It is clear that less aortic manipulation results in fewer 
stroke events.53,54 Studies utilizing transcranial Doppler ultra-
sonography have confirmed the production of aortic emboli 
associated with cannulation, CPB, and application of aortic 
clamps.55-57 Bowles58 et al used transcranial Doppler ultraso-
nography to demonstrate production of large quantities of 
aortic emboli during CPB, even without manipulation of 
the aorta. Furthermore, Kapetanakis and colleagues59 and 
Calafiore and associates54 concluded that aortic manipulation 
is independently associated with an increased risk of post-
operative stroke. Approaches used to decrease this embolic 
load include avoidance of aortic cannulation using off-pump 
techniques, avoidance of multiple aortic clamping, use of 

clampless anastomotic devices, and a completely no-touch 
aortic technique.60-62 Kim and associates63 reported a lower 
incidence of postoperative stroke in patients undergoing 
OPCAB without any manipulation of the aorta compared 
with patients undergoing OPCAB with partial clamping and 
patients undergoing ONCAB. In 12,079 patients undergo-
ing OPCAB, Moss et al53 found progressively lower rates of 
stroke in no-touch aortic (0.6%), versus clampless facilitating 
device (1.2%) versus side-biting clamp (1.5%) (Fig. 21-12). 
Emmert et al64 report a significantly lower incidence of stroke 
for OPCAB with partial occlusion clamp versus ONCAB 
(1.1 vs 2.4%; OR 0.35; CI: 95%: 0.17 to 0.72; p < .005) 
and even lower rates for OPCAB using a proximal occlusion 
device versus partial occlusion clamp (0.7 vs 2.3%; OR 0.39; 
CI: 95%: 0.16 to 0.90; p = .04) which approached that of the 
no-touch group (0.8%).

Large retrospective analyses30,32,43,65-68 have demonstrated 
that OPCAB may be associated with a reduced incidence of 
stroke compared with ONCAB, but this has not been borne 
out in the large-scale RCTs. Hannan et al30 reported a risk-
adjusted decrease in postoperative stroke with OPCAB com-
pared with ONCAB (adjusted OR 0.70, 95% CI: 0.57 to 
0.86, p = .0006). A meta-analysis of 59 randomized trials of 
OPCAB versus ONCAB (N = 8961) report a 30% reduction 
in stroke (RR: 0.70, 95% CI: 0.49 to 0.99; Fig. 21-13).68 Of 
2468 patients in the CREDO-Kyoto Registry that underwent 
surgical revascularization, ONCAB was associated with higher 
stroke (OR 8.30, 95% CI: 2.25 to 30.7; p = .01) but only in 
the highest risk patient tertile (logistic EuroSCORE ≥ 6).69 
The observed reduction in postoperative stroke is likely due 
to lack of aortic cannulation and CPB, and possibly due to 
lack of aortic manipulation during proximal anastomoses. 
However, as mentioned, there was no difference in the rates 
of stroke in the large RCTs.1-3,29 Notably, the method of con-
struction of proximal anastomosis was left up to the surgeon 
and was not reported. Thus, if a significant number were per-
formed with a side-biting clamp versus a minimal or no-touch 
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FIGURE 21-11 No difference in long-term survival comparing on-pump CABG versus OPCAB in the SMART randomized controlled trial. 
(Reproduced with permission from Puskas JD, Williams WH, O’Donnell R, et al: Off-pump and on-pump coronary artery bypass grafting are 
associated with similar graft patency, myocardial ischemia, and freedom from reintervention: long-term follow-up of a randomized trial, Ann Thorac 
Surg. 2011 Jun;91(6):1836-1842.)
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FIGURE 21-13 Forest plot for stroke. Forty-nine strokes were observed among 3605 off-pump coronary artery bypass patients compared with 76 
among 3589 conventional coronary artery bypass patients, representing a 30% relative risk reduction. (Reproduced with permission from Afilalo J, 
Rasti M, Ohayon SM, et al: Off-pump versus on-pump coronary artery bypass surgery: an updated meta-analysis and meta-regression of random-
ized trials, Eur Heart J. 2012 May;33(10):1257-1267.)
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FIGURE 21-12 Stroke rate for OPCAB procedure using no-touch aortic, clampless facilitating device (CFD) and side-biting clamp. (Reproduced 
with permission from Moss E, Puskas JD2, Thourani VH, et al: Avoiding aortic clamping during coronary artery bypass grafting reduces postoperative 
stroke, J Thorac Cardiovasc Surg. 2015 Jan;149(1):175-180.)
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aortic approach, the potential benefits of OPCAB with regard 
to postoperative stroke may have been attenuated.

Renal Failure
Preoperative renal insufficiency is a significant predictor of 
postoperative renal failure and mortality in patients undergo-
ing CABG.70 In multiple studies, OPCAB has been shown 
to reduce morbidity and mortality in patients with normal 
renal function,71,72 those with renal dysfunction not yet on 
hemodialysis73 as well as those with end-stage renal failure 
on dialysis.74 In a prospective randomized trial of 116 dia-
betic patients with preoperative nondialysis-dependent renal 
insufficiency, the use of CPB was associated with a significant 
increase in adverse renal outcomes.73 Two retrospective analy-
ses, however, reported equivalent renal outcomes with either 
OPCAB or ONCAB.74,75 Thus, the advantages of OPCAB 
to minimize or avoid renal dysfunction remain controversial.

High-Risk Patients
Several studies have documented improved outcomes in 
higher-risk patients undergoing OPCAB. Specifically, such 
higher-risk groups include women32 and patients with left 
ventricular dysfunction,77,78 ST-elevation MI,79 prior stroke,67 
advanced age,80 renal insufficiency,74,81 reoperative cardiac sur-
gery,82,83 cirrhosis,84 at the extremes of the BMI (<25 or >35) 
spectrum,85 and in the patients with high Society of Thoracic 
Surgeon’s predicted risk scores.86,87 In such patients, improved 
end-organ perfusion, myocardial protection, limited aortic 
manipulation, and avoidance of systemic inflammation may 
explain the observed difference in major morbidity and mor-
tality. A study of patients with left ventricular dysfunction 
(ejection fraction < 30%) in the STS ACSD report lower 
adjusted risk of death (OR 0.82), stroke (OR 0.67), major 
adverse cardiac events (OR 0.75), and prolonged intubation 
(OR 0.78) with OPCAB versus on-pump CABG.85 Fur-
thermore, Puskas and colleagues87 reported that patients in 
the highest risk quartile had a significant reduction in hos-
pital mortality with OPCAB compared with ONCAB (3.2 
vs 6.7%, p < .0001, OR 0.45 95% CI: 0.33 to 0.63, p < 
.0001; Fig. 21-14). Also, as mentioned, the CORONARY 
Trials results showed a trend in improved outcomes for those 
patients in the highest EuroSCORE tertile.1

There is some evidence that OPCAB confers improved sur-
vival with emergent revascularization for acute coronary syn-
drome.88-91 Although the safety and feasibility of OPCAB in 
select emergency situations has been confirmed, most surgeons 
today would argue against OPCAB in unstable patients.

Completeness of Revascularization, 
Graft Patency, and Need for Repeat 
Revascularization
Completeness of revascularization is critical for the success 
and durable benefit of CABG.92,93 The index of completeness 

of revascularization is defined as number of grafts performed 
divided by number deemed necessary preoperatively (number 
of graftable vessels with angiographically significant stenoses), 
which is more important than the absolute number of grafts.94 
The choice to perform a procedure off-pump should not com-
promise the completeness of revascularization unless the use of 
CPB poses obvious and significant risk for postoperative com-
plications or mortality, which may be the case in patients with 
severe atherosclerotic disease of the ascending aorta. In centers 
that routinely perform the large majority of coronary opera-
tions without CPB, complete revascularization, even in the 
more difficult lateral wall territory, is routinely accomplished.

The ability to provide complete revascularization with 
equivalent graft patency OPCAB techniques has been chal-
lenged, to provide complete revascularization with OPCAB 
techniques with equivalent graft patency has been chal-
lenged, although the majority of evidence from randomized 
trials suggests near-equivalent revascularization.1-3,5,6,95-97,46 
In the ROOBY Trial, there were more patients with fewer 
grafts completed overall (2.9 vs 3.0, p = .002) and fewer than 
originally planned in the OPCAB group (17.8 vs 11.1%).2 In 
the CORONARY Trial, there were also fewer grafts (3.0 vs 
3.2, p < .001) and a trend towards higher rates of incomplete 
revascularization (11.8 vs 10.0%, p = .05) in the OPCAB 
compared to ONCAB group.1,29 Again, in the GOPCABE 
Trial, OPCAB was associated with fewer grafts (2.7 vs 2.8, 
p < .001) and higher incomplete revascularization (34.0% 
vs 29.3%).3 The DOORS Trial was a multicenter random-
ized trial of 900 patients ≥70 years of age, which compared 
OPCAB versus ONCAB with the same heparinization proto-
col. They also report statistically fewer grafts being performed 
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FIGURE 21-14 Regression curve comparison of observed mor-
tality rates for off-pump coronary artery bypass grafting (OPCAB) 
and coronary artery bypass grafting (CABG) on cardiopulmonary 
bypass (CPB) across all levels of predicted risk. STS = The Society 
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JD, Thourani VH, Kilgo P, et al: Off-pump coronary artery bypass 
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532 Part III Ischemic Heart Disease

with OPCAB (3.1 vs 2.9%, p = .007).5,6 A meta-analysis of 
randomized trials has consistently shown a lower number of 
grafts per patient in off-pump versus on-pump CABG (2.6 vs 
2.8, < .0001).98 Even analysis of later trials in which surgeon 
experience was greater still showed fewer grafts performed 
off-pump versus on-pump (2.7 vs 2.9 grafts).99 In a study of 
the STS ACSD by Puskas and colleagues,32 OPCAB patients 
had a slightly lower index of complete revascularization than 
ONCAB patients. Thus, OPCAB is consistently associated 
with a statistically significant but small difference in abso-
lute number of grafts performed. Given equivalent survival 
between OPCAB and ONCAB, whether the difference in 
revascularization is clinically significant is unknown.

Graft patency has been evaluated in several randomized tri-
als, demonstrating that in experienced centers, graft patency 
can be equivalently excellent with either technique.46,100 How-
ever, Shroyer et al2 found that the overall rate of graft patency 
(driven by vein graft patency) was lower in the OPCAB 
group compared with the ONCAB group (82.6 vs 87.8%, 
p < .001). A further blinded follow-up angiographic analy-
sis in 685 OPCAB and 685 ONCAB patients in ROOBY 
revealed that OPCAB was associated with lower FitzGibbon 
A patency for arterial conduits (85.8 vs 91.4%; p = .003) 
and saphenous vein grafts (72.7 vs 80.4%; p < .001).101 As 
expected, ineffective revascularization was associated with 
greater 1-year nonfatal MI and repeat revascularization. In 
the DOORS Trial, OPCAB was associated with a greater 
incidence of graft stenosis (9 vs 5%) and occlusion (12 vs 9%) 
(p = .01), which was primarily seen in vein grafts at 6-month 
angiography.5,6 Again, this may be an issue of experience. In 
the SMART trial, Puskas et al46 randomized patients to either 
OPCAB versus on-pump CABG and demonstrated similarly 
excellent 1-year graft patency (93.6% for OPCAB vs 95.8% 
for ONCAB, p = .33) as well as clinical outcomes of death, 
stroke, MI, and reintervention. There was an increase in the 
rate of repeat revascularization (0.7 vs 0.2%, p = .01) in the 
CORONARY Trial, although whether this is a result of lower 
graft patency or greater incomplete revascularization alone is 
unknown.1 A meta-analysis of 12 RCTs comparing OPCAB 
versus on-pump CABG showed an increased risk of graft 
occlusion (RR 1.35; 95% CI: 1.16 to 1.57), driven by saphe-
nous vein graft occlusion (RR 1.41; 95% CI: 1.24 to 1.60) 
but not occlusion of IMA nor radial artery grafts.102

The New York registry data from Hannan et al30 report that 
OPCAB was associated with lower in-hospital mortality and 
morbidity and equivalent long-term outcomes than ONCAB 
but greater need for repeat revascularization (93.6 vs 89.9%). 
However, because this was a retrospective analysis, this study 
was unable to differentiate whether this difference was a result 
of incomplete revascularization during OPCAB, reduced graft 
patency, or unrecognized confounding variables.

Guidelines
The 2011 ACCF/AHA Guideline for Coronary Artery 
Bypass Graft Surgery included two recommendations regard-
ing OPCAB103: OPCAB to reduce bleeding and blood 

transfusion (Class IIa, Level of Evidence A) and OPCAB for 
patients with renal dysfunction (Class IIb, Level of Evidence 
B). More recently, the strength of data in support of OPCAB 
is recognized in the 2014 European Society of Cardiology/
European Association of Cardio-Thoracic Surgery Guidelines 
on Myocardial Revascularization.104 Here the recommenda-
tion is that OPCAB be performed in high-risk patients in 
experienced off-pump centers (Class IIa, Level of Evidence B) 
and in patients with ascending aortic atherosclerosis (Class I, 
Level of Evidence B). Furthermore, these guidelines recom-
mend routine use of intraoperative graft flow measurements 
(Class IIa, Level of Evidence C).

Minimally Invasive, Robotic, and Hybrid 
Approaches
Widespread familiarity with off-pump techniques has facili-
tated the development and application of sternal-sparing 
minimally invasive cardiac surgery (MICS) revasculariza-
tion procedures for highly selected patients. There are several 
different variations. A small thoracotomy has been used to 
accomplish LIMA harvest and off-pump bypass on the ante-
rior wall under direct vision, known as single vessel small 
thoracotomy (SVST), or for multivessel, known as multives-
sel small thoracotomy (MVST). Thoracoscopic or robotic-
assisted left IMA dissection and harvest can be followed by 
a direct off-pump anastomosis to the LAD (Fig. 21-15) or 
by a total endoscopic LIMA-LAD anastomosis; the latter is 
referred to as totally endoscopic CABG (TECAB). Hybrid 
coronary revascularization (HCR) combines a minimally 
invasive LIMA to LAD graft with percutaneous intervention 
to non–LAD targets.105,106 The feasibility of these alternative 
minimally invasive approaches has been demonstrated. The 
use of minimally invasive techniques has generated enthusi-
asm in the surgical and interventional communities, and its 
use is expanding beyond a few select centers.

For patients with anterior single vessel disease, a SVST offers 
a sternal-sparing incision with the long-term patency benefit 

FIGURE 21-15 After endoscopic or robotic-assisted IMA harvest, 
a direct hand-sewn anastomosis can be performed off-pump via a left 
anterolateral non-rib spreading minithoracotomy.
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of the LIMA graft. Blazek et al107 show equivalent 7-year sur-
vival in 130 patients with single vessel LAD disease random-
ized to MIDCAB versus DES-PCI. There was no difference 
in the composite primary endpoint of all-cause mortality, 
MI, and repeat revascularization but with significantly higher 
repeat revascularization after PCI (HR 13.50, 95% CI: 1.76 to 
103.29; p < .001). Moreover, a single center propensity score-
matched minimally invasive direct coronary artery bypass 
(MIDCAB) versus DES-PCI comparison found at 10 years 
that DES-PCI was associated with a 2.2-fold increased risk of 
mortality as well as a 2.0-fold increased risk of repeat revas-
cularization.108 Multivessel small thoracotomy CABG offers 
complete revascularization with lower blood transfusion, inci-
dence of chest wound infection, and improved postoperative 
physical recovery.109 In their series of direct MVST CABG of 
which 75% were performed off-pump, Ruel and colleagues110 
report 92% and 100% 6-month graft patency for all grafts and 
for LIMA grafts, respectively.

Several experienced groups have reported successful out-
comes using a robotic CABG approach.111-113 Halkos et al111 
report 1.3% 30-day mortality, 5.2% conversion to sternot-
omy and 2.3% reexploration for bleeding for 307 consecu-
tive robotic CABG procedures. For the 199 patients with 
predischarge follow-up angiography, LIMA-LAD patency 
was 95.0% and anastomotic lesions were found in only three 
patients. Srivastava et al112 describe robotic multivessel CABG 
with bilateral IMA off-pump distal anastomoses constructed 
with the U-Clip Anastomotic Device (Medtronic, Minneap-
olis, MN). Bonaros et al113 also present the largest experience 
of 500 cases of single and multivessel robotic CABG with on-
pump distal anastomoses, reporting excellent results.

As described by Harskamp et al,114 the concept of HCR 
stems from the hypothesis that (1) the LIMA-LAD is supe-
rior to coronary stenting and (2) contemporary DES-PCI is 
noninferior to venous bypass grafts used for non-LAD dis-
ease. Thus, patients with multivessel disease with a complex 
LAD lesion and noncomplex non-LAD lesions suitable for 
PCI, may be considered. Those patients with impediments 
to conventional CABG such as those with advanced age, 
frailty, obesity, lack of conduits, poor non-LAD target ves-
sels, and porcelain aorta may be particularly suited for HCR. 
In the 2011 ACCF/AHA Guideline for Coronary Artery 
Bypass Graft Surgery, HCR is considered reasonable in 
patients with limitations to traditional CABG, such as heav-
ily calcified proximal aorta or poor target vessels for CABG; 
lack of conduits; or unfavorable LAD artery for PCI (Class 
IIa, Level of Evidence B).103 Furthermore, HCR may be rea-
sonable as an alternative to multivessel PCI or CABG in an 
attempt to improve the overall risk-benefit ratio (Class IIb, 
Level of Evidence C). The 2014 European Society of Car-
diology/European Association of Cardio-Thoracic Surgery 
Guidelines on Myocardial Revascularization suggests HCR 
for redo revascularization when lack of conduit poses a limi-
tation to a conventional surgical approach (Class IIb, Level 
of Evidence C).104

In experienced minimally invasive revascularization cen-
ters, the major clinical outcomes of HCR are equivalent to 

traditional CABG.115 Halkos et al116 performed a propensity-
matched study comparing patients with multivessel coro-
nary disease who underwent endoscopic-assisted or robotic 
LIMA harvest with SVST direct LIMA-LAD grafting versus 
OPCAB. There was no difference in 5-year survival but there 
were fewer blood transfusions (p < .001) and more repeat 
revascularizations with HCR (12.2 vs 3.7%, p < .001). 
A meta-analysis of six retrospective studies found that HCR 
was associated with no difference in freedom from MACCE 
at 1 year when compared with CABG but a greater inci-
dence of repeat revascularization (Fig. 21-16).114 Consider-
ing that the major weakness of HCR is in-stent restenosis or 
thrombosis requiring repeat revascularization, young, healthy 
patients may benefit more from conventional CABG. In the 
STS ACSD, there are 950 HCR cases (0.5% of all CABG 
cases) between 2011 and 2013, performed in 1/3 of all car-
diac centers.117 Patients who underwent HCR had higher 
cardiovascular risk profiles compared with traditional CABG 
and after adjustment, there was no differences in the compos-
ite of in-hospital mortality and major morbidity.

Surgical Revascularization Centers of 
Excellence
A recurring issue in evaluation of data from RCTs compar-
ing OPCAB versus ONCAB continues to be that of surgeon 
expertise. There is no doubt that OPCAB is more technically 
challenging for the surgeon and surgical team. Mastery of 
this procedure requires experience and team commitment. 
A review of the Nationwide Inpatient Sample Database 
reported a 5% decrease in the absolute probability of mortal-
ity with OPCAB between the highest and lowest volume sur-
geon cohorts, with the threshold for the largest improvement 
occurring after 50 cases/year and the lower mortality above 
150 cases/year.118 Notably, in this study, surgeons performed 
105 OPCAB procedures per year (mean), which is signifi-
cantly higher than the STS reported average.

As mentioned, ROOBY was criticized for lack of surgeon 
experience with off-pump procedures. In CORONARY and 
GOPCABE Trials, surgeons were considerably more expe-
rienced with off-pump procedures and in both trials, there 
were no differences in the primary composite endpoints. The 
difference in expertise was also highlighted by an OPCAB-
to-ONCAB crossover rates of 12.4% for ROOBY versus 
7.9% and 9.7% for CORONARY and GOPCABE, respec-
tively.1-3 Finally, a meta-analysis of >100,000 patients com-
paring OPCAB versus ONCAB by Takagi et al119 found an 
increase in long-term all-cause mortality with OPCAB. But 
in the two largest RCTs in which expertise was defined as 
>2 years of experience and the completion of >100 OPCAB 
procedures, there was no difference in mid-term outcomes.

As such, there is increasing appreciation that OPCAB 
should be performed not by all surgeons at all surgical centers, 
but by experts in surgical revascularization at centers of excel-
lence. To meet the technical challenges of performing suc-
cessful OPCAB, young surgeons must train with established 
experts in surgical revascularization. Training in advanced 
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surgical revascularization may include OPCAB, hybrid, total 
arterial, minimally invasive, and robotic revascularization. 
Complex revascularization cases should be referred to revas-
cularization centers of excellence. This is a model that is well-
established for cardiac surgical treatment of heart failure as 
well as complex valvular and aortic disease.

KEY POINTS
 • The choice of OPCAB versus ONCAB requires careful 

attention to preoperative and intraoperative patient vari-
ables that may influence operative circumstances as well as 
short- and long-term morbidity and mortality.

 • With the appropriate use of modern stabilizers and heart 
positioning devices, adequate surgeon experience and care-
ful patient selection, equivalent completeness of revascu-
larization and graft patency can be achieved with OPCAB.

 • The quality of the anastomosis and the completeness of 
revascularization should not be compromised when per-
forming off-pump anastomoses unless CPB poses exces-
sive risk to the patient.

 • Urgent or emergent conversion from OPCAB to ONCAB 
is associated with higher in-hospital morbidity and mor-
tality but preemptive controlled conversion is not.

 • Randomized trials have shown equivalent mortality out-
comes between OPCAB and ONCAB techniques.

 • In particular, low-risk patients undergoing surgical 
revascularization can be safely revascularized with either 
OPCAB or ONCAB.

 • Certain high-risk groups may have better in-hospital mor-
bidity and mortality outcomes when revascularized with-
out the use of CPB likely due to avoidance of CPB and 
minimizing aortic manipulation.

 • Long-term survival outcomes are equivalent in patients 
undergoing ONCAB or OPCAB.

 • There is an improvement in resource utilization with 
OPCAB, including reduced transfusion requirements, 
shorter length of stay, less intensive care and ventilator 
time, and reduced cost.

REFERENCES
 1. Lamy A, Devereaux PJ, Prabhakaran D, et al: Effects of off-pump and 

on-pump coronary-artery bypass grafting at 1 year. N Engl J Med 2013; 
368:1179-1188.

 2. Shroyer AL, Grover FL, Hattler B, et al: On-pump versus off-pump 
coronary-artery bypass surgery. N Engl J Med 2009; 361:1827-1837.

 3. Diegeler A, Börgermann J, Kappert U, et al: Off-pump versus on-pump 
coronary-artery bypass grafting in elderly patients. N Engl J Med 2013; 
368:1189-1198.

In-hospital outcomes
All-cause mortality
Myocardial infarction
Stroke
Repeat revascularization

n = 1190

All-cause mortality *
Myocardial infarction #
Stroke #
Repeat revascularization *

# n = 403; * n = 1138

+ n = 1017

0.85 (0.24-2.99)

OR (95% CI) Events (%)
HCR CABG

P-value P-valueQOdds ratio and 95% CI df I2

0.58 (0.17-1.99)
0.93 (0.24-3.59)
1.23 (0.34-50.02)

2 (0.6)
2 (0.6)
1 (0.3)
1 (0.3)

7 (0.8)
12 (1.5)
5 (0.6)
2 (0.2)

0.80
0.39
0.92
0.77

0.50
2.45
0.07
0.10

5
5
5
5

0.0
0.0
0.0
0.0

0.99
0.78
1.00
1.00

0.59
1.15
1.24
1.76

4
3
3
4

0.0
0.0
0.0
0.0

0.96
0.76
0.74
0.78

0.30
0.46

2
2

0.0
0.0

0.86
0.79

1.23
0.51

Favors HCR Favors CABG

0.01 0.1 0.5 1 2 5 10

1
1

18
0.0

0.27
0.48

0.65 (0.28-1.48)
0.30 (0.07-1.36)
0.41 (0.07-2.29)
2.65 (1.16-6.06)

6 (1.7)
1 (0.5)
0 (0.0)
13 (3.8)

33 (4.1)
10 (4.8)
5 (2.4)
11 (1.4)

0.30
0.12
0.31
0.021

All-cause mortality + 0.73 (0.29-1.85)
3.25 (1.80-5.87)

13 (4.5)
24 (8.3)

53 (7.3)
25 (3.4)

0.51
<0.001

^ n = 1057

All-cause mortality ^

Repeat revascularization +

Repeat revascularization ^
0.56 (0.25-1.24)
3.22 (1.56-6.65)

7 (2.3)
16 (5.2)

43 (5.7)
15 (2.0)

0.15
0.002

Clinical outcomes at 1 year

Clinical outcomes at 2 years

Clinical outcomes at 3 years

FIGURE 21-16 Forest plot for the major clinical outcomes comparing HCR versus coronary artery bypass surgery: a meta-analysis of 1190 
patients. (Reproduced with permission from Harskamp RE, Bagai A, Halkos ME, et al: Clinical outcomes after hybrid coronary revascularization 
versus coronary artery bypass surgery: a meta-analysis of 1,190 patients, Am Heart J. 2014 Apr;167(4):585-592.)
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Acute myocardial infarction (MI) affects approximately 
1.5 million individuals each year in the United States.1 
Of these patients, 30% die before reaching the hospital 
and another 5% die during their hospital admission.1 
Since 1998, the death rate from cardiovascular disease has 
declined 30.6%; however, cardiovascular disease remains 
the leading cause of death in the United States.2 Prompt 
medical attention including transport to the hospital, 
diagnosis, and treatment of the MI is critical to patient 
survival. Over the past 40 years, many developments have 
led to a decrease in the overall morbidity and mortality 
associated with acute MI. These developments include 
new pharmacologic agents, advancement in interventional 
cardiology procedures, modifications of coronary artery 
bypass surgical techniques, and the development of treat-
ment algorithms and guidelines. Despite these advances, 
mechanical and electrical complications such as cardio-
genic shock, rupture of the ventricular septum or free 
wall, acute mitral regurgitation, pericarditis, tamponade, 
and arrhythmias continue to challenge the medical com-
munity caring for patients presenting with acute MI on 
a daily basis.3 Of these complications, cardiogenic shock 
complicating acute MIs has the most significant impact on 
in-hospital mortality and long-term survival. The loss of 
more than 40% of functioning left ventricular mass and 
its accompanying systemic inflammatory response are the 
major causes of cardiogenic shock. Factors that impact the 
development of cardiogenic shock include the degree of 
pre-infarct ventricular dysfunction, the size of the infarcted 
vessel, and pathologic level of inflammatory mediators.4,5 
Revascularization of threatened myocardium offers the best 
chance of survival following acute coronary occlusion, but 
the technique and timing of revascularization continue to 
evolve. The available therapies that can decrease the mor-
tality associated with acute MIs include thrombolytics, 
percutaneous coronary intervention (PCI), and coronary 
artery bypass graft (CABG) surgery.

PATHOGENESIS OF ACUTE 
OCCLUSION
Myocardial ischemia resulting from coronary occlusion causes 
ischemic zone changes from a state of active systolic shorten-
ing to one of passive systolic lengthening within 60 seconds of 
onset of ischemia.6 Occlusions for less than 20 minutes usu-
ally cause reversible cellular damage and depressed function 
with subsequent myocardial stunning. Furthermore, reper-
fusion of the infarct results in variable amounts of salvage-
able myocardium. After 40 minutes of ischemia followed by 
reperfusion, 60 to 70% of the ultimate infarct is salvageable, 
but this decreases to approximately 10% after 3 hours of isch-
emia.7,8 Evidence from animal model has also demonstrated 
that 6 hours of regional ischemia produces extensive trans-
mural necrosis.9 The exact timing in humans is more difficult 
to analyze because of collateral flow, which is a major deter-
minant of myocardial necrosis in the area at risk in humans.8 
The collateral blood supply is extremely variable, especially in 
patients with long-standing coronary disease. In addition, col-
lateral flow is jeopardized with arrhythmias, hypotension, or 
the rise of left ventricular end-diastolic pressure above tissue 
capillary pressure.7 Thus, loss of collateral flow to the infarct 
area may lead to the cellular death of salvageable myocardium, 
and control of blood pressure and prevention of arrhythmias 
are vital during this time immediately after infarction.

Table 22-1 outlines the effects of anatomic, physiologic, 
and therapeutic variables on the evolution of final infarct size.

STATES OF IMPAIRED MYOCARDIUM
Infarcted Myocardium
Disruption of coronary perfusion can result in three states of 
impaired myocardium: infarcted, hibernating, and stunned. 
Each state has a unique cause of injury and carries different 
prognostic implications (Table 22-2). Infarcted myocardium 

Myocardial Revascularization 
after Acute Myocardial 
Infarction
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540 Part III Ischemic Heart Disease

has suffered irreversible myocardial cell death owing to pro-
longed ischemia and will not benefit from revascularization.

Hibernating Myocardium
Hibernating myocardium is a state of impaired myocardial 
and left ventricular function at rest resulting from reduced 
coronary blood flow and impaired coronary vasodilator 
reserve that can be restored to normal if a normal myocardial 
oxygen supply-demand relationship is reestablished.10 Hiber-
nating myocardium is defined as contractility-depressed myo-
cardial function secondary to severe chronic ischemia that 
improves clinically immediately after myocardial revascular-
ization. This may be acute or chronic. Carlson and associ-
ates11 showed that hibernating myocardium was present in up 
to 75% of patients with unstable angina and 28% with stable 
angina. The entity also occurs after MI. Angina after MI 
commonly occurs at a distance from the area of infarction.12 

In fact, mortality is significantly higher in patients with isch-
emia at a distance (72%) compared with ischemia adjacent 
to the infarct zone (33%).12 It is the hibernating myocar-
dium that may be in jeopardy and salvageable, although its 
presence is usually incidental to the occurrence of the acute 
infarction. By distinguishing between hibernating myocar-
dium and irreversibly injured myocardium, a more focused 
approach to restoring or improving blood flow to the area at 
risk is possible. Ventricular function often improves immedi-
ately after revascularization of appropriately selected regions.

Stunned Myocardium
Stunned myocardium is left ventricular dysfunction without 
cell death that occurs following restoration of blood flow 
after an ischemic episode. The phrase was initially coined by 
Braunwald and Kloner in 1982.13 If a patient survives the 
insult resulting from a temporary period of ischemia followed 
by reperfusion, the previously ischemic areas of cardiac mus-
cle eventually demonstrate improved contractility. Stunning 
can be a fully reversible process despite the severity and dura-
tion of the insult if the cells remain viable. Within 60 seconds 
of coronary occlusion, the ischemic zone changes from a state 
of active shortening to one of passive shortening. Coronary 
occlusions lasting less than 20 minutes provide the classic 
model of the stunning phenomenon.14 The most likely mech-
anisms of myocardial stunning are listed in Table 22-3.14,15

Stunned myocardium can occur adjacent to necrotic tis-
sue after prolonged coronary occlusion and can be associated 
with demand-induced ischemia, coronary spasm, and cardio-
plegia-induced cardiac arrest during cardiopulmonary bypass. 
Pathologically, these regions are edematous, and even hemor-
rhagic, and can clinically present as both systolic and diastolic 
dysfunction.16 They also have a propensity for arrhythmias, 
which can lead to more extensive stunning and hypotension 
with subsequent infarction of these regions.

The primary distinction between stunned and hibernating 
myocardium is that in the former blood flow has been re-estab-
lished after total occlusion whereas in the latter, coronary artery 
obstruction and reduced blood flow are still present.7

TABLE 22-1: Factors That Influence the 
Evolution and Severity of Acute Myocardial 
Infarction

Anatomic
 Site of lesion
 Size of myocardium at risk
 Collateral circulation
Physiologic
 Arrhythmias
 Coronary perfusion pressure
 Myocardial oxygen consumption
 Reperfusion injury
 Stunned myocardium
Therapeutic options
 Medical management
 Revascularization
 Thrombolysis
Percutaneous coronary angioplasty
 Coronary artery surgery
 Controlled reperfusion
 Buckberg solution and technique
 Mechanical circulatory support

TABLE 22-2: States of Myocardial Cells after 
Periods of Ischemia

Condition
Viability of 
cells

Cause of 
injury

Return of 
function

Infarcted Nonviable Prolonged 
ischemia

No recovery

Stunned 
viable

Limited 
ischemia

Delayed with 
reperfusion

Recovery

Hibernating Viable Ongoing 
ischemia

Prompt, sometimes 
unpredictable 
recovery

TABLE 22-3: Mechanisms of Contractile 
Dysfunction after Myocardial Stunning

Generation of oxygen-derived free radicals*
Excitation-contraction uncoupling due to sarcoplasmic reticulum 

dysfunction
Calcium overload
Insufficient energy production by mitochondria
Impaired energy use by myofibrils
Impairment of sympathetic neural responsiveness
Impairment of myocardial perfusion
Damage of the extracellular collagen matrix
Decreased sensitivity of myofilaments to calcium
*Regarded as the primary mechanism of myocardial stunning.
Adapted with permission from Bolli R: Mechanism of myocardial “stunning”  
Circulation. 1990 Sep;82(3):723-738.
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 Chapter 22 Myocardial Revascularization after Acute Myocardial Infarction 541

DIAGNOSIS OF VIABLE 
MYOCARDIUM
Mechanisms to identify patients with myocardial stunning 
and hibernation include electrocardiogram (ECG) find-
ings, radionuclide imaging, positron emission tomography 
(PET), dobutamine echocardiography, and more recently 
magnetic resonance imaging (MRI). Thallium identifies 
perfusion-related defects of the myocardium and can distin-
guish between viable and scarred myocardium as well. How-
ever, early redistribution of thallium does not distinguish 
between hibernating and scarred myocardium because many 
segments with irreversible defects by thallium improve after 
reperfusion. Redistribution imaging and reinjection imaging 
improve the predictive value of thallium imaging in distin-
guishing hibernating myocardium.

PET measures the metabolic activity of myocardial cells. 
It has high positive and negative predictive values. It is 
now regarded as the best method to determine myocardial 

viability, particularly in patients with severe left ventricular 
dysfunction in whom other modalities are less accurate.17

Dobutamine echocardiography identifies hibernating and 
stunned myocardium by monitoring changes in segmental 
wall motion while the heart is stressed inotropically and 
chronotropically by dobutamine infusion. It has high speci-
ficity, sensitivity, and more importantly, positive predictive 
value.18

MRI has also been established as an effective method to 
assess hibernating myocardium.19 It has been proven to accu-
rately diagnose the degree of both acute and chronic MI and 
predict functional recovery.20,21 A number of advantages exist 
with cardiac MRI, such as superior image resolution allowing 
accurate identification of transmural infarction (Fig. 22-1). 
By providing morphologic, functional, and metabolic infor-
mation, it may ultimately supplant other modalities for the 
diagnosis of cardiac injury and recovery.

Finally, multislice computed tomography has been used to 
measure hibernating myocardium, and early data suggest it 

Further MI characterization

A

B
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D

E

F

Potential post-MI sequelae
Septal infarct with “no reflow”

RV infarct

Differentiation of acute from chronic MI Post MI ventricular septal defect

Acute pericarditis

DE-CMR DE-CMR

DE-CMR

DE-CMR DE-CMRT2W-CMR

DE-CMR DE-CMRCine

Cine

Standard
DE-CMR

Long inversion time
DE-CMR

Mutal LV thrombus

FIGURE 22-1 Cardiovascular MRI (CMR) characterization of myocardial infarction (MI) and post-myocardial infarction sequelae. Examples 
are shown of patients with myocardial infarction complicated by the presence of (A) microvascular damage (no reflow, purple arrows), and (B) right 
ventricular involvement (red arrows). (C) Acute infarcts (red arrows) can be differentiated from chronic infarcts by the use of T2-weighted imaging, 
which can show increased signal in areas of acute necrosis (green arrows). (D) Post-MI sequelae such as mural thrombus (blue arrows) can be identi-
fied by delayed-enhancement-CMR. Long-inversion-time imaging may improve detection because the image intensity of viable myocardium is gray 
rather than black. Thrombus is often immediately adjacent to infarcted myocardium (red arrows). (E) Acute pericarditis can be diagnosed by the 
presence of hyperenhanced pericardium (orange arrowheads). (F) CMR image may be used to define ventricular septal defect location (orange stars), 
extent of associated infarction (red arrows), and severity of shunting. (Reproduced with permission from Kim HW, Farzaneh-Far A, Kim RJ: Cardio-
vascular magnetic resonance in patients with myocardial infarction: current and emerging applications, J Am Coll Cardiol. 2009 Dec 29;55(1):1-16.)
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542 Part III Ischemic Heart Disease

may be a reliable and sensitive method compared with MRI, 
although its use in clinical practice is limited.22

MEDICAL MANAGEMENT OF 
MYOCARDIAL INFARCTION
Initial management of patients presenting with acute MI 
requires rapid diagnosis and assignment into the appropriate 
treatment algorithm. Treatment strategies should be directed 
toward reducing myocardial oxygen demand, maintaining 
circulatory support, and protecting the threatened myocar-
dium before irreversible damage and expansion of the infarct 
occur.

Patients presenting with ongoing chest pain and ST-seg-
ment elevation in two contiguous leads or new left bundle 
branch block or anterolateral ST depression are classified as 
having ST-segment elevation myocardial infarction (STEMI). 
These patients are referred for primary revascularization, typi-
cally with fibrinolytics or percutaneous intervention in the 
cardiac catheterization suite, as immediately as possible assum-
ing no contraindications exist. The other group of patients, 
those with non-ST-segment elevation myocardial infarction 
(NSTEMI), present with chest pain at rest for 10 minutes or 
more and ST-segment depression greater than 0.5 mm or ST-
segment elevation 0.6 to 1 mm or T-wave inversions greater 
than 1 mm or positive troponin levels. Alternatively, there is 
a history of unstable angina in a patient with coronary artery 
disease risk factors. The initial management of these patients 
includes a combination of antiplatelet therapy, intravenous 
heparin, and other medications with a less urgent plan for car-
diac catheterization. Both clinical and basic science research 
have demonstrated that reperfusion is the main treatment 
option for acute MI. Unfortunately, the majority of patients 
with MI receive only conservative medical management; only 
40% of patients having an acute MI receive thrombolytic 
therapy, the most common means of reperfusion.23

Patients who present with STEMI can be further catego-
rized by the presence or absence of cardiogenic shock. This 
distinction is important as it clearly predicts patient outcome, 
and it will impact treatment strategy. Cardiogenic shock can 
be defined as a systolic blood pressure of less than 90 mm Hg 
that is secondary to myocardial dysfunction. Clinically, it is 
associated with signs of hypoperfusion including decreased 
urine output, altered mental status, and peripheral vasocon-
striction with cool extremities. Hemodynamic parameters con-
sistent with cardiogenic shock include a cardiac index less than 
2.2 L/min/m2, stroke volume index less than 20 mL/m2, mean 
pulmonary capillary wedge pressure greater than 18 mm Hg, 
and a systemic vascular resistance of over 2400 dyn-s/cm5. 
These patients are defined as type IV by the Killip classification 
system, a widely used system to classify MIs.24

Shock is the most common cause of in-hospital mortal-
ity after MI.25 The in-hospital mortality associated with car-
diogenic shock has remained unchanged at approximately 
80% despite the development of new treatment modalities.26 
Since 1975, the incidence of cardiogenic shock complicating 
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FIGURE 22-2 Relationship between time to treatment and 1-year 
mortality, as a continuous function, was assessed with a quadratic 
regression model. Dotted lines represent 95% confidence intervals of 
predicted mortality. (Reproduced with permission from De Luca G, 
Suryapranata H, Ottervanger JP, et al: Time delay to treatment and 
mortality in primary angioplasty for acute myocardial infarction: every 
minute of delay counts, Circulation. 2004 Mar 16;109(10):1223-1225.)

acute MIs has remained constant at 7.5%, ranging between 
5 and 15% (Fig. 22-2).25 The progressive reduction in time 
delay from symptom onset to treatment may account for 
these constant figures. Previously, patients with excessive 
time delays would have died before reaching the hospital or 
soon thereafter, as treatment delays increase 1-year mortality 
exponentially (Fig. 22-2).27

Shock is directly related to the extent of the myocardium 
involved, and infarctions resulting in loss of at least 40% of 
the left ventricle have been found on autopsy in patients with 
cardiogenic shock.4,28 Autopsy findings also revealed marginal 
extension of the recent infarct and focal areas of necrosis 
in patients with cardiogenic shock.4 Extensive three-vessel 
disease is usually found in individuals with cardiogenic shock, 
and extension of the infarct is an important determinant in 
those individuals.4,28 Thus, limiting the size of the infarct and 
preventing its extension are the primary goals of therapeutic 
interventions in patients with MI.

RATIONALE FOR AGGRESSIVE 
MANAGEMENT OF MYOCARDIAL 
INFARCTION-REPERFUSION
Randomized trials have shown beneficial effects of early 
reperfusion within 12 hours and possibly up to 24 hours after 
acute MI.11,24,26,29 Early reperfusion clearly reduces infarct size 
in the major areas at risk, and controlled reperfusion may 
even be superior. The arguments are more difficult to make 
for patients outside the 24-hour window; however, patients 
with ongoing ischemia often have ischemic border regions 
that are prone to arrhythmias and necrosis. In addition, these 
patients are at risk for prolonged periods of hypotension 
with resulting end-organ injury and further left ventricular 
dysfunction. The benefit to early revascularization may be 
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 Chapter 22 Myocardial Revascularization after Acute Myocardial Infarction 543

greatest in those patients with cardiogenic shock. Even if 
revascularization does not appear critical, ventricular unload-
ing with intra-aortic balloon pump (IABP) or left ventricu-
lar assist device (LVAD) may provide the bridge to recovery 
needed in patients dying after MI. The primary factors limit-
ing an aggressive surgical approach are major comorbidities, 
which make continuation of life undesirable or unlikely, and 
an unclear neurologic status, especially after a period of car-
diopulmonary arrest.

Although restoration of blood flow to ischemic regions is 
essential, the accompanying reperfusion injury initially can 
worsen rather than improve myocardial dysfunction. The area 
at risk is affected not only by reperfusion but also by the con-
ditions of reperfusion and the composition of the reperfus-
ate.30 Thus, controlling reperfusion itself may aid in reducing 
myocardial infarct size and ventricular injury. At the cellular 
level, myocardial ischemia results in a change in energy pro-
duction from aerobic metabolism to anaerobic metabolism. 
The consequences of ischemia vary from decreased adenosine 
triphosphate production and increased intracellular calcium 
to decreased amino acid precursors such as aspartate and glu-
tamate. These changes can be reversed only by reperfusion. 
However, as oxygen is reintroduced into an ischemic region, 
oxygen free radical generation ensues with resulting cellular 
damage. Cellular swelling and/or contracture can lead to a 
“no-reflow phenomenon” that limits the recovery of some 
myocytes and possibly results in irreversible injury of others. 
The production of oxygen free radicals during ischemia, and 
at the time of reperfusion, is the leading mechanism proposed 
to explain cellular injury. Four basic types of reperfusion 
injury have been described: lethal cell death, microvascular 
injury, stunned myocardium, and reperfusion arrhythmias 
(Table 22-4).

Buckberg and coworkers31-36 conducted studies of con-
trolled reperfusion after ischemia and produced a clinical 
application for controlled reperfusion. The surgical strategy 
of controlled reperfusion includes several elements. First, 
extracorporeal circulation is established as expeditiously as 
possible with venting of the left ventricle as required. Initially, 
antegrade cardioplegia is delivered using either a warm Buck-
berg solution to rebuild adenosine triphosphate stores or 

cold high-potassium cardioplegia to achieve rapid diastolic 
arrest. Retrograde cardioplegia can be added to ensure global 
cooling, even in areas of active ischemia. The temperatures 
of the anterior and inferior walls of the ventricle are mea-
sured to ensure adequate cooling. After each distal anasto-
mosis, cold cardioplegia is infused into each graft and the 
aorta at 200 mL/min over 1 minute. This is followed by ret-
rograde infusion through the coronary sinus for 1 minute. 
After completion of the final distal anastomosis, warm sub-
strate-enriched blood cardioplegia is given at 150 mL/min for 
2 minutes into each anastomosis and the aorta. After removal 
of the aortic cross-clamp, regional blood cardioplegia is given 
at 50 mL/min into the graft supplying the region at risk for 
18 minutes. This controlled rate of reperfusion minimizes 
cellular edema and myocyte damage. The proximal vein grafts 
are then completed, followed by reestablishment of normal 
blood flow. To decrease oxygen demand, the heart is allowed 
to beat in an empty state for 30 minutes. After this time, the 
patient is weaned off bypass.

Application of the Buckberg solution and technique has 
been shown to be effective in improving mortality rates and 
myocardial function after acute coronary occlusion. With 
ischemic times averaging 6 hours, a prevalence of multives-
sel disease, and cardiogenic shock, the overall mortality in 
patients with acute coronary occlusion who underwent surgi-
cal revascularization applying this method of reperfusion was 
3.9%. Postoperative ejection fraction averaged 50%.37 Surgi-
cal revascularization in this manner using controlled reper-
fusion compared favorably with percutaneous transluminal 
coronary angioplasty (PTCA) in several large series. These 
principles are reflected primarily in the surgical management 
of acute MI and will be outlined more specifically later in the 
chapter.

METHODS OF REPERFUSION
Once a patient who is a candidate for reperfusion therapy has 
been identified there are essentially three options available to 
the practitioner. They include thrombolytic therapy, primary 
PCI, and CABG. The intervention chosen for any particular 
patient will undoubtedly reflect the services that are available 
at the time of presentation, but they should also conform to 
the recommendations outlined by the ACCF/AHA guide-
lines including its most recent update in 2013.38 The follow-
ing is a review of the available therapies, their roles, and the 
data that exist to support their use.

Role of Thrombolytic Therapy
Because myocardial salvage depends on reperfusion of 
occluded coronary arteries, rapid dissolution of an occlud-
ing thrombus with thrombolytic therapy is an appealing 
intervention. Intracoronary streptokinase in patients with 
acute MI demonstrated that thrombolytic therapy is a safe 
and efficient way to achieve the desired early reperfusion.39 
Following this study, a number of multi-institutional meg-
atrials showed the effectiveness of thrombolytic therapy in 

TABLE 22-4: Potential Types of Reperfusion 
Injury

Lethal Cell death secondary to reperfusion
Vascular Progressive damage causes an expanding 

zone of “no reflow” and deterioration of 
coronary flow reserve during the phase of 
reperfusion

Reperfusion 
arrhythmias

Arrhythmias, mainly ventricular, that occur 
shortly after reperfusion

Stunned myocardium Postischemic ventricular dysfunction

Adapted with permission from Kloner RA: Does reperfusion injury exist in 
humans? J Am Coll Cardiol. 1993 Feb;21(2):537-545.
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544 Part III Ischemic Heart Disease

treating acute MIs. The trial of the Italian Group for the 
Study of Streptokinase in Myocardial Infarction (Gruppo 
Italiano per lo Studio della Streptochinasi nell’Infarto Mio-
cardio [GISSI])40 and the Second International Study of 
Infarct Survival [ISIS-2]41 found a reduced hospital mortal-
ity in patients treated with streptokinase. The effectiveness 
of tissue-type t-PA also has been evaluated in randomized 
studies. The Thrombolysis in Myocardial Infarction (TIMI) 
study42 and the European Cooperative Study Group43 dem-
onstrated the effectiveness of t-PA for the treatment of acute 
MI. When streptokinase and t-PA were compared, two stud-
ies failed to demonstrate any difference in mortality.44,45 A 
third study, however, the Global Utilization of Streptokinase 
and Tissue Plasminogen Activator for Occluded Coronary 
Arteries (GUSTO) trial, supported the use of t-PA by dem-
onstrating a more rapid and complete restoration of coro-
nary flow that resulted in improved ventricular performance 
and reduce mortality.46,47

Although thrombolysis improves survival and ventricular 
function the patency of infarct-related arteries is reported to 
be between 50 and 85%.40-47 Normal flow should be achieved 
in 60% of patients by today’s standards. Thrombolytic ther-
apy works well but is not without complications, including 
bleeding and intracranial hemorrhage.48 Bleeding is usually 
minor and occurs mostly at the sites of vascular puncture. 
Intracranial hemorrhage and stroke rates are approximately 
1%. The relative benefits of thrombolytic therapy appear to 
decrease as patient age increases, and a higher risk of intra-
cranial hemorrhage in the elderly may partially account for 
these findings.46,49,50 Careful selection of patients suitable for 
fibrinolyitc therapy is warranted, especially in an increasingly 
older population.

Thrombolytic therapy for patients presenting in cardio-
genic shock or heart failure does not appear to improve sur-
vival in this population but may decrease the incidence of 
patients developing heart failure after MI.51

In summary, studies evaluating the effectiveness of throm-
bolytic therapy have demonstrated several useful points. 
First, survival is improved by decreasing time to reperfusion. 
The GUSTO trial showed that patients treated within the 
first hour had the greatest improvement in survival, with a 
1% reduction in mortality for each hour of time saved.46,47 
Thrombolytic therapy is easy to administer in the community 
by trained personnel, although a significant risk of bleeding 
exists in certain patients. Because the time to reperfusion is 
a critical element in preserving myocardium, thrombolytic 
therapy is ideal for most communities without percutaneous 
interventional capabilities. The importance of these elements 
is evidenced by two points made in the updated ACCF/AHA 
guidelines. First, in the absence of contraindications, fibrino-
lytic therapy should be administered to patients with STEMI 
at non-PCI-capable hospitals when the anticipated first med-
ical contact (FMC)-to-device time at a PCI-capable hospital 
exceeds 120 minutes because of unavoidable delays.38 Second, 
when fibrinolytic therapy is indicated or chosen as the pri-
mary reperfusion strategy, it should be administered within 
30 minutes of hospital arrival.38

Role of Percutaneous Coronary 
Intervention
Since the first reported PTCA by Gruntzig and associates52 
in 1979, the efficacy of this percutaneous intervention in the 
treatment of coronary artery disease has been well recognized. 
A number of studies have evaluated the efficacy of primary 
PTCA in the treatment of acute MI. The overall PTCA hos-
pital mortality rates range from 6 to 9%.53-56 Initial experi-
ence utilizing only balloon angioplasty was termed PTCA. 
One of the areas of technological advancement has been the 
development of new percutaneous therapies. These options 
include not only implantation of intracoronary stents, but 
also rotational atherectomy, directional atherectomy, extrac-
tion atherectomy, and laser angioplasty. In the current era, 
these techniques collectively are referred to as PCI. Here, we 
will use the term PTCA to relate data from studies limited 
to angioplasty, and the term PCI to accurately describe trials 
and studies that involve one or more of these additional tech-
niques. This is consistent with the approach taken by the 
authors of 2001 ACCF/AHA Guidelines for PCI, which was 
a revision of the 1993 PTCA Guidelines.57

Several different strategies employing PCI for acute MI 
have been developed and examined through clinical trials. 
Primary, rescue, immediate, delayed, and elective PCI are 
options for the treatment of acute MI. Primary PCI uses 
percutaneous intervention as the method of reperfusion 
in patients presenting with acute MI. Rescue, immediate, 
delayed, and elective PCI are all done in conjunction with 
or following thrombolytic therapy. Rescue PCI is performed 
for recurrent angina or hemodynamic instability after throm-
bolytic therapy. Immediate PCI is performed in conjunction 
with thrombolytic therapy, and delayed PCI occurs during 
the intervening hospitalization. Finally, elective PCI is done 
following thrombolytic therapy and medical management 
when a positive stress test is obtained during the same hospi-
talization or soon thereafter.

Several studies evaluated the role of PTCA compared with 
thrombolytic therapy. The first study, the Primary Angioplasty 
in Myocardial Infarction Study Group trial in 1993, con-
cluded that immediate PTCA without thrombolytics reduced 
occurrence of reinfarction and death and was associated with a 
lower rate of intracranial hemorrhage.53 Since then, more than 
20 studies have compared PTCA to thrombolysis. The results 
from these studies have consistently and conclusively demon-
strated the superiority of PTCA to thrombolysis, regardless 
of the thrombolytic agent used. The findings include a lower 
short-term mortality rate, lower rates of reinfarction, reduced 
stroke and intracranial hemorrhage rates, and a decreased 
composite end point of death, reinfarction, and stroke.58 These 
findings have been reconfirmed on long-term follow-up. A 
higher overall rate of bleeding was observed, likely because of 
vascular access complications. Myocardial salvage is similar for 
PTCA and thrombolytic therapy. However, primary PTCA 
may be slightly less costly than thrombolytic therapy.54

The use of intracoronary stents after MI has expanded 
as PTCA has become more prevalent. Benefits of stenting 
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include lowered rates of restenosis and abrupt closure, and 
a reduced need for target revascularization after PTCA. 
Although the STENT-PAMI trail in 1999 using first-gen-
eration stents showed lower restenosis rates compared with 
thrombolysis, a trend toward higher mortality was seen, and 
its effectiveness as first-line therapy was questioned.59 Com-
posite end points of death, reinfarction, and urgent target 
vessel revascularization at 30 days have now been shown to be 
lower in subsequent studies, such as the CADILLAC, ISAR-
2, and ADMIRAL trials, which employed newer-generation 
stents.60-62 In these trials, a glycoprotein (GP) IIb/IIIa inhibi-
tor, abciximab, was added to primary stenting. A significant 
reduction in restenosis rates with stenting plus abciximab 
versus PTCA alone was evident at 12-month follow-up in 
the CADILLAC study (41 vs 22%).60 More recent data sug-
gest that stenting combined with antiplatelet therapy pro-
vides superior benefit to PTCA alone. Drug-eluting stents 
offer the potential to lower restenosis rates even further 
through the use of anti-inflammatory medication delivered 
via the stent. More recently, patients in the STRATEGY trial 
treated with drug-eluting stents after acute STEMI had a sig-
nificantly lower composite end point of death, reinfarction, 
stroke, and angiographic evidence of restenosis at 8-month 
follow-up compared with bare-metal stenting plus abciximab 
(50 vs 19%).63 Using propensity score matching, retrospec-
tive analysis of patients post-acute MI in Massachusetts has 
shown a slight 2-year mortality benefit for drug-eluting stents 
when compared with bare-metal stents (10.7 vs 12.8%), as 
well as a lower need for repeat revascularization.64 Further 
prospective studies are under way to determine if long-term 
data confirm these findings.

The optimal pharmacotherapy for these patients contin-
ues to be debated and is an area of ongoing investigation. 
Initial experience with heparin was believed to be improved 
by the addition of GP IIb/IIIa inhibitors.65 However, routine 
use of GP IIb/IIIa inihibitors has fallen out favor, and current 
guidelines recommend limiting their use to high-risk situa-
tions. The HORIZONS-AMI (Harmonizing Outcomes with 
Revascularization and Stents in Acute Myocardial Infarction) 
trial66,67 compared bivalirudin, a direct thrombin inhibitor, 
with heparin plus a GP IIb/IIIa inhibitor for use after pri-
mary PTCA with or without stenting. The data disclosed 
decreased 30-day major bleeding events, death from cardiac 
causes, and death from all causes, despite a higher 24-hour 
risk of stent thrombosis in the bivalirudin cohort. Interest-
ingly the mortality benefit persisted after 3-year follow-up. 
Since this trial, there have been several changes in manage-
ment strategy including newer antiplatelets, increased radial 
access, and decreased use of GPIIb/IIIa inhibitors. A simi-
lar trial comparing bivalirudin to heparin plus GP IIb/IIIa 
inhibitors, the EUROMAX trial, demonstrated a decrease 
in incidence of major bleeding at 30 days but no difference 
in mortality or reinfarction.68 More recently, results of the 
HEAT PPCI (How Effective are Antithrombotic Therapies 
in Primary PPCI) trial were released. This was an open-label, 
randomized trial of STEMI patients which compared hepa-
rin with bivalirudin and used GP IIb/IIIa inhibitors only in 

bail out situations. Heparin was associated with a significant 
reduction in the major cardiovascular end points of all-cause 
mortality, cerebrovascular accidents, reinfarction, and target 
vessel revascularization (5.7 vs 8.7%, p = .01).69 In addi-
tion, there was no significant difference in the rate of major 
bleeding (3.5 vs 3.1%, p = .59). This study, along with oth-
ers (NAPLES III, BRAVE IV), have raised significant ques-
tions regarding the benefit to using bivalirudin as opposed to 
heparin.70,71

Primary PCI may play a greater role in patients present-
ing in cardiogenic shock, as percutaneous interventions have 
become more common over the past 10 years (Fig. 22-3). The 
GISSI-1 and GISSI-2 trials demonstrated no benefit from 
intravenous thrombolysis, with morality rate of 70%.40,44 In 
patients presenting in or developing cardiogenic shock after 
acute MI, PTCA improved survival to 40 to 60%.72 This 
improvement was even greater when angioplasty was suc-
cessful, as in-hospital survival rates increased to 70%. In 
most of these series an IABP was used in conjunction with 
PTCA. The SHOCK trial showed that revascularization by 
PTCA or CABG within 12 hours of the onset of cardiogenic 
shock results in improved 1- and 6-year survival rates versus 
medical stabilization followed by delayed revascularization  
(32.8 for PTCA/CABG vs 19.6% for initial medical sta-
bilization, 6-year follow-up) in this high-risk group, partic-
ularly for those under the age of 75 years (Fig. 22-4).11,26,29 
Subgroup analysis in patients undergoing successful PTCA 
or with TIMI Grade 3 coronary flow after PTCA in the 
SHOCK trial revealed that 1-year survival was even higher, 
at 61%.73 Independent predictors of mortality include age, 
hypotension, lower TIMI flow, and multivessel PTCA.

In conclusion, specialized centers that have 24-hour cath-
eterization facilities can provide primary PCI as a first-line 
therapy for patients with acute MI. Patients with established 
or developing cardiogenic shock should be revascularized 
early by PCI rather than initial medical stabilization with 
thrombolytic therapy. Rescue PCI after failed thrombolytic 
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Log-rank p = .03
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FIGURE 22-3 Revascularization rates in patients with cardiogenic 
shock at presentation (n = 7356). (Reproduced with permission from 
Babaev A, Frederick PD, Pasta DJ, et al: Trends in management and 
outcomes of patients with acute myocardial infarction complicated by 
cardiogenic shock, JAMA 2005 Jul 27;294(4):448-454.)

Cohn_ch22_p0539-0558.indd   545 08/05/17   11:59 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



546 Part III Ischemic Heart Disease

therapy for patients with ongoing ischemia or clinical com-
promise is also recommended. Finally, elective PCI should 
be performed on patients who have recurrent or provokable 
angina before hospital discharge.

Role of Coronary Artery Bypass Grafting
The role of surgical revascularization in the treatment of acute 
MI has changed considerably over the past 30 years. During 
the 1980s, reports appeared recommending surgical revascu-
larization in preference to medical therapy for acute MI.74,75 
Mortality rates under 5% were reported. Critics argued that 
these studies lacked randomization or consecutive entry of 
patients, preoperative stratification was absent, and enzyme 
levels were not included. Inherent bias that favored surgery in 
low-risk patients was believed to be the reason for the excel-
lent outcomes.76 At the time these reports surfaced, thrombo-
lytic therapy and interventional cardiology were emerging as 
alternative options for patients with acute infarctions. With 
the availability of thrombolytics and PCI, large multicenter 
trials began looking at the efficacy and usefulness of these two 
techniques. Randomized trials using CABG were not done, 
and thus this option was never established as an alternative for 
acute MI. Despite this, several centers continued to use surgi-
cal revascularization to treat acute MI with excellent results. 
However, practical, logistic, and economic constraints relegate 
surgical revascularization to a third option behind thrombo-
lytics and PCI for the primary treatment of acute MI.

There continue to be several scenarios that require emer-
gent or urgent surgical revascularization. Failure of throm-
bolytics or PCI with acute occlusion may require surgical 
intervention. Additionally, CABG for post-infarction angina 
has become a critical step in the pathway of treating acute 
MI. Finally, surgical revascularization may be indicated in 

P
er

ce
nt

ag
e

100

90

80

70

60

50

40

30

20

10

0
1995 1996 1997 1998 1999 2000

Year
2001 2002 2003 2004

Percutaneous coronary intervention Coronary artery bypass graft surgery

1995 1996 1997 1998 1999 2000
Year

2001 2002 2003 2004

Total

Primary

Total

Immediate

FIGURE 22-4 Survival estimates for early revascularization (n = 152) and initial medical stabilization (n = 150) groups in the SHOCK trial. 
Log-rank test, p = .03. (Reproduced with permission from Hochman JS, Sleeper LA, White HD, et al: One-year survival following early revascu-
larization for cardiogenic shock, JAMA. 2001 Jan 10;285(2):190-192.)

patients with multivessel disease or left main coronary artery 
disease developing cardiogenic shock after MI.

Timing after Infarction
If surgical revascularization within 6 hours after the onset of 
symptoms is feasible, the mortality rate is improved over that 
of medically treated, nonrevascularized patients.74,75 Although 
these early studies were not controlled and were criticized for 
selection bias,76 they did demonstrate that surgical revascular-
ization may be performed with an acceptable mortality in the 
presence of acute MI with improved myocardial protection, 
anesthesia, and surgical techniques. However, with the advent 
of thrombolytic therapy, PCI, and an aging population, the 
surgical patient we encounter today bears little resemblance 
to the patient population represented in these early studies.

Previous analyses of the New York State Cardiac Surgery 
Registry, which included every patient undergoing a cardiac 
operation over more than a decade in the state of New York, 
resulted in valuable information regarding the optimal timing 
of CABG in acute MI. In this large and contemporary patient 
population, there is a significant correlation between hospital 
mortality and time interval from acute MI to time of opera-
tion, particularly if CABG was performed within 1 week of 
acute MI. In addition, patients with transmural and non-
transmural acute MI have different trends in mortality when 
the time course is taken into consideration. Mortality for the 
nontransmural group peaked if the operation was performed 
within 6 hours of acute MI, and then decreased precipitously 
(Table 22-5).77 On the other hand, mortality for the trans-
mural group remained high during the first 3 days before 
returning to baseline.78 Multivariate analyses confirmed that 
CABG within 6 hours for the nontransmural group and 3 
days for the transmural group were independently associated 
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with increased in-hospital mortality.77,78 Optimal timing of 
CABG in patients with acute MI remains a controversial sub-
ject. Early surgical intervention has the advantage of limiting 
the infarct expansion and ventricular remodeling that may 
result in possible ventricular aneurysm and rupture.79 How-
ever, there is the theoretical risk of reperfusion injury, which 
may lead to hemorrhagic infarction resulting in extension 
of infarct size, poor infarct healing, and scar development.80 
The data from these studies caution against early surgical 
revascularization, particularly within 3 days of onset, among 
patients with acute transmural MI.

Some have advocated the use of mechanical support to 
stabilize the patient and allow elective rather than emergent 
surgery.81,82 Delaying CABG with “prophylactic” mechanical 
support in an effort to improve outcome, however, may result 
in placement of such support in some situations where it is 
unnecessary. If revascularization cannot be delayed, aggres-
sive mechanical support (such as an LVAD) should be avail-
able because mortality is most likely a result of pump failure. 
Furthermore, mechanical circulatory support (MCS) has 
been shown to be efficacious as a bridge to ventricular recov-
ery or transplantation for this patient cohort.82 This approach 
is supported by results from a multicenter study, in which 
overall survival at 6 and 12 months was higher in patients 
who underwent direct LVAD implantation rather than revas-
cularization followed by LVAD, in patients suffering cardio-
genic shock (Fig. 22-5).83 Although emergent cases such as 
structural complications and ongoing ischemia clearly can-
not be delayed, nonemergent cases, particularly patients with 
transmural acute MI, may benefit from delay of surgery. Early 
surgery after transmural acute MI has a significantly higher 
risk and surgeons should be prepared to provide aggressive 
cardiac support including LVADs in this ailing population.

Risk Factors
In addition to timing of surgery as discussed, risk factors 
include urgency of the operation, increasing patient age, 
renal insufficiency, number of previous MIs, hypertension,84 

reoperation, cardiogenic shock, depressed left ventricu-
lar function, and the need for cardiopulmonary resuscita-
tion, left main disease, female gender, left ventricular wall 
motion score, need for IABP, and transmural infarction.85 
Characteristics associated with better early outcome after 
MI include preservation of left ventricular ejection fraction, 
male gender, younger patients, and subendocardial versus 
transmural MI.

Cardiogenic Shock
Surgical revascularization in acute MI complicated by cardio-
genic shock has been shown to improve survival. Cardiogenic 
shock is accompanied by 80 to 90% mortality rates. The vari-
ous mechanisms of cardiogenic shock in acute MI are shown 
in Fig. 22-6. DeWood and colleagues86 were the first to dem-
onstrate improved results with revascularization in patients 
with cardiogenic shock complicating acute MI. Patients who 
were stabilized with an IABP and underwent emergent surgical 
revascularization had survival rates of 75%. Early surgical revas-
cularization was associated with survival rates of 40 to 88% 
in patients in cardiogenic shock from nonmechanical causes. 
Guyton and coworkers87 reported an 88% in-hospital survival 
and a 3-year survival of 88%, with no late deaths reported.

Furthermore, the SHOCK trial demonstrated survival 
benefit in early revascularization by CABG or PTCA within 
12 hours of the diagnosis of cardiogenic shock for patients 
of all ages.11,29 Patients comprising the CABG cohort in the 
SHOCK trial had more severe disease, with higher rates of 
three-vessel disease, left main coronary artery disease, diabetes, 
and elevated mean coronary jeopardy scores than the PTCA 
cohort.88 Despite this, 87.2% of these patients achieved suc-
cessful and complete revascularization with CABG, compared 
with successful revascularization in 77.2% with PTCA and only 
23.1% with complete revascularization with PTCA. Overall, 

TABLE 22-5: Comparison of Hospital Mortality  
with Respect to Time of Surgery—Transmural 
versus Nontransmural Myocardial Infarction

 

Time between 
CABG and MI

Mortality

Transmural  
MI (%)

Nontransmural  
MI (%)

<6 h 14 13
6-23 h 14* 6*
1-7 days 5 4
>7 days 3 3

*p < .01 nontransmural versus transmural.
Data from the New York State Cardiac Surgery Registry, which included every 
patient undergoing a cardiac operation in the last decade in the state of New York.

100%
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60%
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70.4%

22.2%
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45.5%

13.6%

41.9%
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FIGURE 22-5 Outcomes of direct left ventricular assist device 
(LVAD) implantation versus coronary artery bypass graft (CABG) 
followed by LVAD implantation for cardiogenic shock. (Reproduced 
with permission from Dang NC, Topkara VK, Leacche M, et al: Left 
ventricular assist device implantation after acute anterior wall myo-
cardial infarction and cardiogenic shock: a two-center study, J Thorac 
Cardiovasc Surg. 2005 Sep;130(3):693-698.)
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548 Part III Ischemic Heart Disease

mortality was no different between groups at 1 year (Fig. 22-7). 
On subgroup analysis, patients older than age 75 years, with 
left main coronary disease or three-vessel disease, or with diabe-
tes had trends toward better survival at 30 days and 1 year after 
CABG compared to PTCA. Thus, for patients in cardiogenic 
shock, surgical revascularization remains an established and 
viable option for select patient groups.

Advantages of Coronary Artery 
Bypass Grafting
Reported survival rates are similar for CABG and PCI in the 
treatment of acute MI. To date, there have been no large, 
randomized clinical trials comparing CABG with PCI and 
thrombolytics after MI. For patients with stable angina and 
elective revascularization for ischemic heart disease, a number 
of trials have been conducted comparing CABG with stent-
ing.89-92 In these studies, trends favoring CABG for multives-
sel disease were seen after 2 years in composite cardiac event 
end points, rate of reinfarction, and mortality; revasculariza-
tion rates were five times higher in the stenting group.93 Most 
notably, survival after CABG for two or more diseased vessels 
was significantly higher than stenting with 2-year follow-up 
in a retrospective study of the New York Cardiac Surgery 
Reporting System and Percutaneous Coronary Intervention 
Reporting System.94 These results must be interpreted with 
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FIGURE 22-7 Kaplan-Meier survival estimates at 96 hours (A), 
30 days (B), and 1 year (C) in patients treated with emergency percu-
taneous coronary intervention (PCI) versus emergency coronary artery 
bypass graft (CABG) in the SHOCK trial. (Reproduced with permis-
sion from White HD, Assmann SF, Sanborn TA, et al: Comparison 
of percutaneous coronary intervention and coronary artery bypass 
grafting after acute myocardial infarction complicated by cardiogenic 
shock: results from the Should We Emergently Revascularize Occluded 
Coronaries for Cardiogenic Shock (SHOCK) trial, Circulation. 2005 
Sep 27;112(13):1992-2001.)

3% RV damage 74% LV damage

5% VSD

<2% free wall 
rupture
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Others 7%

FIGURE 22-6 Mechanisms of cardiogenic shock. Apical four-
chamber echo view with relative incidence of the mechanisms 
responsible for cardiogenic shock in the SHOCK and MILIS 4 reg-
istries. LV = left ventricle; MR = mitral regurgitation; RV = right 
ventricle; VSD = ventricular septal defect. (Reproduced with permis-
sion from Davies CH: Revascularization for cardiogenic shock, QJM. 
2001 Feb;94(2):57-67.)

caution; however, as patients with acute infarctions less than 
24 hours pretreatment were excluded. Because of the lack of 
prospective, randomized trials, recommendations must be 
based on retrospective and observational studies.

CABG does offer a few potential advantages. First, surgical 
revascularization is the most definitive form of treatment of 
the occlusion. CABG offers the longest patency of revascular-
ized stenotic and occluded arteries; in elective cases, more than 
90% of internal mammary artery grafts are patent at 10 years. 
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Roof of left atrium

Right superior
pulmonary vein

Base of
left atrial
appendage

FIGURE 22-8 The inflow cannula for short-term left ventricular 
assist device support can be placed through the right superior pulmo-
nary vein, the dome of the left atrium, or the left atrial appendage. 
Lighthouse tip cannulas allow improved venous return.

Second, CABG also offers more complete revascularization, 
because all vessel lesions are treated. This concept becomes 
especially important in patients with multivessel disease or 
those in cardiogenic shock, in whom remote myocardium may 
continue to be comprised with only “culprit vessel” revascular-
ization and inadequate restoration of collateral flow.95 A com-
plete revascularization restores global myocardial perfusion to 
normal levels and offers the best chance for myocardial salvage. 
Finally, there is the opportunity for controlled reperfusion to 
reverse ischemic injury and reduce reperfusion injury.

Summary
Surgical revascularization following acute MI can be per-
formed with excellent results when the timing and patient 
cohort are appropriate. Most patients do not need such mea-
sures and would not benefit from this aggressive form of ther-
apy. However, patients with mechanical complications, those 
in cardiogenic shock, and those with post-infarction angina 
are likely to benefit from early CABG.

OPERATIVE TECHNIQUES FOR ACUTE 
MYOCARDIAL INFARCTION
Anesthesia
Anesthesia is provided by a rapid narcotics-based regimen 
with perfusion and surgical teams prepared to respond to 
catastrophic hypotension or cardiac arrest. Transesophageal 
echo probes are placed in these patients if possible.

Bleeding
Bleeding is a significant complication of emergency CABG 
and can result in further myocardial depression and pulmo-
nary hypertension. Cytokine release induced by infusion of 
blood products and thromboxane A2 released as a result of 
cardiopulmonary bypass stimulate pulmonary hypertension, 
which can be catastrophic in the setting of right ventricular 
ischemia. Use of antifibrinolytics, such as aminocaproic acid, 
for re-operative, emergency, or high-risk CABG is common 
in many institutions.

The use of clopidogrel deserves special mention, and its 
expanding administration can pose unique problems for the 
cardiac surgeon. Clopidogrel, an oral, irreversible antagonist 
of the 5′-adenosine diphosphate that inhibits platelet acti-
vation and aggregation, is used extensively in patients with 
acute coronary syndromes and has been shown to lower car-
diovascular risk by up to 20% and reduce reinfarction and 
stroke rates.96,97 In addition, it is commonly given before 
percutaneous interventions and after intracoronary stent-
ing to prevent thrombosis. Higher loading doses have been 
used with increasing efficacy against ischemic complica-
tions, which will likely expand its use in the future.98 How-
ever, patients frequently require surgical revascularization 
after medical therapy or cardiac catheterization while taking 

clopidogrel. The risk of bleeding after clopidogrel and car-
diac surgery can be substantial. In multiple reports, the risk 
of reoperation for hemorrhage in patients receiving clopido-
grel within 7 days of cardiac surgery was six times higher, 
and patients required more blood, platelet, and fresh-frozen 
plasma transfusions.99,100 Because of these complication rates 
and the inability to reverse the drug’s effect on platelets, sur-
gery is often delayed until platelet function is restored, which 
may take up to 7 days, or the life of the platelets. Emergent 
surgery while taking clopidogrel often necessitates blood 
product transfusions and confers significant morbidity, and 
possibly mortality. Ongoing work continues in an effort to 
determine if current dosing regimens after acute MI can be 
reduced to lessen bleeding complications.

Choice of Conduits
For emergency cases, the choice of conduit should usually 
not differ from elective cases in most circumstances. The 
internal mammary artery is not associated with a higher 
number of complications compared with saphenous vein 
grafting in emergent situations and can be used in most 
circumstances.101,102

Intraoperative Considerations
Decompression of the ventricle during revascularization 
after acute coronary occlusion decreases muscle damage and 
improves functional outcome by decreasing wall tension 
and reducing oxygen consumption (Figs. 22-8 and 22-9).36 
In fact, ventricular decompression reduces metabolic energy 
consumption by 60%. Diastolic basal arrest, by avoiding the 
energy of contraction, is the second most important means of 
minimizing oxygen consumption and further reduces meta-
bolic energy consumption by 30%. Cooling of the patient and 
heart has an impact on the final 10% of basal energy require-
ments. Reduction of myocardial energy consumption is best 
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FIGURE 22-9 (A) Myocardial oxygen uptake (MvO2), measured in 
milliliters per 100 grams per minute, in beating and working, beat-
ing and empty, and arrested hearts. Values after cardioplegia were 
determined both during cardiopulmonary bypass (cardioplegia) and 
during regional cardioplegic reperfusion in the working heart (dys-
kinetic muscle). Note (1) marked fall in MvO2 with cardioplegia in 
the decompressed heart and (2) oxygen requirements of dyskinetic 
muscle increase fivefold over cardioplegia alone, and equal almost 
55% of beating, working needs. (B) Regional oxygen uptake during 
selective cardioplegic reperfusion in dyskinetic and vented cardiac 
muscle. Stippled areas show requirements in working heart (8.5-10.5 
mL/100 g/min). Note (1) high oxygen demands of dykinetic muscle 
and (2) marked reduction in demands when noncontracting muscle 
is decompressed by venting. (Reproduced with permission from Allen 
BS, Rosenkranz ER, Buckberg GD, et al: High oxygen requirements 
of dyskinetic cardiac muscle, J Thorac Cardiovasc Surg. 1986 Sep;92(3 
Pt 2):543-552.)

achieved by early institution of cardiopulmonary bypass to 
maintain a high perfusion pressure. If a coronary salvage cath-
eter has been placed across a tight coronary lesion, the cath-
eter is left in place until just before cross-clamping. Antegrade 
and retrograde cardioplegia catheters are placed before cross-
clamping to allow quick instillation of retrograde cardioplegia 
and protection of the territory supplied by the occluded or 

compromised vessel. The standard Buckberg protocol is fol-
lowed, including warm induction to allow regeneration of 
depleted adenosine triphosphate stores. If the territory at risk 
is to be grafted by saphenous vein, this anastomosis is per-
formed first to allow direct instillation of cardioplegia into 
the territory at risk. The proximal anastomoses should be per-
formed before removal of the cross-clamp to allow complete 
perfusion of the entire heart upon removal of the cross-clamp.

Although large ventricular aneurysms are treated by resec-
tion and patch, debate surrounds smaller aneurysm. If an aneu-
rysm is resected, the defect is repaired with a patch of bovine 
pericardium sewn to the fibrotic rim of the endoaneurysm sur-
face. The native left ventricular wall is closed over the patch.

Utilization of the Dor procedure (endoventricular circular 
patch plasty repair) in the post MI setting is another contro-
versial subject. Some data have shown that surgical remod-
eling improves systolic function, ejection fraction, and 
intraventricular dyssynchrony, whereas other data suggest 
no additional benefit when the Dor procedure is added to 
CABG.103-106 Further investigation is needed to definitively 
answer this question.

Postoperative Care
A higher incidence of complications in shock patients com-
pared with non-shock emergencies has been reported. Guy-
ton and associates87 report a 47% complication rate associated 
with cardiogenic shock compared with 13% for patients with 
non-shock emergencies. This increase in complications prob-
ably reflects the preoperative condition of the patients as 
much as the treatment itself. Long-term follow-up in patients 
after emergency surgical revascularization shows that survival 
rates are closely correlated with postoperative ejection frac-
tion and left ventricular size.107,108

USE OF THE INTRA-AORTIC 
BALLOON PUMP
The early use of aortic counterpulsation with an IABP dem-
onstrated the safety but not efficacy of this device for patients 
in cardiogenic shock following acute MI.109 Although survival 
was not improved, aortic counterpulsation did improve the 
myocardial oxygen requirements and myocardial energetics 
were reduced in patients in shock.

Over the last several decades, multiple studies have been 
performed to help define the role for IABP in acute MI. Early 
reports demonstrated that aortic counterpulsation decreased 
the reocclusion rate, recurrent ischemia, and need for emer-
gency PCI in patients who had coronary patency reestab-
lished by emergency cardiac catheterization after acute MI.110 
Prophylactic counterpulsation for 48 hours sustained patency 
in these patients without increasing vascular or hemorrhagic 
complications.110 However, additional randomized trials have 
been performed which have questioned the advantage of IABP 
in cardiogenic shock secondary to MI.111 Recently, the ACC/
AHA guidelines have downgraded the recommendation for 
IABP use in cardiogenic shock from a Class I to Class IIa 
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recommendation.38 The IABP-Shock II Trial randomized 
patients with cardiogenic shock complicating acute MI who 
were undergoing early revascularization and optimal medi-
cal therapy to IABP versus control.112 The 30-day outcomes 
showed no survival benefit with IABP support. In addition, 
these patients were subsequently followed for 6-month and 
12-month follow-up to determine the long-term impact of 
IABP support. There was no significant difference in mortal-
ity, reinfarction, repeat revascularization or stroke.113

For patients who undergo early revascularization, the 
empiric addition of aortic counterpulsation with an IABP 
will not improve the patient’s outcome; however, the IABP 
remains a useful adjunct for patients who are awaiting revas-
cularization or continue to show signs of ischemia after 
revascularization. Placement of an IABP is also reasonable in 
patients who remain in cardiogenic shock despite adequate 
revascularization and optimal medical management if it may 
aid in stabilizing a patient for more definitive therapy, that 
is, mechanical circulatory support (MCS). The use of IABP 
is also effective for temporary hemodynamic stabilization in 
complications of acute MI, such as ventricular septal rup-
ture, acute mitral valve insufficiency,114 post-infarct angina,115 
ventricular arrhythmias,116 and acute heart failure following 
infarction.117

ROLE OF MECHANICAL 
CIRCULATORY SUPPORT
One area of ongoing development involves the use of MCS 
for cardiogenic shock. Mechanical assist devices augment sys-
temic perfusion and prevent end-organ damage while resting 
the stunned ventricle with complete or partial pressure-vol-
ume unloading.118 Early studies of implantable LVADs have 
shown that end-organ function is an early predictor of mor-
tality. Treatment of patients before end-organ deterioration 
is essential to improving the odds for long-term survival. In 
addition to affecting end-organ function, assist devices pro-
mote “reverse remodeling” by improving myocardial contrac-
tility and calcium handling, altering the extracellular matrix, 
and decreasing myocardial fibrosis.119,120 Recent studies have 
shown that circulatory support early after MI improves sur-
vival and offers a feasible bridge to recovery or transplanta-
tion.82,121 Although still in its early stages, many institutions 
are working to develop the optimal strategy for adding MCS 
to their treatment algorithms for ACS. There are essentially 
three categories of MCS available, and the choice of type of 
support depends on a number of variables.

VA-ECMO is one option available for MCS in acute MI 
patients. Its primary use is in cardiogenic shock or cardiac 
arrest after acute MI, as it can often be placed rapidly and 
without moving the patient. There may be additional benefits 
to inserting cannulas under fluoroscopic-guidance while the 
patient is in the cath lab. Because it can be performed expedi-
tiously, it is a useful first-line MCS therapy for these patients.

Another option available in this situation is percutaneous 
VADs. These include the Impella 2.5, CP or 5.0 (Abiomed 

Europe GmbH, Aachen, German), the TandemHeart (Cardiac 
Assist, Pittsburgh, PA, USA), and the Hemopump (Johnson & 
Johnson, Racho Cordova, CA, USA). These are also devices 
that can be implanted percutaneously in the cath lab to aug-
ment cardiac output in patients undergoing post-infarct 
PCI. The TandemHeart provides up to 4 L/min of sup-
port, producing a higher mean blood pressure and cardiac 
output, and lowering pulmonary capillary wedge pressure.122 
Likewise, the Impella device can provide between 2.5 L/min 
and 5 L/min depending on the model, and in small series, 
may offer superior hemodynamic support when compared 
with an IABP.123

Finally, another more invasive option for mechanical 
support in post-MI patients involves implantable VADs. 
Again, there are multiple reports utilizing different types of 
VADs in this particular situation. These include ABIOMED 
ventricular support system (Abiomed, Inc., Danvers, MA, 
USA), the Thoratec paracorporeal system (pVAD), the Tho-
ratec Centrimag Blood Pump (Thoratec Corp., Pleasnaton, 
CA, USA), and the Syncardia ventricular support system (Syn 
Cardia Systems, Inc., Tucson, AZ, USA). An important con-
sideration when selecting a device is whether there is likely to 
be recovery of adequate ventricular function or not. If there is 
an expectation of recovery, or if the plan is for surgical revas-
cularization at the time of ventricular support, then a tem-
porary LVAD would be the more reasonable approach. If the 
patient is unable to be weaned from their temporary LVAD, 
then a long-term device remains an option. Likewise, if the 
patient’s ventricular function is not expected to recover, and 
in particular, if there are no plans for revascularization, then 
proceeding with a long-term LVAD may be the best course. 
Another factor that is part of this algorithm is whether the 
patient is potentially a transplant candidate or not. There are 
many variables which may impact the feasibility of this strat-
egy, and some of them are exclusive of the patient’s overall 
condition. For example, the patient’s gender, size, blood type, 
and local allocation limitations will all impact the expected 
waiting times, and may preclude transplant as a viable option 
without long-term mechanical support. The decision-making 
in these instances involves a multidisciplinary team to opti-
mize resource utilization for these patients. Enthusiasm for 
using mechanical support to help patients survive their acute 
infarcts is growing at many institutions across the country. 
With the development and refinement of these techniques 
and the ability to fit the right strategy to the right patient, 
we expect outcomes to improve for this group of critically ill 
patients. A full discussion of short-term and long-term MCS 
is reported in Chapters 18 and 66.

SURGICAL MANAGEMENT
The use of MCS in the setting of an acute MI is continu-
ing to evolve. Many patients with an acute MI requiring 
consideration for mechanical support are in a state of uncer-
tainty. They are by definition, unstable, and many will have 
already received, or will be in the process of receiving CPR. 
The status of their end-organ function and their neurologic 
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552 Part III Ischemic Heart Disease

function is unclear. In these situations, one option is to 
utilize peripheral VA-ECMO in an attempt to stabilize the 
patient. This can usually be done in the catheterization lab 
either via a percutaneous or cut-down technique. Femoral 
artery and venous cannulas are placed and the patient is 
connected to the ECMO circuit. Flow is initiated to pro-
vide as much cardiac output as possible. With adequate 
flow to maintain a normal cardiac output, vasoactive medi-
cations, including pressors and inotropes, can be weaned. 
There are several advantages to this approach. First, it allows 
clinicians the opportunity to assess the patient’s neurologic 
function before embarking on a more invasive procedure or 
long-term support. The patient can wake up and undergo a 
complete neurologic evaluation while on VA-ECMO sup-
port. This is most important for patients who have received 
CPR prior to initiation of MCS. Second, VA-ECMO 
preserves, and in some cases, allows recovery of the end-
organ function as patients can typically be weaned off of 
inotropes and pressors entirely. Again, this is an important 
part of the algorithm as preserved end-organ function will 
greatly improve the likelihood that a patient will survive the 
additional steps needed to bridge the patient to recovery, a 
long-term LVAD, or transplantation. Initiation of periph-
eral VA-ECMO can also decompress the heart and allow 
an opportunity for recovery. With the heart decompressed, 
there is less wall tension and stress, primarily, on the right 
ventricle. Although there is increased afterload on the 
left ventricle with VA-ECMO, there are several strategies 
designed to decompress the left side and allow the myocar-
dium to recover. An in-depth discussion regarding options 
to assist in decompressing the left ventricle on VA-ECMO is 
beyond the scope of this chapter, but these options include 
inotropes, IABP, Impella, and surgical vents.

If patients have survived the initial event with VA-ECMO 
support, then they can proceed to the next step which is 
an evaluation for signs of myocardial recovery and a deter-
mination of the need for long-term mechanical support 
(Fig. 22-10). The patients have usually already received a 
coronary angiogram, and if feasible, an attempt at PCI. If the 
myocardium has recovered the patients can be weaned from 
ECMO and decannulated. However, if they fail to wean, 
then a determination of their candidacy for a long-term 
LVAD or transplant is made. The decision to place a long-
term LVAD is influenced by many factors, but can be sum-
marized by their score on a screening scale designed for this 
purpose (Table 22-6). These scores were selected to identify 
end-organ dysfunction (lung, liver, or kidney) and operative 
constraints (right-sided heart failure and bleeding). Excellent 
results have been reported with nearly a 90% survival if the 
summed scores are less than 5 points, versus 30% survival 
with summed scores greater than 5 points.124 For this reason, 
if the total score is greater than 5 points, an attempt is made 
to improve end-organ function before attempting long-term 
LVAD insertion.

These algorithms continue to be refined as experience with 
mechanical support grows. Utilizing a short-term option such 
as VA-ECMO or a nonimplantable LVAD to stabilize the 

Cardiogenic shock

No

No

No

No No YesYesYes

Yes

No

PTCA/CABG*

*PTCA = percutaneous transluminal coronary angioplasty; CABG =
 coronary artery bypass grafting. Choice of therapy is made based
 on the lesion(s) and comorbid factors.
†Choice of mechanical support is based on many factors (see text,
along with other chapters).

Yes

Yes
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stable?
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medical

Recurrent
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Medical
treatment

Suitable for
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revascularization
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stable?

FIGURE 22-10 Acute myocardial infarction algorithm.

patient, preserve their end-organs, and ensure adequate neu-
rologic function has been an important advancement in the 
care of these critically ill patients. Identifying which patients 
will benefit most from implantation of long-term devices is 
an area of ongoing investigation.

TABLE 22-6: Preoperative Risk Scale for Left 
Ventricular Assist Device Placement*

Criteria Points

Urine output < 30 cc/h 3
Intubated 2
Prothrombin time > 16 s 2
Central venous pressure > 16 mm Hg 2
Reoperation 1
*A combined score of >5 is associated with a 70% mortality risk.
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 Chapter 22 Myocardial Revascularization after Acute Myocardial Infarction 553

CONSENSUS GUIDELINES
The initial evaluation and management of a patient suffering 
from a MI begins before the patient arrives to the hospital. 
First responders in the field are trained to perform the ini-
tial ECG, and initiate treatment algorithms based upon these 
findings and the overall condition of the patient. Throughout 
the literature, this point of contact marks the time of FMC, 
which will impact the steps that follow.

Based upon the definitions as previously stated, patients 
are categorized as either STEMI or NSTEMI. Patients who 
meet criteria for STEMI are evaluated for urgent or imme-
diate reperfusion. Again, the approach for reperfusion will 
depend upon the patient’s location and the medical resources 
available to them at their destination hospital.

The recent executive summary update to the STEMI 
guidelines has attempted to outline these issues (regional sys-
tems of STEMI care, reperfusion therapy, and time-to-treat-
ment goals) with the following Class I recommendations38:

1. Performance of a 12-lead electrocardiogram (ECG) by 
emergency medical services personnel at the site of first 
medical contact (FMC) is recommended in patients with 
symptoms consistent with STEMI

2. Reperfusion therapy should be administered to all eligible 
patients with STEMI with symptom onset within the 
prior 12 hours

3. Primary PCI is the recommended method of reperfusion 
when it can be performed in a timely fashion by experi-
enced operators

4. Emergency medical services transport directly to a PCI-
capable hospital for primary PCI is the recommended 
triage strategy for patients with STEMI, with an ideal 
FMC-to-device time system goal of 90 minutes or less

5. Immediate transfer to a PCI-capable hospital for primary 
PCI is the recommended triage strategy for patients with 
STEMI who initially arrive at or are transported to a non-
PCI-capable hospital, with an FMC-to-device time system 
goal of 120 minutes or less

6. In the absence of contraindications, fibrinolytic therapy 
should be administered to patients with STEMI at non-
PCI-capable hospitals when the anticipated FMC-to-
device time at a PCI-capable hospital exceeds 120 minutes 
because of unavoidable delays

7. When fibrinolytic therapy is indicated or chosen as the 
primary reperfusion strategy, it should be administered 
within 30 minutes of hospital arrival

An additional class IIa recommendation is as follows:

1. Reperfusion therapy is reasonable for patients with 
STEMI and symptom onset within the prior 12 to  
24 hours who have clinical and/or ECG evidence of 
ongoing ischemia. Primary PCI is the preferred strategy 
in this population

These strategies are outlined in Fig. 22-10.
In summary, the initial decision making involves a deter-

mination of the expected time from FMC to revascularization 

by PCI. If the FMC-to-device time is expected to be greater 
than 120 minutes, then it is recommended that patients 
receive fibrinolytics. The next step in the algorithm was eval-
uated by the TRANSFER-AMI trial.125 Here, patients who 
had received fibrinolytics were randomized to either standard 
treatment (which included rescue PCI, if required) or a strat-
egy of immediate transfer to another hospital and PCI within 
6 hours of fibrinolysis. At 30 days, patients assigned to rou-
tine early PCI had a statistically significant reduction in the 
incidence of the primary end point which was the composite 
of death, reinfarction, recurrent ischemia, new or worsen-
ing congestive heart failure, or cardiogenic shock (11.0 vs 
17.2%).125 Thus, this trial supports an aggressive approach to 
transferring patients for PCI even after receiving thrombolyt-
ics for an acute MI.

The same Executive Summary of STEMI Guidelines 
included recommendations regarding surgical therapy.38

Class I recommendations include:

1. Urgent CABG is indicated in patients with STEMI and 
coronary anatomy not amenable to PCI who have ongo-
ing or recurrent ischemia, cardiogenic shock, severe heart 
failure, or other high-risk features

2. CABG is recommended in patients with STEMI at time 
of operative repair of mechanical defects

Class IIa recommendations include:

1. The use of mechanical circulatory support is reasonable in 
patients with STEMI who are hemodynamically unstable 
and require urgent CABG

Class IIb recommendations include:

1. Emergency CABG within 6 hours of symptom onset may 
be considered in patients with STEMI who do not have 
cardiogenic shock and are not candidates for PCI or fibri-
nolytic therapy

FUTURE THERAPIES AND TRENDS
Improving outcomes in patients suffering acute MI can occur 
through pharmacologic advances, optimization of existing 
practices, and application of new technology. Various medi-
cations have been described that reduce ischemic-reperfusion 
injury and limit infarct size in animal models, such as oxy-
gen-derived free radical scavengers, folic acid, nitric oxide 
inhibitors, and others126; clinical study of these promising 
drugs will determine their efficacy. Reducing transport time 
to the hospital after the onset of symptoms and implementa-
tion of clinical guidelines have been the focus of many hos-
pitals and emergency services. The increased number of local 
hospitals able to perform primary percutaneous interven-
tions has meant quicker revascularization and thus improved 
outcomes.27 In addition, the technology used to treat these 
patients continues to improve. New wires, catheters, bal-
loons, and stents continue to be developed and improved 
upon compared with previous generations. Furthermore, the 
optimization of the medical treatment of these patients is an 
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554 Part III Ischemic Heart Disease

area of ongoing research and development. Improved anti-
platelet and anticoagulation strategies are just one example. 
With more experience, widely available guidelines have been 
developed and published in an effort to standardize care for all 
patients across the country, regardless of where they present. 
This will also allow for better data collection and assessment 
and comparisons, and ultimately improvement in strategies.

Surgically, we continue to develop and improve our tech-
niques for surgical revascularization. This includes advances in 
myocardial protection, and refinements in the cardiopulmo-
nary bypass circuit to limit the physiologic insult of surgery. 
MCS has advanced greatly over the past 10 years, and pumps 
have become smaller, safer, less invasive, easier to use, and 
easier to implant. In addition, patients who remain in cardio-
genic shock despite inotropes and revascularization are being 
identified as candidates for MCS. There is likely to be con-
tinuing review of the role of intra-aortic balloon counterpul-
sation in the management of STEMI with cardiogenic shock. 
Another area for investigation includes the optimal timing 
for surgical revascularization should percutaneous options 
fail or be unavailable. The availability of MCS backup, may 
allow for successful surgical revascularization and recovery in 
patients previously deemed not operative candidates because 
of their high surgical risk.

Finally, the rapidly emerging field of cellular therapy holds 
great promise for repair of damaged myocardium. A number 
of cell types, such as endothelial progenitor cells, mesenchy-
mal stem cells, skeletal myoblasts, resident cardiac stem cells, 
and embryonic stem cells, are being investigated127; the opti-
mal cell type, mode of delivery (intracoronary artery infusion, 
intravenous infusion, transendocardial injection, and transepi-
cardial injection), and timing of administration have yet to 
be determined. Nevertheless, early clinical trials suggest that 
cellular therapy may offer benefits. One-year follow-up of 59 
patients suffering acute MI in the TOPCARE-AMI trial who 
received either circulating progenitor cells or bone marrow-
derived progenitor cells demonstrated increased cardiac func-
tion and reduced ventricular dimensions, without adverse 
events.128 Precultured mesenchymal cells also offer great prom-
ise by allowing cells from an unrelated donor to be adminis-
tered without the complications of an individual tissue harvest. 
The safety of these cells given intravenously after percutane-
ous revascularization in acute MI was recently published, and 
efficacy studies are ongoing.129 Numerous other clinical trials 
are underway to address questions regarding mechanisms of 
benefit, cell viability, and dosing. Further randomized clinical 
trials will be required to establish outcome benefit.

Effective management of acute MI requires a well-coor-
dinated plan that starts with first medical contact. Rapid 
diagnosis and transport to the appropriate institution in the 
first step. If the diagnosis is an ST-elevation MI, then the pri-
ority is reperfusion. Depending on the available resources, 
this will require transport to a facility with emergency-PCI 
capabilities. If this is not possible, then thrombolytics should 
be administered if there are not contraindications. If either 
of these options are not available, or are unsuccessful, the 
patient should undergo an evaluation for emergency CABG.

The initial management is the same in patients who are in 
cardiogenic shock; however, facilities managing these patients 
should have available means of providing additional support. 
If a reperfused patient remains in shock despite inotropes, 
pressors, and an IABP, consideration should be given to pur-
suing MCS.
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The term minimally invasive coronary artery bypass grafting 
(CABG) is not well defined. According to one definition, 
avoidance of cardiopulmonary bypass (CPB) is considered 
essential in decreasing the morbidity associated with conven-
tional CABG.1 Other authors consider median sternotomy 
as a potential source for morbidity, due to increased risk of 
deep sternal wound infection and mediastinitis and delayed 
return to daily activities.2 Accordingly, a number of surgical 
strategies have evolved to avoid the need for extracorporeal 
circulation and minimize surgical access. Furthermore, elud-
ing aortic manipulation and complete arterial revasculariza-
tion are operative strategies that focus on improving short 
and long-term results. Likewise, it was widely recognized 
that conventional harvesting techniques for bypass grafts are 
often associated with wound-healing problems, especially in 
diabetic patients. As a consequence, endoscopic harvesting 
techniques for both, venous and radial artery grafts have been 
developed.

OFF-PUMP CORONARY ARTERY 
BYPASS (OPCAB) GRAFTING
Conventional CABG has been performed with CPB under 
cardioplegic arrest for decades. An empty, arrested heart, 
a bloodless surgical field, and an excellent exposure of all 
epicardial vessels have been considered to be the key factors 
for the success of this procedure. Excellent results and con-
stantly declining mortality despite the ever-increasing risk 
profile of patients (Davierwala) have made standard CABG 
the “bread and butter” of our profession.3 Anecdotal reports 
on the deleterious effects of CPB and systematic reports that 
examined the pathophysiology of extracorporeal circulation 
began questioning the dogma, “the pump is your friend.” 
CPB is associated with (1) a systemic inflammatory response, 
(2) release of cytokines, (3) activation of the clotting cascade, 
(4) metabolic disturbances, and (5) microembolization 
among numerous other adverse effects. Although well toler-
ated by most patients, these effects alone or in combination 
may cause substantial morbidity, thus negatively affecting the 
results of the procedure. With an ever-aging population and 
increasing comorbidity, surgeons all over the world sought to 

further minimize the risk of CABG, and it seemed logical to 
question the role of CPB in CABG.

The evolution of off-pump coronary artery bypass 
(OPCAB) grafting is closely linked to the development of 
stabilizers that became available in the early 1990s. Initially, 
only pressure stabilizers were developed, but it soon became 
obvious that exposure of vessels on the posterolateral and 
inferior walls of the heart would require additional means 
of support. Hence, OPCAB gained greater popularity when 
vacuum-assisted stabilizers were introduced by the Utrecht 
group, which facilitated localized myocardial immobiliza-
tion for all territories. Additionally, it was also recognized 
that OPCAB requires a team approach between the surgeon 
and anesthesiologist so as to prevent sudden hemodynamic 
changes during the procedure and to manage the same when 
they do occur.

Anesthesia Requirements
OPCAB is performed under general anesthesia in most 
centers. Incidental reports in literature demonstrate that 
OPCAB can also be performed under high epidural anesthe-
sia in an awake patient breathing spontaneously.4 Standard 
monitoring is used. In addition, some centers prefer continu-
ous cardiac output measurement using the PICCO or similar 
methods.5 A Swan-Ganz catheter is not always beneficial and 
contrarily can potentially cause arrhythmias when the heart is 
manipulated during the procedure. It is of utmost importance 
that the patient is kept warm at all times during the opera-
tion. Temperature management includes the use of a warm-
ing blanket and warm infusions, and maintaining higher the 
room temperatures. Volume management is essential because 
it is generally the preferred means to counterbalance hemody-
namic changes. Exposure of the posterior wall results in severe 
hemodynamic compromise due to some degree of right ven-
tricular compression under the right hemisternum, but can 
be treated adequately by increasing venous return by tilting 
the operating room table to the right in a Trendelenburg posi-
tion. Excessive infusion of fluids should be avoided, especially 
in patients with end-stage renal disease (ESRD), as hemofil-
tration is not possible during surgery due to the absence of 

Minimally Invasive 
Myocardial Revascularization
Piroze M. Davierwala • David M. Holzhey • Friedrich W. Mohr 

23

Cohn_ch23_p0559-0574.indd   559 12/04/17   2:29 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



560 Part III Ischemic Heart Disease

CPB. The use of inotropes should be preferably reserved only 
in patients with severe hemodynamic alterations, because 
they invariably increase the heart rate and make grafting more 
difficult. A review of human factors associated with manual 
control and tracking revealed that a human operator can, at 
his or her best, track a three-dimensional motion (such as the 
beating heart) only up to a frequency of 1 Hz, which cor-
responds to a heart rate of 60 beats per minute.6 Higher fre-
quencies cannot be tracked; therefore the preferred heart rate 
should be maintained between 50 and 70 beats per minute 
to simplify anastomotic suturing. In case of atrial fibrillation 
(AF), pharmacologic reduction in the heart rate and tem-
porary ventricular pacing using epicardial pacing wires may 
facilitate grafting. The use of a Cell Saver is recommended to 
minimize the risk of blood transfusion, which is rarely neces-
sary. If less than 500 mL is accumulated, the blood is usually 
discarded in the Cell Saver.

Surgical Technique
Single or bilateral internal thoracic arteries (ITA) are har-
vested following a standard median sternotomy. The patient 
is heparinized (150-200 units/kg, ie, about half of CPB 
dosage). An activated clotting time (ACT) greater than 300 
seconds is maintained. It may be necessary to open the right 
pleura in patients with severely dilated hearts, although 
some surgeons do it routinely to give the heart enough 
space during manipulation for exposure of the posterolat-
eral wall. It avoids excessive compression of the right ven-
tricle. Following pericardiotomy, it is advisable to hitch the 
left side of the pericardium onto the left sternal edge. There-
after, the two edges of the sternum are spread out with the 
sternal retractor. This helps not only in rightward rotation 
of the heart, but also elevates the heart to a certain degree, 
which additionally facilitates exposure of vessels on the pos-
terolateral wall. Subsequently, deep pericardial stay sutures 
are placed to further aid in exposure and manipulation of 
the heart. Numerous methods have been proposed for plac-
ing these sutures. Ideally, two sutures are placed deep into 
the pericardium (deeper than the level of the atrioventricu-
lar groove), one just medial to the inferior vena cava and 
the other just inferior to the left inferior pulmonary vein 
(Fig. 23-1). To avoid damage to the myocardium due to 
shearing, the sutures should be covered by plastic tubing; 
sponges may be used alternatively. Placement of the stay 
sutures should be done slowly because abrupt changes in 
positioning of the heart may cause undesired hemodynamic 
alterations or arrhythmias.

The sequence in which the grafting should be performed 
depends largely on the coronary anatomy and the graft-
ing techniques used. The left anterior descending (LAD) 
artery is considered to be the most important target vessel 
and can be easily grafted without too much manipulation 
of the heart. Therefore, revascularization should start with 
an ITA graft to the LAD in most cases. A slight pull on the 
stay sutures easily brings the LAD into the operative field. 
The stabilizer is placed at the desired site of the anastomosis 

so as to ensure adequate distance between the pods of the 
stabilizer and the vessel for suturing. The anterior surface of 
the vessel is exposed by dissecting it free from the overlying 
tissue. If the vessel is covered by excessive fat or muscle, low-
energy cautery and clipping of epicardial veins may help to 
minimize bleeding from the surrounding tissue. Mechanical 
compression of large diagonal branches should be avoided. 
Vacuum stabilizers should be locked only after vacuum is 
applied and the stabilizer firmly holds on to the surface. 
Only minimal pressure will then be required to immobilize 
the heart. The greater the pressure exerted by the stabilizer, 
the greater the force with which the heart beats against it, 
resulting in increasing wall motion and hence the difficulty 
in anastomosis. Temporary occlusion of the target vessel 
can be achieved in many ways. Complete or partially encir-
cling 4-0 polypropylene sutures with or without pledgets 
or silastic tapes are commonly used widely. The occlusion 
tapes or sutures should be placed at a distance of at least 
5 to 10 mm from the anastomosis to avoid compression 
and distortion of the target vessel at the level of the anas-
tomosis, thus allowing for safe and comfortable suturing. 
The suture needs to be placed deep enough in the tissue to 
avoid damage of the target vessel. Injury to the accompany-
ing coronary vein should be avoided to prevent bleeding 
at and around the anastomotic site. Distal coronary artery 
occlusion should be avoided and is rarely necessary even 
in occluded vessels with strong backflow. A shunt can be 
used in the latter case. Care must be taken to avoid occlud-
ing vessels in stented areas because the occlusion sutures/
tapes may bend or kink an implanted stent. The incision 
is usually made before the occlusion suture is tightened to 
ensure that the vessel is full, as it will minimize the risk of 
back wall injury while opening the vessel. The suture then 
is tightened gently until the bleeding stops. This may not 
be necessary in totally occluded vessels with minimal coro-
nary blood flow. A CO2 blower-mister is used to maintain 
a clear field of vision during the anastomosis by blowing 

FIGURE 23-1 Setup for off-pump coronary artery bypass grafting. 
Placement of pericardial stay sutures.
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 Chapter 23 Minimally Invasive Myocardial Revascularization 561

away the blood flowing retrograde from septal branches or 
the distal coronary artery. The CO2 flow rate should not 
exceed 5 L/min. Excessive blowing can produce dissection 
or injury to the intima of both, the graft and the coronary 
artery, or cause air embolism. The use of coronary artery 
shunts is controversial because they also may cause endothe-
lial damage. If shunts are used, care must be taken to ensure 
atraumatic placement. Another option is the use of a trans-
parent reverse thermosensitive gel (LeGoo, Pleuromed 
Inc., Woburn, MA) injected at the anastomotic site after 
incising the coronary artery, which temporarily blocks the 
blood flow allowing an almost bloodfree anastomotic site. 
The anastomosis can then be performed without a blower-
mister, shunt, or occlusion snares. The gel completely dis-
solves with time (after approximately 15 minutes) or with 
the local application of a cold sponge or gauze.7,8

The circumflex artery and its branches are usually grafted 
next, especially when a composite Y/T-grafting technique is 
used. Grafting the distal circumflex artery is considered to 
be the most challenging during OPCAB because exposure 
may be difficult. In patients with cardiomegaly and more 
importantly in those with right ventricular dilatation and 
dysfunction, it may be necessary to open the right pleura 
and divide the right-sided pericardium at the diaphragm up 
to the level of the inferior vena cava. This allows displacement 
of the heart under the right sternal edge into the right pleural 
cavity, thus preventing the compression of the right ventricle. 
Thereafter, the right coronary artery (RCA) and its branches 
are grafted. If the RCA is the dominant vessel and has a steno-
sis less than 80%, it may be necessary to use a shunt because 
loss of blood flow in the atrioventricular (AV) nodal artery 
during occlusion of the RCA can cause acute total AV block. 
It is therefore advisable to place and connect a temporary pac-
ing wire before occluding such vessels.

To maximize both the short- and long-term benefits of 
an OPCAB procedure, composite arterial grafting is pre-
ferred. This will obviate the need for aortic clamping, which 
is another source for emboli and an independent predictor 
of stroke.9 In fact, some authors believe that avoiding aortic 
manipulation is the key factor in reducing the stroke risk fol-
lowing CABG below that after percutaneous coronary inter-
vention (PCI).

If aortocoronary vein or radial grafts are used, the proxi-
mal or distal anastomosis can be performed first. However, in 
patients with critical ischemia or hemodynamic instability, 
it would be beneficial to perform the proximal anastomosis 
initially, as it can be performed without manipulating the 
heart and the myocardium is revascularized as soon as the 
distal anastomosis is completed. It is of utmost importance to 
reduce the systemic blood pressure during partial clamping of 
the aorta to minimize the risk of embolization and aortic dis-
section. This can be achieved pharmacologically or mechani-
cally by briefly compressing the inferior vena cava. This 
maneuver should also be repeated prior to declamping. Intra-
operative graft patency control using transient-time Doppler 
or other imaging techniques is recommended. If the operative 
field is dry, heparin usually is not completely antagonized. 

Postoperatively, aspirin is administered on the day of surgery, 
provided the patient does not bleed to muchion.

Special Situations
In patients with unstable angina, acute cardiogenic shock, or 
low ejection fraction (EF < 20%), the preoperative implanta-
tion of an intra-aortic balloon pump (IABP) may be useful. 
Alternatively, these patients can be operated on CPB without 
cardioplegic arrest (on-pump beating heart) to combine the 
advantages of preserved native coronary blood flow, decom-
pression of the heart, and adequate organ perfusion.13,14 
Patients with AF have an irregular contraction pattern that 
may distract the surgeon while suturing (regular-motion pat-
terns allow the development of coping strategies such as the 
“wait and see” strategy that are less effective when motion is 
unpredictable5). It may, therefore, be helpful to reduce the 
heart rate pharmacologically and temporarily pace the patient 
in a VVI mode. If AF is paroxysmal, epicardial ablation may 
be used for pulmonary vein isolation on the beating heart 
before grafting.

Results
Bakaeen et al reported recently that the number of OPCABs 
performed in the United States peaked in 2002 (23%) and 
2008 (21%), followed by a steady decline to 17% in 2012. 
The last 5 years has witnessed a reduction in OPCAB rates 
not only in intermediate-volume centers performing between 
50 and 200 cases a year, but also in high-volume centers per-
forming >200 cases a year. They further reported that 84% of 
centers performed fewer than 50 off-pump cases per year, 34% 
of surgeons performed no off-pump operations, and 86% of 
surgeons performed fewer than 20 off-pump cases per year.17 
However, in some countries, especially, those with limited 
medical and financial resources, OPCAB still accounts for 
almost 80% of CABG procedures. Some units almost exclu-
sively perform OPCAB with no patient selection. One of the 
major reasons for this decline is the results of several random-
ized controlled trials that have been unfavorable for OPCAB. 
The ROOBY trial reported a worse composite outcome of 
death and complications (9.9 vs 7.4%, p = .04), higher rate of 
incomplete revascularization (17.9 vs 11.1%; p < .0001), and 
a lower graft patency rate (82.6 vs 87.8%, p < .01) for OPCAB 
than on-pump CABG at 1 year. The Danish off-pump versus 
on-pump randomization study (DOORS) which included 
900 patients > 70 years of age found no difference in the 
compound clinical endpoints between the two techniques at 
30 days and 6 months.16 However, the DOORS study group 
recently published a subanalysis, which revealed significantly 
inferior graft patency rates after OPCAB than after on-pump 
CABG at 6 months (79 vs 86%; p = .01).17 Nevertheless, 
both these trials were not sufficiently powered to determine 
clinically relevant differences between the two techniques of 
surgical revascularization with respect to death, myocardial 
infarction, stroke, or renal failure. Sergeant and colleagues 
as well as Puskas and coworkers have pointed out that large 

Cohn_ch23_p0559-0574.indd   561 12/04/17   2:29 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



562 Part III Ischemic Heart Disease

cohorts of patients would be required to reveal a significant 
statistical difference in these outcomes between the two oper-
ative techniques.18,19 Hence, the CORONARY trial was con-
ducted, which randomized 4752 patients to OPCAB (2375) 
and on-pump CABG (2377). No differences in composite 
outcomes were found between groups at 30 days, 30 days to 
1 year, and at 1 year after surgery.20 Similarly, the German Off-
Pump Coronary Artery Bypass Grafting in Elderly Patients 
(GOPCABE) study, which involved 2539 patients > 75 years 
of age randomized to OPCAB or on-pump CABG, showed 
no difference in clinical composite or individual compo-
nents of death, stroke, MI, or renal replacement therapy at 
30 days and 12 months between the two groups.21 However, 
patients undergoing OPCAB required significantly more 
repeat revascularization at 30 days, which nonetheless evened 
out at 12 months. This finding was keeping in lieu with 
those of Khan et al, who reported reduced graft patency in 
OPCAB patients three months postoperatively.22 Contrary 
to this, other studies like the SMART and Prague IV study 
that provide angiographic data on graft patency reveal equal 
patency rates for on- and off-pump bypass surgery.23-25 This 
controversy concerning OPCAB has remained unresolved 
ever since the first reports on OPCAB regarding higher rates 
of incomplete revascularization26-29 and lower graft patency21 
were published.

OPCAB does play an important role in stroke preven-
tion, especially in patients at higher risk. A meta-analysis 
that involved all major randomized controlled trials com-
paring OPCAB with on-pump CABG between 2011 and 
2010 revealed a significant 30% reduction in the occur-
rence of postoperative stroke with OPCAB [risk ratio (RR): 
0.70]. There was no significant difference in mortality (RR: 
0.90) or myocardial infarction (pooled RR: 0.89).30 There is 
growing evidence that neurocognitive outcome is better and 
stroke rate is lower after OPCAB.31-33 Several studies have 
proven CPB to be an independent predictor of adverse neu-
rologic outcomes.34 The embolic burden that is measured by 
transit-time Doppler of the medial cerebral artery is reduced 
significantly during OPCAB.35-37 Neurological complica-
tions can be further reduced during OPCAB by perform-
ing the operation without aortic manipulation. In a recent 
retrospective analysis of 12,079 CABG patients, Moss and 
colleagues reported that the ratio of observed to expected 
stroke rate increased as the degree of aortic manipulation 
increased, from 0.48 in the no-touch group, to 0.61 in 
the clampless facilitating device group, and to 0.95 in the 
clamp group. Aortic clamping was independently associated 
with an increase in postoperative stroke compared with a  
no-touch technique (adjusted odds ratio (OR), 2.50; 
p < .01).38 OPCAB has also been associated with a reduced 
risk of acute renal failure,39-41 especially in high-risk patients 
with preoperative renal insufficiency.42,43 A meta-analysis 
of 22 randomized studies involving 4819 patients affirmed 
these findings. OPCAB was associated with a 40% lower 
odds of postoperative acute kidney injury (OR 0.60; 95% 
confidence interval (CI) 0.43 to 0.84; p = .003) and a nonsig-
nificant 33% lower odds for dialysis requirement (OR 0.67; 

95% CI 0.40 to 1.12; p = .12) than on-pump CABG.44 The 
kidney function substudy of the CORONARY trial, which 
enrolled 2932 patients, revealed that OPCAB reduced the 
risk of acute kidney injury when compared to on-pump 
CABG (17.5 vs 20.8%, p = .01); however, there was no sig-
nificant difference between the two groups in the loss of 
kidney function at 1 year (17.1 vs 15.3%, p = .23).45

Furthermore, the incidence of postoperative AF43,46 
and blood levels of biochemical markers for myocardial 
injury (eg, creatinine kinase and troponin) are also reduced 
after OPCAB.47-49 Blood loss is less, and transfusion rate is 
reduced.19 Overall, OPCAB reduces hospital costs by 15 to 
35%,50,51 possibly owing to a decrease in the length of hospi-
tal stay and resource utilization.50

Most studies favor OPCAB with respect to operative 
and short-term mortality. A retrospective analysis of 17,969 
OPCAB patients (8.8% of total) in the Society of Thoracic 
Surgeons database for the years 1999 and 2000 identified 
a significant survival advantage for OPCAB compared to 
on-pump CABG, as was demonstrated by risk-adjusted 
multivariate logistic regression analysis (OR 0.76, 95% CI 
0.68 to 0.84) and conditional logistic regression of propen-
sity-matched groups (OR 0.83, 95% CI 0.73 to 0.96).52 
Similar results have been reported from another multicenter 
analysis by Mack and colleagues, which included 7283 
patients. Following propensity score matching and multi-
variate regression analysis, the use of CPB was identified as 
an independent predictor of mortality (OR 2.08, 95% CI 
1.52 to 2.83, p < .001).53 OPCAB seems to offer a survival 
benefit especially in high-risk populations (eg, the elderly, 
those with EF < 30%, and obese patients).19,50,54,55 The Inter-
national Society for Minimally Invasive Cardiac Surgery 
Consensus Group, in a thorough meta-analysis, published 
that OPCAB reduces mortality and length of stay and the 
incidence of postoperative myocardial infarction (MI), renal 
failure, AF, and transfusion rate in mixed-risk and high-risk 
patients19 (Fig. 23-2). Few reports on mid-term survival 
showed similar outcomes for OPCAB and on-pump CABG 
at 2 and 4 years.26,56

There are limited reports comparing the long-term 
outcomes of OPCAB and on-pump CABG. Three major 
publications in the last 5 years have produced different results. 
The long-term follow-up of patients enrolled in the Beating 
Heart Against Cardioplegic Arrest Study (BHACAS 1 and 
2) showed a similar likelihood of graft occlusion between 
OPCAB (10.6%) and on-pump CABG (11.0%) groups 
(OR: 1.00; p > .99). Similarly, no differences were noted 
in the hazard of death (hazard ratio (HR): 1.24) or major 
adverse cardiac-related events or death (HR: 0.84) between 
the two groups.57 Contrarily, a large propensity-matched 
analysis of 5203 patients showed a similar risk of death at 30 
days (OR: 0.70; p = .31) and up to 1 year (HR: 1.11; p = .62) 
for OPCAB and on-pump CABG, but a higher risk of death 
for the former at a median follow-up duration of 6.4 years 
(HR: 1.43; p < .0001).58 A recent meta-analysis of 32 stud-
ies comparing the long-term outcomes of OPCAB and on-
pump CABG concluded that OPCAB has similar mid-term 

Cohn_ch23_p0559-0574.indd   562 12/04/17   2:29 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 23 Minimally Invasive Myocardial Revascularization 563

mortality and morbidity to on-pump CABG in a low-risk 
population. When observational studies were excluded a 
comparable long-term mortality was observed between the 
two surgical revascularization techniques.59 To summarize, 
OPCAB is a technically challenging operation, which requires 
a prolonged learning curve compared to conventional bypass 
graft surgery. Some surgeons perform OPCAB almost exclu-
sively, whereas others never use it at all. OPCAB may not be 
the best option for every patient or for all cardiac surgeons. It 
is, however, an important alternative and must be mastered 
with the same technical precision as conventional CABG.60 
True comparisons between OPCAB and on-pump CABG 
are extremely difficult even by randomized controlled trials 
as there are many factors such as quality of the coronary ves-
sels anastomosed, type of conduits used, grafting techniques 

(sequential, composite total arterial, venous grafts, etc), 
and competency and experience of the surgeons to perform 
OPCAB that cannot be accounted for. All the same, we have 
to wait for the results of long-term follow-up of large-scale, 
multi-institutional RCTs.

MINIMALLY INVASIVE DIRECT 
CORONARY ARTERY BYPASS 
(MIDCAB)
One of the goals of minimally invasive cardiac surgery has 
been to avoid sternotomy to reduce the amount of surgical 
trauma and avoid wound complications. Therefore, coro-
nary artery bypass techniques on the beating heart without 

Comparison of pooled outcomes for mixed-risk and high-risk patients 

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Mixed risk [level A]
Mixed risk [level B]
High risk [level B/A]

Favors
OPCAB

Favors
CCAB

Death

0.00 1.00 2.00

Stroke

AMI

Renal failure

Transfusion

Atrial fibrillation

Inotropes

Reop bleeding

Mixed-risk patients [level A] = Cheng 2004 (37 randomized trials; 3369 patients)
Mixed-risk patients [level B] = Beattie 2004 (13 nonrandomized trials; 198,204 patients)
or reston 2003 (53 trials; 46,621 patients)
High-risk patients [level B/A] = ISMICS consensus meta-analysis 2004 (42 nonrandomized
trials and 3 randomized trials; 26,349 patients) 

FIGURE 23-2 Comparison of pooled outcomes for mixed-risk and high-risk patients. Square: 3369 mixed-risk patients from 37 randomized 
trials (level A) (Cheng 2004). Dot: 198,204 patients from 13 nonrandomized trials (level B) (Beattie 2004). Triangle: 26,349 high-risk patients 
from 42 nonrandomized and 3 randomized trials (level A) (ISMICS Consensus Meta-Analysis 2004). (Reproduced with permission from Puskas J, 
Cheng D, Knight J et al: Off-Pump versus Conventional Coronary Artery Bypass Grafting: A Meta-Analysis and Consensus Statement From The 
2004 ISMICS Consensus Conference, Innovations (Phila). 2005 Fall;1(1):3-27.)
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564 Part III Ischemic Heart Disease

sternotomy were developed. The operation was termed min-
imally invasive direct coronary artery bypass (MIDCAB), and 
since its introduction in the mid-1990s,61-65 it has found a 
widespread application. In some centers, MIDCAB is the 
preferred method of surgical revascularization for isolated 
LAD disease. In addition, MIDCAB is a valuable alterna-
tive to standard CABG or OPCAB in selected high-risk 
patients with multivessel disease and extensive comorbid-
ity, who are at a prohibitively high risk for sternotomy and 
CPB.

Anesthesia
Standard monitoring techniques are applied, and tempera-
ture management is as described previously for OPCAB 
procedures. Single-lung ventilation is achieved by using a 
double-lumen tube or bronchus blocker to provide selective 
right lung ventilation. Short-acting anesthetics are used to 
allow early extubation.

Surgical Technique
Standard MIDCAB is usually performed through a left 
anterolateral minithoracotomy with the patient in a 10 to 30° 
right lateral position. Following a 5 to 6 cm skin incision at 
the level of the fifth intercostal space or the inframammary 
fold in females, the pectoralis muscle is displaced bluntly 
with minimal division of its muscle fibers (muscle-sparing 
approach). This decreases the likelihood of developing a lung 
hernia that has been sometimes reported with this approach. 
The chest is then usually entered one intercostal space higher 
than the actual incision. Excessive rib spreading must be 
avoided at all times to prevent dislocation or fracture. Exci-
sion of a rib is almost never necessary. LITA harvest is usually 
performed under direct vision, but endoscopic harvest utiliz-
ing a harmonic scalpel or telemanipulation systems has also 
been reported.65-67

The intrathoracic fascia is divided to facilitate LITA 
harvest, which can be performed in a pedicled or skeleton-
ized manner, from the fifth intercostal space to the origin 
of the subclavian artery. Using a sceletonized technique 
offers the advantage of gaining more graft length, but is, 
of course, more time-consuming. Additional length can 
also be gained by dividing the mammary vein at its junc-
tion with the subclavian vein. Side branches are clipped or 
cauterized based on the preference of the surgeon. Hepa-
rin is administered prior to distal transsection of the graft. 
As in a sternotomy OPCAB, the ACT is maintained at a 
level greater than 300 seconds. The pericardium should 
be opened at a point approximately corresponding to the 
course of the LAD and extended to the groove between the 
aorta and the pulmonary artery. This will facilitate location 
of the target vessel in the presence of excessive epicardial fat 
or an intramuscular course. The target vessel is identified. 
To enhance exposure, one or two pericardial stay sutures 
may be used to position the heart. It is of utmost impor-
tance to have the anastomotic site in direct vision. Standard 

reusable pressure stabilizers are then used to immobilize the 
target vessel (Fig. 23-3). Vacuum stabilizers in general are 
too bulky and not required for a single anastomosis to the 
LAD. Proximal LAD occlusion is performed using a 4-0 
pledgeted suture or vessel loops. Ischemic preconditioning 
is not helpful, but some surgeons use it to feel more com-
fortable knowing that ischemia is well tolerated. The use of 
shunts is rarely necessary, but they may be used based on 
surgeon preference, presence of significant retrograde coro-
nary flow or evidence of ischemia or hemodynamic instabil-
ity. Distal occlusion should be avoided whenever possible 
(99% of patients). A blower-mister is used in all cases to 
achieve a bloodless field. The anastomosis then is performed 
in a standard manner using a 7-0 or 8-0 polypropylene run-
ning suture. Finally the LITA pedicle can be fixed to the 
epicardial tissue. Graft patency assessment is performed 
routinely using transit-time Doppler flow measurements.  
A single chest tube is inserted into the left pleural space, 
and intercostal nerve blockade is applied using local anes-
thetics. Before closing the chest with one or two strong rib 
sutures, the single-lung ventilation is stopped and the left 
lung is inflated under direct vision of the surgeon to prevent 
it from causing an avulsion of the LITA and also confirm 
that the LITA lies perfectly without undue tension. This is 
facilitated by holding the LITA close to the mediastinum 
using the suction tip or long forceps. Extubation can be 
performed in the operating room or a few hours postopera-
tively. Antiplatelet therapy is usually administered on the 
day of surgery.

Results
Many papers have reported excellent results with the use of 
this approach. Immediate angiographic patency rates range 
between 94 and 98% and are thus similar to those following 
conventional CABG.64,68 At 6 months, 94% patency has been 

FIGURE 23-3 Minimally invasive direct coronary artery bypass. 
Through a muscle-sparing incision, the left anterior descending artery 
is easily exposed; standard pressure stabilizers are used. (Data from 
1483 patients undergoing MIDCAB at the Heartcenter Leipzig.)
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 Chapter 23 Minimally Invasive Myocardial Revascularization 565

reported.69 The mid-term results published recently by Reser 
et al demonstrated an overall survival of 92.4 ± 0.2% and 
MACCE-free survival of 96.1 ± 1.7% at 24 months.70 In our 
own series of 1768 patients, who underwent MIDCAB from 
1996 to 2009, in-hospital mortality was 0.8% (predicted 
mortality by Euroscore 3.8%), and stroke rate was 0.4%. 
Conversion to sternotomy was necessary in 1.7%. A total 
of 712 patients underwent routine postoperative angio-
gram demonstrating a 95.5% early patency rate. Short-term 
target-vessel reintervention was required in 3.3% of patients. 
At 6-month follow-up, graft patency was 95.2% (n = 423). 
The 5- and 10-year survival was 88.3% (95% CI 86.6 to 
89.9%) and 76.6% (95% CI 73.5 to 78.7%) (Fig. 23-4A). 
The corresponding freedom from MACCE and angina was 
85.3% (95% CI 83.5 to 87.1%) and 70.9% (95% CI 68.1 
to 73.7%) (see Fig. 23-4B).71 These results are comparable to 
those of other groups.69,72,73

In-hospital mortality after MIDCAB is <1% and com-
pares favorably with 1.4% mortality following off-pump 
single-vessel bypass and 3.6% mortality after on-pump 
single-vessel bypass reported in the registry of the German 
Society for Thoracic and Cardiovascular Surgery.74 It is 
also lower than the 2.4% mortality reported from the STS 
database.75 A propensity score adjusted comparison of 
MIDCAB versus full sternotomy revealed similar operative 
mortality, late survival, and need for repeat revascularization 

at a mean follow-up of 6.2 years, but a lower rate of surgi-
cal site infection (2.8 vs 0.7%; p = .04).76 Another smaller 
study from the UK also found MIDCAB comparable to 
OPCAB with regard to operative mortality, MI, stroke, 
reinterventions, and ICU stay. However, hospital stay was 
significantly lower for MIDCAB patients.77 In general, rates 
of perioperative major complications such as MI and the 
need for target-vessel reintervention are low and compara-
ble with standard CABG. However, due to anaortic surgery 
perioperative stroke is rare and considerably lower com-
pared to conventional techniques. A few randomized trials 
comparing the LIMA-LAD with the MIDCAB approach 
to bare metal stenting for isolated proximal LAD disease 
have demonstrated better early patency and superior free-
dom from target-vessel reintervention and angina up to 
5 years of follow-up in patients undergoing MIDCAB.78-83 
The 10-year results of the randomized trial conducted by 
our group comparing MIDCAB with bare metal stents for 
proximal LAD disease showed no differences in the primary 
composite endpoint of death, MI, and reintervention (47 vs 
36%; p = .12) and hard endpoints (death and infarction) 
between the two revascularization modalities. However, a 
higher target vessel revascularization rate in the PCI group 
(34 vs 11%; p < .01) was observed.84 Similar results were 
also reported when drug-eluting stents were compared to 
MIDCAB.85 These results have been further confirmed not 
only by meta-analyses86,87 but also propensity-matched data 
from large registries.88

Some studies have pointed out that the lateral approach 
is associated with more pain than sternotomy chiefly due to 
excessive rib spreading required for visualizing the LITA dur-
ing harvest.65 Rib dislocation or fracture has been reported 
infrequently with this approach. Direct harvesting of the 
LITA is regarded as being technically challenging and has 
been one of the main arguments used by surgeons to dis-
regard MIDCAB as the primary operation for patients who 
require surgical revascularization of the LAD. Limited work-
ing space and incomplete vision are blamed for insufficient 
graft length, incomplete mobilization, and the occasional 
reports of LITA or subclavian vein injury.

MIDCAB is technically a highly demanding procedure 
that should be performed by surgeons who have suffi-
cient experience in conventional and off-pump surgery. It 
has been shown that the complication rate of MIDCAB 
(viz. conversion to sternotomy, reexploration for bleed-
ing, and reintervention on the target vessel) is significantly 
reduced following 100 to 150 MIDCAB procedures.89 
Therefore, it can be recommended that this operation 
should be performed by experienced surgeons dedicated 
to this technique.

Even in the era of improved outcomes following interven-
tional procedures and lower in-stent restenosis rates with the 
use of drug-eluting stents,90 MIDCAB, based on its very good 
long-term results,91 will always remain an alternative revascu-
larization strategy to PCI, especially for patients with com-
plex ostial lesions, chronic occlusions, and in-stent restenosis 
of the LAD.
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FIGURE 23-4 Kaplan-Meier (including 95% confidence interval) 
five-year survival curve (A) and event-free survival curve (freedom 
from death, myocardial infarction, stroke, freedom from angina, free-
dom from reintervention) (B) after minimally invasive direct coronary 
artery bypass. (Data from 1483 patients undergoing MIDCAB at the 
Heartcenter Leipzig.)
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566 Part III Ischemic Heart Disease

TOTAL ENDOSCOPIC CORONARY 
ARTERY BYPASS GRAFTING
Total endoscopic coronary artery bypass grafting (TECAB) on 
the beating heart is conceivably the least invasive approach 
for surgical revascularization. It has been well known for 
a long time that working through ports limits the avail-
able space to perform motions, substantially decreases the 
dexterity of the operator, and alters the hand-eye coordi-
nation.92 Active assistance, an indispensable component of 
open surgery, is difficult in thoracoscopic procedures. The 
transition from limited-access cardiac surgery to endo-
scopic cardiac surgery therefore complicates the procedure 
manifold and has rendered previous attempts at endoscopic 
CABG using conventional endoscopic instruments impos-
sible. To overcome some of the instrument-related limita-
tions, computer-enhanced instrumentation systems have 
been developed.

Principles of Telemanipulator-Assisted 
Cardiac Surgery
With the use of telemanipulation devices, the operator 
involved in the surgery is physically away but not neces-
sarily remote from the operation table. He sits at an input 
manipulator (surgical console, master console), from which 
he steers the executing manipulator (slave console), which is 
situated at the patient site. The slave console consists of all 
the necessary electromechanical equipment needed to oper-
ate two to three exchangeable endoscopic instruments in 
addition to a high definition three-dimensional endoscopic 
camera. Both tactile and visual information is fed back to 
the master console. In this way a virtual three-dimensional 
operative field is created, wherein the surgeon can manipu-
late steering handles with a perfect hand-eye coordination. 
The introduction of telemanipulation technology to endo-
scopic surgery was able to address the key performance 
limitations of conventional endoscopic surgery, namely, 
reduced articulation, monocular vision, and loss of hand-
eye coordination.

Surgical Technique
Standard monitoring for cardiac surgery is used. Defibrillator 
pads are placed on the back and the right side of the chest. 
Single-lung ventilation using a double-lumen endotracheal 
tube or a bronchus blocker is used to ventilate only the right 
lung. Temperature management principles remain the same 
as for OPCAB surgery. After draping the instrument and 
camera arms, the camera and scope are calibrated, and the 
endostabilizer is prepared. A holding arm for the endosta-
bilizer is mounted onto the operating table on the patient’s 
right side, and the operating table is rotated 10 to 15° to raise 
the patient’s left side.

After single right-lung ventilation is initiated, the cam-
era port is inserted through the fifth intercostal space 2 cm 
medial to the anterior axillary line. CO2 insufflation is used 

for adequate visualization and to create working space that is 
hemodynamically tolerated (usually 10-12 mm Hg of insuf-
flation pressure). A 30° scope that is angled up is used for 
LITA harvest. The right instrument port is inserted through 
the third intercostal space medial to the anterior axillary line, 
and the left instrument port is inserted through the seventh 
intercostal space medial to the anterior axillary line. The 
instrument arms are centered for optimal range of motion by 
adjusting the respective setup joints, and the instruments are 
inserted. LITA harvest starts by division of the intrathoracic 
fascia covering it with low-power monopolar cautery. The 
LITA is dissected bluntly off the chest wall moving from the 
lateral to the medial aspect as a pedicle, preserving the lateral 
veins. Side branches are cauterized or clipped. Dissection is 
performed from the first intercostal space to the level of the 
bifurcation. The pedicle is not detached from the chest wall 
until the anastomosis is finally performed in order to avoid 
torsion of the graft. The distal end of the graft is skeletonized 
to facilitate suturing of the anastomosis. The pericardial fat 
is removed, and the mediastinal and diaphragmatic attach-
ments to the pericardium are dissected bluntly to widen the 
available space. The pericardiotomy is performed through a 
longitudinal incision in the pericardium over the probable 
course of the LAD. The ideal anastomotic site is identified 
by the absence of visible atheromatous plaques and avoid-
ance of proximity to bifurcations. At this point, angling 
the endoscope downwards may enhance visualization. After 
heparinization (an ACT of 300 seconds is recommended), 
a vascular clamp is placed across the LITA approximately 
2 cm proximal to the transsection site. The LITA is clipped 
distally, transected, and spatulated in preparation for the 
anastomosis. Flow in the graft is confirmed by briefly releas-
ing the vascular clamp. The LITA pedicle is still left attached 
to the chest wall in order to maintain orientation of the graft 
until the anastomosis is performed. A 12 mm subxyphoid 
cannula is inserted under endoscopic vision. Before intro-
duction of the endostabilizer, temporary silastic occlusion 
tapes and a 7 cm 7-0 double-armed polypropylene suture are 
introduced through this port and retained in the mediasti-
num. Some surgeons prefer Gore-Tex sutures to avoid the 
memory effect of polypropylene. Alternatively, nitinol clips 
(U-clips) may be used. The endostabilizer then is introduced 
under endoscopic vision by the surgeon at the operating table 
(Fig. 23-5). Vacuum and saline irrigation lines are connected, 
and the multilink irrigator is advanced into the field of vision. 
The console surgeon then positions the stabilizer feet paral-
lel to the LAD target site. After suction is applied, the feet 
are locked into position. After blunt dissection of the anas-
tomotic target site, the silastic tapes are placed proximal and 
distal to the anastomotic site, and the LAD is temporarily 
occluded. After a 5 to 6 mm arteriotomy is performed, trans-
section of the LITA is completed, and the graft is brought 
in close proximity of the target site. The anastomosis is best 
performed by beginning in the middle of the medial edge of 
the incision (12 o’clock position), suturing inside-out on the 
LITA and out-side-in on the LAD toward and around the 
heel. Care has to be taken to maintain tension on the suture 
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 Chapter 23 Minimally Invasive Myocardial Revascularization 567

continuously. After the needles are broken off, an instru-
ment knot is tied. The occlusion tapes and vascular clamp are 
released and brought out through an instrument port. The 
pedicle may be fixed to the epicardium by stay sutures. Graft 
patency can be checked by transient time Doppler flow mea-
surements endoscopically, if a probe without a handle is avail-
able. This probe can be advanced through the stabilizer port. 
Alternatively, intraoperative angiography has been performed 
using a mobile angiography unit or modern C-arm systems 
when TECAB operation is performed in a hybrid suite. After 
the pleural space is drained under vision, the stabilizer and 
instruments are withdrawn, and the left lung is ventilated. 
A chest tube is inserted through one of the port holes. In 
case a four-arm system is used, the fourth arm is introduced 
after LITA harvest through the third intercostal space in the 
anterior axillary line. It may be used to provide counter trac-
tion during pericardial fat excision and pericardiotomy and 
to hold the pedicle during the anastomosis. The new version 
of the da Vinci system also allows the use of a remotely con-
trolled stabilizer that is placed on the fourth arm and thus can 
be adjusted from the console.

Results
Initially, TECAB was performed on an arrested heart using 
the Port-Access platform with femoro-femoral CPB, endo-
aortic balloon clamping, and cardioplegic arrest. CPB time 
and cross-clamp times were in the range of 80 to 120 and 40 
to 60 minutes, respectively. The reported patency rate for the 
TECAB procedures on an arrested heart ranged from 95 to 
100% prior to discharge and 96% at the 3-month follow-up 
angiography.93-96 In addition to reporting good overall results 
and patency rates after TECAB, a large single-center study 
including 100 patients also revealed anastomotic times of 
10 to 30 minutes after a long learning curve. They further 
acknowledged that the learning curve continues beyond 100 

operations, which is even more pronounced than in MID-
CAB procedures (see above).97

Endoscopic CABG on the beating heart is even more chal-
lenging.93,98,99 Based on an intention-to-treat basis, the con-
version rate (elective conversion to a MIDCAB procedure) in 
a five-center registry was 33% (37 of 117). Conversions were 
mostly due to calcified target vessels or the inability to locate 
or dissect the LAD and rarely due to other conditions such 
as arrhythmias or hemodynamic instability. The patency rates 
for completed beating-heart TECAB procedures are in the 
range of 92 to 94%.75

TECAB can be performed safely, but is currently restricted 
to a few indications (eg, single-vessel bypass grafting of the 
LAD and occasionally double-vessel grafting), but has the 
potential for endoscopic multivessel grafting as well.100,101 
A more commonly applied technique is an endoscopic har-
vesting of both ITAs and direct coronary anastomosis via a 
mini-thoracotomy. This yields excellent results and very short 
recovery times for the patients.101,102

Despite the use of advanced telemanipulator technol-
ogy, the TECAB procedure remains technically demand-
ing and is infrequently performed worldwide. Long 
operation times, extensive use of material, and operation 
room capacity combined with a stretched learning curve 
and well-established alternative minimally invasive tech-
niques have confined TECAB to few centers and single 
dedicated surgeons.

MULTIPLE BYPASS GRAFTING USING 
MINIMALLY INVASIVE TECHNIQUES
Talking about minimally invasive surgical revascularization 
almost always means revascularization of the anterior wall 
with the left internal mammary artery. The classical MID-
CAB operation is only rarely extended to graft a diagonal or 
even an intermediate branch as well, typically with a Y-graft 
using a vein or radial artery.

Recent reports have proven the feasibility of complete 
revascularization for multivessel disease. Bilateral internal 
thoracic artery harvest is possible through small incisions 
under direct vision or endoscopically with the help of a 
telemanipulator.103 For proximal anastomoses the aorta can 
be mobilized and partially clamped or the internal thoracic 
arteries serve as sources of inflow for a radial artery or saphe-
nous vein.

Accessibility of all areas of the heart is made possible by 
special stabilizers and suction retractors that allow distal 
anastomoses even on the beating heart. As an alternative the 
Heartport system for endoaortic clamping and cardioplegia 
can be used.

These techniques are not yet routinely used. However, the 
published series of patients show excellent results oftentimes 
superior to conventional CABG or OPCAB.103 Lemma and 
coworkers reported 137 patients operated with this tech-
nique with a 1.4% incomplete revascularization and revision 
for bleeding. There were no conversions to sternotomy nor 

FIGURE 23-5 Setup for total endoscopic coronary artery bypass 
grafting. Two instrument ports, one central camera port, and a subxy-
phoidal port for the endostabilizer are required.
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568 Part III Ischemic Heart Disease

were there wound complications. Only two deaths occurred 
at a mean follow-up of 26 months. A positive stress test was 
reported in 4.3% of patients.104 An angiographic patency 
study involving 91 patients who were prospectively enrolled 
to undergo minimally invasive multivessel CABG revealed a 
100% patency for the LIMA-LAD graft and 92% patency 
for all grafts.105 It can be assumed that these operations are 
performed by dedicated, experienced surgeons on selected 
patients. Only a more widespread application of these pro-
cedures and the treatment of a broader variety of patients 
together with randomized studies would bring light to their 
significance in the future.

HYBRID REVASCULARIZATION
The hybrid approach for patients with multivessel coronary 
artery disease seeks to combine the advantages of PCI and 
minimally invasive CABG. The principle was first described 
by Angelini in 1996.106 The goal is to minimize the surgical 
trauma but still gain complete revascularization. The ratio-
nale is that the excellent long-term results of LIMA to LAD 
grafting91,107 cannot be extended to other grafts and areas of 
myocardium. This is particularly true for the still commonly 
used venous grafts to non-LAD targets. Here PCI can poten-
tially achieve similar long-term results, though with higher 
rates of reintervention. Although recent studies underline 
the superiority of complete surgical revascularization,108 the 
avoidance of sternotomy seems to be very appealing to both 
patients and treating cardiologists.

However, combining the benefits of two different pro-
cedures also means adding risks inherent to each type of 
procedure. The drawbacks of a surgical procedure including 
the risk of general anesthesia and artificial ventilation are 
combined with an increased risk of inferior long-term out-
comes after PCI resulting in higher rates of reinterventions 
and the possibility of eventual redo surgical multiple bypass 
grafting. Therefore the indication for hybrid revasculariza-
tion should be discussed and agreed upon by the treating 
cardiologist, cardiac surgeon and, most importantly, the 
patient himself.

Indications for the Hybrid Approach
Current recommendations for coronary artery revascular-
ization do not include hybrid procedures. This is due to 
limited availability of outcome data and a lack of random-
ized trials. Thus, choosing a hybrid approach is usually 
based on an individual decision. In all cases, the patients 
with multivessel disease including the proximal LAD need 
to be informed that the best evidence-based treatment is a 
sternotomy CABG procedure. However, the different rea-
sons for choosing a hybrid approach can be summarized as 
follows:

 • Multimorbid or high-risk patients: This is probably the best 
accepted indication and includes patients with a high risk 
for sternotomy such as those with skeletal anomalies like 

osteogenesis imperfecta, severe osteoporosis, etc., those 
who are crutches- or wheel-chair-dependent, and those 
with a history of deep sternal wound infections following 
previous sternotomy. Patients with reduced life expectancy 
such as advanced malignancies, end-stage cardiomyopa-
thy, advanced liver, and renal failure not amenable for 
transplant could also benefit from a hybrid procedure. 
Additionally, comorbidities that could be considered risk 
factors for a sternotomy and occurrence of other post-
operative complications such as diabetes, severe obesity, 
COPD, end-stage peripheral vascular disease, porcelain 
aorta, and history of stroke with paraplegia might also be 
candidates for the hybrid approach.

 • Primary PCI of Circumflex/RCA: Patients with acute 
coronary syndromes presenting with a culprit lesion in 
the circumflex or RCA and an additional stenosis of the 
LAD may undergo primary emergency PCI of the culprit 
lesion by the referring cardiologist. A MIDCAB procedure 
involving a LITA-LAD can be performed four to six weeks 
later. A preoperative angiogram confirming the patency of 
the stents should be performed prior to surgery. In the 
presence of an in-stent restenosis the patient can be sched-
uled for a standard bypass procedure.

 • Patient preference: Some well-informed patients want 
to avoid a sternotomy and opt for a hybrid approach. 
Patients need to be informed that they might require 
future reinterventions including repeat target vessel 
revascularization or bypass surgery. Because the choice 
of the hybrid revascularization in these patients is not 
based on medical grounds, it deserves a formal discus-
sion between the patient, interventional cardiologist, and 
cardiac surgeon.

Timing of the Procedures
The optimal timing and the sequence of revascularization is 
still controversial.109 All three possible scenarios have inherent 
benefits and drawbacks:

 • PCI before CABG: Performing PCI first is usually asso-
ciated with an increased risk of bleeding at the time of 
surgery because of dual antiplatelet therapy. This can be 
avoided in stable patients who received a bare metal stent 
by postponing the CABG procedure for more than 4 
weeks. When the interval between the two procedures is 
even longer, performing a preoperative check-angiogram 
is reasonable to exclude early in-stent restenosis.

The PCI-first strategy is most commonly used in an emer-
gency situation, when a non-LAD culprit lesion requires pri-
mary PCI.110

 • CABG before PCI: This is the most frequently used option. 
PCI is performed after the patient has recovered from sur-
gery. After protection of the anterior wall the percutaneous 
approach for the other coronary arteries, including the left 
main coronary artery, is safer.111 Additionally, the LITA-
LAD graft can also be assessed.
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 • Simultaneous revascularization: The growing number of 
novel operating suites that provide true integration of 
surgical and fluoroscopic capabilities allow for complete 
hybrid revascularization in one session without mov-
ing the patient. After performing a standard MIDCAB/
TECAB procedure the quality and patency of the bypass 
graft is verified and PCI of the remaining vessels is under-
taken with the patient still under general anesthesia. In 
the rare case of a failed PCI easy and safe conversion to 
conventional bypass surgery is possible. Patient acceptance 
for this approach is high, however, good coordination and 
synchronization of the schedules of the cardiologist and 
the cardiac surgeon is required.

Results
Hybrid coronary revascularization (HCR) as a concept has 
been applied for almost 15 years and provides an additional 
approach to revascularization for patients with multivessel cor-
onary disease. The general consensus is that hybrid integrated 
revascularization is feasible and safe.112-116 Friedrich and col-
leagues reviewed the results of 18 studies in literature, which 
included 367 patients. At 6 months the LIMA stenosis rate was 
2% and in-stent restenosis was 12%.112 The large single-center 
series published by our group revealed a survival of 92.5% 
(95% CI 86.5 to 98.4%) at 1 year and 84.8% (95% CI 73.5 
to 94.9%) at 5 years.110 Eight patients died during follow-up 
(208 patient-years). A total of 23 patients had an angiogram for 
recurrent angina. One patient had an occluded LIMA bypass. 
Five patients showed significant in-stent-restenosis with the 
need for reintervention. At 1 year freedom from MACCE and 
angina was 85.5% (95% CI 76.9 to 94.1%) and 75.5% (95% 
CI 62.7 to 87.3%), respectively (Fig. 23-6).

The short-term results have been excellent.117 Before a 
new therapeutic approach is routinely used, it has to be com-
pared to well-proven standard modalities of treatment. Several 
controlled studies comparing the safety, feasibility, and effi-
cacy of HCR with OPCAB have been published in the last 
5 years.118-121 However, the number of patients undergoing 
HCR in these studies was small and hence, conclusions drawn 
from such studies do not carry too much weight. A recently 
published meta-analysis, which included 422 patients under-
going HCR and >5000 patients undergoing OPCAB, revealed 
no differences in in-hospital mortality [relative risk (RR) 0.57, 
95% CI 0.13 to 2.59, p = .47] or MACCE rates (RR 0.63, 
95% CI 0.24 to 1.64, p = .34) between groups. Nevertheless, 
HCR was associated with significantly lesser length of hospi-
talization (RR 0.55, 95% CI 0.13 to 0.97, p = .01), length of 
ICU stay (RR 0.45, 95% CI 0.10 to 0.80, p < .05), intuba-
tion time (RR 0.48, 95% CI 0.13 to 0.84, p < .01) and need 
for red blood transfusion (RR 0.67, 95% CI 0.56 to 0.82, 
p < .001).122 With regard to mid-term outcomes, Shen et al 
reported that mortality, MI, and stroke at 3 years after HCR 
were comparable to both, CABG and PCI in patients with 
multivessel disease.123 However, the cumulative MACCE rate 
in the hybrid group (6.4%) was significantly lower than that 
in the PCI group (22.7%; p < .001), but similar to that in the 

CABG group (13.5%; p = .14). This was chiefly driven by a 
higher incidence of repeat revascularization in the PCI group. 
But interestingly, compared with the hybrid group, repeat 
revascularization in the PCI group was mainly concentrated 
in the LAD (2 vs 10 events; p = .029), and PCI with DES for 
non-LAD offered a similar repeat revascularization rate in the 
hybrid and PCI groups (4 vs 8 events; p = .307). This clearly 
proves the benefit of surgical revascularization of the LAD 
with the LIMA. Although HCR appears to be an attractive 
option, especially in the elderly and those at a higher risk due 
to comorbidities,124 one must keep in mind the potentially 
higher rate of target vessel revascularization for non-LAD ves-
sels, especially in diabetic patients Repossini.

No randomized controlled trial comparing HCR to 
CABG or PCI exist, which is mandatory in the current era 
of evidence-based medicine. Large, multicenter RCTs are 
needed to compare HCR with OPCAB to identify patient 
populations that would benefit most from HCR. Further-
more, the strategy or the order of revascularization should 
also be determined through such trials.

ENDOSCOPIC CONDUIT HARVEST
To minimize the overall trauma and wound healing problems 
of a CABG procedure, conduit harvest should be performed 
endoscopically or through small incisions. There is a body of 
evidence indicating that while the quality of the conduit is 
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FIGURE 23-6 Kaplan-Meier (including 95% confidence interval) 
5-year survival curve (A) and event-free survival curve (freedom from 
death, myocardial infarction, stroke, freedom from angina, freedom 
from reintervention) (B) after minimally invasive hybrid revascular-
ization in 117 patients.
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not impaired by an endoscopic harvest, wound infections and 
other complications of the harvesting procedure are decreased 
substantially. The cosmetic advantage is obvious.

Endoscopic Saphenous Vein Harvesting
Despite the fact that arterial grafting yields better long-term 
results than venous grafting, and despite the increased use 
of the ITA and other arterial grafts, the greater saphenous 
vein is still frequently used for CABG. The standard longi-
tudinal open harvesting technique of the greater saphenous 
vein is associated with a 2 to 25% wound complication rate 
(eg, dehiscence, delayed healing, infection, cellulitis, sepsis, 
and occasionally, limb amputation), delaying ambulation of 
patients, prolonging hospitalization, and causing an enor-
mous economic burden.125-128 In addition, open saphenous 
vein harvest is associated with increased postoperative and 
long-term pain, swelling, neuropathy, and scarring resulting 
in patient dissatisfaction.

Various techniques using 1 to 2 cm incisions have been 
described for endoscopic vein harvest. The single-incision 
technique involves identification of the greater saphenous 
vein through a 2 cm longitudinal incision at the crease of the 
knee posterior to the medial femoral condyle. The vein is lay-
ered free circumferentially, following which, a subcutaneous 
retractor or dissection cannula is introduced. An endoscope 
is inserted into the subcutaneous tissue. Exposure can be 
enhanced by insufflating CO2. The vein is further mobilized 
circumferentially, and side branches are either clipped, coag-
ulated using bipolar endoscopic cautery scissors, or vapor-
ized using a harmonic scalpel. Whenever bipolar cautery is 
applied, a distance of at least 2 mm between the scissors and 
the vein should be maintained in order to avoid thermal dam-
age to the graft. Proximal and distal control of the greater 
saphenous vein is accomplished with endoscopic applica-
tion of clips or polypropylene sutures or ligation loops. With 
this technique, the entire length of the vein can be harvested 
from the sapheno-femoral junction to the medial malleolus 
through a single incision. The wound is closed in a standard 
manner, and the leg is wrapped circumferentially with crepe 
bandages. In experienced hands, the procedure takes between 
15 and 30 minutes.129 As with all endoscopic techniques, a 
learning curve is associated with endoscopic vein harvesting 
as well, and entails approximately 30 patients and a conver-
sion rate ranging from 0 to 22%.

Results
The ISMICS Consensus Group reviewed the results of 1319 
randomized and 8023 nonrandomized patients. In this meta-
analysis, the risk of wound complications was reduced sig-
nificantly by 69% with endoscopic vein harvesting compared 
with the open technique (OR 0.31, 95% CI 0.23 to 0.43; 
p < .0001).130 The need for surgical intervention for wound 
infection also was reduced significantly (OR 0.29, 95% CI 
0.12 to 0.70; p = .007). With regard to the incidence of mod-
erate to severe postoperative pain, endoscopic vein harvesting 

was associated with a 74% reduction when compared with the 
open technique (OR 0.26, 95% CI 0.12 to 0.55; p < .0001), 
and this reduction reached 90% at 4 to 6 weeks follow-up 
(OR 0.10, 95% CI 0.03 to 0.37; p < .0001). The incidence 
of disturbance in mobility at discharge was reduced by 69% 
(OR 0.31, 95% CI 0.15 to 0.65; p = .002).

One recent study reported worse angiographic and clinical 
outcomes in patients after endoscopic vein harvest.131 Most 
studies, however, found no difference in the rates of myocar-
dial infarction, recurrence of angina or reintervention, and 
death over the short- and mid-term follow-up.130,132 However, 
the number of trials evaluating cardiac outcomes and provid-
ing angiographic data on patency rates is too limited to allow 
for any meaningful conclusion to be made. The few trials that 
assessed vascular integrity and vessel wall trauma did not find 
any difference between the two techniques.133,134

Endoscopic Radial Artery Harvest
Use of the radial artery for CABG has regained popularity 
over the last decade and a half. Conventional radial artery 
harvest involves an incision that extends from approximately 
1 cm distal to the antecubital fossa up to the wrist joint, 
along the medial border of the brachioradialis muscle. While 
wound complications are reported infrequently, delayed heal-
ing of the forearm can cause severe discomfort.135 Objective 
sensory loss in 10% of patients and forearm scar discomfort 
in 33% undergoing open radial artery harvest have been 
reported.136,137 Endoscopic techniques for graft harvest have 
been developed subsequently.138

SURGICAL TECHNIQUE
Collateral circulation from the ulnar artery to the palmar 
arch has to be verified pre- or intraoperatively using either 
the standard Allen’s test or modification of the test by using 
an arterial Doppler or pulse oximetry, especially in patients in 
whom the signs of visual reperfusion are doubtful. In order to 
prevent brachial plexus injury, the arm should not be overex-
tended (>90°). A 2 to 3 cm incision is made 1 cm superior to 
the radial styloid prominence and the radial artery is identi-
fied and dissected. A subcutaneous retractor and a 5 mm, 30° 
endoscope are inserted into the incision. The radial artery is 
visualized by bluntly advancing the retractor through the sub-
cutaneous tissue. Side branches and surrounding tissue are 
divided using an ultrasonic harmonic or thermowelding scal-
pel that is placed underneath the retractor. The fascia between 
the brachioradialis and flexor carpi radialis muscles is divided 
anterior to the radial artery with the scalpel to increase the 
space for insertion of the subcutaneous retractor.139 After divi-
sion of all side branches, a vessel retractor is advanced from 
the distal incision to verify complete isolation of the conduit. 
The proximal radial artery is occluded using an Endoloop” 
or clipped distal to the origin of the ulnar artery branch and 
transected with endoscopic scissors. The graft is recovered 
through the distal incision, and the distal end is ligated. The 
incision is closed in a standard manner.
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RESULTS
The reported incidence of neurologic complications after 
standard open technique of radial artery harvest vary in 
the literature between 2.4 and 30% and can be related to 
injury of the superficial radial or the lateral antebrachial cuta-
neous nerves. The latter is usually not encountered in the 
endoscopic technique because the dissection is performed 
deep to the brachioradialis muscle. Superficial radial nerve 
injury, however, still may occur during distal dissection.139 
Endoscopic radial artery harvest is associated with a lower 
rate of wound infection (0-2.7%) as compared to the open 
technique.129,140

Graft patency, clinical outcomes, histological integrity, 
and in vitro vasoreactivity are similar to open graft harvest 
techniques.141-143 Thus, endoscopic radial artery harvesting 
can be recommended for better patient satisfaction and fewer 
wound healing complications.144
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Coronary artery reoperations are more complicated than 
primary operations. Patients undergoing reoperations have 
distinct, more dangerous pathologies; reoperations are tech-
nically more difficult to perform; and the risks are greater.1-12 
Vein graft atherosclerosis, present in most reoperative candi-
dates, is a unique and dangerous lesion. Reoperative candi-
dates commonly have severe and diffuse native-vessel distal 
coronary artery disease (CAD), a problem that has had the 
time to develop only because these patients did not die from 
their original proximal coronary artery lesions. Aortic and 
noncardiac atherosclerosis are also often far advanced in 
many reoperative candidates. Some technical hazards, includ-
ing the presence of patent arterial grafts and sternal reentry, 
are unique to reoperations, and others, such as lack of bypass 
conduits and difficult coronary artery exposure, are common.

INCIDENCE OF REOPERATION
After a primary bypass operation, the likelihood of a patient 
undergoing a reoperation depends on patient-related vari-
ables, primary operation-related variables, adherence to strict 
medical control of risk factors for disease progression after 
bypass surgery, the possibility of alternative treatments, phy-
sician opinion about the feasibility of reoperation, and time. 
Studies from the Cleveland Clinic demonstrated a cumulative 
incidence of reoperation of 3% by 5 years, 10% by 10 years, 
and 25% by 20 postoperative years13 (Fig. 24-1). Factors asso-
ciated statistically with an increased likelihood of reoperation 
have been variables predicting a favorable long-term survival 
(eg, young age, normal left ventricular function [LVF], and 
single- or double-vessel disease), variables designating an 
imperfect primary operation (eg, no internal thoracic artery 
[ITA] graft and incomplete revascularization), and symptom 
status (eg, class III or IV symptoms at primary operation). 
Young age at primary operation and incomplete revascular-
ization are also markers of a severe atherogenic diathesis.

Over recent decades the proportion of isolated coro-
nary artery operations that are reoperations has decreased. 
In 1990, about 37% of coronary artery revascularization 

operations were reoperative interventions, whereas in 2002 
this figure was 30%14 (Fig. 24-2). Compared to that year, a 
much more dramatic decrease in reoperative coronary bypass 
surgery occurred during the most recent decade, with reop-
erative procedures representing only 4.6% of all isolated 
coronary bypass operations. This decrease is related in part 
to the more aggressive use of coronary artery interventions 
for patients with previous bypass surgery and probably to 
more effective risk factor control. Also, surgery has changed 
in directions that will decrease the rate of reoperation. Use 
of the left internal thoracic artery (LITA) to graft the left 
anterior descending (LAD) coronary artery decreases the 
risk of reoperation compared with the strategy of using only 
vein grafts, and the LITA-LAD graft has become a standard 
part of operations for coronary artery revascularization.15 
Furthermore, it now appears that use of bilateral ITA grafts 
decreases the likelihood of death and reoperation when 
compared with the single LITA-LAD strategy16 (Fig. 24-3). 
The use of other arterial conduits such as the radial artery 
and the gastroepiploic artery in the context of total arterial 
revascularization may decrease the risk of reoperation fur-
ther, but as yet the long-term data are insufficient to answer  
this question.

The patient population of reoperative candidates has 
evolved. Cleveland Clinic Foundation studies have shown 
that in the early years of bypass surgery (1967-1978), only 
28% of patients underwent reoperation solely because of 
graft failure, and that graft failure often occurred early after 
the primary operation (mean postoperative interval of 28 
months after primary operation). Reoperation because of 
the progression of atherosclerosis in nongrafted coronary 
arteries was common in the 1967 to 1978 time period (55% 
of patients).1,2 Between 1988 and 1991, almost all patients 
had graft failure as at least part of the indication for reop-
eration (92%), but that graft failure occurred late after the 
primary operation at a mean interval of 116 months.3 Today, 
patients undergoing reoperation usually had a successful 
primary operation at least 10 years previously for the treat-
ment of multivessel CAD, and the angiographic indications 

Coronary Artery 
Reoperations
Bruce W. Lytle • George Tolis, Jr. 
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FIGURE 24-1 Study of 4000 patients who underwent bypass sur-
gery from 1971 to 1974 showed that 25% of patients had undergone 
a reoperation within a period of 20 years after primary operation. 
(Data from Cosgrove DM, Loop FD, Lytle BW, et al: Predictors of 
reoperation after myocardial revascularization, J Thorac Cardiovasc 
Surg. 1986 Nov;92(5):811-821.)
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FIGURE 24-2 Study of 21,568 patients who underwent bypass surgery from 1990 to 2003 showed a steady decrease in the number of patients 
undergoing redo coronary artery operations. (Data from Sabik JF, Blackstone EH, Houghtaling PL, et al: Is reoperation still a risk factor in coro-
nary artery bypass surgery? Ann Thorac Surg. 2005 Nov;80(5):1719-1727.)
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FIGURE 24-3 Comparison of survival and reoperation hazard func-
tion curves in the propensity-matched patients undergoing bilateral 
(BITA, n = 1989) or single ITA (SITA, n = 4147) CABG. (Reproduced 
with permission from Lytle BW, Blackstone EH, Loop FD, et al: Two 
internal thoracic artery grafts are better than one, J Thorac Cardiovasc 
Surg. 1999 May;117(5):855-872.)

for reoperation are progression of native-vessel distal CAD 
in combination with late graft failure caused by vein graft 
atherosclerosis.

GRAFT FAILURE
An understanding of the pathology and causes of saphenous 
vein graft (SVG) failure is important not only for an under-
standing of the causes of the need for reoperation, but also 
for understanding the dangers inherent in either the inter-
ventional or the conservative treatment of patients with 
previous bypass surgery. Saphenous vein to coronary artery 

grafts exhibit different pathologies at different intervals after 
operation.17–20 Within a few months, they often have diffuse 
endothelial disruptions with associated mural thrombus. The 
mural thrombus usually is not obstructing, and when grafts 
do become occluded early after operation owing to throm-
bosis, it may not be a result of these intimal changes, but 
rather may be related to hemodynamic factors. Most saphe-
nous vein grafts examined more than 2 to 3 months after 
operation have developed a proliferative intimal fibroplasia. 
This is a concentric cellular process, and it is diffuse, extend-
ing the entire length of the graft (Fig. 24-4). It evolves with 
time to a more fibrous lesion. It is not friable, and although 
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A

B

C

FIGURE 24-4 Pathology of (A) native coronary artery athero-
sclerosis, (B) vein graft intimal fibrosis, and (C) severe vein graft 
atherosclerosis. (Reproduced with permission from Lytle BW, 
Cosgrove DM: Coronary artery bypass surgery, Curr Probl Surg 1992 
Oct:29(10):743-807.)

intimal fibroplasia involves most vein grafts, it causes stenoses 
or occlusions of only a few.

Vein graft atherosclerosis is a distinct pathologic process 
that often is recognized as early as 3 to 4 years after opera-
tion and is characterized by lipid infiltration of areas of inti-
mal fibroplasia (Fig. 24-5). The distribution of vein graft 

atherosclerosis mimics that of intimal fibroplasia in that it is 
concentric and diffuse, although as vein graft atherosclerosis 
progresses, stenotic lesions may become eccentric. In addi-
tion, vein graft atherosclerosis is a superficial lesion, it is very 
friable, and it is often associated with overlying mural throm-
bus. These characteristics make it different from native-vessel 
coronary atherosclerosis, a process that is segmental and prox-
imal, eccentric, encapsulated, usually not friable, and usually 
not associated with overlying mural thrombus. Vein graft ath-
erosclerosis is seen in a majority of grafts explanted more than 
10 years after surgery whether or not those grafts are stenotic, 
and atherosclerotic lesions appear to account for almost all 
late SVG stenoses. The extreme friability of vein graft ath-
erosclerosis creates a substantial risk of distal coronary artery 
embolization during percutaneous interventions to treat ste-
notic lesions and during reoperations for patients with ath-
erosclerotic vein grafts. It is also probable that spontaneous 
coronary artery embolization may occur from atherosclerotic 
grafts. In addition, atherosclerotic stenoses in vein grafts 
appear to predispose to graft thrombosis. Vein graft athero-
sclerosis appears to be an “active” event-producing lesion.

The exact incidence of late SVG stenoses and occlusions is 
difficult to determine even with prospective studies because 
death and reoperation are nonrandom events that remove 
patients from prospective populations available for late coro-
nary artery angiography. However, it appears that by 10 years 
after operation, approximately 30% of vein grafts are totally 
occluded, and 30% of patent grafts exhibit some degree of 
stenosis or intimal irregularities characteristic of vein graft 
atherosclerosis.21,22 Although vein graft atherosclerosis is not 
the only factor related to late SVG occlusion, it is an impor-
tant one. Native-vessel stenoses distal to the insertion site of 
vein grafts may decrease SVG graft outflow and contribute 
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FIGURE 24-5 Patients with late stenoses in vein grafts to the 
LAD coronary artery had worse survival when compared with either 
patients with native coronary LAD stenoses or patients with no ste-
notic vein grafts. (Reproduced with permission from Lytle BW, Loop 
FD, Taylor PC, et al: Vein graft disease: the clinical impact of ste-
noses in saphenous vein bypass grafts to coronary arteries, J Thorac 
Cardiovasc Surg. 1992 May;103(5):831-840.)
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FIGURE 24-6 The survival of patients with early (<5 years after 
operation) stenoses in vein grafts was favorable with and without 
reoperation (p = NS). (Reproduced with permission from Lytle BW, 
Loop FD, Taylor AC, et al: The effect of coronary reoperation on the 
survival of patients with stenoses in saphenous vein to coronary bypass 
grafts, J Thorac Cardiovasc Surg. 1993 Apr;105(4):605-612.)

to graft failure, but late graft occlusion usually occurs in the 
presence of vein graft atherosclerosis. Furthermore, when ste-
notic vein grafts are replaced at reoperation, the late patency 
rate of the new vein grafts is good.2

Progress has been made toward decreasing the rate of 
vein graft failure. The early patency rates of SVGs have been 
improved by the use of perioperative and long-term platelet 
inhibitors,23–25 but the best data involving patients receiving 
platelet inhibitors indicate that the 10-year vein graft fail-
ure rate is approximately 35%. Some studies now indicate 
that lipid-lowering regimens decrease late vein graft disease 
and the risk of late cardiac events.26,27 However, the overall 
level of improvement has been small.26,27 So far, the only way 
known to avoid vein graft atherosclerosis is to avoid using 
vein grafts.

ITA grafts rarely develop late atherosclerosis, and the late 
attrition rate of patent ITA grafts is extremely low. Left ITA 
to LAD grafts have a very high late (20 years) patency rate, 
and for most patients, the LAD is a profoundly important 
coronary artery.21,28 These factors account for the impact of 
the LITA-LAD graft not only in decreasing the rate of late 
death after primary bypass surgery, but also in decreasing the 
rate of reoperation.15 Multiple ITA grafts provide incremental 
benefit in decreasing the risk of reoperation.16 It is also impor-
tant that ITA grafts do not develop graft atherosclerosis, and 
therefore do not create the risk of coronary artery emboliza-
tion during reoperation. The presence of patent arterial grafts 
may create other technical problems during repeat surgery, 
but embolization is not among them.

INDICATIONS FOR REOPERATION
The randomized trials of bypass surgery versus medical man-
agement that were initiated in the 1970s provided a frame-
work of information concerning the indications for bypass 
surgery, and subsequent observational studies have added 
substance to that framework. However, no randomized tri-
als of medical versus surgical management pertain to patients 
with prior surgery. The coronary pathology of patients with 
previous bypass surgery is different from that of patients with 
only native-vessel stenoses, and we cannot assume that the 
natural history of, for example, triple-vessel disease based 
on atherosclerotic vein grafts, is equivalent to that of triple-
native-vessel disease.

Two nonrandomized, retrospective studies of patients who 
had angiograms after bypass surgery addressed the issue of 
late survival.29,30 One study showed that patients with early 
(fewer than 5 years after operation) stenoses in vein grafts 
and patients with no stenotic vein grafts had approximately 
the same outcomes and that these outcomes were relatively 
good.29 However, the presence of late (5 years or more after oper-
ation) stenoses in vein grafts predicted poor long-term outcomes, 
particularly if a stenotic vein graft supplied the LAD coronary 
artery. When late stenoses in LAD vein grafts were combined 
with other high-risk characteristics, the late survival rate was 
particularly dismal. For example, patients with a 50 to 99% 
stenosis in an LAD vein graft combined with abnormal LVF 

and triple-vessel or left main stenoses had only a 46% 2-year 
survival without reoperation. Patients with late stenoses in an 
LAD vein graft had significantly worse long-term outcomes 
than did patients with the LAD jeopardized by a native lesion 
(see Fig. 24-5). This study showed that the difference in the 
pathology of early (intimal fibroplasia) and late (vein graft 
atherosclerosis) vein graft stenoses is associated with a differ-
ence in clinical outcome and that late stenoses in vein grafts 
are dangerous lesions.

A second study compared the outcomes of patients with 
stenotic vein grafts treated with reoperation (REOP group) 
versus those treated with medical treatment (MED group).30 
Again, this was a nonrandomized, retrospective study, and 
the patients in the REOP group were older and more symp-
tomatic, had worse LVF, and had fewer patent grafts than the 
patients in the MED group.

The survival of patients with early (fewer than 5 years) 
SVG stenoses was not different in the two groups. The oper-
ative risk for the REOP group was low (no deaths among 
the 59 patients) and the long-term survival was good, but 
late survival was just as good for the patients treated medi-
cally (Fig. 24-6). It is important to note that the patients 
in the REOP group were more symptomatic to start with, 
and at late follow-up, they were less symptomatic than the 
patients in the MED group. Thus, reoperation for patients 
with early vein graft stenosis was an effective way of reliev-
ing symptoms of angina, but it appears that patients with-
out symptoms can be treated medically with safety, at least 
over the short term.

However, the overall outcomes were worse for patients 
with late stenoses in vein grafts, and many subgroups had 
improved survival rates with reoperation. By multivariate 
testing (Table 24-1), a stenotic (20-99%) LAD vein graft 
predicted late death, and performing a reoperation increased 
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 Chapter 24 Coronary Artery Reoperations 579

TABLE 24-1: Patients with Late Stenoses  
(≥5 years) in Saphenous Vein in Coronary 
Artery Bypass

Grafts: Multivariate model of variables influencing late 
survival

  p-Value
Relative 
risk

Variables decreasing survival    
LVF moderate/severe .0001 2.58
Age (at catheterization) .0001 1.04*
3VD/LMT .0011 2.87
LAD-SVG stenosis (20-99%) .0019 1.90
Variable increasing survival Reoperation .0007 0.51

LVF = left ventricular function: 3VD/LMT = triple-vessel disease and/or left 
main stenosis.
*Per year of age.
Reproduced with permission from Lytle BW, Loop FD, Taylor AC, et al: 
The effect of coronary reoperation on the survival of patients with stenoses 
in saphenous vein to coronary bypass grafts, J Thorac Cardiovasc Surg. 1993 
Apr;105(4):605-612.

late survival for these patients. Multivariate testing of smaller 
subgroups showed that the survival advantage for the REOP 
group was true even for patients with only class I or class II 
symptoms, and that reoperation still improved survival for 
the remaining patients when patients with stenoses in LAD 
vein grafts were excluded from the analysis.

Univariate comparisons for the REOP and MED sub-
groups of patients with stenotic LAD grafts are shown in 
Fig. 24-7, demonstrating the improved survival for the REOP 
group. When patients with stenotic LAD vein grafts were 

subgrouped on the basis of severity of the stenotic lesions 
(Fig. 24-8), the patients with severely stenotic (50-99%) 
vein grafts obviously benefited from surgery, exhibiting a 
decreased risk of death even early in the follow-up period. 
For patients with moderate stenoses (20-49%) in LAD 
vein grafts, the survivals of the MED and REOP groups were 
equivalent for about 2 years, but after that point survival of 
the patients in the MED group became rapidly worse, so that 
by 3 to 4 years of follow-up, the survival benefit of reopera-
tion became apparent. Although the patients in these studies 
did not have consistent functional testing, there is evidence 
that myocardial perfusion and functional studies can help to 
identify patients likely to benefit from reoperation. Lauer and 
colleagues studied 873 symptom-free postoperative patients 
with symptom-limited exercise thallium-201 studies and 
found that patients with reversible perfusion defects were 
more likely to die or experience major cardiac events dur-
ing a 3-year follow-up.31 Impaired exercise capacity also was 
strongly predictive of unfavorable outcomes.
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FIGURE 24-7 If patients had late (≥5 years after operation) ste-
noses in LAD vein grafts, they had a better survival rate (p = .004) 
with immediate reoperation than if they received initial nonoperative 
treatment. (Reproduced with permission from Lytle BW, Loop FD, 
Taylor AC, et al: The effect of coronary reoperation on the survival 
of patients with stenoses in saphenous vein to coronary bypass grafts,  
J Thorac Cardiovasc Surg. 1993 Apr;105(4):605-612.)
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FIGURE 24-8 Patients with late stenoses in LAD vein grafts (top) 
had immediate improvement in their survival rate. Patients with mod-
erate (20-49%) stenoses in LAD vein grafts had equivalent survival 
with or without reoperation for approximately 2 years, but after that 
point, the patients who did not have reoperation did poorly. (Repro-
duced with permission from Lytle BW, Loop FD, Taylor AC, et al: The 
effect of coronary reoperation on the survival of patients with stenoses 
in saphenous vein to coronary bypass grafts, J Thorac Cardiovasc Surg. 
1993 Apr;105(4):605-612.)
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580 Part III Ischemic Heart Disease

TABLE 24-2: Reoperation versus PTCA for 
Patients with Stenotic Vein Grafts

Factors favoring  
reoperation Factors favoring PTCA

Late (≥5 years) stenoses Early (<5 years) stenoses
Multiple stenotic vein grafts Single stenotic vein graft
Diffusely atherosclerotic vein  

grafts
Other patent vein grafts

Stenotic LAD vein graft Focal graft lesions
No patent ITA graft Patent ITA-LAD graft
Abnormal left ventricular  

function
Normal left ventricular 

function

Anatomical indications for reoperation to improve sur-
vival prognosis include: (1) atherosclerotic (late) stenoses 
in vein grafts that supply the LAD artery; (2) multiple ste-
notic vein grafts that supply large areas of myocardium; and 
(3) multivessel disease with a proximal LAD lesion and/or 
abnormal LVF based on either native-vessel lesions or ste-
notic vein grafts or a combination of the two pathologies. 
Reoperation is also effective in other anatomical situations in 
which severe symptoms are the indication for invasive treat-
ment, including patients with a patent ITA to LAD graft 
combined with other ischemia-producing pathology and 
multiple early vein graft stenoses. The combination of the 
anatomical characteristics just noted and reversible ischemia 
and/or worsening LVF during stress constitutes a particularly 
strong indication for reoperation.

PERCUTANEOUS TREATMENT OF 
POSTOPERATIVE PATIENTS
Percutaneous treatments (PCTs) represent alternative ana-
tomical treatments for postoperative patients and often are 
useful. The effectiveness of PCTs is related to the vascular 
pathology to be treated and the clinical implications of treat-
ment failure. Today, native coronary artery stenoses often can 
be treated with a low restenosis rate as long as those vessels are 
large enough to allow intracoronary stenting. Unfortunately, 
many postoperative patients have very diffuse native coronary 
atherosclerosis that makes PCT difficult or ineffective. Also, 
PCT has not been as effective in the treatment of diabetic 
native CAD.

The rate of technologic change in interventional cardiol-
ogy has been rapid, and multiple percutaneous technologies 
have been used to treat stenotic vein grafts. Balloon angio-
plasty, first-generation PCT, was relatively dangerous to per-
form and produced ineffective long-term revascularization, 
particularly when used to treat older (atherosclerotic) vein 
grafts.32 Direct coronary atherectomy (DCA) increased the 
risk of coronary embolization at the time of the procedure 
without improving the restenosis rate.33 It has been hoped 
that the use of intracoronary stents, particularly covered 
stents and drug-eluting stents (DESs), in stenotic vein grafts 
might provide better outcomes, and stenting does represent 
an improvement over balloon angioplasty.32 The Random-
ized Evaluation of Polytetrafluoroethylene Covered Stent in 
Saphenous Vein Grafts (RECOVERS) trial, a randomized 
study designed to compare rates of SVG restenosis between 
coronary artery bypass graft (CABG) patients treated with 
covered stents and with bare stents, showed identical reste-
nosis rates at 6 months of follow-up (24.2 vs 24.8%; p = 
.24).34 In a nonrandomized retrospective study comparing 
the effects of DESs with those of bare metal stents in treat-
ing SVG stenosis, Ge and colleagues reported significant 
differences in in-stent stenosis between groups at 6 months 
of follow-up (10 vs 26%; p = .03).35 However, other reports 
comparing DES with bare metal stents showed that the use 
of DES lowered the rate of restenosis but increased the risk 
of death.36

The kinetics of treatment failure after PCT for vein grafts 
are different from those for native coronary vessels. Resteno-
sis and new stenotic lesions in vein grafts continue to appear 
with time, and the shoulder on the adverse outcome curve 
that appears at 6 months to 1 year after PCT for native ves-
sels does not appear for vein grafts. Thus, there is still some 
uncertainty about the clinical impact of PCTs of stenotic vein 
grafts. Patients with previous bypass surgery are an extremely 
heterogeneous group; some subgroups are at low risk with-
out any anatomical treatment at all, and some subgroups are 
at high risk without effective therapy. To date, the reported 
studies of PCT of SVG lesions have not included clinical risk 
stratifications that would allow comparison of patient sur-
vival rates.

Despite persistently high restenosis rates after percutane-
ous interventions, there are still many indications for their 
use in the treatment of patients with previous bypass sur-
gery. Realistically, the ideal uses of PCTs are in situations 
in which failure of the anatomical treatment is not likely 
to be catastrophic as the impact of stenting on survival is 
unclear. These situations include symptomatic patients with: 
(1) early vein graft stenoses; (2) native coronary stenoses; 
or (3) focal late SVG stenoses in vein grafts not supplying 
the LAD artery. There are many patients with previous sur-
gery who will fall into a middle ground where it is not clear 
whether percutaneous transluminal coronary angioplasty 
(PTCA) or reoperation is likely to yield the best outcome, 
and judgments must be made on the specific advantages and 
disadvantages of the treatments for those particular patients. 
Factors making PTCA more attractive than reoperation are 
listed in Table 24-2.

There are patients with postsurgical repeat ischemic syn-
dromes and very unfavorable coronary anatomy for whom 
good options for anatomical treatment do not exist. For 
reoperative coronary surgery to be of benefit there must be 
bypass conduits available to construct new grafts to graft-
able coronary arteries that subtend substantial areas of isch-
emic but viable myocardium. If these conditions do not 
exist, surgery may not be in the interest of even a symp-
tomatic patient. Studies of diabetic patients undergoing 
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 Chapter 24 Coronary Artery Reoperations 581

postsurgical repeat revascularization with PCT or surgery 
have shown unfavorable 10-year-survival rates.37 Unless 
good coronary targets to receive bypass grafts are avail-
able, PCT may be the best choice for marginal candidates 
because of lower initial costs and, in some settings, lower 
initial mortality.

TECHNICAL ASPECTS OF CORONARY 
REOPERATIONS
Reoperations are more complicated than primary operations. 
The specific technical challenges that surgeons must recog-
nize and solve that are unique to or more common during 
coronary reoperation are:

1. Sternal reentry
2. Stenotic or patent vein or arterial bypass grafts
3. Aortic atherosclerosis
4. Diffuse native-vessel coronary artery disease
5. Coronary arteries located amid old grafts and epicardial 

scarring
6. Lack of bypass conduits

The overall problem of myocardial protection is more 
difficult during reoperations, with perioperative myocardial 
infarction still being the most common cause of in-hospital 
death.3,6 The metabolic concepts of myocardial protection in 
use today are valid, but the reasons that myocardial protection 
sometimes fails during reoperation are related to anatomical 
causes of myocardial infarction. These anatomical causes of 
perioperative myocardial infarction include injury to bypass 
grafts, atherosclerotic embolization from vein grafts or the 
aorta to distal coronary arteries, myocardial devasculariza-
tion secondary to graft removal, hypoperfusion through new 
grafts, failure to deliver cardioplegic solution, early vein graft 
thrombosis, incomplete revascularization, diffuse air emboli-
zation, and technical error.3,38–42 To be consistently successful, 
coronary reoperations must be designed to avoid these causes 
of myocardial infarction.

Preoperative Assessment
A complete understanding of the patient’s native coronary 
and bypass graft anatomy is essential. Achieving this goal is 
sometimes not as easy as it sounds, particularly if the patient 
has had multiple previous coronary operations. If bypass 
grafts, venous or arterial, are not demonstrated by a preop-
erative coronary angiogram, it usually means that they are 
occluded, but it is also possible that the angiogram simply 
has failed to demonstrate their location. Examination of old 
angiograms performed before previous operations and review 
of previous operative records often help to illustrate the 
patient’s coronary anatomy.

It is also important to know that graftable stenotic 
coronary arteries supply viable myocardium. Myocardial 
scar and viability can be differentiated by thallium scan-
ning, positron-emission tomography, and stress (exercise or 

dobutamine) echocardiography. The intricacies of establish-
ing myocardial viability are beyond this discussion, but it is 
an important issue. Before embarking on a reoperation, it 
makes sense to be reasonably sure that there is a matchup 
between the patient’s graftable arteries and some viable myo-
cardium such that grafting those arteries will provide some 
long-term benefits.

It is also wise to have a preoperative plan for bypass con-
duit selection and to document that potential bypass con-
duits are available. ITA angiography often is helpful. Venous 
Doppler studies can be used to assess the presence of greater 
and lesser saphenous vein segments, and arterial Doppler 
studies can assess the radial and inferior epigastric arteries 
and establish the adequacy of flow to the digits during radial 
artery occlusion.

Median Sternotomy Incision, Conduit 
Preparation, and Cannulation
Most coronary reoperations are performed through a median 
sternotomy. Situations associated with increased risk during a 
repeat median sternotomy include right ventricular or aortic 
enlargement, a patent vein graft to the right coronary artery, 
an in situ right ITA graft patent to a left coronary artery 
branch, an in situ left ITA graft that curls under the sternum, 
multiple previous operations, and difficulty reopening the 
sternum during a previous reoperation. In such situations, 
vessels for arterial (via the femoral or axillary artery) and 
venous access for cardiopulmonary bypass may be dissected 
out before sternal reentry. Alternatively, given the cannulae 
currently available for percutaneous access, wire access of the 
femoral artery and vein may be accomplished with little mor-
bidity while providing a safety net for emergent institution 
of bypass if necessary. All bypass grafts except for the internal 
thoracic arteries may be prepared before sternal reentry in 
high-risk cases. Preparation of radial artery and greater and 
lesser saphenous vein segments can be carried out simultane-
ously. The most common structure injured during reentry is 
a bypass graft.4

When reopening a median sternotomy, the incision 
is made to the level of the sternal wires; the wires are cut 
anteriorly and bent back but are not removed (Fig. 24-9). 
An oscillating saw is used to divide the anterior table of the 
sternum. When the anterior table has been divided, ventila-
tion is stopped, and the assistants elevate each side of the 
sternum with rake retractors while the posterior table of the 
sternum is divided in a caudal-cranial direction. The sternal 
wires that have been left in place posterior to the sternum 
help to protect underlying structures. Once the posterior 
table of the sternum has been divided with the saw, the wires 
are removed, and sharp dissection with scissors is used to 
separate each side of the sternum from underlying structures. 
Once the sternum has been divided, it is important that the 
assistants retract in an upward direction, not laterally. The 
right ventricle is injured more often by lateral retraction 
while it is still adherent to the underside of the sternum than 
it is by a direct saw injury.
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582 Part III Ischemic Heart Disease

In high-risk situations, it can be helpful to perform a small 
anterolateral right thoracotomy before the repeat median 
sternotomy. Underlying structures, such as the aorta, patent 
bypass grafts, and the right atrium and ventricle, can be dis-
sected away from the sternum via this approach, and thus, 
with the surgeon’s hand placed behind the sternum, reen-
try is safe. This small additional incision contributes little 
morbidity.

Another technique for sternal reentry in high-risk patients 
is to heparinize, cannulate, and initiate cardiopulmonary 
bypass before median sternotomy. The advantages of this 
strategy are that the heart can be emptied and allowed to fall 
away from the sternum, and cardiopulmonary bypass already 
has been initiated for protection if an injury does occur. 
The disadvantages of this approach are that extensive medias-
tinal dissection must be carried out in a heparinized patient, 
including dissection of the right internal thoracic artery if 
that is to be used. We rarely employ this approach except in 
situations in which adherence of an aortic aneurysm to the 
sternum or a patent right ITA-to-LAD graft creates a specific 
danger.

Once the sternum has been divided, the pleural cavities 
are entered. A general principle of dissection during reopera-
tion is that starting at the level of the diaphragm and proceed-
ing in a cranial direction is usually the safest approach. At 
the level of the diaphragm, few critical structures are injured 
if the wrong plane is entered. Therefore, at this point in the 
operation we usually dissect along the level of the diaphragm 
to the patient’s right side until we enter the pleural cavity 
and then detach the pleural reflection from the chest wall in 
a cranial direction to the level of the innominate vein. The 
innominate vein is dissected away from both sides of the 

sternum with scissors, a maneuver that prevents a “stretch” 
injury to that vein.

Once the right side of the sternum is separated from the 
cardiac structures, it is usually possible to prepare a right 
ITA graft. Once the right ITA dissection is completed to 
the superior border of the first rib, an incision is made in 
the parietal pleura to separate the proximal ITA from the 
area of the phrenic nerve. Thus, if the right ITA needs to be 
converted to a “free” graft during aortic cross-clamping, it 
makes division at that point easier because the proximal ITA 
is clearly identifiable. Although intrapericardial dissection of 
the left side of the heart is left until later, freeing the left 
side of the anterior chest wall from the underlying structures 
(which may include a patent ITA graft) is undertaken now. 
This is difficult only if there is a patent ITA graft that is 
densely adherent to the chest wall. Again, it is best to enter 
the left pleural cavity at the level of the diaphragm and pro-
ceed in a cranial direction.

The most difficult point of dissection is usually at the level 
of the sternal angle, where a patent ITA graft may approach 
the midline and be adherent to the sternum or the aorta. 
There are no tricks for dissecting out a patent ITA graft 
except for being careful. The danger to a patent left ITA graft 
during sternal reentry and mediastinal dissection is entirely 
related to the location of the graft at the time of the primary 
operation. Ideally, the pericardium should be divided at a 
primary operation, and the left ITA graft should be allowed 
to run posterior to the lung through the incision in the peri-
cardium and to the LAD or circumflex artery (Fig. 24-10). 
When this is done, the lung will lay anterior to the left ITA, 
and that graft will not become adherent to the aorta or to the 
chest wall.

Once the left side of the chest wall is free, the left internal 
mammary artery (IMA) is prepared (if it has not been used 
at a previous operation), the sternal spreader is inserted, and 
the intrapericardial dissection of the aorta and right atrium 
is accomplished. Again, in most cases it is safest to find the 
correct dissection plane at the level of the diaphragm and 
then to continue around the right atrium to the aorta. The 
one situation in which this strategy may be dangerous is if 
an atherosclerotic vein graft to the right coronary artery lies 
over the right atrium. Manipulation of atherosclerotic vein 
grafts can cause embolization of atherosclerotic debris into 
coronary arteries, and it is best to employ a “no touch” tech-
nique with such grafts. If a vein graft to the right coronary 
artery lies in an awkward position over the right atrium, it 
is best to leave the right atrium alone and use the femoral 
vein and superior vena cava cannulation to establish venous 
drainage (Fig. 24-11). Once cardiopulmonary bypass has 
been established, the aorta has been cross-clamped, and car-
dioplegia has been given, the atherosclerotic vein graft then 
can be disconnected.

The goal of dissection of the ascending aorta is to obtain 
enough length for cannulation and cross-clamping and to 
avoid the most common error, aortic subadventitial dissec-
tion. The correct level of dissection on the aorta usually is 
found either by following the right atrium to the aorta in a 

FIGURE 24-9 Leaving the sternal wires in place posteriorly helps to 
protect underlying structures while the posterior table of the sternum 
is divided with an oscillating saw. The direction of retraction with rake 
retractors should be anterior, not lateral.
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 Chapter 24 Coronary Artery Reoperations 583

FIGURE 24-10 A patent left ITA-to-LAD graft should not pose a 
threat during reoperation. At a primary operation, the pericardium 
should be divided in a posterior direction, and the ITA graft should 
be placed in that incision. The ITA graft then will lie posterior to 
the lung and will not be pushed toward the midline by the lung or 
become adherent to the sternum.

FIGURE 24-11 Manipulation of patent but atherosclerotic vein 
grafts should be avoided. If an atherosclerotic right coronary vein graft 
blocks access to the right atrium, femoral vein, and direct superior 
vena cava, cannulation is safer than mobilizing the vein graft so as to 
achieve right atrial cannulation.

caudal-to-cranial direction or by identifying the innominate 
vein and leaving all the tissue beneath the innominate vein on 
the aorta. At the level of the innominate vein, the pericardial 
reflection on each side of the aorta will be identifiable. Divi-
sion of the pericardial reflection on the left side in a posterior 
direction will lead to the plane between the aorta and the pul-
monary artery. Once the left side of the aorta is identified, the 
surgeon then may dissect posteriorly on the medial aspect of 
the left lung toward the hilum. The segment of tissue between 
these two dissection planes usually will include a patent left 
ITA graft, if present, and clamping that tissue will produce 
occlusion of the ITA graft.

When the aorta has been dissected out, heparin is 
given, and cannulation is undertaken. Cannulation of an 
atherosclerotic ascending aorta may cause atherosclerotic 
embolization leading to stroke, myocardial infarction, or 
multiorgan failure, so the ascending aorta should be stud-
ied with palpation and echocardiography to detect ath-
erosclerosis before cannulation. Although the most widely 
used alternative arterial cannulation site is the femoral 
artery, arteriopathic patients often have severe femoral 
artery atherosclerosis. The axillary artery is an alternative 
arterial cannulation site that we have used with increas-
ing frequency because atherosclerotic disease is usually not 

present in that vessel, and its cannulation allows antegrade 
perfusion44 (Fig. 24-12). If atherosclerotic disease or cal-
cification of the aorta makes any aortic occlusion hazard-
ous, the options are off-pump bypass surgery (see Other 
Options) or replacement of the aorta with axillary artery 
cannulation, hypothermia, and circulatory arrest. Venous 
cannulation usually is accomplished with a single two-stage 
right atrial cannula. A transatrial coronary sinus cardiople-
gia cannula is inserted via a right atrial purse string with 
the aid of a stylet, and a needle is placed in the ascending 
aorta for delivery of antegrade cardioplegia and for use as a 
vent (Fig. 24-13).

Myocardial Protection
The myocardial protection strategy used by us during most 
coronary artery reoperations is a combination of ante-
grade and retrograde delivery of intermittent cold blood 
cardioplegia combined with a dose of warm reperfusion 
cardioplegia (“hot shot”) given before aortic unclamping, 
principles developed by Buckberg and colleagues.45 Mul-
tiple types of cardioplegic solutions have been described, 
and most appear to provide a metabolic environment 
that effectively protects the myocardium. Because of the 
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584 Part III Ischemic Heart Disease

FIGURE 24-12 The axillary artery is an important alternative 
arterial cannulation site for patients with aortic and femoral artery 
atherosclerosis. A 21-gauge cannula will fit the axillary artery in most 
patients.

FIGURE 24-13 Standard cannulation for coronary artery reopera-
tion includes aortic arterial cannulation, an aortic needle for antegrade 
delivery of cardioplegia and aortic root venting, a single two-stage 
venous cannula, and a transatrial coronary sinus catheter with a self-
inflating balloon for delivery of retrograde cardioplegia. Cannulation 
is accomplished before dissection of the left ventricle.

potential anatomical challenges to cardioplegic myocardial 
protection during reoperations, the details of how the car-
dioplegic solution is delivered are very important. In most 
primary bypass operations, antegrade cardioplegia works 
well by itself. During reoperations, however, antegrade car-
dioplegia may not be effective for areas of myocardium that 
are supplied by patent in situ arterial grafts and may be 
dangerous because of the risk of embolization of atheroscle-
rotic debris into the coronary arteries from old vein grafts. 
The delivery of cardioplegia through the coronary sinus and 
through the cardiac venous system to the myocardium (ret-
rograde cardioplegia) has been a step forward in myocardial 
protection during reoperations.46,47 Retrograde cardiople-
gia delivery avoids atheroembolism from vein grafts, can 
be helpful in removing atherosclerotic debris and air from 
the coronary artery system, and can deliver cardioplegia to 
areas supplied by in situ arterial grafts. The biggest disad-
vantage of retrograde cardioplegia is that it is not always 
possible to place a catheter in the coronary sinuses that will 
deliver cardioplegia consistently. It is important to moni-
tor the adequacy of cardioplegia delivery by measuring the 
pressure in the coronary sinus, noting the distention of 
cardiac veins with arterial blood, the cooling of the myo-
cardium, and the return of desaturated blood from open 
coronary arteries.

Cardiopulmonary bypass is begun, the perfusionist emp-
ties the heart and produces mild systemic hypothermia 
(34°C), and the aorta is cross-clamped. We usually initi-
ate cardioplegia induction with aortic root cardioplegia. To 
induce and maintain cardioplegic protection, it is helpful 
to be able to occlude patent arterial grafts. If it has not yet 
been possible to dissect out a patent arterial graft so that it 
can be clamped, the systemic perfusion temperature may be 
decreased to 25°C until control of the graft is achieved. After 
antegrade cardioplegia has been given for 2 to 3 minutes, we 
shift to retrograde induction for another 2 to 3 minutes. Giv-
ing any antegrade cardioplegia does risk embolization from 
atherosclerotic vein grafts, but if these grafts have not yet 
been manipulated, that danger is relatively small. Once the 
adequacy of retrograde cardioplegia delivery has been estab-
lished, it is often possible to use that route predominantly for 
maintenance doses.

Intrapericardial Dissection
When the heart has been arrested completely, intrapericar-
dial dissection of the left ventricle is undertaken, starting at 
the diaphragm and extending out to the left of the apex of 
the heart. After the apex is identified, the surgeon divides the 
pericardium in a cranial direction on the left side of the LAD 
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 Chapter 24 Coronary Artery Reoperations 585

artery (Fig. 24-14). A patent LITA-to-LAD graft will be con-
tained within the strip of pericardium that lies over the LAD 
artery. Dissection of this pedicle from the anterior aspect of 
the pulmonary artery will allow an atraumatic clamp to be 
placed across the patent ITA graft and also will allow the pas-
sage of new bypass grafts from the aorta underneath the pat-
ent ITA graft to left-sided coronary arteries. The advantages 
of waiting until after aortic clamping and arrest to dissect out 
the left ventricle are that dissection is more accurate, there is 
less damage to the epicardium and less bleeding, manipula-
tion of atherosclerotic vein grafts is less likely to cause coro-
nary embolization, and the dissection of patent ITA grafts 
is safer.

After the heart is dissected out completely, the coronary 
arteries to be grafted can be identified, the lengths that bypass 
conduits need to reach those vessels may be assessed, and the 
final operative plan can be established. The old grafts and epi-
cardial scarring that are present during reoperations make the 
preoperative prediction of the lengths of conduits needed for 
bypass grafts quite difficult, particularly the lengths of arterial 
grafts, and it is wise to have some flexibility in the operative 
plan. Before the construction of the anastomoses, those pat-
ent but atherosclerotic vein grafts that are going to be discon-
nected are identified and are disconnected with a scalpel. The 
order of anastomosis construction that is used by the authors 

is: (1) distal vein graft anastomoses; (2) distal free arterial 
graft anastomoses; (3) distal in situ arterial graft anastomoses; 
and (4) proximal (aortic) anastomoses.

Stenotic Vein Grafts
When should patent or stenotic vein grafts be replaced, and 
with what should they be replaced? Atherosclerosis in vein 
grafts is common if those grafts are more than 5 years old, and 
leaving them in place risks embolization of atherosclerotic 
debris at the time of reoperation and subsequent development 
of premature graft stenoses or occlusions after reoperation. 
On the other hand, replacement of all vein grafts extends the 
operation and may use up available bypass conduits.

In the past, our general rule has been to replace all vein 
grafts that are more than 5 years old at the time of reopera-
tion, even if those grafts are not diseased angiographically. 
However, this strategy assumes that conduits are available that 
can replace these old grafts. Today, many patients have very 
limited conduits at reoperation because of the large numbers 
of vein grafts used at primary surgery or because of multiple 
previous operations. Thus, graft replacement must be individ-
ualized. Inspection of vein grafts at reoperation occasionally 
will identify a graft that looks normal angiographically and 
does not appear to have any thickening or atherosclerosis on 
visual inspection. Such grafts are thought to be “privileged” 
and often will be left alone.

Replacing old vein grafts with new vein grafts may often 
be accomplished by creating the new vein-to-coronary-artery 
anastomosis at the site of the previous distal anastomosis, 
leaving only 1 mm or so of the old vein in place (Fig. 24-15). 
If significant native-vessel stenoses have developed distal to 
the old vein graft, it is often best to place a new graft to the 
distal vessel in addition to replacing the vein graft. Many 
reoperative candidates have proximal occlusions of the native 
coronary artery system and multiple stenoses throughout the 
vessel, and if only new distal grafts are constructed, the proxi-
mal segments of coronary arteries and their branches that are 
supplied by atherosclerotic vein grafts may be jeopardized. 
More than one graft to a major coronary artery may be desir-
able during reoperation (Fig. 24-16).

Sequential vein grafts often are very helpful during reop-
eration because they allow more distal anastomoses and fewer 
proximal anastomoses. Sites for proximal anastomoses are 
often at a premium in the scarred reoperative aorta.

Artery-to-coronary-artery bypass grafts have many advan-
tages during reoperations. First, they are often available. Sec-
ond, the tendency of arteries to remain patent even when 
used as grafts to diffusely diseased coronary arteries makes 
them particularly applicable to reoperative candidates. Third, 
in situ arterial grafts do not require a proximal anastomosis. 
If the left ITA has not been used as a graft at a previous opera-
tion, a strong attempt should be made to use it as an in situ 
graft to the LAD artery. During primary operations, the right 
ITA usually can be crossed over as an in situ graft to left-sided 
vessels, but such a plan is more difficult during repeat surgery, 
so the right ITA is often used as a free graft.

FIGURE 24-14 Division of the pericardium along the diaphragm 
allows the surgeon to reach a point to the left of the cardiac apex. 
From that point, the pericardium can be divided in a cranial direc-
tion to the left of the LAD artery, leaving a patent ITA graft in the 
strip of tissue overlying the LAD artery. Atherosclerotic vein grafts 
that are going to be replaced may be divided once a dose of antegrade 
cardioplegia is given.
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586 Part III Ischemic Heart Disease

A B

FIGURE 24-16 Extension of native-vessel coronary artery disease 
may indicate the placement of new distal grafts as well as replacement 
of diseased vein grafts supplying proximal coronary artery segments.

A B C D

FIGURE 24-15 For patients with extensive native coronary atherosclerosis, the distal anastomotic site of an old vein graft is often the best spot 
for the distal anastomosis of a new graft. Only a small rim of the old graft should be left in place.

become occluded, there is usually a “bubble” of the hood of 
the old vein graft that is not atherosclerotic and that often 
is a good spot for construction of a free (aorta-to-coronary-
artery) arterial graft anastomosis (Fig. 24-17). In addition, 
if new vein grafts are performed, the hood of that new vein 
graft represents a favorable location for an arterial graft 

Arterial graft proximal anastomoses are a problem at 
reoperation because the scarring and thickening of the reop-
erative aorta often make direct anastomoses of arterial grafts 
to the aorta unsatisfactory. However, when old vein grafts 

FIGURE 24-17 The hood of new or old vein grafts is often the best 
spot for the aortic anastomosis of free arterial grafts. Atherosclerosis 
rarely occurs in that “bubble” of vein.
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 Chapter 24 Coronary Artery Reoperations 587

FIGURE 24-18 Composite arterial grafts can be constructed using 
a new or old left ITA graft as the inflow source. With its proximal 
anastomosis to the left ITA, a right ITA graft will easily reach the cir-
cumflex branches. Furthermore, a shorter segment of inferior epigas-
tric artery or radial artery can be used to reach the distal LAD artery 
if intervening native LAD stenoses have limited the effectiveness of 
an old ITA graft.

1. The surgeon may leave the old vein graft in place and add 
an arterial graft to the same coronary vessel. The dangers 
of this approach are that atherosclerotic embolization 
from the old vein may occur during the reoperation, and 
competitive flow between the vein graft and the arterial 
graft may jeopardize the ITA graft after reoperation.

2. The surgeon may remove the old vein graft and replace 
it with an ITA graft. This decreases the likelihood of ath-
erosclerotic embolization and competitive flow but risks 
hypoperfusion during reoperation if the arterial graft can-
not supply all the flow that had been generated previously 
by the vein graft.

3. The surgeon may replace the old vein graft with a new vein 
graft. The disadvantage of this approach is a long-term 
one. The coronary vessel is left dependent on a vein graft.

When we examined these choices in a retrospective study 
of operations for patients with atherosclerotic vein grafts 
supplying the LAD artery, we found that the worst outcomes 
resulted from removing a patent (although stenotic) vein 
graft and replacing it with only an ITA graft.39 This strategy 
was associated with a significant incidence of hypoperfusion 
and severe hemodynamic difficulties during reoperation that 
were treated effectively only by adding a vein graft to the 
same coronary artery. The incidence of myocardial infarc-
tion associated with leaving a stenotic vein graft in place 
was low. Thus, atherosclerotic embolization from an athero-
sclerotic vein graft is a danger, but it appears that with the 
use of retrograde cardioplegia, it is not commonly a major 
catastrophe.

Another potential disadvantage of the strategy of adding 
an ITA graft to a stenotic vein graft is that competition in 
flow from the stenotic vein graft may lead to failure of the 
new ITA graft. However, this is unlikely to occur as long as 
the stenosis in the SVG is severe.50 Our usual approach, there-
fore, is to remove atherosclerotic vein grafts when replacing 
them with a new vein graft but leave stenotic vein grafts in 
place when grafting the same vessel with an arterial graft 
(Fig. 24-19).

Alternative arterial grafts often are very useful during reop-
eration. The radial artery has particular advantages during 
repeat surgery because it is larger and longer than other free 
arterial grafts. These qualities increase the range of coronary 
arteries that can be grafted. Early studies of radial artery grafts 
have shown favorable patency rates, but few long-term data 
currently exist. If the high patency rates that have been docu-
mented by early studies are confirmed by the tests of time, 
the radial artery will be used extensively during reoperations. 
The inferior epigastric artery often is too short to function as 
a separate aorta-to-coronary-artery graft during reoperation 
but can be extremely useful as a short composite arterial graft, 
as illustrated in Fig. 24-18.

The right gastroepiploic artery (RGEA) has established 
a good midterm graft patency rate record and often is use-
ful during reoperation because it is an in situ graft.51 Fur-
thermore, it can be prepared before the median sternotomy. 
It is effective most often as an in situ graft to the posterior 

anastomosis. Late angiographic data regarding this strategy 
are not available, but the relative freedom of the hood of vein 
grafts from the development of atherosclerosis means these 
grafts are likely to be successful.

Another effective strategy is to use either an old arterial 
graft or a newly constructed arterial graft for the proximal 
anastomosis of a free arterial graft (Fig. 24-18). Composite 
arterial grafts, usually using a new in situ left ITA graft at the 
proximal anastomotic site for a free right ITA graft, have been 
employed with increasing frequency, and early outcomes have 
been favorable.48,49 This method is particularly useful during 
reoperations because it may avoid an aortic anastomosis, and 
less right ITA graft length is needed to reach distal circumflex 
arteries. Other advantages of using a previously performed 
patent ITA graft for the proximal anastomosis of a new arte-
rial graft are that the old left ITA graft often has increased 
in size, and the preoperative angiogram has demonstrated its 
integrity. In situations in which the effectiveness of an LITA-
to-LAD graft has been jeopardized by a distal LAD lesion, a 
short segment of a new arterial graft can be used to bridge 
that stenosis from the old arterial graft to the distal LAD 
artery (see Fig. 24-17).

Can an ITA graft be used to replace a vein graft during 
reoperation? When faced with replacing a stenotic or pat-
ent vein graft during reoperation, the surgeon has a number 
of options, all of which have some potential disadvantages:
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588 Part III Ischemic Heart Disease

FIGURE 24-19 In this example, an atherosclerotic right coronary 
artery vein graft is disconnected and is replaced with a new vein graft. 
However, the stenotic vein graft to the LAD artery is left in place to 
avoid hypoperfusion, and a new ITA graft is added to the LAD artery.

descending branch of the right coronary artery or the distal 
LAD artery (Fig. 24-20).

The aortic anastomoses of the vein and arterial grafts 
are performed last during the single period of aortic cross-
clamping. Sites for aortic anastomoses are often at a premium 
owing to previous scarring, atherosclerotic disease, or the use 
of Teflon felt during the primary operation, and often the 
locations of the previous vein graft proximal anastomoses are 
the best locations for the new ones. The advantages of con-
structing aortic anastomoses during a single period of aortic 
cross-clamping are that it minimizes aortic trauma and allows 
excellent visualization of the proximal anastomoses. In addi-
tion, if patent or stenotic vein grafts have been removed and 
replaced, reperfusion is not accomplished by aortic declamp-
ing until the aortic anastomoses have been completed.

The disadvantage of this approach is that it prolongs the 
period of aortic cross-clamping. However, our strategies for 
reoperation are not based on trying to minimize myocardial 
ischemic time. If cardioplegia can be delivered effectively, 
its metabolic concepts are valid, and myocardial protection 
is secure. Failure of myocardial protection usually is caused 
by anatomical events, not by metabolic failure. Once the 
proximal anastomosis has been constructed, a “hot shot” of 
substrate-enhanced blood cardioplegia is given, and the aortic 
cross-clamp is removed.

Other Options
Although most reoperations are performed through a median 
sternotomy with the use of cardiopulmonary bypass, the 

FIGURE 24-20 Circumflex vessels may be grafted through a left thoracotomy incision without cardiopulmonary bypass.
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FIGURE 24-21 An in situ gastroepiploic artery (GEA) graft may 
be used for an on- or off-pump anastomosis to the distal LAD artery.

strategies of small-incision surgery and off-pump surgery that 
have been gaining increasing use for primary coronary artery 
operations also can be helpful during reoperations. Reopera-
tions in situations in which a limited area of myocardium 
needs revascularization often can be accomplished through 
a limited incision and without the use of cardiopulmonary 
bypass (known as the minimally invasive direct coronary artery 
bypass [MIDCAB] operation). The distal LAD artery may be 
exposed with a small anterior thoracotomy, and the LAD or 
diagonal artery may be grafted with a left ITA graft. A stabi-
lizing device usually is employed for anastomotic construc-
tion, although the intrapericardial adhesions provide some 
stability during reoperations. If the left ITA is not available, 
a segment of saphenous vein can be anastomosed to the sub-
clavian artery and routed in a transthoracic path to the LAD 
artery. If the right ITA is to be used as an in situ graft to the 
LAD artery, a median sternotomy is indicated, but if this is 
the only graft, off-pump surgery usually is possible.

The lateral wall of the heart can be exposed through a left 
lateral thoracotomy (Fig. 24-21), and the circumflex and dis-
tal right coronary artery branches can be grafted with this 
approach. Often the LITA already has been used for a graft, 
but the descending thoracic aorta may be used as a site for 
the proximal anastomosis of a vein graft or a radial artery 
graft using a partial occluding clamp. The disadvantages of 
this approach are that the right ITA is difficult to use as an in 
situ graft, and if the circumflex vessels are deeply intramyo-
cardial, they may be difficult to expose and isolate with the 
off-pump strategy.

In addition to avoiding potential complications of cardio-
pulmonary bypass, the “limited-area, off-pump” approach also 

avoids extensive dissection of the heart and possible manipu-
lation of atherosclerotic vein grafts. The disadvantage of this 
approach is that most patients who are candidates for reopera-
tion need grafts to multiple vessels in multiple myocardial areas.

Use of a median sternotomy and the off-pump strategy to 
graft multiple myocardial areas is now a standard approach 
to primary coronary revascularization and also can be used 
during reoperation. However, because of the need to access 
all areas, extensive dissection sometimes is necessary for lysis 
of adhesions to be able to mobilize the heart. If patients have 
atherosclerotic vein grafts, dissection and manipulation cre-
ate the dangers of embolization of atherosclerotic debris and 
myocardial infarction. This problem was encountered during 
the early years of bypass surgery when the risks of athero-
sclerotic embolization were less recognized. Another disad-
vantage of off-pump reoperative strategies is that reoperative 
candidates often have very distal and diffuse CAD, which 
leaves intramyocardial segments as the best areas for grafting. 
These characteristics stress off-pump isolation and immobili-
zation techniques. In addition, the aortic anastomoses of vein 
or free arterial grafts may be difficult because of aortic ath-
erosclerosis, adhesions, or previous aortic anastomoses that 
may limit the application of a partial occluding clamp. On 
the other hand, the use of off-pump techniques may mini-
mize aortic trauma, particularly if in situ arterial grafts can be 
employed to provide inflow to new grafts.

In an individual case, the disadvantages of off-pump sur-
gery may be important or irrelevant. Surgeons who perform 
reoperative coronary artery surgery in a wide spectrum of 
situations will find both on- and off-pump strategies helpful.

RESULTS OF CORONARY ARTERY 
REOPERATIONS
Early Results
Coronary artery reoperations are riskier than primary opera-
tions. A study from the Society of Thoracic Surgeons (STS) 
database reported an in-hospital mortality rate of 6.95% associ-
ated with reoperations for the years 1991 to 1993, and in a mul-
tivariate analysis of all isolated coronary artery bypass surgery, 
“previous operation” was identified as a factor that increased 
the mortality rate.12 At the Cleveland Clinic Foundation, the 
in-hospital mortality rate of a first reoperation ranged between 
3 and 4% from 1967 through 1991, and the rate was 3.7% 
for 1663 patients having repeat surgery from 1988 through 
1991.1-3 Progress during the last decade has continued to lower 
this risk. In a recent report by Sabik and colleagues, the hos-
pital mortality rate for patients undergoing reoperative CABG 
was reduced to 2.5% in 2002, and risk adjustment identified 
the comorbidity burden carried by reoperative patients as a fac-
tor that increased risk, not reoperative status itself.14

In the 1990s and 2000s, mortality rates from other large 
series range from 4.2 to 11.4%, most being around 7%.4-9,52 
In 2013, among all STS database participants the mortality 
rate was 3.5%, while the mortality rate for primary opera-
tions was 1.5%.
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590 Part III Ischemic Heart Disease

All these figures are two to five times higher than the 
rates we would expect for the risk of primary CABG. Coro-
nary artery reoperations have been associated with a higher 
in-hospital mortality mostly because of an increased risk of 
perioperative myocardial infarction. In the Cleveland Clinic 
Foundation series, the cause of perioperative death was car-
diovascular in 85% of cases in the most recent cohort of 
patients undergoing reoperation, a figure that contrasts with 
recent studies of primary operations, in which noncardiac 
causes of death have been increasingly important.3,15 Further-
more, in the reoperative series, in-hospital mortality was asso-
ciated with new perioperative myocardial infarction in 67% 
of cases. Multiple causes of myocardial infarction have been 
identified, including incomplete revascularization owing to 
distal CAD, vein graft thrombosis, ITA graft failure, ath-
erosclerotic embolization from vein grafts, injury to bypass 
grafts, hypoperfusion from arterial grafts, preoperative myo-
cardial infarction, and complications of PTCA.

Sternal reentry still creates risk. In a study of 1847 patients 
undergoing reoperation, 7% were associated with an adverse 
event and only previous radiation and the number of previ-
ous operations could be identified as predictors of injury. Of 
the 127 patients sustaining an injury, 24 (19%) experienced 
a major adverse outcome (stroke, myocardial infarction, or 
death) compared with a risk of 6.2% for those without an 
injury.43

Multiple studies of patients undergoing reoperation have 
identified increased age, female gender, and emergency oper-
ation as clinical variables that have a high association with 
in-hospital mortality. Emergency operation is a particularly 
strong factor. Although there is not a standard definition of 
emergency, mortality rates after emergency reoperations that 
have been reported range from 13 to 40%.3,5-8 Data from the 
STS for the year 1997 documented a risk of 5.2% for elective 
reoperations, 7.4% for urgent reoperations, 13.5% for emer-
gency reoperations, and 40.7% for “salvage” reoperations. 
There is clearly a major increment in risk associated with 
emergency reoperations, a larger increment than has existed 
for patients undergoing primary surgery.

Advanced age, by itself, does not increase the risk of reop-
eration substantially but does so when combined with other 
variables. In a review of 739 patients aged 70 years or older 
undergoing reoperation, we noted an overall in-hospital 
mortality rate of 7.6% and identified emergency operation, 
female gender, left ventricular (LV) dysfunction, creatinine 
concentration greater than 1.6 μg/dL, and left main coronary 
artery stenosis as specific factors increasing risk. For patients 
with none of these characteristics, the in-hospital mortality 
rate was only 1.5%.53

Specific anatomical situations, in particular, the pres-
ence of patent ITA grafts and atherosclerotic vein grafts, can 
increase the risk of reoperation, but with experience, these 
technical factors largely have been neutralized. We have never 
documented an increased mortality rate for patients with 
patent ITA grafts but have noted that the risk of ITA dam-
age has dropped from 8% in our early experience to 3.7% 
more recently, an improvement almost entirely related to 

increased surgical experience. With proper positioning of an 
ITA graft at primary operation, a patent LITA-to-LAD-artery 
or LITA-to-circumflex-artery graft should not represent an 
impediment to reoperation. Situations in which a patent in 
situ right ITA graft crosses the midline to supply the LAD or 
circumflex system are more difficult and require extreme care 
in reoperating using a median sternotomy incision. Although 
these situations are uncommon and provide difficult tech-
nical challenges, the risks for these patients have not been 
increased.

Studies from the past noted that the presence of atheroscle-
rotic vein grafts did increase perioperative risk. Perrault and 
colleagues documented mortality rates of 7, 17, and 29% for 
patients with one, two, or three stenotic vein grafts, respec-
tively, and in a previous study of patients with atherosclerotic 
vein grafts, we noted that the presence of an atherosclerotic 
vein graft to the LAD artery increased in-hospital risk.30,36 
However, in our more recent study we found that athero-
sclerotic vein grafts did not increase mortality, although there 
was a nonsignificant trend toward increased risk for patients 
with multiple stenotic grafts.3 The favorable results for these 
patients have been based on a combination of improved 
technology, the use of retrograde cardioplegia delivery, and 
increased surgeon experience.

Although arterial grafts may offer advantages at reopera-
tion, their use may prolong an already complex operation, 
and the influence of arterial grafting on perioperative risk has 
been a concern. However, we have specifically studied this 
issue and found that the use of single or double ITA grafts at 
reoperation does not increase perioperative risk, and in fact, 
not having an ITA graft at either the first or second operation 
appeared to be a factor associated with increased in-hospital 
mortality.3 Graft selection in that study was not randomized, 
and it is certainly possible that the increased risk for patients 
receiving only vein grafts was related to patient-related vari-
ables rather than surgical strategy. It does appear, however, 
that the use of arterial grafts does not increase risk. Except 
for an increased incidence of perioperative myocardial infarc-
tion, in-hospital morbidity does not seem to be increased for 
patients undergoing reoperation. One important observation 
relates to wound complications. Multiple groups, including 
ours, have noted an increased risk of wound complications 
when diabetic patients have received bilateral (simultaneous) 
ITA grafts. However, there does not appear to be an increased 
risk of wound complications for diabetic patients who receive 
staged ITA grafts, one at the first and another at a second 
operation.

Among all STS participants in 2013, when compared to 
primary coronary bypass, reoperative procedures appeared to 
be associated with an increased of major complications (17.3 
vs 12.8%), risk of reoperation within 30 days (5.0 vs 3.6%). 
Interestingly, no additional risk of mediastinits (0.3 vs 0.2%) 
or permanent cerebrovascular accident (1.2 vs 1.3%) was 
demonstrated.

It is important to note that only the variables that can 
be identified and quantified are included in studies consis-
tent enough to be identified as risk factors. For example, 
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 Chapter 24 Coronary Artery Reoperations 591

TABLE 24-3: Factors Decreasing Late 
Survival after Reoperation: 1967 to 19872

Factor p-Value Relative risk

LV dysfunction .0001 1.9
Age .0001 1.04
Current cigarette smoking .0001 1.6
Hypertension .0002 1.4
Left main ≥50% .0001 2.0
Triple-vessel disease .0001 1.6
NYHA III/IV symptoms .003 1.4
Peripheral vascular disease .001 1.5
Interval > 60 months .006 1.003
No ITA at first operation .03 1.5

LV = left ventricular.
Data from Loop FD, Lytle BW, Cosgrove DM, et al: Reoperation for coronary 
atherosclerosis: changing practice in 2509 consecutive patients, Ann Surg. 1990 
Sep;212(3):378-385.

experience and logic dictate that severe atherosclerosis of 
the ascending aorta is a major risk factor, but this is rarely 
identified in large studies because patients do not routinely 
undergo echocardiography to identify the presence of aortic 
atherosclerosis.

Late Results
Patients who are undergoing reoperation are at a later stage in 
the progression of their native coronary atherosclerosis com-
pared with the point when they underwent primary surgery, 
and the anatomical corrections achieved at reoperation are 
less perfect. Although the definition of complete revascular-
ization varies widely, few reoperative candidates undergo an 
operation in which all diseased segments of all arteries receive 
bypass grafts. It is not surprising that the long-term results 
of reoperation have not been as favorable as the long-term 
results of primary operations.

The likelihood of recurrent angina after any bypass 
operation is related to time, but angina symptoms are more 
common after repeat surgery than they are after primary 
operation. Follow-up of our reoperative patients at a mean 
interval of 72 months after reoperation showed that 64% of 
patients were in New York Heart Association (NYHA) func-
tional class I, although only 10% of patients had class III or 
class IV symptoms.2 Weintraub and colleagues also noted at a 
4-year follow-up that 41% of reoperative patients had expe-
rienced some angina.6

Late survival rates after reoperation are also inferior to 
those after primary surgery. Weintraub and colleagues noted 
76% 5-year- and 55% 10-year survival rates, and our most 
recent follow-up study found a 10-year survival rate of 69% 
for in-hospital survivors (Fig. 24-22).2,6 The predictors of 
late survival have varied among studies, but LV dysfunction, 
advanced age, and diabetes consistently have been associated 
with a decreased late survival rate. The variables identified by 

multivariate testing as decreasing the late survival for 2429 
hospital survivors of a first reoperation are listed in Table 24-3. 
The influence of ITA grafts on late survival has been difficult 
to determine for reoperations. We found a positive influence 
of a single ITA graft on late survival, as have others,54 but the 
effect was not as dramatic as has been noted after primary 
operations. Weintraub and colleagues did not document an 
improved survival associated with ITA grafting.6 However, 
there is clear evidence that usage of ITA grafts has at least 
partially contributed to a dramatically lower number of reop-
erations55, and this could be potentially extrapolated to a 
positive effect of ITA grafts on late survival.

Multiple Coronary Artery Reoperations
Patients who have had more than one previous coronary 
artery operation are like patients undergoing first reop-
erations, only more so. Many patients undergoing multiple 
reoperations had their first procedure more than 15 years ago, 
and severe native-vessel disease and lack of bypass conduits 
are a common combination of problems. Selection criteria 
vary widely among institutions, but in-hospital mortality 
rates are increased relative to first reoperations.10,11 Through 
1993, we reoperated on 392 patients who had more than 
one previous bypass operation, with an in-hospital mortality 
rate of 8%. Over the next 10 years, this mortality rate has 
decreased to 5.8%.14 Follow-up of the in-hospital survivors 
in the former group found late survival rates of 84% at 5 and 
66% at 10 postoperative years. Thus, although the in-hospital 
risks were increased for these patients, the long-term outcome 
has been relatively favorable. Age was a major determinant of 
outcome. Recently, in-hospital mortality for patients younger 
than 70 years of age has decreased to 1 to 2%, but for patients 
greater than age 70, it has remained higher than 10%. Fur-
thermore, patients greater than age 70 who did survive opera-
tion in our series had only a 50% 5-year late survival.

0
0 2 4
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Overall       n = 2429
Event-free  n = 2429

6 8 10
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FIGURE 24-22 For 2429 hospital survivors who underwent reop-
eration between 1967 and 1987, the 10-year survival was 69%, and 
event-free survival was 41%. (Reproduced with permission from Loop 
FD, Lytle BW, Cosgrove DM, et al: Reoperation for coronary athero-
sclerosis: changing practice in 2509 consecutive patients, Ann Surg. 
1990 Sep;212(3):378-385.)
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592 Part III Ischemic Heart Disease

KEY POINTS

1. Make certain the end justifies the means before perform-
ing a coronary reoperation

2. Avoid cardiac injury
3. Do not replace a patent or stenotic vein graft with an ITA 

graft
4. Dissect out the left side of the heart with the heart arrested
5. Use the axillary artery as an alternative cannulation site
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Acute myocardial infarction can require surgical interven-
tion for many reasons. Most commonly, patients may have 
coronary artery stenosis that may be amenable to coronary 
artery bypass grafting, either to halt the progress of the acute 
infarction, or to prevent subsequent angina, reinfarction, or 
death (see Chapters 20 to 25). Myocardial infarction can also 
result in refractory congestive heart failure and/or circulatory 
shock due to inability of the left and/or right ventricles to 
maintain the cardiovascular circulation. These patients may 
benefit from ventricular replacement therapy that include 
cardiac transplantation (see Chapter 61), extracorporeal 
membrane oxygenation (see Chapter 19) or placement of left 
and/or right ventricular assist devices (see Chapter 63). Acute 
myocardial infarction can have a number of other mechanical 
consequences that may need to be addressed surgically. These 
can include acute and chronic ischemic mitral regurgitation 
and even papillary muscle rupture (see Chapter 38) and func-
tional tricuspid regurgitation (see Chapter 44). Three final 
and potentially catastrophic mechanical complications of 
acute myocardial infarction are addressed in this chapter and 
include postinfarction ventricular septal defect, cardiac rup-
ture, and left ventricular aneurysm.

POSTINFARCTION VENTRICULAR 
SEPTAL DEFECT
Postmortem description of a postinfarction ventricular 
septal defect was first made in 1845 by Latham.1 The first 
antemortem clinical diagnosis of a postinfarction ventricu-
lar septal defect was made in 1923 by Brunn.2 Sager3 in 
1934 established specific clinical criteria for diagnosis and 

associated postinfarction septal rupture with coronary 
artery disease.

The first successful surgical repair of a postinfarction ven-
tricular septal defect was made in 1956 by Cooley in a patient 
9 weeks after the diagnosis of septal rupture.4 The approach 
used was a right ventriculotomy similar to that used in 
patients with congenital ventricular septal defects. Thereafter 
the surgical mortality was sufficiently high that the strategy 
was to limit operation to those patients surviving for more 
than a month after acute septal perforation.5 Delayed surgery 
also had the advantage of allowing septal healing to facili-
tate more secure closure of the septal rupture.6 Heimbecker6 
described septal defect repair through a left ventriculotomy 
in the zone of infarction combined infarctectomy and aneu-
rysmectomy.7 Approaching the septal defect through the 
left ventricular infarct had distinct advantages of providing 
better exposure of the apical and inferior septum than did 
a right ventriculotomy. The left ventriculotomy also did not 
unnecessarily injure the otherwise critical right ventricle and 
allowed surgical remodeling of the infarcted portion of the 
left ventricle. Daggett et al8 in 1977 first reported a large 
series of 43 patients with improved surgical outcomes using a 
combination of infarctectomy and prosthetic patch material. 
In addition to the improved results overall, Daggett et al were 
able to successfully treat inferoposterior septal defects that 
previously had been problematic.9-11 In 1995 David described 
44 patients treated with infarct excluding patches with excel-
lent mortality of 19% and unusually low incidence of right 
ventricular dysfunction in two of 44 patients.12 Today, per-
cutaneous septal defect closure devices are evolving to have 
a role in selected patients,13 and ventricular replacement 

Surgical Treatment of 
Complications of Myocardial 
Infarction, Ventricular 
Septal Defect, Myocardial 
Rupture, and Left Ventricular 
Aneurysm
Donald D. Glower 
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596 Part III Ischemic Heart Disease

therapy is finding use in some septal defect patients with 
extensive ventricular damage and inability to maintain end 
organ perfusion.14

Incidence
Ventricular septal defect occurs in 1 to 2% of all acute myo-
cardial infarctions, typically 3 to 5 days after the onset of 
symptoms.15 Rupture of the interventricular septum with 
resultant ventricular septal defect can occur as early as hours 
after infarction or as late as 2 weeks.16,17 This timing correlates 
well with the maximal tissue necrosis from acute myocardial 
infarction with minimal healing having occurred. Patients 
with postinfarction ventricular septal defect are most likely 
to be men; but because women are less likely to present 
with transmural infarction, some suggest that women with 
transmural infarction are actually at somewhat higher risk of 
developing postinfarction ventricular septal defect. Older age 
and total occlusion of the infarct vessel with minimal collat-
eralization are also associated with postinfarction ventricular 
septal defect. The onset of early coronary reperfusion using 
thrombolytics or angioplasty may have shortened the time 
between infarction and septal rupture in some patients, per-
haps due to hemorrhagic reperfusion of the infarct. How-
ever, the overall incidence of postinfarction ventricular septal 
defect appears to have declined in the last two decades with 
the increased prevalence of early coronary perfusion and the 
decreased number of large, nonreperfused infarctions.18 In 
the GUSTO I trial of thrombolysis for infarction due to total 
occlusion of a coronary vessel,19 the median age of patients 
with postinfarction ventricular septal defect was 72 years 
with 43% of septal defect patients versus 75% of remaining 
patients being male, and a higher incidence of hypertension 
and diabetes in the septal defect group. Infarctions were ante-
rior in 70% of septal defect patients, with 29% being inferior 
and 1% presenting other cardiac zones. Single vessel coronary 
disease was present in 50% of septal defect patients, and 57% 
had total occlusion of the infarct vessel with the median reste-
nosis being 100%. Shock was present in 67% of patients, and 
89% had heart failure. Thirty-day mortality was 74%, and 
1-year mortality was 76% with 33% of patients undergoing 
bypass surgery. Survival was significantly higher for anterior 
infarctions (20/39 (51%)) versus inferior infarction being 
survival being two of 22 (9%).

Pathophysiology
Postinfarction ventricular septal defect generally involves 
transmural infarction of the interventricular septum with 
subsequent dissection of ventricular blood into the septal 
myocardium, resulting in a ventricular septal defect. Patients 
with postinfarction septal defects generally have larger infarcts 
involving 26% of the left ventricular wall as opposed to only 
15% of the left ventricular wall in other infarction,15 and 
most have single vessel disease.20 Patients with acute postin-
farction septal defect tend to have greater right ventricular 
infarction than other patients with acute infarction.21 The 

interventricular septal defect may be large and single, as is 
commonly seen with anterior infarctions. On the other hand, 
there may be multiple defects in the septum and a serpiginous 
course through the septum, as is more common with inferior 
infarctions producing ventricular septal defects. Because of 
the large volume of myocardial infarction in patients with 
postinfarction ventricular septal defects, roughly half of septal 
defect patients who survive the acute phase develop ventricu-
lar aneurysms, as opposed to only 12% of acute infarction 
patients without ventricular septal defects developing ventric-
ular aneurysms.22 Roughly one-third of postinfarction ven-
tricular septal defect patients will have some degree of mitral 
regurgitation due to left ventricular dilation and altered pap-
illary and annular geometry.23

Once the ventricular septal defect occurs, shunting of 
blood from the left ventricle to the right ventricle occurs with 
subsequent development of left and/or right ventricular heart 
failure. The combination of left to right shunting along with 
impairment of right and/or left ventricular contractility can 
produce low cardiac output and cardiogenic shock with end 
organ malperfusion progressing to death within days to weeks. 
In patients with postinfarction ventricular septal defect, left 
ventricular muscle loss is significant enough that one-third 
or more of all patients may not have a survivable amount 
of remaining myocardium without ventricular replacement 
therapy.18 Heart failure and shock are the primary causes of 
ultimate death. Right ventricular failure leading to shock and 
death is more common with inferior than anterior infarction 
due to more extensive right ventricular infarction along with 
left to right shunting.

Natural History
Without surgical intervention, the natural history of postin-
farction ventricular septal defect is that nearly 25% of 
patients will be dead within 24 hours, 50% in one week, 65% 
in 2 weeks, and 80% within four weeks, with 1-year survival 
being 5 to 20%.24 Those who survived the initial few days to 
2 weeks tend to have smaller degrees of shunting and smaller 
infarctions. Spontaneous closure of the postinfarction ven-
tricular septal defect has been seen but is quite rare.

Clinical Presentation
The typical patient with a postinfarction ventricular septal 
defect initially presents with a large transmural anterior myo-
cardial infarction. Most will appear to be convalescing in the 
initial few days, whereupon a new systolic murmur is noted, 
recurrent chest pain may develop, and hemodynamics may 
deteriorate with onset of dyspnea, tachycardia, hypotension, 
and oliguria.

Diagnosis
On clinical examination, 90% of patients with postinfarc-
tion ventricular septal defect will have a new, harsh, pansys-
tolic murmur at the left lower sternal border, usually with 
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 Chapter 25 Complications of Infarction 597

a palpable thrill. Chest radiographic will commonly show 
progressive pulmonary edema and cardiomegaly. The elec-
trocardiogram will continue to reflect transmural myocardial 
infarction in the appropriate zone, with occasional transient 
partial atrioventricular conduction block occurring around 
the time of rupture. Unfortunately, no electrocardiographic 
findings are highly predictive or diagnostic of septal rupture 
itself.

The differential diagnosis of postinfarction ventricular sep-
tal defect in a patient with acute onset of congestive heart 
failure and a new systolic murmur several days after trans-
mural myocardial infarction importantly involves acute isch-
emic mitral regurgitation with or without papillary muscle 
rupture. While echocardiography is the definitive means 
of distinguishing between these two entities, several clini-
cal associations might lead to early suspicion of one versus 
the other. Septal rupture occurs most commonly in anterior 
infarctions, while papillary muscle rupture is more common 
with inferoposterior infarctions. The murmur of septal rup-
ture tends to be greatest at the left lower sternal border with 
a palpable thrill in more than half of patients, while the mur-
mur of mitral regurgitation tends to radiate towards the left 
axilla.

Today, echocardiography is the definitive means of mak-
ing the diagnosis of postinfarction ventricular defect and dif-
ferentiating it from other complications such as acute mitral 
regurgitation.25 Echocardiography can also provide reason-
ably accurate information in terms of the location and size 
of the septal defect and associated ventricular wall motion 
abnormalities. Mitral and/or tricuspid regurgitation can be 
quantified along with an assessment of left ventricular and 
right ventricular size and contractility.

In the absence of diagnostic echocardiography, right heart 
catheterization or placement of a Swan-Ganz pulmonary 
artery catheter can be diagnostic of a significant left to right 
shunt inherent (1.4:1 to 8:1 or more) due to postinfarction 
ventricular septal defect. Right heart catheterization can pro-
vide cardiac output, central venous pressure, and pulmonary 
artery pressure for prognostic value and to optimize medical 
management. Preoperative right heart catheterization may not 
be needed if the diagnosis is firm based on echocardiography.

Today, many patients with postinfarction ventricular sep-
tal defect already had left heart catheterization on presenta-
tion with transmural infarction and may have already had 
reperfusion of the infarct vessel. If this has not been done at 
the time of presenting with a septal defect, then the decision 
to perform left heart catheterization prior to correcting the 
septal defect is controversial. Left heart catheterization can 
identify or even treat residual coronary stenoses. However, 
the mortality benefit from reperfusion of the infarct vessel 
diminishes rapidly once the patient is more than several hours 
into the infarction. Moreover, the relatively high incidence of 
single vessel disease in postinfarction ventricular septal defect 
patients and the risk of volume overload and nephrotoxic-
ity from dye all suggest that the decision to perform coro-
nary angiography after the onset of septal rupture needs to be 
made on a case-by-case basis.

Indications for Operation
Because of the high mortality of postinfarction ventricular 
septal defects and because of the progressive volume overload 
due to left to right shunting, postinfarction ventricular septal 
defects should ideally be corrected in any patient who appears 
to be viable. Correction of the septal defect should also be 
performed as soon as possible to minimize subsequent end 
organ damage due to heart failure and hypoperfusion. Some 
patients may have sufficiently poor likelihood of surviving an 
operation that medical and/or percutaneous therapy might 
be more attractive. The timing of surgery may be emergent, 
urgent, or delayed depending upon the patient’s situation. 
The main reasons for delay might be to optimize the patient 
hemodynamically, to obtain adequate diagnostic informa-
tion, and to optimize volume status as best possible in a very 
short period of time. Once these goals have been accom-
plished in a period of no more than 12 to 24 hours, further 
delay of surgery tends to only result in a sicker patient going 
to operation.18 Exceptions might be patients with relatively 
small shunts and/or other overriding surgical contraindica-
tions where the septal defect might reasonably be closed on a 
delayed basis once the other acute conditions are sufficiently 
corrected. In the past, significant delays in operation simply 
selected out those patients likely to survive long term in either 
event, with many otherwise potentially salvageable patients 
succumbing in the interim.

Preparation for Operation
Because of the rapidly life-threatening nature of postinfarc-
tion ventricular septal defects with 50 to 60% of patients hav-
ing severe congestive heart failure or low cardiac output, these 
patients should be managed in an intensive care setting.26 
Preoperative management has three important goals: (1) to 
maintain cardiac output and arterial pressure for adequate 
end organ perfusion, (2) to reduce systemic vascular resis-
tance to decrease the left to right shunt, and (3) to maintain 
adequate coronary blood flow.27 The surgical team should be 
involved immediately upon making the diagnosis of a postin-
farction ventricular septal defect. Placement of an intra-aortic 
balloon pump should be an early intervention to achieve 
some of these goals by improving coronary blood flow and 
decreasing the left to right shunt by decreased left ventricular 
outflow resistance.28

Pharmacologic therapy for postinfarction ventricular sep-
tal defect patients includes inotropic agents to improve end 
organ perfusion in the face of impaired right and/or left ven-
tricular function. In addition, intravenous diuretics are gener-
ally needed early on to treat pulmonary edema. Intravenous 
vasodilators such as sodium nitroprusside, nitroglycerin, or 
calcium-channel blockers can occasionally be helpful, but 
most patients are sufficiently hypotensive to not tolerate sig-
nificant doses of these agents. Because these patients all have 
significant ventricular dysfunction that may not improve with 
surgery, some patients may need evaluation for mechanical 
ventricular replacement therapy on an acute basis. This could 
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598 Part III Ischemic Heart Disease

include extracorporeal membrane oxygenation or right and/
or left ventricular assist devices. In general, those patients 
receiving this type of support before operation are those who 
are poor candidates for surgical closure of the septal defect at 
the time of evaluation but in whom the end organ dysfunc-
tion is felt to be reversible. Preoperative support over a period 
of time could allow some healing of infarct tissue and some 
recovery of stunned myocardium, in addition to allowing 
recovery of other end organs, at the expense of the multiple 
risks of cardiac assist devices.29 Postinfarction ventricular sep-
tal defect patients have an inherent risk of right to left shunt-
ing from an isolated left ventricular assist device alone. As a 
result, many patients might need biventricular support or at 
most partial left heart support.

Operative Techniques
OVERVIEW
Repair techniques for a postinfarction ventricular septal defect 
and can be classified based on the location of the infarct and 
on whether the approach of infarct excision versus exclu-
sion is used. Infarctectomy with or without patch closure of 
the infarct is a technique applicable to some septal infarc-
tions and some apical infarctions to ensure suturing to viable 
myocardium that will heal. Table 25-1A lists the principles 
of the infarctectomy as stated by Daggett.30 Infarct exclusion 
potentially allows less distortion of ventricular geometry but 
still requires suturing to viable myocardium. Table 25-1B 
lists the principles of infarct exclusion has stated by David.12 
Septal defects due to apical infarction are amenable either 

infarctectomy or exclusion techniques. Septal defects due to 
anterolateral infarction generally require an exclusion patch 
on the septum, often with primary closure of the left ven-
triculotomy. Septal defects due to inferior infarction generally 
require an exclusion patch on the septum and patch closure 
of the ventriculotomy.

INTRAOPERATIVE CONSIDERATIONS
Patients with postinfarction ventricular septal defects are 
often in cardiogenic shock, intolerant of vasodilation and 
needing inotropic support during the induction of anesthe-
sia. If not already present, an intra-aortic balloon pump may 
be placed to ensure stability during induction. Pulmonary 
vasodilators and venous vasodilators should be avoided to 
minimize left-to-right shunting. A Swan-Ganz pulmonary 
artery catheter should be placed to assist postoperative ino-
tropic management.

Median sternotomy is the incision of choice. Cardio-
pulmonary bypass should be to accomplished with bicaval 
venous drainage and bicaval isolation to avoid entraining air 
into the venous line given that the right heart will be open 
through the septal defect. Postinfarction septal defects are 
best repaired in the arrested heart with careful attention to 
good myocardial protection given the already impaired by 
ventricular performance in these patients.

TABLE 25-1A: Principles of Infarctectomy 
Repair of Postinfarction VSD

Transinfarct approach to ventricular septal defect
1. Thorough trimming of the left ventricular margins of the 

infarct back to viable muscle to prevent delayed rupture of the 
closure

2. Conservative trimming of the right ventricular muscle as 
required for complete visualization of the margins of the defect

3. Inspection of the left ventricular papillary muscles and 
concomitant replacement of the mitral valve only if there is 
frank papillary muscular rupture

4. Closure of the septal defect without tension, which in most 
instances will require the use of prosthetic material

5. Closure of the infarctectomy without tension with generous use 
of prosthetic material as indicated, and epicardial placement 
of the patch to the free wall to avoid strain on the friable 
endocardial tissue

6. Buttressing of the suture lines with pledgets or strips of Teflon 
felt or similar material to prevent sutures from cutting through 
friable muscle

Data from Heitmiller R, Jacobs ML, Daggett WM: Surgical management of postin-
farction ventricular septal rupture, Ann Thorac Surg. 1986 Jun;41(6):683-691.

TABLE 25-1B: Principles of Exclusion Repair 
of Postinfarction VSD

Transinfarct approach to ventricular septal defect
1. No infarctectomy unless necrotic muscle along ventriculotomy 

is sloughing during closure
2. Bovine pericardial patch in either an oval (anterior defect) 

or triangular (posterior defect) shape is sutured securely with 
continuous Prolene around the defect to exclude it from the LV 
cavity

3. Where necessary, full-thickness bites are taken to the epicardial 
surface and anchored by strips of pericardium or Teflon (see 
text for details)

4. An anterior patch is anchored to noninfarcted septum 
below the defect, then the noninfarcted endocardium of the 
anterolateral ventricular wall. If the infarct involves the base of 
the anterior muscle, full thickness anchoring bites are used

5. A posterior patch is anchored to the mitral annulus, 
noninfarcted septum, and through the infarcted posterior 
wall along a line corresponding to the medial margin of the 
posteromedial papillary muscle (with full thickness anchoring)

6. Closure of the infarctectomy using strips of pericardium or 
Teflon

7. When possible, infarcted right ventricular free wall is left 
undisturbed during closure

Data from David TE, Dale L, Sun Z: Postinfarction ventricular septal rupture: 
repair by endocardial patch with infarct exclusion, J Thorac Cardiovasc Surg. 
1995 Nov;110(5):1315-1322.
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 Chapter 25 Complications of Infarction 599

A

B

FIGURE 25-1 (A) Apical postinfarction ventricular septal defect. 
(B) View of the apical septal rupture, which is exposed by amputating 
the apex of the left and right ventricles. Ao, aorta; LAD, left ante-
rior descending coronary artery; LV, left ventricle; RV, right ventricle; 
stippled region, infarcted myocardium.27

The use of concurrent coronary bypass grafting depends 
upon surgical philosophy and the coronary anatomy of the 
each patient. Some groups argue that concurrent coronary 
bypass grafting and left heart catheterization can delay sur-
gery, add unnecessary risks, and is unlikely to benefit already 
infarcted myocardium. The incidence of late, clinically sig-
nificant, untreated coronary disease in patients receiving iso-
lated repair of postinfarction ventricular septal defects has in 
fact been low in several series.31 Others argue that concurrent 
bypass grafting could potentially improve myocardial protec-
tion and reduce late myocardial ischemia.

In weaning from cardiopulmonary bypass, an intra-aortic 
balloon pump should be used if possible. Multiple inotro-
pes will be needed, and intravenous milrinone and inhaled 
nitric oxide may be of particular value. In patients who can-
not be weaned from cardiopulmonary bypass using standard 
techniques, the use of the left and/or right ventricular assist 
device could be considered (see Chapter 63).14 In postinfarc-
tion ventricular septal defect patients, one particularly needs 
to be cognizant of potential residual right to left shunting 
with resultant hypoxemia when an isolated left ventricular 
assist device is used.

Postoperative hemostasis can be a problem in these criti-
cally ill patients. Routine use antifibrinolytic agents such as 
ε-aminocaproic acid (Amicar) can be helpful. Seguin and 
others have recommended application of a fibrin sealant to 
the ventricular septum around the septal defect before formal 
repair,32 followed by biological glue applied to bleeding suture 
lines after repair. Transfusion of appropriate blood products 
and isolated clotting factors may be needed, given the tissue 
fragility along with intolerance of ongoing bleeding or any 
degree of postoperative tamponade.

REPAIR OF APICAL SEPTAL RUPTURE
Daggett described the technique of apical amputation in 
19708 where necrotic apical myocardium is resected back to 
left ventricle, right ventricle, and septum (Figs. 25-1A and B). 
The remaining apical defect is then closed using interrupted 
mattress sutures of 1-0 Tevdek securing the left and right 
ventricular walls to the interventricular septum with strips of 
Teflon felt outside the left ventricular wall, outside the right 
ventricular wall, and on either side of the interventricular 
septum (Figs. 25-2A and B).8,27 After all sutures have been 
tied, the closure is reinforced with running suture, to ensure 
hemostasis.

ANTERIOR REPAIR WITH INFARCTECTOMY
Postinfarction septal defects due to anterior infarction are 
generally approached through a linear incision in the ante-
rior infarct parallel to the left anterior descending artery, with 
infarctectomy or debridement of nonviable tissue as described 
by Daggett27 (Fig. 25-3). Shumacker33 described a plication 
closure of small anterior septal defects by the free anterior edge 
of the debrided septum to the right ventricular free wall using 
mattress sutures of 1-0 Tevdek over strips of felt (Fig. 25-4A). 

The transinfarct left ventriculotomy is then closed with a sec-
ond row of mattress sutures buttressed with strips of Teflon 
felt (see Figs. 25-4B-D), followed by an outer hemostatic run-
ning suture line for ventriculotomy closure.27,34

In septal defects that are not small and anteriorly located, 
the debrided septal defect should be closed with a prosthetic 
patch of Dacron or bovine pericardium to reduce tension on 
the repair as described by Daggett27,34 (see Fig. 25-5). After 
debridement of necrotic septum and left ventricular muscle, 
a series of pledgeted interrupted mattress sutures are placed 
around the perimeter of the defect (see Fig. 25-5A). Along 
the posterior aspect of the defect, sutures are passed through 
the septum from right to left. Along the anterior edge of the 
defect, sutures are passed from the epicardial surface of  
the right ventricle to the endocardial surface. All sutures are 
placed before the patch is inserted, and then passed through 
the edge of a synthetic patch, which is seated on the left 
side of the septum (see Fig. 25-5B). Each suture is then 
passed through an additional pledget and all are tied. We 
use additional pledgets on the left ventricular side overly-
ing the patch (see Fig. 25-5C) to cushion each suture as it 
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600 Part III Ischemic Heart Disease

is tied down to prevent cutting through the friable muscle. 
The edges of the ventriculotomy are then approximated by a 
two-layer closure consisting of interrupted mattress sutures 
passed through buttressing strips of Teflon felt or bovine 
pericardium and a final outer running suture.27

POSTERIOR/INFERIOR REPAIR WITH 
INFARCTECTOMY
Postinfarction defects of the inferoposterior septum after 
inferolateral infarction have been the most challenging to 
repair because geometry does not lend itself to simple plica-
tion.10,11 Daggett in 1974 described the technique of infarc-
tectomy and patch closure which for the first time yielded 
reliably good results.10 However, today many surgeons feel 
that the inferoposterior septal defects are particularly better 
suited to an exclusion technique as opposed to infarctec-
tomy.27 With the heart arrested and the left ventricle vented, 

the heart is retracted out of the pericardial to expose the pos-
terior descending coronary artery and the inferior infarction 
which may involve both ventricles (Fig. 25-6A). As described 
by Daggett27,35 a transinfarct incision is made in the left ven-
tricle, and the left ventricular portion of the infarct is excised 
(see Fig. 25-6B), exposing the septal defect. The left ventricu-
lar papillary muscles are inspected. If indicated, mitral valve 
replacement is performed through a separate conventional 
left atrial incision, to avoid trauma to the friable ventricu-
lar muscle. After all the infarcted left ventricular muscle has 
been excised, a less aggressive debridement of the right ven-
tricle is accomplished, with the goal of resecting only as much 
muscle as is necessary to afford complete visualization of the 
defect(s). Using this technique, delayed rupture of the right 
ventricle has not been a problem. If the posterior septum has 
cracked or split from the adjacent ventricular free wall with-
out loss of a great deal of septal tissue, then the septal rim 
of the posterior defect may be approximated to the edge of 

A

B

FIGURE 25-2 (A) The necrotic infarct and the apical septum have 
been debrided back to healthy muscle. Repair is made by approxi-
mating the left ventricle, apical septum, and right ventricle using 
interrupted mattress sutures of 1-0 Tevdek with buttressing strips of 
Teflon felt. Felt strips are used within the interior of the left and right 
ventricles as well as on the epicardial surface of each ventricle. (B) All 
sutures are placed before any are tied. A second running over-and-
over suture (not shown) is used, as in left ventricular aneurysm repair, 
to ensure a secure hemostatic ventriculotomy closure. Ao, aorta; 
LAD, left anterior descending coronary artery; LV, left ventricle; RV, 
right ventricle.

Ao

FIGURE 25-3 Transinfarct left ventricular incision to expose an 
anterior septal rupture. An incision (dashed line) is made parallel 
to the anterior descending branch of the left coronary artery (LAD) 
through the center of the infarct (stippled area) in the anterior left 
ventricle (LV). Ao, aorta; LA, left atrium; PA, pulmonary artery; RV, 
right ventricle.27
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 Chapter 25 Complications of Infarction 601

the diaphragmatic right ventricular free wall using mattress 
sutures buttressed with strips of Teflon felt or bovine pericar-
dium (see Figs. 25-6C and D).27,35

Larger posterior defects require patch closure 
(Fig. 25-7).27,35 Pledgeted mattress sutures are placed from 
the right side of the septum and from the epicardial side of 
the right ventricular free wall (Fig. 25-7B). All sutures are 
passed through the perimeter of the patch and then through 
additional pledgets, and are then tied (Fig. 25-7C). Thus, as 
in closure of large anterior defects, the patch is secured on the 
left ventricular side of the septum. Because direct closure of 
the remaining infarctectomy is rarely possible due to tension 
on the edges of the large defect, a Dacron prosthetic patch is 
generally required. Pledgeted mattress sutures are passed out 
through the margin of the infarctectomy (endocardium to 
epicardium) and then through the patch (Fig. 25-7D), which 
is seated on the epicardial surface of the heart. After each 
suture is passed through an additional pledget, all sutures are 

tied (Fig. 25-7E). The cross-sectional view of the completed 
repair (Fig. 25-8) illustrates the restoration of relatively nor-
mal ventricular geometry, which is accomplished by the use 
of appropriately sized prosthetic patches.27

ANTERIOR AND INFEROPOSTERIOR REPAIR BY 
INFARCT EXCLUSION
The work of Dor and others led to the concept of ventricular 
endoaneurysmorrhaphy36 or placing an intracavitary endocar-
dial patch to exclude infarcted myocardium while maintain-
ing ventricular geometry and thus preserving left ventricular 
function. David,7 Cooley,37 Ross38 and others applied the 
infarct exclusion endocardial patch technique to repair of 
postinfarction ventricular septal defects, with good results 
in some centers but mixed results in others. The endocardial 
patch technique described by David7 was felt by Daggett 
and others to be particularly helpful in some patients with 

A

B

C
D

FIGURE 25-4 (A) Repair of an anterior septal rupture by plicating the free anterior edge of the septum to the right ventricular free wall with 
interrupted 1-0 Tevdek mattress sutures buttressed with strips of Teflon felt. (B, C, and D) The left ventriculotomy is then closed as a separate 
suture line, again with interrupted mattress sutures of 1-0 Tevdek buttressed with felt strips. A second running suture (not shown) is used to 
ensure a secure left ventriculotomy closure. Ao, aorta; LAD, left anterior descending coronary artery; LV, left ventricle; PA, pulmonary artery; 
RV, right ventricle. (Adapted with permission from Cohn LH (ed): Modern Techniques in Surgery: Cardiac/Thoracic Surgery. Mt. Kisco, NY: 
Futura; 1983.)
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602 Part III Ischemic Heart Disease

inferoposterior septal defects.27 For anterior septal rupture, 
Daggett described the technique of David12,39 as follows.27

The interventricular septum is exposed via a left ventric-
ulotomy made through the infarct starting at the apex and 
extending proximally parallel to, but 1 to 2 cm away from, the 
anterior descending artery (Fig. 25-9A).27,39 Stay sutures are 
passed through the margins of the ventriculotomy to aid in the 
exposure of the infarcted septum. The septal defect is located 
and the margins of the infarcted muscle identified. A bovine 
pericardial patch is tailored to the shape of the left ventricular 
infarction as seen from the endocardium but 1 to 2 cm larger. 
The patch is usually oval and measures approximately 4 × 
6 cm in most patients. The pericardial patch is then sutured to 
healthy endocardium all around the infarct (see Fig. 25-9B). 
Suturing begins in the lowest and most proximal part of the 
noninfarcted endocardium of the septum with a continuous 
3-0 polypropylene suture. Interrupted mattress sutures with 
felt pledgets may be used to reinforce the repair.38,40 The patch 

is also sutured to the noninfarcted endocardium of the antero-
lateral ventricular wall. The stitches should be inserted 5 to 7 
mm deep in the muscle and 4 to 5 mm apart. The stitches in 
the patch should be at least 5 to 7 mm from its free margin so 
as to allow the patch to cover the area between the entrance 
and exit of the suture in the myocardium. This technique min-
imizes the risk of tearing muscle as the suture is pulled taut. If 
the infarct involves the base of the anterior papillary muscle, 
the suture is brought outside of the heart and buttressed on a 
strip of bovine pericardium or Teflon felt applied to the epi-
cardial surface of the left ventricle. Once the patch is com-
pletely secured to the endocardium of the left ventricle, the left 
ventricular cavity becomes largely excluded from the infarcted 
myocardium. The ventriculotomy is closed in two layers over 
two strips of bovine pericardium or Teflon felt using 2-0 or 
3-0 polypropylene sutures, as illustrated in Fig. 25-9C. No 
infarctectomy is performed unless the necrotic muscle along 
the ventriculotomy is sloughing at the time of its closure, and 

A

B

C

FIGURE 25-5 (A) Larger anterior septal defects require a Dacron patch, which is sewn to the left side of the ventricular septum with interrupted 
mattress sutures, each of which is buttressed with a pledget of Teflon felt on the right ventricular side of the septum and anteriorly on the epicardial 
surface of the right ventricular free wall. All sutures are placed before the patch is inserted. (B and C) Additional pledgets are placed on the left 
ventricular side overlying the patch to cushion each suture as it is tied down to prevent cutting through the friable muscle. Ao, aorta; LAD, left 
anterior descending coronary artery; LV, left ventricle; PA, pulmonary artery; RV, right ventricle. (Adapted with permission from Cohn LH (ed): 
Modern Techniques in Surgery: Cardiac/Thoracic Surgery. Mt. Kisco, NY: Futura; 1983.)
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A

B

C

D

FIGURE 25-6 (A) View of an inferior infarct (stippled area) associated with posterior septal rupture. The apex of the heart is to the right. Expo-
sure at operation is achieved by dislocating the heart up and out of the pericardial sac, and then retracting its cephalad, as in the performance of 
distal vein bypass and anastomosis to the posterior descending artery. (B) The inferoposterior infarct is excised to expose the posterior septal defect. 
Complete excision of the left ventricular portion of the infarct is important to prevent delayed rupture of the ventriculotomy repair. The free edge 
of the right ventricle is progressively shaved back to expose the margins of the defect clearly. (C and D) Repair of the posterior septal rupture is 
accomplished by approximating the edge of the posterior septum to the free wall of the diaphragmatic right ventricle with felt-buttressed mattress 
sutures. The repair is possible when the septum has cracked or split off from the posterior ventricular wall without necrosis of a great deal of septal 
muscle. The surgeon can perform repair of posterior septal rupture to best advantage by standing at the left side of the supine patient. The left 
ventriculotomy is then closed as a separate suture line, again with interrupted mattress sutures of 1-0 Tevdek buttressed with felt strips. A second 
running suture is used to ensure a secure left ventriculotomy closure (not shown). LV, posterior left ventricle; PDA, posterior descending artery; 
RV, diaphragmatic surface of the right ventricle. (Adapted with permission from Daggett WM: Surgical technique for early repair of posterior 
ventricular septum rupture, J Thorac Cardiovasc Surg. 1982;Aug;84(2):306-312.)
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604 Part III Ischemic Heart Disease

even then it is minimized, because infarcted muscle will not 
be exposed to left ventricular pressures when the heart begins 
to work (see Fig. 25-9D). Alternatively, sutures can be passed 
through the ventricular free wall and through a tailored exter-
nal patch of Teflon or pericardium (Fig. 25-10).27

In patients with inferoposterior septal defects, an incision 
is made in the inferior wall of the left ventricle 1 or 2 mm 
from the posterior descending artery (Fig. 25-11A).27,39 This 
incision is started at the midportion of the inferior wall and 
extended proximally toward the mitral annulus and distally 
toward the apex of the ventricle. Care is taken to avoid dam-
age to the posterolateral papillary muscle. Stay sutures are 
passed through the fat pad of the apex of the ventricle and 
margins of the ventriculotomy to facilitate exposure of the 
ventricular cavity. In most cases, the rupture is found in the 
proximal half of the posterior septum, and the posterome-
dial papillary muscle is involved by the infarction. A bovine 
pericardial patch is tailored in a triangular shape of approxi-
mately 4 × 7 cm in most patients. The base of the triangular-
shaped patch is sutured to the fibrous annulus of the mitral 
valve with a continuous 3-0 polypropylene suture starting at 
a point corresponding to the level of the posteromedial papil-
lary muscle and moving medially toward the septum until the 
noninfarcted endocardium is reached (see Fig. 25-11B). At 
that level, the suture is interrupted and any excess patch mate-
rial trimmed. The medial margin of the triangular-shaped 
patch is sewn to healthy septal endocardium with a continu-
ous 3-0 or 4-0 polypropylene suture taking bites the same size 

A

B C

D E

FIGURE 25-7 (A) Repair of posterior septal rupture when necro-
sis of a substantial portion of the posterior septum requires the use 
of patches. (B) Interrupted mattress sutures of 2-0 Tevdek are placed 
circumferentially around the defect. These sutures are buttressed with 
felt pledgets on the right ventricular side of the septum and on the 
epicardial surface of the diaphragmatic right ventricle. (C) All sutures 
are placed and then the Dacron patch is slid into place on the left ven-
tricular side of the septum. The patch sutures are tied down with an 
additional felt pledget placed on top of the patch (left ventricular side) 
as each suture is tied, to cushion the tie and prevent cutting through 
the friable muscle. These maneuvers are viewed by Daggett et al.27 as 
essential to the success of early repair of the posterior septal rupture. 
(D) Remaining to be repaired is the posterior left ventricular free wall 
defect created by infarctectomy. Mattress sutures of 2-0 Tevdek are 
placed circumferentially around the margins of the posterior left ven-
tricular free wall defect. Each suture is buttressed with a Teflon felt 
pledget on the endocardial side of the left ventricle. With all sutures 
in place, a circular patch, fashioned from a Dacron graft, is slid down 
onto the epicardial surface of the left ventricle. An additional pledget 
of Teflon felt is placed under each suture (on top of the patch) as 
it is tied to cushion the tie and prevent cutting through the friable 
underlying muscle. This onlay technique of patch placement prevents 
the cracking of friable left ventricular muscle that occurred with the 
eversion technique of patch insertion. (E) Completed repair. (Adapted 
with permission from Daggett WM: Surgical technique for early 
repair of posterior ventricular septum rupture, J Thorac Cardiovasc 
Surg. 1982;Aug;84(2):306-312.)

FIGURE 25-8 Cross-sectional view of the completed repair of 
posterior septal rupture with prosthetic patch placement of the pos-
terior left ventricular free wall defect created by infarctectomy. LV, 
left ventricular cavity; RV, right ventricular cavity. (Adapted with 
permission from Daggett WM: Surgical technique for early repair 
of posterior ventricular septum rupture, J Thorac Cardiovasc Surg.  
1982;Aug;84(2):306-312.)
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 Chapter 25 Complications of Infarction 605

FIGURE 25-9 Repair of an anterior postinfarction ventricular septal rupture using the technique of infarct exclusion. (A) The standard ventricu-
lotomy is made in the infarcted area of left ventricular free wall. An interior patch of Dacron, polytetrafluoroethylene, or glutaraldehyde-fixed peri-
cardium is fashioned to replace and/or cover the diseased areas (ventricular septal defect [VSD], septal infarction, or free wall infarction). (B) The 
internal patch is secured to normal endocardium with a continuous monofilament suture, which may be reinforced with pledgeted mattress sutures. 
There is little, if any, resection of myocardium and no attempt is made to close the septal defect. Repair of an anterior postinfarction ventricular 
septal rupture using the technique of infarct exclusion. (C) The ventriculotomy, which is outside the pressure zone of the left ventricle, may be 
repaired with a continuous suture. (D) On transverse section, one can see that the endocardial patch is secured at three levels: above and below the 
septal rupture and beyond the ventriculotomy. (Adapted with permission from David TE, Dale L, Sun Z: Postinfarction ventricular septal rupture: 
repair by endocardial patch with infarct exclusion, J Thorac Cardiovasc Surg. 1995;Nov;110(5):1315-1322.)

A
B

C D
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606 Part III Ischemic Heart Disease

as those described for anterior defects. In this area of the 
septum, reinforcing pledgeted sutures may be required. 
The lateral side of the patch is sutured to the posterior wall 
of the left ventricle along a line corresponding to the medial 
margin of the base of the posteromedial papillary muscle. 
Because the posterior wall of the left ventricle is infarcted, it 
is usually necessary to use full-thickness bites and anchor the 
sutures on a strip of pericardium or Teflon felt applied on the 
epicardial surface of the posterior wall of the left ventricle right 
at the level of the posteromedial papillary muscle insertion, as 
shown in Fig. 25-11B. Once the patch is completely sutured 
to the mitral valve annulus, the endocardium of the interven-
tricular septum, and the full thickness of the posterior wall 
(see Fig. 25-11C), the ventriculotomy is closed in two layers 
of full-thickness sutures buttressed on strips of pericardium or 
Teflon felt (see Fig. 25-11D). The infarcted right ventricular 
wall is left undisturbed. If the posteromedial papillary muscle 
is ruptured, mitral valve replacement is necessary.27

Daggett and others27 feel that the theoretical advantages 
in the technique of infarct exclusion are: (1) It does not 
require resection of myocardium; excessive resection results in 
depression of ventricular function and insufficient resection 
predisposes to recurrence of septal rupture; (2) it maintains 
ventricular geometry, which enhances ventricular function; 
and (3) it avoids tension on friable muscle, which may dimin-
ish postoperative bleeding.

OTHER TECHNIQUES
Many have minor variants to the endocardial infarct exclu-
sion technique have been described utilizing the principles 

stated above.41-43 Asai44 described an approach through the 
right ventricle which may be appropriate for some patients 
but which has all of the issues with the original right ventricu-
lar approached use by Cooley and others years earlier.4

PERCUTANEOUS CLOSURE
Percutaneous closure of postinfarction ventricular sep-
tal defects has been performed with a number of devices, 
including those used to close congenital atrial or ventricular 
septal defects.45-47 These devices can be placed through the 
systemic venous circulation into the right ventricle to access 
the septal defect, or through the arterial system and the left 
ventricle to approach the septal defect, or both. Calvert47 
reported 53 cases with percutaneous closure of postinfarc-
tion ventricular septal defects with complete shunt reduc-
tion in 23%, partial shunt reduction in 62%, and a 5-day 
post procedure length of stay. Percutaneous devices cer-
tainly have the theoretical advantage of avoiding cardiopul-
monary bypass and the morbidity of open-heart surgery in 
an otherwise sick patient. However, technical issues exist 
with current devices, both in delivering the device to the 
defect (which may occur at most any location in the inter-
ventricular septum) and in obtaining a durable closure of 
large defects in a thick septum with poorly defined, necrotic 
edges. Problems have been reported with recurrent sep-
tal defects due to continued necrosis of septal tissue48 and 
device migration or embolization.46

Results of percutaneous closure may be somewhat better 
2 weeks or more after infarction, but surgical results are also 
better in those patients who are able to delay intervention.45,49 
Hybrid approaches have been reported where percutaneous 
devices were placed intraoperatively using open exposure on 
cardiopulmonary bypass to avoid a ventriculotomy.50 To date, 
the best application of percutaneous catheter-based devices 
for postinfarction ventricular septal defects may be in those 
with recurrent or residual defects after surgical therapy.47,51 
If percutaneous closure of postinfarction ventricular sep-
tal defects can be obtained safely, even on a partial basis, 
the approach may have some role in palliating critically ill 
patients who might ultimately tolerate more definitive surgi-
cal intervention at a later date.

HIGHLIGHTS OF POSTOPERATIVE CARE
Impaired biventricular performance with low cardiac output 
is frequent in these patients and may require gradual weaning 
of inotropic support and the intra-aortic balloon pump over 
several days. Intravenous milrinone and inhaled nitric oxide 
may benefit some patients. Correction of hypoxia, hyper-
carbia, and acidosis can be important to maintain normal 
right ventricular afterload (see Chapters 12 and 18). Acute 
renal insufficiency and pulmonary edema are also frequent 
and require careful volume management, early postoperative 
diuresis, and the use of positive end-expiratory pressure ven-
tilation (see Chapter 18). Ventricular and atrial arrhythmias 
can be poorly tolerated and can often be managed with intra-
venous amiodarone.

FIGURE 25-10 Repair of an anterior postinfarction ventricular sep-
tal rupture using the technique of infarct exclusion with external patch-
ing of the ventricular free wall with tailored Teflon or pericardium. LV, 
left ventricle; VSD, ventricular septal defect. (Adapted with permission 
from Cooley DA: Repair of postinfarction ventricular septal defect,  
J Card Surg. 1994;July;9(4):427-429.)
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 Chapter 25 Complications of Infarction 607

Early Results
HOSPITAL MORTALITY
Operative mortality defined as death before discharge or 
within 30 days of operation, ranged from 30 to 50%.27,40,52-55 
In the Massachusetts General Hospital experience of 114 
patients, Daggett reported an operative mortality of 37% 
(Fig. 25-12A) with the risk of death falling rapidly after 1 year 

(see Fig. 25-12B).27 The independent risk factors for early 
death were: older age, higher blood urea nitrogen (BUN), 
emergency surgery, higher right atrial pressure, and preopera-
tive uses of catecholamines.27 Inferoposterior location of the 
septal rupture has been associated with an increased opera-
tive mortality.21 This has been attributed to a more techni-
cally difficult repair, the increased risk of associated mitral 
regurgitation, and associated right ventricular dysfunction 

A

B
C

D

FIGURE 25-11 Endocardial repair of a posterior postinfarction ventricular septal rupture using the technique of infarct exclusion. (A) An inci-
sion is made in the inferior wall of the left ventricle 1 or 2 mm from the posterior descending artery starting at the midportion of the inferior wall 
and extended proximally toward the mitral annulus and distally toward the apex of the ventricle. Care is taken to avoid damage to the posterolateral 
papillary muscle. (B) A bovine pericardial patch is tailored in a triangular shape. The base of the triangular-shaped patch is sutured to the fibrous 
annulus of the mitral valve with a continuous 3-0 polypropylene suture starting at a point corresponding to the level of the posteromedial papillary 
muscle and moving medially toward the septum until the noninfarcted endocardium is reached. (C) The medial margin of the triangular-shaped 
patch is sewn to healthy septal endocardium with a continuous 3-0 or 4-0 polypropylene suture. The lateral side of the patch is sutured to the pos-
terior wall of the left ventricle along a line corresponding to the medial margin of the base of the posteromedial papillary muscle. At this point, it 
is usually necessary to use full-thickness bites and anchor the sutures on a strip of pericardium or Teflon felt applied on the epicardial surface of the 
posterior wall of the left ventricle. (D) Once the patch is completely sutured to the mitral valve annulus, the endocardium of the interventricular 
septum, and the full thickness of the posterior wall, the ventriculotomy is closed in two layers of full-thickness sutures buttressed on strips of pericar-
dium or Teflon felt. The infarcted right ventricular wall is left undisturbed. (Adapted with permission from David TE, Dale L, Sun Z: Postinfarction 
ventricular septal rupture: repair by endocardial patch with infarct exclusion, J Thorac Cardiovasc Surg. 1995;Nov;110(5):1315-1322.) 
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FIGURE 25-13 Nomograms (specific solutions to the multivariate 
equation) depicting the effect of age on risk in two different hypo-
thetical patients. In both curves the patient was considered to have 
no left main disease, a blood urea nitrogen of 30 mg/dL, creatinine 
of 1.5 mg/dL, and no history of previous myocardial infarction. The 
curve for “low-risk” was solved for a patient who was not emergent 
and not on catecholamines. The curve for “high-risk” was for an emer-
gent patient on inotropes. The vertical axis represents the calculated 
survival at 1 year.27
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FIGURE 25-14 Nomograms (specific solutions of the multivari-
ate equation) depicting the predicted survival in three hypothetical 
65-year-old patients who present with ventricular septal defect. Each 
solution is for a patient who has no history of myocardial infarction 
and without left main coronary artery disease, blood urea nitrogen 
of 20 mg/dL, and creatinine of 0.8 mg/dL. The “low-risk” patient is 
nonemergent and not on inotropes with right atrial pressure (RAP) 
of 8 mm Hg. The “intermediate risk” patient is emergent and not on 
inotropes with RAP of 12 mm Hg. The “high-risk” patient is emer-
gent and on inotropes with RAP of 20 mm Hg. Confidence limits 
have been eliminated to improve clarity.27

FIGURE 25-12 (A) Time-related survival after repair of postinfarc-
tion ventricular septal defect at the Massachusetts General Hospital 
(n = 114). Note that the horizontal axis extends to 20 years. Circles 
represent each death, positioned on the horizontal axis at the inter-
val from operation to death, and actuarially (Kaplan-Meier method) 
along the vertical axis. The vertical bars represent 70% confidence 
limits (± 1 SD). The solid line represents the parametrically estimated 
freedom from death, and the dashed lines enclose the 70% confidence 
limits of that estimate. The table shows the nonparametric estimates 
at specified intervals. (B) Hazard function for death after repair of 
postinfarction ventricular septal defect (n = 114). The horizontal axis 
is expanded for better visualization of early risk. The hazard function 
has two phases, consisting of an early, rapidly declining phase, which 
gives way to a slowly rising phase at about 6 months. The estimate is 
shown with 70% confidence limits.27
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that is an independent predictor of early mortality after pos-
terior infarction. A short time interval between infarction 
and operation selects for sicker patients unable to be man-
aged medically.

Daggett reviewed the Massachusetts General Hospital 
experience and concluded that patients cover a wide range 
of risk determined most notably by hemodynamic instability 
(emergency surgery and use of inotropes) (Figs. 25-13 and 
25-14).27 Daggett also concluded that a small group of high-
risk patients dramatically affected the overall mortality rate, 
possibly explaining the tremendous variability in mortality 
rates between institutions with different patient selection and 
referral patterns, independent of surgical technique.

IN-HOSPITAL COMPLICATIONS
Daggett et al reported that the most common cause of death 
after repair of acute postinfarction ventricular septal defect was 
low cardiac output syndrome (52%), with technical failures 

such as recurrent or residual septal defect and bleeding in 
23%, sepsis (17%), recurrent infarction (9%), cerebrovascular 
complications (4%), and intractable ventricular arrhythmias.27

Late Results
SURVIVAL
Despite the very high early mortality rate with repair of 
postinfarction ventricular septal defect, mortality rates 
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 Chapter 25 Complications of Infarction 609

stabilized at a much lower level after about 1 year. Actu-
arial survival at 5 years series ranged between 40 and 60% 
(Fig. 25-12).27,40,52-54 For hospital survivors, 1-, 5-, and 10-year 
survival have been reported at 91, 70, and 37%, respectively 
(Fig. 25-15).27 The multivariable predictors of late death 
were: older age, previous myocardial infarction, higher cre-
atinine, higher right atrial pressure, and the presence of left 
main coronary disease.27

SYMPTOMATIC IMPROVEMENT
Ultimately survivors also can have good functional status 
with Daggett reporting that 75% were in New York Heart 
Association functional class I, and 12.5% were class II.9

RECURRENT VENTRICULAR SEPTAL DEFECTS
Using echocardiography, recurrent or residual septal defects 
have been observed to occur in 10 to 25% of patients.56 Large 
residual septal defects with a Qp:Qs > 2.0 should undergo 
a repair while smaller defects may be managed medically 
and may occasionally close spontaneously. Percutaneous 
approaches for these small residual septal defects have been 
preferred when possible. Surgical closure of late postoperative 
particular septal defects have been reported via a right atrial 
approach.57,58

ACUTE VENTRICULAR FREE 
WALL RUPTURE
Definition
Left ventricular free wall rupture is similar to rupture of the 
interventricular septum, except for the location of the rupture. 
Acute left ventricular free wall rupture is a life-threatening 
complication of myocardial infarction that requires early 
intervention. In those unusual patients who survive the initial 
acute, 2-week phase of ventricular free wall rupture without 

diagnosis and/or therapy, this entity will ultimately evolve 
into a pseudoaneurysm of the left ventricular free wall. These 
later-phase patients have generally undergone some pericar-
dial healing at the site of infarction, and their management 
more resembles that of patients with chronic true aneurysms 
of the left ventricle (see Chapter 26).

History
The first known case of left ventricular free wall rupture after 
myocardial infarction was described by William Harvey in 
1647.59 In 1765, Morgagni reported 11 postmortem cases 
of myocardial rupture60 and ultimately himself later died of 
myocardial rupture. The first successful surgical treatment 
of free wall rupture of the right ventricle was reported by 
Hatcher in 1970.61 FitzGibbon62 in 1971 and Montegut63 in 
1972 reported the first successful repairs of postinfarction left 
ventricular free wall rupture.

Incidence
Left ventricular free wall rupture is a relatively common 
finding in an autopsy series of patients expiring early after 
acute myocardial infarction, occurring in 10 to 30% of such 
patients.64,65 In clinical series of early death after acute myocar-
dial infarction, ventricular rupture may be the second cause 
of death after cardiogenic shock. Postinfarction ventricular 
free wall rupture may be more common in elderly patients, 
and women, and in patients suffering their first infarction.66 
The peak incidence of postinfarction left ventricular free wall 
rupture occurred at a median of 5 days after infarction.67 
However, thrombolysis and early coronary perfusion may 
have resulted in an increased number of ventricular ruptures 
occurring at earlier times, as early as hours after the onset 
of infarction.68 In a recent series of 1290 acute myocardial 
infarction patients, most of whom were reperfused, left ven-
tricular free wall rupture occurred in 1.3%.69 Because antero-
lateral infarctions are more common than inferior infarction 
in general, some series report the anterolateral wall as the 
most common sight of rupture.64 Other series suggest that 
a posterolateral or inferior infarction is itself more likely to 
result in free wall rupture than is anterior infarction.65

Etiology
Acute left ventricular free wall rupture is most commonly due 
to acute myocardial infarction, with either blunt or penetrat-
ing trauma being another common etiology. Prior cardiac 
surgery, such as mitral valve replacement or transapical aor-
tic valve replacement, can result in acute left ventricular free 
wall rupture.70,71 However, once postoperative pericarditis is 
mature 2 weeks or more postoperatively, prior cardiac surgery 
is more likely to produce chronic left ventricular pseudoa-
neurysms instead of acute free wall rupture with tampon-
ade. Other etiologies such as pericardial infection or cardiac 
tumor have rarely resulted in left ventricular free wall rupture. 
The treatment of acute left ventricular free wall rupture not 
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FIGURE 25-15 Survival in patients who were discharged after 
repair of postinfarction ventricular septal defect (Massachusetts Gen-
eral Hospital, n = 72). The horizontal axis is expanded and represents 
the time from hospital discharge to death. The depiction is otherwise 
similar to that seen in Fig. 25-12A.27
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610 Part III Ischemic Heart Disease

due to infarction will be similar to that of postinfarction rup-
ture, except that underlying coronary disease and myocardial 
infarction will generally be absent.

Pathophysiology
Postinfarction left ventricular free wall rupture can present 
on an acute, subacute, or chronic basis. Acute ventricular free 
wall rupture, in generally, results in acute pericardial tampon-
ade, followed by shock, electromechanical dissociation, and 
death within a few minutes. Subacute rupture may initially 
involve a smaller ventricular wall tear which becomes par-
tially sealed by clot and pericardial adhesions. Chronic left 
ventricular free wall rupture is by definition a left ventricular 
pseudoaneurysm which results when pericardial adhesions 
are sufficient to prevent free rupture for 2 weeks or more. 
Chronic left ventricular pseudoaneurysms generally have a 
narrow neck, contain no myocardial cells in the wall, and 
have a high propensity to convert to an acute rupture. On 
rare occasion, left ventricular free wall rupture can present 
with simultaneous rupture of the interventricular septum, 
right ventricular rupture, or rupture of a papillary muscle 
head.72,73 Risk factors associated with left ventricular pseudo-
aneurysm in 290 patients included older age, female gender, 
hypertension, and inferolateral myocardial infarction.74 The 
most common location for left ventricular pseudoaneurysm 
in these 290 patients was posteroinferior, in contrast to true 
left ventricular aneurysms which are more common in the 
anterolateral region.74

The pathophysiology of left ventricular free wall rupture 
involves initial transmural myocardial infarction followed by 
expansion and thinning of the infarcted wall until the elas-
tic strength of the free wall is exceeded by the forces gen-
erated by left ventricular systole.22,75 Transmural myocardial 
infarction is, in turn, associated with lack of collateral blood 
flow.76 This infarct expansion and thinning results from slip-
page between muscle bundles and tearing of the surrounding 
protein matrix. Ventricular rupture may be associated with 
systemic hypertension which can increase infarct thinning 
and wall stress.77 Thrombolysis has not had any clear posi-
tive or negative effect on the incidence of left ventricular rup-
ture,68,78,79 although early coronary reperfusion is associated 
with less transmural infarction which in turn should prevent 
some infarctions from turning into rupture.

Natural History
Acute left ventricular free wall rupture generally results in 
death within minutes of the onset of recurrent chest pain.67,80 
In an autopsy series, most patients dying from left ventricu-
lar free wall rupture died acutely.81-83 Subacute rupture of the 
left ventricular free wall, in one series, was associated with 
a median survival time of 8 hours,81 while another study 
showed that 69% of such patients died within minutes of the 
onset of symptoms.84 Chronic rupture or pseudoaneurysm of 
the left ventricular free wall has a less well-defined prognosis. 
While rare patients may present with pseudoaneurysm of the 

left ventricular free wall years after myocardial infarction,85 
postinfarction left ventricular pseudoaneurysm is clearly asso-
ciated with a high probability of early rupture.83,86

Clinical Presentation
The patient with acute or subacute rupture of the left ven-
tricular free wall generally presents with recurrent chest pain 
followed by a rapid, severe hemodynamic instability due to 
development of cardiac tamponade and resultant low cardiac 
output, often followed ultimately by ventricular fibrillation 
and/or electromechanical dissociation. Clinically these phe-
nomena may manifest as sudden death or syncope with phys-
ical findings of hypotension, distended neck veins, pulsus 
paradoxus, and cardiogenic shock from the underlying car-
diac tamponade. Subacute left ventricular rupture may clini-
cally resemble infarct extension or right ventricular failure.80 
Chronic left ventricular rupture or pseudoaneurysm presents 
most commonly with congestive heart failure.72,74

Diagnosis
The primary means of diagnosing postinfarction left ven-
tricular rupture is echocardiography. Echocardiography may 
show definitive evidence of a ventricular wall defect systolic 
and/or systolic blood flow outside the wall of the ventricle. 
Highly suggestive but less definitive echocardiographic find-
ings associated with left ventricular rupture include the pres-
ence of pericardial effusion over 10 mm, echo-dense masses 
in a pericardial effusion, and signs of tamponade such as early 
diastolic collapse of the right atrium and right ventricle and 
increased respiratory variation in transvalvular blood flow 
velocities.81,87 Aspiration of uncoagulated blood on pericar-
diocentesis can be suggestive of left ventricular rupture but 
has an incidence of false-positive and false-negative results. 
Aspiration of clear fluid on pericardiocentesis definitively 
excludes cardiac rupture.87 Oliva64 reported several factors 
associated with postinfarction left ventricular rupture in 70 
consecutive patients. Some predictive value has been reported 
for the development of pericarditis, repetitive emesis, restless-
ness and agitation, recurrent or persistent ST segment eleva-
tion, and persistent T-wave changes after 48 to 72 hours.65

Indications for Operation
Because most patients with acute or subacute rupture of the 
left ventricular free wall expire within minutes to hours of 
onset, the diagnosis or even a high suspicion of acute left ven-
tricular free wall rupture is itself an indication for emergent 
operation. At present, no acute interventional procedure is 
reliable in treating this catastrophic event. Chronic pseudoa-
neurysm of the left ventricular free wall has a significant risk 
of rupture and should be treated surgically.73,88-91 Alapati92 
reported that less than 0.1% of all myocardial infarctions 
resulted in left ventricular pseudoaneurysm but that death 
occurred in the 48% patients with chronic pseudoaneurysm 
of the left ventricular free wall with medical therapy.
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 Chapter 25 Complications of Infarction 611

Preparation for Operation
Acute postinfarction rupture of the left ventricular wall 
requires a high index of suspicion and emergent surgery for 
survival.84 One report suggested that emergent percutane-
ous intrapericardial injection of fibrin glue immediately after 
pericardiocentesis93,94 may allow some patients to get to sur-
gery. Subacute postinfarction rupture of the left ventricle sim-
ilarly requires emergent surgery once the diagnosis is made 
without further delay for coronary angiography.68,72 Volume 
resuscitation, inotropic support, intra-aortic balloon pump, 
and possibly pericardiocentesis may temporize the pericardial 
tamponade on the way to surgery.

Operative Techniques
ACUTE OR SUBACUTE FREE WALL RUPTURE
Patients being operated for postinfarction rupture of the left 
ventricular free wall are generally quite unstable with peri-
cardial tamponade and recent transmural myocardial infarc-
tion. Much of the patient preparation in the operating room 
may be conducted while the patient is awake and minimally 
sedated to avoid hypotension. One should consider exposure 
of the femoral artery and femoral vein in the groin for rapid 
institution of cardiopulmonary bypass, even before median 
sternotomy.

Median sternotomy is the incision of choice with rapid 
institution of cardiopulmonary bypass, preferably from the 
femoral vessels. Opening the pericardium can quickly result 
in significant hemorrhage from the ventricular tear that may 
be difficult to control manually without further hemody-
namic compromise until on cardiopulmonary bypass. Just 
a few minutes of inadequate brain perfusion can result in a 
poor neurologic outcome. In exceptional cases where there 
are no other indications for cardiopulmonary bypass such as 
posterior wall rupture, mitral regurgitation, ventricular septal 
rupture, or graftable coronary disease, good short-term results 
have been reported for repairing ventricular rupture without 
cardiopulmonary bypass80,88 or without aortic clamping. Once 
on cardiopulmonary bypass, having an arrested heart with 
venting of the left ventricular cavity can facilitate obtaining 
a dry and motionless field for manipulation of friable tissue.

For repairing an acute or subacute for left ventricular 
free wall rupture, surgical techniques resemble those for left 
ventricular pseudoaneurysm repair, with the exception that 
the acutely or subacutely infarcted tissue is much more fri-
able and has not had time to develop any fibrous content. 
Standard linear closure with large horizontal mattress sutures 
buttressed by two strips of Teflon felt has been reported but 
is limited by myocardial friability. Better results have been 
reported using linear closure between strips of Teflon felt, 
if the entire ventricular tear and surrounding infarct is cov-
ered with a plastic patch secured to the surrounding nor-
mal myocardium using a continuous polypropylene suture 
(Fig. 25-16).27 A more radical approach would be to perform 
infarct excision and closure of the defect with either pled-
geted sutures or a Dacron patch,95 but this technique might 

best be reserved for specific indications such as the presence 
of a postinfarction ventricular septal defect.

Frequent reports have described using one of many bio-
logical glues to attach a patch of either Teflon felt or bovine 
pericardium to the ventricular tear, with or without running 
a polypropylene suture around the edge of the patch secured 
to the surrounding normal myocardium.88 This technique 
has the advantage of avoiding cardiopulmonary bypass but 
has been reported to have some risk of late pseudoaneurysm 
formation.96

Results
The literature only contains several small series of surgical repair 
of acute or subacute left ventricular free wall rupture. Padró88 
reported 13 survivors and a mean follow up of 26 months 
using a biological glue and Teflon patch technique, without 
cardiopulmonary bypass in most patients. Other series have 
reported an operative mortality around 50%.84,97,98

LEFT VENTRICULAR ANEURYSM
Definition
Left ventricular aneurysm has been strictly defined as a distinct 
area of abnormal left ventricular diastolic contour with sys-
tolic dyskinesia or paradoxical bulging (Fig. 25-17).99,100 Yet, 
a growing number of authors favor defining left ventricular 
aneurysm more loosely as any large area of left ventricular 
akinesia or dyskinesia that reduces the left ventricular ejection 
fraction.101-103 This broader definition has been justified by 
data suggesting that the pathophysiology and treatment may 

A

B

C

FIGURE 25-16 Technique to repair rupture of the free wall of the 
left ventricle. (A) Left ventricular free wall rupture. (B) A limited 
infarctectomy is closed with horizontal mattress sutures buttressed 
with two strips of Teflon felt. (C) Then the whole area is covered 
with a Teflon patch sutured to healthy epicardium with a continuous 
polypropylene suture. Alternatively, the Teflon patch can be glued to 
the ventricular tear and the infarcted area using a biocompatible glue. 
(Reproduced with permission from Buxton BF, et al: Ischemic Heart 
Disease Surgical Management. Philadelphia, Mosby 1999.)
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612 Part III Ischemic Heart Disease

be the same for ventricular akinesia and for ventricular dyski-
nesia.102,104 However, recent studies suggest that the optimal 
treatment and outcomes of patients with akinetic segments 
versus dyskinetic segments might be different.105,106 Intraop-
eratively, a left ventricular aneurysm may also be identified 
as an area that collapses upon left ventricular decompres-
sion.101,104,107 True left ventricular aneurysms involve bulging 
of the full thickness of the left ventricular wall, whereas a false 
aneurysm of the left ventricle is, in fact, a rupture of the left 
ventricular wall contained by surrounding pericardium.

History
Left ventricular aneurysms have long been described at 
autopsy, but left ventricular aneurysm was not recognized 
to be a consequence of coronary artery disease until 1881.108 
The angiographic diagnosis of left ventricular aneurysm was 
first made in 1951.108 A congenital left ventricular aneurysm 
was first treated surgically by Weitland in 1912 using aneu-
rysm ligation. In 1944, Beck109 described fasciae latae plica-
tion to treat left ventricular aneurysms. Likoff and Bailey 110 
successfully resected a left ventricular aneurysm through a 
thoracotomy in 1955 using a special clamp without cardio-
pulmonary bypass. The modern treatment era began in 1958 
when Cooley et al111 successfully performed a linear repair 
of a left ventricular aneurysm using cardiopulmonary bypass. 
More geometric ventricular reconstruction or surgical ventric-
ular restoration (SVR) techniques were subsequently devised 
by Stoney et al,112 Daggett et al,113 Dor et al,36 Jatene,114 and 
Cooley et al.115,116 In 2009, the results of the randomized 
STICH trial comparing coronary bypass grafting with or 
without surgical ventricular restoration were published, cast-
ing some doubt on the value of repairing small aneurysms or 
small akinetic segments.105

Incidence
The incidence of left ventricular aneurysm in patients suffer-
ing from myocardial infarction has varied between 10 and 
35%, depending on the definition and the methods used. 
Of patients undergoing cardiac catheterization in the CASS 
study, 7.6% had angiographic evidence of left ventricu-
lar aneurysms.117 The absolute incidence of left ventricular 
aneurysms may be declining because of the increased use of 
thrombolytics and revascularization early after myocardial 
infarction.118,119

Etiology
More than 95% of true left ventricular aneurysms reported 
in the English literature result from coronary artery disease 
and myocardial infarction. True left ventricular aneurysms 
also may result from trauma,120 Chagas’ disease,121 or sarcoid-
osis.122 A very small number of congenital left ventricular 
aneurysms also have been reported and have been termed 
diverticula of the left ventricle.123

False aneurysms of the left ventricle result most commonly 
from contained rupture of the ventricle 5 to 10 days after 
myocardial infarction and often occur after circumflex coro-
nary arterial occlusion. False aneurysm of the left ventricle 
also may result from submitral rupture of the ventricular 
wall, a dramatic event that generally occurs after mitral valve 
replacement with resection of the mitral valve apparatus.124 
Left ventricular pseudoaneurysm may also result from sep-
tic pericarditis125 or any prior operation on the left ventricle, 
aortic annulus, or mitral annulus. Pseudoaneurysm can occur 
after transapical or transfemoral transcatheter aortic valve 
replacement (TAVR).126

Pathophysiology
The development of a true left ventricular aneurysm involves 
two principal phases: early expansion and late remodeling.

EARLY EXPANSION PHASE
The early expansion phase begins with the onset of myocar-
dial infarction. Ventriculography can demonstrate left ven-
tricular aneurysm formation within 48 hours of infarction 
in 50% of patients who develop ventricular aneurysms. The 
remaining patients have evidence of aneurysm formation by 
2 weeks after infarction.127

True aneurysm of the left ventricle generally follows trans-
mural myocardial infarction because of acute occlusion of the 
left anterior descending or dominant right coronary artery.

Lack of angiographic collaterals is strongly associated 
with aneurysm formation in patients with acute myocardial 
infarction and left anterior descending artery occlusion,128 
and absence of re-formed collateral circulation is probably 
a prerequisite for formation of a dyskinetic left ventricular 
aneurysm (Table 25-2). At least 88% of dyskinetic ventricular 
aneurysms result from anterior infarction, and the remain-
der follow inferior infarction.108 Posterior infarctions that 

Normal Akinesia

Dyskinesia Aneurysm

Diastole
Systole

Ventricular
aneurysm

MHI
Natural history

FIGURE 25-17 Diagrammatic distinction between aneurysm 
and other states of the left ventricle. (Reproduced with permission 
from Grondin P, Kretz JG, Bical O, et al: Natural history of sac-
cular aneurysm of the left ventricle, J Thorac Cardiovasc Surg. 1979 
Jan;77(1):57-64.)
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 Chapter 25 Complications of Infarction 613

TABLE 25-2: Factors Contributing to Left 
Ventricular Aneurysm Formation

Preserved contractility of surrounding myocardium
Transmural infarction
Lack of collateral circulation
Lack of reperfusion
Preserved contractility of surrounding myocardium
Elevated wall stress
Hypertension
Ventricular dilation
Wall thinning

produce a distinct dyskinetic left ventricular aneurysm are 
relatively unusual.129

In experimental transmural infarction without collateral 
circulation, myocyte death begins 19 minutes after coronary 
occlusion. Infarctions that result in dyskinetic aneurysm for-
mation are almost always transmural and may show gross thin-
ning of the infarct zone within hours of infarction. Within a 
few days, the endocardial surface of the developing aneurysm 
becomes smooth with loss of trabeculae and deposition of 
fibrin and thrombus on the endocardial surface in at least 
50% of patients. Because most myocytes within the infarct 
are necrotic, viable myocytes often remain within the infarct 
zone. In a minority of patients, extravascular hemorrhage 
occurs in the infarcted tissue and may further depress systolic 
and diastolic function of involved myocardium. Inflamma-
tory cells migrate into the infarct zone by 2 to 3 days after 
infarction and contribute to lysis of the necrotic myocytes by 
5 to 10 days after infarction. Electron microscopy demon-
strates disruption of the native collagen network several days 
after infarction. Collagen disruption and myocyte necrosis 
produce a nadir of myocardial tensile strength between 5 and 
10 days after infarction, when rupture of the myocardial wall 
is most common. Left ventricular rupture is relatively rare 
after the ventricular aneurysmal wall becomes replaced with 
fibrous tissue.

Loss of systolic contraction in the large infarcted zone 
and preserved contraction of surrounding myocardium 
cause systolic bulging and thinning of the infarct. By 
Laplace’s law (T = Pr/2h), at a constant ventricular pres-
sure (P), increased radius of curvature (r) and decreased 
wall thickness (h) in the infarcted zone both contribute to 
increased muscle fiber tension (T) and further stretch the 
infarcted ventricular wall.

Relative to normal myocardium, ischemically injured 
or infarcted myocardium displays greater plasticity or creep, 
defined as deformation or stretch over time under a con-
stant load.130 Thus increased systolic and diastolic wall stress 
in the infarcted zone tends to produce progressive stretch of 
the infarcted myocardium (termed infarct expansion)131 until 
healing reduces the plasticity of infarcted myocardium.

Transmural infarction without significant hibernat-
ing myocardium within the infarct region is necessary for 

subsequent development of a true left ventricular aneurysm. 
Angiographic ventricular aneurysms with evidence of hiber-
nating myocardium (lack of Q waves or presence of uptake on 
technetium scan, Takotsubo cardiomyopathy, for example) 
may resolve over days to weeks and thus do not represent true 
left ventricular aneurysms by strict criteria.132,133

Because of increased diastolic stretch or preload and ele-
vated catecholamines, remaining noninfarcted myocardium 
may demonstrate increased fiber shortening and, ultimately, 
myocardial hypertrophy in the presence of a left ventricular 
aneurysm.134 This increased shortening and increased wall 
stress increase oxygen demand for noninfarcted myocardium 
and for the left ventricle as a whole.

In addition to increased regional wall stresses, left ven-
tricular aneurysm can increase ventricular oxygen demand 
and decrease net forward cardiac output by producing a ven-
tricular volume load because a portion of the stroke volume 
goes into the aneurysm instead of out of the aortic valve. Net 
mechanical efficiency of the left ventricle (external stroke 
work minus myocardial oxygen consumption) is decreased by 
reducing external stroke work (volume times pressure) and 
increasing myocardial oxygen consumption.

Left ventricular aneurysms can produce both systolic 
and diastolic ventricular dysfunction. Diastolic dysfunction 
results from increased stiffness of the distended and fibrotic 
aneurysmal wall, which impairs diastolic filling and increases 
left ventricular end-diastolic pressure.

LATE REMODELING PHASE
The remodeling phase of ventricular aneurysm formation 
begins 2 to 4 weeks after infarction when highly vascularized 
granulation tissue appears. This granulation tissue is subse-
quently replaced by fibrous tissue 6 to 8 weeks after infarc-
tion. As myocytes are lost, ventricular wall thickness decreases 
as the myocardium becomes largely replaced by fibrous tis-
sue. In larger infarcts, the thin scar is often lined with mural 
thrombus.135

After acute myocardial infarction, animal studies show 
that ventricular load reduction with 8 weeks of nitrate ther-
apy may reduce expected infarct thinning, decrease infarct 
stretch, and lessen hypertrophy of noninfarcted myocar-
dium.136 Interestingly, nitrate therapy for only 2 weeks after 
infarction does not prevent aneurysm formation. This obser-
vation emphasizes the importance of late remodeling from 
2 to 8 weeks after infarction. Angiotensin converting-enzyme 
(ACE) inhibitors also reduce infarct expansion and subse-
quent development of ventricular aneurysm.137 Because ani-
mal studies show that ACE inhibitors nonspecifically suppress 
ventricular hypertrophy, it is not clear whether suppression of 
the compensatory hypertrophy of surrounding myocardium 
is ultimately beneficial or harmful. Intravenous administra-
tion of atrial natriuretic factor for 4 weeks has improved ven-
tricular function, dimensions, and fibrosis in rats.138

Lack of coronary reperfusion is probably a prerequisite 
for development of left ventricular aneurysm. In humans, 
reperfusion of the infarct vessel either spontaneously,132 by 
thrombolysis,139 or by angioplasty140 has been associated with 
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614 Part III Ischemic Heart Disease

a lower incidence of aneurysm formation. It is speculated 
that coronary reperfusion as late as 2 weeks after infarction 
prevents aneurysm formation by improving blood flow and 
fibroblast migration into the infarcted myocardium. The role 
of delayed infarct healing in aneurysm development is sup-
ported by observations that steroids after myocardial infarc-
tion may increase the likelihood of aneurysm formation.141

Arrhythmias such as ventricular tachycardia may occur 
at any time during the development of a ventricular aneu-
rysm, and all these patients have the substrate for reentrant 
conduction pathways within the heterogeneous ventricular 
myocardium. These pathways tend to involve border zones 
surrounding the ventricular aneurysm (see Chapter 57).

Natural History
The excellent prognosis of asymptomatic patients with dys-
kinetic ventricular aneurysms who were treated medically 
was demonstrated in a series of 40 patients followed for a 
mean of 5 years.100 Of 18 initially asymptomatic patients, six 
developed class II symptoms and 12 remained asymptomatic. 
The 10-year survival was 90% for these patients but was only 
46% at 10 years in patients who presented with symptoms 
(Fig. 25-18).100

Although an earlier autopsy series reported relatively poor 
survival in patients with medically managed left ventricular 
dyskinetic aneurysms (12% at 5 years), most recent studies 
report 5-year survival from 47 to 70%.100,117,142-144 Causes 
of death include arrhythmia in 44%, heart failure in 33%, 
recurrent myocardial infarction in 11%, and noncardiac 
causes in 22%.100 The natural history of patients with akinetic 
rather than dyskinetic left ventricular aneurysms is less well 
documented.105

Factors that influence survival with medically managed 
left ventricular dyskinetic aneurysm include age, heart failure 
score, extent of coronary disease, duration of angina, prior 
infarction, mitral regurgitation, ventricular arrhythmias, 
aneurysm size, function of residual ventricle, and left ven-
tricular end-diastolic pressure.100,144 Early development of 

aneurysm within 48 hours after infarction also diminishes 
survival.127

In general, the risk of thromboembolism is low for patients 
with aneurysms (0.35% per patient-year),142 and long-term 
anticoagulation is not usually recommended. However, in 
the 50% of patients with mural thrombus visible by echocar-
diography after myocardial infarction, 19% develop throm-
boembolism over a mean follow-up of 24 months.145 In these 
patients, anticoagulation and close echocardiographic follow-
up may be indicated. Atrial fibrillation and large aneurysmal 
size are additional risk factors for thromboembolism.

The natural history of left ventricular pseudoaneurysm 
is not well documented. Frank rupture of chronic left ven-
tricular pseudoaneurysms is less common than one might 
expect.89 Rupture of left ventricular pseudoaneurysms may be 
most likely in the acute phase or in large-sized pseudoaneu-
rymsms.90 Left ventricular pseudoaneurysms tend to behave 
similarly to true aneurysms in that they may present a volume 
load to the left ventricle or may be a source of embolization 
or endocarditis. Left ventricular pseudoaneurysms after prior 
cardiac surgery have also been reported to compress adjacent 
structures such as the pulmonary artery or esophagus.

Clinical Presentation
Angina is the most frequent symptom in most series of oper-
ated patients with left ventricular aneurysm. Given that 
three-vessel coronary disease is present in 60% or more of 
these patients, the frequency of angina is not surprising.91

Dyspnea is the second most common symptom of ven-
tricular aneurysm and often develops when 20% or more of 
the ventricular wall is infarcted. Dyspnea may occur from 
a combination of decreased systolic function and diastolic 
dysfunction.

Either atrial or ventricular arrhythmias may produce pal-
pitations, syncope, or sudden death, or aggravate angina and 
dyspnea in up to one-third of patients.91 Thromboembolism 
is unusual but may produce symptoms of stroke, myocardial 
infarction, or limb or visceral ischemia.

Diagnosis
The electrocardiogram frequently demonstrates Q waves in 
the anterior leads along with persistent anterior ST-segment 
elevation (Fig. 25-19). The chest radiograph may show left 
ventricular enlargement and cardiomegaly (Fig. 25-20), but 
the chest radiograph is not usually specific for left ventricular 
aneurysm.

Left ventriculography is the gold standard for diagnosis of 
left ventricular aneurysm. The diagnosis is made by demonstrat-
ing a large, discrete area of dyskinesia (or akinesia), generally 
in the anteroseptal-apical walls. Occasionally, left ventriculog-
raphy also may demonstrate mural thrombus. Quantitative 
definition of left ventricular aneurysms has been accomplished 
using a centerline analysis of left ventricular wall motion on 
left ventriculography in the 30° right anterior oblique view.5 
Hypocontractile segments contracting more than two standard 
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FIGURE 25-18 Survival in medically treated patients with left ven-
tricular aneurysm based on presence (group B) or absence (group A) 
of symptoms. (Data from Grondin P, Kretz JG, Bical O, et al: Natural 
history of saccular aneurysm of the left ventricle, J Thorac Cardiovasc 
Surg. 1979 Jan;77(1):57-64.)
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 Chapter 25 Complications of Infarction 615

deviations out of normal range have also been defined as aneu-
rysmal (Fig. 25-21).92,102 Outward motion is termed dyskinetic, 
and remaining aneurysmal segments are termed akinetic. The 
fraction of total left ventricular circumference that is aneurys-
mal can thus be computed as the value %A.103

Two-dimensional echocardiography is also a sensitive 
and specific means of diagnosing left ventricular aneurysm. 
Echocardiography can detect mural thrombus or mitral valve 
regurgitation, and echocardiography can often distinguish 
false aneurysm from true aneurysm by demonstrating a defect 
in the true ventricular wall.

Magnetic resonance imaging (MRI) is the most reliable 
means of assessing left ventricular volume in the presence 
of left ventricular aneurysm146,147 (Fig. 25-22). Magnetic 

resonance imaging (MRI) can accurately define left ventric-
ular aneurysms and can detect mural thrombus.146 Yet, dis-
tinguishing true aneurysms from pseudoaneurysms remains 
difficult, even with magnetic resonance imaging.148 Gated 
radionuclide angiography reliably detects left ventricu-
lar aneurysms, and thallium scanning or positron emission 
tomography (PET) can be helpful early after infarction to 
differentiate a true aneurysm from hibernating myocardium 
with reversible dysfunction.

Indications for Operation
Because of the relatively good prognosis for asymptomatic left 
ventricular aneurysm,100 no indications for repairing chronic, 

FIGURE 25-19 Electrocardiogram showing persistent ST-segment elevation with pathologic Q waves in a 72-year-old man with left ventricular 
aneurysm.

FIGURE 25-20 Posteroanterior and lateral chest radiograph in a patient with an anteroapical left ventricular aneurysm with calcification (arrows).
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A

B

Dyskinetic

EF 20%

A% = X/Y = 65
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Asynergy extension
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0
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sd

AL AP DI IB

AB

Zero
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sd
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FIGURE 25-21 Examples of preoperative centerline analysis in 
dyskinetic (A) and akinetic (B) LV aneurysms. Vertical lines indi-
cate the extent of asynergy. AB, anterobasal; AL, anterolateral; AP, 
apical; DI, diaphragmatic; EF, ejection fraction; IB, inferobasal. 
(Reproduced with permission from Dor V, Sabatier M, DiDonato 
M: Efficacy of endoventricular patch plasty in large postinfarction 
akinetic scar and severe left ventricular dysfunction: comparison 
with a series of large dyskinetic scars, J Thorac Cardiovasc Surg. 1998 
Jul;116(1):50-59.)

asymptomatic aneurysms are established. Yet, in low-risk 
patients during operation for associated coronary disease, 
investigators report repairing large, minimally symptomatic 
aneurysms.108,149 On the other hand, operation is indicated 
for symptoms of angina, congestive heart failure, or selected 
ventricular arrhythmias (see Chapter 57) (Table 25-3). For 
these symptomatic patients, operation offers better outcome 
than medical therapy.

To be worthy of operation, a dyskinetic or akinetic left 
ventricular aneurysm should significantly enlarge left ven-
tricular end-systolic volume index (>80 mL/m2) and end-
diastolic volume (>120 mL/m2). These volume criteria are, 
however, poorly defined and limited by technical difficulty 

in measuring left ventricular volume in aneurysmal left ven-
tricles. Because of data suggesting that akinetic versus dys-
kinetic aneurysms have similar results, Dor and others feel 
that dyskinesia is not a prerequisite for aneurysm repair.102,103 
Nonetheless, the only randomized trial (the STICH trial) has 
suggested that little benefit is obtained in terms of survival or 
symptoms in patients who on average have smaller, akinetic 
aneurysmal segments (end-systolic volume index 82 mL/m2 
and 50 to 56% of anterior wall involved).105

Operation is indicated in viable patients with contained 
cardiac rupture, with or without development of a false aneu-
rysm. Because left ventricular pseudoaneurysms may have a 
tendency to rupture when acute or of larger size (either with 
or without symptoms), operation is indicated.89-91 Similarly, 
congenital aneurysms have a presumed risk of rupture and 
should undergo repair independently of symptoms. Rarely, 
embolism is an indication for operation in medically treated 
patients at high risk for repeated thromboembolism. The role 
of operation in asymptomatic patients with very large aneu-
rysms or documented expansion of aneurysms is uncertain.

Relative contraindications to operation for left ventricular 
aneurysm include excessive anesthetic risk, impaired function 
of residual myocardium outside the aneurysm, resting car-
diac index less than 2.0 L/min/m2, significant mitral regur-
gitation, evidence of nontransmural infarction (hibernating 
myocardium), and lack of a discrete, thin-walled aneurysm 
with distinct margins. Global ejection fraction may be less 
useful than ejection fraction of the basal, contractile portion 
of the heart in determining operability.150

Angioplasty has an uncertain role in the treatment of 
left ventricular aneurysms but may be indicated in patients 
with suitable coronary anatomy, one- or two-vessel disease, a 
contraindication for operation, or asymptomatic status with 
inducible ischemia.

Preparation for Operation
All patients being considered for operation should undergo 
right- and left-sided heart catheterization with coronary arte-
riography and left ventriculography. Patients with at least 2+ 
mitral regurgitation at cardiac catheterization should have 
echocardiography to assess the mitral valve and to look for 
intrinsic mitral valve disease not amenable to annuloplasty. 
Magnetic resonance imaging can be helpful to assess left ven-
tricular volumes and aid in planning the size and extent of left 
ventricular reconstruction.151 Patients with significant throm-
bus in the left ventricular cavity should ideally be treated with 
4-6 weeks of anticoagulation prior to operation to avoid the 
risk of embolism.

Preoperative electrophysiologic study is clearly indicated 
in any patient with preoperative ventricular tachycardia or 
ventricular fibrillation. The decision to perform an electro-
physiologic study in patients without preoperative ventricular 
arrhythmias is controversial, because the incidence of post-
operative ventricular arrhythmias is low and not changed 
by endocardial resection at the time of operation.108 Elec-
trophysiologic study is frequently not helpful in patients 
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 Chapter 25 Complications of Infarction 617

FIGURE 25-22 Magnetic resonance images of an apical left ventricular aneurysm during diastole (left panel) and systole (right panel).

TABLE 25-3: Relative Indications for 
Ventricular Aneurysm Operation

Documented expansion/large size
Angina
Congestive heart failure
Arrhythmia
Rupture
Pseudoaneurysm
Congenital aneurysm
Embolism
Documented expansion/large size

with polymorphic ventricular tachycardia occurring within 
6 weeks of myocardial infarction.108

Operative Techniques
GENERAL OPERATION
Operation for left ventricular aneurysm (aneurysmectomy, 
aneurysmorrhaphy, ventricular restoration) requires cardio-
pulmonary bypass and a balanced anesthetic technique, as 
generally used for coronary bypass grafting. After induction 
of anesthesia and endotracheal intubation, an electrocardio-
gram monitor, a Foley catheter, a radial arterial line, and a 
Swan-Ganz catheter are placed. A median sternotomy is per-
formed, and the patient is given heparin. Saphenous vein or 
arterial conduits are prepared.

Cardiopulmonary bypass is begun after cannulating the 
ascending aorta. A single, two-stage cannula is generally ade-
quate to cannulate the right atrium, but dual venous can-
nulation should be considered if the right ventricle is to be 
opened. Epicardial mapping is performed if necessary. The 

left ventricle is inspected to identify an appropriate area of 
thinned ventricular wall. A linear vertical ventriculotomy, 
generally on the anterior wall 3 to 4 cm from the left ante-
rior descending coronary artery, is made (Fig. 25-23). The 
left ventricle is opened (Fig. 25-24), all mural thrombus is 
carefully removed, and endocardial mapping is performed if 
necessary. A left ventricular vent is now placed through the 
right superior pulmonary vein-left atrial junction after mural 
thrombus is removed. Coronary arteries to be grafted are 
identified. Endocardial scar, if present, is resected, and after-
wards, endocardial mapping is repeated. Body temperature 
is maintained at 37°C until intraoperative mapping is com-
pleted; thereafter, temperature is decreased to 28 to 32°C.

The ascending aorta is clamped, and the heart is arrested 
with cold anterograde and/or retrograde cardioplegic solu-
tion. Alternatively, the aorta is not clamped and the entire 
procedure is done during hypothermic fibrillation. The 
left ventricular aneurysm is repaired using one of the tech-
niques described below. The distal coronary anastomoses are 
performed, followed by releasing the aortic clamp.151 Air is 
removed by venting the ascending aorta and left ventricle while 
filling the heart and ventilating the lungs with the patient in 
the Trendelenburg position. The patient is rewarmed, and 
proximal coronary anastomoses are performed. Once nor-
mothermia is achieved, an electrophysiologic study may be 
repeated, if indicated. Temporary pacing wires are placed on 
the right atrium and right ventricle, cardiopulmonary bypass 
is discontinued, and heparin is reversed. The heart is decan-
nulated, and the median sternotomy is closed with mediasti-
nal drains after hemostasis is achieved.

Weaning from cardiopulmonary bypass frequently requires 
some degree of inotropic support. Typically 5 μg/kg/min of 
dopamine, nitroglycerin to prevent coronary spasm, and 
nitroprusside for afterload reduction are used. An intra-aortic 
balloon pump may be needed in patients with borderline 
ventricular function. Transesophageal echocardiography is 

Cohn_ch25_p0595-0630.indd   617 08/05/17   12:03 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



618 Part III Ischemic Heart Disease

A

B

C

FIGURE 25-23 Technique of exposure for left ventricular aneurysm repair through a median sternotomy. The ascending aorta and right atrium 
are cannulated. A left ventricular vent is placed through the right superior pulmonary vein. Pericardial adhesions are divided, and the aneurysm is 
opened.

FIGURE 25-24 With the aneurysm wall opened, thrombus is 
removed, without injury to the papillary muscles.

useful for assessing left ventricular function and to detect 
residual intracardiac air.

Additional inotropic support may not increase cardiac 
output significantly because of abnormal ventricular com-
pliance and may produce arrhythmias and poorly tolerated 
tachycardia. Hypokalemia and hypomagnesemia are corrected 
immediately to minimize arrhythmias. Intraoperative and 
postoperative ventricular ectopy is treated aggressively with 
intravenous lidocaine. Intravascular volume shifts are poorly 
tolerated in these patients because of poor ventricular compli-
ance; therefore, rapid transfusions are avoided by meticulous 
hemostasis before closing. Because the left ventricle is poorly 
distensible, stroke volume is relatively fixed, and a resting heart 
rate between 90 and 115 beats per minute is not unusual to 
maintain a cardiac index of approximately 2.0 L/min/m2.

Growing experience suggests that the ultimate size of the 
left ventricular cavity at the end of the procedure is critical to 
patient outcome.

PLICATION
Plication without opening the aneurysm is reserved for only 
the smallest aneurysms that do not contain mural thrombus. 
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-

FIGURE 25-25 Linear repair. The fibrous aneurysm wall is excised, 
leaving a 3-cm rim of fibrous aneurysm wall attached to healthy 
muscle. FIGURE 25-26 Linear repair. The aneurysm walls are closed in a 

vertical line between two layers of Teflon felt. Two layers of 0 mono-
filament interrupted horizontal mattress sutures are reinforced with 
two layers of running 2-0 monofilament sutures.A two-layer suture line of 0 monofilament is placed across the 

aneurysm using a strip of Teflon felt on either side. The suture 
line is oriented to reconstruct a relatively normal left ven-
tricular contour and does not exclude all aneurysmal tissue.

LINEAR CLOSURE
After removing all mural thrombus, the aneurysmal wall is 
trimmed, leaving a 3-cm rim of scar to allow reconstruction of 
the normal left ventricular contour (Fig. 25-25). Care is taken 
not to resect too much aneurysmal wall and overly reduce 
ventricular cavity size. A monofilament 2-0 suture may be 
used to reduce the neck of the aneurysm to the proper size 
before closure of the ventricular wall.114 Anterior aneurysm 
defects are closed vertically between two external 1.5-cm 
strips of Teflon felt, two layers of 0 monofilament horizon-
tal mattress sutures, and finally, two layers of running 2-0 
monofilament vertical sutures with large-diameter needles 
(Fig. 25-26). Similar techniques can be used in less frequent 
posterior aneurysm resections.152

CIRCULAR PATCH
Inferior or posterior aneurysms generally require circular 
patch closure, which also can be applied to anterior aneu-
rysms. After opening the aneurysm (Fig. 25-27) and after 
debridement of thrombus and aneurysm wall (Fig. 25-28), 
a Dacron patch is cut to be 2 cm greater in diameter than 
the ventricular opening. Interrupted, pledgeted 0 mono-
filament horizontal mattress sutures are placed through the 

ventriculotomy rim and then through the patch, leaving the 
pledgets outside the ventricular cavity (Fig. 25-29). Sutures 
are tied, and additional interrupted sutures or a second layer 
of running 2-0 monofilament is placed for hemostasis.

ENDOVENTRICULAR PATCH
The endoventricular patch technique is suitable for anterior 
aneurysms but is less suited for inferior or posterior aneurysms, 

FIGURE 25-27 Circular patch repair. The aneurysm wall is incised. 
An inferior aneurysm is shown.
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620 Part III Ischemic Heart Disease

FIGURE 25-28 Circular patch repair. The aneurysmal wall is 
excised, leaving a 2-cm rim of fibrous aneurysmal wall attached to 
healthy muscle.

FIGURE 25-29 Circular patch repair. The aneurysmal defect is 
closed with a Dacron patch using interrupted 2-0 monofilament hori-
zontal mattress sutures with reinforcing pledgets.

for which the standard (circular) patch technique is used. 
After debridement of thrombus, a running 2-0 polypropyl-
ene suture may be placed at the aneurysm rim to optimize 
left ventricular size.4,17,50,55 Optimizing patch size and residual 
left ventricular cavity size can be facilitated with plastic or 
balloon forms (Chase Medical, Richardson, Texas) chosen to 
leave a left ventricular end-diastolic volume index of 50 to 
60 mL/m.100,147,153 If the remaining ventricular defect is small 
(<3 cm), then the ventricular wall may be closed linearly.114 
More commonly, a patch (bovine pericardium, Dacron cloth, 
or polytetrafluoroethylene) is cut to size sufficient to restore 
normal ventricular size and geometry when secured to the 
aneurysmal rim (Fig. 25-30). The patch is sutured to nor-
mal muscle at the aneurysmal circumference using a running 
3-0 polypropylene suture that is secured with single sutures 
at three or four places around the patch circumference. The 
patch may extend onto the interventricular septum,92,102,150 
or aneurysmal septum may be plicated.114 Interrupted 3-0 

sutures are placed as needed to ensure good fit. Care is taken 
not to distort the papillary muscles. The aneurysmal rim is 
trimmed to allow primary closure of the native aneurysmal 
wall over the patch using two layers of running 2-0 monofila-
ment suture without pledgets (Fig. 25-31).

Compared with linear and circular patch techniques, 
the endoventricular patch technique has technical advan-
tages. An endoventricular patch preserves the left anterior 
descending artery for possible grafting and leaves no external 
prosthetic material to produce heavy pericardial adhesions. 
The technique facilitates patching the interventricular sep-
tum, and is suitable for acute infarctions when tissues are 
friable.108,116,153,156

OTHER VENTRICULAR REMODELING 
TECHNIQUES
In addition to the techniques listed above where left ventricu-
lar infarct tissue is excised and/or replaced with patch material, 
an alternative would be to alter the biological properties of 
the infarct scar. Remaining infarct scar (whether aneurysmal 
or not) can then be seeded with myoblasts or stem cells which 
offer the potential to restore cardiac muscle mass and contrac-
tion. This technique has been termed cellular cardiomyoplasty 

FIGURE 25-30 Endocardial patch. Without excising the aneurysm 
wall, the ventricular defect is closed with a Teflon felt patch using 
3-0 polypropylene suture secured at three or four points along the 
suture line. Additional 3-0 pledgeted horizontal mattress sutures may 
be used to achieve hemostasis.
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 Chapter 25 Complications of Infarction 621

and has been done only on a limited basis in humans.157 In 
animals, cellular cardiomyoplasty has successfully improved 
global left ventricular performance and geometry using either 
myoblasts, stem cells that differentiate into myocytes, fibro-
cytes, or cells seeded onto a graft matrix.158-160 Cellular car-
diomyoplasty could be done by direct injection of cells at the 
time of coronary revascularization, or even by transcoronary 
or intramyocardial injection in the cardiac catheterization 
laboratory. Percutaneous insertion of parachute-like device 
into the left ventricular apex has had some early success in 
humans with improvement in left ventricular end-diastolic 
volumes and heart failure symptoms.161,162

CORONARY REVASCULARIZATION
Concurrent coronary revascularization is performed as in 
standard coronary bypass procedures. Because the endoven-
tricular patch technique does not encroach on the left ante-
rior descending coronary, the left internal mammary artery 
may be used to graft the left anterior descending coronary 
artery.

MITRAL REGURGITATION
The severity of mitral regurgitation should be evaluated 
before cardiopulmonary bypass by intraoperative trans-
esophageal echocardiography. The need for concurrent mitral 

valve operation increases as the preoperative ejection fraction 
decreases (Fig. 25-32).163 The mitral valve is also inspected 
from below after opening the aneurysm and beginning repair 
of the aneurysm. Transventricular mitral valve repair may 
be done by placing pledgeted polypropylene sutures at both 
mitral commissures to reduce the circumference of the annu-
lus.152 This technique produces satisfactory short-term results, 
but long-term results are not known. Usually the mitral valve 
is repaired via left atriotomy after completion of the distal 
coronary anastomoses and before releasing the aortic cross-
clamp. If mitral regurgitation results from annular dilatation 
and systolic restriction of leaflet motion (Carpentier type 
IIIB), an undersized, complete, rigid mitral annuloplasty is 
generally done.164

CARDIAC TRANSPLANTATION
In symptomatic patients with sufficient depression of global 
left ventricular function to preclude aneurysm repair, trans-
plantation is a reasonable alternative and may have survival 
and symptomatic benefit similar to ventricular aneurysm 
repair at a higher dollar cost.165

VENTRICULAR FALSE ANEURYSM
Ventricular free wall false aneurysms are repaired with the 
same techniques used for true ventricular aneurysms based 
according to the location and size of the aneurysm.72,73,80 The 
circular patch technique is particularly useful in that infe-
rior false aneurysms are common and typically have narrow 
necks. Usually the wall of the false aneurysm is inadequate to 
close over the defect. False aneurysms resulting from atrio-
ventricular separation after mitral valve replacement generally 
require removal of the mitral prosthesis, repair of the neck 
of the aneurysm at the mitral annulus, and re-replacement 
of the mitral valve.70 False aneurysms of the left ventricular 

FIGURE 25-31 Endocardial patch. The aneurysm wall is closed 
over a Teflon patch after resecting excess aneurysm tissue. A double 
row of running vertical 2-0 polypropylene suture is used.
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FIGURE 25-32 Prevalence of performing concomitant mitral valve 
procedures as a function of preoperative ejection fraction. (Reproduced 
with permission from Athanasuleas CL, Stanley AWHJr, Buckberg GD, 
et al: Surgical anterior ventricular endocardial restoration [SAVER] in 
the dilated remodeled ventricle after anterior myocardial infarction, 
J Am Coll Cardiol. 2001 Apr;37(5):1199-1209.)
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FIGURE 25-33 Effects of linear aneurysmectomy on left ven-
tricular end-diastolic volume (LVEDV), ejection fraction (EF), 
and wall tension. (Reproduced with permission from Kawachi K, 
Kitamura S, Kawata T, et al: Hemodynamic assessment during exer-
cise after left ventricular aneurysmectomy, J Thorac Cardiovasc Surg. 
1994 Jan;107(1):178-183.)
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FIGURE 25-34 Relationship between stroke work index and left 
ventricular end-diastolic pressure. Data are shown at rest and during 
exercise before (preop) and after (postop) linear aneurysmectomy. Stroke 
work index increased only with exercise postoperatively. (Reproduced with 
permission from Kawachi K, Kitamura S, Kawata T, et al: Hemodynamic 
assessment during exercise after left ventricular aneurysmectomy,  
J Thorac Cardiovasc Surg. 1994 Jan;107(1):178-183.)

TABLE 25-4: In-Hospital Complications of 
Ventricular Aneurysm Repair

Low cardiac output 22-39%
Ventricular arrhythmias 9-19%
Respiratory failure 4-21%
Bleeding 4-7%
Dialysis-dependent renal failure 4%
Stroke 3-4%

apex after transapical aortic valve replacement may be directly 
repaired small but may require patching if large.166

Early Results
HOSPITAL MORTALITY
In a compilation of 3439 operations for left ventricular aneu-
rysm between 1972 and 1987118 and in a series of 731 ven-
tricular restoration patients from 2002 to 2004,167 hospital 
mortality was 9.9 and 9.3%, respectively, and ranged from 
2 to 19%. More recent reports suggest that hospital mortality 
can be as low as 3 to 7% using either patch108,116,163168,169 or 
linear closures.119,149,169 The most common cause of hospital 
mortality is left ventricular failure, which occurs in 64% of 
deaths.149

Risk factors for hospital mortality include increased 
age,118,149,163,167,169 incomplete revascularization,149 increased 
heart failure class,118,167,169-171 female gender,118,167 emergent 
operation,118 ejection fraction less than 20 to 30%,163,169,170 
concurrent mitral valve replacement,108,118,163,167 preoperative 
cardiac index < 2.1 L/min/m100,103,167 mean pulmonary artery 
pressure > 33 mm Hg,103 serum creatinine > 1.8 mg/dl,103 and 
failure to use the internal mammary artery.171

IN-HOSPITAL COMPLICATIONS
The most common in-hospital complications are shown 
in Table 25-4 and include low cardiac output, ventricular 
arrhythmias, and respiratory failure.118,119,167-169,172 Low cardiac 
output may be more common in patients undergoing intra-
operative mapping because of perioperative cardiac injury.173

LEFT VENTRICULAR FUNCTION
The preponderance of data from the last two decades have 
shown that left ventricular function improves in most patients 
undergoing operation for left ventricular aneurysm. Operation 
improves ejection fraction whether linear repair104,104,174-176 or 
patch repair116,163,177-181 is used (Fig. 25-33).176 In a propensity 
matched series, little difference in outcome was seen between 
linear versus patch repair.182 Both techniques decrease end-
diastolic and end-systolic volumes163,175,178,180 and improve 
exercise response116,176 (Fig. 25-34).176 Aneurysmal repair in 
general may improve diastolic filling, left ventricular diastolic 
compliance, left ventricular contractility, effective arterial 

elastance (Ea), and left ventricular efficiency.134,179,180,183,184 
However, recent studies have suggested little improvement or 
even worsening of left ventricular diastolic compliance, par-
ticularly in patients with large resections or small ventricular 
size or without large dyskinetic aneurysms preoperatively.185

Controversy remains strong regarding whether patch 
techniques provide results superior to those achieved with 
linear closures. Stoney et al112,186 noted lower left ventric-
ular end-diastolic pressure when more geometric recon-
structions were performed. Hutchins and Brawley187 first 
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noted at autopsy that some patients had severe reduction 
and distortion of ventricular volume after linear repair. The 
authors proposed that a more geometric repair might avert 
these problems. Although no prospective studies compare 
results from the two procedures, several very experienced 
groups attribute improved symptoms, less low cardiac 
output, and greater improvement in ejection fraction to 
a switch to patch techniques.108,116,188 In other retrospec-
tive comparisons, no differences were seen in postoperative 
symptoms, ejection fraction, echocardiographic ventricu-
lar dimensions, or late survival between linear and patch 
repairs.175,188-191 In an animal model of simulated aneurysm 
repair, Nicolosi et al185 found no difference in left ventricu-
lar systolic or diastolic function between linear and patch 
techniques. Two groups reported that switch to patch 
techniques was associated with increased operative mor-
tality, perhaps because of excessive volume reduction,192,193 
whereas other groups found improved survival when 
switching from linear to patch techniques.194 One meta-
analysis has suggested that the better results with patch 
techniques are the result of more experience in more recent  
series.188

The durability of functional benefit from aneurysm repair 
remains poorly documented. In animals and humans, there 
is a tendency for the initial improvement in ejection fraction, 
ventricular volume, and filling pressures to diminish over the 
next 6 weeks to 12 months,195,196 especially in patients with 
residual mitral regurgitation.

Although technical differences exist between patch and 
linear repairs, good functional results are possible with either 
technique. Suboptimal outcomes result from either tech-
nique when left ventricular cavitary volume is overly reduced 
with resultant decreased stroke volume and impaired diastolic 
filling.187 Excessively small patches reduce stroke volume and 
impair diastolic filling, but excessively large patches reduce 
ejection fraction and increase wall stress (Fig. 25-35).185

Late Results
SURVIVAL
Survival after operation for left ventricular aneurysm is vari-
able, largely because of differences between patient popula-
tions. Five-year survival in recent series varies between 58 and 
80%,104,170 10-year overall survival is 34%,170 and 10-year car-
diac survival is 57%149 (Fig. 25-36).105,170 Cardiac causes are 
responsible for 57% of late deaths,173 and most cardiac deaths 
result from new myocardial infarctions. In aneurysm patients 
randomized to medical or surgical therapy in the CASS study 
(most of the patients had minimal symptoms), survival was 
not different between medical or surgical therapy, except for 
patients with three-vessel disease.144 These patients had better 
survival with surgery (Fig. 25-37).144

Preoperative risk factors for late death include age, heart 
failure score, ejection fraction less than 35%, cardiomegaly 
on chest radiograph, left ventricular end-diastolic pressure 
greater than 20 mm Hg, and mitral regurgitation144,149,163,173 
(Figs. 25-38, and 25-39).

The prospective, randomized STICH trial of 1000 patients 
with ejection fraction of 35% or less and anatomy amenable to 
ventricular restoration showed that, on average, left ventricular 
restoration techniques did not affect survival relative to coro-
nary bypass grafting alone (Fig. 25-40).105 However, post hoc 
analysis of STICH data showed that, in patients achieving post-
operative left ventricular end-systolic volume index (LVESVI) 
of less than 70 mL/m2, the addition of SVR to coronary bypass 
improved survival, while the opposite was true for patients 
achieving LVESVI > 70 mL/m2.196 The results of the STICH 
trial probably resulted from inclusion of relatively few patients 
with large, classical, dyskinetic aneurysms (mean reduction 
of end-systolic volume index of 16 mL/m2 versus 48 mL/m2 
seen in classical aneurysms).105,106 Although unproven, the net 
sum of evidence suggests that patients with large, classical, 
dyskinetic aneurysms who achieve a postoperative LVESVI 
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0 25 50 75 100 125 150

Patch size—square cm

EF

Wall stress/5

SV/2

FIGURE 25-35 Computer prediction of the effects of patch size on stroke volume (SV), ejection fraction (EF), and wall stress (afterload) at 
a chamber pressure of 100 mm Hg. Predictions are based on data from an animal model of simulated aneurysm repair, neglecting the effects of 
afterload on stroke volume. Because increasing afterload in reality decreases muscle shortening, patch reconstruction can increase stroke volume 
only if contractile reserve is sufficient to overcome the afterload from increased ventricular size. (Data from Nicolosi AC, Weng ZC, Detwiler PW, 
et al: Simulated left ventricular aneurysm and aneurysm repair in swine, J Thorac Cardiovasc Surg. 1990 Nov;100(5):745-755.)
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FIGURE 25-37 Survival in patients with left ventricular aneurysm 
and three-vessel coronary disease treated with medical or surgical 
therapy. (Data from Faxon DP, Myers WO, McCabe CH: The influence 
of surgery on the natural history of angiographically documented left 
ventricular aneurysm: the Coronary Artery Surgery Study, Circulation. 
1986 Jul;74(1):110-118.)
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FIGURE 25-38 Effects of preoperative NYHA functional class on 
survival after ventricular aneurysm repair and myocardial revascular-
ization. (Data from Vauthy JN, Berry DW, Snyder DW, et al: Left 
ventricular aneurysm repair with myocardial revascularization: an 
analysis of 246 consecutive patients over 15 years, Ann Thorac Surg. 
1988 Jul;46(1):29-35.)
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FIGURE 25-39 Nomogram of 18-month survival after ventricular restoration as a function of patient age and postoperative ejection fraction. 
(Reproduced with permission from Athanasuleas CL, Stanley AWHJr, Buckberg GD, et al: Surgical anterior ventricular endocardial restoration 
[SAVER] in the dilated remodeled ventricle after anterior myocardial infarction, J Am Coll Cardiol. 2001 Apr;37(5):1199-1209.)
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FIGURE 25-36 Survival in 303 patients undergoing left ventricular aneurysmectomy (LVA) (left panel). Survival in 1000 patients 
randomized to coronary bypass (CAB) or CAB and ventricular restoration (SVR) (right panel). (Data from Couper GS, Bunton RW, Birjiniuk V, 
et al: Relative risks of left ventricular aneurysmectomy in patients with akinetic scars versus true dyskinetic aneurysms, Circulation. 
1990 Nov;82(5 Suppl):IV248-IV256.)
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 Chapter 25 Complications of Infarction 625

< 70 mL/m2 probably obtain more benefit from aneurysm 
repair than do patients with diffuse ventricular dysfunction 
or small akinetic segments.106,197,198

SYMPTOMATIC IMPROVEMENT
Studies consistently demonstrate improvement in symptoms 
after operation relative to preoperative symptoms104,105,174 
(Fig. 25-40). In the study of Elefteriades et al,174 using a lin-
ear repair, mean angina class improved from 3.5 to 1.2 and 
mean CHF class improved from 3.0 to 1.7. In the random-
ized CASS study, the subset of patients with left ventricular 
aneurysm achieved a better heart failure class with surgical 
therapy than with medicine, and rehospitalization for heart 
failure was less common for the surgical therapy group than 
for the medicine group.144 At 18 months, 85% of patients 
are free of rehospitalization for congestive heart failure, with 
rehospitalization peaking at 2 to 4 months.163 Prucz found in 
a small, nonrandomized case-control study that ventricular 
restoration reduced hospitalization rate relative to coronary 
bypass alone.199 However, the STICH trial found no benefit 
on average in symptoms or quality of life relative to coronary 
bypass alone.105,200 (Fig 25-24) The STICH trial found that 
ventricular restoration significantly increased hospital cost by 
$14,500 or 26%.200
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The aortic valve (AV) is a semilunar valve positioned at the 
end of the left ventricular outflow tract (LVOT) between the 
left ventricle and aorta. Proper functioning of this valve is 
critical in maintaining efficient cardiac function. This chapter 
explores the anatomical and physiologic properties of the AV.

EMBRYOLOGIC DEVELOPMENT
Embryologic development of the AV is closely associated 
with development of the LVOT. In the primary heart tube, 
blood travels from the primitive ventricle into the bulbous 
cordis and out from the aortic roots. The midportion of the 
bulbous cordis, the conus cordis, develops into the outflow 
tracts of the ventricles. The distal portion of the bulbous cor-
dis, the truncus arteriosus (TA), develops into the proximal 
portion of the aorta and pulmonary arteries. During the fifth 
week of development, pairs of opposing swellings appear in 
the conus cordis and TA (Fig. 26-1). These conotruncal, or 
bulbar, ridges grow toward each other and fuse to form the 
aorticopulmonary (AP) septum. The AP septum divides the 
conus cordis into the left and right ventricular outflow tracts 
and the TA into the ascending aorta and pulmonary trunk.

When partitioning of the TA is nearly completed, the 
AV begins to develop from three swellings of subendocardial 
tissue (see Fig. 26-1). Two swellings arising from the fused 
truncal ridges develop into the right and left AV leaflets. A 
third dorsal swelling develops into the posterior leaflet. These 
swellings are reshaped and hollowed out to form the three 
thin-walled cusps of the fully developed AV. The pulmonary 
valve develops in a similar manner.

ANATOMY
The AV separates the terminal portion of the LVOT from 
the aorta. The normal AV consists of three semilunar leaflets 
or cusps projecting outward and upward into the lumen of 
the ascending aorta (Fig. 26-2). The space between the free 
edge of each leaflet and the points of attachment to the aorta 

comprise the sinuses of Valsalva. Because the coronary arteries 
arise from two of the three sinuses, the sinuses and the respec-
tive leaflets are named the right coronary, left coronary, and 
posterior (noncoronary) sinuses and leaflets. The ostia of coro-
nary arteries arise from the upper part of the sinuses, with the 
ostium of the left coronary artery positioned slightly higher 
than the ostium of the right. The leaflets are separated from 
one another at the aorta by the right-left, right-posterior, and 
left-posterior commissures (Fig. 26-3). The area adjacent to 
the left-posterior commissure is the fibrous continuity, which 
interconnects the aorta and the mitral valve annulus. The area 
beneath this commissure is the aortomitral curtain, which 
is an important anatomical landmark for root enlargement 
procedures. The posterior leaflet attaches above the posterior 
diverticulum of the LVOT and opposes the right atrial wall. 
The right-posterior commissure is positioned directly above 
the penetrating atrioventricular bundle and membranous sep-
tum. The right-left commissure opposes the posterior com-
missure of the pulmonary valve and the two associated aortic 
cusps oppose the right ventricular infundibulum. The lateral 
part of the left coronary sinus is the only part of the AV that is 
not closely related to another cardiac chamber and is in direct 
relationship with the free pericardial space.

The AV leaflets meet centrally along a line of coaptation, 
at the center of which are the thickened nodules of Arantius. 
Because of the semilunar shape of the leaflets, the AV does 
not have a true annulus in the traditional sense of a ring-like 
attachment. Instead, the leaflets have semilunar attachments 
along a hollow cylinder or cuff of tissue interconnecting the left 
ventricular (LV) chamber and the proximal aorta (Fig. 26-4).1 
The distal border of the cuff is the sinotubular junction, 
which is defined by imaginary lines connecting the com-
missures. The proximal border is the ventriculoarterial (VA) 
junction, which has both hemodynamic and anatomic parts. 
The hemodynamic VA junction is marked by the semilunar 
attachments of the leaflets, whereas the anatomic VA junction 
is marked by the circular attachment of the proximal aorta 
and the muscular and membranous ventricular septums.
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634 Part IV Aortic Valve Disease

FIGURE 26-1 Schematic representation of development of the left and right ventricular outflow tracts and aortic and pulmonary valves. (Top 
left) Cross-section through the cordis showing the conotruncal ridges beginning to develop. (Top right) Aorticopulmonary septum forming from 
fusion of the conotruncal ridges and subendocardial swellings beginning to develop into the aortic and pulmonary valve leaflets. (Bottom left) Left 
and right ventricular outflow tracts separated by the aorticopulmonary septum and further development of the subendocardial swellings. (Bottom 
right) Aortic and pulmonary valves in the adult. (Reproduced with permission from Cleveland Clinic, Cleveland, OH.)

FIGURE 26-2 Anatomical relationship between the aortic valve 
leaflets and surrounding structures. (Reproduced with permission 
from Cleveland Clinic, Cleveland, OH.)

The valve leaflets consist of three layers of endothelially 
invested connective tissue of distinctly different density and 
composition. There is no demarcation between the outer lay-
ers of the aortic and ventricular sides of the leaflets and outer 

layers of the corresponding aortic and ventricular walls; that 
is, leaflet endothelial cells form a continuum with aortic and 
ventricular endothelial cells (Fig. 26-5).2,3 Beneath the endo-
thelium, there are extensions of the aortic intima and ven-
tricular endocardium, termed the arterialis and ventricularis, 
respectively. The next layer is the lamina fibrosa, which is 
composed of dense collagen mostly in a circumferential pat-
tern. Because of the thickness and density of this layer, it is 
the strongest layer and important for bearing the stress of dia-
stolic pressure. The middle layer, referred to as the spongiosa, 
forms the core of the leaflets at their bases. It is made of loose 
connective tissue consisting of water and glycosaminoglycans 
with sparse fibers and cellularity. The semifluid nature of this 
layer gives the leaflet considerable plasticity.

MECHANICS OF MOVEMENT
The AV passively opens and closes in response to pressure dif-
ferences between the left ventricle and aorta during the cardiac 
cycle. Pressure generated from ventricular contraction leads to 
valve opening, and the subsequent relatively higher pressure 
of the aorta leads to valve closure. The mechanical properties 
of the AV allow it to open with minimal transvalvular gradi-
ent and close completely with minimal flow reversal.
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 Chapter 26 Pathophysiology of Aortic Valve Disease 635

FIGURE 26-3 Anatomical relationship between the aortic valve and surrounding structures. (Reproduced with permission from Cleveland 
Clinic, Cleveland, OH.)

FIGURE 26-4 Schematic representation of the aortic valve cuff. The 
sinotubular junction marks the distal border. The ventriculoarterial 
junction, which has both hemodynamic and anatomic parts, marks 
the proximal border. (Reproduced with permission from Cleveland 
Clinic, Cleveland, OH.)

Opening
Pressure differences between the aorta and the ventricle cou-
pled with compliance of the aortic root cause aortic root dila-
tion and constriction during the cardiac cycle. This dynamic 
motion of the root plays an important role in opening and 
closing of the AV. During late diastole, as blood fills the ven-
tricle, a 12% expansion of the aortic root occurs 20 to 40 ms 
before AV opening.4 The leaflets begin to open as a result of 
root dilation even before any generation of positive pressure 
from ventricular contraction. Root dilation alone opens the 

leaflets about 20%.5 As pressure rises in the LVOT, tension 
across the leaflets produced from root dilation lessens. As pres-
sure continues to rise, the pressure difference across the leaf-
lets is minimal, and no tension is present within the leaflet.6 
This loss of tension allows the aortic root to further dilate and 
allows the valve to open rapidly at the beginning of ejection. 
Under normal circumstances, the AV presents little or no 
obstruction to flow because the specific gravity of the leaflets 
is equal to that of blood.7 These mechanisms permit rapid 
opening of the valve and minimal resistance to ejection.8

FIGURE 26-5 Schematic representation of a cross-section through 
the aortic valve leaflet showing the continuity of endocardial and 
endothelial components with the aortic valve. Inset illustrates the 
radial and circumferential axes of the valve leaflet. (Reproduced with 
permission from Cleveland Clinic, Cleveland, OH.)

Cohn_ch26_p0631-0648.indd   635 12/04/17   4:00 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



636 Part IV Aortic Valve Disease

Closure
Closure of the AV is an elegant mechanism, which has inter-
ested investigators since the time of Leonardo da Vinci.9 A 
principal theory involved in closure is vortex theory, which 
recognizes the importance of the sinuses of Valsalva in valve 
closure.10 As ejection occurs, blood creates small eddy cur-
rents or vortices along the aortic wall. At the end of ejection 
and before valve closure, these vortices fill the sinuses and bal-
loon the leaflets away from the aortic wall toward the aortic 
axis. After the pressure difference across the open AV equal-
izes, a small flow reversal forces the leaflets completely closed. 
Apposition of the valve leaflets occurs briskly and the ensuing 
second heart sound occurs after complete closure of the AV. 
Upon closing, the elastic leaflets stretch and recoil to generate 
compression and expansion of blood. The subsequent pres-
sure changes produce the second heart sound; the sound is 
not produced by physical apposition of the valve leaflets.11

AORTIC STENOSIS
Aortic stenosis (AS) is incomplete opening of the AV, which 
restricts blood flow out of the left ventricle during systole.

Prevalence and Etiology
In developed countries, AS is the most prevalent valvular 
heart disease in adults.12 Observational echocardiography 
studies demonstrate that 2% of people 65 years of age or 
older have isolated calcific AS, whereas 29% exhibit age-
related AV sclerosis without stenosis.13 AS is more common 
in men and its prevalence increases with age.14 In patients 
aged 65 to 75 years, 75 to 85 years, and greater than 85 years, 
the prevalence of AS is 1.3, 2.4, and 4%, respectively.15 The 
most common causes of AS are acquired degenerative disease, 
bicuspid AV, and rheumatic heart disease.

Acquired Aortic Stenosis
The most common cause of AS is degenerative calcification of 
the AV, which typically occurs in septuagenarians and octo-
genarians. Progressive calcification, initially along the flexion 
lines at the leaflet bases, leads to immobilization of the cusps. 
The characteristic pathologic findings are discrete, focal 
lesions on the aortic side of the leaflets that can extend deep 
into the aortic annulus. The deposits may involve the sinuses 
of Valsalva and the ascending aorta. Although long consid-
ered to be the result of years of mechanical stress on an other-
wise normal valve, it is now understood that the mechanical 
stress leads to proliferative and inflammatory changes, with 
lipid accumulation, upregulation of angiotensin-converting 
enzyme (ACE) activity, and infiltration of macrophages and 
T lymphocytes in a process similar to atherosclerosis.16-20 The 
risk factors for the development of calcific AS are similar 
to those for atherosclerosis and include elevated serum lev-
els of low-density lipoprotein (LDL) cholesterol, diabetes, 

smoking, and hypertension.15 Therefore, coronary artery dis-
ease is commonly present in patients with AS. Age-related AV 
sclerosis is associated with an increased risk of cardiovascular 
death and myocardial infarction (MI).

Calcific AS is also observed in a number of other condi-
tions, including Paget’s disease of bone and end-stage renal 
disease.21 Ochronosis with alkaptonuria is another rare cause 
of AS, which also can cause a rare greenish discoloration of 
the AV.22

Bicuspid Aortic Stenosis
A calcified bicuspid AV represents the most common form 
of congenital AS. Bicuspid AVs are present in approximately 
2% of the general population. Gradual calcification of the 
bicuspid AV results in significant stenosis most often in the 
fifth and sixth decades of life, earlier in unicommissural than 
bicuspid valves and earlier in men than women.23,24 The 
abnormal architecture of the unicommissural or bicuspid AV 
induces turbulent flow, which injures the leaflets and leads to 
fibrosis, increased rigidity, leaflet calcification, and narrowing 
of the AV orifice.25 Several genes have been associated with 
bicuspid AV. Mutations in the signaling and transcriptional 
regulator NOTCH1 result in abnormal valve development 
and subsequent calcium deposition, providing a link between 
genetic mutations, valve morphology, and subsequent calci-
fication associated with bicuspid AS.26-29 Structural abnor-
malities in microfibrils within the AV and aortic root lead 
to decreased structural integrity, resulting in dilation, aneu-
rysms, and dissection.25,26,30

Rheumatic Aortic Stenosis
In Western countries, rheumatic AS represents the least com-
mon form of AS in adults.31,32 Rheumatic AS is rarely an iso-
lated disease and usually occurs in conjunction with mitral 
valve stenosis.33,34 Rheumatic AS is characterized by diffuse 
fibrous leaflet thickening with fusion, to a variable extent, of 
one or more commissures. The progression of rheumatic AS is 
slower than that of degenerative calcific disease.24,35 The early 
stage of rheumatic AS is characterized by edema, lympho-
cytic infiltration, and revascularization of the leaflets, whereas 
the later stages are characterized by thickening, commissural 
fusion, and scarred leaflet edges.

Pathophysiology
In adults with calcific disease, the AV slowly thickens over 
time. Early, it causes little hemodynamic disturbance as the 
valve area is reduced from the normal 3 to 4 cm2 to 1.5 to  
2 cm2.24,35 Past this point, hemodynamically significant 
obstruction of LV outflow develops with a concomitant 
increase in LV pressure and lengthening of LV ejection time. 
The elevated LV pressure increases wall stress, which is nor-
malized by increased wall thickness and LV hypertrophy 
(LVH). As it hypertrophies, the left ventricle becomes less 
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 Chapter 26 Pathophysiology of Aortic Valve Disease 637

compliant and LV end-diastolic pressure (LVEDP) increases 
without chamber dilatation. This reflects diastolic dysfunc-
tion and the ventricle becomes increasingly dependent on 
atrial systole for filling.36 Hence, if a patient develops an atrial 
arrhythmia, he or she can rapidly decompensate.

Although adaptive, the concentric hypertrophy that devel-
ops has adverse consequences. LVH, increased systolic pres-
sure, and prolonged ejection time all contribute to an increase 
in myocardial oxygen consumption. Increased diastolic pres-
sure increases endocardial compression of the coronary arter-
ies, reducing coronary flow reserve (or maximal coronary 
flow).37 Prolonged ejection also results in decreased time in 
diastole and therefore reduced myocardial perfusion time. 
The increased demand of the hypertrophied ventricle and 
decreased delivery capacity can yield subendocardial isch-
emia with activity. This can result in angina and LV dysfunc-
tion. LVH also makes the heart more susceptible to ischemic 
injury. Severe LVH is only partly reversed by AV replacement 
(AVR) and is associated with decreased long-term survival 
even after initially successful surgery.38

In late stages of severe AS, the left ventricle decompensates 
with resulting dilated cardiomyopathy and heart failure. Car-
diac output (CO) declines and the pulmonary artery pressure 
rises, leading to pulmonary hypertension.

Myocardial hypertrophy in patients with AS is character-
ized by increased gene expression for collagen I and II, and 
fibronectin that is associated with activation of the renin-
angiotensin system.39 Reduction in renin-angiotensin par-
allels regression of hypertrophy after AVR.40 Experimental 
studies have indicated a role of apoptotic mechanisms in the 
progression to LVH and heart failure in patients with AS.41,42 
Patients who present with symptoms of congestive heart fail-
ure (CHF) have a 1-year survival of approximately 60%.43,44

Hemodynamics
The severity of AS can be assessed by measuring the AV ori-
fice area (AVA), mean pressure gradient, and peak jet velocity. 
Effective AVA is calculated using the cross-sectional area of the 
LVOT (CSALVOT), flow velocity through the LVOT (VTILVOT), 
and AS jet velocity (VTIAV) using the continuity equation, 
which is based on the concept that stroke volume through the 
LVOT and AV are equal.45-49 The continuity equation is

AVA
CSA VTI

VTI
LVOT LVOT

AV

=
×

CSALVOT is calculated using LVOT diameter (DLVOT) as

CSA
D
2LVOT
LVOT

2

= π





Valve areas of less than 1.0 cm2 represent severe AS. Although 
the effective AVA is smaller than the anatomic AVA, it is a 
reliable predictor of clinical outcomes and is generally used in 
clinical decision making.47,50

The Gorlin formula, which describes the fundamental 
relationships linking the area of an orifice to the flow and 
pressure drop across the orifice, is used to calculate anatomic 
AVA using a Fick or thermodilution CO measurement taken 
during catheterization.49,51 The Gorlin formula uses the time 
from AV opening to closure (SEP) as

AVA
CO mL

min

44.3 HR beats
min

SEP(sec) meanpressure gradient (mmHg)
=







× 



 × ×

The Gorlin formula can also be used to calculate AVA 
from Doppler but is less favorable than the continuity equa-
tion as it underestimates the AVA in low-output states.52,53

In patients with AS, the transvalvular pressure gradient 
can be measured by simultaneous catheter pressure measure-
ments in the left ventricle and proximal aorta. The peak-to-
peak gradient, measured as the difference between peak LV 
pressure and peak aortic pressure, is used commonly to quan-
tify the valve gradient.

Invasive measurements of AS severity have been largely 
replaced by echocardiographic measurements, which are cur-
rently the clinical standard.47,49 The gradient can be calculated 
from the Doppler acquired VTIAV using the Bernoulli equa-
tion as

Gradient = p VTIAV
2

Transesophageal echocardiography (TEE) is an alternative 
method for assessment of AVA that uses planimetry of the 
systolic short-axis view of the AV (Fig. 26-6).54 Planimetry 
of the valve area is challenging because the valve orifice is 
a complex, three-dimensional shape, and area measurements 
assume the valve orifice lies entirely within the image plane. 

FIGURE 26-6 Transesophageal echocardiographic image of aortic 
stenosis resulting from severe degenerative calcification. Transverse 
section of the aortic root at the level of the aortic valve orifice show-
ing the aortic ring (arrow), the sinuses of Valsalva (asterisks), and a 
significantly reduced aortic valve orifice area of 0.44 cm2 (dotted line).
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638 Part IV Aortic Valve Disease

Thus, it is only recommended when Doppler estimation of 
flow velocities is unreliable.47

Clinical Presentation
SYMPTOMS
The cardinal symptoms of AS are angina pectoris, syncope, 
and symptoms of CHF (dyspnea, orthopnea, and paroxysmal 
nocturnal dyspnea).55 Although the mechanisms of angina and 
heart failure are well understood, the mechanism of syncope 
is less clear. A common theory is that the augmented stroke 
volume that usually accompanies exercise is limited by the 
narrowed outflow orifice. With exercise-induced reduction in 
peripheral arterial resistance, blood pressure drops, leading to 
cerebral hypoperfusion and syncope.56 Syncope also may be 
the result of dysfunction of baroreceptor mechanisms and a 
vasodepressor response to the increased LV systolic pressure 
during exercise. Besides these cardinal symptoms, patients also 
commonly present with more subtle symptoms, such as fatigue, 
decreased exercise tolerance, and dyspnea on exertion.57

A rare presentation of AS is gastrointestinal bleeding sec-
ondary to angiodysplasia occurring predominantly in the 
right colon, as well as in the small bowel or stomach. This 
complication arises from shear-stress-induced platelet aggre-
gation with reduction in high-molecular-weight multimers of 
von Willebrand factor and increases in proteolytic subunit 
fragments. These abnormalities correlate with the severity of 
AS and are correctable by AVR.58 Other late manifestations 
of severe AS include atrial fibrillation and pulmonary hyper-
tension. Infective endocarditis can occur in younger patients 
with AS; it is less common in elderly patients with a severely 
calcified valve.

Patients who develop severe AS have a long period of 
asymptomatic progression in which morbidity and mortality 
is relatively low (Fig. 26-7).55 Sudden death from AS before 
the onset of symptoms is estimated to be approximately 1% 
per year.59 With the onset of symptoms, the mortality rate is 
25% per year without surgical intervention.12 Of the 35% of 

patients who present with angina, 50% survive for 5 years. 
Of the 15% who present with syncope, 50% survive for  
3 years, and mean survival for those who present with CHF 
is 2 years.55

SIGNS
AS is frequently first diagnosed before symptom onset by aus-
cultation of a murmur on physical examination. Classically, 
AS causes a systolic crescendo-decrescendo murmur, heard 
loudest at the right upper sternal border. Another sign of AS 
is a delayed second heart sound (S2) because of prolongation 
of the systolic ejection time. S2 also may be single when the 
aortic component is absent, and if the aortic component is 
audible, this may give rise to a paradoxical splitting of S2.

The classic pulsus parvus (small pulse) is a sign of severe 
AS or decompensated AS and occurs when stroke volume and 
systolic and pulse pressures fall. A wide pulse pressure is also 
characteristic of AS. Prolongation of the ejection phase with 
slow rise in the arterial pressure also gives rise to the pulsus 
tardus (late pulse). Pulsus parvus et tardus is diagnosed by 
palpation.

LVH is evident as a sustained apical thrust or heave. This 
sign is present only when failure occurs because before failure 
occurs, the hypertrophy is not accompanied by dilatation, 
and the apical impulse is not displaced. Conversely, absence 
of an apical thrust (except in muscular patients, or those with 
emphysema or adiposity) suggests mild or moderate AS. 
Other physical findings of significant AS include a promi-
nent atrial kick and prominence of the jugular venous a wave 
secondary to decreased right ventricular compliance caused 
by right ventricular hypertrophy.60

ELECTROCARDIOGRAM
Most patients with severe AS present with QRS complex or 
ST-T interval abnormalities reflecting LVH. Patients with a 
higher gradient are more likely to show a “strain” or “systolic 
overload” pattern. The conduction abnormalities may result 
from septal trauma secondary to high intramyocardial ten-
sion from hypoxic damage to the conducting fibers or from 
extension of valvular calcifications into the fibrous septum.

ROENTGENOGRAM
The roentgenographic characteristics of compensated AS 
include concentric hypertrophy of the left ventricle without 
cardiomegaly, poststenotic dilatation of the aorta, and cal-
cification of the valve cusps. With decompensation, there is 
cardiomegaly in the posteroanterior projection and pulmo-
nary venous congestion. It is important to recognize that a 
routine chest x-ray may be within normal limits in patients 
with hemodynamically compensated AS. The rounding of 
the lower-left heart border may be subtle, the poststenotic 
aortic dilatation may be equivocal, and the valvular calcifica-
tion may be invisible on the posteroanterior view. Of equal 
importance, the presence of cardiomegaly in a normotensive 
patient with isolated AS indicates decompensated AS.

FIGURE 26-7 Natural history of aortic stenosis. (Reproduced with 
permission from Ross J, Braunwald E. Aortic stenosis, Circulation. 
1968 Jul;38(1 Suppl):61-67.)

Cohn_ch26_p0631-0648.indd   638 12/04/17   4:00 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 26 Pathophysiology of Aortic Valve Disease 639

TABLE 26-1: Classification of Aortic Stenosis 
Severity

Indicator Mild Moderate Severe

Aortic valve area (cm2) >1.5 1.0-1.5 <1.0
Aortic valve area index  

(cm2 per m2)
    <0.6

Mean pressure gradient  
(mm Hg)

<25 25-40 >40

Peak jet velocity (m/sec) <3.0 3.0-4.0 >4.0

Data compiled from Bonow RO, Carabello BA, Chatterjee K, de Leon AC Jr, 
Faxon DP, et al: 2008 focused update incorporated into the ACC/AHA 2006 
guidelines for the management of patients with valvular heart disease: a report 
of the American College of Cardiology/American Heart Association Task Force 
on Practice Guidelines (Writing Committee to revise the 1998 guidelines for the 
management of patients with valvular heart disease). Endorsed by the Society 
of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography 
and Interventions, and Society of Thoracic Surgeons. J Am Coll Cardiol 2008; 
52(13):e1-142.

ECHOCARDIOGRAPHY
Echocardiography is the diagnostic tool of choice for con-
firming the diagnosis of AS and quantification of disease 
severity. Echocardiography is used to define: (1) the severity 
and etiology of AS; (2) coexisting valvular abnormalities; and 
(3) cardiac chamber size and function.

The development of diastolic dysfunction in patients with 
AS can lead to symptom development, and may increase late 
mortality after AVR.38,61 Hence, the quantification of diastolic 
dysfunction is important in the assessment of AS. LV filling 
pressures can be assessed by calculating the ratio of transmi-
tral flow velocity and annular velocity obtained at the level of 
the mitral annulus with tissue Doppler.62-64 In patients with 
normal LV function (LVF), stress echocardiography is used 
to determine if symptom development during exercise is due 
to diastolic dysfunction.65 Diastolic dysfunction in patients 
with normal LVF may cause exercise intolerance for several 
reasons: (1) elevated LV diastolic and pulmonary venous 
pressures increase the work of breathing and cause dyspnea;  
(2) patients with LVH exhibit a limited ability to use the 
Frank-Starling mechanism during exercise, resulting in a 
decrease in CO during exercise; and (3) elevated LV diastolic 
and pulmonary venous pressures result in abnormalities in 
the diastolic properties of the ventricle.

When AS is suspected, an initial Doppler echocardio-
gram can confirm the diagnosis and assess the severity. Re-
examination should be performed upon change in signs or 
symptoms, or periodically, every 3 to 5 years for mild AS, 
every 1 to 2 years for moderate AS, and every 6 months to 
1 year for severe AS, to identify worsening stenosis, LV dys-
function, LVH, and mitral regurgitation. Although AS is best 
understood as a disease continuum, severity can be graded by 
echocardiographic evaluation of hemodynamics. The current 
guidelines use definitions based on the AVA, mean pressure 
gradient, and peak jet velocity (Table 26-1).49

EXERCISE TESTING
Exercise testing should be avoided in symptomatic patients 
with AS. Traditionally, severe AS has been regarded as a rela-
tive contraindication to exercise testing. Recent studies have 
indicated that quantitative exercise Doppler echocardiog-
raphy can be performed safely in asymptomatic patients, 
including those with severe AS, and may be useful for iden-
tifying patients who at higher risk of becoming symptomatic 
and/or requiring AVR. Asymptomatic patients with severe 
AS who become symptomatic on exercise stress testing have 
a higher rate of cardiac death or progression to AVR.49,66,67 
Thus, patients with provoked symptoms should be consid-
ered symptomatic. Dobutamine stress echocardiography is 
occasionally used in severe AS, specifically to assess contrac-
tile reserve in patients with moderate to severe AS with a low 
AV gradient and depressed LVF.68,69

CARDIAC CATHETERIZATION
Although Doppler echocardiography can provide adequate 
anatomic and hemodynamic information for most patients, 
cardiac catheterization is recommended when noninvasive 
tests are inconclusive or there is a discrepancy between non-
invasive tests and clinical findings to determine the severity 
of AS.49,70 Cardiac catheterization remains the gold standard 
for measuring the transvalvular gradient. Left-sided heart 
catheterization is also used to calculate the AVA based on 
the Gorlin equation, as described earlier, and can provide an 
assessment of ejection fraction (EF) through ventriculography 
and information about the presence or absence of other valve 
lesions. Coronary artery disease is common in patients with 
AS and should be evaluated prior to intervention. Cardiac 
catheterization is indicated in patients with angina, evidence 
of ischemia, history of CAD, or coronary risk factors to assess 
coronary anatomy and evaluate the need for combined AVR 
and myocardial revascularization. Cardiac catheterization 
should also be performed in patients with epicardial CAD 
detected by computed tomography (CT) coronary angiogra-
phy to evaluate the extent of obstruction.49

COMPUTED TOMOGRAPHY
CT is the only noninvasive modality that provides direct 
assessment of the amount of AV calcification. While CT 
provides the highest-resolution anatomic data of the AV, it 
does not provide hemodynamic data, and therefore is not 
recommended for the diagnosis of AS.71 Electrocardiographi-
cally gated multidetector row CT has shown high accuracy 
and reproducibility in quantifying AV calcification and 
its progression71,72 and estimating AVA by planimetry.73,74 
The quantification of calcification may develop into clini-
cal applications with respect to the prognostic relevance of 
AV sclerosis, as well as the problem of calcification of bio-
prostheses after surgery. Prior to valve intervention, patients 
with low to intermediate probability of CAD should undergo 
CT coronary angiography to exclude the presence of severe 
obstructive CAD.49 CT is useful preoperatively for patients 

Cohn_ch26_p0631-0648.indd   639 12/04/17   4:00 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



640 Part IV Aortic Valve Disease

undergoing transcatheter aortic valve replacement (TAVR) 
for measurement of the native valve annulus, leaflet length, 
and annular to coronary ostial distance to guide the selection 
of appropriate TAVR size and evaluate the prosthesis after 
deployment.71,75

MAGNETIC RESONANCE IMAGING
Cardiac magnetic resonance imaging (MRI) has emerged as 
an alternative noninvasive imaging modality for AS.76 Similar 
to echocardiography, cardiac MRI records images through-
out the cardiac cycle. Cardiac MRI uses a range of pulse 
sequences to assess structural heart disease. The steady-state 
free precession (SSFP) cine pulse sequence is commonly used 
in cardiac MRI and provides detailed images of AV leaflet 
number, leaflet thickening, valve calcification, and commis-
sural fusion. This sequence is also useful for assessing the 
effects of AS, including LVH and LVF.77 MRI is useful when 
acoustic windows in the echocardiogram are poor or there are 
discordant imaging and catheterization results.78,79 MRI has 
also been used to demonstrate improvement in LVF, myo-
cardial metabolism, and diastolic function, as well as reduced 
hypertrophy after AVR for AS.80

Management
SYMPTOMATIC PATIENTS
There is no effective medical therapy for AS. Given the bio-
logic similarity of the calcific lesions of AS to atherosclero-
sis, there has been substantial effort to investigate the role of 
lipid-lowering agents in slowing the progression of AS, but to 
date prospective randomized trials have not found any ben-
efits.81-84 Acquired AS is considered a moderate risk condition 
for acquiring infective endocarditis after dental or surgical 
procedures, and antibiotic prophylaxis is recommended.49,85 
Management of CHF from AS has traditionally consisted of 
diuretics and inotropes. Beta-blockers are avoided as reduced 
contractility may lead to decreased CO in an overloaded ven-
tricle. Vasodilators are avoided in AS because their admin-
istration can lead to hypotension, syncope, and reduced 
coronary perfusion. However, in patients with severe AS with 
decompensated heart failure and severe LV systolic dysfunc-
tion, vasodilators may improve cardiac function and may be 
used as a bridge to AVR.49,86

The definitive treatment for severe AS is AVR, and onset 
of symptoms is the primary indication for surgery. Choice of 
size of valve prosthesis is of substantial importance for long-
term outcome. Prosthesis-patient mismatch will occur after 
implantation of small prosthesis, thereby increasing the resid-
ual transvalvular gradient and subsequently negatively affect-
ing regression of LVH and coronary flow reserve, resulting in 
worse survival.38,87-89

TAVR is a viable option for treatment of severe AS in 
patients who are at high risk for surgical AVR. TAVR has 
shown superior survival to standard medical therapy and sim-
ilar survival to surgical AVR but with lower periprocedural 
risks in the high-risk population.90-92 It is also indicated in 

cases that meet an indication for AVR but have prohibitive 
risk for surgical approach and predicted post-TAVR survival 
greater than 12 months.49,93

Percutaneous aortic balloon dilatation is ineffective long-
term since most valves tend to restenose. Currently, it is indi-
cated as a bridge to AVR or TAVR in severely symptomatic 
patients with severe AS.49,94-96

ASYMPTOMATIC PATIENTS
As AVR has become a safer procedure and technology for 
assessing disease severity has improved, an identifiable high-
risk subset of asymptomatic patients with severe AS has 
shown to benefit from AVR. While the risk of asymptomatic 
severe AS is low, surgery is indicated if associated with a com-
bination of the following factors: worsening of hemodynamic 
parameters (LVEF < 50%, maximum aortic velocity ≥ 4 m/s, 
mean pressure gradient ≥ 40 mm Hg), decreased systolic 
opening of calcified valve, cardiac surgery for other causes, 
low surgical risk, and decreased exercise tolerance on exercise 
stress test.49 Asymptomatic patients with an aortic jet veloc-
ity greater than 4 m/s,57 high rates of aortic jet velocity pro-
gression and valve calcification,97 or small AVAs and LVH59 
progress to symptom development quickly and soon require 
AVR. Exercise stress testing, as described earlier, is also useful 
to stratify high-risk patients and identify truly asymptomatic 
patients.

Asymptomatic patients with severe AS has signifi-
cantly improved survival compared to medically managed 
patients.98,99 In patients undergoing AVR for severe AS, 
LVH is only partly reversed and is associated with decreased 
long-term survival even after initially successful surgery. This 
suggests that intervening before development of LVH may 
improve outcomes.38,100-104 Efforts have been made to better 
characterize asymptomatic AS patients and identify patients 
that would benefit from earlier AVR.105,106 In summary, there 
is increasing evidence that AVR can be beneficial to a wider 
subset of asymptomatic patients with severe AS, but these 
conclusions may only apply to centers with a high volume of 
valve surgeries and cannot be generalized.107,108

AORTIC REGURGITATION
Aortic regurgitation (AR) is the diastolic reflux of blood from 
the aorta into the left ventricle due to failure of coaptation of 
the valve leaflets at the onset of diastole.

Prevalence and Etiology
AR has numerous causes, which can be grouped according to 
the structural components of the valve apparatus affected. AR 
may be caused by primary disease of the aortic leaflets and/or 
disease of the aortic root.

Aortic leaflet calcific degeneration, myxomatous degenera-
tion, infective endocarditis, rheumatic disease, a bicuspid AV, 
and anorectic medications, such as fenfluramine and phen-
termine, all lead to distortion of the valve leaflets and prevent 
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 Chapter 26 Pathophysiology of Aortic Valve Disease 641

proper coaptation.25,109-111 Aortic root dilatation caused by 
aortic dissection; trauma; chronic systemic hypertension; 
aortitis from syphilis, viral syndromes, or other systemic arte-
ritides (eg, giant cell and Takayasu); and connective tissue 
disorders, such as Marfan’s syndrome, Reiter’s disease, Ehlers-
Danlos syndrome, osteogenesis imperfecta, and rheumatoid 
arthritis, leads to improper leaflet coaptation and consequent 
AR.112-117 AR is seen most commonly in combination with 
AS due to calcific or rheumatic disease in which some degree 
(usually mild) of AR is present. In patients with pure AR 
undergoing AVR, AR secondary to aortic dilation is now 
more common than primary valve disease.118

Pathophysiology
The pathophysiology of AR varies according to the onset and 
duration of the disease process.

ACUTE AORTIC REGURGITATION
AR that presents in the acute setting is typically caused by 
aortic dissection, endocarditis, or trauma. By definition, 
acute AR is a significant aortic incompetence of sudden 
onset across a previously competent AV. The blood returned 
to the left ventricle in diastole causes a sudden increase in 
LV end-diastolic volume (LVEDV) and reduces the effec-
tive or forward stroke volume. LVEDV only increases mildly 
(20-30%) because the ability of the left ventricle to dilate 
acutely is limited. This leads to a rapid increase in LVEDP. 
This increase is greatest in the less compliant, concentrically 
thickened, hypertrophic myocardium seen in those with AS 
or chronic systemic hypertension. Increased LVEDP results 
in increased mean LA and pulmonary venous pressures and 
produces varying degrees of pulmonary edema.119 The rapid 
rise in LVEDP also blunts or abolishes the normally widened 
pulse pressure seen in chronic AR.120 In the acute setting, two 
compensatory mechanisms attempt to maintain an effective 
CO: an increase in contractility attributable to the Frank-
Starling mechanism and an increase in heart rate (HR). The 
maintenance of an appropriate effective CO depends on 
the adequacy of these mechanisms, especially systolic pump 
function.

CHRONIC AORTIC REGURGITATION
In contrast, chronic AR is a slow, insidious process, which 
sets in motion numerous compensatory mechanisms. The 
diastolic regurgitant flow in AR increases LVEDV, LVEDP, 
and wall stress. Adaptive signals lead to an increase in myo-
cyte length and addition of sarcomeres in series in a pattern 
of remodeling known as eccentric hypertrophy. Typically there 
is a modest increase in LV wall thickness such that the ratio of 
wall thickness to radius is close to normal. Chamber enlarge-
ment in the setting of normal systolic function increases total 
stroke volume and maintains forward stroke volume (total 
stroke volume minus regurgitant volume).121 The increased 
total stroke volume coupled with a normal to slightly ele-
vated LVEDP is responsible for the wide pulse pressure seen 

in chronic AR. Forward stroke volume in AR is increased by 
any physiologic change that decreases afterload or increases 
HR. Increasing HR increases forward stroke volume by itself, 
but it also decreases diastolic filling time and hence regur-
gitant flow time and volume. The peripheral vasodilatation 
and increased HR that accompany exercise increase forward 
stroke volume in this manner.122 This also illustrates the phys-
iologic basis for vasodilator therapy in the treatment of AR, 
and explains why bradycardia and use of negative chrono-
tropic agents should be avoided.

As AR progresses, the hypertrophic response becomes inad-
equate,123 and/or the preload reserve is eventually exhausted.124 
Thereafter, any further increase in afterload creates afterload 
mismatch and results in a reduction in EF. Although the 
hypertrophied myocardium may provide adequate compen-
sation for many years, eventually maladaptive signals, which 
lead to decreased myocyte survival and fibrosis, predomi-
nate. The myocardium becomes incapable of sustaining the 
increased work load imposed upon it and heart failure ensues.

Myocardial ischemia in AR, which can result from both 
decreased coronary artery perfusion and increased myocardial 
oxygen demand, may lead to further impairment of LVF. The 
decrease in diastolic coronary perfusion that occurs with a 
severe reduction in aortic diastolic pressure is only partially 
compensated by increased coronary arterial flow during sys-
tole. In severe AR, there may even be reversal of coronary 
arterial flow. Superimposed CAD only exacerbates the effect 
of decreased diastolic coronary perfusion pressure. On the 
other hand, increased LV muscle mass, wall tension, and 
systolic ventricular pressure all contribute to increased myo-
cardial oxygen demand. The subsequent ischemia caused by 
decreased perfusion and increased oxygen demand can lead 
to cell death and fibrosis, and chronically, can contribute to 
systolic dysfunction.

Clinical Presentation
SYMPTOMS
The presentation varies depending on the acuity of onset, 
severity of regurgitation, compliance of the ventricle and 
aorta, and hemodynamic conditions present at the time. 
Acute AR can be debilitating and life threatening if not 
treated emergently, whereas chronic AR is usually well tol-
erated for years. Severe acute AR commonly presents cata-
strophically with sudden cardiovascular collapse. Patients also 
often present with ischemic chest pain caused by decreased 
coronary blood flow coupled with rapidly increased myocar-
dial oxygen consumption.

Patients with chronic, compensated AR remain asymp-
tomatic for prolonged periods of time while the left ven-
tricle gradually enlarges. Symptoms of heart failure, such as 
exertional dyspnea, orthopnea, and paroxysmal nocturnal 
dyspnea, usually develop gradually only after considerable 
ventricular hypertrophy and decompensation. Patients with 
severe AR may experience palpitations during emotional stress 
or exertion, an uncomfortable awareness of each heartbeat, 
especially at the ventricular apex, angina pectoris, nocturnal 

Cohn_ch26_p0631-0648.indd   641 12/04/17   4:00 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



642 Part IV Aortic Valve Disease

angina, or atypical chest pain syndromes, such as thoracic 
pain owing to pounding of the heart against the chest wall.125

SIGNS
Physical examination findings of AR vary with the chronicity 
of the disease process. Many of the classic findings of chronic 
AR are a result of the widened pulse pressure. They include a 
“water-hammer pulse” (Corrigan pulse), head bobbing with 
each heartbeat (De Musset sign), capillary pulsations in the 
lips and fingers (Quincke pulses), pulsus bisferiens, “pistol 
shot sounds” on auscultation of the femoral artery (Traube 
sign), pulsations of the uvula (Müller sign). Although inter-
esting, these signs are not necessarily clinically useful. The 
classic auscultatory finding of AR is an immediate to early 
diastolic, blowing, decrescendo murmur. It is best heard with 
the diaphragm at the left sternal border while the patient 
is sitting, leaning forward, and holding respiration in deep 
exhalation. The murmur is often better heard along the right 
sternal border when AR is caused primarily by root disease.126 
When it is soft, isometric exercise, such as handgrip, can 
increase its intensity by increasing aortic diastolic pressure. 
In severe AR, the murmur may be holodiastolic. S1 is usually 
soft because the mitral leaflets are close to each other at the 
onset of systole. S2 is usually single because the AV does not 
close properly, or because LV ejection time is prolonged and 
P2 is obscured by the early diastolic murmur. Other findings, 
if present, are associated with CHF, for example, rales and 
S3.125 As discussed, the pulse pressure in acute AR is not wid-
ened; hence many of the classic signs of chronic AR are not 
seen in the acute setting. Instead, signs of CHF predominate.

ELECTROCARDIOGRAM
The increased LV mass in chronic AR leads to left axis devia-
tion and increased QRS complex amplitude. A strain pat-
tern and reduction in the total QRS complex amplitude in 
patients with chronic severe AR is highly predictive of severe 
depression of EF resulting from inadequate hypertrophy.127 
Q waves in leads I, V1, and V3 through V6 are indicative 
of diastolic volume overload.128 LV conduction defects occur 
late in the course and are usually associated with LV dysfunc-
tion. Overall, ECG is an inaccurate predictor of AR severity.

ROENTGENOGRAM
The chest radiograph typically shows a “normal”-sized heart 
with pulmonary edema, although there may be some enlarge-
ment of all cardiac chambers and the main pulmonary artery. 
The aorta may be dilated if aortic root disease is the cause of 
AR. There may be signs of pulmonary emboli in AR caused 
by endocarditis when there is concomitant tricuspid valve 
endocarditis.

ECHOCARDIOGRAPHY
Echocardiography is the most useful diagnostic modality 
in both the initial diagnosis and continued monitoring of 
patients with AR. Transthoracic echocardiography (TTE) is 

the most commonly used imaging tool. TTE provides nonin-
vasive assessment of the AV and aortic anatomy; the presence, 
severity, and etiology of regurgitation; and the size and func-
tion of the left ventricle. TEE is used when the patient’s body 
habitus does not allow for adequate assessment with TTE and 
to evaluate the AV and ascending aorta in patients with sus-
pected aortic dissection (Fig. 26-8).

Two-dimensional (2D) echocardiography with Doppler 
color-flow mapping has been used routinely to assess the 
severity of AR.49,129-131 The color-flow jets are typically com-
posed of three components: (1) a proximal flow convergence 
zone (area of acceleration into the orifice); (2) the vena con-
tracta (the narrowest and highest-velocity region of the jet); 
and (3) the distal jet itself in the LV cavity. Assessment of 
the severity of AR is determined qualitatively by jet width 
and vena contracta width, and quantitatively by regurgi-
tant volume, regurgitant fraction, and regurgitant orifice 
area (Table 26-2). The regurgitant orifice area is calculated 
by dividing the regurgitant volume by the velocity time 
integral of the AR jet calculated by continuous wave Dop-
pler.132 Measurement of LV dimensions, such as end-systolic 

FIGURE 26-8 Transesophageal echocardiographic images of aortic 
regurgitation due to acute aortic dissection. (Top) Showing dilated 
annulus, prolapse of aortic valve leaflet (dotted arrow), and intimal 
flap (solid arrow). (Bottom) Color Doppler showing regurgitant flow.
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 Chapter 26 Pathophysiology of Aortic Valve Disease 643

TABLE 26-2: Classification of Aortic 
Regurgitation Severity

Indicator Mild Moderate Severe

Angiographic grade 1+ 2+ 3-4+
Jet width <25% 

LVOT
25-65% 

LVOT
>65% 

LVOT
Vena contracta width (cm) <0.3 0.3-0.6 >0.6
Regurgitant volume  

(mL per beat)
<30 30-59 ≥60

Regurgitant fraction (%) <30 30-49 ≥50
Regurgitant orifice  

area (cm2)
<0.10 0.10-0.29 ≥0.30

and end-diastolic volumes and wall thickness, are useful for 
determining LV changes and function. Additional echocar-
diographic findings in AR include premature closure of the 
mitral valve, diastolic fluttering of the anterior mitral leaflet 
from regurgitant flow, and less commonly, diastolic fluttering 
of the posterior mitral leaflet.133

EXERCISE STRESS TESTING
Exercise stress testing can provide valuable information in 
patients with AR, especially in those whose symptoms are 
equivocal or difficult to assess. In the management of AR, the 
presence of symptoms with exercise testing is equivalent to 
symptoms at rest, as both circumstances warrant AVR.

CARDIAC CATHETERIZATION
Cardiac catheterization is less frequently used to assess the 
severity of AR. It is most commonly used during preopera-
tive assessment of coronary anatomy in patients requiring AV 
repair or replacement. The amount of regurgitant flow can 
be determined by calculating the angiographic stroke vol-
ume minus a measured fixed stroke volume. The difference 
between these two measured volumes divided by the angio-
graphic stroke volume determines the regurgitant fraction. 
LVEDP is measured directly and EF is estimated roughly.

COMPUTED TOMOGRAPHY
CT can be used to assess the severity of AR by measurement 
of the regurgitant orifice area, but currently the results are 
inferior to echocardiography.134 Several studies have demon-
strated the utility of CT to detect moderate and severe AR, 
but inaccuracies are seen with lesser degrees of AR.135-137

MAGNETIC RESONANCE IMAGING
With the recent advancements in MRI technology, MRI 
cineangiography is able to provide some of the same infor-
mation provided by TTE and TEE. MRI in some aspects 
provides superior resolution of the valves and better quanti-
fication of regurgitant flow and LVF. The regurgitant volume 

can be calculated by quantitative assessment, wherein aortic 
flow is subtracted from the ventricular stroke volume mea-
sured by the volumetric technique. It also can be assessed 
using flow mapping downstream from the AV by measuring 
the retrograde volume flow after valve closure. This method is 
more reproducible and is used more frequently for follow-up 
studies. However, MRI is costly, and expertise is not available 
in most centers. Future improvements in technology may 
reduce costs and increase its availability, thereby making it a 
standard imaging modality along with or in substitution for 
echocardiography.77,138,139

Management
Surgical options for AR are AV repair and AV replace-
ment. AV repair is preferred due to longer durability, equal 
short-term- and better long-term survival, and no added 
risk of prosthetic valve complications. When feasible, AV 
repair should be attempted prior to performing AV replace-
ment.140,141 Patients with AR associated with ascending aortic 
aneurism can undergo valve-sparing aortic root replacement, 
also called David’s procedure. Effort is made to preserve the 
natural AV to avoid the need for long-term anticoagulation 
and reduce risk of stroke.142,143

Medical management of patients with chronic AR and 
hypertension consists of calcium channel blockers or ACE 
inhibitors/angiotensin receptor blockers (ARBs). Beta block-
ers are only indicated for patients with severe AR who are 
not candidates for surgical intervention with symptoms or 
LV dysfunction.49

Acute AR is treated by early AV repair or replacement, 
depending on the etiology. With inadequate time for the left 
ventricle to compensate by eccentric hypertrophy, progressive 
CHF, tachycardia, and diminished CO occur rapidly. Vaso-
dilators and inotropic agents, which augment forward flow 
and reduce LVEDP, may be helpful to manage the patient 
temporarily before surgery.

Compensated chronic AR is well tolerated by most 
patients.144-146 Current recommendations for the manage-
ment of chronic AR depend on the presence of symptoms, 
LVF, and LV dimensions. Patients with symptoms or EFs less 
than or equal to 50% should undergo AV repair or replace-
ment.49 Surgery is currently not recommended for patients 
who are asymptomatic and have normal LVF and LV dimen-
sions, even with severe chronic AR. In asymptomatic patients 
with normal LVF, it is reasonable to perform surgery with an 
LV end-systolic dimension (LVESD) approaching 50 mm or 
LV end-diastolic dimension (LVEDD) approaching 65 mm 
if surgical risk is low.49

After surgery, LVEDV and LVEDP decrease significantly 
and with the decrease in preload, EF also decreases.147 LV size 
and function eventually return to normal if the operation 
is timed correctly.148-159 The best postoperative predictor of 
recovery in systolic function is reduction in LVEDD because 
the magnitude of reduction correlates well with the magni-
tude of increase in EF.148 Importantly, 80% of the total reduc-
tion in LVEDD after AVR occurs within 10 to 14 days after 
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644 Part IV Aortic Valve Disease

surgery.148,153,160 Additional changes postoperatively include 
regression of myocardial hypertrophy, normalization of mass-
to-volume ratio, increase in diastolic coronary perfusion, and 
decrease in peak systolic wall stress.148,160,161

Despite surgery, LV dilation and/or impaired LVF may 
continue in some patients. The best predictors of persistent 
LV dilation are greater preoperative LVESD and end-diastolic 
radius to wall thickness ratio.162,163 In addition to these mea-
sures, greater preoperative LVEDD and duration of LV dys-
function, and reduced EF and fractional shortening predict 
persistent LV dysfunction.148,152,164-167

Predictors for the development of future symptoms, LV 
dysfunction, or death include age, LVESV, LVEDV, and EF 
during exercise.144,168-172 Currently, there is insufficient evi-
dence to determine if EF during exercise is a reliable predic-
tor because exercise EF is dependent on too many factors, 
such as myocardial contractility,173 severity of volume over-
load,144,173-175 and exercise-induced changes in preload and 
PVR.175
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In 1931, Paul Dudley White stated “There is no treatment 
for aortic stenosis.” Even today the medical therapy of aortic 
stenosis has not significantly advanced.1 Conversely, patients 
may tolerate aortic insufficiency for many years, but as the 
ventricle starts to dilate, a progressive downhill course begins 
and early operation is warranted.2 Definitive therapy for aor-
tic valve disease was unavailable until the advent of cardio-
pulmonary bypass. Innovative cardiovascular surgeons then 
began to develop cardiac valve prostheses. Over the subse-
quent 60 years,3 the variety of prostheses that have become 
available for use have expanded greatly. Available aortic valve 
substitutes include mechanical valve prostheses, stented bio-
logic valve prostheses, stentless biologic valve prostheses, 
human homograft tissue (both as isolated valve replacement 
and aortic root replacement), and a combination of a biologic 
valve utilizing a pulmonary autograft and pulmonary outflow 
tract replacement with heterograft prostheses (Ross proce-
dure). Most recently, innovative transarterial/apical aortic 
valve replacement (TAVR) has gained approval in Europe and 
North America with acceptable intermediate term results.4 
Reports of the use of novel sutureless bioprosthetic valves are 
appearing.5 This chapter focuses on the use of mechanical 
valve replacement in the aortic position.

HISTORY
In 1952, Hufnagel used an aortic valve ball and cage prosthesis 
heterotopically in the descending thoracic aorta to treat aortic 
insufficiency.6 After the advent of cardiopulmonary bypass, 
initial attempts at aortic valve replacement (AVR) consisted 
of replacement of the individual aortic cusps with Ivalon 
gussets or fascialata sewn to the annulus or repair of aortic 
valve by bicuspidization.7 When successful, these prostheses 
often calcified and results were short-lived. Shortly thereaf-
ter, surgical pioneers Starr, Braunwald, and Harkin began 
replacement of the aortic valve in the orthotopic position. 
First-generation aortic valve prostheses, the ball and cage, 
became the standard for AVR for over a decade (Fig. 27-1). 

Many of these prostheses have remained durable for up to 
40 years.8,9 Multiple modifications ensued including chang-
ing the material of the ball from Silastic to Stellite, changes 
in the shape of the cage, depression of the ball occluder, the 
addition of cloth coating to the sewing ring and the cage, 
and changes in the sewing ring itself. These valves, however, 
required intense anticoagulation.10 Hemodynamic perfor-
mance was compromised, as there were three areas of poten-
tial outflow obstruction: the annular size of the sewing ring 
(the effective orifice area of the valve), the distance between 
the cage and the walls of the ascending aorta (particularly 
in the small aortic root), and obstruction to outflow by the 
ball itself distal to the aortic annulus. Flow patterns were also 
abnormal (Fig. 27-2). These problems led to the development 
of the next generation of aortic valve prostheses: the tilting 
disc valve. Innovators such as Bjork, Hall, Kastor, and Lillehei 
developed three models of tilting disc prostheses that became 
the second generation of commonly implanted aortic valve 
replacement devices between 1968 and 1980. The low-profile 
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FIGURE 27-1 Prototype model of a ball and cage valve, an early 
Starr-Edwards model.
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650 Part IV Aortic Valve Disease

configuration simplified surgical implantation (Fig.27-3). 
Problems with the tilting disc valve included stasis and eddy 
current formation at the minor flow orifice (see Fig. 27-2), 
and sticking or embolization of the leaflet, the latter leading 
to discontinuation of the Bjork prosthesis in spite of other-
wise good long-term results.11 The Lillehei-Kastor prosthesis 
evolved into the Omniscience valve, now discontinued. The 
Medtronic Hall valve, the third tilting disc prosthesis, is also  
now discontinued (Fig. 27-4A).

Kalke and Lillehei developed the first rigid bileaflet valve, 
but it had very limited clinical use. In 1977, the St. Jude Medi-
cal (SJM) prosthesis was developed and implanted by Nicoloff 
and associates (Fig. 27-4C).3,12,13 Over the following decades, 
the dramatic step of a bileaflet prosthesis nearly obviated the 
use of all other kinds of mechanical prosthetic valves in the 
United States and to a large extent elsewhere. The SJM valve 
demonstrated low aortic gradients, minimal aortic insuf-
ficiency, and low rates of thromboembolism (TE).12,14 Anti-
coagulation continued to be necessary but to a lesser extent 
than with previous design models.15 Because of the low-profile 
design and lesser need for orientation, surgical implant was 
further simplified. Following the introduction of the SJM 
valve, several other third-generation models of bileaflet pros-
theses were introduced, including the Sulzer CarboMedics 
valve (Fig. 27-4B), the ATS Medical prosthesis (Fig. 27-4D), 
and the On-X prosthesis (Fig. 27-4E). Since the introduction 

FIGURE 27-2 Prosthetic valve flow patterns utilizing the Weiting CBA-77-03 pulse duplicator with high-speed photography and resin particles. 
Note the laminar flow with the bileaflet aortic valve as opposed to other clinically available prostheses and the flow similarity between the bileaflet 
valve and the tissue valve in the lower left corner. Tilting disk valves show directional flow, stasis at the minor flow orifice, and eddy current forma-
tion distally. The ball valve demonstrates stasis beyond the ball and eddy current formation around the ball itself. Note that the ball is obstructive 
to outflow, as is the proximity of the ball cage to the walls of the outflow chamber. (Reproduced with permission from Emery RW, Nicoloff DM: 
The St. Jude Medical cardiac valve prosthesis: In vitro studies. J Thorac Cardiovasc Surg. 1979 Aug;78(2):269-276.)

FIGURE 27-3 Low-profile prostheses simplify the surgical implant. 
The lowest profile is that of the bileaflet valve, and orientation of the 
leaflets is most commonly not necessary, as compared to tilting disc 
prostheses, for which the major flow orifice should be directed along 
the greater curvature of the aorta.

of the bileaflet valve, over 2 million implants on a global basis 
have been accomplished and extensive literature has devel-
oped. Surgeons have become more confident in earlier aortic 
valve replacement and guidelines for anticoagulation necessary 
for all mechanical valves have been developed for each genera-
tion of prosthesis at progressively decreasing target levels.15,16
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A

FIGURE 27-4A The Medtronic Hall valve.

C

FIGURE 27-4C The original Kalke-Lillehei bileaflet valve as com-
pared to the St. Jude Medical valve introduced nearly a decade later.

B

FIGURE 27-4B CarboMedics Top Hat valve.

D

FIGURE 27-4D ATS Medical valve. Note the open pivot design 
maintaining leaflet insertion.

E

FIGURE 27-4E On-X valve. Note the flange of the inflow portion 
of the valve housing which seats in the left ventricular outflow tract.

F

FIGURE 27-4F St. Jude Medical Regent valve.
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652 Part IV Aortic Valve Disease

Over the past 25 years, design and configurational changes 
have been made in bileaflet prostheses. The ATS Medical valve 
changed the “rabbit ears” pivot style of other bileaflet pros-
theses, incorporating a convex or open-pivot design allow-
ing more complete washing of the moving parts of the valve 
and possibly a quieter valve closing.17,18 The sewing ring of 
the SJM valve has changed (SJM HP) to allow a larger valve 
size implantation for any given tissue annulus, as has ATS 
Medical with its AP design. The sewing ring of the Sulzer 
CarboMedics valve has been modified such that this valve is 
implanted in a supravalvular position (top hat model). The 
On-X valve incorporates advanced pyrolytic carbon technol-
ogy using a purer, more flexible coating to allow flanging of 
the inflow portion of the valve housing, better mimicking the 
normal flow pattern.

The most recent development in bileaflet valve design was 
the introduction of the SJM Regent valve (Fig. 27-4F). This 
valve model not only modified the sewing ring, but also rede-
fined the external profile in a nonintrinsic structural portion 
of the valve, increasing the effective flow orifice area. Thus, 
a larger prosthesis could be implanted for any given tissue 
annulus diameter. This was the first mechanical prosthesis to 
demonstrate left ventricular mass regression across all valve 
sizes.19,20 The Regent valve is seated supra-annular with only 
the pivot guards protruding into the aortic annulus.21

In spite of advances in the design and performance of AVR 
with a mechanical valve prosthesis, the use of mechanical aor-
tic valves has decreased over the last decade. This is due to 
improvements in the longevity of bioprosthetic aortic valves, 
the introduction of TAVR, and the theoretical potential of 
valve-in-valve TAVR for failed bioprosthetic valves. More 
importantly, however, is the fear of chronic anticoagulation 
with warfarin by both patient and physician essential over 
the long term in patients having mechanical aortic valve 
prostheses.

PATIENT SELECTION
As with any medical therapy, AVR with a mechanical pros-
thesis is not indicated for all patients. Several prospective 
randomized studies have shown no difference in survival in 
patients having biologic or mechanical valve prostheses or 
among mechanical prostheses per se.22-27 However, follow-up 
was limited to less than 15 years. Conversely, in other nonran-
domized studies of patients followed over longer time frames, 
freedom from all valve-related events and from reoperation 
were improved in patients with mechanical valve prostheses 
as compared to patients with biologic prostheses.11,28

Most recently several publications have shown improved 
survival in patients having bileaflet mechanical valve pros-
thesis, most likely related to improved anticoagulation regi-
mens and longer patient follow-up.29,30 Importantly quality 
of life was similar to that of a biologic prosthesis, even in the 
elderly.30

While the advantages of large effective flow orifice and dura-
bility with a mechanical valve are paramount, the confound-
ing effects resulting from the necessity for anticoagulation 

continue. Patients that are transient, noncompliant, or inca-
pable of managing medications are not good candidates for 
long-term chronic anticoagulation, nor are those with dan-
gerous lifestyles or hobbies.31 Patients with higher levels of 
education, and those from geographic areas with a sophis-
ticated medical infrastructure and a static population have 
better compliance with necessary medication, anticoagulant 
monitoring, and those with fewer risk factors for TE are good 
candidate for AVR with a mechanical valve prosthesis.32

Home monitoring of anticoagulation has become an 
important adjunct in managing international normalized 
ratios (INRs) in Europe, but is unfortunately lesser used in 
North America.

A mechanical valve prosthesis is recommended to 
patients having second valve reoperations regardless of the 
nature of the first procedure, as re-reoperative risks increase 
substantially.33,34 Some studies report low mortality for reop-
eration of patients with failed biologic valves, but failures can 
occur abruptly, creating more risk.35 Reoperative risk is also 
higher in those patients having combined procedures33,36 or 
after prior coronary bypass.

Many surgeons have opted for an age of >70 years as the 
indication for bioprosthetic AVR, based on data by Akins.33 
In patients younger than 60 years of age, most would opt for 
a mechanical prosthesis based on prosthesis durability.37 In 
the decade between 60 and 70 years of age, other factors have 
to be taken into account.38,39

SURGICAL TECHNIQUES
Implantation of mechanical valve prostheses has been previ-
ously described and is straightforward.14 Historically, high-
profile aortic valve prostheses could be difficult to implant, 
particularly in small aortic roots. In such cases, a hockey-stick 
aortotomy is used to “unroll” the aorta and expose the annu-
lus. While the implantation of low-profile bileaflet prostheses 
is simpler, problems can still arise in the small aortic root. If a 
tilting disc prosthesis is utilized, orienting the major flow ori-
fice toward the greater curve of the aorta is necessary. Because 
bileaflet prostheses are the most commonly utilized, the sur-
gical technique for implantation of these devices is described: 
A midline incision and sternotomy is made and a pericar-
dial well created. Alternatively, a right anterior thoracotomy 
approach with femoral cannulation may be used. A partial 
sternotomy is also an alternative in thin patients, creating a 
sternal “T” at the fourth inter-space.40

These alternative techniques are particularly amenable to 
the implantation of low-profile aortic valve prostheses. The 
patient is cannulated via the aorta and a single atrial venous 
cannula. Most commonly, retrograde cardioplegic solution 
is utilized and a left ventricular vent is placed via the right 
superior pulmonary vein to maintain a dry operative field. 
After cross-clamping of the aorta, a transverse aortotomy is 
made approximately 1 cm above the take off of the right coro-
nary artery, slightly above the level of the sinotubular ridge 
(Fig. 27-5). The incision is extended three-quarters of the 
way around the aorta, leaving the posterior one-quarter of 

Cohn_ch27_p0649-0664.indd   652 12/04/17   4:05 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 27 Aortic Valve Replacement with a Mechanical Cardiac Valve Prosthesis 653

the aorta intact allowing excellent visualization of the native 
aortic valve and annulus. The leaflets of the aortic valve are 
excised to the level of the annulus and the annulus is thor-
oughly débrided of any calcium. Extensive de-calcification 
will minimize the risk of paravalvular leak, particularly in 
newer-generation prostheses with thinner sewing rings, and 
allows for better seating of the valve prosthesis. Braided 2-0 
sutures with pledgets are utilized. Beginning at the noncoro-
nary commissure, the annulus is encircled with interrupted 
mattress sutures (Fig. 27-6) extending from the aortic to the 
ventricular surface (everting). Recently, a technique of plac-
ing sutures from the ventricle to the aorta has been used to 
place the prosthesis in a supra-annular position. Alterna-
tively, multiple single interrupted sutures may be placed. 
After placement, the suture bundles are divided into two 
equal portions and two individual sutures placed into the 
sewing ring at the level of the pivot guards, orienting the 
pivot guard toward the ostia of the left and right coronary 
artery (Fig. 27-7). Next, each half of the suture bundles are 
inserted through the sewing ring and the prosthesis seated 
(Fig. 27-8).

The pivot guard sutures are tied first followed by the 
sutures beginning at the left coronary cusp extending to the 
mid-portion of the right coronary cusp. Lastly, the sutures of 
the noncoronary cusp are secured, seating the valve appropri-
ately. In a small aortic root, should a valve not be able to be 
seated, paravalvular leak can be prevented if the unseated area 
of the valve is in the noncoronary cusp. External aortic sutures 
can be placed from outside the aorta to the valve sewing ring, 
securing the prosthesis and preventing paravalvular regurgita-
tion. Because of the low-profile nature of the leaflets, opening 
and closing can still occur unimpeded. Leaflet motion should 
always be checked and the surgeon must be assured that the 
coronary arteries are not obstructed. The aortotomy is closed 
with a double layer of polypropylene suture consisting of 

an underlying mattress suture and a more superficial over-
and-over suture. The patient is placed in the Trendelenburg 
position and the heart filled with blood and cardioplegic 
solution, vented, and the cross-clamp removed. After resus-
citation and de-airing of the heart, the procedure is com-
pleted and the patient transferred to the intensive care unit. 
On the first postoperative day the chest tubes are removed 
if output is less than 125 mL in the previous 8 hours. Fol-
lowing the removal of the chest tube, the patient is begun 
on subcutaneous heparin (5000 U every 8 hours) or low-
molecular-weight heparin (1 mg per kg twice a day), and 
warfarin therapy started. Valve implantation can usually be 
accomplished in under 40 minutes of aortic cross-clamping 
and with cardiopulmonary bypass times of approximately 
1 hour, allowing limited coagulopathic and homeopathic 
alterations.

FIGURE 27-5 A transverse aortotomy has been made above the 
level of the sinotubular ridge. The diseased valve can readily be visual-
ized and excised in toto.

FIGURE 27-6 The annulus has been encircled with multiple inter-
rupted pledgeted mattress sutures of 2-0 braided suture. The annu-
lus can be readily visualized and all calcification has been extensively 
débrided.

FIGURE 27-7 The pivot guard sutures have been placed aligning 
the pivot guards with the right and the left coronary artery.
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654 Part IV Aortic Valve Disease

incidence of events and the greater the need for a higher target 
INR (Fig. 27-9).19,32 Thus, it is imperative in the modern era 
that patient risk factors be taken into account and the INR 
individualized for a given patient.15,16,47 Recommendations 
for INR target levels in our practice are shown in Table 27-3. 
These levels are more liberal than those offered by the  
American College of Cardiology/American Heart Association 
and the American College of Chest Physicians (ACCP) guide-
lines, but more conservative than those recommended by the 
European self-anticoagulation trials.50-52 These later reports 
are especially relevant, because they demonstrate that a lower 
INR is consistent with a lower incidence of TE if patients 
are maintained in the therapeutic target range.50,53 Patients 
with home testing were maintained in the therapeutic range a 
substantially greater percentage of the time than those whose 
status was monitored at anticoagulation clinics.50,53 Starting 
self-management early after mechanical valve replacement 
further reduced valve-related events.46 Puskas et al in a pro-
spective FDA approved randomized trial substantiated theses 
data and showed that in patients using home INR monitor-
ing between target INR of 1.5 and 2.0 with the addition of 
low-dose aspirin in these without contraindication.16 This 
report documented a significantly lower risk of bleeding with-
out a significant increase in thromboembolic events. In the 
United States, home testing has not become commonplace 
or popular. However, home testing can certainly be expected 
to lower the incidence of valve-related thromboembolic and 
bleeding events. It has been approved for reimbursement for 
weekly testing in patients with a mechanical valve prosthesis 

FIGURE 27-8 All sutures have been passed through the sewing ring 
and the valve is lowered to the aortic annulus and seated appropriately 
by placing gentle leverage on the valve sewing ring and traction on the 
suture bundles.

TABLE 27-1: Traditional Risk Factors for 
Thromboembolism

 • Atrial fibrillation
 • Increased left ventricular cavity size
 • Regional wall motion abnormality
 • Depressed ejection fraction
 • Hypercoagulability
 • Increased age

TABLE 27-2: Nontraditional Risk Factors for 
Thromboembolism

 • Cancer
 • Systemic infection
 • Diabetes
 • Prior event
 • IgA against Chlamydia pneumoniae (CP)
 • Eosinophilia
 • Hypertension

Data from Butchart EG, Ionescu A, Payne N, et al: A new scoring system to 
determine thromboembolic risk after heart valve replacement. Circulation. 2003 
Sep 9;108 Suppl 1:II68-II74.

When coronary bypass grafting is indicated, the order of 
the operation changes. The diseased valve is excised, distal 
vein or free arterial grafts constructed, the valve is replaced, 
and the aortotomy closed. Proximal anastomoses are then 
completed, with one left untied for de-airing. The distal anas-
tomoses of pedicled grafts (internal maxillary artery, IMA) 
are then completed. De-airing is accomplished through the 
untied proximal anastomosis.

ANTICOAGULATION
The durability and function of mechanical valve pros-
theses, particularly those of the modern generation, is 
unquestioned.28,37,40-44 It is the process of anticoagulation 
that is key and drives long-term success. INR is the stan-
dard to which anticoagulation levels should be targeted.31,45 
Anticoagulation is begun slowly following removal of the 
chest tubes, as the danger of overshooting target INR to 
dangerous levels is common.46 Current data on antico-
agulant regimens indicate that a one-size-fits-all recipe 
is inadequate to obtain excellent long-term results.15,32,47 
Horstkotte noted that complications occur during fluctua-
tions in the INR, and less often during steady-state lev-
els, be they high or low.48 When levels of INR increase, 
bleeding episodes become more common, and when levels 
of INR decrease, thromboembolic episodes become more 
common, both on the slope of the change. These events are 
opposite ends of the continuum of anticoagulation-related 
complications. The presence of a mechanical valve pros-
thesis is also not the only risk factor for TE.32,46

Traditional risk factors for TE listed in Table 27-1 pre-
dispose patients to thromboembolic episodes, and as such 
higher therapeutic INRs are warranted. Similarly, as shown in 
Table 27-2, nontraditional risk factors for TE will also predis-
pose patients to embolic events.32,46-49 Butchart has noted that 
the more of these risk factors patients have, the greater the 
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 Chapter 27 Aortic Valve Replacement with a Mechanical Cardiac Valve Prosthesis 655

or atrial fibrillation, but only after a 3-month waiting period. 
Obtaining appropriate funding for access in the immediate 
postoperative period would be an important initiative that 
could acutely reduce the incidence of valve-related events.

In a report of patients followed over 25 years noted that 
approximately 40% of the bleeding episodes occurred in 
the first year following surgery. It is thus important dur-
ing this initial postoperative time frame when the patient’s 
anticoagulant levels are more likely to fluctuate, that INR 
be measured more frequently.37 In the early postoperative 
period, INR can occasionally jump to supratherapeutic lev-
els and result in significant bleeding events. This is an inde-
pendent risk factor for mortality at 60 days.54 Furthermore, 
the most important independent predictor of reduced 
survival is anticoagulant variability.31 We and others there-
fore recommend in the early postoperative period that one 
proceed slowly to bring the INR to target levels while the 
patient is under the protection of subcutaneous enoxaparin 
(100 IU/kg twice a day) or heparin (5000 U every 8 hours) 
until the INR is therapeutic.15,16,37,55,56 Recent data based 
from emerging genotype technology indicate an improved 
therapeutic ratio can be obtained using a pharmacogenetic 
algorithm for initial warfarin dosage required in transition 
to stable dosage.47

The addition of aspirin to a warfarin regimen can be 
expected to result in a lower incidence of TE at any given ther-
apeutic INR with a low probability for bleeding events and 
so is recommended in those without contraindication.16,57,58

0 2 3 4 5 6
0

5

10
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25

30

35
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FIGURE 27-9 The correlation of number of risk factors to throm-
boembolic events. (Data from Butchart EG, Ionescu A, Payne N, 
et al: A new scoring system to determine thromboembolic risk after 
heart valve replacement, Circulation. 2003; 108(Suppl II):II-68.)

TABLE 27-3: Target INR Recommendations

1. Normal ejection fraction and cavity size, NSR: INR 1.6-2.0, 
ASA

2. Any single factor: INR 2.0-2.5, ASA
3. Multiple factors or atrial fibrillation: INR 2.5-3.5
4. ? Antiplatelet only

ASA, aspirin; INR, international normalized ratio; NSR, normal sinus rhythm.

An educational program to teach patients how to man-
age their anticoagulation is an important part of the overall 
operative process. Patients should be instructed on the influ-
ence of alcohol and diet on anticoagulant levels, the need for 
regular dosing, and the potential impact of travel and gas-
trointestinal illnesses on fluctuations in anticoagulant levels. 
Warfarin, the world’s most commonly used anticoagulant, is 
well known to be high risk, as is insulin, yet both drugs can 
be managed with proper compliance and education so that 
the impact on lifestyle and quality of life is minimal.10,30,59 
Patient age does not appear to be a risk factor for antico-
agulation56,60-62 as long as there are no specific contraindi-
cations to anticoagulation due to the importance of regular 
testing cannot be overstated. The presence of a mechanical 
valve per se is not a risk factor for long-term neurocognitive 
dysfunction.63

Newer antithrombin agents may obviate several of the 
issues discussed above. These agents are showing promise in 
the treatment of atrial fibrillation, with a lower incidence of 
embolism and bleeding complications. The drugs are expen-
sive, require multiple administrations per day, and may cause 
hepatic dysfunction, yet they do not require blood testing 
or physician visits to maintain the therapeutic effect64, Their 
application to mechanical valve prostheses is as yet unknown. 
One trial was stopped early due to a high incidence of cere-
brovascular events, but trial design has been criticized. More 
data are necessary.

Notably, platelet activation may be more important in 
the long-term therapy of an aortic prosthesis than mitral 
where areas of stasis predominate.13 This is likely the reason 
there is no difference in the freedom from embolic events in 
mechanical verses biologic prosthesis over the long term.16,28 
Thus aortic valve prostheses could in theory be managed 
with newer strong anti-platelet therapy. Garcia-Rinaldi has 
tested this theory in 178 patients followed out to 7.8 years 
treated only with clopidogrel. Results were excellent with few 
bleeding episodes and minimal thromboembolic events.65 
Importantly, the authors note the majority of patients having 
thromboembolic events when tested for platelet inhibition 
were resistant to the drug or had been removed from the drug 
by themselves or by a physician. They stressed the importance 
of measurement of platelet responsiveness if only anti-platelet 
therapy is utilized.60,65 A prospective randomized trial is war-
ranted to confirm those results.

RESULTS
Outcomes from aortic valve replacement with mechani-
cal valve prostheses vary among reports depending on the 
patient population. Patients with higher risk factors for TE 
and those with risk factors for anticoagulation will have 
a higher incidence of valve-related events, making meta-
analyses less meaningful.66 Older patients are at higher risk 
for valve-related events, particularly thromboembolic epi-
sodes, because of the greater number of risk factors that 
accumulate with aging.32 The incidence of valve-related 
events is also determined by the intensity with which the 
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656 Part IV Aortic Valve Disease

investigators follow their patients. A higher incidence of 
early hemorrhagic events may also be diluted over the lon-
ger periods of follow-up.67 Compliance is key to good long-
term outcomes. Traditional and nontraditional risk factors 
for embolism and risk factors for anticoagulation and valve-
related events must be considered.32,46 Several trials have 
indicated no significant differences in events among various 
mechanical prostheses, but follow-up was limited.23,25,27,68 
There are, however, certain standards within which one 
should expect a mechanical valve to perform, and within 
which the medical decisions for anticoagulation must be 
made. The majority of valve-related morbidity is related to 
TE and anticoagulation-related hemorrhage (ARH).26,29,39 
The sections below deal with specific valve-related compli-
cations and acceptable current incidence.

Improvements in mechanical valve prostheses and in anti-
coagulation regimens, along with maintaining and lowering 
target INR has led to updating of objective performance 
criteria (OPC) for heart valves.69 Current criteria for events 
for both mechanical and biologic valves have been lowered 
(Table 27-4). Events including TE and perivalvular leak are 
similar between mechanical and bioprosthetic valves, but the 
OPC for hemorrhage and thrombosis is higher in mechani-
cal valves, in spite of being quite low but prosthesis longevity 
favors mechanical prostheses.69

Valve Type
Freedom from all valve-related events over the long term is 
shown in Fig. 27-10. In the early follow-up period, ARH 
is the most common untoward event for mechanical valve 
prostheses. Thus, over the first 10 years of follow-up there 

is a higher incidence of valve-related events in patients with 
mechanical prostheses as opposed to those with biologic 
valves.28

However, over the subsequent period of 10 to 20 years, the 
incidence of biologic valve failure changes this ratio such that 
the valve-related complications of biologic prostheses become 
more common than those with mechanical valve prostheses. 
In a series of aortic reoperations, Potter has noted that the 
time to biologic valve failure was only 7.6 years.35 This fail-
ure rate will increase over time.28,70 Overall, freedom from 
valve-related events is more strongly influenced by preexisting 
comorbidities than the presence of a mechanical prosthesis 
per se.28,32,37,41

Anticoagulant-related Hemorrhage
ARH is the most common valve-related event. The more 
intense the anticoagulation regimen, the higher the incidence 
of valve-related hemorrhage. Most commonly ARH will 
occur during fluctuations in INR values especially related to 
changes in warfarin dosing or medical or drug interactions.48 
The most common site for ARH is the gastrointestinal tract, 
the second being the central nervous system.32 ARH also 
accounts for the highest incidence of patient mortality for 
valve-related events. Acceptable ARH rates range from 1.0 to 
2.5% per patient-year in long-term reports.11,28,37,41-44 Recent 
data indicate the OPC for major hemorrhage to be 1.6%.69 
The long-term reports dilute the short-term impact, as ARH 
risks are higher early after valve replacement.37,44,67 With 
individualized and home monitored anticoagulant regimens, 
both related events, TE and ARH, are diminished.50 Free-
dom from anticoagulation at 10 and 20 years is 75 to 80% 
and 65 to 70%, respectively. Importantly, one long-term 

TABLE 27-4: Original and Proposed New 
Objective Performance Criteria

Mechanical valve Bioprosthetic valve

Proposed new Proposed new

Adverse event
Original 
OPC Aortic

Original 
OPC Aortic

Thromboembolism 3.0 1.6 2.5 1.5
Valve thrombosis 0.8 0.1 0.2 0.04
All hemorrhage 3.5 1.4
Major hemorrhage 1.5 1.6 0.9 0.6
All paravalvular  

leak
1.2 1.2

Major paravalvular 
leak

0.6 0.3 0.6 0.3

Endocarditis 1.2 0.3 1.2 0.5

OPC, objective performance criteria. 
Adapted with permission from Wu YX, Burchart EG, Borer JS, Yoganathon A, 
Grunicemeier GL Clinical Evaluation of new Heart Valve Prosthesis: Update of 
Objective Performance Criteria, Ann Thorac Surg. 2014 Nov;98(5):1865-74.

FIGURE 27-10 Freedom from all valve-related complications over 
20 years. Note that in the first 10-year period of follow-up, complica-
tions related to mechanical valves exceeded those of tissue valves. The 
lines cross at approximately 10 years, and over the following period, 
complications from tissue valves were more frequent than those 
from mechanical valves. (Reproduced with permission from Khan 
SS, Trento A, DeRobertis M, et al: Twenty-year comparison of tis-
sue and mechanical valve replacement. J Thorac Cardiovasc Surg. 2001 
Aug;122(2):257-269.)
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 Chapter 27 Aortic Valve Replacement with a Mechanical Cardiac Valve Prosthesis 657

study noted that nearly 40% of all ARH that occurred over 
a 25-year follow-up period occurred during the first year of 
anticoagulation (Fig. 27-11), indicating that a slow increase 
to therapeutic levels, coupled with close follow-up during 
this early period is warranted.15,37,54,55 Results of the European 
self-anticoagulation study indicate that a lower INR target is 
appropriate if home testing is initiated, as a greater time is 
spent in the therapeutic range.50 This was recently verified 
by Puskas et al indicating the value of lowered target INR 
and the importance of home monitoring of INR.16 Mortality 
more commonly occurs in relation to bleeding events than in 
relation to thromboembolic events.15,37

Thromboembolism
Thromboembolic episodes (TE)are the second most common 
valve-related event and are the major reason that chronic anti-
coagulation is warranted. Khan and associates reported in a 
large series of patients that the incidence of thromboembolic 
events between bioprostheses and mechanical prostheses are 
the same (Fig. 27-12), but the mechanical valve patients are 
on warfarin.28 Wu et al in a meta-analysis confirms that TE 
rates are similar between aortic mechanical and bioprosthesis 
as does Puskas.16,69 Acceptable thromboembolic rates range 
between 0.8 and 2.3% per patient-year.11,28,37,41-44,70-71 Approx-
imately one-half of these events are neurologic events, 40% 
are transient, and 10% peripheral.37 Freedom from thrombo-
embolic events at 10 and 20 years is approximately 80 to 85% 
and 65 to 70%, respectively.
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FIGURE 27-11 Kaplan-Meier curve of freedom from anticoagulation-related hemorrhage for patients having aortic valve replacement. (Reproduced 
with permission from Emery RW, Krogh CC, Arom DV, et al: The St. Jude Medical cardiac valve prosthesis: A 25-year experience with single valve 
replacement, Ann Thorac Surg. 2005 Mar;79(3):776-782.)

FIGURE 27-12 Freedom from thromboembolism in patients fol-
lowed for 20 years. Note that there is no difference in the incidence 
of thromboembolic events between mechanical and tissue valves. 
(Reproduced with permission from Khan SS, Trento A, DeRober-
tis M, et al: Twenty-year comparison of tissue and mechanical valve 
replacement. J Thorac Cardiovasc Surg. 2001 Aug;122(2):257-269.)

TE is a continuous risk factor that is present throughout 
the life of the mechanical valve prosthesis. As patients age, 
risk factors for TE increase, so one must be on guard to main-
tain therapeutic anticoagulant levels. Changes in the target 
INR may be necessary as individual risks increase.

Interestingly, not all neurologic events classified histori-
cally as embolic are indeed embolic. Piper et al reported a 
study of patients prospectively admitted to a single institu-
tion with a neurologic event postmechanical valve replace-
ment and intensively worked up. More than 75% were found 
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658 Part IV Aortic Valve Disease

to have intracerebral hemorrhage as the etiology of the event 
as opposed to embolism. These data would indicate target 
anticoagulant levels may be artificially high, that not all neu-
rologic events that appear to be embolic in fact are not72 and 
support efforts for lower target INR.15,16

Valve Thrombosis
Valve thrombosis in the aortic position is an unusual event 
that most commonly occurs late after valve replacement and 
is due to inadequate anticoagulation or noncompliance.73,74 
In bileaflet valves, thrombus formation impinging valve 
function occurs at the pivot guards and in the crevices of the 
valve. Only one bileaflet design does not have convexities into 
which the leaflets fit.75

In tilting disc valves, thrombus is most common at the 
minor flow orifice. The incidence of thrombosis is approxi-
mately <.3% per patient-year and freedom from valve throm-
bosis at 20 years is >97%.11,28,37,41-44 Thromboses is rare in 
biologic valves but does occur.69

Prosthetic Valve Endocarditis
Prosthetic valve endocarditis is also a rare event in the modern 
era with prophylactic antibiotics. Approximately 60% of 
events occur early and are associated with staphylococci. The 
mortality for this event is high. The remainder appear late 
(>60 days). Prosthetic valve endocarditis is also a continuous 
variable, and patients must be cautioned to take prophylactic 
antibiotics for any invasive procedure. Freedom from endo-
carditis with mechanical valve prostheses is 97 to 98% at 20 
to 25 years.37,44

The expected incidence is similar between mechanical and 
biologic valves .69 The major reason for re-replacement of 
mechanical valves is endocarditis as opposed to degeneration 
of the prosthesis in biologic valves.35

Paravalvular Leak
Paravalvular leak is an operative complication and is most 
commonly related to implant technique but occasionally 
to endocarditis. With annular decalcification and closely 
placed sutures, these events can be minimized. The Silzone 
experience showed an increased incidence of paravalvular 
leak wherein the silver impregnated in the sewing ring not 
only impeded bacterial growth, but also healing of the annu-
lar ring, doubling the accepted rate of this complication.76 
The Silzone-coated sewing ring was removed from the mar-
ket. There may be an anatomic predisposition to paravalvu-
lar leak in the area of the annulus extending from the right 
and noncoronary commissure, one-third the distance along 
the right coronary cusp, and two-thirds the distance to the 
noncoronary cusp, due to intrinsic weakness in this area of 
the annulus.77 The acceptable range of paravalvular leak is 
approximately less than 0.1% per patient-year, with early 
postoperative occurrence predominating.34,37,69

Structural Failure
Structural failure of bileaflet aortic prostheses due to wear has 
not been observed or reported in long-term studies totaling 
more than 50,000 patient-years of follow-up. This indicates the 
high structural integrity of these modern aortic devices.28,37,44 
In a single study totaling 21,742 patient-years with 94% com-
plete follow-up, there was no structural failure.55

Freedom from Reoperation
The long-term durability of modern mechanical valve pros-
theses is excellent, and a valve replacement rate of less than 2% 
over 25 years (Fig. 27-13) can be expected, and re-reoperation 
after AVR replacement is even more rare.34 Subvalvular pan-
nus formation is also rare with aortic bileaflet valves.37,44 The 
most common reasons for prosthetic valve reimplantation are 
pre- and postoperative endocarditis, paravalvular leak, and 
valve thrombosis.

SPECIAL CIRCUMSTANCES
Technical Considerations
While the technique of implanting a mechanical valve pros-
thesis is very straightforward, special circumstances arise. 
Because of the large size of the valve housing of the St. Jude 
Medical Regent valve compared to the tissue annulus, entry 
into the aorta annulus can sometimes be difficult. Occasion-
ally, patients have the smallest diameter of their aortic root 
at the sinotubular ridge. While the sizer will pass readily 
through the aortic annulus, seating the Regent valve itself 
into the annulus can sometimes be difficult and frustrating. It 
is important to gently rock the valve back and forth through 
the sinotubular ridge, tilting the valve circumferentially 
through the narrowest part. Once the valve is below the level 
of the sinotubular ridge, it will seat readily in the annulus if 
sizing has been correct. When tying the valve into the annu-
lus, sutures in the pivot guards and the left and right coronary 
cusps should be first completed. The last sutures ligated are 
those of the noncoronary cusp for two reasons. It may seem 
like the Regent valve will not seat because of the large-sized 
valve housing; however, with gentle persistence seating can 
be completed as long as sizing has been correct. The Regent 
valve sits supra-annular and only the pivot guards lie inside 
the annulus (Fig. 27-14).

Therefore, one should leave the last sutures to be tied in the 
mid-part of the noncoronary cusp with the valve oriented so 
the leaflets are parallel to the ventricular septum.78 With proper 
annular decalcification and flexibility of the annulus, we have not 
seen a Regent valve that has not been able to be seated properly.

Similarly, when using the On-X valve one has to be sure 
that the flare of the valve inflow is seated properly in the left 
ventricular outflow tract. Gentle manipulation and patience 
may be necessary. Walther and colleagues note that exact siz-
ing requires some experience.24
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If an oversized bileaflet valve has been implanted purpose-
fully in a small aortic root, a bileaflet valve can be tilted and 
will still function without coronary obstruction as long as 
the highest portion of the valve is in the noncoronary cusp. 
Pledgeted sutures placed from outside the aorta through the 
sewing ring of the valve can prevent paravalvular leak, and 
opening and closing can still occur due to the low-profile 
nature of the prosthetic valve. In our review of nearly 3000 
bileaflet aortic valve replacements, no annular enlarging pro-
cedures were completed.55

Patient-prosthesis Mismatch
Patient-prosthesis mismatch (PPM) is a concept first 
described by Rahimtoola and popularized by Pibarot and 
Dumesnil.79,80 Unfortunately, views are varied on the impor-
tance of PPM.81-84 This is due to the fact that virtually all 
contributions to the literature study mixtures of mechani-
cal and biologic prostheses and varying types of each. In a 
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FIGURE 27-13 Freedom from reoperations in patients having mechanical valve replacement followed over 25 years. Note that the rate of reop-
eration in patients with aortic valve replacement is less than 2% in over 21,000 patient-years of follow-up. (Reproduced with permission from 
Emery RW, Krogh CC, Arom DV, et al: The St. Jude Medical cardiac valve prosthesis: A 25-year experience with single valve replacement, Ann 
Thorac Surg. 2005 Mar;79(3):776-782.)

FIGURE 27-14 The St. Jude Medical Regent valve on the right as 
compared to the St. Jude Medical HP valve on the left. With the 
Regent valve only the pivot guards insert into the annulus, allow-
ing a larger valve housing for any given tissue annulus diameter. 
(Reproduced with permission from Emery RW, Krogh CC, Arom 
DV, et al: The St. Jude Medical cardiac valve prosthesis: A 25-year 
experience with single valve replacement, Ann Thorac Surg. 2005 
Mar;79(3):776-782.)

Cohn_ch27_p0649-0664.indd   659 12/04/17   4:06 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



660 Part IV Aortic Valve Disease

25-year follow-up of patients with a single-model mechani-
cal valve prosthesis, no difference was found in overall valve-
related mortality for patients who had severe PPM, moderate 
PPM, or insignificant PPM according the criteria described 
by Blais and associates.83 This similarity in long-term survival 
was sustained whether the effective area was measured by in 
vitro (internal geometric valve area) or in vivo criteria (echo-
calculated valve area) as shown in Figs. 27-15 and 27-16. This 
study also found no difference in valve-related events, includ-
ing operative mortality, long-term cumulative mortality, 
ARH, TE, valve thrombosis, paravalvular leak, or diagnosis 
of congestive heart failure. Follow-up in this study was 94% 
complete and extended over 13,000 patient-years.85 There-
fore, with bileaflet mechanical valve prostheses, PPM does 
not appear to be an issue. This retrospective study was limited 
in that it did not address patient age (ie, younger vs older), 
patient activity, or ventricular function. Thus, it is likely that 
PPM is important in patients with small biologic prostheses, 
because as the valve leaflets stiffen, clinically significant aortic 
stenosis becomes prominent early in the postoperative fol-
low-up period, affecting symptoms and survival in younger 
and more active patients and in those with depressed ventric-
ular function. If one is, however, concerned about PPM, the 
indexed effective orifice area can be calculated for any given 
prosthetic valve and a determination made whether an annu-
lar enlarging procedure or a different model prosthesis with 

a larger effective orifice area is warranted.86 PPM has been 
minimized by the new-generation Regent valve and is very 
rare with this prosthesis.20,55

Stopping Anticoagulation
Anticoagulation is recommended in all patients with mechan-
ical valve prostheses. Limited trials have been undertaken 
with low-risk patients, but only after a several-month course 
of systemic anticoagulation. An increased incidence of valve 
thrombosis but with little increase in the incidence of TE has 
been reported in patients not taking chronic anticoagula-
tion if antiplatelet agents are utilized.73,87,88 One study found 
no significant differences in valve-related events in patients 
on warfarin as compared to antiplatelet therapy alone, but 
follow-up was limited.89 One prospective study is currently 
ongoing consisting of a randomized trial of antiplatelet ther-
apy versus warfarin after 3 months of formal anticoagulation, 
but the results are not yet available.90 Certainly one can expect 
that highly selected patients with bileaflet mechanical valve 
prostheses will do well off warfarin on antiplatelet agents, but 
this is unproven.21,91

In a prospective nonrandomized trial of clopidogrel along 
after bileaflet aortic valve replacement, Garcia-Rinaldi et al 
as noted above, found thromboembolic events limited to 
those patients that had clopidogrel discontinued or were 
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FIGURE 27-15 Kaplan-Meier determination of valve-related late mortality in patients having insignificant, moderate, or severe patient-prosthesis 
mismatch according to the criteria of Pibarot and colleagues. After implant of a bileaflet prosthesis, in vitro determination is calculated from the 
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nonresponders.65,90 While such an approach is rational based 
on deductive reasoning from available data, a prospective 
randomized trend is required before this approach can be 
recommended.

When anticoagulation requires reversal electively, as for 
scheduled surgery, the INR is allowed to slowly drift toward 
normal over 5 days and the patient is admitted for intrave-
nous heparin therapy 24 hours prior to the procedure.

Anticoagulation is restarted after the procedure with anti-
platelet therapy, and subcutaneous heparin with warfarin 
restarted on postoperative day one. Abrupt reversal of INR in 
patients who have bleeding episodes may be warranted, but 
carries increased risk of TE. Fresh frozen plasma will gently 
reverse INR when necessary, but it is best to avoid the use of 
vitamin K. Frequent INR checks are warranted.

Following ARH episodes, when feasible, because of the 
high incidence of recurrent bleeding, anticoagulant therapy 
is withheld up to 2 weeks, using antiplatelet agents only88 
or until the source of the bleeding has been identified and 
definitively treated. For those patients in whom anticoagu-
lant therapy cannot be restarted, antiplatelet therapy is war-
ranted, but the patient should be informed of an increased 
incidence of TE to approximately 4% per patient-year and 
that of valve thrombosis to 2% per patient-year with bileaflet 
valves.73,87,88,92

Mechanical Valve Replacement in the 
Younger Patient
A major deterrent to mechanical valve replacement in the 
younger patient is the impact of long-term anticoagula-
tion. Mechanical valves are, however, more ideal for younger 
patients due to their excellent durability characteristics. Most 
importantly, younger patients (ie, patients under the age of 
50 years) are a low-risk subset for valve-related events. These 
individuals have very few risk factors for TE, and thus antico-
agulation can be run at the lower end of the therapeutic target 
range, decreasing the incidence of ARH without altering the 
incidence of TE. In fact, many infants and children have been 
managed with only aspirin with quite good long-term results.93 
While this is not recommended in patients older than infancy, 
it is a feasible alternative. A recent study in patients under 50 
years of age followed 254 patients for up to 20 years and found 
an exceedingly low rate of valve-related events (Table 27-5), 
an exceptional long-term overall survival of nearly 88%, and 
event-free survival probability of 92% at 19 years.94

Chiang et al published a propensity-based analysis of 
patients having AVR with a mechanical versus biologic pros-
thesis ages 50-69 years from the New York State database.27 
They found there was no difference in stroke or survival at 
up to 15 years. The patients having biologic prosthesis had 
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FIGURE 27-16 Kaplan-Meier determination of valve-related late mortality in patients having insignificant, moderate, or severe patient-prosthesis 
mismatch by the in vivo criteria according to Blais and associates determined echocardiographically. There is no difference in the survival curves 
after implant of a bileaflet prosthesis. The numbers at the bottom of the graph represent patients available for follow-up.
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662 Part IV Aortic Valve Disease

a higher rate of reoperation with a 9% operative mortal-
ity. No mention is made of morbidity such as postoperative 
stroke or renal failure. The mortality rate is high compared 
to available literature.35 Economic impact during the opera-
tive and postoperative period are also not addressed. The inci-
dence and timing of reoperation may also be underestimated 
as estimates of up to one third of patients with failed bio-
prostheses have substantive contraindications to reoperative 
surgery and thus are not included in statistics for replacement 
of a degenerated valve. The reoperative mortality is thus be 
artificially low. Patients with mechanical prostheses had a 
significantly higher rate of ARH, but higher target INR was 
used compared to current recommendations.15,16 Home anti-
coagulant monitoring was not utilized. Both of these factors 
would lower ARH incidence. The data are thus not definitive 
for recommending bioprosthesis for patients in this younger 
age group. Individual preferences and thorough discussion 
are thus warranted.

A further reason for implanting bioprosetheses in younger 
patients is the feasibility and recent successes with TAVR 
valve-in-valve.95,96 The experience is limited, however, and 
this reasoning may offer false hope as valve-in valve proce-
dures are not effective in smaller bioprosthetic valves.97,98

The longest surviving patient in a series of bileaflet valve 
replacement patients is currently over 30 years from his pro-
cedure, which was completed in his early forties and has been 
without complication. The low incidence of valve-related 
complications in younger patients should drive a discus-
sion of the alternative prostheses available for such individu-
als, especially with new aggressive and reversible antiplatelet 
drugs. Operative mortality increases with each succeeding 
procedure; therefore discussion of durability with patients 
becomes mandatory.33-35 As anticoagulant regimens become 
further refined the incidence of ARH will be lowered, making 
the use of mechanical aortic valves safer.

Follow-up
With the use of any valve prosthesis, long-term follow-up is 
a key factor. Ten years is certainly not long enough to ascer-
tain the true durability of a biologic prosthesis. Grunkemeier 
reviewed several types of biologic prostheses and found that 
the 10-year durability was excellent, but between 12 and 
18 years durability fell off and prosthetic replacement was 
necessary.70 These data were echoed by Khan and colleagues 
and Chiang et al.27,28 Valve-related failure of all biologic alter-
natives including stented prosthetic replacements, stentless 
prostheses, and homograft and autograft replacements have 
all shown long-term durability to be less than that of modern 
mechanical valve prostheses.

Even with some mechanical valve prostheses, durabil-
ity after 10 years has not been adequate. In recommending 
mechanical valve replacement, one should be assured to have 
clinically available data on the prostheses that extend beyond 
15 years, which is now available.

In conclusion, with proper selection of patients for 
mechanical valve replacement, one can expect excellent 
long-term results, long-term survival, and a low incidence of 
valve-related complications. Possible indications for recom-
mending aortic valve replacement with mechanical prostheses 
are shown in Table 27-6.
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TABLE 27-5: Valve-Related Events with the 
St. Jude Medical Prosthetic Valve in Young 
Patients

Event
No. of 
events

Percent per 
patient-year

No. of 
deaths

Endocarditis 3 0.15 0
Paravalvular 

leak
6 0.30 2

Embolism 6 0.30 0
Valve 

thrombosis
2 0.10 0

Bleeding 6 0.10 2
Structural 

failure
0 0 0

Data from Emery RW, Krogh CC, Jones DJ, et al: Five-year follow up of the 
ATS mechanical heart valve. J He+H220art Valve Dis. 2004 Mar;13(2):231-238; 
Emery RW, Krogh CC, Arom DV, et al: The St. Jude Medical cardiac valve 
prosthesis: A 25-year experience with single valve replacement, Ann Thorac Surg. 
2005 Mar;79(3):776-782.

TABLE 27-6: Considerations  for Mechanical 
Valve Replacement

 • High probability for anticoagulant use
 • Need for chronic anticoagulation (any age)
 • Preferences of patient
 • Surgical risk for reoperation
 • Age < 60 years
 • Age 60-70 years with patient discussion
 • Reoperations
 • Good medical infrastructure
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This chapter provides an overview of aortic valve replacement 
(AVR) with stented bioprostheses. The indications for aortic 
valve surgery are reviewed with an emphasis on evidence-
based guidelines and contemporary clinical and physiologic 
outcomes of aortic valve surgery with currently available 
stented bioprostheses.

NATURAL HISTORY AND 
INDICATIONS FOR OPERATION
Aortic Stenosis
NATURAL HISTORY
Aortic stenosis (AS) is primarily caused by degenerative cal-
cification in patients over 70 years of age and bicuspid aortic 
valve in patients under 70 years of age in the developed world. 
Rheumatic valve disease is the third most common cause of 
AS affecting patients across the age spectrum. AS is also associ-
ated with systemic diseases such as Paget’s disease of bone and 
end-stage renal disease. The pathogenetic mechanisms of aortic 
valve calcification include valvular interstitial cell transforma-
tion, inflammation and lipid accumulation, reminiscent of the 
pathogenesis of atherosclerotic plaques.1 The overall incidence 
of calcific AS is rising with the aging population in developed 
countries. A population-based study of Olmstead County 
reported the increase in prevalence of degenerative AS and 
other valvulopathy in patients with age from 55 to 64 (0.6%), 
65 to 74 (1.4%) and ≥75 years (4.6%; p < .0001, Fig. 28-1).2

Valvular degenerative calcification is characterized as a 
progressive reduction of orifice cross-sectional area caused 
by calcification of the cusps. The normal human aortic valve 
area (AVA) is between 3.0 and 4.0 cm2 with minimal to no 
gradient. AS is defined as mild, moderate, severe and very 
severe with the corresponding AVA, mean gradients and peak 
jet velocities as shown (Table 28-1). In the presence of nor-
mal cardiac output, transvalvular gradient is usually greater 
than 50 mm Hg when the AVA is less than 1.0 cm2.3 A rapid 
increase in transvalvular gradient is seen with AVAs between 
0.7 and 1.0 cm2. However, discordant echocardiographic 
parameters are not uncommon. Minners et al4 examined 
3483 echocardiographic studies with severe AVA, 25% had 

less-than-severe mean gradient and 30% has less-than-severe 
peak velocities leaving only 40% of patients with all echo-
cardiographic criteria consistent with severe AS. Thus, echo-
cardiographic data require careful assessment of images and 
correlation with hemodynamic parameters such as preload 
and afterload conditions.

Hemodynamic obstruction to flow created by the reduced 
orifice area of the aortic valve elevates intracavitary pressures. 
The resultant wall stress and ischemia-induced myocardial 
fibrosis leads to compensatory concentric left ventricular 
hypertrophy (LVH) to normalize wall tension and to main-
tain cardiac output.5 With progressive LVH, ventricular 
compliance decreases and end-diastolic pressure rises.6 The 
contribution of atrial contraction to preload becomes more 
significant and loss of sinus rhythm to atrial fibrillation may 
lead to rapid progression of symptoms.

SYMPTOMATIC PATIENTS
As AS progresses to become hemodynamically significant, 
progressive LVH leads to the cardinal symptoms of AS, those 
being (1) angina, (2) syncope, and (3) dyspnea or congestive 
heart failure (CHF). The average AVA is 0.6 to 0.8 cm2 at the 
onset of symptoms.5 Classic natural history studies have dem-
onstrated that average life expectancy in patients with hemo-
dynamically significant AS is 4 years with angina, 3 years with 
syncope, and 2 years with CHF.7 Symptom development in 
the context of AS is an absolute indication for surgical inter-
vention.8 Excessive delay of AVR in symptomatic patients is 
associated with rate of sudden death of >10% per year. Once 
a patient is symptomatic, average survival is less than 3 years 
typically from ventricular arrhythmia or CHF.9

ASYMPTOMATIC PATIENTS
The management of asymptomatic patients with hemo-
dynamically significant AS remains a challenge. First, such 
patients should be exercised to confirm whether they are in 
fact asymptomatic. Symptoms on exertion will be unveiled in 
approximately one-third of patients during exercise testing. 
For truly asymptomatic patients, when considering AVR, the 
risk of sudden death and progressive ventricular remodeling 
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666 Part IV Aortic Valve Disease

should be weighed against the institutional surgical outcomes 
or the Society of Thoracic Surgeons Adult Cardiac Surgery 
Database (STS ACSD) surgical mortality of 3.9%, if appro-
priate.10 For uncorrected AS, the average decrease in AVA is 
0.12 cm2 per year, while the average increase in transvalvular 
pressure is often 10 to 15 mm Hg per year.11 Overall, up to 
7% of patients with asymptomatic AS experience death or 

surgery 1 year after diagnosis which rises to 38% at 5 years.12 
Furthermore, freedom from death or AVR was 67% at 1 year, 
56% at 2 years, and 33% at 4 years. However, the high-risk 
patient subset with very severe AS (jet velocity ≥ 5m/s) pro-
gressed much more rapidly with event-free survival of 64% 
at 1 year, 36% at 2 years, 12% at 4 years and 3% at 6 years.13

Early surgery in asymptomatic severe AS may limit and 
even reverse concentric myocardial injury and fibrosis. In 
high-volume centers, the operative mortality for isolated 
AVR is significantly lower than that reported mortality in the 
STS ACSD.10 Furthermore, loss to follow up and delay from 
the time of symptoms to surgical referral are also of concern. 
For these reasons, early surgery may a reasonable strategy, 
particularly for young patients who are unlikely to escape the 
need for surgical valve replacement.

On the other hand, there is considerable variation in the 
rate of disease progression, there can exist a prolonged and 
stochastic latent period before symptoms emerge and many 
patients do not experience any change in gradient for several 
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FIGURE 28-1 Prevalence of valvular heart disease by age (A) Frequency in population-based studies (N = 11,911) and (B) in the Olmsted 
County community (N = 16,501). (Reproduced with permission from Nkomo VT, Gardin JM, Skelton TN, et al: Burden of valvular heart diseases: 
a population-based study, Lancet 2006 Sep 16;368(9540):1005-1011.)

TABLE 28-1: Classification of AS

Mild Moderate Severe

AVA (cm2) >1.5 1.5-1.0 <1.0*
Indexed AVA (cm2/m2) <0.6
Mean Gradient (mm Hg) <25 25-40 >40
Peak Jet Velocity (m/s) <3.0 3.0-4.0 >4.0

*AVA < 0.6 cm2 is considered very severe.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 667

years. Sudden death is rather uncommon in the asymptom-
atic patient with AS and even with severe AS, the rate is 
less than 1% per year.12 Furthermore, the vast majority of 
patients who experience sudden death will become symp-
tomatic in the months immediately prior. In addition, early 
and late outcomes were similar among patients with severe 
AS who underwent surgery with symptoms or without.14 
Thus, watchful waiting with close clinical and echocardio-
graphic follow up may also be considered for those with 
asymptomatic AS.

It is difficult to predict who will eventually need surgical 
intervention and to identify asymptomatic patient subsets 
that will benefit from an early surgical approach. As men-
tioned, asymptomatic patients with increases in high peak 
velocity jet are substantially more likely to need an opera-
tion.13 Patients with very severe AS (AVA ≤ 0.75 cm2 and 
jet velocity ≥ 4.5 m/s or mean gradient ≥ 50 mm Hg) have 
lower-mid-term all-cause mortality (2 ± 1% vs 32 ± 6%,  
p < .001) with early surgery versus conventional treatment.15 
Severe LVH (left ventricular mass [LVM] index ≥ 180 g/m2) 
and enlarged left atrium (≥5.0-cm diameter) are markers of 
longstanding AS and are associated with reduced survival 
post-AVR.16 B-type natriuretic peptide (BNP) is released in 
response to increased myocardial wall stress and is a well-
established marker of heart failure. Several groups have 
shown BNP to be a marker of symptomatic AS and an inde-
pendent and objective predictor of outcome in patients with 
AS.17-19 Further clinical studies will be needed to determine 
the clinical value of such echocardiographic measurements 
and biomarkers as triggers to guide the timing of surgical 
intervention.

LOW-GRADIENT AORTIC STENOSIS
Patients with very poor ventricular function (ejection frac-
tion < 50%) who have severely stenotic valves but nonsevere 
(<40 mm Hg) transvalvular gradients or jet velocity (<4 m/s) 
are termed low-gradient AS (LGAS). Compromised left ven-
tricular function in these patients may be caused by afterload 
mismatch created by the stenotic valve or by intrinsic car-
diomyopathy, or both, particularly in the setting of chronic 
ischemia from diffuse coronary disease. In these patients, mea-
surement of transvalvular gradient and valve area at rest and 
with positive inotropy (eg, dobutamine stress echocardiog-
raphy) may distinguish cardiomyopathy versus true valvular 
stenosis as the most responsible diagnosis. Those patients 
with contractile reserve that experience an increase in valve 
gradient (≥40 mm Hg) or jet velocity (≥4 m/s) with dobuta-
mine inotropy are considered to have true LGAS. An increase 
in augmented flow resulting in  only a mild increase in trans-
valvular gradient but an increase in valve area by ≥0.2 cm2 
suggests pseudosevere LGAS. The lack of increase in gradi-
ent nor AVA with dobutamine suggests pseudosevere LGAS 
lacking contractile reserve. Severe diastolic dysfunction with 
EF ≥50% and indexed AVA ≤ 0.6 cm2 but mean gradient 
< 40 mm Hg, jet velocity < 4 m/s and indexed stroke volume 
< 30 cc/m2 is termed paradoxical LGAS. The latter is associ-
ated with pronounced left ventricular concentric remodeling, 

moderate-to-severe diastolic dysfunction, decreased longitu-
dinal strain and reduced stroke volume.

Patients with LGAS are a high-risk patient population with 
lower 5-year survival compared with those with high gradi-
ent severe AS. A retrospective study of 1154 patients with 
severe AS confirmed higher operative mortalities with LGAS 
(6.3%) and paradoxical LGAS (6.3%) compared with normal 
flow severe AS (1.8%).20 However, such patients experience a 
significant survival benefit from valve replacement compared 
with medical management alone (Fig. 28-2).21 Tribouilloy 
et al22 report a high operative mortality (22%) but in survivors, 
an improved propensity-matched 5-year survival with AVR (65 
± 11% vs 11 ± 7%, p = .019). Thus, patients with LGAS should 
be carefully selected but can benefit from surgical AVR.

MEDICAL THERAPY
Medical therapy for afterload reduction may be beneficial 
in AS but there is no known medical therapy that has been 
shown to alter its natural history. Hypertension is associated 
with greater cardiovascular events and improved survival, 
and thus medical treatment for hypertension is reasonable.23 
Afterload reduction may be considered for patient with AS in 
heart failure but should be initiated and titrated cautiously 
as a sudden decrease in systemic vascular resistance can result 
in an acute reduction in cardiac output.24 With regard to tar-
geted therapy, three randomized controlled trials (RCTs) did 
not show a benefit of statins in did not halting or lowering 
the rate of disease progression in AS.25-27 The importance of 
osteogenic processes as key mechanisms in AS has suggested 
potential targets for therapy but these studies are still very 
much in the experimental stages.28

INDICATIONS FOR SURGERY
In 2014, a joint task force of the American College of Cardiol-
ogy (ACC) and the American Heart Association (AHA) devel-
oped evidence-based consensus guidelines for management 
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FIGURE 28-2 Kaplan-Meier survival estimates for patients with 
low gradient aortic stenosis with (Group 1) and without (Group 2) 
contractile reserve by dobutamine stress echocardiography. (Repro-
duced with permission from Monin JL, Quéré JP, Monchi M, et al: 
Low-gradient aortic stenosis: operative risk stratification and predic-
tors for long-term outcome: a multicenter study using dobutamine 
stress hemodynamics. Circulation. 2003 Jul 22;108(3):319-324.)
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668 Part IV Aortic Valve Disease

of patients with valvular heart disease.29 These guidelines 
encompass several important overarching changes since the 
2006AHA/ACC guidelines and the 2008 updates:30,31

1. Regarding AS and aortic regurgitation (AR), the revised 
guidelines include a new classification of heart valve diseases 
based on valve anatomy, valve hemodynamics, hemody-
namic consequences, and symptoms. There are four stages 
with treatment recommendations for each stage: (A) at risk; 
(B) progressive asymptomatic; (C) severe asymptomatic 
(C1, with ventricular compensation; C2, with ventricular 
decompensation); and (D) severe symptomatic.

2. Symptomatic severe AS is subdivided into high gradient 
(Vmax ≥ 4 m/s or mean gradient ≥ 40 mm Hg), LGAS with 
reduced left ventricular ejection fraction (LVEF) (severe 
leaflet calcification with severely reduced motion, effective 
orifice area [EOA] ≤ 1.0 cm2, and Vmax < 4 m/s or gradient 
< 40 mm Hg with LVEF < 50%, and EOA remaining ≤1.0 
cm2, but Vmax ≥ 4 m/s at any flow rate during dobutamine 
echocardiography), and paradoxical LGAS with normal 
LVEF (severe leaflet calcification with severely reduced 
motion, EOA ≤ 1.0 cm2 and Vmax < 4 m/s or gradient < 40 
mm Hg with LVEF ≥ 50%).

3. A focus on the Heart Team approach for clinical decision-
making, particularly given the availability of surgical and 
transcatheter interventions.

4. An integrative approach to the procedural risk, which 
incorporates risk scoring, frailty, major organ system dys-
function and procedural impediments.

The specific recommendations for AVR for patients with 
AS are shown (Table 28-2 and Fig. 28-3).29 To summarize, 
AVR should be performed in all symptomatic patients with 

severe AS or in patients with severe asymptomatic AS who 
require concomitant cardiac surgery or with left ventricular 
dysfunction (LVD; LVEF < 50%). It is reasonable to perform 
AVR in patients with moderate AS requiring concomitant 
cardiac surgery. AVR is reasonable in otherwise asymptom-
atic patients with very severe AS (valve area < 0.6 cm2 and jet 
velocities ≥ 5 m/s), severe AS and exercise-induced symptoms, 
and in those with true or paradoxical LGAS. Asymptomatic 
patients with severe AS with rapid progression may be con-
sidered for valve replacement prior to significant ventricular 
decompensation or sudden death.

Aortic Regurgitation
ACUTE AORTIC REGURGITATION
Acute AR is caused by (1) acute dilatation of the aortic annu-
lus or sinotubular junction or both, preventing adequate cusp 
coaptation or by (2) disruption of the valve cusps themselves. 
The specific causes of AR include aortic dissection, infective 
endocarditis, trauma, aortic cusp prolapse secondary to VSD, 
aortitis or arteritis (eg, syphilitic, giant cell, Takayasu) and 
iatrogenesis (eg, postaortic balloon valvotomy).

The heart is relatively intolerant to acute AR, as the left 
ventricle is unable to compensate for the sudden increase in 
end-diastolic volume caused by a large regurgitant volume 
load. A dramatic reduction in forward stroke volume ensues. 
In the context of a hypertrophic and poorly compliant left 
ventricle, hemodynamic decompensation is significantly more 
dramatic. Tachycardia is the initial compensatory response to 
acute decline in forward stroke volume. Progressive volume 
overload causes the left ventricular end-diastolic pressure to 
acutely rise above left atrial pressure resulting in early closure 

TABLE 28-2: 2014 ACC/AHA Guidelines for Aortic Valve Replacement in Patients with Aortic Stenosis

Recommendation Class Level

AVR is recommended with severe high-gradient AS who have symptoms by history or on exercise testing (stage D1) I B
AVR is recommended for asymptomatic patients with severe AS (stage C2) and LVEF < 50% I B
AVR is indicated for patients with severe AS (stage C or D) when undergoing other cardiac surgery I B
AVR is reasonable for asymptomatic patients with very severe AS (stage C1, aortic velocity ≥ 5.0 m/s) and low 

surgical risk
IIa B

AVR is reasonable in asymptomatic patients (stage C1) with severe AS and decreased exercise tolerance or an  
exercise fall in BP

IIa B

AVR is reasonable in symptomatic patients with low-flow/low-gradient severe AS with reduced LVEF (stage D2)  
with a low-dose dobutamine stress study that shows an aortic velocity ≥ 4.0 m/s (or mean pressure gradient  
≥ 40 mm Hg) with a valve area ≤ 1.0 cm2 at any dobutamine dose

IIa B

AVR is reasonable in symptomatic patients who have low-flow/low-gradient severe AS (stage D3) who are 
normotensive and have an LVEF ≥ 50% if clinical, hemodynamic, and anatomic data support valve obstruction  
as the most likely cause of symptoms

IIa C

AVR is reasonable for patients with moderate AS (stage B) (aortic velocity 3.0 to 3.9 m/s) who are undergoing  
other cardiac surgery

IIa C

AVR may be considered for asymptomatic patients with severe AS (stage C1) and rapid disease progression and low 
surgical risk

IIb C

 Adapted with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report 
of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 669

of the mitral valve.32 Although this protects the pulmonary 
venous circulation from excessively high end-diastolic pres-
sures, rapid progression of pulmonary edema and cardio-
genic shock is unavoidable. Death secondary to progressive 
cardiogenic shock and malignant ventricular arrhythmias are 
the commonest endpoints of acute AR regardless of etiology. 
Thus urgent surgical treatment is warranted for all causes of 
hemodynamically significant acute AR.

CHRONIC AORTIC REGURGITATION
Chronic AR is caused by either slow enlargement of the aor-
tic root or dysfunction of the valve cusps. Common causes of 
chronic AR include congenital abnormalities (eg, bicuspid, uni-
cuspid, quadricuspid aortic valve), calcific cusp degeneration, 
rheumatic fever, endocarditis, Marfan syndrome, Ehlers-Danlos 
syndrome, myxomatous proliferation, osteogenesis imperfect 
and ankylosing spondylitis. The echocardiographic and catheter-
based parameters for AR are shown (Table 28-3).

Chronic AR causes a persistent volume overload of the 
left ventricle. Initially, the ratio of wall thickness to cham-
ber diameter, ejection fraction, and fractional shortening 
are maintained.33 However, this volume burden eventually 
leads to progressive chamber enlargement without increasing 

Abnormal aortic valve with
reduced systolic opening

Severe AS
Vmax ≥ 4 m/s

∆Pmean ≥ 40 mm Hg

Vmax 3 m/s–3.9 m/s
∆Pmean 20-39 mm Hg

Class I

Class IIa

Class IIb

Vmax ≥ 5 m/s
∆Pmean ≥ 60 mm Hg

Low surgical risk

DSE with
AVA ≤ 1 cm2 and

Vmax ≥ 4 m/s
(Stage D2)

AVA ≤ 1 cm2

and
LVEF ≥ 50%
(Stage D3*)

∆Vmax > 0.3 m/s/y
Low surgical risk

AVR
(I)

*AVR should be considered with stage D3 AS only if valve obstruction is the most likely cause of symptoms, stroke volume index is <35 mL/m2,
 indexed AVA is ≤0.6 cm2/m2, and data are recorded when the patient is normotensive (systolic BP <140 mm Hg).

AVR
(IIa)

AVR
(IIb)

AVR
(IIa)

Abnormal ETT

Symptomatic
(Stage D1)

Symptomatic
Asymptomatic

(Stage B)

Other cardiac
surgery

Asymptomatic
(Stage C)

LVEF < 50% (Stage C2)

Other cardiac surgery

LVEF < 50%

AS likely cause of
symptoms

Yes No

FIGURE 28-3 Indications for AVR in patients with AS. (Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 
AHA/ACC guideline for the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.)

TABLE 28-3: Classification of AR

Mild Moderate Severe

EROA (cm2) >0.1 0.1-0.3 >0.3
Regurgitant fraction (%) <30 30-50 >50
Regurgitant volume (mL) <30 30-60 >60
Jet width (% LVOT) <25 25-65 >65
Vena contracta (cm) <0.3 0.3-0.6 >0.6
Angiography grade 1+ 2+ 3-4+

EROA, effective regurgitant orifice area; LVOT, left ventricular outflow tract.
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670 Part IV Aortic Valve Disease

end-diastolic pressure during the asymptomatic phase of the 
disease. Chamber enlargement is accompanied by adaptive 
eccentric hypertrophy, associated at the cellular level with 
sarcomere replication and elongation of myocytes. The com-
bination of chamber dilatation and hypertrophy leads to a 
massive increase in left ventricular mass. A vicious cycle of 
chamber enlargement, continually increasing wall stress and 
maladaptive ventricular hypertrophy ensues. Development 
of interstitial fibrosis is an important pathogenic mechanism 
that limits further ventricular dilation elevating end-diastolic 
pressure and leading to left ventricular systolic dysfunction, 
and CHF.34 Natural history studies of AR show that symp-
toms, LVD, or both develop in <6% of patients per year.35 
Progression to LVD without symptoms occurs in <4% of 
patients per year and sudden death occurs in <0.2% per year.36 
Independent predictors of progression to symptoms, LVD, or 
death in asymptomatic patients include age, left ventricular 
end-systolic dimension, rate of change in end-systolic dimen-
sion, and resting ejection fraction.37 Once LVD develops, the 
onset of symptoms occur at a rate exceeding 25% per year.38

The decision to operate on patients with AR and LVD is 
indeed challenging since the outcomes are poor with surgery 
and with medical therapy. Patients with more severe LVD 
have decreased perioperative and late survival due to irrevers-
ible ventricular remodeling including hypertrophy and inter-
stitial fibrosis.39,40 Vasodilator therapy may delay progression 
of ventricular dysfunction by decreasing afterload thus reduc-
ing regurgitant flow. This is currently indicated in asymp-
tomatic patients with hypertension; asymptomatic patients 
with severe AR, ventricular dilatation, and preserved systolic 
function; and for short-term hemodynamic tailoring prior to 
operation. This therapy is not recommended in patients with 
severe AR and LVD, as it does not improve survival but may 
be considered if such patients are considered inoperable.

INDICATIONS FOR OPERATION
A summary of the 2014 ACC/AHA Guidelines for AVR for 
chronic AR is presented in Table 28-4 and Fig. 28-4.29 Symp-
tomatic patients experience > 10% mortality per year thus 

surgery is absolutely indicated.39 Since symptoms, such as 
angina and dyspnea, develop only after significant ventricular 
decompensation has occurred, surgery is advocated prior to 
the symptomatic phase of the disease. Surgical intervention 
for asymptomatic patients is based on the identification of 
subtle but measurable changes in myocardial function before 
they become irreversible and negatively affect the patient’s 
long-term prognosis.

CORONARY ANGIOGRAPHY AND 
AORTIC VALVE REPLACEMENT
Many patients requiring AVR have coexistent coronary artery 
disease (CAD). In North America, more than one-third of 
AVR procedures are accompanied with coronary artery bypass 
graft surgery.10 Risk assessment for ischemic heart disease is 
complicated in patients with aortic valve disease since angina 
may be related to true ischemia from hemodynamically signifi-
cant coronary lesions, or other causes such as left ventricular 
wall stress with subendocardial ischemia or chamber enlarge-
ment in the setting of reduced coronary flow reserve, or both.

According to the 2014 ACC/AHA Guidelines, during pre-
operative planning for AVR, coronary catheterization should 
be performed for the presence of angina, ischemia, LVD, or 
history of CAD; males > 40 years old; and postmenopausal 
women (Class I, Level of Evidence C). CT coronary angi-
ography may be performed with low or intermediate pretest 
probability of CAD (Class IIa, Level of Evidence B).29

Technique of Operation
MYOCARDIAL PROTECTION AND CARDIOPUL-
MONARY BYPASS
Isolated AVR is performed using a single, two-stage right 
atrial venous cannula and an arterial cannula into the ascend-
ing aorta for systemic perfusion of oxygenated blood. A ret-
rograde cardioplegia cannula may be placed into the coronary 
sinus via the right atrium. A left ventricular vent cannula may 
be placed in the right superior pulmonary vein and advanced 

TABLE 28-4: 2014 ACC/AHA Recommendations for Aortic Valve Replacement in Chronic Severe 
Aortic Regurgitation

Indication Class Level

AVR is indicated for symptomatic patients with severe AR regardless of LV systolic function (stage D) I B
AVR is indicated for asymptomatic patients with chronic severe AR and LV systolic dysfunction (LVEF < 50%) 

(stage C2)
I B

AVR is indicated for patients with severe AR (stage C or D) while undergoing cardiac surgery for other indications I C
AVR is reasonable for asymptomatic patients with severe AR with normal LV systolic function (LVEF ≥ 50%) but 

with severe LV dilation (LVESD > 50 mm, stage C2)
IIa B

AVR is reasonable in patients with moderate AR (stage B) who are undergoing other cardiac surgery IIa C
AVR may be considered for asymptomatic patients with severe AR and normal LV systolic function (LVEF ≥ 50%, 

stage C1) but with progressive severe LV dilation (LVEDD > 65 mm) if surgical risk is low
IIb C

Adapted with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report 
of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 671

into the left ventricle to ensure a bloodless field and to pre-
vent ventricular distention with aortic insufficiency. Alter-
natively, a vent may be placed into the pulmonary artery 
or directly in the left ventricular outflow tract (LVOT) via 
the aortotomy. Once cardiopulmonary bypass (CPB) is ini-
tiated, careful dissection of the pulmonary artery from the 
aorta ensures that the cross-clamp will be fully occlusive on 
the aorta and prevents inadvertent opening of the pulmonary 
artery with the aortotomy incision. Care is needed to prevent 
pulmonary artery injury, as this tissue is substantially more 
friable than the aorta.

After the cross-clamp is applied, myocardial protection is 
initially delivered as a single dose of high potassium blood 
through the ascending aorta. This will trigger prompt dia-
stolic arrest unless there is moderate-to-severe AR in which 
arrest can be achieved with direct ostial or retrograde car-
dioplegia. Myocardial protection is maintained by continu-
ous infusion of cold or tepid oxygenated blood cardioplegia 
delivered via direct cannulation of both coronary ostia after 
the aorta has been opened. The angiogram should be exam-
ined to rule out a short left main coronary artery, in which 
case, direct ostial antegrade cannulation may preferentially 
perfuse either the LAD or circumflex system. In the presence 

of severe CAD, antegrade cardioplegia may not perfuse myo-
cardial segments distal to significant coronary obstruction. 
Furthermore, direct cannulation of left main coronary artery 
risks endothelial injury and potential dissection or promotion 
of atherosclerosis development.

An alternative method of cardioprotection in aortic valve 
cases is retrograde cardioplegia, in either intermittent or con-
tinuous forms and utilized in isolation or in combination 
with antegrade cardioplegia. This is helpful in patients with 
significant AR or severe concomitant coronary disease. How-
ever, there are some questions regarding the quality of right 
ventricular perfusion using retrograde alone. If a retrograde 
cannula cannot be guided into the coronary sinus, conversion 
to bicaval cannulation will allow opening the right atrium 
and direct placement of the cannula into the coronary sinus. 
Do not place the retrograde cannula beyond the origin of the 
right coronary vein ostium in the coronary sinus to ensure 
adequate right ventricular myocardial protection.

Right ventricular myocardial protection can be a challenge 
for a small nondominant right coronary artery (RCA) that 
will not accept a direct ostial cannula. One solution is to drift 
the patient’s temperature to 28°C with cold topical slush and 
frequent retrograde cardioplegia.

Class I

Class IIa

Class IIb

AVR
(I)

AVR
(IIa)

AVR
(IIb)

AVR
(IIa)

Symptomatic
(Stage D)

Asymptomatic
(Stage C)

Severe AR
(Stages C and D)

Vena contracta > 0.6 cm
Holodiastolic aortic flow reversal

RVol ≥ 60 mL/beat
RF ≥ 50%

ERO ≥ 0.3 cm2

LV dilation

Progressive AR
(Stage B)

Vena contracta ≤ 0.6 cm
RVol < 60 mL/beat

RF < 50%
ERO ≥ 0.3 cm2

LVEF < 50%
(Stage C2)

LVEF ≥ 50%
LVESD > 50 mm

(Stage C2)

LVEF ≥ 50%
LVESD ≤ 50 mm
LVEDD ≤ 65 mm)

Periodic monitoring

LVEF ≥ 50%
LVEDD > 65 mm
Low surgical risk

Other cardiac
surgery

Other cardiac surgery

No Yes

Aortic regurgitation

FIGURE 28-4 Indications for AVR in patients with AR. (Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 
AHA/ACC guideline for the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.)
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672 Part IV Aortic Valve Disease

AORTOTOMY, VALVE EXCISION, AND 
DEBRIDEMENT
Once the cross-clamp has been applied and cardioplegic arrest 
has been achieved, the aorta is opened either with a trans-
verse or oblique aortotomy. The low transverse aortotomy is 
a common approach to the aortic valve when using stented 
bioprostheses or mechanical valves. The aortotomy is started 
approximately 10 to 15 mm above the origin of the RCA 
and extended anteriorly and posteriorly. The initial transverse 
incision over the RCA may also be extended obliquely in the 
posterior direction into the noncoronary sinus or the com-
missure between the left and noncoronary cusps (Fig. 28-5). 
The oblique incision is often used in patients with small 
aortic roots, in whom root enlargement procedures may be 
required.

Morphology of the valve is then inspected (Fig. 28-6). The 
valve cusps are incised with scissors at the right cusp between 
the right coronary ostium and the commissure between the 
right and noncoronary cusps using Mayo scissors or special 
right-angled valve scissors (Fig. 28-7). One to two millime-
ters of tissue is left behind to support a sewing surface. Right 
cusp excision is carried first toward the left coronary cusp and 
then toward the noncoronary cusp and the cusp is removed 
as a single piece if possible. A moistened radiopaque sponge 
may be placed into the outflow area to catch calcific debris, 
which must be removed before placing the valve sutures. 
Thorough decalcification is then performed with a scalpel or 
rongeur. Debridement of all calcium deposits back to soft tis-
sue improves seating of the prosthesis and decreases the inci-
dence of paravalvular leak and dehiscence.

Care must be taken to prevent aortic perforation while cal-
cific deposits are debrided from the aortic wall, particularly 
at the commissure between the left and noncoronary cusps, 

where perforation is most likely. Several anatomic relation-
ships must be respected during valve excision (Fig. 28-8). The 
bundle of His (conduction system) is located below the junc-
tion of the right and noncoronary cusps in the membranous 
septum. Deep debridement in this area can result in perma-
nent heart block. The anterior leaflet of the mitral valve is in 
direct continuity with the left aortic valve cusp. If it is dam-
aged during decalcification, an autologous pericardial patch 
can be used to repair the defect.

Once debridement is completed, the aortic root is copi-
ously flushed with saline while the left ventricular vent is 
stopped. To prevent pushing debris into the left ventricle, 
saline in a bulb syringe is flushed through the left ventricular 
vent and out the aortic valve in an antegrade manner instead 
of retrograde through the valve. The irrigation solution is suc-
tioned with the external wall suction and not into the cardi-
otomy suction.

Transverse aortotomy
incisionOblique aortotomy

incision

FIGURE 28-5 Exposure and aortotomy incision. A two-stage 
venous cannula is in place in the right atrial appendage. The aortot-
omy (dashed line) may be made in the transverse or oblique direction.

Left
coronary cusp

Right 
coronary cusp

Noncoronary cusp

FIGURE 28-6 The exposed aortic valve.

Left coronary ostium

Right coronary ostium

FIGURE 28-7 The aortic valve after leaflet excision.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 673

VALVE IMPLANTATION
The annulus is sized with a valve-sizer designed for the selected 
prosthetic device. The valve is secured to the annulus using 12 
to 16 double-needled interrupted 2-0 synthetic braided pled-
geted sutures that are alternating in color. The pledgets can be 
left on the inflow/ventricular side or the outflow/aortic side of 
the aortic annulus (Figs. 28-9 and 28-10). Placing the pled-
gets on the inside of the annulus allows supra-annular place-
ment of the valve and generally will allow implantation of as 
slightly larger prosthesis. If the coronary ostia are close to the 
annulus, supra-annular placement may only be possible along 
the noncoronary cusp. Mattress sutures are first placed in the 
three commissures and retracted to assist visualization. Some 
surgeons will place the commissural suture between the right 
and noncoronary cusps from the outside of the aorta (ie, the 
pledget is left on the outside of the aorta) to prevent injury 
to the conduction system. Pledgeted mattress sutures are then 
placed in a clockwise fashion typically starting in the noncoro-
nary cusp. Sutures may be placed into the sewing ring of the 
prosthetic valve with each annular suture or after all annular 
sutures are placed. The sutures for each of the three cusps are 
held separately with three hemostats and retracted while the 
prosthesis is slid into the annulus. Sutures are then tied down 
in a balanced fashion alternating among the three cusps.

AORTIC CLOSURE AND DE-AIRING
The aorta is closed with a double row of synthetic 4-0 poly-
propylene sutures. The first suture line is started on the right 
side at the posterior end of the aortotomy and the double-
needled suture is secured slightly beyond the incision to ensure 
there is no leak in this region. One end of the suture is run 

as a horizontal mattress anteriorly to the midpoint of the aor-
totomy, and then the second end of the suture is run anteri-
orly, slightly superficial to the horizontal mattress suture, in an 
over-and-over manner. On the left side, a similar technique is 

FIGURE 28-9 Placement of sutures with pledgets below the annulus.

Noncoronary
cusp

Left coronary
cusp

Conduction
tissue

Sinotubular
junction

Right coronary
cusp

Anterior leaflet of
mitral valve

FIGURE 28-8 Anatomic relationships of the aortic valve.
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674 Part IV Aortic Valve Disease

performed, the aorta is de-aired, and the two sutures are tied to 
themselves and to each other at the aortotomy midpoint.

During AVR, air is entrained into the left atrium and ven-
tricle, and aorta. This must be removed to prevent catastrophic 
air embolization. Immediately prior to tying the suture of the 
aortotomy, the heart is allowed to fill, the vent in the superior 
pulmonary vein is stopped, the lungs are inflated, and the cross-
clamp is briefly partially opened. The influx of blood should 
expel most air from these cavities out of the partially open aor-
totomy. Closure of the aortotomy is then completed and the 
cross-clamp is fully removed. The cardioplegia cannula in the 
ascending aorta and the left ventricular vent are then placed on 
suction to remove any residual air as the heart begins electri-
cal activity. A small needle (21-gauge) can be used to aspirate 
the apex of the left ventricle and the dome of the left atrium. 
To prevent air entrainment, the left ventricular vent must 
be removed while the pericardium is filled with saline irriga-
tion. De-airing maneuvers are verified with visualization using 
transesophageal echocardiography. Vigorous shaking and care-
ful manual compression of the heart while suctioning through 
the aortic vent (ie, cardioplegia tack) is helpful to remove air 
trapped within trabeculations. Once de-airing is complete, the 
aortic vent is removed. The patient is then weaned from CPB 
and decannulated in the standard fashion. If patients are pace-
maker dependent when weaned from CPB in the operating 
room, it is recommended to insert atrial pacing wires to allow 
for synchronous atrioventricular pacing.

CONCOMITANT CORONARY ARTERY 
BYPASS GRAFTING
Operative technique is modified when there is concomitant 
CAD to optimize myocardial protection. Distal anastomoses 

are performed prior to AVR so that antegrade cardioplegia-
may be administered through these grafts during the opera-
tion. The left internal mammary artery should be used for 
revascularization of the left anterior descending artery. This 
anastomosis is performed after the aortotomy is closed to 
ensure that the coronary circulation is not exposed to sys-
temic circulation during cardioplegic arrest and to prevent 
trauma to the anastomosis during manipulation of the heart.

The 2014 ACC/AHA Guidelines recommend concomi-
tant surgical revascularization for coronary stenosis ≥ 70% or 
left main stenosis ≥ 50% (Class IIa, Level of Evidence C).29 
The benefit of revascularization should be balanced with 
the increased operative mortality, which increases from 3.9 
to 5.9% for combined CABG/AVR according to the STS 
ACSD.10 Concomitant CABG at the time of AVR is common 
as reported rates were 30% in patients 51 to 60 years of age, 
41% in 61 to 70 years of age and 50% in >71 years of age.41

CONCOMITANT ASCENDING AORTIC 
REPLACEMENT
The threshold for concomitant replacement of the ascending 
aorta at the time of AVR is an area of debate. Borger et al,42 
reviewed patients with bicuspid aortic valve undergoing AVR 
and report 15-year freedom from aorta-related complications 
was 86, 81, and 43% in patients with an aortic diameter 
of <4.0 cm, 4.0 to 4.4 cm, and 4.5 to 4.9 cm, respectively 
(Fig. 28-11). Extrapolating from these data and others to all 
patients with concomitant ascending aortic dilation, the cur-
rent 2014 ACC/AHA Guidelines recommend aorta replace-
ment when maximal diameter exceeds 4.5 cm for patients 
undergoing aortic valve surgery (Class IIa, Level of Evidence 
C).29 In patients with Marfan or Loeys-Dietz Syndromes, the 
aortopathy is much more aggressive and a lower trigger point 
for replacement may be appropriate. Given the lack of data, 
there are currently no recommendations for concomitant 
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FIGURE 28-11 Freedom from ascending aortic complications for 
patients with a bicuspid aortic valve with an ascending aortic diameter of 
<4 cm, 4.0 to 4.5 cm, and 4.5 to 4.9 cm at the time of aortic valve replace-
ment. (Reproduced with permission from Borger MA, et al: Should the 
ascending aorta be replaced more frequently in patients with bicuspid aor-
tic valve disease? J Thorac Cardiovasc Surg 2004; Nov;128(5):677-683.)

FIGURE 28-10 Placement of sutures with pledgets above the annulus.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 675

replacement of ascending aorta when replacing a tricuspid 
aortic valve. Clearly the threshold should be between 4.5 
and 5.5 cm. The decision is left to the surgeon and should 
be based on the additive risk of the procedure, patient’s age, 
comorbidities, and overall life expectancy.

AORTIC ROOT ENLARGEMENT PROCEDURES
Detailed descriptions of aortic root enlargement procedures 
are presented in a later chapter. Briefly, either an anterior or 
posterior annular enlargement procedure may be performed 
in a patient with a small aortic root to allow for implantation 
of a larger valve. The posterior approach is the most com-
monly used aortic root enlargement procedure in adults and 
can increase the annular diameter by 2 to 4 mm. Nicks and 
colleagues in 1970 described a technique of root enlargement 
in which the aortotomy is extended downward through the 
noncoronary cusp, through the aortic annulus to the anterior 
mitral leaflet with patch augmentation.43 In 1979, Manou-
guian and Seybold-Epting described a procedure extending 
the aortotomy incision in a downward direction through the 
commissure between the left and noncoronary cusps into the 
interleaflet triangle and into the anterior leaflet of the mitral 
valve with patch augmentation.44 The anterior approach 
is generally used in the pediatric population. Described by 
Konno and colleagues in 1975, this technique, which is also 
known as aortoventriculoplasty, is used when more than 4 
mm of annular enlargement is required.45 Instead of a trans-
verse incision, a longitudinal incision is made in the anterior 
aorta and extended to the right coronary sinus of Valsalva and 
then through the anterior wall of the right ventricle to open 
the right ventricular outflow tract. The ventricular septum is 
incised, allowing significant expansion of the aortic annulus 
and left ventricular outflow tract.

REOPERATIVE AORTIC VALVE SURGERY
Reoperative AVR may be performed for prosthetic valve-
related complications or commonly for progressive AS post-
CABG. Prosthetic valve-related causes include structural valve 
deterioration, prosthetic endocarditis, prosthesis thrombosis, 
or paravalvular leak. Chest reentry is the most hazardous por-
tion of any repeat cardiac procedure. The proximity of cardiac 
structures to the posterior sternum must be assessed prior to 
redo sternotomy. This can be accomplished by lateral chest 
x-ray (CXR), computed tomography (CT) scan, or magnetic 
resonance imaging (MRI). Before making an incision, there 
should be blood transfusion units in the room, external defi-
brillator pads on the patient and the CPB pump should be 
primed. Femoral or axillary vessels may be exposed or CPB 
may be instituted through the peripheral vessels in the case of 
high-risk chest reentry. An oscillating saw is used to open the 
sternum and as little tissue as possible is dissected. Extreme 
caution must be employed during dissection when there are 
patent bypass grafts that cross the midline.

Once cardioplegic arrest is established, the old prosthe-
sis is excised with sharp dissection. Care must be taken to 
count and remove all sutures and pledgets from the annulus. 

Annular injuries caused while excising the prosthesis are 
repaired with pledgeted interrupted sutures or with a patch, 
typically of treated bovine pericardium. Removal of stentless 
prostheses may be particularly difficult. In the setting of endo-
carditis, aggressive debridement of all infected tissue must be 
performed with annular and aortic root reconstruction with 
pericardium when root abscesses are present.46 Any foreign 
material can be seeded with bacteria, including Dacron aortic 
grafts, must be excised in the presence of active endocarditis 
as grafts can be seeded with bacteria.

In the presence of a Dacron prosthesis in the ascend-
ing aorta, chest reentry may be extremely hazardous since 
exsanguination will occur if the graft is inadvertently opened 
during dissection. To limit the systemic consequences of 
exsanguination at normothermia, the patient may be placed 
on femoro-femoral CPB and cooled to 18 to 20°C prior to 
chest reentry. If the Dacron graft is accidentally opened, local 
control of the bleeding is established and CPB is stopped. 
Under circulatory arrest, the graft is repaired or replaced. 
CPB may then be restarted. In all repeat aortic procedures, 
rigorous myocardial protection must be applied since these 
procedures often have very long ischemic times. Antegrade 
cold blood cardioplegia is usually employed in a continuous 
fashion throughout the case by selective cannulation of the 
coronary ostia. Retrograde cardioplegia may have benefit in 
the setting of patent old saphenous vein grafts.47 More and 
more patients with previous cardiac surgery that require high-
risk reoperative AVR are increasingly being referred to Heart 
Teams for consideration of transcatheter aortic valve replace-
ment (TAVR).

PORCELAIN AORTA
Porcelain aorta is the most severe form of aortic atheroscle-
rosis. The major risk of manipulation of a calcified aorta is 
atheroemboli with stroke being the most common clinical 
sequelae.36 Calcified or porcelain aorta is found in approxi-
mately 1 to 2% of cases and can be diagnosed based on pre-
operative imaging or intraoperative assessment. A history of 
risk factors such as smoking, hypercholesterolemia, diabetes, 
hypertension, or stroke as well as imaging demonstrating 
ostial coronary disease, peripheral vascular disease or carotid 
disease should trigger a high index of suspicion for aortic 
atheroma. Preoperative imaging to demonstrate aortic calci-
fication includes CXR, transthoracic echocardiogram, angio-
gram, CT, or MRI. Intraoperative assessment includes direct 
palpation, transesophageal echocardiography and epiaortic 
ultrasound. Of these, epiaortic ultrasound is the most sen-
sitive modality to detect aortic calcification, particularly for 
soft, nonechogenic, and nonpalpable plaque components.37

The key strategic decisions are (1) central versus peripheral 
cannulation, (2) cross-clamp versus circulatory arrest, and (3) 
isolated AVR versus AVR and RAA. Gillinov et al48 reported 
a series of patients with severe aortic calcification and AS 
treated with endarterectomy, replacement of ascending aorta, 
cross-clamp during DHCA and balloon occlusion of aorta 
via aortotomy with Foley catheter. Cannulation sites were 
aorta (34%), femoral artery (34%), axillary artery (24%), and 
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676 Part IV Aortic Valve Disease

innominate artery (8%), and all patients underwent circula-
tory arrest. More recently, TAVR has changed the landscape, 
offering an alternative to surgical valve replacement in this 
high-risk patient subset. In fact, porcelain aorta is the pri-
mary indication in approximately 10 to 15% of patients that 
undergo TAVR.49

POSTOPERATIVE MANAGEMENT
Special consideration must be given to the underlying patho-
logic changes to the ventricle during the immediate postop-
erative period. The severely hypertrophied, noncompliant 
left ventricle resulting from AS is highly dependent on suf-
ficient preload for adequate filling. Filling pressures should 
be carefully titrated between 15 and 18 mm Hg with intra-
venous volume infusion. Subvalvular left ventricular outflow 
obstruction with systolic anterior wall motion of the mitral 
valve should be avoided. Intravenous beta-adrenergic block-
ade may relieve this obstruction by decreasing inotropy and 
chronotropy. In extreme cases reoperation and surgical myec-
tomy may be required.

Maintenance of sinus rhythm is also essential since up to 
one-third of cardiac output is derived from atrial contrac-
tion in a noncompliant ventricle. Up to 10% of patients will 
experience low cardiac output syndrome in the immediate 
postoperative period. If pacing is required postoperatively, 
synchronous atrioventricular pacing is beneficial in prevent-
ing low cardiac output syndrome.

Complete heart block occurs in 3 to 5% of AVR patients. 
This complication may be due to suture placement or injury 
from debridement near the conduction system at highest risk 
inferior to the right-non commissure. Transient complete 
heart block caused by perioperative edema usually resolves in 
4 to 6 days. After this time, insertion of a permanent pace-
maker is recommended if there is no resolution.

Profound peripheral vasodilation, often seen in patients 
with aortic insufficiency, is treated with vasoconstrictors 
including alpha-adrenergic agonists or vasopressin. Adequate 
filling of the dilated left ventricle may also require volume 
infusion.

STENTED BIOPROSTHETIC AORTIC 
VALVEREPLACEMENT DEVICES
Stented bioprostheses may be constructed with porcine aortic 
valves or bovine pericardium. Over the past 40 years, advances 
in tissue fixation methodology and various proprietary chem-
ical treatments have been developed to prevent extracellular 
matrix and calcium deposition. All heterograft valves are pre-
served with glutaraldehyde, which acts by cross-linking col-
lagen fibers to reduce tissue antigenicity. Glutaraldehyde also 
ameliorates in vivo enzymatic degradation and causes the loss 
of cell viability, thereby preventing extracellular matrix turn-
over.50 Glutaraldehyde fixation of porcine valves can be per-
formed at high pressure (60 to 80 mm Hg), low pressure (0.1 
to 2 mm Hg), or zero pressure (0 mm Hg). Porcine prostheses 

fixed at zero pressure retain the collagen architecture of the 
relaxed aortic valve cusp.51 Pericardial prostheses are fixed in 
low- or zero-pressure conditions.

When comparing bioprostheses, it is important to be 
aware of lack of standardization in methodologies for label-
ing valve sizes by the different manufacturers. In general, 
label sizes refer to either the internal or the external diameter 
of the stent, not the external diameter of the sewing cuff or 
the maximal opening diameter of the valve leaflets. Thus, the 
same aortic annulus will likely fit different-sized valves from 
different manufacturers, depending on the convention they 
use and the size of their sewing cuff.

Earlier-generation Prostheses
First-generation bioprostheses were preserved with high-pres-
sure fixation and were placed in the annular position. Second-
generation prostheses are treated with low- or zero-pressure 
fixation. Several second-generation prostheses may also be 
placed in the supra-annular position, which allows place-
ment of a slightly larger prosthesis. The Medtronic Hancock 
II Ultra is a porcine bioprosthesis (Medtronic, Minneapolis, 
MN; Fig. 28-12) and the Carpentier-Edwards Perimount 
(Edwards Life Sciences LLC, Irvine, CA; Fig. 28-13) is a 
pericardial bioprosthesis. Despite the introduction of newer-
generation prostheses, some surgeons prefer implantation of 
Hancock II Ultra and Perimount valves because of the estab-
lished long-term clinical follow up and performance of these 
valves.52-56

Third-generation Prostheses
Newer-generation prostheses incorporate zero- or low-
pressure fixation with anti-mineralization processes that are 
designed to reduce material fatigue and calcification. Stents 
have become progressively thinner allowing a lower pro-
file. Porcine valves have a lower stent post and base profile 
to minimize protrusion into the aortic wall and facilitate 

FIGURE 28-12 The Medtronic Hancock II porcine aortic prosthesis. 
(©Medtronic 2016.)
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 677

coronary clearance (Medtronic Mosaic Ultra; Fig. 28-14). 
For this reason, they are particularly favorable for tissue 
mitral valve replacement as the stents occupy less space in 
the left ventricle.

The third-generation bovine bioprostheses include the 
Carpentier-Edwards Magna Ease (Edwards Life Sciences 
LLC; Fig. 28-15), Mitroflow (Sorin, Fig. 28-16), and Trifeca 
(St. Jude, St. Paul, MN; Fig. 28-17). The Magna Ease is the 
evolution of the Perimount pericardial valve, with a narrower 
sewing cuff and scalloped sign for supra-annular placement. 
The Mitroflow Pericardial aortic prosthesis and the Trifecta 
are pericardial valves with the pericardium placed around the 
exterior of the stent, allowing for a larger opening diameter 
and optimal flow characteristics.

Head-to-head comparisons have been performed and 
despite small but significant differences in hemodynamic 
parameters, no valve has demonstrated improved survival 
nor left ventricular remodeling over another. Thalji et al57 

FIGURE 28-13 The Edwards Perimount pericardial aortic prosthesis. 
(Used with permission from Edwards Lifesciences LLC, Irvine, CA.)

FIGURE 28-14 The Medtronic Mosaic Ultra porcine aortic 
prosthesis. (©Medtronic 2016.)

FIGURE 28-15 The Edwards Magna Ease pericardial aortic 
prosthesis. ((Used with permission from Edwards Lifesciences LLC, 
Irvine, CA.)

FIGURE 28-16 The Sorin Mitroflow pericardial aortic prosthesis. 
(Courtesy of Sorin Group, Saluggia, Italy.)

FIGURE 28-17 The St. Jude Trifecta pericardial aortic prosthesis. 
(Trifecta, Quartet and St. Jude Medical are trademarks of St. Jude 
Medical, Inc. or its related companies. Reproduced with permission 
of St. Jude Medical, ©2016. All rights reserved.)
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678 Part IV Aortic Valve Disease

performed a RCT in 241 patients with AS to receive the largest 
possible St. Jude Epic, Edwards Magna and Sorin Mitroflow 
valve. There was small but significant hemodynamic advan-
tage for the Magna valve with respect to indexed EOA (0.93 
± 0.28, 1.04 ± 0.28, and 0.96 ± 0.26 cm2/m2, p = .015 for 
Epic, Magna, and Mitroflow, respectively) and mean gradient 
(15.2 ± 5.5, 12.3 ± 4.3, and 16.2 ± 5.7 mm Hg, p < .001), 
primarily driven by valve sizes 23 mm and greater. However, 
short-term clinical outcomes and LVM regression was not dif-
ferent. Whether meaningful long-term clinical differences will 
emerge between these third-generation valves remain an open 
question. A retrospective comparison of Trifecta, Edwards 
Magna, and Magna Ease valves also found that valve type was 
not an independent predictor of valve area nor mean gradi-
ent overall.58 However, for the subset of patients with small 
aortic roots, a 19-mm Trifecta and Mitroflow offer excellent 
hemodynamic properties in vivo and may be considered.58,59 
Dumesnil et al60 reviewed hemodynamic properties of a range 
of stented bioprostheses and find comparable orifice areas 
with most currently available prostheses (Table 28-5).

OUTCOMES OF AORTIC VALVE 
REPLACEMENT
Operative Mortality
Operative mortality is defined as all-cause mortality 
within 30 days of operation or during the same hospital 
admission. In 1999, the STS ACSD reviewed the results 
of 86,580 valve procedures to find an overall mortality of 
4.3% for isolated AVR, and 8.0% for AVR with CABG.61 
Then in 2009, they again reviewed 67,292 cases of AVR 
between 2002 and 2006, and found an improved mortality 
of 3.2% for isolated AVR, and 5.6% for AVR with CABG 
(Table 28-6).62 Recently, Thourani et al63 reviewed 141,905 
cases of AVR in the STS ACSD between 2002 and 2010 
to show lower observed mortality rates than the STS pre-
dicted risk of mortality (PROM) in low- (1.4 vs 1.7%), 
medium- (5.1 vs 5.5%), and high-risk (11.8 vs 13.7%) 
patients groups (p < .0001). They further demonstrate a 
slight increase in overall operative mortality in the current 
surgical era (2007 to 2010) compared to previous (2002 to 
2006; 2.7 vs 2.5%, p = .018) despite a significant increase 

in overall STS PROM (3.05 ± 3.73% vs 2.82 ± 3.69%, 
p < .0001). This was attributed to lower mortality in both 
the moderate (5.4 vs 6.4%, p = .002) and high-risk (11.9 vs 
14.4%, p = .0004) patient cohorts. It is important to note 
that information in this database is voluntarily submitted 
and includes both low-volume and high-volume centers.

Long-term Survival
There have been three major long-term RCTs comparing sur-
vival between patients receiving mechanical and bioprosthetic 
valves.64-67 The 12-year results from the Edinburgh Heart Trial 
improved survival free from reoperation and a trend toward 
improved overall survival with the Bjork-Shiley mechanical 
prosthesis.64 The 20-year results found no survival advan-
tage with mechanical valves.65 In the Veterans Affairs Trial, 
all-cause mortality after AVR was lower with the mechanical 
valve versus bioprosthesis (66 vs 79%, p = .02) at 15 years.66 
In patients ≥ 65 years after AVR, primary valve failure was 
not different between bioprosthetic and mechanical valves 

TABLE 28-5: Mean Values for Effective 
Orifice Areas in Different Aortic Stented 
Bioprostheses

Valve type Size (mm)

19 21 23 25 27 29 Ref
Mosaic 1.1 1.2 1.4 1.7 1.8 2 Dumesnil et al
Hancock II 1.2 1.3 1.5 1.6 1.6 Dumesnil et al
Perimount 1.1 1.3 1.5 1.8 2.1 2.2 Dumesnil et al
Magna* 1.3 1.7 2.1 2.3 - - Dumesnil et al
Biocor 

(Epic)*
- 1.3 1.6 1.8 - - Dumesnil et al

Mitroflow* 1.1 1.3 1.5 1.8 - - Dumesnil et al
Trifecta* 1.1 1.7 1.9 2.7 2.9 2.4 Yadlapati et al
Trifecta* 1.8 2 2.2 Levy et al

*These values are based on a limited number of patients and should thus be 
interpreted with caution.
Adapted with permission from Dumesnil JG, Pibarot P. The problem of severe 
valve prosthesis-patient mismatch in aortic bioprostheses: near extinction? J Am 
Soc Echocardiogr. 2014 Jun;27(6):598-600.

TABLE 28-6: Frequency of Clinical Endpoints in Patients Undergoing AVR in the STS Database  
(2002 to 2006)

Mort CVA RF Vent DSWI Reop Comp PLOS SLOS

N 67,292 67,292 65,828 67,292 67,292 67,292 67,292 67,292 67,292
Events 2157 1007 2774 7323 197 5369 11,706 5308 26,144
% 3.2 1.5 4.1 10.9 0.3 8 17.4 7.9 38.9

AVR, aortic valve replacement; Comp, composite adverse event (any); CVA, cerebrovascular accident (stroke); DSWI, deep sternal wound infection; Mort, mortality; PLOS, 
prolonged length of stay; Reop, reoperation; RF, renal failure; SLOS, short length of stay; Vent, prolonged ventilation. 
Data from O’Brien SM, Shahian DM, Filardo G, et al: The Society of Thoracic Surgeons 2008 cardiac surgery risk models: part 2–isolated valve surgery, Ann Thorac Surg. 
2009 Jul;88(1 Suppl):S23-S42.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 679

(9 ± 6 vs 0%, p = .16). However, reoperation was higher for 
bioprosthetic AVR and bleeding was higher with mechani-
cal valves. These landmark trials form the basis of our guide-
lines but the Bjork-Shiley single disc is no longer utilized 
and third generation pericardial bioprostheses are generally 
favored over porcine valves and the Hancock bioprostheses. 
Increased bioprosthetic structural deterioration in these early 
trials was likely influenced by the use of first-generation pros-
theses that are more prone to structural failure than newer 
generation prostheses. A more recent study of 310 patients 
between 55 and 70 years old randomized to either tissue or 
mechanical AVR showed no difference in mortality but more 
SVD and higher reoperation with bioprosthetic valves after 
10 years (Fig. 28-18).67 Importantly, higher bleeding events 
with mechanical prostheses in the VA and Edinburgh studies 
were not seen in the recent trial, possibly due to a lower target 
international normalized ratio (2-2.5).

There are several nonrandomized long-term clinical 
follow-up series of early generation and contemporary bio-
prostheses. Brennan et al10 report long-term outcomes on 
145,911 patients ≥ 65 years in the STS database undergoing 
AVR and AVR/CABG from 1991 to 2007 (Fig. 28-19). The 
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FIGURE 28-18 Overall survival of patients 55 to 70 years who 
received either mechanical prosthesis (MP) or biological prosthe-
sis (BP) valves. (Reproduced with permission from Stassano P, Di 
Tommaso L, Monaco M, et al: Aortic valve replacement: a prospec-
tive randomized evaluation of mechanical versus biological valves 
in patients ages 55 to 70 years, J Am Coll Cardiol. 2009 Nov 10; 
54(20):1862-1868.)
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FIGURE 28-19 Long-term survival after aortic valve replacement and AVR and CABG in elderly patients between 1991 and 2007 in the STS Data-
base. (Reproduced with permission from Brennan JM, Edwards FH, Zhao Y, et al: Developing Evidence to Inform Decisions About Effectiveness– 
Aortic Valve Replacement (DEcIDE AVR) Research Team. Long-term survival after aortic valve replacement among high-risk elderly patients in the United 
States: insights from the Society of Thoracic Surgeons Adult Cardiac Surgery Database, 1991 to 2007, Circulation 2012 Sep 25;126(13):1621-1629.)
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680 Part IV Aortic Valve Disease

median survival in patients 65 to 69, 70 to 79, and ≥80 years 
of age undergoing AVR was 13, 9, and 6 years, respectively 
(Table 28-7). Figure 28-20 shows long-term morality strati-
fied by STS perioperative risk of mortality. Although only 
5% of isolated AVR patients had a high STS perioperative 
risk of mortality (≥10%), their median survival was 2.5 to 
2.7 years. Importantly, severe lung disease and renal failure 
were each associated with a ≥50% reduction in median sur-
vival. LVD and prior cardiac operation were associated with 
a 25% reduction in median survival.10 The comorbidities of 
age, concomitant CAD, LVD, and poor functional status on 
middle-to-late survival after bioprosthetic AVR are additive. 
Other risk factors for late mortality include concomitant 
renal disease, female gender, concomitant cardiac or vascular 
procedure, and atrial fibrillation.

Valve-related Mortality
A committee of the American Association for Thoracic Sur-
gery (AATS), STS, and European Association for Cardio-
Thoracic Surgery (EACTS) has standardized prosthetic valve 
surgery outcomes. Valve-related mortality is defined as all 
deaths caused by structural valve deterioration, nonstructural 

valve dysfunction, valve thrombosis, embolism, bleeding 
event, operated valvular endocarditis, or death related to 
reoperation of an operated valve.68 Sudden, unexplained, 
unexpected deaths of patients with an operated valve are 
included as valve-related mortality. Deaths caused by pro-
gressive heart failure in patients with satisfactorily function-
ing cardiac valves are not included. In the Hammermeister 
series, valve-related deaths accounted for 37% of all deaths 
in patients with mechanical valves and 41% of all deaths in 
patients with bioprostheses at 15 years.64 Nonvalvular cardiac 
deaths accounted for 17 and 21% of deaths at 15 years in 
patients with mechanical and bioprostheses, respectively.

NONFATAL VALVE EVENTS
The joint AATS/STS/EACTS committee also defined specific 
guidelines for reporting outcomes on structural and nonstruc-
tural valve deterioration, valve thrombosis, embolic events, 
bleeding events, and prosthetic endocarditis.68 Structural 
valve deterioration refers to any change in function of an oper-
ated valve resulting from an intrinsic abnormality of the valve 
that causes stenosis or regurgitation (eg, leaflet tears, suture 
line disruption). Nonstructural dysfunction is any abnormality 

TABLE 28-7: Median Survival after Isolated Aortic Valve Replacement in Elderly Patients in the STS 
Database between 1991 and 2007

Isolated AVR, years AVR+CABG, years

Age  
65-69 years

Age  
70-79 years

Age  
≥80 years

Age  
65-69 years

Age  
70-79 years

Age  
≥80 years

Overall 12.8 9.2 6.2 10.4 8.2 5.9
STS-PROM
Low ≥10 ≥10 7.3 ≥10 9.5 7.2
Moderate 5.3 4.7 5 5.6 5.8 5.6
High 2.6 2.5 2.7 2.1 2.4 3.2
Lung disease
No ≥10 ≥10 6.5 ≥10 9 6.3
Mild ≥10 8 5.3 9.3 7.3 5.2
Moderate ≥10 6.4 4.4 7.1 5.8 4.3
Severe 6 4.8 3.6 6.1 4.4 2.7
LVEF, %
>30 ≥10 ≥10 6.3 ≥10 8.6 6
≤30 9.1 6.9 4.9 7.7 5.9 5
Renal failure
No ≥10 9.9 6.4 ≥10 8.7 6.1
Yes 6 4.8 3.4 5.2 4.8 3.4
Yes/dialysis 2.5 2 0.7 1.8 1.2 1.5
Prior cardiac operations, n
0 ≥10 ≥10 6.4 ≥10 8.6 6
≥1 9.3 7.2 5.2 8.2 6.8 4.8

Adapted with permission from Brennan JM, Edwards FH, Zhao Y, et al: Developing Evidence to Inform Decisions About Effectiveness–Aortic Valve Replacement (DEcIDE 
AVR) Research Team. Long-term survival after aortic valve replacement among high-risk elderly patients in the United States: insights from the Society of Thoracic Surgeons 
Adult Cardiac Surgery Database, 1991 to 2007, Circulation 2012 Sep 25;126(13):1621-1629.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 681

of an operated valve resulting in stenosis or regurgitation that 
is caused by factors not intrinsic to the valve itself (eg, pan-
nus overgrowth, inappropriate sizing, or paravalvular leak). 
Valve thrombosis is any thrombus that interferes with valve 
function in the absence of infection. Embolism is any embolic 
event that occurs after the immediate postoperative period in 
the absence of infection. Cerebral embolic events are subclas-
sified into transient ischemic attacks are short fully reversible 
neurologic events and Strokes are neurologic deficits lasting 
longer than >72 hours. Bleeding event is any episode of major 
internal or external bleeding that causes death, hospitaliza-
tion, or permanent injury, or requires transfusion, regardless 
of the patient’s anticoagulation status. This does not include 
embolic stroke followed by hemorrhagic transformation and 
intracranial bleed. Finally, operated valvular endocarditis is 
any infection involving an operated valve; any structural or 

nonstructural valvular dysfunction, thrombosis, or embolic 
event associated with operated valvular endocarditis.

Structural Valve Deterioration
STENTED BIOPROSTHESES
Several large series describe long-term follow-up of first-, 
second-, and now third-generation stented bioprostheses 
(Table 28-8).55,69-78 These series are not directly comparable 
since they took place in different patient populations and in 
different eras; however, there are some overarching results. 
Long-term follow-up of second-generation stented biopros-
theses, including the Medtronic Hancock II porcine and 
Carpentier-Edwards pericardial valves show approximately 
90% freedom from structural valve deterioration at 12-year 
follow-up. However, beyond 15-year follow-up, freedom 
from SVD falls rapidly in most series. In a long-term fol-
low up of the Hancock II valve, independent predictors of 
reoperation due to SVD were age (odds ratio [OR]: 0.72; 
95% confidence interval [CI]: 0.58 to 0.90, p < .01) and 
prosthesis-patient mismatch (OR: 1.63; 95% CI: 1.01 to 
2.63; p = .045).55 In large series, freedom from reoperation 
is approximately 95% at 5 years, 90% at 10 years, but 70% 
at 15 years (Table 28-8).58-77 Notably, the freedom from SVD 
may be underestimated in the literature since most series 
report SVD by the actuarial method instead of the actual or 
cumulative incidence method.79 Actuarial statistical analysis 
overestimates SVD in older patients since it assumes that 
patients who have died of other causes will continue to be at 
risk for SVD.

Younger patients are predisposed to premature biopros-
thetic SVD.80,81 In a younger patient cohort (age < 60 years), 
actuarial freedom from re-AVR was 87.4, 62.6, and 52.2% 
at 10, 15, and 20 years postoperatively, respectively.56  
Jamieson et al reported long-term clinical outcomes of 230 
patients < 60 years old with the Carpentier-Edwards supra-
annular aortic valve. Freedom from SVD at 18 years after oper-
ation was 51.0% in patients aged 51 to 60 years and 31.9% in 
patients < 50 years. Forcillo et al80 report their 20-year experi-
ence in 144 patients < 60 years old (mean age 51 ± 9 years) that 
underwent AVR with the Edwards pericardial valves. Freedom 
from SVD was 84 ± 4% and 57 ± 6% at 10 and 15 years, 
respectively. Patients underwent reoperation for SVD at an 
average of 11 ± 5 years with no perioperative mortality.

Optimal Antithrombotic Therapy
Bioprosthetic valves do not require long-term anticoagu-
lation with warfarin unless the patient is at high risk for 
thromboembolism or has had a thromboembolic event with 
their prosthesis. Stented bioprostheses have a linearized risk 
for thromboembolism between 0.5 and 1% per year. This 
risk appears to be lower in patients with stentless hetero-
graft, allograft, or autograft valves.83-85 Aspirin significantly 
decreases the risk of thromboembolism in low-risk patients 
with bioprostheses versus no antiplatelet therapy.86,87 This risk 
is approximately the same risk of thromboembolism as fully 
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FIGURE 28-20 Long-term survival after aortic valve replacement 
in elderly patients between 1991 and 2007 in the STS Database 
stratified by STS PROM Score. (Reproduced with permission from 
Brennan JM, Edwards FH, Zhao Y, et al: Developing Evidence 
to Inform Decisions About Effectiveness–Aortic Valve Replace-
ment (DEcIDE AVR) Research Team. Long-term survival after 
aortic valve replacement among high-risk elderly patients in the 
United States: insights from the Society of Thoracic Surgeons Adult 
Cardiac Surgery Database, 1991 to 2007, Circulation 2012 Sep 
25;126(13):1621-1629.))
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682 Part IV Aortic Valve Disease

anticoagulated mechanical valves, with fewer bleeding com-
plications. Interestingly, by 15 years in the Edinburgh Heart 
Trial, the proportion of patients with bioprosthetic AVR on 
warfarin was 33%, mostly for atrial fibrillation or LVD.65 If 
a patient has identified high-risk factors for thrombosis pre-
operatively, a mechanical prosthesis may be considered unless 
the risk factor is amenable to correction since formal antico-
agulation with warfarin will still be necessary.

There is an immediate increased hazard function for 
thromboembolism before the exposed surfaces of stented bio-
prostheses endothelialize. In a study from the Mayo Clinic, a 
41 and 3.6% per year risk of thromboembolism was reported 
in the interval 0-10 days and 10-90 days following biopros-
thetic AVR, respectively.86 A retrospective study of 25,656 
elderly patients in the STS database report lower risk of death 
(relative risk [RR]: 0.80, 95% CI: 0.66 to 0.96) and embo-
lism (RR: 0.52, 95% CI: 0.35 to 0.76) but higher risk of 
bleeding events (RR: 2.80, 95% CI: 2.18 to 3.60) with aspi-
rin and warfarin versus aspirin alone in the first 3 months fol-
lowing bioprosthetic AVR.87 This study revealed considerable 
variation in short-term anticoagulation strategies for patients 
with bioprosthetic AVR. There are two small prospective 
RCTs comparing formal anticoagulation vs antiplatelet alone 
postbioprosthetic AVR. In the TRAC Trial, 193 patients that 
underwent bioprosthetic aortic or mitral valve replacement 
received Triflusal (an antiplatelet agent similar to aspirin) or 
acenocoumarol (a vitamin K antagonist similar to warfarin). 
There was no difference in thromboembolic complications 
but greater bleeding events with anticoagulation (10 vs 3.1%, 
p = .048).88 The WoA Epic Pilot Trial randomized 69 low 
thrombotic risk patients undergoing bioprosthetic AVR to 
ASA or warfarin. There was no difference in strokes (2.9 vs 

2.9%, p = .99), bleeding events (2.9 vs 8.8%, p = .36).89 The 
current 2014 ACC/AHA Guidelines recommend anticoagu-
lation with warfarin (INR between 2 and 3) for the first 3 
months for bioprosthetic valves (Class IIa, Level of Evidence 
C) then low dose aspirin as well as aspirin alone (Class IIa, 
Level of Evidence B).29 The early use of anticoagulation pri-
marily reflects the increased risk of thromboembolic events 
due to the lack of endothelialization of the various prosthetic 
materials.

Warfarin remains the only approved oral anticoagulant for 
patients with prosthetic valve(s). Although nonwarfarin oral 
anticoagulants (NOACs) have shown improved efficacy over 
warfarin in large trials of venous thromboembolism and non-
valvular atrial fibrillation.90-92 The RE-ALIGN phase 2 dose-
validation study comparing dabigatran versus warfarin for 
patients with mechanical prosthetic valves report higher stroke 
(5 vs 0%) and higher major bleeding (4 vs 2%) in the dabiga-
tran group.93 The use of NOAC for prosthetic valve anticoagu-
lation is thus currently a class III recommendation (will cause 
harm; Level of Evidence B) and should not be used.29

Prosthesis Thrombosis
Prosthesis thrombosis is a rare but potentially devastating 
outcome after bioprosthetic AVR. The incidence of pros-
thesis thrombosis is <0.2% per year and occurs more often 
with mechanical prostheses.94 Thrombolytic therapy may be 
used in some patients but it is often ineffective and cannot be 
used in the immediate postoperative period due to excessive 
bleeding risk. Thrombolysis is recommended in patients with 
left-sided thrombosis who are experiencing mild heart failure 
(NYHA Class I or II) or who are in severe heart failure but are 

TABLE 28-8: Structural Deterioration of Stented Bioprosthetic Valves in the Aortic Position: 
Long-term Follow-up Over 10 to 20 Years

Study Prosthesis
No. of 
patients

Mean age 
(years)

Mean follow-up 
(months)

Actuarial freedom 
from SVD (%)

Actuarial 
freedom from 
reoperation (%)

David et al Hancock II 723 65 ± 12 68 ± 40 94 ± 2 (12 years) 89 ± 5 (12 years)
Dellgren et al CE Pericardial 254 71 ± 9 60 ± 31 86 ± 9 (12 years) 83 ± 9 (12 years)
Poirier et al CE Pericardial 598 65* 57.7 80 ± 5 (14 years) 72 ± 6 (14 years)
Corbineau et al Medtronic Intact 188 72 ± 8 86.4 ± 50.4 44.2 ± 12.9 (15 years) -
Myken et al Biocor Porcine 1518 70.8 ± 10.9 72 ± 58.8 - 61.1% ± 8.5 

(20 years)
Biglioli et al CE Pericardial 327 67.2 ± 10.6 71.8 ± 48.8 - 52.9% ± 9.9
Sjogren et al Mitroflow 152 79.5 ± 3.1 - 82 (10 years) -
Une et al Hancock II 304 49.2 ± 9.0 170.4 25.2 ± 5.0 (20 years) 25.4 ± 4.7 

(20 years)
McClure et al CE Pericardial 1000 74.1 ± 0.29 72.0 ± 43.2 82.3 (15 years) 78.3 (15 years)
Forcillo et al CE Pericardial 2405 71 ± 9 72 ± 118 - 67 ± 4 (20 years)
Johnston et al CE Pericardial 12,569 71 ± 11 69.6 - 55% (20 years)

CE, Carpentier-Edwards; MO, modified orifice; SA, supra-annular; SVD, structural valve deterioration. 
*Values for cohort > 65 years.
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 683

considered too high risk for surgery.29 A risk of thrombolytic 
therapy is cerebral or peripheral thromboembolism. Surgical 
treatment is recommended in severe heart failure (NYHA 
Class III or IV) and includes replacement of the valve or 
open thrombectomy, and mortality from either procedure is 
similar at approximately 10 to 15%. Recurrent thrombosis 
after de-clotting occurs in up to 40% of patients and we rec-
ommend valve replacement in virtually all patients who are 
managed operatively.

Prosthetic Valve Endocarditis
Prosthetic valve endocarditis (PVE) is separated into two 
time frames: early (<60 days postimplantation) and late (>60 
days postimplantation). Early PVE is usually a sequela of 
perioperative bacterial seeding of the valve, either during 
implantation or postoperatively from wound or intravascu-
lar catheter infections. Staphylococcus aureus, S. epidermidis, 
Gram-negative bacteria, and fungal infections are common 
during this period.95-98 Although most cases of late PVE are 
caused by septicemia from noncardiac sources, a small pro-
portion of late cases in the first year are attributable to less 
virulent organisms introduced in the perioperative period, 
particularly S. epidermidis. Organisms responsible for late 
PVE include Streptococcus and Staphylococcus species and 
other organisms commonly found in native valve infectious 
endocarditis. All unexplained fevers should be meticulously 
investigated for PVE with serial blood cultures and transtho-
racic or transesophageal echocardiography. Transesophageal 
echocardiography provides more detailed anatomic infor-
mation such as the presence of vegetations, abscesses, and 
fistulas. Transthoracic views may provide better views of the 
anterior portion of the valve. The annual risk of PVE in the 
aortic position is 0.6 to 0.9% per patient year.95,96 The 5-year 
freedom from PVE is >95%.97 Mechanical valves may have a 
slightly higher early hazard for PVE than stented bioprosthe-
ses.98 However, no difference exists in risk between patients 
with mechanical and stented bioprosthetic prostheses after 
the early phase.

Outcome for patients with PVE is very poor. Invasive 
paravalvular infection occurs in up to 40% of cases of PVE.96 
Early PVE is associated with 30 to 80% mortality, while late 
PVE is associated with 20 to 40% mortality.97 According to 
the 2014 ACC/AHA Guidelines, early surgeries indicated for 
PVE with valve dysfunction and heart failure (Class I, Level 
of Evidence B); paravalvular leak or partial dehiscence; pres-
ence of a new conduction defect, abscess or penetrating lesion 
(Class I, Level of Evidence B); persistent bacteremia and fever 
despite 5-7 days of appropriate antibiotic therapy (Class I, 
Level of Evidence B); vegetations (>10 mm); and surgery for 
relapsing infection (Class I, Level of Evidence C) and mul-
tiple systemic emboli with persistent vegetations (Class IIa, 
Level of Evidence B).29 Notably, all fungal, and most virulent 
strains of Staphylococcus aureus, Serratia marcescens, and Pseu-
domonas aeruginosa require operation, as these organisms are 
highly invasive and antibiotic therapy alone is generally inef-
fective (Class I, Level of Evidence B).

Paravalvular Leak and Hemolysis
Paravalvular leak is uncommon when pledgeted sutures are 
routinely used, outside of the setting of infective endocardi-
tis. Technical errors may result in inappropriately large gaps 
between sutures, leaving a small portion of the prosthesis unat-
tached to the annulus. If paravalvular leak is sufficient to cause 
significant hemolysis or heart failure from acute aortic insuffi-
ciency, surgical correction should be performed (Class I, Level 
of Evidence B).29 Repair can be accomplished with a few inter-
rupted pledgeted sutures or a large defect may require valve 
explant, patch repair and valve reimplant. Pannus overgrowth 
and prosthetic structural degeneration interfering with nor-
mal valve opening and closure may also cause hemolysis severe 
enough to warrant reoperation. Milder cases of hemolysis may 
be managed conservatively by dietary supplementation with 
iron and folic acid, and routine measurement of hemoglobin, 
serum haptoglobin, and lactate dehydrogenase.

HEMODYNAMIC PERFORMANCE 
AND VENTRICULAR REMODELING
Left Ventricular Mass Regression
Pressure and volume overload caused by aortic valve disease 
leads to increased intracavitary left ventricular pressures and 
compensatory LVH. In severe AS, concentric ventricular 
hypertrophy occurs without increasing end-diastolic dimen-
sion until late in the disease process, thus maintaining the 
ventricular wall thickness:cavity radius ratio. On the other 
hand, severe AR causes volume overload with an increase in 
left ventricular end-diastolic volume and eccentric hypertro-
phy, but may not change the ratio of ventricular wall thick-
ness to cavity radius. Both pathologies result in an increase in 
LVM which has a strong negative prognostic effect.99,100 The 
overall goal of AVR is to alleviate the pressure and volume 
overload on the left ventricle, allowing myocardial remodel-
ing and regression of LVM.

The clinical impact of LVM regression is not as well 
understood, despite its widespread acceptance as a measure 
of outcome after aortic valve surgery. In patients after AVR 
for isolated AS, LVM generally regresses significantly over the 
first 18 months and returns to normal limits.101-102 Ventricular 
mass regression may continue for up to 5 years after valve 
replacement.103 However, some patients never experience 
adequate LVM regression which can be associated with poor 
clinical outcome. In particular, patient-prosthesis mismatch 
(PPM), in which poor hemodynamic performance of a pros-
thesis results in poor regression of LVH, is associated with 
poor patient outcome.

Prosthesis-Patient Mismatch
DEFINITIONS
The term PPM has been applied to several different clinical 
situations. It has been used to describe absolute small valve 
size (ie, <21 mm), small valve size in a patient with a large 

Cohn_ch28_p0665-0694.indd   683 12/04/17   4:07 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



684 Part IV Aortic Valve Disease

body surface area, excessive transvalvular gradient postim-
plantation, increased transvalvular gradient with exercise, 
indexed EOA, and various combinations of these variables. 
Rahimtoola104 originally defined PPM as a condition that 
occurs when the valve area of a prosthetic valve is less than 
the area of that patient’s normal valve. Ultimately, the valve 
performance cannot meet the cardiac output requirements of 
the patient, resulting in either no relief or worsening of symp-
toms due to the obstructive nature of the prosthesis, which 
creates a residual stenosis resulting in an elevated transval-
vular gradient. To varying degrees, all valve prostheses are 
inherently stenotic. The presence of rigid sewing rings, and 
in the case of stented bioprostheses, struts to hold the valve 
commissures, cause obstruction to outflow and will therefore 
cause a residual gradient despite normal prosthesis function. 
Patient-prosthesis mismatch is further exacerbated by annu-
lar fibrosis, annular calcification, and LVH, as seen in AS, 
that cause contraction of the native annulus, leading to the 
implantation of a smaller prosthesis. Two distinct terms are 
commonly used to describe the size of prosthetic valves: EOA 
and geometric orifice area (GOA).

EFFECTIVE ORIFICE AREA
The most commonly cited definition of PPM is a low-indexed 
effective orifice area (iEOA). The iEOA is calculated by divid-
ing the echocardiographically determined EOA by the body 
surface area. EOA is calculated by a reconfiguration of the 
continuity equation:

EOA = (CSALVOT × TVILVOT)/TVIAO

EOA is effective orifice area (cm2).
CSALVOT is cross-sectional area of the LVOT (cm2).
TVILVOT is velocity time integral of forward blood flow 
(cm) as derived from pulse-wave Doppler in the LVOT.
TVIAO is velocity time integral of forward blood flow (cm) 
as derived from software integration of transvalvular con-
tinuous wave Doppler.

The EOA and mean systolic gradient of several commonly 
available bioprostheses are shown in Table 28-9.105

The EOA is a functional estimate of the minimal cross-sec-
tional area of the transvalvular flow jet downstream of a valve 
and dependent on the (1) geometric area of the prosthesis, (2) 
shape and size of the LVOT and ascending aorta, (3) blood 
pressure, and (4) cardiac output. Doppler-derived EOA cor-
relates best with catheter-derived EOA (as determined by the 
Gorlin formula) when the ascending aortic diameter is 4 cm, 
but tends to underestimate EOA in patients with smaller aor-
tic diameters.106 The EOA varies widely for valves from dif-
ferent producers. The measured EOA cannot be known for a 
specific valve in a specific patient until the valve has actually 
been implanted. Studies examining the effect of low iEOA on 
clinical outcomes have typically used projected iEOA using 
published tables of EOA derived from historical controls 
instead of actually measuring true in vivo postoperative EOA. 
Moreover, these tables have been derived from relatively small 

numbers of valves in each size for each manufacturer with 
wide variability between studies. Nevertheless, such reference 
values can be helpful to predict the presence and severity of 
PPM for any given patient and valve. EOA correlates with 
postoperative valve gradients, which are not surprising con-
sidering that they are mathematically related. Echocardio-
graphic mean and peak gradients are calculated according to 
the Bernoulli equation:

Peak gradient (mm Hg) = 4 × (VAVmax
2 – VLVOTmax

2)
Mean gradient (mm Hg) = 4 × (VAVmean

2 – VLVOTmean
2)

Several authors suggest PPM occurs at an IEOA of 
≤0.85 cm2/m2 with moderate and severe PPM at an IEOA 
of 0.85 to 0.65 and ≤0.65 cm2/m2, respectively.107,108 These 
thresholds are used in the 2009 American Society of Echo-
cardiography/European Association of Echocardiography 
Guidelines.109 Pibarot and Dumesnil109 have redefined PPM 
as a condition “when the EOA of the prosthesis is too small 
in relation to the patient’s body size, resulting in abnormally 
high postoperative gradients.” This definition is based on the 
assumption that transvalvular gradients begin to rise sub-
stantially at iEOAs below this value, and that these elevated 
gradients result in increased left ventricular work preventing 
regression of LVH.

GEOMETRIC ORIFICE AREA
The GOA (also known as the internal geometric area) of the 
valve is the ex vivo measured maximal cross-sectional area of 
the valve opening that does not vary significantly between 
same-sized valves from the same manufacturer. It is a static 
measure that is known preoperatively for any given prosthe-
sis based on manufacturer specifications or by measurement 
with calipers. The GOA is larger than the EOA for any given 
prosthesis (Figure 28-21).

CLINICAL SIGNIFICANCE
The incidence of PPM is steadily decreasing. Pibarot and 
Dumesnil110 studied PPM in 1266 patients undergoing AVR 
and found moderate (iEOA < 0.85 cm2/m2) or severe (iEOA 
< 0.65 cm2/m2) PPM to be present in 38% of patients. A 
more recent study found moderate and severe PPM in only 
15 and 6% of patients, respectively.111 In another study, the 
rate of severe PPM after implantation of the Trifecta, Mitro-
flow, and Perimount Magna valves was 1.3% (2/150), 5.8% 
(44/758), and 3.2% (3/95).105 The low contemporary inci-
dence of PPM is likely a result of improved hemodynamic 
performance of newer generation bioprostheses and the 
increased awareness of poor outcomes with severe PPM and 
thus greater use of preventive strategies.60

There are several studies demonstrating the adverse 
impact of severe PPM on survival but the significance of 
moderate PPM still controversial.112-118 Ruel and colleagues 
showed that overall survival and LVM regression was poorer 
in patients with PPM and LVD than those who had LVD 
without PPM.115 A retrospective study of 3343 patients 
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Aortic
valve

Effective orifice
area (EOA)

Geometric orifice
area (GOA)

FIGURE 28-21 Diagrammatic representation of effective orifice 
area and geometric orifice area in relation to the left ventricular 
outflow tract and aortic root.

TABLE 28-9: Predischarge Echocardiographic Results for 1436 Patients Who Underwent AVR with 
Trifecta, Mitroflow, and Magna Bioprostheses

Overall Trifecta (n = 196) Mitroflow (n = 1135) Magna (n = 105)

Preop LVOT index, cm 1.18 ± 0.1 1.17 ± 0.1 1.17 ± 0.2
Postop mean grad, mm Hg 11.4 ± 4.2 16.9 ± 6.7 14.1 ± 5.4
Postop EOA, cm2 2.22 ± 0.7 1.85 ± 0.5 2.09 ± 0.5
Postop EOAI, cm2/m2 1.14 ± 0.3 0.96 ± 0.3 1.07 ± 0.3
Valve size 19 mm (n = 23) (n = 46) (n = 5)
Preop LVOT index, cm 1.21 ± 0.1 1.22 ± 0.1 1.19 ± 0.1
Postop mean grad, mm Hg 15.1 ± 5.0 21.3 ± 9.1 21.4 ± 7.7
Postop EOA, cm2 1.53 ± 0.3 1.23 ± 0.3 1.26 ± 0.2
Postop EOAI, cm2/m2 0.91 ± 0.2 0.78 ± 0.3 0.76 ± 0.2
Valve size 21 mm (n = 48) (n = 336) (n = 31)
Preop LVOT index, cm 1.15 ± 0.1 1.19 ± 0.1 1.23 ± 0.2
Postop mean grad, mm Hg 12.0 ± 4.1 18.4 ± 6.5 15.9 ± 5.6
Postop EOA, cm2 1.84 ± 0.4 1.52 ± 0.4 1.73 ± 0.2
Postop EOAI, cm2/m2 1.02 ± 0.3 0.87 ± 0.2 0.98 ± 0.2
Valve size 23 mm (n = 62) (n = 423) (n = 32)
Preop LVOT index, cm 1.13 ± 0.1 1.15 ± 0.1 1.13 ± 0.2
Postop mean grad, mm Hg 11.2 ± 3.4 17.2 ± 6.2 14.2 ± 4.9
Postop EOA, cm2 2.23 ± 0.5 1.83 ± 0.4 2.01 ± 0.3
Postop EOAI, cm2/m2 1.12 ± 0.3 0.94 ± 0.2 1.04 ± 0.2
Valve size 25 mm (n = 42) (n = 262) (n = 29)
Preop LVOT index, cm 1.21 ± 0.1 1.15 ± 0.1 1.12 ± 0.1
Postop mean grad, mm Hg 10.0 ± 3.7 14.2 ± 4.9 11.8 ± 3.6
Postop EOA, cm2 2.73 ± 0.5 2.28 ± 0.5 2.47 ± 0.5
Postop EOAI, cm2/m2 1.33 ± 0.3 1.1 ± 0.3 1.17 ± 0.2
Valve sizes 27, 29, 31 mm (n = 18) (n = 68) (n = 8)
Preop LVOT index, cm 1.29 ± 0.2 1.22 ± 0.2 1.31 ± 0.2
Postop mean grad, mm Hg 8.1 ± 3.1 13.9 ± 4.8 11.3 ± 5.0
Postop EOA, cm2 3.2 ± 0.8 2.48 ± 0.5 2.8 ± 0.5
Postop EOAI, cm2/m2 1.51 ± 0.3 1.18 ± 0.3 1.33 ± 0.3

AV, Aortic valve; EOA, effective orifice area; EOAI, effective orifice area index; LVOT, left ventricular outflow tract. 
Data from Ugur M, Suri RM, Daly RC, et al: Comparison of early hemodynamic performance of 3 aortic valve bioprostheses, J Thorac Cardiovasc Surg. 2014 Nov;148(5): 
1940-1946..105

with mechanical and bioprosthetic AVR found that for the 
subgroup with LVD (EF < 50%), severe PPM was associ-
ated with greater 15-year mortality (p = .049).117 Two meta-
analyses both showed that severe PPM impact mortality and 
should be avoided. A meta-analysis of 34 studies including 
27,186 patients found that 34.2 and 9.8% of patients under-
going AVR had moderate and severe PPM, respectively.118 
Any PPM was associated with an increase in all-cause mor-
tality (hazard ratio [HR] = 1.34, 95% confidence interval 
[CI]: 1.18 to 1.51). Furthermore, moderate and severe PPM 
increased all-cause mortality (HR = 1.19, 95% CI: 1.07 to 
1.33 and HR = 1.84, 95% CI: 1.38 to 2.45) and cardiac-
related mortality (HR = 1.32, 95% CI: 1.02 to 1.71 and 
HR = 6.46, 95% CI: 2.79 to 14.97) (Fig. 28-22). Takagi et 
al119 reviewed 24 studies revealed a 31% increase in all-cause 
mortality with any PPM (HR = 1.31; 95% CI: 1.16 to 1.48; 
p < .00001). Furthermore, severe PPM was associated with 
a 27% increase in mortality (HR = 1.27; 95% CI: 1.11 to 
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686 Part IV Aortic Valve Disease

1.46; p = .0008) but moderate PPM was not (HR 0.99; 95% 
CI: 0.92 to 1.07; p = .78). As described by Pibarot et al120 
this is explained by the fact that moderate AS is well toler-
ated with normal LV but not with depressed LV. Further-
more, increased hemodynamic stress from moderate PPM 
may beget rapid structural valve deterioration progressing to 
severe PPM.121

SMALL AORTIC ROOT
Many surgeons express concern regarding postoperative out-
comes in patients with small aortic roots in whom only a very 
small (19 mm) valve can be implanted. However, several stud-
ies have shown no difference in LVM regression, NYHA func-
tional class, CHF or survival with small diameter AVRs.122-124 
De Paulis et al122 show no difference in LVM regression 
between patients receiving 19 and 21 mm mechanical valves 
versus those with 23 or 25 mm valves. Kratz et al123 also report 
that small valve size was not predictive of CHF or late death. 
Khan et al124 studied 19 to 23 mm Carpentier-Edwards pericar-
dial valves and found that significant LVM regression occurred 
with each valve size, including 19 mm valves.

DATA SYNTHESIS
The literature is clear in that severe PPM should be avoided, 
particularly in those patients with poor ventricular function, 
but the clinical significance of less-than-severe PPM remains 
divided. The options to avoid PPM are implantation of a 
less-obstructive mechanical or stentless bioprosthesis or to 
perform root replacement or aortic root enlargement. Stent-
less prostheses in the subcoronary position may be a lower 
profile alternative but requires additional technical skill and 
cross-clamp time. Aortic root replacements or enlargement 
procedures require greater experience operating on the aortic 
root and may carry excessive mortality and wide variability 
in surgical outcomes even among highly experienced cen-
ters. When faced with potential PPM in the operating room, 
the decision to perform a more complex, higher-risk proce-
dure must be balanced carefully with the potential benefits 
of implanting a larger prosthesis. Some reports have shown 
that transvalvular gradients in patients with lower iEOA often 
rise substantially with exercise.125 Although the majority of 
patients undergoing AVR are elderly and unlikely to experi-
ence functional limitations from this situation, in younger, 

0.01

Favours PPM Favours no PPM

0.1 10 100

0.01

Favours PPM Favours no PPM

0.1 10 100

0.01

Favours PPM Favours no PPM

0.1 10 100

Study HR [95% CI] HR [95% CI]

Any PPM
Frapier 2000
Tsutsumi 2008
Kato 2007
Kato 2008
Penta de Peppo 2005
Rao 2000
Bleiziffer 2010
Tao 2007
Garcia Fuster 2007
Total [95% CI]
Heterogeneity: I2 = 67%

Moderate PPM

Total [95% CI]

Total [95% CI]

Heterogeneity: I2 = 0%

Heterogeneity: I2 = 42%

Severe PPM

Milano 2002
Mohty 2009

Mohty 2009

Ruel 2004

Ruel 2004
Milano 2002

0.49 [0.25, 0.96]
0.88 [0.34, 2.29]
1.04 [0.36, 3.00]
1.31 [0.21, 8.27]
1.45 [0.11, 20.11]
1.63 [1.02, 2.61]
1.99 [0.91, 4.37]
2.66 [0.81, 8.81]
5.87 [2.53, 13.64]
1.51 [0.88, 2.60]

1.27 [0.30, 5.31]

1.00 [0.11, 8.98]
7.54 [3.51, 16.19]
9.58 [3.74, 24.55]

6.46 [2.79, 14.97]

1.32 [1.01, 1.74]
1.28 [0.45, 3.70]

1.32 [1.02, 1.71]

FIGURE 28-22 Pooled estimate for cardiac-related mortality: ratios demonstrate the additional hazard with prosthesis-patient mismatch in rela-
tion to a no prosthesis-patient mismatch reference group. (Reproduced with permission from Head SJ, Mokhles MM, Osnabrugge RL, et al: The 
impact of prosthesis-patient mismatch on long-term survival after aortic valve replacement: a systematic review and meta-analysis of 34 observa-
tional studies comprising 27 186 patients with 133 141 patient-years, Eur Heart J 2012 Jun;33(12):1518-29.)
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 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 687

highly active patients or those with LV dysfunction, either 
root enlargement or stentless prostheses may provide better 
functional outcome with lower transvalvular gradients. In the 
rare circumstance of anticipated extreme mismatch (ie, iEOA 
< 0.6 cm2/m2) root enlargement is an acceptable approach in 
the hands of an experienced surgeon. Except in these circum-
stances, given the paucity of long-term data to support more 
complex procedures and well-documented increased risk, 
routine AVR with modern standard prostheses is acceptable 
and preferable.

PROSTHESIS SELECTION
An ideal aortic prosthesis would be simple to implant, widely 
available, possess long-term durability, would have no intrin-
sic thrombogenicity, would not have a predilection for endo-
carditis, and would have no residual transvalvular pressure 
gradient. Such a valve does not currently exist. Currently 
available options include mechanical valves, stented bio-
logic heterograft valves, stentless biologic heterograft valves, 
allograft valves, and pulmonary autograft valves. Among 
these options pulmonary autograft and allograft valves 
are the most physiologic prostheses. They are less prone to 
thrombosis or endocarditis and have excellent hemodynamic 
characteristics.126,127 They are most beneficial in children and 
younger adults. Allograft valves may also improve the results 
of AVR in active endocarditis.128 Despite their potential ben-
efits, these prostheses can be very technically demanding to 
implant. A further discussion of these valves is presented in 
subsequent chapters. The remainder of this discussion will 
focus on issues regarding selection of mechanical or biopros-
thetic valves.

Mechanical versus Biologic Valves
When selecting between mechanical and biologic heart 
valves, the surgeon and patient together must balance the 
risks of SVD with bioprosthestic valves versus need for anti-
coagulation with mechanical valves. The 2014 AHA/ACC 
Guidelines emphasizes the importance of patient preference 
regarding the choice of valve prosthesis.29

AGE CONSIDERATIONS
Generally, patients over 70 years of age at the time of surgery 
should receive a biologic valve and patients under the age of 
60 years should have a mechanical prosthesis to minimize the 
risk of structural failure requiring repeat AVR as an octoge-
narian. Patients between 60 and 70 represent the group in 
whom there is still debate regarding prosthesis selection. Those 
patients who have comorbidities such as severe CAD may be 
less likely to outlive their prosthesis and should receive a bio-
logic valve. Having said that, there is a steady shift to greater 
use of bioprostheses for patients in all age cohorts, especially 
given the burden of anticoagulation and the potential for sub-
sequent transcatheter valve-in-valve implantation. The STS 
ACSD reported a 20% absolute increase in the proportion 
of patients selecting bioprostheses over mechanical valves 

for all patient age cohorts.129 There was also an increase in the 
proportion of patients undergoing bioprosthetic AVR from 
72.6% between 2002 and 2006 to 83.8% between 2007 and 
2010 (p < .0001).63 Chiang et al130 studied 2002 propensity-
matched young patient (50 to 69 years) with bioprosthetic 
versus mechanical AVR in New York State (1997 to 2004). As 
expected, they report greater 15-year reoperation rate (12.1 vs 
6.9%) and lower bleeding events (6.6 vs 13.0%) bioprosthesis 
valves but there were no difference in 15-year actuarial survival 
(60.6 vs 62.1%) nor stroke events (7.7 vs 8.6%). This suggests 
that bioprosthetic valves offer noninferior survival without the 
burden of anticoagulation even for patients younger than 60 
years old. As mentioned earlier, two randomized comparisons 
of mechanical and bioprosthetic aortic valves performed in 
the 1970s and one in the recent era demonstrated equivalent 
survival between valve types at 10 to 20 years of follow-up.54-56 
However, long-term event-free survival beyond 15 years was 
superior in the mechanical valve groups as the risks of reop-
eration and structural failures of bioprostheses became more 
common. A detailed and comprehensive discussion of these 
risks and benefits of prosthesis selection should occur with 
all patients and their families prior to entering the operating 
room.

SPECIAL PATIENT GROUPS
Patients with an absolute requirement for long-term anti-
coagulation such as permanent atrial fibrillation, previ-
ous thromboembolic events, hypercoagulable state, severe 
LVD, another mechanical heart valve in place, or intracar-
diac thrombus, should receive a mechanical valve regardless 
of age. Further considerations which may impact future 
patient decisions include testing for genetic variants of 
the CYP2C9 and VKORC1 genes which influence warfa-
rin response and the use of devices to facilitate home INR 
monitoring.

Patients with a relative or absolute contraindication to 
anticoagulation, such as women of child-bearing age wish-
ing to become pregnant, patients with bleeding disorders, 
those who refuse or those unreliable to take oral antico-
agulation should receive a bioprosthesis. However, young 
patients do have a higher incidence of early SVD and need 
to be thoroughly counselled as such.131 Furthermore, higher 
incidence of accelerated SVD (47 vs 14%, p < .05) and 
lower freedom from reoperation (20 vs 64%, p < .05) were 
reported in young women during pregnancy when com-
pared to their nonpregnant counterparts.132 Alternatively, 
implantation of mechanical prostheses in such women 
combined with anticoagulation using subcutaneous low-
molecular weight heparin injections during the pregnancy is 
a possibility. The current 2014 ACC/AHA Guidelines sug-
gest that for patients taking ≤5 mg warfarin/day to continue 
until delivery (Class IIa, Level of Evidence B) then switch 
to unfractionated heparin (UFH; Class I, Level of Evidence 
C). Those patients taking >5 mg warfarin/day are advised to 
switch to UFH or low molecular weight heparin during the 
first trimester (Class IIa, Level of Evidence B) and just prior 
to delivery (Class I, Level of Evidence C).29
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Aortic valve prosthesis selection for patients with end-stage 
renal failure requiring dialysis is complicated by rapid SVD in 
bioprosthetic valves and dialysis-related bleeding due to anti-
coagulation necessary for mechanical prostheses. A systematic 
review of the literature report an acceptable operative mor-
tality, no difference in survival between bioprosthetic versus 
mechanical valves (HR = 1.3; 95% CI: 1.0 to 1.9, p = .09) but 
lower valve-related complications (OR: 0.4; 95% CI: 0.2 to 
0.7, p = .002), including bleeding and thromboembolism.133 
The 2014 ACC/AHA Guidelines do not offer recommenda-
tions for valve selection in this patient subset and ultimately, 
the decision should be individualized balancing the risks of 
valve-related complications as well as the anticipated survival 
of the patient.

Stented versus Stentless Biologic Valves
Stentless porcine valves gained popularity in cardiac surgery 
due to pioneering work by Dr. Tirone David at the Toronto 
General Hospital in 1988.134 Stentless valves lack obstruc-
tive stents and strut posts, thus have residual gradients that 
are similar to those of freehand allografts. However, their use 
involves a more complex operation as they are more difficult 
to implant and require a longer cross-clamp time. Walther 
and colleagues135 performed a randomized trial comparing the 
ability of stented porcine and stentless porcine valves to cause 
regression of LVH. They showed that patients in the stentless 
valve group received larger valves for a given annular size and 
had a slightly higher degree of LVM regression. Borger et al136 
showed modestly lower mean gradients in stentless prostheses 
versus stented prostheses (9 vs 15 mm Hg) and LVMI (100 
vs 107 g/m2) but no difference in survival. Cheng et al137 
performed a meta-analysis of 17 randomized trials and 14 
nonrandomized studies comparing stented to stentless aor-
tic valves. They showed no difference in 2–10 year mortality 
(OR: 0.82, 95% CI: 0.50 to 1.33), PPM (OR: 0.30, 95% 
CI: 0.05 to 1.66), but stentless valves were associated with 
greater EOA index and lower mean gradients.

Little evidence exists regarding any incremental benefit of 
hemodynamic improvements afforded by stentless valves in 
LVM regression or clinical outcomes. Thus, the routine use 
of stentless bioprostheses cannot be recommended for most 
patients with small aortic roots based on currently available 
data. At this time, stentless porcine valves are most useful in 
younger active patients with small aortic roots who are likely 
to be limited by the elevated residual gradient a small stented 
bioprosthesis may create.

PERCUTANEOUS VALVULAR 
INTERVENTIONS
Percutaneous Aortic Balloon Valvotomy
As an alternative to surgical management for AS, percutaneous 
balaortic valvotomy may be performed.138 Inflation of the bal-
loon within the valve orifice can stretch the annular tissue and 
fracture calcified areas or open fused commissures. There is no 

role for valvotomy in the patient with significant AR, as this 
will become significantly worse after the procedure.139,140 Bal-
loon valvotomy is rarely successful if significant calcification 
is present and carries a prohibitive risk of stroke from calcific 
emboli.141 The long-term outcomes of this procedure in adult 
patients are dismal, with restenosis usually occurring within 
1 year. Prior to the TAVI era, patients with severe symptom-
atic AS who were too hemodynamically unstable to tolerate an 
operation or have comorbid illnesses, such as advanced malig-
nancy, which contraindicate an operation, may have benefited 
from palliative balloon valvotomy.142,143 Currently, this proce-
dure may be considered to temporize a critically ill patient 
with AS until definitive surgery or TAVR can be performed 
(AHA/ACC Guidelines, Class IIb, Level of Evidence C).29

Transcatheter Aortic Valve 
Replacement (TAVR)
Surgical AVR is the gold standard treatment for aortic valve 
stenosis but up to one-third of patients are not candidates 
due to advanced age, heart failure, or other specific anatomic 
factors.144 Since the first clinical description in 2002, TAVR 
offers an alternative to surgical AVR in select patients.145 
Currently, two commonly used valve systems are the SAPIEN 
3 (Edwards Life Sciences) and the CoreValve Evolut R 
(Medtronic), although various other valves exist in differ-
ent stages of development and evaluation (Fig. 28-23). Each 
valve system includes (1) the valve prosthesis, (2) the stent 
or frame, (3) the loading system and (4) the delivery system. 
The Edwards Lifesciences SAPIEN 3 (Edwards Lifesciences) 
is based on the perimount design with a bovine pericardial 
valve on a balloon-expandable stent. Whereas the CoreValve 
Evolut R (Medtronic) and Portico (St. Jude Medical) are por-
cine pericardial valves on self-expanding nitonol frames.

The approach is accomplished via a retrograde transarte-
rial or transapical manner. The retrograde femoral approach 
involves femoral artery access, retrograde cannulation of the 
aortic valve, balloon dilatation, and device delivery. Alterna-
tively transapical transcatheter valve delivery involves creating 
a small thoracotomy, direct cannulation of the left ventricu-
lar apex, and passing of a wire and stent-mounted valve under 
fluoroscopic and echocardiographic guidance. Both techniques 
require rapid ventricular pacing to ensure there is no cardiac 
output during device deployment. Other reported access 
routes include direct aortic via hemisternotomy or sternotomy, 
as well as retrograde via axillary, subclavian, or carotid arteries.

The PARTNER Trials have demonstrated symptom 
relief and survival benefit with TAVR for high-risk and pro-
hibitive risk, nonoperative patients.146-149 In PARTNER B, 
TAVI was associated with lower death or mortality at 1 year  
(43 vs 72%) and lower death at 2 years (43 vs 68%) compared 
with medical management in 358 nonoperative patients with 
severe symptomatic AS.146-147 In PARTNER A, 699 patients 
with high-risk (operative mortality > 15% and STS PROM 
>10%) severe symptomatic AS were randomized to TAVR 
or surgical AVR. Both 1-year (24 vs 27%, NS) and 2-year 
mortality (34 vs 35%, NS) were not different between TAVR 
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and surgery.148-149 In both studies TAVR was associated with 
higher stroke and vascular complications. Decision mak-
ing between TAVR and surgery has emphasized the impor-
tance of a multidisciplinary Heart Team in the evaluation of 
higher risk patients (ACC/AHA Guidelines, Class I, Level of 
Evidence C). The composition of the Heart Team will vary 
between centers but should include specialists from cardiac 
imaging, interventional cardiology, cardiac anesthesia, and 
cardiac surgery. Based on the results of PARTNER Cohort 
B, TAVR should be considered for inoperable patients with 
AS and a life expectancy of >1 year (ACC/AHA Guidelines, 
Class I, Level of Evidence B). Based on the results of PART-
NER Cohort A, TAVR is reasonable for high-risk operable 
patients with AS (ACC/AHA Guidelines, Class IIa, Level of 
Evidence B).148,149 High-risk patients are defined as those with 
STS PROM > 8%, ≥2 frailty indices, compromise in 2 organ 
systems or possible presence of a procedure-specific impedi-
ment. Importantly, TAVR should not be offered to patients 
with severe comorbidities limiting life despite relief of AS 
(Class III, Level of Evidence B). This is a result of the lack of 
benefit from TAVR in the PARTNER Cohort B study subset 
with STS score > 15%.147

A nonrandomized trial of CoreValve Evolut R (Medtronic) 
showed comparable safety (8.4% 30-day all-cause mortality) 
and efficacy (99.4% implantation) with SAPIEN (Edwards 
Life Sciences).150 Then the CHOICE Study randomized 
high-risk patients to either SAPIEN XT (Edwards Life Sci-
ences) versus CoreValve (Medtronic) and report no differ-
ence in 30-day cardiovascular mortality (RR: 0.97; 95% CI: 
0.29 to 3.25; p = .99) and lower residual aortic insufficiency 
(4.1 vs 18.3%; RR: 0.23; 95% CI: 0.09 to 0.58; p < .001) 
but higher heart block requiring permanent pacemaker with 

the CoreValve (Medtronic, 37.6 vs 17.3%, p = .001).151 
The incidences of TAVR mortality and complications are 
consistent with that published by the large European reg-
istries France 2 and German Transcatheter Aortic Valve 
Interventions-Registry.152,153

Given the success of the PARTNER trials in high and 
prohibitive surgical risk patients and retrospective studies 
of TAVR in low and moderate risk patients, the PARTNER 
II (http://clinicaltrials.gov/ct2/show/NCT01314313) and 
SURTAVI (http://clinicaltrials.gov/show/NCT01586910) 
RCTs are testing the outcome of broadening the application 
of TAVR into intermediate risk patients with severe AS.154

REFERENCES
 1. Selzer A: Changing aspects of the natural history of valvular aortic 

stenosis. N Engl J Med 1987; 317:91.
 2. Nkomo VT, Gardin JM, Skelton TN, et al: Burden of valvular heart 

diseases: a population-based study. Lancet 2006; 368:1005.
 3. Rahimtoola SH: Valvular heart disease: a perspective. J Am Coll Cardiol 

1983; 1:199.
 4. Minners J, Allgeier M, Gohlke-Baerwolf C, et al: Inconsistencies of echo-

cardiographic criteria for the grading of aortic valve stenosis. Eur Heart J 
2008; 29:1043-1048.

 5. Braunwald E: Valvular heart disease, in Braunwald E (ed): Braunwald: 
Heart Disease: A Textbook of Cardiovascular Medicine, 6th ed. New York, 
WB Saunders, 2001; p 1643.

 6. Hess OM, Ritter M, Schneider J, et al: Diastolic stiffness and myocar-
dial structure in aortic valve disease before and after valve replacement. 
Circulation 1984; 69:855.

 7. Horstkotte D, Loogen F: The natural history of aortic valve stenosis. 
Eur Heart J 1988; 9(Suppl E):57.

 8. Lund O, Nielsen TT, Emmertsen K, et al: Mortality and worsening of 
prognostic profile during waiting time for valve replacement in aortic 
stenosis. Thorac Cardiovasc Surg 1996; 44:289.

 9. Schwarz F, Baumann P, Manthey J, et al: The effect of aortic valve 
replacement on survival. Circulation 1982; 66:1105.

FIGURE 28-23 SCoreValve Evolut R (©Medtronic 2016) and SAPIEN 3 (Used with permission from Edwards Lifesciences LLC, Irvine, CA. 
Edwards, Edwards Lifesciences, Edwards SAPIEN, SAPIEN, SAPIEN XT and SAPIEN 3 are trademarks of Edwards Lifesciences Corporation).

Cohn_ch28_p0665-0694.indd   689 12/04/17   4:08 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



690 Part IV Aortic Valve Disease

 10. Brennan JM, Edwards FH, Zhao Y, et al: Developing Evidence to Inform 
Decisions About Effectiveness-Aortic Valve Replacement (DEcIDE 
AVR) Research Team. Long-term survival after aortic valve replacement 
among high-risk elderly patients in the United States: insights from the 
Society of Thoracic Surgeons Adult Cardiac Surgery Database, 1991 to 
2007. Circulation 2012; 126:1621.

 11. Otto CM, Burwash IG, Legget ME, et al: Prospective study of asymp-
tomatic valvular aortic stenosis. Clinical, echocardiographic, and exercise 
predictors of outcome. Circulation 1997; 95:2262.

 12. Rosenhek R, Binder T, Porenta G, et al: Predictors of outcome in severe, 
asymptomatic aortic stenosis. N Engl J Med 2000; 343:611.

 13. Rosenhek R, Zilberszac R, Schemper M, et al: Natural history of very 
severe aortic stenosis. Circulation 2010; 121:151-156.

 14. Brown ML, Pellikka PA, Schaff HV, et al: The benefits of early valve 
replacement in asymptomatic patients with severe aortic stenosis. 
J Thorac Cardiovasc Surg 2008; 135:308.

 15. Kang DH, Park SJ, Rim JH, et al: Early surgery versus conventional 
treatment in asymptomatic very severe aortic stenosis. Circulation 2010; 
121:1502-1509.

 16. Beach JM, Mihaljevic T, Rajeswaran J, et al: Ventricular hypertrophy 
and left atrial dilatation persist and are associated with reduced survival 
after valve replacement for aortic stenosis. J Thorac Cardiovasc Surg 
2014;147:362-369.e8.

 17. Gerber IL, Stewart RA, Legget ME, et al: Increased plasma natriuretic 
peptide levels reflect symptom onset in aortic stenosis. Circulation 2003; 
107:1884-1890.

 18. Monin JL, Lancellotti P, Monchi M, et al: Risk score for predicting out-
come in patients with asymptomatic aortic stenosis. Circulation 2009; 
120:69-75.

 19. Nessmith MG, Fukuta H, Brucks S, et al: Usefulness of an elevated 
B-type natriuretic peptide in predicting survival in patients with aortic 
stenosis treated without surgery. Am J Cardiol 2005; 96:1445-1448.

 20. Clavel MA, Dumesnil JG, Capoulade R, et al: Outcome of patients with 
aortic stenosis, small valve area, and low-flow, low-gradient despite pre-
served left ventricular ejection fraction. J Am Coll Cardiol 2012; 60:1259.

 21. Eleid MF, Sorajja P, Michelena HI, et al: Flow-gradientpatterns in severe 
aortic stenosis with preserve dejection fraction: clinical characteristics 
and predictors of survival. Circulation 2013; 128:1781-1789.

 22. Tribouilloy C, Lévy F, Rusinaru D, et al. Outcome after aortic valve 
replacement for low-flow/low-gradient aortic stenosis without contrac-
tile reserve on dobutamine stress echocardiography. J Am Coll Cardiol. 
2009;53:1865-1873.

 23. Nadir MA, Wei L, Elder DH, et al: Impact of renin-angiotensin system 
blockade therapy on outcome in aortic stenosis. J Am Coll Cardiol 2011; 
58:570-576.

 24. Chockalingam A, Venkatesan S, Subramaniam T, et al: Safety and effi-
cacy of angiotensin-converting enzyme inhibitors in symptomatic severe 
aortic stenosis: Symptomatic Cardiac Obstruction-Pilot Study of Enala-
pril in Aortic Stenosis (SCOPE-AS). Am Heart J 2004; 147:E19.

 25. Rossebo AB, Pedersen TR, Boman K, et al: Intensive lipid lowering 
with simvastatin and ezetimibe in aortic stenosis. N Engl J Med 2008; 
359:1343-1356.

 26. Cowell SJ, Newby DE, Prescott RJ, et al: A randomized trial of intensive 
lipid-lowering therapy in calcific aortic stenosis. N Engl J Med 2005; 
352:2389-2397.

 27. Chan KL, Teo K, Dumesnil JG, et al: Effect of lipid lowering with rosu-
vastatin on progression of aortic stenosis: results of the aortic stenosis 
progression observation: measuring effects of rosuvastatin (ASTRONO-
MER) trial. Circulation 2010; 121:306-314.

 28. Yanagawa B, Lovren F, Pan Y, et al: miRNA-141 is a novel regulator of 
BMP-2-mediated calcification in aortic stenosis. J Thorac Cardiovasc Surg 
2012; 144:256-262.

 29. Nishimura RA, Otto CM, Bonow RO, et al: 2014AHA/ACC Guideline 
for the Management of Patients with Valvular Heart Disease: a report of 
the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. Circulation 2014; 129:e521-643.

 30. American College of Cardiology/American Heart Association: ACC/
AHA Guidelines for the Management of Patients with Valvular Heart 
Disease. A report of the American College of Cardiology/American 
Heart Association. Task Force on Practice Guidelines (Committee on 
Management of Patients with Valvular Heart Disease). J Am Coll Cardiol 
1998; 32:1486.

 31. Bonow RO, Carabello BA, Chatterjee K, et al: ACC/AHA 2006 Guide-
lines for the Management of Patients With Valvular Heart Disease: a 
report of the American College of Cardiology/American Heart Associa-
tion Task Force on Practice Guidelines (Writing Committee to Revise 
the 1998 Guidelines for the Management of Patients with Valvular Heart 
Disease) developed in collaboration with the Society of Cardiovascular 
Anesthesiologists endorsed by the Society for Cardiovascular Angiogra-
phy and Interventions and the Society of Thoracic Surgeons. J Am Coll 
Cardiol 2006; 48:e1.

 32. Downes TR, Nomeir AM, Hackshaw BT, et al: Diastolic mitral regurgi-
tation in acute but not chronic aortic regurgitation: implications regard-
ing the mechanism of mitral closure. Am Heart J 1989; 117:1106.

 33. Grossman W, Jones D, McLaurin LP: Wall stress and patterns of hyper-
trophy in the human left ventricle. J Clin Invest 1975; 56:56.

 34. Starling MR, Kirsh MM, Montgomery DG, et al: Mechanisms for left 
ventricular systolic dysfunction in aortic regurgitation: importance for 
predicting the functional response to aortic valve replacement. J Am Coll 
Cardiol 1991; 17:887.

 35. Bonow RO: Asymptomatic aortic regurgitation: indications for opera-
tion. J Card Surg 1994; 9(2 Suppl):170.

 36. Bonow RO, Rosing DR, McIntosh CL, et al: The natural history 
of asymptomatic patients with aortic regurgitation and normal left 
ventricular function. Circulation 1983; 68:509.

 37. Bonow RO, Lakatos E, Maron BJ, Epstein SE: Serial long-term assess-
ment of the natural history of asymptomatic patients with chronic aortic 
regurgitation and normal left ventricular systolic function. Circulation 
1991; 84:1625.

 38. Tornos MP, Olona M, Permanyer-Miralda G, et al: Clinical outcome of 
severe asymptomatic chronic aortic regurgitation: a long-term prospec-
tive follow-up study. Am Heart J 1995; 130:333.

 39. Rapaport E: Natural history of aortic and mitral valve disease. Am J Cardiol 
1975; 35:221.

 40. Bonow RO, Nikas D, Elefteriades JA: Valve replacement for regurgitant 
lesions of the aortic or mitral valve in advanced left ventricular dysfunc-
tion. Cardiol Clin 1995; 13:73-85.

 41. Kvidal P, Bergström R, Hörte LG, et al: Observed and relative survival 
after aortic valve replacement. J Am Coll Cardiol 2000; 35:747-756.

 42. Borger MA, David TE: Management of the valve and ascending aorta in 
adults with bicuspid aortic valve disease. Semin Thorac Cardiovasc Surg 
2005; 17:143.

 43. Nicks R, Cartmill T, Bernstein L: Hypoplasia of the aortic root. The 
problem of aortic valve replacement. Thorax 1970; 25:339.

 44. Manouguian S, Seybold-Epting W: Patch enlargement of the aortic valve 
ring by extending the aortic incision into the anterior mitral leaflet. New 
operative technique. J Thorac Cardiovasc Surg 1979; 78:402.

 45. Konno S, Imai Y, Iida Y, et al: A new method for prosthetic valve replace-
ment in congenital aortic stenosis associated with hypoplasia of the aortic 
valve ring. J Thorac Cardiovasc Surg 1975; 70:909.

 46. David TE: Surgical management of aortic root abscess. J Card Surg 1997; 
12(2 Suppl):262.

 47. Borger MA, Rao V, Weisel RD, et al: Reoperative coronary bypass 
surgery: effect of patent grafts and retrograde cardioplegia. J Thorac 
Cardiovasc Surg 2001; 121:83.

 48. Gillinov AM, Lytle BW, Hoang V, et al: The atherosclerotic aorta at aortic 
valve replacement: surgical strategies and results. J Thorac Cardiovasc Surg 
2000; 120:957.

 49. Rodés-Cabau J, Webb JG, Cheung A, et al: Transcatheter aortic valve 
implantation for the treatment of severe symptomatic aortic stenosis 
in patients at very high or prohibitive surgical risk: acute and late out-
comes of the multicenter Canadian experience. J Am Coll Cardiol 2010; 
55:1080.

 50. Hilbert SL, Ferrans VJ: Porcine aortic valve bioprostheses: morphologic 
and functional considerations. J Long Term Eff Med Implants 1992; 2:99.

 51. Flomenbaum MA, Schoen FJ: Effects of fixation back pressure and anti-
mineralization treatment on the morphology of porcine aortic biopros-
thetic valves. J Thorac Cardiovasc Surg 1993; 105:154.

 52. Chan V, Kulik A, Tran A, et al: Long-term clinical and hemodynamic 
performance of the Hancock II versus the Perimount aortic bioprosthe-
ses. Circulation 2010; 122:S10.

 53. Rizzoli G, Mirone S, Ius P, et al: Fifteen-year results with the Han-
cock II valve: a multicenter experience. J Thorac Cardiovasc Surg 2006; 
132:602.

Cohn_ch28_p0665-0694.indd   690 12/04/17   4:08 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 691

 54. Jamieson WR, Germann E, Aupart MR, et al: 15-year comparison of 
supra-annular porcine and PERIMOUNT aortic bioprostheses. Asian 
Cardiovasc Thorac Ann 2006; 14:200.

 55. Une D, Ruel M, David TE. Twenty-year durability of the aortic Han-
cock II bioprosthesis in young patients: is it durable enough? Eur J Cardio-
thorac Surg 2014; 48:825-830.

 56. Valfre C, Ius P, Minniti G, et al: The fate of Hancock II porcine 
valve recipients 25 years after implant. Eur J Cardiothorac Surg 2010; 
38:141-146.

 57. Thalji NM, Suri RM, Michelena HI, et al: Do differences in early hemo-
dynamic performance of current generation biologic aortic valves predict 
outcomes 1 year following surgery? J Thorac Cardiovasc Surg 2015; 
149:163-173.e2.

 58. Wendt D, Thielmann M, Plicht B, et al: The new St Jude Trifecta ver-
sus Carpentier-Edwards Perimount Magna and Magna Ease aortic bio-
prosthesis: is there a hemodynamic superiority? J Thorac Cardiovasc Surg 
2014; 147:1553.

 59. Conte J, Weissman N, Dearani JA, et al: A North American, prospective, 
multicenter assessment of the Mitroflow aortic pericardial prosthesis. 
Ann Thorac Surg 2010; 90:144.

 60. Dumesnil JG, Pibarot P: The problem of severe valve prosthesis-patient 
mismatch in aortic bioprostheses: near extinction? J Am Soc Echocardiogr 
2014; 27:598-600.

 61. Edwards FH, Peterson ED, Coombs LP, et al: Prediction of opera-
tive mortality after valve replacement surgery. J Am Coll Cardiol 2001; 
37:885.

 62. O’Brien SM, Shahian DM, Filardo G, et al: The Society of Thoracic Sur-
geons 2008 cardiac surgery risk models: part 2—isolated valve surgery. 
Ann Thorac Surg 2009; 88:S23.

 63. Thourani VH, Suri RM, Gunter RL, et al: Contemporary real-world 
outcomes of surgical aortic valve replacement in 141,905 low-risk, inter-
mediate-risk, and high-risk patients. Ann Thorac Surg 2015; 99:55-61.

 64. Bloomfield P, Weathley J, Prescott RJ, Miller HC: Twelve-year com-
parison of a Bjork-Shiley mechanical valve with porcine bioprostheses. 
N Engl J Med 1991; 324:573.

 65. Oxenham H, Bloomfield P, Wheatley DJ, et al: Twenty years compari-
son of a Bjork-Shiley mechanical heart valve with porcine bioprostheses. 
Heart 2003; 89:715.

 66. Hammermeister K, Sethi GK, Henderson WG, et al: Outcomes 15 years 
after valve replacement with a mechanical versus a bioprosthetic valve: 
final report of the Veterans Affairs randomized trial. J Am Coll Cardiol 
2000; 36:1152.

 67. Stassano P, Di Tommaso L, Monaco M, et al: Aortic valve replacement: a 
prospective randomized evaluation of mechanical versus biological valves 
in patients ages 55 to 70 years. J Am Coll Cardiol 2009; 54:1862.

 68. Akins CW, Miller DC, Turina MI, et al: Councils of the American Asso-
ciation for Thoracic Surgery; Society of Thoracic Surgeons; European 
Association for Cardio-Thoracic Surgery; Ad Hoc Liaison Committee for 
Standardizing Definitions of Prosthetic Heart Valve Morbidity. Guide-
lines for reporting mortality and morbidity after cardiac valve interven-
tions. J Thorac Cardiovasc Surg 2008; 135:732.

 69. David TE, Armstrong S, Sun Z: The Hancock II bioprosthesis at 12 years. 
Ann Thorac Surg 1998; 66(6 Suppl):S95.

 70. Dellgren G, David TE, Raanani E, et al: Late hemodynamic and clinical 
outcomes of aortic valve replacement with the Carpentier-Edwards Peri-
mount pericardial bioprosthesis. J Thorac Cardiovasc Surg 2002; 124:146.

 71. Poirer NC, Pelletier LC, Pellerin M, Carrier M: 15-Year experience with 
the Carpentier-Edwards pericardial bioprosthesis. Ann Thorac Surg 1998; 
66:S57.

 72. Corbineau H, De La TB, Verhoye JP, et al: Carpentier-Edwards supra-
annular porcine bioprosthesis in aortic position: 16-year experience. 
Ann Thorac Surg 2001; 71:S228.

 73. Mykén PS, Bech-Hansen O: A 20-year experience of 1712 patients with 
the Biocor porcine bioprosthesis. J Thorac Cardiovasc Surg 2009; 137:76.

 74. Sjögren J, Gudbjartsson T, Thulin LI: Long-term outcome of the 
MitroFlow pericardial bioprosthesis in the elderly after aortic valve 
replacement. J Heart Valve Dis 2006; 15:197.

 75. Johnston DR, Soltesz EG, Vakil N, et al: Long-term durability of bio-
prosthetic aortic valves: implications from 12,569 implants. Ann Thorac 
Surg 2015 [Epub ahead of print].

 76. McClure RS, Narayanasamy N, Wiegerinck E, et al: Late outcomes 
for aortic valve replacement with the Carpentier-Edwards pericardial 

bioprosthesis: up to 17-year follow-up in 1,000 patients. Ann Thorac Surg 
2010; 89:1410-1416.

 77. Forcillo J, Pellerin M, Perrault LP, et al: Carpentier-Edwards pericardial 
valve in the aortic position: 25-years experience. Ann Thorac Surg 2013; 
96:486-493.

 78. Biglioli P, Spampinato N, Cannata A, et al: Long-term outcomes of the 
Carpentier-Edwards pericardial valve prosthesis in the aortic position: 
effect of patient age. J Heart Valve Dis 2004; 13:S49.

 79. Grunkemeier GL, Wu Y: Actual versus actuarial event-free percentages. 
Ann Thorac Surg 2001; 72:677.

 80. Forcillo J, El Hamamsy I, Stevens LM et al: The perimount valve in the 
aortic position: twenty-year experience with patients under 60 years old. 
Ann Thorac Surg 2014; 97:1526-1532.

 81. Vongpatanasin W, Hillis LD, Lange RA: Prosthetic heart valves. N Engl 
J Med 1996; 335:407.

 82. Jamieson WR, Burr LH, Miyagishima RT, et al: Carpentier-Edwards 
supra-annular aortic porcine bioprosthesis: clinical performance over 
20 years. J Thorac Cardiovasc Surg 2005; 130:994-1000.

 83. O’Brien MF, Stafford EG, Gardner MA, et al: Allograft aortic 
valve replacement: long-term follow-up. Ann Thorac Surg 1995; 
60(2 Suppl):S65.

 84. Bodnar E, Wain WH, Martelli V, Ross DN: Long term performance of 
580 homograft and autograft valves used for aortic valve replacement. 
Thorac Cardiovasc Surg 1979; 27:31.

 85. Gross C, Harringer W, Beran H, et al: Aortic valve replacement: is the 
stentless xenograft an alternative to the homograft? Midterm results. 
Ann Thorac Surg 1999; 68:919.

 86. Heras M, Chesebro JH, Fuster V, et al: High risk of thromboemboli early 
after bioprosthetic cardiac valve replacement. J Am Coll Cardiol 1995; 
25:1111.

 87. Brennan JM, Edwards FH, Zhao Y, et al: Early anticoagulation of bio-
prosthetic aortic valves in older patients: results from the Society of 
Thoracic Surgeons Adult Cardiac Surgery National Database. J Am Coll 
Cardiol 2012; 60:971.

 88. Aramendi JI, Mestres CA, Matrinez-Leon J, et al: Triflusal versus oral 
anticoagulation for primary prevention of thromboembolism after 
bioprosthetic valve replacement (TRAC): prospective, randomized, 
co-operative trial. Eur J Cardiothorac Surg 2005; 27:854-860.

 89. Colli A, Mestres CA, Castella M, et al: Comparing warfarin to aspirin 
(woa) after aortic valve replacement with the St. Jude Medical EpicTM 
heart valve bioprosthesis: results of the woa epic pilot trial. J Heart Valve 
Dis 2007; 16:667-671.

 90. Connolly SJ, Ezekowitz MD, Yusuf S, et al: Dabigatran versus warfarin 
in patients with atrial fibrillation. N Engl J Med 2009; 361:1139-1151.

 91. Patel MR, Mahaffey KW, Garg J, et al: Rivaroxaban versus warfarin in 
nonvalvular atrial fibrillation. N Engl J Med 2011; 365:883-891.

 92. EINSTEIN Investigators, Bauersachs R, Berkowitz SD, et al: Oralrivar-
oxaban for symptomatic venous thromboembolism. N Engl J Med 2010; 
363:2499-2510.

 93. Eikelboom JW, Connolly SJ, Brueckmann M, et al: Dabigatran versus 
warfarin in patients with mechanical heart valves. N Engl J Med 2013; 
369:1206.

 94. Lengyel M, Vandor L: The role of thrombolysis in the management of 
left-sided prosthetic valve thrombosis: a study of 85 cases diagnosed by 
transesophageal echocardiography. J Heart Valve Dis 2001; 10:636.

 95. Calderwood SB, Swinski LA, Waternaux CM, et al: Risk factors for the 
development of prosthetic valve endocarditis. Circulation 1985; 72:31.

 96. Vongpatanasin W, Hillis LD, Lange RA: Prosthetic heart valves. N Engl 
J Med 1996; 335:407.

 97. Blackstone EH, Kirklin JW: Death and other time-related events after 
valve replacement. Circulation 1985; 72:753.

 98. Ivert TS, Dismukes WE, Cobbs CG, et al: Prosthetic valve endocarditis. 
Circulation 1984; 69:223.

 99. Levy D, Garrison RJ, Savage DD, et al: Prognostic implications of echo-
cardiographically determined left ventricular mass in the Framingham 
Heart Study. N Engl J Med 1990; 322:1561.

 100. Haider AW, Larson MG, Benjamin EJ, Levy D: Increased left ventricu-
lar mass and hypertrophy are associated with increased risk for sudden 
death. J Am Coll Cardiol 1998; 32:1454.

 101. Christakis GT, Joyner CD, Morgan CD, et al: Left ventricular mass 
regression early after aortic valve replacement. Ann Thorac Surg 1996; 
62:1084.

Cohn_ch28_p0665-0694.indd   691 12/04/17   4:08 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



692 Part IV Aortic Valve Disease

 102. Kuhl HP, Franke A, Puschmann D, et al: Regression of left ventricular 
mass one year after aortic valve replacement for pure severe aortic steno-
sis. Am J Cardiol 2002; 89:408.

 103. Kennedy JW, Doces J, Stewart DK: Left ventricular function before and 
following aortic valve replacement. Circulation 1977; 56:944.

 104. Rahimtoola SH: The problem of valve prosthesis-patient mismatch. 
Circulation 1978; 58:20.

 105. Ugur M, Suri RM, Daly RC, et al: Comparison of early hemodynamic 
performance of 3 aortic valve bioprostheses. J Thorac Cardiovasc Surg 
2014; 148:1940-1946.

 106. Garcia D, Dumesnil JG, Durand LG, et al: Discrepancies between cath-
eter and Doppler estimates of valve effective orifice area can be predicted 
from the pressure recovery phenomenon: practical implications with 
regard to quantification of aortic stenosis severity. J Am Coll Cardiol 
2003; 41:435.

 107. Yun KL, Jamieson WR, Khonsari S, et al: Prosthesis-patient mismatch: 
hemodynamic comparison of stented and stentless aortic valves. Semin 
Thorac Cardiovasc Surg 1999; 11(4 Suppl 1):98.

 108. Dumesnil JG, Pibarot P: Prosthesis-patient mismatch and clinical out-
comes: the evidence continues to accumulate. J Thorac Cardiovasc Surg 
2006; 131:952.

 109. Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for 
evaluation of prosthetic valves with echocardiography and Doppler 
ultrasound: a report From the American Society of Echocardiography’s 
Guidelines and Standards Committee and the Task Force on Prosthetic 
Valves. J Am Soc Echocardiogr 2009; 22:975-1014.

 110. Pibarot P, Dumesnil JG: Hemodynamic and clinical impact of prosthe-
sis-patient mismatch in the aortic valve position and its prevention. J Am 
Coll Cardiol 2000; 36:1131.

 111. Yadlapati A, Diep J, Barnes MJ, et al: Comprehensive hemodynamic 
comparison and frequency of patient prosthesis mismatch between the 
St. Jude Medical Trifecta and Epic bioprosthetic aortic valves. J Am Soc 
Echocardiogr 2014; 27:581-589.

 112. Moon MR, Lawton JS, Moazami N et al: POINT: Prosthesis-patient 
mismatch does not affect survival for patients greater than 70 years of age 
undergoing bioprosthetic aortic valve replacement. J Thorac Cardiovasc 
Surg 2009; 137:278.

 113. Feindel CM: Counterpoint: aortic valve replacement: size does matter. 
J Thorac Cardiovasc Surg 2009; 137:384.

 114. Rao V, Jamieson WR, Ivanov J, et al: Prosthesis-patient mismatch affects 
survival after aortic valve replacement. Circulation 2002; 102:III5.

 115. Ruel M, Al-Faleh H, Kulik A, et al: Prosthesis-patient mismatch after 
aortic valve replacement predominantly affects patients with preexisting 
left ventricular dysfunction: effect on survival, freedom from heart fail-
ure, and left ventricular mass regression. J Thorac Cardiovasc Surg 2006; 
131:1036.

 116. Moon MR, Pasque MK, Munfakh NA, et al: Prosthesis-patient mis-
match after aortic valve replacement: impact of age and body size on late 
survival. Ann Thorac Surg 2006; 81:481.

 117. Jamieson WR, Ye J, Higgins J, et al: Effect of prosthesis-patient mis-
match on long-term survival with aortic valve replacement: assessment 
to 15 years. Ann Thorac Surg 2010; 89:51.

 118. Head SJ, Mokhles MM, Osnabrugge RL, et al: The impact of prosthesis-
patient mismatch on long-term survival after aortic valve replacement: 
a systematic review and meta-analysis of 34 observational studies com-
prising 27 186 patients with 133 141 patient-years. Eur Heart J 2012; 
33:1518.

 119. Takagi H, Yamamoto H, Iwata K, et al: A meta-analysis of effects of pros-
thesis-patient mismatch after aortic valve replacement on late mortality. 
Int J Cardiol 2012; 159:150-154.

 120. Pibarot P, Dumesnil JG: Valve prosthesis-patient mismatch, 1978 to 
2011: from original concept to compelling evidence. J Am Coll Cardiol 
2012; 60:1136-1139.

 121. Flameng W, Herregods MC, Vercalsteren M, et al: Prosthesis-patient 
mismatch predicts structural valve degeneration in bioprosthetic heart 
valves. Circulation 2010; 121:2123-2129.

 122. De Paulis R, Sommariva L, Colagrande L, et al: Regression of left 
ventricular hypertrophy after aortic valve replacement for aortic ste-
nosis with different valve substitutes. J Thorac Cardiovasc Surg 1998; 
116:590.

 123. Kratz JM, Sade RM, Crawford FA, Jr., et al: The risk of small St. Jude 
aortic valve prostheses. Ann Thorac Surg 1994; 57:1114.

124. Khan SS, Siegel RJ, DeRobertis MA, et al. Regression of hypertrophy 
after Carpentier-Edwards pericardial aortic valve replacement. Ann Thorac 
Surg. 2000;69:531-535.

 125. Pibarot P, Dumesnil JG: Effect of exercise on bioprosthetic valve hemo-
dynamics. Am J Cardiol 1999; 83:1593.

 126. Lund O, Chandrasekaran V, Grocott-Mason R, et al: Primary aortic 
valve replacement with allografts over twenty-five years: valve-related 
and procedure-related determinants of outcome. J Thorac Cardiovasc 
Surg 1999; 117:77.

 127. O’Brien MF, Stafford EG, Gardner MA, et al: Allograft aortic valve 
replacement: long-term follow-up. Ann Thorac Surg 1995; 60:S65.

 128. Lupinetti FM, Lemmer JH, Jr.: Comparison of allografts and prosthetic 
valves when used for emergency aortic valve replacement for active infec-
tive endocarditis. Am J Cardiol 1991; 68:637.

 129. Brennan JM, Edwards FH, Zhao Y, et al: Long-term safety and effec-
tiveness of mechanical versus biologic aortic valve prostheses in older 
patients: results from the Society of Thoracic Surgeons Adult Cardiac 
Surgery National Database. Circulation 2013; 127:1647.

 130. Chiang YP, Chikwe J, Moskowitz AJ, et al: Survival and long-term out-
comes following bioprosthetic vs mechanical aortic valve replacement in 
patients aged 50 to 69 years. JAMA 2014; 312:1323-1329.

 131. North RA, Sadler L, Stewart AW, et al: Long-term survival and valve-
related complications in young women with cardiac valve replacement. 
Circulation 1999; 99:2669.

 132. Badduke ER, Jamieson WR, Miyagishima RT, et al: Pregnancy and 
childbearing in a population with biologic valvular prostheses. J Thorac 
Cardiovasc Surg 1991; 102:179.

 133. Chan V, Chen L, Mesana L, et al: Heart valve prosthesis selection in 
patients with end-stage renal disease requiring dialysis: a systematic 
review and meta-analysis. Heart 2011; 97:2033.

 134. David TE, Ropchan GC, Butany JW: Aortic valve replacement with 
stentless porcine bioprostheses. J Card Surg 1988; 3:501.

 135. Walther T, Falk V, Langebartels G, et al: Prospectively randomized evalu-
ation of stentless versus conventional biological aortic valves: impact 
on early regression of left ventricular hypertrophy. Circulation 1999; 
100:II6.

 136. Borger MA, Carson SM, Ivanov J, et al: Stentless aortic valves are hemo-
dynamically superior to stented valves during mid-term follow-up: a 
large retrospective study. Ann Thorac Surg 2005; 80:2180.

 137. Cheng D, Pepper J, Martin J, et al: Stentless versus stented bioprosthetic 
aortic valves: a systematic review and meta-analysis of controlled trials. 
Innovations (Phila) 2009; 4:61.

 138. Safian RD, Berman AD, Diver DJ, et al: Balloon aortic valvuloplasty in 
170 consecutive patients. N Engl J Med 1988; 319:125.

 139. Kuntz RE, Tosteson AN, Berman AD, et al: Predictors of event-
free survival after balloon aortic valvuloplasty. N Engl J Med 1991; 
325:17.

 140. Percutaneous balloon aortic valvuloplasty. Acute and 30-day follow-up 
results in 674 patients from the NHLBI Balloon Valvuloplasty Registry. 
Circulation 1991; 84:2383.

 141. Bernard Y, Etievent J, Mourand JL, et al: Long-term results of percu-
taneous aortic valvuloplasty compared with aortic valve replacement in 
patients more than 75 years old. J Am Coll Cardiol 1992; 20:796.

 142. Smedira NG, Ports TA, Merrick SH, Rankin JS: Balloon aortic valvu-
loplasty as a bridge to aortic valve replacement in critically ill patients. 
Ann Thorac Surg 1993; 55:914.

 143. Cormier B, Vahanian A: Indications and outcome of valvuloplasty. 
Curr Opin Cardiol 1992; 7:222.

 144. Iung B, Cachier A, Baron G, et al: Decision-making in elderly patients 
with severe aortic stenosis: why are so many denied surgery? Eur Heart J 
2005; 26:2714.

 145. Cribier A, Eltchaninoff H, Bash A, et al: Percutaneous transcatheter 
implantation of an aortic valve prosthesis for calcific aortic stenosis: first 
human case description. Circulation 2002; 106:3006.

 146. Leon MB, Smith CR, Mack M, et al: Transcatheter aortic-valve implan-
tation for aortic stenosis in patients who cannot undergo surgery. N Engl 
J Med 2010; 363:1597.

 147. Makkar RR, Fontana GP, Jilaihawi H, et al: Transcatheter aortic-valve 
replacement for inoperable severe aortic stenosis. N Engl J Med 2012; 
366:1696.

 148. Smith CR, Leon MB, Mack MJ, et al: Transcatheter versus surgical aortic-
valve replacement in high-risk patients. N Engl J Med 2011; 364:2187.

Cohn_ch28_p0665-0694.indd   692 12/04/17   4:08 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 28 Stented Bioprosthetic Aortic Valve Replacement 693

 149. Kodali SK, Williams MR, Smith CR, et al: Two-year outcomes after 
transcatheter or surgical aortic-valve replacement. N Engl J Med 2012; 
366:1686.

 150. Popma JJ, Adams DH, Reardon MJ, et al: Transcatheter aortic valve 
replacement using a self-expanding bioprosthesis in patients With 
severe aortic stenosis at extreme risk for surgery. J Am Coll Cardiol 2014; 
63:1972.

 151. Abdel-Wahab M, Mehilli J, Frerker C, et al: Comparison of balloon-
expandable vs self-expandable valves in patients undergoing transcath-
eter aortic valve replacement: the CHOICE randomized clinical trial. 
JAMA 2014; 311:1503.

 152. Zahn R, Gerckens U, Grube E, et al: Transcatheter aortic valve implan-
tation: first results from a multi-centre real-world registry. Eur Heart J 
2011; 32:198.

 153. Van Belle E, Juthier F, Susen S, et al: Postprocedural aortic regurgita-
tion in balloon-expandable and self-expandable transcatheter aortic valve 
replacement procedures: analysis of predictors and impact on long-term 
mortality: insights from the FRANCE2 Registry. Circulation 2014; 
129:1415.

 154. Wenaweser P, Stortecky S, Schwander S, et al: Clinical outcomes of 
patients with estimated low or intermediate surgical risk undergoing 
transcatheter aortic valve implantation. Eur Heart J 2013; 34:1894.

Cohn_ch28_p0665-0694.indd   693 12/04/17   4:08 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



Cohn_ch28_p0665-0694.indd   694 12/04/17   4:08 pm

This page intentionally left blank 

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



695

Replacement of the aortic valve or the full aortic root can 
be performed using a variety of stentless valve devices. The 
three main options are a porcine aortic root-valve conduit 
(Medtronic Freestyle, Medtronic Inc., Minneapolis, MN), 
and the “human” valve options of the aortic homograft and 
the pulmonary autograft (Ross Procedure). Having reviewed 
the subject almost 30 years ago,1 it is interesting to note how 
some things have changed but much has remained the same. 
Table 29-1 summarizes advantages and disadvantages of cur-
rent replacement options.

HISTORICAL PERSPECTIVE
The first choice for aortic valve replacement (AVR) was the 
homograft aortic valve. Gordon Murray created an animal 
model to implant an aortic homograft valve in the descend-
ing aorta2 and was the first to apply the concept in the human 
demonstrating function for up to 4 years.3

Duran and Gunning at Oxford described a method for 
orthotopic (subcoronary) implantation of an aortic homo-
graft valve in 19624 and in 1962 both Donald Ross in Lon-
don,5 and Sir Brian Barratt-Boyes in Auckland,6 did this 
successfully in humans.

Initially, homograft aortic valves were implanted shortly 
after collection.7 This impractical method was rapidly sup-
planted by techniques to sterilize and preserve the valve for 
later use. Early methods employed beta-propiolactone6,8 or 
0.02% chlorhexidine,9 followed by ethylene oxide or radia-
tion exposure.10 Some were preserved by freeze-drying.6,10 
Recognizing that the incidence of valve rupture was high 
in chemically treated valves, Barratt-Boyes introduced anti-
biotic sterilization of homografts in 1968.11 Cryopreserva-
tion of allografts was introduced in 1975 by O’Brien and 
continues to be the predominant method.12,13 Experimental 
use of autologous valve transplantation began in 1961 when 
Lower and colleagues at Stanford transposed the autologous 
pulmonic valve to the mitral position in dogs14 and shortly 
thereafter to the aortic position.13 Donald Ross applied this 

to humans, reporting in 1967 clinical experience replacing 
either the aortic or the mitral valve with a pulmonary auto-
graft.14 Nearly 20 years later the autograft was finally done in 
America by Elkins and Stelzer.15 The operation came to be 
known as the Ross procedure. After an initial surge of inter-
est in the 1990s (over 240 surgeons worldwide reported their 
experience to the Ross Procedure International Registry16), its 
use diminished in the next decade.

The porcine aortic root (Medtronic Freestyle aortic root 
bioprosthesis (Medtronic Inc., Minneapolis, MN)) is read-
ily available preserved in glutaraldehyde (Fig. 29-1). Its “off 
the shelf ” availability in a wide range of sizes make it a more 
flexible option compared to the homograft which is lim-
ited in both number and size by the tissue donor pool and 
what is available in the tissue bank. The Freestyle porcine 
root employed third-generation tissue technology with zero-
pressure fixation and treatment with alpha amino oleic acid 
(AOA) which aims to decrease both leaflet and aortic wall cal-
cification. This device first began with clinical investigation in 
1992. It employed zero-pressure glutaraldehyde fixation and 
AOA treatment to enhance durability as a third-generation 
tissue valve. It was approved for clinical use in 1998. The con-
duit is a complete porcine aortic root with a 3-mm rim of 
polyester fabric along the proximal end providing additional 
strength for suturing.

HOMOGRAFTS
Cellular and Immunologic Aspects of 
Homografts
The normal living valve contains multiple viable cell types 
including endothelial cells, fibroblasts, and smooth muscle 
cells incorporated in a complex extracellular matrix. The 
cells and matrix elements are in a constant state of remodel-
ing under the influence of regulatory systems that optimize 
the structure and function of the valve mechanism. It is 
understandable, therefore, that efforts to preserve homograft 

Stentless Aortic Valve 
and Root Replacement
Paul Stelzer • Robin Varghese 
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696 Part IV Aortic Valve Disease

FIGURE 29-1 The Medtronic Freestyle Aortic Root Bioprosthesis. 
The porcine coronary arteries lie approximately 90° apart. This is in 
contrast to the human orientation of 140 to 160° apart.

TABLE 29-1: Comparison of Mechanical and Tissue Alternatives for Aortic Valve Replacement

Mechanical
Stented 
bioprosthetic

Stentless 
bioprosthetic Allograft Autograft

Advantages Long durability
Easy implantation
Good EOAI

Easy implantation
No anticoagulation

Larger EOAI compared 
with stented valve.

Root replacement is 
available option

Excellent EOAI
All biologic material 

good for use in 
endocarditis

Excellent EOAI
Living valve
Long durability possible

Disadvantages Anticoagulation
Emboli/bleeding
Noise

Durability limited
Poor EOAI in small 

valve sizes

Durability limited
More complex operative 

technique
Harder reoperation

Complex technique
Availability limited
Durability limited

Complex operation
Double valve or Root 

replacement with potential 
late failure of either

structure and function were translated into efforts to maintain 
homograft cellular viability. Radiation and chemical treatment 
led to very early failure and were quickly abandoned.6,8,10,11,17 
Antibiotic sterilization of homografts and storage at 4°C does 
not maintain cellular viability beyond a few days.18,19 Cryo-
preservation became the gold standard when donor fibro-
blast viability was shown long after implantation.12 Although 
antigenicity of the fibroblast is low and other cell types do 
not survive the freezing process, panel reactive antibody and 
donor-specific HLA I and II antibody testing is positive in 60 
to 80% of homograft recipients.20-22 The potential advantages 
of viability may be defeated by the detrimental effects of this 
immune system response. Animal studies have confirmed an 
immune mechanism by demonstrating that deterioration in 
homograft valve function is prevented by immunosuppres-
sion23 and does not occur in T-cell-deficient rats.24 Clinical 
use of immunosuppression, however, could not be justified 
for homograft patients.

Tissue engineering concepts led to decellularization which 
lyses cells and “rinses” out antigenic proteins leaving an inert 

matrix and intact structural framework. Preserved mechani-
cal properties and structural integrity were demonstrated 
in a sheep model of such a scaffold. In addition, the empty 
matrix seemed to attract circulating recipient stem cells which 
repopulated the framework and differentiated into appropri-
ate cell lines capable of maintaining the matrix.25 Initial use of 
the decellularized aortic homograft in humans demonstrated 
that structural integrity could be maintained with low, stable 
gradients and minimal regurgitation similar to standard cryo-
preserved homografts.26 The same concept has been applied 
to the pulmonary homograft used in the Ross operation.27,28 
The decellularized aortic homograft has been largely aban-
doned because of early failure rates but the decellularized pul-
monary homograft has been at least as good or better than the 
standard pulmonary homograft when used on the right side 
of the heart.29 Long-term studies are needed to determine if 
native cell in growth occurs reliably. A decellularized xeno-
graft valved conduit has also been used successfully for the 
right ventricular outflow tract (RVOT) reconstruction with 
the Ross but results were poor.30

In summary, despite intensive investigation over 
decades, the relative contribution of the immune response, 
preservation techniques, and warm ischemia time to ulti-
mate valve degeneration is not clear. More importantly, 
after consideration of the structural benefits and the 
immune-reaction risks, the net advantage of maintaining 
cellular (particularly fibroblast) viability in the homograft 
is not well defined.31

Indications for the Porcine Xenograft 
(Freestyle) and Aortic Homograft
AVR with a stentless valved conduit such as the porcine root 
or aortic homograft has a number of advantages including 
excellent hemodynamic profile with low transvalvular gra-
dients and possibly enhanced regression of left ventricular 
mass,32 low risk of thromboembolism without the need for 
systemic anticoagulation, and low risk of prosthetic valve 
infection. However, these conduits are subject to structural 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 697

A

FIGURE 29-2 CTA of root abscess in setting of prosthetic aortic valve endocarditis. The abscess projects from under the valve sewing ring near 
the left main coronary extending over the left atrial roof under the right pulmonary artery. (A) 3D reconstruction. (B) Standard CT showing 
prosthetic valve outline.

S 85.0%

Distance 87.41 mm

Distance 24.30 mm

B

S 85.0%

Distance 87.41 mm

Distance 24.30 mm

deterioration that is inversely proportional to recipient 
age. Older homograft donor age may also increase rates of 
degeneration. Furthermore, the availability of homografts 
is still limited especially in the larger sizes. The strongest 
indication for a homograft is for treatment of active aortic 
valve endocarditis particularly in patients with root abscess, 
fistula formation, or prosthetic valve infection.33 This is the 
only Class I indication for a homograft in the most recent 
guidelines.34

The porcine root is also an option in aortic valve endocar-
ditis with root destruction requiring a root replacement with 
the advantage that it possesses minimal prosthetic material 
compared with a polyester valved-conduit graft. The pliable 
handling characteristics and ease of coronary reimplantation 
make both the homograft and porcine root a great option in 
root infections. The homograft is further well suited to this 
challenging task as it comes with the added benefits of having 
the attached donor mitral anterior leaflet, and the ability to 
reconstruct the debrided root with all biological material to 
minimize risk of persistent infection. The homograft’s very 
low early hazard rate for endocarditis sets it apart from other 
valve alternatives.35

The stentless porcine root and aortic homograft are also 
a reasonable option in the older patient (>60 years of age) 
with a small aortic root. The hemodynamic advantages of 
the homograft translate into better relief of outflow obstruc-
tion and improved exercise tolerance. The root replacement 
option also eliminates the risk of coronary obstruction from 

an oversized aortic prosthesis. Given its resistance to throm-
boembolic complications the aortic homograft can also be 
considered for younger patients requiring composite aortic 
valve or root replacement who cannot be anticoagulated. 
However, recent data from a prospective randomized trial 
would argue that most of the advantages of the homograft 
can be duplicated by the stentless porcine root replacement 
which has a significantly lower reported rate of calcification 
and valve dysfunction.36

Preoperative Evaluation
Preoperative transthoracic echocardiography (TTE) is an 
invaluable diagnostic tool for evaluation of the AV and asso-
ciated anatomic structures. Echo measurement of the left 
ventricular outflow tract can accurately predict aortic annu-
lus diameter and thus the size of the porcine root/homograft 
required.37-39

Computed tomographic angiography (CTA) or cardiac 
magnetic resonance (CMR) imaging can also be very useful 
in the evaluation of potential homograft patients particularly 
those with aortic root abscess (see Fig. 29-2). Coronary angi-
ography should be employed with the standard indications 
but may be hazardous in patients with mobile vegetations on 
the aortic leaflets. Standard chest computed tomography with 
and without contrast should be considered in any reoperative 
setting to assess location of bypass grafts, proximity of vital 
structures to the sternum, and extent of ascending aortic or 
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698 Part IV Aortic Valve Disease

FIGURE 29-3 Subcoronary Freestyle implantation. The Freestyle 
is oriented anatomically and the proximal end attached in a circular 
plane at the level of the nadir of the recipient sinuses using either inter-
rupted or continuous sutures. The same technique can be employed 
for the subcoronary homograft valve implantation.

arch calcification or aneurysm. Heavy calcification around 
the coronary ostia may preclude safe reimplantation of cor-
onary “buttons” or even a distal subcoronary suture line.

Transesophageal echocardiography (TEE) is often neces-
sary to establish the presence of a root abscess, but its major 
role is for intraoperative confirmation of the anatomy and 
assessment of both valve and ventricular function.

OPERATIVE TECHNIQUE
General Preparation
Routine cardiac surgical monitoring including TEE is con-
sidered standard of care. An antifibrinolytic agent such as 
epsilon-aminocaproic acid is helpful. A standard midline 
sternotomy incision provides full exposure of the heart, ease 
in cannulation, and access for optimal myocardial protection. 
Routine distal aortic cannulation and a dual stage venous 
cannula can usually be employed.

Unless circulatory arrest is needed, minimal systemic cool-
ing (32°C) is adequate if the heart is maintained at 10 to 15°C 
using a standard insulating pad and directly monitoring the 
myocardial septal temperature. A combination of antegrade 
and retrograde cold blood cardioplegia can be used with the 
bulk of the protection coming from the retrograde. The open 
aortic root reveals coronary return from both ostia to confirm 
effective retrograde.

A transverse aortotomy high (1.5–2 cm) above the com-
missures is usually best. The diseased aortic valve is excised 
and the annulus is measured with cylindrical sizers. The sino-
tubular junction should also be evaluated for the subcoronary 
technique. If using the porcine root, its size can then be con-
firmed and the prosthesis opened and rinsed.

If using the homograft, sufficient time (20 minutes) is 
required to thaw the prosthesis and so a decision to use the 
homograft with a specific size is required prior to exposing 
the root and sizing it directly. Hence the measurement of the 
aortic annulus on TEE is essential after induction of anes-
thesia allowing the time to ensure that the appropriate sized 
conduit is available onsite.

The homograft is trimmed appropriately. In general, 3 to 
4 mm of tissue proximal to the nadir of each cusp is advised 
for security in suture placement leaving even more for full 
root replacements.

Techniques of Porcine Root/Homograft 
Placement
SUBCORONARY IMPLANT TECHNIQUE
The subcoronary method involves two suture lines within the 
native root. The prosthesis is usually oriented anatomically to 
properly align the commissures and the coronaries. The proxi-
mal end of the prosthesis is sewn to the native annulus in a 
circular plane at the level of the nadir of each sinus curving 
upward slightly in the membranous septum to avoid injury to 
the conduction system. This anastomosis can be done with either 
interrupted or continuous sutures (see Figs. 29-3 and 29-4).

A B

FIGURE 29-4 Distal Freestyle/homograft suture line. (A) The 
subcoronary implant is completed by tacking the aortic wall of the 
Freestyle/homograft to the recipient aortic wall with continuous fine 
polypropylene suture after trimming out the tissue in the coronary 
sinuses to allow blood flow to the native coronaries. The noncoro-
nary sinus is usually left intact. (B) The aortotomy is closed in stan-
dard fashion incorporating the top of the Freestyle/homograft in the 
process.
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 Chapter 29 Stentless Aortic Valve and Root Replacement 699

buttons are mobilized in standard fashion. If antegrade car-
dioplegia is used after this point it must be done very carefully 
to avoid injury to the mobilized ostia.

The homograft root is usually oriented anatomically while 
the porcine root is commonly oriented with the left coro-
nary os matching that of the patient’s right coronary—mak-
ing matching the two roots easiest. (Porcine coronaries are 
closer together than human.) The proximal suture line can 
be constructed with either continuous or interrupted tech-
nique. Interrupted is best in difficult reoperations especially 
for prosthetic valve endocarditis (PVE) because it allows for 
very accurate, deep placement of individual stitches while dis-
tributing tension across multiple sutures. A strip of autolo-
gous (or bovine) pericardium is used to reinforce this crucial 
anastomosis. Polypropylene sutures of 3-0 or 4-0 are used and 
organization scrupulously maintained on suture guides. The 
homograft parachutes down as the sutures are carefully tight-
ened (Fig. 29-5).

The Freestyle root is most often sutured with a continuous 
suture technique with 4-0 polypropylene begun at the right-
left commissure and sewing towards oneself through the 
left sinus, then the noncoronary and finally the right sinus 
to end at the noncoronary-right commissure. The fibrous 
trigones and commissures of the native and homograft/Free-
style roots serve as anatomical landmarks and should match 
up as one proceeds around. It is recommended that the valve 
be sewn with the sutures kept loose during the left and non-
coronary sinus suturing and the conduit parachuted down 
progressively. Keeping the suture line loose is essential to 
completing the right sinus suture line. Once all the sutures 
have been placed, the initially loose suture line is tightened 
carefully with nerve hooks and tied securely into position. 
Gentle tissue handling with bites 1.5 to 2 mm apart incor-
porating a strip of pericardium or Teflon felt is helpful in 
securing hemostasis at this crucial level that is virtually invis-
ible at the end.

The coronary buttons are attached with continuous 5-0 
or 6-0 polypropylene. The coronary stumps of the homo-
graft often times are well aligned to mark locations for the 
new coronary ostia. For the porcine root usually the left 
ostium of the porcine root will line up with the left button 
and then one has to determine if the right ostium lines up 
appropriately or whether it needs to be suture ligated and 
another hole made for the right button. Rotating the device 
120° clockwise puts the porcine left in the patient’s right if 
that looks better. Once the buttons are completed attention 
can be turned to the distal anastomosis. The distal end of the 
conduit and the native aorta are trimmed and sewn together 
with continuous 4-0 polypropylene usually incorporating 
another strip of pericardium or felt for support. The native 
aorta is vented anteriorly and systemic flow rate lowered as 
the cross clamp is removed.

Care is taken to avoid systemic hypertension or vigor-
ous traction on the reconstructed root to avoid bleeding. 
Topical hemostatic agents and biological glues may be 
used, but they should not be routinely necessary. Blood 
and blood products are not routinely required unless the 

The top of each commissure is tacked to the aortic wall. 
The right and left sinus walls are then scalloped out to a point 
3 to 5 mm from the leaflets. The noncoronary sinus can also 
be removed but is usually left intact. A 4-0 or 5-0 polypro-
pylene suture is started at the lowest point under each coro-
nary ostium and a continuous suture line constructed from 
there up to the top of the commissure on either side. On 
the top of the noncoronary sinus, excess prosthetic tissue is 
trimmed down and tacked to the top of the aortotomy. The 
aortotomy is then closed with continuous 4-0 polypropylene 
suture incorporating the top of the prosthesis noncoronary 
sinus with the native aortic wall. The ascending aorta is vented 
as the aortic clamp is removed. TEE can quickly assess any 
regurgitation at this point. Distension of the ventricle should 
be avoided by prompt defibrillation (if necessary) and pacing 
if required.

Because even slight malalignment of the commissures 
can result in regurgitation, the subcoronary implant tech-
nique is considered more demanding than the other tech-
niques and may have poorer long-term results.40-44 The 
subcoronary technique is good for patients with small, 
symmetric aortic roots and sinotubular junctions, while 
it is a poor choice for those with dilated, asymmetric, or 
severely diseased roots.

Porcine Root/Homograft Cylinder: 
Inclusion Root Technique
The cylinder modification of the subcoronary technique was 
developed in an attempt to preserve the native geometry of 
the prosthesis inside the recipient aortic root. The proximal 
suture line is identical to the subcoronary method but the 
sinuses are not scalloped out. Instead, a buttonhole is made 
in the right and left sinuses in such a way as to allow the por-
cine root/homograft wall to be sewn to the native sinus wall 
around the coronary ostia. After the coronaries are secure, 
the distal end of the prosthesis is attached at the commissures 
and then incorporated circumferentially into the aortotomy 
closure.

Sievers and colleagues45 and Skillington46 have carefully 
described technical aspects of these operations that have 
proven very effective in their hands and should be reviewed 
by surgeons interested in using this method.

Porcine Root/Homograft Root 
Replacement
The root replacement technique can be used in any root and 
is particularly useful in small roots or in roots destroyed by 
endocarditis. The root replacement allows size flexibility that 
allows thawing an appropriate homograft without wasting 
clamp time. Very large roots may require commissural plica-
tion as described by Northrup.47

The aorta is opened transversely well above the commis-
sures of the valve. The diseased valve is excised and annu-
lus debrided. The aorta is transected and the coronary ostial 
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700 Part IV Aortic Valve Disease

FIGURE 29-5 Homograft root replacement. (A) Interrupted 3-0 
or 4-0 polypropylene sutures are placed deep in solid tissue, then 
passed through a pericardial strip and organization is scrupulously 
maintained on suture guides. (B) Sutures are then passed through the 
homograft from inside out. (C) The homograft parachutes down as 
the sutures are carefully tightened maintaining organization until each 
suture is tied precisely.

A

B

C

patient is coagulopathic or small in size with a low total 
blood volume.

Post Replacement Assessment
Ventricular function, regional wall motion abnormalities, and 
valve function may all be accurately determined with TEE. 
With appropriate loading conditions, moderate-to-severe 
aortic regurgitation (AR) warrants inspection and revision of 
the valve conduit. Mild AR is usually tolerated well and does 
not warrant reexploration.

Postoperative Management
Even mild hypertension should be avoided to prevent disrup-
tion of crucial aortic suture lines. Coagulopathic bleeding is 
best addressed with products targeted to specific abnormali-
ties defined by laboratory studies.

Adequate volume replacement is required to keep the stiff 
ventricle of aortic stenosis (AS) filled and alpha adrenergic 
support is often required for the patient who is vasodilated. 
Atrial rhythm disturbances should be treated aggressively. 
Elderly patients, particularly females, with AS and diastolic 
dysfunction are at increased risk of morbidity and even mor-
tality from postoperative atrial fibrillation. The increased vol-
ume loading needed to overcome the loss of atrial transport 
often leads to pulmonary congestion sometimes requiring 
reintubation and prolonged support. Forward cardiac output 
is impaired and renal function may deteriorate in tenuous 
patients. Cardioversion should be considered early in these 
patients and loading with intravenous amiodarone is usually 
indicated. Preoperative loading with amiodarone may mini-
mize the incidence and consequences of this arrhythmia.48

Temporary pacing, preferably atrial as well as ventricular, 
should be enabled. Permanent pacing is indicated if epicardial 
wires become unreliable, heart block was present preopera-
tively, or the underlying rhythm fails to return within a week 
after surgery.

Stroke risk can be minimized by careful intraoperative epi-
aortic ultrasound to guide or avoid cannulation and clamping 
of atheromatous aortic disease. TEE-guided evacuation of air 
is essential and flooding the field with carbon dioxide may 
be helpful.

Myocardial dysfunction is best prevented by careful tem-
perature-monitored myocardial protection but long opera-
tions may still require temporary inotropic support. Caution 
must be used in the hyperdynamic ventricle with diastolic 
dysfunction. The combination of a hyperdynamic left ventri-
cle and a dysfunctional right heart is very challenging. These 
patients may benefit from atrial pacing (if pacing is required), 
phosphodiesterase inhibitors, adequate volume replacement, 
and alpha agonists.

Renal insufficiency is a risk minimized by maintenance 
of adequate flows and pressure during bypass and generous 
volume administration in the early postoperative period. A 
thirsty patient with dry mucous membranes is a good clue 
that intravascular volume is still depleted. Later, diuretics are 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 701

needed to encourage mobilization and excretion of this extra 
fluid. Hypotension should be avoided but vasopressors can 
have direct negative effects on renal blood flow.

Low-dose aspirin is often recommended for homograft 
patients, but is not necessary and formal anticoagulation with 
warfarin is not required at all unless dictated by other condi-
tions. A routine predischarge echo should be done to confirm 
valve function, ventricular function and freedom from peri-
cardial effusion.

Homograft Root Results
PERIOPERATIVE COMPLICATIONS
In patients without active endocarditis at the time of surgery, 
operative mortality in the current era is 1 to 5%.42,49,50 The 
risk in experienced hands is comparable to using a stented 
bioprosthetic or mechanical valve. Ischemic time for a root 
replacement with either stentless porcine or aortic homograft 
is approximately 90 minutes.51 A contemporary series of 100 
consecutive aortic homografts (virtually all root replacements 
including 13 reoperations) demonstrated no hospital mortal-
ity with 100% survival at 1 year and 98% at 5 years.52

In contrast, patients with active endocarditis exhibit a 
higher early mortality ranging from 8 to 16%.42,53-56 PVE 
(17.9-18.8%) is worse than native (2.6-10%).53,57

Hemorrhage, heart block, stroke, myocardial infarction, 
and wound complications occur with similar frequency to 
those of other AVRs, but early risk of endocarditis is lower 
with homografts than any other replacement valve.35

Hemodynamics and Exercise Capacity
Hemodynamic characteristics of homografts are excellent at 
short- and medium-term follow-up, both at rest and during 
exercise.58,59 A study of 31 patients demonstrated increases 
in peak and mean gradients of 6.6 and 3.0 mm Hg, respec-
tively, without a significant change in effective orifice area 
(EOA).58 Importantly, the EOA of even the 17 to 19 mm 
homografts was 1.7 cm2 and larger valves approximated the 
normal aortic valve areas as high as 2.7 cm2 for 24 to 27 mm 
homografts.

The typical subcoronary homograft implant demonstrates 
a 1 to 2 mm Hg drop in mean transvalvular gradient over the 
first 6 months but with full root replacement, the hemody-
namic benefit is fully realized immediately. In the randomized 
trial of homograft versus stentless porcine root replacement 
the mean gradients were only 6 ± 1 mm Hg in the stent-
less and 5 ± 2 mm Hg in the homografts. Only one patient 
in each group had mild regurgitation after 5 years.51 These 
authors concluded that stentless and homograft root replace-
ments are hemodynamically equivalent in the mid-term.

Long-term Outcomes
Long-term outcome has been shown to be technique 
dependent in a meta analysis of over 3000 patients (37% 
full root, 63% subcoronary) from 18 studies with a mean 

follow up of 12.5 years. Reoperation was significantly lower 
in the root replacement group.60 There may have been 
some bias against reoperation in failing roots, where fail-
ing subcoronary implants were more readily subjected to 
reoperation.

The pioneering work of Mark O’Brien in Brisbane, Aus-
tralia produced a huge series of homograft patients over 
nearly three decades with 99.3% follow-up.50 This series 
demonstrated that rates of reoperation were lower in the full 
root patients (n = 3, 0.85%) than the subcoronary (n = 18, 
3.3%). Of note, operative mortality was only 1.13% in 352 
root patients.

Long-term durability was compromised by young age of 
recipient to the point that those under 20 years of age had 
a 47% rate of reoperation for structural valve degeneration 
at 10 years. Conversely, those over 60 had a 94% freedom 
from reoperation at 15 years and those between 21 and 60 
had 81 to 85% freedom at 15 years. This series confirmed the 
very low incidence of thromboembolic phenomena (with-
out anticoagulation) and a low but not insignificant rate of 
endocarditis.

Lund reported crude survival at 10 and 20 years to be 67 
and 35%, respectively,44 while Langley and O’Brien reported 
actuarial survival at 10, 20, and 25 years to be 81, 58, and 
19%.49,50

Structural valve failure of homografts increases with time, 
and approximates 19 to 38% at 10 years and 69 to 82% at 
20 years.44,49 Freedom from repeat AVR, for any reason, paral-
lels structural valve failure and is 86.5 and 38.8% at 10 and 
20 years, respectively.49 As heterograft tissue technology has 
progressed, the difference between homograft and heterograft 
durability has narrowed to the point of near equivalency with 
both showing a dramatic age-dependent relationship with 
youngest patients failing most rapidly.61

Freedom from endocarditis at 10 years is 93 to 98%,49,50 
and at 20 years 89 to 95%.44,49,50 Freedom from thrombo-
embolism at 15 and 20 years is 92 and 83%, respectively.50 
Thrombosis of a homograft has been reported, but in the  
setting of lupus anticardiolipin antibody syndrome.62

In patients with active endocarditis requiring AVR, 
results may be poorer with survival ranging from 58% at 
5 years53 to 91% at 10 years,56 and is significantly lower in 
patients with PVE.54 Of note, however, the risk of recurrent 
endocarditis is <4% up to 4 years postoperatively.43,53,54,56 
These results still compare favorably with alternatives so 
aortic homograft is considered by many to be the valve of 
choice for aortic valve or root replacement in patients with 
active endocarditis.

Stentless Porcine Root Results
Very few randomized trials exist comparing stentless and 
stented valves. Most data available are single-center case series 
outcomes or case cohort analyses comparing stentless valves 
to previously published stented valve outcomes. We pres-
ent the current literature looking at perioperative outcomes, 
hemodynamics, and durability.
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702 Part IV Aortic Valve Disease

Perioperative Outcomes
Operative mortality defined as death during the index hospi-
talization or within 30 days ranges between 1.8 and 9.6%61,62 
with most experienced centers reporting operative mortali-
ties around 3 to 5%. Many of the series that reported their 
mortality outcomes included patients who received con-
comitant coronary bypass or other valve surgery at the time 
of Freestyle root implantation making it difficult to com-
pare these outcomes to isolated AVR or isolated bio-Bentall 
results. The predictors of operative mortality in these series 
included concomitant valve surgery, congestive heart failure, 
age, and coronary disease.63 In a recent systematic review of 
the literature Sherrah and colleagues found the weighted 
mean for mortality to be 5.2% and 5.5% for adverse neuro-
logical events.64

Hemodynamics and Durability
The Freestyle stentless valve is often selected for its superior 
hemodynamic performance that has been demonstrated 
in multiple series.65,66 A meta-analysis of 919 patients by 
Kunadian and colleagues demonstrated that compared with 
stented valves, the Freestyle exhibited a larger effective ori-
fice area index (EOAI) and lower transvalvular gradients.67 
The weighted mean difference in aortic gradients was  
3.57 mm Hg which some may argue is small; however, there 
was a more rapid rate of left ventricular mass regression in 
Freestyle valve patients although this difference disappeared 
at 12 months. Of note the majority of valves in this meta-
analysis were implanted using the subcoronary technique as 
opposed to the full root replacement. Although the full root 
replacement technique is a longer and slightly more compli-
cated procedure, it has been shown to yield even lower trans-
valvular gradients.68

The hemodynamic benefits of stentless valves are further 
exaggerated during exercise. In a study of 106 patients, Khoo 
and colleagues compared the hemodynamic performance of 
five different stentless and stented valves under rest and stress 
using dobutamine stress echocardiography.69 They found the 
stentless bioprostheses exhibited a resting gradient of 9 mm 
Hg that increased to 16 mm Hg under peak stress. Con-
versely the stented porcine and bovine valves exhibited rest 
gradients of 15 and 20 mm Hg, respectively, that under peak 
stress increased to 29 and 30 mm Hg, respectively. Of note, 
the mean valve size implanted was 23 mm for the Freestyle,  
23 mm for the stented porcine valve, and 21 mm for the 
stented bovine valve. There have been some early data to 
suggest that newer-generation stented valves have improved 
transvalvular gradients.70

A number of large case series have reported excellent 
long-term durability of the stentless porcine prosthesis. 
More recently Amabile and colleagues examined a cohort of 
500 patients undergoing Freestyle valve implantation.71 In 
this series 96% of cases were done using the modified sub-
coronary technique with the remaining 4% being a full root 
replacement. Mean age of patients was 74.5 years and 10-year 

actuarial survival for all-cause mortality was 44% and sur-
vival from valve-related mortality was 70%. Moreover, free-
dom from structural valve deterioration was 94% at 10 years 
yielding a cumulative incidence of structural valve deteriora-
tion of 3.7% at 10 years. When the authors examined out-
comes in patients, less than 65 years at time of implantation 
the 10-year actuarial survival from valve-related mortality 
was 87%. Bach and Kon examined 15-year outcomes of the 
Freestyle valve in their patients with a mean age of 72 years 
and found a freedom from valve-related death to be 92.7%.72 
This study found the specific causes of valve-related death to 
include thromboembolism, endocarditis, anticoagulation-
related hemorrhage, and structural valve deterioration. The 
results of the Freestyle valve show it has similar durability to 
standard stented prostheses.

Stentless Valve Reoperations
Because of extensive calcification after many years the risk 
at reoperation after homograft or Freestyle valve replacement 
can be as high as 20%.73 The subcoronary implants may be 
easier in this regard because the native aortic root is preserved. 
The full root replacement is more of a problem. Up to about 
10 years, the calcification is limited and it is theoretically pos-
sible to place a new valve inside the stentless valve annulus 
after removing the leaflets.74 Ultimately, however, the conduit 
becomes so rigid as to preclude such an alternative and com-
plete re-replacement of the root is required (see Fig. 29-5). 
The most hazardous part of this operation is related to the 
coronary ostial buttons which must be protected and avail-
able for use again.

Reoperation can be made easier by anticipating the need 
for this at the original operation. Keeping the coronary but-
tons large at the initial operation is one way to avoid prob-
lems with dissecting them again. The stentless valve-root 
should be kept as short as possible to minimize the extent of 
ultimately calcified wall and maximize the amount of nor-
mal aorta available for subsequent cannulation and clamp-
ing. Closing the pericardium or using a pericardial substitute 
can make sternal reentry safer. Careful assessment of the aorta 
and mediastinum on CT preoperatively can alert one to the 
need for early peripheral cannulation and even sternotomy 
under circulatory arrest.

Clamping the aorta distal to the main pulmonary artery 
is very useful in these cases and avoids the hazards of enter-
ing a great vessel while dissecting between them before the 
clamp is on. Complete excision of the calcified wall is often 
the best policy but leaving a little margin around each coro-
nary ostium may make reconstruction easier. Another stent-
less valve is often an excellent solution because it is easier to 
reimplant the coronary ostia especially with the homograft, 
but even a Ross operation can be done in this setting as was 
done for the 40-year-old man (shown in Fig. 29-6).

An increasingly attractive option in the future for older 
patients is transcatheter valve replacement which should be 
well suited to the calcified stentless root as reported from 
Milan.75 (see Fig. 29-7).
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 Chapter 29 Stentless Aortic Valve and Root Replacement 703

FIGURE 29-6 Calcified aortic homograft. (A) Lateral view of  
calcified homograft at catheterization 23 years after implantation. 
(B) Microscopic appearance of this homograft showing fibrosis with 
essentially acellular mass of collagen fibers.

FIGURE 29-7 Percutaneous valve placement in calcified homo-
graft root. (A) CTA appearance of heavily calcified homograft root.  
(B) Percutaneous valve being deployed in this root. (Adapted from 
Dainese L, Fusari M, Trabattoni P, Biglioli P: Redo in aortic homograft 
replacement: Transcatheter aortic valve as a valid alternative to surgical 
replacement. J Thorac Cardiovasc Surg. 2010 Jun;139(6):1656-1657.)

A

B

PULMONARY AUTOGRAFT: ROSS 
PROCEDURE
Theoretical Considerations
The pulmonary autograft shares the hemodynamic advan-
tages and antithrombotic features of the homograft but is 
the only valve which has the benefit of being fully viable 

A

B
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704 Part IV Aortic Valve Disease

autologous tissue. Pulmonary leaflets have been found to 
have equivalent breaking strain to aortic leaflets and even 
higher tensile strength.76 The living pulmonary valve dem-
onstrates the adaptability of human biology to change in 
response to changing physiologic conditions. The histologic 
features of this adaptation have been elegantly described and 
illustrated.77 The initial response is to lay down a collagen-
rich support on the ventricular aspect of the leaflets. This 
thins out later but remains slightly thicker than normal aor-
tic leaflets. All three layers of the leaflets, fibrosa, spongiosa, 
and ventricularis contain viable cells which maintain a rich 
extracellular matrix to support the leaflet function. Endo-
thelial cells are transformed to become capable of smooth 
muscle actin production becoming more like the aortic than 
the pulmonary phenotype. The autograft (pulmonary artery) 
walls are a different story. There is rapid loss of elastin with 
fragmentation and loss of cellularity and increasing collagen 
deposition. This may reflect the need to sacrifice elasticity for 
strength to withstand systemic pressure.

Patient Selection
The cardinal principal in selecting patients for the Ross Pro-
cedure is that they must have a life expectancy of at least 20 
to 25 years. Other simpler alternatives can be expected to give 
10 to 15 years even in young patients although durability of 
tissue valves in patients under 35 years of age can be very  
limited. Active lifestyle, potential for child-bearing, and con-
tra-indications to anticoagulation favor the Ross. Many young 
people seek out this option specifically to avoid the issues of 
anticoagulation and to allow even extreme athletic activity 
such as mountain biking and triathlons. Practically speak-
ing, the ideal patient is under 50 years of age but special cir-
cumstances can extend this to 65 or even slightly higher. The 
improvements in tissue valves and hope for “valve-in-valve” 
catheter-based rescue in the future has pushed the age down-
ward for tissue valves to relegate the Ross to the youngest ages.

The generally accepted contraindications are significant 
pulmonary valve disease, congenitally abnormal pulmonary 
valves (eg, bicuspid or quadricuspid), Marfan syndrome, 
other connective tissue disorders, complex coronary anoma-
lies, and probably severe coexisting autoimmune disease, 
particularly if it is the cause of the aortic valve disease. 
Active rheumatic disease is a relative contra-indication as 
the autograft can be attacked early by the acute rheumatic 
process and lead to early failure.78 Bacterial endocarditis is 
not a contraindication for the Ross procedure, though it is 
best used when only leaflet destruction is present or when 
root involvement can be reconstructed without distortion.79

Comorbid conditions should also be considered prior to 
offering this operation to any given patient. These condi-
tions often limit life expectancy and also influence the abil-
ity of the patient to withstand this longer procedure. Poor 
left ventricular function, multivessel coronary disease and 
need for complex mitral repair are examples. Ascending aor-
tic dilatation and aneurysm have been considered contra-
indications by some, but these can be easily addressed and 

should be. Previous AVR or other open cardiac operations 
are not a contra-indication to the Ross, but all the stan-
dard considerations of reoperative surgery apply including 
appropriate imaging to allow safe sternal reentry.

Bicuspid aortic valves (BAVs) are the most common etiol-
ogy of severe AS or regurgitation in patients under 65 years of 
age. Some have felt this group should not undergo the Ross 
procedure because of potential complications of intrinsic aor-
topathy which is common in BAV patients.80 Since this is the 
largest group of patients potentially to benefit from the opera-
tion, it has been the quest of Ross surgeons to find ways to 
make the operation safe and durable in this situation. Contro-
versy still exists as to whether primary AR is less favorable than 
primary AS.81,82 The patient with AS is more likely to have a 
smaller annulus which is resistant to dilatation as opposed to 
the AR patient whose annulus is often dilated and continues 
to dilate if not supported. Tirone David suggests that 27 to 
28 mm is the largest annulus to allow a Ross or 15 mm/m2.83

There is also more of a tendency to distal aortic dilata-
tion in the setting of AR as opposed to AS. These issues are 
addressable by technical modifications which will be dis-
cussed later in detail.

Preoperative Evaluation
Because most candidates for the Ross are under 50 years of 
age, it is not usually necessary to subject them to cardiac cath-
eterization. CTA is an excellent tool to evaluate the entire 
ascending aorta and arch as well as the proximal coronary 
arteries. CMR can be used as well but does not give as much 
resolution as CTA for the coronaries. Both give excellent 
imaging of the entire aorta (see Fig. 29-8). TTE gives excellent 
assessment of the aortic valve, ventricular function, and aor-
tic root. Approximately 1% of patients will be found to have 
a bicuspid pulmonary valve at surgery. Unfortunately, echo, 
CTA, and CMR have all been limited in their ability to define 
the morphology of the pulmonary valve. With proper gat-
ing, timing of contrast and attention to the pulmonary trunk, 
however, this can be determined fairly reliably (see Fig. 29-9).

Technique
The original description by Donald Ross involved a fully 
scalloped subcoronary implant of the pulmonary autograft 
using essentially the same technique he had used for a sub-
coronary homograft implant. Modifications were adopted 
to decrease the immediate incidence of regurgitation by 
maintaining the cylindrical geometry of the autograft either 
within the aortic root or as a complete replacement thereof. 
The root replacement has become the most commonly 
employed technique.

Full median sternotomy is usually the best incision. Aortic 
cannulation should be kept high and bicaval cannulation is 
preferable because the open RVOT is a constant source of 
air. Initial antegrade and then generous retrograde cold blood 
cardioplegia is employed insulating the heart from surround-
ing structures and monitoring the effectiveness of myocardial 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 705

FIGURE 29-8 Preoperative imaging of the aorta. (A, B) Computed tomographic angiography. (C) Cardiac magnetic resonance.

A B

C

cooling with a septal temperature probe. Traditional venting 
via the right superior pulmonary vein is not necessary as the 
open pulmonary artery serves that purpose.

Extensive dissection between the great vessels allows 
retraction of the aorta with an umbilical tape and keeps the 
cross clamp off the right pulmonary artery. After clamping 
the aorta, the space between the aortic and pulmonary roots 
is dissected until the roots are completely separated. Final 

separation is often safest after the aorta is opened and coro-
nary locations can be readily identified. The last few millime-
ters must be done very gently as the facing pulmonary sinus is 
virtually fused to the aortic root at the right-left commissure.

A rather high transverse aortotomy incision keeps all tech-
nique options open but if a subcoronary implant is planned, 
splitting the root down vertically into the noncoronary 
sinus can be employed to increase exposure. The aortic valve 
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706 Part IV Aortic Valve Disease

FIGURE 29-9 Evaluation of pulmonic valve by CMR. (A) Longi-
tudinal view. (B) Cross-sectional view showing three distinct leaflets 
and sinuses.

A

B

pathology is inspected as well as coronary ostial positions. A 
stenotic valve can be excised at this point and the annulus 
debrided and measured. A dilated annulus can be plicated 
down at the posterior commissure. A subcommissural annu-
loplasty can be done to support a subcoronary or inclusion 
root procedure at this point.

Common to any of the techniques is the need to harvest 
the pulmonary autograft from the RVOT. The close prox-
imity of the left coronary system and general constraints of 
this maneuver are obvious from the elegant anatomical casts 

published by Muresian.84 The main pulmonary artery is 
incised transversely just distal to the valve and the opening 
extended to either side taking care to avoid the left coronary. 
A flexible sucker can be placed in the distal PA as a vent. The 
pulmonic valve is inspected to make sure it is a healthy, three 
leaflet valve with minimal fenestrations. The remainder of the 
PA is divided. The adipose tissue between the back of the 
PA and the left main is gently dissected down to the muscle 
in the back of the RVOT with the cautery. The left anterior 
descending coronary artery can be very close to the back and 
the left side of the RVOT and must be protected.

The RVOT is opened with a #15 blade well below the 
anterior commissure as determined by palpation or by pass-
ing a suture or clamp through the muscle about 5 to 6 mm 
below the valve from inside out (see Fig. 29-10). The initial 
incision is cautiously extended until the leaflet can be clearly 
seen. The dissection then continues around each side leaving 
3 to 4 mm of muscle cuff. Posteriorly, a natural plane can 
be appreciated between the right and left ventricular septal 
components. The septal perforators are always in the left side 
and can be avoided by taking only the right ventricular part 
of the septum. Most often they are not seen. Small branches 
of the coronary sinus posteriorly can be the source of annoy-
ing venous bleeding at the end so gentle administration of 
retrograde can identify these and allow control at this point.

FIGURE 29-10 Pulmonary autograft harvest. A right-angle clamp 
can be passed through the right ventricular outflow tract muscle 
below the anterior commissure to assure safe beginning of the harvest 
incision.
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 Chapter 29 Stentless Aortic Valve and Root Replacement 707

FIGURE 29-11 Proximal autograft suture line. The continuous 
suture technique is facilitated by leaving the sutures loose enough to 
easily see the leaflets to optimize depth and spacing and minimize 
tearing of this delicate muscle cuff. A measured strip of felt is incorpo-
rated in this suture line. Note that the noncoronary sinus tissue and 
the “pillar” of tissue between the coronary buttons has been preserved 
for later inclusion around the autograft root.

The autograft is trimmed by following the curvilinear 
course of the leaflets on the inflow end leaving a smooth 3 to 
4 mm cuff of muscle. The inflow end is measured by gently 
inserting cylindrical sizers. The RVOT opening can also be 
measured at this time. An appropriate pulmonary homograft 
can then be thawed.

Subcoronary Technique
If the subcoronary or inclusion cylinder technique is chosen, 
the operation proceeds similarly to subcoronary homograft 
replacement. Proximal and distal suture lines are constructed 
as described. Of note, the aortic root must match the autograft 
at both the annulus and the sinotubular junction. Accord-
ingly, tailoring of the root with annuloplasty and/or downsiz-
ing the sinotubular junction may be required.85 The tops of 
the autograft commissures must be placed at least a centime-
ter above the top of the natives to maintain adequate height of 
the new valve. The potential advantage of this technique is to 
preserve the native root support around the autograft which 
may prevent autograft dilatation and insufficiency. However, 
if the native aorta dilates, the autograft will do so as well.

Root Replacement Technique
In preparation for full root replacement, the aortic transection 
is completed and the coronary ostial buttons are dissected out 
and mobilized appropriately. The native noncoronary sinus 
and the “pillar” of tissue between the right and the left buttons 
are preserved for later “reinclusion” around the autograft root  
(Fig. 29-11). The best orientation for the autograft is determined 

by placing it in the aortic root. Usually the bare area from the 
back of the PA is positioned in the left coronary sinus.

A strip of Teflon felt about 5 to 7 mm wide is cut to length 
around a sizer 2 mm larger than the inflow size of the auto-
graft. The proximal autograft suture line is constructed incor-
porating the felt strip. This can be done with interrupted 3-0 
or 4-0 simple sutures best organized on suture guides. Con-
tinuous 4-0 polypropylene can also be used beginning under 
the right-left commissure and working down the left sinus. 
The noncoronary and right sinuses follow. The sutures are left 
loose and slightly remote to facilitate visibility. When com-
pleted, the suture line is carefully tightened with nerve hooks 
and tied securely.

The coronary buttons are then reimplanted with continu-
ous 6-0 Prolene. The position of the right coronary is always 
higher than anticipated, usually just at the sinotubular junc-
tion of the autograft. Occasionally, it is so high that it must be 
implanted in native aorta above the distal autograft suture line.

Excess pulmonary artery wall is trimmed from the auto-
graft down to just above the commissures and very close to 
the tops of the coronary buttons. The native aortic wall ele-
ments that were preserved earlier are now brought up beside 
the autograft and shortened if necessary. If the native root 
was dilated or frankly aneurismal, artificial support can be 
employed using felt patches or vascular graft material.

The distal autograft is attached to the ascending aorta with 
continuous 4-0 polypropylene incorporating the natural and/
or fabric support elements along with another strip of felt 
placing the sutures right at the tops of the commissures to 
establish a new sinotubular junction (see Fig. 29-12). With 
the aorta closed, antegrade cardioplegia can be administered 
to give a test of valve competence and integrity of the coro-
nary and distal suture lines.

The pulmonary homograft is now attached to the RVOT 
with continuous 4-0 polypropylene. Care is taken to take long 
and superficial bites posteriorly over the area of the septal per-
forator. The distal suture line is completed with continuous 
4-0 or 5-0 polypropylene. Warm blood can be administered 
retrograde during the last half of this suture line.

The ascending aorta is vented and the cross-clamp 
removed. Generous reperfusion time is recommended. Bleed-
ing is certainly a risk with so many needle holes in delicate 
tissue submitted to aortic pressure. For this reason, care must 
be taken to avoid vigorous retraction which can cause more 
harm than good. Amicar is recommended as is autologous 
blood removal at the beginning of the operation for return at 
the end. Biological glues can be helpful but their use is not a 
substitute for accurate suture line construction.

Concomitant Aortic Surgery
Because of the recognition that patients with BAVs are at 
risk for late dilatation and aneurysm of the ascending aorta, 
one should resect any aorta >5 cm in diameter. Below 3.5 cm 
it is hard to justify any treatment. Between 3.5 and 4.5 cm 
it is reasonable to employ plication or lateral aortorrhaphy 
concepts to bring the aorta down to 3.5 or less.86,87 Between 
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708 Part IV Aortic Valve Disease

FIGURE 29-12 Fabric support of autograft wall. (A) The arterial 
wall of the autograft is supported by segments of vascular graft mate-
rial especially when native aortic wall is intrinsically poor. The entire 
autograft is enclosed with a combination of native aortic wall and vas-
cular graft material and attached to the ascending aortic graft incor-
porating another strip of felt. (B) Completed Ross with external fabric 
support and ascending aortic replacement as well.

A

B

4.5 and 5 cm special judgment is required to individualize 
treatment. Because the vast majority of dissection in the BAV 
patient begins in the ascending aorta,88 complete resection of 
aneurysms up to the arch (hemiarch replacement) should be 
considered. This actually adds very little time to the operation 
if planned appropriately. The proximal end of the aortic graft 
is attached to the (usually reinforced) autograft root to restore 
aortic continuity.

Results
No discussion of the Ross Operation could be complete with-
out a careful look back at the pioneer series of patients treated 

by Donald Ross.89 The 1997 paper from this seminal source 
analyzed 131 hospital survivors followed for 9 to 26 years with 
a mean of 20 years. The technical problems that led to early 
reoperation with the subcoronary technique were recognized 
in that series and the cylinder modification adopted. Even the 
full root replacement method was employed as an alternative 
by Ross in 20 patients beginning as early as 1974.90 Survival 
at 10 and 20 years was a remarkable 85 and 61%, respectively. 
Freedom from autograft replacement was 88 and 75%, where 
freedom from homograft replacement was 89 and 80% each 
at 10 and 20 years. Of 53 late deaths, 46 were cardiac. Impor-
tantly, of the 30 autografts that were explanted, only three 
had evidence of degenerative changes which was patchy and 
did not involve all leaflets. The remainder had completely via-
ble structure as long as 24 years after implantation. Clearly, 
the transplanted pulmonary autograft is and remains a fully 
living valve. Homograft stenosis accounted for all but 1 of 
20 late reoperations on the right side. Thromboembolic phe-
nomena were documented in 20 patients but only one did 
not have another systemic risk factor for a source.

Exercise Hemodynamics of the  
Ross Operation
Multiple studies demonstrate the excellent hemodynamic 
profile offered by the autograft in the Ross operation.  
A comparison with normal age- and gender-matched con-
trols showed peak gradients going from only 2 to 4 mm Hg 
in both groups with exercise.91 EOAs of 3.5 cm2 (EOAI 1.9 
cm2/m2) did not change with exercise in either group. Full 
root Ross patients had better hemodynamics than subcoro-
nary Ross patients but the difference (1.98 ± 0.57 vs 1.64 
± 0.43 cm2/m2) was more important statistically than it was 
clinically.92 This study also documented the superiority of 
the Ross hemodynamics over stented and stentless valves and 
even over aortic homografts.

It is important to remember that the Ross operation 
includes RVOT reconstruction and the hemodynamics of 
that structure can adversely affect exercise capacity. One study 
documented an average resting gradient of 14 ± 10 mm Hg 
rising to 25 ± 22 mm Hg for the pulmonary homografts of 
Ross patients compared to only 3 ± 1 mm Hg at rest and 5 ± 
4 mm Hg with exercise in the normal native RVOT of aortic 
homograft recipients.93 The higher gradients in the RVOT 
may contribute to slightly lower maximal oxygen consump-
tion compared to normal controls even though Ross patients 
easily exceeded 100% of predicted consumption.

Contemporary Results
There was a lot of enthusiasm for doing the Ross procedure in 
the 1990s which faded soon after 2000 after results were less 
than optimal. Those suboptimal results are at the heart of a 
study by Reece et al.94 reviewing data from the STS database 
from 1994 through 2010 which reported a nearly threefold 
higher operative mortality for Ross as opposed to standard 
AVR after propensity matching (2.7 vs 0.9%; p = .001). 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 709

Importantly, the data available in the STS database for that 
time period included many of the very low volume operators 
(132 of 220 centers reported less than 6 total cases in this time 
period) and did not include any of the patients done by the 
highest volume surgeon in North America. They excluded 66 
surgeons who only did one case in these 14 years. In addition, 
they noted more reexplorations for bleeding (9.4 vs 5.8%) 
and more renal failure (2.6 vs 0.8%) for the Ross operations. 
The conclusion was that the Ross could not be considered 
a reasonable alternative to simpler forms of AVR because of 
this higher rate of morbidity and mortality. These data in low 
volume centers are in stark contrast to results from high vol-
ume centers. Zebele and colleagues in the United Kingdom, 
performed a recent review of aortic valve procedures between 
2000 and 2011 in children and young adults (16-30 years 
old) and showed a steadily decreasing trend in the use of the 
Ross despite an increasingly low mortality rate which reached 
0% for the last 4 years of the study. The 1-year survival rate 
after Ross was 98.8% compared to 96.6% after AVR.95 They 
concluded that the Ross operation could be done very safely 
in all young age groups with a lower mortality than alterna-
tives. They observed decreased utilization of the technique 
but could not explain it on the basis of technical complex-
ity or operative mortality alone. The author’s own experience 
demonstrated a “learning curve” with three deaths in the first 
30, three more in the next 178 and no deaths or reoperations 
for bleeding in the next 300.96 Clearly the complexities of 
reoperative status, need for circulatory arrest replacement of 
ascending aneurysm, and concomitant mitral repair should 
encourage referral to an experienced surgeon if a Ross proce-
dure is to be considered. Individualized discussion with each 
patient should examine the options and consider the poten-
tial risks and benefits of each. Hence it seems more appropri-
ate using the Society for Thoracic Surgeons Database results 
to conclude that Ross operations should not be performed in 
very low-volume centers but should be referred to regional 
reference centers with strong experience in aortic root surgery 
including the Ross.

When done in experienced hands, there are solid data 
from four continents to support the fact that this operation 
can be done with only 1% mortality risk and no increase in 
morbidity despite the longer ischemic and perfusion times 
for this more complex procedure that often includes replace-
ment or repair of the ascending aorta.46,96-98 There is definitely 
a learning curve but much of that learning can be minimized 
by training under experienced operators.

With operative mortality now approaching that of alter-
native valve replacements, the long-term results are the key 
point in considering the Ross operation for any given patient. 
The comparative incidence of reoperation for structural valve 
deterioration with present-generation tissue valves and the 
continuing risks of thromboembolism and anticoagulant-
related hemorrhage with modern mechanical devices must be 
fairly presented to patients along with the data for the Ross.

A thorough review of available series confirms that survival 
is extremely good after the Ross operation and approximates 
that of the normal age-matched population.83,99 Combined 

with its low incidence of thromboembolic complications and 
endocarditis as well as avoidance of anticoagulation with its 
risks of bleeding, the Ross is a very attractive option for young 
people. Some of these patients will undoubtedly require fur-
ther surgery, but the outcomes of subsequent surgery have 
also been extremely good which contributes to the long-term 
survival.99,100

Elkins reported results in 487 patients operated between 
1986 and 2002.101 Hospital mortality occurred in 19 patients 
(3.9%). Of 15 late deaths, none were due to reoperation but 
only seven were not cardiac related. Actuarial freedom from 
all cause mortality was 92 ± 2% at 10 years and 82 ± 6% at 
16 years. There was only one documented thromboembolic 
event. Actuarial freedom from endocarditis was 95 ± 6% at 16 
years. Of 38 patients who needed further surgery, autograft 
reoperation was more common than homograft reoperation. 
Importantly, the vast majority of these patients had bicuspid 
or even unicuspid morphology but their risk of reoperation 
was actually lower than the 9/78 three leaflet valve patients. 
Patients with primary AR fared significantly worse until 1996 
when the institution of routine annular reduction and fixa-
tion was initiated. Subsequent results in AR were then only 
slightly inferior to those in AS in whom the 15-year freedom 
from autograft valve failure was 82 ± 6%. Technique seemed 
important as only 21/389 full roots required reoperation 
where 17/79 intra-aortic implants did. Autograft support was 
subsequently shown to be beneficial in the German-Dutch 
Ross Registry data.102

Incidence of Reoperation Post Ross 
Overall, Autograft, Homograft
PULMONARY AUTOGRAFT DYSFUNCTION
Pulmonary autograft stenosis has never been reported but 
the incidence of regurgitation increases with time and seems 
to be due to autograft or native aortic dilatation or both  
(Fig. 29-13). The recognition of early AR due to technical 
problems with intra-aortic implants led to wide-spread accep-
tance of the root replacement method when we reported this 
in 1989.103 Unfortunately, the totally unsupported autograft 
as a freestanding aortic root replacement proved to have 
potential for dilatation with root aneurysm and AR as a result. 
Annular dilatation was appreciated early and addressed with 
annuloplasty and external fixation with fixed pericardium 
or prosthetic material. Dilatation at the sinus and sinotubu-
lar junction levels was not appreciated and addressed until 
about a decade later. Much light has been shed on this prob-
lem over the last few years. Brown found that preoperative 
ascending aortic dilatation, male gender, and postoperative 
systemic hypertension were significant in a Cox proportional 
hazard analysis for the development of moderate neo-AR.104 
Hypertension, particularly early postoperatively, can cause 
acute dilatation and damage to the delicate autograft leaflets 
before they have time to adapt to the systemic pressure envi-
ronment. The unsupported root technique having failed in 
22 of 142 patients in Rotterdam over a 17-year period, the 
adult Ross procedure was abandoned at Erasmus.105 David 
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710 Part IV Aortic Valve Disease

FIGURE 29-13 Dilated Ross procedure at 10 years. (A) CTA 
appearance. (B) Echocardiogram showing minimal central AR.

A

B

with mean follow up over 7 years.102 There were 120 autograft 
reinterventions in 113 patients. The use of an unreinforced 
root replacement technique and preoperative pure AR were 
significant predictors of shorter time to reoperation. BAV had 
no influence on reoperation rate. A lower reoperation rate 
was observed in reinforced roots although this was not statis-
tically significant from subcoronary operations.

ROOT REINFORCEMENT TECHNIQUES
In the quest to further address autograft support and preven-
tion of late dilatation, a number of surgeons have developed 
techniques (in addition to those described earlier) to support 
the autograft. One of the more disseminated techniques is 
a full fabric jacket around the autograft made from vascular 
graft material.107,108 The jacket is sized approximately 4 mm 
larger than the autograft and the autograft is sewn to the 
jacket at the proximal and distal ends with generous openings 
created for the coronary buttons. The autograft and vascular 
graft jacket are then sewn to the aortic annulus and distal 
aorta. When sewing the coronary buttons, some advocate 
including the jacket in this anastomosis while others have 
just sewn the buttons directly to the autograft wall.109,110 Al 
Rashidi and colleagues reported 4.5-year results using this 
jacket support method in 13 patients and showed no failures 
and less autograft dilatation compared to patients who did 
not have jacket support.111

Other techniques similar to the ones described in this 
author’s technique focus on supporting the annulus and STJ 
using felt support to fix these regions and prevent dilatation 
at these points (Fig. 29-12). This has been shown to decrease 
autograft failure in the German-Dutch Ross Registry.102 In 
order to prevent proximal autograft dilatation, a number of 
surgeons have suggested plicating the aortic annulus and or 
distal aorta if they are dilated.112

PULMONARY HOMOGRAFT DYSFUNCTION
As part of the Ross operation, the single aortic valve opera-
tion becomes a double-valve operation also leaving the 
RVOT substitute at risk for future problems. The pioneer 
series clearly demonstrated the homograft to be superior to 
other alternatives of that day, but controversy remains par-
ticularly over the advantages and disadvantages of homograft 
viability on the right side. Although the initial hemodynam-
ics of the cryopreserved pulmonary homografts are excellent, 
consistent increase in transvalvular gradients occurs within  
6 to 12 months. This early increase in gradient usually stabi-
lizes by 2 years but can be progressive in 1 to 2% of patients. 
An immune system response has been implicated but the 
mechanisms are poorly understood.113

Late imaging of pulmonary homografts reveals extensive 
calcification of the inflow end indicative of an intense scar 
response to the homograft muscle cuff (Fig. 29-14). Schmidtke 
and associates tried to minimize this with a unique trimming 
of the muscle and replacing it with a cuff of pericardium.114 
This proved effective over the first 2 years but failed to make 
a long-term difference. An intense adventitial inflammatory 

expressed concern about the potential for dilatation at mul-
tiple levels particularly in bicuspid valve patients because of 
a higher incidence of aortic wall pathology.106 The data from 
the German-Dutch Ross Registry include 1642 adult patients 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 711

FIGURE 29.14 Calcified pulmonary homograft. The inflow anas-
tomosis of this pulmonary homograft is markedly narrowed and  
calcified 16 years after a Ross procedure. Gradient was only 28 at rest 
but 75 mm Hg with exercise. (A) Appearance on CT scan. (B) Gross 
specimen at explant. (C) Microscopic showing acellular scar.

15.05 mm

A

B

C

reaction with diffuse thickening along the entire homograft 
was described with elegant magnetic resonance imaging flow 
studies by Carr-White.115 This caused extrinsic compression 
of the conduit portion of the homograft.

The incidence of homograft stenosis is probably 5 to 10% 
at 10 years. Risk factors proposed include younger donor 
age, shorter time of cryopreservation, and homograft size.116 
Because small size is the most consistent risk factor, oversizing 
helps reduce the effect of shrinkage. In a series of 338 patients 
in France, only three patients required isolated homograft 
intervention and all were treated successfully with a cathe-
ter-based valve. The low incidence was felt due to policy of 
oversizing and use of anti-inflammatory drugs early after 
surgery.100

Review of the homograft outcomes in the German-Dutch 
Ross Registry show a mean gradient of 4.7 at one month 
increasing to 10 by 14 years with peak gradients going from 
8.4 to 18.5 mm Hg. Most of the increase comes in the first 
2 years and then levels off to very slow increase. They found 
that smaller conduit size (mean was 26 ± 2.15 mm) was the 
most important risk factor with lesser impact from younger 
patient and donor age.97

Most patients tolerate peak gradients up to 50 mm Hg 
without symptoms so the clinical significance is less than the 
incidence of stenosis. In the Oklahoma series, homograft fail-
ure (reoperation or percutaneous intervention) occurred in 
33 of 487 patients giving actuarial freedom from failure of  
90 ± 2% at 10 years and 82 ± 4% at 16 years.101 The advent of 
catheter-based valve replacement has made it possible to treat 
some of these patients percutaneously.117

Moderate or even severe homograft regurgitation may 
also be detected by echocardiography in as much as 10% of 
patients by 10 years but this lesion is well tolerated by the 
right ventricle in the absence of pulmonary hypertension. It 
is probable that most pulmonary homografts will ultimately 
suffer this mode of failure but the majority will last 20 to 25 
years before they reach this point.

After four decades of use and research, the cryopre-
served pulmonary homograft is the best RVOT substitute 
documented for use in the Ross procedure. Rarely, a stent-
less porcine bioprosthesis has been used. Tissue engineering 
concepts seem ideally suited to this low pressure area where 
a decellularized homograft or even heterograft matrix can 
perform nicely while providing an environment suitable for 
maturation of new cellular elements derived from circulating 
stem cells, adjacent ingrowth, or preoperative seeding. Initial 
clinical studies with both show promise.30,118,119 and mid-term 
outcomes from the German-Dutch Ross Registry observed 
that decellularized homografts exhibited lower gradients than 
cryopreserved grafts at 6 years.97

Use of alternatives to the homograft has been disap-
pointing. Stentless tissue valves have been shown to be an 
acceptable alternative when homografts are not available but 
calcification of the xenografts is worse than the homografts.120 
A large series included 73 stentless porcine devices in the pul-
monary position had a 10-fold incidence of gradients over 
40 mm Hg compared to homografts.121 Tissue-engineered 
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712 Part IV Aortic Valve Disease

porcine pulmonary devices have been troubled by poor out-
comes in the short term.122

POST ROSS REOPERATION 
The prospect of reoperation after a Ross procedure has been 
regarded as a complex and hazardous undertaking.105

It is important to realize that reoperative aortic root sur-
gery is not simple and should be done only in centers with 
considerable experience and volume. Redo Ross surgery is 
certainly in this category, perhaps more so because of the 
homograft in the RVOT to make things more complicated. 
Stulak et al. reported the Mayo Clinic experience with 56 
patients requiring reoperation after a Ross most of which 
(43) had been done at other institutions.123 Only one patient 
died (1.8%), but six patients had respiratory failure and 
three required ECMO support. There were four more deaths 
within 8 months. This experience brought them to the con-
clusion that patients need to be warned about potential for 
risky reoperative surgery in the future when they choose to 
have a Ross procedure in the first place.

On the other hand, the largest experience reported for 
reoperative surgery after Ross is from the German-Dutch 
Ross Registry and paints a far less ominous picture. One hun-
dred and sixty reoperations were done on either the autograft 
82, homograft 61, or both 17.124 All patients survived short 
and long term. The updated series in 2012 revealed that six 
patients had died at 224 reoperations (2.6%) in the Regis-
try.125 Five of the six had endocarditis and all needed urgent 
or emergent surgery. There was still no mortality with elective 
reoperation. Emergency surgery for endocarditis is a chal-
lenging problem but this is true for any infected prosthetic 
root. Planned reoperation in experienced hands has lower 
mortality rate than many series of elective root surgery.

The availability of the bovine jugular vein with its intrinsic 
valve in a stent frame has become a valuable tool to treat pul-
monary homograft stenosis. Initial dilatation with a balloon 
while demonstrating angiographic patency of the left main 
system is essential to avoid coronary compromise with this 
technique.126

Alsoufi and colleagues in Saudi Arabia had a predomi-
nantly young rheumatic population in which 50 of 510 
patients had redo AVR at a median of 3.8 years after Ross 
root replacement (without support in all but 7). There was 
minimal root dilatation so the autograft leaflets were simply 
removed and a stented bioprosthesis (12) or mechanical (38) 
valve was placed in a standard fashion at the annulus. Fol-
low up after the redo operations averaged 8.4 years. Only one 
patient required a redo root replacement in that time which 
made them conclude that just replacing the valve was a valid 
option in Ross roots less than 4 cm in diameter at the time 
of reoperation.127

The Stuttgart team did 645 Ross operations almost all 
freestanding roots with support. Forty-nine autograft reop-
erations were required in 46 patients. A David procedure 
was done in 18 of 35 with primarily autograft dilatation at a 
mean of 11 years after the original surgery. Only one of these 

required further surgery within 3 years. An interesting finding 
that has been observed by others is that the native pulmonary 
valve leaflets are found to have remodeled over time to look 
like typical aortic valve leaflets including the development of 
nodules of Aranti.128

In Brussels where valve-sparing aortic root surgery is com-
mon, this technique was employed to save the autograft in 
26 of 28 patients. Twenty of these had originally had root 
replacement Ross while the other six patients had an inclu-
sion technique. Neo-aortic root dilatation was the primary 
reason for reoperation. Primary cusp prolapse was also treated 
but had unsatisfactory outcomes after repair.129

Concern about dissection and rupture is largely unsup-
ported. Rupture of the autograft has never been reported. 
Localized dissection of the autograft does occur but does not 
extend across circumferential suture lines that protect the dis-
tal aorta and the coronary ostia. The wall of the autograft, 
though thinner than native aorta, is encased in scar tissue 
from the original surgery making leakage into a free pericar-
dial space extremely unlikely.

If moderate autograft regurgitation has developed with root 
dilatation, a policy of waiting for symptoms or ventricular dys-
function/dilatation typically indicative for surgical interven-
tion should be considered appropriate, not just treating a sinus 
dimension. If distal native aorta dilates to 5.0 cm or greater, 
it may be reasonable to intervene before it gets to 5.5 cm in 
the setting of original BAV disease. If other valve disease or 
coronary disease dictates operative intervention, the dilated 
autograft should not be ignored. If the patient had no support 
at the original operation and root dilatation is the primary 
problem, then a valve-sparing technique can be considered or 
a Bentall option employed. The living autograft tissue makes 
mobilization of the coronary buttons easier because there is no 
calcification but they are still more delicate than native aorta 
and adhesions to the adjacent pulmonary homograft can make 
dissection in that area difficult. A Yacoub technique130 is suit-
able if the annulus was supported with a felt strip at the origi-
nal operation, but a David technique is needed if the annulus 
is dilated and/or unsupported. Alternatively, the Yacoub can 
be combined with annuloplasty or independent annular sup-
port to avoid extensive dissection between the autograft and 
homograft.131 Need for major leaflet revision is a marker for 
less durability just as it is in primary valve-sparing surgery.

Complete redo root replacement should be considered if 
both the leaflets and the sinuses are problematic. The living, 
pliable autograft makes this much easier than a redo after a 
homograft or stentless porcine root and perhaps even after a 
standard Bentall.

Safe reoperation begins with appropriate planning at the 
original operation where closure of the pericardium or cov-
erage of the heart with pericardial substitute will allow safe 
sternal reentry. Central cannulation is almost always possible, 
but peripheral cannulation should be considered in multiple 
reoperative settings or when preoperative imaging suggests 
perilous reentry. Crucial to safe conduct of these operations 
is avoidance of the plane between the pulmonary homograft 
and the aorta. There is usually plenty of room distal to the 
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 Chapter 29 Stentless Aortic Valve and Root Replacement 713

pulmonary artery to clamp the aorta before this plane needs 
to be addressed. Coronary buttons are often very close to 
the distal autograft anastomosis so aortotomy at reopera-
tion should never be proximal to this suture line. The com-
plete spectrum of replacement options is open at reoperation 
including simple mechanical or stented tissue valves, sub-
coronary or full root stentless, aortic homograft, or Bentall 
operation with biologic or mechanical valved conduit. The 
RVOT homograft should be left alone unless grossly abnor-
mal by preoperative evaluation. If reoperation is required for 
RVOT obstruction, this can be accomplished on the beating 
heart. The old conduit is opened longitudinally from normal 
right ventricular muscle to normal PA. The thick proximal 
scar is resected carefully and as much of the old conduit is 
removed as necessary to allow placement of a new homograft. 
The posterior wall and that facing the aorta can be left intact 
to avoid injury to the autograft and coronary tree.

FINAL THOUGHTS
Stentless aortic valve options provide unique advantages over 
stented valves. They are known for superb hemodynamics 
particularly in the small aortic annulus. For patients requiring 
replacement of the aortic root and valve, the stentless valves 
provide a conduit by which both issues can be addressed with 
one graft. Furthermore, in the setting of aortic root replace-
ment the tissue of the stentless valve is friendlier when working 
with coronary button anastomoses and this is predominantly 
true in cases of reoperative aortic root surgery. The durability 
of both the homograft and Freestyle has been shown to be 
similar to that of the best of the stented valve options.

The stentless valve option can lead to a more complicated 
reoperation in either the subcoronary or full root technique 
and patients should be referred to expert centers where these 
surgeries can be done safely with low mortality and morbidity.

The Ross operation should be offered as an option for any 
patient under the age of 50 years with aortic valve disease 
and a life expectancy in excess of 20 to 25 years. Under ideal 
circumstances, it can be considered in the 50- to 65-year-old 
population where the Ross has the possibility of lasting to 
the end of a normal life span. Of all the substitutes for the 
diseased aortic valve, only the pulmonary autograft has all 
the biologic advantages of a truly living structure. It is deli-
cate and demands precise implantation technique for imme-
diate and long-term success. Appropriate aortic tailoring or 
support is needed in the majority of patients to prevent late 
autograft dilatation and dysfunction. Approximately 20% of 
patients will probably require additional surgery for either 
the neo-aortic or the neo-pulmonary aspects of this opera-
tion by 20 years but they will not require anticoagulation and 
will not be limited in activity or lifestyle during that time. 
In appropriate hands, this operation can be done very safely 
and is a durable and excellent choice for young active people 
with aortic valve disease. Compared to the virtually 100% 
reoperation rate at 20 years for animal tissue valves, unavoid-
able and ongoing risks of thromboembolic and hemorrhagic 
complications with mechanical valves and proven advantage 

of the Ross over aortic homograft in randomized prospective 
trial,132,133 the Ross is a very viable option. Long-term survival 
may actually be superior to any other aortic valve operation. 
Failure to offer this option misses an opportunity for this sur-
vival benefit.55
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FUNCTIONAL ANATOMY OF THE 
AORTIC VALVE
The aortic valve is a complex structure that is best described 
as a functional and anatomic unit, the aortic root. The aortic 
root has four components: aortoventricular junction or aortic 
annulus, aortic cusps, aortic sinuses, and sinotubular junc-
tion. In addition, the triangles beneath the commissures of 
the aortic valve, although part of the left ventricular outflow 
tract, are also important for valve function.

The aortic annulus unites the aortic cusps and aortic 
sinuses to the left ventricle. It is attached to ventricular myo-
cardium (interventricular septum) in approximately 45% of 
its circumference and to fibrous structures (anterior leaflet of 
the mitral valve and membranous septum) in the remaining 
55% (Fig. 30-1). The aortic annulus has a scalloped shape. 
Histologic examination of the aortic annulus reveals that it 
is a fibrous structure with strands attaching itself to the mus-
cular interventricular septum and has a fibrous continuity 
with the mitral valve and membranous septum. The fibrous 
structure that separates the aortic annulus from the anterior 
leaflet of the mitral valve is the intervalvular fibrous body. 
An important structure immediately below the membranous 
septum is the bundle of His. The atrioventricular node lies in 
the floor of the right atrium between the annulus of the septal 
leaflet of the tricuspid valve and the coronary sinus. This node 
gives origin to the bundle of His, which travels through the 
right fibrous trigone along the posterior edge of the membra-
nous septum to the muscular interventricular septum. At this 
point, the bundle of His divides into left and right bundle 
branches that extend subendocardially along both sides of the 
muscular interventricular septum.

The aortic cusps are attached to the aortic annulus in a scal-
loped fashion (see Fig. 30-1). The aortic cusps have a semilu-
nar shape whereby the length of the base is approximately 1.5 
times longer than the length of the free margin, as illustrated 
in Fig. 30-2. There are three cusps and three aortic sinuses: left, 
right, and noncoronary. The aortic sinuses are also referred to 

as sinuses of Valsalva. The left coronary artery arises from the 
left aortic sinus and the right coronary artery arises from the 
right aortic sinus. The left coronary artery orifice is closer to 
the aortic annulus than is the right coronary artery orifice. The 
highest point where two cusps meet is called the commissure, 
and it is located immediately below the sinotubular junction. 
The scalloped shape of the aortic annulus creates three trian-
gular spaces underneath the commissures. The two triangles 
beneath the commissures of the noncoronary cusp are fibrous 
structures, whereas the triangular space beneath the commis-
sure between the left and right cusps is mostly muscular. These 
three triangles are seen in Fig. 30-1. The aortic annulus evolves 
along three horizontal planes within a cylindrical structure. 
Thus, the annulus of each cusp inserts itself in the aortic root 
along a single horizontal plane. The sinotubular junction rep-
resents the end of the aortic root. It is an important compo-
nent of the aortic root because the commissures of the aortic 
valve are immediately below it and changes in the diameter 
of the sinotubular junction affect the function of the aortic 
cusps.

The geometry of the aortic root and its anatomic com-
ponents varies among individuals, but the geometry of these 
components is somewhat interrelated. For instance, the larger 
the aortic cusps, the larger are the diameters of the aortic 
annulus and sinotubular junction. The aortic cusps are semi-
lunar (crescent shape) and their bases are attached to the 
annulus; the free margins extend from commissure to com-
missure, and the cusps coapt centrally during diastole. The 
size of the aortic cusps varies among individuals and within 
the same person, but as a rule the noncoronary cusp is slightly 
larger than the right and left. The left is usually the small-
est of the three. Because of the crescent shape of the aortic 
cusps and the fact that their free margins extend from com-
missure to commissure, the diameter of the aortic valve orifice 
must be smaller than the length of the free margins. Indeed, 
anatomic studies of fresh human aortic roots demonstrated 
that the average length of the free margins of the aortic cusps 
was one-third longer than the diameter of the aortic orifice. 

Aortic Valve Repair and 
Aortic Valve-Sparing 
Operations
Tirone E. David 
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718 Part IV Aortic Valve Disease

The diameter of the aortic annulus is 15 to 20% larger than 
the diameter of the sinotubular junction in children, but this 
relationship changes with age and the diameter of the aortic 
annulus is often smaller than the diameter of aortic annulus 
in older persons (see Fig. 30-2).

The aortic annulus, the aortic cusps, and the sinotubular 
junction play an important role in maintaining valve compe-
tence. On the other hand, the aortic sinuses play no role in 
valve competence, but they are believed to be important in 
minimizing mechanical stress on the aortic cusps during the 
cardiac cycle by creating eddies currents between the cusps 
and the aortic sinuses.

All components of the aortic root are very elastic and 
compliant in children but compliance decreases with aging 
as elastic fibers are replaced by fibrous tissue. Expansion and 
contraction of the aortic annulus during the cardiac cycle are 
heterogeneous probably because of its attachments to con-
tractile myocardium as well as to fibrous structures such as 
the membranous septum and intervalvular fibrous body. On 
the other hand, the expansion and contraction of the sinotu-
bular junction are more uniform. The aortic root also displays 

some degree of torsion during isovolumic contraction and 
ejection of the left ventricle. The movements of the aortic 
annulus, cusps, sinuses, and sinotubular junction also change 
with aging as elastic fibers are replaced by fibrous tissue.

AORTIC VALVE PATHOLOGY
Anatomically normal aortic cusps may become calcified late 
in life and cause aortic stenosis. This type of lesion is called 
dystrophic calcification, senile calcification, or degenerative 
calcification. The range of histopathologic lesions includes 
calcification, chondroid and osseous metaplasia, neorevascu-
larization, inflammation, and lipid deposition.

Bicuspid aortic valve is estimated to occur in 0.5% to 1.5% 
of the population.1 Males are affected more than females at 
a ratio of 4:1. There is a relatively high incidence of familial 
clustering, which suggests an autosomal dominant inheri-
tance with reduced penetrance.2 Extensive research in the 
genetics of bicuspid aortic valve is being presently conducted 
and this disorder is likely heritable.2 Most patients with bicus-
pid aortic valve have three aortic sinuses and two cusps of dif-
ferent sizes. The larger cusp often contains a raphe instead of 
a commissure. The raphe extends from the mid portion of the 
cusp to the aortic annulus, and its insertion in the aortic root 
is at a lower level than the other two commissures. Bicuspid 
aortic valves with two aortic sinuses and no raphe are least 
common and called “type 0”; the most common is with one 
raphe and is called “type 1”; and finally with two raphes is 
“type 2.”3 Types 1 and 2 can be subclassified according to 
the fused cusps: L-R is the most common form (a raphe in 
between the left and right cusps). Most patients with bicuspid 
aortic valves have a dominant circumflex artery and a small 
right coronary artery. Bicuspid aortic valve may function sat-
isfactorily until late in life when it may become calcified and 
stenotic.4 It may also become incompetent, particularly in 
younger patients and is often associated with dilated aortic 
annulus and prolapsed cusp.

Other congenital anomalies of the aortic valve are the 
unicuspid and quadricuspid valves. Subaortic membra-
nous ventricular septal defect can cause aortic insufficiency 
because of distortion of the aortic annulus and prolapse of 
the right cusp.

Numerous connective tissue disorders (ankylosing spon-
dylitis, osteogenesis imperfecta, rheumatoid arthritis, Reiter’s 
syndrome, lupus, etc.) can cause aortic insufficiency. The 
anorexigenic drugs phentermine and fenfluramine can also 
cause aortic insufficiency. Rheumatic aortic valve disease is 
still prevalent in developing countries and can cause aortic 
stenosis and/or insufficiency by causing fusion, fibrosis, and 
contraction of the cusps.

AORTIC ROOT AND ASCENDING 
AORTA PATHOLOGY
Degenerative diseases of the media with aneurysm formation 
are the most common disorders of the aortic root and ascend-
ing aorta. A broad spectrum of pathologic and clinical entities 

FIGURE 30-1 A photograph of a human left ventricular outflow 
tract and aortic root.

FIGURE 30-2 Geometric relationships of various components of 
the aortic root. The base of the aortic cusp is 1.5 times longer than its 
free margin. The diameter of the aortic annulus is 10 to 15% larger 
than the diameter of the sinotubular junction in children and young 
adults but it tends to become equal with aging. Three semilunar cusps 
seal the aortic orifice. The height of the cusps must be longer than the 
radius of the aortic annulus.
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is grouped under degenerative disorders, and it ranges from 
severe degeneration of the media, which can become clini-
cally important early in life in cases such as Loyes-Dietz syn-
drome, to cases of the not so important mild dilation of the 
ascending aorta in elderly patients. Bicuspid and unicuspid 
aortic valve disease often display premature degeneration of 
the media with dilation of the aorta. Atherosclerosis, infec-
tious and noninfectious aortitis are other pathologic entities.

Aneurysms of the ascending aorta are often caused by cystic 
medial degeneration (cystic medial necrosis). Histologically, 
necrosis and disappearance of muscle cells in the elastic lamina, 
and cystic spaces filled with mucoid material are often observed. 
Although these changes occur more often in the ascending 
aorta, they may affect any portion or the entire aorta. These 
changes weaken the arterial wall, which dilates and forms a 
fusiform aneurysm. The aortic root may be involved in this 
pathologic process, and in patients with Marfan syndrome, 
the aneurysm usually begins in the aortic sinuses. A large pro-
portion of patients with aortic root aneurysms do not fulfill 
the criteria of diagnosis of Marfan syndrome, but the gross 
appearance of the aneurysm and the histology of the arterial 
wall may be indistinguishable from that of Marfan syndrome. 
These cases are referred to as forma frusta of Marfan syndrome.

Patients with aortic root aneurysms are usually in their 
second or third decade of life when the diagnosis is made. 
These patients develop aortic insufficiency because of dilation 
of the sinotubular junction and/or aortic annulus (Fig. 30-3). 
Annuloaortic ectasia is a term used to describe dilation of the 
aortic annulus.

Other patients have relatively normal aortic roots but 
develop ascending aortic aneurysms. These patients are 
usually in their fifth or sixth decade of life. Finally, certain 

patients have extensive degenerative disease of the entire aorta 
and develop the so-called mega-aorta syndrome with dilation 
of the entire thoracic and abdominal aorta. Ascending aortic 
aneurysm may cause dilation of the sinotubular junction with 
consequent aortic insufficiency (Fig. 30-3).

Marfan Syndrome
Marfan syndrome is an autosomal dominant variably pen-
etrant inherited disorder of the connective tissue in which 
cardiovascular, skeletal, ocular, and other abnormalities may 
be present to a variable degree. The prevalence is estimated to 
be around 1 in 5000 individuals. It is caused by mutations in 
the gene that encodes fibrillin-1 (FBN1) on chromosome 15. 
This is a large gene (approximately 10,000 nucleotides in the 
mRNA), and identification of the mutation is a complex task. 
More than 1000 mutations in FBN1 have been identified. 
The phenotype presents a highly variable degree because of 
varying genotype expression.

The clinical features of Marfan syndrome were thought to 
be a result of weaker connective tissues caused by defects in 
fibrillin-1, a glycoprotein, and principal component of the 
extracellular matrix microfibril. This concept was inadequate 
to explain the overgrowth of long bones, osteopenia, reduced 
muscular mass, and adiposity and craniofacial abnormali-
ties often seen in Marfan syndrome.5 Dietz and colleagues5,6 
showed in an experimental mouse with Marfan syndrome that 
many findings are the result of abnormal levels of activation of 
transforming growth factor beta (TGF-β), a potent stimula-
tor of inflammation, fibrosis, and activation of certain matrix 
metalloproteinases, especially matrix metalloproteinases  
2 and 9. Excess TGF-β activation in tissues correlates with fail-
ure of lung septation, development of a myxomatous mitral 
valve, and aortic root dilation in mice. This combination of 
structural microfibril matrix abnormality, dysregulation of 
matrix homeostasis mediated by excess TGF-β, and abnor-
mal cell-matrix interactions is responsible for the phenotype 
features of the Marfan syndrome. Ongoing destruction of the 
elastic and collagen lamellae and medial degeneration result 
in progressive dilation of the aortic root, as well as a predispo-
sition to aortic dissection from the loss of appropriate medial 
layer support. Loss of elasticity in the media causes increased 
aortic stiffness and decreased distensibility.

The diagnosis of Marfan syndrome is made on clinical 
grounds, and it is not always simple because of the variability 
in clinical expression. A multidisciplinary approach is needed 
to diagnose and manage patients afflicted with this syndrome. 
The revised Ghent criteria to diagnose Marfan syndrome is 
summarized in Table 30-1.7 The most common cardiovascu-
lar features are aortic root aneurysm and mitral valve prolapse. 
These anatomical abnormalities may cause aortic rupture, 
aortic dissection, aortic insufficiency, and mitral insufficiency.

Loeys-Dietz Syndrome
Mutations in the genes encoding TGF-β receptors 1 and 2 
have been found in association with a continuum of clinical 

FIGURE 30-3 Dilation of the sinotubular junction causes aor-
tic insufficiency because it displaces the commissures outward and  
prevents the cusps to coapt centrally.

Cohn_ch30_p0717-0730.indd   719 12/04/17   4:14 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



720 Part IV Aortic Valve Disease

features. On the mild end, the mutation have been found in 
association with presentation similar to that of the Marfan 
syndrome or with familial thoracic aneurysm and dissection, 
and on the severe end, they are associated with a complex 
phenotype in which aortic dissection or rupture commonly 
occurs in childhood.8 This complex phenotype is character-
ized by the triad of hypertelorism, bifid uvula or cleft palate, 
and generalized arterial tortuosity with widespread vascular 
aneurysm and dissection. This phenotype has been classified 
as Loeys-Dietz syndrome. Affected patients have a high risk 
of aortic dissection or rupture at an early age and at relatively 
small diameters. CT angiograms should be obtained from 
head to pelvis.

Ehlers-Danlos Syndrome
Vascular Ehlers-Danlos syndrome is a rare autosomal domi-
nant inherited disorder of the connective tissue resulting 
from mutation of the COL3A1 gene encoding type III col-
lagen. Spontaneous rupture without dissection of large- and 

TABLE 30-1: Revised Ghent Criteria for 
Diagnosis of Marfan Syndrome

In the absence of family history the diagnosis of Marfan is confirmed 
with:

1. Aortic root dilatation (Z ≥ 2) or dissection + ectopialentis
2. Aortic root dilatation (Z ≥ 2) or dissection + FBN1 mutation
3.  Aortic root dilatation (Z ≥ 2) or dissection + systemic 

manifestations (≥7 points)
4.  Ectopialentis + FBN1 mutation associated with aortic dissection 

but without aortic root dilatation or dissection
In the presence of family history of Marfan syndrome:
5. Ectopialentis + family history
6. Systemic manifestations (≥7 points) + family history
7. Aortic root dilatation (Z ≥ 2 above 20 years old or ≥3 below 20 

years old) + family history
Point system for Marfan syndrome:
•  Wrist and thumb sign—3 (wrist or thumb separately 1 point)
•  Pectus carinatum deformity—2 (pectus excavatum or chest 

asymmetry separately—1)
•  Hindfoot deformity—2 (plain pes planus—1)
•  Pneumothorax—2
•  Dural ectasia—2
•  Protrusioacetabuli—2
•  Reduced upper segment/lower segment ratio and increased  

arm/height no severe scoliosis—1
•  Scoliosis or thoracolumbar kyphosis—1
•  Reduced elbow extension—1
•  Facial features (3/5) —1 (dolichocephaly, enophthalmos, 

downslanting palpebral fissures, malar hypoplasia, retrognathia)
•  Skin striae—1
•  Myopia > 3 diopters—1
•  Mitral valve prolapse (all types)—1
(Maximum total: 20 points; score ≥ 7 indicates systemic 

involvement)

medium-caliber arteries such as the abdominal aorta and its 
branches, the branches of the aortic arch, and the large arter-
ies of the limbs accounts for most deaths. Aortic root dilation 
was present in 28% in a series of  71 patients with Ehlers- 
Danlos syndrome.9 Aortic dissection is uncommon. Diag-
nosis is confirmed either by biochemical assays showing 
qualitative or quantitative abnormalities in type III colla-
gen secretion or by molecular biology studies demonstrating 
mutation of the COL3A1 gene. Varied molecular mecha-
nisms have been observed with different mutations in each 
family. No correlation has been established between geno-
type and phenotype. Diagnosis should be suspected in any 
young person presenting with arterial or visceral rupture or 
colonic perforation.

Other Aortic Root Aneurysm Associated 
with Genetic Syndromes
Aneurysm-osteoarthritis syndrome is associated with patho-
genic SMAD-3 gene and is clinically characterized by aortic 
root aneurysm, aortic dissection, arterial aneurysms and dis-
section, arterial tortuosity, mitral valve prolapse, congenital 
cardiac defects, and osteoarthritis, soft skin, flat feet, scoliosis 
and recurrent hernias.10 Aortic root aneurysms can also be 
associated with mutations of TGFβ-2 and with mutations of 
fibrillin-4 gene (FBLN4; cutis laxa syndrome).11,12

Other Pathologies
Familial thoracic aneurysms can be associated with muta-
tions of various genes (TGFβ1-2, ACTA2, MLCK, SMAD3, 
TGF2) without systemic syndrome such as those described 
above. Atherosclerotic aneurysms of the ascending aorta 
are uncommon. They are more common in the abdominal 
aorta and to a lesser degree in the descending thoracic aorta. 
Atherosclerosis often causes irregular and saccular aneurysms 
of the ascending aorta rather than a more fusiform shape as 
seen with degenerative diseases.

Infectious aneurysms of the ascending aorta are rare. Syph-
ilis was a common cause of aneurysm of the ascending aorta 
but it is seldom seen. The spirochetal infection destroys the 
muscular and elastic fibers of the media, which are replaced 
by fibrous and other inflammatory tissues. The ascending 
aorta is the most common site of involvement and the aneu-
rysm is usually saccular. The wall of the ascending aorta is fre-
quently calcified. Syphilitic aortitis also causes coronary ostial 
stenosis and aortic valve insufficiency. Other bacteria can also 
cause aneurysm of the ascending aorta.

Various types of aortitis may involve the ascending 
aorta. Giant cell arteritis is among the more common and it 
involves medium-sized arteries, but the aorta and its branches 
are involved in approximately 15% of the cases. The etiol-
ogy is unknown. The characteristic lesion is a granulomatous 
inflammation of the media of large- and medium-caliber 
arteries such as the temporal artery. Occasionally the inflam-
matory process weakens the aorta leading to aneurysm forma-
tion, aortoannular ectasia, and aortic insufficiency.
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Ankylosing spondylitis, Reiter’s syndrome, psoriatic 
arthritis, and polyarteritis nodosa can cause aortic insuffi-
ciency because of annuloaortic ectasia. Behçet’s disease can 
cause aneurysm of the ascending aorta.

NATURAL HISTORY OF AORTIC 
VALVE DISEASE
Aortic Stenosis
Asymptomatic patients with aortic stenosis have a good prog-
nosis.13 Sudden death in asymptomatic patients is uncom-
mon. However, when symptoms develop, the prognosis 
becomes poor and the average survival is 2 to 3 years for 
patients with symptoms of angina and syncope, and 1 to 2 
years for those with congestive heart failure.14

Aortic Insufficiency
The prognosis of symptomatic patients with aortic insuf-
ficiency is poor with death occurring within 4 years after 
development of angina and within 2 years after the onset of 
congestive heart failure.15

Bicuspid Aortic Valve Disease
A prospective follow-up on 642 adult patients (mean age 
35 ± 9 years) with bicuspid aortic valve during a mean 
9 ± 5 years in our institution revealed a late survival simi-
lar to that of the general population in spite the fact that 
161 patients had an adverse event (cardiac death, aortic 
valve/ascending aorta surgery, dissection, or congestive 
heart failure).16 Age greater than 30 years, and moderate 
or severe aortic stenosis or insufficiency were indepen-
dent predictors of adverse event.16 In a study from the 
Mayo Clinic on 212 patients (mean age 32 ± 20 years) 
with normal or minimally dysfunctional bicuspid aortic 
valve who lived in Olmsted County and followed for a 
mean of 15 ± 6 years revealed a 20-year survival similar 
to that of the general population, but the incidence of 
surgery on the aortic valve and/or ascending aorta was 
27 ± 4% and the total adverse cardiovascular events was 
42 ± 5%.4

Aortic Root and Ascending  
Aortic Aneurysms
Aortic root/ascending aortic aneurysm can cause aortic insuf-
ficiency, aortic dissection, or rupture. The transverse diameter 
of the aneurysm is a determinant of rupture or dissection. In a 
study by Coady and associates17 on 370 patients with thoracic 
aneurysms (201 ascending aortic aneurysms), during a mean 
follow-up of 29.4 months the incidence of acute dissection or 
rupture was 8.8% for aneurysms less than 4 cm, 9.5% for aneu-
rysms of 4 to 4.9 cm, 17.8% for 5 to 5.9 cm, and 27.9% for 
those greater than 6 cm. The median size of the ascending aor-
tic aneurysm at the time of rupture or dissection was 5.9 cm. 

In Coady’s study, the growth rate ranged from 0.08 cm/year 
for small (<4 cm) aneurysms to 0.16 cm/year for large (8 cm) 
aneurysms.17 The growth rates for chronic dissecting aneurysms 
were much higher than for chronic nondissecting aneurysms.

The growth rates for aortic root aneurysms may be higher 
than in ascending aortic aneurysms, particularly in patients 
with Marfan syndrome. Aortic dissection is rare in aortic root 
aneurysm of less than 50 mm, unless the patients have family 
history of  aortic dissection. Without  surgery, most patients 
with Marfan syndrome die in the third decade of their lives 
from complications of aortic root aneurysm such as rup-
ture, aortic dissection, or aortic insufficiency.18 Pregnancy in 
women with Marfan syndrome has two potential problems: 
the risk of having a child who will inherit the disorder and 
the risk of acute aortic dissection during the third trimester, 
parturition, or the first month postpartum. The offspring has 
a 50% risk of inheriting the syndrome.

Patients affected with Loeys-Dietz syndrome have a high 
risk of aortic dissection or rupture at an early age and at rela-
tively small aortic root diameters. Surgery is recommended in 
adults when the aortic root exceeds 4 cm.

Patients with bicuspid aortic valve had larger aortas than 
patients with tricuspid aortic valve and the rate of dilation 
of the ascending aorta was higher (0.19 vs 0.13 cm per year, 
respectively) in a study by Davies et al.19 Among patients with 
bicuspid aortic valve, those with aortic stenosis had a higher 
risk of rupture, dissection, or death.

DIAGNOSIS OF AORTIC  
VALVE/ROOT DISEASE
Patients with aortic stenosis remain asymptomatic for many 
years. Symptoms usually appear late in the course of the 
disease. The symptoms are: angina pectoris, syncope, and 
congestive heart failure. The clinical presentation of patients 
with aortic insufficiency is dependent on the rapidity with 
which aortic insufficiency develops. Patients with chronic 
aortic insufficiency remain asymptomatic for many years 
while the heart slowly enlarges. Palpitations and head pound-
ing may occur during exertion. Angina pectoris may occur, 
but it is not as common as with aortic stenosis. Syncope is 
rare. The symptoms of congestive heart failure are usually an 
indication of left ventricular dysfunction. Acute aortic insuf-
ficiency is frequently associated with cardiovascular collapse, 
with extreme fatigue, dyspnea, and hypotension resulting 
from reduced stroke volume and elevated left atrial pressure. 
Echocardiography confirms the diagnosis of aortic valve dys-
function and provides information regarding its mechanism. 
Radionuclide imaging is useful in assessing the left ventricu-
lar function at rest and during exercise, valuable information 
in asymptomatic patients.

Most patients with aortic root aneurysm are asymptomatic 
and have no physical signs if the aortic valve is competent. 
Some patients may complain of vague chest pain. Severe chest 
pain is suggestive of rapid expansion or intimal tear with dis-
section. Echocardiography establishes the diagnosis and pro-
vides information regarding the aortic cusps. A computed 
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tomography scan and magnetic resonance imaging of the 
chest are also diagnostic and it is useful to provide informa-
tion regarding the thoracic aorta.

INDICATIONS FOR SURGERY
Surgeons must be familiar with the guidelines for heart valve 
surgery prepared by a joint committee of the ACC and AHA20 
and for surgery for aortic root and ascending aortic aneurysm 
set by the STS.21

SELECTION OF PATIENTS FOR 
AORTIC VALVE REPAIR
Most candidates for aortic valve repair have aortic insuffi-
ciency or normally functioning aortic valve with aortic root 
or ascending aortic aneurysm. Transesophageal echocardiog-
raphy is the best diagnostic tool to study the aortic valve and 
the mechanism of aortic insufficiency. Each component of 
the aortic root must be carefully interrogated, and in par-
ticular the aortic cusps. The number of cusps, their thick-
ness, the appearance of their free margins, and the excursion 
of each cusp during the cardiac cycle must be examined in  
multiple views. The lines of coaptation of the aortic cusps 
should be interrogated by color Doppler imaging and the 
direction and size of the regurgitant jets recorded in multiple 
views. Information regarding the morphologic features of 
the aortic annulus, aortic sinuses, sinotubular junction, and 
ascending aorta should be obtained.

The aortic cusps are the most important determinant of 
aortic valve repair. If the cusps are thin, mobile with smooth 
free margins, the feasibility of aortic valve repair is very high, 
including bicuspid aortic valve. Calcified or scarred and 
fibrotic aortic cusps preclude aortic valve repair unless autolo-
gous or xenograft glutaraldehyde fixed pericardium is used for 
partial excision and patch repair of the cusps.

Patients with aortic root and ascending aortic aneurysms 
often have normal or minimally stretched aortic cusps and 
reconstruction of the aortic root with preservation of the 
native aortic cusps is feasible. Grossly dilated aortic annulus 
and/or sinotubular junction are likely to have overstretched, 
thinned out aortic cusps with stress fenestrations along the 
commissural areas and may not be suitable for repair.

TECHNIQUES OF AORTIC  
VALVE REPAIR
Cusp Perforation
Occasionally a cusp perforation is the sole reason for aortic 
insufficiency. The perforation may be iatrogenic, a sequelae 
of healed endocarditis, or the result of resection of a papillary 
fibroelastoma. A simple patch of fresh or glutaraldehyde fixed 
autologous pericardium is adequate to correct the problem. 
Fresh autologous pericardium can also be used to repair small 
holes (<5 mm) but the patch should be larger than the defect 

because it retracts during healing. We use a continuous fine 
polypropylene to suture the patch around the defect on the 
aortic side of the cusp.

Cusp Extension
Cusp augmentation has been used to repair incompetent aor-
tic valves due to rheumatic and congenital disease. Glutaral-
dehyde fixed bovine or autologous pericardium has been used 
for this purpose.

Cusp Prolapse
Cusp prolapse is caused by elongation of the free margin. This 
is corrected by plication along the nodule of Arantius as illus-
trated in Fig. 30-4. The degree of shortening is determined 
by examining the other cusps and their level of coaptation.

Cusp with Stress Fenestration
Dilation of the sinotubular junction increases the mechanical 
stress along the free margin of the cusp near the commis-
sures and may cause a stress fenestration with thinning and 
sometimes even detachment from the commissure. This type 
of lesion has been successfully corrected by weaving a double 
layer of 6-0 expanded polytetrafluoroethylene suture along 
the free margin of the cusp as illustrated in Fig. 30-5.

Bicuspid Aortic Valve
The most commonly performed aortic valve repair in adults is 
for bicuspid aortic valve with prolapse of one cusp. Although 
the anatomic arrangement of the bicuspid aortic valve varies, 
most patients have an anterior cusp attached to the interven-
tricular septum and a posterior cusp attached to the fibrous 
components of the left ventricular outflow tract. The anterior 

FIGURE 30-4 Repair of cusp prolapse. The free margin is shortened 
by plicating the area of the nodule of Arantius.
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cusp often contains a raphe at approximately where the com-
missure between the right and left cusps would be (Type 1, 
L-R). This cusp is usually the one that is elongated and pro-
lapsed. As long as the posterior cusp is normal, repair is 
feasible and relatively simple. The raphe is excised and the 
free margin of the anterior cusp is shortened with plicating 
sutures as illustrated in Fig. 30-6. The lengths of the free 
margins of both cusps should be similar and should coapt 
at the same level. Suspending the arterial walls immediately 
above the commissures and observing the level of coaptation 

FIGURE 30-6 Repair of incompetent bicuspid aortic valve. The elongated cusp is shortened and the subcommissural triangles narrowed with sutures.

FIGURE 30-5 Reinforcement of the free margin with a double layer 
of 6-0 expanded polytetrafluoroethylene suture. This is often done in 
patients with stress fenestration.

of each cusp gives an estimate of the level of coaptation of 
the cusps.

Because most patients with incompetent bicuspid aortic 
valves have dilated aortic annulus, aortic valve-sparing oper-
ation may be more appropriate procedure than simple cusp 
repair. However, if the aortic sinuses are not aneurismal and 
the annulus is only mildly dilated, a reduction annuloplasty 
to increase the coaptation area of the cusps can be done. 
This is accomplished by plicating the subcommissural trian-
gles using horizontal mattress sutures of 4-0 polypropylene 
with Teflon felt pledgets on the outside of the aortic root 
(Fig. 30-7). The suture is first passed from the outside to the 
inside of the aorta through the aortic annulus of both cusps 
2 mm below their commissure. The same suture is passed 
again through the annulus and subcommissural triangle 
4 or 5 mm below the first one and the ends are tied together 
over Teflon felt pledgets on the outside of the aorta.

AORTIC VALVE-SPARING 
OPERATIONS
Aortic valve-sparing operations include various procedures 
used to preserve the aortic cusps in patients with aortic 
root aneurysm or ascending aortic aneurysm with aortic 
insufficiency.

Ascending Aortic Aneurysm with  
Aortic Insufficiency
Dilation of the sinotubular junction displaces the commis-
sures of the aortic valve outward and prevents the cusps from 
coapting during diastole (see Fig. 30-3). These patients are 
often on the sixth, seventh, or eighth decade of their lives and 
have ascending aortic aneurysm. The dilation of the sinotu-
bular junction is often asymmetrical, and the commissures of 
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724 Part IV Aortic Valve Disease

noncoronary aortic cusp are more affected than the other two. 
If the other components of the aortic root are normal, simple 
adjustment of the sinotubular junction restores valve com-
petence. This is accomplished by transecting the ascending 
aorta 5 mm above the sinotubular junction and pulling the 
three commissures upward and close to each other until the 
cusps coapt. The three commissures form an imaginary tri-
angle. The diameter of a circle that contains this imaginary 
triangle is the diameter of the graft that should be used to 
reconstruct the sinotubular junction. Because the aortic cusps 
and sinuses have different sizes, this triangle is not always 
equilateral and the commissures must be spaced according to 
the length of the free margin of each cusp. The diameter of 
the graft and the space between commissures are facilitated by 
sizing the diameter of the circle that contains all three com-
missures with a transparent valve sizer, such as the one used 
to size the aortic annulus for a stentless porcine aortic valve. 
Those valve sizers have three equidistant marks, and one can 
determine the space between the commissures by comparing 
to the distance between marks. The tubular Dacron graft is 
sutured right at the level of the sinotubular junction with a 
continuous 4-0 polypropylene suture (see Fig. 30-7). If after 
adjusting the sinotubular junction, the cusps do not coapt at 
the same level, one or more cusps may be elongated and the 
free margin has to be shortened as illustrated in Fig. 30-4. 
Aortic valve competence can be tested at this time by inject-
ing cardioplegia into the graft under pressure and observing 
the left ventricle for distension.

If the noncoronary aortic sinus is dilated or altered by aor-
tic dissection, a neoaortic sinus can be created by tailoring 
the graft with a tongue of tissue that is sutured directly to the 
aortic annulus as illustrated in Fig. 30-8. The height of the 

FIGURE 30-8 Correction of the sinotubular junction and  
replacement of the noncoronary aortic sinus.

neoaortic sinus of Dacron should be 3 or 4 mm more than 
the diameter of the graft, and the width should be 3 or 4 mm 
more than the estimated intercommissural distance to allow 
the graft to bulge and create a neoaortic sinus.

Small diameter grafts (<24 mm) should be avoided in large 
adult patients because they may increase left ventricular after-
load, particularly if long segments of aorta are replaced such 
as with concomitant transverse arch replacement using the 
elephant trunk technique. If the estimated diameter of the 
sinotubular junction is less than 24 mm, a larger graft should 
be used and the end that is anastomosed to the aortic root to 
recreate the sinotubular junction should be reduced by plicat-
ing the graft in the area of the anastomosis.

Aortic Root Aneurysm
A large proportion of patients with aortic root aneurysm 
has normal or minimally stretched aortic cusps and an aor-
tic valve-sparing operation is feasible. There are basically two 
types of aortic valve-sparing operations for patients with aor-
tic root aneurysm: remodeling of the aortic root and reim-
plantation of the aortic valve.22,23

Remodeling of the Aortic Root
The ascending aorta is transected and the aortic root is dis-
sected circumferentially down to the level of the aortic annu-
lus. All three aortic sinuses are excised, leaving approximately 
4 to 6 mm of arterial wall attached to the aortic annulus 
and around the coronary artery orifices as illustrated in  
Fig. 30-9. The three commissures are gently pulled vertically 

FIGURE 30-7 Dilation of the sinotubular junction causes aortic 
insufficiency. Correction of the dilation with a tubular Dacron graft 
of appropriate diameter corrects aortic insufficiency.
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 Chapter 30 Aortic Valve Repair and Aortic Valve-Sparing Operations 725

and approximated until the cusps coapt. The three com-
missures form a triangle and the diameter of the circle that 
contains that triangle is the diameter of the graft to be used 
for remodeling. In our experience, most grafts are 24, 26, or 
28 mm in diameter. Here again, the stentless valve sizers are 
very useful to determine the diameter of the graft and also the 
distance between commissures because they may not be equi-
distant. The spaces in between the commissures are marked in 
one of the ends of the graft, and the graft is tailored to create 
three neoaortic sinuses (Fig. 30-10). The heights of these neo-
aortic sinuses should be approximately equal to the diameter 
of the graft. The three commissures are suspended in the graft 
(Fig. 30-11), which is then sutured to the remnants of the 
aortic wall as close as possible to aortic annulus with con-
tinuous 4-0 polypropylene sutures. The coronary arteries are 
reimplanted into their respective neoaortic sinuses. The aortic 
cusps are inspected to make sure that all three coapt at the 
same level and well above the nadir of the aortic annulus. If 
one or more cusp is prolapsing, the free margin is shortened 
as described previously. If one or two cusps have stress fen-
estrations, the free margin should be reinforced with a dou-
ble layer of a fine expanded polytetrafluoroethylene suture 
from commissure to commissure. Aortic valve competence 
can be assessed by injecting cardioplegia under pressure into 
the reconstructed aortic root and observing the left ventricle 
for distension. The graft is then anastomosed to the distal 
ascending aorta or transverse aortic arch graft depending on 
the extent of the aneurysm (Fig. 30-11).

Remodeling of the aortic root may be inappropriate for 
patients with aortic root aneurysms associated with genetic 
syndromes because it has been documented that the aortic 
annulus may dilate postoperatively. An aortic annuloplasty 
along the fibrous component of the left ventricular outflow 
tract18 did not prevent late dilation of the aortic annulus in 
patients with Marfan syndrome in our experience. Thus, 
reimplantation of the aortic valve may be a better operative 
procedure for patients with annuloaortic ectasia (Fig. 30-12) 

FIGURE 30-9 Remodeling of the aortic root. The aortic sinuses 
are excised leaving 4 to 6 mm of arterial wall attached to the aortic  
annulus and around the coronary arteries.

FIGURE 30-10 A graft of diameter equal to the diameter of the 
sinotubular junction is tailored to recreate three aortic sinuses. The 
three commissures are suspended into the tailored graft and the  
neoaortic sinuses are sutured to the aortic annulus and remnants of 
arterial wall.

FIGURE 30-11 Remodeling of the aortic root. The coronary arter-
ies are reimplanted into their respective neoaortic sinuses and the graft  
anastomosed to the distal aorta.
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726 Part IV Aortic Valve Disease

because this operative procedure corrects and prevents annu-
lar dilation, whereas remodeling of the aortic root may be 
more suitable for patients with normal aortic annulus.

Reimplantation of the Aortic Valve
This procedure can be performed in all patients with aortic 
root aneurysms, but it is particularly valuable in patients with 
dilated aortic annulus and in acute type A aortic dissection. It 
is technically more demanding than remodeling of the aortic 
root because it requires greater knowledge of the functional 
anatomy of the aortic root. This is because the geometry of the 
aortic annulus, the aortic sinuses, the sinotubular junction, 
and even the aortic cusps are potentially altered during the 
procedure. In the original description of this procedure, the 
aortic valve was reimplanted into a tubular Dacron graft and 

FIGURE 30-12 Annuloaortic ectasia. The subcommissural triangles 
of the noncoronary aortic cusps are flattened by dilation of the fibrous 
tissue.

FIGURE 30-13 Reimplantation of the aortic valve. Sutures are passed below the aortic annulus in a single horizontal plane along the fibrous por-
tion of the left ventricular outflow tract and following the scalloped shape of the aortic annulus along the muscular interventricular septum. These 
sutures are also passed from the inside to the outside of a tubular Dacron graft.

no neoaortic sinuses were created. Some investigators have 
suggested that the presence of the aortic sinuses is important 
for normal cusp motion, and potentially, cusp durability. 
Several modifications to the reimplantation procedure were 
introduced to create neoaortic sinuses. There is now a com-
mercially available graft with sinuses of Valsalva (Vascutek 
Ltd. Renfrewshire, Scotland); however we have not used it 
because it distorts the aortic annulus because its sinuses are 
spherical, whereas the normal aortic annulus develops along a 
crescent shape on a single horizontal plane within a cylinder. 
However, this graft is used by many surgeons but the long-
term results remain unknown.24

Following is a description of this procedure as we have 
been performing for more than two decades with excel-
lent long-term results. The three aortic sinuses are excised 
as described for the remodeling procedure (see Fig. 30-9). 
Multiple horizontal mattress sutures of 2-0 or 3-0 polyester 
are passed from the inside to the outside of the left ventricu-
lar outflow tract, immediately below the nadir of the aortic 
annulus, through a single horizontal plane from the nadir 
of the left and noncoronary cusps and slightly scalloped 
between the subcommissural triangle of the left and right 
cusps and less so along the membranous septum to avoid the 
bundle of His as illustrated in Figure 30-13. These sutures 
frequently pass through right atrial wall in the area of the 
membranous septum and left atrial wall in the area of the 
sub-commissural triangle between the left and noncoronary 
cusps. If the fibrous portion is thin, sutures with Teflon felt 
pledgets should be used. A tubular Dacron graft of diameter 
equal to double the average height of the cusps minus 2 or 
3 mm is selected and three equidistant marks placed in one 
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 Chapter 30 Aortic Valve Repair and Aortic Valve-Sparing Operations 727

of its ends. A small triangular segment is cut off along the 
mark that corresponds to the subcommissural triangle of the 
left and right cusps. The sutures previously placed in the left 
ventricular outflow tract are now passed through the graft. 
The sutures should be spaced symmetrically in the graft if the 
aortic annulus is not dilated. If there is obvious dilation of 
the aortic annulus, the sutures should be spaced symmetri-
cally along the muscular interventricular septum and around 
the nadirs of the aortic annulus but closer together beneath 
the subcommissural triangles of the noncoronary aortic cusp 
because that is where dilation occurs in patients with connec-
tive disorders. The sutures are then tied on the outside of the 
graft. Care must be exercised not to purse-string this suture 
line. The graft is then cut in a length of approximately 5 cm 
and pulled gently, and the three commissures are also pulled 
vertically and temporarily secured to the graft with transfix-
ing 4-0 polypropylene sutures buttressed on small Teflon 
felt pledgets, but these sutures are not tied. Once all three 
commissures are suspended inside the graft, the commissures 
and the cusps are inspected to make sure they are all cor-
rectly aligned. The subcommissural triangles should also be 
inspected to make sure they are as narrow as the diameter of 
the graft allows, that is, the triangles should have a narrower 
base than before surgery. Next, the sutures are tied on the 
outside of the graft and used to secure the aortic annulus into 
the graft. This is accomplished by passing the suture sequen-
tially from the inside to the outside right at the level of the 
annulus and from the outside to the inside at the level of 
the remnants of the arterial wall. We start at the level of the 
commissure and stop at the nadir of the aortic annulus where 
the sutures are tied together. The coronary arteries are reim-
planted into their respective sinuses (Fig. 30-14). The coapta-
tion of the aortic cusps is inspected and prolapse is corrected 
if necessary. It is important that the coaptation level is well 
above the aortic annulus. Creation of neoaortic sinuses are by 
plicating the graft at the level of the sinotubular junction and 
in between two commissures allows the aortic cusp to move 
a bit more centrally and increased its mobility as illustrated 
in Fig. 30-15. Valve competence can be assessed by occlud-
ing the distal graft and injecting cardioplegia under pressure. 
If the ventricle does not distend, no more than trace aortic 
insufficiency is present. The distal anastomosis is performed 
either to the distal ascending aorta or transverse aortic arch 
depending on the pathology. The graft sizes in our patients 
ranged from 26 to 34 mm, mean of 31 mm.

RESULTS OF AORTIC VALVE REPAIR
One of the earliest series of aortic valve repair for aortic insuf-
ficiency caused by prolapse of bicuspid aortic valve came from 
the Cleveland Clinic.25 In a series of 94 patients with a mean 
age of 38 years, the freedom from reoperation was 84% at 7 
years.21 The only factor predictive of reoperation was residual 
aortic insufficiency at the time of repair.25

The appropriateness of aortic valve repair in patients with 
incompetent bicuspid aortic valve remains unclear. Compe-
tent bicuspid aortic valves appear to be durable because a large 

proportion of patients who require aortic valve replacement 
for aortic stenosis in their fifth, sixth, or seventh decades of 
life are found to have bicuspid aortic valves. Thus, aortic valve 
repair for incompetent bicuspid aortic valves is a reasonable 
surgical approach in young adults but the best type of repair 
remains to be determined. Incompetent bicuspid aortic valves 

FIGURE 30-14 Reimplantation of the aortic valve. The commis-
sures and the aortic annulus are sutured inside the graft and the  
coronary arteries reimplanted.

FIGURE 30-15 Reimplantation of the aortic valve. Neoaortic 
sinuses can be created by plicating the graft in the spaces in between 
the commissures at the level of the sinotubular.
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are often associated with dilated aortic annulus and subcom-
missural plication may be inadequate to prevent future dila-
tion and recurrent aortic insufficiency. Reimplantation of the 
aortic valve may provide better long-term results than simple 
valve repair in patients with incompetent bicuspid aortic 
valve and dilated aortic annulus.26

Ascending Aortic Aneurysm with  
Aortic Insufficiency
We reported our experience with aortic valve repair in patients 
with ascending aortic aneurysm, normal or minimally dilated 
aortic sinuses, and moderate or severe aortic insufficiency.27 
There were 103 patients whose mean age was 65 ± 12 years 
and 53% were men. The aneurysm extended into the trans-
verse aortic arch in 60% of the patients and 20% had mega-
aorta syndrome. The aortic valve repair consisted in adjusting 
the diameter of the sinotubular junction in all patients. In 
addition, repair of cusp prolapse was needed in 36 patients, 
and replacement of the noncoronary aortic sinus in 8. Asso-
ciated procedures were: replacement of the transverse aortic 
arch in 62 patients, coronary artery bypass in 28, and mitral 
valve repair or replacement in 7. The follow-up was complete 
at 5.8 ± 2.3 years. There were 2 operative and 30 late deaths. 
The survival at 10 years was 54 ± 7%. Independent predic-
tors of late death were transverse arch aneurysm, the use of 
elephant trunk technique to replace the arch and mega-aorta 
syndrome. Only two patients required aortic valve replace-
ment: one for endocarditis and one for severe aortic insuf-
ficiency. The freedom from aortic valve replacement at 10 
years was 98%. Only one patient developed severe and six 
developed moderate aortic insufficiency during the follow-
up. The freedom from severe or moderate aortic insufficiency 
at 10 years was 80 ± 7%. These findings suggest that aortic 
valve repair in these patients is an excellent alternative to valve 
replacement and the repair remains stable in most patients 
during the follow-up. Late survival was suboptimal because 
of the extensiveness of the vascular disease.

Aortic Root Aneurysm
We reported our current experience with aortic valve-sparing 
operations for aortic root aneurysm in 371 patients.28 Their 
mean age was 47 ± 15 years, 78% were men, 35.5% had the 
Marfan syndrome, 12% had type A aortic dissection, and 
9% had bicuspid aortic valves. Approximately one-half of the 
patients had moderate or severe aortic insufficiency before 
surgery. The technique of remodeling of the aortic root was 
used in 75 patients and the reimplantation of the aortic valve 
in 226. The follow-up was complete at 8.9 ± 5.2 years. All 
patients had echocardiographic studies during the follow-up. 
There were 4 operative and 35 late deaths. Patients’ survival at 
18 years was 76.8% and approximately 10% lower than that 
of the general population of Ontario matched for age and 
gender. Age greater by 5-year increments, aortic dissection, 
preoperative aortic insufficiency, and left ventricular ejection 
fraction less than 40% were independent predictors of death. 

Eighteen patients developed moderate or severe aortic insuf-
ficiency (12 reimplantation and 6 remodeling). Overall free-
dom from moderate or severe aortic insufficiency at 18 years 
was 78% and similar for both types of aortic valve-sparing 
operations. Ten patients required reoperation on the aortic 
valve (5 reimplantation and 5 remodeling) for aortic insuf-
ficiency in 8 and infective endocarditis in 2. One valve was 
re-repaired and 9 replaced; all patients survived reoperation. 
The freedom from reoperation on the aortic valve at 18 years 
was 94.8%. These findings suggested that aortic valve-sparing 
operations provide excellent long-term outcomes but there 
is evidence of gradual deterioration in aortic valve function 
during the first two decades of follow-up.

There are several other reports on long-term results of aor-
tic valve-sparing operations with similar outcomes to those 
reported above but shorter follow-up.29-31 Patients with bicus-
pid aortic valve seem to enjoy similar results as those with 
tricuspid aortic valve during the first decade of follow-up.31,32

Patients with aortic root aneurysm are usually on their 
second, third, and fourth decades of life and are frequently 
associated with inherited disorders such as Marfan syndrome, 
Loyes-Dietz syndrome, familial aneurysms, and others by the 
time they come to surgical attention. The aneurysm begins 
in the aortic sinuses and expands proximally and distally into 
the aortic annulus and sinotubular junction. Reimplantation 
of the aortic valve is ideal for these patients as well as those 
with incompetent bicuspid aortic and dilated aortic annu-
lus because it corrects the annular dilatation and reshapes 
the aortic annulus by fixing it into the cylindrical Dacron 
graft. The drawback of the reimplantation procedure is that 
it places the aortic cusps into a noncompliant structure with 
consequent increase in mechanical stress on the cusps. Cre-
ation of neoaortic sinuses may reduce the mechanical stresses 
but it remains uncertain if improves durability.

Patients with primarily ascending aortic aneurysm may 
have secondarily dilated aortic sinuses but the aortic annulus 
remains normal. The dilatation of the aortic sinuses is often 
asymmetrical and the noncoronary aortic sinus is the first one 
to dilate, followed by the right and left. These patients are 
older than those with primary aortic root aneurysms and are 
on their fifth, sixth, and seventh decades of life. Remodeling 
of the aortic root is ideally suited for these patients.

Aortic valve-sparing operations are an alternative to aor-
tic root replacement with a conduit containing a mechani-
cal or bioprosthetic aortic valve in patients with aortic 
root aneurysm or ascending aortic aneurysm with dilated 
aortic sinuses but normal or only mildly diseased aor-
tic  cusps. When  correctly  performed,  they  provide  excel-
lent long-term results and are associated with low rates of 
valve-related complications. However, they are technically 
demanding operations and only surgeons with experience 
in aortic root surgery should perform them. Most failures 
appear to be related to technical errors.32 The surgeon must 
have a sound knowledge of anatomy and pathology of the 
aortic valve and be able to apply the concepts of functional 
anatomy to create an anatomically and functionally satisfac-
tory reconstructed aortic root.
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The most common heart valve affected by infective endocardi-
tis (IE) is the aortic valve. Fortunately, significant progress has 
been made in our understanding and management of aortic 
valve IE. Clinical manifestations include fever, heart murmur, 
splenomegaly, embolic events, and bacteremia or fungemia. 
Early diagnosis is extremely important because progression 
invariably leads to devastating complications, including acute 
heart failure, cerebral embolism, and death, if the infection is 
not treated with antibiotics, surgery, or both. Increasingly, IE 
has become a “surgical disease,” particularly for aortic valve 
IE, and during the last decade, more than half of all patients 
have been operated on during the active phase of the disease 
(early surgery).1

EPIDEMIOLOGY
Among patients with aortic valve IE, congenitally bicuspid 
aortic valve is the most common predisposing lesion.2 Other 
congenital abnormalities of the aortic valve predisposing to 
infection are degenerative calcific aortic stenosis, aortic regur-
gitation due to any cause, and rheumatic aortic valve disease. 
Occasionally, highly virulent microorganisms infect normal 
aortic valves. Patients with prosthetic heart valves run a con-
stant higher risk of developing IE.

It is difficult to determine the incidence and prevalence 
of native aortic valve IE in the general population because 
the disease is continuously changing.3,4 The annual incidence 
is estimated to range from 1.7 to 7.0 episodes per 100,000 
person-years in North America,5-7 and patients with pros-
thetic aortic valves are reported to have an incidence of 0.2 to 
1.4 episodes per 100 patient-years.8-10 Approximately 1.4% 
of patients undergoing aortic valve replacement develop pros-
thetic valve IE during the first postoperative year.11

The incidence of nosocomial IE is increasing because more 
patients are undergoing invasive procedures. IE in hemodialysis 
patients is fortunately relatively infrequent, but when it hap-
pens, it is associated with high mortality.12 Dental procedures, 
extractions in particular, have been shown to produce bactere-
mia. However, daily dental flossing can also produce bactere-
mia in periodontally healthy individuals at a rate comparable 

with that caused by dental procedures for which antibiotic 
prophylaxis is usually given to patients with valve disease to 
prevent endocarditis, suggesting that prophylaxis may be 
futile.13 Endoscopic procedures may also produce bacteremia. 
Intravenous drug users using nonsterile syringes and needles 
most often infect their structurally normal tricuspid valves (see 
“Prophylaxis of Infective Endocarditis” later in this chapter).

PATHOGENESIS AND PATHOLOGY
The key to understanding IE is appreciating the pathology 
progression.6,14,15 Circulating organisms adhere and attach 
to areas with endocardial (valve) injury; such damaged areas 
often have deposition of platelets, fibrin, or clots, facilitat-
ing attachment and growth of the organisms. In 1928, Grant 
and colleagues16 theorized that platelet-fibrin thrombi on 
the heart valve serve as a nidus for bacteria to adhere, and in 
1963, Angrist and Oka17 introduced the term nonbacterial 
thrombotic endocarditis to describe such sterile vegetations, 
providing experimental evidence supporting their role in the 
pathogenesis of endocarditis.18 As the organism multiplies, it 
produces matrix material, and this, together with leukocytes 
and thrombotic material, accumulates in the area and forms 
verrucous vegetations. Formation of vegetations means for-
mation of a biofilm, allowing the organisms protection from 
the host’s defenses and antibiotics.

The infecting organisms produce and release virulence 
factors and enzymes that promote organism reproduction 
and survival and kill and disintegrate host tissue, primarily 
valve cusps and leaflets. The enzymes produced are organism 
specific with regard to their tissue specificity and efficiency. 
When tissue disintegration involves the valve annulus, the 
infection invades extravascular areas (invasive disease). Inva-
sive disease develops in stages: cellulitis, abscess, abscess cavi-
ties, and finally, pseudoaneurysm formation. Invasive disease 
around the aortic root is generally deeper and more extensive 
than for any other valve because it is constantly highly pres-
surized. Internal fistulas, perforations, and heart block consti-
tute specific consequences of invasion.14 IE of the aortic valve 
not only causes destruction of the aortic cusps, paravalvular 

Surgical Treatment of  
Aortic Valve Endocarditis
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abscesses, and cardiac fistulas, but is also a source of systemic 
embolization of vegetation material.19 Strokes and cerebral 
infarctions caused by embolism of vegetation material are 
common. An ischemic infarct may convert into a hemor-
rhagic infarct. However, when an infarct is hemorrhagic, 
there is a higher probability of a mycotic aneurysm.20 Rup-
ture of a mycotic aneurysm may cause devastating cerebral 
bleeding. Mycotic aneurysms, infarcts, and abscesses in other 
organs, such as the spleen, liver, kidneys, and limbs, are also 
common.18 Aortic valve IE with a large vegetation that pro-
lapses into the left ventricle and comes into contact with the 
anterior mitral valve leaflet causes secondary involvement of 
this valve (kissing lesions).14,21 Such kissing lesions are com-
mon and manifest themselves as anterior valve leaflet pseu-
doaneurysms or perforations (windsock lesions).14

Infection of a bioprosthetic valve, porcine or pericardial, 
may involve the cusps, the sewing ring, or both (Fig. 31-1). 
Infection of aortic valve allografts and pulmonary autografts 
resembles that of the native aortic valves: It may begin on the 
aortic cusps and destroy them, causing aortic regurgitation, 
or it may start at old suture lines and extend into surrounding 
structures (Fig. 31-2). Infection of a mechanical heart valve 
is usually located along the sewing ring (Fig. 31-3). Endo-
carditis after replacement with a prosthesis frequently causes 
dehiscence of the prosthesis from the annulus, with conse-
quent development of ventricular-aortic separation.

Heart block with aortic valve IE is caused by destruction 
of the atrioventricular node and the bundle of His. This hap-
pens when the infection invades the right atrium and the  
triangle of Koch (Fig. 31-2).

MICROBIOLOGY
The microbiology of aortic IE depends on whether the valve 
is native or prosthetic, and whether the infection is hospital or 
community acquired. Staphylococcus aureus and Streptococcus 

viridans are the most common organisms responsible for 
native aortic valve endocarditis.6,22 S. aureus is extremely vir-
ulent. S. viridans and various other streptococci are not as 
virulent and cause an infection that often follows a more pro-
tracted course. Coagulase-negative staphylococci are also less 
virulent, but have emerged as an important cause of native 
valve IE in both the community and health care settings.6,23

IE caused by Gram-negative bacteria is less common, 
but these organisms are often resistant to many antibiotics 
and more difficult to treat and therefore more likely to cause 
complications. Haemophilus, Actinobacillus, Cardiobacterium, 
Eikenella, and Kingella (the HACEK group) are Gram-neg-
ative bacilli grouped together because of their characteristic 
fastidiousness requiring a prolonged incubation period before 
growth, although bacteriologic diagnostic methods have 
improved. Fungal IE is rare but extremely serious and very 
difficult to eradicate and cure. Candida albicans and Aspergil-
lus fumigatus are the usual agents. Fungal IE is associated with 
large, sometimes huge, vegetations (Fig. 31-4).

The microbiology of prosthetic aortic valve IE is some-
what different from that of the native valve.24,25 Prosthetic 
valve IE is classified as early when it occurs within the first 
year after surgery and late when it occurs after 1 year.6 Early 
prosthetic valve IE is likely caused by contamination of the 
valve by perioperative bacteremia or contamination of the 
operative field at the time of implantation.6,11,26,27 This may 
be particularly true when the infection is caused by coagulase-
negative staphylococci and the HACEK group of bacteria. 
Staphylococcus epidermidis, S. aureus, and Enterococcus faeca-
lis are more common microorganisms responsible for early 
prosthetic valve IE.11,27 The sources of late prosthetic valve IE 
are more difficult to determine. Although streptococci and 
staphylococci are commonly encountered in these patients, 
a myriad of microorganisms can cause late prosthetic valve 
IE.27 Nosocomial infections are often caused by S. aureus or 
other staphylococci.6

A B

FIGURE 31-1 Native and prosthetic valve endocarditis. (A) Active aortic native valve endocarditis: Excised aortic valve cusps illustrating vegeta-
tions and disintegration, precluding valve repair. (B) Large vegetations attached on an excised aortic valve bioprosthesis in a patient with preopera-
tive embolic stroke. (Reproduced with permission from Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of disease 
progression for describing, staging, coding, and understanding the pathology, J Thorac Cardiovasc Surg. 2014 Apr;147(4):1142-1149.e2.)
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A

C

B

D

FIGURE 31-2 Allograft endocarditis with heart block. (A) Endocarditis with sepsis and heart block in patient with a history of aortic allograft 
root replacement. Allograft cusps are not affected, but vegetations are present on proximal aortic suture line (arrow). (B) Same patient: Cauliflower 
vegetation (arrow) next to atrioventricular node marking penetration into right atrium. (C) Same cauliflower vegetation (arrow) next to atrioven-
tricular node after opening aortic and right atrial (RA) walls down to vegetation. (D) Complete removal of allograft and debridement discloses 
extent of peri-allograft infection, which extends from right coronary artery (RCA) counterclockwise to membranous septum and atrioventricular 
node (arrow). Root is ready for reconstruction. CS, Coronary sinus; LCA, left coronary artery; LVOT, left ventricular outflow tract; TV, tricuspid 
valve. (Reproduced with permission from Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of disease progression for 
describing, staging, coding, and understanding the pathology, J Thorac Cardiovasc Surg. 2014 Apr;147(4):1142-1149.e2.)

A B C

FIGURE 31-3 Mechanical prosthesis endocarditis. (A) Infected mechanical aortic valve prosthesis showing circumferential involvement of sew-
ing ring, with some vegetations attaching on both sides of prosthesis. (B) After removal of prosthesis, the vegetations were present both above and 
beneath the prosthesis, and circumferential invasion is obvious. (C) Although the aortic annulus is disintegrated with atrioventricular discontinuity, 
the left ventricular outflow tract (LVOT) appears well preserved after debridement. LCA, Left coronary artery; RCA, right coronary artery. (Repro-
duced with permission from Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of disease progression for describing, 
staging, coding, and understanding the pathology, J Thorac Cardiovasc Surg. 2014 Apr;147(4):1142-1149.e2.)
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A B

FIGURE 31-4 Fungal endocarditis. (A) Fungal endocarditis with large vegetations on aortic valve. (B) After complete debridement, no destruc-
tion or invasion is observed. (Reproduced with permission from Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of 
disease progression for describing, staging, coding, and understanding the pathology, J Thorac Cardiovasc Surg. 2014 Apr;147(4):1142-1149.e2.)

In a small proportion of cases of aortic valve IE, no micro-
organism can be cultured from either the blood or surgical 
specimens.6 This is called “culture-negative endocarditis,” but 
in these cases it is important to rule out fastidious microor-
ganisms, and every effort should be made to identify them. 
Valve sequencing (universal bacterial, mycobacterial, or fun-
gal polymerase chain reaction [PCR]) is successful in identi-
fying the causative organism in most cases.28

CLINICAL PRESENTATION AND 
DIAGNOSIS
It is helpful to classify IE as acute and subacute, because there 
are major differences between these two clinical presenta-
tions. Originally, before the availability of antibiotics, these 
concepts of acute, subacute, and chronic IE also described 
how long it would take patients to die. Subacute and chronic 
IE are caused by less virulent microorganisms, such as  
S. viridans, and the clinical course is protracted; antibiotics 
alone cure most cases if treatment is started before important 
destruction of the cusps or invasion have occurred. On the 
other hand, acute IE is frequently caused by a virulent and 
aggressive organism such as S. aureus. The clinical course is 
acute, and destruction and invasion occur fast, with antibiot-
ics alone often failing to cure the infection.

The onset of subacute IE is usually subtle, with low-grade 
fever and malaise. Patients think they have the “flu,” are often 
treated with oral antibiotics, and symptoms improve. How-
ever, in most cases the symptoms recur a few days after the 
antibiotics are stopped. In the majority of cases, no extracar-
diac source of bacteremia is identified. An aortic valve murmur 
is present in nearly all patients because they have preexist-
ing aortic valve disease. Splenomegaly is common. Clubbing 
of the fingers and toes may develop in long-standing cases. 

Skin and mucous membrane signs occur late in this form of 
IE. Petechiae appear on any part of the body. Small areas of 
hemorrhage may be seen in the ocular fundi. Hemorrhages in 
the nail beds usually have a linear distribution near the distal 
end, hence the name splinter hemorrhages. Osler nodes are 
acute, tender, barely palpable nodular lesions in the pulp of 
the fingers and toes, and bacteria have been cultured from 
these lesions. Embolization of large vegetation fragments may 
cause dramatic clinical events such as stroke, acute myocar-
dial infarction, or splenic or hepatic infarcts. Any other organ 
may also be a target for an embolic event. Destruction of the 
aortic cusps causes aortic regurgitation and heart failure. The 
hematologic picture is not distinctive in subacute endocardi-
tis. The leukocyte count is moderately elevated. Anemia with-
out reticulocytosis develops after a few weeks in patients who 
are untreated. Blood cultures frequently identify the offend-
ing microorganism.

Acute IE is defined by a fulminant clinical course. A non-
cardiac source of bacteremia may often be identified. This 
form of IE can present with all the symptoms and signs 
described under subacute IE, but they are more severe and 
progress rapidly, and patients are often sicker and show signs 
of sepsis. Early metastatic infections are common. Two physi-
cal signs are seen only in acute IE: Janeway lesions (painless 
red-blue hemorrhagic lesions a few millimeters in diameter 
found on the palms of the hands and soles of the feet) and 
Roth spots (an oval pale area surrounded by hemorrhage near 
the optic disc). In patients with no preexisting aortic valve 
disease, the presentation is acute. Early extra-aortic infection 
and cardiac decompensation caused by severe aortic regur-
gitation is common. Invasion with paravalvular abscesses is 
also more common, and with invasion behind the central 
fibrous body, toward the floor of the right atrium and trian-
gle of Koch (Fig. 31-2), the electrocardiogram may show an 
increased PR interval that within hours or days progresses to 
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TABLE 31-1: Modified Duke Criteria for the Diagnosis of Infective Endocarditis

Major criteria
•  Blood culture positive for infective endocarditis

Typical microorganisms consistent with infective endocarditis from two separate blood cultures: Streptococcus viridans, S. bovis, HACEK 
group, S. aureus, or community-acquired enterococci, in the absence of a primary focus, or Microorganisms consistent with infective 
endocarditis from a persistently positive blood culture, defined as follows:
•  At least two positive cultures of blood drawn >12 hours apart, or
•  All of three or a majority of >four separate cultures of blood (with the first and last samples drawn at least 1 hour apart)
•  Single positive blood culture for Coxiella burnetii or phase I IgG antibody titer to C. burnetii > 1:800

•  Evidence of endocardial involvement:
•   Echocardiogram positive for infective endocarditis: TEE recommended in patients with prosthetic valves, rated at least as “possible 

endocarditis” by clinical criteria, or complicated endocarditis, such as endocarditis with paravalvular abscess; TTE as the first test in other 
patients as follows:
•   Oscillating intracardiac mass on valve or supporting structures, in the path of regurgitant jets, or on implanted material in the absence of 

an alternative anatomic explanation
•  Abscess
•  New partial dehiscence of prosthetic valve

•  New valvular regurgitation (worsening or changing of preexisting murmur not sufficient)
Minor criteria
•  Predisposition, predisposing heart condition, or injection drug use
•  Fever
•  Vascular phenomena: major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival 

hemorrhages, and Janeway lesions
•  Immunologic phenomena: glomerulonephritis, Osler nodes, Roth spots, and rheumatoid factor
•  Microbiologic evidence: positive blood culture but does not meet a major criterion as noted above, or serologic evidence of active infection 

with an organism consistent with infective endocarditis
•  Echocardiographic minor criteria eliminated

Definite endocarditis = two major criteria, or one major + three minor criteria, or five minor criteria
Possible endocarditis = one major + one minor, or three minor criteria
HACEK group = Haemophilus, Actinobacillus, Cardiobacterium, Eikenella, and Kingella; IE = infective endocarditis; TEE = transesophageal echocardiography;  
TTE = transthoracic echocardiography
Reproduced with permission from Li JS, Sexton DJ, Mick N, et al: Proposed modifications to the Duke criteria for the diagnosis of infective endocarditis, Clin Infect Dis. 
2000 Apr;30(4):633-638.

complete heart block. The blood picture is one of acute sepsis. 
Blood cultures often isolate the infecting agent.

Prosthetic valve IE may present as acute or subacute 
endocarditis.

Doppler echocardiography is ubiquitous and of fundamen-
tal importance in the diagnosis, management, and follow-up 
of patients with IE.6,29 Transesophageal echocardiography 
(TEE) is more sensitive than transthoracic echocardiography 
(TTE), and multiplane is better than monoplane for diagnos-
ing IE. The sensitivity of TTE ranges from 40 to 63% and 
that of TEE from 90 to 100%.6 Echocardiography can detect 
vegetations as small as 1 or 2 mm, but it is more reliable in 
native than prosthetic valve IE. It is more useful for tissue 
than for mechanical valves because of the acoustic shadowing 
of mechanical heart valves. Echocardiography is also highly 
sensitive for detecting paravalvular abscesses and cardiac fis-
tulas, but may still miss some.

Clinical investigators from Duke University proposed 
certain criteria for confirming or rejecting the diagnosis of 
IE.29 The Duke criteria have been validated, and their limita-
tions discussed by other investigators.30,31 A modified version 
of the Duke criteria has been proposed,31 and it is shown in 
 Table 31-1.

TREATMENT
Appropriate antibiotic treatment is the most important 
aspect of the management of patients with IE.6,22,27 Timing 
is important because destruction is progressive, and disinte-
grated cusps do not heal or regenerate. Once invasive, the 
infection is less likely to be cured by antibiotics alone.

Antibiotic therapy should be started soon after obtaining 
at least two blood cultures within a 3- to 6-hour interval taken 
from different peripheral sites (the modified Duke criteria have 
as a major criterion “At least two positive blood cultures of 
blood samples drawn >12 hours apart; or all of three or a major-
ity of ≥4 separate cultures of blood [with first and last samples 
drawn at least 1 hour apart]”). The initial choice of antibiotics 
is based on clinical circumstances and the suspected source of 
infection. Patients who had recent dental work should receive 
antibiotics to counteract bacteria from the oral cavity; those 
who had recent urinary or colonic procedures should be treated 
with antibiotics that are effective against Gram-negative bacte-
ria. Intravenous drug users are usually infected with S. aureus 
or coagulase-negative staphylococci. Once the microorganism 
is identified by blood cultures and its sensitivity to specific anti-
biotics is known, antibiotic therapy is adjusted accordingly.
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736 Part IV Aortic Valve Disease

Higher doses and a combination of two or three anti-
biotics that potentiate one another are often needed in the 
treatment of IE. Intravenous antibiotic therapy is continued 
for 6 weeks. It is difficult to eradicate infection caused by 
virulent microorganisms with antibiotics alone because these 
organisms have several mechanisms by which they avoid the 
patient’s defense systems and resist the antibiotics, with the 
ability to form biofilm perhaps the most important one. 
Destruction of the aortic valve cusps happens rapidly and 
causes aortic regurgitation and congestive heart failure. These 
infections are usually caused by S. aureus, Pseudomonas aeru-
ginosa, Serratia marcescens, or fungi.

Repeat blood cultures are performed 48 hours after start-
ing to monitor the efficacy of antibiotic therapy. The patient 
must be watched closely for signs of congestive heart failure, 
coronary and systemic embolization, and unresponsive infec-
tion. Daily electrocardiograms and frequent echocardiograms 
are performed during the first 2 weeks of treatment. With any 
evidence of increasing aortic regurgitation, enlarging vegeta-
tions, recurrent embolism, paravalvular abscess, heart block, 
or poor response of clinical symptoms to antibiotics, surgery 
should be immediately considered. It is better to operate on 
patients before they develop complications, such as intrac-
table heart failure, cardiogenic or septic shock, heart block, 
extensive aortic root abscesses, or stroke.

Patients with mobile vegetations larger than 10 mm are 
more likely to suffer serious complications, including stroke, 
so early surgery may be justified.6,7,32-34 Anticoagulation is 
neither indicated nor effective in preventing embolization of 
vegetations in native or biologic valve IE; rather, it is associ-
ated with an increased risk of neurologic complications.6

Current guidelines for indications and timing of surgery 
in native and prosthetic valve IE are presented in Table 31-2. 
Surgical treatment should be considered in patients with signs 
of congestive heart failure, acute valve dysfunction, invasion 
with paravalvular abscess or cardiac fistulas, recurrent sys-
temic embolization, and persistent sepsis despite adequate 
antibiotic therapy for more than 4 to 5 days. Approximately 
half of patients with IE develop severe complications that 
sooner or later will require an operation. In general, our rec-
ommendation is that once a surgical indication is present, 
surgery should not be delayed. Knowing the sensitivity of 
the causative organism preoperatively is important to ensure 
appropriate antibiotic coverage at the time of surgery. Once 
the patient is covered with an antibiotic to which the organ-
ism is susceptible, the penalty for operating during the active 
infection phase is minimized.

Preoperatively, coronary angiography is recommended in 
patients age 40 years or older, particularly those with at least 
one cardiovascular risk factor or a history of coronary artery 
disease or previous revascularization.6 Exceptions to this rec-
ommendation can happen when there are large aortic vegeta-
tions that could be dislodged during catheterization, or when 
emergency surgery is necessary and angiography is not neces-
sary for planning the operation.6,32 For patients with renal 
dysfunction, clinical judgment should be exercised. High-
resolution computed tomography (CT) imaging to diagnose 

coronary artery disease may be useful and acceptable in 
younger patients, but contrast renal toxicity remains an issue.

All patients scheduled to undergo surgery for IE should 
have a neurologic evaluation and a CT scan or magnetic reso-
nance imaging of the brain performed preoperatively within a 
day of the operation to visualize any strokes and to determine 
if an infarct is ischemic or hemorrhagic. Ischemic strokes are 
far more common than hemorrhagic, but both are associated 
with increased mortality and morbidity. Hemorrhagic lesions 
are associated with a higher probability of mycotic aneu-
rysms, which often require treatment before valve surgery. An 
angiography is needed to exclude a mycotic aneurysm and 
should be performed if there is bleeding and a high suspi-
cion. Delay of the heart surgery is usually advised in patients 
with more serious neurologic complications; we do not oper-
ate on unconscious patients or those unable to follow simple 
commands until they demonstrate neurologic improvement. 
Patients with ischemic stroke should ideally have surgery 
delayed by 1 to 2 weeks and those with hemorrhagic stroke by 
3 to 4 weeks.6,7,32 The risk of delaying surgery should always 
be weighed against patients’ hemodynamic condition.33

SURGICAL TREATMENT
We routinely perform surgery for aortic valve IE through 
a median sternotomy; intraoperative TEE is mandatory. 
Patients who need emergency or urgent surgery are often very 
sick and may be in congestive heart failure. For this reason, 
and because they often require complex and long surgical 
procedures, myocardial protection is of utmost importance. 
We achieve this by using initial induction with antegrade and 
retrograde blood cardioplegia, and repeat retrograde cardio-
plegia every 15 to 20 minutes. The right atrium is routinely 
opened to cannulate the coronary sinus directly through a 
purse-string suture around its orifice. We avoid unnecessary 
cardiac manipulation before arresting the heart.

Another important aspect of surgery for IE is minimiz-
ing residual contamination of the surgical field, instruments, 
drapes, and gloves with vegetations and pus. Instruments 
used to debride contaminated areas of the heart are discarded 
before reconstruction begins. In addition, local drapes, suction 
equipment, and surgical gloves are changed. The objective is 
to leave as few organisms as possible in the operative field.

The aortic valve is explored through a transverse aortot-
omy 1 cm or more above the right coronary artery. When the 
infection is limited to the cusps of the native aortic valve or a 
prosthetic valve, complete removal of the valve and implan-
tation of a biologic or mechanical valve prosthesis usually 
resolves the problem. There is no evidence that a bioprosthe-
sis is better than a mechanical valve in patients with active 
IE.6,10,32,35 The choice of prosthesis depends on age of the 
patient, comorbidities, life expectancy, and compliance with 
anticoagulation. For native valve infection with limited local-
ized infection, an attempt can be made to repair and preserve 
the valve using autologous pericardium. History of a hemor-
rhagic stroke is a reason to avoid a mechanical valve and its 
associated need for anticoagulation.

Cohn_ch31_p0731-0742.indd   736 12/04/17   4:40 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 31 Surgical Treatment of Aortic Valve Endocarditis  737

TABLE 31-2: Indications and Timing of Surgery in Native and Prosthetic Valve Infective Endocarditis

Indications Timing* Class Level of evidence

Heart failure
Aortic or mitral IE or PVE with severe acute regurgitation or  

valve obstruction of fistula causing refractory pulmonary 
 edema or cardiogenic shock

Emergency I B

Aortic or mitral IE with severe acute regurgitation or valve 
obstruction and persisting heart failure or echocardiographic 
signs of poor hemodynamic tolerance early mitral closure  
or pulmonary hypertension)

Urgent I B

Aortic or mitral IE or severe prosthetic dehiscence with severe 
regurgitation and no heart failure

Elective IIa B

Right heart failure secondary to severe tricuspid regurgitation  
with poor response to diuretic therapy

Urgent/elective IIa C

Uncontrolled infection
Locally uncontrolled infection (abscess, false aneurysm, fistula, 

enlarging vegetation)
Urgent

I B

Persisting fever and positive blood cultures > 7-10 days not  
related to an extracardiac cause

Urgent I B

Infection caused by fungi or multiresistant organisms Urgent/elective I B
PVE caused by staphylococci or Gram negative bacteria (most  

cases of early PVE)
Urgent/elective IIa C

Prevention of embolism
Aortic or mitral IE or PVE with large vegetations (>10 mm) 

following one or more embolic episodes despite appropriate 
antibiotic therapy

Urgent I B

Aortic or mitral IE or PVE with large vegetations (>10 mm)  
and other predictors of complicated course (heart failure, 
persistent infection, abscess)

Urgent I C

Aortic or mitral or PVE with isolated very large vegetations  
(>15 mm†)

Urgent Ib C

Persistent tricuspid valve vegetations > 20 mm after recurrent 
pulmonary emboli

Urgent/elective IIa C

Class I: Evidence and/or general agreement that a given treatment or procedure is beneficial, useful, effective.
Class II: Conflicting evidence and/or divergence of opinion about the usefulness/efficacy of the given treatment or procedure.
Class IIa: Weight of evidence/opinion is in favor of usefulness efficacy.
Class IIb: Usefulness/efficacy is less well established by evidence/opinion.
Class III: Evidence of general agreement that the given treatment or procedure is not useful/effective, and in some cases may be harmful.
Level of evidence A: Data derived from multiple randomized clinical trials or meta-analyses.
Level of evidence B: Data derived from a single randomized clinical trial or large nonrandomized studies.
Level of evidence C: Consensus of opinion of the experts or small studies, retrospective studies, registries.
*Emergency surgery: Surgery performed within 24 hours, urgent surgery: within a few days, elective surgery, after at least 1 or 2 weeks of antibiotic treatment.
†Surgery may be preferred if procedure preserving the native valve is feasible.
IE, infective endocarditis: PVE, prosthetic valve endocarditis.
Reproduced with permission from Thuny F, Habib G: When should we operate on patients with acute infective endocarditis? Heart. 2010 Jun;96(11):892-897.

If the infection is invasive beyond the cusps or leaflets, 
radical resection of all infected tissues and foreign material 
(prosthesis, pledgets, and sutures) is necessary, followed by 
reconstruction (Fig. 31-5).14,25,27,36,37 The pathology and anat-
omy of the left ventricular outflow tract (LVOT) must be well 
understood for complete surgical debridement and recon-
struction, particularly in patients with prosthetic valve and 
advanced invasive aortic root IE. To reconstruct the aortic 
root, an aortic allograft is usually our preferred choice. Use of 
an allograft is no substitute for radical removal of infected tis-
sue, as not even allografts are immune to reinfection.37 After 

extensive debridement, the LVOT is almost always preserved 
to allow direct anastomosis to the allograft. The intervalvu-
lar fibrosa corresponding to the base of the anterior mitral 
valve leaflet and the two trigones on either side are the main 
landmarks to indicate the level of the proximal suture line. 
The LVOT is sized with Hegar dilators, and an allograft with 
an internal diameter 2 to 3 mm less than the diameter of 
the annulus is chosen. The coronary buttons should be well 
mobilized. No felt is used to support the suture lines. When 
patching is required, autologous pericardium is our prefer-
ence, but need for patching should be uncommon! Aortic 
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738 Part IV Aortic Valve Disease

root destruction extending into the intervalvular fibrosa or a 
prosthetic mitral valve is a difficult and not uncommon issue. 
An alternative technique some prefer when the aortic annulus 
is involved is patching the defect after resection of the necrotic 
or inflamed area, before a prosthetic valve is implanted. Use 
of fresh autologous pericardium to patch small defects (1 or 
2 cm wide) and glutaraldehyde-fixed bovine pericardium for 
larger defects has been suggested.37,38 Some surgeons also use 
polyester fabric to reconstruct the aortic root,38 and a pulmo-
nary autograft has been used as an alternative to an allograft 
in young patients.39,40 Use of freestyle root replacement for 
complex destructive aortic valve IE has been reported as 
well.41,42 Specimens are divided and sent for microbiologic 
and pathologic examination and also considered for PCR.

Postoperative complications are common after surgery for 
active IE. Septic patients may be hypotensive and may have 
severe coagulopathy and bleed excessively after prolonged 
cardiopulmonary bypass. When extensive debridement and 
allograft root reconstruction have been done, important sur-
gical bleeders are controlled before protamine administra-
tion. Following protamine, the field is packed and suction 
is avoided, allowing adequate time (usually 20-30 minutes) 
for clotting to occur before additional surgical hemostasis is 
attempted. Antifibrinolytic agents such as aminocaproic acid 

may be used in reoperations in addition to platelets, cryopre-
cipitate, and fresh-frozen plasma in patients with coagulopa-
thy. Radical debridement of invasive disease with periaortic 
cellulitis and necrotic tissue and abscess may in itself cause 
heart block, for which a permanent pacemaker will be 
needed postoperatively. Placement of epicardial leads and 
implantation of the pacemaker during the operation may be 
considered. Multisystem organ failure may develop postop-
eratively. However, rapid reversal of renal dysfunction caused 
by immune complex glomerulonephritis has been observed. 
Neurologic deterioration may occur in patients with preexist-
ing cerebral emboli.33 Pulmonary, splenic, hepatic, and other 
metastatic abscesses seldom, but occasionally, require surgical 
treatment. Large metastatic abscesses may have to be drained, 
and in the case of a splenic abscess, splenectomy should be 
performed to avoid rupture.6,38

CLINICAL RESULTS
The prognosis of aortic valve IE depends largely on when 
and in what stage the disease is diagnosed, the offending 
microorganism, and how promptly it is treated.7,22,43-46 The 
surgical results depend on many variables, including patient 
characteristics, timing of surgery,7,44-46 whether an emergency 

A

D E F

B C

FIGURE 31-5 Prosthetic valve endocarditis with sepsis and heart block. (A) Infected mechanical prosthesis with vegetations on sewing ring 
(arrow). (B) Same patient with perforation visible in right atrium (RA; arrow). (C) After debridement, destruction in location of atrioventricular 
node is seen. This infection has worked its way around the aorta counterclockwise over an extended period, displaying a pseudoaneurysm stage 
anteriorly and an active cellulitis stage posteriorly and into right atrium. Left ventricular outflow tract (LVOT) is intact and ready for reconstruction. 
(D) After complete debridement of all infected tissue, RA is reconstructed with autologous pericardium (arrow). (E) Aortic allograft is sutured to 
LVOT with running monofilament suture. (F) Allograft is tied down and well seated, allowing debrided infected areas to communicate and drain to 
pericardium. CFB, central fibrous body; CS, coronary sinus; LCA, left coronary artery; RCA, right coronary artery; TV, tricuspid valve. (Reproduced 
with permission from Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of disease progression for describing, staging, 
coding, and understanding the pathology, J Thorac Cardiovasc Surg. 2014 Apr;147(4):1142-1149.e2.)
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 Chapter 31 Surgical Treatment of Aortic Valve Endocarditis  739

procedure is required,47 virulence of the organism,43,46,48 
whether the affected valve is native or prosthetic, and whether 
the infection has extended into and beyond the valve annu-
lus. Until recently, patients with prosthetic aortic valve IE 
had a worse prognosis than patients with native aortic valve 
IE.22,27,48 Nosocomial infections are associated with higher 
mortality than community-acquired infections.1 The results 
of surgery for IE have improved significantly over time, but 
in-hospital mortality remains high. Variations in outcomes 
probably reflect variations in institution and surgeon experi-
ence in treating IE.

Operative mortality for patients with infection limited 
to the cusps of the aortic valve is largely dependent on the 
patient’s clinical presentation at the time of surgery, age, and 
comorbidities. Most reports indicate that operative mortal-
ity for patients with noninvasive disease is under 10%.24,27,48 
Reported operative mortality is higher for prosthetic valve IE, 
ranging from 20 to 30%.22,25,49 Similarly, surgery for aortic 
root abscess is associated with higher operative mortality.27,49

To provide a context for the surgery, the investigators of 
the International Collaboration on Endocarditis-Prospective 
Cohort Study (ICE-PCS), an international and multicenter 

database on patients with confirmed IE maintained at the 
Duke Clinical Research Institute, recently reported on the 
clinical presentation, etiology, and outcome of IE with a defi-
nite diagnosis according to Duke criteria.22 The ICE-PCS 
report included a cohort of 2781 patients whose median age 
was 57.9 years. The IE was native in 72%, prosthetic in 21%, 
and pacemaker/ICD related in 7%. Approximately one-
fourth of the patients had recent health care exposure. The 
mitral valve was infected in 41.1% and the aortic valve in 
37.6%. S. aureus was the offending microorganism in 31.2% 
of all cases. Stroke was diagnosed in 16.9% and other emboli 
in 22.6%, congestive heart failure developed 32.2%, and 
paravalvular abscess occurred in 14%. Surgical treatment was 
common for the entire cohort (48.2%), and overall in-hospital 
mortality was 17.7%. Prosthetic valve IE, increasing age, 
pulmonary edema, S. aureus infection, coagulase-negative 
staphylococcal infection, mitral valve vegetation, and paraval-
vular abscess were associated with increased risk of in-hospital 
mortality.

In 2014, we published our current results of surgery for IE 
in 395 consecutive patients with isolated aortic valve active 
IE (Fig. 31-6).24 One hundred sixty-three patients had native 
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FIGURE 31-6 Survival after surgery for aortic valve endocarditis. (A) Survival after surgery for left-sided infective endocarditis (IE), stratified by 
the involved valve. Each symbol represents a death, and vertical bars represent the 68% confidence limits, equivalent to ±1 standard error in each 
figure. Filled circles indicate aortic valve IE alone; open circles, mitral valve IE alone; and triangles, aortic and mitral valve IE. Survival was signifi-
cantly lower in the mitral and combined groups than in the isolated aortic patients (p < .0001). (B) Survival after surgery for native (solid green lines) 
or prosthetic (dashed orange lines) aortic valve IE. (C) Survival after surgery for invasive (solid red lines) versus noninvasive (solid blue lines) aortic 
valve IE. (Reproduced with permission from Hussain ST, Shrestha NK, Gordon SM, et al: Residual patient, anatomic, and surgical obstacles in 
treating active left-sided infective endocarditis, J Thorac Cardiovasc Surg. 2014 Sep;148(3):981-988.e4.)

Cohn_ch31_p0731-0742.indd   739 12/04/17   4:40 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



740 Part IV Aortic Valve Disease

valve IE and 232 prosthetic valve IE. Eight-five percent of the 
prosthetic valve and 44% of the native valve IE patients had 
invasive disease, and overall operative mortality was 7%. Sur-
vival was similar after surgery for prosthetic and native valve 
IE. There was also no difference in survival between those 
with invasive versus noninvasive IE. These excellent results 
reflect our improved ability to master the surgery for invasive 
aortic valve IE, as we are able to debride the aortic root exten-
sively without fear and reconstruct it with an allograft.

PROPHYLAXIS OF INFECTIVE 
ENDOCARDITIS
The American Heart Association guidelines for prophylaxis 
of IE were updated in 2008.50 Major changes in the updated 
recommendations include the following: (1) The committee 
concluded that only an extremely small number of cases of IE 
might be prevented by antibiotic prophylaxis for dental pro-
cedures, even if such prophylactic therapy was 100% effective. 
(2) IE prophylaxis for dental procedures is reasonable only for 
patients with underlying cardiac conditions associated with 
the highest risk of adverse outcome from IE. (3) For patients 
with these underlying cardiac conditions, prophylaxis is rea-
sonable for all dental procedures that involve manipulation 
of gingival tissue or the periapical region of teeth or perfora-
tion of the oral mucosa. (4) Prophylaxis is not recommended 
based solely on an increased lifetime risk of acquisition of IE. 
(5) Administration of antibiotics solely to prevent IE is not 
recommended for patients who undergo a genitourinary or 
gastrointestinal tract procedure. These changes are intended 
to define more clearly when IE prophylaxis is or is not recom-
mended and to provide more uniform and consistent global 
recommendations.

These new recommendations represent a dramatic shift 
with regard to which patients benefit and who should receive 
antibiotic prophylaxis for prevention of IE. However, they are 
“guidelines,” and physicians caring for patients with organic 
heart valve disease should advise them according to the 
perceived risk of IE and potential benefit of antibiotic pro-
phylaxis. With regard to guidelines 2 and 3 above, our recom-
mendation is in support of prophylaxis, and we emphasize to 
our patients that dental extractions absolutely require pro-
phylaxis. We continue to require “dental clearance” preopera-
tively for patients scheduled to undergo valve surgery.
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Aortic valve surgery started with the implantation of the 
Hufnagel valve in the descending thoracic aorta in 1956. Its 
evolution over time has culminated with the establishment 
of percutaneous catheter-based aortic valve replacement tech-
niques. As a new paradigm in aortic valve replacement is ush-
ered, there will be new challenges for the cardiac surgeons 
to not only maintain the efficacy and outcomes of conven-
tional valve replacement but to provide it in a less invasive 
approach. Modern techniques will be measured against con-
ventional procedures, especially in the older patients with 
multiple comorbidities. Minimally invasive aortic valve sur-
gery holds promise as an effective operation with reduced 
pain, improved respiratory function, early recovery, and an 
overall reduction in trauma.

ESSENTIALS OF MINIMAL ACCESS 
AORTIC VALVE SURGERY
Reoperative minimal access aortic valve surgery is discussed in 
detail at the end of this chapter. We will first outline the known 
benefits and salient principles of and the essential ingredi-
ents for the conduct of primary minimal access aortic valve 
surgery. There are many potential benefits of minimal access  
aortic valve surgery:

1. It provides a cosmetically superior incision
2. There is reduced postoperative pain
3. There is faster postoperative recovery
4. There is improved postoperative respiratory function from 

preservation of a part of the sternum and the integrity of 
the costal margin

5. It can be performed with the same degree of ease and 
speed as a conventional operation with no difference in 
mortality

6. It provides access to the relevant parts of the heart and 
reduces dissection of other areas

7. It greatly facilitates a reoperation at a later date as the 
lower part of the pericardium remains closed.

There are some salient inviolate principles of minimal 
access aortic valve surgery:

1. Ability to safely apply a stable aortic cross-clamp
2. Ability to visualize the aortic valve completely and perform 

a successful replacement with the standard techniques
3. Ability to achieve the same degree of myocardial protec-

tion as through a midline sternotomy approach
4. Ability to deal with issues of the aortic root, ascending and 

arch of the aorta with relative ease and without the need 
for conversion

5. Ability to quickly convert to a standard midline sternot-
omy if compromising situations arise

The safety and reproducibility of minimal access aortic 
valve surgery depend on:

1. Availability of experienced cardiac anesthesiologists
2. Availability of transesophageal echocardiography (TEE) in 

every case and an experienced echocardiographer to inter-
pret findings

3. Ability to place pulmonary artery catheters with pacing 
capabilities and transjugular coronary sinus catheters, if 
and when necessary

4. Ability to place percutaneous arterial and venous cardio-
pulmonary bypass canulae

5. Ability to use vacuum-assisted venous drainage on cardio-
pulmonary bypass

6. Availability of minimal access retractors and other relevant 
instruments that facilitate this operation

7. Ability to remotely monitor myocardial protection and 
distention by TEE

8. Availability of surgeons experienced with conventional 
aortic valve surgery and minimal access surgery.

APPROACHES
Whatever the surgical approach, today aortic valve replace-
ment is done with the use of cardiopulmonary bypass and 
diastolic arrest of the heart. There are at least four different 
minimal access surgical approaches to the aortic valve:

1. Upper hemisternotomy
2. Right parasternal approach
3. Right anterior thoracotomy
4. Transverse sternotomy

Minimally Invasive Aortic 
Valve Surgery
Prem S. Shekar • Lawrence S. Lee • Lawrence H. Cohn 
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744 Part IV Aortic Valve Disease

The Upper Hemisternotomy Approach
This is undoubtedly the most popular of all minimal access 
approaches to the aortic valve.1,2 This is performed through 
a 6- to 8-cm vertical midline incision over the upper part of 
the sternum, starting at or just above the level of the manu-
brio-sternal angle. The sternotomy is performed with the 
standard saw starting at the level of the sternal notch up to 
the level of the third or fourth intercostal space (Fig. 32-1). 
The sternotomy is then T’d off into the right or left third or 
fourth intercostal space using a narrow blade oscillating saw, 
taking care not to dive too deeply with it for risk of injuring 
mediastinal or pericardial structures. The decision to T into 
the third or fourth space can be made preoperatively with 
the chest x-ray being a guide to the amount of exposure that 
will be needed. We favor the fourth interspace because this 
almost always produces the ideal exposure. It is very impor-
tant to ensure that the sternotomy is absolutely midline and 
that the midline sternotomy is not carried beyond the level 
of the transverse T. Failure to adhere to these principles will 
result in either a lateral fracture with resultant three sternal 
fragments or a continued lower extension of midline frac-
ture which with retraction could result in a slow ongoing 
intraoperative or postoperative blood loss and also difficulty 
in closure. There is no need to prophylactically divide the 
right or left internal mammary arteries with this incision. 
If care is taken not to damage them, they will usually gently 
retract away.

A small-blade retractor spreads the sternum.The pericar-
dium is opened in the midline (Fig. 32-2), T’d inferiorly, and 
at least three pericardial stay sutures are applied to either side 
and the needles are left on. The retractor is removed and the 
pericardium is tacked to the dermis of the skin and tied down. 
This facilitates exposure by elevating the pericardial contents 

FIGURE 32-1 Upper hemisternotomy incision.

FIGURE 32-2 Midline incision in the pericardium.

forward into the operating field. The retractor is then repo-
sitioned. Care must be taken during reopening the retractor 
because sudden retraction with elevated cardiac structures 
could impede venous return, causing a sudden drop in car-
diac output, and leading to acute refractory decompensation 
in patients with severe aortic stenosis.

We perform an epiaortic ultrasound to exclude athero-
matous disease in the ascending aorta before proceeding to 
systemic heparinization and ascending aortic cannulation 
in the standard fashion. Right atrial venous cannulation is 
accomplished directly through the appendage (when easily 
accessible) (Fig. 32-3) or with a percutaneous venous can-
nula inserted via the right or left femoral vein. There are a 
variety of custom long venous canulae that are available for 
the same (usually 20- or 22-French), and they are inserted 
using the Seldinger technique. The cannula is positioned 
within the right atrium with the tip in the superior vena-
cava using transesophageal echocardiographic guidance. The 
patient is then placed on cardiopulmonary bypass. We use 
tepid bypass with core cooling to 34 to 35°C. The need for 
vacuum-assisted venous drainage to facilitate this operation 
cannot be overemphasized.

A retrograde cardioplegia catheter can be placed in the 
coronary sinus via the right atrial appendage. This may 
require a minor adjustment to reduce the angulation of the 
catheter and its insertion can be facilitated by the use of 
transesophageal echocardiography. Alternatively, this cath-
eter can be placed by the anesthesiologists before surgical 
incision via the transjugular route. Although we routinely 
use a transaortic left ventricular vent, a right superior pulmo-
nary vein or a left atrial dome vent can also be easily placed 
via this incision.
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 Chapter 32 Minimally Invasive Aortic Valve Surgery 745

FIGURE 32-3 The pericardium has been tacked up and the patient 
has been canulated in the standard fashion. Oblique aortotomy has 
been marked.

FIGURE 32-4 The aorta was opened after cross-clamping, exposing 
a calcified trileaflet aortic valve.

The operation then proceeds as usual. The aorta is cross-
clamped and we use 1 L of 8:1 cold blood antegrade car-
dioplegia. TEE is used to monitor left ventricular distention 
in patients who may have aortic insufficiency. Retrograde 
cardioplegia and additional doses of cardioplegia are admin-
istered as necessary. Standard aortic valve replacement is then 
carried through an oblique aortotomy (Fig. 32-4). Upon 
completion of the procedure, the patient is rewarmed and 
the aortotomy is closed. A de-airing needle is placed in the 
ascending aorta before removal of the aortic cross-clamp.

Almost always the heart recovers spontaneous sinus 
rhythm. When the heart recovers into ventricular fibrillation, 
it will need to be defibrillated using the external defibrillator 
pads placed before commencement of the operation. Defi-
brillation can be facilitated by turning the cardiopulmonary 
bypass flows down to decompress the heart and other appro-
priate pharmacologic maneuvers. It is usually quite difficult 
to introduce internal defibrillator blades through this inci-
sion, although pediatric blades can be placed successfully on 
occasion. Appropriate preoperative placement of external 
defibrillator pads are of paramount importance. The heart is 
de-aired using TEE guidance. In the absence of the ability to 
reach in and agitate the heart, a combination of ventricular 
filling, table positioning, and external compression is used to 
successfully de-air the left heart. Although this can always be 
successfully completed, patience may be an important tool to 
facilitate this. It is important remember that successful and 
complete de-airing does not occur until the blood has begun 
to circulate through the pulmonary and systemic circuits and 
the heart has started to eject normally.

Before emergence from bypass, pacing wires and drainage 
tubes will have to be placed (Fig. 32-5). It is very important 
to perform these placements with the heart decompressed 
on bypass so as to prevent injury. Invariably, there is an ade-
quate amount of atrial and ventricular myocardium exposed 
to place pacing wires. We usually bring these wires out in 
the right inframammary area through the right-sided T. We 
place fluted silastic drains from a subxiphoid approach. Small 
incisions are made in the subxiphoid area and long grab-
bing forceps are used to make two retrosternal tunnels, one 
of which will puncture the pericardium to facilitate place-
ment of a pericardial drain and the other will remain in the 
retrosternal plane. These are placed with a combination of 
tactile and visual control. In cases in which drains were not 

FIGURE 32-5 Theaortotomy was closed after valve replacement, 
and epicardial pacing wires were placed.

Cohn_ch32_p0743-0750.indd   745 24/04/17   2:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



746 Part IV Aortic Valve Disease

placed before separation from bypass and decannulation, 
we recommend opening the right or left pleural space and 
placement of transpleural drainage tubes. Placement of sub-
xiphoid drains is not recommended after the heart is full. The 
wean from cardiopulmonary bypass is then performed in the 
standard fashion followed by decannulation and protamine 
administration.

The pericardium is left open. While policing the area 
for bleeding, some of the important sites are the coronary 
sinus from the placement of the retrograde catheter (which 
will need full sternotomy conversion for control), areas of 
pacing wire placement and drainage tube entry (which may 
or may not require conversion to full sternotomy and/or 
institution of bypass for visualization and control), sites of 
left ventricular vents, the lower edge of the sternotomy/
pericardiotomy, and the internal mammary vessels on the 
side of the T. The sternum is closed using three or four 
horizontal sternal wires and an oblique wire placed between 
the lower intact segment of the sternum and the T’d off seg-
ment (Fig. 32-6)

Minimally invasive aortic valve replacement via the upper 
hemisternotomy approach was originally developed by Cos-
grove and colleagues at the Cleveland Clinic1 and soon after 
by Cohn and colleagues at the Brigham and Women’s Hos-
pital in Boston.2 Johnston and Roselli3 reported their results 
involving over 2300 patients undergoing minimally invasive 
aortic valve surgery over an 18-year period at the Cleveland 
Clinic, where upper hemisternotomy remains the preferred 
approach today for isolated aortic valve surgery. Mihaljevic 
and colleagues4 from the Brigham group reported their expe-
rience with 1000 minimally invasive valve operations, of 

FIGURE 32-6 Final closure of the hemisternotomy incision.

which 526 were aortic valve procedures. They reported low 
levels of morbidity and mortality equal to or better than con-
ventional techniques.

Numerous authors have published their experience with 
the upper hemisternotomy minimal access aortic valve 
replacement and most report excellent outcomes. Ghanta 
et al5 compared outcomes and cost of minimally invasive 
aortic valve replacement versus conventional surgery in a 
multi-institutional regional cohort. They found that 93% of 
minimally invasive aortic valve operations were performed 
via upper hemisternotomy with mortality and morbidity 
equivalent to the full sternotomy approach. Upper hemister-
notomy was also associated with decreased ventilator time, 
decreased blood product use, earlier discharge, and reduced 
total hospital cost. Gilmanov et al6 demonstrated excellent 
outcomes in 853 patients with low overall morbidity, low 
conversion rate, and comparable long-term survival to that 
of conventional aortic valve replacement. Upper hemister-
notomy for aortic valve replacement has been performed 
safely in higher risk populations including elderly patients7 
as well as those with left ventricular dysfunction,8,9 with 
morbidity and mortality comparable to conventional ster-
notomy techniques.

Recently, the advent of sutureless aortic prostheses has 
further kindled interest in minimally invasive aortic valve 
replacement. Dalen et al10 reported successful implantation of 
a sutureless aortic valve bioprosthesis via upper hemisternot-
omy in 189 patients and found no difference in cross-clamp 
time, cardiopulmonary bypass time, early postoperative 
outcomes, or 2-year survival when compared to propensity 
score matched patients who underwent the operation with 
full sternotomy. Nonrandomized multicenter clinical trials 
in Europe also demonstrated safe and successful minimally 
invasive implantation of a sutureless aortic valve prosthesis 
through upper hemisternotomy, albeit with slightly longer 
operative time than with conventional sternotomy but com-
parable 5-year outcomes.11

The Right Parasternal Approach
The first foray into the world of minimal access aortic valve 
surgery was with use of this approach. This approach seemed 
to be the most logical and elegant at a time when the focus 
was on the morbidity of the sternotomy and surgeons were 
compelled to come up with this alternative.

This was performed via a vertical upper right paraster-
nal incision. The second, third, and fourth costal cartilages 
were removed and the right internal mammary vessels were 
usually ligated and divided. It provided a similar approach 
to the aortic valve as an upper hemisternotomy incision 
described before and techniques of cannulation, cardiopul-
monary bypass, myocardial protection, and valve replace-
ment were the same. It soon gave way to the more elegant 
and simple upper hemisternotomy approach. One particu-
lar problem associated with the right parasternal approach 
was the incidence of lung herniation, which was physiologi-
cally disturbing aside from being a cosmetic disaster and 
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 Chapter 32 Minimally Invasive Aortic Valve Surgery 747

often required a second operation and mesh closure of the 
defect.

Cohn12 and Minale et al13 described their experiences with 
the right parasternal incision for aortic valve replacement 
in 1998. They reported fairly low mortality and morbidity 
rates and had, at that time, recommended the approach for 
minimal access aortic valve surgery, but soon moved to a 
hemisternotomy approach because of occasional right lung 
herniation.

The Right Anterior Thoracotomy 
Approach
This is another method to perform minimal access primary aor-
tic valve replacement in adults. The right anterior thoracotomy 
and the upper hemisternotomy are the most commonly used 
approaches to minimally invasive aortic valve surgery today.

This technique is usually performed via the second 
right intercostal space. Owing to the relatively high nature 
of the thoracotomy, it never reaches around to become a 
true anterolateral thoracotomy. One can visualize why this 
would be unappealing for a female patient because the inci-
sion would traverse horizontally across the upper part of the 
right breast, which could lead to scarring and disfigurement. 
This incision is carried to the right sternal edge and through 
this incision the right side of the aorta is easily visualized; 
and with appropriate strategically placed pericardial retrac-
tion sutures the area of interest could easily be moved into 
the operative field. Aortic and venous cannulation could be 
performed centrally or peripherally, although the latter may 
be preferable since the operative field is generally smaller 
and the aortic valve sits deeper within the wound with this 
approach than with a mini-sternotomy. The rest of the opera-
tion is fairly routine for any minimal access aortic valve sur-
gery. Special cross-clamps may be required to facilitate this 
procedure.

This operation also has some relevance and indication for 
patients requiring isolated aortic valve surgery in whom ster-
notomy needs to be avoided at all costs. A unique subset of 
such patients is those who are disabled and routinely ambu-
late with the use of shoulder crutches. These patients could be 
made to ambulate early with the use of their crutches with-
out the risk of sternal dehiscence by the use of this approach. 
Another possible subset of patients includes those with heav-
ily irradiated or damaged sternum.

The exposure via this incision could be optimized in cases 
with poor exposure by extending it across the sternum with 
a transverse sternotomy through the manubrio-sternal angle. 
Reoperative aortic valve replacement is particularly difficult 
via this incision and the authors sincerely discourage the 
approach for a reoperation.

Glauber et al14 reported their results with minimally 
invasive aortic valve replacement via the right anterior mini- 
thoracotomy approach in 138 patients and compared out-
comes to a propensity-matched group undergoing full ster-
notomy. The right anterior mini-thoracotomy group was 
associated with lower incidence of blood transfusion and 

postoperative atrial fibrillation and shorter mechanical ven-
tilation time and hospital length of stay, with comparable 
perioperative morbidity. Gilmanov et al15 demonstrated that 
minimally invasive aortic valve replacement through right 
anterior thoracotomy can be safely performed with acceptable 
mortality and morbidity in octogenarians. When compared 
to propensity-matched patients undergoing full sternotomy, 
the minimal access group had shorter time to extubation and 
shorter hospital stay with no difference in perioperative com-
plications or 5-year survival rates.

As with the upper hemisternotomy approach, recently 
several groups have reported the successful implantation of a 
sutureless aortic valve prosthesis through a right anterior tho-
racotomy approach. Vola et al16 and Gilmanov et al17 demon-
strated in 71 and 515 patients, respectively, that minimally 
invasive aortic valve replacement with various sutureless pros-
theses can be safely and reproducibly performed via the right 
anterior thoracotomy incision. Both groups observed accept-
able hemodynamic outcomes and low perioperative compli-
cation rates.

The Transverse Sternotomy Approach
There are anecdotal reports of this incision for minimal access 
aortic valve surgery.

Typically an 8- to 10-cm transverse incision is made 
over the manubrio-sternal angle extending onto either side. 
Bilateral second costal cartilages have to be excised and both 
internal mammary pedicles have to be ligated and divided. A 
transverse sternotomy is performed across the sternal angle. 
The retractor is placed and the sternal edges are retracted in 
a craniocaudal plane. Adequate exposure is obtained through 
this incision to permit central aortic cannulation and a rou-
tine aortic valve replacement; however, venous cannula-
tion, retrograde coronary sinus catheter placement and vent 
placement (except transaortic) may have to be performed 
percutaneously.

For reasons that the mammary arteries are sacrificed, this 
incision never gained much popularity.

Lee et al,18 De Amicis et al,19 and Aris et al,20 reported their 
small experiences with the transverse sternotomy approach 
and good results. However, Bridgewater et al21 reported an 
unacceptably high incidence of morbidity (reexploration for 
bleeding, paravalvular leaks, and longer hospital stay) and 
mortality with this approach.

Karimov et al22 reported a series of 85 patients who under-
went an upper V-type ministernotomy in the second inter-
costal space with excellent results.

REOPERATIVE MINIMAL ACCESS 
AORTIC VALVE SURGERY
The Brigham and Women’s Hospital has pioneered minimal 
access reoperative aortic valve replacement in patients who 
previously have undergone coronary artery bypass grafting or 
other cardiac surgery. We popularized and published our data 
and have since had more experience with the technique.
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748 Part IV Aortic Valve Disease

According to the STS database, patients requiring a reop-
erative aortic valve replacement after previous coronary artery 
bypass grafting have a mortality risk of about 8 to 12% from 
the procedure. The risks are associated with the performance 
of a reoperation in an older patient with more comorbidities 
and patent/diseased bypass grafts.

The Need for This Operation
1. There is a definite subgroup of patients who have under-

gone coronary bypass surgery who had mild or no aortic 
stenosis at the time of their original operation who will 
eventually progress to have severe aortic stenosis over time. 
This has sparked off a whole discussion on the manage-
ment of moderate aortic stenosis with coronary artery 
disease23

2. These patients are older, sicker, and have many comorbid 
conditions

3. They need a simple, safe, and effective operation
4. The areas of interest are the ascending aorta and aortic 

root
5. Dissection of the rest of the heart and bypass grafts pro-

vide no additional benefit and are potentially harmful
6. Clipping the left internal mammary artery is not manda-

tory with alternative protection strategies.

Operative Strategy
Preoperatively, a computed tomogram of the chest with 
angiography and three-dimensional reconstruction is per-
formed to ascertain the exact location of the old bypass 
grafts and their relative location to the sternum (especially 
the left internal mammary artery).24 Coronary angiogra-
phy and percutaneous coronary and graft intervention with 
drug-eluting stents are done as appropriate to optimize the 
revascularization as far as possible. Heart failure is controlled 
medically.

All patients need intraoperative transesophageal echocar-
diography and a pulmonary artery catheter with atrial and 
ventricular pacing wire placement capabilities, which should 
ideally be placed before incision. Accurate placement of exter-
nal defibrillator pads is emphasized because internal paddles 
cannot be introduced in these patients.

All patients need peripheral cannulation for cardiopul-
monary bypass, either right axillary or percutaneous femoral 
venous cannulation. Appropriate arterial line placement is 
needed to facilitate need for circulatory arrest and antegrade 
cerebral perfusion if required.25A standard upper hemis-
ternotomy incision is made with a T into the right fourth 
intercostal space (Figs. 32-7 and 32-8). The anterior table 
split is performed with the use of an oscillating saw, whereas 
the posterior table split is performed on cardiopulmonary 
bypass using straight Mayo scissors starting from the top 
down (preferably from the assistant’s side of the table). When 
the left internal mammary artery graft is close to the left side 
or the middle of the sternum, a preplanned one-third to 

FIGURE 32-7 The upper hemisternotomy incision has been 
marked.

FIGURE 32-8 Peripheral cannulation for cardiopulmonary bypass.

Cohn_ch32_p0743-0750.indd   748 24/04/17   2:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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two-thirds sternotomy to the right is performed. The right 
pleural space is widely opened. Only 5 to 10 mm dissection 
is performed underneath the left sternal edge, enough to 
facilitate the placement of the Kuros-Baxter® retractor. The 
rest of the mediastinal and aortic dissection is performed on 
cardiopulmonary bypass. Care is taken not to injure previ-
ous saphenous vein or radial arterial bypasses. It is not nec-
essary to visualize the left internal mammary artery graft.

Core cooling should wait until after there is an ability 
to place an aortic cross-clamp. Moderate-to-deep hypother-
mia facilitates low flow states and reduces myocardial oxy-
gen demand, which is important because the left internal 
mammary artery will continue to perfuse the heart for the 
duration of the operation. A retrograde coronary sinus cath-
eter is placed through the right atrial appendage using TEE 
guidance. Usually, enough right atrial appendage is seen to 
place this catheter. Alternatively, a transjugular catheter can 
be placed before incision. After cross-clamping the aorta, 
1 L antegrade cold blood cardioplegia is delivered through 
the aortic root. Thereafter, 500 cc of cold retrograde blood 
cardioplegia is used. Simultaneously, systemic hyperkalemia 
is achieved by instilling 40 mEq of potassium into the car-
diopulmonary bypass. Systemic hyperkalemia will achieve 
diastolic arrest in the left anterior descending artery terri-
tory that is perfused by the left internal mammary artery 
distal to the aortic cross-clamp. All through the operation, 
frequent doses of antegrade (through the coronaries and 
grafts using perfusion canulae) and retrograde cardioplegia 
are delivered. Systemic hyperkalemia is maintained at a level 
of 6 to 7 mEq/L. This keeps the myocardium fairly quies-
cent during the procedure. Needless to say, heavy doses of 
potassium may leave the patient with severe hyperkalemia 
that may not be cleared in the setting of renal dysfunction. 
In addition to being judicious in such cases, it is imperative 
that the perfusion technologists be able to provide ultrafil-
tration as well.

The aortotomy is dictated by the location of previous 
bypass grafts. Although in some cases a standard oblique 
aortotomy can be made, most cases require a modified 
aortotomy such as a lazy S or a lateral vertical aortotomy  
(Fig. 32-9). The exposure should be adequate and an expedi-
tious valve replacement is the key to success. We aim to keep 
the cross-clamp time under 60 minutes. In most cases, there 
will be continuous back bleeding through the left main ori-
fice from the open left internal mammary artery graft. Dur-
ing debridement and suture placement in the left coronary 
area, the bypass flows can be reduced or briefly turned off 
to facilitate exposure. Rewarming is started after the valve is 
seated. The aortotomy is closed in the standard fashion and a 
de-airing needle is placed before removal of the aortic cross-
clamp. The heart often recovers spontaneous sinus rhythm. 
Defibrillation is achieved via the external pads if required. 
The de-airing and wean from cardiopulmonary bypass is as 
described before.

Drainage tubes are always placed through the right pleu-
ral space. Subxiphoid placement is not possible and strongly 

discouraged. Rarely, when the right pleural space is completely 
fused, the silastic drain could be brought out in the supracla-
vicular area. It may be possible to place atrial pacing wires, 
but placement of ventricular wires is almost always quite dif-
ficult. Routine use of pulmonary artery catheter-based pacing 
leads is also possible. Closure is fairly standard, as described 
before, and care must be taken during the placement of wires 
on the left side of the sternum and the oblique lower wire 
(Fig. 32-10).

FIGURE 32-9 This is a lazy S oblique aortotomy keeping the grafts 
to the left.

FIGURE 32-10 Final closure, also showing an occasional drainage 
tube in the supraclavicular space.

Cohn_ch32_p0743-0750.indd   749 24/04/17   2:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



750 Part IV Aortic Valve Disease

REFERENCES
 1. Cosgrove DM 3rd, Sabik JF: Minimally invasive approach for aortic 

valve operations. Ann Thorac Surg 1996; 62(2):596-597.
 2. Cohn LH, Adams DH, Couper GS, et al: Minimally invasive cardiac 

valve surgery improves patient satisfaction while reducing costs of cardiac 
valve replacement and repair. Ann Surg 1997; 226(4):421-426; discus-
sion 427-428.

 3. Johnston DR, Roselli EE: Minimally invasive aortic valve surgery: 
Cleveland Clinic experience. Ann Cardiothorac Surg 2015; 4(2): 
140-147.

 4. Mihaljevic T, Cohn LH, Unic D, et al: One thousand minimally invasive 
valve operations: early and late results. Ann Surg 2004; 240(3):529-534; 
discussion 534.

 5. Ghanta RK, Lapar DJ, Kern JA, et al: Minimally invasive aortic valve 
replacement provides equivalent outcomes at reduced cost compared 
with conventional aortic valve replacement: A real-world multi-
institutional analysis. J Thorac Cardiovasc Surg 2015; 149:1060-1065.

 6. Gilmanov D, Solinas M, Farnet PA, et al: Minimally invasive aortic valve 
replacement: 12-year single center experience. Ann Cardiothorac Surg 
2015; 4(2):160-169.

 7. Sharony R, Grossi EA, Saunders PC, et al: Minimally invasive aortic 
valve surgery in the elderly: a case-control study. Circulation 2003;  
108(Suppl 1):II43-47.

 8. Tabata M, Aranki SF, Fox JA, et al: Minimally invasive aortic valve 
replacement in left ventricular dysfunction. Asian Cardiovasc Thorac Ann 
2007; 15(3):225-228.

 9. Tabata M, Umakanthan R, Cohn LH, et al: Early and late outcomes of 
1000 minimally invasive aortic valve operations. Eur J Cardiothorac Surg 
2008; 33(4):537-541.

 10. Dalen M, Biancari F, Rubino AS, et al: Ministernotomy versus full  
sternotomy aortic valve replacement with a sutureless bioprosthesis: a 
multicenter study. Ann Thorac Surg 2015; 99:524-531.

 11. Shrestha M, Fischlein T, Meuris B, et al: European multicenter experi-
ence with the sutureless Perceval valve: clinical and hemodynamic out-
comes up to 5 years in over 700 patients. Eur J Cardiothorac Surg 2015;  
Mar 6:1-8.

 12. Cohn LH: Minimally invasive aortic valve surgery: technical consid-
erations and results with the parasternal approach. J Card Surg 1998; 
13(4):302-305.

 13. Minale C, Reifschneider HJ, Schmitz E, Uckmann FP: Minimally inva-
sive aortic valve replacement without sternotomy. Experience with the 
first 50 cases. Eur J Cardiothorac Surg 1998; 14(Suppl 1):S126-129.

 14. Glauber M, Miceli A, Gilmanov D, et al: Right anterior minithora-
cotomy versus conventional aortic valve replacement: a propensity score 
matched study. J Thorac Cardiovasc Surg 2013; 145(5):1222-1226.

 15. Gilmanov D, Farneti PA, Ferrarini M, et al: Full sternotomy versus right 
anterior minithoracotomy for isolated aortic valve replacement in octo-
genarians: a propensity-matched study. Interact Cardiovasc Thorac Surg 
2015; 20(6):732-741.

 16. Vola M, Albertini A, Campisi S, et al: Right anterior minithoracotomy 
aortic valve replacement with a sutureless bioprosthesis: early outcomes 
and 1-year follow-up from 2 European centers. J Thorac Cardiovasc Surg 
2015; 149:1052-1057.

 17. Gilmanov D, Miceli A, Ferrarinin M, et al: Aortic valve replacement 
through right anterior minithoracotomy: can sutureless technology 
improve clinical outcomes? Ann Thorac Surg 2014; 98:1585-1592.

 18. Lee JW, Lee SK, Choo SJ, Song H, Song MG: Routine minimally  
invasive aortic valve procedures. Cardiovasc Surg 2000; 8(6):484-490.

 19. De Amicis V, Ascione R, Iannelli G, et al: Aortic valve replace-
ment through a minimally invasive approach. Tex Heart Inst J 1997; 
24(4):353-355.

 20. Aris A, Padro JM, Camara ML: Minimally invasive aortic valve replace-
ment. Rev Esp Cardiol 1997; 50(11):778-781.

 21. Bridgewater B, Steyn RS, Ray S, Hooper T: Minimally invasive aortic 
valve replacement through a transverse sternotomy: a word of caution. 
Heart 1998; 79(6):605-607.

 22. Karimov JH, Santarelli F, Murzi M, Glauber M: A technique of an 
upper V-type ministernotomy in the second intercostal space. Interact  
Cardiovasc Thorac Surg 2009; 9(6):1021-1022.

 23. Filsoufi F, Aklog L, Adams DH, Byrne JG: Management of mild to mod-
erate aortic stenosis at the time of coronary artery bypass grafting. J Heart 
Valve Dis 2002; 11(Suppl 1):S45-49.

 24. Gasparovic H, Rybicki FJ, Millstine J, et al: Three dimensional com-
puted tomographic imaging in planning the surgical approach for redo 
cardiac surgery after coronary revascularization. Eur J Cardiothorac Surg 
2005; 28(2):244-249.

 25. Shekar PS, Ehsan A, Gilfeather MS, Lekowski RW Jr, Couper GS: Arte-
rial pressure monitoring during cardiopulmonary bypass using axillary 
arterial cannulation. J Cardiothorac Vasc Anesth 2005; 19(5):665-666. 

Cohn_ch32_p0743-0750.indd   750 24/04/17   2:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



751

The history of percutaneous treatment of aortic valve disease 
began with the work of Danish researcher, H.R. Andersen, 
who in the late 1980s experimented in an animal lab with 
a balloon-expandable stented valve.1 The technology was 
later acquired by PVT Company, further developed, and 
later sold to Edwards. Additional early work was done by 
Alain Cribier2,3 and subsequently the valve was adopted in 
the United States and further modified. The initial approach 
taken by Cribier was to insert the valve via the femoral vein, 
then snaking the catheter through the mitral valve and into 
the aortic annulus via transeptal puncture. This turned out to 
be a fairly cumbersome and difficult procedure with a fairly 
high mortality rate and an 8.1% stroke rate. At the same 
time, animal experiments were carried out by Michael Mack, 
Todd Dewey, and Lars Svensson,4,5 using the transapical (TA) 
approach to insert the aortic valve. Concurrently, John Webb 
et al6,7 were also developing a TA aortic valve method, and 
subsequently they introduced the retrograde transfemoral 
(TF) artery approach. This latter technique became feasible 
once Edwards developed a catheter that could be flexed to get 
around the aortic arch to access the aortic valve. At the same 
time the Edwards balloon-expandable valve was being devel-
oped, Medtronic introduced a nitinol-based, self-expanding 
percutaneous valve system, the CoreValve. Following feasibil-
ity studies,5,8 the safety and effectiveness of both valves were 
established through the Placement of Aortic Transcatheter 
Valves (PARTNER) trial and the US CoreValve pivotal trial 
and both valves are currently approved by US Food and Drug 
Administration (FDA) for use in patients who are at extreme 
or high risk (owing to comorbidities or anatomical consider-
ations) for conventional surgery in the United States.9-11

VALVES
At present in the United States, there are only two transcath-
eter valves approved for use in patients who are at extreme 
or high risk (owing to comorbidities or anatomical consider-
ations) for conventional surgery.

The balloon-expandable Edwards valves consist of bovine 
pericardium fashioned into a trileaflet valve within a short 
cylindrical stent, available in sizes 23, 26, and 29 to treat 

annular sizes from 18 to 27 mm. There are three generations 
of SAPIEN valves (SAPIEN, SAPIEN XT, and SAPIEN 3) 
that differ by stent material and construction (Fig. 33-1) as 
well delivery device size (Table 33-1) and other delivery device 
characteristics. At the time of publication, the commercially 
available generation is the SAPIEN XT in the United States 
with the SAPIEN 3 commercially available only in Europe. 
However, this generation is almost certain to replace the 
SAPIEN XT in the United States in the coming years. The 
SAPIEN valves can be delivered via retrograde (eg, TF, trans-
aortic, transcarotid, transaxillary/subclavian) and antegrade 
(TA) approaches. The self-expanding Medtronic CoreValve 
is constructed of porcine pericardium mounted in a nitinol 
stent that anchors within the aortic annulus and extends 
superiorly to anchor in the ascending aorta. It is available in 
sizes 23, 26, 29, and 31 to fit annulus sizes 18 to 29 mm  
(Fig. 33-2, Table 33-1). The CoreValve can only be delivered 
using retrograde approaches.

PIVOTAL TRIALS
The major landmark trials in the percutaneous treatment of 
aortic valve disease are the PARTNER and the CoreValve 
Pivotal Trials. In prospective randomized fashion, the PART-
NER Trial compared balloon-expandable (SAPIEN gen-
eration) transcatheter aortic valve replacement (TAVR) with 
valve and medical management in inoperable (combined risk 
of serious morbidity or mortality exceeding at least 50% and 
two surgeons agreeing the patient was inoperable) patients in 
its IB cohort and with surgical valve replacement in high risk 
(Society of Thoracic Surgeons (STS) >10%) patients in its 
IA cohort. Likewise, the CoreValve Pivotal Trials compared 
self-expandable TAVR with medical and surgical treatments 
in similar cohorts.

Transcatheter Aortic Valve Replacement 
Versus Medical Therapy
In the PARTNER IB cohort, inoperable patients were ran-
domly assigned to SAPIEN TAVR or medical management. 
TAVR was associated with improved 1- and 2-year mortality 
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752 Part IV Aortic Valve Disease

(30.7% 1 year, 43.4% 2 year) compared with medical (includ-
ing the use of balloon valvuloplasty) management (50.7% 1 
year, 68% 2 year). The rate of the composite end point of 
death or repeat hospitalization was also reduced with TAVR 
(42.5 vs 71.6%). The stroke rate was significantly higher in 
the TAVR group than that in the medical therapy group at 
30 days (6.7 vs 1.7%) and at 2 years (13.8 vs 5.5%).10,12 It 
should be noted that TAVR improved survival in patients 
with an STS score of <15% but not in those with an STS 
score of ≥15%.9

These very convincing results with the balloon-expandable 
valve led to the conclusion that a randomized trial comparing 
self-expanding (CoreValve) TAVR and medical therapy could 
not ethically be performed. Instead, a prospective single-arm 
study, the CoreValve Extreme Risk US Pivotal Trial, was used 
to compare CoreValve TAVR to a prespecified estimate of 
12-month mortality or major stroke with medical therapy 
(43%).13 Nearly 500 patients underwent attempted treat-
ment with CoreValve. In those patients, the rate of all-cause 
mortality or major stroke at 1 year was significantly lower 

SAPIEN
Stainless steel frame
Bovine pericardium  

SAPIEN XT
Cobalt-chromium frame

Bovine pericardium  

SAPIEN 3
Cobalt-chromium frame 

Outer skirt
Bovine Pericardium  

FIGURE 33-1 Three generations of balloon-expandable Edwards SAPIEN valves. (Used with permission from Edwards Lifesciences LLC, Irvine, CA.)

TABLE 33-1: Characteristics of Balloon-Expandable Edwards SAPIEN Valves and 
Self-Expanding Medtronic CoreValve

SAPIEN SAPIEN XT SAPIEN 3 CoreValve EVOLUT EVOLUT R

Frame Stainless steel Cobalt-chromium Cobalt-chromium Nitinol Nitinol
Leaflets Bovine pericardium Bovine pericardium Bovine pericardium Porcine pericardium Porcine pericardium
Expansion type Balloon Balloon Balloon Self-expanding (post-

expansion balloon 
dilation possible)

Recapturable and 
repositionable prior 
to final valve release

Special features Outer skirt to minimize 
paravalvular leak

Retrievable and 
repositionable prior 
to final valve release

Extended sealing skirt

Antegrade access 
(transapical)

+ + + – –

Retrograde access 
(eg, transfemoral, 
transaortic)

+ + + + +

FDA Approval + + + + +
Annulus diameters 

(mm)
18-25 16-27 18-28 18-29 18-26

Valve Sizes 23, 26 20, 23, 26, 29 23, 26, 29 23, 26, 29, 31 23, 26, 29
Delivery sheath 

sizes
22 Fr (size 23 valve)
24 Fr (size 26 valve)

16 Fr expandable sheath 
(valve sizes 20, 23)

18 Fr expandable sheath  
(size 26 valve)

20 Fr expandable sheath  
(size 29 valve)

14 Fr expandable sheath  
(valve sizes 23, 26)

16 Fr expandable sheath  
(size 29 valve)

18 Fr sheath 14 Fr-equivalent 
System with 
In-LineTM Sheath
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Core Valve Evolut R

Nitinol frame Anchors within the
aortic annulus and ascending aorta

Porcine Pericardium

FIGURE 33-2 Two generations of Medtronic self-expanding valves. 
(© Medtronic 2016.) 

than the prespecified expected rate (26 vs 43%), echoing the 
results of the PARTNER Trial.13

Given the known dismal prognosis of nonsurgically man-
aged severe symptomatic aortic stenosis,14-16 it was perhaps not 
surprising that aortic valve replacement was found to be asso-
ciated with obviously increased survival in inoperable patients. 
With regard to comparison of TAVR and high-risk aortic 
valve replacement, the differences are subtler.

Transcatheter Aortic Valve Replacement 
Versus Surgery
The PARTNER Trial found similar 30-day (3.4 and 6.5%, 
p = .07), 1-year (24.3 and 26.8%), and 2-year (33.9 and 
35.0%) mortality rates between SAPIEN TAVR and surgical 
valve replacement in patients at high risk for surgery random-
ized to either SAPIEN TAVR or surgery.

The combined stroke and transient ischemic attack rate 
was more frequent in the patients assigned to TAVR at  
30 days (5.5% TAVR vs 2.4% surgery, p = .04) and at 1 year 
(8.7% TAVR vs 4.3% surgery, p = .04). The difference was of 
borderline significance at 2 years (11.2 vs 6.5%, p = .05). More 
patients undergoing TAVR reported symptom improvement 
at 30 days, but at 1 year, symptom improvement was similar 
in the two groups. At 30 days, TAVR was associated with 
more frequent major vascular complications (11.0 vs 3.2%) 
and surgery was associated with more frequent major bleed-
ing episodes (19.5 vs 9.3%) and new-onset atrial fibrillation 
(16.0 vs 8.6%). The rate of new pacemaker requirement at 
30 days was similar between the TAVR and surgical groups 
(3.8 vs 3.6%). Moderate or severe paravalvular aortic regur-
gitation was more common after TAVR than surgery at 30 
days, 1 year, and 2 years and, importantly, was associated with 
increased late mortality.10,12

As in PARTNER, the US CoreValve High Risk Study found 
no difference in 30-day mortality in patients at high risk for 
surgery randomized to CoreValve TAVR or surgery (3.3 and 
4.5%). However, unlike PARTNER, the 1-year mortality rate 
was lower in the CoreValve TAVR group than that in the surgi-
cal group (14.2 vs 19.1%, p < .0001 for noninferiority, p = .04 
for superiority).13,17 It is to be noted, that diabetes was more 
common in the surgery group compared with the TAVR cohort 
(45.4 vs 34.9%; p = .003), and this among other factors has 
led to questions about conclusions regarding the true survival 
benefit to TAVR over surgery in this trial.18

CoreValve TAVR was found to be noninferior to surgery with 
respect to echocardiographic indices of valve stenosis, functional 
status and quality of life at 1 year, and exploratory analysis sug-
gested a reduction in the rate of major adverse cardiovascular 
and cerebrovascular events with TAVR. Unlike PARTNER, 
no increase in the risk of stroke was observed with CoreValve 
TAVR at 30 days (4.9% TAVR, 6.2% surgery) or 1 year (8.8% 
TAVR, 12.6% surgery). Major vascular complications, cardiac 
perforation, and permanent pacemaker implantation were more 
frequent after CoreValve TAVR. Life-threatening/disabling 
hemorrhage, acute kidney injury, and new-onset or worsening 
atrial fibrillation were more common after surgery.

In the PARTNER 2A trial, TAVR was studied for in 
intermediate risk populations. There was no difference in 
disabling stroke but higher risk of need for permanent pace-
maker and paravalvular aortic insufficiency in TAVR than in 
surgical valve replacement. The FDA approved TAVR for use 
in intermediate risk patients in August 2016. There is interest 
in extending TAVR to broader, low risk populations. High-
quality, randomized control trials are needed prior to such 
extension, and the PARTNER-3 study comparing TAVR to 
surgical valve replacement in low-risk patients is currently 
underway at the time of publication of this chapter.

COMPARISON OF CURRENTLY 
AVAILABLE VALVES
There is only one randomized comparison of balloon- 
expandable and self-expandable valves at this time. In the 
Comparison of Transcatheter Heart Valves in High Risk 
Patients With Severe Aortic Stenosis: Medtronic CoreValve 
versus Edwards SAPIEN XT (CHOICE) trial, 241 patients 
undergoing TF TAVR were randomized to either the SAPIEN 
XT or the CoreValve device.

The primary end point of this trial was “device success,” a 
composite end point of four components: successful vascular 
access and deployment of the device with retrieval of the delivery 
system, correct position of the device, intended performance of 
the valve without moderate or severe insufficiency, and only one 
valve implanted in the correct anatomical location.

Owing to significantly lower residual more-than-mild 
aortic regurgitation with the balloon-expandable valve than 
with the self-expanding valve (4.1 vs 18.3%, p < .001) and 
less frequent need for implantation of more than one valve 
with the balloon-expandable valve (0.8 vs 5.8%, p = .03), the 
balloon-expandable SAPIEN XT valve showed a significantly 
higher device success rate than the self-expanding CoreValve. 
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754 Part IV Aortic Valve Disease

FIGURE 33-3 Transfemoral artery balloon-expandable valve insertion sequence. (Reproduced with permission from the Cleveland Clinic,  
Cleveland, OH.)

Placement of a permanent pacemaker also was considerably 
less frequent in the balloon-expandable valve group (17.3 vs 
37.6%, p = .001). The all-cause mortality and stroke rate at 
30 days in patients receiving either valve were similar; 1 year 
data are pending.19

INSERTION OF PERCUTANEOUS 
VALVES: APPROACHES
Possible access routes include TF arterial, TA (not possible for 
CoreValve, which requires antegrade insertion), transaortic 
(TAo) via partial J-sternotomy or right anterior thoracotomy,20-22 
transcarotid,23-25 and transaxillary/subclavian26,27 approaches. 
Less commonly, TF-venous routes have been performed using 
either transseptal28 or caval-aortic puncture.29

The TF approach has been favored as the first choice for 
patients in most institutions, owing to its ability to be per-
formed in a completely percutaneous manner, at times with-
out intubation and general anesthesia. In certain patients, 
for instance those with peripheral vascular disease and heavy 
arterial calcification, TA-TAVR has become an increasingly 
popular option, with outcomes similar to TF-TAVR after 
propensity score matching.30,31 Although a significant learn-
ing curve exists,32 we have found that the procedure can 
be performed with minimal morbidity and mortality. For 
instance, in our most recent series of TA-TAVRs, we have 
shown a 1.2% mortality, 4.7% renal failure, 0% stroke, and 
5.9% permanent pacemaker rate.33 This approach can even be 
extended to include simultaneous treatment of multiple car-
diac pathologic entities, for example, percutaneous coronary 
intervention (PCI) and transcatheter mitral valve-in-valve 
implantation.34-36

Transfemoral Approach
The approach we have used for TF insertion is to perform 
all procedures in a hybrid fluoroscopy operating room 
with a team consisting of cardiac surgeons, interventional 

cardiologists, cardiac anesthesiologists, echocardiographers, 
perfusionists, surgical scrub nurses trained in transcatheter 
procedures, circulating nurses, catheterization laboratory 
technicians, and surgical assistants. We have found this mul-
tidisciplinary approach to facilitate rescue in the case of myo-
cardial collapse.37 The femoral, arterial, and venous lines are 
introduced percutaneously using a closure device at the end 
of the procedure. Thus, a venous pacing wire is inserted into 
the right ventricle and then two arterial wires are inserted 
into the groins, one for a pigtail catheter for aortography 
and to mark the location of the lower extent of the noncoro-
nary sinus for valve positioning and the other for the device 
sheath. Typically, the patient is heparinized so the ACT is 
between 250 and 350 seconds. The aortic valve is crossed 
with a 0.035˝ straight wire and generally an AL1 catheter and 
advanced into the left ventricle. This is then exchanged with 
an extra stiff wire that has been fashioned into a curved arc 
to minimize the risk of ventricular perforation. A balloon is 
then threaded over the guidewire and positioned across the 
aortic valve using fluoroscopy and then during rapid pacing, 
and breath/ventilator holding, expanded to crack the calci-
fied aortic valve in a manner similar to balloon aortic valvu-
loplasty (Fig. 33-3A).

For the SAPIEN XT, as a rule, patients who need the  
23 valve should have an access artery of at least 6 mm; for the 
size 26 valve, a 6.5 mm artery; and for a 29 valve, a 7 mm 
artery, depending on the tortuosity of the vessel and degree 
of calcification. If there is more than 90-degree angulation 
of the iliac arteries, then generally it would be difficult to 
insert the sheath unless the vessel straightens very easily with 
a Lunderquist wire.

Prior to inserting the valve loaded on the delivery bal-
loon, it is checked and confirmed to be correctly oriented 
and is then threaded over the stiff wire and the loader 
pushed into the sheath and threaded across the aortic arch 
with the steerable catheter being flexed to get around the 
aortic arch and then fed down to the aortic valve. Essen-
tially, the valve with the leading cone is fed across the valve 
to cross the valve and then the cone is pushed further into 
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 Chapter 33 Percutaneous Treatment of Aortic Valve Disease 755

the ventricle so that the stent valve is free. Once the bal-
loon is inflated, it can be expanded without limitation from 
the cone. We consider it very important to carefully check 
on the positioning of the valve across the hinged point of 
the native valve using both echocardiography and fluo-
roscopy and root injections with contrast via the pigtail 
catheter. The valve is positioned at the valve hinged points, 
approximately 60 to 70% aortic and 30 to 40% ventricu-
lar (Fig. 33-4). Once everybody agrees that the position is 
correct, the patient’s breath is held, the heart is paced at 
approximately 180 beats per minute, the balloon is inflated 
in position and then deflated, the pacer is switched off, and 
ventilation is resumed (Fig. 33-3).

The most common location of perivalvular regurgita-
tion is in the region of the noncoronary-left main leaflet 
commissure, probably because this is an area of less flex-
ibility and generally calcified. Echocardiography is then 
used to inspect the function of the valve and aortography 
to confirm the lack of perivalvular leak. Thereafter, cone is 
first withdrawn from the left ventricle followed by removal 
of the catheter and sheath, and lastly the closure device is 
tied down at the insertion sites. We perform a completion 
angiogram of the access vessel in nearly all cases to rule out 
vascular injury (eg, dissection, occlusion, and significant 
extravasation).

Transapical Approach
Similar to our practice in the TF cases, we perform all TA 
procedures in a hybrid operating room with a multidisci-
plinary team. We position the patient flat supine on pillows 

rather than in a traditional left thoracotomy position, so as 
not to interfere with the positioning of the C-arms. The ideal 
planes are calculated for imaging the valve with the nadir of 
each cusp being in the same plane from preoperative com-
puted tomography scans.

Once the patient is positioned, she/he is prepped in the 
usual manner with exposure of the groin and left chest. The 
femoral artery and vein are exposed on the right side and 
the left femoral venous pacing wires are inserted. The femo-
ral artery exposure is performed in case the patient has to be 
placed on cardiopulmonary bypass and also used for pigtail 
catheter insertion as in the TF cases.

We continue to have all of our patients undergo gen-
eral anesthesia but do not use double-lumen endotracheal 
tubes for the TA valves. Before opening the chest, CT scan 
images are inspected to find the ideal place to open the left 
chest. Typically, the fifth intercostal space is entered and the 
apex of the left ventricle is palpated. Once the apex of the 
left ventricle has been palpated, a short piece of rib is com-
monly removed to expose the apex. Originally we did not 
do this and rather spread the ribs, but we found that some 
patients had severe postoperative pain as with the MIDCAB 
experience. We have therefore opted to resect a short piece 
of rib to obtain both a better exposure and less pain after 
surgery, particularly because many of these patients have a 
component of concomitant lung disease. Pericardiotomy is 
performed over the left ventricular (LV) apex, and heparin is 
administered aiming to achieve an ACT of 250 to 350. Two 
concentric purse string sutures reinforced with pledgets are 
placed as well as and a horizontal mattress suture is placed 
at the LV apex.

The final entry site is selected by tapping on the LV apex 
and then looking at the echo to make sure that the LV apex is 
correctly identified. This is important because the heart can be 
anywhere from the fourth intercostal space to the seventh or 
eighth intercostal space. A needle is placed into the apex, fol-
lowed by soft access wire insertion in the left ventricle through 
the needle and directed to the aortic valve. A 12-Fr sheath 
is then delivered into the LV apex; then we insert a balloon-
tipped Berman catheter into the left ventricle, through the 
aortic valve, and across the aortic arch down to the renal arter-
ies. An extra stiff wire is then fed down to this level, the Ber-
man catheter is removed, and the 12-Fr sheath is exchanged 
for the large-bore TA introduction sheath. Balloon valvulo-
plasty is performed through this in the same sequence with 
rapid pacing as for the TF approach. The valve is then loaded 
onto the sheath and pushed into position and the pusher is 
retracted into the sheath. With the valve situated approxi-
mately 60 to 70% aortic (Fig. 33-5) and with rapid pacing, 
the balloon is then inflated at this point. The balloon is then 
withdrawn into the left ventricle before stopping pacing. 
Both transesophageal echocardiogram (TEE) and aortic root 
angiography are used to confirm the position and orienta-
tion of the prosthetic valve. If all appears well, the sheath 
is then removed (generally under conditions of rapid pac-
ing), the pursestring sutures are tied down, and protamine 
is administered.

Pigtail Catheter in base
of noncoronary sinus  

FIGURE 33-4 Positioning of balloon-expandable valve during rapid 
ventricular pacing. Note position of pigtail catheter at the base of the 
noncoronary sinus and aortography.
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THE NORMAL MITRAL VALVE
Anatomy
The mitral annulus is a pliable zone of discontinuous fibrous 
and muscular tissue that joins the left atrium and left ventri-
cle and anchors the hinge portions of the anterior and poste-
rior mitral leaflets.1-3 The annulus has two major collagenous 
structures: (1) the right fibrous trigone, which is part of the 
central fibrous body and is located at the intersection of the 
membranous septum, the tricuspid annulus, and the aortic 
annulus; and (2) the left fibrous trigone, which is located near 
the aortic annulus under the left aortic cusp (Fig. 34-1). The 
anterior mitral leaflet is in direct fibrous continuity with 
the aortic annulus under the left and noncoronary aortic 
valve cusps. The posterior half to two-thirds of the annulus, 
which subtends the posterior leaflet, is primarily muscular 
with little or no fibrous tissue.2

The mitral valve has two major leaflets, the larger anterior 
(or aortic) leaflet and the smaller posterior (or mural) leaflet; 
the latter usually contains three or more scallops separated by 
fetal clefts or subcommissures.4 The three posterior leaflet scal-
lops are termed anterolateral (P1), middle (P2), and postero-
medial (P3) scallops3 (Fig. 34-2). The portions of the leaflets 
near the free margin on the atrial surface are called the rough 
zone, with the remainder of the leaflet surface closer to the 
annulus being termed the smooth (or bare or membranous) 
zone. The ratio of the height of the rough zone to the height 
of the clear zone is 0.6 for the anterior leaflet and 1.4 for the 
posterior leaflet because the clear zone on the posterior scal-
lops occupies only about 2 mm.4 The two leaflets are sepa-
rated by the posteromedial and anterolateral commissures.

The histologic structure of the leaflets includes three 
layers: (1) the fibrosa, the solid collagenous core continuous 
with the chordae tendineae; (2) the spongiosa, which is on 
the atrial surface and forms the leaflet leading edge (it consists 
of few collagen fibers but has abundant proteoglycans, elas-
tin, and mixed connective tissue cells); and (3) a thin fibro-
elastic covering of most of the leaflets.2 On the atrial aspect 
of both leaflets, this surface (the atrialis) is rich in elastin. The 
ventricular side of the fibroelastic cover (the ventricularis) is 
much thicker and packed with elastin. The fibroelastic layers 

become thickened with advancing age as a result of elabora-
tion of more elastin and more collagen formation; accelerated 
similar changes also accompany progression of myxomatous 
(degenerative or “floppy”) mitral valvular disease in young 
patients with Barlow syndrome. In addition to these con-
nective tissue structures, mitral leaflets contain myocardium, 
smooth muscle, contractile valvular interstitial cells, and 
blood vessels, as well as both adrenergic and cholinergic affer-
ent and efferent nerves.5-10 Leaflet contractile tissue is neu-
rally controlled and plays a role in mitral valve function.11-14 
The atrial surface of the anterior leaflet exhibits a depolar-
izing electrocardiogram spike shortly before the onset of the 
QRS complex, and the resulting contraction of leaflet muscle 
(which can be abolished by beta-blockade), along with con-
traction of smooth muscle and valvular interstitial cells, pos-
sibly aids leaflet coaptation before the onset of systole, as well 
as stiffens the leaflet in response to rising left ventricular (LV) 
pressure.6-8,15-23

Annular Size, Shape, and Dynamics
The average mitral annular cross-sectional area ranges 
from 5.0 to 11.4 cm2 in normal human hearts (average is 
7.6 cm2).24 The posterior annulus circumscribes approxi-
mately two-thirds of the mitral annulus. Annular area varies 
during the cardiac cycle and is influenced directly by both left 
atrial (LA) and LV contraction, size, and pressure.25,26 Varying 
by 20 to 40% during the cardiac cycle, annular size increases 
beginning in late systole and continues through isovolumic 
relaxation and into diastole; maximal annular area occurs in 
late diastole.25,27-29 Importantly, half to two-thirds of the total 
decrease in annular area occurs during atrial contraction (or 
presystolic); this component of annular area change is smaller 
when the PR interval is short and is abolished when atrial 
fibrillation or ventricular pacing is present. Annular area 
decreases further (if LV end-diastolic volume is not abnor-
mally elevated) to a minimum in early to midsystole.25-27

The normal human mitral annulus is roughly elliptical, 
with greater eccentricity (ie, being less circular) in systole 
than in diastole.24-26,30 In three-dimensional (3D) space, the 
annulus is saddle shaped (or a hyperbolic paraboloid), with 
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762 Part V Mitral Valve Disease

the highest point (farthest from the LV apex) located anteri-
orly in the middle of the anterior leaflet; this point is termed 
the fibrosa in the echocardiography literature and the saddle 
horn by surgeons. The low points are located posteromedi-
ally and anterolaterally in the commissures, and another less 
prominent high point is located directly posterior.25,31,32 Dur-
ing the cardiac cycle, annular regions adjacent to the posterior 
leaflet move toward (during systole) and away (during dias-
tole) from the relatively immobile anterior annulus.25

The mitral annulus moves upward into the left atrium in 
diastole and toward the LV apex during systole; the dura-
tion, average rate, and magnitude of annular displacement 

correlate with (and perhaps influence) the rate of LA fill-
ing and emptying.25,27,28,33 The annulus moves slightly during 
late diastole (2 to 4 mm toward the left atrium during atrial 
systole). This movement does not occur in the presence of 
atrial fibrillation. The annulus moves a greater distance (3 to 
16 mm toward the LV apex) during isovolumic contraction 
and ventricular ejection. This systolic motion, which aids 
subsequent LA filling, is related to the extent of ventricu-
lar emptying and is likely driven by LV contraction.25,28,33,34 
Subsequently, the annulus moves very little during isovolu-
mic relaxation but then exhibits rapid recoil toward the 
left atrium in early diastole. This recoiling increases the net 
velocity of mitral inflow by as much as 20%.28,35 Annular 
motion can be responsible for up to 20% of LV filling and 
ejection.36

Dynamic Leaflet Motion
The posterior mitral leaflet is attached to thinner chordae ten-
dineae than the anterior leaflet, and its motion is restrained 
by chordae during both systole and diastole.4,37 Regions of 
both leaflets are concave toward the left ventricle during 
systole,38,39 but leaflet shape is complex, and anterior leaflet 
curvature near the annulus is convex to the left ventricle dur-
ing systole, thus resulting in a sigmoid shape.29,31,32 Leaflet 
opening does not start with the free margin but rather in the 
center of the leaflet; leaflet curvature flattens initially and 
then becomes reversed (making the leaflet convex toward the 
left ventricle) while the edges are still approximated.29,39 The 
leading edge then moves into the left ventricle (like a trav-
eling wave), and the leaflet straightens. The leaflet edges in 
the middle of the valve appear to separate before those por-
tions closer to the commissures, and posterior leaflet opening 
occurs approximately 8 to 40 ms later.39,40 Early leaflet open-
ing (e wave) is very rapid; once reaching maximum opening, 
the edges exhibit a slow to-and-fro movement (like a flag flap-
ping in a breeze) until another less forceful opening impulse 
occurs, associated with the a wave.

Membranous
septum

Right fibrous
trigone

Central
fibrous body

Left
coronary
leaflet

Right
coronary 
leaflet

Non-
coronary
leaflet

Muscular 
septum

Mitral 
valve

Left
fibrous trigone

FIGURE 34-1 Diagram from a pathologic perspective with divi-
sion of the septum illustrating the fibrous continuity between the 
mitral and aortic valves. (Reproduced with permission from Wells 
FC, Shapiro LM: Mitral Valve Disease. England: Butterworth-
Heinemann; 1996.)

AL
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A1

A1
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A2
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A3

A3
PM
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FIGURE 34-2 The operative view of the mitral valve is shown (left), and the corresponding “surgical view” obtained with real-time three-
dimensional transesophageal echocardiography volume rendering (right). Images are from patient with type IIIb dysfunction (see text). A1, A2, 
A3, anterior mitral valve scallops; AL, anterolateral; P1, P2, P3, posterior mitral valve scallops; PM, posteromedial. (Reproduced with permis-
sion from O’Gara P, Sugeng L, Lang R, et al: The role of imaging in chronic degenerative mitral regurgitation, JACC Cardiovasc Imaging. 2008 
Mar;1(2):221-237.)
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 Chapter 34 Pathophysiology of Mitral Valve Disease 763

Valve closure starts with the leaflet bulging toward the 
atrium at its attachment point to the annulus. The closure 
rate of the anterior leaflet is almost twice that of the pos-
terior leaflet, thereby ensuring arrival of both cusps at their 
closed positions simultaneously (because the anterior leaflet 
is opened more widely than the posterior leaflet at the onset 
of ventricular systole).40 The anterior leaflet actually arrives 
at the plane of the annulus in a bulged shape (concave to 
the ventricle), but as the closing movement proceeds and the 
leaflet ascends toward the atrium, this curvature appears to 
run through the whole leaflet, from the annulus toward the 
edge, in a rolling manner. The leaflet edge is the last part of 
the leaflet to approach the annular plane.

Chordae Tendinae and Papillary Muscles
Epicardial fibers in the left ventricle descend from the base 
of the heart and proceed inward at the apex to form the 
two papillary muscles, which are characterized by vertically 
oriented myocardial fibers.41,42 The anterolateral papillary 
muscle usually has one major head and is a more prominent 
structure; the posteromedial papillary muscle can have two 
or more subheads and is flatter.4 The posteromedial papillary 
muscle usually is supplied by the right coronary artery (or 
a dominant left circumflex artery in 10% of patients); the 
anterolateral papillary muscle is supplied by blood flow from 

both the left anterior descending and circumflex coronary 
arteries.3,41,43

The posteromedial and anterolateral papillary muscles give 
rise to chordae tendineae going to both leaflets4,44 (Fig. 34-3). 
Classically, the chordae are divided functionally into three 
groups.41,45 First-order chordae originate near the papillary 
muscle tips, divide progressively, and insert on the leading 
edge of the leaflets; these primary chordae prevent valve-edge 
prolapse during systole. The second-order chordae (includ-
ing two or more larger and less branched “strut” chordae) 
originate from the same location and tend to be thicker and 
fewer in number.4,45 They insert on the ventricular surface of 
the leaflets at the junction of the rough and clear zones, which 
is demarcated by a subtle ridge on the leaflet corresponding 
to the line of leaflet coaptation. The second-order chordae 
(including the strut chordae) serve to anchor the valve, are 
more prominent on the anterior leaflet, and are important for 
optimal ventricular systolic function. Second-order chordae 
may arborize from large chordae that also give rise to first-
order chordae. The third-order chordae, also called tertiary or 
basal chordae, originate directly from the trabeculae carneae 
of the ventricular wall, attach to the posterior leaflet near the 
annulus, and can be identified by their fan-shaped patterns.45 
Additionally, distinct commissural chordae and cleft chordae 
exist in the commissures. In total, about 25 major chordal 
trunks (range 15 to 32) arise from the papillary muscles in 

AoL

Right trigone

Post.Com.L.

Post.Scal.

Mid.Scal.

Ant.Com.L.

Ant.Scal.

Lt. trigone

h

hh

hh

hh
h

h

ALPM PMPM

10
9

4 2 6
87

5 1 3

FIGURE 34-3 Mitral valve and subvalvular apparatus. ALPM, anterolateral papillary muscle; Ant.Com.L., anterior commissural leaflet; Ant.Scal., 
anterior scallop; AoL, aortic leaflet; h, height of leaflet; l, length of attachment of leaflet; Lt.Trigone, left fibrous trigone; Mid.Scal., middle scal-
lop; PMPM, posteromedial papillary muscle; Post.Com.L., posterior commissural leaflet; Post.Scal., posterior scallop; Right Trigone, right fibrous 
trigone; 1 = anterior main chorda; 2 = posterior main chorda; 3 = anterior paramedial chorda; 4 = posterior paramedial chorda; 5 = anterior 
paracommissural chorda; 6 = posterior paracommissural chorda; 7 = anterior commissural chorda; 8 = posterior commissural chorda; 9 = anterior 
cleft chorda; 10 = posterior cleft chorda. (Reproduced with permission from Sakai T, Okita Y, Ueda Y, et al: Distance between mitral anulus and 
papillary muscles: anatomic study in normal human hearts, J Thorac Cardiovasc Surg. 1999 Oct;118(4):636-641.)
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764 Part V Mitral Valve Disease

humans, equally divided between those going to the ante-
rior and posterior leaflets; on the other end, greater than 100 
smaller individual chordae attach to the leaflets.45

During diastole, the papillary muscles form an inflow 
tract. During systole, they create an outflow tract that later 
becomes obliterated owing to systolic thickening of the pap-
illary muscles, thereby augmenting LV ejection by volume 
displacement.42 The contribution of the papillary muscles to 
LV chamber volume is 5 to 8% during diastole but 15 to 
30% during systole.42,46 The anterolateral and posteromedial 
papillary muscles contract simultaneously and are innervated 
by both sympathetic and parasympathetic (vagal) nerves.47,48 
Excited synchronously with adjacent endocardium, the 
papillary muscles develop tension that significantly lags LV 
pressure and change length in concert with LV volume49-51 
(Fig. 34-4). At end of isovolumic contraction, therefore, very 
little papillary tension and/or contraction is available to hold 
the closed leaflets in place against systolic LV pressure. This 
has led to the suggestion that the leaflets in the closed valve 
are virtually self-supporting, which, in turn, has led to the fol-
lowing hypotheses51: (1) The chordae, having precise lengths 
and anchored by papillary tips that maintain a fixed geo-
metric relationship to the mitral annulus, guide the leaflets 
into precise geometric shapes and positions at the moment 
of valve closure. If these initial geometric conditions are set 
properly at this instant (ie, the complex leaflet curvatures 
are set precisely and all leaflet edges are positioned precisely 
with respect to one another in the LV chamber), the resulting 
leaflet assemblage becomes a near-rigid body whose geom-
etry is virtually independent of flow and pressure throughout 
systole. (2) Subsequent papillary force development, trans-
mitted through secondary chords, contributes about 10% to 
the total force of LV contraction, particularly in mid-to-late 
systole. This may underlie the findings, originally by Lillehei 
and colleagues52 but validated many times since, that clinical 

outcomes are improved by chordal preservation during mitral 
valve replacement. (3) Papillary muscle force and shortening, 
continuing during and after ventricular relaxation, plays an 
active role in valve opening. (4) Anterior leaflet strut chords, 
always in tension, prevent leaflet intrusion into the outflow 
tract (ie, systolic anterior motion of the mitral valve) and bias 
leaflet motion toward closure throughout diastole.53

MITRAL STENOSIS
Etiology
Mitral stenosis generally is the result of rheumatic heart 
disease.54-62 Nonrheumatic causes of mitral stenosis or LV 
inflow obstruction include severe mitral annular and/or 
leaflet calcification in the elderly, congenital mitral valve 
deformities, malignant carcinoid syndrome, neoplasm, 
LA thrombus, endocarditic vegetations, certain inherited 
metabolic diseases, and those cases related to previous com-
missurotomy or an implanted prosthesis.55-59,63,64 A definite 
history of rheumatic fever can be obtained in only about 
50 to 60% of patients; women are affected more often than 
men by a 2:1 to 3:1 ratio. Nearly always acquired before 
age 20, rheumatic valvular disease becomes clinically evident 
one to three decades later.

Globally, there are approximately 20 million cases of 
rheumatic fever, the greatest burden of which is evident as 
rheumatic heart disease with 282,000 new cases and 233,000 
deaths annually.60-62,65 In the United States, Western Europe, 
and other developed countries, the prevalence of mitral steno-
sis has decreased markedly. The etiologic agent for acute rheu-
matic fever is group A beta-hemolytic streptococcus, but the 
specific immunologic and inflammatory mechanisms leading 
to the valvulitis are less clear.61,62,65-68 Streptococcal antigens 
cross react with human tissues, known as molecular mimicry, 
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FIGURE 34-4 (Left panel) Anterior and posterior papillary muscle force in relation to LVP. (Right panel) Anterior and posterior papillary muscle 
length in relation to LVP. (Reproduced with permission from Ingels NB, Jr. and Karlsson M. Mitral valve mechanics. Linkoping Sweden: Linkoping 
Press; 2015.)
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 Chapter 34 Pathophysiology of Mitral Valve Disease 765

and may stimulate immunologic responses. Components 
implicated in the organism’s virulence include the hyaluronic 
acid capsule and the antigenic streptococcal M-protein and 
its peptides.61,65-67 Mimicry between streptococcal antigens 
and heart tissue proteins, combined with high inflamma-
tory cytokine and low interleukin-4 production, leads to the 
development of autoimmune reactions and cardiac tissue 
damage.61,66,67 In acute rheumatic fever and rheumatic heart 
disease, M-protein can cross react with cardiac myosin, which 
induces T-cell-mediated injury of cardiac tissue and valves.61

In addition to valvular involvement, rheumatic heart dis-
ease is a pancarditis affecting to various degrees the endo-
cardium, myocardium, and pericardium54,58,61 (Fig. 34-5). 
In rheumatic valvulitis, mitral valve involvement is the 
most common (isolated mitral stenosis is found in 40% 
of patients), followed by combined aortic and mitral valve 
disease, and least frequently, isolated aortic valve disease. 
Pathoanatomical characteristics of mitral valvulitis include 
commissural fusion, leaflet fibrosis with stiffening and retrac-
tion, and chordal fusion and shortening59 (Fig. 34-6). Leaf-
let stiffening and fibrosis can be exacerbated over time by 
increased flow turbulence. Valvular regurgitation can develop 
as a result of chordal fusion and shortening. The degree of cal-
cification varies and is more common and of greater severity 
in men, older patients, and those with a higher transvalvular 

FIGURE 34-5 Intraoperative photograph of mitral stenosis as a result 
of rheumatic heart disease. The mitral leaflets are markedly restricted. 
The arrowheads point to the fused anterolateral commissure. (Used 
with permission from David H. Adams, MD.)

A B

C D

FIGURE 34-6 Pathology of the mitral valve in mitral stenosis. Thickened, rigid nodular appearance of the mitral valve leaflets viewed from the 
atria (A) and ventricle (B). Calcium is present in the commissure and the commissures are fused, resulting in a valve shaped like a fish mouth. 
Subvalvular apparatus is thick, fused, and shortened (B, C). Healthy mitral valve leaflets (D). (Reproduced with permission from Chandrashekhar 
Y, Westaby S, Narula J: Mitral stenosis, Lancet. 2009 Oct 10;374(9697):1271-1283.)
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766 Part V Mitral Valve Disease

gradient.54 In some cases, rheumatic myocarditis results in LV 
dilatation and progressive heart failure.

Mitral annular calcification may progress to mitral scle-
rosis and stenosis in the elderly or those who are dialysis 
dependent.59,64 The anterior leaflet can become thick and 
immobile; LV inflow obstruction also results from calcifica-
tion of the posterior mitral valve leaflet. Calcific protrusions 
into the ventricle and extension of the calcium into the leaf-
lets further narrow the valve orifice, resulting in mitral ste-
nosis.59,64 In these cases, the left ventricle typically is small, 
hypertrophied, and noncompliant.

Hemodynamics
In patients with mitral stenosis, an early, middle, and late 
diastolic transvalvular gradient is present between the left 
atrium and ventricle; as the degree of mitral stenosis wors-
ens, a progressively higher gradient occurs, especially late in 
diastole.55,69,70 The average LA pressure in patients with severe 
mitral stenosis may be in the range of 15 to 20 mm Hg at rest, 
with a mean transvalvular gradient of 10 to 15 mm Hg.69,70 
With exercise, the LA pressure and gradient rise substantially.

Another physiologic measurement in patients with mitral 
stenosis is the (derived) cross-sectional valve area, which is 
calculated from the mean transvalvular pressure gradient and 
cardiac output. The transvalvular pressure gradient is a func-
tion of the square of the transvalvular flow rate; for example, 
doubling the flow quadruples the gradient. Mitral transvalvu-
lar flow depends on cardiac output and heart rate. An increase 
in heart rate decreases the duration of transvalvular LV filling 
during diastole; the transvalvular mean gradient increases, 
and consequently, so does LA pressure.71 A high transvalvu-
lar gradient may be associated with a normal cardiac output. 
Conversely, if cardiac output is low, only a modest transval-
vular gradient may be present.

Because of effective atrial contraction, the mean LA pres-
sure in patients with mitral stenosis and normal sinus rhythm 
is lower than that in patients with atrial fibrillation.72,73 Sinus 
rhythm further augments flow through the stenotic valve, 
thereby helping to maintain adequate forward cardiac out-
put. The development of atrial fibrillation decreases cardiac 
output by 20% or more; atrial fibrillation with a rapid ven-
tricular response can lead to acute dyspnea and pulmonary 
edema.72

Ventricular Adaptation
In patients with isolated mitral stenosis and restricted LV 
inflow, LV end-diastolic volume is normal or smaller than 
normal, and the end-diastolic pressure typically is low.55,74,75 
The peak filling rate is reduced, as is stroke volume. Cardiac 
output thus is diminished as a result of inflow obstruction 
leading to underfilling of the ventricle rather than LV pump 
failure.76 During exercise, LV ejection fraction (LVEF) may 
increase slightly; however, LV filling is compromised by the 
shorter diastolic filling periods at higher heart rates, resulting 
in a smaller end-diastolic volume (or LV preload). Therefore, 

stroke volume and a blunted increase (or even decrease) in 
cardiac output can occur.75

Approximately 25 to 50% of patients with severe mitral 
stenosis have LV systolic dysfunction as a consequence of 
associated problems (eg, mitral regurgitation, aortic valve dis-
ease, ischemic heart disease, rheumatic myocarditis or pancar-
ditis, and myocardial fibrosis) or internal constraint of a rigid 
mitral valve, reduced preload, and reflex increase in after-
load.54,59,70,75 In these patients, LV end-systolic and diastolic 
volumes may be larger than normal. Diastolic dysfunction 
and abnormal chamber compliance are sometimes evident.59 
Also, because right ventricular afterload increases as pulmo-
nary hypertension develops in these patients, right ventricular 
systolic performance deteriorates.55,77

Atrial Adaptation
In patients with mitral stenosis who are in normal sinus 
rhythm, the LA pressure tracing is characterized by an elevated 
mean LA pressure with a prominent a wave.73 Because of the 
stenotic valve, coordinated LA contraction is important in 
maintaining adequate transvalvular flow.73 The high LA pres-
sure gradually leads to LA hypertrophy and dilatation, atrial 
fibrillation, and atrial thrombus formation.54,75,76 The degree 
of LA enlargement and fibrosis does not correlate with the 
severity of the valvular stenosis partly because of the marked 
variation in duration of the stenotic lesion and atrial involve-
ment by the underlying rheumatic inflammatory process.75 
Disorganized atrial muscle fibers are associated with abnormal 
conduction velocities and inhomogeneous refractory periods. 
Premature atrial activation owing to increased automaticity 
or reentry eventually may lead to atrial fibrillation, which is 
present in more than half of patients with either pure mitral 
stenosis or mixed mitral stenosis and regurgitation.78 Major 
determinants of atrial fibrillation in patients with rheumatic 
heart disease include older age and larger LA diameter.78

Pulmonary Changes
In patients with mild-to-moderate mitral stenosis, pulmo-
nary vascular resistance is not increased, and pulmonary 
arterial pressure may remain normal at rest, rising only with 
exertion or increased heart rate.69 In severe chronic mitral ste-
nosis with elevated pulmonary vascular resistance, pulmonary 
arterial pressure is elevated at rest and can approach systemic 
pressure with exercise. A pulmonary arterial systolic pressure 
greater than 60 mm Hg significantly increases impedance to 
right ventricular emptying and produces high right ventricu-
lar end-diastolic and right atrial pressures.

LA hypertension produces pulmonary vasoconstric-
tion, which exacerbates the elevated pulmonary vascular 
resistance.54,77 As the mean LA pressure exceeds 30 mm Hg 
above oncotic pressure, transudation of fluid into the pul-
monary interstitium occurs, leading to reduced lung compli-
ance. Pulmonary hypertension develops as a result of passive 
transmission of high LA pressure, pulmonary venous hyper-
tension, pulmonary arteriolar constriction, and eventually, 
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pulmonary vascular obliterative changes. Early changes in 
the pulmonary vascular bed may be considered protective 
in that the elevated pulmonary vascular resistance protects 
the pulmonary capillary bed from excessively high pressures. 
However, the pulmonary hypertension worsens progressively, 
leading to right-sided heart failure, tricuspid insufficiency, 
and occasionally, pulmonic valve insufficiency.55,77,60

Clinical Evaluation
Because of the gradual development of mitral stenosis, patients 
may remain asymptomatic for many years.59,60,69,79,80 Charac-
teristic symptoms of mitral stenosis eventually develop and are 
associated primarily with pulmonary venous congestion or low 
cardiac output, for example, dyspnea on exertion, orthopnea, 
or paroxysmal nocturnal dyspnea and fatigue. With progres-
sive stenosis (valve area between 1 and 2 cm2), patients become 
symptomatic with less effort. Correspondingly, the transmitral 
mean gradient is usually between 5 and 10 mm Hg at a nor-
mal heart rate.80 The mean pressure gradient is dependent on 
the transvalvular flow and diastolic filling period and will vary 
with changes in heart rate. When mitral valve area decreases 
to about 1 cm2, symptoms become more pronounced. As 
pulmonary hypertension and right-sided heart failure subse-
quently develop, signs of tricuspid regurgitation, hepatomeg-
aly, peripheral edema, and ascites can be found.

As a result of high LA pressure and increased pulmonary 
blood volume, hemoptysis may develop secondary to rupture 
of dilated bronchial veins (or submucosal varices).59,77,79 Over 
time, pulmonary vascular resistance becomes higher, and the 
likelihood of hemoptysis decreases. Hemoptysis also may result 
from pulmonary infarction, which is a late complication of 
chronic heart failure. Acute pulmonary edema with pink frothy 
sputum can occur as a result of alveolar capillary rupture.

Systemic thromboembolism, occurring in approximately 
20% of patients, may be the first symptom of mitral stenosis; 
recurrent embolization occurs in 25% of patients.79,81 The 
incidence of thromboembolic events is higher in patients 
with mitral stenosis or mixed mitral stenosis-mitral regurgi-
tation than in those with pure mitral regurgitation. At least 
40% of all clinically important embolic events involve the 
cerebral circulation, approximately 15% involve the visceral 
vessels, and 15% affect the lower extremities.79,82 Emboliza-
tion to coronary arteries may lead to angina, arrhythmias, or 
myocardial infarction; renal embolization can result in hyper-
tension.79 Factors that increase the risk of thromboembolic 
events include low cardiac output, LA dilatation, atrial fibril-
lation, LA thrombus, absence of tricuspid or aortic regurgita-
tion, and the presence of echocardiographic “smoke” in the 
atrium, an indicator of stagnant flow. Patients with these risk 
factors should be anticoagulated.79,81,82 If an episode of sys-
temic embolization occurs in patients in sinus rhythm, infec-
tive endocarditis, which is more common in mild than in 
severe mitral stenosis, should be considered.

Patients with chronic mitral stenosis are often thin and frail 
(cardiac cachexia), indicative of longstanding low cardiac out-
put, congestive heart failure, and inanition.79 Heart size usually 

is normal, with a normal apical impulse on chest palpation. 
An apical diastolic thrill may be present. In patients with pul-
monary hypertension, a right ventricular lift can be felt in the 
left parasternal region. Auscultatory findings include a presys-
tolic murmur, a loud S1, an opening snap, and an apical dia-
stolic rumble.59,79,83,84 The presystolic murmur, which occurs 
because of closing of the anterior mitral leaflet, is a consistent 
finding and begins earlier in those in sinus rhythm than in 
those in atrial fibrillation.84 S1 is accentuated in mitral stenosis 
when the leaflets are pliable but diminished in later phases 
of the disease when the leaflets are thickened or calcified. As 
pulmonary artery pressure becomes elevated, S2 becomes 
prominent.85 With progressive pulmonary hypertension, the 
normal splitting of S2 narrows because of reduced pulmonary 
vascular compliance. Other signs of pulmonary hypertension 
include a murmur of tricuspid and/or pulmonic regurgitation 
and an S4 originating from the right ventricle. Best heard at 
the apex, the early diastolic mitral opening snap is caused by 
sudden tensing of the pliable leaflets during valve opening and 
is absent when the leaflets are rigid or immobile.79,83 In mild 
mitral stenosis, the diastolic rumble is soft and of short dura-
tion; a long or holodiastolic murmur indicates severe mitral 
stenosis. The intensity of the murmur does not necessarily 
correlate with the severity of the stenosis; indeed, no diastolic 
murmur may be detectable in patients with severe stenosis, 
calcified leaflets, or low cardiac output.84

On chest radiography, LA enlargement is the earliest 
change found in patients with mitral stenosis; it is suggested 
by posterior bulging of the left atrium seen on the lateral view, 
a double contour of the right heart border seen on the postero-
anterior film, and elevation of the left main stem bronchus.69 
The overall cardiac size often is normal. Prominence of the 
pulmonary arteries coupled with LA enlargement may oblit-
erate the normal concavity between the aorta and left ven-
tricle to produce a straight left heart border. In the lung fields, 
pulmonary congestion may be recognized as distention of the 
pulmonary arteries and veins in the upper lung fields and 
pleural effusions. If mitral stenosis is severe, engorged pulmo-
nary lymphatics are seen as distinct horizontal linear opacities 
in the lower lung fields (Kerley B lines).

The electrocardiogram is not accurate in assessing the 
severity of mitral stenosis and in many cases may be com-
pletely normal. In patients with severe mitral stenosis and 
normal sinus rhythm, LA enlargement is the earliest change 
(a wide notched P wave in lead II and a biphasic P wave in 
lead V1).59,69,86 Atrial arrhythmias are common in patients 
with advanced degrees of mitral stenosis. In those with pul-
monary hypertension, right ventricular hypertrophy may 
develop and is associated with right axis deviation, a tall R 
wave in V1, and secondary ST-T-wave changes; however, the 
electrocardiogram is not a sensitive indicator of right ventric-
ular hypertrophy or the degree of pulmonary hypertension.86

Echocardiography has become the primary diag-
nostic method for assessing mitral valve pathology and 
pathophysiology.3,59,60,80,87-89 Cross-sectional valve area 
and LA and LV dimensions can be quantified using two-
dimensional (2D) transthoracic echocardiography (TTE). 
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768 Part V Mitral Valve Disease

Best appreciated in the parasternal long-axis view, fea-
tures of rheumatic mitral stenosis include reduced dia-
stolic excursion of the leaflets (Carpentier type IIIa leaflet 
motion, see below) and thickening or calcification of the 
valvular and subvalvular apparatus (Fig. 34-7A). M-mode 
findings include thickening, reduced motion, and parallel 
movement of the anterior and posterior leaflets during dias-
tole. Doppler echocardiography accurately determines peak 
and mean transvalvular mitral pressure gradients that cor-
relate closely with cardiac catheterization measurements.87 
To estimate mitral valve area, the pressure half-time (time 
required for the initial diastolic gradient to decline by 50%) 
has been employed; the more prolonged the half-time, the 

more severe is the reduction in orifice area.60,87 Using the 
pressure half-time determination, mitral valve area is equal 
to 220 (an empirical value) divided by the pressure half-
time. Deriving mitral valve area using the pressure half-
time method, however, generally has fallen out of favor. 
The mean mitral gradient at rest and with bicycle or supine 
exercise measured using Doppler echocardiography is more 
useful clinically than estimating mitral valve area; the 
simultaneous increase in right ventricular systolic pressure 
(estimated from continuous-wave or pulse-wave Doppler 
envelopes of the tricuspid regurgitation signal) during exer-
cise is also revealing. The mitral separation index, which is 
the average of the maximum separation of the mitral leaflet 

A B

C D

FIGURE 34-7 (A) Echocardiogram (long axis) transthoracic view of a patient with leaflet thickening and severe mitral stenosis caused by 
rheumatic heart disease. A thickened, stenotic valve separates an enlarged left atrium (right) and the left ventricle (left). (B) The immobility of 
the posterior leaflet and the doming of the anterior leaflet as typical morphological characteristics of rheumatic mitral valve disease are shown in 
a three-dimensional transesophageal image. The three-dimensional transesophageal images (left atrial aspect (C) and left ventricular aspect (D)) 
show the fusion of both commissures (red arrows). AML, anterior mitral leaflet; PML, posterior mitral leaflet. (Reproduced with permission from 
Wunderlich NC, Beigel R, Siegel RJ: Management of mitral stenosis using 2D and 3D echo-Doppler imaging, JACC Cardiovasc Imaging. 2013 
Nov;6(11):1191-1205.)
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 Chapter 34 Pathophysiology of Mitral Valve Disease 769

tips in diastole in parasternal and apical four-chamber 
views, shows good correlation with mitral valve area mea-
sured by planimetry and pressure half-time and may be able 
to discriminate between hemodynamically significant and 
insignificant mitral stenosis.90 Transesophageal echocar-
diography (TEE) is better than the transthoracic approach 
for visualizing details of valvular pathology, such as valve 
mobility and thickness, subvalvular apparatus involvement, 
and extent of leaflet or commissural calcification.59,60,87,88

Three-dimensional echocardiography facilitates spatial 
recognition of intracardiac structures and can evaluate cardiac 
valvular and congenital heart disease using both real-time 
3D TTE and TEE images60,89,91 (Fig. 34-7B-D). The addi-
tion of color-flow Doppler to 3D echocardiography provides 
better visualization of regurgitant lesions. Measurements of 
LV volume using 3D echocardiography correlate tightly with 
measurements obtained using both contrast ventriculogra-
phy and magnetic resonance imaging (MRI). Cardiac MRI 
technology remains inferior to echocardiography for depic-
tion of valvular morphology and motion.92 Multidetector 
computed tomography (CT) may emerge as a technique that 
can evaluate both cardiac structure and function. Experience 
with gated multidetector CT has yielded good visualization 
of valve leaflet hinges, commissures, and the mitral annulus.93

Cardiac catheterization is not necessary to establish the 
diagnosis of mitral stenosis; however, it provides informa-
tion regarding coronary artery status in older patients. 
Left-sided heart catheterization allows determination of LV 
end-diastolic pressure; right-sided heart catheterization is 
performed to measure cardiac index and the degree of pul-
monary hypertension. Rarely, cardiac catheterization is used 

to evaluate the reversibility of severe pulmonary hypertension 
using pharmacologic interventions, including inhaled nitric 
oxide when indicated.

Postprocedure Outcome
Whereas LV systolic function is used to predict the natural 
history and postoperative prognosis of patients with other 
valvular lesions, there are few data linking LV function to 
outcome in patients with mitral stenosis. Not surprisingly, the 
best indicator is related to the degree of clinical impairment. 
Untreated mitral stenosis is associated with a poor prognosis 
once severe symptoms occur.59 Percutaneous balloon valvulo-
plasty is the mainstay of treatment of mitral stenosis provided 
the anatomy is favorable59,60,80 (Fig. 34-8). Generally, the tech-
nique immediately doubles mitral valve area and decreases 
the gradient substantially in properly selected patients with 
rheumatic mitral stenosis. Approximately 90% of patients 
improve clinically if a valve area greater than 1.5 cm2 with-
out significant regurgitation can be achieved.94 Surgical inter-
vention (eg, open mitral commissurotomy or mitral valve 
replacement) substantially improves functional capacity and 
long-term survival of patients with mitral stenosis; 67 to 90% 
of patients are alive at 10 years.86,95-97

Despite a higher operative risk for patients with severe 
pulmonary hypertension and right-sided heart failure, 
these individuals usually improve postoperatively with a 
reduction in pulmonary vascular pressures.55,98 If there is 
not excessive scarring of the subvalvular mitral apparatus, 
mitral valve replacement using chordal-sparing techniques 
can be performed in patients with rheumatic mitral valve 

Moderate disease (MVA 1.0–1.5 cm2, gradient 5-10 Hg)

Asymptomatic patient or, rarely, a patient with few or atypical symptoms

Assess excercise capacity

Low capacity; reproducible
symptoms; abnormal
haemodynamics

Consider whether PBV is 
suitable; high threshold 
for surgery

Normal capacity; no symptoms
of mitral stenosis

High-risk indicators
• Severe pulmonary arterial
  hypertension at rest or 
  with exercise 
• Clinically significant increase
  in PAWP with exercise
• History of thromboemboli
• Very large left atrium or new
  onset atrial fibrillation
• Evidence for right-heart 
  dysfunction

Severe disease (MVA < 1.0 cm2 , gradient > 10 mm Hg 

Symptomatic patient (NYHA class II-IV)

Suitable for PBV Unsuitable for PBV

PBV

NHA class II

Surgery

NYHA class III-IV High risk for surgery

Palliative PBVClose follow-up with low threshold for 
surgery; make decision based on surgical 
expertise and patient’s lifestyle needs

FIGURE 34-8 Treatment strategies for mitral stenosis. MVA, mitral valve area; NYHA, New York Heart Association functional class; PAWP, 
pulmonary artery wedge pressure; PBV, percutaneous balloon valvuloplasty. Severe mitral stenosis is rarely asymptomatic and, for such patients, we 
suggest use of the algorithm for assessment of patients with moderate disease. (Reproduced with permission from Chandrashekhar Y, Westaby S, 
Narula J: Mitral stenosis, Lancet. 2009 Oct 10;374(9697):1271-1283.)
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770 Part V Mitral Valve Disease

disease, particularly those with mixed stenotic and regurgi-
tant lesions; this results in a reduction in LV end-systolic and 
end-diastolic volumes and preservation of LV systolic pump 
performance.99,100 Alternatively, the valve and the entire sub-
valvular apparatus have to be resected during mitral valve 
replacement when the disease process is very advanced and all 
structures are densely calcified and extremely scarred, which 
frequently is the case in older patients.

Summary
Mitral stenosis generally is caused by rheumatic heart disease. 
With worsening mitral stenosis, a progressively higher trans-
valvular pressure gradient develops. Mitral transvalvular 
flow depends on cardiac output and heart rate; an increase 
in heart rate decreases the duration of transvalvular filling 
during diastole and reduces forward cardiac output, causing 
symptoms. In mild-to-moderate mitral stenosis, pulmonary 
vascular resistance may not be elevated; pulmonary arterial 
pressure may be normal at rest and rise only with exercise 
or increased heart rate. In patients with severe mitral steno-
sis with elevated pulmonary vascular resistance, the pulmo-
nary arterial pressure usually is high at rest. Characteristic 
symptoms of mitral stenosis are associated with pulmonary 
venous congestion and/or low cardiac output. Echocardiog-
raphy remains the best technique for assessing mitral valve 
pathology. Percutaneous or surgical intervention can improve 
functional capacity and long-term survival of patients with 
mitral stenosis.

MITRAL REGURGITATION
Etiology
The functional competence of the mitral valve relies on proper, 
coordinated interaction of the mitral annulus and leaflets, chor-
dae tendineae, papillary muscles, left atrium, and left ventricle, 
known as the valvular-ventricular complex.41,101-104 Normal LV 
geometry and alignment of the papillary muscles and chordae 

tendineae permit leaflet coaptation and prevent prolapse dur-
ing ventricular systole. Dysfunction of any one or more of the 
components of this valvular-ventricular complex can lead to 
mitral regurgitation. Important causes of mitral regurgitation 
include myxomatous degeneration (“primary” mitral regurgi-
tation), ischemic heart disease with ischemic mitral regurgita-
tion (IMR), dilated cardiomyopathy [for which the general 
term functional mitral regurgitation (FMR) is used], rheumatic 
valve disease, mitral annular calcification, infective endocar-
ditis, congenital anomalies, endocardial fibrosis, myocarditis, 
and collagen-vascular disorders.54,57,58,105-108 IMR is considered 
a specific subset of FMR, which is now termed “secondary” 
mitral regurgitation. Acute mitral regurgitation also may be 
the result of ventricular dysfunction from rapidly developing 
cardiomyopathy, such as Takotsubo cardiomyopathy, in which 
the mitral regurgitation is caused by LV outflow tract obstruc-
tion and systolic anterior motion of the mitral valve from apical 
ballooning.109

In general, four types of structural changes of the mitral 
valve apparatus may produce regurgitation: leaflet retraction 
from fibrosis and calcification, annular dilatation, chordal 
abnormalities (including rupture, elongation, or shortening), 
and LV systolic dysfunction with or without papillary muscle 
involvement.41,110-116 Carpentier classified mitral regurgitation 
according to three main pathoanatomic types based on mitral 
leaflet motion: normal leaflet motion (type I), leaflet prolapse 
or excessive motion (type II), and restricted leaflet motion 
(type III).110,111 Type III is further subdivided into types IIIa 
and IIIb based on leaflet restriction during diastole (type IIIa), 
as seen in rheumatic disease, or during systole (type IIIb), 
which is typically seen in IMR (Fig. 34-9). Mitral regurgitation 
with normal leaflet motion can result from annular dilatation, 
often secondary to LV dilatation, for example, patients with 
dilated cardiomyopathy or ischemic cardiomyopathy. Normal 
leaflet motion also includes patients with leaflet perforation 
due to endocarditis or a congenital cleft. Leaflet prolapse typi-
cally results from a floppy mitral valve with chordal elongation 
and/or rupture, but rarely also can be seen in patients with 
coronary artery disease who have papillary muscle elongation 

A B

Type I Type II Type III

FIGURE 34-9 Carpentier’s functional classification of the types of leaflet and chordal motion associated with mitral regurgitation. In type I, 
the leaflet motion is normal. Type II mitral regurgitation is caused by leaflet prolapse or excessive motion. Type III (restricted leaflet motion) is 
subdivided into restriction during diastole (A) or systole (B). Type IIIb typically is seen in patients with ischemic mitral regurgitation. The course 
of the leaflets during the cardiac cycle is represented by the dotted lines. (Modified with permission from Carpentier A: Cardiac valve surgery—the 
“French correction,”  J Thorac Cardiovasc Surg. 1983 Sep;86(3):323-337.)
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 Chapter 34 Pathophysiology of Mitral Valve Disease 771

or rupture. Mitral regurgitation caused by restricted leaf-
let motion is associated with rheumatic valve disease (types 
IIIa and IIIb), ischemic heart disease (IMR with type IIIb 
restricted systolic leaflet motion secondary to apical tethering 
or tenting), and dilated cardiomyopathy (type IIIb).111,112

MYXOMATOUS DEGENERATION
Myxomatous degeneration of the mitral valve, also known 
as floppy mitral valve or mitral valve prolapse and considered 
primary mitral regurgitation, is the most common cause of 
mitral regurgitation in patients undergoing surgical evalu-
ation in the United States.41,108,117-120 Afflicting 2 to 3% of 
the general population, mitral valve prolapse is both acquired 
(fibroelastic deficiency in older patients) and congenital or her-
itable, with excess spongy, weak fibroelastic connective tissue 
constituting the leaflets and chordae tendineae (Barlow’s valve 
in younger patients) 54,80,108,121,122 (Fig. 34-10). Associated 
with connective tissue disorders, such as Marfan syndrome, 
Ehlers-Danlos, Loeys-Dietz syndrome, osteogenesis imper-
fecta, pseudoxanthoma elasticum, and aneurysm-osteoarthri-
tis syndrome, mitral valve prolapse appears to be the result 
of multiple genetic pathways and can be sporadic or familial 
with autosomal dominant and X-linked inheritance.108,123,124 
Although three different loci on chromosomes 16, 11, and 13 
(autosomal dominant) are linked to mitral valve prolapse, no 
specific gene has yet been incriminated.108,123,124 Also, a locus 
on chromosome X cosegregates with a rare form of mitral 
valve prolapse called X-linked myxomatous mitral valve dystro-
phy.108,124 Upregulation of transforming growth factor-beta 
and the mutations of the cytoplasmic protein filamins appear 

to have a pivotal role in various pathways in the pathogenesis 
of mitral valve prolapse.108 Because the dysfunctional valve is 
the disease, myxomatous degeneration of the mitral valve is 
considered primary mitral regurgitation.80,125

Some degree of mitral valve prolapse is seen echocardio-
graphically in 5 to 6% of the female population.121,126 The risk 
of endocarditis is increased only if valvular regurgitation is 
present and accompanied by a murmur. Mitral valve prolapse 
appears to be more widespread in women, but severe mitral 
regurgitation resulting from mitral valve prolapse is more 
common in men. Subtle signs of heart failure, usually mani-
fest as declining stamina and fatigue, may be the presenting 
complaint in 25 to 40% of symptomatic patients with mitral 
valve prolapse. As strictly defined originally by John Barlow, 
“Barlow’s syndrome” includes prolapse of the posterior leaf-
let and chest pain, and occasionally palpitations, syncope, 
and dyspnea; in younger patients, the initial clinical sign is a 
midsystolic nonejection click, which later evolves into a click 
followed by a late systolic murmur.121 This latter scenario is 
seen typically in young patients with Barlow’s valves, in which 
large amounts of excessive leaflet tissue and marked annular 
dilatation are coupled with extensive billowing of both leaf-
lets. Because many patients have had symptoms consistent 
with mitral valve prolapse syndrome for many years prior 
to developing significant mitral regurgitation, in certain 
patients, beta-adrenergic receptor polymorphisms may play 
a role in the pathogenesis of symptoms.127

Pathologically, the atrial aspect of the prolapsing mitral 
leaflet often is thickened focally, whereas the changes on the 
ventricular surface of the leaflet consist of connective tis-
sue thickening primarily on the interchordal segments with 
fibrous proliferation into adjacent chordae and onto the ven-
tricular endocardium.54,108,121,122 Histologically, elastic fiber 
and collagen fragmentation and disorganization are present, 
and acid mucopolysaccharide material accumulates in the 
leaflets. Myxomatous degeneration commonly involves the 
annulus, resulting in annular thickening and dilatation. All 
these changes are pronounced in young patients with Barlow’s 
valves but can be minimal in older subjects with fibroelastic 
deficiency, in whom the noninvolved posterior leaflet scallops 
and anterior leaflet are normal and thin.80 It is important to 
recognize that these two distinct varieties of mitral valve pro-
lapse exist and can be segregated on clinical grounds, even if 
pathologists have difficulty discriminating between the two, 
because the repair techniques differ in major ways. Many cen-
ters like the Mayo Clinic encounter mainly elderly patients 
with coronary artery disease and fibroelastic deficiency (78% 
of their surgical “flail” leaflet surgical population were greater 
than 60 years old and/or required concomitant coronary 
artery bypass grafting), in whom the valvular pathology 
is limited, and simple repair techniques, such as the small 
McGoon triangular excision of the middle scallop of the 
posterior leaflet, are applicable and work well.128 In contrast, 
other institutions may attract younger patients who have 
Barlow’s valves or severely myxomatous mitral valves, circum-
stances that demand much more extensive repair techniques 
and different expertise.

BA

FIGURE 34-10 Intraoperative photograph of fibroelastic deficiency 
(A) and Barlow’s disease (B). (Used with permission from David H. 
Adams, MD.)
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772 Part V Mitral Valve Disease

Only 5 to 10% of patients with mitral valve prolapse 
progress to develop severe mitral regurgitation, and they can 
remain relatively asymptomatic for many years.121 Mecha-
nisms accounting for severe mitral regurgitation in those with 
mitral valve prolapse include annular dilatation and rupture 
or elongation of the first-order chordae (58%), annular dila-
tation without chordal rupture (19%), and chordal rupture 
without annular dilatation (19%).122 Chordal rupture, prob-
ably related to defective collagen, underlying papillary muscle 
fibrosis or dysfunction, or bacterial endocarditis, typically 
is the culprit when mitral regurgitation develops acutely in 
patients without any previous symptoms of heart disease or 
suddenly becomes worse in those with known mitral valve pro-
lapse.41,54,56,57,106,108,129 Chordal rupture is evident in 14 to 23% 
of surgically excised purely regurgitant valve specimens; in 73 
to 93% of these patients, the underlying pathology is degen-
erative or floppy mitral valves.56,57,106 Posterior chordal rup-
ture, usually subtending just the middle scallop, is the most 
frequent finding, followed by anterior chordal rupture and 
then combined anterior and posterior chordal rupture.56,57,106

FUNCTIONAL AND ISCHEMIC MITRAL 
REGURGITATION
FMR is the result of incomplete mitral leaflet coaptation in 
the setting of LV systolic dysfunction and dilatation with or 
without annular dilatation (eg, dilated cardiomyopathy or 
ischemic cardiomyopathy) and is thus now termed secondary 
mitral regurgitation.80,113-116,125 LV systolic dysfunction and 
dilatation also may be associated with longstanding mitral 
regurgitation caused by severe chronic LV volume overload. 
Most commonly, the etiology of nonischemic cardiomyopa-
thy is unknown or idiopathic; the second most common cause 
is advanced valvular disease. FMR occurs in 40% of patients 
with heart failure caused by dilated cardiomyopathy.116

IMR, a subset of FMR, is becoming widely appreciated as 
the population ages and more patients survive acute myocar-
dial infarction. In those with acute infarction, IMR occurs in 
approximately 15% of patients with anterior wall involvement 
and up to 40% of patients with an inferior infarct.56,57,130 Gen-
erally, the severity of mitral regurgitation is related to the size 
of the area of LV akinesia or dyskinesia. The pathophysiology 
of IMR can be attributed to changes in global and regional 
LV function or geometry, alterations in mitral annular geom-
etry, abnormal leaflet motion and malcoaptation, increased 
interpapillary distance, and papillary muscle malalignment 
leading to apical tethering of the leaflets with restricted sys-
tolic leaflet motion (type IIIb).110,113,114,130-139 Because of the 
interdependence of the elements constituting the valvular-
ventricular complex in IMR, perturbation of any component, 
such as LV systolic function and geometry, annular geometry, 
leaflet motion and morphology, and papillary and chordal 
relationship, may result in mitral regurgitation.

Left Ventricular Systolic Function and Geometry.  
Although LV dilatation and dysfunction are less pronounced 
in the setting of inferior myocardial infarction than that 

affecting the anterior wall, the incidence and severity of 
mitral regurgitation are greater in patients with inferior 
infarction.56,57,130,132,134 Over time, as the left ventricle dilates 
and changes shape after the ischemic event (postinfarction 
remodeling), the degree of IMR progresses.115,134,140 Geomet-
ric changes associated with ventricular remodeling, such as 
posteromedial papillary muscle dislocation in the lateral axis, 
may lead to leaflet tenting, as reflected by a larger distance 
from the middle of the anterior annulus (saddle horn on 
echocardiography) to the posteromedial papillary muscle tip, 
and increased annular diameter.115,135,136,140 At the ventricular 
level, myocardial infarction associated with chronic IMR is 
associated with greater adverse perturbations in LV systolic 
torsion and diastolic recoil than myocardial infarction with-
out chronic IMR.141 These abnormalities may be linked to 
more LV dilatation, which possibly reduces the effectiveness 
of fiber shortening on torsion generation. Altered LV tor-
sion and recoil may contribute to the “ventricular disease” 
component of chronic IMR, with increased gradients of 
myocardial oxygen consumption adversely affecting cardiac 
efficiency and impaired early diastolic filling.141 Additionally, 
in a subacute model of IMR (less than 7 weeks), there is an 
equivalent increase in LV end-diastolic volume in those with 
mild mitral regurgitation compared to those with more severe 
mitral regurgitation, coupled with unchanged end-diastolic 
and end-systolic remodeling strains, including systolic cir-
cumferential, longitudinal, and radial strains; these findings 
in aggregate argue against an intracellular (cardiomyocyte) 
mechanism for the LV dysfunction.142 Instead, differences 
in subepicardial shear strains suggest a causal role of altered 
interfiber interactions, and the mechanical impairment may 
be in extracellular matrix between the fibers and the microtu-
bules in the cytoskeleton that couple cardiomyocyte shorten-
ing to LV wall thickening.142

Annular Geometry. In IMR, there may be increased mitral 
annular area, annular stretching and flattening (involving both 
anterior and posterior components of the annulus), increased 
septal-lateral annular dimension (also termed the anteroposte-
rior axis), which is perpendicular to the line of leaflet coapta-
tion), lateral displacement of posteromedial papillary muscle, 
and apically tethered posterior leaflet with restricted closing 
motion, any of which may contribute to leaflet malcoapta-
tion132,133,135,136 (Fig. 34-11). The septal-lateral annular dilata-
tion and diminished LV systolic function determine mitral 
systolic tenting area, which in turn is predictive of the sever-
ity of the IMR.132 LV dilatation and larger annular dimen-
sions after inferior myocardial infarction require the mitral 
leaflets to cover more area during closing, exceeding their 
normal redundancy or “reserve,” which is exacerbated by 
restricted leaflet closure (type IIIb motion) owing to apical 
leaflet tenting. Additionally, the distinctive saddle shape of 
the normal annulus, which becomes accentuated during sys-
tole, is eliminated which makes it flatter and suggests an asso-
ciation between maintaining the saddle shape and valvular 
competence.132,143,144 Furthermore, in patients with IMR, the 
anterior and posterior annular perimeters and annular orifice 
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 Chapter 34 Pathophysiology of Mitral Valve Disease 773

area (9.1 cm2 compared with 5.7 cm2 normally) are increased 
accompanied by an increase in the intertrigonal (anterior) 
annular distance and restriction of annular motion.136

Leaflet Motion and Morphology. Acute IMR from 
proximal left circumflex artery occlusion experimentally 
results in delayed valve closure in early systole (termed leaf-
let loitering) and increased leaflet edge separation throughout 
ejection in three leaflet coaptation sites across the valve, spe-
cifically near the anterior commissure, the valve center, and 
near the posterior commissure.131,133 In addition, there is lat-
eral displacement of the central scallop of the posterior leaflet, 
suggesting that interscallop malcoaptation and septal-lateral 
annular dilatation, can contribute to IMR in certain circum-
stances.139 Clinically, chronic IMR is associated with apical 
systolic restriction of the posterior leaflet, thereby effectively 
preventing competent valve closure; this restriction results in 
a posteriorly directed eccentric MR jet due to anterior leaflet 

“pseudoprolapse.” Chronic IMR is also associated with pos-
terior leaflet displacement in the posterior direction and lat-
eral displacement of both leaflets. When the position of each 
leaflet edge is assessed independently, the anterior leaflet is 
not displaced apically after inferior infarction, although with 
more time and further remodeling, apical restriction of this 
leaflet may occur.135 A strong echocardiographic determinant 
of leaflet tenting height is the distance from the tips of the 
papillary muscles to the saddle horn of the anterior annulus; 
LV end-diastolic volume is only weakly correlated with tent-
ing height.145 Recent human observations have revealed that 
in some patients with IMR/FMR, there is growth or elon-
gation of the leaflets associated with leaflet thickening that 
compensates for the larger orifice area and minimizes the 
amount of mitral regurgitation. In others, however, the leaf-
lets do not become larger and cannot coapt normally across 
the large orifice, which causes more leaks.146

In the past, the leaflet morphology in patients with FMR 
was considered normal, but further analyses have shown the 
leaflets to be biochemically different, with extracellular matrix 
changes associated with altered cardiac dimensions.147,148 In 
recipient hearts obtained at time of transplantation, mitral 
leaflets have up to 78% more deoxyribonucleic acid, 59% 
more glycosaminoglycans, 15% more collagen, but 7% less 
water than autopsy control leaflets.147,148 Radially and cir-
cumferentially oriented anterior mitral leaflet strips from 
failing hearts are 50 to 61% stiffer and less viscous.148 Thus, 
the mitral leaflets in heart failure have altered intrinsic struc-
tural properties, suggesting that the permanently distended 
and fibrotic tissue is unable to stretch sufficiently to cover the 
valve orifice and that mitral regurgitation in these patients is 
not purely functional.147,148

Papillary Muscle and Chordal Relationships. The 
papillary-annular distances in the LV long axis remain rela-
tively constant in normal hearts throughout the cardiac 
cycle.114 During acute ischemia, however, these distances 
change, which reflects repositioning or dislocation of the 
papillary muscle tips with respect to the mitral annulus. 
This process can also contribute to apical tenting of the leaf-
lets during systole.110,114,135,149,150 With proximal circumflex 
artery occlusion and resulting IMR in an ovine model, the 
interpapillary distance and LV end-diastolic volume both 
increase. There is also increased mitral annular area and dis-
placement of both (but predominantly the posteromedial) 
papillary muscle tips away from the septal annulus through-
out ejection and at end-systole.135,149 Posteromedial papil-
lary muscle tip displacement probably results from failure 
of the ischemic papillary muscle to shorten during systole, 
lengthening of the ischemic papillary muscle over time, and 
dyskinesia of the ischemic LV wall subtending the papillary 
muscle. Since posterior papillary muscle displacement in 
the apical and posterior directions also occurs in sheep that 
did not develop substantial degrees of IMR, the additional 
posteromedial papillary muscle displacement in the lateral 
direction is a dominant factor in the development of IMR.135 
In the setting of posterolateral ischemia, a larger distance 
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FIGURE 34-11 Average mitral annular area (in cm2) before (blue 
squares) and during (red squares) acute LV ischemia induced by 
balloon occlusion of either the LAD artery (top), the dLCx coronary 
artery (middle), or the pLCx coronary artery (bottom). A 650-ms time 
interval centered at end-diastole (t = 0) is shown. dLCx, distal to 
second obtuse marginal artery; LAD, proximal left anterior descend-
ing artery; MA, mitral annular; pLCx, proximal to second obtuse 
marginal artery. (Reproduced with permission from Timek TA, Lai 
DT, Tibayan F, et al: Ischemia in three left ventricular regions: Insights 
into the pathogenesis of acute ischemic mitral regurgitation, J Thorac 
Cardiovasc Surg. 2003 Mar;125(3):559-569.)

Cohn_ch34_p0759-0796.indd   773 12/04/17   4:46 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



774 Part V Mitral Valve Disease

from the papillary muscle tips to the midseptal annulus is 
an important determinant of mitral regurgitant jet area and 
volume.130,135 The nonischemic anterolateral papillary mus-
cle may also play a role in apical leaflet restriction because 
this papillary muscle is displaced apically at end-systole rela-
tive to baseline. In sheep with mitral regurgitation, postero-
medial papillary muscle tethering distance, papillary muscle 
depth, and papillary muscle angle are unchanged, and the 
anterolateral papillary muscle depth and papillary muscle 
angle decrease with decreasing ejection fraction.149 Reduced 
systolic shortening of either papillary muscle in isolation, 
on the other hand, does not result in mitral regurgitation; 
thus, the previous notion that “papillary muscle dys-
function” by itself is responsible for IMR is not correct. 
In fact, papillary muscle dysfunction paradoxically can 
decrease mitral regurgitation resulting from inferobasal 
ischemia by reducing leaflet tethering, which improves 
leaflet coaptation.151 Further insult to the LV wall under-
lying the papillary muscles is likely needed before valvular 
incompetence occurs. Acute IMR induced by experimental 
posterior LV ischemia is associated with chordal and leaflet 
tethering at the nonischemic commissural portion of the 
mitral valve and a paradoxical decrease of the chordal forces 
and relative prolapse at the ischemic commissural site.137 
Based on cardiac MRI of humans with ischemic heart 
disease, the loss of lateral shortening of the interpapillary 
muscle distance tethers the leaflet edges and impairs their 
systolic closure, resulting in mitral regurgitation.150 Thus, 
it may be a combination of systolic annular dilatation and 
shape change and altered posteromedial and anterolateral 
papillary muscle position and motion that contributes to 
incomplete leaflet coaptation and IMR.

Papillary Muscle Ischemia and Rupture. Papillary 
muscle dysfunction in patients with ischemic heart dis-
ease has been thought to contribute to mitral regurgita-
tion, although the significance of its role in IMR remains 
in question.41,43,56,57,114,135,149,151 The papillary muscles are par-
ticularly susceptible to ischemia, more so the posteromedial 
papillary muscle (supplied only by the posterior descending 
artery in 63% of cases) than the anterolateral papillary mus-
cle (supplied by both the left anterior descending and the 
circumflex arteries in 71% of cases).41,43 Hence, myocardial 
infarction leading to papillary muscle dysfunction occurs 
more frequently with the posteromedial papillary muscle 
after an inferior myocardial infarction. Although papillary 
muscle necrosis can complicate myocardial infarction, frank 
rupture of a papillary muscle is rare. Total papillary muscle 
rupture usually is fatal as a result of severe mitral regurgi-
tation and LV pump failure; survival long enough to reach 
the operating room in reasonable condition is possible with 
rupture of one or two of the subheads of a papillary muscle, 
which is associated with a lesser degree of acute mitral regur-
gitation. Papillary muscle rupture usually occurs 2 to 7 days 
after myocardial infarction; without emergency operation, 
approximately 50 to 75% of such patients may die within 
24 hours.152,153

RHEUMATIC DISEASE
With decreasing incidence in the United States, rheumatic 
fever remains a common cause of mitral regurgitation in 
developing countries.41,56-58,105-107,154 It is unknown why 
rheumatic fever leads to valvular stenosis in some patients 
and pure regurgitation in others. The pathoanatomical 
changes of the purely regurgitant rheumatic valve differ 
from those in a stenotic valve. In chronic rheumatic mitral 
regurgitation, the valves have diffuse fibrous thickening of 
the leaflets with minimal calcific deposits and relatively 
nonfused commissures; chordae tendineae usually are 
not extremely thickened or fused.56-58 There also may be 
shortening of the chordae tendineae, fibrous infiltration 
of the papillary muscle, and asymmetric annular dilata-
tion primarily in the posteromedial portion. During the 
first episodes of rheumatic fever (average age is 9 years), 
patients may develop acute mitral regurgitation, which is 
more frequently related to annular dilatation and prolapse 
of the anterior or posterior mitral valve leaflet.58,154 Those 
with anterior leaflet prolapse tend to improve with medical 
management; however, those with prolapse of the poste-
rior leaflet have a less favorable outcome and often require 
early surgical repair.154

MITRAL ANNULAR CALCIFICATION
Mitral annular calcification is a degenerative disorder that 
usually is confined to elderly individuals; most patients are 
older than 60 years of age, and women are affected more 
often than men.41,64 The pathogenesis of mitral annular cal-
cification is not known, but it appears to be a stress-induced 
phenomenon; annular calcification also can be associated 
with systemic hypertension, hypertrophic cardiomyopathy, 
aortic stenosis, and occasionally, advanced Barlow’s disease. 
Other predisposing conditions include chronic renal failure 
and diabetes mellitus. Aortic valve calcification is an associ-
ated finding in 50% of patients with severe mitral annular 
calcification.

The gross appearance of mitral annular calcification may 
vary from small, localized calcified spicules to massive, rigid 
crescentic bars up to 2 cm in thickness in the annulus and 
leaflets.64 Initially, calcification begins at the midportion of 
the posterior annulus; as the process progresses, the leaflets 
become upwardly deformed, stretching the chordae tendin-
eae, and a rigid curved bar of calcium surrounding the entire 
posterior annulus in a horseshoe shape or even a complete 
ring of calcium may encircle the entire mitral orifice. The cal-
cific deposit spurs extend into the LV myocardium and the 
conduction system, which can result in atrioventricular and/
or intraventricular conduction defects. Annular calcification 
causes mitral regurgitation by displacing and immobilizing 
the mitral leaflets (thereby preventing their normal systolic 
coaptation) or impairing the presystolic sphincteric action of 
the annulus.64 As the degree of mitral regurgitation worsens 
over time, LV volume overload can lead to heart failure. Sys-
temic embolization can occur if the annular calcific debris is 
extensive and friable.
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 Chapter 34 Pathophysiology of Mitral Valve Disease 775

Hemodynamics
The pathophysiology of acute mitral regurgitation differs 
from that of chronic mitral regurgitation. Acute regurgita-
tion may result from spontaneous chordal rupture, myocar-
dial ischemia or infarction, infective endocarditis, or severe 
chest trauma.41,129,152,153 The clinical impact of acute mitral 
incompetence is modulated largely by the compliance of the 
left atrium and the pulmonary vasculature. In a normal left 
atrium with a relatively low compliance, acute mitral regurgi-
tation results in high LA pressure, which can lead rapidly to 
pulmonary edema. Such is not the situation in patients with 
chronic mitral regurgitation, in whom compensatory changes 
over time increase LA and pulmonary bed venous compliance 
such that symptoms of pulmonary congestion may not occur 
for many years.

With mitral regurgitation, the impedance to LV emptying 
is lowered because the mitral orifice is in parallel with the 
LV outflow tract.41,70,155 The volume of mitral regurgitation 
depends on the square root of the systolic pressure gradient 
between the left ventricle and the atrium, the time duration 
of the regurgitant leak, and the effective regurgitant orifice 
(ERO).41,145,156,157 The ERO is determined echocardiographi-
cally using 2D color Doppler imaging to measure the cross-
sectional area of the vena contracta (narrowest width of the 
regurgitant jet) and the proximal isovelocity surface area 
(PISA), or continuous-wave Doppler measuring the ratio of 
regurgitant volume to regurgitant time-velocity integral.145,158 
Regurgitation into the left atrium increases LA pressure and 
reduces forward cardiac output. LA pressure even may remain 
elevated at end-diastole (transient 5- to 10-mm Hg transval-
vular gradient), representing a functional gradient associated 
with the increased diastolic LV filling rate.

If the mitral annulus is not rigid, various diagnostic and 
therapeutic interventions can alter ERO. Altered loading 
conditions (elevated preload and afterload) and decreased 
contractility result in progressive LV dilatation and a larger 
ERO.159 When LV size is reduced by medical management 
(eg, digoxin, diuretics, and most importantly, systemic arte-
riolar vasodilators), ERO and regurgitant volume fall.160,161 
Stress echocardiography using an inotropic drug, such as 
dobutamine, usually decreases ERO and the degree of mitral 
regurgitation in patients with FMR and IMR because the 
LV chamber is smaller at the beginning of systole (or end-
diastole) and throughout systole secondary to enhanced LV 
contractility.162

Ventricular Adaptation
The loading conditions induced by mitral regurgitation 
promote more LV ejection because ventricular preload is 
increased and afterload is normal or decreased secondary to 
backward flow across the mitral valve. In terms of cardiac 
energetics, reduced LV impedance in patients with mitral 
regurgitation allows a greater proportion of contractile energy 
to be expended in myocardial fiber shortening than in ten-
sion development.41,155 Because increased fiber shortening 

is less of a determinant of myocardial oxygen consumption 
than other components, such as tension (or pressure) devel-
opment and heart rate, mitral regurgitation causes only small 
increases in myocardial oxygen consumption.155 Reduction in 
developed tension as a result of lower LV systolic wall stress 
(LV afterload) permits the ventricle to adapt to the substantial 
regurgitant volume by increasing LV end-diastolic volume to 
maintain adequate forward output. Along with lower after-
load, this increase in preload (LV end-diastolic volume or, 
more precisely, LV end-diastolic wall stress) allows the heart 
to compensate for chronic mitral regurgitation for a long 
time before symptoms occur.41,163,164 A fundamental response 
to increased preload is augmented stroke volume and stroke 
work, although effective forward stroke volume may be sub-
normal. High LV preload eventually leads to LV dilatation and 
shape change, meaning more spherical remodeling, owing to 
replication of sarcomeres in series as a consequence of chronic 
elevation of LV end-diastolic wall stress.163,164 This process is 
in contrast to LV hypertrophy secondary to chronic pressure 
overload (elevated systolic wall stress) which leads to sarco-
mere replication in parallel. In chronic mitral regurgitation, 
LV mass also increases; however, the degree of hypertrophy 
correlates with the amount of chamber dilatation so that the 
ratio of LV mass to end-diastolic volume remains in the nor-
mal range (unlike the situation in patients with LV pressure 
overload).165-167 The contractile dysfunction that evolves due 
to chronic LV volume overload is accompanied by increased 
myocyte length as well as reduced myofibril content.164,165 The 
basic changes thus are a combination of myofibrillar loss and 
the absence of significant hypertrophy in response to the pro-
gressive decrease in LV pump function. The defect is intrinsic 
to the myocyte per se, but changes in the extracellular matrix 
also play a role.142,168 Conversely, in acute mitral regurgita-
tion, the ratio of LV mass to end-diastolic volume is reduced 
because chamber dilatation occurs suddenly, and the LV wall 
becomes acutely thinned; this increase in LV end-diastolic 
volume is associated with sarcomere lengthening along the 
length-tension curve.164

After the initial compensatory phase, LV systolic con-
tractility becomes progressively impaired as mitral regur-
gitation progresses chronically.166-169 Because of the low 
impedance during systole, however, ejection-phase indexes 
of LV systolic function, such as ejection fraction, stroke vol-
ume, and fractional circumferential fiber shortening (%FSc), 
still can be normal even if LV contractile state has become 
depressed.168,170,171 An ejection fraction of less than 55 to 
60% or %FSc less than 28% in the presence of severe mitral 
regurgitation indicates an advanced degree of myocardial dys-
function. It is important to remember that all the ejection-
phase indexes commonly used clinically to estimate LV pump 
performance, for example, ejection fraction, %FSc, cardiac 
output, stroke volume, stroke work, etc. are all affected by 
changes in LV preload and afterload.

Because of abnormal LV loading conditions in the set-
ting of mitral regurgitation, load-independent indexes of LV 
contractility (eg, end-systolic elastance derived from the end-
systolic pressure-volume relationship) or preload recruitable 
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776 Part V Mitral Valve Disease

stroke work (PRSW, also termed linearized Frank-Starling 
relationship) are preferred to measure LV systolic function and 
mechanics.166-169,172,173 In hypertrophied and dilated hearts, as 
seen in chronic mitral regurgitation, however, the utility of 
end-systolic elastance may be limited because of LV chamber 
shape and size changes. It is necessary to use the end-systolic 
stress-volume relationship in these circumstances. One other 
problem inherent in the use of end-systolic elastance or stress-
volume data is that end-systole and end-ejection are disso-
ciated in patients with mitral regurgitation. End-ejection 
is defined as minimum LV volume and end-systole as the 
instant when LV elastance reaches its maximal value. Because 
of this temporal dissociation of end-systole from minimal 
ventricular volume, end-ejection pressure-volume relations 
do not correlate with maximal elastance values derived using 
isochronal methods.172 End-systolic dimension or LV end-
systolic volume (LVESV) is less dependent on LV loading 
conditions than is ejection fraction, and therefore is a bet-
ter measure of LV systolic contractile function. LVESV var-
ies directly and linearly with afterload, and inversely with 
contractile state.169,174-176 The larger the LVESV becomes, 
the worse LV contractility. Correcting LVESV for chamber 
geometry, LV wall thickness and afterload (end-systolic wall 
stress [ESS]), and body size (LV end-systolic volume index 
[LVESVI]) provides reliable and accurate indexes of LV sys-
tolic function that are less influenced by loading conditions 
and variation in patient size.174,175 Thus, preoperative LVESV 
or LVESVI is a better predictor of outcome in terms of post-
operative LV systolic performance and cardiac death than is 
LVEF, end-diastolic volume, or end-diastolic pressure.176

Based on load-independent indexes of LV contractility 
in experimental mitral regurgitation, the normalized end-
systolic pressure-volume and end-systolic stress-volume rela-
tionships decline after 3 months of mitral regurgitation.166 
PRSW (the relation of stroke work to LV end-diastolic 
volume) and preload-recruitable pressure-volume area (the 
relation of stroke work to LV pressure-volume area) also fall, 
along with a decrease in efficiency of energy transfer from 
pressure-volume area to external pressure-volume work 
at matched LV end-diastolic volume. Furthermore, there 
is deterioration in ventriculoarterial coupling over time; 
that is, a mismatch develops between the ventricle and the 
total (forward and regurgitant) vascular load.166 Although 
the overall (systemic plus LA) effective arterial elastance is 
decreased, there is a proportionally greater reduction in LV 
end-systolic elastance. Thus, LV systolic mechanics become 
impaired along with deterioration in global LV energetics 
and efficiency, and a mismatch develops in coupling between 
the left ventricle and the arterial bed.166 Additionally, pro-
gression from acute to chronic mitral regurgitation (at 
3 months) is associated with a decrease in maximum LV sys-
tolic torsional deformation from 6.3 to 4.7° and a decrease 
in early diastolic LV recoil from +3.8 to –1.5°.177 Because 
torsion is a mechanism by which the left ventricle equalizes 
transmural gradients of fiber strain and oxygen demand, a 
decrease in systolic torsion in chronic mitral regurgitation 
may play a role in the inexorable and progressive decline of 

LV performance.177 The left ventricle responds to decreased 
forward cardiac output resulting from mitral regurgita-
tion by dilating; such dilatation equalizes the lengths of 
the endocardial and epicardial radii and thereby decreases 
systolic LV torsion. In assessing transmural 3D myocardial 
deformations in an ovine model of isolated mitral regurgi-
tation, early changes in LV function at 12 weeks was evi-
denced by alterations in transmural strain (which may be 
detected before the onset of global LV dysfunction), but 
not by changes in B-type natriuretic peptide or PRSW.178 
The associated increase in transmural gradient of fiber strain 
and oxygen supply-demand imbalance results in a further 
decrease in forward cardiac output, leading to more LV dila-
tation and continuing the vicious cycle.

Diastolic inflow into the ventricle increases as total stroke 
volume increases during the evolution of mitral regurgita-
tion and ventricular dilatation.179-182 Acute mitral regurgita-
tion enhances LV diastolic function by increasing the early 
diastolic filling rate and decreasing chamber stiffness. Flow 
across the mitral valve during early diastole is determined by 
the LA-LV pressure gradient, even though other factors, such 
as diastolic restoring forces and LV diastolic recoil (creating 
LV suction) during isovolumic relaxation also influence early 
LV filling.179 In middle and late diastole, the lower LV cham-
ber stiffness in patients with acute mitral regurgitation (evi-
denced by a shift of the LV diastolic pressure dimension or 
pressure-volume relationship to the right) allows the LV mean 
and LV end-diastolic pressures (and stresses) to remain in the 
normal range. In patients with chronic mitral regurgitation 
and preserved ejection fraction, LV chamber stiffness is also 
lower, similar to that during acute mitral regurgitation. Con-
versely, in those with impaired LV systolic function, chamber 
stiffness usually is normal.181 In general, chronic mitral regur-
gitation causes a decrease in LV systolic contractile function 
but an increase in early diastolic function (as evidenced by an 
increase in early diastolic filling rate and a decrease in cham-
ber stiffness).182,183 The reduced chamber stiffness may be the 
result of altered ventricular geometry (more spherical shape); 
this shape change can exacerbate the degree of mitral regur-
gitation by distorting annular dimensions and dislocating the 
papillary muscles.181,184 Although the LV chamber stiffness is 
less owing to the change in geometry, the LV myocardium 
may be stiffer as a result of myocyte hypertrophy and inter-
stitial fibrosis.181,182

Atrial Adaptation
Regurgitant flow into the left atrium leads to progressive 
atrial enlargement, the degree of which does not correspond 
directly with the severity of mitral regurgitation.74,155 Also, the 
LA v wave in mitral regurgitation does not correlate with LA 
volume. Compared with patients with mitral stenosis, LA size 
can be larger in patients with longstanding mitral regurgita-
tion, but thrombus formation and systemic thromboembo-
lization occur less frequently because of the absence of atrial 
stasis.74,77 Atrial fibrillation occurs less often in those with 
mitral regurgitation than in individuals with mitral stenosis.77
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 Chapter 34 Pathophysiology of Mitral Valve Disease 777

LA compliance is an important component of the 
patient’s overall hemodynamic status if mitral regurgitation is 
present.41,128,155,185 With sudden development of mitral regur-
gitation from chordal rupture, papillary muscle infarction, 
or leaflet perforation, LA compliance is normal or reduced. 
The left atrium is not enlarged, but the mean LA pressure 
and v wave are high. Gradually, the LA myocardium becomes 
hypertrophied, proliferative changes develop in the pulmo-
nary vasculature, and pulmonary vascular resistance rises. As 
the mitral regurgitation becomes chronic and more severe, 
the left atrium becomes markedly enlarged, atrial compliance 
is increased, the atrial wall becomes fibrotic, but LA pressure 
remains normal or only slightly elevated.185 In this situation, 
pulmonary artery pressure and pulmonary vascular resistance 
usually are still in the normal range or only modestly elevated.

Pulmonary Changes
Because chronic mitral regurgitation is associated with LA 
enlargement and only mild elevations in LA pressure, pro-
nounced increases in pulmonary vascular resistance usually 
do not develop. In patients with acute mitral regurgitation 
with normal or reduced LA compliance, a sudden increase in 
LA pressure initially elevates pulmonary vascular resistance, 
and occasionally acute right-sided heart failure occurs.41,129 
Pulmonary edema is seen less frequently in patients with 
chronic mitral regurgitation than in those with mitral stenosis 
because elevated LA pressure is uncommon. In patients with 
IMR and heart failure, however, acute pulmonary edema is 
associated with the dynamic changes in IMR and the resulting 
increase in pulmonary vascular pressure.186 Exercise-induced 
changes in ERO, tricuspid regurgitant pressure gradient 
(estimate of pulmonary artery systolic pressure), and LVEF 
are independently associated with the development of pul-
monary edema.186 From the standpoint of pulmonary paren-
chymal function and respiratory mechanics in patients with 
chronic mitral regurgitation, there is a decline in vital capac-
ity, total lung capacity, forced expiratory volume, and maxi-
mal expiratory flow at 50% vital capacity.186 These patients 
also may have a positive response to methacholine challenge; 
this bronchial hyperresponsiveness may result from increased 
vagal tone owing to longstanding pulmonary congestion.

Clinical Evaluation
Patients with mild-to-moderate mitral regurgitation may 
remain asymptomatic for many years as the left ventricle 
adapts to the increased workload and maintains normal 
forward cardiac output. Gradually, symptoms reflecting 
decreased cardiac output with physical activity and/or pul-
monary congestion develop insidiously, such as weakness, 
fatigue, palpitations, and dyspnea on exertion. If right-sided 
heart failure appears late in the course of the disease, hepato-
megaly, peripheral edema, and ascites occur and can be associ-
ated with rapid clinical deterioration.187,188 Conversely, acute 
mitral regurgitation usually is associated with marked sudden 
pulmonary congestion and pulmonary edema. Patients with 

coronary artery disease can present with myocardial ischemia 
or infarction and associated mitral regurgitation. Acute papil-
lary muscle rupture may clinically mimic the presentation of 
a patient with a postinfarction ventricular septal defect.188,189

On physical examination, the cardiac impulse in patients 
with mitral regurgitation is hyperdynamic and displaced lat-
erally; the forcefulness of the apical impulse is indicative of 
the degree of LV enlargement. In patients with chronic mitral 
regurgitation, S1 usually is diminished. S2 may be single, 
closely split, normally split, or even widely split as a conse-
quence of the reduced resistance to LV ejection; a common 
finding is a widely split S2 that results from shortening of LV 
systole and early closure of the aortic valve.108,190 An S3 gallop 
may be appreciated from the increased transmitral diastolic 
flow rate during the rapid filling phase. The apical systolic 
murmur of mitral regurgitation can be blowing, moderately 
harsh, or even soft and usually radiates to the axilla and left 
or right sternal border and occasionally to the neck or the 
vertebral column.190 With rupture of the posterior leaflet 
first-order chordae, the mitral regurgitation jet is directed 
superiorly and impinges on the atrial septum near the base 
of the aorta, which can produce a murmur heard best along 
the right sternal border and radiating to the neck.190,191 In 
cases of ruptured anterior leaflet first-order chordae, the leak-
age is aimed laterally and toward the posterior LA wall; the 
murmur may be transmitted posteriorly. Although there is no 
correlation between the intensity of the systolic murmur and 
the hemodynamic severity of the mitral regurgitation, a holo-
systolic murmur is characteristic of more regurgitant flow. In 
younger patients with Barlow’s valves, early in the disease pro-
cess, a characteristic midsystolic click is heard followed by a 
late systolic murmur; as the annulus and left ventricle dilate, 
the murmur over time becomes holosystolic, and the midsys-
tolic click may become inaudible.

On chest radiography, cardiomegaly indicative of LV and 
LA enlargement is found commonly in patients with long-
standing moderate-to-severe mitral regurgitation. Chest 
x-ray findings of congested lung fields are less prominent in 
patients with mitral regurgitation than in those with mitral 
stenosis, but interstitial edema is seen frequently in individu-
als with acute mitral regurgitation and those with progressive 
LV failure secondary to chronic mitral regurgitation.

Changes on the electrocardiogram are not particularly use-
ful and depend on the etiology, severity, and duration of the 
mitral regurgitation.86,190 Atrial fibrillation can occur late in 
the natural history of the disease and usually causes sudden 
exacerbation of symptoms. In cases of chronic mitral regur-
gitation, LV volume overload leads to LA and LV dilatation, 
and eventually to LV hypertrophy. Electrocardiographic evi-
dence of LV enlargement or hypertrophy occurs in one-half 
of patients, 15% have right ventricular hypertrophy owing 
to increased pulmonary vascular resistance, and 5% have 
combined left and right ventricular hypertrophy.86 In those 
with acute mitral regurgitation, LA and/or LV dilatation may 
not be evident, and the electrocardiogram may be normal or 
show only nonspecific findings, including sinus tachycardia or 
ST-T-wave alterations.86 Findings of myocardial ischemia or 
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778 Part V Mitral Valve Disease

infarction, more commonly noted in the inferior leads, may 
be present when acute mitral regurgitation is related to acute 
inferior myocardial infarction or myocardial ischemia; in these 
cases, first-degree AV block is a common coexisting finding.

In the majority of individuals with mitral valve prolapse, 
particularly those who are asymptomatic, the resting electro-
cardiogram is normal.86,126 In symptomatic patients, a vari-
ety of ST-T-wave changes, including T-wave inversion and 
sometimes ST-segment depression, particularly in the inferior 
leads, can be found.121,126 QTc prolongation also may be seen. 
Arrhythmias may be observed on ambulatory electrocardio-
grams, including premature atrial contractions, supraventric-
ular tachycardia, AV block, bradyarrhythmias, and premature 
ventricular contractions.126 Atrial arrhythmias may be present 
in upward of 14% of patients, and ventricular arrhythmias 
are present in 30% of patients.86,126

TTE is the diagnostic mainstay in patients with valvu-
lar heart disease. In those with chronic mitral regurgitation, 
this modality is used to follow the progression of LA and LV 
dilatation.3,41,89,108,192,193 Echocardiography identifies abnor-
malities in leaflet and chordal morphology and function, 
including myxomatous degeneration with or without leaflet 
prolapse, restricted systolic leaflet motion (as in IMR) or dia-
stolic opening motion (as in rheumatic valve disease), lack of 
adequate coaptation due to annular dilatation or rheumatic 
valvulitis (fused subvalvular apparatus), and leaflet destruc-
tion by endocarditis3,41,87,89,158,193 (Fig. 34-12). The degree 
of mitral regurgitation is assessed using 2D color Doppler 
echocardiography, which permits visualization of the origin, 
extent, direction, duration, and velocity of disturbed back-
ward flow of the regurgitant leak.87,158,193 Chordal rupture or 
elongation causing a flail leaflet is characterized by excessive 
motion of the leaflet backward into the left atrium beyond 
the normal leaflet coaptation zone. Papillary muscle rupture 
after myocardial infarction and annular dilatation can be 
visualized (Fig. 34-13). In patients with IMR or FMR, apical 
systolic tethering of the leaflets, tenting area and height, and 
leaflet opening angles can be quantitated using echocardiog-
raphy145,156,158,194 (Fig. 34-14). When the regurgitant leak is 

caused in part or totally by annular dilatation, usually in the 
septal-lateral dimension, the coaptation height of the anterior 
and posterior leaflets can be measured.

In mitral regurgitation, ERO and regurgitant volume 
can be estimated quantitatively in many but not all patients 
using 2D color Doppler echocardiography.145,157,158 ERO is 
an important predictor of outcome in a retrospective Mayo 
Clinic study of patients with mitral regurgitation and has 
been proposed as an indicator of when to proceed with mitral 
repair in asymptomatic patients with prolapse.157 Accurate 
quantification of the degree of mitral regurgitation using 
ERO and regurgitant volume, however, is demanding, time 
consuming, fraught with error, and may not be available at 
all institutions. The hemodynamic magnitude or severity of 
the mitral regurgitation also can be estimated semiquantita-
tively by calculating mitral and aortic stroke volumes, with 
regurgitant volume being the difference between these two 
stroke volumes. Cardiac MRI is an accurate method to mea-
sure regurgitant volume and regurgitant fraction by compar-
ing right- with left-sided flow.92,195,196

FIGURE 34-12 Echocardiogram (long-axis) of a patient with mitral 
regurgitation resulting from floppy mitral valve. The leaflets billow 
back into the left atrium during systole.

FIGURE 34-13 Echocardiogram (two-chamber view) of a patient 
with mitral regurgitation from ruptured papillary muscle.

FIGURE 34-14 Echocardiogram of a patient with ischemic mitral 
regurgitation and apical systolic leaflet tenting.
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 Chapter 34 Pathophysiology of Mitral Valve Disease 779

Interest in the timing of the regurgitant leak has helped 
clinicians discern subtle details about the mechanism(s) 
responsible for the mitral regurgitation, infer information 
about the overall hemodynamic burden imposed by the LV 
volume overload, and predict the likelihood of successful and 
durable mitral repair.145,156-158,194 IMR is primarily an early sys-
tolic leak, FMR occurs during early and middle systole (can 
be a biphasic pattern), and prolapse is associated with late sys-
tolic leaks. Although detected by pulse- and continuous-wave 
Doppler echocardiography for years, the timing of the mitral 
regurgitation also can be demonstrated using color Doppler 
M-mode echocardiography, which has a much faster tempo-
ral resolution (sampling frequency) than does 2D color Dop-
pler echocardiography. Cardiac surgeons should study these 
color Doppler M-mode images carefully because the timing 
of the regurgitant leak yields important information about 
the mechanisms responsible for the mitral regurgitation, 
which in turn aids repair planning.

TTE is usually adequate to learn all that is necessary, but if 
high-quality TTE images cannot be obtained because of the 
patient’s habitus or advanced emphysema, TEE provides supe-
rior image quality and can reveal additional anatomical and 
pathophysiologic information, including details of the valvular 
pathoanatomy and the mechanism, origin, direction, timing, 
and severity of the regurgitant leak.3,41,108,121,158,192,193,197 TEE can 
detect small mitral vegetations, ruptured chordae, leaflet perfo-
rations or clefts, calcification, and other inflammatory changes 
and can be useful in patients with annular or leaflet calcifica-
tion. TEE also is useful in patients with a previously implanted 
aortic valve prosthesis that can interfere with TTE assessment 
of mitral regurgitation owing to acoustic shadowing. Although 
intraoperative TEE during mitral valve repair is essential, a 
major limitation must always be remembered. The vascular 
unloading effects (vasodilatation) of general anesthesia down-
grade the severity of mitral regurgitation.198,199 The judgment 
about how much mitral regurgitation is present must be made 
on the basis of an awake TTE study when the patient has a 
normal ambulatory blood pressure. This concept is imperative 
in assessing the degree of mitral regurgitation in patients with 
IMR when deciding whether to add a mitral valve procedure 
at the time of coronary artery bypass grafting. For patients in 
whom the degree of mitral regurgitation has been minimized by 
the effects of anesthesia, intraoperative TEE provocative testing 
using vasoconstrictor drugs with or without volume infusion is 
mandatory to guide surgical decision making. Testing consists 
of reproducing the patient’s normal awake or active ambulatory 
hemodynamic condition with preload challenge and afterload 
augmentation.198,199 Preload challenge is performed after aortic 
cannulation for cardiopulmonary bypass by rapidly infusing 
volume from the pump until the pulmonary capillary wedge 
pressure reaches 15 to 18 mm Hg. If severe mitral regurgita-
tion is not produced, LV afterload is increased by intravenous 
boluses of phenylephrine until the arterial systolic pressure 
climbs to the 150-mm Hg range. In patients undergoing coro-
nary artery bypass grafting, if both tests are negative, or regur-
gitation is induced but associated with new regional LV systolic 
wall motion abnormalities (ie, the regurgitation is caused by 

acute ischemia of viable myocardium), the valve may not 
require visual inspection because coronary revascularization 
usually is all that is necessary if the inferior wall myocardium 
is viable. If these tests confirm the presence of moderate-to-
severe mitral regurgitation, the valve is inspected and usually is 
repaired at the time of coronary revascularization.

Real-time 3D echocardiography is helpful in the 
visual assessment of congenital and acquired valvular 
disease3,108,121,194,200,201 (Fig. 34-15). In patients with mitral 
regurgitation, this modality is fairly accurate in elucidating 
the dynamic mechanisms of the regurgitant leak(s). The addi-
tion of color-flow Doppler to 3D imaging provides improved 
visualization and may offer improved quantitative assessment 
of regurgitant valvular lesions.3,121 Additionally, 3D echocar-
diography provides insight into the geometric deformities of 
the mitral leaflets and annulus, maximum tenting site of the 
mitral leaflet, and quantitative measurements of mitral valve 
tenting and annular deformity in patients with IMR.3,121,194,201 
Real-time 3D color Doppler echocardiographic imaging pro-
vides direct measurement of vena contracta area.3,200 The 
quantification of mitral regurgitant flow directly at the lesion 
using color Doppler echocardiography, however, has been 
prevented because of multiple aliasing from high flow veloci-
ties. Dealiasing of color Doppler flow at the vena contracta 
is feasible and appears promising for measuring severity of 
mitral regurgitation. This approach can be readily imple-
mented in current systems to provide regurgitant flow volume 
and regurgitant fraction.3,200

Cardiac catheterization and coronary angiography are 
needed to determine coronary artery anatomy, but only in older 
patients with prolapse before repair and those with IMR.41,85,163 
Other techniques, such as calculating mitral regurgitant frac-
tion (regurgitant volume determined as the difference between 
total LV angiographic stroke volume and the effective forward 
stroke volume measured by the Fick method), are limited. By 
measuring rest and exercise (supine bicycle) pulmonary artery 
pressures and cardiac output, right-sided heart catheterization 
can be useful occasionally to identify patients with primary 
myocardial disease who present with LV dilatation and rela-
tively mild degrees of mitral regurgitation (who may not have 
a high likelihood of benefiting from mitral valve surgery) and 
those with severe mitral regurgitation who deny symptoms to 
see if they develop pulmonary hypertension with exercise.

Cardiac MRI can be employed to assess the cardio-
vascular system, including cardiac structure and func-
tion.92,108,150,195,196,202 Specialized MRI techniques, such as 
phase contrast velocity mapping, planimetry, or real-time 
color flow, have been used to evaluate and quantify the degree 
of mitral regurgitation. The presence of valvular regurgita-
tion can be determined, LV volumes and mitral regurgitant 
fraction estimated, and information obtained concerning 
mitral and coronary anatomy. Direct measurement by MRI 
is a promising method for assessment of the severity of mitral 
regurgitation; MRI planimetry of the anatomical mitral 
regurgitant lesion permits quantification of regurgitation 
with good agreement with cardiac catheterization and echo-
cardiography.196 Constraints of MRI, such as pacemakers or 
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780 Part V Mitral Valve Disease

implanted defibrillators, morbid obesity, and claustrophobia, 
hamper the wider use of cardiac MRI. Multidetector CT is 
an imaging technique that can fully evaluate both cardiac 
structure and function, including coronary artery anatomy; 
this technology has yielded good visualization of valve leaf-
lets, commissures, and mitral annulus.93 Limitations include 
image noise, requirement for a regular rhythm and a slow 
heart rate during imaging, time required for postprocessing 
data analysis, and radiation dose.

Postoperative LV Function 
and Surgical Outcomes
GENERAL
Successful mitral valve surgery usually is associated with clini-
cal improvement, augmented forward stroke volume with 
lower total stroke volume, smaller LV end-diastolic volume, 
and regression of LV hypertrophy.80,97,119,203-207 Correction of 

mitral regurgitation can preserve LV contractility, particu-
larly in patients with a normal preoperative ejection fraction 
who have minimal ventricular dilatation and those without 
significant coronary artery disease. On the other hand, in 
patients with LV dysfunction preoperatively, improvement in 
LV systolic function may not necessarily occur after opera-
tion. An LVESVI exceeding 30 mL/m2 is associated with 
decreased postoperative LV function.176,208 Thus, it is pro-
posed that patients with chronic primary mitral regurgitation 
should be referred for mitral valve surgery before LVESVI 
exceeds 40 to 50 mL/m2 or when LV end-systolic dimension 
(LVESD) reaches 4 cm or greater, consistent with the 2014 
American College of Cardiology/American Heart Association 
(ACC/AHA) practice guidelines80,176 (Fig. 34-16). Significant 
determinants of increased operative risk for mitral valve sur-
gery include older age, higher New York Heart Association 
(NYHA) functional class, associated coronary artery disease, 
increased LV end-diastolic pressure, elevated LV end-diastolic 
volume index, elevated LVESD, reduced LV ESS index, 

FIGURE 34-15 Intraoperative two-dimensional and three-dimensional transesophageal echocardiographic depiction of mitral valve prolapse and 
leaflet flail. Schematic (upper row) and two-dimensional and three-dimensional echocardiographic images of a patient with normal mitral valve 
(left panels), mitral valve prolapse (P1, middle panels), and a flail mitral valve (P2, right panels) as visualized with two-dimensional transesopha-
geal echocardiography: long-axis mid-esophageal views (middle row) and real-time three-dimensional transesophageal echocardiographic volume 
rendering from the left atrial perspective (bottom row). (Reproduced with permission from O’Gara P, Sugeng L, Lang R, et al: The role of imaging 
in chronic degenerative mitral regurgitation, JACC Cardiovasc Imaging. 2008 Mar;1(2):221-237.)
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 Chapter 34 Pathophysiology of Mitral Valve Disease 781

depressed resting ejection fraction, decreased fractional short-
ening, reduced cardiac index, elevated capillary wedge or 
right ventricular end-diastolic pressure, concomitant opera-
tive procedures, and previous cardiac surgery.176,208-212

The decline in ejection fraction after mitral valve replace-
ment for chronic mitral regurgitation historically was thought 
to result from an increase in LV afterload as a result of clo-
sure of the low-resistance early systolic “pop-off” into the left 
atrium and the surgical excision of the subvalvular appara-
tus. A spherical mathematical model defining the relations 
among LV end-diastolic dimension, systolic wall stress, and 
ejection fraction, demonstrated that postoperative changes 
in systolic stress are related directly to changes in chamber 
size, and LV afterload may decrease postoperatively if chordal-
preservation valve replacement techniques are used.213 In 
terms of exercise performance after surgery for nonischemic 

mitral regurgitation, although patients generally report 
symptomatic improvement, cardiopulmonary exercise test-
ing at 7 months may not be better than preoperatively, and 
abnormal neurohumoral activation persists, probably reflec-
tive of incomplete recovery of LV contractility.214 Regarding 
long-term clinical outcome, risk factors portending postop-
erative cardiac deterioration include larger LV end-diastolic 
dimension, increased LVESD, increased LVESV, diminished 
fractional shortening, reduced LV ESS index, large LA size, 
decreased LV wall thickness/cavity dimension at end-systole, 
and associated coronary artery disease.176,211,215-217

PRIMARY MITRAL REGURGITATION
To evaluate the impact of the severity of regurgitation on 
outcomes in asymptomatic patients with primary mitral 

Mitral regurgitation

Primary MR Secondary MR

Class I

Class IIa

Class IIb

Symptomatic
(Stage D)

Asymptomatic
(Stage C)

Severe MR
Vena contracta ≥ 0.7 cm

RVol ≥ 60 mL
RF ≥ 50%

ERO ≥ 0.4 cm2

LV dilation

Progressive MR
(stage B)

Vena contracta < 0.7 mL
RVol < 60 mL

RF < 50%
ERO < 0.4 cm2

CAD Rx
HF Rx

consider CRT

Symptomatic
severe MR
(stage D)

Asymptomatic
severe MR
(stage C)

Persistent NYHA
class III–IV
symptoms

Progessive
MR

(stage B)

No Yes Yes No

LVEF > 30%

MV surgery*
(IIb)

MV surgery*
(IIb)

MV surgery*
(I)

MV repair
(IIa) Periodic monitoring Periodic monitoring

LVEF 30% to ≤ 60%
or LVESD ≥ 40 mm

(stage C2)

LVEF > 60% and
 LVESD < 40 mm

(stage C1)

New onset AF or
PASP > 50 mm Hg

(stage C1)

Likelihood of successful
repair > 95% and

expected mortality < 1%

FIGURE 34-16 Indications for surgery for mitral regurgitation (MR). AF, atrial fibrillation; CAD, coronary artery disease; CRT, cardiac resyn-
chronization therapy; ERO, effective regurgitant orifice; HF, heart failure; LV, left ventricular; LVEF, left ventricular ejection fraction; LVESD, left 
ventricular end-systolic dimension; MR, mitral regurgitation; MV, mitral valve; MVR, mitral valve replacement; NYHA, New York Heart Associa-
tion; PASP, pulmonary artery systolic pressure; RF, regurgitant fraction; RVol, regurgitant volume; Rx, therapy. *Mitral valve repair is preferred 
over MVR when possible. (Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the 
management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on 
Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.)
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782 Part V Mitral Valve Disease

regurgitation, a Mayo Clinic study retrospectively evaluated 
456 middle-aged patients with at least mild holosystolic mitral 
regurgitation defined echocardiographically between 1991 
and 2000.157 Baseline ejection fraction was 70%, LVESD was 
3.4 ± 6 cm, LVESD was 5.6 ± 8 cm, LVESVI was 33 ± 130 
mL/m2, and regurgitant volume was 66 ± 40 mL/beat. At 5 
years, 54% of patients had been operated on after an aver-
age of 1.2 ± 2 years of medical treatment when symptoms 
occurred or when worrisome echocardiographic findings were 
detected (based on the 1998 ACC/AHA practice guidelines). 
Among those who underwent a mitral valve procedure, 91% 
received valve repair. The patients were stratified by degree 
of regurgitation; mild, moderate, and severe were defined 
as regurgitant volumes of less than 30, 30 to 59, and 60 or 
more mL/beat, and ERO was defined as less than 20, 20 to 
39, and 40 or greater mm2, respectively. For the medically 
treated patients, 5-year survival compared with U.S. Census 
life tables was significantly inferior for those with moderate 
regurgitation (ERO of 20 to 39 mm2, 66 vs 84%) and severe 
regurgitation (ERO of 40 mm2 or more, 58 vs 78%).157 The 
influence of ERO also held true for predicting cardiac deaths 
and all cardiac events. The 5-year cardiac death rate was 36% 
for patients with an ERO of 40 mm2 or greater compared 
with 20% for those with an ERO of 20 to 39 mm2 and only 
3% for those with an ERO of less than 20 mm2. Mitral valve 
operation was an independent determinant of fewer deaths, 
cardiac deaths, and cardiac events, especially in those with a 
larger ERO.157 This important study, which focuses on the 
predictive effects of the severity of the regurgitation instead of 
the response of the ventricle, provides the basis for the surgi-
cal approach to asymptomatic patients with primary mitral 
regurgitation. On the other hand, these patient were older 
and most probably had prolapse due to fibroelastic deficiency; 
thus, these recommendations cannot safely be generalized to 
younger patients with Barlow’s mitral valve disease or other 
types of mitral regurgitation.

Managed with medical therapy, mitral regurgitation from 
a flail leaflet is associated with high annual (6.3%) mortality 
rates.120,218,219 In these patients, mitral valve repair is feasible 
in the large majority of patients in experienced centers and 
offers excellent early and late functional results.80,119,219-221 
Because fewer complications and lower operative mortal-
ity risk are associated with valve repair compared with valve 
replacement in this patient population, operation should 
be considered earlier in the natural history of the disease 
if the pathologic anatomy is judged favorable for valve 
repair.80,111,119,120,215,218-220,222

The 2014 AHA/ACC valve guidelines introduced sev-
eral new concepts into clinical decision making for patients 
with mitral regurgitation.80 The assessment of patients with 
mitral regurgitation now includes the following clinical 
stages: (A) at risk for mitral regurgitation, (B) progressive 
mitral regurgitation, (C) asymptomatic severe mitral regur-
gitation, and (D) symptomatic severe mitral regurgitation80 
(Table 34-1). For patients with primary mitral regurgitation 
(intrinsic leaflet disease) the degree of regurgitation is quan-
tified with progressive regurgitation (or stage B) meaning a 

vena contracta < 0.7 cm, regurgitant volume < 60 mL, regur-
gitant fraction < 50%, and ERO < 0.4 cm2. Severe regurgita-
tion includes a vena contracta > 0.7 cm, regurgitant volume 
> 60 mL, regurgitant fraction > 50%, and ERO > 0.4 cm2. 
According to the 2014 ACC/AHA practice guidelines, all 
asymptomatic patients with chronic primary severe mitral 
regurgitation should be considered for operation if the LVEF 
is 30 to 60% or LVESD > 40 mm (class I evidence); asymp-
tomatic patients in whom the LVEF > 60% and LVESD 
< 40 mm can be considered for early operation (class IIa evi-
dence) if the likelihood of repair is 90% with an expected 
mortality of < 1% in a referent mitral surgical center80  
(Fig. 34-16). In healthier patients with LVEF greater than 
63% and LVESD less than 39 mm, early mitral valve repair 
may also result in preserved long-term postoperative LV 
function.80,223 The AHA/ACC 2014 valve guidelines for 
chronic secondary mitral regurgitation (FMR or IMR) have 
also been modified (see below).

Because many patients with chronic mitral regurgitation 
report no symptoms, cardiopulmonary exercise testing has 
been used to evaluate asymptomatic patients with primary 
mitral regurgitation.224,225 In a study of asymptomatic patients 
with severe mitral regurgitation with a regurgitant volume of 
68 mL/beat and an ERO of 35 mm2, functional capacity was 
markedly reduced (defined as 84% or less than expected) in 
19% of patients.224 When patients with extraneous, noncar-
diac reasons for impaired functional capacity were excluded, 
14% had a reduced functional capacity. Determinants of 
reduced functional capacity were impaired LV diastolic func-
tion, lower forward stroke volume, and atrial fibrillation; the 
impact of ERO on functional capacity was only modest.224 
Thus, it was the consequences of chronic mitral regurgitation 
and not the magnitude of the leak that predicted impaired 
functional capacity. Follow-up at 3 years revealed that 66% 
of patients with impaired functional capacity sustained some 
adverse event or required mitral surgery (vs 29% of those 
with normal functional capacity).224 Consistent with the 
previous study, in patients with primary mitral regurgitation 
that underwent exercise echocardiography followed by mitral 
valve surgery, lower achieved metabolic equivalents were 
associated with worse long-term outcomes.225 In those with 
preserved exercise capacity, delaying mitral valve surgery by 
greater than one year did not adversely affect outcomes.225 
Thus, asymptomatic patients with substantial mitral regur-
gitation should undergo periodic cardiopulmonary exer-
cise testing to detect subclinical impairment in functional 
capacity, and repair should be recommended to those with 
impaired exercise capacity.

Even after mitral valve repair or replacement for chronic 
mitral regurgitation, some patients continue to be limited 
by heart failure symptoms and have suboptimal long-term 
postoperative outcomes. The incidence of congestive heart 
failure in patients who survive surgery (combined series of 
valve repair and valve replacement) for pure mitral regurgi-
tation has been 23, 33, and 37% at 5, 10, and 14 years.226 
Patient survival after the first episode of congestive heart fail-
ure is dismal, being only 44% at 5 years. Causes of congestive 
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 Chapter 34 Pathophysiology of Mitral Valve Disease 783

TABLE 34-1: Stages of Primary Mitral Regurgitation

Grade Definition Valve anatomy Valve hemodynamics*
Hemodynamic 
consequences Symptoms

A At risk of MR  • Mild mitral valve prolapse 
with normal coaptation

 • Mild valve thickening and 
leaflet restriction

 • No MR jet or small central jet 
area < 20% LA on Doppler

 • Small vena contracta < 0.3 cm

 • None  • None

B Progressive MR  • Severe mitral valve prolapse 
with normal coaptation

 • Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

 • Prior IE

 • Central jet MR 20 to 40% LA  
or late systolic eccentric jet MR

 • Vena contracta < 0.7 cm
 • Regurgitant volume < 60 mL
 • Regurgitant fraction < 50%
 • ERO < 0.40 cm2

 • Angiographic grade 1-2+

 • Mild LA enlargement
 • No LV enlargement
 • Norma1 pulmonary 
pressure

 • None

C Asymptomatic severe 
MR

 • Severe mitral valve prolapse 
with loss of coaptation or 
flail leaflet

 • Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

 • Prior IE
 • Thickening of leaflets with 
radiation heart disease

 • Central jet MR > 40% LA or 
holosystolic eccentric jet MR

 • Vena contracta ≥ 0.7 cm
 • Regurgitant volume ≥ 60 mL
 • Regurgitant fraction ≥ 50%
 • ERO ≥ 0.40 cm2

 • Angiographic grade 3-4+

 • Moderate or severe LA 
enlargement

 • LV enlargement
 • Pulmonary 
hypertension may be 
present at rest or with 
exercise

 • C1 : LVEF > 60% and 
LVESD < 40 mm

 • C2: LVEF ≤ 60% and 
LVESD ≥ 40 mm

 • None

D Symptomatic severe 
MR

 • Severe mitral valve prolapse 
with loss of coaptation or 
flail leaflet

 • Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

 • Prior IE
 • Thickening of leaflets with 
radiation heart disease

 • Central jet MR > 40% LA or 
holosystolic eccentric jet MR

 • Vena contracta ≥ 0.7 cm
 • Regurgitant volume ≥ 60 mL
 • Regurgitant fraction ≥ 50%
 • ERO ≥ 0.40 cm2

 • Angiographic grade 3-4+

 • Moderate or severe LA 
enlargement

 • LV enlargement
 • Pulmonary 
hypertension present

 • Decreased 
exercise 
tolerance

 • Exertional 
dyspnea

ERO, Effective regurgitant orifice; IE, infective endocarditis; LA, left atriuni/atrial; LV, left ventricular; LVEF, left ventricular ejection fraction; LVESD, left ventricular end- 
systolic dimension; MR, mitral regurgitation. *Several valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be 
present in each patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with other 
clinical evidence.
Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a 
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132

heart failure include LV dysfunction in two-thirds of patients 
and valvular problems in the remaining one-third. Predic-
tors of postoperative heart failure are lower preoperative 
ejection fraction, coronary artery disease, and higher NYHA 
functional class.226 Importantly, preoperative functional 
class III/IV symptoms are associated with markedly decreased 
postoperative medium- and long-term survival independent 
of all other baseline characteristics.227

SECONDARY MITRAL REGURGITATION
To risk stratify patients after myocardial infarction, quantify-
ing and staging secondary mitral regurgitation (eg, IMR) are 
of key importance80,156,228-230 (Table 34-2). In a report from 

the Mayo Clinic, medically managed patients who devel-
oped IMR late after myocardial infarction had a very high 
mortality rate (62% at 5 years) compared with those with 
an infarction who did not develop IMR (39% at 5 years).156 
Medium-term survival for patients with IMR and LV systolic 
dysfunction was inversely related to the ERO and regurgitant 
volume. After 5 years, the survival rate was 47% for patients 
with an ERO of less than 20 mm2 and 29% for those with 
an ERO of 20 mm2 or greater. Survival at 5 years was 35% 
when the regurgitant volume was 30 mL/beat or greater com-
pared with 44% for those with a regurgitant volume of less 
than 30 mL/beat. The relative risk ratio for cardiac death for 
patients with IMR was 1.56 for patients with an ERO of less 
than 20 mm2 versus 2.38 for those with an ERO of greater 
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784 Part V Mitral Valve Disease

than 20 mm2. Note this ERO threshold for secondary IMR if 
one-half the ERO threshold applied to patients with primary 
MR.156,157 In those with myocardial infarction, the incidence 
of congestive heart failure was also high in patients with 
IMR.229 At 5 years, the rate of congestive heart failure was 
18% without IMR compared with 53% if IMR was present. 
If the ERO was less than 20 mm2, the incidence of congestive 
heart failure was 46% compared with 68% when the ERO 
was 20 mm2 or greater.229

Mitral valve repair or replacement for patients with IMR 
has been associated with higher operative risk (4 to 30%) 
than for patients with nonischemic chronic mitral regurgi-
tation, which reflects the concomitant adverse consequences 
of previous myocardial infarction and ischemia.205,206,231-237 

Coronary revascularization alone in the setting of moderate 
or severe IMR leaves many patients with substantial resid-
ual mitral regurgitation and heart failure symptoms.113,238-240 
Immediately postoperatively, IMR is absent or mild in 73% 
and severe in 6%; on the other hand, by 6 weeks, only 40% 
of patients have absent or mild mitral regurgitation, and 22% 
have severe mitral regurgitation239 (Fig. 34-17). Because mod-
erate IMR does not universally resolve with bypass grafting 
alone, it has been argued that valve repair be considered in 
these patients because it potentially can reduce cardiac mor-
bidity and may improve long-term survival.113,228,238 Con-
versely, some investigators have shown that for patients with 
moderate or moderately severe IMR, isolated coronary sur-
gery compared to coronary revascularization combined with 

TABLE 34-2: Stages of Secondary Mitral Regurgitatation

Grade Definition Valve anatomy
Valve 
hemodynamics*

Associated cardiac 
findings Symptoms

A At risk of MR  • Normal valve leaflets, 
chords, and annulus 
in a patient with 
coronary disease or 
cardiomyopathy

 • No MR jet or small 
central jet area < 20% 
LA on Doppler

 • Small vena contracta < 
0.30 cm

 • Normal or mildly dilated 
LV size with fixed 
(infarction) or inducible 
(ischemia) regional wall 
motion abnormalities

 • Primary myocardial disease 
with LV dilation and 
systolic dysfunction

 • Symptoms due to 
coronary ischemia or 
HF may be present 
that respond to 
revascularization and 
appropriate medical 
therapy

B Progressive MR  • Regional wall motion 
abnormalities with mild 
tethering of mitral leaflet

 • Annular dilation with 
mild loss of central 
coaptation of the mitral 
leaflets

 • ERO < 0.20 cm2†

 • Regurgitant volume 
< 30 mL

 • Regurgitant fraction 
< 50%

 • Regional wall motion 
abnormalities with reduced 
LV systolic function

 • LV dilation and systolic 
dysfunction due to primary 
myocardial disease

 • Symptoms due to 
coronary ischemia or 
HF may be present 
that respond to 
revascularization and 
appropriate medical 
therapy

C Asymptomatic 
severe MR

 • Regional wall motion 
abnormalities and/or 
LV dilation with severe 
tethering of mitral leaflet

 • Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

 • ERO ≥ 0.20 cm2†

 • Regurgitant volume ≥ 
30 mL

 • Regurgitant fraction 
≥ 50%

 • Regional wall motion 
abnormalities with reduced 
LV systolic function

 • LV dilation and systolic 
dysfunction due to primary 
myocardial disease

 • Symptoms due to 
coronary ischemia or 
HF may be present 
that respond to 
revascularization and 
appropriate medical 
therapy

D Symptomatic 
severe MR

 • Regional wall motion 
abnormalities and/or 
LV dilation with severe 
tethering of mitral leaflet

 • Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

 • ERO ≥ 0.20 cm2†

 • Regurgitant volume 
30 mL

 • Regurgitant fraction 
≥ 50%

 • Regional wall motion 
abnormalities with reduced 
LV systolic function

 • LV dilation and systolic 
dysfunction due to primary 
myocardial disease

 • HF symptoms due to 
MR persist even after 
revascularization and 
optimization of medical 
therapy

 • Decreased exercise 
tolerance

 • Exertional dyspnea

2D, 2-dimensional; ERO, effective regurgitant orifice; HF, heart failure; LA, left atrium: LV, left ventricular; MR, mitral regurgitation; TTE, transthoracic echocardiogram. 
*Several valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each patient. Categorization of MR 
severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with other clinical evidence. †The measurement of the 
proximal isovelocity surface area by 2D TTE in patients with secondary MR underestimates the true ERO due to the crescentic shape of the proximal convergence.
Reproduced with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a 
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.
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FIGURE 34-17 Course of mitral regurgitation after isolated coronary revascularization. Horizontal axis is time after coronary artery bypass 
grafting on a logarithmic scale. 1+ is mild regurgitation, 2+ moderate, 3+ moderately severe, and 4+ severe. (A) All grades of mitral regurgitation. 
(B) Mitral regurgitation grades 0 or 1+ compared with 2+, 3+, or 4+. Symbols (red circles, green circles) represent aggregated raw echocardiographic 
values for mitral regurgitation grade. CABG, coronary artery bypass grafting; MR, mitral regurgitation. (Reproduced with permission from Lam 
BK, Gillinov AM, Blackstone EH, et al: Importance of moderate ischemic mitral regurgitation, Ann Thorac Surg. 2005 Feb;79(2):462-470.)

mitral annuloplasty provide similar long-term outcome with 
survival rates of 82 to 92% at 1 year, 40 to 75% at 5 years, 
and 37 to 47% at 10 years232-234,241-243 (Fig. 34-18). Predictors 
of long-term mortality are older age, prior myocardial infarc-
tion, unstable angina, chronic renal failure, atrial fibrillation, 
absence of an internal mammary artery graft, lack of beta 
blocker use, lower ejection fraction, smaller LA size, global 
LV wall motion abnormalities, severe lateral wall motion 
abnormalities, ST segment elevation in the lateral leads, 
mitral leaflet restriction, and fewer bypass grafts.232,234,241 In 
the experience of some investigators, combined mitral valve 
repair and coronary revascularization does not emerge as a 
predictor of long-term survival. Furthermore, in a recent 
report from the Cardiothoracic Surgical Trials Network of 
301 patients with moderate IMR randomized to coronary 
artery bypass grafting alone or combined coronary artery 

bypass grafting with valve repair, the rate of death is 7.3% in 
and 6.7% at one year.244 Although moderate or severe regurgi-
tation is less common in the combined group than the coro-
nary artery bypass group alone (11 vs 31%, respectively), the 
combined group had longer bypass time, longer hospital stay, 
and more neurologic events. Also, it is sobering that the addi-
tion of mitral valve repair does not result in a greater degree 
of LV reverse remodeling (measured by LVESI) at one year.244

To identify preoperatively those that would be more likely 
to benefit from isolated coronary artery bypass grafting, the 
Prague group evaluated 135 patients with moderate IMR 
undergoing isolated coronary artery bypass surgery; of these, 
42% of the patients had no or mild mitral regurgitation post-
operatively, whereas 47% failed to improve.245 Preoperatively, 
the improvement group had significantly more viable myo-
cardium and less dyssynchrony between papillary muscles 
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786 Part V Mitral Valve Disease

than the failure group. Thus, reliable improvement in moder-
ate IMR by isolated coronary artery revascularization is likely 
only in patients with concomitant presence of viable myocar-
dium and absence of dyssynchrony between papillary mus-
cles.245 In a pilot study of cardiac MRI in patients with IMR 
and ischemic cardiomyopathy, extensive scarring and severe 
wall motion abnormalities in the region of posterior papillary 
muscle correlated with recurrent mitral regurgitation after 
coronary artery bypass grafting and mitral annuloplasty.246 
Routinely assessing scar burden may identify patients for 
whom annuloplasty alone is insufficient to eliminate mitral 
regurgitation. Therefore, although some investigators report 

that annuloplasty can be added to coronary grafting in high-
risk patients without increasing early mortality, the potential 
benefit with respect to late survival and functional status is 
not proved and may be limited because of the underlying 
ischemic cardiomyopathy.233-234,247

In terms of the best type of valve surgery for patients with 
IMR, it is likely that the clinical condition and LV func-
tional status are more powerful determinants of outcome 
than whether one undergoes repair or replacement.231,248-252 
In the Brigham and Women’s Hospital experience, patients 
with IMR and annular dilatation who underwent valve 
repair and coronary revascularization had a worse long-term 
outcome than those who underwent valve replacement and 
coronary revascularization.231 Notably, the pathophysiology 
or cause of the IMR was a stronger determinant of long-
term survival than was the type of valve procedure. In the 
Cleveland Clinic experience, when patients with severe 
IMR underwent mitral valve surgery, undersized annulo-
plasty resulted in less IMR postoperatively in 70 to 85% 
of cases.249 Based on propensity score analysis, they found 
that in the lower-risk quintiles of patients with IMR, valve 
repair conferred a survival advantage (58% at 5 years) over 
those who underwent valve replacement (36% at 5 years); 
however, in the highest-risk patients, late survival rates 
after valve repair and valve replacement were similarly 
poor, and valve replacement actually conferred a small sur-
vival advantage.250 At the Laval University in Quebec, 370 
patients with IMR underwent either mitral valve repair or 
mitral valve replacement.251 The operative mortality was 
lower in the repair group (10%) compared with the replace-
ment group (17%), but 6-year survival estimates were simi-
lar at 73 and 67%, respectively. The type of valve procedure 
did not emerge as a risk factor for a poor outcome. In the 
Italian Study on the Treatment of Ischemic Mitral Regur-
gitation Trial using propensity score matching analysis to 
evaluate surgical outcomes of patients with chronic IMR 
and LV dysfunction (ejection fraction less than 40%), those 
who underwent mitral valve repair had an 8-year survival 
rate of 82% compared to 80% for those undergoing mitral 
valve replacement.237 Further, LV function did not improve 
in either group postoperatively, and mitral valve repair was 
a strong predictor of valve-related reoperation. The recent 
Cardiothoracic Surgical Trials Network multi-institutional 
randomized trial of 251 patients with severe IMR com-
paring complete rigid or semirigid ring annuloplasty with 
mitral valve replacement demonstrated no difference in LV 
reverse remodeling or survival at 12 months.252 The rate of 
recurrent or residual moderate or severe IMR 6 months 
postoperatively was 32.6% in the annuloplasty group versus 
2.3% in the MVR group.252 Replacement provided a more 
durable correction of mitral regurgitation with no differ-
ence in clinical outcomes at this early follow-up period.252 
These reports emphasize the guarded prognosis of patients 
with severe IMR and the impact of the patient’s preopera-
tive clinical condition and LV functional status (and not 
the type of procedure per se) on outcome. Although mitral 
valve repair may still be preferred by some for patients with 
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 Chapter 34 Pathophysiology of Mitral Valve Disease 787

severe IMR, most surgeons today believe complete chordal-
sparing mitral valve replacement is preferable to repair in 
the most severely ill patients and in those with certain echo-
cardiographic characteristics such as severe bileaflet tether-
ing. Chordal-sparing MVR certainly is more predictable 
and reliable.

In patients with chronic primary versus secondary mitral 
regurgitation, the decision to repair or replace the valve 
should be based on the patient’s clinical status and not on 
whether the regurgitation is degenerative or ischemic in 
etiology.235,236,253 In a Mayo Clinic study, older age, ejection 
fraction of 35% or less, three-vessel coronary disease, mitral 
valve replacement, and residual mitral regurgitation at dis-
charge were risk factors for death. The cause of the mitral 
regurgitation, ischemic versus degenerative, was not a pre-
dictor of long-term survival, class III or IV congestive heart 
failure, or recurrent regurgitation.235 In the Cleveland Clinic 
experience, analysis of the etiology of the mitral regurgita-
tion (degenerative vs ischemic) in patients with coronary 
artery disease after combined mitral valve repair and cor-
onary revascularization showed that those with IMR had 
more extensive coronary disease, worse ventricular function, 
more comorbidities, and more preoperative symptoms.253 
Unadjusted 5-year survival estimates were 64 and 82% for 
patients with IMR and degenerative mitral regurgitation, 
respectively; however, matched pairs had equivalent but 
poor 5-year survival rates (66 and 65%, respectively). In the 
Duke database of patients undergoing mitral valve repair 
with or without coronary artery bypass grafting, the 30-day 
mortality was 4.3% for those with IMR and 1.3% for non-
ischemic group; the 5-year survival was 56% for IMR and 
84% for those with nonischemic mitral regurgitation.236 The 
etiology of mitral regurgitation (ischemic vs degenerative) 
was not predictive of survival after annuloplasty and coro-
nary artery grafting; importantly, the long-term outcomes 
were more influenced by advanced age and the number of 
preoperative comorbidities236 (Fig. 34-19).

A compelling explanation for the generally poor long-term 
outcome of patients who undergo mitral valve repair for IMR 
is the presence of residual and/or recurrent mitral regurgita-
tion postoperatively.254-259 Persistence of mitral regurgitation 
after annuloplasty is due predominantly to augmented pos-
terior leaflet apical tethering with no improvement in ante-
rior leaflet tethering and no increase in coaptation length; 
higher preoperative LVED index may also predict recur-
rent mitral regurgitation.256-258 In a Cleveland Clinic report 
of annuloplasty for IMR (95% with concomitant coronary 
artery bypass grafting), the proportion of patients with 0 or 
1+ mitral regurgitation decreased from 71% preoperatively 
to 41% postoperatively, but the proportion with 3+ or 4+ 
residual or recurrent IMR increased from 13 to 28% during 
the first 6 months after repair254 (Fig. 34-20). The tempo-
ral pattern of development of severe regurgitation was simi-
lar for those who received a partial band or a complete ring 
(25%), but it was substantially worse for those who received 
a strip of glutaraldehyde-preserved xenograft pericardium 
for annuloplasty (66%).254 Others have suggested that the 

use of smaller, complete, and rigid annuloplasty rings may 
provide improved freedom from recurrent mitral regurgita-
tion in patient with FMR or IMR.260 At the Montreal Heart 
Institute, the operative mortality rate for those undergo-
ing mitral valve repair for IMR was 12.3% and the 5-year 
survival was 68%.261 Recurrent moderate mitral regurgita-
tion was seen in 37%, and severe regurgitation was present 
in 20% at mean follow-up of 28 months. Only age and less 
marked preoperative posterior tethering were predictive of 
recurrent mitral regurgitation. Data from the Cardiotho-
racic Surgical Trials Network severe IMR trial demonstrated 
a rate of recurrence of moderate regurgitation of 26% and 
of severe regurgitation of 4% at 6 months after mitral valve 
repair.257 The presence of inferior basal aneurysm/dyskinesis 
was strongly associated with recurrent regurgitation and was 
a better predictor of recurrence than individual measures of 
leaflet tethering or LV remodeling, since it integrates both 
leaflet tethering and LV remodeling measures.257 The Leiden 
experience with the use of restrictive mitral semirigid under-
sized annuloplasty (mean ring size of 26 mm) in patients with 
FMR and heart failure demonstrated a more satisfactory 19% 
rate of recurrent regurgitation (grade 2-4) at a mean follow 
up of 2.6 years.259 Based on their method of quantification 
of preoperative parameters of mitral and LV geometry using 
echocardiography, distal anterior leaflet tethering and poste-
rior leaflet tethering were independent predictors of recurrent 
mitral regurgitation259 (Fig. 34-21). These findings highlight 
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788 Part V Mitral Valve Disease

the need for better patient selection or possibly chordal-sparing 
mitral valve replacement in certain patients.254,257,259,261,262

In brief, because mitral regurgitation is only one compo-
nent of the disease, the appropriate management of patients 
with secondary mitral regurgitation or IMR is compli-
cated, since restoring valve competence may not reverse the 
underlying pathophysiology or improve the prognosis.80,125 
For instance, in those with secondary mitral regurgitation, 
adverse outcomes are associated with lesser degrees of mitral 
regurgitation and with a smaller calculated ERO than those 
with primary mitral regurgitation.80 ERO, however, may be 
underestimated by 2D echocardiography-derived flow con-
vergence method due to the crescentic shape of the regur-
gitant orifice.80 Importantly, the 2014 ACC/AHA valve 
guidelines revised the definition of severe secondary mitral 
regurgitation from an ERO of >0.4 to >0.2 cm2 and a regur-
gitant volume of >60 to >30 ml.80,125 However, the new 
guidelines present clinical challenges because 2D and 3D 

echocardiography may generate disparate findings of ERO 
and regurgitant volume, and the nature of secondary mitral 
regurgitation may be dynamic depending on medical therapy 
(loading conditions) and after revascularization or cardiac 
resynchronization.125 In terms of decision making, a rebuttal 
to the 2014 AHA/ACC guidelines focusing so much on ERO 
in patients with secondary mitral regurgitation was published 
in 2014 by a group of experienced echocardiographers and 
cardiac surgeons arguing that an integrated approach based 
on clinical judgment that incorporates multiple echo Dop-
pler parameters without relying on any single parameter 
is best.125 This approach would discount poor quality data 
(eg, ERO underestimation by PISA) and employ multiple 
echocardiographic variables, recognize that the definition of 
“severe” (ERO > 0.2 cm2 and regurgitant volume > 30 mL) 
depends on LV size and on the LV-LA pressure gradient, and 
specify the quantification method (2D, PISA, planimetry, 
volumetric).125

Mitral Subvalvular Apparatus and LV 
Systolic Function
Originally proposed by Lillehei and colleagues in 1964, the 
mitral subvalvular apparatus (or valvular-ventricular complex) 
including chordal and papillary muscle function is important 
for optimal postoperative LV geometry and systolic pump 
function.101-104,166,167,263-267 After mitral valve replacement with 
total chordal excision in the experimental and clinical settings, 
LV performance declines along with depression of regional 
and global LV elastance, dyssynergy of contraction, and dys-
kinesia at the papillary muscle insertion sites. Conversely, 
valve replacement with total or partial chordal preservation 
maintains LV contractile function.101-103,183,267 Mitral valve 
replacement with chordal division is associated with reduced 
rest and exercise LVEF owing in part to an increase in LV 
ESS.266 Mitral valve repair does not perturb rest and exercise 
ejection indexes of LV function primarily as a consequence 
of reducing ESS and maintaining a more ellipsoidal chamber 
geometry. Mitral valve replacement with complete chordal 
transection results in no postoperative change in LV end-
diastolic volume, an increase in LVESV, an increase in ESS, 
and a decrease in ejection fraction.265 Patients who undergo 
chordal-sparing valve replacement, on the other hand, have 
a smaller LV end-diastolic volume and LVESV, decreased 
ESS, and unchanged ejection fraction. These findings sug-
gest that smaller chamber size, reduced systolic afterload, and 
preservation of ventricular contractile function act in con-
cert to maintain ejection performance after chordal-sparing 
mitral valve replacement. In contrast, increased LV chamber 
size, increased systolic afterload, and probable reduction in 
LV contractile function leading to reduced ejection perfor-
mance occur in patients who undergo valve replacement with 
chordal transaction.265

The loss of LV systolic function after mitral valve replace-
ment with chordal division may be caused by heterogeneity 
of regional LV wall stress and not local depression of regional 
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 Chapter 34 Pathophysiology of Mitral Valve Disease 789

contractile function.268 After valve replacement with chordal 
transection in an experimental model, outward displacement 
of the ventricular wall and transverse shearing deformation 
occurred in the LV region papillary muscle insertion dur-
ing isovolumic contraction.268 Circumferential and radial 
strains during ejection were maintained at the basal LV site 
and enhanced in the apical LV site. Chordal transection aug-
mented regional myocardial loading at the papillary muscle 
insertion site; the resulting heterogeneity of regional systolic 
function might be the mechanism for reduced global LV 
function and slowed ventricular relaxation. Anterior chordal 
transection with mitral valve replacement caused impaired 
regional LV function and also impaired regional right ven-
tricular function,269 whereas radionuclide angiography 
before and after mitral valve repair showed that LVEF did 
not change and right ventricular ejection fraction improved. 
In the region of the anterolateral papillary muscle insertion, 
local LV contractile function deteriorated after valve replace-
ment with chordal transection, and right ventricular apico-
septal region was similarly impaired.269

In patients with chronic IMR, surgical division of the 
second-order chordae subtending the infarcted wall (usu-
ally those originating from the posteromedial papillary 
muscle) has been proposed to treat IMR by reducing leaf-
let tethering.270-272 It is postulated that if the apical systolic 
tethering is eliminated, the normal redundancy of the mitral 
leaflet area creates better coaptation with the intact first-order 

or marginal chordae preventing leaflet prolapse. Clinically, 
the Toronto group compared the outcomes of patients who 
underwent chordal-cutting mitral valve repair (n = 43) and 
those undergoing conventional mitral valve repair (n = 49) 
for IMR.271 The reduction in tenting height before-to-after 
repair was similar in the two groups of patients, but those 
undergoing chordal cutting had a greater reduction in tenting 
area. The chordal-cutting group also had greater mobility of 
the anterior leaflet, as measured by a reduction in the distance 
between the free edge of the anterior mitral valve leaflet and 
the posterior LV wall. Additionally, those undergoing conven-
tional mitral valve repair had a higher incidence of recurrent 
mitral regurgitation during 2 years of follow-up.271 Chordal 
cutting did not adversely affect postoperative LVEF (10% 
relative increase in EF compared with 11% in the control 
group). The authors proposed that chordal cutting improves 
mitral valve leaflet mobility and reduces mitral regurgitation 
recurrence in patients with IMR, without any obvious del-
eterious effects on LV function.271 It is known, however, that 
division of the chordae, especially the second-order or “strut” 
chordae, can impair LV systolic function.273,274 Dividing the 
second-order chordae in an experimental acute ovine prepara-
tion caused regional LV systolic dysfunction near the chordal 
insertion sites and neither prevents nor decreases the severity 
of acute IMR, septal-lateral annular dilatation, leaflet tenting 
area, or leaflet tenting volume.273 Cutting the anterior mitral 
leaflet second-order chordae alters LV chamber long-axis and 
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Distal mitral anterior leaflet angle

Basal mitral anterior leaflet angle

Posterior mitral leaftet angle
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FIGURE 34-21 Method of quantification of basal mitral anterior leaflet angle, distal mitral anterior leaflet angle, and the posterior mitral leaflet 
angle. Measurements are depicted on echocardiographic image of the mitral valve in apical four-chamber view in mid-systole. The basal mitral 
anterior leaflet angle is defined as the angle between the annular plane and the basal portion of the anterior leaflet. The distal mitral anterior leaflet 
angle is defined as the angle between the annular plane and the anterior leaflet tip distance (which corresponds to the distance between the medial 
part of the mitral annulus and the coaptation point). The posterior mitral leaflet angle is defined as the angle between the annular plane and the 
posterior leaflet. (Reproduced with permission from Ciarka A, Braun J, Delgado V, et al: Predictors of mitral regurgitation recurrence in patients 
with heart failure undergoing mitral valve annuloplasty, Am J Cardiol. 2010 Aug 1;106(3):395-401.)
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subvalvular geometry, remodels end-diastolic transmural 
myocardial architecture in the equatorial lateral LV region, 
perturbs systolic transmural LV wall-thickening mechanics 
(thereby decreasing subendocardial “microtorsion”) and wall 
thickening, changes systolic temporal dynamics with delayed 
ejection, and impairs global LV systolic function (decreased 
end-systolic elastance and PRSW).274 Because of the impor-
tance of the chordae for LV structure and function, we believe 
that caution is necessary when considering procedures that 
cut second-order chordae to treat patients with IMR because 
of the resulting compromise in LV systolic function in ven-
tricles that are already impaired.273,274

Summary
The functional competence of the mitral valve relies on the 
interaction of the mitral annulus and leaflets, chordae ten-
dineae, papillary muscles, left atrium, and left ventricle. 
Dysfunction of any one or more components of this valvulo-
ventricular complex can lead to mitral regurgitation. Impor-
tant causes of mitral regurgitation include myxomatous 
degeneration and prolapse (primary mitral regurgitation) due 
to fibroelastic deficiency in older patients or Barlow’s disease 
in younger subjects, ischemic heart disease with IMR (sec-
ondary mitral regurgitation), dilated cardiomyopathy leading 
to FMR (secondary mitral regurgitation), rheumatic valve 
disease, mitral annular calcification, and infective endocardi-
tis. Four structural changes of the mitral valve apparatus may 
produce regurgitation: leaflet retraction from fibrosis and cal-
cification, annular dilatation, chordal abnormalities, and LV 
systolic dysfunction with or without papillary muscle involve-
ment. In IMR, changes in global and regional LV function 
and geometry, alterations in mitral annular geometry, abnor-
mal leaflet (Carpentier type IIIb) motion, leaflet malcoapta-
tion, increased interpapillary distance, and papillary muscle 
lateral displacement and malalignment all may result in apical 
tenting of the leaflets and mitral incompetence.

With mitral regurgitation, the impedance to LV emptying 
is lower because the mitral orifice is parallel with the LV out-
flow tract. Reduced LV impedance allows a greater propor-
tion of contractile energy to be expended in myocardial fiber 
shortening than in tension development. After the initial 
compensatory phase, LV contractility becomes progressively 
more impaired with chronic mitral regurgitation and chronic 
LV volume overload. Importantly, because of the low imped-
ance during systole, clinical indexes of systolic function, such 
as ejection fraction, can be normal even if depressed LV con-
tractility is already present. LVESV is less dependent on pre-
load than is ejection fraction and is a better measure of LV 
contractile reserve. Preoperative LVESV is a good predictor 
of postoperative outcome. Surgical mitral valve repair (or, if 
repair is judged not to be durable, mitral valve replacement 
with total chordal preservation) for chronic mitral regurgita-
tion can preserve LV contractility, particularly in patients with 
a normal preoperative ejection fraction who have minimal 
ventricular dilatation and those without major coronary dis-
ease. In patients with impaired preoperative LV contractility, 

LV systolic function may not necessarily improve after ring 
annuloplasty and definitely will not improve if the subval-
vular apparatus and chordae are divided during mitral valve 
replacement.

IMR is generally associated with a higher operative risk 
than is nonischemic chronic mitral regurgitation. In patients 
with ischemic cardiomyopathy and mild mitral regurgitation, 
isolated coronary artery bypass grafting may suffice if the LV 
inferior wall is still viable. Other argue that coronary revascu-
larization alone in the setting of moderate IMR leaves many 
patients with substantial residual mitral regurgitation, heart 
failure symptoms, and a grave prognosis. Because moderate 
IMR does not resolve reliably with coronary revascularization 
alone, valve repair should be considered because it can reduce 
complications and possibly improve long-term survival. Sur-
vival after mitral valve surgery and coronary artery bypass 
grafting is more determined by the extent of coronary artery 
disease and severity of preoperative LV dysfunction than by 
the etiology of mitral regurgitation. Because mitral regurgi-
tation is only one component of the disease, the appropri-
ate management of patients with IMR is complicated, since 
adverse outcomes are associated with lesser degrees of mitral 
regurgitation (a smaller ERO threshold than those with pri-
mary mitral regurgitation). The 2014 ACC/AHA practice 
guidelines present clinical challenges because 2D and 3D 
echocardiography may generate disparate findings of ERO 
and regurgitant volume, and the nature of secondary mitral 
regurgitation may be dynamic depending on loading con-
ditions and after revascularization or resynchronization. In 
managing these patients, an integrated approach has been 
proposed that is based on clinical judgment and that incor-
porates multiple Doppler parameters without relying on any 
single parameter.
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It can be reasonably argued that the very dawn of cardiac 
surgery began with a mitral valve repair. On May 20, 1923, 
Dr Elliot Carr Cutler (Fig. 35-1) performed the world’s 
first successful mitral valve repair at the Peter Bent Brigham 
Hospital in Boston, Massachusetts.1 Dr Cutler carried out 
a transventricular mitral valve commissurotomy with a neu-
rosurgical tenotomy knife on a critically ill 12-year-old girl. 
His choice of instrument was likely influenced by Dr Harvey 
Cushing who was surgeon-in-chief at the time. A new era in 
surgery was introduced as well as the reality of mitral valve 
repair.2 Cutler had worked assiduously on this problem in the 
Surgical Research Laboratories of Harvard Medical School 
before turning his attention to this critically ill patient. Sub-
sequent attempts at this operation using a device to cut out 
a segment of the diseased mitral valve resulted in several 
deaths from massive mitral regurgitation and Cutler eventu-
ally abandoned the procedure.3 Of Cutler’s contemporaries, 
Henry Souttar of England performed a single successful 
transatrial finger commissurotomy in 1925, but received no 
further referrals.4 After Souttar, there remained little activity 
in mitral valve repair until the 1940s when Dwight Harken, 
then the Chief of Cardiothoracic Surgery at the Peter Bent 
Brigham Hospital, published his groundbreaking series of 
valvuloplasty patients for mitral stenosis.5 Dr Charles Bailey 
of Philadelphia also published a concomitant series of a simi-
lar large group of patients.6

That early era focused on mitral stenosis created by 
rheumatic heart disease, which was extremely common at the 
time. Surgical treatment of mitral regurgitation for prolapse 
was first introduced in the 1950s7-9 but with limited success. 
Subsequent decades would see the visionary concepts of 
surgical leaders such as Alain Carpentier, Dwight McGoon, 
Carlos Duran, and others come to the fore as their vision-
ary ideas for mitral valve reconstruction began to take hold 
and excellent results were reported. Like many other ground-
breaking ideas, their concepts were met with resistance that 
has gradually dissipated as long-term results by these sur-
geons have been validated. The concept that repair of mitral 
regurgitation might serve to further damage a weakened left 
ventricle (LV) by eliminating the “pop-off” mechanism16 of 
the regurgitant valve. This proved a significant barrier to 
referral that only in the past few decades has been overcome. 

What has now become firmly established is the significant 
contribution to overall left ventricular function of the papil-
lary muscle-annular interaction.17 As a result of these contri-
butions, mitral valve repair, if technically possible, has now 
become recognized as the procedure of choice for mitral valve 
pathology of virtually all etiologies, to the extent that mitral 
valve repair is always considered first in virtually any clinical 
situation in which the mitral valve is regurgitant.

ANATOMY OF THE MITRAL VALVE
The bicuspid mitral valve is one of the most complex struc-
tures of the human heart, its complexity lies in its multi-
faceted anatomy. The concept of “form follows function” is 
particularly applicable to the mitral valve. Because each part 
of the valve’s anatomy is intimately related to function, there 
are a variety of pathways whereby regurgitation may be cre-
ated. If one part of the valvular apparatus fails, regurgitation 
can result. There are five discrete components to the mitral 
valve complex: the annulus, the two leaflets (anterior and 
posterior), the chordae, the papillary muscles, and the LV 
(Fig. 35-2A).

As part of the fibrous skeleton of the heart, the annulus is 
the myocardial connective tissue area where the mitral valve 
leaflets attach to the intersection of the left atrium and LV. It 
is surrounded by vitally important structures that the cardiac 
surgeon must avoid for safe surgery: the circumflex coronary 
artery laterally, the coronary sinus medially, the aortic root 
superiorly, and the atrioventricular node superior-medially. 
In myxomatous disease it is the posterior annulus that usually 
dilates.18 Previous dictum held that the anterior annulus does 
not dilate, but recent data suggest that it may dilate a limited 
amount.19 Of critical importance to the surgeon are the right 
and left fibrous trigones. These are intimately related to the 
anterior annulus and are contiguous with the aortic valve cur-
tain and must be identified during surgery. The trigones, as 
part of the essential structural framework of the heart, form 
the anchoring points for ring annuloplasty.

The anterior leaflet of the mitral valve (AML) is in con-
tinuity with the left and noncoronary cusps of the aortic 
valve and is located directly beneath the left ventricular out-
flow tract (LVOT). It is sometimes referred to as the aortic 

Mitral Valve Repair
Dan Loberman • Paul A. Pirundini • John G. Byrne  
• Lawrence H. Cohn 

35

Cohn_ch35_p0797-0816.indd   797 08/05/17   12:04 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



798 Part V Mitral Valve Disease

leaflet. It typically accounts for approximately one-third of 
the circumference of the annulus, with the posterior leaflet 
accounting for the rest.20 The posterior mitral valve leaflet 
(PML) is crescent shaped and is more commonly involved 
in degenerative disease. For surgical decision making and 
analysis, both the anterior and posterior leaflets are divided 
into three parts, corresponding to the three scalloped areas 
of each leaflet (A1, A2, A3 for the anterior leaflet; P1, P2, 
and P3 for the posterior leaflet; 1 refers to the leftmost, or 
lateral scallop; 2 the middle scallop; and 3 the rightmost, or 
medial scallop; Fig. 35-2B).

There are two papillary muscles, the anterolateral and 
the posteromedial. Each muscle is attached to the leaflets by 
the chordae tendinae. These chords are composed of string-
like fibrous connective tissue. Primary chords are those that 
attach to the edge of the leaflet. Secondary chords are those 
that attach to the underside of the leaflets. Tertiary chords, 
which are only seen on the posterior mitral leaflet, are those 
that attach to the undersurface of the leaflet directly from 
the ventricular wall instead of from the papillary muscle. 
The papillary muscles each give off chordae to both leaf-
lets and correspond to the anterolateral and posteromedial 
commissures of the mitral valve. The anterolateral papillary 
muscle receives blood from both the left anterior descend-
ing artery as well as the circumflex artery; the posteromedial 
one receives blood usually from only the posterior descend-
ing artery or a branch of the circumflex artery. Because of its 
single coronary blood supply, the posteromedial papillary 

muscle is more susceptible to infarction and rupture than 
the anterolateral one.

The LV acts in concert with the papillary muscles via the 
chordae to pull in the leaflet edges during systole, thereby 
maintaining the line of coaptation and therefore valve com-
petency. If the LV dilates from any etiology, failure of central 
leaflet coaptation may occur and regurgitation created. Such 
regurgitation in a valve with normal leaflets but dilated annu-
lus is termed functional mitral regurgitation (MR).

MYXOMATOUS MITRAL 
VALVE DISEASE
Etiology and Pathophysiology
The underlying etiology of myxomatous disease is a defect 
in the fibroelastic connective tissue of the valvular leaf-
lets, chordae, and annulus.21 The myxomatous defect leads 
to an abnormal elongation and redundancy of valve tissue 
and chordae. Each particular anatomic redundancy creates 
mitral regurgitation in its own particular manner. Annular 
dilatation (Fig. 35-3) obliterates the normal coaptation line 
between the anterior and posterior leaflet, causing regurgita-
tion. If primarily posterior annular dilatation occurs, there is 
a separation in the middle of the valve between the two leaf-
lets and blood leaks through during ventricular contraction. 
Leaflet redundancy results in a movement of the redundant 
leaflet into the left atrium during diastole. If severe enough, 
that movement leads to a compromised coaptation line and 
MR then ensues. Elongation of the chordae also causes leaflet 
tissue to move into the atrium during diastole, also result-
ing in compromised coaptation. Ruptured or flail leaflets are 
often the result of systolic stresses fracturing weakened chor-
dae, causing severe regurgitation.

Mitral regurgitation represents pure volume overload 
for the LV.22 In myxomatous disease, MR is typically of the 
chronic compensated variety.23 A vicious cycle is perpetuated 
whereby the excess volume load over time results in ventric-
ular failure. Ventricular failure itself implies ventricular dila-
tation, which results in a greater degree of MR. Thus, MR 
begets more MR, and a downward spiral is created.17 MR 
created by left ventricular failure occurs primarily by ven-
tricular dilatation. Successful repair will result in left ven-
tricular mass reduction.24 Ventricular dilatation “pulls” or 
“tethers” the leaflets open, thereby impinging on coaptation. 
In degenerative disease of the mitral valve, however, the LV 
itself per se does not primarily cause MR in the early course 
of the disease.

Carpentier10 has developed a mitral valve analysis proto-
col and surgical philosophy for repair of all types of valves 
(Fig. 35-4). Myxomatous disease has become the pathol-
ogy responsible for the vast majority of patients with mitral 
regurgitation in the United States.25 Currently, mitral valve 
prolapse, as a part of the spectrum of degenerative disease, is 
present in about 5% of the general population,26 with about 
10% of these patients exhibiting severe MR requiring sur-
gery.27 Whatever the ultimate pathologic pathway creating 

FIGURE 35-1 Elliot Carr Cutler.
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 Chapter 35 Mitral Valve Repair 799

regurgitation, more than 95% of all degenerative disease 
should be amenable to successful repair.

Diagnostic Work-up and Indications 
for Operation
Patient presentation is typically quite varied depending on 
the degree of MR as well as the chronicity of the disease. 
Patients may be floridly symptomatic or completely asymp-
tomatic. Symptoms can occur in different forms. Heart 

failure symptoms are secondary to pulmonary venous hyper-
tension as well as fluid retention. This may include shortness 
of breath, limited exertional capacity, fluid overload, and in 
the late stage of the disease, frank heart failure. Emboliza-
tion sequelae and arrhythmias form a second set of symp-
toms and include atrial fibrillation and increased stroke risk.28 
Additionally, regurgitation predisposes the valve to infectious 
endocarditis.29 Abnormal hemodynamics create pathologic 
shear stresses and turbulence that generates vulnerability to 
infection in the valve.

A

B

Left main
coronary
artery

Left
coronary sinus

Non-coronary
sinus

Anterior leaflet

Secondary chorda
tendinea

Primary chorda
tendinea

Coronary sinus

Posterior leaflet

A1
A2

A3

P1

P2

P3

Anterolateral
papillary muscle

Circumflex
coronary
artery

Intervalvular
trigone

Posteromedial
papillary muscle

FIGURE 35-2 Surgical anatomy of the mitral valve. (A) Critical structures that the cardiac surgeon must recognize, including the circumflex 
coronary artery, the coronary sinus, the atrioventricular node, and aortic root. Note that the left and right trigones are superior to the commissures. 
(B) The conventional terminology used to describe the pathoanatomic parts of the anterior and posterior leaflets.
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800 Part V Mitral Valve Disease

Evaluating MR
Key information is obtained from echocardiography: the 
degree of MR, associated pathophysiology, cardiac chamber 
dimensions, and left ventricular functional analysis. Transtho-
racic echocardiography is usually the first modality employed. 
However, if images from transthoracic echocardiography are 
of insufficient quality, then transesophageal echocardiogra-
phy (TEE) is required. Mitral regurgitation is graded on a 
scale from mild to severe, with severe typically referring to 
a reversal of pulmonary venous blood flow in systole.30 The 
methods used to determine the degree of regurgitation com-
monly include regurgitant volume, regurgitant fraction, and 
effective regurgitant orifice area.30 Echocardiographic analy-
sis of the MR (eg, flail leaflet, ruptured chordae, or anterior 

or posterior prolapse) is extremely helpful in planning the 
operative intervention. Other crucial information obtained 
by the preoperative echo includes left atrial size, ventricular 
function, ventricular dilatation, aortic valve function, and 
tricuspid valve function. A large left atrium implies chronic 
MR. A small LA and hyperdynamic LV implies acute MR. 
Ventricular function is a key component in assessing opera-
tive candidacy; a left ventricular ejection fraction below the 
norm of 60% indicates some degree of myocardial decom-
pensation secondary to volume overload. Indeed, in the pres-
ence of severe MR, the ejection fraction will often decline 
postoperatively even if the preop ejection fraction is normal. 
A corollary of this fact is a normal preoperative ejection frac-
tion does not necessarily mean normal ventricular function.

Timing of Surgery
Once pulmonary hypertension, LV dysfunction/LA dila-
tation or symptoms appear, the prognosis of MR worsens. 
Careful surveillance may result in timing of valve surgery 
before these negative sequelae occur.30a An attractive alter-
native strategy for treating severe chronic primary MR is to 
perform early mitral repair before these triggers are reached. 
Early mitral repair avoids the need for intensive surveillance 
and also obviates the possibility that patients might become 
lost to follow-up or delay seeing their clinician until advanced 
LV dysfunction has already ensued. This strategy requires 
expertise in clinical evaluation and cardiac imaging to evalu-
ate severity and significance of MR.

What, precisely, are the indications for operation? In gen-
eral, as surgical results improve, the indications for surgery 

Normal

Dilated

A

T T T T

P

A

P

FIGURE 35-3 Annular dilatation. A, anterior; P, posterior; T, trigone.

Type 1 - 
Normal leaflet
motion

Type 2 - 
leaflet prolapse

Type 3 - 
leaflet
restriction

FIGURE 35-4 Carpentier’s functional classification.

Cohn_ch35_p0797-0816.indd   800 08/05/17   12:04 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 35 Mitral Valve Repair 801

are broadening. The American Heart Association 2014 
guidelines state that “Mitral valve repair is reasonable in 
asymptomatic patients with chronic severe primary MR 
(stage C1) with preserved LV function (LVEF > 60% and 
LVESD 0 40 mm) in whom the likelihood of a success-
ful and durable repair without residual MR is greater 
than 95% with an expected mortality rate of less than 1% 
when performed at a Heart Valve Center of Excellence.” 
Patients who would never have been considered for surgery 
previously are now routinely being offered repair surgery at 
much earlier stages of their disease. The indications for mitral 
valve repair have widened as the success of repair has so dra-
matically improved over the last several years. Better myo-
cardial protection and cardiopulmonary bypass technology, 
minimally invasive incisions, increased incidence of repair, 
and better intensive care unit support have all contributed 
to the phenomenon.31 The biggest change has been an overall 
broadening of the indications for mitral valve repair and low-
ering of the threshold for operation because of these factors,32 
even in the elderly.33 Increasingly, asymptomatic mitral regur-
gitation, even without symptoms, is becoming accepted as a 
reasonable strategy.34 Repair of the mitral valve, as opposed 
to replacement, is now accepted as the superior treatment 
for myxomatous mitral regurgitation. Out of a long labo-
ratory and clinical experience have come the conclusions 
that repair is associated with better survival, enhanced pres-
ervation of ventricular function (by preserving the chordae 
and papillary muscles), and decreased late thromboembolic 
complications.35-42

For all patients with moderate-to-severe MR and moder-
ately decreased ventricular function (left ventricular ejection 
fraction < 60%) valve repair is offered, because the ventricle 
has exhibited signs of decompensation even with a lesser 
degree of MR; repair in this setting is much more urgent, 
because severe decompensation can occur in a matter of 
months as left ventricular function begins to deteriorate.

The standard of care for patients with severe cardiomyopa-
thy and severe MR is unclear presently and is one of the most 
controversial topics in cardiac surgery. This situation typically 
does not occur with myxomatous disease but rather ischemia 
or idiopathic cardiomyopathy and such regurgitation is func-
tional in nature. In longstanding myxomatous disease, how-
ever, LV dysfunction may be present.

The intermediate situation of moderate mitral regurgita-
tion and preserved ventricular function is the one in which 
the most judgment must be exercised. Consider the situation 
of a structurally normal mitral valve with moderate func-
tional MR, but with concomitant critical aortic stenosis. The 
patient is to undergo an aortic valve replacement. Should the 
mitral valve be repaired? Perhaps not, as the moderate MR 
here is typically exacerbated by the patient’s aortic stenosis 
and volume overload, and correction of the aortic stenosis 
and euvoluemia would likely reduce or eliminate the MR in 
this structurally normal valve.39,40 However, should repair be 
undertaken, ring annuloplasty would be needed to correct the 
posterior annular dilatation. If the same situation exists, how-
ever, with a structurally abnormal valve, such as a prolapsed 

P2 or markedly dilated mitral annulus in a myxomatous valve, 
then mitral repair should always be undertaken, because there 
is a structural abnormality that aortic valve replacement will 
not correct. What of moderate MR secondary to myxoma-
tous disease (and not ischemia) in a patient who is to undergo 
coronary bypass grafting? That patient would likely be offered 
concomitant valve repair, because bypass grafting would not 
impact on the pathophysiology of the MR in this case. What 
of the situation of moderate-to-severe isolated MR second-
ary to myxomatous disease and borderline normal ventricular 
function? Even without symptoms of heart failure, this patient 
should have repair performed on an elective basis. Once left 
ventricular function begins to deteriorate from the normal 
60 to 70% left ventricular ejection fraction, decline may 
be unpredictably rapid and hence intervention warranted. 
Increasingly, moderate ischemic, as well as degenerative, MR 
is thought to be detrimental for long-term survival.41,42

In general, no matter what the chronological age is, 
adequate functional status before valve repair is preferred. 
If symptoms of heart failure exist before surgery, optimal 
diuresis should be undertaken before operation. If the pro-
cedure involves coronary artery bypass grafting, the conduit 
status should be determined. Dental clearance on all patients 
should be obtained before any valvular procedure. If neu-
rologic symptoms exist or if the patient has a history of a 
previous cerebrovascular disease, then preoperative carotid 
noninvasive studies are warranted to assess carotid arterial ste-
nosis. All patients older than 40 years should undergo coro-
nary angiography. Patients with MR without coronary artery 
disease are good candidates for smaller incisions.43,45

Whatever the scenario, the decision to operate and repair 
the valve is a decision made preoperatively as opposed to 
intraoperatively. Once the patient is under anesthesia, load-
ing conditions are not physiologic and the mitral regurgita-
tion assessed then is inevitably underestimated. Maneuvers 
used to “bring out the MR,” such as increasing afterload with 
vasoactive drugs, do not reflect true physiology, but should 
be used in surgical decision making and may be helpful in 
some situations. Recent discussions of earlier referral for the 
treatment of MR clearly depend on a high rate of valve repair 
in any center.46,47

Operative Philosophy
Clearly, in light of elevated success rates of mitral valve repair 
in specialized centers but also today in all cardiac surgery 
programs, the patient with degenerative mitral valve disease 
with significant MR requires a repair procedure, rather than 
replacement.49

With the increasing numbers of trained surgeons who 
have absorbed the various mitral valve repair techniques and 
can apply them safely the percentage of valves that can be 
repaired and actually are repaired, is improving. Recent STS 
database interrogation indicates that this percentage may now 
be as high as 75%.49

Beginning in the 1980s, we have developed what we think 
is a simple, reproducible algorithm that can be used to repair 
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802 Part V Mitral Valve Disease

the degenerative mitral valve in most patients. Overriding 
this philosophy is the belief that mitral valve repair is not 
an esoteric “art form” that is difficult to explain, perform, 
or learn. Rather, we think it is a procedure like any other 
that should and can be simplified, disseminated, and repro-
duced with success. In keeping with this philosophy, we have 
reduced complicated bileaflet prolapse to a competent valve 
with simplified and straightforward maneuvers that we have 
found effective with good long-term results. Our overall phi-
losophy and technique are as follows:

1. Expose the valve well through the complete development 
of Sondergaard’s groove, division of pericardial attach-
ments of the superior and inferior venae cavae, and release 
of the left pericardial retraction stitches

2. Assess the valve through saline injection and corroborate 
the intraoperative findings with TEE

3. Perform basic, obvious leaflet repair procedures first 
(eg, quadrangular resections to the posterior leaflet)

4. Implant the annuloplasty ring sized by the height of the 
anterior leaflet (not the trigones or commissures)

5. Test the repair
6. Perform additional reparative procedures as needed, that 

is, cleft closure.

With the above maneuvers, we estimate that approxi-
mately 95% of all degenerative valves can be repaired.

Collaborative involvement with cardiac anesthesia col-
leagues is essential in utilizing the invaluable tool of trans-
esophageal echocardiogram monitoring for pre- and 
postrepair assessment. In our clinic, standard TEE monitor-
ing (either two- or three-dimensional) is now utilized for 
every patient undergoing mitral valve repair. In addition to 
documenting the efficacy of repair, TEE is essential in pre-
venting and assessing the potential or persistence of systolic 
anterior motion (SAM) of the anterior valve.

Operative Exposure
Because the mitral valve is such a complex anatomic struc-
ture and the maneuvers involved in correcting a regurgitant 
valve may vary from the simple to the very complex, adequate 
exposure is an absolute requirement in every operative plan. 
This becomes more important if minimally invasive tech-
niques are employed. Mitral valve exposure is more challeng-
ing than exposure of the aortic or tricuspid valve. Why? From 
the surgeon’s side, the mitral valve is furthest away from the 
operating surgeon than any other valve. In addition, the valve 
in its native position naturally faces above and/or toward the 
surgeon’s left shoulder at an oblique angle such that the sur-
geon does not see the valve en face.

The first critical aspect to the standard valve repair is 
the complete and thorough development of the Sonder-
gaard plane reflecting the right atrium off the left atrium 
to the atrial septum, as depicted in Fig. 35-5. This was first 
described in the 1950s by the Danish surgeon Sondergaard,50 
to expose the atrial septum for noncardiopulmonary bypass 
treatment of atrial septal defects. In 1990, we stressed the 

importance of this particular technique for exposure in mitral 
valve surgery.51 Regardless of even previous procedures, it 
should always be possible to dissect out the groove without 
significant difficulty. The complete and full development of 
the groove is a most important aspect to obtain adequate 
exposure of the mitral valve. With this technique, via blunt 
and sharp dissection we typically have not needed any other 
incision for mitral valve repair or replacement, whether for 
primary surgery or reoperation. This incision usually brings 
the surgeon very close to the mitral valve. Once the right 
atrium is dissected off the left atrium, a generous incision in 
the left atrium is made, avoiding the atrial septum.

The second aspect of exposure is to bring the valve as 
close to an en face position to the operating surgeon as pos-
sible. Pericardial stay sutures are released on the left side. 
The operating table is maneuvered head up and to the left. 
If necessary, the left pericardium is opened and the apex of 
the heart moved laterally to the left pleural space. Exposure 
of the left trigone can be particularly challenging for stitch 
placement. This can be facilitated with local epicardial dis-
placement of the midlateral LV wall medially with asponge-
stick (Fig. 35-6).

Cardiopulmonary Bypass
For cardiopulmonary bypass, we use a 22F percutaneous fem-
oral vein venous catheter placed into the right atrium via the 
right femoral vein with TEE control. The cannula can even 
be advanced into the superior vena cava if desired. Because 
the cannula has multiple holes, is flexible and thus can still 
drain the inferior vena cava, this one cannula is sometimes 
all that is needed for drainage of both the superior and infe-
rior vena cava. If performing a concomitant bypass proce-
dure requiring a full sternotomy, then venous cannulation 
should be bicaval via the atria. One venous cannula should 
be placed in the superior vena cava above the right atrial/

Sondergaard’s
plane

FIGURE 35-5 Dissection of Sondergaard’s plane. Sondergaard’s 
plane should be dissected at least 2 to 4 cm from the right superior 
pulmonary vein for adequate exposure of the mitral valve.
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 Chapter 35 Mitral Valve Repair 803

superior vena caval junction and the other through the lowest 
part of the right atrium into the mouth of the inferior vena 
cava. The arterial cannula should be placed directly into the 
distal ascending aorta.

Once on cardiopulmonary bypass, systemic temperature is 
allowed to drift to 34°, the ascending aorta is cross-clamped, 
and the heart arrested by cold blood cardioplegia. For isolated 
valve repair, some debate still exists regarding the use of ret-
rograde or antegrade blood cardioplegia after cross-clamping. 
If there is concomitant coronary artery disease, myocardial 
protection in this circumstance should be antegrade and 
retrograde, because the coronary artery bypass graft/mitral 
operation presents one of the highest-risk operative settings 
in cardiac surgery.36

After the heart is arrested, the left atrium is opened well 
above the right superior pulmonary vein near the septum 
inferiorly. Retractors are placed (Fig. 35-7). The patient’s bed 
is placed head up with a tilt to the left. A wire-reinforced 
suction catheter is placed in the left inferior pulmonary vein 
(the most dependent portion of the left atrium in this posi-
tion) for drainage of collateral blood flow. Carbon dioxide is 
infused to minimize intracardiac air.

Alternate exposures can be obtained by the transseptal 
approach through the right atrium52 or the superior septal 
approach.53 The transseptal approach is a perfectly accept-
able incision that allows the cardiac surgeon to be close to the 
mitral valve by carrying the incision through the fossa ovalis 
(Fig. 35-8) and up into the superior vena cava. Retraction 
sutures and other types of retraction devices can be utilized to 
expose the mitral valve exceedingly well, particularly in these 
minimally invasive cases. This approach may also be helpful 

in patients who have had previous operations on the mitral 
valve or when concomitant procedures on the tricuspid valve 
are required.

Examination of Valve and Valve Analysis
Once exposure is obtained and a self-retaining retractor is in 
place, inspection of the valve is carried out. Valve analysis takes 
a few minutes utilizing nerve hooks, forceps, and insufflation 
of the ventricle with saline to determine and corroborate the 
pathology already diagnosed by intraoperative TEE. Valve analy-
sis may reveal ruptured chordae or simply a prolapse of the valve 
with elongated chords and one or more prolapsed sections of the 
valve. The anterior leaflet, though frequently advertised as part 
of “bileaflet prolapse,” often has normal length chordae and may 
be without specific leaflet or subvalvular pathology. Prolapse of 
the commissures may be found, and calcified nodules may exist 
that may present difficulty in mitral valve repair and may need 
excision. There may be healed endocarditic vegetations on one or 
more parts of the valve. The annulus will almost always appear 
to be distorted, dilated, or deformed in long-standing cases, par-
ticularly in Barlow syndrome.

Repair Strategy and Overview
After the analysis of the valve is carried out, a detailed repara-
tive strategy can be deduced from the pathologic analysis. 
In a broad generalization, degenerative disease of the mitral 
valve creates what amounts to a PML that is too large, with 
or without flail segments, in an annulus that is functionally 
too small for the anterior leaflet. In degenerative disease, the 

A B

Sternal incision

Skin incision

FIGURE 35-6 Minimally invasive mitral valve repair. (A) Via a 6- to 8-cm skin incision, a lower hemisternotomy through the right second inter-
space is performed. (B) Venous cannulation is percutaneous with vacuum assist. Aortic cannulation, cross-clamping, and cardioplegia administra-
tion are performed in the standard manner.
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804 Part V Mitral Valve Disease

posterior leaflet is typically pathologic, whereas the anterior 
leaflet usually is not.

The first principle of the repair is to reduce or obliterate 
the enlarged segments and to reduce the overall height of the 
abnormally large posterior leaflet. This reduction reconstructs 
the correct coaptation line with the anterior leaflet, and, just 
as importantly, prevents systolic anterior motion (SAM) of 
the anterior leaflet. If the height of the posterior leaflet is too 
high, it will push the anterior leaflet into the LVOT and cre-
ate SAM. In general, the height of the posterior leaflet should 
be no more than 1 to 1.5 cm in average-sized patients once 
the repair is complete. The normal sections of the posterior 
leaflet should be used as a marker to guide the reduction of the 
redundant parts. Ultimately, the reconstructed posterior leaflet 
should appear like a “smile.” Once the posterior leaflet reduc-
tion is performed, one must ensure that the anterior leaflet 
coapts with the subsequently reduced posterior leaflet within 
the correct plane using the saline test. The resulting repair 
should result in a coaptation line at the level of the annulus 
during systole. Specific methods to lower the height of the pos-
terior leaflet and anterior leaflet will be addressed below.

A new concept of ‘respect rather than resect’ has become 
popular in recent years. Instead of resecting the leaflet seg-
ment that is flailing, this same segment is brought down 
back to form a coaptation line using polytetrafluoroethylene 
(PTFE) suture to form neochords. The excess tissue is dis-
placed into the LV to form a new and durable coaptation 

line. This approach is of value especially in small access 
procedures, in which implementation of more complex 
resection and repair can be cumbersome. Regardless of the 
surgeon’s choice regarding whether to ‘respect or resect’, a 
prosthetic ring or band is mandatory in all repair proce-
dures. The result of avoiding an annuloplasty ring is a sig-
nificantly higher risk of recurrent moderate-to-severe mitral 
valve regurgitation.

A remodeling annuloplasty ring is essential for all repairs. 
This is a fundamental concept of Carpentier18 and Duran,54 
both of whom developed mitral valve annuloplasty rings early 
in the history of mitral valve regurgitation surgery and advo-
cated remodeling of the distorted annulus as a key principle 
of mitral valve repair. The annulus, after many years of regur-
gitation, is often deformed and in myxomatous disease, it is 
floppy and dilated. The best approach to conceptualize the 
dilated annulus in myxomatous disease is to consider it func-
tionally too small for the anterior leaflet.

When dilated, the annulus will not provide the relatively 
stable support necessary for the anterior leaflet to spread out 
completely and thus coapt at the correct line and in the correct 
plane with the posterior leaflet. Rather, the floppy annulus will 
buckle and have an effectively smaller radius, and cause the 
anterior leaflet to appear as though it is “prolapsing” because 
the leaflet cannot spread out correctly. In reality the pathology 
is within the annulus. That is why we believe that oversizing 
the ring in degenerative disease is important. The ring then 

FIGURE 35-7 Minimally invasive operative exposure. After the retractors are placed, the patient is positioned with head up and the operative 
bed tilted to the left. Exposure is excellent.
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 Chapter 35 Mitral Valve Repair 805

recreates the relatively rigid, broad annulus that allows the 
anterior leaflet to spread out and coapt in the correct plane, 
at the correct coaptation line, without “prolapsing.” A struc-
turally sound annulus is necessary for the correct physiologic 
function of the anterior leaflet. Hence, our protocol is to place 
the annuloplasty ring after posterior leaflet repair and then 
reassess for any anterior or complex leaflet pathology after-
ward. A annular pathology often falsely gives the appearance 
of leaflet pathology, and by following the steps outlined above, 
many unnecessary procedures will be prevented.

By utilizing the two principles outlined above, the proper 
and necessary attention is given to the correct physiologic 
functioning of the valve in a manner that is surgically relevant. 
The height of the posterior leaflet is reduced to prevent SAM 
as well as to allow the correct coaptation plane. The two leaf-
lets are made to coapt at the correct line by reinforcing the 
annulus with a remodeling ring. As outlined above, in our 
experience at the Brigham and that of others,55 in most cases, 
the so-called “bileaflet prolapse” is completely eliminated 
by adequate posterior leaflet resection and a large remodel-
ing annuloplasty ring without any further anterior leaflet 
intervention.

There is clear evidence supporting the integral and essen-
tial necessity of the ring for a lasting repair. In an early 
paper on mitral valve repair, we compared a repair group 
that had no annuloplasty ring to another group in whom 
a ring was implanted at the time of valve repair.56 All valves 
were competent at the time of surgery, but after several years 
of follow-up, the rate of mitral regurgitation in the no-ring 
group was five times that of the ring group. Recent studies 
have supported the importance of ring annuloplasty.57 Thus, 
a remodeling ring is critical to a long-lasting physiologic 
mitral valve repair.

SPECIFIC SURGICAL TECHNIQUES
Posterior Leaflet Quadrangular 
Resection
The most common mitral valve pathologies (approximately 
80%) encountered in the myxomatous, degenerated valve 
are ruptured and elongated chords from the middle section 
of the posterior leaflet (Fig. 35-9A). In one approach lim-
ited resection of this diseased section of leaflet is shown in 

Head

Atrial septum

Foot

Coronary sinus catheter

Right atrium

Posterior mitral valve leaflet
with ruptured chorda

FIGURE 35-8 Transseptal exposure of the mitral valve. After the right atrium is incised, the septum is divided across the fossa ovalis, and stay 
sutures are placed. This incision allows very good access to the mitral valve and is an alternative to the Sondergaard plane.
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806 Part V Mitral Valve Disease

Fig. 35-9B. To fill the gap produced by removing the patho-
logic section, leaflet advancement of the remaining leaflet 
sections is carried out (Fig. 35-9C and D) and the cut edges 
of the valve are reapproximated with running monofilament 
suture (Fig. 35-9E, F, and G). An annuloplasty ring is then 
implanted (Fig. 35-9H, I, and J). This scenario is the most 
common pathophysiology encountered and operative strat-
egy employed. Interestingly, recent results by Perier58 and 
Lawrie59 have reported successful results with use of only arti-
ficial PTFE chords to preserve the posterior leaflet instead of 
resecting it, a technique that has traditionally been applied 
only to the anterior leaflet.

For cardiac surgeons who perform a modest number of 
valve repairs, incising the posterior leaflet off the annulus 
may be somewhat daunting. In our own experience, a pro-
lapsed leaflet without ruptured chordae at P2 may simply 
be obliterated by a few sutures to bring the leading edge of 
the prolapsed leaflet to the underside of the annular connec-
tion, thus reducing the height, preserving all the chords, and 

accomplishing what might be done with a resection.61 This 
has been termed a “folding valvuloplasty.”

If the repair includes a resection of a flail segment, then 
some form of the leaflet advancement technique popular-
ized by Carpentier should be employed.60 In this technique, 
the two remaining sections are advanced upon each other to 
close the gap produced by the resected area. This includes 
separating each remaining segment off the annulus for a short 
segment. Of all the traditional techniques, this is the one that 
has produced some concern for surgeons who perform only 
moderate numbers of valve repairs because of the necessity of 
incising the posterior leaflet off the annulus and then reanas-
tomosing the leaflet to the annulus.

We have evolved a simplified technique for limited PML 
resections in which leaflet advancement may be more easily 
performed, and yet still accomplish the exact same result in 
much less time. We have named this the “fold-over leaflet 
advancement.” In this technique the remaining enlarged seg-
ments of P2, on either side of the elongated resected leaflet 

A

B

C

D

E

F

G

H

I

J

Trigone
suture

Trigone
suture

FIGURE 35-9 Repair of P2 with flail segment with ruptured chordae. (A) The classic flail P2 segment. (B) Resection of this flail segment. 
(C) and (D) The classic sliding valvuloplasty and advancement, in which each segment of the valve adjacent to the resected P2 segment is sepa-
rated from the annulus. The valve is then reattached with the gap eliminated. At the same time, the height of the posterior leaflet is reduced. 
(E), (F), and (G) Completion of the classic sliding valvuloplasty. (H), (I), and (J) Placement of the annuloplasty stitches and ring placement. 
Sizing of the ring is done by the size of the anterior leaflet.
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 Chapter 35 Mitral Valve Repair 807

with supporting chordae, are simply folded over by a con-
tinuous polypropylene suture to the annular gap produced 
by the limited posterior leaflet resection, without any further 
incision (Fig. 35-10). The fold-over advancement accom-
plishes the same goals as the traditional leaflet advancement. 
The small gap distance, created by the small area of resected 
flail segment, is eliminated and the height of the posterior 
leaflet is reduced. We have found the fold-over advancement 
to be extremely effective for small resections of the posterior 
leaflet in any position without the necessity of incising the 
leaflet off the annulus.

That being stated, many situations exist with true Barlow 
syndrome with elongation and elevation of almost the entire 
posterior leaflet. In essence, the whole posterior leaflet is elon-
gated. In these particular pathologic situations, the classic 
techniques are necessary. The entire posterior leaflet on both 
sides of the resected area, including P1 and P3, must be incised 

off the annulus and careful and detailed valve advancement 
carried out, beginning at each commissure, with running 4-0 
polypropylene (see Fig. 35-9C and D). The height of the leaf-
let is lowered to avoid creation of SAM and provide a good 
coaptation point for the anterior leaflet. Because some of these 
leaflets may be as high as 3 to 4 cm, if the height of the leaf-
let is not shortened significantly, SAM is highly likely. While 
performing the leaflet advancement, imbrication of PML seg-
ment areas may also be effective if there is focal enlargement at 
a particular area of the leaflet. This simplifies the surgical tech-
nique, reduces operative time, and achieves the same result. 
Multiple interrupted mattress sutures may be used.

Commissural Prolapse
As the most straightforward example of pathologic valve pro-
lapse, chordal rupture or elongation at the anteriorlateral or 

A

B

C

D

E

FIGURE 35-10 The fold-over leaflet advancement. Performed for a prolapsed and flail P2 segment here, the fold-over advancement accom-
plished the same goals as the classic sliding valvuloplasty, but with simpler surgical techniques. After resection of the flail P2 segment (B), the 
cut edges of each side of the resulting gap are sewn to the annulus as they are “folded down.” This is done for each side of the gap for half of the 
original height of each side. The top halves are then sewn together (E). The result is that the leaflet gap is eliminated and the height of the leaflet 
reduced.
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808 Part V Mitral Valve Disease

posteriormedial commissure provides the surgeon with the 
most obvious strategy of repair. Many surgeons still recom-
mend resection of this area, but commissuroplasty is by far the 
most simple, direct, and efficient way to handle this particular 
problem. The prolapsed area is obliterated by one to three poly-
propylene mattress stitches (Fig. 35-11), eliminating the regur-
gitation at that point. A small obliteration of this area at A1 
and P1 or A3 and P3 will not make any significant difference 
in the overall cross-sectional area of the mitral valve, so mitral 
stenosis is of no concern with this technique. Several other 
reports62,63 have also documented this technique as an effective 
and long-lasting method to treat commissural prolapse.

Anterior Leaflet Prolapse
Though uncommon, true prolapse of the anterior leaflet engen-
ders significant concern to surgeons because such pathology 
is associated with less successful long-term repair results than 
posterior leaflet pathology.64 The height of the chordae under-
lying the anterior leaflet must be assessed and chords may be 
grossly elongated or ruptured and make the AML flail. This 

problem may be addressed by a variety of techniques and the 
long-term follow-up on many of these techniques has been 
quite promising. There are four basic techniques to repair true 
prolapse of the anterior leaflet. They are (1) reduction of the 
chordal height by implantation techniques; (2) artificial PTFE 
chordae; (3) chordal transfer from the posterior to anterior 
leaflet; and (4) the edge-to-edge technique.

Resection of the Anterior Leaflet
It has been well established that the body of the anterior leaf-
let should be treated with great respect, and preservation of 
AML tissue is important. Resections can be carried out, but 
only as a small triangular resection for ruptured chords to 
reduce the bulk of a large anterior leaflet.81 For anterior mitral 
valve prolapse associated with idiopathic hypertrophic sub-
aortic stenosis, or as an alternative technique for reduction of 
the AML height, creation of a longitudinal periannular ante-
rior leaflet resection with reconstruction of the leaflet has also 
been advocated to reduce the height of the anterior leaflet 
with some success.82,83

A

B

C

FIGURE 35-11 Commissuroplasty. Simple horizontal mattress stitches placed in the ruptured commissure eliminate regurgitation without need 
for further leaflet resection, even with ruptured chordae.
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 Chapter 35 Mitral Valve Repair 809

Chordal Shortening by Implantation 
into Papillary Muscles
One of the first techniques developed by Carpentier10 of 
chordal shortening involves incising the papillary muscle, 
placing the redundant anterior leaflet chords within the 
muscle, and then sewing the papillary muscle over the chord, 
thus entrapping the chordae and shortening it (Fig. 35-12). 
This is a simple technique, but it has gone out of favor, as 
reports by Cosgrove and coworkers65 have demonstrated 
that additional chordal ruptures may occur after use of this 
technique. They postulate that the potential sawing action 
of the papillary muscle on the buried chord is the cause. 
Other techniques of this type include papillary muscle 
repositioning66 and chordal plication and free-edge (AML) 
remodeling.67

Chordal Transfer
The third technique for true anterior prolapse is chordal 
transfer from the posterior leaflet to the anterior leaflet. This 

A

B

C

D

FIGURE 35-12 Anterior leaflet chordal shortening. The papillary 
muscle is incised and the redundant chord folded into it. The excess 
chord is held in place with pledgeted sutures.

was originally described by Carpentier10 and has been popu-
larized by the Cleveland Clinic65 and Duran and cowork-
ers.72 Figure 35-13 illustrates the operative steps. A resection 
of the flail chordae of the anterior leaflet is carried out, and 
an adjacent segment of the posterior leaflet is then resected 
from the posterior leaflet and then transferred to the gap 
produced by the anterior leaflet resection. This technique has 
had reportedly good long-term results, but may involve both 
leaflets when only single leaflet pathology exists.73

Edge-to-Edge Technique
The edge-to-edge repair is a technique in which the anterior 
leaflet and posterior leaflet are sewn together at the coapta-
tion line, producing a double-orifice mitral valve.74 This has 
gained considerable popularity and even percutaneous inter-
ventional attempts to emulate this surgical maneuver are 
being pursued.75 Developed by Alfieri and coworkers,76 their 
theory is that with Barlow syndrome or truly redundant ante-
rior leaflets, apposition of the midportion of the anterior leaf-
let to the midportion of the posterior leaflet will prevent the 
elevation of the anterior leaflet above the level of the posterior 
leaflet, thus eliminating mitral regurgitation. This technique 
greatly simplifies the repair of the true bileaflet prolapse and 
has been adopted as standard therapy for AML pathology by 
several groups, especially in those patients with a high prob-
ability of postrepair SAM. In particular, with anterior leaf-
let chordal rupture or marked elongation of the chordae to 
the anterior leaflet, repair consists of a single stitch carefully 
placed.

Figure 35-14 illustrates our technique. A figure-of-eight 
braided polyester suture is placed at the apposition points 
of the anterior and the posterior leaflet. We use this stronger 
suture, because there have been reports of the more com-
monly used polypropylene sutures rupturing. An important 
point of the surgical technique is our strong belief that the 
stitch should be placed only with myxomatous valves, so 
as to avoid producing mitral stenosis as has been the case 
with ischemic MR.77 To ensure the adequacy of each ori-
fice created by the edge-to-edge technique, we also mea-
sure the diameter of each orifice and confirm that it is at 
least 2 cm in diameter. If the orifices are less than 2 cm in 
diameter, the technique is abandoned. This technique is a 
very valuable adjunct in patients who have the potential 
for SAM of the mitral valve.78,79 In fact, prevention of SAM 
may be the best utilization of this technique at present. In 
our small series of 20 patients with SAM potential, all were 
treated and SAM was prevented in all patients. A competent 
mitral valve was maintained in all at 8 years postoperatively 
without mitral stenosis.78

Medium-term results of this surgical maneuver are satis-
factory and compatible with all other commonly used repair 
techniques, according to studies by Alfieri and coworkers,76,80 
but there have been no comparative, prospective, random-
ized studies comparing the classic repair techniques to this 
approach in the long term.
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810 Part V Mitral Valve Disease

Artificial Chordae
The mitral subvalvular apparatus is a sophisticated structure 
that couples intact mitral valve function with support of left 
ventricular function. Mitral valve replacement, naturally, elimi-
nates this important and fine connection. The use of artificial 
chords during mitral valve repair procedures, while “respecting 
rather than resecting” the mitral leaflets tissue, has the poten-
tial of restoring mitral valve anatomy and function. The goal of 
performing a repair while using neochords is to eliminate any 
regurgitation get, while preserving both leaflets and keeping the 
mitral annular symmetry. The use of artificial chordae for mitral 
valve repair, dates back to the 1960s, and during the evolution of 

this technique, a number of materials were used as artificial chor-
dae, including silk and nylon. Today, most, if not all surgeons, 
use expanded polytetraflouroethylene (ePTFE) chords, and this 
technique is perhaps the most popular current technique for 
AML pathology. Originally described by Frater and Zussa,68,69 
this technique has grown in popularity over the past several 
years.64,70 Lawrie59 has also recently reported excellent results in 
applying PTFE neochords for the anterior and posterior leaflet 
repair. Duran has devised a method for more precise measure-
ment of the correct height for these new chordal structures.70 
This technique (Fig. 35-15) involves a number of technical steps 
to establish a path for successful repair.

1. Attachment to the papillary muscle
2. Attachment to the leaflet
3. Length adjustment
4. Tighing of the PTFE neochord, before or after insertion 

of an annuloplasty ring.

We usually place a mattress suture with a pledget on the 
papillary muscle to which the redundant or ruptured chord 
has been attached. The two ends of the double-armed PTFE 
are then brought up through the edge of the leaflet that needs 
to be lowered. The critical part of this technique is determin-
ing the degree to which the leaflet is lowered and hence how 
tightly the stitch is tied down. This is determined by ascertain-
ing the optimal position of the two leaflets in systole. Both the 
anterior and posterior leaflets should be in apposition at this 
point, and thus the leaflet’s height in systole should be the 
level to which the chords are adjusted. We have used tenting 
of the posterior leaflet as our guide while carefully tying down 
the chord (Fig. 35-15B). Other techniques describe using 
multiple loops (David technique), using a fixed length loop 

FIGURE 35-13 Chordal transfer. For an isolated flail anterior leaflet segment, first the prolapsed section of anterior leaflet is resected. An adjoin-
ing section of posterior leaflet is then resected and transposed over to the gap created by the anterior resection.

A

B

FIGURE 35-14 Edge-to-edge technique. The technique involves 
a braided polyester figure-of-eight stitch at apposition of A2  
and P2.
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technique using a caliper (von Oppell and Mohr), using a 
fixed length loop technique without using a caliper (Mande-
gar). Tam described a modification of the loop technique that 
involves only a single pass through the papillary muscle.

Whatever the technique employed, the end result should be 
that the anterior leaflet now coapts at the same level as the pos-
terior leaflet with left ventricular contraction. Some surgeons 
advocate neo chordae, as opposed to leaflet resection, as the 
repair technique of choice for leaflet prolapse.61

Long-term histology results of neochord placement dem-
onstrate that ePTFE neochords become covered with fibrous 
tissue as described by Bortolotti et al93 This is consistent with 
our own experience demonstrated by Fig. 35-16.

SPECIAL PROBLEMS AND 
CONSIDERATIONS
The Calcified Annulus
Calcification, particularly of the posterior annulus, is a com-
plicating aspect of mitral valve repair. Calcification makes 
repair more difficult, as stitches are more difficult to place 
and the risk of paravalvular leak is increased. Severe annular 
calcification, however, does not necessarily rule out an effec-
tive mitral valve repair. Partial or total removal of the calcified 

bar may be done safely. Carpentier has promulgated removal 
of the entire calcified bar in radical fashion, which in essence 
partially detaches the LV from the left atrium.84 Partial and 
selective calcification removal may also be quite effective and 
potentially safer.85 Partial removal of calcium with leaflet 
advancement can be performed without the need for a radical 
debridement in many patients. Only the amount of calcium 
should be removed that allows adequate stitch placement and 
leaflet and annular flexibility. Obviously, calcification of the 
chordae or a substantial part of the leaflet tissue is a poor prog-
nostic factor for long-term freedom from valve repair, and an 
extensively calcified valve usually indicates valve replacement.

Systolic Anterior Motion 
of the Mitral Valve
As mentioned above, persistent SAM of the anterior leaflet is 
an adverse outcome after valve repair. In this condition, the 
anterior leaflet obstructs the LVOT. Clearly, increased redun-
dancy of leaflet tissue is a risk factor with a small annuloplasty 
ring. After repair, if the line of leaflet coaptation is displaced 
anteriorly, then the anterior leaflet will be displaced into the 
LVOT and cause LVOT obstruction.86,87 The etiology is usu-
ally inadequate reduction of the height of the posterior leaflet, 
which then pushes the anterior leaflet into the LVOT. SAM 

A

B

FIGURE 35-15 Artificial PTFE chords for the anterior leaflet. (A) Pledgeted PTFE stitches are placed through a papillary muscle and brought 
through the leading edge of the anterior leaflet. Using the tented-up posterior leaflet (B), the correct length of artificial chord is created.
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812 Part V Mitral Valve Disease

is particularly prevalent in patients with true bileaflet pro-
lapse or those with extremely enlarged anterior leaflets. Thus, 
the PML height reduction has to be meticulously carried out, 
and in myxomatous valve disease, an upsizing rather than a 
downsizing of the mitral valve annuloplasty ring should be 
done. As indicated above, if the anterior leaflet is supported 
by a relatively small annulus, the anterior leaflet will not 
spread out and instead will appear to have redundant tissue 
above the correct plane of coaptation, predisposing to SAM.78

Several investigators have looked at the potential echocar-
diographic risk factors for SAM. Echocardiographic details 
that are associated with a high risk of SAM include proximity 
of the mitral valve coaptation point to the interventricular 
septum, as well as asymmetry between the anterior and pos-
terior leaflets. If the posterior leaflet is relatively large with 
respect to the anterior leaflet, then SAM is potentiated. If the 
medial portion of A2 is larger than the medial portion of A2, 
then SAM is also potentiated. We look for this information 
before surgery and take such data into account as the repair 
strategy is finalized in the operating room.78,79

If the probability is high that SAM will occur, our practice 
is to use the Alfieri edge-to-edge technique to reduce such 
a risk after lowering the height of the posterior leaflet.78 By 
forcing the coaptation line to be correct with a single stitch 
in the situation of high SAM probability, the probability of 

SAM is reduced. Another strategy to consider in this circum-
stance is implantation of PTFE anterior chordae to lower the 
AML. That will reduce the height of the anterior leaflet, and 
thus further reduce the potential of SAM. In our own experi-
ence long-term competency is maintained in this group.

If SAM appears by TEE following what appears to be an 
excellent repair, filling the LV with fluid volume postcardio-
pulmonary bypass will relieve SAM in approximately 90% of 
patients. In rare circumstances, if an adequate reduction of 
the posterior leaflet has not been carried out, more posterior 
leaflet may have to be resected or the ring size increased. The 
most common alternative in our clinic is the edge-to-edge 
technique, as mentioned above, for situations where postre-
pair SAM still exists despite all techniques to reduce it.78

Remodeling Ring Annuloplasty
Remodeling the annulus by ring annuloplasty after mitral 
valve repair is essential to a complete and long-lasting repair. 
The remodeling concept, promulgated by Carpentier18 and 
Duran54 is that the distorted mitral annulus requires restor-
ative structural support. There is debate on which type of ring 
should be used for remodeling: rigid or soft, complete or par-
tial? It is probably not critical which type of ring is used for 
myxomatous valve degeneration as long as there is a relative 

A

C

B

D

FIGURE 35-16 (A and B) Gross anatomy of an excised anterior mitral leaflet 3 years after neochordae implantation. (C) H&E stain of a neo 
chordae cross section. (D) Giemsa stain of the same cross section.
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 Chapter 35 Mitral Valve Repair 813

upsizing of the ring and a secure attachment to the trigone 
area of the anterior mitral leaflet. There is some evidence to 
suggest that flexible rings may incur less possibility of SAM 
and that partial rings are safer with respect to SAM.88 As none 
of this has been studied in a prospective randomized fashion, 
these opinions will continue to exist. Though we prefer the 
Cosgrove ring for mitral valve prolapse, our belief based on 
over 2000 mitral valve repairs is that the existing evidence 
is not compelling for any particular ring, and that the type 
of ring implanted is far less important than a correctly per-
formed operation and appropriate sizing of the ring.

The technical aspects of ring implantation are important 
to avoid circumflex artery compromise, atrioventricular dis-
sociation, or dehiscence of the ring. Implantation of currently 
available annuloplasty rings requires the placement of mat-
tress sutures, parallel to the annulus, at the junction of the 
posterior leaflet and the annulus. Radially oriented bites are 
to be avoided because by definition they exert radial stresses 
and thus will pull to some extent on the circumflex artery. 
Bites should be deep with the needle entering the annulus, 
then into the left ventricular cavity, and then coming out on 
the atrial side again. Of paramount importance is the require-
ment that the plane of the needle bite should be orthogonal 
to the annular plane. If this is done, it is impossible for the 
stitch to impinge or distort the circumflex artery. That is why 
such bites may be made deep. Wide bites are taken such that 
there is not an excess number of a suture. A partial mitral ring 
should require approximately 9 to 15 sutures depending on 
the size of the annulus. The sutures are not pledgeted unless 
there is extreme fragility of the annular structures. Annular 

integrity will of course depend on the pathology. Sutures are 
then passed through the fabric part of the ring. The central 
stabilizer frame is kept in place to maintain the ring shape 
while the sutures are tied down, thus preventing crimping of 
the cloth rings in the nonrigid or semirigid rings.

In the past decades, more than 40 mitral valve annulo-
plasty rings of various shapes and consistency were marketed 
for MR, although the effect of ring type on clinical outcome 
remains unclear. Until demonstrated otherwise, surgeons 
may choose their ring upon their judgment, tailored to spe-
cific patient needs.

Sizing is the most important aspect of ring placement. We 
believe that slight oversizing of the ring in myxomatous degen-
erated disease is appropriate. This corrects for the degenera-
tive annulus that is functionally too small. Sizing is typically 
done by two techniques. Placement of aortic trigonal stitches 
(Fig. 35-17) allows for measurement of the intertrigonal dis-
tance. Many ring-sizing devices have notches on the rings to 
facilitate this. Except in rheumatic disease, we do not rely on 
this measurement. In myxomatous disease, the height of the 
anterior leaflet from the annulus to the highest point on the 
leaflet when it is stretched is the most important criterion for 
sizing, a concept originally espoused by Carpentier.10 This 
height of the leaflet is the critical dimension that must be care-
fully measured so that during systole there is minimal redun-
dancy that may lead to SAM. Using trigonal sizing may, in fact, 
downsize the ring and cause either SAM or ring dehiscence 
because of the huge disparity between ring size and annulus 
size. In our re-repair series, either improved sizing or plac-
ing the ring below the commissures were the most common 

A

B

FIGURE 35-17 Ring annuloplasty sizing and insertion. The ring for degenerative disease should be slightly oversized. Sizing should be done 
to match the height of the anterior leaflet, not the distance between the trigones or commissures. Nine to 11 mattress sutures are usually needed.
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814 Part V Mitral Valve Disease

remedies.89 Therefore, using the sizer to evaluate anterior leaflet 
size is the most critical maneuver. Echocardiographic dimen-
sions of the anterior leaflet correlate well with in vivo sizing, 
and calculating the anterior leaflet size by standard echocar-
diogram techniques is performed in every case. Deployment of 
a ring matching the anterior leaflet size in our experience has 
been most efficacious and has rarely led to SAM.78

Results
Based on long-term studies, the probability of a durable 
mitral valve repair at 10 years is greater than 90%.42,53,56,64,90 
Thromboembolic incidence is also exceedingly low; long-
term anticoagulation is not required unless patients are in 
atrial fibrillation. Recently, we reviewed our personal opera-
tive experience (LHC) over four decades of mitral valve 
surgery.91 This study has confirmed many commonly believed 
relationships between the etiology of MR and the durability 
of mitral valve repair. Etiology of regurgitation was noted to 
be the primary determinant of repair longevity and freedom 
from reoperation. Although repair of rheumatic disease was 
noted to ultimately require reoperation, myxomatous repair 
resulted in outstanding long-term freedom from recurrent 
MR and reoperation (Fig. 35-18).
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After recovery from an initial episode of rheumatic fever, 
approximately 60 to 65% of patients will develop heart valve 
disease (rheumatic heart disease, RHD) and possibly second-
ary conditions such as atrial fibrillation, endocarditis, and 
heart failure.1 Rheumatic heart disease is one of the leading 
noncommunicable diseases in developing countries with a 
global prevalence of up to 19.6 million in 2005 and an inci-
dence of 282,000 new cases per year.2

In Western countries, economic and sociopolitical changes 
together with prophylactic initiatives led by the American 
Heart Association and the World Heart Federation con-
tributed to eliminate rheumatic fever by the 1980s (current 
prevalence in the United States is 0.05/1000). Much of the 
morbidity and mortality due to RHD has been proven to 
be effectively prevented by secondary prophylaxis includ-
ing long-acting penicillin, oral anticoagulants, and surgical 
interventions.3 However, the costs of prophylaxis continue to 
burden low-income and middle-income countries as well as 
certain concentered populations of higher-income countries 
(demographic shifts due to immigration).4 In this context, 
an estimated of up to 468,164 patients die each year from 
RHD and or its clinical complications. Interestingly, recent 

echocardiographic data have shown that the true prevalence 
of the disease is significantly higher than the current global 
estimate if we take into consideration subclinical RHD.5

Rheumatic heart disease is unarguably the most com-
mon cardiovascular disease among individuals aged <25 years 
worldwide, and has a peak age group of 25 to 35 years (female 
predominance) in developing countries6 (Fig. 36-1). Con-
versely, patients with RHD in industrialized countries are 
either old (mostly above 50 years of age) or young immigrants. 
In this setting, the mitral valve is affected in 50% of patients 
and results in mitral regurgitation, mitral stenosis, or both.7 
In younger patients, mitral regurgitation is predominant, but 
mitral stenosis becomes more prevalent with age and calci-
fication of tissues. Regurgitant mitral valves are edematous 
with fibrotic thickening, and annular dilatation and anterior 
leaflet pseudoprolapse are often seen, whereas stenotic mitral 
valves present with stiff, nonpliable, and severely restricted 
leaflets, fusion of the subvalvular apparatus and commissures 
and often annular calcification8 (Fig. 36-2). Clinical assess-
ment and two-dimensional echocardiography are paramount 
to detect and assess mitral stenosis, particularly in asymptom-
atic patients.9

Mitral Valve Repair: 
Rheumatic
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The REMEDY Study
Distribution of participants by age and genger
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FIGURE 36-1 Age and gender distribution of 3339 children and adults with rheumatic heart disease form the REMEDY study. ((Adapted with 
permission from Zühlke L, Engel ME, Karthikeyan G, et al: Characteristics, complications, and gaps in evidence-based interventions in rheumatic 
heart disease: the Global Rheumatic Heart Disease Registry (the REMEDY study), Eur Heart J. 2015 May 7;36(18):1115-1122a.)
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Rheumatic mitral valve disease

VALVE EXPOSURE VALVE ANALYSIS

Develop Sondergaard’s groove
Curvilinear left atrial incision
Specialized mitral retractor

Assess availability of leaflet tissue
Assess lesions (jets and calcium)

Proceed with saline test

Leaflet thickening
Leaflet restriction

Commissural thickening
Commissural fusion

Chordal fusion
Chordal retraction

Grade I

Grade II

Grade III

FIGURE 36-2 Analysis for patients with rheumatic mitral valve disease. Valve exposure and analysis are considered part of the repair due to their 
impact in achieving optimal surgical outcomes. The most common lesions encountered are commissural thickening and fusion, leaflet restriction 
and retraction, and chordal fusion and retraction.

PATHOPHYSIOLOGICAL 
IMPLICATIONS
The main consequence of RHD and more particularly rheu-
matic mitral valve disease (RMVD) is mitral stenosis.10 This 
circumstance results in an increase of diastolic gradients across 
the mitral valve with invariable measurements of the mitral 
area due to moderate-to-severe commissural fusion. From a 
hemodynamic standpoint, transvalvular flow and heart rate 

are considered to play an important role in the perioperative 
management of patients with RMVD.11 Mean mitral gradi-
ent increases in parallel with cardiac output (importance of 
atrial contraction) or with fast heart rates.

Increasing mitral gradients trigger left atrium enlargement 
due to chronic escalating left atrial pressures. This in turn 
favors the occurrence of atrial fibrillation leading to annu-
lar dilatation and thrombus formation. The logical rise in 
pulmonary artery pressure leads to pulmonary hypertension 
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 Chapter 36 Mitral Valve Repair: Rheumatic 819

and late in the course to right ventricular hypertrophy, right 
ventricular dilatation, secondary tricuspid regurgitation and 
eventually right ventricular dysfunction (inherent surgical 
risk). This is important to understand why patients undergo-
ing mitral valve repair often receive adjuvant tricuspid valve 
repair and a Maze procedure.12 Finally, it is important to 
emphasize on the role of rhythm control therapies and cen-
tral vasodilators during the preoperative period and medical 
optimization for surgery.

SURGICAL CONSIDERATIONS
Although mitral stenosis was the first mitral valve dysfunction 
treated surgically (Elliot Carr Cutler performed a closed trans-
ventricular mitral commissurotomy with a cardiovalvulotome 
in 1923), nowadays most of the patients with mitral valve 
stenosis receive a percutaneous balloon valvuloplasty unless 
the lesions are not amenable to balloon dilatation (or there is 
a high risk of embolic events), there is concomitant regurgita-
tion, or a previous balloon valvuloplasty has failed.13 When 
surgery is indicated, mitral valve repair is always preferred to 
mitral valve replacement due to lower perioperative mortality 
rates,14,15 superior preservation of left ventricular function,16 
lower thromboembolic complications17 and risk of endocar-
ditis (critical in patients with deficient socio-economic condi-
tions), and greater long-term durability.18 This is particularly 
important in young patients. However, although repair rates 
have been shown to be near a 100% in prolapsing valves or 
patients with isolated annular dilatation, repair techniques 
are feasible in only 50 to 75% of patients with RMVD (per-
centage varies according to age, leaflet dysfunction and degree 
of calcification).19,20 This difference is attributable to the vast 
spectrum of lesion complexity found in patient with RHD 
and therefore the need for more complex surgical techniques 
that often cannot guarantee long-term durability. In addition, 
when deciding about repair versus replacement, the evoluting 
nature of the rheumatic process, which implies a progressive 
distortion of the subvalvular apparatus even beyond a suc-
cessful repair, needs to be part of the equation. In this con-
text, it is crucial to distinguish between the lesions in patients 
from developing countries (the histological rheumatic process 
is active) and that of patients from industrialized countries 
were the process is controlled.

From a strictly technical point of view, several aspects have 
recently transformed the field of mitral valve repair in patients 
with RMVD. The first one is introduction of polytetrafluo-
roethylene neochordoplasty to either replace diseased chords 
or reinforce leaflet segments which has significantly impacted 
surgical outcomes.21 Neochordoplasty has actually replaced 
many of the subvalvular techniques originally described 
and promoted by Carpentier such as chordal shortening, 
chordal transfer, or papillary muscle reposition.22 Addition-
ally, although leaflet extension is not a new technique,23 the 
relatively recent introduction of gluteraldehyde-fixed peri-
cardium has avoided shrinkage, thickening and calcification 
of the autologous pericardium potentially leading to more 
durable results.24

Type I Dysfunction
Two mechanisms may lead to type I dysfunction25 in patients 
with RHD. The first one is rapid left ventricular dilatation 
and subsequent mitral annular dilatation due to pancarditis 
(early stages), which often impacts left ventricular contractil-
ity due to an acute inflammatory reaction (myocarditis). The 
second mechanism is annular dilatation secondary to chronic 
atrial fibrillation. Atrial fibrillation (very common in patients 
with RHD) impairs atrial contraction thus increasing left 
atrial pressures. This in turn results in left atrial dilatation and 
pure mitral annular dilatation.

Type II Dysfunction
The most frequent lesions encountered leading to type II 
dysfunction25 are true prolapse and pseudoprolapse of the 
anterior leaflet. In the setting of true prolapse of the ante-
rior leaflet, the leaflet overrides the coaptation plane during 
systole resulting in mitral regurgitation. Causes of true ante-
rior prolapse in patients with RMVD include elongation or 
rupture (secondary to an acute inflammatory reaction) of the 
chordae tendinae or papillary muscles, or secondary rupture 
caused by bacterial endocarditis (facilitated and exacerbated 
by a dysfunctional rheumatic valve as occurs in patients with 
severe underlying degenerative mitral valve disease).

In the setting of anterior leaflet pseudoprolapse, as 
opposed to true anterior leaflet prolapse, the anterior leaf-
let does not override the plane of coaptation during systole 
(minor prolapse of the free edge of A2 due to distention and 
posterolateral displacement of the paramedical chordae). This 
lesion is often found in patients with opposing dysfunction, 
this being a combination of type IIIb dysfunction of the pos-
terior leaflet (restricted motion) and consequent anterior leaf-
let pseudoprolapse (also known as type IIa/IIIp). In this case, 
mitral regurgitation is secondary to the lack of coaptation 
between the anterior and the posterior leaflets, which permits 
full unfolding of the anterior leaflet (there is no coaptation 
surface against the posterior leaflet) without overriding the 
plane of coaptation or annular plane.

Type III Dysfunction
Type III is the most frequent dysfunction25 in patients with 
RMVD. In the early stages of rheumatic valve involvement, 
mild degrees of leaflet fibrosis (incipient symmetric bileaflet 
restriction) might create mild mitral regurgitation and very 
subtle hemodynamic changes. Moreover, mitral regurgitation 
at this stage might be often aggravated by certain degree of 
annular dilatation. When the inflammatory process induces a 
more significant fibrotic reaction both leaflets present greater 
degrees of restricted motion with important hemodynamic 
consequences. This circumstance might certainly impede leaf-
let coaptation in systole leading to severe mitral regurgitation. 
However, in this setting, the more advanced fibrotic thicken-
ing of both leaflets as well as the fusion of both commissures 
and the subvalvular apparatus also impedes leaflet opening in 
diastole resulting in mitral stenosis. When restricted motion 
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820 Part V Mitral Valve Disease

mainly affects valve opening during diastole owing to isolated 
commissural fusion or further rheumatic changes pure mitral 
stenosis is predominant.

MITRAL VALVE REPAIR TECHNIQUES
The use of a prosthetic-ring or prosthetic-band annuloplasty 
is currently a standard technique in all patients receiving 
mitral valve repair (obviously pediatric patients are an excep-
tion requiring biodegradable or pericardial rings or bands) 
regardless of the etiology of mitral valve disease.26 Except in 
rare cases of pure mitral stenosis (with preserved ventricu-
lar function and mild atrial enlargement and therefore no 
secondary annular deformation), annular dilatation is pres-
ent in the majority of patients with RMVD and mandate 
correction with a prosthesis size based on the surface of the 
anterior leaflet or on the intertrigonal distance (any discrep-
ancy between two sizes should lead the surgeon to choose 
the larger size always). The use of ring annuloplasty has been 
shown to reduce the incidence of both mitral and tricuspid 
regurgitation (and subsequent reoperations) in patients with 
RMVD. In the setting of pure mitral stenosis with obvious 
annular dilatation, ring annuloplasty contributes to prevent 
commissural leaks by providing better surface of coaptation 
between both leaflets (commissurotomy might result in valve 
regurgitation in the presence of severe annular dilatation).

Commissurotomy
Commissural fibrosis and fusion leading to mitral valve stenosis 
is by far the most frequent lesion encountered in patients with 
RMVD. According to the severity of commissural fusion, three 
categories have been described: Grade I—partial fusion of the 
commissures with chordal preservation; Grade II—complete 
fusion of the commissure with preserved delineation between 
the anterior and the posterior leaflets; and Grade III—complete 
fusion of the commissures with absence of leaflet delineation 
and calcium deposition (Fig. 36-2).

Commissural fusion is treated by a commissurotomy 
(Fig. 36-3). Traction of the anterior leaflet with a nerve hook 
helps to identify the commissural line that delineates anterior 
and posterior leaflets. Subsequently, using a #11 blade, an 
incision is made about 5 mm from the annulus (preservation 
of tissue equivalent to a commissural leaflet) and extended 
towards the mitral orifice. The incision is then discontinued 
about 5 mm from the orifice and the commissural chordae 
are identified and isolated with a nerve hook. The incision 
is then carried down to the head of the papillary muscle 
(leaving chordae on each side of the defect) thus creating a 
subcommissural orifice (the papillary muscle splitting can be 
further completed by a fenestration). In cases of severe com-
missural fusion (where an aggressive commissurotomy and 
debridement might be required), cases of concomitant exces-
sive annular dilatation, or in the setting of acute bacterial 

A B

C D

FIGURE 36-3 Commissurotomy. Commisural fusion (A) traction of the anterior leaflet with a nerve hook helps to identify the commissural line 
that delineates anterior and posterior leaflets (B) using a #11 blade, an incision is made about 5 mm from the annulus and carried down to the head 
of the papillary muscle (C) Chordae are preserved on each side of the defect creating a subcommissural orifice (D). (Adapted with permission from 
Carpentier A, Adams DH, Filsoufi F: Carpentier’s Reconstructive Valve Surgery. St. Louis: Saunders/Elsevier; 2010.)
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 Chapter 36 Mitral Valve Repair: Rheumatic 821

endocarditis (additional commissural destruction and pro-
lapse), commissural resuspension or reconstruction might be 
necessary (Fig. 36-4). This is best accomplished with a “magic 
suture” or commisuroplasty (4-0 polypropylene sutures).

Leaflet Resuspension (Subvalvular 
Techniques)
Leaflet mobilization and resuspension is achieved with subval-
vular techniques, mainly chordal resection and fenestration. In 
dramatic cases of excessive fibrosis and fusion of the subvalvular 
apparatus, splitting of the papillary muscle as well as resection 
of marginal chords and subsequent replacement (neochordo-
plasty) are considered valid repair options (Fig. 36-5).

Identification of secondary chordae is critical to achieve 
leaflet mobilization without inducing leaflet prolapse. 

The secondary chordae to be resected should be identified and 
isolated with a nerve hook. The attachment to the papillary 
muscle is usually cut first (easier visualization) to subsequently 
expose the leaflet attachment by gentle traction. In severe 
cases (rarely amenable to repair), marginal chordae can be also 
resected as long as there is one marginal chordae every 4 mm 
to support the free edge of the leaflet. If this axiom is not pos-
sible, chordal replacement with polytetrafluoroethylene artifi-
cial chordae (neochordoplasty) is required (the use of artificial 
chordae has displaced classic techniques such as chordal trans-
fer or chordal transposition in advanced disease). Fused mar-
ginal chordae contributing to subvalvular obstruction are not 
resected but fenestrated. Fenestration is usually carried down 
thus spilling the corresponding papillary muscle.

Finding a healthy chord in the setting of RMVD might be 
more than challenging, therefore techniques such as chordal 

FIGURE 36-4 Carpentier’s commissuroplasty “magic suture” (top). Commissural resuspension with a CV-5 double-armed polytetrafluoroeth-
ylene suture (bottom).
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822 Part V Mitral Valve Disease

transfer, chordal transposition or the posterior leaflet flip have 
been abandoned. The alternative is polytetrafluoroethylene 
neochordoplasty (and variants such as the loop technique or 
the loop in loop technique), which has been increasingly used 
in mitral valve repair. A CV-5 double-armed polytetrafluoro-
ethylene suture is passed and looped through the fibrous tip 

of the papillary muscle. Next, the two ends of the artificial 
chord are passed through the leaflet margin (approximately 
with a 3-mm distance between them) and a two slip knots are 
tied (Fig. 36-4). After functional adjustment (insufflation of 
saline test after remodeling annuloplasty to assess the plane of 
coaptation and chordal height), a minimum of six knots are 
then completed to secure the new chord.

Leaflet Augmentation with a 
Gluteraldehyde-fixed Autologous 
Pericardial Patch
Although leaflet augmentation with autologous pericar-
dium was introduced in the 1960s,23 optimal results were 
not achieved until the late 1980s due to the introduction of 
gluteraldehyde fixation. Briefly, a piece of autologous peri-
cardium (approximately 5 cm × 5 cm) is freed from adhe-
sions, unfolded onto cardboard (secured with clips), and 
immersed in 0.625% buffered gluteraldehyde solution for 
10 minutes. Subsequently, the patch is rinsed in saline for 10 
to 15 minutes (some authors recommend different baths of 
5 minutes each).27 Fixation prevents shrinkage (stabilizes col-
lagen cross-linkages), reduces tissue antigenicity, and mini-
mizes enzymatic degradation and cell viability (avoidance of 
calcification and fibrosis).

Leaflet augmentation, most commonly of the posterior 
leaflet (depending on the type and extent of lesions), is per-
formed to increase leaflet surface area in patients with type IIIa 
dysfunction and severe leaflet retraction (when mobilization 
cannot be achieved with subvalvular techniques) or to replace 
leaflet segments where severe calcification has led to a signifi-
cant defect after resection that cannot be closed primarily. 
Before proceeding with leaflet augmentation, pliability of the 
anterior leaflet is assessed by pushing the anterior leaflet with 
a pair of forceps; if the leaflet rebounds into position then 
fibrosis probably precludes repair techniques (Fig. 36-2). The 
technique starts with placement of traction sutures in order 
to unfold the leaflet as much as possible (Fig. 36-6). Next, a 
transverse incision is made about 5 mm from and parallel to 
the annulus (the extent of the incision depends on the degree 
of leaflet retraction). All secondary chordae are then resected 

A B C

FIGURE 36-6 Posterior leaflet augmentation with a gluteraldehyde-fixed autologous pericardial patch. After placement of traction sutures, a 
transverse incision is made about 5 mm from and parallel to the annulus (A) secondary chordae are resected to free and resuspend the leaflet (B) A 
semilunar autologous pericardial patch is tailored to the leaflet defect adding a 2-mm margin for suturing (C) an oversized ring (one size larger) or 
classic ring is selected in order to fully accommodate the posterior leaflet.

FIGURE 36-5 Subvalvular techniques include resection fo second-
ary chords (top) and chordal fenestrationm (bottom).
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to free and resuspend the leaflet. Finally, a semilunar autolo-
gous pericardial patch is tailored to the leaflet defect adding 
a 2-mm margin for suturing. The height of the patch should 
provide a 15-20-mm posterior leaflet. The patch is then 
sutured using continuous 4-0 polypropylene sutures. Inter-
locked bites are used on the leaflet side to prevent a poten-
tial purse-string effect. An oversized ring (one size larger) is 
selected in order to fully accommodate the posterior leaflet.

Pericardial patch augmentation of the anterior leaflet is 
similar to that of the posterior leaflet with an only particular 
difference, the leaflet incision might be transverse or vertical 
(rare occasions) depending on the leaflet morphology. The 
resulting opening after incision will guide our decision about 
the size and shape of the corresponding patch.

Decalcification Techniques
The main goal before proceeding with mitral valve repair in 
patients with RMVD is ensuring (as much as possible) leaf-
let mobility and pliability. This is achieved with a multistep 
repair algorithm that should be tailored to every individual 
patient. The initial step is to interrogate the commissures and 
the subvalvular apparatus. Subsequently, if the leaflets are not 
pliable, decalcification techniques can be applied including 
leaflet shaving, leaflet peeling or leaflet (cuspal) thinning. The 
latter should be always performed in leaflet areas amenable 
to a potential patch augmentation (leaflet thinning may lead 
to secondary windsock deformity and perforation). Calci-
fied areas can be shaved off the leaflet and the annular hinge 
to facilitate leaflet excursion. Additionally, the thick fibrotic 
layer of tissue that accumulates on the atrial surface of the 
leaflet can be peeled off. Finally, if all these techniques do not 
compensate for leaflet retraction and scarring, leaflet exten-
sion is performed.

OUTCOMES
Mitral valve replacement has been traditionally considered 
as the predominant procedure for patients with RMVD, 

particularly if we take into account that unfortunately many 
patients with prolapsing valves (a mitral lesion with a near 
100% repair rate) still receive mitral valve replacement.28 
However, relatively recent sophistication in reconstructive 
techniques has contributed to the expansion of mitral valve 
repair, and this has had a potential impact on outcomes regard-
less of disease etiology.29 The most current series on rheumatic 
mitral valve repair reported an increment of the repair rate 
from 42 to 69% (within the same surgical group) in the last 
decade.30 This represents a great improvement in comparison 
with previous series which have reported repair rates around 
25% in experienced hands.31 However, the literature needs to 
be interpreted with meticulous caution. If one analyzes the 
study population in every large series, can see that those with 
lower repair rates include a significant larger percentage of 
patients with mitral stenosis (more complex lesions of uncer-
tain durability if repaired) and older patients (more likely to 
have subvalvular fibrosis and calcified lesions)32 (Table 36-1).

It is well known that repair for RMVD (particularly in 
the setting of pure or concomitant mitral stenosis) cannot be 
consistent.33 Regardless of geographical location and length 
of follow up, reoperation rates (when adjusted to survival) 
are higher in patients receiving mitral valve repair mainly 
due to fibrosis (particularly commissural) and calcification 
of the subvalvular apparatus and the disease progression.34 
Other authors have reported age and mitral regurgitation at 
the acute phase as significant factors for repair failure.35 The 
estimated failure rate of mitral valve repair in patients with 
RMVD is 2 to 5% per year (vs 1 to 2% per year in patients 
with degenerative mitral valve disease).30,36

There is scarce data comparing outcomes (particularly 
late outcomes) after mitral valve repair to those achieved 
with mitral valve replacement, especially in the adult popu-
lation. In this context, Shuhaiber et al conducted a system-
atic meta-analysis of clinical outcomes following surgical 
correction of mitral valve disease (including RMVD) and 
demonstrated consistent findings favoring a lower opera-
tive mortality in patients receiving mitral valve repair with 
the one exception of those patients with active RMVD (OR 

TABLE 36-1: Results of Mitral Valve Repair in Adult Patients with Rheumatic Mitral Valve Disease

Author 
(Reference) Year N Age I II III IIa/IIIp MS RR Mortality Survival Durability

Duran et al33 1994 537 32 ± 14 NA NA NA NA NA 57% 1% 90 ± 1% 81 ± 1% (R)
Yau et al31 2000 573 54 ± 14 NA NA NA NA 85% 25% 0.7% 88 ± 1% 72 ± 1% (R)
Choudhary et al36 2001 818 23 ± 11 6% 5% 88% 1% None NA 4.0% 93 ± 1% 52 ± 3% (E)
Chavaud et al34 2001 951 25 ± 18 7% 33% 36% 24% None NA 2.0% 89 ± 2% 82 ± 2% (R)
Kumar et al35 2006 898 22 ± 10 NA NA NA NA 54% NA 3.6% 92 ± 1% 81 ± 5% (R)
Kim et al32 2010 540 49 ± 11 NA NA NA NA 69% 23% 1.1% 86 ± 5% 97 ± 2% (R)
Yakub et al29 2013 627 32 ± 19 NA NA NA NA 13% 69% 2.4% 83 ± 4% 72 ± 5% (E)

Survival and durability are estimated up to 10 years.
The absence of RR (repair rate) indicates a report on a selected patient population (mitral valve repairs were selected only).
Mortality (of mitral valve repair); MS mitral stenosis (any degree of MS including combined MS and MR; RR repair rate; (R) reoperation; freedom from reoperation; 
(E) echocardiographic; freedom from > moderate MR.

Cohn_ch36_p0817-0824.indd   823 12/04/17   4:53 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



824 Part V Mitral Valve Disease

2.98, CI 95% 1.45 to 6.15).37 This is consistent with generic 
data from the Society of Thoracic Surgeons database where 
mortality after isolated mitral valve replacement regardless of 
the dysfunction is as high as 6 versus 1.6% in patients under-
going isolated mitral valve repair.15 In the classic study by Yau 
and associates from Toronto, operative mortality after risk 
adjustment was also reported to be worse in patients under-
going replacement (5.1 vs 0.7%).31 Overall, in large series from 
experienced centers, operative mortality for patients undergo-
ing rheumatic mitral valve repair ranges from 0.7 to 4.0%.
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Functional mitral regurgitation (FMR) is a complication of 
ischemic or dilated cardiomyopathy, occurring secondary 
to left ventricular (LV) geometrical distortion from tenting, 
inferobasilar migration, apical displacement, annular dilation 
and posterior leaflet restriction, and/or regional LV wall dys-
function. MR leads to a vicious cycle of LV volume overload, 
increased geometric distortion and progressive MR. FMR 
complicating congestive heart failure predicts a poor survival. 
Mitral surgery, to treat FMR has been undertaken with an 
acceptably low operative mortality. However, the exact MR 
surgery (repair or replacement) for which patient and what 
benefit, remains controversial.

Congestive heart failure is one of the world’s leading 
causes of morbidity and mortality. As our population ages, 
the number of patients suffering from end-stage heart fail-
ure will continue to rise. In the United States alone, there 
are nearly 7 million patients suffering from heart failure. In 
2012, heart failure “therapy” cost the United States over $50 
billion. This total includes health care services, medications, and 
lost productivity. Yet of the 700,000 new congestive heart fail-
ure (CHF) patients diagnosed each year, less than 3000 are 
offered transplantation due to limitations of age, comorbid 
conditions and donor availability. Even fewer are presently 
served with a mechanical assist device. One of the most com-
mon (up to 50% of patients) and serious problems in car-
diomyopathy is the development of functional or secondary 
mitral regurgitation. Functional mitral regurgitation (FMR), 
nonorganic mitral valve (MV) disease, may eventually affect 
almost all heart failure patients as a preterminal or terminal 
event.1 FMR is not caused by intrinsic disease of the valve, but 
by left ventricular (LV) remodeling, dilation, and dysfunction 
leading to geometric reconfiguration of the mitroventricu-
lar apparatus, including papillary muscle displacement and 
annular dilation. MV leaflets become tethered, with failure 
of anterior-posterior leaflet coaptation, resulting in symmet-
ric or asymmetric regurgitation.2,3 The progressive dilatation 
of the left ventricle initially gives rise to FMR that begets fur-
ther ventricular dilatation and more FMR. FMR is associated 
with poor quality of life and a reduction in long-term survival. 
Mitral surgery, while not addressing the underlying ventricular 

pathology, hopefully could interrupt this cycle of ventricular 
deterioration through the restoration of mitral competency.

BACKGROUND
It has been well documented that even small amounts of 
FMR are harmful in CHF patients. Grigioni et al4 showed 
that when FMR regurgitant volume was >30 ml the 5-year 
survival was <35% compared to 44% for a regurgitant vol-
umes of 1 to 29 ml and 61% for CHF patients with no MR. 
Bursi5 also examined the role of FMR and its impact in CHF. 
CHF patients (469) were followed for mortality according 
to severity of their FMR. Their 5-year survival was 83% in 
patients with no/1+ FMR, 64% in 2+, 58% in 3+, and 46% 
in 4 + (p < .0001). The association between FMR and Major 
Adverse Cardiac and Cerebrovascular Events (MACCE) was 
strong and independent in this propensity matched analysis. 
A further study6 denoted that among 303 patients post MI, 
ischemic MR was present in 194 (64%), and was a signifi-
cant independent predictor of long-term mortality (relative 
risk, RR [95% confidence interval, CI] = 1.88, p = .003).1 
Additionally, in a study from the Duke Cardiovascular Data-
bank,7 3-4+ FMR was present in 30% of 2057 HF patients 
with an left ventricular ejection fraction (LVEF) < 40%, and 
was an independent predictor of 5-year mortality (adjusted 
hazard ratio [95% CI] = 1.23).2 Lastly, the Mayo Clinic8 
looked at the prognostic implications of FMR in patients 
with advanced systolic CHF in a heart failure clinic. Of 558 
NYHA III-IV patients, those with at least moderate MR had 
a 5-year survival of only 27%. These studies demonstrate that 
FMR is not just a sign of advanced CHF, but an indepen-
dent determinant of CHF death. That FMR is bad for CHF 
patients is supported by many other studies that show that 
the severity of MR impacts quality of life, as well as survival. 
Furthermore, there is a strong association between the pres-
ence of ischemic FMR severity and heart failure hospitaliza-
tions. However, while the presence of FMR predicts a poor 
prognosis in patients with left ventricular dysfunction and 
heart failure, unfortunately, “proof” that correction of FMR 
improves prognosis remains elusive.

Surgery for Functional 
Mitral Regurgitation
Matthew A. Romano • Steven F. Bolling 
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826 Part V Mitral Valve Disease

Historically, the surgical approach to FMR was nonvalve 
sparing MV replacement, at a time when little was under-
stood of the interdependence of ventricular function and the 
annular-papillary muscle continuity. Consequently, patients 
with low EF who underwent MV replacement with removal 
of the subvalvular apparatus had prohibitively high mortality 
rates. As explanation the erroneous concept of a beneficial 
“pop-off” effect of FMR was conceived. This idea erroneously 
proposed that mitral incompetence provided low-pressure 
relief during systolic ejection for the failing ventricle, and 
that removal of this effect through mitral replacement was 
responsible for the perioperative deterioration of ventricular 
function. Consequently, MV replacement in patients with 
heart failure and FMR was discouraged.

FMR ANATOMY
A firm understanding of the anatomy of the MV is fundamen-
tal to the surgical management of FMR. The MV apparatus 
consists of the annulus, leaflets, chordae tendineae, and pap-
illary muscles as well as the entire left ventricle. These struc-
tures form a “closure cylinder” with the papillary musculature 
directly aligned beneath the annulus. Most importantly, the 
maintenance of chordal, annular, and subvalvular continuity 
is essential for the preservation of mitral geometric relation-
ships, as well as ventricular twist mechanics and systolic power. 
MR in heart failure is not primarily related to the valve but to 
ventricular pathology. The degree of LV distortion reflects the 
degree of MR. As the ventricle fails, progressive dilatation of 
the LV results in outward papillary muscle migration, altera-
tion of the closure cylinder, and thus loss of the zone of coapta-
tion (Fig. 37-1).

The end result of progressive FMR and global ventricu-
lar remodeling is similar regardless of the etiology of cardio-
myopathy. The primary lesion in ischemic FMR is leaflet 
tethering, which results from ventricular remodeling associ-
ated with an ischemic insult. Posterior-lateral and apical dis-
placement of the papillary muscles, which correlates with a 
measurable “tethering distance,” leads to apical tenting and 
restriction of the free margin of the leaflets and poor leaf-
let coaptation. Tethering of secondary chordae can lead to a 
“seagull” deformation of the anterior leaflet. Although both 
papillary muscles may be displaced, the posterior papillary 
muscle usually predominates, which leads to tethering of the 
“P3” leaflet segment.9,10 This is seen in posterior infarction 
related to the posterior descending artery distribution and 
the mitral regurgitation jet is usually eccentric and posteri-
orly directed along the P3 area which is restricted (Fig. 37-2). 
In contrast, left anterior descending infarction leads to more 
global remodeling involving both papillary muscles, and 
more diffuse leaflet tethering with large central jets of mitral 
regurgitation. Although annular dilatation and ventricular 
remodeling accompanies all MR, it is usually an associated 
finding, as opposed to a primary causal lesion in ischemic 
mitral regurgitation. The degree of annular dilatation is much 
less in ischemic mitral regurgitation than in degenerative 
mitral regurgitation, which is one of the reasons that “down-
sizing” of the mitral ring annuloplasty may best address leaf-
let tethering in ischemic MV regurgitation. Conversely, FMR 
associated with dilated cardiomyopathies tends to have more 
symmetric distortion with more annular dilation than asym-
metric ischemic FMR.11,12 Because of this difference in geo-
metric distortion, as well as patient comorbidity profiles, it 
may be that dilated and ischemic FMR patients should be 
thought of and treated in somewhat different manners.

Normal anatomy

Functional mitral regurgitation

PA

PA

FIGURE 37-1 LV geometric distortion in FMR.

Normal anatomy

PA

P
A

Asymmetric functional
mitral regurgitation (ischemic related)

FIGURE 37-2 Asymmetric FMR noted with ischemic related LV 
changes due to posterior infarction. 
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 Chapter 37 Surgery for Functional Mitral Regurgitation 827

THERAPY OF FMR
Despite the underlying pathology, the goals of therapy for 
FMR patients are to improve symptoms and quality of life, 
reduce heart failure hospitalization, and, hopefully to improve 
survival. The therapies shown to be most effective for FMR 
are those directed at the underlying LV dysfunction, most 
importantly guideline-directed medical therapy (GDMT) 
for HF.1,13-15 Cardiac resynchronization (with or without a 
defibrillator) if indications are met (wide QRS > 150 ms) 
should also be considered when appropriate.16,17 Finally of 
course, coronary revascularization should be performed in 
patients with ischemia and myocardial viability. While all 
patients with FMR should receive GDMT for management 
of CAD, LV dysfunction and heart failure, unfortunately 
morbidity and mortality of patients with CHF and secondary 
FMR remains high. A recent study showed that among 404 
FMR patients treated with GDMT, 4-year cardiac mortal-
ity occurred in 43 and 45% with moderate and severe MR, 
respectively, compared to only 6% with mild MR (p = .003).13 
Furthermore, moderate or severe FMR was also shown to be a 
high independent predictor of new onset HF in patients with 
ischemic LV dysfunction (RR = 3.2, p = .0001). The role of 
surgical MV repair or replacement is to potentially interrupt 
the vicious cycle of LV volume overload causing LV dilatation 
leading to secondary MR, which further increases LV volume 
overload and dilatation further increasing MR.

FMR SURGERY
The present AHA/ACC Valve Guidelines (2014) and the 
ESC/EACTS Guidelines18,19 have separate guidelines for 
functional or secondary ischemic mitral regurgitation 
(FMR). As noted, these guidelines state that treating isch-
emia with coronary artery bypass grafting or percutaneous 
methods should be primarily undertaken for FMR. Addi-
tionally, all FMR patients should have guideline GDMT, 
with consideration for CRT, if they have a QRS greater than 
150 ms. However, if the patients remain symptomatic with 
severe mitral regurgitation or stage D disease, they may be 
considered for “MV surgery” as a 2B indication. Yet, from the 
surgeon’s perspective, while it is recommended that surgical 
correction of FMR should be considered exactly how to suc-
cessfully correct FMR remains unclear. Currently, the most 
common technique to restore valve competence is placing an 
undersized or restrictive annuloplasty ring to reduce mitral 
annulus size and increase leaflet coaptation. Unfortunately, 
ischemic FMR may persist or recur after restrictive MV annu-
loplasty. Persistent or recurrent FMR in post op patients is 
understandably associated with unabated ventricular dilata-
tion, an escalation of CHF symptomatology and possible 
reduction in long-term survival.

Surgical mitral annuloplasty improves symptoms in 
patients with CHF and it has been shown that mitral repair 
is feasible with a low mortality. Several authors have demon-
strated 30-day mortality rates as low as 1 to 5% for mitral 
repair for MR in CHF. Recently, Geidel reported that the 

late results of restrictive annuloplasty in patients with FMR 
and advanced cardiomyopathy demonstrated a 3% 30-day 
mortality and 91% 12 months survival with little postop-
erative recurrence of significant MR. Similarly, data from 
Germany in transplant candidates, showed a 7% opera-
tive mortality and no difference in survival after MV repair 
versus transplant indicating that high risk MV surgery in 
patients with cardiomyopathy and FMR may offer a mid-
term alternative treatment for patients with drug refractory 
heart failure and FMR.20-22 Perhaps, the most compelling 
data for the safety and efficacy of MV repair for FMR comes 
from the MV surgery alone arm of the prospective Acorn trial 
(CorCap Cardiac Support Device, a prospective, randomized, 
multicenter trial). The Acorn trial showed a 98% 30-day sur-
vival rate, 2% repeat reoperation, and 85% 24 months survival 
and significant improvements in quality of life, exercise per-
formance, and NYHA class. Furthermore, in the MV surgery 
arm, improvement in LV volumes, mass, and shape was sus-
tained out to 5 years with little recurrence of significant MR.23

However, the “achilles heel” of MV repair in may series 
of FMR is persistent, residual or recurrent MR.24-27 It was 
learned that the intertrigonal distance is not stable in FMR, 
with dilatation occurring along, not only the insertion of the 
posterior leaflet, but also in the anterior portion. This inter-
trigonal portion dilates and although once considered to be a 
“measurable” standard by which to size annuloplasty rings, it 
is now known from a landmark paper of Hueb that this is not 
the case.28 Therefore, previous methods of FMR sizing were 
incorrect and “undersizing” rings has become the standard 
for these functional MR patients. This may partly explain the 
operation “failing” and recurrence of mitral regurgitation in 
functional MR patients when using too large “classic-sized” 
rings or when using a partial or flexible rings.

However, despite undersizing rings, there is significant dis-
parity in reccurence rates among FMR series. The lack of a 
mortality benefit may be partially explained by the absence 
of a durable repair. When McGee and Gillinov24 showed no 
mortality benefit in FMR after mitral repair, they also noticed 
the rate of recurrent significant MR to be 30 to 40% at 1 year. 
Others have shown even higher rates of return of FMR, up to 
80%.29 This has led to an attempt to identify surgical predic-
tors of recurrent MR and for improved surgical techniques 
that result in a more permanent repair.30 In order to observe 
a survival benefit in these patients after mitral repair, FMR 
must be fixed permanently, as residual and recurrent MR may 
obscure or obliterate any possible survival benefit.

PREDICTORS OF RECURRENT 
MITRAL REGURGITATION
Many of the mechanisms of recurrent functional MR have 
been elucidated and include annular level and subvalvar com-
ponents. Major predictors of recurrent FMR include LV size 
greater than 65 mm, a coaptation depth of greater than 1 cm 
below the annular plane and angulation of the MV appara-
tus, all of which indicate degree of LV distortion. In patients 
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828 Part V Mitral Valve Disease

with a posterior leaflet angle > 45° (high posterolateral restric-
tion) undergoing restrictive annuloplasty for ischemic MR, 
preoperative echo was shown to accurately predict persistence 
of MR and 3-year survival. Also studies show that the angle 
between the tip of the anterior leaflet and the annular plane is 
a predictor of MR recurrence. An anterior leaflet angle greater 
than 25 to 40° was a predictor of MR recurrence. Many have 
also shown LV function or degree of MR as determinants of 
recurrent MR while others point out the importance of both 
LV sphericity and tethering depth as predictors.31-33

One of the most important LV predictor of recurrent MR 
may be left ventricular end diastolic dimension (LVEDD) 
> 65 mm. In patients with preoperative LVEDD of 65 mm 
or less, restrictive mitral annuloplasty with revascularization 
provided a mortality benefit for ischemic mitral regurgitation 
and heart failure; however, when LVEDD exceeded 65 mm, 
outcome was poor and a different approach to CHF should 
be considered. Perhaps, the most important mechanistic pre-
dictor of recurrent FMR is an increased anterior-posterior 
or septal-lateral mitral annular diameter. This is the most 
significant determinant of FMR as leaflet coaptation and 
therefore mitral competency, is dependent upon the diameter 
of the MV annulus. The MV is thought to have roughly twice 
the amount of coaptive surface as needed. This redundancy 
allows for LV volume changes and explains why obligatory 
FMR occurs when the LVEDD approaches 65 mm. Further-
more, this may explain why FMR is evanescent. Studies of 
FMR reveal that decreasing filling and systemic vascular resis-
tance lead to reduction in dynamic FMR. This is attributed 
to a reduction in the mitral orifice area relating to decreased 
LV volume and annular distension.34

This complex relationship between mitral annular area and 
leaflet coaptation may explain why an undersized “valvular” 
repair may help a “ventricular” problem. Three-dimensional 
magnetic resonance imaging and echo studies showed that 
the mitral annulus flattens and significantly increases its AP 
diameter. This CHF-related change has been shown not only 
in animal models, but in humans as well. Kongsaerepong 
et al35 found that the strongest predictor of recurrent FMR 
following mitral repair was a residual large AP diameter, that 
is, a “too large” ring. Lastly, Spoor demonstrated that the use 
of flexible rings (which flex and allow the largest AP diam-
eter) as opposed to a rigid complete ring was associated with a 
five times higher recurrent mitral regurgitation rate. Presently 
numerous rigid, complete FMR specific rings with stable AP 
dimension reduction are available.10

Interestingly, acute remodeling of the base of the heart 
with complete rigid, undersized rings may also play a benefi-
cial role in FMR hearts. These disease-specific rings may rees-
tablish an ellipsoid shape to the LV, as evidenced by the acute 
decreased sphericity index and LV volumes. Restoration of 
LV geometry is of paramount importance in CHF patients. 
This has been demonstrated by the Restore—MV trial. In 
that trial ischemic FMR patients, requiring coronary artery 
bypass graft (CABG) did better with a direct LV reshaping 
device (Coapsys), than with CABG with the addition of an 
undersized mitral ring, even though they had slightly more 

residual MR. This study pointed out the differential effects 
of MR and the LV.36 In summary, patients with predictors of 
failure should be considered poor candidates for FMR repair, 
and alternatives should be contemplated. Unfortunately, pro-
gression of ventricular disease may have the worst predictive 
outcome for these patients. This is not amenable by mitral 
repair and one must be aware that fundamentally FMR is a 
ventricular disease.

INDICATIONS FOR FMR SURGERY
The indications for surgery for FMR are more cautious than 
those for primary, degenerative MR due to the recognition 
that surgical outcomes are linked to underlying LV remodel-
ing. Secondary FMR can acutely be corrected by MV surgery, 
however, it has never clearly been demonstrated that reducing 
or eliminating FMR alters the natural history or improves 
survival.37,38 Moreover, whether the response to surgery is 
different in secondary MR due to ischemic versus nonisch-
emic cardiomyopathy has also not been established. One-year 
mortality after MV surgery for severe ischemic MR (with 
or without CABG) is up to 17%. Therefore, the benefit of 
MV repair in patients with FMR and heart failure is unclear. 
Wu et al showed no mortality benefit in FMR patients treated 
with MV repair, although they did not examine the effect of 
recurrent mitral regurgitation. In ischemic cardiomyopathy 
patients, several nonrandomized studies showed that MV 
repair in addition to CABG for ischemic FMR did not alter 
long-term functional status or survival when compared with 
CABG alone.16-19 Trichon demonstrated a survival advantage 
in ischemic cardiomyopathy patients who underwent CABG 
plus MV repair only compared with medical management, 
as there was no difference between CABG plus MV repair 
versus CABG alone.6 Conversely, far more other nonran-
domized studies, have demonstrated that MV repair plus 
CABG does improve survival compared with medical ther-
apy or CABG alone in patients with FMR due to ischemic 
cardiomyopathy.37–39

MODERATE FMR
The first published randomized prospective FMR trial for 
moderate FMR was by Fattouch et al40 This study describes 
102 patients with moderate chronic ischemic MR (mean 
MR grade 2+ and LVEF 43%) and moderately dilated left 
ventricles (mean LVEDD 59 mm) that were randomized to 
CABG plus MV repair (n = 48) or CABG alone (n = 54). 
Postoperative and follow-up MR grade, NYHA class, and LV 
remodeling were improved in the MV repair group. That trial 
was not powered for mortality analysis and in-hospital and 
5-year survival was not statistically different between groups. 
Interestingly, exercise echo at 1 year in these patients showed 
far better hemodynamic response and less occurrence of MR 
in the mitral repair group.

Reinforcing this finding, Deja published in Circulation 
the results of the mitral surgery arm for all patients with FMR 
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 Chapter 37 Surgery for Functional Mitral Regurgitation 829

and an EF of <35% from the STICH trial. This report of 1212 
patients, showed not only a quality of life improvement, but 
hinted at a survival benefit from the addition of MV repair 
to CABG in these high risk patients.37 Finally, Chan reported 
results from a randomized, prospective survival trial of CABG 
with or without MV repair for FMR in the RIME trial. At  
1 year of follow-up, FMR patients who had the addition of 
MV repair had lower LV end-systolic volume index (LVESVI), 
brain naturetic protein (BNP) and MR grade, as well as bet-
ter sphericity and exercise performance.40 Conversely, in a 
recent NIH-sponsored, multicenter randomized controlled 
trial (RCT) conducted by the Cardiothoracic Surgery Trials 
Network (CTSnet), despite MV repair with CABG being 
significantly more effective than CABG alone in reducing 
or eliminating moderate ischemic MR, there were no differ-
ences at 1-year in LVESVI or rates of major adverse cardiac and 
cerebrovascular event.41 Longer follow-up could reveal whether 
differences in residual/recurrent MR will manifest in clinical 
endpoints such as death and rehospitalization for heart failure. 
Of note, in these randomized trials of mitral repair for moder-
ate ischemic FMR, there appears to be no operative mortal-
ity penalty for the addition of an undersized ring.42 Given the 
improvements seen with MR correction in patients with only 
moderate MR and moderate LV dysfunction, it is tempting to 
hypothesize clinical benefits at longer follow up.

SEVERE FMR
There are very few randomized trials of surgery for severe 
FMR. Nonrandomized evidence including the meta-analysis 
by Vassileva et al43 favoring mitral repair is a compilation of 
retrospective and single center studies. Conversely, Lorusso  
et al44 demonstrated no difference in short- or long-term 
mortality between patients treated with MV replacement  
versus repair in severe FMR.

In a further study,44 the CTSnet enrolled 251 patients with 
severe ischemic MR and coronary artery disease between 2009 

and 2011 and randomized them to ether receive undersized 
MV repair (126 patients) or chord-sparing replacement (125 
patients). The primary endpoint was LV reverse remodeling 
assessed by LVESVI measured at 12 months. At 12 months, 
LVESVI was 54 mL/m2 in the repair group versus 60 mL/m2 
in the replacement group. There was no significant difference 
in LVESVI. The 1-year mortality rate was 14.3% in the repair 
group versus 17.6% in the replacement group. However, the 
repair group showed a significantly higher rate of recurrence 
of moderate or severe MR at 12 months (32.6 vs 2.3%). 
There were no significant differences in the rate of a MACCE, 
functional status or quality of life at 12 months. In this pro-
pensity-matched study MV repair was the strongest predictor 
of need for valve reoperation, with a recurrence of MR in 
surviving patients at 1 year of 32.6% and at 2 years of 46% 
(Fig. 37-3).7 Interestingly, however, in a subgroup analysis of 
MV repair45 patients who did not have recurrent FMR, LV 
reverse remodeling was significantly better than in patients 
who had MV replacement. Mitral repair without recurrent 
MR was also far better than those with a “bad” repair (ie, 
significant recurrence of MR) (Fig. 37-4). This may imply 
that a “good” FMR repair without significant recurrence is 
better than a replacement. However, the high recurrence rate 
of significant FMR is problematic. The choice of repair versus 
replacement remains controversial since MV repair may be 
associated with lower short- and intermediate-term morbid-
ity and mortality, while at the same time MV repair of FMR 
is associated with high recurrence rates of moderate/severe 
FMR, but equal survival and CHF status.

Lastly, the role for MV repair in nonischemic cardiomy-
opathy patients has been less extensively studied. Bolling 
et al described excellent survival following MV repair in a 
series of cardiomyopathy patients without coronary artery 
disease.20,21 Another report of idiopathic dilated cardio-
myopathy patients treated with MV repair had significant 
resolution of mitral regurgitation and heart failure symp-
toms, with excellent long-term survival.46 DeBonis et al 

40 Hazard ratio, 0.79 (95% CI, 0.46-1.35)
P = 0.39

20

0

MV Repair 126 113 104 97 64
125 103 100 92 65MV Replacement
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0

MV repair
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FIGURE 37-3 Survival in the CTSnet “Severe” FMR repair versus replacement trial.
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830 Part V Mitral Valve Disease

demonstrated 81% survival at 3.5 years, with excellent free-
dom from MR and heart failure symptoms, in a smaller 
series of nonischemic FMR patients undergoing MV 
repair.47 Despite these excellent outcomes, there are very 
little data comparing surgery to medical management in 
patients with nonischemic FMR.

ECHO DEFINITIONS OF FMR
When examining the reports of FMR surgery, it must be 
remembered, that there is disparity among the guidelines 
as to what constitutes moderate versus severe FMR. All the 
guidelines agree that EROA ≥ 0.4 cm2, RgV ≥ 60 mL, and 
RgF ≥ 50% constitute severe primary MR. However, the 
recent ACC/AHA Guidelines on valvular heart disease pro-
pose a new definition for severe FMR at an EROA > 0.2 cm2. 
This lower threshold accounts for the possibility that the 
actual EROA is larger than calculated by PISA in FMR, as 
well as the fact that “moderate” or more FMR in the setting 
of a cardiomyopathy has been associated with an adverse 
prognosis. However, it is not clear what to do with an FMR 
patient with a EROA of 0.2 cm2, nor are there convincing 
data showing that correction of “severe” FMR at the lower 
threshold improves patient outcomes in FMR. Therefore, this 
new recommendation remains controversial.48

TECHNIQUES OF MITRAL 
SURGERY FOR FMR
For FMR operations, meticulous attention should be paid to 
myocardial preservation and cardiopulmonary perfusion. At 
the time of exposure of the MV, it can be noted that the MV 
appears “normal”. The reduction in AP diameter and orifice 
area of the MV is an overcorrection and overcompensation 
for a disease of the ventricle. This “undersizing” of the mitral 
ring was first proposed by Bolling, in 1995 and has become 
a standard technical approach for FMR repair. When under-
sizing a mitral ring, it is recommended that one use numer-
ous annular sutures, as compared to degenerative MR repairs, 
to distribute the workload of annular reductive force. These 
sutures may be put very closely together, or even on a diago-
nal. Some advocate the use of pledgeted sutures, or the use of 
an extra row or a few pledgeted reinforcement sutures poste-
riorly, once the ring is tied in place.

In terms of FMR ring sizing, the normal mitral annulus 
is roughly proportional to a patients thumb and forefinger 
in a circle. One must “downsize” from there. There are some 
who have advocated double downsizing, meaning two sizes 
below that measured at the time of operation; however, the 
vast majority of patients may be well served with a “small” 
26 or 28 mm ring. Although initially in FMR patients there 
was concern for both systolic anterior motion of the anterior 
leaflet (SAM) and/or mitral stenosis from such downsizing, 
these have not resulted in significant clinical sequelae in long-
term FMR follow-up series. However, it must be noted that 
some investigators have reported “functional” mitral stenosis 
with provocative (dobutamine) testing with undersized rings.49

The type of ring utilized for FMR repairs is an important 
technical consideration. As noted, in a landmark paper by 
Hueb, the fibrous portion of the mitral annulus anteriorly 
between the two mitral trigones dilated proportionally and 
as much as the posterior muscular annulus. Magne reported 
failure rates of up to 80% at 6 months postoperatively 
with large flexible and/or partial bands for FMR patients. 
Silberman et al51 reported on predictors of residual and recur-
rent mitral regurgitation in FMR and the two largest multi-
variate predictors were LV size and the type of ring. In fact, 
the type of ring was a better predictor than LV size. That study 
showed that small rigid and complete rings were best for 
FMR. In the specific disease of FMR, large partial or incom-
plete rings probably do not result in a durable repair and are 
not favored technically. Presently, there are numerous specific 
small rigid and complete FMR rings with a disproportionate 
AP diameter dimension reduction. While none of these rings 
have shown clinical outcome differences between them, they 
are probably most favored for the repair of FMR.51

There are some FMR patients that should be approached 
with clinical caution. Silverman showed the larger the ven-
tricle, the worst the outcome for FMR patients. This was 
also shown in a study from Dion which demonstrated that 
LVEDDs over 65 mm had a much poorer outcome than 
those starting at a smaller LV size. Probably, there are some 
ventricles that are “too far gone” and mitral repair will not be 
beneficial in these patients. Furthermore, patients with poor 
RV function and very high PA pressures should be carefully 
evaluated and perhaps avoided.

When coming off cardiopulmonary bypass there should 
be no mitral regurgitation seen on intraoperative postop 
transesophageal echocardiography. And not only should there 
be no mitral regurgitation, the zone of coaptation should be 
measured and should be at least 8 to 10 mm long. If this 
is not the case then the patient certainly has a much higher 
incidence of recurrence of mitral regurgitation when they are 
awake and removed from the unloading effects of general 
anesthesia.

There are other adjunct therapies that have been used for 
the FMR repair. In the dilated FMR MV, there are often 
deep clefts between P1/P, and P2/P3 which should be closed. 
Borger has advocated the use of lysis of secondary chords to 
both the anterior and posterior leaflets to allow for a longer 
zone of coaptation. While this method has been technically 

Repair

Recurrence

62.6 ± 26.9 42.7 ± 26.4

 No recurrence

LVESVI (ml/m2)

FIGURE 37-4 Resultant reverse remodeling in the CTSnet “Severe” 
FMR trial: “Bad” (with recurrence of significant MR) versus “Good 
(no recurrence of MR).
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 Chapter 37 Surgery for Functional Mitral Regurgitation 831

successful, there is no long-term follow-up and the effect of 
disrupting any chordal structures on LV function is unknown.

FMR is a ventricular disease and surgeons have tried to add 
adjunctive and inventive “ventricular” therapies to an under-
sized mitral ring, thereby directing operative therapy to the 
ventricle itself. Kron has advocated the use of “ring and string” 
by placing a Goretex traction suture in the posterior papillary 
muscle and bringing it up towards the annular plane. Hvass 
has demonstrated the use a double annular ring, placing a stan-
dard annular ring at the annulus level and then a second one 
of Gortex, woven around the papillary muscles to recreate the 
normal cylinder of closure. Many authors have reported mov-
ing papillary muscles or even sewing them together. None of 
these operations have had long-term follow-up. Some surgeons 
have advocated augmenting the anterior or the posterior leaflet 
with bovine pericardium to improve the length of the zone of 
coaptation. While these approaches increase the technical diffi-
culty of the operation, they are certainly appealing on the basis 
of altering the underlying problem. Other types of ventricu-
lar therapies which have been utilized: the ACORN restric-
tion jacket, the Coapsys ventricular tether, a silicon lifting pad 
behind the posterior inferior ventricular wall amongst others. 
None of these therapies have long-term follow-up.52-54

MITRAL VALVE 
REPLACEMENT IN FMR
Which FMR valves to replace primarily remains contro-
versial. The recent reports in the NEJM have added to our 
decision-making knowledge base. Perhaps the most impor-
tant is the summary paper by Lancellotti.9 In this report the 
predictors of failed FMR repair are mild annular dilatation, 
coaptation depth more than 1 cm, reverse angulation of the 
posterior leaflet or LV remodeling greater than 65 mm or a 
LVEDV greater than 100 mm indexed. Kron has also shown 
in the follow-up paper to Acker (NEJM) that posterior-basi-
lar dyskinesia or akinesia is associated with a high rate of MR 
recurrence, even with an undersized repair.

While which patient to replace in FMR remains contro-
versial, there is a consensus on the technical aspects of MV 
replacement for FMR. MV replacement should be a total 
valve sparing replacement. Yun demonstrated in a randomized 
trial comparing partial versus complete choral sparring MV 
replacement, that the effects on left ventricular volume and 
function were much better preserved with complete versus 
posterior leaflet sparring. Nonvalve sparring mitral replace-
ment should be abandoned. There are numerous techniques 
for total valve sparring MV replacement in FMR including 
anterior flip-over, in which a C-shaped incision is placed in 
the anterior leaflet and the entire anterior apparatus is moved 
posteriorly. Following appropriate valve sizing, pledgeted 
stitches are placed through the posterior annulus, the edge of 
the posterior leaflet, and the “flipped” anterior leaflet, placing 
both chordal apparatus and leaflets behind the MV prosthesis 
(Fig. 37-5). A second method of achieving total valve sparring 
is to remove the center of the anterior leaflet then rotating the 

remaining portions of the anterior leaflet to the left and right. 
Valve sizing for FMR should be prudent and not “oversized”. 
With modern MV prostheses there should not be undue 
worry of stenosis and overly large bulky valves may impair LV 
dynamics in these already poor LVs. Acker showed in severe 
FMR patients, a total valve sparring operative mortality of 
4.2%, which was only slightly higher than the operative mor-
tality of 1.6% mitral repair for FMR patients.

PERCUTANEOUS FMR OPTIONS
Percutaneous mitral therapy could theoretically offer 
improved safety as compared to surgical MV surgery and 
may be suited for the treatment of higher risk FMR patients. 
Taramasso reported a nonrandomized comparison of 91 
patients undergoing surgical for FMR, and compared them 
against 52 patients undergoing MitraClip. All patients had 
severe FMR, were symptomatic despite GDMT and had 
ischemic or idiopathic dilated myopathies. The decision to 
perform surgical correction versus MitraClip therapy was 
based on logistic EuroSCORE and frailty. Patients were fol-
lowed 18 months for surgery and 8 months for MitraClip. 
The surgical group underwent concomitant CABG 35%, 
tricuspid valve repair 25%, and atrial fibrillation ablation 
(26%). The MitraClip group was older, had a two-fold higher 
logistic EuroScore, Bigger LVs (LVEDD 70 mm vs 66 mm), 
and TR grade was higher. For the surgical group, in-hospital 
mortality was 6.6%, postoperative LOS was 11 days. No 
patient had predischarge MR grade ≥ 3+, and 1-year free-
dom from MR ≥ 3+ was excellent at 94% with 89% surviv-
ing. For the MitraClip group, in-hospital mortality was 0%, 
postoperative LOS was 5 days, 9.6% had predischarge MR 
grade ≥ 3+, and 1-year freedom from MR ≥ 3+ was 79% 
with 88% surviving. At 1-year follow-up, 89% of the surgery 
patients were NYHA Class I/II (22% NYHA Class I). In the 
MitraClip group at 1-year, 84% of the patients were NYHA 
Class I/II (48% NYHA Class I).55 Additionally, Franzen56 
reported 6-month follow-up on 50 subjects with FMR with 
LVEF ≤ 25%, MR ≥ 3+ and in NYHA functional Class III 
or IV. After a mitralclip procedure, MR ≤ 2+ was present in 
92% and 30-day and 6-month mortality was 6% and 19%. 
There were improvements in functional class, but only mild 
favorable LV remodeling at 6 months. Lastly, Aurrichio57 
described 51 symptomatic nonresponders to CRT with FMR 
grade ≥ 2+ treated with a Mitralclip. They reported two pro-
cedural deaths, an additional 30-day mortality of 4.2%, and 
a 12-month mortality of 18%. These MitraClip reports are 
interesting, as there are few reports of MitraClip in subjects 
with FMR at high surgical risk. While none of these stud-
ies were randomized, the COAPT trial (MitraClip therapy in 
FMR vs GDMT) is currently underway in the United States 
to investigate the safety and effectiveness of the MitraClip 
in comparison to GDMT for FMR. The primary effective-
ness endpoint is heart failure rehospitalizations at 24 months. 
Although the trial is not powered for mortality, this end-
point will be examined. This trial will be one of the largest 
studies in FMR and is expected to shape future surgical and 
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832 Part V Mitral Valve Disease

transcatheter FMR trials. Finally, new percutaneous devices 
for FMR, including annuloplasty and total mitral replace-
ment are on the near horizon.

SUMMARY
In summary, FMR is a ventricular disease, not a valvular dis-
ease. FMR leads to a vicious cycle of LV volume overload, 
and progressive MR. FMR complicating CHF predicts a 

poor survival. Mitral surgery, to treat FMR has been under-
taken with an acceptably low operative mortality.58 How-
ever, one must decide on specific patient factors whether 
or not intervention to correct FMR is warranted in CHF 
patients, as a clear survival impact has not been shown com-
pared GDMT or revascularization therapy alone. If surgery 
is undertaken, undersizing repairs with a complete rigid 
ring and valve sparing replacement is recommended. While 
“good” mitral repair probably leads to better LV remodeling, 

A

D

B

C

FIGURE 37-5 Valve sparing MV replacement technique: anterior leaflet “flip-over.”
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 Chapter 37 Surgery for Functional Mitral Regurgitation 833

patients identified to be at high risk for FMR recurrence 
after annuloplasty should have MV replacement. More com-
plex mitral operations and percutaneous devices have shown 
promising results, but remain investigational. However, we 
do know that FMR is bad for CHF patients, and its elimina-
tion should be a therapeutic goal for these interesting and 
complex patients.
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Mitral valve infective endocarditis (IE) is one of the more 
devastating complications of mitral valve disease, and if left 
untreated, it is universally fatal, like any other form of IE. 
In surgical practice, mitral valve endocarditis is usually less 
common than aortic valve endocarditis, with most infec-
tions occurring in native mitral valves. Although the distri-
bution of causes of mitral valve dysfunction has changed in 
recent years, the overall incidence of IE has increased during 
the past 3 decades.1-6 Rheumatic valve disease, which was a 
frequent predisposing factor to IE in the 1980s, is now rare 
in industrialized nations.6-7 Predisposing factors more fre-
quently encountered today, several of which are consequences 
of advances that characterize modern medicine,1-7 include 
degenerative valvular disease, prosthetic valves, other intra-
vascular prostheses and devices, hemodialysis, nosocomial 
infections, intravenous drug abuse, and immunosuppression. 
Repaired valves have a low risk of endocarditis compared with 
prosthetic valves. (To learn more about the epidemiology of 
IE, see Chapter 31.)

More effective antimicrobial agents have improved the 
early and long-term outcomes of patients treated for endocar-
ditis. However, endocarditis is still associated with high rates 
of complications, morbidity, and mortality and frequently 
requires an operation for cure.1-13 Increased experience and 
advances in surgical techniques have improved the success of 
these challenging operations.

PATHOLOGY
Native Mitral Valve Endocarditis
Native valve endocarditis (NVE) begins with endocardial 
injury, which allows deposition of fibrin and platelets with 
subsequent attachment of bacteria.6,14 Endocardial injury 
may be secondary to rheumatic valvulitis or other leaf-
let disease, or valvular or annular calcification. Although 
vegetations may be seen anywhere on the leaflets or chor-
dae, the usual site at which infective NVE of the mitral 
valve causes valvular destruction and invasion is the base 
of the atrial aspect of the mitral valve leaflets. Annular or 

subanular invasion is more likely to cause atrioventricu-
lar (AV) separation when the invasion site is underneath 
the leaflet and is exposed to high ventricular pressure. 
Invasion into the AV groove fat with abscess formation is 
more serious and difficult to radically debride and sterilize 
(Fig. 38-1).15 Fortunately, mitral annular invasion more 
often opens toward the atrium and is therefore shallow in 
most cases; invasion is generally more common and deeper 
in aortic valve IE.16

Destruction of the fibrous trigones and intervalvular 
fibrosa between the anterior mitral valve leaflet and the aorta 
is usually a consequence of aortic valve endocarditis with sec-
ondary mitral involvement.17 An infected aortic valve may 
seed the anterior mitral leaflet or the tensor apparatus of 
the mitral valve, resulting in double-valve endocarditis; the 
mechanism may be a large vegetation hitting and directly 
infecting the anterior mitral leaflet or a jet lesion from aortic 
regurgitation that becomes infected.18

Prosthetic Mitral Valve Endocarditis
Prosthetic valve endocarditis (PVE) is on the rise as the 
number of patients with prosthetic valves continues to 
increase. PVE is more common in the aortic than the 
mitral position.16 This is because a majority of mitral 
valves are repaired, and repair is associated with a lower 
risk of endocarditis.

PVE within the first postoperative year is considered early 
endocarditis, and cases appearing more than 1 year after 
operation are termed late.6,19 The risk of early PVE appears 
to be greatest approximately 5 weeks after valve implantation 
and declines thereafter.19 The overall incidence of early PVE is 
1%,20 and the incidence of late PVE is 0.5 to 1% per year.21-23 
The type of prosthesis (mechanical vs bioprosthesis) does not 
influence the risk of PVE.

Early PVE is usually the result of intraoperative infection. 
Common portals of entry for bacteria that cause PVE are den-
tal procedures, intravascular catheters, and skin infection.6,24 
Nosocomial infections contribute to late PVE, particularly 
in patients with medical comorbidities that require frequent 
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A B

C D

E F

FIGURE 38-1 A case of very advanced invasive mitral valve endocarditis. (A) Transesophageal echocardiogram showing circumferential pericardial 
effusion with fibrin stranding posteriorly. (B) Severe hemorrhagic pericarditis. Patient was septic and not responding to adequate antibiotic therapy. 
(C) After peeling fibrinous capsule off heart, these multiple necrotic spots, suggesting abscesses along the AV groove, became apparent. (D) Vegetations 
were found on the base of P3 scallops of posterior leaflet. (E) After debridement, multiple abscess cavities in the AV groove were seen to communicate 
with both the left atrium and pericardium. Intact coronary vessels bridge the infected groove. (F) Annulus defect and communication were closed 
from inside the left atrium with an autologous pericardial patch. Groove was allowed to drain to the pericardium. (Reproduced with permission from  
Pettersson GB, Hussain ST, Shrestha NK, et al: Infective endocarditis: an atlas of disease progression for describing, staging, coding, and  
understanding the pathology, J Thorac Cardiovasc Surg 2014 Apr;147(4):1142-1149.e2.)

hospital admissions or instrumentations (eg, hemodialysis) or 
immunosuppression (eg, organ transplantation).

Early PVE usually affects the sewing ring or the interface 
of the prosthetic valve and the annulus (often a site of clot 
formation). Involvement of the sewing ring starts locally but 
eventually becomes circumferential. Enzymatic degradation 

of the tissue holding the sutures results in dehiscence of 
the prosthesis and periprosthetic leak. Progression of the 
infection and invasion may lead to tissue necrosis, abscess, 
and pseudoaneurysm formation. Mitral PVE may extend 
anteriorly to the fibrous trigone or posteriorly, causing AV 
separation.

Cohn_ch38_p0835-0846.indd   836 12/04/17   4:58 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 38 Surgical Treatment of Mitral Valve Endocarditis 837

MICROBIOLOGY
Endocarditis of native valves is most often caused by 
Streptococcus viridans, Staphylococcus aureus or epidermidis, 
or Enterococci, with proportions varying according to valve 
(native vs prosthetic), pathology stage (noninvasive vs 
invasive), source of infection, patient age, and coexisting 
conditions.2,3,6,24-26 S. aureus accounts for 25 to 30% of all 
infections and is also the most common organism in each 
major risk group, including intravenous drug users and those 
with intracardiac devices.4,6,25 In our study, S. aureus was the 
most common pathogen for NVE (27.6%) and the second 
most common cause of PVE (22.1%), for which coagulase-
negative Staphylococcus was most common (24.1%).8 Among 
the major causative organisms, Staphylococcus species are 
most likely to be associated with invasive endocarditis (49%) 
and Streptococcus least likely (11%).16 (IE microbiology is 
discussed in more detail in Chapter 31.)

DIAGNOSIS
Clinical Presentation
The diverse nature and evolving epidemiologic profile of IE 
ensure that it remains a diagnostic challenge.6 The clinical 
presentation varies according to causative organism, preexist-
ing cardiac disease, comorbidities, and complications. Mitral 
IE may present as an acute, rapidly progressive infection or 
as a subacute or chronic disease. Up to 90% of patients pres-
ent with fever, often associated with systemic symptoms of 
chills, poor appetite, and weight loss.6 Other findings include 
a new murmur (85%) or a change in an existing murmur. 
Embolic phenomena may cause petechiae, Roth spots, Osler 
nodes, and Janeway lesions. Embolic events occur in 20 to 
50% of patients. Neurologic events develop in 20 to 40% of 
all patients with IE and are mainly the consequence of embo-
lism of vegetation material, while mycotic aneurysm is much 
less common.6 Splenomegaly may be present in both NVE 
and PVE. A high index of suspicion and low threshold of 
investigation to exclude IE are essential to diagnose and treat 
these affected patients early.

Laboratory findings include an elevated white blood 
cell count, anemia, and hematuria. Blood cultures from 
separate sites are usually positive in patients with bacterial 
endocarditis; two positive cultures out of three are consid-
ered diagnostic. However, cultures in patients with fastidious 
organisms or fungi may take more than 3 weeks to become 
positive, although diagnostic methods have improved. When 
IE is suspected, ideally three or more blood cultures should 
be collected before antibiotics are initiated, and at least two 
should be obtained immediately from different peripheral 
sites. Additional blood cultures should be obtained a few 
hours later. Unless the patient is septic, it is appropriate to 
hold off on starting antibiotics until an adequate number 
of blood cultures have been collected. Cases of IE in which 
blood cultures are negative (10%) may reflect either patients 
treated with antibiotics before the blood culture was drawn or 

infections caused by fastidious organisms.3 For cases caused 
by fastidious organisms, serologic testing or valve or blood 
polymerase chain reaction (PCR) assay can identify the 
pathogen 60% of the time.3,6

Echocardiography and 
Imaging Studies
The present gold-standard diagnostic modality for docu-
menting IE is transesophageal echocardiography (TEE). 
Specificity for TEE is approximately 90% and sensitivity 
is 90 to 100%.6 In contrast, transthoracic echocardiogra-
phy (TTE) is more operator dependent, and images may 
be compromised by surrounding structures; it is only 50% 
sensitive and 90% specific for IE.6 Echocardiography must 
be performed as soon as IE is suspected.6 TTE should be 
performed first, but often both TEE and TTE need to be 
performed.6 Echocardiographic findings of IE include veg-
etations, periprosthetic leakage in patients with PVE, intra-
cardiac fistulae, and abscess cavities. The echocardiographic 
examination is very good at evaluating valve function, but 
less reliable for assessing the severity and invasiveness of the 
infection. A negative echocardiogram does not exclude the 
diagnosis of IE. In situations with strong suspicion of IE, 
the diagnosis may be pursued by magnetic resonance imag-
ing (MRI). In most patients with IE, MRI will demonstrate 
abnormal consistency of tissue in the annulus.

Metastatic infection is a possibility, and patients with IE 
and abdominal symptoms should undergo computed tomog-
raphy (CT) scanning to rule out splenic or hepatic abscesses. 
Embolic infection of viscera is typically caused by staphylo-
coccal organisms, and the brain is the most important and 
frequent site for emboli.3,6 Any neurologic deficit or abnor-
mality should trigger investigation with CT or MRI of the 
brain, funduscopic examination, and occasionally cerebrospi-
nal fluid examination. We require a CT or MRI of the brain 
irrespective of symptoms if the patient is going to undergo 
operation. Preoperative coronary angiography is indicated in 
all patients age 40 years or older, particularly if they have a 
history of coronary artery disease or previous revasculariza-
tion procedures, or if coronary embolization is suspected. 
Clinical judgment must be exercised in patients with renal 
dysfunction.

Diagnostic Criteria and Their  
Limitations
The Duke (and modified Duke) criteria for IE, based on 
echocardiographic results along with clinical, microbiologic, 
and pathologic findings, provide high sensitivity and speci-
ficity (~80% overall) for the diagnosis of IE (Table 38-1).27 
The Duke criteria, discussed in more detail in Chapter 31, 
are useful for the classifying IE, but do not replace clini-
cal judgment for diagnosing IE when blood cultures are 
negative or when infection affects a prosthetic valve or pace-
maker lead.
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838 Part V Mitral Valve Disease

INDICATIONS FOR SURGERY
Surgery plays a pivotal role in managing native mitral valve 
endocarditis. Indications for surgical intervention in patients 
with NVE and PVE are presented in Table 38-2.

Congestive heart failure is the most common indica-
tion for surgery. Our indications for surgery have gradu-
ally moved toward earlier intervention to avoid devastating 
complications.

The majority of patients with PVE will require surgery 
for cure.6,28 Indications for surgical intervention in patients 
with PVE include heart failure, new heart block (much less 
common with mitral valve IE than aortic valve IE), ongoing 
sepsis, valve dehiscence, recurrent systemic embolism, relapse 
of infection, and fungal infection. Surgery should be consid-
ered in all cases of early PVE, because most are caused by 
staphylococci or other aggressive organisms.6,19

Operation for large mobile vegetations to prevent emboli-
zation in both NVE and PVE remains a controversial indica-
tion in the absence of hemodynamic compromise or other 
surgical indications.6 The risk of embolism is highest during 
the first 2 weeks of antibiotic therapy and is related to the size 
and mobility of the vegetation. The decision to operate early 
to prevent embolism thus depends on size and mobility of 

vegetations, previous embolism, type of microorganism, and 
duration of antibiotic therapy.

Fungal mitral valve PVE is uncommon and character-
ized by large vegetations, and these infections are even more 

TABLE 38-2: Surgical Indications for Native 
Valve Endocarditis and Prosthetic Valve 
Endocarditis

1. Severe mitral regurgitation, with or without symptoms of 
congestive heart failure

2. Uncontrolled sepsis despite proper antibiotic therapy
3. Presence of an antibiotic-resistant organism
4. Fungal endocarditis or endocarditis caused by Staphylococcus 

aureus or gram-negative bacteria
5. Presence of mitral annular abscess, extension of infection to 

intervalvular fibrous body, or formation of intracardiac fistulas
6. Onset of a new conduction disturbance
7. Large vegetations (>1 cm), particularly those that are mobile and 

located on the anterior leaflet, and thus at high risk for embolic 
complications

8. Multiple emboli despite appropriate antibiotic therapy

TABLE 38-1: Duke Criteria for Native Valve Endocarditis and Prosthetic Valve Endocarditis

Major Criteria

Positive Blood Cultures for Infective Endocarditis

Typical microorganism for infective endocarditis from two separate blood cultures: Streptococcus viridans, S. bovis, and HACEK group or 
community-acquired Staphylococcus aureus or enterococci in the absence of a primary focus, or

Persistently positive blood cultures, defined as recovery of a microorganism consistent with infective endocarditis from:
Blood cultures drawn >12 hours apart or
All of three or most of four or more separate blood cultures, with the first and last drawn at least 1 hour apart

Evidence of Endocardial Involvement

Positive echocardiogram for infective endocarditis
Oscillating intracardiac mass on valve or supporting structures or in the path of regurgitant jets or on implanted material in the absence of an 

alternative anatomic explanation, abscess, new partial dehiscence of prosthetic valve, or new valvular regurgitation (increase or change in 
preexisting murmur not sufficient)

Minor Criteria

Predisposition: predisposing heart condition or intravenous drug use
Fever: temperature ≥38 C (100.4°F)
Vascular phenomena: major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival hemorrhage, 

and Janeway lesions
Immunologic phenomena: glomerulonephritis, Osler nodes, Roth spots, rheumatoid factor
Microbiologic evidence: positive blood culture but not meeting major criterion as noted previously or serologic evidence of active infection with 

organisms consistent with infective endocarditis
Echocardiogram: consistent with infective endocarditis but not meeting major criterion as noted previously
New-onset heart failure
New conduction disturbances

HACEK group = Haemophilus spp., Actinobacillus actinomycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, and Kingella kingae
Data from Pérez-Vázquez A1, Fariñas MC, García-Palomo JD, et al: Evaluation of the Duke criteria in 93 episodes of prosthetic valve endocarditis: could sensitivity be improved? 
Arch Intern Med. 2000 Apr 24;160(8):1185-1191.
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 Chapter 38 Surgical Treatment of Mitral Valve Endocarditis 839

difficult to cure than is PVE caused by other organisms. 
Lifelong oral suppressive antifungal therapy after completion 
of intravenous therapy is often recommended.6

TIMING OF SURGERY
Many patients with NVE and a majority with PVE require 
surgical intervention, and the challenge for the surgeon is to 
determine the appropriate timing of surgery.3,6,24,29-32 It is our 
belief that in most cases, the operation should not be delayed 
once surgical indications are present. It is, however, impor-
tant to know the sensitivity of the organism to ensure appro-
priate antibiotic coverage at the time of surgery. The presence 
of locally uncontrollable infection indicates a need for early 
surgery in patients with NVE. Early surgery is required for 
most patients with PVE before it is complicated by heart fail-
ure, severe prosthetic dysfunction, or abscess. Patients with 
PVE caused by S. aureus risk rapid progression and invasion. 
The same principle applies to PVE caused by fungal or other 
highly resistant organisms.6 However, delaying surgery is usu-
ally advised in the presence of cerebral complications.6,32,33 
Before valve surgery, patients with IE should undergo careful 
neurologic evaluation, and all should be evaluated by head 
CT or MRI. The standard recommendation is that surgery 
should be delayed for 1 to 2 weeks in patients with non-
hemorrhagic strokes, and for 3 to 4 weeks in patients with 
hemorrhagic strokes, to reduce the risk of further intracranial 
bleeding during heart surgery.6,32 Intracranial hemorrhage 
in the setting of PVE has been associated with mortality as 
high as 28 to 69%. To exclude a mycotic aneurysm, an angi-
ography is required. Nonhemorrhagic embolic stroke has a 
low risk of transformation into a hemorrhagic infarct dur-
ing heparinization and cardiopulmonary bypass. The risk of 
worsening neurologic symptoms as a consequence of opera-
tion is time related, decreasing with increasing interval from 
the initial neurologic event. The risk of worsening the stroke 
symptoms must be weighed against the indications for sur-
gery and the risk of additional emboli during the waiting 
period. If cerebral hemorrhage has been excluded by CT or 
MRI and neurologic damage is not severe (ie, coma), surgery 
can be performed with a relatively low neurologic risk (3 to 
6%) and good probability of complete neurologic recovery.6

OPERATIVE TECHNIQUES
General Principles
Operations for endocarditis are guided by some basic prin-
ciples: optimal timing of surgery as discussed above, good 
exposure of the valve, radical debridement, optimal choice for 
reconstruction of the heart and repair or replacement of the 
valve, and adequate postoperative antibiotic treatment. Radi-
cal debridement with removal of all infected and necrotic tis-
sue and foreign material is difficult to accomplish in mitral 
cases with AV groove invasion, necrosis, and abscess forma-
tion (Fig. 38-1). Aortic root infections are much easier to lay 
open and debride. In addition, reconstruction after invasion 

of the AV groove and AV separation entails closing off the 
infected space and leaving it without drainage.

Native Mitral Valve Endocarditis
Intraoperative TEE should be performed in all cases to care-
fully evaluate the valve before commencing the procedure. 
For NVE, our approach is to attempt repair if feasible. 
Mitral valve repair can be performed provided there is suf-
ficient remaining tissue to allow valvular reconstruction.12,34-43 
Successful repair can be achieved by an experienced surgeon 
in up to 80% of patients.41 If repair is not technically fea-
sible and valve replacement is needed, the choice of a tissue or 
mechanical valve is based primarily on consideration of age, 
life expectancy, presence of comorbidities, and compliance 
with anticoagulation.7,32 Although there is some experience 
with the mitral valve allograft for treating mitral valve IE, it 
remains experimental, with too few data available to support 
this strategy.44

Operations for NVE are best conducted through a full 
median sternotomy. Cannulation for cardiopulmonary bypass 
involves arterial return via the ascending aorta and bicaval 
cannulation for venous drainage. It is advisable to arrest the 
heart before manipulating it too much. Myocardial protec-
tion is achieved using antegrade and retrograde blood car-
dioplegia. We have a preference for opening the right atrium 
and placing the retrograde cardioplegia cannula directly into 
the coronary sinus through a purse-string suture.

The mitral valve is exposed either via a left atriotomy 
through the interatrial groove or transeptally through the right 
atrium, which is our preference. If the left atrium is small, an 
extended transseptal-dome approach is used. Opening the 
aorta allows dual exposure and is helpful in many cases for 
debridement and suture placement and for avoiding unneces-
sary damage to the aortic valve. Once good exposure of the 
mitral valve is accomplished, the valve is evaluated to assess 
for presence of paravalvular abscesses, intracardiac fistulae, 
or intervalvular fibrous body/ventricular involvement. Radi-
cal resection of all necrotic tissue is performed. All grossly 
infected tissue is removed without too much concern for the 
possibility of repair. Unaffected leaflet, chordae, and papillary 
muscles are preserved to support the posterior annulus. Speci-
mens are divided and sent for both pathologic and microbio-
logic examination and need for PCR is considered.

Anterior Leaflet Repair
Kissing lesions of the anterior mitral leaflet encountered 
with aortic endocarditis can be repaired with autologous 
pericardium.45 A patch of pericardium is sutured to the 
remaining tissue of the anterior leaflet with running polypro-
pylene suture (Fig. 38-2). More extensive destruction involv-
ing both the aortic valve and the anterior leaflet of the mitral 
valve can be repaired using a freestanding aortic root allograft 
with the anterior leaflet of the mitral valve still attached. The 
allograft’s attached aortomitral curtain can be used to recon-
struct the base of the native anterior mitral leaflet.17
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840 Part V Mitral Valve Disease

Involvement of the free margin of the anterior leaflet can 
be managed with triangular resection. Anterior leaflet chordal 
rupture can be repaired with chordal transposition from the 
posterior leaflet or transfer of secondary chorda to the free 
margin of the anterior leaflet. Artificial chordae may also be 
used to replace ruptured anterior leaflet chordae.

Posterior Leaflet Repair
The middle scallop (P2 segment) of the posterior leaflet is 
frequently affected by the infectious process. Repair can be 
performed with triangular or quadrangular resection of the 
middle scallop. A sliding repair is useful to close the gap 
between the remaining two scallops (Fig. 38-3). Extensive 
destruction of the posterior annulus requires removal of all 
necrotic tissue and annular reconstruction with autologous 
pericardium. Occasionally, repair of the annulus and the 
posterior leaflet can be accomplished with the same patch if 
chordal support to the leaflet is good. Any patch needs to 
be generous, and suture lines must be tension free. Running 
polypropylene sutures (4-0 or 5-0) are used on the entire 
patch. If replacement is required, a mechanical or biopros-
thetic valve may then be inserted, affixing the prosthesis to 
the patch.15

Use of a prosthetic anuloplastyring in NVE may be 
necessary to provide a durable repair and has a low risk of 
reinfection.39,40 A good and durable repair outweighs the 
added low risk of reinfection associated with the anuloplasty 
ring.

Prosthetic Valve Endocarditis
Operations for PVE are reoperations, preferably performed 
via a median sternotomy. A preoperative chest CT is valuable 
to avoid adverse events during reentry. A right anterolateral 
thoracotomy in the fourth intercostal space is an alternative; 
this approach is suggested by some as particularly useful in 
patients with multiple previous sternotomies, bypass grafts 
near the sternum, or a history of mediastinal radiation and/

or mediastinitis.46,47 However, a right thoracotomy for mitral 
reoperations allows limited access, sometimes denies aortic 
clamping, and may be associated with a risk of stroke. We 
uniformly use sternotomy for these reoperations.

Myocardial Protection
Cardiopulmonary bypass is instituted using the ascending 
aorta and bicaval cannulation, and myocardial protection is 
achieved using antegrade and retrograde blood cardioplegia. 
Open direct cannulation of the coronary sinus is preferred.

Mitral Valve Exposure
Our usual approach to the mitral valve is via the right atrium 
and atrial septum. If the left atrium is large and adhesions 
modest, a standard left atriotomy may be used. Exposure may 
be enhanced by dividing the superior vena cava and extend-
ing the left atriotomy under the aortic root, toward the left 
auricle. This approach provides good exposure even when the 
left atrium is small. Releasing the left heart from the chest 
wall improves mitral valve exposure, while not doing that 
sometimes makes exposure very difficult. Presence of an aor-
tic valve prosthesis also makes exposure more difficult.

Reconstruction of the Mitral Annulus
Once exposure of the mitral valve is obtained, the infected 
prosthesis is removed and the annulus debrided of all old 

C

BA

FIGURE 38-3. Quadrangular resection and sliding repair for pos-
terior leaflet vegetation with ruptured chordae. (A, B) Segment of 
posterior leaflet is resected and a portion of leaflet detached from the 
annulus. (C) Leaflet remnants are sutured to the annulus, taking deep 
bites to reduce leaflet height. Leaflet edges are re-approximated in the 
center. Anuloplasty completes the repair.

FIGURE 38-2. Repair of anterior leaflet perforation using a patch 
with autologous pericardium followed by annuloplasty.
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 Chapter 38 Surgical Treatment of Mitral Valve Endocarditis 841

suture material and pledgets. Mitral valve PVE may produce 
separation of the left atrium, left ventricle, and prosthesis. 
In these situations, the operation includes debridement of 
the annulus with subsequent annulus reconstruction using 
autologous or possibly glutaraldehyde-fixed bovine pericar-
dium (David technique).15,48 With this technique, a semi-
circular pericardial patch is used to reconstruct the annulus, 
with one side of the patch sutured to the endocardium of the 
left ventricle and the other side to the left atrium. This patch 
covers the cavity, which must be thoroughly debrided and 
sterilized before the patch is affixed. The new valve prosthesis 
is affixed to this reconstructed annulus (Fig. 38-4). The patch 
should be generous in order to minimize tension on suture 
lines. We look at this patch as a reinforcement of an under-
mined area rather than true reconstruction. The prosthesis 
should be implanted in such a way that there is no residual 
pseudo aneurysm on the ventricular side. In most situations 
with annular reconstruction, we use a bioprosthesis to avoid 
anticoagulation in the postoperative period, and have a pref-
erence for prostheses with generous soft sewing rings.

An alternative technique for mitral annular reconstruc-
tion is that described by Carpentier and colleagues.49 This 
technique involves suture closure of the AV separation. Valve 
sutures are then placed with a large needle around this suture 
line with pledgets on the ventricular side. We have observed 
pseudoaneurysm formation after application of this tech-
nique, but still consider it useful in cases with shallow and 
fairly narrow AV separation.

Reconstruction of the Fibrous Trigones 
and Intervalvular Fibrosa
Extension of PVE into the intervalvular fibrosa/fibrous 
trigones may necessitate replacement of both the mitral and 
aortic valves. This usually occurs in the setting of PVE affect-
ing both the aortic and mitral valves and seldom with isolated 
mitral valve endocarditis. Reconstruction of the intervalvular 
fibrosa as well as replacement of both the aortic and mitral 
valves are required (Fig. 38-5). In such circumstances the 
fibrous trigone may be reconstructed with autologous (or 
bovine) pericardium.17,49-52 Perfect exposure is mandatory, 
whether it is provided by the extended transseptal approach 
or by dividing the superior vena cava and extending the left 
atriotomy from anterior to the right superior pulmonary vein 
toward the dome of the left atrium. This approach allows 
debridement of the aortic and mitral valves as well as the 
fibrous trigones. The prosthetic mitral valve is then sewn nor-
mally to the annulus posteriorly, medially, and laterally. The 
superior portion of the mitral valve annulus is reconstructed 
with a pericardial patch that supports and replaces the inter-
valvular fibrosa. This patch is anchored to the mitral valve 
annulus and the sewing ring of the prosthesis far enough 
back where the mitral annulus is still preserved. The patch 
is sandwiched between the mitral valve suture pledgets and 
annulus on the ventricular side. Once the mitral valve is 
secured in place, the aortic valve prosthesis is affixed to the 
aortic annulus. Posteriorly, the pericardial patch is used to 

FIGURE 38-4 Reconstruction of mitral annulus. (A) Prosthetic 
valve endocarditis with posterior paravalvular abscess. The valve has 
been removed and the abscess debrided. A generous pericardial patch 
sewn to the ventricle and atrium excludes the abscess cavity and recon-
structs the annulus. (B) Valve sutures are placed with the pledgets on 
the ventricular side. (C) A new prosthesis is affixed to the pericardial 
patch and annulus. (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography ©2015. All rights reserved.)
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842 Part V Mitral Valve Disease

cover any defect in the annulus and intervalvular fibrosa, and 
the lateral corners are sealed. The aortic valve is then sewn to 
that patch.17 Another option is aortic valve and root allograft 
replacement with the allograft in an anatomic position and 
orientation, suturing the intervalvular fibrosa/mitral valve of 
the allograft directly to the mitral valve prosthesis.17

Postoperative Antibiotic Treatment
Regardless of the mitral procedure performed, all patients 
with active infection receive 6 weeks of postoperative antibi-
otic therapy as final cure of the infection is by the antibiotics. 
In patients with fungal endocarditis, the intravenous treat-
ment is followed by oral antifungal suppression for life.

RESULTS
Native Mitral Valve Endocarditis
Overall, the outcomes for patients requiring surgery for 
mitral valve IE are worse than for patients with aortic valve 
IE (Fig. 38-6).15 This is explained by mitral IE patients being 
sicker as well as the fact that invasive mitral disease is surgi-
cally more difficult to deal with. Superior event-free survival, 
lower hospital mortality, and improved long-term survival 
for mitral valve repair compared with replacement have been 
reported (Fig. 38-7).35-43 In our Cleveland Clinic series of 
146 patients who had surgery for NVE, valve repair resulted 
in lower hospital mortality (p = .008) and better long-term 
survival (p = .05) than valve replacement.43 Infection-free 

FIGURE 38-5 Reconstruction of the fibrous trigones. (A) Infection involves the mitral and aortic valves. After removing both the aortic and 
mitral prostheses, the divided intervalvular fibrosa converts the aortic and mitral orifices into a single large opening into the left ventricle. Notice 
that the planes of the mitral and aortic annuli are at right angles to each other. (B) Mitral prosthesis in place, with two-thirds of the sewing ring 
placed along the posterior mitral annulus and a residual defect toward the aorta anteriorly. (C) A triangular autologous pericardial patch is used to 
reconstruct the intervalvular fibrosa and close the roof of the left atrium. The base of the patch is sewn to the anterior third of the mitral prosthesis. 
(D) Implantation of an aortic allograft. The base of the allograft mitral valve is sewn to the mitral valve prosthesis and patch. It is important to pay 
attention to the corners by the central fibrous body and the lateral trigone in order to ensure that the corners are sealed and no sutures are under 
tension to avoid tears and leaks. (Reproduced with permission from Pettersson GB, Hussain ST, Ramankutty RM, et al. Reconstruction of fibrous 
skeleton: technique, pitfalls, and results, Multimed Man Cardiothorac Surg. 2014 Jun 18;2014.)
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 Chapter 38 Surgical Treatment of Mitral Valve Endocarditis 843

survival was also better after valve repair than replacement, 
with a reinfection rate of less than 1% per year.43 The most 
important explanations for these excellent outcomes after 
valve repair are (1) less advanced disease, (2) use of less 
prosthetic material in the infected field, (3) better preser-
vation of left ventricular function associated with repairing 
mitral valves, and (4) less sick patients. Those undergoing 
valve replacement were the sickest patients with the most 
advanced and destructive disease. The choice of prosthesis, 
whether bioprosthetic or mechanical, does not make a dif-
ference, as they have similar survival rates and freedom from 
reinfection.32,53,54

Prosthetic Valve Endocarditis
Despite improved antimicrobial regimens, outcomes of 
medical therapy alone are poor for PVE, particularly for 
patients with annular involvement or early endocarditis 
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844 Part V Mitral Valve Disease

after valve surgery. PVE has been associated with a much 
higher operative mortality than NVE.10,48,53 With improved 
understanding of the disease and better management, both 
medical and surgical, the results of mitral PVE now approach 
those of mitral NVE (Fig. 38-6).14 Outcomes are worse for 
invasive mitral infection than for both invasive aortic infec-
tion and infection limited to valve cusps or leaflets, and this 
is true for PVE and NVE (Fig. 38-6).14 The reason is related 
to the inherent mitral valve anatomy in patients with invasive 
disease into the AV groove, limiting our ability to perform 
radical debridement, sterilization, and drainage of the infected 
area. In addition, we lack an alternative mitral valve prosthe-
sis that is equally optimal for IE, simple to implant, and as 
good as the allograft for the aortic valve. Allograft mitral valve 
replacement is not simple and is still experimental.55
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Isolated, non-reoperative congenital mitral valve abnormali-
ties in adults are rare.1,2 Mitral pathology concurrent with 
other cardiac anomalies is less rare. Atrial septal defect is 
the third commonest congenital cardiac lesion presenting in 
adulthood, occurring in an estimated 1/5700 persons, nearly 
10% are ostium primum defects, and almost all primum 
defects have an associated mitral valve cleft.3 Congenital 
mitral valve pathology such as arcade or parachute mitral 
valve very rarely present in adulthood, though the patients 
surviving unrepaired to adulthood may be milder forms, 
amenable to repair.

In contrast to the rarity of non-reoperative mitral pathol-
ogy presenting in adulthood, patients needing reoperation for 
formerly corrected mitral pathology represent an expanding 
adult population. Survivors of corrective surgery in infancy 
and childhood add an estimated 8960 new adults cases annu-
ally to the adult congenital population in the US and there are 
over 1,000,000 adults living in the US today with congenital 
heart disease.4 The prevalence of atrioventricular septal defect 
(AVSD) is 5.3 per 10,000 live births.5 Mitral insufficiency is 
the principal reason for reoperation in the AVSD population. 
For patients undergoing an anatomic repair for complete or 
partial AVSD in infancy, freedom from reoperation for mitral 
regurgitation (MR) is 81 to 83% at 15 years, so the number 
of adults presenting with the need for reoperative mitral valve 
surgery is steadily increasing as successful infant repairs con-
tinue to accrue.6

PATHOPHYSIOLOGY
Normal Mitral Valve
Consideration of the normal mitral apparatus is important 
to the success of any repair for congenital mitral valve abnor-
malities. Congenital mitral valve pathology is widely variable 
between patients, demanding an individualized approach 
to each. A systematic analysis of the annular, leaflet, and 

subvalvar support structures informs a surgical strategy that 
can be tailored to the individual.

Annulus
The normal mitral valve is attached to a dynamic, saddle-
shaped fibrous annulus with the horn of the saddle at the 
anterior annulus, and the low points of the saddle at the 
commissures—a shape that minimizes leaflet stress through 
the cardiac cycle (Fig. 39-1).7 The annulus is dynamic 
through the cardiac cycle, with apical to basilar displace-
ment of the entire annulus, annular “folding” that changes 
the planar versus saddle configuration of the annulus, and 
a 23 to 40% contraction in annular circumference between 
systole and diastole.8

Leaflets
The anterior, or aortic leaflet, occupies one-third of the annu-
lar circumference, is broader than the posterior leaflet, and is 
anchored in its continuity with the aortic annulus. The pos-
terior, or mural leaflet occupies two-thirds of the annulus and 
is narrower than the anterior leaflet.8 The leaflets are divided 
into named regions A1, P1, A2, P2, A3, P3, descriptive des-
ignations that are useful to consider in a systematic examina-
tion of the valve at repair (Fig. 39-1).

Subvalvar apparatus
All chordal leaflet support radiates from the anterolateral and 
posteromedial papillary muscles that are anchored on the 
free wall of the left ventricle, and correspond to the antero-
lateral and posteromedial commissures of the valve. Chordal 
attachments are at the free edge (“primary” or “marginal” 
chordae), the mid leaflet, (“secondary” or “rough zone” chor-
dae), or closer to the hingepoint/annulus (“tertiary” or “basal” 
chordae).8 Papillary muscle separation is important to normal 
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848 Part V Mitral Valve Disease

Anterolateral
commissure

Posteromedial
commissure

Anterior

A1
A2 A3P1

P2
P3

Posterior

FIGURE 39-1 Descriptive anatomy of the mitral valve. The annulus 
is saddle-shaped, with commissures at the low points. Anterior and 
posterior leaflets and their subvalvar support structures are described 
as anterior and posterior components of 3 segments.

Normal “Typical” Parachute

FIGURE 39-2 Papillary muscle and chordal arrangement in con-
genital forms of mitral stenosis.  LEFT: The “normal” mitral valve, 
with well-spaced papillary muscles, chordal support radiating from 
papillary muscles to their respective commissures and supporting the 
leaflets. Leaflets separate fully in diastole to permit optimal, unob-
structed left ventricular filling. MIDDLE: The “typical” form of 
mitral stenosis, with normal sized annulus, closely spaced papillary 
muscles with inflow restriction owing to restrictive interchordal spaces 
and restricted leaflet mobility. RIGHT: The “parachute” deformity, 
with a single papillary muscle, inflow restriction at tight interchordal 
spaces and tethered leaflets. 

valve excursion, and fusion or close spacing produces func-
tional valve stenosis.

The physiologic patterns that result from congenital dys-
plasias of the mitral valve defy clean categorization, as several 
conditions produce stenosis and insufficiency together, in 
variable combination. We organize our description of ana-
tomic mitral malformations into (1) lesions predominantly 
causing stenosis, (2) those commonly associated with com-
bined stenosis and regurgitation, and (3) those predomi-
nantly associated with regurgitation.

Congenital Mitral Stenosis
Ruckman and Van Praagh categorized primary congenital 
mitral stenosis into four basic subtypes, based on autopsy 
data: (1) typical, (2) hypoplastic, (3) supravalvar ring, and 
(4) parachute mitral valve (Fig. 39-2).9 We will describe these 
categories, including a broader spectrum of supravalvar enti-
ties with supravalvar ring, and a variety of subvalvar patholo-
gies in addition to parachute mitral valve.

Typical
In the “typical” variant of congenital valvar stenosis, the left 
ventricular size is normal, the mitral annulus is normal, and 
obstruction occurs within the valve elements themselves. The 
interchordal spaces are obstructed by fibrous tissue, leaflets 
may be thickened, chordae shortened, and papillary mus-
cles, though distinct, are closely spaced.9 In some cases, the 
chordal apparatus is nearly absent, and papillary muscle tissue 
may insert directly and rigidly onto the leaflet itself, greatly 
reducing leaflet mobility and options for repair.

Hypoplastic
The hypoplastic variant is usually associated with other left-
sided abnormalities such as ventricular hypoplasia, aortic ste-
nosis, aortic arch hypoplasia, or coarctation of the aorta. The 
mitral annulus itself is small, and multiple valve elements are 
small. Hypoplastic mitral stenosis generally produces physi-
ology that is either lethal or requires surgical palliation in 
infancy, and is therefore seldom found in the adult.9

Supramitral Ring and other 
Supravalvar Pathology
Supravalvar obstruction to mitral inflow presenting in adult-
hood can take a variety of forms, causing inflow obstruction 
from a level remote from the valve (such as Cor Triatriatum), 
adjacent to the valve (supravalvar ring), or intimately associ-
ated with the valve (intramitral ring) (Fig. 39-3).

Cor triatriatum is embrologically distinct from true 
mitral valve stenosis, buts acts similarly, is encountered 
in the adult, and is therefore included. Cor Triatriatum 
is a membranous subdivision of the left atrium into two 
chambers—an upper chamber that receives the pulmonary 
veins, and a lower chamber that excludes pulmonary veins 
but includes the left atrial appendage. An “os” in the mem-
brane is the portal through which all pulmonary venous 
return passes to the lower chamber and in turn through 
the mitral valve. Cor triatriatum can present with mild-to-
severe restriction to mitral inflow, depending on the size of 
the os and the alternate pathways of left ventricular filling 
that may exist (Fig. 39-3).10,11

The true supramitral ring is a fibrous structure residing 
on the atrial side of the mitral annulus, with variable adher-
ence to the mitral valve leaflet itself. It can produce restriction 
to inflow according to the size of the inflow orifice, and by 
restricting the movement of the leaflet itself when adherent 
(Fig. 39-3).

The intramitral ring is a thin fibrous membrane inti-
mately associated with the leaflets and restricting leaflet 
excursion. The intramitral ring is always associated with sub-
valvar pathology (Fig. 39-3).12

A persistent left superior vena cava, present in 0.3 to 0.5% 
of population, courses across the floor of the left atrium in 
the supramitral area, and has been described to itself, uncom-
monly, produce a supravalvar obstruction.13,14
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Parachute Mitral Valve and Other 
Subvalvar Pathology
There are a great variety of types of subvalvar obstruction 
and an understanding of the differences is important to any 
operative strategy to repair them.

True “parachute mitral valve” presenting in adulthood is 
very rare, with only nine published cases of isolated parachute 
mitral valve in adults reported over 50 years.1 An embryologic 
failure in the separation of papillary muscles into two distinct 
columns results in parachute mitral valve, with a single pap-
illary muscle from which all chordae radiate.1,15 Annular and 
subannular restriction to mitral inflow results from thickened, 
shortened chordae, tethered to a single papillary origin, with 
tight interchordal spaces and restriction of leaflet excursion.1 
Mitral insufficiency may accompany mitral stenosis, possibly 
due to ischemic dysfunction of the single papillary muscle.1 
Parachute mitral valve is commonly associated with additional 
left heart pathology. “Shone’s” complex is a constellation of left 
sided anomalies that includes a parachute mitral valve defor-
mity, supramitral ring, subaortic stenosis, and coarctation of 
the aorta. The original description by John Shone in 1963 was 
from autopsy data from eight cases, including one adult, noting 
the tendency for additional left sided pathology to accompany 
parachute mitral valve, and the severity of disease that accounts 
for its rare presentation in adulthood.15 These concomitant 
pathologies commonly drive the need for palliative or correc-
tive interventions in childhood, leaving rare instances of isolated 
parachute mitral valve to present in adulthood.17 “Parachute-
like mitral asymmetry” is a similar but distinct entity where 
there are two distinct papillary muscles, but the anterolateral 
muscle is underdeveloped, short, and imparts restriction to the 
valve similar to that of true parachute valve.12,17

COMBINED MITRAL STENOSIS 
AND INSUFFICIENCY
Dysplasia of the mitral valve that restricts leaflet motion 
results in the same pathology causing both stenosis and 
regurgitation. Though mostly associated with stenosis, para-
chute mitral valve can produce regurgitation too, usually due 
to restricted anterior leaflet excursion. Repair may include 
extension of the anterior leaflet.

MITRAL ARCADE
Mitral arcade results from an embryonic failure of the elon-
gation of mitral valve chordae. In severe cases, there are no 
distinct chordae and papillary muscles insert directly onto 
the free edge of the leaflet. The term arcade refers to the 
continuous band of dysplastic chordal tissue, in continuity 
with the mitral valve leaflet edge, that arcs between papillary 
muscle bases (Fig. 39-4). Papillary muscles may be indistinct 
or multiple. Restricted interchordal spaces and restricted 
leaflet mobility produce insufficiency and stenosis, often in 
combination.2,12,18

Hammock Mitral Valve
The “Hammock” mitral valve describes the appearance 
of a concave distortion of the posterior leaflet that results 
from extraneous papillary muscles and secondary chor-
dae pulling the posterior leaflet apically and restricting its 
motion.19

Mitral arcade and Hammock mitral valve may present a 
combination of stenosis and insufficiency, usually associated 

Cor triatriatum Supamitral ring Intramitral ring

LA LA LA

MV MV

RUPV
LUPV

LAA

MV

LAA LAA

FIGURE 39-3 Congenital forms of supravalvar mitral stenosis. LEFT: Cor triatriatum is a membranous subdivision of the left atrium into two 
chambers. The upstream  chamber contains the pulmonary veins and the downstream chamber includes the left atrial appendage. MIDDLE: The 
“supramitral ring” is a membranous restriction to mitral inflow that is downstream of pulmonary veins and atrial appendage, resides in close prox-
imity to the mitral valve, sometime fused with mitral leaflet. RIGHT: The “intramitral ring” is a membranous restriction to mitral inflow that is 
integral with the valve leaflets themselves. RUPV, right upper pulmonary vein; LUPV, left upper pulmonary vein; LAA, Left atrial appendage; LA, 
left atrium; MV, mitral valve.
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MV

TV

AV
PV

Circumflex
coronary

Left aortic
trigone

Right aortic
trigone

His
bundle

FIGURE 39-5 Surgical landmarks of the mitral valve annulus, and 
anatomic limitations to annular enlargement. The mitral annulus 
between right and left aortic trigones is tissue shared with the aortic 
valve annulus. Rightward of the right trigone is an area adjacent to 
the His bundle. Subjacent to the posterior and leftward aspect of the 
mitral annulus is the circumflex coronary artery.

Papillary muscle

Mitral valve

FIGURE 39-4 Mitral arcade, characterized by undeveloped chordal 
structures, indistinct or multiple papillary muscles, often fusing with 
leaflet edge to form a rigid bridge between papillary muscle bases.

with restricted excursion of the posterior leaflet, which may 
require augmentation as part of its repair.

Indications for Operative Intervention 
for Mitral Stenosis
Surgical indications for adults with congenital mitral ste-
nosis are identical to those for acquired disease, and are 
detailed in the 2014 AHA/ACC consensus guidelines.20 In 
brief, percutaneous balloon valvotomy is recommended for 
symptomatic patients with severe MS (valve inflow area of 
≤1.5 cm2), if valve morphology is judged amenable to bal-
loon palliation. Indication for surgical intervention includes 
severely symptomatic patients (HYHA Class III/IV) with 
severe mitral stenosis (≤1.5 cm2). Patients with moderate 
(1.6 to 2.0 cm2) to severe mitral stenosis (≤1.5 cm2) are 
considered for surgical intervention in the setting of con-
comitant cardiac surgery. Currently, there are no indications 
for surgical intervention in asymptomatic patients. Addi-
tional considerations at operation include resection of the 
left atrial appendage for patients with embolic events on 
anticoagulation for atrial fibrillation.20

REPAIR TECHNIQUES FOR 
CONGENITAL MITRAL STENOSIS
Fundamental to success in repair of mitral stenosis or insuf-
ficiency with restricted leaflet excursion is to create freely 

mobile leaflets that permit unobstructed ventricular filling 
in diastole, and are sufficient in surface area and support to 
form a large surface area of coaptation in systole.

Supravalvar Mitral Stenosis Repair
The repair for supravalvar restriction to mitral inflow consists 
of a complete resection of the obstructive Cor triatriatum 
membrane or supravalvar mitral ring. The true supravalvar 
mitral ring or intramitral ring can be densely adherent to 
the leaflets and care must be taken to perform a complete 
resection of the fibroelastic membrane. Careful blunt dis-
section techniques establish a plane between true leaflet and 
membrane. Careful intraoperative assessment of additional 
associated mitral abnormalities must be made in addition to 
membrane resection.

Annular Mitral Stenosis Repair
Annular hypoplasia requires annular enlargement. Adjacent 
vital structures considerably limit the options to enlarge 
the mitral annulus. The adjacent aortic valve limits annular 
enlargement anteriorly, between the trigones. The His bun-
dle limits annular enlargement rightward of the aorta, and 
the circumflex coronary artery lies subjacent to the posterior 
and leftward annular perimeter. Extensive annular resection 
may preclude valve repair, obligating valve replacement into 
the enlarged annular area or in the supra-annular position 
(Fig. 39-5).
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FIGURE 39-6 Parachute mitral valve, viewed en face (upper panel) and in cut-away view (lower panel). (A) Poorly developed commisures, fused 
chordae, leaflets tethered to a single papillary muscle. (B) After valvuloplasty consisting of the creation of commissural leaflet separation, inter-
chordal fenestration, and the splitting if the single papillary muscle. 

Subvalvar Mitral Stenosis Repair
The variant of congenital mitral stenosis classified as 
“typical” shares many features of parachute mitral valve, 
parachute-like mitral valve, hammock, and arcade. All are 
principally defined by subannular pathology, with normal 
or even dilated true annulus. The overlap between para-
chute mitral valve, parachute-like, arcade, and hammock 
has prompted the suggestion that they lie on a continuum 
and are not discrete entities.21 We will describe a system-
atic operative approach applicable to all these lesions, 
with reference to specific lesions where special attention 
is warranted. The approach aims sequentially at all levels 
of restrictive valve architecture. A fibroelastic layer adher-
ent to the leaflet is carefully dissected from the true leaflet, 
starting from the atrial side at the annulus and working 
toward the free edge, in a manner similar to that of supra-
valvar ring resection. Orificial restriction is relieved by 
commissurotomies. In the case of true parachute mitral 
valve, the leaflets act as a single funnel-shaped structure, 
and commissures are designed in “assumed” locations that 
radiate from the papillary muscle tip toward each trigone.22 
Restrictive interchordal spaces are opened by chordal thin-
ning and chordal fenestration. Papilllary muscles are split 

where fused or closely spaced. In true parachute mitral 
valve, the single papillary muscle requires aggressive and 
complete splitting, and possibly thinning, to permit opti-
mal separation in diastole (Fig. 39-6). Particularly refer-
able to Hammock mitral valve, posterior leaflet restriction 
can be alleviated by detaching the leaflet from the annulus, 
reflecting it away from the annulus to expose the subvalvar 
pathology. This exposure permits the division of any sec-
ondary chordae or papillary attachments, and the allevia-
tion of leaflet tethering by the separation of fused papillary 
muscle from the ventricular free wall (Fig. 39-7).19 Where 
shortened chordae insert directly into ventricular free wall 
without a distinct papillary muscle, papillary-like struc-
tures can be sculpted by splitting muscle tissue away from 
true ventricular free wall.22 With optimal mobilization of 
the leaflets, anterior and posterior leaflet height can be 
assessed and patch augmentation carried out as necessary 
to produce full leaflet mobility. Artificial chordae can be 
constructed to support prolapsing or unsupported portions 
of the rehabilitated valve.19

Intraoperative valve testing is performed by infusing 
saline into the ventricle. Intraoperative echocardiography 
is an essential adjunct to assure the integrity of any valve 
repair.
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852 Part V Mitral Valve Disease

CONGENITAL MITRAL INSUFFICIENCY
Levy and Edwards classified congenital mitral insufficiency 
into four categories: (1) cleft leaflet (anterior or posterior), 
(2) anterior leaflet tissue deficiency, (3) double orifice mitral 
valve, and (4) anomalous mitral chordae.23 We will organize 
our description of primary congenital mitral valve pathology 
around these major categoric headings, and further describe 
the growing spectrum of reoperative mitral valve pathology.

Cleft Leaflet
Mitral valve cleft can occur in isolation, but is more com-
monly associated with primum atrial septal defect, partial or 
complete AVSD. The cleft is centrally situated on the ante-
rior leaflet, and is an inverted “V”-shaped separation of the 
halves of the leaflet toward the papillary muscles. While the 
central portion of the normal anterior leaflet has chordal sup-
port from both papillary muscles and ample leaflet surface to 
form a stable zone of apposition with the posterior leaflet, the 
cleft leaflet may suffer from insufficient leaflet material and 
insufficient chordal support in the central zone of apposition, 
producing a central regurgitant jet, and challenging the integ-
rity of repair (Fig. 39-8).24

Double Orifice Mitral Valve
Double orifice mitral valve is defined as a single annulus 
with two complete orifices, as distinct from duplicate mitral 
valve, where there are two complete and distinct valves with 
complete annuli. In double orifice mitral valve, the smaller 
orifice is typically posteromedial, and the bridging tissue 
between orifices can be complete or partial.12 though stenosis 
can be present, the physiologic consequence of double orifice 
mitral valve is predominantly insufficiency. There is frequent 
association with additional cardiac defects, most typically 

some form of AVSD, or in combination with obstructive 
pathologies of the left heart.12

Ebstein’s Malformation of the 
Mitral Valve
This exceedingly rare entity is characterized by MR from a 
posterior leaflet that is flattened against the ventricular wall 
and with apical annular displacement.12

INDICATIONS FOR OPERATIVE 
INTERVENTION FOR MITRAL 
INSUFFICIENCY
Indications for operative intervention for congenital mitral 
insufficiency are also identical to those for acquired dis-
ease, and are outlined in the 2014 AHA/ACC consensus 
guidelines.20 In brief, mitral surgery is recommended for 
symptomatic patients with chronic severe MR and left 

FIGURE 39-8 Leaflet and chordal arrangement of the normal 
mitral valve (left panel), and cleft mitral valve (right panel). With 
mitral cleft, leaflet tissue and chordal support may be deficient at the 
central zone of apposition.

Patch
augmentation

FIGURE 39-7 Repair for Hammock deformity of the mitral valve. The concave and tethered posterior leaflet (left) is detached, reflected anteriorly, 
and muscular attachments are divided (middle). Patch augmentation (right) further mobilizes the leaflet to permit coaptation with the anterior leaflet.
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ventricular ejection fraction (LVEF) >30%, or for asymp-
tomatic patients with chronic severe MR and LV dysfunction 
(LVEF 30 to 60% or LV end-systolic dimension, LVESD ≥ 
40 mm). Asymptomatic patients with chronic severe MR 
and preserved LV function (LVEF >60%, LVESD < 40 mm) 
are considered for repair if judged a high likelihood of dura-
ble success, or in the setting of new onset AF, resting pulmo-
nary hypertension (pulmonary artery pressure >50 mm Hg), 
or in the setting of concomitant cardiac surgery.20

REPAIR TECHNIQUES FOR MITRAL 
INSUFFICIENCY
Repair of an isolated cleft may be performed with direct clo-
sure if adequate anterior leaflet is present (Fig. 39-9). When 
found in association with double orifice mitral valve, com-
plete cleft closure can result in stenosis, and valve replace-
ment may be an only option when insufficiency persists.12 At 
repair of mitral valve cleft, it is important to study the leaflet 
morphology to treat any deficiencies in the surface area. In 
those cases, simple cleft closure alone is ineffective, and leaflet 
augmentation should be considered in conjunction with cleft 
closure. The simplest augmentation for mitral cleft fills the 
primary inverted “V” deficiency that is central and at the zone 
of apposition. A wedge-shaped patch of glutaraldehyde-fixed 
pericardium can be used to augment the deficit directly. To 
prevent prolapse of the augmented central segment, chordal 
transfer or chordal construction can be added to the repair 
strategy (Fig. 39-9).25

In more complicated, often reoperative cases, leaflet dys-
plasia with deficient surface area may extend beyond the 
central portion of the leaflet, precluding effective repair by 
direct closure or central leaflet augmentation alone. Gener-
alized deficient, dysplastic leaflet may require a radial leaflet 
detachment from the annulus with patch augmentation to 
produce or restore adequate leaflet height and mobility, and 
to effect competent coaptation (Fig. 39-9).26

Further maneuvers to improve coaptation surface at repair 
include posterior leaflet quadrangular resection and eccentric 
posterior annular reduction.27 Posterior leaflet quadrangular 
resection with reduction posterior annuloplasty, chordal 
shortening, lengthening, and replacement techniques is dis-
cussed in detail in previous chapters.
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FIGURE 39-9 Strategies for repair of mitral cleft. Direct closure alone (left) may result in leaflet restriction and reduced area of apposition with 
the posterior leaflet. Patch augmentation of the deficient central leaflet lacks chordal support, and artificial chordae may be necessary (middle). 
Cleft closure with leaflet detachment near the annulus and patch augmentation (right) can improve leaflet mobility and surface area of coaptation 
with the posterior leaflet. 
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Minimally invasive mitral valve surgery (MIS) refers to a col-
lection of techniques and operation-specific technologies, all 
of which are designed to lessen surgical trauma and improve 
clinical outcomes. In the last 20 years, enhanced visualiza-
tion and instrumentation as well as modified perfusion and 
aortic occlusion methods have propelled the development of 
MIS operations. Cohn and Cosgrove (1996) first modified 
cardiopulmonary bypass techniques to enable safe, effective, 
minimally invasive aortic and mitral valve surgery.1–3 Con-
currently, innovative port-access methods, using endo-aortic 
balloon occlusion, were proven to be effective.4,5 Thereaf-
ter, video-assisted and robotic methods were developed and 
applied effectively by several surgical groups.

Despite acceptance today, many surgeons initially were 
very critical of performing any complex valve operations 
through small incisions, owing to safety risks and the pos-
sibility of inferior results.6,7 Since then many institutions 
worldwide have published excellent MIS comparative out-
comes with traditional surgery. These showed definite clini-
cal advantages, which included decreased blood loss and less 
transfusions as well as minimal postoperative care and pain. 
Collectively, these translated into shorter hospital stays, faster 
return to normal activities, less use of rehabilitation resources, 
and overall healthcare cost savings. Each of these advantages 
has been a driver for the continued development and expan-
sion of MIS operations.

Today, replacing and repairing cardiac valves through 
small incisions is a standard practice. The combination of 
alternative sternal and thoracotomy approaches, new aor-
tic clamping techniques, modified cardiopulmonary bypass 
circuits and cannulas, shafted-instruments, and three previ-
ous generations of robotic systems, all have set the stage for 
current minimally invasive and robotic mitral surgery, which 
has gained acceptance at many centers worldwide. Large 
institutional series as well as several meta-analyses have con-
firmed that MIS mitral valve surgery is safe and effective for 
most patients.8–14 Although overall mitral repair rates in the 
United States have increased from 51% in 2000 to 62% in 

2010, adoption of minimally invasive operations lags behind 
at less than 30% of repair cases.15–17 In comparison, in 2015 
nearly 50% of over 5000 mitral valve repairs in Germany 
were done minimally invasively.18 At our center, mitral repair 
rates approach 100% for both MIS and robotic operations in 
selected patients with degenerative mitral disease.

With better understanding of the natural history of 
degenerative mitral valve disease, more asymptomatic patients 
now are being referred for repairs. Recent 2014 ACC/AHA  
(United States) and/or 2012 ESC/EACTS (European) Heart 
Valve Guidelines suggested that these patients should be 
referred only to high volume centers, having a heart team 
approach with a 95% chance of a repair and less than 1% oper-
ative mortality.19,20 These same “high bar” standards now have 
been set for minimally invasive repairs. To this end, surgeons 
who plan to embark on this trek should have significant experi-
ence in repairing valves through a sternotomy as well as have a 
significant patient volume, a unified heart team, and full sup-
port from the operating room and hospital administration.16

Hopefully, this chapter will serve both as an educational 
tool and helpful guide for those who plan to do, or currently 
are doing, minimally invasive mitral and tricuspid valve 
surgery. Today, most surgeons have reserved the hemister-
notomy for aortic valve surgery. The majority of minimally 
invasive mitral and tricuspid repairs are done either through 
a right minithoracotomy or even less invasive port access 
methods. Thus, this chapter will relate only to direct-vision, 
video-assisted (endoscopic), and robot-assisted MIS mitral/ 
tricuspid operations performed via right thorax access.

EVOLUTION OF MITRAL VALVE 
REPAIR SURGERY

The First Operations
T. Lauder Brunton first suggested that the mitral valve ste-
nosis could be treated surgically.21 In May of 1923, Elliott 
Cutler performed a mitral valvulotomy in an 11-year-old girl 

Minimally Invasive and 
Robotic Mitral and Tricuspid 
Valve Surgery
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856 Part V Mitral Valve Disease

using a tenotomy knife. Thereafter, she lived for 4.5 years. 
His next six patients died, and he abandoned the procedure.22 
Sir Henry Souttar performed a successful digital commissur-
otomy in May of 1925. His patient recovered uneventfully 
but he was never referred another patient for this operation.23 
Despite these early repair attempts, mitral surgery remained 
dormant until 1948 to 1949 when Horace Smithy, Charles 
Bailey Dwight Harken, and Russell Brock independently 
revitalized the technique of commissurotomy.24–27 There were 
early successes by Lillehei and McGoon to repair degen-
erative mitral valves.28,29 Other surgeons developed vari-
ous annuloplasty techniques.30,31 Some of these operations 
were quite successful but the development of a mitral valve 
replacement prosthesis eclipsed further development of repair 
techniques.32,33

Traditional Repair Success
The concept of repairing mitral valves was revived and developed 
by Carpentier and Duran.34,35 Carpentier’s landmark address 
entitled The French Correction (1983) made surgeons realize that 
most insufficient degenerative valves could be repaired and that 
the benefits exceeded those of a replacement.36 His techniques 
were proven to yield excellent results when done through a 
median sternotomy. Many subsequent clinical series con-
firmed these benefits and repair became a standard of care in 
Europe and the United States, albeit slowly adopted.37–40 The 
perfection of mitral repair operations done through a sternot-
omy laid the foundation for minimally invasive techniques to 
be the next wave of advancement.

Minimally Invasive Mitral Valve Surgery
The idea of MIS mitral surgery emanated during the “Heart-
port Era” with the development of balloon aortic occlusion 
devices, long-shafted instruments, and port cardiac access.4,5 
These innovations facilitated MIS greatly and encouraged 
surgeons to expand the development of even less invasive 
operations. Cohn and Cosgrove among others showed modi-
fied less invasive sternal incisions safe and efficacious when 
replacing and repairing mitral valves.1–3 Later, propensity 
matched patient series confirmed that repair results were  
similar to sternotomy-based operations.12

The concept of operating inside the heart using video-
assisted or endoscopic vision is not new. In November of 1923, 
Duff Allen and Evarts Graham planned to use a cardioscope to 
visualize a commissurotomy in a 31-year-old woman but were 
unsuccessful.41 Harken experimented with intracardiac visu-
alization techniques in 1943.42 In 1958, Sakakibara predicted 
that valve operations could be done using endoscopic second-
ary vision.43,44 Kaneko (1995) used video assistance through a 
sternotomy to aid in mitral repairs and commissurotomies.45

In February of 1996, Carpentier performed the first video-
scopic minimally invasive mitral repair, which was done via a 
right minithoracotomy.46 Our group performed the first camera-
directed minimally invasive mitral replacement 2 months 

later.47–49 Mohr, Reichenspurner, Vanermen, Hargrove, and 
Chitwood expanded the influence of video-directed mini-
mally invasive mitral surgery by publishing large mitral repair 
series with excellent results.8–10,14

Robot-Assisted Mitral Valve Surgery
In 1998, Carpentier accomplished the first robotic mitral 
repair using a daVinci robot prototype.50 A week later, Mohr 
completed seven successful robot-assisted mitral repairs with 
this system.51 These operations proved that mitral repairs 
could be done safely using robotic telepresence alone. In 
2000, Grossi performed a mitral valve leaflet repair using the 
Zeus robot.52 In 1999, our group purchased the first com-
mercial daVinci Surgical System (Intuitive Surgical, Inc., 
Sunnyvale, CA) in the United States and then developed 
additional instruments and repair techniques in our robotic 
laboratory. In May of 2002, under an FDA safety and effi-
cacy clinical trial, we performed the first complete robotic 
mitral repair with leaflet resection and a band annuloplasty 
using the daVinci system.53 This device was FDA approved 
for intracardiac surgery in 2002 after two clinical trials.54 
Our inaugural series of 300 patients confirmed the safety and  
efficacy of robot-assisted mitral valve repair.55

Dedicated robotic mitral valve repair referral programs 
have shown outcomes similar to operations done either 
through a sternotomy, hemisternotomy, minithoracotomy, 
or port only access.56–60 The device, instrument, and main-
tenance costs have been challenged; however, surgeons at 
the Mayo and Cleveland Clinics have shown that optimized 
robotic care paths can render economic parity with other 
incisional approaches.61,62

ACCLIMATIZATION AND 
PROGRESSION
In previous book chapters, we have compared a surgeon’s 
progression in minimally invasive valve surgery skills akin to 
a “Mount Everest trek.” Although this analogy may be less 
apropos today, it does bespeak the advantages of an advanc-
ing pathway on which one can accommodate anywhere 
along this surgical escarpment. Embarking from a conven-
tional median sternotomy-based operation or “base camp,” 
surgeons can advance progressively toward less invasiveness 
through experience and methodological acclimatization. In 
this schema, entry levels of technical complexity are mastered 
before advancing past small-incision, direct-vision approaches 
(Level 1) toward more complex video-assisted/directed proce-
dures (Level 2 or 3), and finally to completely robot-assisted 
operations (Level 4). With the evolution of technology and 
advancing surgical expertise, most established mitral repair 
surgeons are able to attain “comfort zones” along this trek.

This chapter shows that patient selection, preoperative 
screening, patient positioning, the operative setup, perfu-
sion, and operative management are generally the same for all 
of our MIS and robot-assisted operations. This standardization 
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TABLE 40-1: The Ideal Mitral Valve Repair

 • Small nonrib spreading working incision
 • Central antegrade cardiopulmonary perfusion
 • High-definition magnified 3D vision
 • Ergonomic intracardiac instrument access
 • Tactile feedback
 • Facile prosthesis attachment devices
 • Minimal

 • Cardiopulmonary perfusion times
 • Cardiac arrest times
 • Blood product usage
 • Ventilation times
 • Intensive care requirements
 • Incision pain
 • Hospitalization

 • High-quality repairs
 • Greater than 95% repairs
 • Few reoperations (<2%)
 • Operative mortality (<1%)
 • No SAM or residual leak

TABLE 40-2: Contraindications to Minimally 
Invasive and Robotic Mitral Valve Surgery

Absolute Relative

Previous right thoracotomy Previous sternotomy
Severe pulmonary dysfunction Moderate pulmonary 

dysfunction
Myocardial infarction or 

ischemia < 30 days
Asymptomatic coronary artery 

disease
Coronary artery disease—

requiring coronary surgery
Coronary artery disease—

requiring *PCI
Severe generalized vascular 

disease
Limited peripheral vascular 

disease
Symptomatic cerebrovascular 

disease or stroke < 30 days
Asymptomatic cerebrovascular 

disease
Right ventricular dysfunction Poor left ventricular function  

(*EF < 50%)
Pulmonary hypertension  

(fixed > 60 torr)
Pulmonary hypertension 

(variable > 50 mm Hg)
Significant aortic stenosis or 

insufficiency
Mild to moderate aortic stenosis 

or insufficiency
Severe mitral annular 

calcification
Moderate annular calcification

Severe liver dysfunction Chest deformity (pectus or 
scoliosis)

Significant bleeding disorders
Significantly dilated aortic root

*PCI, percutaneous catheter intervention; EF, left ventricular ejection fraction

should help surgeons move more rapidly through the pro-
gression of MIS operations. Major differences between direct 
vision and video-assisted MIS operations relate mainly to the 
size of the minithoracotomy. In robot-assisted operations, 
changes relate to instrument arm placement, instruments, 
and telemanipulation methods. Mitral and tricuspid valve 
repair techniques have been standardized for all three opera-
tive approaches.

PATIENT SELECTION
Table 40-1 shows what we consider to be an ideal mitral valve 
operation. Today, we have been able to achieve most of these 
factors: however, others remain for the future. Clearly, the die 
has been cast (alea iacta est) regarding the absolute require-
ment for patient safety and optimal long-lasting repairs, no 
matter what technique is employed. Patients who are selected 
for minimally invasive mitral surgery should have the same 
indications as outlined in either the 2014 ACC/AHA (United 
States) or 2012 ESC/EACTS (European) Guidelines.19,20 At 
our institution, all patients with either degenerative or func-
tional mitral insufficiency are considered for a videoscopic or 
robotic MIS. Asymptomatic patients are selected based on the 
IIa recommendations in the recent ACC/AHA guidelines.19 
Patients with significant comorbidities, and those requiring 
multivessel coronary revascularization, an aortic valve replace-
ment or have a significantly dilated ascending aorta should be 
operated upon through a sternotomy. Operative risks, age, 
fragility, and mitral pathology complexity all should be con-
sidered when selecting these patients. All patients should be 
informed of alternative approaches, including a traditional 
sternotomy, and they should understand that there is a small 
possibility of requiring a sternal conversion. Absolute and 
relative contraindications to robotic and MIS mitral surgery are listed in Table 40-2. Some relative contraindications can 

be managed by selecting alternate methods for perfusion and 
myocardial protection (eg, axillary artery cannulation and 
hypothermic ventricular fibrillation). For single vessel coro-
nary disease, preoperative coronary stenting has obviated the 
need to avoid consideration for a mitral/tricuspid MIS repair.

PREOPERATIVE SCREENING
Candidates for any MIS or robot-assisted mitral operation 
should be screened carefully for peripheral vascular and coro-
nary artery disease as well as pulmonary maladies. In most 
patients, either a computed tomographic angiogram and/or 
contrast coronary angiogram should be performed. Suspect 
patients should undergo tomographic and/or ultrasound 
screening for aortoiliac, carotid, and general aortic disease. 
Peripheral perfusion and aortic endoballoon occlusion should 
be avoided in patients with severe aortic atherosclerosis or 
a dilated ascending aorta. Pulmonary function tests should 
be done in heavy smokers and those having symptoms of 
obstructive disease. A detailed transthoracic echocardiogram 
should be done to define general valve pathology, ventricu-
lar function, and the presence of pulmonary hypertension. 
If the latter is present, a right heart catheterization may be 
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858 Part V Mitral Valve Disease

TABLE 40-3: Transesophageal 
Echocardiography: “Blueprint Planning”

 • Degree of valve leakage
 • Direction of individual leakage jets
 • Lengths (mm) of A2, and P1, P2, and P3
 • Annular diameter and geometry—mitral and tricuspid
 • Definition of posterior leaflet clefts and interdependence
 • Planar angle between mitral and aortic annulus
 • Degree (mm) of leaflet segmental prolapse or restriction
 • “Septal knob” thickness (mm)
 • Aortic outflow tract size (mm)—coaptation to septal distance
 • Reconstructed topographic mitral valve model

TABLE 40-4: Anterior Leaflet Systolic Motion 
(SAM) Contributing Factors: Anatomic, 
Operative, and Functional

 • P1-P3 leaflet length > 2 cm (annulus to edge)
 • A2 leaflet length > 3 cm
 • Aortomitral plane angle < 120°
 • Narrow aortic outflow tract
 • Thick septal “knob”
 • Small annuloplasty prosthesis
 • Inotropic drug support
 • Under filled left ventricular

indicated. In patients with complex disease, we perform a 
preoperative 3D transesophageal echocardiogram (TEE).

REPAIR PLANNING: 3D TEE STUDIES
We always develop an intraoperative “blueprint” to plan 
mitral and tricuspid repairs Table 40-3. After patients are 
anesthetized, the direction of each jet (leak) is mapped with 
both 2D and 3D TEE studies. The mobility and prolapse 
level is determined for each restricted or prolapsing seg-
ment. Leaflet segments (P1-P3, A1-A3) are measured. Next, 
the planar angle between the aortic and mitral valve annulus 
is determined. Finally, the annular diameter, outflow tract 
septal thickness, and coaptation point to septal (C Sept) dis-
tances are measured. Operative planning includes the avoid-
ance of systolic anterior motion of the anterior leaflet (SAM). 
Thus, we pay special attention to the length of A2 and P1-P3 
heights (annulus to coapting edge). Table 40-4 shows the ana-
tomic, operative, and dynamic features that can contribute 
to postoperative SAM. Preventative structural repair measures 
that may avoid this complication include: (1) implantation 
of a large enough ring/band, (2) reduction of the posterior 
leaflet height to 15 mm or less, and (3) achievement of an 
optimal leaflet coaptation surface (8–10 mm). The length 
of A2 guides us for annuloplasty band size selection. Finally, 
a 3D valve model is constructed from these measurements  
(Fig. 40-1A–C). During the valve reconstruction, this model 
as well as other imaging studies can be visualized in the 
daVinci operating console using the Tile Pro software (Intui-
tive Surgical, Inc., Sunnyvale, CA). To determine the need for 
an adjunctive tricuspid valve repair, we quantitate the regur-
gitant volume and measure the annular size. We now include 
a tricuspid annuloplasty repair in all patients that have even 
moderate insufficiency with annular dilatation of more than 
4 cm.

OPERATIVE MANAGEMENT: 
GENERAL
As mentioned before, the operative organization and man-
agement are very similar for minithoracotomy or port access 

(MIS) video-assisted, direct vision, and robot-assisted mitral 
repairs (RMVP) and replacements. The Atlas of Robotic Car-
diac Surgery details anesthesia management, instrument 
setup, and conduct of these and other operations at several 
well-known centers.63 Moreover, Cardiopulmonary Bypass and 
Mechanical Support: Principles and Practice provides precise 
details of our method of cardiopulmonary perfusion (CPB) 
for all of these operations.64 The use of endo-balloon aortic 
occlusion requires special attention and is detailed in these 
texts.

Patient Position
To help widen the right intercostal spaces (ICSs), which helps 
to prevent rib spreading, the right chest should be elevated 
by 30° using a midthorax towel roll. The right arm should be 
“sling” positioned inferior to the posterior axillary line. Some 
surgeons prefer to position the flexed right arm above the 
head using different forms of stabilization. At this time, ante-
rior and posterior Zoll defibrillator pads should be placed to 
subtend the heart. To monitor adequate limb perfusion dur-
ing CPB, we place Invos System (Somanetics, Inc., Troy, MI) 
oxygen saturation monitoring patches on each thigh. Stan-
dard skin preparation and draping must provide wide access 
to the right chest, sternum, and both groins. To facilitate 
transthoracic aortic clamp placement, the right chest should 
be prepared sterilely as far as the posterior axillary line.

Anesthesia Management
Although some surgeons prefer not to isolate the right lung, 
we believe that unilateral ventilation can be done safely and 
facilitates inspection for bleeding at the end of the operation. 
In the past, we deflated the lung first and then opened the 
pericardium with long instruments before establishing CPB. 
However, we now begin CPB before deflating the right lung 
and avoid manipulating it while heparinized. To isolate the 
right lung, either a double-lumen endotracheal tube or a right 
endobronchial blocker is used. In all of our minimally inva-
sive cardiac surgery operations, we monitor closely cardiac 
dynamics and function as well as leg and brain perfusion. 
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 Chapter 40 Minimally Invasive and Robotic Mitral and Tricuspid Valve Surgery 859

Forehead patches are applied to monitor bispectral index (BIS, 
Covidien, Inc., Boulder, CO), which provides an index of 
cerebral perfusion and anesthetic levels.

A left radial artery catheter is placed for systemic blood 
pressure monitoring. If intra-aortic balloon occlusion 
(clamping) is planned, arterial pressures should be measured 
continuously in both arms. This is done to ensure that the 
endoballoon has not inadvertently occluded the innomi-
nate artery. Thereafter, a right internal jugular vein cath-
eter is inserted for drug infusions and placement of a flow 
directed Swan–Ganz pulmonary artery catheter (Edwards 
Lifesciences, Irvine, CA). Using the “double stick” technique, 
a thin-walled (15-Fr or 17-Fr) Bio-Medicus (Medtronic, 
Inc., St. Paul, MN) right internal jugular venous drain-
age cannula is inserted under echocardiographic guidance  
(Fig. 40-2). Some surgeons use a single femoral venous 
return cannula that is passed through the right atrium into 

the superior vena cava (SVC). However, to assure a dry sur-
gical field throughout these operations, we have found that 
dual cannulation is more reliable. Lastly, the 3D transesopha-
geal echo probe is positioned and detailed studies are done.

Working Incision
Today, most minimally invasive and robotic mitral/tricus-
pid valve operations are performed through a right fourth 
ICS minithoracotomy. Current visualization choices include 
a direct view through the incision, 2D endoscopic, or 3D 
robotic. However, the new Aesculap 3D EinsteinVision sys-
tem (E Braun, Inc., Tuttlingen, Germany) has been compared 
favorably to daVinci robotic 3D visualization.65 The size of 
the working incision usually depends on the visualization and 
operative methods chosen by the surgeon.

For both direct vision and 2D endoscopic MIS, a 4 to 5 cm 
minithoracotomy is made in the fourth ICS near the anterior 
axillary line. We suggest a slightly larger incision for surgeons 
just beginning MIS mitral surgery. For robotic operations, 
a smaller working incision (2 to 3 cm) is placed in the same 
topographic chest region. In preference to using a rib-spread-
ing retractor, we now prefer a flexible Alexis soft tissue wound 
protector (Applied Medical, Inc., Rancho Santa Margarita, 
CA). In the past, we used the Perivue Soft Tissue retractor 
(Edwards Lifesciences, Inc., Irvine, CA) for nonrib spreading 
access. We have found that this minimizes postoperative pain 
and provides good working-incision exposure for either direct 
vision, video-assisted, or robotic minimally invasive mitral/
tricuspid valve surgery. Other robotic surgeons have found 
that true port-access (1 to 2 cm) can be used without com-
promising either the operation or safety.57–60

Cannulation and Cardiopulmonary 
Perfusion
All perfusion cannulas are placed under echocardiographic 
guidance using the Seldinger guide-wire technique. Through 
a 2-cm oblique groin incision adventitial 4-0 polypropylene 

P2

A2

Av

VS

P2

P1

P3

RFT

LFT

A B C

FIGURE 40-1 Preoperative transesophageal echo studies. (A) Long-axis 2D view of prolapsing P2 leaflet segment; A2, anterior leaflet; Av, aortic 
valve; VS, ventricular septum. (B) 3D view with prolapsing posterior leaflet P2 segment; P1 and P2—other posterior leaflet segments; LFT, left 
fibrous trigone; RFT, right fibrous trigone. (C) Topographic 3D model showing prolapsing P2 segment; A2, anterior leaflet; AL, anterior-lateral; 
PM, posterior-medial; Ao, aortic valve; A, anterior; P, posterior.

DLET

TEE

IJ SVC

IP

SG

FIGURE 40-2 Anesthesia preparation. TEE, transesophageal echo 
probe; DLET, double lumen endotracheal tube; IJ SVC, internal jug-
ular vein to superior vena cava venous drainage cannula; IP, internal 
jugular vein drug infusion port; SG, internal jugular vein Swan Ganz 
pulmonary artery catheter.
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860 Part V Mitral Valve Disease

oval (longitudinal) purse-string sutures are placed in both 
femoral vessels near the inguinal ligament. The right femoral 
artery is cannulated with either a 17 or 19-Fr Bio-Medicus 
cannula (Medtronic, Inc., Minneapolis, MN). For inferior 
vena caval drainage, either a 22-Fr (single stage) or a 23/25-Fr  
(dual stage) RAP femoral venous cannula (LivaNova, Inc., 
Arvada, CO) is passed into the right atrium (Fig. 40-3). In 
corpulent patients, we tunnel cannulas through the upper 
thigh subcutaneous tissue. This allows coaxial dilators and 
cannulas to have safer passage into vessels at a 30° to 45° 
angle. Vacuum-assisted venous drainage is used in all of our 
operations. Presently, we use Sorin S5® heart-lung machine, 
modified for use with a venous bag reservoir or V-Bag  
(Circulatory Technology, Inc., Oyster Bay, NY) and equipped 
with magnetic drive for Revolution centrifugal pump suction 
(LivaNova USA, Inc., Arvada, CO) (Fig. 40-4). Figure 40-5 
Illustrates our current perfusion circuit for MIS and robotic 
heart surgery.

Cardiac Air Removal
Meticulous cardiac air removal is particularly important 
in minimally invasive valve operations. Difficulty exists in 
manipulating and deairing the cardiac apex, as it cannot be 
elevated. Also, with a right anterolateral minithoracotomy, 
air tends to be retained along the dorsally oriented ventricu-
lar septum and in the right pulmonary veins. Moreover, this 
position places the right coronary ostium in the most vulner-
able position to entrap air. Continuous carbon-dioxide (CO2) 
insufflation has been particularly helpful in minimizing intra-
cardiac air and should be begun before cardiac chambers are 
opened. Carbon dioxide is much more soluble in blood than 
air and displaces it very effectively. We infuse CO2 continu-
ously (4-5 L/min) into the thorax, and prior to cross clamp 
release, ventilate both lungs vigorously to draw the gas deep 

into all pulmonary veins. After atriotomy closure and fol-
lowing cross-clamp release, suction is applied to the aortic 
root vent. One can compress the right coronary artery origin 
during early ejection. Constant transesophageal echocardio-
graphic monitoring is essential to assure adequate air removal 
before weaning from cardiopulmonary bypass.

Alternate Arterial Cannulation 
Techniques
Ileo-femoral and/or aortic atherosclerosis may preclude 
safe retrograde perfusion. To cannulate the ascending aorta 
directly, it is important to place two concentric pledgeted 
purse strings near the innominate artery origin. We use either 
a Biomedicus (Medtronic, Inc., Minneapolis, MN) guide-wire 
directed cannula or a 23-Fr Straight Shot device (Edwards 
Lifesciences, Irvine, CA), which is passed through the chest 
wall via a 10-mm trocar. If it is not feasible to cannulate the 
ascending aorta directly, we use the right axillary artery for 

V

A

FIGURE 40-3 Cardiopulmonary bypass perfusion cannulas. Groin 
incision with arterial (A) and venous (V) cannulas in place for cardio-
pulmonary perfusion (see text for details).

FIGURE 40-4 Cardiopulmonary bypass perfusion circuit. Venous 
bag reservoir or V-Bag (Circulatory Technology, Inc., Oyster Bay, 
NY) attached to a magnetic drive to propel the Revolution centrifugal 
pump suction head (LivaNova USA, Inc., Arvada, CO).
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antegrade perfusion. The artery is exposed through an infra-
clavicular incision. An 8-mm GelSoft knitted graft (Vascutek, 
Terumo, Ann Arbor, MI) is sewn end-to-side to the axillary 
artery with 5-0 polypropylene suture. Thereafter, the graft is 
connected to the bypass circuit using either an appropriate size 
arterial cannula or a three-eighth inch pump tubing connec-
tor. Terumo also makes a PTFE graft that is annealed directly 
to a perfusion cannula (Fig. 40-6A and B). Alternatively, the 
axillary artery can be cannulated directly; however, distal arm 
perfusion should be monitored while the cannula is in place.

Aortic Occlusion
For aortic occlusion, we use a transthoracic cross clamp Scan-
lan International, Inc., St. Paul, MN as it has been proven to 

be safe, reliable, economic, and simple to apply (Fig. 40-7A 
and B). However, a number of surgeons use the IntraClude 
endoballoon (Edwards Lifesciences, Irvine, CA) for aortic 
occlusion (Fig. 40-8). This technique has a steeper learning 
curve than using the clamp. The balloon position must be 
precise and remain stable in the ascending aorta. There is a 
potential for either innominate artery occlusion or intraven-
tricular displacement. Therefore, it is essential echo monitor 
the balloon position throughout the operation. Also, intro-
duction through the specialized femoral arterial cannula can 
limit limb perfusion. In this circumstance, the endoballoon 
catheter should be reinserted through the other femoral 
artery. Despite these concerns, this method can provide effec-
tive aortic occlusion with a simultaneous route for delivering 
antegrade cardioplegia and venting air.

FIGURE 40-5 Cardiopulmonary bypass perfusion circuit for minimally invasive mitral surgery. Our circuit employs the venous bag reservoir 
pictured in Fig. 40-4. Femoral arterial and venous cannulas are inserted through a small groin incision. An internal jugular venous cannula aug-
ments return to the V-Bag reservoir. Cold Custodiol antegrade cardioplegia is delivered via an ascending aorta cannula. (Reproduced with permis-
sion from Gravlee GP, Davis RF, Hammon J, et al: Cardiopulmonary Bypass and Mechanical Support: Principles and Practice, 4th ed. Philadelphia: 
Wolter Kluwer; 2015.)
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A B

FIGURE 40-6 Axillary arterial alternate cannulation. Two methods of axillary arterial cannulation are shown. (A) An 8-mm GelSoft knitted graft 
(Vascutek, Terumo, Ann Arbor, MI) is sewn to the right axillary artery; a similar size arterial perfusion cannula is inserted into the graft and tied 
tightly in place. (B) Terumo PTFE graft that is annealed to the arterial perfusion circuit.

A

B

FIGURE 40-7 Transthoracic aortic clamp. For minimally inva-
sive mitral valve operations, the transthoracic aortic clamp (Scanlan 
International, Inc., St. Paul, MN) should be passed through the 3D 
intercostal space. (A) Transthoracic aortic clamp and (B) clamp tines 
with DeBakey-type teeth. (Used with permission from Scanlan Inter-
national Inc., St. Paul, MN.)

When applying the transthoracic aortic clamp, the poste-
rior arm should be passed through the transverse sinus under 
either direct or videoscopic vision (Fig. 40-9A and B). The shaft 
of the clamp should be passed just in front of the SVC near 
the pericardial junction. The anterior clamp arm (tine) por-
tion should be positioned across the aorta until it reaches the 
main pulmonary artery. Care must be taken not to injure the 
right or main pulmonary artery, left atrial appendage, left 

main coronary artery, or aorta. We prefer to place the clamp 
with the tip directed toward the transverse aortic arch.

Myocardial Protection
As mentioned earlier, we have always used the transtho-
racic aortic clamp method for both minimally invasive and 
robot-assisted mitral valve surgery. For antegrade cardioplegia 
administration, a long cardioplegia-vent catheter (Medtronic, 
Inc., St Paul, MN) is inserted through an ascending aortic 
purse-string, secured, and passed either through a chest wall 
trocar or the working incision. We prefer a pledgeted dia-
mond shape 4-0 PTFE purse-string suture placed distal to the 
right coronary artery origin near the fatty Fold of Rindfleisch 
(Fig. 40-10). This catheter should be inserted either under 
robotic, endoscopic, or direct vision.

We now use Custodiol—Bretschneider’s HTK solution 
(Franz Köhler Chemie Bensheim GMBH, Germany) for car-
dioplegia as it provides much longer myocardial protection 
without requiring frequent reinfusions. We start with single 
large infusion (20 to 25 mL/kg) at 4 to 6°C, and after 1 hour 
give a half dose. For maximal myocardial protection, we com-
bine antegrade cardioplegia with a systemic blood inflow 
temperature of 28°C. If blood cardioplegia is used, repeat 
administrations should be given at 15- to 30-minute inter-
vals. Multiple cardioplegia infusions, requiring atrial retractor 
relaxation and repositioning, can entrain air into the aortic 
root. For patients having had a previous sternotomy, we cool 
systemically to 26°C and induce ventricular fibrillation by 
rapid pacing with a custom Swan-Ganz catheter. In patients 
with mild aortic insufficiency, additional intracardiac suction 
can be combined with dropping perfusion flow briefly for dif-
ficult suture placement.
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FIGURE 40-8 Endo-balloon aortic occlusion. Femoral arterial and venous perfusion cannulas have been inserted. An IntraClude endo-balloon 
(Edwards Lifesciences, Irvine, CA) has been passed through the femoral arterial perfusion cannula and echo-guided retrograde to the ascending 
aorta. A pulmonary artery vent catheter has been placed. A retrograde cardioplegia coronary sinus cannula has been inserted through the right 
internal jugular vein. (Reproduced with permission from Chitwood WR: Atlas of Robotic Cardiac Surgery. London: Springer-Verlag; 2014.)

A B

FIGURE 40-9 Transthoracic aortic clamp placement. (A) The transverse sinus is shown with the following structures: RPA, right pulmonary 
artery; LAA, left atrial appendage; LMCA, left main coronary artery; SVC, superior vena cava; aorta and right atrium are also shown. The correct 
trajectory for clamp placement from the 3D interspace, across the pericardial-SVC junction with the tip residing superior to the LAA and inferior 
to the RPA. (B) The transverse sinus is shown after transthoracic cross clamp (TT-XCL) placement. The clamp tip has been directed cephalically 
across the ascending aorta (Asc Aorta). The right pulmonary artery (RPA) and main pulmonary artery (MPA) are shown, as are the SVC and right 
atrium. CP denotes the cardioplegia cannula.
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Ao

Cp

A B

FIGURE 40-10 Cardioplegia/vent catheter insertion. (A) The cardioplegia/vent catheter (CP) has been inserted into the ascending aorta (Ao) 
through a 4-0 pledgeted PTFE “purse string” suture placed just distal to the right coronary artery origin in the fatty fold. (B) The cardioplegia 
catheter (red) has been secured in the ascending aorta with a Rummel tourniquet (blue). (Reproduced with permission from Grover FL, Mack MJ: 
Master Techniques in Surgery: Cardiac Surgery. Philadelphia: Lippincott Williams & Wilkins; 2016.)

A B

FIGURE 40-11 Suture loops: pericardal retraction/atriotomy closure. (A) Tiny PTFE loops are hand tied. These 3-0 PTFE loops are used to 
close the left atrium. After the suture is passed through the atriotomy tissue, the needle is passed through the loop, and the suture is tightened. This 
obviates the need for extracorporeal knot tying. (B) For pericardial retraction sutures, 2-0 braided suture loops are tied as in A. After the loop-suture 
pericardial edge fixation, the suture is passed through the lateral chest wall using a “crochet hook” instrument.

Cardiac Exposure
After going on CPB, the pericardium is opened longitudinally 
3-cm anterior to the phrenic nerve with either long shafted 
endoscopic or robotic instruments. Two to three well-spaced 
pericardial retraction sutures are placed along the inferior (dor-
sal) pericardial edge (Fig. 40-11A and B). We then pass the 
needle back through a pretied end-loop. Using a crochet hook 
instrument, the single suture is withdrawn laterally through 
the chest wall to provide cardiac exposure. Care should be 
taken not to stretch or directly injure the phrenic nerve.  

The anterior (ventral) pericardial edge is distracted through 
the working incision with two sutures.

OPERATIVE MANAGEMENT: 2D 
VIDEO-ASSISTED MINIMALLY 
INVASIVE MITRAL SURGERY
Figure 40-12 shows our table arrangement for 2D video-
assisted MIS mitral operations. After establishing car-
diac arrest, we pass a 5-mm high-definition 2D endoscope  
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(Karl Storz GmbH & Co. KG, Tuttlingen, Germany) through 
a third ICS trocar and attach it to a hand-positioned holder. A 
transthoracic atrial retractor arm (Atrial Lift System, Atricure, 
Inc., Cincinnati, OH) is passed through the chest wall, just 
medial to the sternum in the fourth interspace (Fig. 40-13). 
The arm is then coupled to the appropriate size blade, which is 
inserted into the left atrium. After minimal interatrial groove 
dissection, the left atriotomy should be made just medial to 
the right superior and inferior pulmonary veins. To lift inter-
atrial septum and expose the mitral valve, the retractor arm is 
attached to a table-mounted support. This device is also used 
to facilitate tricuspid valve repairs.

Long-shafted instruments are used for endoscopic and 
direct vision MIS and provide rotational ergonomics but lack 
the advantage of full articulation (Fig. 40-14). Specialized knot 
pushers and suture cutters (Scanlan International, Inc., St. Paul, 
MN) greatly facilitate MIS mitral operations (Fig. 40-15). It 
is incumbent that needle holders have a strong grip as many 
positioning angles confer increased torque compared with tra-
ditional suturing methods. For suture organization, we often 
use Gabby-Frater suture guides (Teleflex Medical, Research  
Triangle, NC), placed around the working incision.

OPERATIVE MANAGEMENT: 3D 
ROBOT-ASSISTED MITRAL SURGERY
Heart Team Robotic Program 
Development
We recently published a consensus statement from the combined 
STS/AATS New Technology Committee entitled “Pathway 

Cross clamp

2D camera

CO2

LA suction

FIGURE 40-12 Video-assisted minimally invasive mitral surgery: 
operative setup. A 5-mm Storz videoscopic camera (2D—Camera) has 
been placed through a trocar inserted in the 3D intercostal space and 
is then attached to a table-mounted holder. The transthoracic cross 
clamp is shown placed through the 3D or fourth intercostal space. A 
nonrib spreading soft tissue retractor is shown. The CO2 insufflation 
and left atrial sump suction catheters are shown. (Reproduced with 
permission from Grover FL, Mack MJ: Master Techniques in Surgery: 
Cardiac Surgery. Philadelphia: Lippincott Williams & Wilkins; 2016.)

Camera holder

2D endoscope

Lift retractor

Retractor
table mount

FIGURE 40-13 Video-assisted minimally invasive mitral surgery: 
endoscope and retractor. A table-mounted camera holder is shown 
with a 2D endoscope in position. For mitral valve surgery, the atrial 
lift retractor is inserted through the chest wall and into the atriotomy. 
(Atrial Lift System, Atricure, Inc., Cincinnati, OH). Thereafter, it is 
supported by a fixed retractor table mount. (Reproduced with 
permission from Chitwood WR: Atlas of Robotic Cardiac Surgery. 
London: Springer-Verlag; 2014.)

HS SC
XCL

KP
FS

NH
RF

CPTTR

FIGURE 40-14 Video-assisted minimally invasive mitral surgery: 
instruments. An instrument tray for video-assisted or direct vision 
mitral valve surgery: TTR, transthoracic lift retractor blades; HS, 
heavy scissors; SC, suture cutter; XCL, transthoracic cross clamp; KP, 
knot pusher; FS, fine scissors; NH, needle holder; RF, Resano forceps; 
CP, camera port.
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866 Part V Mitral Valve Disease

A B

FIGURE 40-16 daVinci SI Surgical System. (A) daVinci SI dual surgeon consoles (foreground) with instrument cart in place (background) and 
(B) daVinci instrument cart showing with two instrument arms, a retractor arm and the 3D high-definition camera.

A B

FIGURE 40-15 Knot pusher and suture cutter. (A) Minimally inva-
sive knot pusher; (B) minimally invasive suture cutter (Scanlan Inter-
national, Inc., St. Paul, MN). (Used with permission from Scanlan 
International Inc., St. Paul, MN.)

for surgeons and programs to establish and maintain a successful 
robot-assisted adult cardiac surgery program.”66 It emphasizes that 
an organized heart team is mandatory to develop and maintain 
a successful cardiac robotic surgical program. Also, our edito-
rial entitled “Mitral valve repair using robotic technology: Safe, 
effective, and durable” provides additional helpful information 
and guidance for developing programs.67

Before beginning robot-assisted mitral and tricuspid 
surgery, surgeons should be accomplished at mitral repairs 
and preferably other minimally invasive approaches.16 Car-
diologists should fully support program development and 
champion participation in combined valve clinics. This coop-
eration encourages cardiologist and surgeons to agree upon 

which patients are appropriate for a robot-assisted operation. 
It is important that anesthesiologists, surgeons, tableside 
assistants, scrub personnel, circulating nurses, and perfusion-
ists train and work together as a unit.

Procedure training at an experience robotic valve center 
has been important to launch successful programs and greatly 
shortens the learning curve. We suggest that even skilled 
mitral valve referral surgeons should engage a proctor for the 
first operations. There are a number of experienced centers 
that can offer training in robotic mitral valve surgery. Our 
Robotic Training Center has been a mainstay for mitral valve 
robotic surgical training. To date, we have held 634 robotic 
surgery courses in all specialties. Of these, 160 were train-
ing general cardiac surgery teams with an additional 104 that 
were specific for robotic mitral valve repair.

The daVinci Surgical System
The daVinci surgical system (Intuitive Surgical, Inc., Sunny-
vale, CA) provides operative field access with superb visual-
ization and enhanced ergonomics, which allows surgeons to 
perform complex operations through small port-like inci-
sions. Long hand-held instruments placed through a small 
working port have a fulcrum effect that can reverse instru-
ment direction from that of the surgeon’s hand. This factor, 
coupled with innate human tremor, may limit accurate suture 
placement and valve leaflet reconstruction. Accuracy achieved 
with daVinci instruments emanates from the wide freedom 
of instrument tip motion at the operative plane. The surgeon 
always has the same operating console instrument control as 
if they were activated directly by his or her hands.

Currently, this device is the only robotic system FDA 
approved to perform intracardiac surgical procedures. We have 
used three system generations, including the daVinci SI HD 
(high-definition) dual console device, which was first commer-
cialized in 2009 (Fig. 40-16). The current daVinci XI System 
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 Chapter 40 Minimally Invasive and Robotic Mitral and Tricuspid Valve Surgery 867

(2014) (Fig. 40-17) has a laser targeting system that facilitates 
docking and instrument engagement. Moreover, 3D visual-
ization has been improved, and the device has robotic tissue 
stapler capabilities.

All da Vinci systems are comprised of an operating console, 
an electronic vision cart, and a surgical instrument cart. For 

mitral/tricuspid valve surgery, the instrument cart should be 
positioned along the left side of the patient (Fig. 40-18). Acti-
vator arms are mobilized to gain access to right chest instru-
ment trocars, which have been inserted through specific ICSs 
(Fig. 40-19). The two instrument arms, the 3D camera, and 
dynamic retractor are then inserted through these preplaced 

A B

FIGURE 40-17 daVinci XI Surgical System. (A) Surgeon console and (B) instrument cart. (Used with permission from Intuitive Surgical Inc., 
Sunnyvale CA.)

Camera Dynamic retractor arm

Right arm robot

Left arm robot

FIGURE 40-18 Robot-assisted mitral valve surgery: patient and instrument positions. The patient is positioned with a 30° lift or towel roll 
placed under the right shoulder with the right arm distracted to behind the chest. The robotic instrument cart should be positioned along the left 
side of the operating table. Activator arms are shown to be overarching the patient to gain access to pre-position instrument trocars. (Reproduced 
with permission from Chitwood Jr WR. Idiopathic Hypertrophic Subaortic Septal Obstruction: Robotic Trans-atrial Resection, Oper Tech Thorac 
Cardiovasc Surg 2012;Winter 17(4):251-260.)
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868 Part V Mitral Valve Disease

trocars. Instrument end effectors translate accurately the 
surgeon’s hand and finger motions. A clutching mechanism 
enables frequent hand-position readjustments to maintain an 
optimal ergonomic orientation to the visual field.

Both the daVinci SI and XI have dual-console capabilities, 
which enable surgeon collaboration during complex cases 
and facilitates training. The robotic EndoWrist instruments 
(Intuitive Surgical, Inc., Sunnyvale, CA) have seven degrees 
of ergonomic freedom, and allow tremor free dexterity with 
both dominant and nondominant hands. This tremor filtra-
tion instills a sense of ambidexterity in the operating surgeon.

Simulation Training for Robot-Assisted 
Surgery
Robotic mitral repair would seem to be the ideal operation to 
simulate because of: (1) a single working-incision entry point, 
(2) instrument convergence in a limited operative environ-
ment, (3) a 3D digital mitral valve image, (4) topographic 
echo modeling, (5) end-effector motion freedom, and (6) 
a motionless arrested heart. However, simulation of actual 
mitral repair operations today has not been possible. Think of 
a future when a surgical learner could emulate the exact hand 
motions and instrument interactions in a simulated landscape 
that was an actual mitral valve repair done by an experienced 
surgeon. An entire digital library could be cataloged with spe-
cific pathologies. Moreover, through image fusion pathology, 
specific topographic “blue prints” could be transported into 
the simulated operative field.

Current robotic simulators have evolved to where they can 
be advantageous to surgeons learning robot-assisted surgery. 

Figure 40-20A shows the current Mimic dV-Trainer along 
with the assistant surgeon simulator console, the Xperience 
Team Trainer (XTT). The surgeon’s simulator console reca-
pitulates realistically the telemanipulation capabilities of the 
daVinci SI and XI systems. The assistant trainer (Xperience 
Team Trainer) allows a tableside surgeon to interact with 
the surgical field in which the console surgeon is operating. 
Multiple training protocols can be developed to challenge the 
console and assistant surgeon to perform synchronous tasks 
customized for a specific operation. As seen in Fig. 40-20B, 
the Mimic dV-trainer now has augmented reality func-
tionality called Maestro AR that allows trainer instruments 
either to follow or repeat an actual recorded surgical maneu-
ver. Figure 40-21 shows the da Vinci backpack simulator, 
which attached directly to either a current daVinci SI or 
XI console and is integrated with the robotic software. The 
console surgeon performs specific training tasks using the 
daVinci hand controls. The daVinci backpack system and 
the Mimic dV-Trainer record task metrics and generate a skill 
report for execution accuracy, speed, and ergonomic motions. 
More difficult surgical tasks are provided iteratively as the sur-
geon gains increasing simulation experience.

Instrument Trocar Placement
Instrument trocars (see Figs. 40-19 and 40-22) are positioned 
as follows: (1) left robotic arm—3D interspace (just anterior to 
anterior axillary line), (2) right robotic arm—fifth interspace 
(anterior to midaxillary line), and (3) dynamic retractor arm—
fifth interspace (midclavicular line). After tableside docking 
the instrument cart, the 30° endoscopic camera is passed 

Midclavicular line

Dynamic retractor in fifth ICSCamera port in fourth ICS

Left arm in third ICS

Thoracotomy in fourth ICS
Right arm in fifth ICS

Anterior axillary line

FIGURE 40-19 Robot-assisted mitral valve surgery: instrument trocar placement. Trocars have been placed in the designated intercostal spaces 
(ICS). (Reproduced with permission from Chitwood Jr WR. Idiopathic Hypertrophic Subaortic Septal Obstruction: Robotic Trans-atrial Resec-
tion, Oper Tech Thorac Cardiovasc Surg 2012;Winter 17(4):251-260.)
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BP

FIGURE 40-21 Robotic simulation: da Vinci Skills Simulator. The “Backpack” (BP) Skills Simulator attaches directly to either a daVinci SI or 
XI surgeon console. Various surgical simulated tasks challenge the surgeon and a report is generated. With advancing skills more difficult tasks are 
provided. (Used with permission from Intuitive Surgical Inc., Sunnyvale CA.)

AS

SC

DS

DF

ARF

ARS

A
B

FIGURE 40-20 Robotic simulation: Mimic dV-Trainer. (A) This illustration shows the surgeon console (SC) and the assistant surgeon trainer 
(Xperience Team Trainer) (AS) for the Mimic dV-Trainer System. After procedure specific simulation exercises have been performed, a skill 
metric report is generated. (B) Augmented reality (Maestro AR function) that allows the (virtual) instruments in surgeon console trainer to 
either follow or repeat an actual recorded surgical maneuver. ARF, augmented reality forceps; DF, daVinci forceps; DS, daVinci scissors; ARS, 
augmented reality scissors. (Used with permission from Mimic Technologies, Inc., Seattle, Washington.)
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870 Part V Mitral Valve Disease

A B

C D

FIGURE 40-23 Robot-assisted mitral valve surgery: end-effector instruments. (A) Suture-cut needle holder; (B) large needle holder; (C) curved 
scissors; and (D) Resano forceps.

2
FIGURE 40-22 Robot-assisted mitral valve surgery: inserted instru-
ments. LAR, dynamic left atrial retractor; C, 3D high-definition  
camera; LA, left instrument arm; RA, right instrument arm; CO2, 
carbon dioxide insufflation port in the right arm trocar.

“up-looking” either through the working incision or a fourth 
interspace trocar, placed along the midclavicular axillary 
line. The camera trocar is inserted just anterior to and in the 
same interspace as the working incision. Robotic instruments 
used for mitral and tricuspid valve surgery include: Resano 
(8-mm) Endowrist forceps, which are deployed through the 
left trocar. The curved Endowrist scissors and needle hold-
ers (Suture-cut and Large) are inserted through the right port 
(Fig. 40-23A–D). Lastly, the dual-blade dynamic retractor is 
positioned in the chest before initiating CPB (Fig. 40-24).

MIS AND ROBOT-ASSISTED 
MITRAL/TRICUSPID VALVE REPAIR 
TECHNIQUES
After the da Vinci system instruments are “trocar-docked” 
at the operating table, CPB is begun, and the pericardium 
is opened and distracted laterally. We place the aortic purse-
string suture and cardioplegia cannula using robotic instru-
ments. To establish a structurally sound repair, we generally 
follow the operative philosophy and techniques prescribed 
by Carpentier.31 However, modifications and simplifications 
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A B

FIGURE 40-24 Robot-assisted mitral valve surgery: dynamic atrial retractor. (A) Closed position for trocar insertion and (B) open position for 
atrial retraction.

of these methods remain the mainstay of our repair strat-
egy for both robot-assisted and videoscopic mitral surgery.63  
Table 40-5 shows our “Technique Toolbox” that we use for 
both RMVP and MIS videoscopic mitral valve repairs.

Posterior Mitral Leaflet Repair
All of our leaflet repairs are based on the preoperative echo-
cardiographic measurements shown in Table 40-3, and from 
these we apply the repair techniques listed in Table 40-5. Of 
degenerative mitral with significant insufficiency, 80% of 
pathologies relate to posterior leaflet defects. Thus, a simple 
triangular resection often will correct isolated segmental pro-
lapse (Fig. 40-25 A (A-E) and B).68 We suggest first using 

TABLE 40-5: Minimally Invasive and Robotic Mitral Valve Repair “Technique Toolbox”

Posterior leaflet 
prolapse small 
segment

Posterior leaflet 
prolapse large 
segment

Anterior leaflet 
prolapse

Bileaflet prolapse 
(Barlow) Commissure prolapse

Triangular resection Trapezoid resection Triangular resection 
(small segment)

AL—PTFE neochords
PL—Multiple triangular 

resections

Commissure closure
Alfieri stitch or “magic stitch”

PTFE neochords PTFE neochords PTFE neochords  
(large segment)

AL—PTFE neochords
PL—Multiple 

folding-plasties

PTFE neochords

Native chord transfer “Haircut” edge 
resection

+ Native chord transfer 
or PTFE neochords

Papillary folding-plasty 
for multiple chords

AL—PTFE neochords
PL—Leaflet sliding-plasty

PL—Sliding-plasty
+ PTFE neochords

Leaflet folding-plasty Leaflet folding-plasty Combined techniques Combined techniques Papillary folding-plasty (elongated or 
multi papillary: PL and AL chords)

Interscallop cleft  
closure

Interscallop cleft closure – – –

AL—Anterior leaflet
PL—Posterior leaflet

this method to correct isolated scallops having mid-prolapse 
or ruptured chords. Leaflet segments remaining longer than 
2-cm can be reduced in height either using a folding plasty 
(Fig. 40-26A–D) or additional triangular resections.69 In the 
presence of diminutive P1 and P2 scallops with a very large P2,  
either the “haircut” resection technique (Fig. 40-27) or inser-
tion of several PTFE neochords can be effective.70–72 For 
multiple prolapsing scallops longer than 2 cm, several fold-
ing plasties can be used to create the best coaptation line. 
Final scallop height adjustments should be made after the 
annuloplasty band has been implanted. An alternative to tri-
angular resections or folding-plasties is using multiple PTFE 
neochord replacements (Fig. 40-28A–D, plus insets). Native 
chord replacements, using either individual neochords or 
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872 Part V Mitral Valve Disease

A B

C

D

E

P1

P2 P2

P3

B

A

FIGURE 40-25 Mitral repair technique: posterior leaflet trian-
gular/trapezoidal resection. (A) Trapezoidal P2 leaflet resection; 
(B) triangular leaflet resection; (C and D) running suture clo-
sure; and (E) completed repair with annuloplasty band in place; 
(inset) after a triangular resection, reapproximated P2 segments 
for interrupted suture closure. 

the “Leipzig-loop” method, have been adopted widely. In 
severely prolapsing Barlow’s valves with very elongated scal-
lops and a great deal of redundant tissue, we still defer to a 
classic mid scallop (P2) quadrangular resection with a poste-
rior leaflet sliding-plasty (Figs. 40-29A–D and 40-30A–D).  
However, multiple triangular resections, folding-plasties and/

or multiple neochords may be used to repair moderately dis-
eased Barlow’s valves. All of our mitral leaflet repairs have 
been supported by a trigone to trigone Cosgrove annulo-
plasty band (Edwards Lifesciences, Inc., Irvine, CA).

Anterior Leaflet Repair
With isolated uniform anterior leaflet prolapse of less than 
2 to 3 mm, we place the annuloplasty band first and then 
perform a saline test. Usually, this corrects a minor prolapse. 
When significant anterior prolapse exist, individual areas 
can be addressed with a local triangular resection, a sec-
ondary chord transfer or PTFE neochord replacement, or a 
combination of these techniques. For a large segment, ante-
rior leaflet prolapse multiple neochords are effective as is a 
“flip over” chord segment transfer (Fig. 40-31A–E) from the 
posterior leaflet. Advancement of a chord-bearing anterior 
leaflet strip can be done if there is a uniform prolapse of A2 
(Fig. 40-32A–D). In elderly patients, especially with signifi-
cant comorbid conditions, we may perform an (“Alfieri”) 
edge-to-edge mid-leaflet repair, combined with an annulo-
plasty. We only use this repair either when reduced operative 
time is important or there is a significant chance of residual 
SAM. When a large anterior leaflet prolapsing segment is 
related to multiple chords from an elongated papillary muscle, 
correction can be accomplished either by muscle shorten-
ing (folding) (Fig. 40-33A–D) or insertion of several PTFE 
chords. We perform a saline test after each individual repair 
maneuver.

Commissure Repairs
In most circumstances, commissure prolapse can be corrected 
by: (1) closure with a Carpentier “magic” stitch (Lembert edge 
to edge suture) or figure of eight “Alfieri” stitch, (2) insertion 
of commissural PTFE chords, or (3) papillary muscle fold-
ing. The latter can shorten an elongated papillary muscle that 
has “seemingly” redundant chords, which are attached to both 
anterior and posterior leaflet edges. This should symmetrically 
return the prolapsing commissure to an anatomic position.

Annuloplasty Methods
Annular dilatation is present in most patients with degenerative 
mitral valve disease. We perform an adjunctive annuloplasty in 
all repairs to restore the native geometry, reduce the annular 
size, reinforce the repair and prevent further dilatation. Reduc-
ing the anterior-posterior annular diameter increases the leaflet 
coaptation surface. As mentioned before, annuloplasty band 
size selection is guided by our intraoperative echocardiographic 
derived nomogram Table 40-3. For consistency and ease of 
implantation, we use the Edwards Cosgrove Annuloplasty 
Band System (Edwards Lifesciences, Irvine Calif.) in most 
robotic and minimally invasive mitral repairs. Generally, a “tri-
gone to trigone” posterior band provides optimal coaptation, 
while preserving a “saddle-shaped” systolic configuration.

We first place sutures through the right fibrous tri-
gone, and continue in a clockwise direction. Previously, to 
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 Chapter 40 Minimally Invasive and Robotic Mitral and Tricuspid Valve Surgery 873

secure annuloplasty bands, we instrument tied interrupted 
2-0 Ticron (Covidien, Mansfield, MA) or 2-0 Cardioflon  
(Peters Surgical, Paris France) sutures. The Cleveland Clinic 
group has shown great success in using a continuous annulo-
plasty band suturing technique.73 We now prefer to use mul-
tipoint band fixation, using deep annular braded sutures (2-0 
Cardioflon, Peters, Inc., Paris, France), which are secured by 
Cor-Knot (LSI Solutions, Inc., Victor, NY) titanium clips 
(Fig. 40-34A–C). After passing both suture ends through the 
band, they are brought through a wire loop in the applier. 
The suture-bearing wire loop then is withdrawn through both  
the applier and a titanium shim. After applying countertraction 
at the annuloplasty band, the device simultaneously crimps 
the shim and cuts the suture. The Cor-Knot device has been 

very effective at both speeding the operative time and provid-
ing very secure band attachment.

Tricuspid Valve Repair
Generally, we perform tricuspid repairs on the beating heart. 
For cardiac bicaval venous drainage, we isolate the SVC with 
a double-looped (Potts) umbilical tape and withdraw the IVC 
cannula below the liver. Alternately, the IVC can be isolated 
as described for the SVC. After the right atriotomy has been 
made, the tricuspid valve is exposed with either the station-
ary lift or dynamic robotic retractor. At the 2 o’clock ante-
rior annular position, a 2-0 braded suture is placed and then 
passed extra corporeally through a Tri-Ad semi-rigid tricuspid 

P1

P2

P3

LFT RFT

A2

P3

P1 A2

Irrigator

P2

A3

P3

P1

A1 

A2

P2

A B

C D

FIGURE 40-26 Mitral repair technique: posterior leaflet folding plasty. (A) Prolapsing long P2 leaflet segment; LFT, left fibrous trigone; RFT, 
right fibrous trigone. (B) PTFE suture passed through the leaflet at the annulus, then “mattressed” back through the P2 tip toward the annulus.  
(C) Both sutures are tightened to render an even coapting surface with the anterior leaflet (A2). (D) During a saline pressure test, the PTFE suture 
is adjusted and tied, rendering a competent valve.
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874 Part V Mitral Valve Disease

annuloplasty band (Medtronic, Inc., St. Paul, MN). Then, 
the band is lowered to the native annulus and secured with a 
Core Knot titanium clip. We then continue with interrupted 
sutures from this first stitch, continuing clockwise along the 
anterior annulus and thereafter counter clockwise.

ROBOT-ASSISTED MITRAL VALVE 
REPLACEMENTS
Although tissue excision and suturing methods are similar in 
robotic mitral valve replacement operations, there are differ-
ences in the operative conduct.74 In some rheumatic valves, 
leaflet and chordal excision can be difficult using the robotic 
technique. Current articulated instruments do not have the 
necessary force to cut very thick or calcified tissue. In this cir-
cumstance, we make a larger 5 to 6 cm working incision and 
excise the thick leaflet and chordal tissue using long manual 
instruments. We then place all subvalvular valve pledgeted 
sutures and neochords using daVinci System. Chord sparing 
replacements are done either by excising the anterior leaflet 
midportion and leaving natural chords intact or by removing 
them to increase the prosthesis valve size and replacing them 
with PTFE neochords. We attempt to preserve all native 
posterior leaflet chords by passing sutures through the leaf-
let edge and back through the annulus. In patients with a 

severely calcified rheumatic valve or annulus, we may defer 
to either the 2D endoscopic or direct vision method for a 
replacement.

To organize sutures securely, guides are placed around 
the working incision as they are placed serially. Valve sizers 
are passed through the working incision, and the appropri-
ate prosthetic valve is selected. Thereafter, extra-corporeally 
suture needles are passed through the prosthetic valve 
sewing-ring. After positioning the valve in the annulus and 
confirming seating, sutures are secured using the Core-
Knot technique. A ventricular vent is placed and to remove 
residual air before closing the left atrium. Currently, for all 
endoscopic and robotic mitral valve operations, we use 4-0 
PTFE sutures with pretied end loops to close the left atrium 
(see Fig. 40-11A). This technique provides a secure closure 
and saves operative time.

COMPLICATIONS AND PREVENTION
Patients undergoing any minimally invasive mitral/tricuspid 
valve operation risk the same complications that can occur 
with a traditional sternotomy-based procedure. Neverthe-
less, there are other complications that are inherent in perfu-
sion and ventilation methods used for both MIS and robotic 
operations. In over 1000 robotic cardiac operations, we have 

A

Haircut

flail P2

A1 A3

P3P1

B

DC

FIGURE 40-27 Mitral repair technique: “haircut” posterior leaflet plasty. (A) An extremely large flail P2 segment is shown with many ruptured 
chords. Diminutive P1 and P2 segments preclude using a resection strategy. (B) The P2 tip is resected horizontally to match the lengths of adjacent P1 
and P2 segments. Remaining good P2 chords are preserved. (C) P1-P2 and P2-P3 clefts are suture closed. Preserved chords then are reattached along the 
resected edge of P2. An alternate technique is to resuspend P2 using PTFE neochords. (D) The completed repair with a band annuloplasty. (Reproduced 
with permission from Chitwood WR: Haircut mitral valve repair: posterior leaflet-plasty, Ann Cardiothorac Surg 2015 Jul;4(4):387-392.)
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 Chapter 40 Minimally Invasive and Robotic Mitral and Tricuspid Valve Surgery 875

FIGURE 40-28 Mitral repair technique: neochord replacement. (A) Flail anterior leaflet from multiple ruptured chords. (B) 5-0 Gore-tex PTFE 
sutures are passed through the fibrous head of the corresponding papillary muscle using a tendon repair “cross stitch” configuration (W. L. Gore 
& Associates, Inc., Flagstaff, AZ). This precludes the need for a pledget and prevents muscle ischemia. Each suture is then passed twice through 
the flail leaflet edge, forming a loop hitch. (C) During saline pressure testing these loops are adjusted to provide an optimal coaptation surface. 
Thereafter they are tied. We suggest that final suture adjustment and tying be done after annuloplasty prosthesis placement. (D) The leaflet prolapse 
has been reduced to an ideal level of coaptation.

never had a complication that was related directly either to 
the daVinci System or the robotic instruments. Our back-up 
plan for a system failure has always been conversion to either 
a direct-vision, videoscopic, or sternotomy approach.

Possible major complications with tips to prevention are 
listed as follows:

 • Retrograde cardiopulmonary perfusion techniques always 
induce a risk of atheroembolic strokes, vena caval injury, 
femoral arterial complications, and retrograde aortic dis-
sections. Careful preoperative vascular screening can 
minimize these problems. All cannulas should be inserted 
using the Seldinger technique under echocardiographic 
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P2

A2

P2

APM

E F

FIGURE 40-29 Mitral repair technique: posterior leaflet sliding plasty. (A) In a globally prolapsing redundant posterior leaflet, a large quadran-
gular resection has been performed. Thereafter, a radial periannular leaflet incision has been made on each side of the resection. (B) A number of 
mattress plication sutures are placed along the radial incision to reduce the annular length symmetrically. (C) Residual medial and lateral posterior 
leaflet tissue is advanced or “slid” centrally with a polypropylene or PTFE suture. (D) The defect between each newly approximated leaflet segment 
then is closed using either a running or interrupted suture technique. Finally, an annuloplasty prosthesis is implanted.

FIGURE 40-28 (Continued )
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visualization. The endo-balloon should not be used in 
patients with mobile atheroma or diffuse aortic disease.

 • Leg ischemia during retrograde perfusion can be avoided. We 
place oxygen saturation monitoring patches on both legs. 
With a significant decrease in cannulated leg oxygen satu-
ration, we place we place a shunt from the CPB arterial 
cannula into the distal femoral artery.

 • Phrenic nerve injury can be caused by over stretching the 
pericardium, cautery thermal injury, cryoablation, and/
or direct instrument injury. This is a major problem in 
patients with compromised pulmonary function. Injury 
can be avoided by visualization of the nerve during instru-
ment insertion and cautery usage. Overstretching can be 
avoided by making the pericardial incision at least 3-cm 
ventral to the nerve.

 • Unilateral pulmonary edema is a serious complica-
tion. Short perfusion times, systemic cooling, avoiding 

barotrauma, limiting blood product transfusions, and 
minimizing lung deflation times can reduce this risk.  
We also believe that low-level positive pressure and fre-
quent alveolar recruitment, while on cardiopulmonary 
bypass, is beneficial.75,76

 • Transthoracic clamp injuries can occur as the posterior ele-
ment passes near the right pulmonary artery, left main 
coronary artery, and left atrial appendage. Visualization 
of the clamp pathway during application minimizes the 
chance of these complications. Pump arterial flow should 
be decreased during clamping. We have had no clamp 
related aortic dissections in any of our robot-assisted or 
videoscopic MIS mitral operations.

 • Right ventricular dysfunction can be minimized. Meticu-
lous cardiac deairing before weaning from cardiopulmo-
nary bypass is essential. Right 30° chest elevation places 
the right coronary artery ostium in a perfect position 

P1
A2

P1

Annulus

Annulus

A1

P2

A2

A1

LFT
A1

P1

C

P2

P3

A2

A B

C D

FIGURE 40-30 Mitral repair technique: posterior leaflet sliding plasty. (A and B) The entire posterior leaflet has redundant prolapsing tissue. 
LFT, left fibrous trigone; C, anterior commissure. (C) A large P2 quadrangular resection has been performed. A radial periannulus incision has 
freed P1 to near the anterior commissure. (D) A PTFE suture is shown “advancing/sliding” residual P1 tissue centrally along the annulus to meet 
with the opposing P3 flap. (Reproduced with permission from Chitwood WR: Atlas of Robotic Cardiac Surgery. London: Springer-Verlag; 2014.)
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878 Part V Mitral Valve Disease

FIGURE 40-31 Mitral repair technique: native chord segment transfer. (A) A localized prolapsing portion of A2 is shown. A small chord-bearing 
donor: section of posterior leaflet is selected. (B) The select area is resected and translocated while protecting intrinsic chords. This segment is 
“flipped over” to the prolapsing region of A2. (C and D) The donor segment is then suture approximated to A2; (inset) in this instance, it is attached 
to the posterior rough zone of A2; and (E) the residual P2 defect is closed, and annuloplasty prosthesis is implanted.
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FIGURE 40-32 Mitral repair technique: anterior leaflet/chord 
advancement. (A) The entire A2 is prolapsing to the same uniform 
level. (B) A strip of chord-bearing A2 is transected horizontally along 
the coapting edge, being careful not to disrupt any chords. (C) This 
chord-bearing strip is advanced along the anterior surface of A2 to the 
level that the prolapse is reduced to create good coaptation with P2. 
(D) Using mattress sutures, the strip is attached to A2 and annulo-
plasty prosthesis is implanted.

for air embolism from residual left ventricular air and/or  
aortic entrainment during cardioplegia infusions.

 • Left ventricular dysfunction is a serious problem and can 
be avoided or minimized by selecting patients with ejec-
tion fractions of no less that 40 to 50%. If blood car-
dioplegia is used it must be given at 15- to 20-minute 
intervals. Systemic cooling (28°C) and meticulous de-
airing are mandatory to maximize myocardial protec-
tion. Ventricular distention is a serious problem and can 
be prevented by leaving a ventricular vent after a repair 
or replacement.

CLINICAL OUTCOMES
Nonrobotic Minimally Invasive Mitral 
Valve Surgery
Many earlier observational and/or propensity-matched series 
have shown that direct-vision and video-assisted MIS mitral 

surgery is safe with clinical results similar to operations done 
through a sternotomy. Four recent studies, that are cited 
herein, each reported over 1000 MIS mitral operations.77–80 
Nearly all of the 6179 patients were operated through a right 
minithoracotomy and approximately 75% underwent retro-
grade femoral CPB perfusion. Of these patients, the operative 
mortality was 0.75% and stroke rate was 1.2% (mean). Mohr 
et al reported the largest of these series with 2829 MIS mitral 
repairs.78 Their freedom from a reoperation was 97 and 93% 
at 5 years and 10 years, respectively. The long-term survival 
was 87 and 74% at 5 and 10 years, respectively.

A recent meta-analysis from the International Society of 
Minimally Invasive Cardiac Surgery showed that versus a con-
ventional (C) sternotomy, MIS mitral operations had less 
postoperative atrial fibrillation, chest tube drainage, transfu-
sions, and infections.13 There was no difference in the repair 
quality or freedom from reoperation. Moreover, operative 
mortality was not statistically different (1.5% C vs 1.2% 
MIS). Other benefits included reduced intensive care times 
and length of hospitalization as well as faster return to nor-
mal activity. These advantages were despite significantly lon-
ger perfusion and aortic cross clamp times. Conversely, they 
found more strokes (1.2% C vs 2.0% MIS), aortic dissections 
(0.0% C vs 0.2% MIS), and phrenic nerve injuries (0% C vs 
3.0% MIS) in the MIS group. In contradistinction, the meta-
analyses of Modi, Cao, and Sundermann have shown similar 
benefits and clinical outcomes as with traditional sternotomy 
operations, including strokes and operative mortality.81–83

The presumptive increased stroke risk with MIS has been 
attributed to retrograde CPB perfusion.84–86 Most studies 
that impugned retrograde perfusion as the etiology of MIS 
strokes also included large numbers of patients who under-
went endo-balloon aortic clamping. Retrograde endo-balloon 
catheter passage through the aorta seemingly risks cerebral 
atheroembolism, especially in nonscreened patients. This 
confounds any study that is considering the absolute rela-
tionship between retrograde perfusion and strokes. More-
over, these series did not report a vascular screening strategy 
and subtended the early days of MIS mitral surgery. Grossi 
found that there were no differences in perioperative strokes 
between antegrade and retrograde perfusion, if screened 
high-risk vascular patients were not included.86 Atluri and  
Hargrove determined that in screened patients with retrograde 
CPB perfusion both endoballoon and direct aortic clamping had 
similar neurological events.87 Also, Modi and Chitwood (meta-
analysis) showed retrograde perfusion to be safe when patients 
were screened for aortic and peripheral vascular disease.88

Robot-Assisted Mitral Valve Surgery
Our early series (years 2000–2010) reported 540 RMVPs 
of which 454 patients underwent a lone mitral procedure, 
and 86 had a concomitant atrial fibrillation ablation.56 In the 
lone repair cohort, cross clamp and CPB times averaged 116 
and 153 minutes, respectively, and the operative mortality 
was 0.2%. Of those treated for preoperative atrial fibrilla-
tion, 96.5% were atrial fibrillation and drug free at 351 days 
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A3

A3

P3

P

A3

P3
C

P3

C

P

P

P3

A3

C

P

A B

C D

FIGURE 40-33 Mitral repair technique: papillary muscle shortening. (A) Redundant chords from the posterior papillary muscle have allowed A3 
and P3 to create wide prolapse of the posterior commissure (C). (B) A PTFE suture has been passed through the fibrous tip of the posterior papillary 
muscle and then through the base. The suture should be tightened to reduce the muscle length before tying and the valve saline tested. (C and D) 
Thereafter, the suture is tied at the papillary muscle base.

(15–946 days). During patient follow-up, 2.9% required a 
re-operation for a failed repair. This study included the origi-
nal FDA clinical trials and was the inaugural United States 
robotic mitral valve repair series.

Overall, we have performed over 1000 RMVP operations 
at our institution. Our single surgeon’s (Dr. Chitwood) expe-
rience of 944 RMVPs (years 2000–2014) included the earlier 
series. For these operations, the original daVinci, the daVinci 
S, and the daVinci SI devices were used serially. Trento showed 
improving results with every device iteration, as did our group.58 
Of these patients, 675 had RMVPs alone, 321 had a concur-
rent maze procedure (M-RMVP) and 38 were reoperations  
in patients that had a prior sternotomy (Re-RMVP). For the 
entire series, the in-hospital mortality was 1.4%; however, for 

an isolated RMVP was 0.15%. Of the entire series, 2.5% had 
reoperations for a failed repair, which was 1.7% for a lone 
RMVP. For each of these cohorts, mean CPB times were 148, 
187, and 176 minutes, respectively. For RMVP and M-RMVP 
groups, mean aortic cross-clamp times were 108 and 128 
minutes, respectively. Re-RMVP operations were done under 
hypothermic ventricular fibrillation (113 minutes, mean). In 
the RMVP patients, major complications included myocar-
dial infarctions (0.9%) and strokes (0.9%). Reexplorations 
for bleeding were required in 2.7% of patients. There were 
two incidences of residual phrenic nerve palsy. Packed red 
cell transfusions were required in 28% of patients and 38% 
with any blood product. Of the RMVP patients, 56.9% were 
discharged within 4 days with 75.0% within 5 days. When 
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 Chapter 40 Minimally Invasive and Robotic Mitral and Tricuspid Valve Surgery 881

leaving the operating room, 97.1% of patients had no or triv-
ial mitral regurgitation. Table 40-6 shows the complete post 
repair transesophageal echocardiographic data. Other large 
RMVP series have shown similar clinical outcomes.57–60

The Future
As the singer Bob Dylan said in 1964 “The Times They Are 
a Changin” and indeed they are changing …. and fast.89,90 
Long-term clinical data have established the expectation that 
mitral repair is the “gold” standard. Cardiology guidelines now 

suggest that asymptomatic patients should be referred for sur-
gery earlier, before atrial fibrillation, ventricular dysfunction, 
annular dilatation, and/or advanced valve pathology develops. 
Echocardiographic imaging continues to advance every year, 
and providing improved operative guidance. In experienced 
hands, minimally invasive and robotic derived repair results 
now parallel those of sternotomy operations. Although mini-
mally invasive mitral surgery in the United States lags behind 
European centers, our younger surgeons know that the future 
favors even less invasive operations. Finally, the Internet and 
social media have given patients many more clinical choices 

CKA

B

A B

C

FIGURE 40-34 Mitral repair technique: Cor-Knot annuloplasty band anchoring. (A) After loading the Cor-Knot applier (CKA), a previously 
placed annuloplasty band (B) suture is withdrawn through a loop wire. When the wire is withdrawn, the suture transits titanium “shim,” which 
is then crimped and the suture cut in one motion. (B) A titanium shim is shown after band approximation. (C) A completed annuloplasty band 
implantation using multipoint fixation Cor-Knot shims.
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and empowerment than in the past. They are more knowl-
edgeable about their health care and demand to participate. 
Collectively, these facts seem like the “Sword of Damocles” 
for surgeons who scoff at the evolving mitral technology.

Advent and application of the Mitra-Clip (Abbott Vas-
cular, Santa Clara, CA) and completion of the first Everest 
Trial proved that in high-risk patients, mitral regurgitation 
could be reduced to the point where symptoms abated. 
Even when some residual regurgitation remained, patients 
were better. This set the stage for off-pump neochord chord 
replacements to reduce leaflet prolapse in patients with a 
nondilated annulus. Transcatheter annuloplasty prostheses 
been developed to reduce dilatation. The story regarding 
treatment of ischemic mitral regurgitation is not completed, 
but we do know that transcatheter replacements may stabi-
lize patients more than a repair. Heretofore, less attention 
was paid to the leaking “lonely” tricuspid valve. The natural 
history of this malady is better understood and transcath-
eter remedies are evolving.

Where does that leave surgeons? We are in the enviable 
position of being able to surgically repair mitral valves while 
simultaneously coopting transcatheter therapy. Owing to 
proven long-lasting results, surgical repair in younger patients 
will continue for a number of years. To be sure, if we can pro-
vide the least invasive complete repairs, based on sound engi-
neering principles, we will prevail. Hopefully, principles set 
forth in this chapter comprise the entry portal to the future 
of mitral valve therapy.
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Mitral valve repair (MVR) remains the standard of care 
for patients with severe valve incompetence. MVR is usu-
ally accomplished by either an open surgical (sternotomy) 
approach or by minimally invasive (right lateral minitho-
racotomy) access techniques. Recently there has been an 
intense interest in developing percutaneous catheter-based 
techniques, especially for high-risk patients.1-4

Although the success of transcatheter aortic valve replace-
ment (TAVR) has been rapid, progress toward percutaneous 
correction of mitral regurgitation (MR) has been much more 
modest.5 The success of catheter-based treatment of aortic 
stenosis can be attributed to a number of factors: the singular 
pathophysiology of the diseased valve, the aortic valve’s ana-
tomical location that allows for precise valve stent implanta-
tions at the annular level, and the successful development of 
delivery systems using conventional imaging techniques. The 
field of percutaneous MVR, however, has not progressed so 
rapidly for a host of reasons including the complex patho-
physiology of MR with a diversity of etiologies, as well as 
challenges in imaging and delivery and secure anchoring of 
the valve without impingement on surrounding cardiac struc-
tures. These obstacles have led to slower than anticipated clin-
ical adoption of catheter-based approaches for the treatment 
of MR. To understand the potential for successful therapy, it 
is first instructive to examine the pathophysiology of the vari-
ous mechanisms of the disease.

PATHOPHYSIOLOGY OF MITRAL 
REGURGITATION
The mitral valve (MV) is a complex structure composed of 
two leaflets, a fibrous annulus with varying degrees of con-
tinuity and integrity, and a subvalvular apparatus consisting 
of chordae tendineae and papillary muscles attached to the 
wall of the left ventricle (LV). The etiology of MR can be 
categorized into two ways: primary also called degenerative 
or organic, and secondary or functional MR.

In primary MR (Carpentier Type II), the intrinsic disease 
is a result of leaflet degeneration, ranging from fibroelastic 
deficiency to an excess of connective tissue called Barlow’s dis-
ease, in patients with MV prolapse. Although MR of intrinsic 

disease occurs initially as isolated leaflet disease, secondary 
annular dilatation occurs in the majority of patients by the 
time that they present for treatment.

The largest proportion of patients who present with 
MR, however, are those with secondary MR (Carpentier 
Type IIIB), in which the valve is anatomically normal but 
has been stretched by tethering and ventricular dilatation.6 
Secondary MR is not a primary valvular pathology but is 
a result of a cascade of events initiated by this ventricular 
dilation. Ventricular dilation leads to apical and lateral dis-
traction of the papillary muscles, which results in tethering 
of the mitral leaflets. This tethering causes central regurgita-
tion secondary to failure of coaptation of the anatomically 
normal leaflets during systole.7 The causes and prognosis of 
secondary MR are inherently different from intrinsic dis-
ease. Although annular dilatation also occurs in this disease, 
it is a secondary phenomenon. The principle utilized dur-
ing surgical repair of secondary MR is based upon overcor-
rection of the annular dilatation component by performing 
an undersized annuloplasty to restore leaflet coaptation. To 
date, it is still unknown whether correcting secondary MR 
has any impact on the underlying pathology or affects long-
term survival.8-11

CURRENT TRANSCATHETER 
APPROACHES TO THE TREATMENT 
OF MITRAL REGURGITATION
There is a wide spectrum of devices and approaches to man-
age MR from a percutaneous or transcatheter approach 
(Table 41-1).12 Most catheter-based repair techniques are 
based on techniques that have been proven to be effective 
in open surgical MVR. Examples include the edge-to-edge 
technique, placement of artificial chords, and annular remod-
eling. However, the challenges in adapting these techniques 
to catheter-based treatment are significant and center mainly 
on device delivery and imaging. In contrast to open surgical 
therapy which employs a combination of techniques, trans-
catheter approaches have not yet successfully combined these 
different techniques, and, thus, complex pathologies are hard 
to correct.

Percutaneous Catheter-based 
Mitral Valve Repair
Mani Arsalan • J. Michael DiMaio • Michael Mack 
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886 Part V Mitral Valve Disease

Although many different strategies and devices have been 
developed, only three have received European (CE Mark) 
approval to date. These are the MitraClip (Abbott Vascular, 
Irvine, CA), NeoChord DS 1000 (NeoChord, Inc., Louis 
Park, MN), and Carillon Mitral Contour System (Cardiac 
Dimensions, Inc., Kirkland, WA). MitraClip has also received 
US Food and Drug Administration (FDA) approval for com-
mercial sale in the United States, but only for patients with 
primary MR who are at high risk for surgical repair. Other 
devices are in various stages of development.

Some devices such as the MitraClip have been employed 
to treat both primary and secondary MR. Most, however, 
have been designed to treat only one etiology or the other, 
with the majority devoted to secondary MR because of the 
larger clinical need and the existence of excellent surgical 
repair techniques for primary disease. We will first review 
the procedures and devices for the management of primary 
mitral disease.

Primary Mitral Regurgitation
PERCUTANEOUS EDGE-TO-EDGE REPAIR
The MitraClip system is the only device with extensive 
clinical application, now with over 19,000 implantations 
worldwide. The MitraClip mimics the surgical edge-to-edge 
repair technique of Alfieri (Fig. 41-1).13 The device received 
CE approval in 2008, and FDA approval in 2013. However, 
the FDA approved the MitraClip only for primary MR in 
high surgical risk patients and not for patients with second-
ary MR.

The MitraClip system is designed to allow off-pump endo-
vascular reconstruction of the regurgitant MV. It includes a 
clip device (MitraClip) and a steerable guiding catheter that 
enables placement of the clip on the free edges of the MV 
leaflets. The clip ensures permanent leaflet approximation 
and creates a double orifice MV (Fig. 41-2). The procedure 
is performed percutaneously via the femoral vein with trans-
septal puncture in a cardiac catheterization laboratory or in a 
hybrid suite with echocardiographic guidance under general 

FIGURE 41-1 Concept of surgical correction of mitral regurgita-
tion by attaching the free edges if the mitral leaflets, creating a double 
orifice valve.

TABLE 41-1: Concepts of Transcatheter 
Techniques for the Management of Mitral 
Regurgitation

Degenerative disease
Edge-to-edge repair
Artificial chord placement

Functional
Edge-to-edge repair
Coronary sinus annuloplasty
Direct annuloplasty
Indirect annuloplasty
Extracardiac annuloplasty
Mitral “spacer”
Mitral valve replacement

anesthesia. The addition of three-dimensional and X-plane 
echocardiography has significantly facilitated the procedure, 
as the improved visualization allows for more accurate Mitra-
Clip positioning (Fig. 41-3).

Without any strict recommendations from the manufac-
turer on type or duration of postoperative antiplatelet therapy, 
several anticoagulation regimens have been proposed. In the 
Everest I and II trials, aspirin 325 mg daily for 6 months to 
1 year was implemented with 75 mg of clopidogrel daily for 
1 month.14-16 In Europe 100 mg of aspirin daily for 3 months 
and 75 mg of clopidogrel daily without a loading dose for 
4 weeks are more commonly used.14,17

The primary benefit associated with the use of the Mitra-
Clip is reduction of MR with elimination of the needs for 
open chest surgery, cardiopulmonary bypass, and cardiac 
arrest. The potential risks include those associated with car-
diac catheterization and transseptal puncture. The major 
concern regarding this technique is uncertainty regarding 
the efficacy of a procedure that results in a less complete 
correction of MR than is usually accomplished surgically. 
This concern is based on the knowledge that surgical edge-
to-edge repair without annuloplasty is associated with a 
higher rate of recurrent severe regurgitation if the residual 
MR is greater than 1+ postoperatively.18 Whether partial 
reduction of MR is sufficient to translate into ventricular 
reverse remodeling and, more importantly, any clinical ben-
efit remains to be determined.9,11 Additional concerns have 
been raised regarding the potential impairment of the abil-
ity to perform a subsequent surgical valve repair should this 
become necessary.19-21

There is a recent trend to implant multiple clips during 
a single procedure to achieve better coaptation and, thus, 
improved outcomes.22 Of note, there have been very few 
reports of mitral stenosis necessitating intervention following 
MitraClip repair.23,24 Even after multiple clip implantations 
in the same patient, mitral stenosis has rarely occurred.
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FIGURE 41-2 The Evalve MitraClip with delivery system. (© 2013 Abbott. All rights reserved. MitraClip is a trademark of the Abbott Group 
of Companies.)
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888 Part V Mitral Valve Disease

MitraClip has undergone significant clinical testing. 
In the initial clinical feasibility trial (Everest I: Endovascu-
lar Valve Edge-to-Edge REpair STudy), 55 patients were 
enrolled, and both the safety and efficacy of the device were 
demonstrated. The pivotal Everest II trial was a multicenter 
randomized controlled trial to evaluate the benefits and risks 
of MVR using the MitraClip device compared with open 
MV surgery in 279 relatively low-risk patients with moder-
ate or severe MR. It was conducted as a per-protocol analysis 
on a noninferiority hypothesis. Although transfusion was the 
major component of the composite safety endpoint in the 
surgical arm, the device met the safety noninferiority hypoth-
esis criteria even if transfusion was eliminated. The primary 
effectiveness endpoint was determined as freedom from the 
combined outcome of death, MV surgery or reoperation, 
and MR greater than 2+ at 12 months. The trial also met the 
clinical success noninferiority hypothesis, which set a pre-
specified margin of 31%, at 12 months. The clinical success 
rate in the device group was 72.4% compared with 87.8% 
in the control group, an absolute observed difference mar-
gin of 15.4%. However, most likely due to the early learning 
curve with this device, acute procedural success (MR ≤ 2+ at 
discharge) was achieved in only 77% of patients, and 21% 
required subsequent open MV surgery. Ultimately, the Ever-
est II trial showed that the MitraClip is safer, particularly 
by reducing the frequency of postoperative transfusions, but 
not as effective in reducing MR as compared to conventional 
MV surgery.25

The EVEREST II High-Risk Registry and REALISM 
Continued Access Study High-Risk Arm investigated the 
outcome of MitraClip therapy in 351 high-risk patient with 
3 to 4+ MR. MR was reduced to ≤2+ in 86% of patients at 
discharge.26 Despite a mean STS-predicted operative mortal-
ity risk of 11.3 ± 7.7% for mitral replacement, the Kaplan-
Meier freedom from death was 77.2% at 12 months. Freedom 
from MV surgery was 97.8% over this interval, even though 
16.4% of patients had MR > 2+ at 12 months. This result 

may have been inflated, however, by the high operative risk 
in these patients.

Since MitraClip was approved in Europe, several reg-
istries have demonstrated high rates of procedural success 
and favorable short-term outcomes. The Transcatheter 
Mitral Valve Interventions (TRAMI) Registry with 1064 
patients (71% with secondary MR) showed that the pro-
cedure can be performed at a high success rate (95% 
device success) with no procedural deaths in a high-risk 
patient cohort (median STS mortality score 10; 69% of 
the patients with LVEF <50%).27 In the ACCESS-EU 
registry, the MitraClip was implanted in 567 patients 
at 14 sites.28 The mean logistic EuroSCORE was 23%, 
and 77% of patients had secondary MR. Multiple clips 
were used in 40% of patients. MR was reduced to ≤2+ in 
91% of patients without any procedural deaths. NYHA 
class and 6-minute walk distance had both improved at 
1-year follow-up. The European Sentinal Pilot Regis-
try, with a similar rate of secondary MR patients (71% 
of 628), confirms these results while maintaining high 
procedural success (95.4%) and low mortality rates (in-
hospital mortality 2.9%). Although the rehospitalization 
for heart failure was more common in the secondary MR 
group (25.8 vs 12.0%, p = .009), recurrence of severe MR 
was present only in 6% of patients at 1 year following the 
procedure.29

The current guidelines are largely influenced by the 
encouraging results of these clinical trials. The 2012 ESC/
EACTS Valve and HF guidelines provide a class IIb (LOE C) 
recommendation to consider MitraClip use in symptomatic 
patients with both severe primary and secondary MR.30 The 
patients need to be judged inoperable or at high surgical risk 
by a “heart team” and should have a life expectancy greater 
than 1 year. Patients with secondary MR additionally need to 
be under optimal medical therapy and cardiac resynchroniza-
tion therapy, if indicated.

Despite the fact that MitraClip has CE mark approval 
in secondary MR and has achieved good results in the large 
European registries for this disease category, the FDA has 
approved MitraClip only for the treatment of patients with 
primary MR in high surgical risk patients. Thus, in the 2014 
ACCF/AHA Valve guidelines, MitraClip is recommended 
with class IIb (LOE b) guidance for severe primary MR in 
symptomatic patients at prohibitive risk for MV surgery.31

The future role of MitraClip in the management of both 
primary and secondary MR remains unclear.32 Particularly, 
high-risk patients with secondary MR may benefit from 
MitraClip therapy. Three large ongoing randomized trials 
(COAPT, RESHAPE-HF, and Mitra-Fr) comparing Mitra-
Clip plus guideline-directed medical therapy (GDMT) ver-
sus GDMT alone in secondary MR may further elucidate 
the optimal role for MitraClip. The results of these trials 
should be available by 2017. However, even in the healthiest 
subgroup of patients—those with primary MR, no annular 
calcification, and optimal initial medical MR reduction—
freedom from recurrent MR is only 60% after 9 years if 
annuloplasty is not performed.33 This might be acceptable for 

FIGURE 41-3 Three-dimensional echocardiogram demonstrating 
the MitraClip in position. (© 2013 Abbott. All rights reserved. Mitra-
Clip is a trademark of the Abbott Group of Companies.)
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 Chapter 41 Percutaneous Catheter-based Mitral Valve Repair 889

older or high-risk patients, but not for patients who are suit-
able for surgery.

Leaflet Repair Using Artificial Chords
The NeoChord DS1000 device allows off-pump implanta-
tion of artificial neochordae to repair prolapsing or flail mitral 
leaflets. The access for this procedure is a left minithoracot-
omy through which a purse-string is placed at the apex of 
the beating heart. A delivery device that contains an infrared 
sensor to detect tissue supports optimal grasping of the free 
edge of the prolapsing leaflet. Via indirect visualization with 
3D echo, a suture is passed through the grasped free edge 
of the leaflet. The two ends of this suture are then brought 
through the apex of the heart and tied on the epicardial 
surface (Fig. 41-4). Proper chordal length is determined by 
adjustment under direct transesophageal echocardiographic 
guidance. The chords can be appropriately lengthened or 
shortened based on the color jet seen on echo.

Current experience with the NeoChord DS1000 is limited 
to slightly more than 100 patients. The Transapical Artificial 
Chordae Tendinae feasibility trial showed acute procedural 
success in 26 out of 30 patients (86.7%), deemed as overall 
reduction of MR from ≥3+ to ≤2+. Four patients (13.3%) 
had to be converted to conventional MV repair.34 At 30-day 
follow-up, only 17 patients maintained MR grade ≤2+, and 
four patients with recurrent MR had surgical MV repair dur-
ing the 30-day follow-up. Results improved with experience: 
durable reduction in MR to ≤2+ at 30 days was achieved in 
5 (33.3%) of the first 15 patients and 12 (85.7%) of the last 

14 patients. Furthermore, the implantation of two or three 
chords led to an improved MR reduction, which has been 
similarly demonstrated in the surgical loop technique. Larger 
studies are needed to prove efficacy and durability of this 
technique. Of note, a technique to perform edge-to-edge 
repair with this device may be under development.

Secondary Mitral Regurgitation
MITRAL ANNULAR REMODELING TECHNIQUES
Although there is dilatation of the entire mitral annulus in 
patients with secondary MR, the greatest degree of dilation is 
in the posterior annulus and the greatest increase in dimen-
sion is in the septal-lateral (or anterior-posterior) diameter.8,35 
Therefore, secondary MR is most commonly surgically man-
aged by reduction in the septal lateral diameter of the dilated 
mitral annulus by an undersized, complete, and rigid annu-
loplasty ring. A key element of this surgical repair includes 
anchoring a complete ring to the central fibrous skeleton of 
the heart at the fibrous trigones because anchoring the ring 
away from the mitral annulus in the atrial wall or in the leaf-
let tissue leads to less effective reduction in annular dimen-
sions. Similarly, it has been well proven in the surgical arena 
that a partial posterior annuloplasty is less effective in annular 
reduction to treat MR.36-38 On the other hand, correction of 
the septal lateral diameter by as little as 5 to 8 mm has been 
demonstrated to reconstitute leaflet coaptation and improve 
MR. Transcatheter approaches to secondary MR are based 
on this concept of mitral annulus remodeling to decrease the 
septal lateral diameter. There is no shortage of novel strategies 
to accomplish this goal (see Table 41-1). Some devices take 
advantage of the anatomical relationship between the coro-
nary sinus and posterior mitral annulus; other devices take 
a more direct approach by plicating the posterior annulus; 
still others rely on distraction of the LV or left atrial walls to 
decrease the septal lateral diameter.

Coronary Sinus Annuloplasty
Its proximity to the posterior mitral annulus makes the coro-
nary sinus an attractive access point for placement of devices 
to remodel the mitral annulus (Fig. 41-5).39-43 The ease of 
transvenous access led to early optimism. However, variabil-
ity in the anatomic relationship of the coronary sinus to the 
mitral annulus has made it a challenge to obtain consistent 
decreases in annular dimensions. Although the coronary sinus 
is most commonly located adjacent to the posterior annulus, 
it is frequently located along the free wall of the left atrium, 
superior to the mitral annulus therefore relying on traction on 
the left atrial free wall for annular remodeling.44,45 The smallest 
distance between the coronary sinus and the mitral annulus 
is usually at the entry to the sinus. Separation of the coro-
nary sinus from the mitral annulus is maximal at the postero-
lateral commissure, as demonstrated in an anatomical study 
by Miselli of coronary sinus anatomy in 61 human cadaver 
hearts.46 In this cohort, the distance between the inferior bor-
der of the coronary sinus and the mitral annulus at the P2 and 

FIGURE 41-4 Placement of artificial chords from the left ventricu-
lar apex under echocardiographic guidance.
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890 Part V Mitral Valve Disease

P3 mitral segments averaged 9.7 mm. It is important to note 
that in patients with severe MR, the distance between the 
coronary sinus and the mitral annulus is usually much greater 
than in patients without severe regurgitation. In addition, the 
path of the circumflex coronary artery and/or its branches 
between the coronary sinus and mitral annulus is of signifi-
cant concern. The left circumflex artery or major branches 
have been reported to course between the coronary sinus and 
the mitral annulus in up to 80% of patients (Fig. 41-6).46 Due 
to all of these concerns, the Carillon Mitral Contour System, 
a fixed-length device designed for plication of the coronary 
sinus between deployable anchors placed via internal jugu-
lar access, is the only remaining device employing the coro-
nary sinus approach. Its proximal anchor is released near the 
coronary sinus ostium, and its distal one is deployed near the 
anterior commissure, deep on the coronary sinus. In case of 
insufficient MR reduction, the device can be repositioned.

In the AMADEUS feasibility study, the device was success-
fully implanted in 30 of the 48 enrolled patients (62.5%).47 
In these patients the mitral annular diameter was significantly 
reduced, leading to MR reduction by at least 1 grade and 
improvement in functional class at 2-year follow-up. In the 
TITAN trial, which investigated a second-generation device, 
36 of 53 patients underwent successful device implantation 
(67%).48 In both studies a high number of patients (17% in 
the AMADEUS, 15% in the Titan trial) did not receive the 
device due to unwanted interaction with the left circumflex 
artery. In the remaining patients with unsuccessful interven-
tion, the Carillon device was retrieved, as it did not reduce 
MR by at least one grade. The major adverse events rate in 
the two studies decreased from 13 to 1.9%, but, due to low 
success rates, limited reversal in LV remodeling, and lack of 
control groups, the results of the initial Carillon Mitral Con-
tour System trials remain controversial.49

Direct Mitral Annular Remodeling
There are a number of devices designed to remodel the mitral 
annulus by direct plication. The Mitralign system (Mitralign, 
Inc., Tewksbury, MA) consists of polyester pledgets, a suture, 
and a stainless steel lock. A suture-based plication of the pos-
terior annulus is placed retrograde through the aortic valve 
on the ventricular side of the mitral annulus. Two sutures are 
placed to plicate P1-P2 and P2-P3 (Fig. 41-7).50 Sixty-one 
patients were enrolled in the EU study for CE mark approval 
which was completed in 2014. In 45 patients (73.8%), the 
device was implanted with improvement in MR, quality of 
life, and NYHA classification at 30-day follow-up.51 A larger 
implant with a 50% increase in cinching distance, which may 
result in a stronger annulus diameter reduction and enhanced 
outcome, is now available, but CE mark approval is pending.

Another device, the Valtech Cardioband (Valtech, Inc., Tel 
Aviv, Israel), places a tensioning band with anchoring screws 
placed into the mitral annulus via a transseptal atrial access.52 
The tensioning band is then adjusted under echocardiographic 

FIGURE 41-5 Concept of a posterior mitral annulus plication per-
formed by a device placed through the coronary sinus.

FIGURE 41-6 Example demonstrating by computerized tomog-
raphy the relationships between the coronary sinus and the mitral 
annulus. Note the intervening circumflex coronary artery. (Repro-
duced with permission from Choure AJ, Garcia MJ, Hesse B, et al: 
In vivo analysis of the anatomical relationship of coronary sinus to 
mitral annulus and left circumflex coronary artery using cardiac 
multidetector computed tomography: implications for percutane-
ous coronary sinus mitral annuloplasty, J Am Coll Cardiol. 2006 Nov 
21;48(10):1938-1945.)
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guidance until the regurgitant jet disappears as leaflet coapta-
tion is restored. Early results of a multicenter study involving 
29 symptomatic patients with moderate-to-severe second-
ary MR showed a 100% successful implant rate and 93% 
acute MR reduction postoperatively with sustained results 
over 6 months (91% MR ≤ 2+).53 Both 6-minute walk test 
and NYHA classification improved in 11 patients (37.9%) 
at 6-month follow-up, but improvement did not reach sta-
tistical significance. CE mark approval is still pending for the 
Valtech Cardioband.

Transcatheter Mitral Valve Replacement
Perhaps the most intriguing concept currently for the per-
cutaneous treatment of secondary MR is transcatheter MV 
replacement (TMVR). One of the disadvantages of surgical 
annuloplasty for secondary MR is the recurrence of regur-
gitation in approximately one third of patients by one year. 
Even if the annuloplasty performed by a surgical or percu-
taneous approach leads to complete correction of MR at the 
time of the index procedure, the ongoing ventricular disease 
process may eventually cause further dilation of the ventri-
cle. This leads to further tethering of the papillary muscles 
and free edges of the leaflets, resulting in return of MR some 
time after repair. In fact, the recurrence rate at 12 months 
after MVR is reported to be higher as compared to MV 
replacement (32.6 vs 2.3%).54 MV replacement, instead of 
repair, could theoretically prevent recurrence of MR even 
if further left ventricular dilation occurs after the proce-
dure because LV dilatation should not affect an implanted 
prosthesis.

After the TAVR evolution, rapid adoptation of TMVR 
was anticipated. However, the development of TMVR has 
been delayed by the complex structure of the MV, composed 
of the left ventricular outflow tract, ventricular myocardium, 
papillary muscles, chordae, and native MV leaflets. Because 
the MV is a much more complex structure than the AV, 
many different variables must be considered during TMVR 
in comparison to the relatively straightforward TAVR tech-
nique. Most importantly, unlike the aortic annulus in aortic 

stenosis, the mitral annulus is not calcified in MR, so there 
is no good anchoring zone for the implanted valve. However, 
the solid ring structure of a biological MV prosthesis or com-
plete annuloplasty ring can be an ideal anchoring zone for 
a TAVR valve to be placed in the mitral location. Thus, in 
recent years, valve-in-valve (VinV) and valve-in-ring (VinR) 
procedures have become routine in many centers worldwide 
for high-risk patients. Both, VinV and VinR can be per-
formed safely with transapical or transfemoral access.55-59 But, 
without prior surgical MV or annuloplasty ring implanta-
tion, fixation of a TMVR is difficult.

Several devices have been developed to perform TMVR, of 
which some have recently initiated compassionate and early 
feasibility human trials and others have yet to initiate trials. 
These include the CardiAQ device (CardiAQ Valve Tech-
nologies, Inc., Winchester, MA), the Tiara device (Neovasc, 
Inc., Richmond, BC, Canada), the Tendyne device (Tendyne 
Medical, Inc., Roseville, MN), and the Fortis transapical 
device (Edwards Lifesciences, Irvine, CA).

The CardiAQ is a self-expanding, stent-based, bovine peri-
cardial bioprosthesis. The device self-anchors without radial 
force and grabs the native MV leaflets (Fig. 41-8a). In 2012, 
it was the first TMVR device to reach human implantation 
using a transfemoral/transseptal access. After redesign, the 
second-generation CardiAQ device was implanted transapi-
cally in three patients 2014. The CE mark trial with 100 
patients at 10 sites is anticipated to start in early 2015.60

The Tiara device is a self-expanding, nitinol-based, bovine 
pericardial bioprosthesis (Fig. 41-8b). It can be implanted 
transapically, facilitated by a 32F sheathless system. The 
device captures the native mitral leaflets and has a full atrial 
skirt to minimize paravalvular leak. The D shape of the valve 
could help to prevent LV outflow obstruction. After three 
successful implantations in the first-in-man (FIM) trial, the 
TIARA-I feasibility study started in late 2014.61,62

The Tendyne device is an apical, self-expanding, nitinol-
based, porcine pericardial bioprosthesis with a ventricular 
tethering fixation system anchoring the valve to the left ven-
tricular apex (Fig. 41-8c). It is fully retrievable and reposition-
able, and it is available in multiple sizes. After three patients 

FIGURE 41-7 Plication of the posterior mitral annulus by a percutaneous transventricular approach. (© 2015 Mitralign. All rights reserved.)
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892 Part V Mitral Valve Disease

FIGURE 41-8 Transcatheter Mitral Valve Replacement devices in clinical trials. (A. Used with permission from Tiara, Neovasc Inc, Richmond, 
BC, Canada. B. Used with permission from Tendyne Medical, Inc., Roseville, MN. C. Used with permission from Intrepid, Medtronic Inc, Min-
neapolis, MN. D. Used with permission from Edwards Lifesciences LLC, Irvine, CA.)

A B

C D

were successfully treated under a compassionate use proto-
col, the device was implanted in the first patient of an early 
feasibility study in November 2014. The patient recovered 
quickly and was released from the hospital on day 5.63

The Fortis transapical device is composed of a cloth-
covered nitinol stent with three anticalcification-treated 
bovine pericardial leaflets. At present, only the 29 mm size 
valve is available, suitable for patients with a native annular 
diameter (A2-P2) between 30 and 44 mm. Valve fixation is 
performed by two paddles that capture the mitral leaflets. An 
atrial flange is designed to prevent paravalvular leaks. Rapid 
pacing is not necessary because normal blood flow is main-
tained throughout the entire procedure. All seven reported 
implantations of the Fortis device have led to a MR Grade 
≤1+. One of the patients died after a partial displacement of 
the valve because the posterior paddle failed to capture the 
posterior mitral leaflet. Enrollment for a clinical feasibility 
study started in August 2014.64,65

CONCLUSION
There are a host of unique and intriguing concepts for trans-
catheter treatment of MR. Although progress in the trans-
catheter treatment of aortic stenosis was rapid and promising, 

progress with MR has been much slower due to the complex 
MV anatomy, the variable MR pathologies, the necessity for 
complex delivery systems, the limited early success in clinical 
trials, and the existence of an effective, established therapy 
(open surgery). In addition, proper trial design has proven 
to be challenging, with the demonstration of clinical benefit 
remaining particularly difficult. However, the clinical unmet 
need is sizable, and with a host of unique concepts under early 
investigation, significant progress can be expected in the near 
future. The MV will be one of the most interesting targets for 
therapeutic cardiac device innovations in the coming years.
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This chapter discusses the surgical indications, operative 
techniques, and early and late follow-up after implantation of 
mechanical and bioprosthetic mitral valve devices. The valves 
that are discussed are those that are currently (2015) approved 
by the Food and Drug Administration (FDA). Figure 42-1 
shows the former and current FDA-approved prosthetic 
mechanical mitral valve devices, including the Starr-Edwards 
ball-and-cage valve (historical relevance only), the Omnicar-
bon tilting-disk valve, the Medtronic Hall tilting-disk valve, 
the St. Jude Medical bileaflet valve, the Carbomedics bileaflet 
valve, the ATS bileaflet valve, and the On-X bileaflet valve. 
The FDA-approved bioprosthetic valve devices are shown 
in Fig. 42-2 and include the Hancock II porcine valve, the 
Carpentier-Edwards porcine valve, the Carpentier-Edwards 
pericardial valve, the Mosaic porcine valve, and the Biocor 
porcine valve.

Heart valve prostheses are continually undergoing iterative 
advancement by the manufacturers; however, the ideal valve 
has yet to be developed. This ideal replacement prosthesis 
would have longevity of a mechanical prosthesis combined 
with the superior hemodynamic function of the native bio-
logic tissue valve. As a result, this hypothetical ideal replace-
ment device would not require lifetime anticoagulation and 
carries no risk of either thromboembolic events or valve 
thrombosis. Achieving this goal will require major advance-
ments to currently available designs.

INDICATIONS FOR MITRAL VALVE 
REPLACEMENT
The indications for mitral valve replacement (MVR) are vari-
able and undergoing evolution. Because of increasing use of 
reparative techniques, particularly for mitral regurgitation 
(MR), replacement or repair of a mitral valve often depends 
on the experience of the operating surgeon. Current indi-
cations for valve replacement pertain to the types of valve 
problems that are unlikely to be repaired by most surgeons 
or which have been shown to have poor long-term success 
after reconstruction. Indications are discussed according to 
(1) pathophysiologic states and (2) type of valve required 
(ie, mechanical or bioprosthetic).

MITRAL STENOSIS
Mitral stenosis (MS) is almost exclusively caused by rheu-
matic fever even though a definite clinical history can be 
obtained in only about 50% of patients. The incidence of 
MS has decreased substantially in the United States in the last 
several decades because of effective prophylaxis of rheumatic 
fever; nevertheless, in certain developing countries MS is still 
very common. Two-thirds of patients with rheumatic MS are 
females.

The pathologic changes associated with rheumatic valvuli-
tis are mainly fusion of the valve leaflets at the commissures, 
shortening and fusion of the cordae tendineae, and thicken-
ing of the leaflets owing to fibrosis with subsequent stiffen-
ing, contraction, and calcification. Approximately 25% of 
patients have pure MS, but an additional 40% have com-
bined MS and MR.1

Stenosis usually develops one or two decades after the 
acute illness of rheumatic fever with no or slow onset of 
symptoms until the stenosis becomes more severe. Limitation 
of exercise tolerance usually is the first symptom, followed by 
dyspnea that can progress to pulmonary edema. New-onset 
atrial fibrillation and the risk for thromboembolism, hemop-
tysis, and pulmonary hypertension are other common symp-
toms in patients with MS.

Besides echocardiographic imaging, the diagnostic 
workup of the symptomatic patient with MS should include 
a complete cardiac catheterization, including coronary angi-
ography in any patient older than 40 years old. In younger 
patients, echocardiographic assessment of the mitral valve 
suffices in most symptomatic patients unless there is a his-
tory of chest pain or coronary artery disease. Typically echo-
cardiogram establishes the extent of MS by determining 
valve gradients and valve area, but in complex cases cardiac 
catheterization with direct measurement might be more 
beneficial.

Recently published 2014 American Heart Association/
American College of Cardiology guideline has a new stag-
ing system for MS.2 The criteria for severe MS has changed 
from mitral valve area of 1.0 cm2 or less to a mitral valve 
area of 1.5 cm2, the normal native mitral valve area being 
4 to 6 cm2, and/or a diastolic half pressure time more than 
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896 Part V Mitral Valve Disease

C D

A B

FIGURE 42-1 FDA-approved mechanical mitral valves. (A) Starr-Edwards ball-and-cage. (B) Medtronic Hall tilting-disk. (C) Omnicarbon 
tilting-disk. (D) St. Jude Medical bifleaflet. 

150 ms. Symptomatic severe MS is considered stage D while 
asymptomatic severe MS is stage C. Finally, a mitral valve 
area of less than 1.0 cm2 or diastolic half pressure time more 
than 220 ms is considered “very severe MS.”

Currently, the first option for MS is percutaneous bal-
loon valvuloplasty and certain anatomic characteristics allow 
a more successful valvuloplasty (Table 42-1).2 The Wilkins 
score is used to predict the success rates of this procedure by 
taking into consideration valve thickness, valvular calcifica-
tion, leaflet mobility, and subvalvular thickening. Each cat-
egory has a score of 1 to 4 and a total score of 8 or less predicts 
higher success rate with balloon valvuloplasty. If the score is 
higher than 8, MVR is recommended.3 Subsequently, the 
2014 ACC/AHA guidelines gave class I recommendation for 

mitral valve surgery in severely symptomatic patients (NYHA 
class III/IV) with severe MS (stage D) who are not high risk 
for surgery and who are not candidates for previous balloon 
valvuloplasty or have failed a previous balloon valvuloplasty 
and in patients with severe MS (stage C or D) undergoing 
other cardiac surgery. Class IIa recommendation is given 
for severely symptomatic patients (NYHA class III/IV) with 
severe MS (stage D) provided there are other operative indica-
tions and Class IIb recommendation for patients with moder-
ate MS (MVA 1.6-2.0 cm2) undergoing other cardiac surgery 
and patients with severe MS (stages C and D) who have had 
recurrent embolic events while receiving adequate anticoagu-
lation. We must also mention that the degree of pulmonary 
artery pressure elevation secondary to MS continues to be 
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E

F

G

  (E) Carbomedics bileaflet. (F) ATS bileaflet. (G) On-X bileaflet.FIGURE 42-1 (Continued )

A C

ED

B

FIGURE 42-2 FDA-approved bioprosthetic mitral valves. (A) Hancock II porcine heterograft. (B) Carpentier-Edwards standard porcine 
heterograft. (C) Mosaic porcine heterograft. (D) Carpentier-Edwards pericardial bovine heterograft. (E) St. Jude Biocor porcine heterograft.

an area of concern for the mitral valve surgeon but it has been 
known for more than 40 years that after MVR for MS, pul-
monary artery pressure decreases within hours in most patients 
and decreases more gradually over weeks to months in others.4-6

Historically, the success with closed commissurotomy 
after World War II and the development of the Starr-Edwards 

valve in the early 1960s led to an enormous increase in opera-
tions for rheumatic mitral valve disease. It was until the 1990s 
that the balloon dilation of fibrotic stenotic mitral valves 
became increasingly common.6-8 Open mitral commissur-
otomy and valvuloplasty also became an alternative for MS 
patients,9,10 but some studies have shown better long-term 
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898 Part V Mitral Valve Disease

results with MVR using a mechanical valve.11 Many patients 
with chronic MS now require valve replacement because the 
valve has developed significant dystrophic changes including 
marked thickening and shortening of all chordae, oblitera-
tion of the subvalvular space, agglutination of the papil-
lary muscles, and calcification in both annular and leaflet 
tissue. Aggressive decalcification and heroic reconstructive 
techniques for these extremely advanced pathologic valves 
generally have produced poor long-term results; neverthe-
less, some surgeons still advocate aggressive repairs in this 
subset of patients.12

MITRAL REGURGITATION
The etiology of MR is very diverse and the decision to operate 
on patients with MR is more complex than for patients with 
MS, except in patients with acute ischemic MR and endo-
carditis in whom indications are more straightforward. The 
pathologic events that produce MR are related to a number of 
metabolic, functional, and anatomical abnormalities.1 These 
can be categorized into degenerative (eg, mitral prolapse and 
ruptured/elongated chordae), rheumatic, infectious, and 
ischemic diseases of the mitral valve. The recent AHA/ACC 
guideline separates MR into primary MR and secondary MR 
and is later graded based on patient symptoms and severity 
of the disease.2

The preferred surgical approach for primary MR is mitral 
valve repair which is described in a different chapter in this 
book. Mitral valve surgery has class I recommendation for 
symptomatic severe MR with left ventricular ejection frac-
tion (LVEF) over 30% or asymptomatic severe MR with 
decreased LVEF (30-60%). It is important to stress that 
depressed ejection fraction is a poor indicator of left ventricu-
lar function in patients with MR. Ejection fraction can be 
preserved in patients with irreversible left ventricular failure 
because of regurgitant flow through the valve.13,14 Depressed 
cardiac function (LVEF < 40%) therefore usually indicates 
severe left ventricular dysfunction, and results of surgery are 
not as favorable in these patients as they are in those with 
normal ventricles.15,16 Measurements of end-systolic volume 
and diameter have lately surfaced as more reliable noninva-
sive parameters to evaluate the status of the left ventricle and 
determine the optimal time for operation.17,18 Therefore, LV 
end-systolic diameter over 40 mm is also considered Class I 
indication in patients with asymptomatic MR.

Mitral valve repair is indicated in patients with pri-
mary MR due to a degenerative prolapsing myxomatous 
valve especially if the prolapse is generalized and local find-
ings that decrease the probability of a successful repair are 
absent.19-23 When the probability of successful repair is low 
as is the case with the encounter of rheumatic MR, calcific 
deposits throughout the leaflet substance and shortened 
chordae and papillary muscles, MVR is often the most 

TABLE 42-1: Summary of Recommendations for MS Intervention

Recommendations COR LOE

PMBC is recommended for symptomatic patients with severe MS (MVA ≤ 1.5 cm2, stage D) and favorable valve 
morphology in the absence of contraindications

I A

Mitral valve surgery is indicated in severely symptomatic patients (NYHA class III/IV) with severe MS (MVA ≤ 1.5 cm2, 
stage D) who are not high risk for surgery and who are not candidates for or failed previous PMBC

I B

Concomitant mitral valve surgery is indicated for patients with severe MS (MVA ≤ 1.5 cm2, stage C or D) undergoing 
other cardiac surgery

I C

PMBC is reasonable for asymptomatic patients with very severe MS (MVA ≤ 1.0 cm2, stage C) and favorable valve 
morphology in the absence of contraindications

IIa C

Mitral valve surgery is reasonable for severely symptomatic patients (NYHA class III/IV) with severe MS  
(MVA ≤ 1.5 cm2, stage D), provided there are other operative indications

IIa C

PMBC may be considered for asymptomatic patients with severe MS (MVA ≤ 1.5 cm2, stage C) and favorable valve 
morphology who have new onset of AF in the absence of contraindications

IIb C

PMBC may be considered for symptomatic patients with MVA > 1.5 cm2 if there is evidence of hemodynamically 
significant MS during exercise

IIb C

PMBC may be considered for severely symptomatic patients (NYHA class III/IV) with severe MS (MVA ≤ 1.5 cm2,  
stage D) who have suboptimal valve anatomy and are not candidates for surgery or at high risk for surgery

IIb C

Concomitant mitral valve surgery may be considered for patients with moderate MS (MVA 1.6-2.0 cm2) undergoing 
other cardiac surgery

IIb C

Mitral valve surgery and excision of the left atrial appendage may be considered for patients with severe MS  
(MVA ≤ 1.5 cm2, stages C and D) who have had recurrent embolic events while receiving adequate anticoagulation

IIb C

AF, indicates atrial fibrillation; COR, Class of Recommendation; LOE, Level of Evidence; MS, mitral stenosis; MVA, mitral valve area; NYHA, New York Heart Associa-
tion; and PMBC, percutaneous mitral balloon commissurotomy. 
Adapted with permission from Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report 
of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines, J Thorac Cardiovasc Surg. 2014 Jul;148(1):e1-e132.
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 Chapter 42 Mitral Valve Replacement 899

prudent operation.24 However, good results with reconstruc-
tive surgery in this patient group have been reported.25 In 
patients with endocarditis, MVR may be required because 
of destruction of the valve leaflets, subvalvular mechanisms 
and annular abscess formation. Although repair of the valve 
and avoidance of prosthetic material are very desirable in 
septic situations, the extent of the destruction may preclude 
repair. Therefore, MVR is required after careful debride-
ment of the infectious tissue and reconstruction of the valve 
annulus.26-28

For secondary MR, severe secondary MR in the setting 
of cardiac procedure has Class IIa, and symptomatic severe 
secondary MR has class IIb recommendation to undergo 
mitral valve surgery. Recently published randomized control 
study that compared MVR and MV repair in patients with 
severe ischemic MR showed no difference in mortality and 
LV remodeling.29 However, MV repair group had 33% recur-
rence of moderate or severe MR compared to 2% in MVR. 
Other specific findings that preclude satisfactory repair 
include restrictive valve motion from shortened, scarred pap-
illary muscles, acutely infarcted papillary muscle, and rup-
ture of chordae associated with extensive calcification of valve 
leaflets.30-32

CHOICE OF VALVE TYPE
Indications for Mechanical Valve 
Replacement
For young patients, patients in chronic atrial fibrillation 
who require long-term anticoagulation, and any patient who 
wants to minimize the chance of reoperation, a mechani-
cal prosthetic valve should be chosen if valve replacement 
is required. The St. Jude Medical bileaflet valve is the most 
widely used prosthetic mitral valve at present because it has 
good hemodynamic characteristics and is easy to insert. 
Recent interest in the On-X mechanical valve relates primar-
ily to the possibility for limited anticoagulation, although 
this remains to be borne out from current clinical trial.33 
Indications to choose one prosthetic or another vary primar-
ily by surgeon preference and occasionally depending on the 
state of the annulus and whether or not there have been 
multiple previous operations. The most recent 2014 AHA/
ACC guideline has changed its recommendation from class 
I recommendation of mechanical valve in age 65 years to 
“shared decision-making process with patients preferences 
and risks of reoperation.”2 There is a class IIa recommenda-
tion for mechanical valves in patients under age 60 years 
and either bioprostheses or mechanical prostheses for age 
between 60 and 70 years.

We have performed a propensity matching analysis in 
patients younger than 65 years who underwent MVR. Our 
results showed higher reoperation rate in bioprostheses group 
and higher survival in mechanical prostheses group (11 vs 
13 years, p = .004; Fig. 42-3). Therefore, we recommend 
mechanical prosthesis in this patient group.34

Indications for Bioprosthetic Valve 
Replacement
Patients in any age group in sinus rhythm who wish to avoid 
anticoagulation may prefer a bioprosthetic valve. Recent 
2014 AHA/ACC guideline gave Class I recommendation for 
bioprostheses in patients at any age in whom anticoagulation 
therapy is contraindicated, cannot be managed appropriately 
or is not desired. A bioprosthetic valve is preferred in patients 
greater than age 65 years and in sinus rhythm because these 
valves deteriorate more slowly in older patients.35 In addition, 
some 60-year-old patients may not outlive their prosthetic 
valves because of coexisting comorbidities.36,37 Specifically, 
patients who require combined MVR and coronary bypass 
grafting for ischemic MR and coronary artery disease have 
a significantly reduced long-term survival as compared to 
patients who do not have concomitant coronary artery dis-
ease.38-43 In these individuals with little risk of reoperation, 
anticoagulation may better be avoided.

As 20-year results have become available for various bio-
prostheses, it is clear that structural valve degeneration (SVD) 
is the most prominent complication of these valves.44-49 The 
durability of porcine mitral valves is less than that of aortic 
bioprostheses which is directly proportional to age.45 Dete-
rioration occurs within months or years in children and 
young adults and only gradually over years in septuagenar-
ians and octogenarians.44,50 Essentially, all valves implanted 
into patients younger than 60 years of age have to be replaced 
ultimately, and valve failure is prohibitively rapid in children 
and adults younger than 35 to 40 years of age; therefore, bio-
prostheses are not advisable in these age groups.51 Neverthe-
less, there are still indications for mitral porcine bioprosthetic 
valves in young patients. In a woman who desires to become 
pregnant, a bioprosthesis may be used to avoid warfarin anti-
coagulation and fetal damage during pregnancy.52-55

Over the last decade several publications, mainly from 
European centers, reported on the use of unstented cryo-
preserved homografts56-59 and stentless heterografts60-63 for 
MVRs, particularly in patients with endocarditis. The pros-
thetic valve is transplanted so that donor papillary muscles 
are reattached to recipient papillary muscles and the annulus 
is sutured circumferentially. This technique has been shown 
to be safe and reproducible, but it does not always provide 
durable results and therefore should not be used in young 
patients.60 Other reports suggest that these operations may be 
a feasible alternative to stented valve replacement in patients 
with endocarditis. Pulmonary autografts also have been used 
for replacing the mitral valve (Ross II procedure), but these 
series are small, and follow-up is relatively short.64-66

TRENDS IN MITRAL VALVE SURGERY
Mitral valve surgery has been in a state of constant evolu-
tion since its inception. Data regarding all cardiac surgical 
procedures reported to the Society of Thoracic Surgeons 
Adult Cardiac Surgery Database (STS ACSD) demonstrate 
this dynamic state as more surgeons begin to repair rather 

Cohn_ch42_p0895-0924.indd   899 08/05/17   12:14 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



900 Part V Mitral Valve Disease

than replace mitral valves. Gammie et al evaluated trends 
in mitral valve surgery in the United States using the STS 
ACSD evaluating the years between 2000 and 2007.67 In 
this time period, 210,529 mitral valve procedures were per-
formed in all settings. From the study population, 58,370 
patients undergoing primary mitral valve operations were 
identified. Over this 7-year study time line, a 50% increase 
in repair rates was documented. When considering the 
valve replacement, a 100% increase in use of bioprosthetic 
devices coincided with a decline in the use of mechanical 
valves.

Gammie and coworkers identified clear trends with 
respect to patient selection as well.67 Compared with patients 
undergoing mitral valve repair, those undergoing mitral 
replacement tended to be older, females, more likely to have 
multiple comorbidities (eg, diabetes mellitus, hypertension, 
chronic lung disease, stroke), concomitant tricuspid valve 
disease, MS, and were less likely to be asymptomatic. With 
respect to survival, overall risk adjusted mortality was lower 
for mitral valve repair versus replacement (OR 0.52, 95% CI: 
0.45 to 0.59, p < .0001). The outcome with respect to choice 
of valve type and survival was not addressed but was felt to 
be confounded by patient factors that led to the initial device 
selection.

HEMODYNAMICS OF MITRAL 
VALVES DEVICES
Mechanical Prostheses 
The designs of mechanical and bioprosthetic heart valves have 
evolved over the last five decades in an effort to develop the 
ideal replacement device for the pathologic mitral valve. The 
optimal heart valves exert minimal resistance to forward blood 
flow and allow only trivial regurgitant backflow as the occluder 
closes. The design must cause minimal turbulence and stasis 
in vivo under physiologic flow conditions. The valve must be 
durable enough to last a lifetime and must be constructed of 
biomaterials that are nonantigenic, nontoxic, nonimmuno-
genic, nondegradable, and noncarcinogenic. The valve also 
must have a low associated incidence of thromboembolism.

The opening resistance to blood flow is determined by the 
orifice diameter; the size, shape, and weight of the occluder; the 
opening angle; and the orientation of leaflet or disk occluders 
with respect to the plane of the mitral annular orifice for any 
given annular size. Least resistance to transvalvular blood flow 
during diastole for valves in the mitral position is provided by a 
large ratio of orifice to total annular area. A wide opening angle 
also improves the effective orifice area and results in decreased 
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FIGURE 42-3 Comparison between bioprosthetic valve versus mechanical valve in patients under the age of 65 years who underwent mitral valve 
replacement. (Reproduced with permission from Kaneko T, Aranki S, Javed Q, et al: Mechanical versus bioprosthetic mitral valve replacement in 
patients <65 years old, J Thorac Cardiovasc Surg. 2014 Jan;147(1):117-126.)
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 Chapter 42 Mitral Valve Replacement 901

diastolic pressure gradients. Table 42-2 shows hemodynamic 
assessments of each of the FDA-approved mitral valve prostheses 
for the most commonly used mitral valve sizes.68-71 The results of 
in vivo assessments at rest by invasive (catheterization) or non-
invasive (Doppler echocardiography) techniques are tabulated.

Blood turbulence flowing across mitral valve devices results 
from impedance to forward or reverse flow. This impedance 
can be minimized by occluder design and orientation, central 
flow through the orifice and limited struts or pivots extend-
ing into flow areas (Fig. 42-4). Hemolysis is the product of 

TABLE 42-2: Hemodynamics of Mitral Valve Prostheses

  

Valve

 

Reference (year)

EOA (cm2)

Catheterization readings
Doppler echocardiography 

gradient readings

25 
mm

27 
mm

29 
mm

31 
mm

33 
mm

25 
mm

27 
mm

29 
mm

31 
mm

33 
mm

Starr-Edwards Pyle (1978)   1.4 1.4 1.9     8.0 10.0 5.0  
  Sala (1982)             7.9 6.7 5.0  
  Horskotte (1987)   1.8         6.3      
Omniscience/

Omnicarbon
Mikhail (1989)             6.1   5.4  

  Messner-Pellenc 
(1993)

  1.9 2.2 2.0 2.0 4.3 3.6 3.5 2.0  

  Fehsk (1994)           6 6 5 6 4
  di Summa (2002) 1.7 1.9 1.6 1.9   9 4.1 5.1 5.6  
Medtronic Hall Hall (1985)             3.0 2.7 2.0  
  Fiore (1998)           4.0 4.3 3.1 2.9 2.7
St. Jude Chaux (1981)     2.1 2.8 3.1     1.9 1.8 1.6
  Horskotte (1987)     3.1         2.3    
  Fiore (1998)           3.0 3.3 3.8 1.5 2.5
  Hasegawa (2000) 2.6 2.5 2.4              
Carbomedics Johnston (1992)     3.3         3.8    
  Chambers (1993)   2.1 2.1 1.8     3.9 3.3 3.3  
  Carbomedics (1993)   2.9 3.0 3.0     3.9 4.6 4.6  
  Carrier (2006)           5.3 4.9 4.6 4.4 4.9
ATS Westaby (1996)   3 2 2 2          
  Shiono (1996)           5 6 4.5    
  Hasegawa (2000) 2.3 2.6 2.7              
  Emery (2001)           7.8 5 6 4 3
Hancock II Johnson (1975)   1.0 2.5 1.8     12.0 5.0 5.0  
  Ubago (1982)   1.3 1.0 1.0     7.0 7.6 7.4  
  Khuri (1988)   1.5 2.0 1.8     7.0 7.0 7.0  
Carpentier-Edwards 

porcine
Chaitman (1979)   1.7 2.2 2.8     7.0 6.7 5.0  

  Levine (1981)     3.0 3.2       2.0 2.6  
  Pelletier (1982)   1.7 2.4 2.5     6.5 7.4 5.3  
Carpentier-Edwards 

pericardial
Aupart (1997) 2.6 2.7 2.6 3.1   4.1 3.0 3.0 3.0 3.1

Mosaic Thomson (2001)     1.7 (all 
sizes)

             

  Eichinger (2002) 2.6 1.5 1.8 2.1   4.6 3.8 4.4 2.7  
    1.1 0.9 1.0 0.9   4.2 5.8 4.8 4.0  
  Fradet (2004)                    
Biocor Rizzoli (2005)     3.1 3.3 3.6     6.7 6.2 5.4
Normal       4.6         0    
Severe stenosis       >1.0         >12    
Desired postoperative       >1.5         >10    
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902 Part V Mitral Valve Disease

red blood cell destruction that is caused by cavitation and 
shearing stresses of turbulence, high-velocity flow, regurgita-
tion, and mechanical damage during valve closure.72 Areas of 
perivalvular blood stagnation and turbulence increase plate-
let aggregation, activation of the coagulation proteins, and 
thrombus formation.

Dynamic regurgitation is a feature of all prosthetic valves 
and is the sum of the closing volume during occluder closure 
and the leakage volume that passes through the valve while it is 
closed. The closing volume is a function of the effective orifice 
area and the time needed for closure. Leakage volume is inher-
ent to the design of the valve and depends on the amount of 
time the valve remains in the closed position.73 A small amount 
of regurgitant volume can be beneficial by minimizing stasis 
and reducing platelet aggregation; this decreases the incidence 
of valve thrombosis and valve-related thromboembolism.

BALL AND CAGE MECHANICAL VALVES
Starr–Edwards. Introduced in 1965, the Starr-Edwards 
Model 6120 was the only ball-and-cage mitral valve pros-
thesis approved by the FDA; however, the production was 
discontinued in 2007 (see Fig. 42-1A). The occluder is a 
barium-impregnated Silastic ball in a Stellite alloy cage that 
projects into the left ventricle. This valve has a large Teflon/
polypropylene sewing ring that produces a relatively smaller 
effective orifice and larger diastolic pressure gradients than 
other prosthetic valves of similar annular sizes. Leakage vol-
umes are not inherent in the ball-and-cage design, and in 
contrast with other mechanical valves, the presence of regur-
gitation may indicate a pathologic process. The central ball 
occluder causes lateralization of forward flow and results in 
turbulence and cavitation that increase the risk of hemolysis 
and thromboembolic complications (see Fig. 42-4A).74-76

MONOLEAFLET MECHANICAL VALVES
Medtronic-Hall. Tilting-disk mitral valve prostheses had 
better hemodynamic characteristics than ball-and-cage 
valves (see Fig. 42-4B) but with the development of new 
valve designs and technology they were taken off the market. 
The Medtronic Hall central pivoting-disk valve was avail-
able between 1977 and 2009 and it was based on engineer-
ing design modifications of the earlier Hall-Kaster valve77 
(see Fig. 42-1B). The opening angle of 70° produced regur-
gitation volumes of less than 5% of left ventricular stroke 
volume without significantly compromising forward flow. 
The disk occluder was allowed to slide out of the housing at 
the end of the closing cycle to provide a gap through which 
blood could flow to minimize stasis at the contact surfaces.78 
The large opening angle and slim disk occluder, along with a 
thinner sewing ring, provide improved hemodynamics with 
comparably larger effective orifice areas and lower mean dia-
stolic pressure gradients for each valve size.

Omniscience-Omni Carbon. The Omniscience tilting-
disk valve was first introduced in 1978 as a second-generation 
device derived from improvements to the design of the 
Lillehei-Kaster pivoting-disk valve.79 It had a larger orifice 
to annular ratio, a larger opening angle of 80° and better 
hemodynamics compared to its predecessor. A special disk 
design reduced the regurgitant volume, the turbulence and 
the areas of stasis and shear stress. Clinical studies, however, 
opened a huge debate concerning this valve’s hemodynamics 
since there was reports of a postoperative mean opening angle 
between 44.869 and 75.9°.80 Implicated factors causing this 
variation included valve sizing, orientation during implan-
tation, and anticoagulation status.80,81 A subsequent genera-
tion of the Omniscience valve is the all-carbon Omnicarbon 
monoleaflet valve that was released in 2001 in the United 
States but has been in clinical use in Europe since 1984 (see 
Fig. 42-1C). The housing material is made of pyrolytic carbon 
instead of titanium. As a result of this change, the incidence 
of thromboembolism, valvular thrombosis, and reparations 
was decreased significantly compared with the Omniscience 

A

B

C

FIGURE 42-4 Flow characteristics of different mechanical valve 
designs. (A) Ball-and-cage. (B) Tilting-disk. (C) Bileaflet.
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 Chapter 42 Mitral Valve Replacement 903

valve prostheses.82 Since 2005, however, the production of 
the Omnicarbon valve ended as the company decided to stop 
this production line.

Currently the only valve design available for implantation 
in the United States is the bileaflet design; it is being provided 
by many manufacturers.

BILEAFLET MECHANICAL VALVES
St. Jude Mechanical Valve. The unique design of the 
bileaflet St. Jude Medical valve was introduced in 1977, and 
it is currently the prosthesis used most commonly worldwide 
(see Fig. 42-1D). Two separate pyrolytic carbon semidisks 
in a pyrolytic carbon housing are attached to a Dacron sew-
ing ring. The housing has two pivot guards that project into 
the left atrium. The bileaflet design produces three differ-
ent flow areas through the valve orifice that provide overall 
a more uniform, central, and laminar flow than in the caged 
ball and monoleaflet tilting-disk designs. The improved flow 
results in less turbulence and decreased transmitral diastolic 
pressure gradients73,83 (see Fig. 42-4C) at any annulus diame-
ter size and cardiac output compared with the caged ball and 
single-leaflet tilting valves.84 The favorable hemodynamics in 
smaller sizes makes it especially useful in children. The cen-
tral opening angle is 85°, with a closing angle of 30 to 35°, 
which along with a thin sewing ring, provides a large effec-
tive orifice area for each valve size at the expense of greater 
regurgitant volumes, especially at low heart rates. Asynchro-
nous closure of the valve leaflets in vivo also contributes to 
the regurgitant volume.85 The design of this prosthesis pro-
vides excellent hemodynamic function even in small sizes in 
any rotational plane.86 The antianatomical plane, however, 
with the central slit between the leaflets oriented perpendic-
ular to the opening axis of the native valve leaflets decreases 
the potential risk of leaflet impingement by the posterior 
left ventricular wall.87 Rotatable cuff designs are available on 
newer generation models.

Carbomedics Valve. The Carbomedics bileaflet valve was 
approved by the FDA in 1986 (see Fig. 42-1E). This low-
profile device is constructed of pyrolytic carbon and has no 
pivot guards, struts, or orifice projections to decrease blood 
flow impedance and turbulence through the valve.73 It has 
a rotatable sewing cuff design and is available with a more 
generous and flexible sewing cuff (the OptiForm variant) 
that conforms more easily to different patient anatomies 
and allows subannular, intraannular, or supraannular suture 
placement. The leaflet opening angle is 78°, which with the 
bileaflet design provides a relatively large effective orifice area 
and transvalvular diastolic pressure differences only slightly 
greater than the St. Jude Medical bileaflet valve. Because of 
its narrow closing angle and large leakage volume, the Carbo-
medics valve does not reduce the relatively large regurgitant 
volume associated with the bileaflet design. Although this 
valve has good hemodynamic function overall, in the mitral 
position, the 25-mm Carbomedics valve has a relatively high 
diastolic pressure gradient and large regurgitant energy loss 
across the valve, especially at high flows. Hemodynamic 

studies suggest that the Carbomedics valve should be avoided 
in patients with a small mitral valve orifice.73

Advancing the Standard (ATS) Valves. The ATS Open 
Pivot® bileaflet mechanical prosthesis has been in clinical use 
in the United States since 2000. Similar to the Carbomedics 
valve, the ATS valve is a low-profile bileaflet prosthesis with 
a pyrolytic housing and pyrolytic carbon leaflets containing 
graphite substrate (see Fig. 42-1F). The pivot areas are located 
entirely within the orifice ring, and the valve leaflets hinge on 
convex pivot guides on the carbon orifice ring. This design 
minimizes the overall height of the valve and provides a wider 
orifice area, and the absence of cavities in the valve ring the-
oretically reduces stasis or eddy currents that may develop. 
Valve noise, a bothersome problem for some patients, also 
is reduced by this design.87 The opening angle is up to 85°, 
and the sewing cuff is constructed of double velour polyester 
fabric that is mounted to a titanium stiffening ring, which 
enables the surgeon to rotate the valve orifice during and after 
implantation.

On-X Prosthesis Valves. The On-X prosthesis was 
approved by the FDA in 2002. It has a bileaflet design simi-
lar to the St. Jude Medical, Carbomedics, and ATS pros-
theses with comparable hemodynamic performance, that is, 
a relatively large orifice diameter and a wide opening angle 
(90°) (see Fig. 42-1G). Instead of silicon-alloyed pyrolytic 
carbon, as used in the other mechanical prostheses, the 
On-X valve is made of pure pyrolytic carbon. This material is 
stronger and tougher than silicon-alloyed carbon and allows 
incorporation of hydrodynamically efficient features into the 
valve orifice, such as increased orifice length and a flared inlet 
that reduces transvalvular gradient. Early clinical results are 
promising and the valve produces very little hemolysis with 
postoperative levels of serum lactate dehydrogenase in the 
normal range.88,89

Anticoagulation for Mechanical Valves
Warfarin remains to be the mainstay of anticoagulation 
after mechanical valve replacement in both aortic and mitral 
positions.90 The need for anticoagulation with mechanical 
valves has been the leading cause of people shying away from 
this type of valves because of the life style changes this treat-
ment instills. In fact, this has also been a major driving force 
in the recently observed shift in use of the bioprosthetic 
valves in younger patients despite its decreased lifespan 
compared to mechanical valves.90,91 Given the time needed 
to heparin-warfarin bridging as well as the frequent need 
of monitoring during Warfarin treatment, efforts are being 
made to find an alternative. The new oral anticoagulants 
(dabigatran, edoxaban, rivaroxaban …) are promising sub-
stitutes to the warfarin therapy due to their shorter half life 
and the lack of need to constant monitoring.90 Those drugs 
have been FDA approved for use in nonvalvular atrial fibril-
lation and in treatment or prevention of deep vein throm-
bosis/pulmonary embolism but not for anticoagulation in 
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904 Part V Mitral Valve Disease

FIGURE 42-5 Flow patterns for bioprosthetic valves. (A) Pericardial bioprosthesis. (B) Porcine bioprosthesis.

patients with mechanical valves. dabigatran was the only 
drug to be compared to warfarin in patients with mechani-
cal valves during a phase 2 trial, the RE-ALIGN trial that 
was initiated in 2012.92 Unfortunately, this trial was ter-
minated prematurely owing to an increase in stroke, myo-
cardial infarction and major bleeding in the dabigatran 
group. The FDA declared, after this study, that dabigatran 
is contraindicated in this patient population. In the absence 
of other randomized controlled studies comparing a new 
oral anticoagulant to warfarin in patients with mechanical 
valves, warfarin still holds the crown of oral anticoagulation 
in this patient population.

Bioprostheses
PORCINE VALVES
The porcine bioprosthetic mitral valves are designed to mimic 
the flow characteristics of the in situ aortic valve. The Hancock 
I mitral valve bioprosthesis was introduced in 1970. It has 
three glutaraldehyde-preserved porcine aortic valve leaflets 
on a polypropylene stent attached to a Dacron-covered sili-
cone sewing ring. The design allows for central laminar flow 
through the valve, which tends to decrease diastolic pressure 
gradients and minimize turbulence.83 The stent, however, 
impedes forward flow and results in relatively large diastolic 
pressure gradients across the bioprosthesis. The stent and the 
large sewing ring contribute to effective orifice areas that are 
smaller than those of size-matched mechanical valves (see 
Table 42-2).

The Hancock II porcine bioprosthesis (see Fig. 42-2A) is 
the more modern version of the Hancock I prosthesis. The 
stent is made of Delrin with a scalloped sewing ring and 
reduced stent profile. The leaflets are fixed in glutaraldehyde 
at low pressure then at high pressure for a prolonged period. 
To delay calcification, the leaflets are treated with sodium 
dodecyl sulfate.

The Carpentier-Edwards porcine valve uses a flex-
ible stent to decrease the stress of leaflet flexion while 
maintaining its overall configuration (see Fig. 42-2B). 
The effective orifice-to-total-annulus-area ratio for the 
Carpentier-Edwards valve is relatively small, but exercise 
studies show that the effective orifice area increases signifi-
cantly with increased blood flow across the valve; diastolic 

gradients also increase but to a lesser degree.70,71,93 Porcine 
bioprostheses in the mitral position should be avoided in 
patients with small left ventricles because of the possibility 
of ventricular rupture or left ventricular outflow obstruc-
tion caused by the large struts.94

The Mosaic porcine bioprosthesis is a third-generation bio-
prosthesis using the Hancock II stent (see Fig. 42-2C). It was 
introduced in the United States in 2000 and has a Delrin stent, 
scalloped sewing ring, and reduced stent profile. The valve tis-
sue is pressure-free fixed with glutaraldehyde, and the prosthe-
sis is treated with alpha-oleic acid to retard calcification.

In 2005, the FDA approved the Biocor porcine biopros-
thesis (St. Jude Medical) (see Fig. 42-2E); however, it has 
been used and investigated for almost two decades in Europe. 
It belongs to the third generation of bioprostheses, and the 
valve tissue is pretreated in glutaraldehyde at very low pres-
sure (<1 mm Hg), making the valve cusps less stiff with less 
tendency to tissue fatigue. A newer generation of this valve, 
the St. Jude Medical Epic valve, is identical to its precursor 
except that the later is treated with Linx AC ethanol-based 
calcium mitigation therapy.

PERICARDIAL VALVES
Previous studies indicated poor durability of pericardial valves, 
namely the Ionescu-Shiley valve, caused by leaflet tearing. 
This led to significant changes in design, including mount-
ing of the pericardium completely within the stent, causing 
less leaflet abrasion and increased durability. The Carpentier-
Edwards pericardial valve uses bovine pericardium as mate-
rial to fabricate a trileaflet valve and that is cut, fitted, and 
sewn onto a flexible Elgiloy wire frame for stress reduction 
(see Fig. 42-2D). The tissue is preserved with glutaraldehyde 
with no applied pressure and the leaflets are treated with 
the calcium mitigation agent XenoLogiX. Compared to the 
Carpentier-Edwards porcine bioprosthesis, the stent profile 
is reduced. Long-term durability for the Carpentier-Edwards 
pericardial valve is strong and compared to third-generation 
porcine valves, valve-related complications are similar (see 
Discussion later in this chapter).

Hemodynamically, pericardial valves provide the best solu-
tion to flow problems. The design maximizes use of the flow 
area, which results in minimal flow resistance. Figure 42-5A 
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 Chapter 42 Mitral Valve Replacement 905

shows how the cone shape of the open valve and circular valve 
orifice minimizes flow disturbance compared with the more 
irregular cone shape of the porcine valves that allow for cen-
tral unimpeded flow (see Fig. 42-5B).

Structural valve deterioration is seen after long-term 
follow-up of patients with both porcine and pericardial bio-
prostheses and results in MS or MR or both. Hemodynamic 
studies early after operation and at 5 years reveal higher aver-
age diastolic pressure gradients and smaller effective orifice 
areas when compared in the same patients at the follow-up 
study. In some patients, these changes are sufficiently severe to 
require reoperation as soon as 4 to 5 years postoperatively and 
by 10 years the rate of primary tissue failure averages 30%. It 
then accelerates, and by 15 years postoperatively, the actuarial 
freedom from bioprosthetic primary tissue failure has ranged 
from 35 to 71%44,46,48,49,68 (Table 42-3). Most of these patients 
show hemodynamic evidence of valvular deterioration before 
any clinical signs or symptoms.71 Bioprosthetic valves have the 
advantage of low thrombogenicity, which must be weighed 
against poor long-term durability and subsequent hemody-
namic deterioration and the risk of reoperation.

OPERATIVE TECHNIQUES
Preoperative Management and 
Anesthetic Preparation
Congestive heart failure (CHF) secondary to MS usually can 
be treated with aggressive diuretic therapy and sodium restric-
tion preoperatively. If the patient is in rapid atrial fibrillation 
digoxin, beta blockers, and calcium channel antagonists can 
be used to slow down the ventricular rate. Patients with acute 
MR often are in cardiogenic shock, and they can be stabi-
lized preoperatively with inotropes and arterial vasodilators to 
reduce systemic afterload. Intraaortic balloon counterpulsa-
tion also can be used for this purpose. Symptoms of CHF in 
patients with chronic MR are treated with diuretics and oral 
vasodilators. The vasodilators lower the peripheral vascular 
resistance, forward cardiac flow is hence increased and the 
regurgitant volume into the left atrium reduced.

Preferred anesthesia for MVR typically involves a combi-
nation of narcotic and inhalational agents. Ultimately, anes-
thetic management is dictated by the wide range of functional 

TABLE 42-3: Freedom (Actuarial) from Structural Valve Deterioration after Mitral Valve Replacement 
with Bioprotheses

Valve Reference (year) 5 y 10 y 15 y 20 y

Hancock Standard Cohn (1989) 98% 75% 45%  
  Burdon (1992) 98% 80% 44%  
  Bortolotti (1995) 94% 73% 35%  
  Khan (1998)       65%
Hancock II Legarra (1999)   65%   33% (18 y)
  David (2001) 100% 86% 66%  
  Rizzoli (2003) 99% 86% 60%  
  Masters (2004)   98% (8 y)    
Carpentier-Edwards porcine Perier (1989) 89% 65%    
  Sarris (1993) 97% 60%    
  Jamieson (1995) 98% 72% 49%  
  Van Doorn (1995) 97% 71%    
  Corbineau (2001) 98% 83% 48%  
Carpentier-Edwards pericardial Pelletier (1995) 100% 79% (8 y)    
  Takahara (1995)   84% (9 y)    
  Aupart (1997) 100% 76%    
  Marchand (1998) 98% 85% (11 y)    
  Neville (1998) 100% 78% (12 y)    
  Poirer (1998) 100% 81%    
  Bourguignon (2014)   84% 55% 24%
Mosaic Jasinski (2000) 100% (2 y)      
  Thomson (2001) 100% (4 y)      
  Eichinger (2002) 100%      
  Fradet (2004) 100% (7 y)      
  Jamieson (2005) 98% (6 y)      
Biocor Myken (2000)   100% (8 y) 92%  
  Rizzoli (2005)        

y indicates years.
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906 Part V Mitral Valve Disease

disabilities and hemodynamic abnormalities of patients who 
present for MVR.94

Preoperative intravenous prophylactic antibiotics are 
administered to all patients. Monitoring should include arte-
rial and venous lines, a urinary catheter and a pulmonary 
artery catheter placed before bypass to measure pulmonary 
pressures and cardiac output. Transesophageal echocardiogra-
phy is also critical throughout the entire operation. Last but 
not least, temporary ventricular pacing wires are placed post-
operatively, and in many instances temporary atrial pacing 
wires are placed for possible pacing or diagnosis of various 
atrial arrhythmias.

Cardiopulmonary Bypass for 
Mitral Valve Replacement
Cardiopulmonary bypass is instituted by placing two right-
angled cannulas into the superior and inferior venae cavae. A 
small (22 French) plastic or metal cannula is placed directly 
into the superior vena cava, above the sinoatrial node. The 
inferior caval cannula is placed at the entrance of the inferior 
vena cava, low in the right atrium. These insertion sites keep 
the caval catheters out of the operative field and yet maintain 
excellent bicaval drainage. An arterial cannula is placed in 
the distal ascending aorta. Bypass flows are approximately 
1.5 L/m2 per minute, and mild hypothermia is used with 
vacuum-assisted suction. Myocardial protection includes 
antegrade and retrograde blood cardioplegia and profound 
myocardial hypothermia.95 Retrograde cardioplegia is use-
ful for all valve surgery to protect the ischemic left ventricle 
and help remove ascending aorta bubbles. Antegrade car-
dioplegia, used as an initial loading dose, is augmented by 
intermittent retrograde cardioplegia every 20 minutes. This 
provides safer delivery of cardioplegia because when the 
atrium is retracted during valve replacement, the aortic valve 
is distorted, and antegrade cardioplegia tends to fill the ven-
tricle due to aortic regurgitation.

Exposure of the Mitral Valve
Evolution of meticulous and complicated methods of 
mitral valve repair and reconstruction has required optimal 
exposure of the mitral valve. In primary operations, median 
sternotomy, development of Sondergaard’s plane, and inci-
sion of the left atrium close to the atrial septum provide 
excellent exposure96,97 (Fig. 42-6). This incision is a ubiq-
uitous one, and occasionally other incisions, such as the 
superior approach through the dome of the left atrium,98,99 
the so-called biatrial incision popularized by Guiraudon 
and colleagues,100 division of the superior vena cava101,102 
and the less common but occasionally useful trans-right 
atrial septal incision103 are used to obtain exposure. The 
trans-right atrial incision has in some studies been related 
to higher incidence of junctional and nonsinus rhythm 
postoperatively,104 although this has not been confirmed by 
other studies.78

Intracardiac Technique
Operation entails secure fixation of a valve prosthesis to 
the annulus by reliable suture techniques without damage 
to adjacent structures or myocardium and without tissue 
interference with valve function. Implantation should pre-
vent injury to anatomical structures surrounding the mitral 
valve annulus. Figure 42-7 shows the proximity of impor-
tant cardiac structures near the mitral valve annulus. These 
include the circumflex coronary artery within the atrioven-
tricular (AV) groove, the left atrial appendage, the aortic 
valve in continuity with the anterior mitral curtain and the 
AV node.

An accumulation of laboratory and clinical evidence indi-
cates that preservation of papillary muscle-chordal attach-
ments to the annulus is important for maintenance of left 
ventricular function. In patients with MS with agglutinated, 
fibrotic chordate, and papillary muscles, preservation of 
these structures probably has little effect on left ventricular 
dysfunction but does protect the AV groove from rupture 
by preserving the posterior leaflet. If fibrotic, placement of 
artificial Gore-Tex chordae to reattach the papillary muscles 
to the annulus may improve early and late preservation of 
cardiac output.21 In patients with MR, however, it is impor-
tant to preserve as much of the papillary muscle and annu-
lar interaction as possible. This can be achieved by a variety 
of techniques, as shown in Fig. 42-8. The anterior leaflet 
may be partially excised and brought to the posterior leaf-
let (see Fig. 42-8A) or can be partially excised and “furled” 
to the anterior annulus by a running Prolene suture105,106 
(see Fig. 42-8B).

Experimental and clinical evidence suggest that preser-
vation of the conical shape of the ventricle is important to 
maintain normal cardiac output107-110; cutting the papillary 
muscles is therefore deleterious to left ventricular function 
because it assumes more of a globular shape. Furthermore, 
preservation of the posterior leaflet and chordae has dramati-
cally reduced the incidence of perforation of the left ventricle 
and AV separation during MVR.10,111,112

Suturing techniques vary according to the type of valve 
that is implanted. The bioprosthetic valve is inserted pref-
erentially with the sutures placed from ventricle to atrium 
(noneverting or subannular). This has been shown to be the 
strongest type of suturing technique to the mitral annulus 
and is used with this valve (Fig. 42-9A).

To ensure adequate function of bileaflet or tilting-disk 
valves, everting sutures (atrium to ventricle to sewing ring) 
should be used (see Fig. 42-9B). This technique pushes the 
prosthetic valve out into the center of the orifice and mini-
mizes any tissue interference of the prosthetic valve leaflets. 
This is particularly important if annular-chordal attachments 
are preserved. Teflon-pledgeted sutures, particularly with 
the thin sewing rings of the currently available bileaflet and 
tilting-disk valves, should be used. If a bioprosthetic valve is 
inserted, a dental mirror is used to ensure that no annular 
suture is wrapped around a stent strut. A running Prolene 
suture for implantation of mitral valves has been advocated 
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 Chapter 42 Mitral Valve Replacement 907

by some surgeons.113,114 This technique makes a very clean 
suture line with minimal knots but runs the risk of valve 
dehiscence if an infection occurs.115

Before closure, the left atrial appendage is ligated by suture 
or stapled to prevent clot formation in patients with chronic 
atrial fibrillation, enlarged left atrium, or left atrial throm-
bus.116 The atrium is closed by a running Prolene suture, mak-
ing sure that endocardial surfaces are approximated. If needed, 
a left atrial catheter can be inserted through the suture line.

ASSOCIATED OPERATIONS/
PROCEDURES
Coronary bypass is the most common procedure performed 
with MVR and the distal anastomosis should be performed 
first. This reduces lifting of the heart after the rigid mitral 

A

B

C

D

E

FIGURE 42-6 Exposure of the mitral valve. (A) Location of Sondergaard’s plane. (B,C) Development of the interatrial plane. (D) Location of 
the left atrial incision. (E) Cross-sectional view.

FIGURE 42-7 Location of important structures surrounding the 
mitral annulus. (Used with permission from David Bichell.)
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908 Part V Mitral Valve Disease

valve prosthesis is in place, which can cause rupture of the 
myocardium or the AV groove. This also allows cardioplegia 
to be delivered through the bypass grafts.

Tricuspid valve repair or replacements usually are performed 
after replacing the mitral valve. In these cases, the mitral valve 
can be approached through the right atrium and a transsep-
tal incision. After the mitral valve prosthesis is in place, the 
septum is closed, and the aortic cross-clamp is removed before 
proceeding with the tricuspid valve procedure.117

When both the aortic and mitral valves are replaced at 
the same operation, most surgeons begin with excising the 
aortic valve before proceeding with the mitral valve proce-
dure. It is extremely difficult to expose the mitral annulus 
especially the anterior annulus with aortic prosthesis in place. 

When excising the anterior mitral valve leaflet, care must be 
taken not to injure the aortic annulus and the intraannular 
region. The aortic valve then is sewn in after the mitral valve 
is in place.

Weaning Off Cardiopulmonary Bypass
We use transesophageal echocardiography for every valve 
operation and particularly for mitral valves, where excellent 
images can be obtained. If transesophageal echocardiography 
is contraindicated (eg, because of esophageal disease), direct 
epicardial echocardiography can be used. The echocardio-
grams provide information about valve and left ventricular 
function, possible retained material in the left atrium includ-
ing thrombus and removal of intracardiac air.

A careful de-airing at the end of the operation is essential 
and can be completed using special maneuvers. Rewarming 
the patient comes next and then venous return is partially 
occluded and the heart is gradually volume loaded. Pulmo-
nary artery pressures are monitored carefully and pharmaco-
logic agents, such as amrinone or dobutamine can be used 
particularly for right ventricular overload.

A

B

FIGURE 42-9 Suturing techniques for prosthetic mitral valve 
implantation. (A) Noneverting (subannular) sutures placed from ven-
tricle to atrium for bioprosthetic or Starr-Edwards valves. (B) Everting 
(supraannular) sutures placed from atrium to ventricle for bileaflet or 
tilting-disk valves.

A

B

FIGURE 42-8 Techniques to maintain annular-papillary muscle 
continuity. (A) An ellipse is removed from the posterior leaflet, and a 
flap is cut from the central portion of the anterior leaflet. The anterior 
flap is flipped to the posterior annulus and tacked to the caudad edge 
of the posterior leaflet and the posterior annulus. Sutures anchoring 
the prosthesis include the annulus and anterior and posterior leaflet 
remnants to which chordae are attached. (B) The anterior leaflet is 
partially excised, and remnants are “furled” to the annulus by sutures 
used to insert the prosthesis.
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 Chapter 42 Mitral Valve Replacement 909

POSTOPERATIVE CARE
Postoperative care is directed toward the resumption of nor-
mal cardiac output, respiratory function, temperature control, 
electrolyte management, adequate renal flow and prophylaxis 
against bleeding. Patients with low cardiac output are man-
aged with a variety of pharmacologic agents after providing 
adequate volume loading. Left atrial and especially pulmonary 
arterial catheters are of particular help in determining optimal 
balancing of volume loading and myocardial function in the 
first hours postoperatively.

In the intensive care unit, reduction in pulmonary intersti-
tial fluid is aggressively pursued by diuretics in patients with 
severe pulmonary hypertension. Most patients with severe 
pulmonary hypertension can be extubated within 48 hours 
of surgery. Many patients with severe, longstanding mitral 
valve disease are cachectic and severely catabolic at the time 
of operation despite preoperative nutritional support. These 
patients generally require longer periods of ventilatory sup-
port owing to the lack of respiratory muscle strength. In 
patients with severe pulmonary hypertension and cardiac 
cachexia who require prolonged intubation, tracheostomy 
may be necessary to reduce ventilatory dead space and facili-
tate faster weaning and better pulmonary toilet.

Postoperative atrial arrhythmias are so common that their 
absence is unusual. Arrhythmias vary from rapid supraven-
tricular tachycardias, usually atrial fibrillation, to junctional 
rhythm and heart block. These arrhythmias are treated by 
pharmacologic agents, pacemakers, or both. If rapid atrial 
fibrillation cannot be controlled pharmacologically and is 
destabilizing hemodynamically, emergency cardioversion is 
done to improve cardiac output. Pharmacologic manage-
ment of supraventricular tachycardia usually is required but 
may precipitate the need for a prophylactic transvenous pace-
maker if severe slowing of the heart rate occurs.

Anticoagulation is prescribed for all patients undergoing 
MVR with either a mechanical or bioprosthetic valve. In the 
first 6 weeks after operation, the incidence of atrial and other 
arrhythmias is high; thus, these fluctuating rhythms mandate 
anticoagulation even if the basic rhythm is sinus. In addition 
to rhythm concerns, the left atrial incisions and the possibil-
ity of stasis in the left atrial appendage justify full anticoagu-
lation with warfarin for all patients. Some surgeons advocate 
immediate intravenous heparin until therapeutic warfarin 
doses can be reached.118,119 Low molecular weight heparin 
also can be used.120,121

The therapeutic international normalized ratio (INR) 
after MVR is 2.5 to 3.5 depending on the type of valve, car-
diac rhythm, and presence or absence of the aforementioned 
intraoperative risk factors for thromboembolism.116,119,120 
Anticoagulation levels are in the low range for patients in 
sinus rhythm who received tissue valves. Patients who have 
mechanical valves need lifelong anticoagulation. Patients who 
have bioprosthetic valves are evaluated at 6 to 12 weeks for 
cardiac rhythm abnormalities. If they are in predominantly 
sinus rhythm, warfarin is stopped, and one aspirin tablet is 
given daily indefinitely. If the patient has continuous atrial 

fibrillation or fluctuating rhythms, anticoagulation with war-
farin is continued. Warfarin usually is started on the second 
postoperative day. Addition of aspirin, 80 to 150 mg daily, to 
the warfarin may reduce the risk of thromboembolism122,123 
and may have a role in patients with prosthetic valves.124

RESULTS
Early Results
The hospital mortality for MVR with and without coronary 
bypass grafting has decreased significantly since the inception 
of mitral valve surgery. The current risk (2006) of elective 
primary MVR with and without coronary bypass grafting is 
5 to 9% in most studies (range 3.3 to 13.1%).68 Operative 
(30-day) mortality is related to myocardial failure, multisys-
tem organ failure, bleeding, respiratory failure in the chroni-
cally ill, debilitated individual, diabetes, infection, stroke, 
and, very rarely, technical problems.20,40 Mortality is corre-
lated with preoperative functional class, age, and preexisting 
coronary artery disease.125

Published results on mitral valve surgery have improved 
in recent years,126 probably because of preservation of pap-
illary muscles, preventing midventricular rupture,111,112 and 
preservation of the normal geometry of the left ventricle, 
which aids in the maintenance of early postoperative cardiac 
output.107,108,127 MVR and coronary artery bypass surgery 20 
to 25 years ago had an associated mortality of about 10 to 
20%.39,128 This mortality risk also has decreased as myocardial 
protection has improved with the use of blood cardioplegia 
and retrograde methods of administration.95,129 Some stud-
ies have indicated that the risk of combined MVR-coronary 
artery bypass grafting is now no greater than that of mitral 
valve repair with an annuloplasty ring or MVR without coro-
nary artery bypass grafting.107,130 Other studies have shown 
significantly increased morbidity and mortality with the 
addition of coronary artery bypass grafting.43,131 Figures from 
the database of the Society of Thoracic Surgeons indicate that 
both reoperation and emergency operation increase operative 
mortality132 (Fig. 42-10).

Late Results
FUNCTIONAL IMPROVEMENT
In more than 90% of patients after MVR, functional class 
improves to at least class II. A small group of patients remains 
in class III or IV depending on left ventricular function before 
surgery or other comorbidities.

SURVIVAL
The causes of late death in patients after MVR are primarily 
chronic myocardial dysfunction, thromboemboli and stroke, 
endocarditis, anticoagulant-related hemorrhage, and coronary 
artery disease. The extent of left ventricular dysfunction and 
patient age, particularly if myocardial and coronary diseases 
are combined, correlate with late mortality. The probability 
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910 Part V Mitral Valve Disease

of survival after MVR at 10 years is usually around 50 to 60% 
(range 42 to 81%)68 (Table 42-4). Long-term patient survival 
seems to be similar for patients with biologic and mechanical 
mitral valves.133-135 Unlike patients with severe aortic regur-
gitation or aortic stenosis, arrhythmias seldom cause sudden 
death in patients after MVR; however, few patients die from 
thromboembolic stroke owing to chronic atrial fibrillation. 
The fact that more than 50% of patients after MVR are in 
chronic atrial fibrillation increases the propensity for throm-
boembolic stroke despite anticoagulation and for mechanical 
valve thrombosis if the anticoagulation protocol is altered. In 
addition, patients with older types of prosthetic valves who 
receive higher-intensity anticoagulation may develop severe 
anticoagulant hemorrhage.136

In patients with bioprosthetic valves, one of the impor-
tant determinants of mortality is reoperation secondary to 
SVD48,49,68 (Table 42-5). Reoperative MVR mortality has 
decreased significantly in the last 15 years to under 10%, 
even in patients who have required multiple mitral valve 
reoperations.129 At the Brigham and Women’s Hospital, 
operative mortality was less than 6% for reoperative mitral 
valve operations from 1990 to 1995.129 Improved myocardial 
protection, earlier selection of patients for reoperation, and 
better perfusion techniques, including frequent femorofemo-
ral bypass to protect the right ventricle during incision and 
dissection of the heart, are factors contributing to decreased 
mortality.107,129,137-139

LATE MORBIDITY
The major morbidity in patients after MVR is structural valve 
deterioration of a bioprosthetic valve and thromboembolism 
and anticoagulant hemorrhage with a mechanical prosthesis. 
Both valve types develop perivalvular leak and infection.

Thromboembolism. Thromboembolism is perhaps the 
most common complication of both biologic and mechani-
cal mitral prostheses but is more frequent in patients with 
mechanical valves. Chronic atrial fibrillation and local atrial 
factors, discussed earlier, increase the risk of thromboembolism 

in patients with mitral prostheses. A number of recent studies 
have summarized the thromboembolic potential of various 
valves (Table 42-6), and it appears that the better the valve 
hemodynamics, the lower is the probability of thromboem-
boli. The incidence of thromboemboli in currently available 
bileaflet and tilting-disk valves is similar to that in biopros-
thetic valves—about 1.5 to 2.0% per patient-year. Thrombo-
embolism in patients with MVR is lower in those with a small 
left atrium, sinus rhythm, and normal cardiac output. It is 
much higher in patients with a large left atrium, chronic atrial 
fibrillation, and the presence of intraatrial clot.116,140 Throm-
bosis of a mechanical valve, once a feared complication of 
tilting-disk valves,141,142 is now relatively rare unless antico-
agulation is stopped for any period of time. Valve thrombosis 
can be treated with thrombolytic agents if the patient is not 
in cardiogenic shock but requires surgery if the circulation is 
inadequate.143,144

Anticoagulant Hemorrhage. Bleeding related to anti-
coagulation is seen most commonly in the gastrointesti-
nal, urogenital, and central nervous systems, and usually 
is proportionate to the INR. The incidence of anticoag-
ulant-related hemorrhage has decreased markedly with 
hemodynamic improvements in mitral valve prostheses. 
New valves do not require the intensity of anticoagula-
tion of older prostheses. Patients with streamlined bileaf-
let or tilting-disk valves require an INR of between 2.5 
and 3.5; thus, the incidence of anticoagulant hemorrhage 
is reduced significantly in the newer, hemodynamically 
improved prostheses.145 Table 42-6 lists the incidence of 
anticoagulant hemorrhage with various bioprostheses and 
mechanical valves.

STRUCTURAL VALVE DEGENERATION
Structural valve degeneration (SVD) is the most important 
complication of the bioprosthetic valve. The probability of 
structural failure with currently available porcine valves 
(Hancock or Carpentier-Edwards) begins to increase 8 years 
after operation and reaches more than 60% at 15 years.46,48 
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FIGURE 42-10 Operative mortality for elective, urgent, emergency, and salvage procedures for primary operations and reoperations for mitral 
valvular replacements. (Data from Society of Thoracic Surgeons.)
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 Chapter 42 Mitral Valve Replacement 911

TABLE 42-4: Actuarial Survival after Mitral Valve Replacement

 

Valve

  Actuarial survival

Reference (year) 5 y 10 y 15 y 20 y 30 y

Starr-Edwards Teply (1981) 78% 56%      
  Sala (1982) 78% 72%      
  Miller (1983) 71% 47%      
  Godje (1997) 85% 75% 56% 37% 23%
  Murday (2003)   57% (8 y)      
  Gao (2004)   51%   23% 8%
Omniscience/Omnicarbon Damle (1987) 91% (4 y)        
  Peter (1993) 77% (4 y)        
  Otaki (1993) 82% (6 y)        
  Misawa (1993) 94% (3 y)        
  Thevenet (1995)   88% (9 y)      
  Iguro (1999) 88%        
  Torregrosa (1999)   81%      
  di Summa (2002)   61%      
Medtronic Hall Vallejo (1990) 79%        
  Masters (1995) 70% 67%      
  Fiore (1998) 70% 58%      
  Butchart (2001)   58% 36%    
  Masters (2001) 75% 63%      
St. Jude DiSesa (1989) 65% (4 y)        
  Kratz (1993) 80% 63%      
  Aoyagi (1994) 88% 81%      
  Fiore (1998) 65% 53%      
  Camilleri (2001) 89% (4 y)        
  Remadi (2001) 88% 76% 61%    
  Masters (2001) 75% 52%      
  Lim (2003) 72%        
  Murday (2003)   44% (8 y)      
Carbomedics Bortolotti (1991) 90% 86%   39%  
  Rabelo (1991) 75% (4 y)        
  De Luca (1993) 93% (3 y)        
  Copeland (1995) 81%        
  Nistal (1996) 83%        
  Yamauchi (1996) 92%        
  Masters (2001) 76%        
  Santini (2002) 86%        
  Lim (2002) 72%        
  Soga (2002) 88%        
  Ikonamidis (2003)   61%      
  Tominaga (2005) 95% 94%      
  Kang (2005)   89%      
  Carrier (2006) 76% 59% 40%    
  Wu (2006) 74% 54%      
  Nishida (2012)   70%   40%  
On-X Williams (2006) 87% (4 y)        
Hancock standard Cohn (1989) 82% 60%      
  Burdon (1992) 74% 55%      
  Sarris (1993) 79% 58%      
  Khan (1998)   50% 29% 14%  

(Continued )
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912 Part V Mitral Valve Disease

TABLE 42-4: Actuarial Survival after Mitral Valve Replacement

 

Valve

  Actuarial survival

Reference (year) 5 y 10 y 15 y 20 y 30 y

Hancock II Legarra (1999)   65%   33% (18 y)  
  Rizzoli (2003) 72% 49% 37%    
  Masters (2004)   57% (8 y)      
  Borger (2006)   50%   6%  
Carpentier-Edwards standard Akins (1990) 53% 45%      
  Louagie (1992) 61% 46%      
  Bernal (1995) 89% 80%      
  Pelletier (1995) 83% 62% (8 y)      
  van Doorn (1995) 75% 53%      
  Murakami (1996)   75%      
  Marchand (1998)   53% (11 y)      
Carpentier-Edwards pericardial Takahara (1995)   59% (9 y)      
  Aupart (1997) 78% 71%      
  Marchand (1998)   53% (11 y)      
  Neville (1998)   54% (12 y)      
  Porier (1998) 84% 58%      
  Bourgignon (2014) 79% 58% 35% 17%  
Mosaic Jasinski (2000) 100% (3 y)        
  Thomson (2001) 79% (4 y)        
  Fradet (2004) 83 (7 y)        
  Jamieson (2005) 74% (6 y)        
Biocor Myken (2000)   55% 25%    
  Rizzoli (2005) 55% 51%      

y indicates years.

This finite durability is a major impediment to long-term suc-
cess of these biologic prostheses, even though the failure rate 
in a patient 70 years of age or older is significantly less than in 
younger age groups (Table 42-7). SVD presents as MR from 
leaflet tear, calcific MS owing to calcification of valve leaflets 
or both. The appearance of a new murmur with new conges-
tive symptoms should prompt a noninvasive investigation of 
the prosthesis and elective re-replacement if dysfunction is 
documented. SVD leading to reoperation is the cause for at 
least two-thirds of the reoperations in patients with biopros-
theses.137,138 The probabilities of SVD at 5, 10, and 15 years 
of the most commonly used biologic prostheses are shown in 
Table 42-3. With current quality controls, the incidence of 
SVD is virtually zero for bileaflet mechanical valves.

PROSTHETIC VALVE ENDOCARDITIS
Mitral valve endocarditis is considerably less common than aor-
tic prosthetic valve endocarditis,146 but when it occurs, it may 
present as septicemia, malignant burrowing infections, abscess 
formation, and septic emboli. With better antibiotic prophy-
laxis at the time of mitral surgery and improved prophylaxis 
for all patients having dental or other surgical procedures, the 
incidence of endocarditis has been reduced substantially.

The incidence of prosthetic endocarditis is highest during 
the initial 6 months after surgery and thereafter declines to a 
lower but persistent risk.1 The probability of freedom from 
this morbid event is shown in Table 42-8 for both mechani-
cal and bioprosthetic valves. Biologic and mechanical valves 
have a similar incidence of endocarditis, except for the initial 
months after valve implantation, when mechanical prostheses 
carry a greater risk of infection.147

The diagnosis of prosthetic endocarditis is made by the 
presence of symptoms, appearance of a new murmur, a sep-
tic embolus, or large vegetation on echocardiogram. Blood 
cultures usually are positive, although a small percentage of 
patients have culture-negative endocarditis. Echocardiograms 
may show a rocking motion of the prosthesis and the pres-
ence of vegetations. The most frequent organisms are still 
Streptococcus and Staphylococcus; the latter is usually hospital 
acquired. Antibiotic therapy depends on the sensitivity of 
the organisms, but immediate high-dose intravenous therapy 
must begin as soon as possible. Experience indicates that a 
number of patients with bioprosthetic valvular endocardi-
tis can be “cured” of low-potency organisms such as Strep-
tococcus. However, it is unlikely that antibiotics alone can 
sterilize more virulent mitral valve infections, particularly 
Staphylococcus. These infections usually require urgent and 

(Continued )
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 Chapter 42 Mitral Valve Replacement 913

TABLE 42-5: Freedom from Reoperation

    Actuarial freedom from reoperation

Valve Reference (year) 5 y 10 y 15 y

Hancock Cohn (1989) 96% 79% 41%
  Perier (1989) 88% 59%  
  Bernal (1991) 92% 69% 25%
  Sarris (1993) 93% 69%  
  Khan (1998)   44%  
Hancock II Legarra (1999)   77% 37% (18 y)
  David (2001) 98% 85% 69%
  Rizzoli (2003) 97% 88% 70%
  Borger (2006)   88% 44 (20 y)
Carpentier-Edwards standard Perier (1989) 91% 64%  
  Jamieson (1991) 94% 64% 39%
  Sarris (1993) 91% 57% (8 y)  
  Van Doorn (1995) 95% 69%  
  Glower (1998) 94% 65% 30%
Carpentier-Edwards pericardial Pelletier (1995) 98% 67% (8 y)  
  Murakami (1996) 100% 77%  
  Aupart (1997)   90%  
  Marchand (1998)   83% (11 y)  
  Neville (1998)   76% (12 y)  
  Poirer (1998) 99% 76%  
  Bourguignon (2014)   81% 58%
Mosaic Jasinski (2000) 100% (3 y)    
  Eichinger (2002) 95%    
  Fradet (2004) 97% (7 y)    
Biocor Myken (1995)     79%
  Rizzoli (2005) 95% 91%  

y indicates years.

sometimes emergent surgery because of invasion of the car-
diac exoskeleton.

The indications for surgical intervention in mitral valve 
prosthetic endocarditis are persistent sepsis, organism, con-
gestive failure, perivalvular leak, large vegetations, or sys-
temic infected emboli.27,28,148 Operative technique is similar 
to other mitral procedures with respect to anesthesia, mon-
itoring, cardioplegia, left atrial incision, and exposure of 
the valve. Critical to successful resolution is the complete 
excision of the prosthetic device and debridement of all 
infected tissues. Surgical technique is described in a dif-
ferent chapter “Surgical treatment of Mitral Valve Endo-
carditis.” Postoperative care should include at least 6 weeks 
of appropriate intravenous antibiotics. Hospital mortality 
is related primarily to ongoing sepsis, multisystem organ 
failure, or failure to eradicate the local infection and subse-
quent recurrent perivalvular leak.149,150 Recurrence of infec-
tion depends on the type of organism and the surgeon’s 
ability to remove all areas of infection completely. Recur-
rence of infection is the single most important long-term 
complication.

MITRAL ANNULAR CALCIFICATION
Calcification of the mitral annulus is a process commonly asso-
ciated with increased age151,152 and stress to the mitral valve 
apparatus.153,154 Based on routine echocardiographic screening, 
the Framingham study group reported an incidence of mitral 
annular calcification of 2.8%155 among the study popula-
tion. Calcium deposition is most commonly observed along 
the posterior mitral annulus but might extend to involve the 
whole annulus, intervalvular fibrous body, papillary muscles 
and left ventricle.154,156 Despite rare direct involvement of valve 
leaflets,151 the disease process affects leaflet coaptation, restricts 
leaflet motion, and prevents contraction of the AV annulus.156 
Severe mitral annular calcification, by itself, is not an indica-
tion for mitral valve surgery; however, it confers high operative 
risks in patients undergoing mitral valve surgery due to increas-
ing risks of developing serious complications (intractable hem-
orrhage, AV disruption, ventricular rupture).156 The major 
challenge valve surgeons face in those operations is ensuring a 
strong suture line to attach the prosthesis during MVR. Sutures 
within the calcium deposits would almost always lead to para-
valvular leaks or valve dehiscence and extensive debridement 
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914 Part V Mitral Valve Disease

TABLE 42-6: Incidence of Thromboembolism and Anticoagulant-Related Hemorrhage

Valve Reference (year)
Incidence of thromboembolism 
(%/patient-y)

Incidence of anticoagulant-
related bleeding (%/patient-y)

Starr-Edwards Miller (1983) 5.7 3.7
  Akins (1987) 3.9 2.4
  Agathos (1993) 6.6 2.2
  Godje (1997) 1.3 0.6
Omniscience/Omnicarbon Cortina (1986)   2.7
  Damle (1987) 2.5  
  Akalin (1992) 1.0 2.7
  Peter (1993) 1.7 0.9
  Otaki (1993) 0.7 0.0
  Misawa (1993) 1.8 0.0
  Ohta (1995) 1.1 0.8
  Thevenet (1995) 0.9 1.1
  Iguro (1999) 1.0 0.6
  Torregrosa (1999) 0.6 0.8
  di Summa (2002) 0.4 0.2
Medtronic Hall Antunes (1988) 4.2 1.5
  Beaudet (1988) 2.1 3.2
  Akins (1991) 1.8 3.2
  Butchar (2001) 4.0 1.4
St. Jude Czer (1990) 1.9 2.1
  Kratz (1993) 2.9 2.2
  Jegaden (1994) 1.5 0.9
  Aoyagi (1994) 1.1 0.3
  Nistal (1996) 3.7 2.8
  Camilleri (2001) 1.9 1.5
  Khan (2001) 3.0 1.9
  Ramadi (2001) 0.7 0.9
  Emery (2005) 2.8 2.7
Carbomedics De Luca (1993) 0.8 0.0
  Copeland (1995) 0.6 1.5
  Nistal (1996) 0.9 2.8
  Yamauchi (1996) 1.6 1.5
  Jamieson (2000) 4.6 2.7
  Soga (2002) 0.8 1.3
  Santini (2002) 2.2  
  Tominaga (2005) 1.8 0.9
  Carrier (2006) 0.7 0.7
  Wu (2006) 0.5 0.4
ATS Shiono (1996)   0.0
  Westaby (1996) 0.0  
  Emery (2004) 3.0 2.3
  Stefanitis (2005) 0.5 0.0
On-X Laczkovics (2001) 1.8 0.0
  Moidl (2002) 1.7 1.4
  McNicholas (2006) 1.6 3.1
  Williams (2006) 1.5 1.0
Hancock standard Cohn (1989) 2.4 0.4
  Perier (1989) 1.1 1.0
  Bortolotti (1995) 1.4 0.7
Hancock II Rizzoli (2003) 1.7 1.1
  Borger (2006)    

(Continued )
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 Chapter 42 Mitral Valve Replacement 915

may warrant annular reconstruction hence complicating the 
procedure further.

Surgical exposure should not be compromised in this situ-
ation and access should always be done through a complete 
median sternotomy. Preoperative and intraoperative echocar-
diographic imaging maps the calcifications and surgeon pref-
erence dictates how to best approach the mitral valve to ensure 
optimal visualization of the leaflets, annulus and, if needed, 
the left ventricle. Previously described approaches include 
standard left atriotomy,157 transseptal access,158 and finally 
through aortic root and dome of left atrium if concomitant 
AVR is required.156 Since the disease is limited to the annulus 
in most cases, adequate debridement can be enough to ensure 
satisfactory valve replacement. In cases of extensive annular 
calcifications, patch reconstruction of the annulus may be 
required. The long-term benefits of annular reconstruction 
have been extensively studied, proven to be excellent when 
used by surgeons of adequate expertise and subsequently 
strongly recommended whenever applicable.159-161 Despite 
being technically demanding, this technique ensures a strong 
suture line and gives the option of annular enlargement to 
fit a larger valve. Another approach described in 1994 by 
Nataf and colleagues is the intraatrial insertion of the mitral 
prosthesis.162 Patients undergoing this procedure benefit from 
minimal calcium debridement at the expense of a higher 
implantation of the valve which may transfer the ventricular 
pressure into the atrium putting the valve at risk of dehiscence. 
A more recent and promising technique described by Hussain 
and colleagues mixed the two above-mentioned techniques. 
It requires the sandwiching of an annular washer posteriorly 
from trigone to trigone between the annulus and the sew-
ing ring of the prosthesis.158 Annular calcium debridement in 
this technique is limited to minimal amounts enough to fit a 

prosthesis of reasonable size. Sutures can be taken through or 
around the calcium deposits and the washer is subsequently 
attached to the left atrium with running sutures to ensure 
adequate seal. Authors argue that the washer technique con-
fers a superior annular support and minimizes the risk of ven-
tricular rupture and paravalvular leak.158

UNCLAMPABLE ASCENDING AORTA
Calcifications in the ascending aorta are a common finding in 
cardiac surgery patients with varying severity. In the major-
ity of cases, safe sites for cannulation and cross-clamping can 
still be found and surgeries conducted with adequate cerebral, 
systemic, and coronary perfusion. Porcelain aorta represents 
the extreme of the aortic calcification spectrum, where the 
traditional cross-clamping technique cannot be applied due 
to the very high risks of embolization and subsequent mor-
tality.163-166 Affecting 2 to 5% of the overall cardiac surgery 
patients, porcelain aorta is being increasingly encountered 
with the increasing elderly population.167-169

Preoperative screening for porcelain aorta is not routinely 
done which makes it sometimes an incidental intraopera-
tive finding that warrants a change in the whole surgical 
approach. There is no current uniformly applicable prac-
tice as to how to address the mitral valve.170-172 Maintaining 
cerebral and coronary perfusion, while minimizing the risk 
of embolization, should dictate the best approach and the 
initial decision as to whether find a way to clamp the aorta 
or not. The general approach to MVR we adopt in this 
patient population is schemed in Fig. 42-11. In the absence 
of a significant aortic valve insufficiency, the preferred 
approach to an isolated MVR is moderate hypothermia 
with ventricular fibrillation without any aortic clamp.173 It 
will ensure adequate valve exposure and coronary perfusion 

TABLE 42-6: Incidence of Thromboembolism and Anticoagulant-Related Hemorrhage

Valve Reference (year)
Incidence of thromboembolism 
(%/patient-y)

Incidence of anticoagulant-
related bleeding (%/patient-y)

Carpentier-Edwards Porcine Perier (1989) 0.8 1.0
  Akins (1990) 1.4 1.2
  Jamieson (1987) 2.4 0.7
  van Doorn (1995) 1.9  
  Glower (1998) 1.7 0.7
Carpentier-Edwards Pericardial Pelletier (1995) 1.5 0.3
  Murakami (1996) 0.6 0.0
  Aupart (1997) 0.7 1.2
  Marchand (1998) 1.2 1.0
  Neville (1998) 0.6 1.1
  Poirer (1998) 1.7 0.3
  Bourguignon (2014) 0.7 0.8
Mosaic Fradet (2001) 1.4 1.1
  Thomson (2001) 0.2 0.9
  Eichinger (2002) 0.8 2.0
Biocor Myken (2000) 2.1 1.1
  Rizzoli (2005) 2.0 1.1

y indicates years.

(Continued )
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916 Part V Mitral Valve Disease

TABLE 42-7: Freedom (Actuarial) from SVD by Age

Valve

  Freedom from SVD

Reference (year) Age 5 y 10 y 15 y

Hancock Cohn (1989) ≤40   68%  
    41-69   84%  
    ≥70   84%  
Hancock II David (2001) <65     76%
    ≥65     89%
  Rizzoli (2003) <65     82%
    ≥65     92%
  Borger (2006) <65     27% (20 y)
    ≥65     59% (20 y)
Carpentier-Edwards standard Akins (1990) ≤40   7%  
    41-50   82%  
    51-60   65%  
    61-70   79%  
    ≤70   98%  
  Jamieson (1995) ≤35 79% 51%  
    36-40 99% 68% 48%
    51-64 98% 72% 42%
    65-69 98% 74% 64%
    ≥70 100% 9% 90%
  Corbineau (2001) ≤35     0% (14 y)
    36-50     22% (14 y)
    51-60     34% (14 y)
    61-65     50% (14 y)
    66-70     93% (14 y)
    ≥70     96% (14 y)
Carpentier-Edwards pericardial Aupart (1997) <60 47%    
    ≥60 100%    
  Pelletier (1995) ≤59 100% 64% (8 y)  
    60-69 100% 91% (8 y)  
    ≥70 100% 100% (8 y)  
  Marchand (1998) ≤60   78% (11 y)  
    61-70   89% (11 y)  
    >70   100% (11 y)  
  Neville (1998) <60   70%  
    ≥60   100%  
  Poirer (1998) <60 100% 78%  
    60-6 100% 78%  
    ≥70 100% 100%  
  Bourguignon (2014) <65     47%
    ≥65     63%
Biocor Myken (2000) <50     71%
    51-60     90%
    >61     100%

y indicates years.
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 Chapter 42 Mitral Valve Replacement 917

TABLE 42-8: Prosthetic Valve Endocarditis

Valve Reference (year) PVE rate (%/patient-y) Freedom from PVE at 5 y

Starr-Edwards Miller (1983) 0.5 97%  
  Akins (1987) 0.4 95%  
  Agathos 1993) 0.6    
  Godje (1997)   99% (10 y)  
Omniscience/Omnicarbon Carrier (1987) 0.8 98%  
  Damle (1987) 0.8 98%  
  Peter (1993) 0.0 100%  
  Otaki (1993) 1.5    
  Misawa (1993) 0.0 100% (3 y)  
  Ohta (1995) 0.5    
  Thenevet (1995) 0.2    
  Torregrosa (1999) 0.2 99% (10 y)  
  di Summa (2002) 0.0 100% (10 y)  
Medtronic Hall Keenan (1990) 0.5 98%  
  Akins (1991) 0.1 100%  
  Fiore (1998)   94% (10 y)  
  Masters (1995) 0.1    
  Butchart (2001) 0.4 94% (10 y)  
  Masters (2001) 0.6    
St. Jude Antunes (1988) 0.5 97%  
  Kratz (1993) 0.4    
  Aoyagi (1994) 0.1 100%  
  Fiore (1998)   100% (10 y)  
  Camilleri (2001) 0.8    
  Masters (2001) 0.4    
  Khan (2001) 0.3    
  Ikonamidis (2003)   98% (10 y)  
  Emery (2005) 0.3    
Carbomedics De Luca (1993) 0.0 100%  
  Copeland (1995) 0.3 96%  
  Nistal (1996) 0.0 100%  
  Yamauchi (1996) 0.0 100%  
  Jamieson (2000) 0.4    
  Masters (2001) 0.6    
  Santini (2002)   100%  
  Soga (2002) 0.0 100%  
  Tominaga (2005) 0.3 97% (10 y)  
  Carrier (2006) 0.3 97% (15 y)  
  Wu (2006) 0.4 98% (10 y)  
ATS Emery (2004) 0.4    
  Stefanitis (2005) 0.0 100%  
On-X Laczkovics (2001) 0.5    
  Moidl (2002) 0.7 99% (2 y)  
  Williams (2006)   95% (4 y)  
  McNicholas (2006) 0.0 100%  
Hancock standard Cohn (1989)   93%  
  Bernal (1991) 0.3    
  Sarris (1993)   93%  
  Bortolotti (1995) 0.3    

(Continued )
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918 Part V Mitral Valve Disease

Unclampable Aorta

No Aortic Valve
Insufficiency

Aortic Valve
Insufficiency

• Hypothermic
 fibrillatory arrest

• No Cross Clamp

• Endoaortic Balloon
 Clamp

• Myocardial protection
 through antegrade and
 retrograde cardioplegia

• Hypothermic low flow

• Not reliable nor
 reproducible technique

• Replace Ascending
 Aorta on Deep
 Hypothermic
 circulatory arrest

• Clamp the graft

• Proceed with MVR

FIGURE 42-11 Approach to mitral valve replacement in patients with unclampable aorta.

with minimal aortic manipulation.173 It is important to 
keep perfusion pressure high to maintain the aortic valve 
closed and prevent air embolism. In patients with aortic 
insufficiency, many approaches have been described and 
include endoaortic balloon occlusion,174,175 hypothermic 

fibrillation with low bypass flow176 or replacement of the 
calcified ascending aorta under deep hypothermic circula-
tory arrest.170

The use of endoaortic balloon occlusion in patients with 
porcelain aorta has been previously described; however, it was 

TABLE 42-8: Prosthetic Valve Endocarditis

Valve Reference (year) PVE rate (%/patient-y) Freedom from PVE at 5 y

Hancock II Legarra (1999)   97% (15 y)  
  David (2001)   91% (15 y)  
  Rizzoli (2003) 0.4 96% (15 y)  
  Masters (2004)   99% (8 y)  
  Borger (2006)   85% (20 y)  
Carpentier-Edwards porcine Pelletier (1989) 0.4    
  Akins (1990) 1.0    
  Louagie (1992) 0.0 100%  
  Sarris (1993)   91%  
  van Doorn (1995)   97% 92% (10 y)
  Glower (1998) 0.3 97% 96% (10 y)
Carpentier-Edwards pericardial Pelletier (1995) 0.3% 93% (10 y)  
  Murakami (1996) 0.86 94% (10 y)  
  Aupart (1997) 0.4% 97% (10 y)  
  Marchand (1998) 0.1%    
  Neville (1998) 0.6% 94% (12 y)  
  Poirer (1998) 0.3% 95% (10 y)  
  Bourguignon (2014)   95% (20 y)  
Mosaic Jasinski (2000)   100% (3 y)  
  Fradet (2004) 0.8 98% (7 y)  
  Thomson (2001) 0.8    
  Eichinger (2002) 0.8 94%  
Biocor Myken (2000) 0.7 93% (15 y)  
  Rizzolil (2005)   94% (8 y)  

y indicates years.

(Continued )
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 Chapter 42 Mitral Valve Replacement 919

abandoned by Zingone and colleagues after publishing disap-
pointing results where the use of this device was associated 
with a higher than expected incidence of unfavorable events 
ranging from silent emboli to death.175 The major drawback 
was the incomplete occlusion happening frequently and 
attempts to over inflate the balloon were associated with bal-
loon protrusion.175 Interventionists should keep in mind that 
if peripheral access for the balloon is sought, it should be 
well assessed since diffuse calcification of the femorals iliacs 
or descending aorta are common findings in patients with 
porcelain aorta.

The use of a hypothermic low flow bypass has been mostly 
emphasized in patients with minimal aortic valve insuffi-
ciency that worsens upon heart manipulation to obtain ade-
quate mitral valve exposure.174,176 It usually accompanies the 
previous technique to ensure the operative field does not get 
flooded with blood jeopardizing the practicality and diligence 
of the repair/replacement.

Eventually, replacement of the ascending aorta under deep 
hypothermic circulatory arrest came to be a preferred tech-
nique especially in patients with minimal comorbidities. It 
was first described in patients with porcelain aorta requiring 
aortic valve replacement in 1992168 and with growing exper-
tise, surgeons have extrapolated its applicability to mitral 
valve surgeries. Despite being a more invasive and radical 
approach, multiple studies have shown that it can be safely 
and effectively done.170-172 It is not risk free and benefits need 
to be carefully weighed especially in elderly or patients with 
significant comorbidities, requiring multiple valve surgery 
or concomitant coronary artery bypass graft. Of specific 
concern is the cannulation strategy and cerebral perfusion. 
Arterial cannulation should be done under direct epiaortic 
guidance in the ascending aorta, common brachiocephalic 
trunk or axillary artery and the venous cannulation can be 
done directly into the right atrium or through the femoral 
vein. Cerebral perfusion can be instituted through antegrade 
or retrograde blood flow into the brain or not adopted at all 
while monitoring cerebral oxygenation indeces.172,176

Patient-Prosthesis Mismatch
The concept of patient-prosthesis mismatch is not new, but 
was first described in relationship to aortic valve replacement 
by Rahimtoola in 1978.177 Since his introduction, the deleteri-
ous effects of patient-prosthesis mismatch on LV remodeling, 
function, and early and late survival with aortic valve replace-
ment have been well documented. The notion of mitral valve 
patient prosthesis mismatch (MVPPM) in the adult was first 
proposed in a case report in 1981 again by Rahimtoola.178 
Most MVPPM was described in relation to pediatric mitral 
valve surgery, resulting in re-replacement rates approaching 
30%, largely the result of somatic growth versus fixed pros-
thesis size. Recently, the possibility of such patient prosthe-
sis mismatch in the mitral position has become an area of 
increased interest among adult cardiac surgeons. At this time, 
MVPPM has been studied through in vitro pulse generator 
analysis demonstrating that an index geometric orifice area 

less than 1.3 to 1.5 cm2/m2 could potentially result in any 
patient having a high postoperative transprosthetic gradi-
ent. Similar studies performed in the clinical arena suggest 
that an index effective orifice area (IEOA) less than 1.3 to 
1.5 cm2/m2 as measured by the continuity equation may 
increase the risk for MVPPM. Using this criterion, Lam and 
coworkers demonstrated a potential for MVPPM of roughly 
32% in a recent series of 884 patients. In this population, 
patients at elevated risk for MVPPM measured at IEOA 1.0 
to 1.25 cm2/m2 were at a significantly higher risk for develop-
ment of postoperative CHF than those with IEOA greater 
than 1.25 cm2/m2. Although a weak association with CHF 
and pulmonary hypertension was noted, no direct correla-
tion was found between MVPPM and the development of 
postoperative pulmonary hypertension.

Jamieson and coworkers recently evaluated the potential 
impact of MVPPM and long-term survival.179 In contrast to 
prior reports, this study of nearly 2500 patients refuted the 
notion that MVPPM had any relation to mortality. Instead 
predictors of overall mortality included age, New York Heart 
Association III or IV, competent coronary artery disease, ven-
tricular dysfunction, prosthesis type, body mass index, and 
preexisting pulmonary hypertension.

Certainly some degree of patient prosthesis mismatch 
may occur as a result of MVR. The surgeon should be aware 
of the potential for MVPPM, particularly in the setting of 
particularly small annulus size in patients resulting in the 
need for implantation of a small prosthetic device resulting 
in a high transprosthetic gradient. As such, foreknowledge 
of the devices specific IEOA may assist allowing the surgeon 
to choose a device that might minimize MVPPM. Unfor-
tunately, unlike the aortic position, in which aortic root 
enlargement will allow for valve upsizing, the mitral position 
cannot be corrected as simply. As a result, in patients with 
particularly small mitral valve area, some degree of patient 
prosthesis mismatch may be unavoidable. This phenomenon 
remains an area of active clinical investigation.

Mitral Prosthetic Paravalvular Leak
Paravalvular leaks occur after valve replacement surgeries with 
an incidence of 7 to 17% in the mitral position and minimal 
clinical sequelae in the majority of cases.134,180 It is estimated 
that only 1 to 5% of those patients develop serious clinical 
consequences (heart failure, endocarditis, and hemolysis) 
and require reintervention to modify their outcomes.181,182 
This leak arises whenever there is an incomplete seal between 
the prosthesis sewing ring and the mitral annulus and it has 
been associated with risk factors including technical (sutur-
ing technique and size and shape of the prosthesis), annular 
calcification, and infection.183 Early occurrence of this leak 
has been linked to the technical risk factors, whereas late 
occurrence seem to happen as a results of suture dehiscence 
caused by infectious processes or suturing through annular 
calcifications.183 A paravalvular leak should be therefore sus-
pected in any patients with a new onset murmur after valve 
surgery or symptoms of anemia or heart failure and cardiac 
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920 Part V Mitral Valve Disease

echocardiography is needed to confirm the finding of a sys-
tolic jet into the left atrium.

Once complications arise, patients should be evaluated for 
operative or transcatheter closure of the leak. Until few years 
ago, resternotomy was the only option available where the 
leak can be repaired through direct resuturing or patching or 
the whole valve replaced.184-186 The main drawback of surgical 
reentry, however, is its association with high rate of procedure 
failure (12-35%) and mortality (4-13%).187,188 The underly-
ing disease process is still present in addition to the tissue 
frailty and the fact that this is a reoperation would drive 
surgeons away from this procedure especially in the pres-
ence of multiple comorbidities.189 Recently, however, high-
risk patients with paravalvular leak were offered an alternative 
percutaneous option.

Percutaneous paravalvular leak repair is a catheter-based 
technique during which a closure device is deployed to oblit-
erate and seal the leak area. This procedure is not free of risk 
and requires advanced technical expertise in catheter-based 
closure-device implantations. The approach to the mitral 
valve can be transseptal, transaortic, and/or transapical, and 
the decision on the approach depends mainly on the location 
of the leak, the vascular access, the presence of mechanical 
valves, the presence of paravalvular calcification, and the size 
and shape of the orifice.183,190 The optimal goal of this tech-
nique is to ensure maximal closure with minimal impinge-
ment on the valve leaflets and the challenges include the 
ability to adequately visualize the leak, estimate its spatial 
characteristics, and find the device that best suits this type 
of leak.183,190-192 Angiography, transesophageal echocardiogra-
phy, 3D echocardiography, and 3D-4D computed tomogra-
phy angiography are available for use during this procedure 
to ensure best estimation of the device geometrics and flow 
hemodynamics.183 In the absence of devices specifically 
designed for this purpose, the Amplatz family of occluder 
devices, commonly applied for ASD, VSD, and PDA clo-
sure, are used off-label. Two disk devices like the Amplatz 
Vascular plug (AVP II most used in USA and AVP III) are 
preferred because they hold a lower risk of embolization and 
are better suited for the commonly encountered geometrics 
of the leak.183,192 In certain instances multiple small devices 
are used to close one single defect. Long-term benefits of this 
technique have been reported by multiple case series which 
included also paravalvular aortic leaks as well. These stud-
ies reported acceptable successful implantation rates (63 and 
91%) as well as favorable short- and midterm outcomes in 
groups of very high operative risk patients.191,193,194 Long-term 
mortality, however, remains very high in this patient popula-
tion because of the baseline high-risk profile they have.

TRANSCATHETER TREATMENT
Introduction of transcatheter valve replacement has reshaped 
the treatment strategy for aortic valve replacement. In the 
United States, it is currently approved for aortic stenosis 
patients with high or prohibitive risk. Transcatheter mitral 
valve replacement (TMVR) has been performed by means of 

valve-in-valve technique.195 This technique uses the stent of 
the previous bioprostheses as an anchor for the transcatheter 
valve; however, it not yet approved by the FDA. Some series 
report excellent outcome with improvement in the postpro-
cedural gradient. This technique is commonly performed 
through transapical approach,195 but other approaches via 
transfemoral/transseptal and transjugular are reported.196

There are many hurdles for the native TMVR. Currently, 
native mitral annulus is not rigid enough to hold the trans-
catheter valve. Also, the varied etiology, the complex anatomy, 
the difficulty in measuring the size of the valve, the exposure 
to increased pressure in case of paravalvular leak, the risk of 
left ventricular outflow tract obstruction and the excellent 
result of mitral valve repair are some of the difficulties that 
TMVR will face. Nonetheless, the technology will evolve and 
we may see a new transcatheter valve which will solve all these 
issues in the near future.
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The tricuspid valve consists of three leaflets (anterior, poste-
rior, and septal), the chordae tendinea, two discrete papillary 
muscles, the fibrous tricuspid annulus, and the right atrial 
and right ventricular myocardium (Fig. 43-1A). Valve func-
tion depends on coordination of all these components. The 
anterior leaflet is the largest. The septal leaflet is the small-
est and arises medially directly from the tricuspid annulus 
above the interventricular septum. Because the small septal 
wall leaflet is fixed and is relatively spared from annular dila-
tion, tricuspid annular sizing has been based on the dimen-
sion of the base of the septal leaflet.1,2 The posterior leaflet 
often has multiple scallops. The anterior papillary muscle 
provides chordae to the anterior and posterior leaflets, and 
the medial papillary muscle provides chordae to the poste-
rior and septal leaflets. The septal wall gives chordae to the 
anterior and septal leaflets. There may be accessory chordal 
attachments to the right ventricular free wall and the mod-
erator band.

Right ventricular dysfunction and dilation lead to chordal 
tethering contributing to loss of leaflet apposition.2 In addi-
tion, dilation of the free wall of the right ventricle (RV) results 
in tricuspid annular enlargement, primarily in its anterior/
posterior (mural) aspect, resulting in significant functional 
tricuspid regurgitation (fTR) as a result of leaflet malcoapta-
tion3 (Fig. 43-1B).

The tricuspid annulus has a complex three-dimensional 
structure, which differs from the more symmetric “saddle-
shaped” mitral annulus. The tricuspid annulus is dynamic and 
can change markedly with loading conditions. During the car-
diac cycle, there is a ~20% reduction in annular circumference 
(~30% reduction in annular area) with atrial systole.4,5 This 
distinct shape has implications for the design and application 
of currently available annuloplasty rings in the tricuspid posi-
tion. Most commercially available rings or bands are essentially 
planar except for the Edwards MC3 annuloplasty system.

Fukuda et al.4 studied the shape and movement of the 
healthy and diseased tricuspid annulus performing a real-time 
three-dimensional transthoracic echocardiographic study. 
Healthy subjects had a nonplanar, elliptical-shaped tricuspid 
annulus, with the posteroseptal portion being “lowest” (toward 
the right ventricular apex) and the anteroseptal portion the 

“highest” (Fig. 43-2). Patients with fTR generally had a more 
planar annulus, which was dilated primarily in the septal-
lateral direction, resulting in a more circular and flat shape as 
compared with the elliptical shape in healthy subjects.5

CLINICAL PRESENTATION
The most common presentation of TR is secondary to cardiac 
valvular pathology (mostly mitral valve disease) on the left 
side of the heart. As pulmonary hypertension develops, lead-
ing to right ventricular dilatation, the tricuspid valve annulus 
will dilate. The circumference of the annulus lengthens pri-
marily along the attachments of the anterior and posterior 
leaflets. The septal leaflet is fixed between the fibrous trigones, 
preventing lengthening (Fig. 43-1B). With progressive annu-
lar and ventricular dilatation, the chordal papillary muscle 
complex becomes functionally shortened, causing leaflet teth-
ering. This combination prevents leaflet apposition, resulting 
in valvular incompetence.6-9

Eisenmenger syndrome and primary pulmonary hyper-
tension lead to the same pathophysiology of progressive right 
ventricular dilatation, tricuspid annular enlargement, and 
valvular incompetence. A right ventricular infarction pro-
duces either disruption of the papillary muscle or a severe 
regional wall motion abnormality. This prevents normal 
leaflet apposition by a tethering effect on the leaflets. Mar-
fan’s syndrome and other variations of myxomatous disease 
affecting the mitral and tricuspid valves can lead to prolapsing 
leaflets, elongation of chordae, or chordal rupture, producing 
valvular incompetence.

Blunt or penetrating chest trauma may disrupt the struc-
tural components of the tricuspid valve. Dilated cardiomyop-
athy in the late stages of biventricular failure and pulmonary 
hypertension produces TR.10-13 Infectious endocarditis can 
destroy leaflet tissue, mostly in drug addicts with staphylo-
coccal infection.14-16

The carcinoid syndrome leads to either focal or diffuse 
deposits of fibrous tissue on the endocardium of valve cusps, 
cardiac chambers, intima of the great vessels, and coronary 
sinus. The white fibrous carcinoid plaques, if present on the 
ventricular side of the tricuspid valve cusps, adhere the leaflet 

Tricuspid Valve Disease
Richard J. Shemin • Peyman Benharash 

43

Cohn_ch43_p0925-0942.indd   927 12/04/17   5:09 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



928 Part VI Valvular Heart Disease (Other)

Right atrium
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FIGURE 43-2 Three-dimensional shape of the tricuspid annulus 
based on a three-dimensional transthoracic echocardiographic study 
in healthy subjects. Note that the annulus is not planar and an opti-
mally shaped annuloplasty ring may need to mimic this configuration. 
A indicates anterior; L, lateral; P, posterior; S, septal. (Reproduced 
with permission from Fukuda S, Saracino G, Matsumura Y, et al: 
Three-dimensional geometry of the tricuspid annulus in healthy 
subjects and in patients with functional tricuspid regurgitation: a 
real-time, 3-dimensional echocardiographic study, Circulation. 2006  
Jul 4;114(1 Suppl):I492-I498.)

TABLE 43-1: Causes of Tricuspid 
Regurgitation

Primary causes (25%)
 Rheumatic
 Myxomatous
 Ebstein anomaly
 Endomyocardial fibrosis
 Endocarditis
 Carcinoid disease
 Traumatic (blunt chest injury, laceration)
 Latrogenic (pacemaker/defibrillator lead, RV biopsy)
Secondary causes (75%)
 Left heart disease (LV dysfunction or value disease) resulting in  

 pulmonary hypertension
 Any cause of pulmonary hypertension (chronic lung disease,  

 pulmonary thromboembolism, left to right shunt)
 Any cause of RV dysfunction (myocardial disease, RV ischemia/ 

 infarction)

RV, right ventricular; LV, left ventricular.

Ao

RV

SVC

AVN

CS

A

P

S

FO

IVC

Triangle of Koch

Tendon of Todaro

RAA

s a
p

A

B

Ant.
Post.

Sept.

Pathological process of tricuspid annular dilatation

FIGURE 43-1 (A) Surgical view of the tricuspid valve complex. 
The tricuspid valve consists of three leaflets: anterior (A), posterior 
(P), and septal (S). There are two main papillary muscles, anterior 
(a) and posterior (p). The septal papillary muscle (s) is rudimentary, 
and chordae tendinea arise directly from the ventricular septum. Adja-
cent structures include the atrioventricular node (AVN), coronary 
sinus ostium (CS), and the tendon of Todaro, forming the triangle 
of Koch. Ao = Aorta; FO = foramen ovale; IVC = inferior vena cava; 
RAA = right atrial appendage; RV = right ventricle; SVC = superior 
vena cava. (B) Direction of progressive tricuspid valve annular dila-
tation. (B. Reproduced with permission from Dreyfus GD, Corbi 
PJ, Chan KM, et al: Secondary tricuspid regurgitation or dilatation: 
which should be the criteria for surgical repair? Ann Thorac Surg. 2005 
Jan;79(1):127-132.)

tissue to the right ventricular wall, preventing leaflet coapta-
tion.17-19 Rheumatic disease of the tricuspid valve is always 
associated with mitral valve involvement, and the deformity 
of the tricuspid tissue results in a tricuspid valve stenosis as 
well as regurgitation20 (Table 43-1).

A unique cause of TR is the result of pacemaker or defi-
brillator leads, which cross from the right atrium into the RV 
and may directly interfere with leaflet coaptation. This entity 
has been reported in case reports and small series but is likely 
more significant and prevalent than currently perceived. In a 
recent report by Kim et al., the effect of transtricuspid per-
manent pacemaker or implantable cardiac defibrillator leads 
on 248 subjects with echocardiograms before and after device 
placement was studied TR worsened by one grade or more 
after implant in 24.2% of subjects and that TR worsening 
was more common with implantable cardiac defibrillators 
than permanent pacemakers.21,22

The current guidelines do not recommend lead extraction 
for patients with existing TR and transtricuspid pacing leads, 
because the risks of lead extraction are significant and there is 
potential for injury to the tricuspid valve if the lead is adher-
ent to the valve apparatus.23

It has also been shown at 5 years after successful tricuspid 
valve repair, 42% of patients with a pacemaker had severe 
TR, almost double the incidence of those without pacemaker 
implantation.24 This suggests removing a transtricuspid lead 
and replacing it with an epicardial lead at the time of tricus-
pid valve surgery may reduce late repair failure.

Cohn_ch43_p0925-0942.indd   928 12/04/17   5:09 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 43 Tricuspid Valve Disease 929

Tricuspid Regurgitation
Patients with TR have the presenting symptoms of fatigue 
and weakness related to a reduction in cardiac output. Atrial 
fibrillation is common. Jugular vein distention is found, 
especially during inspiration, when a physiologic increase in 
venous return is accentuated. Right-sided heart failure leads 
to ascites, congestive hepatosplenomegaly, pulsatile liver, 
pleural effusions, and peripheral edema. In the late stages, 
these patients are wasted with cachexia, cyanosis, and jaun-
dice. Hepatic cardiac cirrhosis can develop in neglected cases.

Echocardiography is routinely used to assess the sever-
ity of TR in clinical practice. The exam is performed in an 
integrative manner using color Doppler flow mapping of the 
direction and size of the TR jet. In addition, the morphology 
of continuous wave Doppler recordings across the valve and 
pulsed wave Doppler of the hepatic veins can be used.25

Serial assessments of TR must be interpreted within the 
clinical context, because functional mitral regurgitation (MR) 
severity can be affected by multiple factors, such as volume 
status (preload) and afterload. Right ventricular shape is com-
plex as compared with the left ventricle, appearing crescent 
shaped in cross-section and triangular when viewed en face.26 
Right ventricular function can be assessed quantitatively in 
the four-chamber view by measuring the end-diastolic and 
end-systolic area to calculate the fractional area change of the 
RV.27 Although right ventricular chamber dimensions may 
be obtained during echocardiography, magnetic resonance 
imaging is emerging as an improved technique for assess-
ing right ventricular diastolic and systolic volumes.28 More 
recently, the tricuspid annular peak systolic excursion, or api-
cal movement of the annulus as measured on echocardiogra-
phy, as been validated as a sensitive measure of RV function.29 
Other echocardiographic findings include a shift in the atrial 
septum to the left and paradoxical septal motion, consistent 
with right ventricular diastolic overload. Pulsed Doppler and 
color-flow studies help to identify systolic right ventricular to 
right atrial flow with inferior vena cava and hepatic vein flow 
reversal. Contrast-enhanced echocardiography can be useful, 
with a rapid saline bolus injection producing microcavities 
that are visible on echo, demonstrating to-and-fro motion 
across the valve orifice and reversal into the inferior vena 
cava and hepatic veins. Possible ASD or patent foramen ovale 
should be sought. Endocarditis vegetations are clearly visible 
on echocardiography. The valve may be destroyed, and septic 
pulmonary emboli are a common feature. The tricuspid valve 
in carcinoid syndrome is thickened with retracted leaflets 
fixed in a semiopen position throughout the cardiac cycle.29-34

Tricuspid Stenosis
Tricuspid stenosis (TS) is most commonly rheumatic. It is 
extremely rare to have isolated TS because some degree of TR 
will be present.35-37 Mitral valve disease coexists with occa-
sional involvement of the aortic valve. The third still have a 
significant prevalence of rheumatic mitral and tricuspid val-
vular disease. The anatomical features are similar to those of 

mitral stenosis, with fusion and shortening of the chordae 
and leaflet thickening. Fusion along the free edges and calcific 
deposits on the valve are found late in the disease. The pre-
ponderance of cases is in young women.

The diastolic gradient between the right atrium and RV is 
significantly elevated even at 2 to 5 mm Hg mean pressure. 
As the right atrial pressure increases, venous congestion leads 
to distention of the jugular veins, ascites, pleural effusion, and 
peripheral edema. Over time, the right atrial wall thickens, 
and the atrial chamber dilates.

Clinical features are consistent with reduced cardiac output 
producing the symptoms of fatigue and malaise. Significant liver 
engorgement produces right upper quadrant tenderness with a 
palpable liver with a presystolic pulse. Ascites produces increased 
abdominal girth. Significant peripheral edema or anasarca can 
develop. Severe TS may mask or reduce the pulmonary conges-
tion of mitral stenosis owing to reduced blood flow to the left side 
of the heart. The low output state of the patient is prominent.

Echocardiography reveals the diagnostic features of dia-
stolic doming of the thickened tricuspid valve leaflets, reduced 
leaflet mobility, and a reduced orifice of flow. The Doppler 
flow pattern across the tricuspid valve has a prolonged slope 
of antegrade flow.

Functional Tricuspid Regurgitation
Secondary tricuspid regurgitation, also called fTR, may 
become worse over time, leading to severe symptoms, biven-
tricular heart failure, and death.24 IA large retrospective 
echocardiographic analysis of 5223 Veterans Administration 
patients by Nath et al. showed that independent of echo-
derived pulmonary artery systolic pressure, left ventricular 
ejection fraction, inferior vena cava size, and right ventricular 
size and function, survival was worse for patients with moder-
ate and severe TR than for those with no TR.38

Pulmonary arterial hypertension from any cause is known 
to be associated with the development of secondary tricus-
pid regurgitation. However, not all patients with pulmonary 
hypertension develop significant tricuspid regurgitation, and 
the mechanisms of secondary TR are multifactorial.

Mutlak and colleagues39 studied 2139 subjects with mild 
(<50), moderate (50-69), or severe (≥70) elevations in pulmo-
nary artery systolic pressure. In their analysis, increasing PASP 
was independently associated with greater degrees of TR (odds 
ratio, 2.26 per 10 mm Hg increase). However, many patients 
with high PASP had only mild TR (mild TR in 65.4% of 
patients with PASP 50-69 mm Hg and in 45.6% of patients 
with PASP ≥ 70 mm Hg). Other factors, such as atrial fibril-
lation, pacemaker leads, and right heart enlargement, were 
also importantly associated with TR severity. The authors con-
cluded that the cause of TR in patients with pulmonary hyper-
tension is only partially related to an increase in transtricuspid 
pressure gradient. It remains unproved if surgical annuloplasty, 
in the setting of pulmonary hypertension, alters the natural 
course of right ventricular dilation and recurrent TR.

Thus, functional tricuspid incompetence is progressive. 
Surgical treatment of left-sided valvular lesions is not always 
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930 Part VI Valvular Heart Disease (Other)

adequate to resolve or prevent progressive TR. This is particu-
larly true when pulmonary hypertension persists.

SURGICAL EXPOSURE
Tricuspid valve annuloplasty performed with either mitral 
and/or aortic valve operations is accomplished either through 
a full or partial lower sternotomy approach or less invasive 
right minithoracotomy exposure with mitral valve proce-
dures. Bicaval venous cannulation with caval snares is essen-
tial to isolate the right atrium. The cannula can be placed 
conventionally via the right atrium or less invasively via the 
femoral vein. A superior vena cava cannula can be inserted via 
the internal jugular vein.

Left-sided valve repair or replacement (mitral and/or 
aortic) is performed under blood cardioplegic arrest with 

antegrade and/or retrograde administration, moderate 
systemic hypothermia, and optional surface cooling. The 
mitral valve can be exposed through a left atrial incision 
posterior to the intraatrial septum or through a right atrial 
and transseptal incision (Fig. 43-3). The transseptal incision 
is particularly useful when there is an aortic valve prosthesis, 
when a mitral and tricuspid valve procedure is required or 
in a reoperation.

After completing the mitral valve procedure and deairing 
maneuvers, the aorta is vented and unclamped. Attention can 
be turned to the tricuspid valve during rewarming and car-
diac reperfusion. Using the beating heart technique, the caval 
snares are tightened around the venous drainage cannula and 
a right atriotomy is performed to expose the tricuspid valve. 
Misplacement of a suture potentially adversely affecting the 
cardiac conduction system can be assessed immediately and 
corrected.

A  

B

C

FIGURE 43-3 (A) The superior and inferior venae cavae are cannulated, an oblique atriotomy incision is made, and stay sutures are placed on the 
right atrial wall to aid exposure. For transatrial exposure of the mitral valve, an incision is placed in the fossa ovale and extended superiorly through 
the interatrial septum. The superior aspect of the septal incision is extended, if necessary, into the dome of the left atrium behind the aorta. (B) 
Stay sutures in the interatrial septum are used for retraction. Use of retractors is avoided to prevent injury to the AV node. The mitral prosthesis 
is implanted in an anti anatomic orientation. (C) The interatrial septum is closed primarily or by using a pericardial patch with a continuous 4-0 
Prolene suture.
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 Chapter 43 Tricuspid Valve Disease 931

In the reoperative setting, with a dilated RV adherent or 
close to the sternum, It is prudent to expose of the femoral 
artery and vein for rapid cannulation in the case of injury 
to the RA or RV during sternal reentry. It is also recom-
mended to establish fem-fem bypass prior to sternotomy to 
decompress the RA and RV allowing a safer sternotomy to be 
performed.

Approaching the tricuspid valve through a right minitho-
racotomy has the advantage of avoiding adhesions and pos-
sible injury to the RV during sternotomy. Femoral vein and 
internal jugular vein cannulae are positioned outside the right 
atrium and confirmed by echo. Caval snares below the can-
nula tips ensure venous drainage. Coronary sinus return is 
controlled by a sucker in its ostium.

If the operation includes the mitral valve, exposure can 
be simplified by using a right atrial incision and transseptal 
approach. If atrial fibrillation is present, a Maze procedure 
can be added to the technical maneuvers.

ANNULOPLASTY TECHNIQUES
Techniques to deal with a dilated tricuspid valve annulus with 
normal leaflets and chordal structures include plication of the 
posterior leaflet’s annulus (bicuspidization), partial purse-
string reduction of the anterior and posterior leaflet annu-
lus (DeVega-style techniques), and rigid or flexible rings or 
bands placed to reduce the annular size and achieve leaflet 
coaptation (Fig. 43-4). Preoperative and intraoperative echo-
cardiograms are valuable assessment tools to help the surgeon 
understand the structure and function of the valve.30-34

The degree of pulmonary hypertension, right ventricular 
dilatation, and systolic function, coupled with the size of 
the right atrium, must be factored into the surgical decision-
making process. The classical technique of inserting a finger 
via a purse-string suture, into the right atrium to palpate the 

tricuspid valve and withdrawing the fingertip 2 to 3 cm from 
the valve orifice, so as to access the force of the regurgitant 
jet is of historical importance in the current era of cardiac 
surgery. The intraoperative transesophageal echocardiogram 
(TEE) allows the surgeon to access the degree of tricuspid 
regurgitation and look for reversal of flow in the inferior cava. 
Assessment of the repair with TEE under appropriate loading 
conditions ensures leaving the operating room with confi-
dence that the repair is functioning satisfactorily.

Classic surgical teaching has been that in patients with 
minimal right atrial enlargement and +1 to +2 regurgitation, 
TR will resolve once left-sided valve lesions are addressed. 
Recent literature, however, has documented the variability in 
the resolution of TR after dealing effectively with the left-
sided valvular lesions.

The pathologic process of fTR requires an understanding 
that the tricuspid annulus is a component of both the tri-
cuspid valve and the right ventricular myocardium. For the 
tricuspid valve to leak, the tricuspid annulus and therefore 
the RV must be dilated. Without dilation of these structures, 
there is little chance that TR can occur.

Dilation of the tricuspid annulus occurs in the anterior 
and posterior directions (see Fig. 43-1B) corresponding to 
the free wall of the RV. In addition to tricuspid dilatation, 
the degree of TR is also directly related to three important 
factors: the preload, afterload, and right ventricular func-
tion. Thus, TR is difficult to assess accurately because these 
dynamic factors can interfere with the observed severity of 
regurgitation. Therefore, significant TR may not be detected 
echocardiographically despite considerable dilatation of the 
tricuspid valve annulus.

An understanding of these important fundamental con-
cepts seem to contradict current practice regarding the man-
agement of secondary TR, which focuses on assessment of the 
severity of TR and advocates treatment of the primary lesion 

A B C D

AVN
AVN

CS

CS

FIGURE 43-4 Predominant surgical repair techniques for functional tricuspid regurgitation (TR) in the presence of a dilated annulus. (A) 
Dilated tricuspid annulus with abnormal circular shape, failure of leaflet coaptation, and resultant TR. (B) Rigid or flexible annuloplasty bands are 
used to restore a more normal annular size and shape (ovoid), thereby reducing or eliminating TR. The open rings spares the atrioventricular node 
(AVN), reducing the incidence of heart block. (C) DeVega suture annuloplasty partially plicate the annulus reducing annular circumference and 
diameter. (D) Suture bicuspidalization is performed by placement of a mattress suture from the anteroposterior to the posteroseptal commissure 
along the posterior annulus. CS = Coronary sinus.
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932 Part VI Valvular Heart Disease (Other)

alone (ie, mitral valve disease). Treatment of the mitral valve 
lesion alone only reduces the RV afterload, but does not cor-
rect tricuspid annular dilatation, RV preload, and function. 
Once the tricuspid annulus is dilated, its size cannot return 
to normal spontaneously, and it may in fact continue to dilate 
further. This explains why some patients require a second 
operation for TR years after the initial mitral valve surgery. 
The reoperative risks in this setting are very high owing to 
poor myocardial function and difficulty with sternal reentry 
with a dilated RV.

Tricuspid annular dilatation is the primary mechanism 
in the development of fTR. Dreyfus and colleagues postu-
lated that annular size may be a more reliable indicator of 
late outcomes than the degree of TR. Moreover, successful 
treatment of functional (secondary) tricuspid valve pathology 
may necessitate the correction of tricuspid annular dilatation 
in addition to mitral valve surgery even when TR is mild.

Over a 12-year period, these authors performed tricuspid 
valve repair for secondary tricuspid valve dilatation irrespec-
tive of the severity of TR because secondary tricuspid dilata-
tion may or not be accompanied by TR. Tricuspid annular 
dilatation can be measured objectively, whereas TR can vary 
according to the preload, afterload, and right ventricular 
function.

Dreyfus and colleagues prospectively studied more than 
300 patients to determine whether surgical repair of the tri-
cuspid valve, based on tricuspid dilatation alone rather than 
TR, could lead to potential benefits.40 Tricuspid annuloplasty 
was performed only if the tricuspid annular diameter was 
greater than twice the normal size (≥70 mm) regardless of 
the grade of regurgitation. Patients in Group 1 (163 patients, 
52.4%) received mitral valve repair (MVR) alone. Patients in 
Group 2 (148 patients, 47.6%) received MVR plus tricuspid 
annuloplasty. Tricuspid regurgitation increased by more than 
two grades in 48% of the patients in Group 1 and in only 2% 
of the patients in Group 2 (p < .001).

The authors concluded that remodeling annuloplasty of 
the tricuspid valve based on tricuspid dilatation improved 
functional status irrespective of the grade of regurgitation. 
Considerable tricuspid dilatation can be present even in the 
absence of substantial TR. Tricuspid dilatation is an ongoing 
disease process that will, with time, lead to severe TR.40

More aggressive use of tricuspid annuloplasty appears 
to help improve the early postoperative course and prevent 
residual or progressive TR. Increasingly functional MR and 
TR coexist. Matsunaga and Duran analyzed TR in a group 
of patients who underwent successful revascularization and 
MVR for functional ischemic MR. They concluded that 
fTR is frequently associated with functional ischemic MR. 
After MVR, close to 50% of patients have residual TR that 
increases over time. The annular size may become the objec-
tive criteria, regardless of the degree of TR, to determine the 
need for a tricuspid annuloplasty.41

Special note should be taken in assessing the foramen 
ovale for patency. A patent foramen should always be sutured 
closed, reducing the possibility of paradoxical embolism or 
arterial desaturation from right-to-left shunting.

Surgical Repair of the TV
The main surgical approaches to rectify fTR (occurring in the 
presence of a dilated annulus with normal leaflets and chordal 
structures) involve rigid or flexible annular bands (open or 
closed), which are used to reduce annular size and achieve 
leaflet coaptation, as with mitral valve disease. Another less 
commonly used technique involves posterior annular bicuspi-
dalization. This surgical technique places a pledget-supported 
mattress suture from the anteroposterior commissure to the 
posteroseptal commissure along the posterior annulus. This 
is based on prior studies by Deloche et al.42 that showed 
posterior annulus dilation occurs in fTR and that a focal 
posterior tricuspid annuloplasty can be effective in selected 
cases. Other approaches include edge-to-edge (Alfieri-type) 
repairs as described by Castedo et al.43,44 and partial purse-
string suture techniques to reduce the anterior and poste-
rior portions of the annulus (DeVega-style techniques; see 
Fig. 43-4). DeVega and flexible annuloplasty bands appear 
to have a lower freedom from recurrent TR than rigid annu-
loplasty rings.24,45-47

In the absence of simultaneous tricuspid valve repair, the 
prevalence of TR in the postoperative period after mitral 
valve surgery depends to some degree on the mechanism of 
MR. Matsuyama et al.48 reported in a study of 174 patients 
that only 16% of patients who underwent nonischemic (ie, 
degenerative) mitral valve surgery without tricuspid valve sur-
gery developed 3 to 4+ TR at 8-year follow-up. Conversely, 
TR appears to be far more prevalent in patients undergoing 
MVR for functional ischemic MR. In the series by Matsunaga 
et al.49 30% of patients undergoing MVR for functional isch-
emic MR had at least moderate TR before surgery. In the 
postoperative period, the prevalence of at least moderate TR 
increased over time, from 25% at less than 1 year, 53% at 1 to 
3 years, and 74% at greater than 3 years of follow-up.

Significant residual tricuspid valve insufficiency con-
tributes to a poor postoperative result, even after successful 
MVR. King et al.50 studied patients requiring subsequent 
tricuspid valve surgery after mitral valve surgery. They had 
high early and late mortality. The authors encouraged a policy 
of liberal use of tricuspid annuloplasty at initial mitral valve 
surgery. Surgical series have shown that successful tricuspid 
valve repair (primarily when combined with other valve sur-
geries) resulted in a significant improvement in recurrent TR, 
survival, and event-free survival. Accordingly, 50 to 67% of 
patients undergoing surgery for mitral valve disease have been 
reported to undergo concomitant surgical tricuspid valve 
repair or replacement (although this may approach 80% in 
some dedicated centers).45,51,52

Specific Techniques
BICUSPIDIZATION
After the caval snares are tightened, the right atrium is opened 
via an oblique incision. Exposure and assessment of all aspects 
of the tricuspid valve structure should be performed before 
choosing the technique of annuloplasty. Suture plication to 
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 Chapter 43 Tricuspid Valve Disease 933

deal with mild dilatation of the annulus is accomplished by 
placing pledgeted mattress sutures from the center of the 
posterior leaflet to the commissure between the septal and 
posterior leaflets. A second suture often is necessary to fur-
ther reduce the annulus, ensuring proper leaflet coaptation 
while providing an adequate orifice for flow. An annuloplasty 
ring can be inserted to further support the annular reduction 
(Fig. 43-5).

DeVega TECHNIQUE
The DeVega technique also can be employed for mild-to-
moderate annular dilatation.53 This technique employs a 
2-0 Prolene, Gortex, or Dacron polyester suture placed at 
the junction of the annulus and right ventricular free wall, 

running from the anteroseptal commissure to the postero-
septal commissure. The second limb of the suture is placed 
through a pledget and run parallel and close to the first suture 
line in the same clockwise direction, placing it through a sec-
ond pledget at the posteroseptal commissure. The suture is 
tightened, producing a purse-string effect and reducing the 
length of the anterior and posterior annulus to provide ade-
quate leaflet coaptation and orifice of flow (Fig. 43-6).

The judgment regarding the degree of annular reduction 
has varied from the guideline of being able to insert two and 
one-half to three fingerbreadths snugly through the valve 
orifice to using the ring annuloplasty sizers designed for the 
tricuspid valve. An annuloplasty sizer, chosen by measuring 
the intertrigonal distance, can be used as a template while 
tying the pursestring suture to achieve the proper degree     

B

A

FIGURE 43-5 (A) Tricuspid valve bicuspidization is accomplished by plicating the annulus along the posterior leaflet. Two concentric, pledgeted 
2-0 Ethibond sutures are used. (B) The sutures are tied, obliterating the posterior leaflet, effectively creating a bicuspid AV valve. Saline is injected 
into the RV to test the competency of the repair. (C) As an option to support the bicuspidization repair, a flexible ring may be placed. Prior to 
ring implantation, measuring the intertrigonal distance determines the annular size. As an option, the ring can be inserted using a continuous 4-0 
Prolene suture. Care is taken to avoid the AV node. (D) As another option, the ring can be implanted above the coronary sinus.
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934 Part VI Valvular Heart Disease (Other)

of reduction. The DeVega and suture plication techniques 
should be reserved for mild annular reductions and situations 
in which the structural integrity of the annulus is not abso-
lutely necessary for long-term success (ie, fTR expected to 
resolve over time). In these situations, the annuloplasty pro-
vides a competent tricuspid valve during the early postopera-
tive course while the heart remodels after surgical treatment 
of the left-sided valvular lesions.54-56

RINGS AND BANDS
Significant degrees of annular reduction requiring durabil-
ity are best accomplished with rigid rings (eg, Carpentier-
Edwards and MC3), flexible rings (eg, Duran), or flexible 
bands (eg, Cosgrove annulopasty system, and Medtronic Tri-
Ad Adams annulopasty ring). The length of the base of the 
septal leaflet (ie, the intertrigonal distance) determines the 
size of the ring or band. These devices avoid suture placement 
in the region of the atrioventricular (AV) node (apex of the 
triangle of Koch) to avoid postoperative conduction prob-
lems. The mattress sutures are placed circumferentially, with 
wider bites on the annulus and smaller corresponding bites 
through the fabric of the ring or band, producing annular 
plication mostly along the length of the posterior leaflet. The 

result allows the tricuspid valve orifice to be occluded pri-
marily by the leaflet tissue of the anterior and septal leaflets. 
Overly aggressive annular reduction can lead to ring dehis-
cence owing to excessive tension on the tenuous tricuspid 
valve annular tissue57,58 (Fig. 43-7).

A recent review of a 790-patient series for the durabil-
ity and risk factors for failure of a repair was reported by 
McCarthy and colleagues.59 The authors reported that TR 
one week after annuloplasty was 3+ or 4+ in 14% of patients. 
Regurgitation severity remained stable over time with the 
Carpentier-Edwards ring (p = .7), increased slowly with the 
Cosgrove-Edwards band (p = .05), and rose more rapidly 
with the DeVega (p = .002) and Peri-Guard (p = .0009) pro-
cedures. Risk factors for worsening regurgitation included 
higher preoperative regurgitation grade, poor left ventricular 
function, permanent pacemaker, and repair type other than 
ring annuloplasty. Right ventricular systolic pressure, ring 
size, preoperative New York Heart Association (NYHA) func-
tional class, and concomitant surgery were not risk factors. 
Tricuspid reoperation was rare (3% at 8 years), and hospi-
tal mortality after reoperation was 37%. The authors con-
cluded that tricuspid valve annuloplasty did not consistently 
eliminate functional regurgitation, and over time, regurgi-
tation increased importantly after Peri-Guard and DeVega 

A

B

FIGURE 43-6 (A) A modified DeVega annuloplasty technique is 
shown. A single pledgeted 2-0 Prolene suture is placed. Care is taken 
to avoid the area of the AV node. (B) The suture is tied, completing 
the annuloplasty. Injecting saline into the RV using a bulb syringe 
and compressing the pulmonary artery tests the valve for competency.

A

B

FIGURE 43-7 (A) The Carpentier-Edwards ring annuloplasty 
is shown. A sizer measuring the intertrigonal distance was used to 
determine the ring size. Multiple interrupted, pledgeted 2-0 Ethibond 
sutures are placed at the atrioannular junction. All sutures are inserted 
before seating the ring. (B) The valve is seated and the sutures are tied.
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 Chapter 43 Tricuspid Valve Disease 935

annuloplasty techniques. Therefore, these repair techniques 
should generally be abandoned and transtricuspid pacing 
leads be replaced with epicardial ones.

INTRAOPERATIVE ASSESSMENT 
OF THE REPAIR
Assessment of tricuspid valve competence after the annulo-
plasty requires filling the RV with saline and observing leaflet 
coaptation. This assessment is best performed with the heart 
beating and the pulmonary artery occluded to allow right 
ventricular volume to generate enough intracavitary pres-
sure to close the tricuspid valve tightly. If the result appears 
inadequate, downsizing the ring or ring replacement should 
be performed. Final assessment is by TEE examination after 
completely weaning from cardiopulmonary bypass with 
appropriate volume and afterload adjustment.

TRICUSPID VALVE REPLACEMENT
The technique for secure fixation of a tricuspid valve is with 
pledgeted mattress sutures using an everting suture tech-
nique for mechanical valves and either a supra-annular or 
an intraannular technique for a bioprosthesis. The tricuspid 
valve septal and posterior leaflets are left in place, preserving 
the subvalvular structures and helping to avoid injury to the 
conduction system (Fig. 43-8). Often there is concern that 
the anterior leaflet could billow and obstruct the right ven-
tricular outflow tract. The central portion of the leaflet can be 
excised and still preserve the chordal attachments.

Tricuspid valve replacement with a homograft is more 
complex. Homograft tissue consists of cadaveric mitral valve 
apparatus.60-62 Sizing is performed by measuring the intratri-
gonal distances. Fixation of the papillary muscles is either 
intracavity (RV) or through the wall of the RV. This requires 
judgment and experience to gauge proper chordal length. The 
annulus is run with a monofilament suture-line. An annulo-
plasty ring is inserted to prevent dilatation and ensure ade-
quate leaflet coaptation.

Special care is necessary in suture placement to avoid 
conduction disturbances. Suture placement and tying with 
the heart beating allow for immediate detection of rhythm 
disturbances. Similar to mitral valve replacement, leaflet 
and chordal preservation should be performed, or Gore-Tex 
suture should used as artificial chordae to maintain annular 
papillary muscle continuity.

A recent report documented the use of a stentless porcine 
valve in endocarditis in which the commissural posts were 
anchored to the right ventricular septal, anterior, and poste-
rior walls. Orientation is critical to be sure that the right ven-
tricular outflow tract is straddled by two of the commissural 
posts.63 Low profile mitral bioprosthesis should be chosen.

Carpentier techniques for MVR can be applied to the 
tricuspid valve. Traumatic disruptions, occasionally endo-
carditis with healed lesions and perforations, or the rare 
myxomatous valve can be repaired. Pericardial patching of 
perforations, partial leaflet resections of the anterior (limited) 

or posterior (extensive) leaflets, chordal transfer, artificial 
Gore-Tex chordae, Alfieri suture and ring annuloplasty are 
standard techniques used to produce competent valves and 
avoid replacement.64-66

ENDOCARDITIS
In extensive infections, total excision of the tricuspid valve is 
possible if pulmonary pressures and the pulmonary vascular 
resistance are not elevated.66-68 Blood flows passively through 
the right side of the heart to the lungs. After eradication of 
the infection, a second-stage procedure with valve replace-
ment can be performed months to years later.

In patients with tricuspid valve endocarditis due to intra-
venous drug use, the second-stage valve insertion should be 
performed preferably after controlling the drug dependence or 
curing the accompanying addiction. Late survival and reinfec-
tion are correlated directly with continued drug use. Patients 
with less severe endocarditis can have one-stage procedures 
with prosthetic replacement or localized leaflet excision and 
repair.69,70 Homograft tissue often is versatile for partial or total 
tricuspid valve repair or replacement but has the limitations 
of availability, technical difficulty, and limited follow-up. The 
stentless aortic porcine valve is a novel option.63,64

A

B

FIGURE 43-8 (A) Tricuspid valve replacement is performed with 
a St. Jude Medical valve. The native leaflets are left in situ, and the 
pledgeted 2-0 Ethibond sutures are passed through the annulus and 
the edges of the leaflets. (B) The valve is seated, and the sutures are 
tied. The subvalvular apparatus is visualized to ensure that there is no 
impingement of the prosthetic valve leaflets. The valve can be rotated 
if necessary to prevent leaflet contact with tissue.
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936 Part VI Valvular Heart Disease (Other)

PROSTHETIC VALVE CHOICE
The choice of prosthesis follows an algorithm similar to that 
used for valve replacement in other cardiac valve positions. 
The patient’s age, anticoagulation considerations, childbear-
ing wishes, and social issues are all factors in valve choice. The 
previously reported poor results with mechanical valves in the 
tricuspid position were mainly due to valve thrombosis. Most 
of these reports were during the era of cage-ball and tilting-
disk prostheses.71 Reports with the St. Jude bileaflet valve have 
provided encouraging data, allowing the surgeon to recom-
mend a mechanical valve with confidence to younger patients 
who do not have a contraindication to anticoagulation.72-78

This strategy will avoid the not uncommon situation in the 
past in which patients received a bioprosthetic on the right 
side and a mechanical prosthesis on the left. Bioprostheses, 
both porcine and of pericardial tissue, have functioned well in 
the tricuspid position.79-82 Compared to the mitral position, 
bioprosthetic valves in the tricuspid position exhibit longer 
durability with a longer duration of freedom from structural 
valve dysfunction.83

Table 43-2 summarizes multiple reports from the litera-
ture. The reports either compare bioprosthetic and mechani-
cal valves in the tricuspid position or present follow-up of 
bioprosthetic valves alone. The bioprostheses, either porcine 
or pericardial valves, have excellent freedom from degenera-
tion and re-replacement for structural valve degeneration. In 
1984, Cohen and colleagues reported on six simultaneously 
implanted and then explanted valves from the mitral and tri-
cuspid positions. Degenerative changes were less extensive for 
the bioprosthetic valves in the tricuspid position than in the 
mitral position. However, thrombus and pannus formation 
(interpreted as organized thrombotic material) were observed 
more frequently in the tricuspid position.83

At 9 years, Nakano’s review of the Carpentier-Edwards 
bovine pericardial valve reported a freedom from structural 
degeneration of 100% and nonstructural dysfunction of 
72.8%.81 The cause of nonstructural dysfunction was pannus 
formation on the ventricular side of the cusps. Often sub-
clinical, echocardiographic follow-up after 5 years reveals up 
tp a 35% incidence of this anatomical finding.

Guerra reported similar changes in simultaneously 
explanted porcine valves.84 The tricuspid position had less 
structural tissue degeneration and calcification than the 
mitral position. The report described the presence of pannus 
on the ventricular side of the cusps and interference with cusp 
pliability and function.

Nakano’s 2001 report of bioprosthetic tricuspid valves 
reported an 18-year freedom from reoperation of 63%.80 
Freedom from structural deterioration was 96%, and non-
structural dysfunction was 77%. Reoperation, replacing 
previously placed bioprosthetic valves occurred in 12 of 58 
survivors. In 6 of the 12 patients, the primary indication 
for reoperation was tricuspid dysfunction, and 7 of the 12 
had pannus formation on the ventricular side of the cusps 
(Fig. 43-9). This rate of degeneration and the subclinically 

high incidence of pannus formation, often eventually leading 
to reoperation, are concerning.

Bioprosthetic valves in the tricuspid position require close 
echocardiographic follow-up. Possible anticoagulation of 
bioprosthetic valves in the tricuspid position can reduce the 
incidence of pannus formation. The reported data in the lit-
erature categorize pannus formation as nonstructural degen-
eration; therefore, clinical surgeons should be aware of future 
reports following this potentially serious clinical problem.

It is always possible to place large bioprosthetic or 
mechanical valves in the tricuspid position. Prostheses with 
more than a 27-mm internal diameter do not have clinically 
significant gradients. Therefore, hemodynamic performance 
is rarely an issue for tricuspid valve replacement. The data 
demonstrate excellent results with modern bileaflet mechani-
cal valves. Series comparing bioprosthetic and mechanical 
valves have been consistent in demonstrating equality during 
the period of follow-up. The development of thrombus on a 
bileaflet valve can be treated successfully with thrombolysis.

A recent review by Filsoufi and a meta-analysis of biologic 
or mechanical prostheses in the tricuspid position both con-
clude that there is no survival benefit of a bioprosthesis over a 
mechanical valve85-87 (Fig. 43-10). Some patients with mitral 
valve disease and TR undergoing surgery do not require sur-
gical treatment of the tricuspid valve. Guidelines to identify 
these patients are poorly developed. Experience has shown 
that careful observation of the patient preoperatively is quite 
valuable. Absence of tricuspid valve regurgitation during peri-
ods of good medical control, absence of TR by TEE at the 
time of operation, minimal elevation of pulmonary vascular 
resistance, and absence of right atrial enlargement are helpful 
findings that permit the surgeon to replace the mitral valve 
confidently without performing an annuloplasty or replace-
ment of the tricuspid valve. If unrepaired, reassessment of the 
tricuspid valve by TEE after weaning from cardiopulmonary 
bypass is essential. TEE assessment of residual TR under 
anesthesia can be misleading if the loading conditions are dif-
ferent from the conditions in an awaken patient.

If TR persists and elevated right atrial pressures greater 
than left atrial pressures are encountered with an underfilled, 
well-contracting left ventricle, tricuspid repair should be per-
formed. A patent foramen ovale with interatrial shunting 
must be identified and closed surgically. Hemodynamically, 
when right atrial pressure is greater than left atrial pressure, 
the foramen may open, leading to systemic desaturation from 
a right-to-left shunt.

Temporary right ventricular dysfunction caused by RCA 
air embolism often requires a brief return to cardiopulmonary 
bypass, repeat of deairing maneuvers, elevation of the systemic 
blood pressures, TEE evaluation for residual intracavity air, 
and a search for the characteristic echogenic brightness in the 
myocardial distribution of the RCA confirming the suspicion 
of air embolism. Treatment should include 10 to 15 minutes 
of cardiopulmonary bypass support and reweaning from car-
diopulmonary bypass, with inotropic support, elevated blood 
pressure, and reassessment of the TR and cardiac function.
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TABLE 43-2: Reports of Bioprosthetic and Mechanical Valves in the Tricuspid Position

Operative mortality

Actuarial freedom from

Death
Structural 

degeneration
Nonstructural 
degeneration

Tricuspid 
reoperation

Reference
Series 
dates

Patients 
(no.)

Bioprosthesis 
(B)

Mechanical 
(M) Overall (A) B M A B M A B M A B M A

Nakano74 1979-1992 39   8%     55%   100%     72%       100%  
              @14 y;                 @14 y  
Nakano79 1978-1995 98 15%     77%     98%     99%   97%      
            @5 y;     @5 y;     @5 y;   @5 y;      
            69%           82%   76%      
            @10 y;           @10 y;   @10 y;      
            And     96%     77%   63%      
            18 y     @18 y     @18 y*   @18 y      
Ratnatunga77 1966-1997 425 19% 16% 17% 71% 74% 72%           99%   98%  
            @1 y;               @1 y;      
            62% 58% 60%           98%   97%  
            @5 y;               @10 y;      
            48% 34% 43%                  
            @10 y                      
Glower70 1972-1993 129     27% (14% 1st 

Operation)
56%               96%      

            @5 y; 48%               @5 y; 93%      
            @10 y; 31%               @10 y; 

49%
     

            @14 y               @14 y      
Ohata81 1984-1998 88 7%     88%     100%      †          
            @5 y; 81%

@10 y; 69%
14 y

    @14 y         @14 y      

Van 
Nooton69

1967-1987 146     16%     74%                  

                @5 y; 
23%

                 

                @10 y                  
Singh72 1981-1984 14   8%     50%                    
              @10 y                    

(Continued )
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TABLE 43-2: Reports of Bioprosthetic and Mechanical Valves in the Tricuspid Position

Operative mortality

Actuarial freedom from

Death
Structural 

degeneration
Nonstructural 
degeneration

Tricuspid 
reoperation

Reference
Series 
dates

Patients 
(no.)

Bioprosthesis 
(B)

Mechanical 
(M) Overall (A) B M A B M A B M A B M A

Munro75 1975-1992 94 15% 14% 14%       97% 100%           97% 87%
                 

@5,7 y, 
and 
10 y

               

Kaplan70 1980-2000 122     25% 55% 68% 65% 90% 97%‡              
            @20 y @20 y @20 y @20 y @20 y              
Scully71 1975-1993 60     27%   50%                    
              @15 y                    

*Thick fibrous pannus in 35% of survivors; freedom from nonstructural valve dysfunction at 18 years = 24%. 
†Thick pannus noted in reoperative case. 
‡Freedom from deterioration, endocarditis, leakage, and thromboembolism 93% @20 y. 
y indicates years.

(Continued )

938

C
ohn_ch43_p0925-0942.indd   938

12/04/17   5:09 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 43 Tricuspid Valve Disease 939

Bioprosthetic valves have the safety feature of not devel-
oping thrombosis or requiring anticoagulation. Bioprostheses 
are being considered in younger patients since percutaneous 
valve in valve treatment for structural deterioration is being 
performed with excellent results. When choosing the size 
of the bioprostheses, it is important to consider the size of 
the valve to insure the percutaneous valve-in-valve option is 
feasible.

CONCLUSION
Historical clinical experience has demonstrated that up to 
20% of patients undergoing mitral valve replacement receive 
a tricuspid annuloplasty, but less than 2% require replace-
ment. Traditionally, the surgeon’s clinical judgment and 
experience have guided the approach to tricuspid surgery, 
ultimately leading to variability in reported clinical data. 
The accuracy of these decisions can be enhanced by assess-
ment of risk factors for persistent or progressive tricuspid 
valve regurgitation. Recent studies have taught us that our 
ability to make these judgments is flawed and unpredictable. 

We have learned about the dilated tricuspid valve annulus, 
the progression of TR in spite of successful left-sided surgery, 
and the unpredictable resolution of pulmonary hypertension. 
Failure to improve can have adverse impacts on late morbid-
ity, mortality, and residual or progressive TR. Therefore, the 
current recommendation is to pursue aggressively tricuspid 
annuloplasty with remodeling rings or bands.

Older studies showed patients undergoing a tricuspid valve 
annuloplasty during a mitral valve replacement have more 
advanced disease than those having mitral valve replacement 
alone. This is evidenced by the elevation in operative mortality 
(approximately 12 vs 3%) and the progressive increased hazard 
of late death (5-year survival of 80 vs 70%) despite good valve 
function. However, these patients achieved good functional 
results (NYHA Class 1-2). It is unknown what the survival 
and functional result would have been if tricuspid repair had 
not been performed in these patients, but one presumes that 
it would have been worse. In the current era, adding an annu-
loplasty can have minimal adverse impact in the perioperative 
period and seems to confer long-term benefit.

The durability of simple annuloplasty techniques such 
as bicuspidization and the DeVega technique has been 

A

B

FIGURE 43-9 (A) Fibrous pannus observed 8 years after implanta-
tion of a Carpentier-Edwards pericardial valve. (B) Photomicrograph 
of a pericardial leaflet. The bottom of the leaflet has pannus, a dense 
fibrous tissue on the ventricular side. (Reproduced with pemission 
from Nakano K, Ishibashi-Ueda H, Kobayashi J, et al: Tricuspid valve 
replacement with bioprostheses: long-term results and causes of valve 
dysfunction, Ann Thorac Surg. 2001 Jan;71(1):105-9.)

A

.2 .4 .8 1

HR

1.350.84

1.07, p = 0.60

Combined

Carrier

Dalrymple
Kaplan

Hayashi

Rizzoli

Van nooten
Scully

Ratnatunga

Survival hazard ratio of each study with related
95% confidence limits

2 3 4 5 6

B

Average survival of the hospital-discharged patients,
at stated follow-up years, from the studies of Table 1

Follow-up (years)

Mechanical
Biological

At risk biological (survival)
477  362 (86.5%)
At risk mechanical (survival)
391  286 (86.9%)

249 (73.6%)

186 (73.5%)

94 (62%)

84 (60.2%)

29 (46.7%)

22 (47.8%)

0 1 5 10 15

50

60

70

80

90

100

FIGURE 43-10 Meta-analysis of bioprosthetic vs mechanical valves 
replacing the tricuspid valve. (A) Survival hazard. (B) Survival curve 
of hospital survivors.
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940 Part VI Valvular Heart Disease (Other)

satisfactory when employed only for mild-to-moderate 
degrees of fTR with successful resolution of pulmonary 
hypertension after the mitral valve operation. Extensive 
experience with the tricuspid annuloplasty using the Duran, 
Carpentier-Edwards, and MC3 rings or bands have resulted 
in an 85% freedom from moderate-to-severe TR at 6 years. 
The subsequent requirement for tricuspid reoperation is 
very low. Inadequate resolution of the mitral disease and 
persistent pulmonary hypertension with right ventricular 
dilatation and dysfunction are the major predictors of poor 
late results.

The American College of Cardiology/American Heart 
Association 2014 Practice Guidelines for the surgical man-
agement of patients with TR (Table 43-3)88 are driven by the 
individual patient’s clinical status and the cause of their tri-
cuspid valve abnormality. The guidelines state that the timing 
of surgical intervention for TR remains controversial, as do 
the surgical techniques. At present, surgery on the tricuspid 
valve for significant TR should occur at the time of mitral 
valve surgery, as TR does not reliably resolve after mitral valve 
surgery. TR associated with dilatation of the tricuspid annu-
lus should be repaired, to prevent tricuspid annular dilation 
progressing and producing severe TR.89-96

Patients requiring tricuspid and mitral valve replacement 
have operative mortalities from 5 to 10% by current standards. 
Actuarial survival rates are 55% at 10 years (Fig. 43-10A, B). 
Advanced right ventricular failure or arrhythmia causes late 
death. Patients who need valve replacement for endocardi-
tis comprise a unique subgroup with the additional risk for 

death owing to sepsis, reinfection, and the complications 
related to drug addiction.

Complete heart block can occur immediately postop-
eratively owing to damage to the conduction system during 
mitral and tricuspid valve surgery. This complication can be 
minimized intraoperatively by performing the tricuspid valve 
procedure on the perfused beating heart, as described earlier. 
Late heart block remains a persistent risk with a 25% actuar-
ial incidence at 10 years for patients with mitral and tricuspid 
prostheses. The presence of two rigid prosthetic sewing rings 
can produce ongoing trauma and lead to AV node dysfunc-
tion over time. Late development of heart block rarely occurs 
after mitral valve replacement and tricuspid annuloplasty.

The surgical treatment of tricuspid valve disease presents 
the surgeon with challenges requiring clinical and intraop-
erative judgment. Following the principles presented in this 
chapter, appropriate decisions should lead to optimal clini-
cal outcomes. The data support the safe use of mechanical 
bileaflet prostheses in select patients. A lingering concern is 
the pannus formation on the ventricular side of bioprosthetic 
cusps. This observation should be followed closely as future 
clinical series are reported.

Many surgeons prefer bioprosthetic valves. More recently, 
with percutaneous valve in valve re-replacement strategies for 
degenerated stented bioprostheses, this option should gain 
increasing safety. It is important to know the valve internal 
diameter to be sure a valve-in-valve option will be available 
for the patient.
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Pathologic changes in the cardiac valves requiring surgical 
correction of more than one valve can result from rheumatic 
heart disease, degenerative valve diseases, infective endocar-
ditis, and a number of other miscellaneous causes. Further, 
valve dysfunction may be primary; that is, a direct result 
of a disease process, or secondary; that is, caused by car-
diac enlargement and/or pulmonary hypertension. Surgical 
management is influenced both by the underlying cause of 
valve dysfunction and, when valves are involved secondarily, 
by the anticipated response to replacement or repair of the 
primary valve lesion. In addition, the consequences of vari-
ous combinations of diseased valves on left and right ven-
tricular geometry and function frequently are different from 
the remodeling as a result of single-valve disease. This chapter 
addresses pathophysiologic considerations in multivalvular 
heart disease, surgical techniques, and management of com-
monly encountered etiologies.

Repair of multiple lesions was necessary even in the early 
development of operative management of valvular heart 
disease (Table 44-1). The first triple-valve replacement during 
a single operation was reported in 1960, and simultaneous 
replacement of all four valves was reported in 1992.1

Experience from clinical practice indicates that multiple 
valve disease requiring surgical correction occurs in a few 
common combinations. As seen in Table 44-2, multiple pro-
cedures account for approximately 15% of all operations on 
cardiac valves; 80% of these operations involve the aortic and 
mitral positions. Replacement of the mitral and tricuspid 
valves (with or without aortic replacement) accounts for 20% 
of operations. Only rarely is the combination of aortic and 
tricuspid disease encountered.

PATHOPHYSIOLOGY OF MULTIPLE 
VALVE DISEASE
Valvular regurgitation may result from the pathologic process 
affecting the valve directly or may be secondary to alterations 
in ventricular morphology caused by other valve lesions; this 

secondary or functional regurgitation affects the atrioventric-
ular valves. In some patients, secondary valvular regurgitation 
may be expected to improve with repair or replacement of 
the primarily diseased valve. In other patients, the second-
ary disease process may have advanced to the stage that valve 
function will not improve following correction of the primary 
lesion, and thus simultaneous surgical correction should be 
considered.

Primary Aortic Valve Disease with 
Secondary Mitral Regurgitation
Isolated aortic valve lesions can cause secondary regurgita-
tion of the mitral valve and rarely, the tricuspid valve. Severe 
aortic valve stenosis with or without left ventricular dilata-
tion frequently is associated with some degree of mitral valve 
regurgitation. In one series, 67% of patients with severe aortic 
valve stenosis had associated mitral valve leakage.2 When the 
mitral valve is structurally normal, its regurgitation would 
be expected to improve with relief of left ventricular out-
flow obstruction;4 mild mitral valve regurgitation may, at 
times resolve almost completely after aortic valve replace-
ment. Improvement in mitral valve regurgitation results 
from both decreased undergoing intraventricular pressure 
and ventricular remodeling.5 If mitral valve regurgitation is 
severe, some degree of persistent regurgitation is expected 
after aortic valve replacement, and mitral valve annuloplasty 
may be required. In contrast, with aortic valve stenosis and 
mitral valve regurgitation associated with a structurally 
abnormal mitral valve, repair or replacement of the mitral 
valve usually is necessary. A recent report alleges that moder-
ate MR has an adverse impact on survival in elderly patients 
undergoing aortic valve replacement and suggests that those 
with intrinsic mitral valve disease should be considered for 
concurrent correction.6

Thus determination of the morphology and pathophysi-
ologic severity of each valve lesion is critically important 
in planning surgical management, and preoperative and 
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944 Part VI Valvular Heart Disease (Other)

intraoperative echocardiographic studies are necessary in all 
patients suspected of having multiple valve disease. Often, 
transthoracic echocardiography can define the etiology of 
mitral and tricuspid valvular regurgitation. When valve 
regurgitation is entirely secondary, the mitral valve leaflets 
will appear thin and freely mobile, without prolapsing seg-
ments. Mitral (and tricuspid) valve regurgitation second-
ary to rheumatic disease is readily identified when leaflets 
are thickened and chordae are shortened; fibrosis of these 
structures restricts leaflet mobility. Leaflet prolapse with or 
without ruptured chordae tendineae also may cause atrio-
ventricular valve regurgitation.

Transesophageal echocardiography images the heart from 
a retrocardiac position, which avoids interference from inter-
posed ribs, lungs, and subcutaneous tissue. A high-frequency 
(5-MHz) transducer is employed, which yields better resolu-
tion than that of images obtained with routine transthoracic 
imaging with 2.25- to 3.5-MHz transducers.7 Thus trans-
esophageal echocardiography provides the best image of the 
mitral and tricuspid valves and may be obtained preopera-
tively. Intraoperative transesophageal Doppler echocardiog-
raphy should be employed in all patients having valve repair 
or replacement, and the technique is especially important 
for assessment of response of MR to relief of left ventric-
ular outflow obstruction.8 In some cases, preoperative left 
ventriculography may help to quantify left atrioventricular 
valve leakage. Right ventricular angiocardiography also can 
be useful in determining the degree of tricuspid valve dys-
function, but it is rarely employed in current practice.9

Tricuspid Valve Regurgitation Secondary 
to Other Valvular Disease
Secondary tricuspid valve regurgitation commonly is asso-
ciated with rheumatic mitral valve stenosis, and the exact 
cause is unknown.10,11 Some authors believe that secondary 
tricuspid valve regurgitation is a result of pulmonary artery 
hypertension and right ventricular dilatation.12 As with the 
mitral valve, tricuspid valve annular dilatation in those with 
severe TR is asymmetric. Most enlargement occurs in the 
annulus subtended by the free wall of the right ventricle, 
and there is little dilation of the annulus adjacent to the 
septal leaflet of the tricuspid valve.13,14 Although pulmo-
nary artery hypertension with secondary enlargement of 
the right ventricle and tricuspid valve annulus may be an 
important contributing factor in secondary tricuspid regur-
gitation (TR), it is not the sole mechanism. For example, 
congenital heart lesions such as tetralogy of Fallot produce 

TABLE 44-2: Prevalence of Multiple Cardiac Valve Replacement According to Institution

University of 
Alabama Mayo Clinic

Texas Heart 
Institute

University of 
Oregon

Percentage  
of all Valve 
Surgery  
(11,026 cases)

Percentage  
of Multiple 
Valve Surgery  
(1662 cases)

Years involved 1967-1976 1963-1972 1962-1974 1960-1980    
Total number of all 

valve operations
2555 2166 4170 2135    

All multiple valve 
procedures

383 (15%) 437 (20%) 541 (13%) 301 (14%) 15 (1662) 100

M-A 298 (11.6%) 320 (14.7%) 459 (11%) 253 (11.8%) 12 (1330) 80
M-A-T 40 (1.6%) 55 (2.5%) 55 (2.5%) 48 (2.2%) 2 (198) 12
M-T 41 (1.6%) 58 (2.5%) 26 (0.6%) — 1.5 (125) 8
A-T 4 (0.1%) 4 (0.2%) 1 (0.02%) — 0.1 (9) 5

M, mitral valve; A, aortic valve; T, tricuspid valve.
Source: Data from Acker M, Hargrove WC, Stephenson LW: Multiple valve replacement, Cardiol Clin 1985; 3:425-430.

TABLE 44-1: History of Multiple Valve 
Operations

Event Year Institution

Staged mitral then tricuspid 
commissurotomy

1952 Doctor’s Hospital, 
Philadelphia, PA164

Simultaneous mitral and 
tricuspid commissurotomy

1953 Cleveland, OH156

Simultaneous mitral 
commissurotomy and 
aortic valvuloplasty using 
cardiopulmonary bypass

1956 University of 
Minnesota, 
Minneapolis, MN157

Simultaneous mitral and aortic 
valve replacement

1961 St. Francis General 
Hospital, 
Pittsburgh, PA121

Simultaneous triple-valve 
replacement

1963 University of Oregon, 
Portland, OR

Simultaneous quadruple-valve 
replacement

1992 Mayo Clinic, 
Rochester, MN165

Source: Data from Acker M, Hargrove WC, Stephenson LW: Multiple valve 
replacement, Cardiol Clin 1985; 3:425-430.
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 Chapter 44 Multiple Valve Disease 945

systemic pressure in the right ventricle, yet severe tricuspid 
valve regurgitation rarely is seen in these patients. Similarly, 
important tricuspid valve regurgitation is uncommon in 
children with ventricular septal defects who have enlarge-
ment of the right ventricle associated with variable degrees 
of pulmonary hypertension.

Furthermore, clinical experience suggests that other 
mechanisms must play a role in development of secondary 
tricuspid valve regurgitation. Patients who have had mitral 
valve replacement for rheumatic mitral valve stenosis may 
develop regurgitation of their native tricuspid valve years 
after initial operation, and many patients have only modest 
elevation of pulmonary artery pressure.15,16 Recent evidence 
points to a progressive immunologic process in rheumatic 
valve disease, which can lead to severe TR many years after 
successful percutaneous or surgical management of the 
mitral valve.17

It is useful to classify secondary mitral and tricuspid 
valve regurgitation as mild, moderate, and severe.14 Usually, 
patients with mild tricuspid valve regurgitation do not have 
clinical signs and symptoms of right-sided heart failure. Also, 
mild TR demonstrated by preoperative echocardiography 
may appear even less severe in the operating room under gen-
eral anesthesia. In most instances, mild secondary TR does 
not require intervention.

Patients with echocardiographic evidence of significant 
regurgitation who do not have symptoms or have their symp-
toms controlled by medical treatment are managed with a 
DeVega suture annuloplasty or a partial-ring annuloplasty.18 
Patients with severe secondary TR and clinical evidence of 
right-sided heart failure (eg, pulsatile liver, distended neck 
veins, and peripheral edema with or without ascites) are most 
frequently managed by concomitant ring annuloplasty or 
tricuspid valve replacement.19

The degree of pulmonary hypertension may influence 
surgical management of secondary tricuspid valve regurgi-
tation. Kaul et al20 grouped 86 patients with functional TR 
in association with rheumatic mitral valve disease according 
to the degree of pulmonary hypertension. One group had 
severe pulmonary hypertension (mean pulmonary pressure 
78 mm Hg), and a second group had moderate pulmonary 
hypertension (mean pulmonary artery pressure 41 mm Hg). 
Patients with moderate pulmonary hypertension preopera-
tively had more advanced right-sided heart failure and right 
ventricular dilatation, and many of these patients continued 
to have tricuspid valve regurgitation following mitral valve 
surgery without tricuspid valve surgery. The patients with 
severe pulmonary hypertension all showed regression of TR, 
and 28% had complete resolution following mitral valve sur-
gery without operation on the tricuspid valve.

The difficulty with interpretation and generalization of cur-
rent literature guiding management of secondary functional 
TR is the significant heterogeneity in both patient disease 
substrate and surgical procedure performed. The incidence of 
severe late TR has been reported to be approximately 68% up 
to 30 years following mitral replacement for rheumatic dis-
ease.21 The risk of significant late secondary TR is as high as 

74% 3 years following repair of ischemic MR.22 The most fre-
quently identified risk factors for TR progression from these 
series include older age, female gender, rheumatic etiology, 
atrial fibrillation, the absence of a Maze operation.21-24 There-
fore, most would agree that correction of moderate or greater 
TR at the time of surgery for rheumatic mitral disease is indi-
cated to prevent the development of symptoms associated with 
TR progression.25 Less clear however is whether long-term 
survival is improved by such intervention.24 Recent evidence 
suggests that remodeling annuloplasty in the patients with tri-
cuspid annular dilatation (≥70 mm) at the time of mitral repair 
significantly decreases the risk of subsequent functional dete-
rioration compared with those having tricuspid valve repair.26 
Furthermore, reliance on tricuspid annular dilation alone as 
suggested by Dreyfus et al26 has recently been challenged.27

In contrast, although mitral valve prolapse is the most 
frequent cause of MR in the developed world, there are few 
reports addressing the incidence and fate of functional TR 
following successful mitral valve repair. Recent data sug-
gest that moderate or less functional TR does not prog-
ress as aggressively following repair of leaflet prolapse as in 
rheumatic or ischemic mitral disease subsets.28,29 Outcomes 
following isolated mitral valve repair or replacement for 
degenerative MR with less than severe coexistent functional 
TR at Mayo Clinic support the notion that risk of TR pro-
gression is low after MVr or MVR for MV prolapse. The 
authors recommend timely MV surgery before the develop-
ment of left atrial dilatation or pulmonary hypertension, 
which would be expected to decrease the risk of TR progres-
sion during follow-up. Current indications for concomitant 
tricuspid valve repair under these circumstances include: 
(1) moderately severe or severe TR, (2) right-sided heart 
failure symptoms with moderate or severe TR, (3) moderate 
TR with one of the followings: primary tricuspid valve dis-
ease, structural abnormalities of the tricuspid valve (includ-
ing impingement of the tricuspid leaflets by pacemaker 
leads), a dilated right atrium and right ventricle, severe pul-
monary hypertension, or atrial fibrillation.19

A long-term outcome study of the prognostic impact 
of isolated TR confirmed that the presence of a mild-to-
moderate isolated TR was not associated with a survival 
difference in comparison to those with trivial regurgitation, 
even after multivariable adjustment (p = .34).30 (In summary, 
asymptomatic, less-than-moderate functional TR associated 
with degenerative mitral valve disease is unlikely to progress 
or impact survival following successful mitral valve repair.)

VALVE SELECTION FOR MULTIPLE 
VALVE REPLACEMENT
When multiple valve replacement is confined to the left ven-
tricle, replacement valves are generally chosen from the same 
class with respect to the need for anticoagulation and projected 
longevity. There are no theoretical or practical advantages to 
use of a tissue valve and a mechanical valve for mitral and aortic 
valve replacement, and studies show no reduction in the risk of 
thromboembolism, valve-related morbidity, or late death.31,32 
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946 Part VI Valvular Heart Disease (Other)

In addition, a lower reoperation rate is reported for patients 
with two mechanical valves in the left ventricle compared with 
patients with one mechanical and one tissue valve.31

For tricuspid valve replacement, alone or in conjunc-
tion with other valve procedures, use of a bioprosthesis 
may have advantages in regard to minimizing risk of valve 
thrombosis.33,34 Furthermore, there are few hemodynamic 
considerations in selecting a tricuspid prosthesis; the greater 
hemodynamic efficiency of mechanical valves compared 
with bioprostheses rarely is an issue in atrioventricular valve 
replacement, especially the tricuspid valve, in which the 
annulus diameter in adults is often 33 mm or more. In vitro 
studies demonstrate only minimal hemodynamic improve-
ment with atrioventricular valves larger than 25 mm.35

SURGICAL METHODS
Aortic and Mitral Valve Replacement
CANNULATION
Arterial inflow is established by cannulation of the distal 
ascending aorta near the pericardial reflection just to the left of 
the origin of the innominate artery (Fig. 44-1A). Venous can-
nulation is simplified by using a two-stage cannula in the right 
atrium for venous return. Individual cannulation of the supe-
rior and inferior venae cavae is reserved for operations that 
require right atrial or ventricular incisions (Fig. 44-2A). Provi-
sions for intraoperative autotransfusion are used routinely, and 
antifibrinolytic drugs such as aprotinin or epsilon-aminoca-
proic acid (Amicar) may be useful, especially in reoperations, 
in which pericardial adhesions may worsen bleeding.36

CARDIOPLEGIA
If the aortic valve is competent, myocardial protection dur-
ing aortic cross-clamping is achieved by initial infusion 
of cold (4 to 8°C) blood cardioplegia through a tack vent 
placed in the aorta proximal to the clamp. The volume of 
cardioplegia needed to achieve diastolic arrest and uniform 
hypothermia depends on the heart size and the presence of 
aortic valve regurgitation. Generally, the initial volume of 
cardioplegia required for hearts with multiple valve disease 
is higher than that required for coronary revascularization 
because of myocardial hypertrophy. For patients without 
cardiac enlargement, we infuse approximately 10 mL/kg of 
body weight, whereas 15 mL/kg of body weight is used for 
patients with significant degrees of myocardial hypertro-
phy. Repeat infusions of 400 mL of cardioplegia are given 
directly into the coronary ostia at 20-minute intervals dur-
ing aortic occlusion. We use custom-designed, soft-tipped 
coronary perfusion catheters to minimize the potential 
for trauma to the coronary ostia during intubation and 
infusion.37

If aortic valve regurgitation is moderate or severe, car-
dioplegia is infused directly into the coronary ostia. Ini-
tial aortotomy is facilitated by emptying the heart using 
suction on an aortic tack vent and temporarily reduc-
ing the cardiopulmonary bypass flow rate to maximize 

venous return. Some surgeons prefer retrograde infusion of  
cardioplegia,38 and if this method is used, even larger vol-
umes are necessary because of non-nutritive flow through 
the coronary venous system and variation in coronary 
venous anatomy.39,40

PROCEDURE
After cardioplegia, the aortic valve is inspected through an 
oblique aortotomy extended into the noncoronary aortic 
sinus (see Fig. 44-1B). Aortic valve regurgitation caused by 
cuspal perforation or prolapse of a congenitally bicuspid valve 
often can be repaired,41 but the decision for or against aortic 
valve repair should take into consideration whether or not 
a mitral valve prosthesis will be needed. For example, even 
though aortic valve repair might seem technically possible, 
prosthetic replacement may be the best option for a patient 
who requires mitral valve replacement and will be maintained 
on warfarin for long-term anticoagulation.

Severe calcification of the valve, whether it is bicuspid or 
tricuspid, necessitates replacement;42 therefore, the cusps are 
excised and annular calcium debrided carefully. The aortic 
annulus then is calibrated; experience has shown that subse-
quent replacement of the mitral valve usually reduces the aor-
tic annular diameter by shortening the circumference that is 
in continuity with the attachment of the anterior mitral valve 
leaflet. Therefore, we routinely identify (but do not break the 
sterile packaging of ) two aortic prostheses: one corresponds 
to the calibrated dimension, and the other is the next size 
smaller. Final selection of the aortic prosthesis is made after 
mitral valve replacement or repair.

Although exposed first, the aortic valve usually is replaced 
after mitral valve repair or insertion of the mitral valve pros-
thesis. Sutures placed in the portion of the aortic valve annu-
lus that is continuous with the anterior leaflet of the mitral 
valve pull the anterior leaflet superiorly toward the left ven-
tricular outflow area and thus hinder exposure of this area as 
viewed through the left atriotomy.

If the aortic annulus is small, it can be enlarged with a patch 
of pericardium.43 This technique increases annular diameter 
by 2 to 4 mm or more, and only rarely are more radical tech-
niques necessary.44-46 Another maneuver to accommodate as 
large a prosthesis as possible is to place the necessary sutures 
for the mitral valve repair or replacement but not secure the 
mitral prosthesis until the aortic valve is implanted. This 
eliminates downsizing of the aortic prosthesis but does not 
compromise insertion of sutures in the superior portion of 
the mitral valve annulus.

After removal of the aortic valve, the right atrial cannula is 
repositioned, and the mitral valve is exposed through an inci-
sion posterior to the interatrial groove (see Fig. 44-1B). The 
presence or absence of thrombi in the left atrium is noted, 
and the mitral valve is inspected. When there is rheumatic 
disease of the aortic valve, the mitral valve almost always 
will be involved to some extent. If aortic valve replacement 
is necessary, the surgeon should have a low threshold for 
replacing a diseased mitral valve because scarring and fibro-
sis of the rheumatic process are progressive, and mitral valve 
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 Chapter 44 Multiple Valve Disease 947

Cardioplegia

Clamp

Aortic
cannula

Left atrial
incision

Exposure of
aortic valve

Mitral
valve

Mitral valve
replacement

Left
atrial
vent

Aortic valve
exposed

Right
Atrium

Left
Atrium

Aortic
incision

A B

C D

FIGURE 44-1 Aortic and mitral valve replacements showing sequence of (A) cannulation and (B) exposure of valves. (C-E) Mitral and aortic 
valve replacements showing the sequence of replacement of the mitral and aortic valves.

Aortic valve
replacement

E
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948 Part VI Valvular Heart Disease (Other)

repair (commissurotomy for stenosis or leaflet repair and 
annuloplasty for regurgitation) is less durable than repair 
for degenerative disease.47-49 In contrast, when aortic valve 
replacement is necessary because of calcification of a bicuspid 
valve or senescent calcification, repair of mitral valve regurgi-
tation owing to degenerative causes can be expected to give 
predictably good long-term results. Repair of the mitral valve 
is described in Chapter 41.

In preparation for replacement, the anterior leaflet of 
the mitral valve is excised, and when possible, a portion 
of the posterior leaflet with its chordal attachments is pre-
served to maintain left ventricular papillary muscle-annular 
continuity.50-52 Some surgeons make a special effort to 
preserve the anterior leaflet and its chordal attachments, 
believing that this has a further beneficial effect on ventricu-
lar performance.53 The mitral prosthesis is implanted using 
interrupted mattress sutures of 2-0 braided polyester rein-
forced with felt pledgets, which can be situated on the atrial 
or ventricular side of the valve annulus (see Fig. 44-1C). The 
leaflets of mechanical valves should be tested for free mobility 
following valve seating.

When atrial fibrillation is present preoperatively, we 
obliterate the left atrial appendage by oversewing its orifice 
from within the left atrium or ligating it externally. The left 

atriotomy is closed from each end with running polypro-
pylene sutures. Vent tubing is inserted through the partially 
closed left atriotomy and left in place while the aortic valve is 
being replaced (see Fig. 44-1D).

After appropriate exposure, the aortic prosthesis is sewn in 
place with interrupted 2-0 polyester mattress sutures backed 
with felt pledgets, and the aortotomy is closed, usually with 
two layers of 4-0 polypropylene. Any remaining air is evacu-
ated from the heart with the usual maneuvers, and a tack vent 
in the ascending aorta is placed on suction as the aortic clamp 
is removed. The vent is removed from the left atrium, and 
closure of the left atriotomy is secured.

In patients with annuloaortic ectasia, the mitral valve 
sometimes can be visualized and replaced through the 
enlarged aortic annulus.54

Aortic Valve Replacement and 
Mitral Valve Repair
Intraoperative transesophageal echocardiography is useful 
in assessing the degree of MR and, importantly, in identify-
ing the cause of valve leakage. When mitral valve regurgita-
tion is only moderate and leaflet morphology is normal, we 
expect mitral valve function to improve following relief of 

FIGURE 44-2 Combined mitral valve and tricuspid valve operation. The panels illustrate (A) cannulation, (B) transseptal incision, and 
(C) combined mitral valve and tricuspid valve operation: mitral replacement. (Superior vena cava snare not shown.)

A

Metal tipped
cannula in SVC

IVC
cannula

Aortic
cannula

Right
atrial

incision

Mitral
valve Fossa

wall Transseptal
incision

B

Mechanical
valve

C

Cohn_ch44_p0943-0964.indd   948 08/05/17   12:15 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 44 Multiple Valve Disease 949

severe aortic stenosis. In all other instances, the valve should 
be inspected directly to determine the need for repair or 
replacement.

Sternotomy, cannulation, and assessment of the aor-
tic valve proceed as described previously. When there is no 
indication of tricuspid valve disease and no other right atrial 
procedures are planned, venous return is obtained through a 
single two-staged cannula (Fig. 44-3A). Specific techniques of 
mitral valve repair depend on operative findings.55 Localized 
prolapse of a portion of the posterior leaflet with or without 
ruptured chordae usually is managed by triangular excision of 
that segment and repair with continuous 4-0 polypropylene 
suture.56 Ruptured chordae to the anterior leaflet are replaced 
with 4-0 or 5-0 polytetrafluoroethylene (PTFE) sutures 
inserted into papillary muscle and through the free edge of 
the prolapsing leaflet.57

Almost all leaflet repairs are supplemented with a posterior 
annuloplasty. Interrupted 2-0 braided polyester mattress sutures 
are placed along the posterior circumference of the annulus end-
ing at the right and left fibrous trigones (see Fig. 44-3A). Sutures 
then are spaced evenly through a flexible 6.0- to 6.5-cm–long 
partial ring; this standard length can be obtained by using a 
flexible 63-mm posterior annuloplasty band.49,58 Following 
annuloplasty, competence of the mitral valve is tested by filling 
the ventricle with saline or blood; the atrium then is closed, and 
the aortic valve prosthesis is sewn into place.

Mitral Valve Replacement and Tricuspid 
Valve Replacement or Repair
In most instances, tricuspid valve regurgitation is caused by 
annular dilatation.59 The severity of tricuspid valve leakage 
can be determined by transesophageal echocardiography 
before bypass and by digital exploration of the right atrium 
just before venous cannulation. Under general anesthesia, 

changes in blood volume and cardiac output can cause sig-
nificant fluctuation in the amount of regurgitation, and most 
often the severity of tricuspid valve leakage is lessened in the 
immediate prebypass period.

The patient’s clinical condition must be correlated with 
echocardiographic findings and intraoperative assessment of 
the tricuspid valve. Patients with an enlarged, pulsatile liver, 
peripheral edema, and jugular venous distention are likely 
to require tricuspid valvuloplasty following mitral valve 
replacement or repair. Patients without the stigmata of right-
sided heart failure usually have less severe valve leakage, and 
tricuspid valve function may improve without direct repair 
or replacement after left-sided valvular lesions are corrected.

The decision for repair or replacement of functional tri-
cuspid valve regurgitation at the time of mitral valve replace-
ment is important because the risk of subsequent reoperation 
is high. In our earlier experience, operative mortality was 
25% in patients who required later reoperation for tricus-
pid valve regurgitation. Further, TR progresses in 10 to 15% 
of patients after replacement of rheumatic mitral valves.60 
Therefore, we maintain a liberal policy for annuloplasty or 
prosthetic replacement at initial operation.61

PROCEDURE
For operations on the tricuspid valve, insertion of a Swan-
Ganz catheter is optional; if one is used, the catheter is with-
drawn from the right heart chambers during inspection and 
assessment of the tricuspid valve. We prefer direct cannula-
tion of the inferior and superior venae cavae.62 After com-
mencement of cardiopulmonary bypass and cardioplegia, 
the cavae are snared around the venous cannulae, and the 
interatrial septum and tricuspid valve are exposed through 
a right atriotomy (see Fig. 44-2A). A decision for repair or 
replacement of the tricuspid valve is made, and the necessary 
prosthesis is identified.

FIGURE 44-3 (A) Mitral valve repair and (B) tricuspid valve repair using a partial-ring annuloplasty. (Superior and inferior venae cavae snares 
not shown.)
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950 Part VI Valvular Heart Disease (Other)

When the tricuspid valve is also addressed, we tend to 
expose the mitral valve through an incision in the interatrial 
septum, which crosses the fossa ovalis and can be extended 
superiorly (see Fig. 44-2B). Care should be taken during 
retraction to avoid tearing the septum inferiorly toward the 
coronary sinus and triangle of Koch. Alternatively, the mitral 
valve can be exposed through a standard left atriotomy poste-
rior to the interatrial groove.

After repair or replacement of the mitral valve 
(see Fig. 44-2C), the septal or left atrial incision is closed, 
and the tricuspid valve is repaired or replaced. For tricus-
pid valve repair, we use either the DeVega method or ring 
annuloplasty.12,18,63,64 Both techniques are based on the obser-
vation that the anterior and posterior valve portions of the 
tricuspid valve annulus are more prone to dilatation than 
the septal leaflet portion of the annulus, as described previ-
ously. When ring annuloplasty is indicated, we prefer a flex-
ible device such as the Cosgrove-Edwards prosthesis65 or a 
partial Duran ring (see Fig. 44-3B). The use of a partial ring 
avoids placement of sutures in the annulus near the penetrat-
ing bundle of His and reduces risk of injury to conduction 
tissue. There have been conflicting reports regarding the supe-
riority of DeVega procedure versus prosthetic annuloplasty in 
improving freedom from recurrent TR.66-68

Minimally Invasive Approaches
Although addressed elsewhere in this textbook, minimally 
invasive approaches to primary and reoperative left- and 
right-sided valvular heart disease have been proposed. Various 
cannulation and cardioplegia techniques have been described 
as determined by the pattern of valve disease and patient 
anatomy.69a,b

Tricuspid Valve Replacement and 
Pulmonary Valve Replacement for 
Carcinoid Heart Disease
If there is no involvement of the mitral and aortic valves,59,70 
tricuspid and pulmonary valve replacement usually can be 
performed without the need for aortic occlusion and car-
dioplegic arrest. It is important to exclude the presence of a 
patent foramen ovale to eliminate the risk of air entering the 
left atrium, and if a defect in the atrial septum is identified, it 
is closed using a brief period of aortic occlusion. In the past, 
our strategy for patients with carcinoid heart disease was to 
replace the tricuspid valve and excise the diseased pulmonary 
valve.

Subsequent experience has suggested that right ventricu-
lar function is better preserved with a competent pulmonary 
valve, so we now favor pulmonary valve replacement rather 
than valvectomy.71 Tricuspid valve replacement always is 
indicated, and it is usually necessary only to remove the 
anterior leaflet. A recent review of 200 patients with car-
cinoid heart disease at our institution demonstrated that 
prognosis has improved in the current era and that valve 

replacement surgery was independently associated with pro-
longed survival.72

Carcinoid disease produces fibrosis and retraction of the 
leaflets, so anchoring sutures (interrupted mattress sutures 
of 2-0 braided polyester backed with felt pledgets) can be 
inserted into the remaining septal and posterior leaflets. We 
prefer to position the pledgets on the ventricular side of the 
valve annulus. If exposure is difficult, a brief period of aortic 
clamping and cardioplegic arrest is used during placement of 
sutures in the posterior and septal leaflets; the aortic cross-
clamp is removed, and the heart is allowed to beat rhythmi-
cally. The remaining sutures are placed, and all sutures are 
secured with observation of the electrocardiogram. If atrio-
ventricular block develops, the sutures in the area of the pen-
etrating bundle of His are removed and reinserted in a more 
superficial location.

Pulmonary valve replacement is performed through a lon-
gitudinal incision across the valve annulus onto the outflow 
portion of the right ventricle. We prefer to insert the pros-
thetic valve using a continuous 3-0 polypropylene suture, 
anchoring the sewing ring to the native valve annulus for 
approximately two-thirds of the valve annulus and then ante-
riorly to a pericardial patch that is used routinely to augment 
the valve annulus and facilitate closure of the pulmonary 
artery and right ventricle.

Triple-Valve Replacement
Operative preparation is similar to that described previously. 
Usually left-sided valvular lesions are corrected before tricus-
pid valve procedures. Again, if there is aortic valve regurgi-
tation, the aortotomy is performed first, and cardioplegia is 
administered; simultaneously, we snare the cavae and open 
the right atrium. After excision of the aortic valve and calibra-
tion of the annulus, the interatrial septum is incised, and the 
mitral valve is repaired or replaced. Next, the aortic valve is 
implanted, and after closure of the aortotomy and septotomy, 
the tricuspid valvuloplasty or prosthetic replacement can be 
performed without aortic cross-clamping.73

RHEUMATIC HEART DISEASE 
AFFECTING MULTIPLE VALVES
As shown in Table 44-3, rheumatic valvulitis is a common 
cause of multiple valve disease. Autopsy studies show that 
almost all patients with rheumatic heart disease have some 
involvement of the mitral valve, although it is not always evi-
dent clinically.74 The percentages of multiple valve involve-
ment in two autopsy studies of patients with rheumatic heart 
disease are shown in Table 44-4.

Forty-seven percent of those studied had involvement 
of more than one valve. Mitral and aortic valve disease was 
the most common combination and was present in 34% of 
patients; the second most common combination was mitral, 
aortic, and tricuspid valve disease (9%). A recent report has 
suggested that all four valves might be involved with the 
rheumatic process.75
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 Chapter 44 Multiple Valve Disease 951

Long-term follow-up of children with rheumatic heart 
disease suggests that approximately 50% of patients have mul-
tivalvular involvement.76,77 In a study of patients undergoing 
mitral valvotomy for rheumatic mitral stenosis (Table 44-5), 
13% had clinical evidence of other rheumatic valve steno-
sis or regurgitation. Most of these patients had associated 
rheumatic aortic disease.78

Rheumatic heart disease can cause valve stenosis, regur-
gitation, or a combination of lesions. The percentages of 
290 patients with specific valvular lesions from four studies of 
multiple valve disease are shown in Table 44-6. Mixed lesions 
producing stenosis and regurgitation were encountered most 
commonly in both aortic and mitral valves.

Rheumatic Mitral Stenosis with 
Rheumatic Aortic Regurgitation
Approximately 10% of patients with rheumatic mitral 
valve stenosis also have rheumatic aortic regurgitation.79,80 
Clinical and laboratory characteristics of patients with 
mitral stenosis and aortic regurgitation are summarized in 
Table 44-7.

PATHOPHYSIOLOGY
In patients with mitral valve stenosis and aortic valve regurgi-
tation, decreased cardiac output minimizes the classic signs of 
aortic regurgitation (eg, waterhammer pulse, head bobbing, 
and visibly pulsating capillaries). Also, concomitant mitral 
stenosis reduces left ventricular volume overload, which is 
a characteristic of isolated aortic regurgitation.81 The under-
filling of the left ventricle characteristic of mitral stenosis is 
offset by overfilling secondary to aortic valve regurgitation. 
Pulmonary artery hypertension characteristic of mitral steno-
sis usually is present.

OPERATIVE DECISION-MAKING
Patients with rheumatic mitral stenosis and rheumatic 
aortic regurgitation of more than a mild degree usually 
require replacement of both valves. Aortic valve repair is 

TABLE 44-3: Reports of Operations for 
Multiple Valve Disease, Showing the High 
Incidence of Rheumatic Heart Disease

Study
Patients  
(no.)

Patients with 
rheumatic 
heart disease, 
% (no.)

Combined mitral and aortic 
replacement150

86 100 (86)

Combined mitral and aortic 
replacement129

92 100 (92)

Combined mitral and aortic 
replacement with tricuspid  
repair62

109 98 (107)

Triple-valve replacement152 48 100 (48)
Combined mitral and aortic 

replacement101
54 85 (46)

Multiple valve procedures134 50 86 (43)
Triple-valve replacement33 91 100 (91)
Combined mitral and aortic 

replacement133
65 80 (52)

Mitral replacement and  
tricuspid surgery15

32 81 (26)

Combined mitral and aortic  
replacement160

166 64 (106)

Mitral and aortic procedures80 124 100 (124)
Multiple valve procedures166 102 100 (102)
Combined mitral and aortic 

replacement167
33 82 (27)

Mitral and aortic  
regurgitation168

39 67 (26)

Mitral and aortic stenosis88 32 100 (32)
Mitral and aortic stenosis86 141 100 (141)

TABLE 44-4: Results of Autopsy Series 
(1910-1937) Showing Multiple Valve 
Involvement in 996 Patients with Rheumatic 
Heart Disease

Valve lesion at 
autopsy Clawson169

Cooke  
and 
White170

Percentage of 
996 patients 
studied

All combinations 321 147 47
M-A 221 100 32
M-A-T 52 35 9
M-T 31 7 4
M-A-T-P 14 5 2
A-T 2 0 0.2
A-M-P 1 0 0.1

A, aortic valve; M, mitral valve; T, tricuspid valve; P, pulmonary valve.
Source: Modified with permission from Acker M, Hargrove WC, Stephenson LW: 
Multiple valve replacement, Cardiol Clin 1985; 3:425-430.

TABLE 44-5: Patients with Rheumatic Mitral 
Stenosis Undergoing Valvotomy with Clinical 
Evidence of Multiple Valve Disease

Valve lesion  
at surgery

Patients 
(no.)

Percentage of  
1000 patients with  
rheumatic mitral stenosis

All combinations 127 12.7
M-A 121 12.1
M-T 6 0.6

A, aortic valve; M, mitral valve; T, tricuspid valve. Does not include patients with 
tricuspid regurgitation.
Source: Modified with permission from Ellis LB, Harken DE, Black H: A clinical 
study of 1000 consecutive cases of mitral stenosis two to nine years after mitral 
valvuloplasty, Circulation. 1959 Jun;19(6):803-820.
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952 Part VI Valvular Heart Disease (Other)

possible using techniques such as cuspal extension with 
glutaraldehyde-treated bovine or autologous pericardium82 
or the Trussler technique.83 Although early results with cus-
pal extension have been good, inexorable progression of 
valve fibrosis may necessitate later prosthetic replacement 
for many patients.84

Preoperative transthoracic and intraoperative trans-
esophageal echocardiography aids in assessing function 
of the aortic valve in patients requiring surgery for mitral 
stenosis. At operation, the degree of ventricular filling and 
amount of aortic root distention with infusion of cardio-
plegia are clues to important aortic valve regurgitation. As 
stated previously, if mitral valve replacement is necessary, 
serious consideration should be given to replacement of the 
aortic valve when there is moderate or worse leakage owing 
to rheumatic valvulitis.

Great care should be exercised to avoid ventricular disten-
tion if ventricular fibrillation occurs before aortic clamping. 
If ventricular fibrillation develops, distention of the heart can 
be prevented by inserting a left ventricular vent and com-
pressing the heart manually. Also, even mild or moderate 
degrees of aortic regurgitation can complicate cardioplegia 
delivery through the proximal aorta.

Rheumatic Mitral Stenosis with 
Rheumatic Aortic Stenosis
PATHOPHYSIOLOGY
In contrast to isolated mitral stenosis, in which ventricular 
function frequently is preserved, the combination of mitral 
and aortic stenosis is associated with ventricular hypertro-
phy and diastolic dysfunction. The pressure load from the 
aortic stenosis causes a concentric hypertrophy with a small, 
noncompliant ventricular cavity.80 Mitral stenosis compro-
mises the ventricle’s ability to maintain cardiac output (in 
contrast to isolated aortic stenosis, in which cardiac output 
is maintained).85,86 The decrease in cardiac output minimizes 
the signs and symptoms of aortic stenosis and may make the 
diagnosis of aortic stenosis difficult.87 Other hemodynamic 
parameters are similar to those of isolated mitral stenosis, 
for example, elevation of left atrial and pulmonary arterial 
pressures.86,88

OPERATIVE DECISION-MAKING
Although mitral valve stenosis sometimes can be treated 
effectively with valvuloplasty, commissurotomy for rheu-
matic aortic stenosis is indicated rarely. Thus, for patients 
with both aortic and mitral valve stenoses caused by rheu-
matic heart disease, we favor prosthetic replacement with 
mechanical prostheses if patients can manage long-term 
anticoagulation. If aortic valve stenosis is only mild and 
the decision is made not to replace the aortic valve at the 
time of mitral valve replacement, then the patient should 
be followed carefully, because more than 50% will develop 
moderate to severe disease by 15 years postoperatively.89 
The combination of aortic stenosis and mitral stenosis may 
present unique problems for the surgeon. First, concentric 
hypertrophy of the left ventricle may displace the mitral 
valve orifice anteriorly, producing poor exposure through 
a standard atriotomy; several maneuvers and alternative 
incisions are described for patients in whom mitral valve 
exposure is difficult.87,90-94 Also, the small left ventricular 
cavity may impinge on struts of a stent-mounted biopros-
thesis. There is also the potential for left ventricular outflow 

TABLE 44-6: Hemodynamic Classification in Patients Undergoing Multiple Valve Surgery for 
Rheumatic Valvular Disease

Combined mitral and 
aortic surgery80

Triple-valve 
replacement152

Combined mitral and 
aortic replacement167

Triple-valve 
replacement33 Totals

Number in study 124 48 27 91 290
MS 53% (66) 19% (9) 30% (8) 22% (20) 35.5% (103/290)
MR 47% (58) 10% (5) 52% (14) 12% (11) 30.3% (88/290)
MS/MR — 71% (34) 19% (5) 66% (169) 34.1% (99/290)
AS 53% (66) 10% (5) 44% (12) 10% (9) 31.7% (92/290)
AR 47% (58) 35% (17) 41% (11) 33% (30) 40% (116/290)
AS/AR — 54% (26) 15% (4) 57% (52) 28.3% (82/290)

AR, aortic regurgitation; AS, aortic stenosis; MR, mitral regurgitation; MS, mitral stenosis.

TABLE 44-7: Characteristics of Patients 
with Combined Mitral Stenosis and Aortic 
Regurgitation

Mitral stenosis and aortic  
regurgitation Terzaki et al80

Number of patients 26
Symptom of dyspnea 100% (26)
Electrocardiographic evidence of LVH 62% (16)
Roentgenographic evidence of LVH 54% (14)
Symptom of angina 23% (6)
Aortic diastolic pressure >70 mm Hg 46% (12)
Elevated LVEDP 38% (10)

LVEDP, left ventricular end-diastolic pressure; LVH, left ventricular hypertrophy.
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 Chapter 44 Multiple Valve Disease 953

obstruction from high-profile prostheses in the mitral posi-
tion in patients with aortic and mitral valve stenoses and 
small left ventricular cavity size.

Rheumatic Mitral Regurgitation with 
Rheumatic Aortic Regurgitation
PATHOPHYSIOLOGY
The combination of mitral and aortic valve regurgitation 
produces severe volume overload of the left ventricle. The 
reduction of impedance to ejection allows the ventricle to 
empty further, reducing ventricular wall tension with a result-
ing increase in the velocity of shortening.95 Chronic volume 
overload increases stroke volume and distention of the left 
ventricle so that a larger stroke volume can be achieved with 
less myocardial fiber shortening than in normal hearts.80 
Patients who respond to increased volume load by left ven-
tricular dilatation appear to tolerate surgical correction better 
than patients with left ventricular hypertrophy owing to an 
increased pressure load.80 Patients with aortic valve regurgita-
tion have augmented stroke volume to maintain an adequate 
cardiac output, but when MR coexists, part of the augmented 
stroke regurgitates into the left atrium and pulmonary veins. 
For this reason, when aortic regurgitation is severe, concomi-
tant MR greatly reduces systemic cardiac output and can pro-
duce severe pulmonary congestion.96

OPERATIVE DECISION-MAKING
As stated previously, aortic valves involved with rheumatic 
disease usually require replacement. When the mitral valve 
also has rheumatic involvement, we replace the mitral valve 
at the time of aortic valve operation. After the aortic valve is 
excised, the mitral valve is inspected visually if it is suspected 
of being diseased or the degree of regurgitation is severe.

MYXOMATOUS AND PROLAPSING 
VALVE DISEASE AFFECTING 
MULTIPLE VALVES
Myxomatous degeneration is the most common etiology of 
MR requiring surgical correction in North America, and 
myxomatous aortic valve disease with annular dilatation is 
perhaps the most common cause of aortic regurgitation.97-99 
Most cases of isolated mitral or aortic valve prolapse are 
not associated with known connective tissue disorders. 

However, the coexistence of both mitral and aortic val-
vular prolapse together frequently can be seen in patients 
with connective tissue diseases such as Marfan’s syndrome, 
Ehlers-Danlos syndrome, osteogenesis imperfecta, and 
others.96

Aortic valve regurgitation in patients with Marfan’s syn-
drome is caused by progressive enlargement of the sinus 
portion of the aorta and the aortic valve annulus, that is, 
annuloaortic ectasia.100,101 The principal causes of MR in 
patients with Marfan’s syndrome are mitral annular dila-
tation, floppy or prolapsing leaflets, and mitral annular 
calcification.101 The pathologic lesion in Marfan’s syndrome 
is cystic medial necrosis, which is characterized by degenera-
tion of elastic fibers and infrequent cysts.101 Alterations in the 
synthesis and cellular secretion of fibrillin are responsible for 
the phenotypic characteristics of many patients with Marfan’s 
syndrome.102 Some patients have myxomatous cardiovascu-
lar lesions and annuloaortic ectasia without the other clinical 
characteristics of Marfan’s syndrome.

Two-dimensional echocardiographic studies show that the 
frequency of aortic valve prolapse in patients with mitral valve 
prolapse varies between 3 and 24%103,104 (Table 44-8). In one 
necropsy study, the frequency of MR in Marfan patients with 
aortic aneurysms (most with aortic regurgitation) was 54% 
(7 of 13).101 About 17% of patients who undergo surgery for 
myxomatous aortic valve require surgical correction of MR 
(Table 44-9).

TABLE 44-8: Incidence of Echocardiographic 
Evidence of Aortic Valve Prolapse in Patients 
with Mitral Valve Prolapse

Ogawa  
et al104

Rippe 
et al103

Mardelli 
et al171

Total

Number of 
patients with 
MVP

50 400 75 525

Aortic valve 
prolapse

24% (12) 3% (11) 20% (15) 7% 
(38/525)

Aortic 
regurgitation

16% (8) 1% (4) — 3% 
(12/450)

Aortic and 
mitral valve 
replacement

2% (1) — — 2% (1/50)

MVP, mitral valve prolapse. Number of patients in parentheses.

TABLE 44-9: Frequency of Mitral Valve Procedures in Patients Undergoing Aortic Valve Repair or 
Replacement for Myxomatous Degeneration, Prolapse, or Root Dilation

David172 Gott et al173 Shigenobu et al97 Agozzino et al100 Bellitti et al99 Total

All aortic surgery 18 270 13 69 25 395
Number requiring concomitant 

mitral surgery
3 (17%) 36 (13%) 5 (38%) 16 (23%) 3 (12%) 73 (16%)
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954 Part VI Valvular Heart Disease (Other)

Although multiple valve involvement with myxomatous 
degeneration usually manifests as MR in combination with 
aortic regurgitation, in some cases, all four valves may be 
involved.105 It is not clear whether the underlying pathology 
of isolated mitral valve prolapse is the same as the cardio-
vascular lesions that occur in Marfan’s syndrome and other 
multiple-floppy-valve syndromes.106,107

Diagnosis, Signs, and Symptoms
Signs and symptoms of aortic and mitral valve regurgitation 
are reviewed in the section on rheumatic valvular disease. 
In addition to complete evaluation of the aortic and mitral 
valves and proximal aorta, patients with Marfan’s syndrome 
should have assessment of the descending aorta for aneurysm 
or chronic dissection.

Operative Decision-Making
If annuloaortic ectasia is not present, patients with mitral and 
aortic valve regurgitation caused by myxomatous degenera-
tion are candidates for repair of both valves. The aortic valve 
is inspected initially, and the decision for repair or prosthetic 
replacement is made depending on cuspal morphology. If 
tissue is sturdy and there is little prolapse or prolapse is 
limited to one cusp, repair can be undertaken with commis-
sural narrowing and cusp resuspension. Often, aortic valve 
regurgitation is central, and simply narrowing the annu-
lus by commissural plication restores valvular competence. 
Outcome of repair of both mitral and aortic valves has been 
good in terms of patient survival and freedom from valve-
related complications, but reoperation is necessary in 35% 
of patients 10 years after the initial procedure; patients with 
most severe aortic valve regurgitation have an increased risk 
of late reoperation.108 If tissue is attenuated, or if multiple 
cusps have severe prolapse, the valve is replaced.

In most instances, patients with Marfan’s syndrome and 
aortic regurgitation require composite replacement of the 
aortic valve and ascending aorta.109 Occasionally, moder-
ate aortic regurgitation can be repaired at the time of aortic 
replacement by suspending the aortic valve inside a tube graft 
or remodeling the sinus portion of the aorta.110 Even if the 
aortic valve is replaced with a composite graft and mechani-
cal valve, the surgeon should favor repair of associated mitral 
regurgitation.111 Gillinov and colleagues reported that valvu-
loplasty is possible in approximately 80% of patients with MR 
and Marfan’s syndrome and that 5 years postoperatively 88% 
of patients are free of significant mitral valve insufficiency.112

Myxomatous Mitral Regurgitation with 
Tricuspid Regurgitation
Myxomatous degeneration also may involve the tricuspid 
valve, and presentation of mitral and tricuspid valve regur-
gitation owing to degenerative disease is not uncommon. 
In one study, 54% of patients with mitral valve prolapse 
also had tricuspid valve prolapse; however, most of these 

patients did not have significant regurgitation.96 As with TR 
associated with rheumatic mitral disease, preoperative and 
intraoperative echocardiography is important in evaluating 
tricuspid disease in patients with myxomatous mitral regur-
gitation. In contrast with rheumatic disease, myxomatous 
mitral and tricuspid regurgitation almost always lends itself 
to valve repair.

SENILE CALCIFIC AORTIC VALVE 
DISEASE WITH MULTIPLE VALVE 
INVOLVEMENT
Unlike aortic stenosis caused by rheumatic disease, in which 
associated mitral valve disease is common, senile calcific aor-
tic stenosis usually presents as an isolated lesion. Although 
the combination of mitral valve disease and senile calcific 
aortic stenosis is uncommon, senile aortic calcification is a 
frequent cause of aortic valve stenosis.98 The incidence of 
senile calcific aortic disease has increased steadily in the last 
20 years. Therefore, although mitral valve disease associated 
with calcific aortic stenosis is less common than that seen 
with rheumatic disease of the aortic valve, as the incidence 
of calcific aortic stenosis increases, so does the likelihood of 
encountering patients with disease of both valves.

Patterns of Multiple Valve Involvement 
with Calcific Aortic Stenosis
CALCIFIC AORTIC STENOSIS WITH INFECTIVE 
ENDOCARDITIS OF THE MITRAL VALVE
Stenotic aortic valves frequently are sites of infective endocar-
ditis. As discussed in the section on endocarditis, the mitral 
valve may become involved with infective endocarditis by 
common abscess, by verrucous extension, or from a jet lesion, 
and infection may cause mitral valve aneurysm, perforation, 
and/or chordae disruption.113 Management of these patients 
usually requires aortic valve replacement and assessment of 
the mitral valve at the time of operation. Vegetations of the 
mitral valve sometimes can be removed and perforations 
patched if the remaining tissue is sturdy and appears healthy.

CALCIFIC AORTIC STENOSIS WITH FUNCTIONAL 
MITRAL VALVE DISEASE
Senile calcification of the aortic valve may lead to mixed ste-
nosis and regurgitation,98 and the volume load from regurgi-
tation may lead to left ventricular dilatation and secondary 
MR of an otherwise normal mitral valve.98 MR secondary to 
aortic valvular disease is discussed in the section on patho-
physiology of multiple valve disease.

CALCIFIC AORTIC STENOSIS WITH  
CALCIFICATION OF THE MITRAL VALVE
Degenerative calcification is an age-related process usually 
affecting the aortic and mitral valves. In a study of patients 
older than 75 years of age, one-third had degenerative aortic 
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 Chapter 44 Multiple Valve Disease 955

or mitral calcification.96 About 25 to 50% of patients with 
calcific aortic stenosis have calcification of the mitral valve 
annulus. Generally, patients with associated mitral annu-
lar calcification are older, have more severe aortic stenosis, 
and are more often female when compared with patients 
with aortic stenosis without mitral annular calcification.114 
Mills reported 17 patients undergoing mitral valve replace-
ment for valvular disease related to severe annular calcifica-
tion. Four of these patients also had concomitant aortic valve 
replacement.115 Mitral annular calcification may exist in the 
setting of rheumatic or myxomatous disease.116 These patients 
may have increased incidence of conduction defects,117 aortic 
outflow murmurs, coronary artery disease,118 and stroke.119 
Mitral repair or replacement is facilitated in some circum-
stances by removal of the annular calcium bar and pericardial 
reconstruction.120

Table 44-10 compares New York Heart Association 
(NYHA) class-matched groups that had multiple valve proce-
dures for infective endocarditis and for other reasons.

CARCINOID HEART DISEASE 
AFFECTING MULTIPLE VALVES
Valvular heart disease develops in about 50% of patients with 
carcinoid tumors; patients with primary carcinoid tumor in 
the small intestine are more likely to have carcinoid heart 
disease than those with carcinoid tumors in other loca-
tions.1 In most cases, the tricuspid and pulmonary valves are 
involved. We have offered valvular surgery to patients with 
severe symptoms of right-sided heart failure caused by car-
cinoid heart disease whose systemic carcinoid symptoms are 
controlled by octreotide and/or hepatic dearterialization.121 
Patients who are being considered for complete resection of 
hepatic metastases after control of the primary tumor are 
also candidates for extirpation of cardiac disease and valve 
replacement. A recent review of 200 patients with carcinoid 
heart disease from our institution revealed that survival has 
improved over the past decade. Multivariate analysis indi-
cated that valve replacement surgery was associated with a 
risk reduction of 0.48.70

Diagnosis, Signs, and Symptoms
Jugular venous distention with v-waves (from TR) and 
a-waves (from tricuspid stenosis) can be evident. Right 
ventricular enlargement can produce a pericardial lift. 
Most patients have murmurs from the tricuspid and pul-
monary valves.121 Patients often demonstrates ascites and 
liver enlargement as a result of either right-sided heart fail-
ure or hepatic metastases or both. Therefore, these find-
ings are not necessarily indicative of severe tricuspid valve 
regurgitation.

The electrocardiogram of patients with carcinoid heart 
disease often shows low voltage (85%), right bundle-
branch block (42%), and evidence of right atrial enlarge-
ment (35%).1,121 The chest x-ray characteristically shows 
cardiomegaly (69%), pleural effusions (58%), and pleural 
thickening (35%).121

Echocardiography
Echocardiographic findings of carcinoid heart disease include 
thickening and reduced motion of the tricuspid valve leaflets; 
the pulmonic valve cusps may be thickened and retracted. 
Fusion of the pulmonary valve commissures results in a stiff 
fibrotic ring that may cause a stricture in the entire pulmo-
nary orifice. Pulmonary regurgitation and stenosis both may 
be present.122

Invasive Studies
Cardiac catheterization is not necessary unless ischemic 
symptoms or a history of myocardial infarction suggests coro-
nary artery disease.

Pathophysiology
Carcinoid heart disease results from deposition of plaques on 
the endocardium of the valves and atria; this usually occurs 
on the right side of the heart. However, plaques can develop 
on the mitral and aortic valves when there is carcinoid tumor 
in the lungs or in the presence of intracardiac shunting that 
bypasses the lungs. Valves are damaged by exposure to circu-
lating substances released from carcinoid tumors such as sero-
tonin and bradykinin. Both these components are inactivated 
by the lungs and the liver; the relationship between tumor 
location and the location of cardiac lesions is summarized 
in Table 44-11.123 The plaques usually deposit on the down-
stream side of the cardiac valves, causing adherence of the 
leaflet to the underlying structures and producing functional 
regurgitation. Carcinoid plaque deposition also may constrict 
the valve annulus and produce stenosis.1

The dominant functional lesion of carcinoid heart disease 
is tricuspid valve regurgitation; the valve is fixed in a semio-
pen position so that some degree of stenosis is present. Fibro-
sis and plaque deposition also affect the pulmonary valve, 
causing mixed stenosis and regurgitation, which increases the 
degree of TR.1

TABLE 44-10: Comparison of Early Outcome 
between Patients having Multiple Valve 
Surgery for Infective Endocarditis and 
Patients having Multiple Valve Surgery for 
other Reasons9,106

Class II Class III Class IV

Multiple valve procedures  
for infective endocarditis

20% (15) 33% (3) 20% (5)

Multiple valve procedures  
for other causes

16% (25) 12% (25) 36% (25)

Operative mortality is expressed as percentage, and numbers of patients are in 
parentheses.
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956 Part VI Valvular Heart Disease (Other)

Operative Decision-Making
TIMING OF OPERATION
The primary indications for surgery are increasing symp-
toms of congestive failure with objective evidence of valvular 
disease.124 Again, it should be noted that some of the signs 
of right-sided heart failure, such as peripheral edema, asci-
tes, and hepatomegaly, can be caused by the primary disease. 
Another indication for operation may be progressive right 
ventricular enlargement in the absence of symptoms. In a 
small series of carcinoid patients, right ventricular size and 
function did not correlate with operative or late mortality.121 
Currently, we employ exercise testing to provide an objective 
assessment of the functional status and a guideline to the tim-
ing of cardiac surgery. If the primary cause for debilitation is 
right-sided heart failure, it is reasonable to offer valve replace-
ment even though the prognosis may be guarded.125

Tricuspid Valve Operation
The tricuspid valve always requires replacement, and in our 
earlier experience, we used mechanical prostheses because of 
the possibility of carcinoid plaque formation on a biopros-
thesis. However, review of our patients and those reported 
previously shows little difference in patient survival with 
mechanical or tissue valves. Bioprostheses are selected for 
patients who have liver dysfunction that would complicate 
anticoagulation with Coumadin and those who will undergo 
subsequent hepatic resection or hepatic artery embolization.

Pulmonary Valve Options
As stated previously, we now advise valve replacement rather 
than excision when the pulmonary valve is involved.

Management of the carcinoid syndrome during and early 
after operation is critically important, and this has been sim-
plified greatly by treatment with long-acting octreotide; this 
is supplemented intraoperatively with intravenous adminis-
tration of short-acting octreotide when there is evidence of 
flushing and vasodilatation.126 Preoperative steroids and anti-
histamines also can be used to prevent adverse effects from 
tumor-released mediators.126,127 We usually give octreotide, 
500 μg intravenously, before induction of anesthesia, with 
additional intravenous doses given as needed at the onset 

and termination of cardiopulmonary bypass. Postoperatively, 
octreotide is continued, and the dose is adjusted according 
to the severity of the flushing and vasodilatation. Aprotinin, 
a kallikrein inhibitor, may mitigate the effects of substances 
released by carcinoid tumors during anesthesia and reduce 
intraoperative and postoperative bleeding.126

RARE CAUSES OF MULTIPLE 
VALVE DISEASE
Table 44-12 lists some rare causes of multiple heart valve 
disease that require surgical correction.

RESULTS OF MULTIPLE 
VALVE SURGERY
Long- and Short-Term Mortality
Survival following multiple valve surgery has improved along 
with refinements in myocardial protection; for example, 
mortality for multiple valve operations performed using 
normothermic ischemic arrest was approximately 40%;128 
the use of cardioplegic arrest reduced operative risk by three-
fourths.80,128,129 In recent reports,130 operative mortality 
(30-day mortality or hospital mortality) ranges from about 
6 to 17% (Table 44-13, part A). The 5-year actuarial sur-
vival is 60 to 88% (see Table 44-13, part B), and the 10-year 
actuarial survival is 43 to 81% (see Table 44-13, part C). 

TABLE 44-11: A Comparison of Venous 
Drainage, Presence of Liver Metastases, and 
Carcinoid Plaque Location in Relation to 
Location of Primary Carcinoid Tumor174

Tumor 
location

Venous 
drainage

Liver 
metastases

Plaque 
location

Gut Portal Yes Right-sided
Ovary Systemic No Right-sided
Bronchial Pulmonary No Left-sided

TABLE 44-12: Rare Causes of Multiple Valve 
Disease Requiring Surgery

Disease
Valves replaced or 
repaired

Methysergide/ergotamine toxicity96 Aortic and mitral
Fenfluramine-phentermine175 Left and right heart 

valves
Ergot-derived dopamine agonists176 Left and right heart 

valves
3,4 Methylenedioxymethamphetamine 

(Ecstasy)177
Mitral and tricuspid

Radiation injury174,178 Mitral and tricuspid
Q-fever endocarditis179 Aortic and mitral
Ectodermal anhydrotic dysplasia180 Aortic and mitral
Maroteaux-Lamy syndrome 

(mucopolysaccharidosis type VI)181
Aortic and mitral

Werner syndrome (adult progeria)182 Aortic and mitral
Blunt trauma183 Mitral and tricuspid
Lymphoma184 Aortic and mitral
Relapsing polychondritis185 Aortic and mitral
Systemic lupus erythematosus186 Mitral and tricuspid
Secondary hyperparathyroidism187 Aortic and mitral
Urticarial vasculitis syndrome (HUVS) 

with Jaccoud hands deformity188
Aortic and mitral
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 Chapter 44 Multiple Valve Disease 957

TABLE 44-13: Summary of Morbidity and Mortality Following Multiple Valve Surgery

DVR MVR AVR p value Valve type Reference

A. Operative mortality (percent) 5.6       Various* Teoh et al132

  5.9 4.3 2 — SJM Horstkotte et al144

  6.3 5.2 3.1 — SJM Smith et al189

  6.5       SJM Armenti et al129

  7.2 4.7 3.9 — SJM Aoyagi et al165

  8.0 — — — SJM Emery et al190

  8.2 4.3 2.4 — SJM Ibrahim et al191

  10       Hancock II David et al192

  10.5       C-E Jamieson et al193

  10.8 11.3 7.8 — Sorin Disc Milano et al194

  10.8       Various* Galloway et al130

  11.6 7.5 5.1 — C-E Bernal et al139

  15.5 — — — Various Leavitt et al195

  17.5       Various* Mattila et al134

B.  5-Year actuarial survival  
(percent) 

88 88 91 N.S. SJM Aoyagi et al165

86 86 94 MVR or DVR < 
AVR p < .05

<SJM Smith et al189

  78       Various* Galloway et al130

  75       C-E Bernal et al139

  73       Hancock II David et al192

  70       C-E Jamieson et al193

  62       MIPB Lemieux et al196

  61 65 75 DVR < MVR or 
AVR p < .01

SJM Khan et al128

  60       SJM Armenti et al129

  **** **** **** DVR < AVR or 
MVR p < .006

B-S Alvarez et al136

C.  10-Year actuarial survival 
(percent) 

81 80 81 N.S. SJM Aoyagi et al165

72 78 85 — SJM Horstkotte et al144

  60 59 71 N.S. SJM Ibrahim et al191

  55 63 65 — B-S Orszulak et al197

D.  Thromboembolism (percent  
per patient-year) 

0.3 0.3 0.6 — SJM Smith et al189

0.79 1.6 1.3 — SJM Nakano et al198

  1.3 1.1 1.0 N.S. SJM Aoyagi et al165

  2.1       Various* Mattila et al134

  2.1 1.2 1.3 N.S. Sorin Disc Milano et al194

  4.5       Various* Mullany et al62

  4.6       SJM Armenti et al129

  4.6 4.3 2.1 — B-S Orszulak et al197

  5.0 4.4 2.4 — SJM Ibrahim et al191

  6.6 5.1 3.7 — SJM Horstkotte et al144

E.  10-Year freedom from 
thromboembolism (percent) 

89 92 91 — C-E pericardial Pelletier et al199

89 89 94 N.S. SJM Aoyagi et al165

  89 83 — — C-E van Doorn et al200

  86 88 80 — Hancock II David et al192

  77 79 87 — B-S Orszulak et al197

  ξ ξ ξ N.S. B-S Alvarez et al136

(Continued)
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958 Part VI Valvular Heart Disease (Other)

Risk factors identified for morbidity and mortality following 
multiple valve surgery include advanced NYHA class,131-133 
advanced age,131-135 current or prior myocardial revascular-
ization,134 ejection fraction,131 presence of coronary artery 
disease,131,132 aortic stenosis,136 elevated pulmonary artery 
pressure,134 TR,136 and diabetes mellitus.134

Clearly, operative mortality is influenced by patient 
selection,133 and comparisons among studies are of lim-
ited value.133 Causes of death after multiple valve surgery 
are low cardiac output,133,136-139 myocardial infarction,134 
technical failure,139 multiple-organ failure,34 ventricular 
rupture,101,134,137 and mechanical obstruction of the pros-
thetic leaflet.101,138 Comparisons of late survival between 
patients having multiple valve versus single-valve replace-
ment are inconsistent. Some studies show poorer survival132 
after multiple valve replacement, and others report no sig-
nificant difference in survival.34,125,128,135-140 The discrepancy 
in these results may be because the majority of deaths in 
many reports are secondary to progression of coronary 
artery disease and noncardiac causes rather than valve-
related issues.129,131 The presence of coronary artery disease 
and concomitant coronary artery surgery increases mortal-
ity following multiple valve surgery.134,141,142

Some causes of early death following multiple valve surgery 
are perhaps less common today owing to changes in practice. 

In a necropsy study from 1963 to 1985 of patients who died 
early following double-valve replacement, prosthetic valve 
dysfunction secondary to mechanical interference was evi-
dent in almost 50%, and ventricular rupture had occurred 
in 15% of patients.101 Most of these patients received Starr-
Edwards caged-ball prosthetic valves. Mechanical failure of 
low-profile tilting-disk prostheses that are in current use is 
rare, and early valve-related death with this type of prosthesis 
is very unusual.34,132,133,143 The current practice of preserving 
the posterior leaflet and chordal attachments of the mitral 
valve during prosthetic replacement may decrease the chance 
of ventricular disruption.144

Thromboembolism
Thromboembolic rates following multiple valve replacement 
are shown in Table 44-13, part D, and range from 1 to 7% per 
patient-year for double-valve replacement. Ten years postoper-
atively, freedom from thromboembolic events ranges from 77 
to 89% (see Table 44-13, part E). Although the data presented 
in Table 44-13, part D, along with other sources,145 do not 
indicate significant differences between single-valve replace-
ment and multiple valve replacement, some reports suggest 
that both mechanical146 and bioprosthetic147 valves have an 
increased risk of thromboembolism in the mitral position. 

TABLE 44-13: Summary of Morbidity and Mortality Following Multiple Valve Surgery

DVR MVR AVR p value Valve type Reference

F.  Anticoagulation-related 
hemorrhage (percent per 
patient-year)  

0.1 0.2 0.1 — SJM Nakano et al198

0.5 0.3 0.4 — SJM Aoyagi et al165

0.9 0.9 0.9 N.S. Sorin Disc Milano et al194

  1.2       SJM Armenti et al129

  1.2 0.7 0.2 — SJM† Horstkotte et al144

  4.5 2.1 1.2 — SJM‡ Horstkotte et al144

  ξ ξ ξ DVR > AVR or 
MVR p < .05

B-S Alvarez et al136

G.  Endocarditis (percent per 
patient-year) 

0.2 0.06 0.21 — St. Jude Nakano et al198

0.3 0.03 0.4 — St. Jude Aoyagi et al165

  2.1       Various* Mattila et al134

  2.5       SJM Armenti et al129

  ξ ξ ξ DVR > AVR or 
MVR p < .05

B-S Alvarez et al136

H.  8-, 10-, and 15-year freedom 
from structural deterioration  
for bioprostheses (percent)  

77 79 87 — C-E pericardial Pelletier et al199

59.6 70.8   — C-E van Doorn et al200

44 33 62 p < .03 C-E Bernal et al145

  38 58 80 DVR < MVR,  
AVR p < .05

MP Pomar et al141

*Includes some patients with concomitant tricuspid procedures.
†dR INR 1.75 2.75.
‡INR 4 = 6.
ξResults reported graphically.
Comparisons to isolated aortic and mitral valve procedures from the same series are included when available. If statistical analysis between the results of multiple and single 
valve procedures was reported, the p values are included. If a series was limited to a single valve type, it is listed.
AVR, isolated aortic valve replacement; B-S, Björk-Shiley; C-E, Carpentier-Edwards; DVR, double-valve replacement; MIPB, medtronic intact porcine bioprosthesis; MP, 
mitroflow pericardial; MVR, isolated mitral valve replacement; N.S., not statistically significant; SJM, St. Jude Medical.

 (Continued)
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 Chapter 44 Multiple Valve Disease 959

This risk is present early (90 days after operation) in patients 
undergoing multiple valve replacement that includes a bio-
prosthetic mitral valve.147

Anticoagulation-Related Hemorrhage
Rates of anticoagulant-related hemorrhage following mul-
tiple valve replacement, as with single-valve surgery, depend 
on target international normalization ratio (INR).148 Risks of 
hemorrhage are reported to be 0.1 to 4.5% per patient-year 
following multiple valve surgery (see Table 44-13, part F). 
Alvarez et al reported a significantly higher rate of antico-
agulant-related hemorrhage following multiple valve replace-
ment than following single-valve replacement.136

Prosthetic Valve Infective Endocarditis
Rates of infective endocarditis following multiple valve 
surgery range from 0.2 to 2.5% per patient-year, as shown 
in Table 44-13, part G. In comparison with isolated valve 
surgery, Alvarez et al reports that prosthesis infection is more 
frequent following double-valve replacement than following 
either isolated aortic (p < .05) or mitral valve replacement 
(p < .001).136

Valve Performance
Rates of bioprosthetic structural deterioration relate to valve 
position; tissue valves appear to fail earlier in the mitral posi-
tion than in the aortic position. When multiple valve replace-
ments include the mitral valve, the rates of deterioration are 
similar149 or even worse than145 isolated mitral valve replace-
ment (see Table 44-13, part H).

COMPARISON OF BIOPROSTHETIC 
VALVES TO MECHANICAL VALVES
Comparisons of outcomes of patients with two or more 
mechanical prostheses with those of patients with two or more 
bioprostheses show similar rates of thromboembolism,28,148 
but freedom from operation favors those with multiple 
mechanical valves.31,150,151 As might be expected, antico-
agulation-related hemorrhage is less in patients with two 
bioprosthetic valves,150,152 but there is no clear advantage 
of one prosthesis over the other in terms of early and late 
mortality.31,150,152

Results of Tricuspid Valve Procedures 
with Other Valve Procedures
RESULTS OF MITRAL AND TRICUSPID 
VALVE OPERATIONS
Reported operative mortality following mitral valve replace-
ment and tricuspid valve repair or replacement is approxi-
mately 12 to 15%,153 and 65 to 75% of patients are alive 
5 years postoperatively.134,153 Outlook for patients with lesser 

degrees of TR at the time of mitral valve replacement is good; 
5-year actuarial survival for patients with TR who do not 
have tricuspid valve repair or replacement is 80 to 84%, and 
10-year survival is 62 to 77%.154

Triple-Valve Surgery
The median age of 8021 triple-valve patients studied in the 
STS ACSD was 67 years; 60% were women; 4488 (56%) had 
NYHA class III to IV symptoms; and mean ejection fraction 
was 50%. The frequency of mitral valve repair increased over 
the period of the study from 13 to 41%. Tricuspid valve repair 
also became more frequent over time from 86 to 96%. The 
incidence of early death declined from 17 to 9%. Importantly, 
the performance of mitral and tricuspid valve repair (vs replace-
ment) diminished the likelihood of postoperative death.155

Double-Valve Replacement
In North America, mortality for mitral and tricuspid 
replacement was 16.8% (n=1,130).  For patients having 
mitral valve repair and tricuspid valve replacement (n=216) 
mortality was 10.2%, and for patients undergoing mitral 
valve replacement and tricuspid valve repair (n=11,448) 
mortality was 10.2%.  Operative risk of combined mitral 
and tricuspid valve repair was 8.0% (n=8,262).155a Indepen-
dent predictors of mortality were age, renal failure with dial-
ysis, emergency status, second or more reoperations, later 
surgical date, and valve repair. The authors suggested that 
expanding efforts to repair mitral and tricuspid valves in 
patients requiring double-valve surgery appear warranted.

Rates of thromboembolism in patients with double-valve 
replacements are reported to be 5% per patient-year.62

Other Results
The operative mortality for double re-replacement is about 
10 to 20%.132,156 Incidence of postoperative ventricular 
arrhythmias is higher in patients having combined valve 
surgery than in those having single-valve surgery.157 Hemolysis 
may be more common with multiple valve disease or follow-
ing multiple valve replacement.158,159

The incidence of perivalvular leak following multiple valve 
surgery is about 4% per patient-year and may be more fre-
quent following multiple valve surgery than following single-
valve surgery.138,140

When multiple valve surgery is combined with myocar-
dial revascularization, the morbidity and mortality are 12 to 
24%.141,160 Early death in this group of patients is associated 
with prolonged perfusion time, the need for postoperative 
inotropic support, and high blood loss.165

Triple-valve surgery via a right thoracotomy has been 
reported.161,162 Proposed benefits include quicker return to 
normal activity, a shorter mechanical ventilation time, and 
less blood loss. The ability to disseminate the techniques nec-
essary for the performance of this procedure in the general car-
diac surgical community will need to be further explored.163
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Recently, there have been exciting developments involving 
new technologies for the surgical treatment of valvular heart 
disease associated with coronary artery disease (CAD). Inter-
ventional therapies for coronary artery obstruction have been 
extended to multivessel disease with hybrid procedures (tar-
geted percutaneous interventions staged with limited access 
surgical coronary bypass surgery) and continues to change the 
number and nature of patients referred for surgery.1 Similarly, 
the surgical treatment of structural valvular heart disease has 
continued to expand with advances in techniques for repair, 
as well as total valve replacement and valve-sparing repair 
options for both aortic and mitral valve abnormalities.2 Most 
recently, bioprosthetic valve manufacturing advances in regard 
to calcium mitigation, tissue processing, and hemodynami-
cally superior prosthetic valve stent designs have improved 
prosthetic valve durability, thereby broadening the valve 
replacement options for young and old alike.3 The advent of 
transcatheter valve replacement (TAVR procedures) has also 
quickly become a commercial reality and has proven to be 
safe and efficacious in numerous studies. The stunning early 
success of the TAVR approach has allowed this remarkable 
new option to become commonplace in many institutions 
in hospitals around the world.4 Most importantly, perhaps, is 
that transcatheter valvular interventions have provided very 
high-risk patients, such as the elderly or those with a myriad 
of threatening comorbidities, a viable new option to consider.

There are numerous issues the surgeon must consider 
when planning treatment strategies in the patient with com-
bined valvular and CAD. It is uncommon for today’s sur-
geon to see a patient with simple aortic or mitral valvular 
disease who also has straightforward proximal CAD. Indeed, 
it is more often a patient presents with complex, acute valvu-
lar/ventricular pathology, with superimposed diffuse, CAD. 
The prevalence of presurgical interventional options means 
that patients now undergo more aggressive medical therapy 
and multiple intracoronary dilation attempts before being 
referred for surgical evaluation. As a result, they are often 
referred at an older age and with more complex comorbidi-
ties, with more diffuse disease, persistent dysrhythmias, and 
worsening ventricular function. This older, sicker cohort of 
patients now referred for surgery are understandably at much 

higher risk for postoperative morbidity and mortality than 
in previous eras. Consequently, contemporary surgeons often 
face difficult therapeutic dilemmas that usually requires a 
more flexible, systematic, and thoughtful approach. In fact, 
current decision-making is more often a result of multidisci-
plinary heart teams, utilizing broad, evidence-based data as a 
foundation for complex medical decisions.5

The pathophysiologic combination and interaction 
between valvular heart disease and associated CAD is 
complex. Progressive valvular heart disease clearly impacts 
ventricular function. The additional impact of CAD has 
synergistic potential to further affect ventricular morphology 
and physiology. In particular, the deterioration in contrac-
tile strength caused by myocardial infarction and subsequent 
regional wall motion injury causes progressive distortion 
of ventricular shape as the infarcted muscle compensates 
through tissue remodeling. Loss of contractile strength and 
remodeling after ischemic injury eventually leads to cavi-
tary dilation, with resulting effects not only on ventricular 
function, but also on mitral valve performance. As valvu-
lar and subvalvular elements lose their important geometric 
relationships, functional valvular incompetence develops. In 
patients with valvular heart disease, coronary obstructions 
may be symptomatic or asymptomatic, but the decision to 
intervene surgically is often made regardless of the presence 
of ischemic symptoms, in order to have a protective effect 
toward the additive pathophysiology of concomitant cardiac 
diseases.

Under most circumstances, surgeons attempt to treat both 
valvular and CAD simultaneously. However, a combined 
approach leads to a prolonged and potentially complicated 
procedure. Accordingly, the increased risks of a combined 
operation demand a defined and focused operative strategy. 
Historically, combined coronary artery and valve opera-
tions have had an increased risk for early and late mortality 
compared to operations for isolated valvular heart disease 
(Fig. 45-1). This complexity increases the need for care-
ful preoperative assessment of myocardial function and an 
understanding of the impact on ventricular function of the 
changing afterload and pre-load associated with valve sur-
gery. Therefore, in adult patients with combined valvular and 
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966 Part VI Valvular Heart Disease (Other)

ischemic heart disease, the assessment of intrinsic left ven-
tricular function assumes paramount importance during the 
initial consultative process. Clinical signs and symptoms of 
left ventricular failure should be diligently sought. In addition 
to history, physical examination, and routine laboratory tests, 
preoperative echocardiography is mandatory. Intraoperative 
transesophageal echocardiography (TEE) is used to correlate 
preanesthetic imaging and is utilized for accurate planning of 
all valvular interventions, and has become standard of care 
in most institutions. Immediately after weaning from cardio-
pulmonary bypass support, intraoperative TEE is carefully 
reviewed by the surgeon, anesthesiologist, and imaging team 
to evaluate the repair. If necessary, resumption of cardiopul-
monary bypass support can then be done to perform addi-
tional repair efforts; the post-bypass TEE is critical for this 
evaluation, and requires a commitment from the entire team 
to be sure that the reparative efforts are optimal before the 
operation is terminated.

It is also important preoperatively to attempt to distin-
guish heart failure resulting from valvular disease from myo-
cardial dysfunction owing to coronary ischemia. Myocardial 
viability assessment may be useful in eliciting ventricular 
size and functional changes that are exacerbated under stress 
conditions and may help delineate the underlying pathology, 
especially of the mitral valve. At cardiac catheterization, in 
addition to coronary artery angiography, left ventricular end-
diastolic pressure and pulmonary pressures measurements 
may yield additional information about left- and right ven-
tricular function and supplement noninvasive assessments 
of valve function and coronary anatomy. In centers where it 

is available, positron emission tomography (PET) scans and 
other radioisotope imaging studies can help determine the 
viability of myocardium with potential reversible ischemia.6 
These assessments are critically important before embarking 
on concomitant valve and coronary artery surgery; both for 
determining the operative risk, as well as planning the scope 
and extent of the surgical approach.

The assessment of valve pathology is covered in detail in 
previous chapters on isolated valvular heart disease. As has 
been noted, coronary angiography is not mandatory in all 
patients with valvular pathology who are about to undergo 
valve surgery. However, given the prevalence of CAD in aging 
Western populations, coronary angiography is usually per-
formed in all patients greater than 40 years of age, and selects 
younger patients with suggestive symptoms or significant risk 
factors. More recently, patients felt to be at low risk for coro-
nary occlusive disease may be adequately screened with coro-
nary computed tomographic angiography.7

Because of the wide pathophysiologic spectrum of valvular 
and CAD, several frequently encountered valve and coronary 
artery combinations are considered in this chapter, including: 
(1) aortic stenosis (AS) with CAD, including strategies for 
moderate AS, (2) aortic regurgitation plus CAD, (3) mitral 
regurgitation plus CAD, (4) mitral stenosis plus CAD, (5) AS 
and mitral regurgitation plus CAD, and (6) aortic regurgita-
tion and mitral regurgitation plus CAD.

Patients may have combined pathology of stenosis and 
insufficiency, but to avoid unproductive complexity, and 
because one lesion usually dominates, the somewhat arbi-
trary categorization noted above will be maintained during 
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 Chapter 45 Valvular and Ischemic Heart Disease 967

the ensuing discussion. For each entity, the clinical pre-
sentation, the pathophysiology of the disease state and its 
correction, the operative and management approach, short- 
and long-term results are discussed. Today’s surgeon must 
also be familiar with evolving hybrid techniques, such as 
staged coronary artery stenting and percutaneous aortic 
valve replacement (AVR) in the management of patients 
with combined valve and CAD.8 Since these new innova-
tive strategies are rapidly gaining acceptance as appropri-
ate options in highly select patients, this chapter will also 
briefly review some of the more common hybrid approaches 
where applicable.9-12

AORTIC STENOSIS AND CORONARY 
ARTERY DISEASE
Aortic stenosis is one of the more frequently encountered 
valvular lesions in adult populations and will continue to 
increase in prevalence due to our aging population. Degen-
erative calcific AS is most common in patients in their sixties, 
seventies, and eighties13-15 and often is associated with CAD.16 
This disease combination is usually gratifying to treat because 
the response to surgical relief of AS and coronary artery 
obstructions is significant, immediate, and relatively durable.

Clinical Presentation
Patients with AS are asymptomatic initially due to compensa-
tory mechanisms within the left ventricle. Eventually patients 
can present with angina pectoris, congestive heart failure, syn-
cope, or some combination of these as the stenosis progresses 
and the compensatory mechanisms begin to fail. When sig-
nificant coronary artery obstruction is present, in addition to 
valvular obstruction, angina pectoris is almost always mani-
fest. However, angina pectoris can occur in the absence of 
significant coronary artery obstructions due to insufficient 
diastolic coronary flow across a severely stenotic valve. Iden-
tifying symptoms of myocardial ischemia or congestive heart 
failure in patients with concomitant AS and significant CAD 
is generally straightforward. Accurate discrimination of subtle 
neurologic symptoms, such as syncope, presyncope, transient 
ischemic symptoms, or orthostatic hypotension, may be more 
difficult to elicit, and careful questioning regarding transient 
symptomatology is required. Symptoms suggestive of carotid 
artery obstruction should be sought and appropriately evalu-
ated with carotid artery ultrasound and Doppler scanning, 
since the murmur of AS often radiates into the neck and can 
obscure the detection of bruits.

Prominent findings on physical examination include the 
typical late-packing mid-systolic crescendo murmur heard in 
the aortic area, radiating into the right neck. Signs of conges-
tive heart failure with rales on chest auscultation or peripheral 
extremity edema may be present in later stages. The electro-
cardiogram may show left ventricular strain and increased 
QRS height due to left ventricular hypertrophy. If the patient 
has suffered a recent or remote myocardial infarction, then 

typical ischemic electrocardiographic changes may also be 
present. The echocardiogram usually shows calcified and 
immobile aortic valve leaflets producing a contracted aortic 
orifice with the resultant compensatory hypertrophied left 
ventricle. Evidence of calcifications extending into the sinuses 
of Valsalva and/or the left ventricular outflow tract should be 
carefully evaluated. Significant acceleration of trans-valvular 
flow velocities, estimates of reduced outflow areas, and flow 
turbulence with Doppler confirms the reduced outflow area. 
The transaortic valvular gradient also can be determined at 
catheterization and is often helpful, though modern m-mode 
echocardiography and Doppler imaging analysis has sup-
planted catheter gradient assessments in many hospitals due 
to correlated accuracy.

The preoperative evaluation of patients with AS, CAD, 
and poor ventricular function is complicated. Patients with 
poor ventricular function often generate relatively low 
transaortic valve gradients. This renders the calculation of 
valve area for the assessment of critical AS less accurate. In 
those cases where poor cardiac output from left ventricu-
lar failure leads to a less-than-expected gradient across the 
left ventricular outflow tract, the morphologic demonstra-
tion of valve immobility and heavy leaflet calcification is an 
important confirmatory sign that hemodynamically signifi-
cant AS is present. Fortunately, even in the presence of a 
low gradient, if echocardiographic signs of significant valve 
stenosis are present, and if left ventricular intracavitary 
pressure exceeds 120 mm Hg in systole, mortality rates for 
valve replacement are acceptable, and the clinical response 
to surgery is typically good.17 In stark contrast, however, 
a poorly contractile, thinned-out left ventricle with low 
transvalvular gradients in the presence of low intracavitary 
systolic pressures, usually suggests that the operation car-
ries high risks, and due to inadequate ventricular reserve, 
may be of very limited benefit. On the other hand, a poorly 
contractile ventricle that has normal, or even increased wall 
thickness, will usually recover significant contractile force 
if a substantial amount of reversible ischemic myocardium 
is demonstrated, and if the degree of AS is significant. In 
addition to ventricular function, other important determi-
nants of the risks and advisability of surgery include patient 
age, functional status (ie, “frailty index”), presence of previ-
ous cardiac operations, and the presence of other comor-
bidities that affect end-organ function, especially renal and 
pulmonary function.

Pathophysiology
Aortic stenosis produces impairment of left ventricular 
emptying during systole, which ultimately is the source of 
all the symptoms and signs of AS. Most patients with AS 
have hypertrophied and thick-walled left ventricles to over-
come the obstructive valve orifice. Contractile function is 
initially good, and ejection fraction is usually maintained 
because of these compensatory mechanisms for some time. 
In later stages of the disease, the ventricle begins to fail due 
to persistently severe afterload resistance, with enlargement 
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968 Part VI Valvular Heart Disease (Other)

and global diminution of contractile function as the patient 
progress up the Starling curve of heart failure (Fig. 45-2). At 
any stage of the disease, the additional presence of critical 
coronary artery obstruction can cause specific regional wall 
motion abnormalities that may be exacerbated by stenosis of 
the aortic valve. Significant three-vessel CAD may itself lead 
to temporary global ventricular dysfunction, which may be 
reversible with revascularization apart from any valve replace-
ment effects.

In patients with critical AS and good ventricular function, 
valve replacement immediately reduces left ventricular after-
load. Because most patients with AS have thick-walled hyper-
trophied ventricles, intraoperative subendocardial ischemia 
may be more difficult to avoid during aortic cross-clamping 
and subsequent cardioplegic arrest. Although revasculariza-
tion should not decrease left ventricular contractility, and 
should actually improve it long-term, some myocardial stun-
ning with a temporary decrease in global and regional left 
ventricular contractility inevitably results from the surgical 
procedure.18-21 This, of course, assumes even more important 
pathophysiologic significance in patients with poor ventricu-
lar function preoperatively. Diastolic dysfunction may also 
occur postoperatively, causing a less compliant left ventricle. 
The most extreme example of this was the so-called “stone 
heart”22 that occasionally plagued early cardiac surgery pio-
neers who first attempted AVR surgery. Fortunately, modern 
myocardial preservation strategies have eliminated this feared 
complication through the liberal use of antegrade and retro-
grade delivery techniques and more physiologic cardioplegic 
solutions that optimally protects myocardial cellular integrity 
and tissue function.

Postoperatively, patients usually enjoy a dramatic improve-
ment in symptoms. Relief of left ventricular outflow obstruc-
tion immediately leads to enhanced cardiac output and 
perfusion of vital organs. In addition, left ventricular remod-
eling and regression of hypertrophy usually occurs over time.21 
Simultaneous correction of myocardial ischemia can lead to 
improved subendocardial perfusion, as well as recruitment of 
formerly hibernating myocardium. The optimal final result 
is regression of hypertrophied ventricular mass, improved 

diastolic relaxation, balanced transmyocardial coronary per-
fusion, and elimination of left ventricular outflow obstruc-
tion, culminating in recovery of normal ventricular function.

Moderate Aortic Stenosis and Coronary 
Artery Disease
Symptomatic, severe AS is universally agreed to benefit from 
AVR at the time of coronary revascularization, but the man-
agement of patients with CAD and either mild or moderate 
AS continues to remain a matter of controversy. The earliest 
debates centered on the anticipated risks of a future reop-
eration, particularly in a population of advanced age, versus 
the risks of imposing on a patient a more complex initial 
operation with subsequent lifelong prosthetic valve concerns 
that may not be immediately necessary. Given the relatively 
reduced 10-year survival in advanced age patients undergo-
ing cardiac surgery, valve durability was not considered to 
be a central factor limiting the success of a combined initial 
AVR/coronary artery bypass graft (CABG) strategy. Thus, 
the initial opinion favored a liberal AVR/CABG combina-
tion approach in patients with moderate AS, as the reoper-
ative risks were considered the more dangerous of the two 
options. However, the early STS data base for AVR/CABG 
outcomes clearly showed a mortality nearly double that for 
isolated CABG (6-7% and 2-3%, respectively)23 challenging 
the belief that initial combined valve-CAD operations were 
generally safer in terms of primary mortality and morbidity 
risks. Moreover, as experience with reoperations has grown, 
more recent studies demonstrate much lower risks of reopera-
tion for AVR in post-CABG patients that rival levels similar 
to initial AVR/CABG procedures.24 In fact, the lowered risks 
of redo sternotomy for primary AVR after previous CABG 
(6-7%) has now shifted the debate from one of concerns over 
the risks of reoperation, to predicting the incremental pro-
gression in AS if it is withheld at the initial CAD surgery.25-27

Although there is no clearly identified method of predict-
ing valvular progression, and surgical expertise is critical in 
formulating a surgical strategy and timing of intervention, 
estimates of the rate of progression of AS may help provide 
support for valve replacement, even without hemodynami-
cally critical disease.28 For instance, it has been established 
that the rate of valvular progression is more rapid if the valve 
is heavily calcified, and if the patient has advanced atheroscle-
rotic systemic disease or renal failure.25 Studies also demon-
strate that age and valvular gradient at the time of diagnosis 
are important criteria to consider.27 Verhoye et al29 found 
that using echocardiography on a serial basis, AVR is rec-
ommended to be added to the revascularization procedure 
for younger patients (<70 years) if their peak gradient is 
>25-30 mm Hg, on the assumption of reasonable longevity 
and the probability AS would bear future symptoms. In older 
patients (>80 years), competing causes of mortality rationally 
increases the thresholds for concomitant replacement, and 
AVR is added only if their peak gradient exceeds 50 mm Hg, 
as longevity is often related to other factors before AS pro-
gression occurs.25 Furthermore, studies show that reoperation 
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FIGURE 45-2 Starling curve of heart failure.
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 Chapter 45 Valvular and Ischemic Heart Disease 969

for AVR after CABG rarely occurs within 5 years of CABG.26 
Consequently, from a survival standpoint, little is gained from 
adding AVR to patients >80 to 85 years of age at the time of 
coronary revascularization unless the valve is symptomatic or 
has severe, but incidentally identified hemodynamics.25,26 In 
certain extremely high-risk cohorts, a multidisciplinary team 
may decide on a “hybrid” approach, utilizing percutaneous 
coronary artery stenting for major coronary artery obstruc-
tion, followed by percutaneous AVR (TAVR).30-32

Despite the recent trend outlined above favoring iso-
lated CABG when concomitant moderate AS exits, there is 
also evidence that favors concomitant valve replacement in 
some patients with moderate AS who are referred for surgi-
cal myocardial revascularization.33-36 In one study,33 survival 
rates at both 1 year and 8 years were superior for patients 
who underwent valve replacement for moderate AS (gradient 
>30 mm Hg or gradient <40 mm Hg with valve area between 
1.0 and 1.5 cm2). One-year survival was 90% in those hav-
ing valve replacement compared to 85% in patients having 
CABG alone. Similarly, 8-year survival (55 vs 39%) was sta-
tistically significantly better (p < .001). Although this data 
may reveal some bias in healthier patients receiving concomi-
tant AVR/CABG than their more chronically ill peers who 
were felt not to tolerate more extensive surgery and were only 
offered isolated CABG, it remains true that this dichotomy 
of patient groups is commonly seen in clinical practice. Thus, 
support for both strategies is rational and expected, and can 
be used to maintain a flexible approach when faced with 
moderate AS and severe CAD in patients of wide-ranging 
clinical conditions.25-29

In summary, given the absence of convincing data that 
unilaterally supports an operative strategy for the treatment 
of moderate AS, at the time of surgical coronary revascular-
ization, it is best to individualize patient selection carefully, 
relative to surgeon and institutional expertise and practice. 
Significant patient comorbidities, and risk/benefit assess-
ment, including an accurate estimate of expected rehabilita-
tion potential (particularly in frail, elderly candidates), must 
be contemplated. Review of the initial and recent data and 
strategies derived from both experience, as well as available 
relevant data demonstrates that a flexible and individualized 
approach is warranted to yield the best patient outcomes.

Operative Management
Monitoring for surgery of the aortic valve and coronary 
arteries includes catheters and measurements that have 
become standard for most cardiac surgical operations. 
These include an arterial line (usually in the radial artery 
for blood pressure and blood gases) and an optional pulmo-
nary artery catheter for measurement of pulmonary artery 
pressures, and cardiac output by thermodilution, with opti-
cal sensors for continuous estimation of mixed venous oxy-
gen saturation. While the pulmonary artery catheter has a 
balloon at its tip, occlusion wedge pressure is rarely mea-
sured in the perioperative period because of the danger of 
pulmonary artery rupture. Particularly useful information 

is provided by continuous measurement of mixed venous 
oxygen saturation. Of late, use of arterial flow or central 
venous monitoring devices, along with TEE, provides 
satisfactory estimates of continuous cardiac outputs and 
monitoring of volume management. This has significantly 
reduced our reliance on traditional, but more invasive, pul-
monary artery catheters.

The perfusion setup is standard and similar to that for iso-
lated coronary artery bypass. A single aortic cannula is ordi-
narily placed in the distal ascending aorta. A single two-stage 
venous cannula is placed via the right atrial appendage with 
its tip positioned in the inferior vena cava. After establish-
ment of cardiopulmonary bypass, the patient is usually cooled 
to 32 to 34°C, during which time a left ventricular vent is 
positioned via the right superior pulmonary vein. With the 
heart well emptied, the aortic cross-clamp is applied during 
a temporary reduction in pump flow. Thereafter, the heart 
is arrested with cold (4°C) potassium crystalloid or blood 
cardioplegia. Low aortotomy incisions are recommended 
for maximal visibility, with the incision directed toward the 
noncoronary sinus if annular or root enlargement is antici-
pated. After valve excision, implant techniques according to 
each surgeon’s preference is performed. In situations of low-
lying coronary ostia, suture techniques may need to be var-
ied to prevent ostial compression. Prior to closure, the valve 
and coronary ostia are carefully reinspected a final time for 
clearance and embolic debris, and the aorta is closed. Deair-
ing maneuvers are routine, and TEE aids assurance of com-
plete removal, as well as early detection of proper prosthetic 
function.

A combination of antegrade and retrograde cardiople-
gia is optimal. The initial dose of cardioplegia (15 mL/kg) 
is typically split into a two-thirds antegrade and one-third 
retrograde dose, with subsequent doses of 200 to 300 mL 
cardioplegia delivered via the retrograde catheter every 
20 minutes throughout the duration of cardiac arrest during 
the operation. This is particularly convenient because retro-
grade cardioplegia can be given even after the aortic root is 
opened without disrupting exposure or flow of the opera-
tion. In patients with significant left ventricular hypertrophy, 
light ventricular and inferior septal protection by retrograde 
cardioplegia perfusion alone may be inadequate. Handheld 
direct antegrade perfusion directly into the coronary ostia 
may be helpful.

The combination of aortic valve disease and CAD in 
patients has historically been accepted to be a marker of sig-
nificantly reduced longevity.37 In the elderly, with reduced 
life expectancies, bioprosthetic valve durability remains the 
valve of choice, particularly when associated with concomi-
tant CAD.38 Currently, with the advent of new bioprosthetic 
valve technology with calcium mitigation processing, and 
proven structural longevity, there is a trend toward increased 
tissue valve utilization.39,40 As a result, many younger age 
patients considering the obligation of lifelong anticoagula-
tion and the improvements in valve design and durability are 
opting to receive bioprosthetic valves instead of mechanical 
prostheses.
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970 Part VI Valvular Heart Disease (Other)

Results
Early hospital mortality after concomitant AVR and CABG 
ranges from approximately 2 to 10%. In earlier studies, but 
more recent studies suggest that modern operative manage-
ment reveals very similar outcomes and mortality risks in 
patients having isolated AVR and those having combine AVR/
CABG26,35,36,48,42-47 Higher mortality is observed in patients 
with more severe symptoms of heart failure and impaired 
ventricular function preoperatively, as well as the elderly or 
other patients with numerous comorbidities. The most fre-
quent causes of operative death are low-output cardiac fail-
ure, myocardial infarction, and arrhythmia. Incremental risk 
factors for hospital death include patient age, functional class, 
diffuse CAD, and poor preoperative ventricular function. 
In a number of studies, late survival has ranged from 60 to 
80% at 5 years and 50 to 75% at 8 years postoperatively 
(Fig. 45-3).33,42-47 By multivariate analysis, risk factors for 
reduced late survival include older age, cardiac enlargement, 
and more severe preoperative clinical symptoms. The use of 
a mechanical prosthesis at valve replacement has been associ-
ated with similar long-term survival though lower long-term 
event-free survival.39 Nonetheless, many elderly patients still 
have acceptable results following relief of AS, even those 
undergoing redo valve surgery that is combined with coro-
nary revascularization.47 As discussed previously, choice of 
valve type is a complex issue that takes on even more impor-
tance in combined valve-coronary artery surgery. A frank dis-
cussion of the advantages and drawbacks of each valve option 
continues to be an important component of the preopera-
tive evaluation and planning for this type of surgery. In some 
circumstances, consideration of alternative procedures such 
as coronary artery stenting followed by percutaneous valve 

replacement may be indicated and necessary in otherwise 
inoperable or extreme risk patients.5,8,49

AORTIC REGURGITATION AND 
CORONARY ARTERY DISEASE
Significant isolated aortic regurgitation occurs less often 
in older populations, though it may be associated with AS 
when the valve becomes immobile. Aortic valvular regurgi-
tation is also less often encountered with significant CAD 
than in patients with AS. Most series of patients undergoing 
AVR and CABG include a relatively small number (10 to 
25%) of patients with aortic insufficiency as compared to 
AS.36,42-44 Although the operative management of patients 
with aortic regurgitation and CAD is similar to that pre-
viously described, aortic insufficiency produces different 
pathophysiologic effects that have implications for periop-
erative management. Moreover, the presence of an incom-
petent aortic valve introduces nuances to the intraoperative 
management and myocardial protection of these patients, 
primarily due to preoperative ventricular decompensation.

Clinical Presentation
Patients with aortic regurgitation and CAD usually pres-
ent in one of three ways. The aortic regurgitation may be 
asymptomatic and detected incidentally during evaluation 
for symptomatic coronary disease. Second, the patient may 
be asymptomatic, yet a routine physical examination reveals 
a murmur of aortic insufficiency that leads to cardiac evalua-
tion and detection of coronary disease. Finally, patients may 
present relatively late in the course of valvular heart disease 
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FIGURE 45-3 Adjusted survivorship by age among patients undergoing AVR + CABG. (Reproduced with permission from Likosky DS, Sorensen 
MJ, Dacey LJ. et al. Long-term survival of the very elderly undergoing aortic valve surgery, Circulation 2009 Sep 15;120(11 Suppl):S127-S133.)
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 Chapter 45 Valvular and Ischemic Heart Disease 971

with congestive heart failure caused by decompensation of 
the volume-overloaded left ventricle from long-standing 
insufficiency or with superimposed ischemic ventricular 
damage from combined CAD. Insufficiency of the aortic 
valve may also occur with dilatation of the ascending aorta 
that often involves with the coronary sinuses, particularly in 
patients with bicuspid valvular anatomy. Patients, therefore, 
may present within a broad spectrum of clinical signs and 
symptoms ranging from no symptoms and essentially normal 
physiology, to classic ischemic syndromes and severe conges-
tive heart failure. The physical signs also depend on the nature 
of the presentation. In general, all patients with significant 
aortic insufficiency have an audible early diastolic regurgitant 
murmur. In late stages, rales and peripheral edema and other 
advanced signs of congestive heart failure usually occur with 
a prominent diastolic murmur.

The preoperative evaluation of a patient with aortic 
insufficiency and CAD is no different from that previously 
described for patients with AS and ischemic heart disease. 
Echocardiography is particularly useful in detecting aortic 
regurgitation because a physiologically significant murmur 
can be difficult to detect. In addition, echocardiography gives 
important information regarding both ventricular contractile 
function and ventricular size. Because many patients with 
aortic regurgitation are usually asymptomatic until marked 
left ventricular dilation occurs, careful evaluation for changes 
in ventricular size or function is important. The presence of 
these changes may constitute an indication to proceed with 
surgical intervention in the absence of significant symptoms.

Pathophysiology
Aortic regurgitation increases left ventricular preload and 
causes left ventricular dilatation. Dilatation does not occur 
acutely; however, patients with acute aortic insufficiency are 
often severely symptomatic owing to a sudden increase in left 
ventricular end-diastolic pressure and a dramatic decrease in 
net forward cardiac output. Global left ventricular dysfunc-
tion caused by CAD also can contribute to left ventricular 
dilatation. Valve replacement relieves some of the preload but 
does not immediately result in improved left ventricular con-
tractility. Revascularization of ischemic, hibernating myocar-
dium in patients with AR and severe CAD may produce more 
immediate improved contractility as compared to patients 
with long-standing isolated aortic valvular insufficiency.48,50

The indications for surgery in aortic regurgitation are 
reviewed in depth in the section on aortic valve disease. When 
CAD is also present, ischemic regional wall motion abnor-
malities can usually be distinguished from severe, global ven-
tricular dilatation due to severe aortic valvular insufficiency. 
In patients with symptomatic AR who also have diffuse 
three-vessel CAD, however, assigning the primary cause of 
global left ventricular dysfunction to either ischemia or acute 
valvular-related ventricular dilatation is difficult. Attempting 
to distinguish between the relative impact of either valvu-
lar insufficiency or CAD on ventricular function is of para-
mount importance in the preoperative assessment and risk 

stratification of these patients. This is because regional wall 
abnormalities due to CAD are more likely to immediately 
improve after myocardial revascularization, as compared to 
patients with global, severe ventricular dilation caused by 
long-standing AR. In difficult cases, an evaluation of myocar-
dial viability (with thallium or PET scanning) may be helpful 
in evaluating candidates for surgery. Decisions about timing 
of aortic valve surgery in the presence of CAD are different 
from those in cases of isolated valvular disease, with the usual 
result that the valve is replaced earlier in the course of the 
valvular disease due to the pressing nature of symptomatic 
myocardial ischemia.

Operative Management
The operation is conducted in a similar fashion to that 
described for AS and CAD. However, in the presence of sig-
nificant aortic valvular insufficiency, antegrade cardioplegia 
in the aortic root is often less effective because a large portion 
of the cardioplegia solution leaks into the left ventricle due 
to valvular incompetence. As a result, retrograde cardioplegia 
through the coronary sinus is strongly recommended. How-
ever, since retrograde cardioplegia is recognized to be less 
effective in protecting right ventricular myocardium due to 
inconsistent venous anatomy, periodic delivery of antegrade 
cardioplegia using handheld catheters is advised. Technical 
operative details are essentially the same as those outlined 
earlier for AS operations.

Considerations in weaning from cardiopulmonary bypass 
are somewhat different from those described for AS. Patients 
with aortic regurgitation are more likely to have dilated ven-
tricles that poorly tolerate increases in afterload. TEE has 
proved invaluable in successfully managing adjustments in 
preload and afterload during weaning from cardiopulmonary 
bypass. In patients with volume-overloaded ventricles caused 
by aortic insufficiency, vasodilatory inotrope infusions, such 
as milrinone and dobutamine, have an important role because 
they provide both inotropic support and ventricular unload-
ing. In some circumstances, use of an intraaortic balloon 
pump may be necessary and beneficial in patients with mar-
ginal functional reserve. In rare instances, mechanical circula-
tory assistance with a ventricular assist device is required. Its 
use is generally reserved for younger patients without comor-
bid conditions in whom prompt improvement in ventricular 
function is anticipated.

Results
Early results after operation for aortic regurgitation and 
CAD include an expected hospital mortality rate of less than 
10%.36,42,48 Incremental risk factors for hospital death are 
similar to those described previously, with advanced age and 
poor ventricular function, combined with the presence of dif-
fuse CAD, having the greatest impact. Late survival after this 
operation is similar to that for AS and CAD (Fig. 45-3).48 
Despite the impression that patients with aortic insuffi-
ciency and CAD do not do as well as those with AS, aortic 
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972 Part VI Valvular Heart Disease (Other)

insufficiency has not been an independent risk factor for early 
or late mortality.48 As expected, recovery of ventricular ejec-
tion fraction does have a favorable impact on late mortal-
ity. Although some improvement of function can occur with 
elimination of the volume overload and revascularization in 
patients with combined valvular and CAD, when ventricu-
lar dilatation and dysfunction occur in the setting of chronic 
aortic regurgitation, these often are irreversible changes. 
Overall, recovery of ejection fraction and ventricular function 
in patients with aortic insufficiency is less when compared 
with AS when both are corrected in the later stages of the 
disease process. This observation is the primary reason that 
valve replacement is recommended for aortic valvular insuf-
ficiency before irreversible changes in ventricular morphol-
ogy and function have occurred. However, although failure 
of recovery of ventricular function in this setting may have 
an impact on long-term survival, even patients with late stage 
aortic valvular insufficiency should tolerate valve replacement 
surgery.

MITRAL REGURGITATION AND 
CORONARY ARTERY DISEASE
Successful management of patients with mitral regurgitation 
and CAD remains one of the most challenging and contro-
versial topics in adult cardiac surgery.51 This group of patients 
tends to be complex, and their surgical care is accomplished 
at higher risk.52-57 This is almost certainly because of the 
complex interaction between the left ventricle and that of 
the mitral valvular apparatus. Normal mitral valve function 
depends on healthy supporting ventricular muscle to main-
tain proper alignment. Similarly, normal ventricular func-
tion depends on competence of the mitral valve. Abnormal 
valve function due to CAD occurs because of the impact of 
ischemia on the mitral valve apparatus, damaging subvalvular 
structural integrity including papillary muscle involvement. 
Remodeling of ischemic zones eventually leads to ventricu-
lar dilatation, and subsequent annular geometry.58 Therefore, 
there is a unique, amplifying potential when CAD and mitral 
valve disease coexist, making patient management with this 
combination of pathophysiology more complicated, and the 
surgical management potentially more difficult.

In patients with preserved ventricular function, the 
pathophysiology and management strategies are not signifi-
cantly different from those for treatment of isolated mitral 
regurgitation or CAD. Patients with acute onset of mild or 
moderate mitral insufficiency, in the presence of global ven-
tricular dysfunction secondary to severe CAD, can be safely 
treated by coronary revascularization alone.59 If it becomes 
necessary to include mitral valve annuloplasty to myocar-
dial revascularization, the operation becomes more complex 
and longer.60,61 Therefore, as described previously, a carefully 
conceived operative plan with special attention to myocar-
dial preservation is important. However, the more interesting 
problems are in those patients with mitral insufficiency and 
CAD who do not have normal ventricular function. Often 
these patients present with recurrent ischemia, in addition to 

previous myocardial infarction, that culminates with resul-
tant regional wall motion abnormalities that produces mitral 
insufficiency.62

Clinical Presentation
The spectrum of clinical presentation ranges from patients 
who are asymptomatic to those who are moribund in cardio-
genic shock. The degree of mitral insufficiency involved can 
widely vary from mild insufficiency when associated with a 
limited ischemic event causing minor segmental wall motion 
abnormalities, to severe regurgitation and global left ventricu-
lar failure from acute ischemic rupture of a papillary muscle. 
Patients who present with acute syndromes are often related 
to myocardial infarction and demonstrate the sudden devel-
opment of mitral insufficiency. These patients are extremely 
ill when they present in congestive heart failure, often pre-
senting in profound cardiogenic shock. Management of these 
patients can be difficult and challenging. When faced with 
extreme mitral insufficiency and cardiogenic shock, imme-
diate IABP support should be instituted for cardiac support 
and to provide valuable mechanical afterload reduction of the 
acutely injured left ventricle.

Findings on physical examination obviously relate to the 
nature of the presentation, and can range from signs of mild 
mitral insufficiency to severe congestive failure and cardio-
genic shock. An electrocardiogram may show evidence of 
acute or chronic ischemia, and all patients should undergo 
echocardiography. TEE should be available for intraoperative 
use. Transesophageal echocardiogram is particularly useful 
because it gives information in regard to valvular function, 
left ventricular geometry and contractility, ventricular wall 
thickness, and associated regional wall motion abnormalities. 
Also the status of the other valves, particularly the tricuspid, 
can be quickly assessed to determine if they may require sur-
gical attention as well. Cardiac catheterization is performed 
in these patients for the same reasons outlined for patients 
with aortic valve disease.

Pathophysiology
A detailed understanding of the pathophysiology of func-
tional mitral insufficiency is important for planning the 
operative approach. Limited regional wall motion abnormali-
ties involving the papillary muscle and adjacent ventricular 
wall can produce dynamic changes that produce correspond-
ing insufficiency of specific mitral valve regions. More global 
ventricular dysfunction from CAD can produce ventricu-
lar dilatation with profound mitral annular dilatation and 
progressive mitral insufficiency. The jet of ischemic mitral 
regurgitation typically is centrally or posteriorly directed on 
ECHO. Mitral regurgitation increases left ventricular pre-
load and decreases afterload at the expense of cardiac output. 
Ischemic damage causes ventricular dilatation with decreased 
contractility and an increase in left ventricular filling pres-
sures. These combined lesions cause synergistic decompen-
sation, chronically leading to pulmonary hypertension with 
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 Chapter 45 Valvular and Ischemic Heart Disease 973

secondary tricuspid regurgitation. Cardiac output may be 
very low, especially in patients with acute mitral insufficiency. 
Mitral insufficiency may occur in association with CAD, but 
often the CAD is the cause of functional mitral insufficiency. 
The pathophysiology of ischemic mitral insufficiency results 
in tethering or retraction of the valve leaflets, annular dilata-
tion, geometric displacement of the subvalvular apparatus, or 
some combination of all of these. Correction of mitral insuf-
ficiency either by valve repair or valve replacement produces 
an instantaneous increase in left ventricular afterload. The 
ventricle no longer has the low-impedance left atrial cham-
ber into which to eject blood and must overcome systemic 
afterload in systole. Even when myocardial ischemia is revers-
ible, recruitment of hibernating myocardium may take time. 
These factors, in combination with the sudden increase in 
left ventricular afterload, contribute to the difficulty and 
increased risk of managing this entity. Secondary right ven-
tricular failure may occur because pulmonary hypertension, 
if present, does not decrease immediately after mitral valve 
repair or replacement, and CAD also may affect right ven-
tricular function.

Symptomatic CAD in the presence of moderate or severe 
insufficiency in the setting of regional wall motion abnor-
mally is the usual indicators for combined surgery. As noted, 
patients with acute illnesses may be in extremis and may ben-
efit from temporizing measures.63 Ventricular dysfunction 
is not a contraindication to surgery, especially if it is caused 
by reversible ischemia. Patients with global, irreversible, and 
severely dilated cardiomyopathy with severe mitral insuffi-
ciency, however, should not be operated on because the ven-
tricle tolerates the increase in overload poorly and results are 
unsatisfactory. Severe diffuse CAD in which complete revas-
cularization cannot be accomplished is a significant indica-
tion of extreme risk, as well. Estimation of the viability of the 
myocardium and demonstration of reversible ischemia using 
thallium or PET scanning therefore are important in stable 
patients. Left atrial enlargement in long-standing mitral 
valve insufficiency is common, and patients often present 
with atrial fibrillation. This condition also contributes to the 
reduction in cardiac output and ablation of the arrhythmia at 
the time of surgery may confer addition benefit.

Operative Management
Preoperative decision strategies in patients with mitral regur-
gitation and CAD remains controversial.64,65 The decision for 
the necessity of associated mitral valve intervention in this set-
ting becomes critical because if moderate insufficiency is left 
untreated, the patient may be compromised. However, mitral 
regurgitation in the presence of acute CAD with regional ven-
tricular decompensation that is caused by reversible myocar-
dial ischemia can improve with isolated revascularization.66 
In many instances, however, residual significant mitral valve 
regurgitation may remain. It is important, therefore, to dis-
tinguish organic from functional mitral insufficiency as well 
as acute mitral insufficiency from ischemia as opposed to a 
more chronic mitral valvular pathology secondary to previous 

ischemia and subsequent wall motion abnormality. Intraop-
erative TEE is an essential tool for assessment of mitral valve 
function in this setting, though the vasodilator effects of 
general anesthesia and subsequent decrease in afterload may 
minimize the appearance of the insufficiency.65 Patients with 
no preoperative congestive heart failure, normal left atrial 
dimensions, normal pulmonary pressures, and mild to mod-
erate mitral insufficiency by TEE after induction of anesthe-
sia typically do not need mitral valve intervention.66,67 Many 
of these patients will appear to have more mitral regurgitation 
and higher pulmonary pressures at catheterization or when 
they are ischemic than when they are under anesthesia. Fur-
thermore, although mitral valve repair improves mitral valve 
regurgitation volume, it does not infer late mortality advan-
tages over revascularization alone in large studies.67 Complete 
myocardial revascularization alone may suffice for milder 
forms of initial valvular insufficiency (Fig. 45-4).

Despite a lack of consensus on the prognostic value of 
concomitant mitral valve repair at the time of revasculariza-
tion, several recent studies suggest that the quality of mod-
ern surgical results justifies a more aggressive approach to 
valve repair in patients with moderate mitral insufficiency 
and CAD.51,63-65,67,68 Most patients with ventricular enlarge-
ment and annular dilation secondary to CAD with functional 
mitral insufficiency determined to be significant may be man-
aged with annuloplasty alone.69 Restricted leaflet motion is 
frequently a complication of ischemic changes in ventricu-
lar shape and resultant papillary muscle displacement.70 In 
patients with calcification, extensive fibrosis of the posterior 
leaflet, or severely restricted posterior leaflet motion, mitral 
valve replacement is warranted. Historically, results of mitral 
repair and CABG are superior to those of mitral valve replace-
ment when repair is technically possible. Anesthetic consid-
erations are similar to those described previously, although 
it must be recognized that these patients are generally quite 
compromised. As suggested earlier, intraoperative TEE is par-
ticularly important in this group of patients for pre- and post-
operative assessment of valve and ventricular function. Setup 
for cardiopulmonary bypass is similar to that described ear-
lier. The most common incision providing access to the mitral 

Operative Rx Functional IMR
Complete revascularization

Moderate MR (2-3+)

Global LV dysfunction
Normal LA size

Acute Myocardial Ischemia

CAB alone

Segmental LV dysfunction
LA enlargement

Acute/Chronic Myocardial
Ischemia

CABG along with MV
Reduction Annuloplasty

FIGURE 45-4 Complete myocardial revascularization alone may 
suffice for milder forms of initial valvular insufficiency.
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974 Part VI Valvular Heart Disease (Other)

valve is in the wall of the left atrium anterior to the right pul-
monary veins. Preparative dissection (Sondegaard’s maneu-
ver) of the interatrial groove (Waterston’s groove) facilitates 
exposure using this incision. Alternative approaches for valve 
exposure and their advantages have been described elsewhere.

As noted, patients with papillary muscle rupture caused by 
infarction usually require valve replacement. Some surgeons 
have reported success with reimplantation of the papillary 
muscle, but this strategy is risky in these patients because the 
operation must be both expeditious and effective. Multiple 
attempts to achieve mitral valve competence in this group 
of critically ill patients are poorly tolerated. A reimplanted, 
infarcted papillary muscle does not necessarily restore mitral 
valve competence and also may be subject to early or late 
breakdown.

As in combined aortic valve and coronary artery surgery, 
distal graft anastomoses are performed first. At this point, after 
the atrium has been opened, it may be prudent to undertake 
an arrhythmia ablation procedure in selected patients with 
atrial fibrillation. Radiofrequency or cryoablation probes can 
be used to create a standard lesion set within the left atria, as 
described in Chapter 55. The left atrial appendage should be 
oversewn. Valve repair or replacement is then carried out, fol-
lowed by performance of the mammary artery anastomosis. 
Proximal graft anastomoses can be done either after release of 
the cross-clamp in place.

Weaning from cardiopulmonary bypass is similar to that 
in patients with aortic insufficiency and CAD. Again, in this 

group of patients, afterload reduction using pharmacologic 
agents such as dobutamine and milrinone may be indicated. 
There should be a low threshold for insertion of the intraaor-
tic balloon postoperatively. Many of these patients, particu-
larly when emergent, have severely compromised ventricular 
hemodynamics and may be quite tenuous for hours to days 
after surgery.

Strict attention must be paid to right ventricular function 
and intraoperative right ventricular myocardial protection in 
this group of patients. Right ventricular failure must be antic-
ipated and correctly diagnosed and managed. The presence 
of a falling systemic blood pressure and cardiac output with 
rising pulmonary artery pressure, pulmonary capillary wedge 
pressure, and controlled venous pressure should prompt a 
search for right ventricular failure.

Results
Hospital mortality for this group of patients is higher than that 
for most other forms of acquired heart disease. Early mortality 
rates range from 3% in good-risk patients to 60% in the sick-
est patients.64,65,67,68,71,72 The higher mortality is seen in patients 
with acute ischemic mitral valve disease and severe ventricular 
dysfunction who require emergency surgery. Incremental risk 
factors for early death include age, functional class, ventricu-
lar function, elevated pulmonary pressures, and cardiogenic 
shock. Late survival in patients with this entity is 55 to 85% at 
5 years and 30 to 45% at 10 years (Fig. 45-5).52-57,66,72-74

1.0

0.8

0.6

S
ur

vi
va

l

0.4

P = 0.74

Mitral repair and CABG

Mitral replacement and CABG

0

Repair, No CABG 1 0.95 0.94 0.92 0.91 0.89

Years

0.84 0.81 0.77 0.76 0.74
At Risk 429 386 308 294 281 252 135 121 101 79 63

Replace, No CABG 1 0.89 0.86 0.82 0.8 0.77 0.73 0.67 0.63 0.55 0.51
At Risk 448 396 316 282 250 223 146 120 109 85 77

Repair, Yes CABG 1 0.82 0.72 0.68 0.64 0.62 0.55 0.5 0.37 0.31 0.28
At Risk 152 121 93 85 76 69 31 26 16 10 6

Replace, Yes CABG 1 0.75 0.7 0.64 0.61 0.58 0.53 0.47 0.37 0.35 0.34
At Risk 152 114 97 87 81 72 52 43 33 29 0.34

2 4 6 8 10

P < 0.0001

Mitral repair, no CABG

0.2

0.0

Mitral replacement, no CABG

FIGURE 45-5 Survival, mitral valve repair versus replacement, with and without CABG. (Reproduced with permission from Thourani VH1, 
Weintraub WS, Guyton RA, et al: Outcomes and long-term survival for patients undergoing mitral valve repair versus replacement: effect of age 
and concomitant coronary artery bypass grafting, Circulation. 2003 Jul 22;108(3):298-304.)
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 Chapter 45 Valvular and Ischemic Heart Disease 975

In general, patients who survive surgery have good relief 
of symptoms, although recurrent mitral insufficiency remains 
an issue for some patients who have undergone restrictive 
annuloplasty.66 The risk factors for this complication remain 
incompletely identified, although abnormal ventricular mor-
phology and regional function appear to play a role. Signifi-
cant risk factors for late death include preoperative functional 
class, residual postoperative left ventricular dysfunction, and 
diffuse myocardial ischemia.

MITRAL STENOSIS AND CORONARY 
ARTERY DISEASE
Patients with mitral stenosis and CAD usually have good left 
ventricular function and often are a relatively straightforward 
group of patients to care for because the mitral stenosis does 
not subject the left ventricle to abnormal hemodynamic loads. 
CAD may cause unexpected left ventricular dysfunction, but 
this is unusual, unless weakness, global ischemia coexists. A 
common concern in mitral stenosis patients is postoperative 
right ventricular dysfunction because pulmonary hyperten-
sion, with its potential to produce right ventricular failure 
and tricuspid insufficiency, is often encountered in patients 
with severe mitral stenosis.

Clinical Presentation
As implied earlier, mitral stenosis is usually the dominant 
lesion in patients with mitral stenosis and CAD; therefore, 
symptoms are typically caused by the valvular lesion. Patients 
usually present with shortness of breath, orthopnea, and 
fatigue, despite normal left ventricular function. Atrial fibril-
lation is a common presenting symptom with mitral stenosis 
due to left atrial dilatation. Patients with mitral stenosis and 
CAD infrequently have angina as a presenting symptom. The 
electrocardiogram may show evidence of right ventricular 
strain and hypertrophy. TEE confirms the diagnosis of mitral 
stenosis and usually shows a small left ventricle with preserved 
contractile function. The right ventricle may be enlarged and 
hypertrophied. Cardiac catheterization further confirms the 
diagnosis by showing a gradient across the mitral valve. Other 
important information gleaned from invasive catheterization 
includes a measurement of the pulmonary artery pressures 
and central venous pressure. The degree of pulmonary hyper-
tension is a marker of the severity and duration of mitral 
stenosis and alerts the surgeon to the potential for right ven-
tricular failure postoperatively. An elevated central venous 
pressure is a potential sign that right ventricular decompensa-
tion has already occurred. Coronary angiography should be 
done in all patients with angina pectoris, and as noted before, 
in any patient greater than age 40 years in whom mitral valve 
surgery is anticipated.

Pathophysiology
Unlike the other entities described, mitral stenosis and CAD 
do not have significantly synergistic pathologic effects on the 

heart. CAD usually has more profound effects on the left 
ventricle, since left ventricular mass remains reasonably pro-
tected in patients with mitral stenosis until late in the dis-
ease. The right ventricle is the chamber most vulnerable to 
the effects of long-standing mitral stenosis due to increased 
transpulmonary pressure gradients. However, even with right 
ventricular hypertension, the potential impact of CAD on 
right ventricular function in adults is usually not prohibi-
tive. In circumstances involving patients with diffuse CAD 
and significant ischemic cardiomyopathy, the risks of surgery 
are elevated, primarily because of global ventricular ischemic 
dysfunction.

The indications for surgery, not surprisingly, are usually 
determined by the severity of the mitral stenosis. Patients 
with significant heart failure symptoms and low cardiac out-
put from mitral stenosis whose calculated valve area is less 
than 1 cm2 should have a mitral valve operation, and associ-
ated bypass grafting if significant CAD is present. Patients 
with significant CAD but only mild mitral stenosis may arise, 
and these patients are well managed with CABG and mitral 
commissurotomy, if technically feasible. Another alterna-
tive in patients considered high risk for surgery, is the staged 
approach of percutaneous revascularization with stents and 
balloon mitral valvuloplasty. The number of patients suitable 
for the latter procedure is relatively small and thus far there 
are no definitive data supporting this kind of hybrid trans-
catheter approach to these lesions. These clinical situations 
are best managed within a multidisciplinary team on an indi-
vidualized, patient-by-patient basis.5

Operative Management
Monitoring, perfusion setup, and operative sequence are 
identical to those described for treatment of mitral regurgita-
tion and CAD. TEE is useful to assess both the feasibility of 
mitral commissurotomy (or more extensive mitral repair) and 
the postoperative results of attempted valvuloplasty. In most 
patients with mitral stenosis, however, valve replacement is 
required because of irreversible calcific and fibrotic damage to 
the leaflets and subvalvular apparatus. A biological prosthesis 
is used most often due to a preponderance of advanced age 
patients, even if the majority of patients have chronic atrial 
fibrillation from left atrial enlargement. Although long-term 
anticoagulation is indicated in these patients, use of a bio-
logic valve allows less aggressive anticoagulation regimens in 
patients often burdened with other comorbidities, and who 
are judged to be at significant risk for chronic anticoagula-
tion. Particular attention must be directed to preservation of 
the right ventricle at regular intervals during the operation. 
In practice, this means that initial and subsequent doses of 
cardioplegia should be given antegrade, as well as retrograde, 
because the latter approach usually offers variable distribution 
of cardioplegia to the right ventricle, proximal inferior septal, 
and inferior left ventricular regions.

TEE is also an important adjunct in monitoring both 
right and left ventricular function postoperatively. The early 
differentiation between left and right ventricular failure is 

Cohn_ch45_p0965-0982.indd   975 12/04/17   5:11 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



976 Part VI Valvular Heart Disease (Other)

facilitated by the use of this modality during weaning from 
cardiopulmonary bypass. If inotropic drugs are required, 
their selection should be based, in part, on the consideration 
that pulmonary hypertension and right ventricular failure 
might be important components of the clinical syndrome. 
Drugs such as isoproterenol, dobutamine, and especially 
milrinone (the latter often in combination with norepineph-
rine or other catecholamines to counteract profound periph-
eral vasodilatory effects from phosphodiesterase inhibition) 
may be indicated for their combined beneficial effects on 
right ventricular contractility and pulmonary vascular resis-
tance. Judicious use of inotropic drugs and careful admin-
istration of fluid are usually sufficient to restore adequate 
cardiac output. The intraaortic balloon is rarely indicated 
in these patients because right ventricular problems pre-
dominate. Temporary support with either a right ventricular 
assist device or ECMO for acute pulmonary failure may be 
employed if the above measures are inadequate. Once the 
acute postcardiotomy failure resolves dramatic decreases in 
pulmonary artery pressures and subsequent recovery of right 
ventricular function allows for removal of extraordinary 
support.

Results
Early mortality after combined surgery for mitral stenosis and 
CAD is approximately 8%.44-46 This is not significantly differ-
ent from results of surgery in lower-risk patients with mitral 
regurgitation and CAD. Long-term probability of survival is 
approximately 50% at 7 years and in one series was not signif-
icantly different from that for patients with ischemic mitral 
insufficiency.54-56 Interestingly, long-term survival of patients 
with myxoid degeneration of the mitral valve and CAD 
(65%) was significantly better than survival of the patients 
with rheumatic or ischemic mitral valve disease and CAD 
in at least one series.52 As implied, rheumatic valve pathol-
ogy is a risk factor for late death, as is poor preoperative left 
ventricular function and the presence of ventricular arrhyth-
mias. Interestingly, the use of a bioprosthesis without antico-
agulants confers both a survival advantage and an event-free 
survival advantage in these patients These data lend support 
to the hypothesis that biologic valves may be appropriate for 
mitral replacement in older patients and those with CAD, 
whose expected life span may be shorter than the anticipated 
durability of the replacement device.37

AORTIC STENOSIS, MITRAL 
REGURGITATION, AND CORONARY 
ARTERY DISEASE
Patients with AS, mitral regurgitation, and CAD often pres-
ent with AS as the predominant lesion. It is important to note 
that functional mitral regurgitation may improve after relief 
of AS with concomitant reduction in left ventricular systolic 
pressure. If the mitral valve is not intrinsically diseased, it may 
not require surgical intervention.75

Clinical Presentation
Patients with these diseases often present identically with 
patients with AS and CAD, but may do so earlier because 
of the combined valvular lesions. Angina, congestive heart 
failure, and syncope may be presenting symptoms alone or 
together. It is relatively uncommon for symptoms resulting 
from mitral insufficiency to be predominant. Echocardiog-
raphy is an extremely important tool in this disease combi-
nation. Careful evaluation of the mitral valve, often using 
TEE, is necessary to determine the degree of intrinsic mitral 
valve disease, because improvement in mitral insufficiency 
is expected after AVR and relief of left ventricular outflow 
obstruction.72 It is critical to determine whether or not the 
mitral valve has anatomical abnormalities that might not 
reverse with aortic surgery alone.73,76 Cardiac catheterization 
is required, as it is for the other disease entities described.

Pathophysiology
Aortic stenosis increases left ventricular afterload and there-
fore can contribute to increasing the amount of mitral regur-
gitation. Because the combined lesions may cause patients 
to present earlier in the course of the disease, the left ven-
tricle may be better preserved in this setting than in patients 
with isolated mitral insufficiency and CAD. Also as noted, 
the mitral valve may not be structurally diseased. Because of 
earlier presentation, pulmonary hypertension and subsequent 
right ventricular failure and tricuspid valve incompetence are 
usually not prominent features. Because relief of outflow 
obstruction helps left ventricular function immediately, these 
patients often do quite well.

The indications for surgery are usually the same as for AS 
and CAD. Critical AS, when documented, requires valve 
replacement; if significant CAD is present, CABGs are also 
done in the sequence previously described. Mitral valve repair 
is almost always appropriate with annular remodeling when 
mitral insufficiency is moderate to severe and reparable ana-
tomical abnormalities of the valve are detected. End-stage ven-
tricular dysfunction with ventricular dilatation and myocardial 
thinning are the primary cardiac contraindications to surgery.

Operative Management
Anesthesia and perfusion setup are identical to those described 
for mitral valve and coronary artery surgery. Intraoperative 
transesophageal echocardiographic monitoring again plays 
an important role because the intraoperative assessment of 
mitral valve structure and function before and after bypass is 
critical. The choice of valve for aortic replacement is the same 
as described previously. In most situations, however, biopros-
thetic valves should be considered, especially if the mitral 
valve is to be repaired.

Under almost all circumstances in which anatomical 
abnormalities of the mitral valve are detected, or in which 
mitral insufficiency is severe, mitral valve repair should be con-
sidered. Annuloplasty remodeling may be all that is required 
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 Chapter 45 Valvular and Ischemic Heart Disease 977

if the mitral insufficiency results from annular dilatation and 
the insufficiency is symmetric and central. More complex dis-
ease may require more extensive repair, or even replacement 
of the mitral valve. When the decision is made not to oper-
ate on the mitral valve, TEE is done to assess residual mitral 
valve dysfunction following AVR and coronary artery bypass 
surgery. If moderate or severe mitral regurgitation remains, 
the valve should be repaired or replaced. This is technically 
more difficult after the aortic valve has been replaced, because 
the prosthesis in the aortic position hinders exposure of the 
mitral valve. Therefore, every effort must be made to assess 
mitral valvular morphology and function before starting car-
diopulmonary bypass, and preferably prior to the induction 
of anesthesia.

As in the other entities described, distal graft anastomoses 
are performed first (Fig. 45-6). After these grafts are com-
pleted, the aorta is opened and the aortic valve is resected 
with appropriate annular debridement. Replacement of the 
aortic valve, however, is deferred until after the mitral valve 
operation because sutures used for mitral valve repair or 
replacement may become disrupted during later debridement 
of the aortic valve annulus. After resection of the aortic valve, 
the atrium is opened and the mitral operation is performed. 
The atrium is closed with a vent across the mitral valve. The 
aortic valve is then replaced and the aorta is closed. The inter-
nal mammary artery graft is done last. Proximal graft anasto-
moses can be done with the aortic cross-clamp in place. It is 
conceivable that at some point in the future high risk patients 
with this combination of lesions may undergo catheter-based 
coronary revascularization, catheter-based AVR, and catheter-
based mitral valve repair particularly in high-risk patients.77,78

As noted, this group of patients may have preserved ven-
tricular function, and weaning from cardiopulmonary bypass 
is often straightforward. Inotropic drugs and intraaortic bal-
loon counter pulsation are used as indicated.

Results
Early hospital mortality is 12 to 16%77,81 Not surprisingly, 
predictors of early death include severe mitral regurgitation, 
lower ejection fraction with more severe symptoms of heart 
failure, and the presence of severe triple-vessel CAD. Late 
survival is approximately 60% at 72 months. Multivariate 
predictors of late mortality include advanced symptoms of 
heart failure and increased severity of mitral insufficiency.

AORTIC AND MITRAL 
REGURGITATION AND CORONARY 
ARTERY DISEASE
Relatively few patients have insufficiency of both the aortic 
and mitral valves combined with CAD. Those patients who 
do usually have rheumatic heart disease and present early in 
the course of the valvular heart disease. Aortic regurgitation 
may be the predominant valve pathology in a patient with 
simultaneous significant CAD. The mitral valve pathology 

may be secondary to left ventricular dilatation from the aor-
tic lesion and/or from ischemia resulting from the coronary 
obstructions. Morphologic mitral valve disease may not be 
present. Because of the interaction of the valve and coronary 
pathologies, assessment of left ventricular contractility may 
be difficult for the reason that both preload and afterload are 
altered. In addition, the presence of reversible ischemia may 
obscure accurate measurement of ventricular function and 
reserve. Therefore, assessment of myocardial viability in these 
patients is often important.

Clinical Presentation
Most patients with this combination of cardiac lesions pres-
ent with congestive heart failure. It is unusual to see a patient 
who has significant insufficiency of both the aortic and mitral 
valves present with angina as the primary symptom. Typical 
murmurs of aortic and mitral insufficiency are present, and 
the patient may have other signs of chronic congestive heart 
failure, including rales and peripheral edema. If myocardial 
infarction is a significant component of the pathophysiology 
and presentation of the disease, evidence of it may be seen 
on electrocardiogram and echocardiogram. On echocardiog-
raphy, patients may have regional wall motion abnormalities 
if infarction has occurred, as well as global ventricular dilata-
tion and dysfunction from the combined valvular lesions and/
or diffuse CAD. Cardiac catheterization defines the coronary 
anatomy and helps to assess the severity of the valvular insuf-
ficiency and ventricular dysfunction. Accurate assessment of 
true left ventricular function is difficult in this entity. Mitral 
insufficiency may abnormally inflate visual measurements of 
ejection fraction because the ventricle can eject into the low-
pressure pulmonary venous circuit. The misleading ejection 
fraction, with increased preload volumes due to insufficient 
aortic and mitral valves, when combined with the potential 
contribution of dysfunctional ischemic myocardium, make it 
very difficult to get an accurate estimation of preoperative left 
ventricular function. Thallium or PET scans may be useful to 
assess areas of dysfunctional myocardium that may be viable. 
Transesophageal ECHO may be extremely helpful, with spe-
cial attention to left ventricular dimensions and bi-valvular 
anatomy.

Pathophysiology
Symptoms and signs of left ventricular failure develop as the 
left ventricle dilates. In patients with rheumatic disease with 
both valves intrinsically damaged, ischemic disease may be 
minimal. In the setting of patients with aortic regurgitation 
and significant ischemia, mitral regurgitation is more likely 
to be secondary to both of these processes, and valve repair 
should be possible. Correction of aortic regurgitation reduces 
preload, whereas correction of mitral insufficiency increases 
afterload. The chronically dilated myopathic ventricle may 
not have sufficient reserves to maintain adequate output 
under these circumstances. Higher postoperative preload 
may need to be maintained while afterload is reduced. Any 
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A

B

C

D

E
F

G

H

Ia

Ib

J

FIGURE 45-6 Operative sequence for aortic valve replacement, mitral valve replacement, and coronary artery bypass grafting. (A) Cannulation 
with cross-clamping of the aorta and administration of antegrade and retrograde cardioplegia. (B) Distal graft anastomoses are performed. 
(C) Aortotomy with standard oblique incision. (D) The aortic valve is resected but not replaced. (E) Standard left atriotomy after dissection in the 
interatrial groove. (F) Mitral valve repair or replacement with the prosthesis of choice. (G) Closure of the left atriotomy. (H) Aortic valve replace-
ment with prosthesis of choice. (Ia and b) Closure of aortotomy and performance of distal anastomosis with the internal mammary artery. 
(J) Proximal graft anastomoses are performed. In this illustration, a partially occluding clamp has been applied to the aorta.
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 Chapter 45 Valvular and Ischemic Heart Disease 979

additional contractility as a result of revascularization should 
improve output further. However, because of the multiple, 
uncontrollable variables that inhibit preoperative assessment 
of ventricular function, prediction of expected improvement 
after this operation is difficult.

This consideration is extremely important, since patients 
with severe and irreversible ischemic myocardial disease and 
poor ventricular function will not do well with operative 
treatment. Therefore, preoperative assessments of myocardial 
viability and reversible ischemia are critical. It is also impor-
tant to assess whether organic mitral valve disease is present. 
The best results in these patients are in those in whom no 
mitral operation, or at most annuloplasty, is required.

OPERATIVE MANAGEMENT
Details of the operative technique are similar to those 
described previously. Because of the presence of aortic insuf-
ficiency, retrograde cardioplegia must be used in conjunc-
tion with handheld ostial cannulas to deliver cardioplegia 
antegrade. For the reasons enunciated, excellent myocardial 
protection is important in these patients. TEE is required 
in the operating room for the assessment of mitral valve 
function. Residual 1+ to 2+ mitral regurgitation may be 
acceptable in certain patients because relief of aortic regur-
gitation can be expected to reduce ventricular size, which 
may lead to improvement of mitral regurgitation as the 
ventricle remodels with time. Similarly, myocardial revas-
cularization also may lead to ultimate improvement in ven-
tricular and mitral valve function in those with mild mitral 
valve insufficiency.

In weaning from cardiopulmonary bypass, afterload reduc-
tion is extremely important because of the large preoperative 
volume overload of the heart. Drugs that reduce ventricular 
afterload, including vasodilators and inotropic drugs such as 
milrinone, may be particularly appropriate. The intraaortic 
balloon pump may be needed and helpful in the periopera-
tive care of these difficult patients.

Results
Early hospital mortality in this group of patients may be 
high, and if myocardial failure is severe, overall mortality 
rates exceed the range already noted for double-valve and 
coronary artery surgery.23,79,81 Important determinants of 
risk in these patients are the familiar ones. In several series, 
predictors of hospital death and late events included severe 
mitral regurgitation, lower ejection fraction, more severe 
symptoms of congestive heart failure, and severe triple-
vessel CAD.80
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The number of patients undergoing reoperation for valvular 
heart disease is increasing and will continue to increase as 
the general population ages.1 These reoperations most com-
monly involve structural deterioration of a bioprosthesis or 
progression of native-valve disease after nonvalve cardiac 
surgery. Structural failure of a biologic valve should be con-
sidered a part of the natural evolution of tissue valves and 
should be fully appreciated by both the surgeon and the 
patient prior to implantation.2 Reoperations are technically 
more difficult than primary operations because of adhe-
sions around the heart with an associated risk of reentry, the 
presence of more advanced cardiac pathology, and the exis-
tence of more frequent comorbidities such as pulmonary 
hypertension. Perhaps most importantly, reoperative valve 
replacement operations often are performed in functionally 
compromised patients who tolerate complications poorly or 
who have little reserve.3 As a consequence of these and other 
factors, reoperative valve surgery historically has been asso-
ciated with a considerably higher operative mortality than 
primary valve surgery, particularly in patients who have had 
multiple prior replacements.4 In the modern era, however, 
with the use of alternative surgical approaches and advanced 
perioperative care, there has been significant improvement 
in outcomes.5-9

Reductions in operative risk and postoperative morbidity 
after reoperative valve surgery have been made in the past few 
years through advances in myocardial protection, as well as 
alternative perfusion strategies such as the proper use of deep 
hypothermic cardiac arrest.10 In addition, use of peripheral 
cannulation techniques to institute cardiopulmonary bypass 
(CPB) has become a relatively standard practice in reopera-
tive cases.11-13 Early institution of CPB prior to reentry pre-
vents injury to the right ventricle (RV) or patent coronary 
artery bypass grafts during reoperative sternotomy.

Successful replacement of degenerated cardiac valves usu-
ally results in symptomatic and hemodynamic improvement. 
In this regard, improvements in valve design have mitigated 
but not eliminated primary bioprosthetic failure.14-16 As such, 
the risk of re-replacement for bioprosthetic failure remains 
a significant factor to be considered in the selection of valve 
type for implantation.17

MECHANICAL VERSUS 
BIOLOGIC VALVES
The most appropriate valve substitute for an individual 
patient remains a source of much controversy. This choice 
should be adapted to each individual patient depending on 
age, life expectancy, life style, valve size, and cardiac as well 
as noncardiac comorbidities.18 Some studies comparing the 
long-term outcomes between biologic and mechanical aortic 
valve prostheses have yielded similar results with regard to 
overall valve-related complications.19-22 However, most recent 
large studies have documented that anticoagulant-related 
bleeding with mechanical valves must be balanced against life 
expectancy and the risk of biologic valve re-replacement.23-25 
Bioprosthetic valves are known to undergo a time-dependent 
process of structural deterioration that results in freedom of 
reoperation of 80% at 15 years.20 Consequently, structural 
degeneration of a bioprosthesis is the most frequent indica-
tion for reoperation in patients with tissue valves.19,26

Despite this, recently improved durability of tissue valves, 
as well as the availability of stentless valves and homografts, 
has led to surgeons placing bioprostheses in progressively 
younger age groups.18,27-30 Contributing to this trend, many 
patients do not want to accept the risk of anticoagulant-
related hemorrhage associated with mechanical valves: major 
events 0.5% per patient-year and minor events 2 to 4% per 
patient-year.31 In addition, new concepts of valve-in-valve 
(VinV) interventions are suggesting to patients that there 
may be re-replacement of bioprosthetic valves in the future.

Mechanical prostheses usually are selected for younger 
recipients because of their proven durability over time. How-
ever, the risk of anticoagulant-related bleeding, as well as 
thromboembolic events (TEs), in these valves is not trivial 
and depends on valve design, structural materials, and host-
related interactions.31 In a 12-year comparison of Bjork-Shiley 
versus porcine valves, Bloomfield et al documented severe 
bleeding complications in 18.6 versus 7.1%, respectively.32 
Moreover, although endocarditis, dehiscence, perivalvular 
leak, and pannus formation are associated with both biologic 
and mechanical valves, acute prosthetic thrombosis is exclu-
sively a complication of mechanical valves.33,34 In considering 
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984 Part VI Valvular Heart Disease (Other)

mechanical valve durability, these associated risks cannot be 
ignored and must be weighed against the anticipated rate of 
tissue-valve failure and the need for reoperation.

RISK FACTORS IN REOPERATIVE 
VALVE SURGERY
In evaluating patients for reoperative valve surgery, certain fac-
tors are associated with added risk. For example, Husebye et 
al, in a review of their 20-year experience17 with reoperative 
valve surgery, found specific issues to carry higher risk (see 
Table 46-1). Overall operative mortality was 7% for the sec-
ond and 14% for the third reoperation. Operative mortality 
for the first reoperation (n = 530 patients) was 5.9% in the 
aortic position and 19.6% in the mitral position. In the aortic 
position, operative mortality was 2.4% for New York Heart 
Association (NYHA) class I, 1.6% for NYHA class II, 6.3% 
for NYHA class III, and 20.8% for NYHA class IV emphasiz-
ing the significance of early referral. Regarding the urgency of 
surgery, the mortality for elective mitral valve reoperations was 
1.4%; for urgent procedures, 8%; and for emergency proce-
dures, 37.5%. Based on these findings, the authors have rec-
ommended that referral for reoperation be made when valve 
dysfunction is first noted, that is, before a significant decrement 
in myocardial function.17 Similarly, Jones et al reviewed 
their experience with first heart valve reoperations in 671 
patients between 1969 and 1998.6 Their overall opera-
tive mortality for first-time heart valve reoperation was 
8.6%, similar to the results published by Lytle et al35 (10.9%),  
Cohn et al4 (10.1%), Akins et al36 (7.3%), Pansini et al2 (9.6%), 
and Tyers et al37 (11.0%). In the Jones and colleagues series, 
mortality increased from 3.0% for reoperation on a new valve 
site to 10.6% for prosthetic valve dysfunction or peripros-
thetic leak; mortality was highest (29.4%) for associated endo-
carditis or valve thrombosis. Concomitant coronary artery 
bypass grafting (CABG) carried a higher associated mortal-
ity (15.4%) than when it was not required (8.2%). Among 
the 336 patients requiring re-replacement of prosthetic valves, 
mortality was 26.1% for re-replacement of a mechanical valve 

compared with 8.6% for re-replacement of a tissue valve. The 
authors concluded through multivariable analysis that signifi-
cant predictors of mortality were year of reoperation, patient 
age, indication, concomitant CABG, and the replacement of 
a mechanical valve rather than a tissue valve.6

PREOPERATIVE IMAGING IN 
REOPERATIVE VALVE SURGERY
Reoperative cardiac surgery is associated with higher morbid-
ity and mortality than the first operation38-40 partially related 
to the risk of surgical reentry. The main technical concern 
during surgical reentry is the risk of lethal injury to vital struc-
tures such as the aorta, RV, and patent coronary artery bypass 
grafts. The key to mitigating the risk of reentry is via careful 
planning of the surgical approach. This starts with knowing 
the exact proximity of the RV, aorta, and prior grafts to the 
posterior sternal table. The standard preoperative coronary 
angiography and chest x-ray is usually uninformative about 
the precise anatomic relationship of these vital structures with 
the sternum.

Retrospective electrocardiographic (ECG)-gated mul-
tidetector computed tomographic (MDCT) scanning has 
arisen as the modality of choice to assess not only the heart’s 
location in relation to the sternum, but also graft’s location 
and patency.41-43 Use of ECG-gated MDCT meticulously 
evaluates the structures of interest to the surgeon, including 
sternum, mediastinal structures, bypass grafts, and their rela-
tionship to each other.44-46 At our institution, all reoperative 
cardiac surgeries are preceded by a preoperative cardiac com-
puted tomography (CT) scan assessment. For patients with 
prior valvular (non-CABG) surgeries in which assessment 
of bypass graft is not necessary, noncontrast CT scan is ade-
quate. In 2010, the Appropriate Use Criteria of the American 
College of Cardiology rated this application of cardiac CT as 
an appropriate use of this technology.45,47

Preoperative CT scan will lead to a modification of sur-
gical approach in 20% of patients undergoing redo cardiac 
surgery.41,44 For example, if CT shows a distended RV adher-
ent to the posterior sternum, it might be prudent to initiate 
CPB prior to attempting sternal reentry. In high-risk redo 
patients, MDCT is associated with a higher adoption of 
preventive maneuvers aimed at mitigating the risk of reen-
try.48 There is evidence that preoperative MDCT reduces 
the risk associated with redo cardiac surgery49 as well as 
shorter perfusion and cross-clamp time, shorter intensive 
care unit stays, and less frequent perioperative myocardial 
infarction (MI).50

REOPERATIVE AORTIC 
VALVE SURGERY
Historically, aortic valve surgery typically involved the place-
ment of a mechanical valve. In the past, there were only a 
few generally accepted indications to use a bioprosthesis for 

TABLE 46-1: Risk Factors for Reoperative 
Valve Surgery

Advanced age
Impaired ejection fraction (EF), congestive heart failure (CHF), or 

advanced preoperative functional class (NYHA)
Urgency of operation or unstable status preoperatively
Preoperative shock
Concomitant coronary artery bypass graft (CABG) or the presence 

of previous bypass grafts
Prosthetic valve endocarditis
Surgery for perivalvular leaks, valve thrombosis, or prosthetic 

dysfunction
Renal dysfunction
Chronic obstructive pulmonary disease (COPD)
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 Chapter 46 Reoperative Valve Surgery 985

primary, isolated aortic valve replacement (AVR): (1) the pres-
ence of well-established contraindications to anticoagulation, 
(2) the inability to monitor prothrombin levels adequately, 
and (3) patients whose survival was limited and more depen-
dent on nonvalve-related issues.18,26 In recent years, however, 
the use of biologic valves in the aortic position has become 
more common.24,51

As mentioned, reoperations are technically demanding, 
and many patients present in a poor functional state that fur-
ther increases their mortality, in some series up to 19%.32,52,53 
Generally, optimal planning for reoperation prior to deterio-
ration to NYHA class III to IV levels and before unfavorable 
comorbid conditions have arisen is imperative to ensure good 
outcomes.9 Following these guidelines in the modern era, 
elective re-replacement of malfunctioning aortic bioprosthe-
ses can be performed with results similar to those of the pri-
mary operation.18,23,54 The Mayo Clinic, for example, recently 
reviewed its experience with 162 reoperative AVRs. Early 
mortality for reoperative AVR was not statistically different 
from that for primary AVR.55 In light of recent lower opera-
tive mortality in reoperative valve surgery, a more conserva-
tive approach toward issues such as “prophylactic” AVR in 
patients with asymptomatic mild-to-moderate aortic stenosis 
(AS) at the time of CABG also may be more appropriate.56

In evaluating the reoperative patient, the presence of 
concomitant coronary artery disease and pulmonary hyper-
tension has been shown consistently to be independent risk 
factors.18 Patients with these risk factors therefore need care-
ful surveillance once the probability of bioprosthetic dysfunc-
tion begins increasing (ie, 6 to 10 years after implantation).16 
Regarding valve surveillance and timing of reoperation, the 
following variables are relevant to the clinical management 
of patients with an aortic bioprosthesis: a history of endo-
carditis before the first operation, perioperative infectious 
complications, coronary artery disease acquired after the first 
operation, an increase in pulmonary artery pressure, and a 
decrease in left ventricular function during the interoperative 
interval.18 Proper timing of the reoperation therefore is para-
mount because duration of clinical signs with a dysfunctional 
aortic bioprosthesis may be misleading. This is further sup-
ported by the fact that the need for emergency reoperation 
is the most ominous risk factor and consistently yields a high 
early mortality rate of 25 to 44%.57

Reoperative Aortic Valve Surgery after 
Prior Coronary Revascularization
Reoperative valve surgery in patients with a prior patent left 
internal thoracic artery (LITA) to left anterior descending 
(LAD) graft is challenging for surgeons because of specific 
considerations for myocardial protection and prevention of 
patent graft injury. Unlike mitral valve surgery or CABG, in 
which cross-clamping of the aorta may be optional, aortic 
valve surgery mandates aortic cross-clamp unless hypother-
mic circulatory arrest is used. As such reoperative AVR in 
patients with a patent LITA graft presents a unique challenge 
of myocardial protection.

The incidence of LITA injury in the literature varies from 
5 to 9%58-61 and is associated with a 40% risk of perioperative 
MI59 and 50% mortality rate.62-64 This high morbidity and 
mortality rate warrants a preoperative decision concerning 
the most appropriate and safe surgical approach.

This is an area of recent controversy. The most traditional 
approach involves resternotomy, dissection of the LITA graft, 
and occlusion of the patent graft with a small bulldog and 
then aortic cross-clamping. This strategy has the advantage 
of short CPB time, maximizing uniform myocardial protec-
tion without cardioplegia washout but with an obvious risk 
of LITA injury during dissection. Efforts to reduce the risk of 
LITA injury have led to the “no-dissection” surgical technique 
in which the graft is left unclamped with use of deep hypo-
thermic cardioplegic arrest.58,65-67 In this approach, the LITA 
graft is not dissected and myocardial protection is achieved 
by using moderate-to-deep hypothermic cardioplegic arrest. 
This has the advantage of minimizing (but not eliminating) 
graft injury and its main disadvantage is that an unclamped 
LITA graft can lead to poor/uneven myocardial protection 
because of cardioplegia washout from the LITA territory. 
Another disadvantage is poor visualization due to continu-
ous flow through the LITA. Other less utilized and studied 
approaches involve supraclavicular or endovascular control of 
the patent LITA graft.68,69

It is worth mentioning that another strategy of handling 
patent LITA grafts involves deep hypothermic circulatory 
arrest without controlling the graft or aortic cross-clamping. 
This technique is occasionally indicated in patients with “por-
celain” aortas.70

All these concerns reiterate the importance of meticu-
lous preoperative assessment and planning, to determine the 
optimal surgical approach for each individual patient. The 
“no-dissection” technique with hypothermic cardioplegia 
is a preferred approach for redo AVR in patients with pat-
ent LITA graft. Several studies have documented the safety 
of this method without any increased risk of perioperative 
mortality.58,65-67

Approaches and Techniques
CONVENTIONAL RESTERNOTOMY
The evolution of cardiac surgery through the last few decades 
has led to the popularization of various surgical approaches. 
Thoracotomy, for example, once was used extensively to gain 
access to mediastinal structures. Then median sternotomy 
became the standard approach. In reoperative cases, how-
ever, repeating the sternotomy carries definite surgical risks. 
Before proceeding with a resternotomy, the relationship 
between certain anterior mediastinal structures (eg, the RV 
and the aorta) and the posterior aspect of the sternum must 
be assessed carefully.71 As described above, a CT scan with or 
without contrast is now the modality of choice.41,43,62

Exposure of the femoral vessels and preparation for emer-
gency femoral-femoral CPB should be performed before 
resternotomy. In cases of heightened concern for RV-graft 
injury or in cases in which a left internal mammary artery 
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986 Part VI Valvular Heart Disease (Other)

(LIMA) graft is patent, the surgeon should consider the use 
of CPB before chest reentry. Sternal wires from the previous 
operation should be undone carefully but left in place as a 
posterior safeguard during initial sternal division. An oscil-
lating (not reciprocating) bone saw can be used to divide the 
anterior sternal table. An Army-Navy retractor, placed inferi-
orly in-line with the sternotomy can be used to stent open the 
wound during opening of the posterior table. Most authors 
recommend dividing the posterior table using a combination 
of scissors and anterolateral rake retraction.62,71,72 Following 
this, bilateral pleural spaces should be entered inferiorly, fol-
lowed by careful dissection of other mediastinal structures. 
The pericardial dissection plane can be developed by start-
ing at the cardiophrenic angle and advancing slowly cepha-
lad and laterally on the surface of the right side of the heart. 
Cephalad dissection should start with freeing the innominate 
vein before spreading the retractor to avoid its injury. Fur-
ther dissection then is carried down to the superior vena cava 
(SVC), being careful to note the location of the right phrenic 
nerve. An area of consistently dense adhesions is the right 
atrial appendage, and caution should be used here. In addi-
tion, great care should be taken to avoid “deadventializing” 
the aorta. The area where the aorta apposes the pulmonary 
artery is another site of potential injury.

Repairing small ventricular or atrial lacerations should not 
be attempted before releasing the tension of the surrounding 
adhesions. Repair of great vessel injuries or severe RV injuries 
is best done on CPB.71 Severe active hemorrhage during a sec-
ond sternotomy usually is caused by adherence of the heart or 
great vessels to the posterior sternum. Prevention of this com-
plication by interposition of pericardium or other mediastinal 
tissue at the time of the first operation has been suggested 
but has debatable relevance.62 The incidence of resternotomy 
hemorrhage is between 2 and 6% per patient reoperation.73-75 
In a report of 552 patients who had undergone reoperative 
prosthetic valve surgery, 23 patients (4%) had complications 
related directly to sternal opening.17 Of these, five patients 
had injury to the right atrium, seven patients had lacerated 
RVs, nine patients had injuries to the aorta, and two patients 
had a previously placed coronary artery graft divided. Nine-
teen of the 23 complications occurred during a first reop-
eration. Overall, there were two operative deaths related to 
resternotomy. The first death involved division of a previously 
placed coronary artery graft during reentry. The second death 
was caused by laceration of the aorta with subsequent exsan-
guination.17 Of note, prior use of a right internal mammary 
artery (RIMA) graft can be particularly challenging because it 
frequently crosses the midline, and extreme caution must be 
used in first dissecting out this vessel.

Macmanus et al reviewed their experience with 100 
patients undergoing repeat median sternotomy.74 Eighty-
one patients had one repeat sternotomy, whereas the others 
had undergone multiple sternotomies. All had had a previ-
ous valve procedure and were reoperated on for progressive 
rheumatic valvular disease or for complications related to 
the prosthesis. Complications included hemorrhage dur-
ing reentry in eight patients, postoperative hemorrhage in 

two, seroma in four, and dehiscence, wound infection, and 
hematoma in one patient each. There was one operative 
death directly related to resternotomy hemorrhage.74 When 
major hemorrhage does occur on sternal reentry, attempts at 
resternotomy should be abandoned, and the chest should be 
reapproximated by pushing toward the midline. The patient 
should be heparinized immediately while obtaining femoral 
arterial and venous cannulation. Blood loss from the rester-
notomy should be aspirated with cardiotomy suction and 
returned to the pump. Once bypass has been established, core 
cooling should be commenced with anticipation of the need 
for circulatory arrest. Once cool, flow rates can be reduced 
briefly for less than a minute, and the remaining sternal divi-
sion can be completed, followed by direct repair of the under-
lying injury.62 Anticipating the possibility of this scenario, we 
frequently expose peripheral cannulation sites prior to begin-
ning a resternotomy. In cases of heightened concern for RV 
or graft injury, or in patients with a patent LIMA to LAD 
artery graft, CPB and cardiac decompression may be initiated 
before sternal reentry. After safe sternal entry, the patient may 
be weaned from bypass for further dissection of adhesions to 
avoid prolonged pump times.

MINIMALLY INVASIVE REOPERATIVE AORTIC 
VALVE REPLACEMENT
Reoperative procedures are challenging owing to diffuse 
mediastinal and pericardial adhesions. A large incision that 
increases the operative exposure also has been associated 
with a higher risk of injury to cardiac structures and coro-
nary artery bypass grafts and results in greater bleeding with 
its associated transfusion requirements.76-79 A smaller inci-
sion with a limited sternotomy, on the other hand, reduces 
the area of pericardiolysis, thus mitigating these effects. The 
intact lower sternum that remains also preserves the integ-
rity of the caudal chest wall, thereby enhancing sternal stabil-
ity and promoting earlier extubation.80,81 Minimally invasive 
valve procedures gradually have become more accepted as 
new technologies and instrumentation have been devel-
oped.80 Reoperative procedures in which there is risk for graft 
injury are an area where minimally invasive strategies may 
be of direct benefit.82,83 Our surgical approach in reopera-
tive AVR is shown in Fig. 46-1.80 In our series of patients, 
peripheral cannulation sites were exposed or cannulated 
before beginning the partial upper resternotomy. An external 
defibrillator is placed on the patient before draping for antici-
pated defibrillation as necessary. Transesophageal echocar-
diography (TEE) was used in every patient. A partial upper 
resternotomy was carried out to the third or fourth intercostal 
space depending on the estimated position of the aortic valve 
as documented by CT scan/TEE and then was “T’d to the 
right.”84 The oscillating saw was used to divide the anterior 
sternal table, whereas the straight Mayo scissors, under direct 
visualization, was used to divide the posterior sternal table. 
In the setting of a patent LIMA-LAD graft or other anterior 
coronary artery bypass grafts, patients were placed on CPB 
before partial resternotomy. Mediastinal dissection was limited 
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to only the ascending aorta as was necessary for clamping and 
aortotomy. The right atrium was dissected only if it was can-
nulated. Although intrathoracic cannulation was preferred, 
we frequently used peripheral cannulation to avoid clutter in 
the chest. Retrograde cardioplegia, if necessary, was delivered 
via a transjugular coronary sinus catheter or with right atrial 
placement under TEE guidance. Vacuum assistance of venous 
drainage was used in the majority of patients. Once on CPB, 
all patients were systemically cooled to 20 to 25°C. Patients 
with patent LIMA-LAD grafts were cooled routinely to 20°C 
for additional myocardial protection and in so doing avoided 
the need and potential hazard of dissecting out the LIMA for 
clamping in an attempt to avoid cardioplegia washout. If flow 

from the patent LIMA-LAD graft led to significant blood flow 
out of the coronary ostium and obscured the operative field, 
pump flows were turned down temporarily to allow visualiza-
tion. Venting was accomplished by placing a pediatric vent 
through the aortic annulus. The aortic valve surgery then was 
performed based on patient indications. While closing the 
aortotomy, intracardiac air was removed by insufflating the 
lungs and decreasing flows on CPB. Carbon dioxide was used 
and flooded the operative field. Patients also were tilted from 
side to side to help with de-airing, and the ascending aortic 
vent was left open until separation from CPB. Temporary 
epicardial pacing wires were placed on the anterior surface 
of the RV while the heart was decompressed and before the 
aortic cross-clamp was removed. Two 32 French right-angled 
submammary chest tubes then were placed through the right 
pleural space, one angled medially into the mediastinum and 
one angled posterior into the pleural space. Decannulation 
and closure then were performed in the standard manner.

With our increasing experience in minimally invasive 
reoperative AVR, we have refined our technique as an alter-
native to conventional full resternotomy.80 Technical details 
of the partial upper resternotomy approach are presented 
in Table 46-2. By following these guidelines, we have yet to 

TABLE 46-2: Twelve Technical Details for 
Successful Aortic Valve Replacement After 
Previous Cardiac Surgery by Use of Partial 
Upper Resternotomy

1. Routine exposure of peripheral cannulation sites prior to 
partial upper resternotomy

2. Placement of Zoll (Zoll, Inc., Burlington, MA) defibrillator 
pads before prepping

3. Use of intraoperative transesophageal echocardiography for air 
removal and inspection of valve

4. In patients with patent left internal mammary artery to left 
anterior descending coronary artery (LIMA-LAD) graft, 
peripheral cannulation, and cardiopulmonary bypass (CPB) 
established before partial upper resternotomy

5. Mediastinal dissection limited to ascending aorta for clamping 
and aortotomy and atrium (RA), only if RA is cannulated

6. Use of peripheral cannulation to avoid clutter in the chest
7. Use of vacuum assistance on CPB
8. Use of retrograde cardioplegia (CP) delivered by transjugular 

retrograde CP catheter in addition to antegrade CP
9. Cooling to at least 25°C in all patients primarily for 

myocardial protection; if a patent LIMA-LAD graft is present, 
cooling to 20°C without isolation and clamping LIMA graft

10. If visualization is poor because of LIMA-LAD collaterals 
flowing from coronary ostia, temporary low flows on CPB to 
improve visualization

11. Venting with a pediatric vent placed through the aortic annulus
12. Placement of temporary pacing wires on the right ventricular 

free wall before aortic clamp removal

Reproduced with permission from Byrne JG, Karavas AN, Adams DH, et al: 
Partial upper re-sternotomy for aortic valve replacement or re-replacement after 
previous cardiac surgery, Eur J Cardiothorac Surg. 2000 Sep;18(3):282-286.

FIGURE 46-1 Partial upper resternotomy for reoperative AVR. 
The previous sternotomy incision is exposed to the third or fourth 
intercostal space depending on the position of the aortic valve, as 
documented by TEE. After dissection of the ascending aorta, pay-
ing particular attention to the position of coronary artery bypass 
grafts and their proximal anastomoses, cannulation is carried out. In 
this figure, the ascending aorta and innominate vein are cannulated. 
Frequently, however, other cannulation sites are required owing to 
space limitations in the chest. The ascending aorta is cross-clamped, 
and the aortic valve re-replacement is conducted in a standard fashion. 
(Reproduced with permission from Byrne JG, Karavas AN, Adams 
DH, et al: Partial upper re-sternotomy for aortic valve replacement or 
re-replacement after previous cardiac surgery, Eur J Cardiothorac Surg. 
2000 Sep;18(3):282-286.)
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convert any patient to a full resternotomy. CT scan and/or 
TEE are helpful in locating the level of the aortic valve and 
determining the proximity of the aorta to the posterior aspect 
of the sternum.84 Also, extension of the sternal incision later-
ally on both sides through the intercostal spaces helps to later 
reapproximate the sternum. We have tried to limit mediasti-
nal and pericardial dissection primarily to the aorta, believ-
ing that this is the principal reason for decreased bleeding 
and transfusion requirements postoperatively.80,82,85,86 The 
RV, which often is attached to the sternum, does not need to 
be dissected. Also, injuries to patent but atherosclerotic vein 
grafts can be reduced with this “no touch” technique.87

Arterial and venous cannulation sites can vary consider-
ably, reflecting the individual choice of the operating surgeon 
and the sufficiency of intrathoracic space. Possible cannula-
tion sites, other than standard ones, include the axillary artery, 
innominate vein, and percutaneous femoral vein.13,88 Innomi-
nate vein or percutaneous femoral vein cannulation, as well as 
the use of TEE to place the retrograde cardioplegia catheter, 
has been extremely helpful in minimizing dissection of the 
right atrium. At present, we consider this approach to be use-
ful for isolated, elective reoperative aortic valve surgery.80

REOPERATIVE AORTIC VALVE REPLACEMENT 
AFTER HOMOGRAFT/ROOT/ALLOGRAFT
AVR with homografts and autografts was performed increas-
ingly because of excellent freedom from thromboembolism, 
resistance to infection, and reasonable hemodynamic per-
formance.27 Although improved durability of current tissue 
valves has slowed this trend, autografts and, to a lesser degree, 
homografts remain popular in younger patients owing to 
durability and, in the case of autografts, the potential for 
growth.30,89 Consequently, many patients will require aor-
tic valve re-replacement for structural degeneration of their 
homograft or autograft valve.90 It is expected that about one-
third of patients younger than 40 years of age will require 
aortic valve re-replacement within 12 years of homograft 
placement. This is owing primarily to calcification and struc-
tural valve degeneration. As such, the issue of homograft or 
autograft durability is particularly pertinent in this subgroup 
of younger patients who are expected to live beyond 15 years 
from the time of operation.89

The incidence of patients with homografts or autografts in 
need of a second valve operation is expected to increase owing 
to the aforementioned recent popularity and availability of 
these conduits. Also, there is varied opinion as to the optimal 
surgical method of primary homograft AVR, with increased 
rates of aortic insufficiency (AI) in patients with the subcoro-
nary implantation technique. Importantly, the selected tech-
nique of primary homograft operation may have relevance at 
reoperation because calcification or aneurysmal dilatation of 
the homograft may pose surgical challenges at reoperation. 
Despite these challenges, Sundt and others29,91,92 have doc-
umented the feasibility of aortic valve re-replacement after 
full-root replacement with a homograft. In our own series of 
18 patients, full-root, mini-root, and subcoronary techniques 
all were amenable to valve re-replacement.27

How to best approach the reoperative root scenario and 
which valve to reimplant, however, have been debated. At one 
extreme, Hasnat et al documented the results of 144 patients 
who underwent a second aortic homograft replacement with a 
hospital mortality rate of only 3.5%.90 Although Kumar et al, 
in a multivariate analysis of reoperative aortic valve surgery, 
did not show that a previous homograft added significant 
risk,93 the technical aspects of reoperative AVR in this patient 
population consistently have been found to be challeng-
ing owing to the heavy calcific degeneration that invariably 
occurs. With this in mind, and owing to the typical absence of 
the need for a second root operation, we and others94 believe 
that a more simplified approach to reoperative aortic valve 
surgery in patients with previously placed homografts may 
be optimal. Our approach has been to perform aortic valve 
re-replacement using a mechanical valve or, less commonly, 
a stented xenograft while reserving a second homograft and 
root operation for specific indications such as endocarditis, 
associated root pathology, or a very young patient with con-
traindications to a mechanical valve.

An open valve-in-homogragft approach involves resection 
of the degenerated or infected aortic homograft leaflets and a 
new valve is seated within the aortic homograft valve annu-
lus without a need for root reconstruction.95 The procedure is 
done via a median sternotomy, which is preceded by periph-
eral cannulation for CPB via femoral vein and artery or right 
axillary artery. The heart is dissected out, CPB is initiated, the 
patient is fibrillated and cross-clamped; antegrade (and occa-
sional retrograde) cardioplegia is initiated.95 The aorta is opened 
between the homograft root and the ascending aorta. If there is 
heavy calcification, a vertical or S-shaped aortotomy is made. 
The homograft leaflets are resected and the calcified annulus 
debrided with careful endarterectomy of the proximal ascend-
ing aorta. The endarterectomy is carried out starting at the 
annulus and coming up to allow stitches on in the softer aorta.95 
The valve prosthesis (bioprosthetic or mechanical) is then sized 
and implanted using interrupted noneverting 2.0 Ethibond 
(Ethicon, Somerville, NJ) pledgeted sutures. The valve is then 
seated and the sutures tied and cut. The aorta is then closed 
with a running 3-0 Prolene (Ethicon) suture. The cross-clamp is 
removed and the heart defibrillated into normal sinus rhythm.95

Homograft re-replacement nonetheless is performed but 
it is much less common, and hospital mortality varies widely 
across many centers, ranging between 2.5 and 50%.29,91,92 
David and colleagues, for example, recently reviewed their 
experience with root operations in 165 patients who previously 
had undergone cardiac surgery. Of these, 28 had a previous 
root operation. Overall, 12 operative (7%) and 20 late deaths 
(12%) occurred.96 Variations in sample size, valve selection, 
surgical techniques, and patient factors, as well as the experi-
ence of the surgeons, may account for these wide differences.

AORTIC VALVE BYPASS SURGERY
Aortic valve bypass (AVB) surgery, also known as apical 
aortic conduit surgery, is an alternative for high-risk and 
“inoperable” reoperative patients with AS. It has been used 
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in patients with reduced LV function,97 porcelain aorta,98 
severe patient prosthetic mismatch,99 excessive comorbidi-
ties, and vulnerable functional grafts100 leading to prohibi-
tive risk for conventional reoperative AVR. AVB surgery 
works by shunting blood from the apex of the left ventricle 
to the descending aorta through a surgically placed valve 
conduit (Fig. 46-2). This approach avoids cross-clamping, 
cardioplegic arrest, potentially CPB,101 debridement of 
the native valve, and injury to patent grafts because the 
procedure is performed through the left chest. Patient-
prosthesis mismatch is also unlikely as the indexed effec-
tive orifice area (EOAi) is the sum of the valves in both the 
native position and conduit.

Contraindications to this procedure include moderate AI. 
Relative contraindications include a heavily diseased descend-
ing aorta or significant mitral valve regurgitation. However, 
Gammie et al showed that the degree of mitral regurgitation 
(MR) is reduced after placement of the conduit and moderate 
MR patients are still considered.

The procedure102,103 is performed using a left ventricular 
apical connector with a silicon sewing ring and a heart valve 
(typically a stentless porcine valve with the coronaries over 
sewn) sewn to a Dacron graft at the beginning of the pro-
cedure. An 8-mm side branch off the Dacron graft may be 
used for direct inflow from the CPB machine if performed on 
pump. The patient is positioned in the right lateral decubitus 
position with a double lumen endotracheal tube. TEE is used 

to exclude apical thrombus, calcification of the descending 
aorta, and ensure proper conduit positioning. If going on 
bypass an arterial and venous cannula are place in groin. A 
fifth- to sixth-intercostal space thoracotomy is performed and 
the apex of the heart and descending thoracic aorta exposed. 
The valve conduit with apical connector is then oriented with 
connector aimed at the apex of the heart. After heparinization 
the distal anastomosis is performed after placement of a par-
tial occluding clamp on the descending thoracic aorta. The 
clamp is removed and hemostasis achieved. Stentless valve 
competency will prevent blood flow out of the apical con-
nector. The pericardium is then opened and tacked up and 
a mark is made 1 to 2 cm lateral to the true apex of the left 
ventricle: 2-0 monofilament pledgeted sutures are used in an 
interrupted fashion around this marked area with deep bites 
of nearly full thickness. These are then taken through the sew-
ing ring of the apical connector. If CPB is to be initiated, it 
is done at this time. The patient is placed in steep Trendelen-
burg position and the ventricle is then paced at 200 beats/min 
to reduce ventricular ejection. A hole is made in the marked 
apical area and a 14 French Foley catheter is placed into the 
left ventricle. Tension is placed on the Foley catheter and a 
coring knife is used to remove a plug of apical myocardium. 
A coring knife 85% of the diameter of the apical connec-
tor is selected to ensure a proper fit and optimize hemostasis. 
The Foley catheter is then removed and the apical connector 
is placed in the left ventricle. The sutures are tied down. 
The graft is de-aired and the chest is closed. When com-
plete blood flow from the left ventricle travels out of the 
native valve and the conduit where it will primarily travel 
distally in the aorta with some flow in the retrograde direc-
tion. Studies have shown that approximately one-third of 
the flow travels out the native valve, whereas two-thirds 
travel out the conduit.100 The procedure has been shown 
to be highly efficacious, dropping the mean aortic valve 
gradients in one study from 43 to 10 mm.100 The durabil-
ity of the apical aortic conduit procedure is also apparent, 
with some patients now more than 25 years out from their 
operations.

TRANSCATHETER AORTIC VALVES
The PARTNER trial was the first prospective randomized 
control study evaluating the safety and efficacy of transcath-
eter AVR (TAVR) in high-risk patients (cohort B) and “pro-
hibitive” risk patients with severe AS. The study showed that 
in this “prohibitive” risk cohort, TAVR was better compared 
to medical therapy and in the high-risk cohort (cohort A) 
was noninferior to surgical AVR (SAVR).104,105 Shortly after 
the successful results of the PARTNER trial was published 
in 2010, the US Food and Drug Administration approved 
TAVR. This ushered in the era of TAVR in the United States.

Today, the two types of TAVR approved in the United 
State are the Edwards SAPIEN XT (Edwards Lifesciences, 
Inc.[Irvine, CA]) and the Medtronic CoreValve (Medtronic, 
Inc., Minneapolis, MN). The Edwards SAPIEN XT uses 
a balloon-expandable stainless steel alloy tubular frame 

FIGURE 46-2 Apical aortic conduit. Aortic valve bypass surgery 
performed via left thoracotomy avoids sternotomy in difficult reop-
erative cases. (Reproduced with permission from permission from 
Gammie JS, Krowsoski LS, Brown JM, et al: Aortic valve bypass 
surgery: midterm clinical outcomes in a high-risk aortic stenosis 
population, Circulation 2008 Sep 30;118(14):1460-1466.)

Cohn_ch46_p0983-1000.indd   989 12/04/17   5:13 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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within leaflets constructed from bovine pericardium while 
the Medtronic CoreValve uses a self-expanding nitinol 
(nickel-titanium alloy that is malleable at low temperature 
but rigid at body temperature) frame.106 These devices can 
be implanted via percutaneous routes (transfemoral or sub-
clavian/axillary), direct transapical or direct aortic access. 
For more on percutaneous AVR see Chapter 33.

Transcatheter Aortic Valve-in-Valve 
Implantation
The wide success of TAVR in patients with severe native 
aortic valve stenosis has led to its application beyond native 
aortic valve disease. This initially led to several reports of 
off-label TAV implantation within failed surgically inserted 
bioprosthetic valves (VinV).107-110 VinV was first reported by 
Wenaweser et al in 2007111 and it has garnered widespread 
use. A VinV procedure involves percutaneous implantation 
of a valve inside an already implanted bioprosthetic valve 
(Fig. 46-3) and it is an alternative to open surgery in high-risk 
patients with a degenerate aortic bioprosthesis.

VinV implantation is relatively new, but technology and 
experience with its application are growing exponentially. 
The Valve-in-Valve International Data (VIVID) registry was 
established in 2010 to collect data on VinV procedures from 
55 centers around the world. They recently published the 
outcomes of 459 high-risk patients who underwent VinV 
implantation, the largest series to date.112 They reported a 
30-day operative mortality of 7.6%, a 1.7% major stroke 
rate, and an 83.2% overall 1-year survival. Of those who sur-
vived to 1-year, 92.3% had good functional status (NYHA 
class I/II).

Although these initial results of VinV implantation are 
promising, it does come with a distinct set of technical chal-
lenges and early results have been marred by unique safety 
concerns. These safety concerns include device malposition, 
ostial coronary occlusion, and elevated postprocedural gradi-
ents.113 The VIVID registry reported a high device malposi-
tion rate of 15.3%; a 3.5% rate of ostial coronary obstruction; 
and a 28.4% rate of postprocedural high gradients (mean 
≥ 20 mmHg).113

Another area of uncertainty is the long-term durability of 
VinV implantation. There are currently no long-term data on 
this relatively new procedure with most studies only stating 
1-year survivals.112-114

Conventional open redo AVR is still considered the 
standard of care for patients with failed implanted valves. 
Although VinV is appealing as an alternative for high-risk, 
“inoperable” patients, long-term follow-up data will be neces-
sary to establish the true role of VinV implantation for failed, 
degenerate bioprosthesis.

REOPERATIVE MITRAL VALVE 
SURGERY
Fundamental to a flawless surgical procedure is excellent 
and consistent exposure of the mitral valve.115 Historically, 
the mitral valve has been exposed through a variety of sur-
gical approaches, including median sternotomy, right thora-
cotomy, left thoracotomy, and transverse sternotomy.116 The 
median sternotomy and right thoracotomy will be discussed 
in detail in the following; however, a brief description of the 
other approaches is warranted.

A B

Failed
surgical
prosthesis

CoreValve
Failed
surgical
prosthesis

SAPIEN

FIGURE 46-3 Transcatheter aortic valve-in-valve implantation in failed surgical bioprosthesis. (A) Showing the self-expandable CoreValve device 
and (B) the Balloon-expandable SAPIEN device. (Reproduced with permission from Dvir, D. In Aortic Valve-in-Valve: Insights from the Global 
Registry on stented vs. stentless bioprostheses, Transcatheter Cardiovascular Therapeutics (TCT), Washington D.C. 2014.)
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 Chapter 46 Reoperative Valve Surgery 991

The left thoracotomy has been used in recent years to gain 
access to the mitral valve in situations in which a right thora-
cotomy is precluded (eg, mastectomy/radiation or pleurode-
sis). This incision is made through the fourth intercostal space, 
and the left pleural cavity is entered in the standard fashion.116 
Surgery is performed under fibrillatory arrest or with the 
beating-heart technique. Of importance, the mitral valve ori-
entation is noted to be upside down with this approach, with 
the posterior annulus found anteriorly.117 Thompson and col-
leagues recently reported their experience with the beating-
heart left thoracotomy approach for reoperative mitral valve 
surgery. Of the 125 patients undergoing this technique, 86% 
were in NYHA class III or IV, and 28% had undergone two 
or more sternotomies. Thirty-day mortality was 6.4% with 
low complication rates.118 Although occasionally useful, 
this approach provides limited access to the other cardiac 
chambers as well as poor visibility. This left-sided approach 
is rarely needed and typically reserved for patients in whom 
reoperative sternotomy or right thoracotomy is considered 
unacceptable. A bilateral anterior thoracotomy (ie, transverse 
sternotomy) carried out through the fourth intercostal space 
also has been described.117,119 Rarely used today, this incision 
transects the sternum transversely, requiring ligation of both 
internal mammary arteries.

Regardless of the actual approach, once CPB has been 
established and the heart exposed, there are several incisions 
that can be employed to view the underlying mitral valve. 
The standard left atriotomy begins with blunt dissection of 
the interatrial groove (ie, Sondergaard’s groove), allowing the 
right atrium to be retracted medially and anteriorly (see 
Fig. 46-4). The right superior pulmonary vein at its junction 
with the left atrium then is exposed, and the left atrium is 
opened at the midpoint between the right superior pulmo-
nary vein insertion and the interatrial groove. This incision 
is extended longitudinally both superiorly and inferiorly to 
give enough exposure of the mitral valve. Care must be taken 
to avoid inadvertent injury to the posterior wall of the left 
atrium, and when closing, one must avoid including the pos-
terior wall of the right pulmonary vein. The right atrial trans-
septal approach has become popular in recent years, especially 
in reoperative valve surgery. After opening the right atrium, 
the interatrial septum is incised starting at the fossa ovalis and 
moving vertically upward for a few centimeters (Figs. 46-5 
and 46-6). This technique is especially helpful in reopera-
tive surgery because it minimizes the amount of dissection 
required. Superior biatrial atriotomy, left ventriculotomy, 
and aortotomy all have been well described15,76,115,116,120,121 as 
approaches to the mitral valve; each one has varying advan-
tages and disadvantages.

Approaches and Techniques
RESTERNOTOMY
Resternotomy is still a common approach in reoperative 
mitral valve surgery. In many cases, this incision provides full 
and adequate exposure. This is especially true when concomi-
tant procedures are necessary. However, reoperative median 

sternotomy has known risks, including injury to or embolism 
from prior grafts, sternal dehiscence, excessive hemorrhage, 
and inadvertent cardiac injury.122 Patients with valvular heart 
disease may be especially prone to these complications because 
atrial dilatation can result in significant cardiomegaly, atrial 
thinning, and adherence of the heart to the posterior sternum. 
As discussed, patients undergoing prosthetic valve reoperation 
have a 4% incidence of complications directly related to ster-
nal reentry that can result directly in intraoperative death.17,35 
Resternotomy also has been noted to be particularly hazardous 
in the presence of patent internal mammary grafts. Injury to a 
patent LIMA graft has an associated mortality rate approach-
ing 50%.62,84 Furthermore, manipulation of patent but dis-
eased saphenous vein grafts can result in embolization into 
the native coronary circulation with resulting morbidity and 
mortality.122,123 Patients with previous AVRs can have dif-
ficult exposure of the mitral valve owing to anterior fixation 
and probably are best served by an anterolateral thoracotomy 
approach. In general, in the setting of reoperative surgery, the 
resternotomy is likely to be the most dangerous part of the 
operation.124 In this situation, we also have employed tech-
niques that avoid resternotomy, such as right thoracotomy.

A C

B

FIGURE 46-4 Sondergaard’s groove approach. The left atrium 
enlarges to the right, increasing visualization from the right thora-
cotomy approach. The interatrial groove (Sondergaard’s groove) is 
dissected approximately 1-cm deep, down to the left atrial wall. The 
purse-string suture is placed in the nondissected area. This prevents 
tearing of the dissected left atrial wall when the suture is tied down. 
Sagittal view shows location of the mitral valve in relation to the 
atriotomy. (Reproduced with permission from De DH, Pessella AT: 
Closed mitral commissurotomy utilizing right thoracotomy approach, 
Asian Cardiovasc Thorac Ann 2000;June:8(2):192-194.)
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992 Part VI Valvular Heart Disease (Other)

RIGHT THORACOTOMY
The right anterolateral thoracotomy approach was one of 
the first surgical approaches to the mitral valve, and it has 
become a safe alternative to resternotomy for mitral valve 
replacement10,62,125,126 (see Fig. 46-5). This approach pro-
vides excellent exposure of the valves (mitral and tricuspid) 
with minimal need for dissection within the pericardium. 
In our recent experience with this approach,124,127-131 opera-
tions were performed in the supine position with the right 
side of the chest slightly elevated. We routinely prepped 
and draped the right groin to allow femoral cannulation, 
if necessary. Preoperative and intraoperative TEE was per-
formed in all patients, as well as standard intraoperative car-
diac monitoring and a pacing Swan-Ganz catheter. A 5-cm 
right anterolateral thoracotomy was made, and the chest was 
entered through the bed of the fourth or fifth rib.131 Adhe-
sions of the right lung to the chest wall or pericardium were 
divided by electrocautery. The pericardium was entered ante-
rior to the phrenic nerve. Arterial cannulation was achieved 
peripherally via the femoral artery. Peripheral cannulation 
was mostly via the femoral artery and this route was utilized 
if by TEE the atheroma grade of the descending aorta or 
arch is less than grade III. However, if the atheroma grade 
is greater than III, arterial cannulation is done via the right 
axillary artery. Venous cannulation was performed via the 
femoral vein with the tip of the cannula positioned between 
the SVC and the right atrium. In cases requiring tricuspid 
valve surgery, an additional SVC cannula is used while the 
femoral venous cannula is advanced at the IVC into the right 
atrium. After systemic heparinization, CPB is initiated with 
vacuum-assisted drainage. Patients were then cooled to 28°C 
to induce fibrillatory arrest. If spontaneous arrest did not 
occur with cooling, the pacing Swan-Ganz catheter was used 
to pace rapidly the ventricle into fibrillation. Care is used to 
avoid left ventricular ejection by keeping the left ventricle 
empty (ie, maintaining laminar, nonpulsatile arterial line 
tracing). In the absence of AI, aortic cross-clamping usually 
was not required. Regurgitant flow through the aortic valve 
occasionally required temporary low pump flow at appro-
priate temperatures to avoid cerebral injury.131 The mitral 
valve was then approached through the left atrium directly 
by dissection of the intra-atrial (Sondergaard’s) groove (see 
Fig. 46-4) or through the right atrium via the atrial sep-
tum (see Fig. 46-6). As the valve procedure was completed, 
rewarming was initiated (Fig. 46-7). Carbon dioxide (CO2) 
can be continuously insufflated into the chest throughout 
the procedure to displace intracardiac air which reduces 
the time spent de-airing. In addition, perfusing blood via a 
cannula (eg, the left ventricular vent) positioned across the 
mitral valve and into the left ventricle will serve to displace 
residual air. A left atrial sump sucker was used to maintain 
a clear operative field. Upon completion of the procedure, 
patients then were placed in the Trendelenburg position 
and de-airing ascertained under TEE guidance. When core 
temperatures reached 37°C, the patient was weaned from 
CPB. Closure then was routine and at the conclusion of the 
procedure, patients were returned to the supine position. 

Atrial septum

Coronary sinus catheter

Posterior mitral
valve leaflet with
ruptured chorda

FIGURE 46-5 Atrial incision through the fossa ovalis. When the 
right atrium is incised, an incision is made in the atrial septum through 
the fossa ovalis. Retraction sutures on both the right atrium and the 
atrial septum of 2-0 silk then are used to elevate the septum and to 
keep the left atrium open. The mitral valve then will be exposed (inset). 
(Reproduced with permission from with permission from Byrne JG, 
Mitchell ME, Adams DH, et al: Minimally invasive direct access mitral 
valve surgery, Semin Thorac Cardiovasc Surg. 1999 Jul;11(3):212-222.)

Closing
atrial septum

Closing right
atrial septum

FIGURE 46-6 Closure. In the transseptal approach, the atria septum 
is approximated with running 4-0 Prolene sutures and is left open until 
the aortic cross-clamp is removed and the air is evacuated. The left ven-
tricle should be filled with fluid before removal of the cross-clamp to 
help dislodgment of intraventricular air. Once the cross-clamp has been 
removed, air is evacuated vigorously from the left atrium through the 
septum or the left atrium itself, and the sutures are tied. The right atrium 
is then closed with running 4-0 Prolene sutures in two layers. TEE has 
been very important in helping to monitor the clearing of air from the 
intracardiac structures. We consider it mandatory in the minimally inva-
sive technique, in which access to the entire cardiac structure is limited. 
(Reproduced with permission from with permission from Byrne JG, 
Mitchell ME, Adams DH, et al: Minimally invasive direct access mitral 
valve surgery, Semin Thorac Cardiovasc Surg. 1999 Jul;11(3):212-222.)
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 Chapter 46 Reoperative Valve Surgery 993

The use of a small right anterior thoracotomy, femorofemo-
ral bypass, and deep hypothermia has increased since our 
initial report in 1989.132 Reduced blood use and decreased 
risk of LIMA or cardiac structural injury during sternal 
reentry make it a desirable approach for many complicated 
mitral reoperations. Deep hypothermia (~20°C) and low-
flow femorofemoral bypass perfusion, without the neces-
sity of aortic cross-clamping, provide adequate myocardial 
protection.133 CPB times, blood loss, blood product usage, 
and LIMA injury rates have been lower in reoperative 
patients undergoing right thoracotomy than in those with 
resternotomy.35,118,120,129,133-136

Certain issues must be considered before the right thora-
cotomy approach is entertained. Patients who require simul-
taneous CABG generally will require a median sternotomy, 
although isolated right-sided grafting may be performed 
with a thoracotomy. Simultaneous replacement of the aortic 
valve is difficult from a thoracotomy approach and generally 
should be performed through a resternotomy. Significant AI 
can make effective perfusion on CPB difficult because, after 
opening the left atrium, blood will be returned to the pump 
via the cardiotomy suction. Unless the ascending aorta is 
clamped, effective end-organ perfusion will not be achieved. 
Also, in the setting of AI, exposure of the mitral valve may be 
difficult owing to this regurgitant flow into the surgical field. 
Left ventricular distension and myocardial stretch injury also 
can occur with fibrillatory arrest in patients with and occa-
sionally without AI. Patients with greater than minimal AI 
therefore should be either excluded from a right thoracotomy 
approach or expected to require aortic cross-clamping either 
with traditional clamping or rarely with balloon occlusion 
with delivery of cardioplegia and aortic root venting. Sig-
nificant right pleural disease, especially scarring in the right 
hemithorax, previously has been a relative contraindication to 
a right thoracotomy, although our series includes two patients 

with a previous right thoracotomy who did not represent an 
overwhelming challenge.137

Our experience with 90 patients undergoing reoperative 
mitral valve surgery via a minimally invasive right thoracot-
omy without aortic cross-clamping showed excellent results.136 
In that series, the 2% operative mortality was lower than the 
STS-predicted mortality of 7%. Three patients developed 
acute renal failure postoperatively with one patient requiring 
new hemodialysis. One patient (1%) developed a postopera-
tive stroke and no patient suffered a postoperative MI.136 This 
study confirmed that the minimally invasive right thoracot-
omy technique was safe and effective in reducing operative 
mortality in reoperative mitral valve surgery.136

Minimally Invasive/Port Access 
Right-Sided Techniques
An alternative approach to reoperative mitral valve is with 
minimally invasive or port access techniques.

Some authors have noted that the distance to the mitral 
valve with the right thoracotomy approach at times can be 
limiting. Chitwood and colleagues recently reported use of a 
minithoracotomy aided by the voice-activated robotic cam-
era AESOP.138 Vleissis and Bolling also reported 22 patients 
who underwent a “minimally invasive” right thoracotomy 
approach to the atrioventricular valves.139 The procedures 
performed included mitral valve repair (n = 12), mitral valve 
replacement (n = 5), prosthetic mitral valve re-replacement 
(n = 4), repair of a perivalvular leak (n = 3), tricuspid valve 
repair (n = 5), and closure of an atrial septal defect (n = 7). 
Mean bypass time was 109 minutes with a mean fibrillatory 
time of 62 minutes. Operative mortality in this group was 
0%, and none of the patients experienced a wound complica-
tion. At follow-up, all reoperative patients thought that their 
recovery from this approach was more rapid and less pain-
ful than their original sternotomy.139 Burfeind et al recently 
reviewed Duke University’s experience with the port access 
technique.140 In their series of 60 patients, a 6 cm right 
anterolateral thoracotomy was used with standard port access 
technique. Forty-five percent of patients underwent cardiac 
arrest with the Endo Clamp technique, whereas ventricular 
fibrillation was used in 55% of patients. Femoral cannula-
tion was used in all patients. When compared with concur-
rent cohorts of patients undergoing reoperative sternotomy 
or right anterolateral thoracotomy, patients undergoing the 
port access technique had lower mortality and decreased 
transfusion requirements but significantly longer CPB times. 
Although similar results have been found by other groups, 
one should be mindful of the potential hazards of the port 
access technique, namely, EndoClamp migration.141-144

Additional Techniques of Reoperative 
Mitral Surgery
A less common indication for reoperative mitral valve sur-
gery but one that can be challenging is periprosthetic leak. 
The incidence of perivalvular leak for both mechanical and 

FIGURE 46-7 Right anterolateral thoracotomy through the 
fourth intercostal space and standard left atriotomy. (Reproduced 
with permission from with permission from Balasundaram SG, 
Duran C: Surgical approaches to the mitral valve, J Card Surg. 1990 
Sep;5(3):163-169.)
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994 Part VI Valvular Heart Disease (Other)

biologic valves is about 0 to 1.5% per patient-year. Of note, 
perivalvular leak is slightly more common with mechani-
cal than with tissue valves, possibly owing to differences in 
suture technique for each and sewing ring characteristics. The 
regurgitant flow across the perivalvular area frequently leads 
to hemolysis and, through denuding of the endocardium, 
endocarditis.

In evaluating patients with a periprosthetic leak, an 
assessment of valve function is important. If the valve itself 
is competent, direct repair of the leak avoids the hazards 
of valve replacement. Although pledgeted suturing may be 
attempted for smaller leaks, fibrotic tethering of surround-
ing tissue and the size of the defect may require a bovine or 
autologous pericardial patch. In cases of significant dehis-
cence or associated valvular dysfunction, removal of the 
valve is necessary. Replacement in this situation, however, 
is prone to leak recurrence because the annulus is par-
tially intact, often calcified, and otherwise less than ideal 
for suture placement. In these cases, a bovine pericardial 
skirt can be fashioned and sewn to the sewing ring of the 
valve. Annular sutures then are placed in a typical fashion 
through the sewing ring, and the valve is seated. A running 
suture then can be used to sew this skirt to the left atrium 
(Fig. 46-8).

An additional risk of reoperative mitral valve replace-
ment is atrioventricular disruption. Care must be used 
in removing the original valve sewing ring because it is 
frequently “socked in,” and inadvertent removal of exces-
sive annular tissue may occur. Any evidence of disruption 
of the posterior annulus necessitates patch repair with 
pericardium (autologous or bovine) before placement of 
annular sutures.145 When faced with less than ideal annular 
tissue, and in an attempt to ensure stability, bites must not 
be overly aggressive in depth. Left circumflex injury can 
occur and will lead to significant morbidity and mortal-
ity (Fig. 46-9). When removal of the old sewing ring will 
result in severe annular disruption, the ring may be left in 
place and used as a “neoannulus” for suturing.

The benefits of preservation of the subvalvular apparatus 
have been clearly demonstrated during first-time mitral valve 
replacement.146 Aside from improved contractile function, 
disruption of the posterior mitral annulus is avoided. David 
and colleagues found that preservation of the subvalvular 
apparatus is also important in reoperative patients.147 Of 513 
reoperative mitral valve replacements, preservation of the pos-
terior subvalvular apparatus was accomplished in 103 (21%) 
patients, with anterior and posterior preservation occurring 
in 31 patients (6%). Gore-Tex neochordal construction 
was performed in 135 reoperative mitral valve replacement 

A

B

C

FIGURE 46-8 Pericardial skirt. Bovine pericardium can be fash-
ioned as a skirt (A) and sewn to the sewing ring of the mitral pros-
thesis (B). Standard annular valve sutures are then taken through the 
sewing ring, the valve is seated, and the skirt is sewn to the left atrium 
with running technique (C). (Carbomedics mechanical valve shown.)

FIGURE 46-9 Left circumflex artery injury. Preoperative (left) and postoperative (right) angiograms demonstrating excessive depth of annular 
sutures leading to left circumflex occlusion.
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 Chapter 46 Reoperative Valve Surgery 995

patients (26%). Perioperative mortality occurred in 3.6% of 
redo patients with a preserved subvalvular apparatus (native 
tissue and/or Gore-Tex reconstruction) versus 13.3% of redo 
patients without preservation (p < .001). Attempts at preser-
vation of the subvalvular apparatus in reoperative mitral valve 
patients therefore should be considered.

REOPERATIVE TRICUSPID 
VALVE SURGERY
The need for reoperative tricuspid valve surgery most fre-
quently occurs in high-risk patients. In a recent series of 
tricuspid valve replacements (TVR) by Filsoufi et al,148 72% 
(n = 58) were reoperations. The overall operative mortality 
in this group was 22% (n = 18). Risk factors for mortality 
included urgent/emergent status, age greater than 50 years, 
functional etiology, and elevated pulmonary artery pressure. 
Of the 60 survivors, 26 (43%) died during follow-up. The 
authors concluded that patients requiring TVR are at high 
risk, frequently at end-stage functional class. As such, serious 
consideration of the risks should occur before embarking on 
such procedures (Table 46-3).

Tricuspid valve endocarditis is most commonly the result 
of seeding of the tricuspid valve leaflets during sustained 
bacteremia.149 Continued sepsis despite antibiotic therapy, 
heart failure owing to tricuspid insufficiency, and recurrent 
multiple pulmonary emboli are indications to intervene sur-
gically in tricuspid valve endocarditis. Complete excision of 
the tricuspid valve (without subsequent replacement) was 
first advocated by Arbulu et al.149 From an infectious disease 
standpoint, this surgical approach has the obvious advan-
tage of complete extirpation of the infected tissue and avoids 
placement of any prosthetic material. Although it is toler-
ated initially, the extirpation procedure inevitably leads to 
late-onset right-sided failure in the majority of patients.149-151 
In a 20-year follow-up of the originally reported series of 55 
patients with intractable right-sided endocarditis who under-
went tricuspid valvectomy without replacement, two patients 
(4%) died in the postoperative period owing to right-sided 
failure. Six patients (11%) required prosthetic valve inser-
tion 2 days to 13 years later for medically refractory right-
sided heart failure. Of those who underwent reoperation 
(n = 6), four (66%) died. As such, severe hepatic congestion 
and the need for reoperative valve replacement have made 
this approach (without replacement) untenable to some 
practitioners. An alternative treatment option is to perform 
valvectomy followed by delayed valve replacement 3 to  
9 months later.152

FINAL POINTS
1. Reoperative valve surgery most commonly involves struc-

tural valve deterioration of a bioprosthesis or progression 
of native valve disease after nonvalve surgery.

2. Bioprosthetic valves are known to undergo a time-
dependent process of structural deterioration that results 
in a freedom of reoperation of 80% at 15 years.

3. Major risk factors in reoperative valve surgery include 
advanced age, impaired ejection fraction, congestive 
heart failure, urgency of operation, preoperative shock, 
concomitant coronary artery bypass surgery or presence 
of previous bypass grafts, prosthetic valve endocarditis, 
surgery for perivalvular leaks, valve thrombosis, or pros-
thetic dysfunction, renal dysfunction, chronic obstruc-
tive pulmonary disease, and pulmonary hypertension.

4. ECG-gated MDCT scanning is the preferred modality 
for preoperative assessment of vital structures in reopera-
tive valve surgery.

5. Reoperative valve surgery after prior CABG with patent 
LITA graft presents unique challenges and the decision 
regarding intraoperative management of the patent graft 
must be made during the preoperative planning phase.

6. Reoperative aortic valve surgery after homograft or root 
replacement can be difficult and should be simplified 
by replacement with a mechanical valve when possible. 
Reoperative root operations should be avoided if not 
indicated.

7. AVB surgery is an alternative for reoperative AVR in 
extremely difficult reoperative cases.

8. TAVR is now an established technique of reopera-
tive valve replacement in high-risk patients and VinV 
implantation is the next frontier of percutaneous valve 
implantation.

9. The right thoracotomy approach to reoperative mitral 
and tricuspid valves provides excellent exposure with 
minimal need for dissection while also avoiding prior 

TABLE 46-3: Technical Considerations for 
Reoperative Valve Surgery

Consider reoperation before decline in functional status (NYHA 
class). Assess RV/aortic proximity to sternum preoperatively with 
CT scan

Consider alternate approaches (especially with patent bypass grafts)
 Right thoracotomy for reoperative MVR
 Mini-sternotomy for reoperative AVR
Consider alternate cannulation techniques to gain safe entry, eg, 

femoral, axillary
Address the LIMA-LAD graft if present
 Dissect it out and clamp it, or
 Cool and ignore it
Consider ease of implantation in valve choice, eg, mechanical in 

homograft
Use “no-touch” technique of bypass grafts
Use a conservative myocardial protection strategy
 Antegrade and retrograde
 Systemic cooling
 Warm induction/final dose (“hot shot”)
If using hypothermic fibrillatory arrest, beware of AI leading to LV 

distension and/or obscuring operative field
Place external defibrillator pads
Consider the use of antifibrinolytic agents, eg, Amicar
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996 Part VI Valvular Heart Disease (Other)

bypass grafts. Significant AI and the need for bypass 
grafting preclude this approach when aortic clamping 
and cardioplegic myocardial arrest are used.

10. Most commonly, periprosthetic leaks should be patched, 
rather than treated with valve replacement if the valve is 
functioning normally.

11. Reoperative tricuspid valve surgery occurs in high-risk 
patients with pulmonary hypertension with variable 
degrees of right heart failure. As such, this operation 
should be carefully considered.
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Thoracic aortic dissection occurs when an intimal tear allows 
redirection of blood flow from the aorta (true lumen) through 
the intimal defect into the media of the aortic wall (false 
lumen). A dissection plane that separates the intima from the 
overlying adventitia forms within the media. The acute form 
of aortic dissection is often rapidly lethal; whereas, those sur-
viving the initial event go on to develop a chronic dissection 
with more protean manifestations. The purpose of this chap-
ter is to review the etiology and pathogenesis of aortic dis-
section, examine current diagnostic algorithms, and provide 
detailed descriptions of contemporary surgical techniques for 
treatment. Additional information regarding follow-up and 
the subsequent management of these patients is presented to 
provide a comprehensive understanding of a clinical entity 
that has challenged physicians and surgeons for centuries.

HISTORY
Sennertus is credited with the first description of the dis-
section process, but the earliest detailed descriptions of the 
clinical entity appeared in the seventeenth and eighteenth 
centuries, during which time Maunoir named the process 
aortic “dissection.” Laennec defined the propensity of the 
chronically dissected aorta to become aneurysmal. Aortic dis-
section was exclusively a postmortem diagnosis until the first 
part of the twentieth century, but in 1935 Gurin attempted 
surgical intervention with the first aortic fenestration proce-
dure to treat malperfusion syndrome.1 In 1949, Abbott and 
Paulin advanced surgical treatment by theoretically prevent-
ing aortic rupture by wrapping the aorta with cellophane. 
Other attempts at surgical treatment over the years met with 
limited clinical success, although certain concepts regarding 
surgical management are still in use today.2 With the advent 
of cardiopulmonary bypass, DeBakey et al forever altered the 
natural history of aortic dissection by successfully perform-
ing primary surgical repair using techniques not remarkably 
different from contemporary procedures.3 Investigators such 
as Wheat et al made substantial contributions by defining 
physiologically based medical management algorithms to 
complement surgical correction.4 There is still considerable 

controversy regarding surgical versus medical treatment of 
certain forms of acute thoracic aortic dissection.

CLASSIFICATION
The classification systems used for aortic dissection are based on 
the location and extent of dissection. The particular type is then 
subclassified based on the timing of dissection. Acute dissec-
tion has traditionally been used to describe presentation within 
the first 2 weeks, whereas the term chronic is reserved for those 
patients presenting at more than 2 months after the initial event. 
The more recently added subacute designation is sometimes 
used to describe the period between 2 weeks and 2 months.

Two classification systems are most frequently used in 
clinical practice: the DeBakey and the Stanford systems 
(Fig. 47-1). The DeBakey system differentiates patients based 
on the location and extent of aortic dissection.5 The advan-
tage of this system is that four different groups of patients 
with different forms of aortic dissection emerge. This struc-
ture provides the greatest opportunity for subsequent com-
parative research. In contrast, the Stanford system proposed 
by Daily et al is a functional classification system.6 All dissec-
tions that involve the ascending aorta are grouped together 
as type A, regardless of the position of the primary tear or 
the distal extent of the dissection. Proponents of the simpler 
Stanford system contend that the clinical behavior of patients 
with aortic dissection is essentially determined by involve-
ment of the ascending aorta. Critics, however, suggest that 
individual patients in the type A classification may be quite 
different from one another depending on the distal extent. 
Drawing clinical conclusions from such a potentially hetero-
geneous patient population has inherent limitations. How-
ever, because of its simplicity, practicality, and widespread 
use, the Stanford system is used throughout this chapter.

INCIDENCE
Aortic dissection is the most frequently diagnosed lethal con-
dition of the aorta. Dissection occurs nearly three times as 
frequently as rupture of abdominal aortic aneurysm in the 

Aortic Dissection
Ravi K. Ghanta • Carlos M. Mery • Irving L. Kron 
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1004 Part VII Surgery of the Great Vessels

United States.7 There is an estimated worldwide prevalence of 
0.5 to 2.95 per 100,000 per year; the prevalence ranges from 
0.2 to 0.8 per 100,000 per year in the United States, resulting 
in roughly 2000 new cases per year.8 These figures are only an 
estimate. In one autopsy series, the antemortem diagnosis was 
made in only 15% of patients, revealing that many immedi-
ately fatal events go undiagnosed.9 Clinically, type A dissec-
tions occur with an overall greater frequency (Table 47-1).

ETIOLOGY AND PATHOGENESIS
Several hypotheses exist regarding the etiology of the intimal 
disruption (primary tear) that permits aortic blood flow to 
create a cleavage plane within the media of the aortic wall. 
This was originally viewed as a consequence of a biochemical 
abnormality within the media on which normal mechanical 
forces in the aorta acted to create an intimal tear. The link 
between the abnormal media, termed cystic medial necrosis or 
degeneration, and the primary tear has not been scientifically 
established. In fact, medial degeneration is found in only a 
minority of patients with acute aortic dissection, and most 
are children.10 This theory has lost support over the years.

Alternatively, there are data supporting a relationship 
between aortic dissections and intramural hematoma. Advo-
cates of this theory suggest that bleeding from vasa vasorum 
into the media creates a mass that results in localized areas 

I II IIIa IIIb

FIGURE 47-1 Classification of aortic dissection. DeBakey type I and Stanford type A include dissections that involve the proximal aorta, arch, 
and descending thoracic aorta. DeBakey type II only involves the ascending aorta; this dissection is included in the Stanford type A. DeBakey 
type III and Stanford type B include dissections that originate in the descending thoracic and thoracoabdominal aorta regardless of any retrograde 
involvement of the arch. These are subdivided into subtypes a and b, depending on abdominal aortic involvement.

TABLE 47-1: Clinical Characteristics of 
Patients Presenting with Acute Type A and B 
Thoracic Aortic Dissections

Type A Type B

Frequency 60-75% 25-40%
Sex (M:F) 1.7-2.6:1 2.3-3:1
Age (years) 50-56 60-70
Hypertension + + + + +
Connective tissue disorder + + +
Pain    
Retrosternal + + + +, –
Interscapular +, – + + +
Syncope + + + –
Cerebrovascular accident + –
Congestive heart failure + –
Aortic valve regurgitation + + +, –
Myocardial infarction + –
Pericardial effusion +, – + + +
Pleural effusion +, – +, –
Abdominal pain +, – +, –
Peripheral pulse deficit Upper and lower 

extremities
Lower 

extremities
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 Chapter 47 Aortic Dissection 1005

of increased stress in the intima during diastole. These areas 
then permit intimal disruption. In fact, between 10 and 20% 
of patients thought to have acute aortic dissection are found 
to have intramural hematoma, suggesting that it may be a 
precursor to dissection.11 Penetrating atherosclerotic ulcers 
have been implicated as the source of intimal disruption in 
some cases; thus many centers treat penetrating ulcers of the 
ascending aorta similar to true dissections.12 Although it may 
apply to certain patients, enthusiasm for the penetrating ulcer 
mechanism causing all dissections has waned. The pattern of 
atherosclerotic involvement of the thoracic aorta resulting in 
penetrating ulcer and the frequency of dissection throughout 
the aorta do not support this theory.

Although no single disorder is responsible for aortic dis-
section, several risk factors have been identified that can 
damage the aortic wall and lead to dissection (Table 47-2). 
These include direct mechanical forces on the aortic wall (ie, 
hypertension, hypervolemia, derangements of aortic flow) 
and forces that affect the composition of the aortic wall (ie, 
connective tissue disorders or direct chemical destruction). 
Hypertension is the mechanical force most often associated 
with dissection and is found in greater than 75% of cases.8 
Although the role of increased strain on the aortic wall is intu-
itive, the mechanism by which hypertension actually leads to 
dissection is unclear. Similarly, hypervolemia, high cardiac 
output, and an abnormal hormonal milieu certainly contrib-
ute to the increased incidence of dissection in pregnancy, but 
the mechanism is unclear. Atherosclerosis is not a risk fac-
tor for aortic dissection except in preexisting aneurysms or 
in the case of atherosclerotic ulceration. Iatrogenic trauma 

to the aortic intima may result in dissection. Catheterization 
procedures, aortic root and femoral artery cannulation for 
cardiopulmonary bypass, aortic cross-clamping, surgical pro-
cedures performed on the aorta (aortic valve replacement and 
aortocoronary bypass grafting), and placement of intra-aortic 
balloon pumps have all been reported to result in dissection. 
Aortic transection as a result of trauma rarely results in exces-
sive dissection and deserves differentiation from the process 
of aortic dissection. This process is usually limited to the aor-
tic isthmus and in addition to the risk of rupture may present 
as a circular prolapse of the intima and media producing aor-
tic obstruction referred to as “pseudocoarctation” (Fig. 47-2).

Once a cleavage plane exists in the media, the aortic wall 
floating within the lumen is termed the dissection flap and is 
composed of the aortic intima and partial-thickness media. 
The primary tear is usually greater than 50% of the circumfer-
ence of the aorta. Full aortic circumference is rarely involved, 
but may carry a worse prognosis. The primary tear in type A 
dissection is usually located on the right anterior aspect of the 
ascending aorta and follows a somewhat predictable course, 
spiraling around the arch and into the descending thoracic and 
abdominal aorta on the left and posteriorly. The dissection may 
propagate in a retrograde fashion for a variable distance as well 
to involve the coronary ostia; this occurs in roughly 11% of all 
dissections.11 Myocardial ischemia or aortic rupture into the 
pericardium is the cause of death in as many as 80% of mortali-
ties from acute dissection. Often the distal false lumen commu-
nicates with the true lumen through one or more fenestrations 
within the dissection flap. The false lumen may also end blindly 
in as many as 4 to 12% of patients, in which case blood in the 
false lumen frequently thromboses. The false lumen may also 
penetrate the adventitia, causing rupture and death. Regardless 
of whether the true and false lumens communicate, perfusion 
of aortic side branches may be compromised by the dissection, TABLE 47-2: Risk Factors for Type A and B 

Thoracic Aortic Dissection

Hypertension
Connective tissue disorders
Ehlers-Danlos syndrome
Marfan’s disease
Turner’s syndrome
Cystic medial disease of aorta
Aortitis
Iatrogenic
Atherosclerosis
Thoracic aortic aneurysm
Bicuspid aortic valve
Trauma
Pharmacologic
Coarctation of the aorta
Hypervolemia (pregnancy)
Congenital aortic stenosis
Polycystic kidney disease
Pheochromocytoma
Sheehan’s syndrome
Cushing’s syndrome

FIGURE 47-2 Axial image of CT arteriogram showing a nearly cir-
cumferential dissection flap (arrowhead) as a result of acute traumatic 
aortic dissection.
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1006 Part VII Surgery of the Great Vessels

resulting in end-organ ischemia (Fig. 47-3). If these acute com-
plications are avoided, the weakened outer aortic wall, com-
posed of partial media and the adventitia, may dilate over time, 
resulting in aneurysm formation. This evolving dilatation is 
the reason for operation in the majority of chronic dissections 
regardless of type.

The remaining adventitia provides most of the tensile 
strength of the aortic wall with minimal contribution from 
the media. The media is composed of concentrically arranged 
smooth muscle interposed with connective tissue proteins 
such as collagen, elastin, and fibrillin within the ground 
substance. Abnormal constituents of the media, as in cer-
tain connective tissue disorders such as Marfan’s disease and 
Ehlers-Danlos syndrome, are associated with aortic dissec-
tion. Marfan’s syndrome is an autosomal dominant inherited 
disorder in which a point mutation in the fibrillin-1 gene 
(FBN1) located on the long arm of chromosome 15 results 
in an abnormal media. The incidence of Marfan’s syndrome 
is approximately 1 per 5000 live births.13 There are, how-
ever, many incomplete forms of the disease, and as many as 
25% may be sporadic in which no known fibrillin abnor-
malities are observed. Type IV Ehlers-Danlos syndrome is a 
connective tissue disorder of the proα1(III) chain of type III 
collagen with an incidence of 1 in 5000.14 The structurally 
abnormal media is susceptible to dissection. Of note, there 
are also familial aggregations of dissection without discern-
able biochemical or genetic abnormalities.7

CLINICAL PRESENTATION
Signs and Symptoms
As many as 40% of patients suffering from acute aortic dis-
section die immediately. Those surviving the initial event 
may be stabilized with medical management, and it is these 

patients in whom subsequent therapeutic intervention on 
aortic dissection has altered the natural history of the disease. 
The clinical outcome is eventually determined by dissection 
type and timing of presentation, patient-related factors, and 
the quality and experience of the individuals and institution 
providing care.

The initial evaluation of a stable patient with suspected 
aortic dissection includes a detailed history and physical 
examination focusing on those elements likely to rule in the 
diagnosis. Most importantly, the diagnosis of aortic dissec-
tion requires a high level of suspicion. Up to 30% of patients 
ultimately diagnosed with acute dissection are first thought 
to have another diagnosis. Aortic dissection should always be 
considered in the setting of severe, unrelenting chest pain, 
which is present in most patients. Patients usually have no 
previous episodes of similar pain, which often causes anxiety. 
Pain is usually located in the midsternum for ascending aortic 
dissection, while in the interscapular region for descending 
thoracic aortic dissection (see Table 47-1). The location of 
maximum pain tends to change as the dissection extends in 
an antegrade or retrograde direction. Such “migratory pain” 
should arouse clinical suspicion. The character of the pain is 
often described as “ripping” or “tearing.” The pain is constant 
with greatest intensity at the onset. Although painless dissec-
tion has been described, it usually occurs in the setting of an 
existing aneurysm in which the pain of a new dissection may 
not be differentiated from chronic aneurysm pain. Patients 
may also present with signs or symptoms related to malper-
fusion of the brain, limbs, or visceral organs. These findings 
confuse the true diagnosis, as the obvious signs of ischemia 
distract the historian from a less apparent initial episode of 
pain.

Elements of the past medical history such as primary 
hypertension, presence of aneurysmal disease of the aorta, 
or familial connective tissue disorders are useful as risk 

True lumen True lumen

False lumen False lumen

Intimal tear

FIGURE 47-3 Diagram of aortic dissection. (A) An intact dissection membrane compresses the true lumen and causes malperfusion of a branch 
artery. (B) Rupture of the dissection membrane that may or may not restore blood flow to the branch.
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 Chapter 47 Aortic Dissection 1007

factors to help establish the diagnosis. Illicit drug use is 
an increasingly important predisposition to ascertain dur-
ing the initial evaluation. The differential diagnosis of chest 
pain as a result of aortic dissection includes diagnoses such 
as myocardial ischemia, aortic aneurysm, acute aortic regur-
gitation, pericarditis, musculoskeletal pain, and pulmonary 
embolus. It is essential to consider aortic dissection in each 
case, as specific therapy (eg, thrombolytic therapy for acute 
myocardial infarction) may impact the survivability of acute 
dissection.

Patients suffering acute dissection appear ill. Tachycar-
dia is usually accompanied by hypertension in the setting of 
baseline essential hypertension and increased catecholamine 
levels from pain and anxiety. Hypotension and tachycardia 
may result from aortic rupture, pericardial tamponade, acute 
aortic valve regurgitation, or even acute myocardial ischemia 
with involvement of the coronary ostia. An abnormal periph-
eral vascular examination is present in a minority of patients 
with acute aortic dissection, but when present an abnormal 
pulse exam may indicate the type of dissection. Absence 
of pulses in the upper extremity suggests ascending aortic 
involvement, whereas pulse deficits in the lower extremities 
speak to involvement of the distal aorta. These findings are 
subject to change as the dissection progresses or reentry into 
the true lumen occurs. Auscultation of the heart may reveal 
a diastolic murmur consistent with acute aortic regurgitation 
or an S3, indicating left heart volume overload. Physical exam 
findings such as jugular venous distention and a pulsus para-
doxus are signs of pericardial tamponade that should be iden-
tified in any unstable patient to initiate the correct diagnostic 
and treatment algorithms. Unilateral loss of breath sounds, 
usually the left, may indicate hemothorax as a result of aor-
tic leak or rupture with hemothorax. Alternatively, a pleural 
effusion may exist secondary to pleural inflammation related 
to the dissection. This finding requires additional evaluation 
before treatment.

A complete central and peripheral neurologic exam is 
critical in that abnormalities are present in up to 40% of 
acute type A dissections. Involvement of the brachiocephalic 
vessels with loss of brain perfusion may result in transient 
syncope or stroke. Syncope may also result from rupture 
into the pericardium and is an ominous sign. Stroke rarely 

improves with restoration of blood flow and may even cause 
hemorrhage and brain death, yet surgery is indicated in such 
patients. Fortunately, stroke is a presenting feature in fewer 
than 5% of patients with acute type A dissection. Loss of per-
fusion to intercostals or lumbar arteries may result in spinal 
cord ischemia and paraplegia. Peripheral nerve ischemia as 
a result of malperfusion may yield findings similar to spinal 
cord malperfusion and should be discerned as these patients 
often improve with restoration of blood flow. Acute aortic 
dissection may also cause superior vena cava syndrome, vocal 
cord paralysis, hematemesis, Horner’s syndrome, hemopty-
sis, and airway compression as a result of local compression 
and mass effect.

Malperfusion of aortic branch vessels may occur from the 
coronary ostia to the aortic bifurcation and may dominate 
the presentation of certain patients. Although autopsy series 
yield a greater percentage of patients with evidence of mal-
perfusion, clinical series reveal that dissection is not infre-
quently complicated by malperfusion of at least one organ 
system (Table 47-3).15 Compression of the true lumen by the 
false lumen is the mechanism by which aortic branch vessel 
occlusion occurs in the majority of cases. Branch vessels may 
also be completely sheared off the true lumen and perfused to 
various degrees by the false lumen.

Chronic aortic dissection is usually asymptomatic. It may 
be incidentally discovered following an asymptomatic acute 
dissection, most often in patients with a preexisting aortic 
aneurysm. Some patients eventually require surgical treat-
ment for chronic dissection and most do so as a result of 
aneurysmal dilatation of a chronically dissected aortic seg-
ment. Presenting complaints often include intermittent, dull 
chest pain, or even severe skeletal pain from erosion into the 
bony thorax with large or rapidly expanding aneurysms. Aor-
tic insufficiency may develop with chronic type A dissection 
and present with typical features of congestive failure, includ-
ing fatigue, dyspnea, and mild, dull chest pain. Infrequently, 
chronic dissection may result in paralysis/paraplegia from 
loss of vital intercostal arteries or even distal embolization of 
thrombus or atheroma from the false lumen. Malperfusion 
syndrome is an uncommon presentation for patients with 
chronic dissection given the likelihood that the true and false 
lumens communicate.

Diagnostic Studies
Routine diagnostic studies including blood tests, chest x-ray, 
and electrocardiogram (ECG) should be obtained, but are 
often not sufficient to establish the diagnosis of acute aortic 
dissection. ECG often reveals no ischemic changes. Obvious 
ischemic changes are present in up to 20% of acute type A 
dissections, whereas only nonspecific repolarization abnor-
malities are present in nearly one-third of patients with 
coronary ostial involvement. The ECG may also reveal left 
ventricular hypertrophy in those patients with long-standing 
hypertension. The chest x-ray is abnormal in 60 to 90% of 
patients with acute dissection (Fig. 47-4). Although most 
patients have at least one, if not several abnormal findings, 

TABLE 47-3: Frequency and Location of 
Malperfusion in Acute Type A and B Thoracic 
Aortic Dissection

Vascular system Frequency (%)

Renal 23-75
Extremities (upper and lower) 25-60
Mesenteric 10-20
Coronary 5-11
Cerebral 3-13
Spinal 2-9
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1008 Part VII Surgery of the Great Vessels

a normal chest x-ray does not rule out the diagnosis. Blood 
should be drawn and sent for complete blood count, serum 
and electrolytes, creatine kinase with myocardial isoenzymes, 
troponin, and blood type and screen. These tests obtained 
at the time of initial observation are usually unremarkable. 
There is frequently a mild to moderate leukocytosis. Anemia 
may result from sequestration of blood or hemolysis. Liver 
function tests, serum creatinine, myoglobin, and lactic acid 
may all be abnormal in the setting of certain malperfusion 
syndromes.

Diagnostic Imaging
Diagnostic imaging is essential to clarify the anatomy of 
an acute aortic dissection, regardless of clinical certainty of 
diagnosis or the acuity of the patient. The diagnosis should 
be made rapidly with minimal distress for the patient. Two 
imaging modalities currently meet these criteria and are used 
to diagnose acute aortic dissection: computed tomography 
(CT) and echocardiography. Magnetic resonance imaging 
(MRI) and aortography, with or without intravascular ultra-
sound (IVUS), are used to diagnose acute aortic dissection 
but are second-line modalities for various reasons. The ben-
efits, disadvantages, and diagnostic accuracy of each are use-
ful when choosing the most appropriate study for a particular 
clinical situation (Table 47-4). Each test provides disruption, 
reentry points, whether there is flow or thrombus in the false 
lumen, status of the aortic valve, the presence and nature of 
myocardial ischemia, and brachiocephalic and aortic branch 
vessel involvement. Specific data may be necessary for opera-
tive planning and subsequent management to define the 
imaging study most appropriate for a particular patient. In a 
recent review, an average of 1.8 imaging studies was used to 
diagnose correctly acute aortic dissection.9

Helical CT scanning is widely available and is now the 
most frequently used test to diagnose acute aortic dissection. 
It requires intravenous contrast medium that may limit its 

use in certain clinical situations but generates images familiar 
to most practitioners and has a high sensitivity and specific-
ity. This technique can be performed quickly, fulfilling the 
requirements for use in the early management of acute dis-
section. Additional structures such as the pleural and peri-
cardial spaces are imaged. When performed and formatted as 
an arteriogram, aortic branch vessels may also be evaluated: 
Involvement of the brachiocephalic vessels is identified with 
nearly 96% accuracy. The diagnosis of dissection requires two 
or more channels separated by a dissection flap (Fig. 47-5). 
For operative planning, a CT scan with arterial phase con-
trast of the chest, abdomen, and pelvis to the level of the 
femoral arteries is ideal. Transaxial two-dimensional images 
can be reconstructed to display three-dimensional images of 
the aorta that not only aid in diagnosis but also are useful for 
operative planning.

Transesophageal echocardiography (TEE) is currently the 
second most frequently used study for making the diagnosis of 

FIGURE 47-4 Plain chest x-ray exhibiting many features of acute 
type A dissection, such as a widened mediastinum, rightward tracheal 
displacement, irregular aortic contour with loss of the aortic knob, an 
indistinct aortopulmonary window, and a left pleural effusion.

FIGURE 47-5 Axial image of CT arteriogram of acute type A dis-
section showing a dissection flap in the mid-ascending aorta.

TABLE 47-4: Sensitivity and Specificity of 
Various Imaging Modalities Useful for the 
Diagnosis of Thoracic Aortic Dissection

Imaging study Sensitivity (%) Specificity (%)

Aortography 80-90 88-93
Computed 

tomography
90-100 90-100

Intravascular 
ultrasound

94-100 97-100

Echocardiography  
Transthoracic 60-80 80-96
Transesophageal 90-99 85-98
Magnetic resonance 

imaging
98-100 98-100
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 Chapter 47 Aortic Dissection 1009

acute aortic dissection. It is widely available, requires no intra-
venous contrast or radiation, and generates dynamic images of 
the aorta from which the diagnosis can be made (Fig. 47-6). It 
requires operator expertise both to acquire the necessary images 
and to conduct the examination safely. Although the safest set-
ting in which to perform TEE is the operating room under 
general anesthesia, it can be performed in a monitored setting 
using topical anesthesia and light sedation. Patient comfort is 
paramount in this situation as rupture has been reported dur-
ing difficult studies and a complete examination of the entire 
aorta is necessary to exclude the diagnosis of acute dissection. 
Absolute contraindications to TEE include esophageal abnor-
malities such as varices, stricture, or tumor. A full stomach or 
recent meal is a relative contraindication, but recognition of 
these conditions permits safe examination with few complica-
tions in the vast majority of patients. Criteria for making the 
diagnosis of acute aortic dissection include visualization of an 
echogenic surface separating two distinct lumens, repeatedly, 
in more than one view, and that can be differentiated from 
normal surrounding cardiac structures. The true lumen is iden-
tified by expansion during systole and collapse during diastole. 
Communication of the false lumen is found by identifying dis-
tal tears in the flap and flow in the false lumen with the addition 
of color Doppler. Similarly, the absence of flow indicates false 
lumen thrombosis. TEE additionally may provide high-quality 
images of the aortic valve and pericardial space. The coronary 
ostia are directly evaluated and regional left ventricular func-
tion may be assessed to identify myocardial ischemia indirectly. 
Color flow Doppler reliably quantifies aortic regurgitation and 
may be used to assess for additional valvular abnormalities. The 
pericardium and pleural space are also visualized and therefore 
effusions may be identified.

Transthoracic echocardiography (TTE) provides images 
of the ascending aorta and sections of the aortic arch that 
may yield the diagnosis but with much less sensitivity than 
transesophageal imaging. As such, transthoracic imaging 
may prove useful but is generally insufficient to establish 
reliably the diagnosis. Transthoracic evaluation is addition-
ally limited by patient-related factors including body habitus, 

emphysema, and mechanical ventilation. A negative trans-
thoracic study should be complemented by a transesophageal 
study, which provides greater detail of the entire aorta.

Aortography was the first study used to diagnose acute 
dissection in 1939 and until recently was considered the 
gold standard for diagnosis. It is an invasive test requiring 
nephrotoxic contrast media in which the aorta is visualized 
in multiple two-dimensional projections. The diagnosis of 
dissection depends on visualization of the intimal flap, two 
distinct lumens, or compression of the true lumen by flow 
through an adjacent false lumen (Fig. 47-7). Indirect signs of 

FIGURE 47-6 Transesophageal echocardiogram showing the dissection membrane (arrowheads) in the short (left panel) and long (right panel) 
views of a type A dissection.

FIGURE 47-7 Aortogram of acute type B dissection illustrating dif-
ferential contrast enhancement of the true and false lumens in the 
descending thoracic aorta. The intimal flap (arrowhead) can be seen 
separating the two lumens.
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1010 Part VII Surgery of the Great Vessels

dissection include the presence of branch vessel abnormalities 
and abnormal intimal contour on injection of the false lumen. 
The status of the aortic valve may be evaluated and coronary 
angiography in the setting of type A dissections is possible 
only with this diagnostic test. However, coronary angiogra-
phy is not recommended given that the coronary ostia are 
involved in 10 to 20% of acute type A dissections and are eas-
ily evaluated at the time of surgery. Coronary atherosclerosis 
is present in 25% of all patients with acute aortic dissection, 
but even in those patients repair of the dissection should take 
precedence. Aortography is sometimes useful in acute type B 
dissections with evidence of mesenteric ischemia or oliguria 
and in type A dissections with signs of malperfusion because 
catheter-based intervention may be possible. Aortography 
can have a high false-negative rate secondary to thrombosis 
of one lumen or when contrast equally opacifies each lumen, 
impairing distinction of a separate true and false lumen.9 The 
diagnosis of intramural hematoma may also be difficult given 
the absence of intimal disruption, whereas penetrating ath-
erosclerotic ulcer is usually easily visualized. Visualization of 
the dissection variants is best accomplished with either CT 
scanning or MRI (Figs. 47-8 and 47-9). One major limita-
tion to the use of aortography in the acute setting is the need 
for skilled personnel. The time required to assemble this team 
varies with each institution, rendering aortography less useful 
when compared with other immediately available diagnostic 
tests. Aortography also requires arterial access, which can be 
painful and precipitate rupture or dissection extension.

IVUS is a catheter-based imaging tool that provides 
dynamic imaging of the aortic wall and an intimal flap in 
patients with aortic dissection. It is particularly useful in 
delineating the proximal and distal extent of dissection and 

for identifying the true and false lumens in questionable cases 
during aortography. High-resolution images of the normal 
three-layered aortic wall are differentiated to identify the 
abnormally thin wall adjacent to the false lumen. Because the 
aortic wall itself is imaged, intramural hematoma and pen-
etrating atherosclerotic ulcers may also be identified. Cur-
rently, as an isolated imaging study, it is time consuming and 
requires skilled personnel, as with aortography, and generally 
is not useful as an initial study in the acute setting. It may 
be most useful in combination with aortography when the 
initial imaging studies are negative, yet there remains a high 
clinical suspicion of dissection.

MRI and the newer contrast-enhanced magnetic reso-
nance angiography (MRA) generate superior images reliably 
demonstrating aortic dissection (Fig. 47-10). MRI/MRA 
offers detailed anatomy as CT does but does not require radi-
ation. Moreover, MRI may be particularly useful in pregnant 
patients. Dissection is identified as an intraluminal membrane 
separating two or more channels (Fig. 47-11). MRI provides 
detailed images of the entire aorta, the pericardium, and pleu-
ral spaces similar to those obtained with CT. Cine imaging 
may also be used to evaluate left ventricular function, the sta-
tus of the aortic valve, and flow in aortic branch vessels as well 
as flow in the false lumen. It is, however, not widely available 
and the presence of ferromagnetic metal contraindicates its 
use. Another disadvantage of MRI is that artifact is identi-
fied in up to 64% of studies, which underscores the need for 
expert radiologic interpretation of the images. These factors 
account for its infrequent use in the acute setting.

FIGURE 47-8 Axial image from a CT arteriogram showing an 
intramural hematoma of the descending thoracic aorta (arrowhead).

FIGURE 47-9 Sagittal contrast-enhanced MRI of penetrating ath-
erosclerotic ulcer of the ascending aorta (arrowhead).
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 Chapter 47 Aortic Dissection 1011

Diagnostic Strategy
The evaluation of suspected acute aortic dissection begins 
with a determination of the clinical likelihood that the diag-
nosis is correct and an evaluation of the hemodynamic stabil-
ity of the patient. The unstable patient with a high suspicion 
for acute aortic dissection should be transferred immediately 
to the operating room. Medical management may be ini-
tiated as soon as the diagnosis is suspected. It is our prac-
tice to intubate and mechanically ventilate such patients 
while essential monitoring lines are placed. A TEE is then 
performed. If TEE fails to reveal acute aortic dissection, a 
hemodynamically unstable patient will then have a protected 
airway and invasive monitoring lines for subsequent evalua-
tion of alternative diagnoses and continued resuscitation. If 
acute dissection is suspected despite a negative TEE, CT arte-
riogram (CTA) or aortography (potentially with IVUS) is the 
next study of choice.

Clinically stable patients permit a more detailed history 
and physical examination with imaging decisions tailored 
to specific aspects of the presentation. At the University 
of Virginia, all stable patients with a suspected dissection 
are evaluated with a CTA, as this study is definitive and 
provides valuable anatomic information for procedural 
planning. If dissection is identified on other studies, such 

FIGURE 47-10 Sagittal contrast-enhanced MRI of a chronic type 
B dissection. The dissection flap (arrowhead) is clearly identified and 
the false lumen appears to extend the entire length of the thoracic and 
abdominal aorta (darker posterior lumen).

FIGURE 47-11 Axial (A) and sagittal (B) contrast-enhanced MRI 
of a chronic type A dissection.

A

B
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1012 Part VII Surgery of the Great Vessels

as a TTE, our preference is to obtain a CTA of the chest, 
abdomen, and pelvis provided the patient is stable prior to 
proceeding to the operating room. Detailed anatomic infor-
mation from CTA is valuable for operative planning and 
postoperative management, especially in cases with abdomi-
nal malperfusion.

Diagnostic imaging of chronic aortic dissection is usu-
ally performed for surveillance, but may also be necessary 
in patients with symptoms attributable to dissection and for 
operative planning. Routine follow-up for acute dissection 
occurs on a scheduled basis and is usually done with either 
CT or MRI. We prefer CT scanning for patients with nor-
mal renal function and no contrast allergy because CT is 
usually the original imaging study obtained during the acute 
dissection. The improved accuracy that comes with compar-
ing similar studies combined with the availability, cost, and 
patient satisfaction makes CT favorable for this purpose. 
MRI is used mostly as a follow-up study for patients with 
renal insufficiency, but is the study of choice to provide pre-
cise anatomical detail for operative planning. TTE is useful to 
follow chronic type A dissection when there is aortic insuffi-
ciency. It can provide cross-sectional images of the ascending 
aorta, but generating images useful for comparison to previ-
ous studies is highly dependent on the skill of the operator. 
For that reason, we use echocardiography to follow patients 
with aortic insufficiency but also obtain a CT scan to assess 
ascending aortic diameter. Aortography is used primarily for 
operative planning. Patients older than 50 years and those 
with risk factors for coronary artery disease routinely undergo 
coronary arteriography before operation, and images of the 
aorta are obtained at that time. Aortography is especially 
useful to determine the origin of aortic branch vessels for 
operative planning when noninvasive imaging is inadequate 
(Fig. 47-12).

MANAGEMENT OF ACUTE TYPE A 
AORTIC DISSECTION
Natural History
Acute type A aortic dissection is impressively morbid. Fifty 
percent of patients suffering acute type A aortic dissection are 
dead within 48 hours if untreated.16 Data such as these sug-
gest that acute type A dissection carries a “1% per hour” mor-
tality for missed diagnoses. More contemporary data reveal 
a different prognosis such that medical management may be 
considered in certain high-risk groups. In one such study in 
octogenarians, type A dissection was managed medically in 
28% of patients for various reasons with a 58% in-hospital 
mortality.8 Regardless, because of the extreme mortality with 
medical management, patients surviving acute type A aortic 
dissections must be aggressively diagnosed and treated with 
surgical intervention.

Initial Medical Management
The high morbidity of acute type A aortic dissection dictates 
that management should precede confirmation of diagnosis in 
highly suspicious cases. The initial patient encounter centers 
on making the diagnosis while identifying factors that require 
immediate treatment. The site of this initial evaluation and 
resuscitation is determined primarily by the hemodynamic 
stability of the patient. The unstable patient belongs in the 
operating room, whereas a more detailed diagnostic approach 
and subsequent management can be undertaken in stable 
patients. Therefore, the hypotensive patient, whether from 
hemorrhagic shock or tamponade, requires the aforemen-
tioned evaluation and resuscitation on transfer to the operat-
ing room. It is preferable to avoid procedures such as TEE 

A B

FIGURE 47-12 Coronal view of contrast-enhanced MRI (A) demonstrating chronic type B dissection with renal arteries (arrowheads) separated 
by the dissection flap (arrow). Aortogram (B) of the same patient revealing that each renal artery is perfused exclusively by either the true or false 
lumen. Such tests are often complementary and may influence surgical strategy.
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 Chapter 47 Aortic Dissection 1013

or central line placement on an awaken patient outside the 
operating room because hypertension resulting from patient 
discomfort may precipitate aortic rupture or propagation of 
dissection. However, as in any patient with potential aortic 
rupture, anesthetic induction remains dangerous in patients 
compensating for impaired preload, whether from pericardial 
fluid or hypovolemia. The operating room must be prepared 
for prompt decompressive pericardiotomy and/or initiation 
of cardiopulmonary bypass.

In the hemodynamically stable patient, blood pressure 
is measured in both arms and both legs. These dissections 
can propagate in either direction, but proximal propagation 
can quickly destabilize the situation. In general, the goals of 
hypertension management in acute aortic dissection, regard-
less of anatomy, are twofold.4 First, transmural aortic wall 
stress is diminished by decreasing the systolic blood pressure, 
which reduces the possibility of rupture. Second, shear stress 
on the aorta is decreased by minimizing the rate of rise of 
aortic pressure to decrease the likelihood of dissection propa-
gation, so-called anti-impulse therapy. Specifically, the imme-
diate goal for this situation remains to achieve a target systolic 
blood pressure between 90 and 110 mm Hg with a target 
heart rate of less than 60 beats per minute.

Pain control is important to reduce catecholamine release 
and decrease the risk of rupture. Therefore, therapy begins 
with pain control using narcotic analgesics. The drugs most 
commonly used for anti-impulse therapy are beta-blockers 
and peripheral vasodilators. In most cases, beta-blockers such 
as esmolol should be used first because adequate heart rate 
control may be difficult if the blood pressure is controlled 
by peripheral vasodilators first and because vasodilators may 
increase ventricular ejection and aortic shear stress if used 
unopposed. Short-acting beta-blockers should be titrated to 
a heart rate less than 60 beats per minute. After beta-blocker 
treatment has been initiated, vasodilators such as sodium 
nitroprusside are used for further blood pressure control. 
Sodium nitroprusside is a direct arterial vasodilator with 
a short onset and duration of action, which makes it ideal 
to achieve rapidly the target systolic blood pressure. Load-
ing doses for esmolol and sodium nitroprusside should be 
avoided to prevent hypotension. Alternative beta-1 blocking 
drugs such as propranolol or metoprolol, and the combined 
alpha- and beta-blocker labetalol are appropriate in the sub-
acute phase. Calcium channel blockers may be necessary to 
reduce systolic blood pressure in those patients with a contra-
indication to beta-blocker use. A commonly used alternative 
to nitroprusside is nicardipine. This is also a calcium channel-
blocker devoid of any cardiac effects which is easily titrated to 
a goal blood pressure.

Operative Indications
The goals of surgery in acute type A dissection are to pre-
vent or treat an aortic catastrophe while restoring blood flow 
to the true lumen of the aorta. Aortic catastrophe includes 
aortic rupture into the pericardium or pleural space, dissec-
tion and occlusion of the coronary ostia, and progression 

to aortic valvular incompetence. The presence of ascending 
aortic involvement is therefore an indication for operative 
management in all but the highest-risk patients (Table 47-5). 
The difficulty arises in determining which patients are at high 
risk and which additional factors should affect the manage-
ment algorithm. Patient age, for example, is not regarded as 
an absolute contraindication to surgery. However, this factor 
should be considered given the relative worse outcomes of 
operative treatment for acute type A dissection for patients 
greater than 80 years of age. Neurologic status at the time of 
presentation can also affect the decision to operate. Although 
most agree that obtunded or comatose patients are unlikely 
to improve with surgical repair, complications such as stroke 
or paraplegia at the time of presentation are not contraindi-
cations to surgical correction. It must be acknowledged that 
dissection repair will most likely not improve neurologic con-
dition, and may even make it worse. Neither the distal extent 
nor the thrombosis of the false lumen obviates the need for 
surgical repair because the risk of developing an aortic catas-
trophe remains. Similarly, patients with subacute type A dis-
section who present or are referred after 2 weeks of dissection 
onset require operation. Scholl et al demonstrated that these 
patients have avoided the early complications of dissection 
and may safely undergo elective operation rather than emer-
gency repair.17

Important surgical considerations for Type A aortic dis-
section include extent of aortic repair, establishment of car-
diopulmonary bypass, temperature management, cerebral 
protection, myocardial protection, and management of aor-
tic insufficiency and end-organ perfusion during and after 
completion of surgery. Technical considerations for establish-
ment of cardiopulmonary bypass, cerebral protection, and 

TABLE 47-5: Operative Indications for Acute 
and Chronic Type A and B Thoracic Aortic 
Dissection

Dissection 
type Operative indication

Acute  
Type A Presence
Type B Failure of medical management (persistent 

or recurrent pain, medically uncontrolled 
hypertension)

  Expanding aortic diameter
  Progressive dissection
  Impending or actual rupture
  Malperfusion
Chronic Impending or actual rupture

  Symptoms related to dissection (congestive heart 
failure, angina, aortic regurgitation, stroke, pain)

  Malperfusion
  Aneurysm ≥ 5.5 cm (type A), ≥6.5 cm (type B)
  Aortic expansion > 1 cm/year
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1014 Part VII Surgery of the Great Vessels

temperature management are discussed in depth below. An 
important component to any surgical strategy includes iden-
tification and correction of end-organ malperfusion. Patients 
who present with abdominal pain or tenderness and lactic 
acidosis may require additional endovascular procedures, 
such as fenestration or mesenteric stenting either immedi-
ately after or in select cases, prior to, ascending aortic repair.

ANESTHESIA AND MONITORING
Anesthesia used during the repair of aortic dissections is often 
narcotic based with inhalational agents for maintenance. 
Single-lumen endotracheal tubes are used for procedures per-
formed through a median sternotomy, whereas double-lumen 
endotracheal tubes are useful but not mandatory for proce-
dures performed through a left thoracotomy. Monitoring 
lines often include central venous access with a pulmonary 
artery catheter and one or more arterial pressure monitoring 
lines specific to the operation performed. Preparation must 
be made for all possibilities in these cases, most importantly 
for the possible need for hypothermic circulatory arrest. Arte-
rial monitoring should be tailored to both the anatomy of the 
dissection and the method of cannulation. One or two radial 
arterial lines and at least one femoral line may be required to 
ensure adequate perfusion of the upper and lower body. If 
antegrade cerebral perfusion via a right axillary or innominate 
artery cannulation is planned, right arterial line placement 
(in addition to femoral and/or left radial) is useful to measure 
perfusion pressure. All patients require a TEE probe. Core 
body temperature is monitored in the bladder using a Foley 
catheter and in the esophagus using a nasopharyngeal probe. 
A wide skin preparation to include the axillary and femoral 
arteries is essential to provide all possible cannulation options.

Neurologic monitoring is available, but its utility remains 
controversial even in elective cases. Advocates of both cerebral 
and spinal cord monitoring argue that these monitors are able 
to detect injury to neurons before irreversible cellular injury.18 
Thus, this warning allows for detection of imminent injury 
and subsequent evasion of injury. Opponents argue that there 
is a significant learning curve and that the injury has already 
occurred once these monitors can identify ischemic neuro-
logic changes. The optimal type of monitoring depends on the 
location of the dissection and the resultant details of required 
vascular control. Manipulation of the ascending aorta and 
arch can affect cerebral perfusion. In these cases, transcranial 
Doppler (TCD) or near-infrared spectroscopy (NIRS) has 
been used. Intraoperative TCD monitoring is used to iden-
tify malpositioned cannulas or document the need for adjust-
ment of retrograde perfusion.19 Opponents of TCD argue 
difficulty with low baseline flow and poor signal in patients 
with thick temporal bones, which confuses interpretation of 
the results and the response to them. Continuous noninvasive 
NIRS can be used to monitor cerebral oxygenation, marker 
of cerebral blood flow. Although the role of NIRS in aortic 
dissection has not been elucidated, advocates extrapolate use 
from studies on carotid endarterectomy and coronary bypass. 

NIRS can be used for identification of regional oxygenation 
changes during the case, which may be particularly useful 
during normothermic periods of these cases.18 Somatosensory 
evoked potentials (SSEP) is argued to be useful in identify-
ing neurologic injury ranging anywhere from the peripheral 
nerve to the brain. These studies may even identify ischemic 
cerebral injury during hypothermic circulatory arrest earlier 
than electroencephalography (EEG).20 SSEP can also be use-
ful in the detection of spinal cord ischemia to identify crucial 
spinal cord vasculature requiring reimplantation. The use of 
SSEP at some centers has led to reduced intraoperative and 
postoperative paraplegia in retrospective studies.21 Neurologic 
monitoring remains a relatively new technology that is opera-
tor dependent, but probably is useful in experienced hands.

HEMOSTASIS
Open aortic dissection repair is commonly associated with 
significant blood loss caused by weak tissues and coagulopa-
thy from bleeding or hypothermia. Strict blood conservation 
is an important aspect of the operation. At least one cell-saver 
device should be available. Packed red blood cells, platelets, 
and fresh-frozen plasma should be in the operating room at 
the start of the operation. Coagulopathy as a result of the pre-
operative status of the patient, cardiopulmonary bypass, and 
deep hypothermic circulatory arrest contribute to excessive 
blood loss. Antifibrinolytic drugs can be useful hemostatic 
adjuncts. Patients will often require transfusion of fresh-
frozen plasma, platelets, and possibly cryoprecipitate. Fibrin 
glues and hemostatic materials such as Surgicel and Gelfoam 
are useful as systemic coagulopathy is corrected.

CARDIOPULMONARY BYPASS
Cannulation for type A dissection repair requires thought-
ful evaluation of the dissection anatomy while taking into 
consideration the extent of the repair to be undertaken. The 
crucial point is to provide arterial flow into the true lumen 
of the aorta with proof of sufficient end-organ perfusion, in 
particular as dynamic flaps may alter perfusion. Some flex-
ibility regarding arterial access should be exercised. In certain 
situations, a patient may require multiple cannulation sites to 
perfuse adequately the entire body. Various options for can-
nulation exist, but the optimal choice of cannulation in aortic 
dissection requires tailoring to the combination of surgeon 
preference with dissection anatomy.

Venous cannulation remains relatively straightforward. 
Venous cannulation is obtained commonly through the right 
atrium using a two-stage venous cannula, whereas bicaval 
cannulation is used for certain cases in which retrograde cere-
bral perfusion is used during hypothermic circulatory arrest. 
A left ventricular vent is necessary in the setting of aortic valve 
incompetence and is easily placed through the right superior 
pulmonary vein or rarely through the left ventricular apex 
wall. Cardioplegia is administered in a retrograde fashion 
through a coronary sinus catheter with additional protection 
via direct cannulation of the undissected coronary ostia.
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 Chapter 47 Aortic Dissection 1015

Arterial cannulation requires a much more thoughtful pro-
cess. Right axillary artery, femoral artery, and direct ascending 
aortic cannulation are the three most common techniques. 
The optimal site of cannulation should be tailored based on 
the combined goals of surgery and the specific anatomy of the 
patient, with contingency plans for evidence of malperfusion.

Historically, femoral cannulation was the site of choice for 
arterial cannulation for type A dissection. The most favorable 
side of femoral cannulation has been debated in the past, but 
as long as there is perfusion into the true lumen, the side 
most likely does not matter. Reports from the University of 
Virginia, among others, have also shown that the dissected 
ascending aorta itself can be cannulated safely with echocar-
diographic guidance.22 This technique involves confirming 
access to the true lumen of the aorta with echocardiography 
of the descending aorta. Then, using the Seldinger technique, 
a percutaneous cannula can be properly positioned. Direct 
cannulation should be avoided through areas with evidence 
of hematoma. Proper perfusion of the true lumen must be 
confirmed with ultrasound or echocardiography. A potential 
salvage maneuver involves cannulation of the ventricular apex 
with advancement of the cannula though the aortic valve and 
into the true lumen of the aorta. This technique also requires 
confirmation of true lumen perfusion. Aortic cannulation of 
either the dissection area or the apex mandates cannulation of 
the graft after repair in most cases.

Increasingly, the right axillary artery is being utilized for 
cannulation during dissection repair and is the first choice can-
nulation site at many institutions.23 The right axillary artery 
provides direct access to the right carotid artery for selective 
antegrade perfusion. This can be done by sewing a graft to the 
artery or directly cannulating it. However, direct axillary can-
nulation appears to cause more morbidity than graft cannula-
tion, including further dissection, brachial plexus injury, and 
limb ischemia. Axillary cannulation may be suboptimal in cases 
in which the axillary, right common carotid, or innominate 
artery are dissected. Similar techniques have been described in 
cannulation approaches to the innominate artery.

No matter the preferred site of arterial cannulation, the 
surgeon must be cognizant of whole body perfusion. Patients 
that are not cooling properly or show other signs of malperfu-
sion may require more than one arterial cannulation sites for 
cardiopulmonary bypass. Routine confirmation of blood flow 
in the carotids as well as the descending aorta can be critical 
to avoid malperfusion.

CEREBRAL PROTECTION
Type A dissection repair involving the arch disrupts blood 
flow to the brachiocephalic arteries during a period of circu-
latory arrest. Cerebral protection during that period is criti-
cal to neurologic outcome. Cerebral protection is optimized 
through deep hypothermia with or without potential neuro-
protective adjuncts. Straight hypothermia during circulatory 
arrest was the first method used to perform operations on 
the aortic arch and remains an effective method for shorter 

procedures. Two alternative primary end points for cooling 
are employed: goal temperature or EEG silence.

The published temperature goals vary widely, namely any-
where from 14 to 32°C. The ischemic tolerance of the brain 
improves with colder temperatures. However, cooling to a 
temperature below 14°C can result in a form of nonischemic 
brain injury and is therefore not recommended. The neuro-
logic protection from straight hypothermic circulatory arrest 
can be very good, especially for short ischemic times. Most 
data suggest that straight hypothermic circulatory arrest up 
to 20 minutes is safe. However, increased ischemic time is 
directly related to increased incidence of neurologic deficits.24 
Proponents of straight hypothermic circulatory arrest have sug-
gested in elective patients that longer times can be used safely 
without significant adverse cognitive outcomes but circulatory 
arrest should be limited to as short a time as possible.25

For these cases, temperature is being used as a proxy for 
metabolic function. Unfortunately, nasopharyngeal and tym-
panic temperature may be imperfect estimates of brain tem-
perature. Moreover, temperature does not directly relate to 
neurologic activity. For these reasons, some groups use EEG 
silence to determine the appropriate point at which to dis-
continue cooling and perfusion. The patients are cooled until 
EEG silence is obtained. After 5 minutes at this tempera-
ture, the circulatory arrest period can be initiated, usually at 
a temperature between 15 and 22°C. Using this technique, 
the group from the University of Pennsylvania achieved EEG 
silence in 90% of patients after 45 minutes of cooling and 
had a postoperative stroke rate of less than 5%.26 As a result, 
in the absence of EEG monitoring, they cool for at least 
45 minutes in almost all cases to optimize brain protection. 
Although EEG is attractive in theory, it is not always avail-
able when patients with dissections are taken to the operat-
ing room. We typically cool for 45 minutes to achieve a goal 
temperature of 18 to 21°C.

Continued cerebral perfusion during the period of circula-
tory arrest is an alternative technique for cerebral protection, 
especially for circulatory arrest times greater than 20 minutes. 
Utilizing cerebral perfusion, some groups have moved progres-
sively to more moderate hypothermia (24-28°C) during dissec-
tion repair.27 Cerebral blood flow may be delivered in a either 
retrograde or antegrade fashion. The technique for retrograde 
cerebral perfusion depends on the venous cannulation strategy. 
If bicaval cannulation is used, reversing flow through the supe-
rior vena caval cannula with a proximally placed tourniquet 
is simple and effective. Use of retrograde flow with dual-stage 
venous cannulation requires placement of a retrograde “coro-
nary sinus” catheter into the superior vena cava through a purs-
estring suture. The superior vena cava is then occluded with an 
umbilical tape to direct flow toward the head. Retrograde cere-
bral perfusion has the added benefit of flushing atherosclerotic 
material and air from the brachiocephalic vessels. A flow rate 
necessary to produce a superior vena caval pressure of 15 to 25 
mm Hg is considered optimal.

Selective antegrade cerebral perfusion has gained popular-
ity, particularly when extended aortic arch surgery is planned. 
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1016 Part VII Surgery of the Great Vessels

This can be performed by clamping the base of the innomi-
nate artery with a right axillary or innominate arterial can-
nulation, allowing for cerebral perfusion via the right carotid 
artery. This also can be performed once the aortic arch is open 
by encircling the innominate artery with a vessel occluder and 
cannulating the lumen with a retrograde “coronary sinus” 
cannula. Bilateral antegrade perfusion can be performed by 
similarly cannulating the left carotid artery lumen. With 
the left subclavian artery occluded, flow rates are slowly 
increased to achieve perfusion pressures of 50 to 70 mm Hg 
at the desired circulatory arrest temperature. These cannulae 
are then removed just before completing the anastomosis of 
the brachiocephalic vessels to the vascular graft, at which time 
cardiopulmonary bypass may be reinstituted.

A few basic principles apply to all approaches. During 
cooling on cardiopulmonary bypass, a maximum tempera-
ture gradient between perfusate and patient of less than 10°C 
is ideal. The head is then packed in ice to maintain a low 
brain temperature. To ensure maximal protection, the goal 
temperature should be maintained for 5 minutes before ini-
tiation of hypothermic circulatory arrest. Similarly, the body 
should be reperfused for 5 minutes at the colder tempera-
ture before beginning the rewarming process. Rewarming too 
early can exacerbate neurologic injury. Rewarming proceeds 
without exceeding a 10°C perfusate-patient temperature gra-
dient to at least 37°C as core body temperature often falls 
briefly after cessation of active warming and separation from 
cardiopulmonary bypass.

Pharmacologic adjuncts are believed by some to decrease 
metabolic rate with hopes of reducing injury. Although meth-
ylprednisolone continues to be used in these cases by many, 
barbiturate administration during cooling has fallen mostly out 
of favor. If used, methylprednisolone should be given early, as 
the steroid effects require incorporation into the cell nucleus. 
Others give lidocaine and magnesium before the arrest period 
to stabilize the neuronal cell membrane. Furosemide and man-
nitol can be administered to initiate diuresis and promote free 
radical scavenging after circulatory arrest. The results of all 
these techniques are not fully substantiated yet.

OPERATIVE TECHNIQUE
The exposure for procedures performed on the ascending 
aorta and proximal arch is through a median sternotomy. This 
can be modified with supraclavicular, cervical, or trapdoor 
incisions to gain exposure to the brachiocephalic vessels or 
descending thoracic aorta. When dissecting the distal arch, it 
is important to identify and protect both the left vagus nerve 
with its recurrent branch and the left phrenic nerve. Replace-
ment of the ascending aorta in type A dissections is best per-
formed by an open distal anastomosis technique if the arch is 
involved (30%) or if arch involvement is unknown. Once the 
patient is placed on cardiopulmonary bypass and cardioplegia 
catheters are in place, the mid ascending aorta is clamped, 
producing cardiac arrest via administration of antegrade and/
or retrograde cardioplegic solution. The dissected ascending 
aorta proximal to the clamp is then opened. Evaluation and 

surgical correction of the aortic valve is ideally performed at 
this time while systemic cooling continues. If the dissection 
does not involve the aortic root, the aorta is transected 5 to 
10 mm distal to the sinotubular ridge. When the dissection 
involves the sinotubular ridge, the proximal aorta is recon-
structed by reuniting the dissected aortic layers between one 
or two strips of Teflon felt using either 3-0 or 4-0 Prolene 
suture. Safi et al use a technique of interrupted pledgeted 
horizontal mattress sutures as compared with the felt sand-
wich technique.28 In their experience, this provides superior 
stabilization and decreases the potential for subsequent aortic 
stenosis. The University of Pennsylvania has described aortic 
reconstruction using felt as a neomedia giving a stable plat-
form to sew the graft to otherwise friable tissue.26,29

Once the temperature reaches 18 to 21°C, perfusion is dis-
continued during a brief period of circulatory arrest. When 
using antegrade or retrograde cerebral perfusion, the selected 
perfusion is initiated at this time. The aortic clamp is released 
and the intima of the aortic arch is inspected and repaired 
accordingly (Fig. 47-13). If the intima is intact, the distal 
anastomosis is performed and the graft is cannulated, deaired, 
and clamped for resumption of cardiopulmonary bypass with 
systemic warming. If the intima of the arch is violated, then a 
hemiarch reconstruction is performed (Fig. 47-14). We have 
only rarely found it necessary to perform a complete arch 
resection for an acute dissection. If a complex aortic root pro-
cedure is required, it is often useful to repair the aortic root 
with one vascular graft and use a separate graft to create the 
distal aortic anastomosis. The two grafts are then measured, 
cut, and anastomosed to provide the correct length and ori-
entation for aortic replacement.

FIGURE 47-13 The false lumen of the distal aorta is closed and the 
aortic wall is reconstructed with inside and outside felt strips.
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 Chapter 47 Aortic Dissection 1017

If the ascending aorta cannot be cross-clamped or the sur-
geon prefers not to clamp the dissected aorta, the patient 
is first cooled to 18 to 21°C with subsequent circulatory 
arrest. The distal aortic reconstruction is performed first in 
this circumstance, at which time the graft is cannulated and 
proximally clamped with resumption of cardiopulmonary 
bypass and systemic rewarming. Cannulation of the graft for 
antegrade systemic perfusion and rewarming is associated 
with improved neurologic outcomes compared with retro-
grade perfusion and should be performed whenever possible. 
Proximal ascending aortic repair is completed during the 

period of rewarming. Because a cross-clamp is not applied 
with this technique, the left ventricle must be decompressed 
once fibrillation starts during systemic cooling to prevent 
distention and irreversible myocardial injury. In cases of 
severe aortic insufficiency, ventricular distension may occur 
despite appropriately positioned vent catheters. In this, man-
ual cardiac decompression or aortic cross-clamping will be 
required.

An alternative to the open distal technique is possible 
when the dissection is limited to the ascending aorta or the 
proximal arch away from the origin of the brachiocephalic 
vessels. Antegrade arterial perfusion is achieved through distal 
arch or right subclavian artery cannulation; retrograde per-
fusion via cannulation of a femoral artery has traditionally 
provided acceptable results. An aortic cross-clamp is applied 
tangentially just proximal to the innominate artery. The 
ascending aorta is resected to include the inferior aspect of 
the arch. The layers of the dissected aorta proximal to the 
clamp are then reunited if necessary and the ascending aorta 
replaced with an appropriately sized, beveled vascular graft. 
The proximal reconstruction and anastomosis may then be 
created and the entire procedure performed without requir-
ing deep hypothermia and circulatory arrest.

Isolated dissection of the aortic arch is rare. Classified as a 
type A dissection, it requires resection of the arch at the site 
of intimal disruption and aortic replacement. Surgical man-
agement of the brachiocephalic vessels is determined by the 
integrity of the adjacent intima. If intact, the brachiocephalic 
vessels are reimplanted as a Carrel patch into a vascular graft 
after repair (Fig. 47-15). If the dissection involves individual 

FIGURE 47-14 (A) The type A dissection extends into the proximal 
aortic arch. (B) The distal dissected aortic wall is reconstructed with inside 
and outside felt strips to replace part of the arch and ascending aorta.

FIGURE 47-15 Brachiocephalic vessels can be reattached to an arch graft as a unit if the inner cylinder of origin of each vessel remains intact. 
(A) The arch vessels are excised as a unit from the superior surface of the dissected aortic arch. (B) The separated layers of the brachiocephalic 
patch are reunited using inner and outer felt strips and continuous suture. (C) A corresponding hole is cut in the aortic graft and the continuous 
brachiocephalic unit is sutured into place.
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1018 Part VII Surgery of the Great Vessels

vessels, each may require repair and reimplantation individu-
ally into the graft used for arch replacement (Fig. 47-16).

Aortic root dissection often fails to violate the intima of 
the coronary ostia. Repair of the ascending aorta at the sino-
tubular junction is therefore sufficient to reunite the aortic 
root layers and provide uninterrupted coronary blood flow. 
Minimal disruption of the coronary ostial intima should be 
repaired primarily with 5-0 or 6-0 Prolene suture. If, how-
ever, the ostium is circumferentially dissected and an aortic 
root replacement is necessary, an aortic button should be 
excised and the layers reunited with running 5-0 Prolene 
suture, glue, or both. Coronary buttons are then reimplanted 
into the vascular graft or to a separate 8-mm vascular graft as 
part of a Cabrol repair (Fig. 47-17). Aortocoronary bypass 

grafting is performed only when the coronary ostium is not 
reconstructable and as a last resort.

Acute type A dissection is complicated by aortic valve 
insufficiency in up to 75% of patients. Fortunately, preserva-
tion of the native valve is successful nearly 85% of the time. 
The mechanism of aortic insufficiency in most cases is the loss 
of commissural support of the valve leaflets. This is repaired 
using pledgeted 4-0 Prolene sutures to reposition each of the 
commissures at the sinotubular ridge (Fig. 47-18). The dis-
sected aortic root layers are then reunited using 3-0 Prolene 
suture and either one or two strips of Teflon felt to recreate the 
sinotubular junction and reform the sinuses of Valsalva. Aortic 
valve preservation must always be performed using intraop-
erative TEE to assess the valve postoperatively. No more than 
mild aortic insufficiency should be present. In addition to 
commissural resuspension, techniques exist to spare the aortic 
valve and replace the aortic root in acute type A dissection, 
but the experience is early and the number of patients few. 
This topic is covered in greater detail in the section on sur-
gical techniques for chronic type A dissection. If the aortic 
valve cannot be spared, replacement of the ascending aorta 
and valve should be performed using a composite valve graft 
or homograft. The composite valve graft is implanted using 
horizontal mattress 2-0 Tycron sutures to encircle the annulus 
and to seat the valved conduit (Fig. 47-19). The previously 
excised and reconstituted coronary buttons are reimplanted 
into the vascular graft with running 5-0 Prolene suture 
(Fig. 47-20). The left coronary button is implanted first, at 
which time the graft is clamped and placed under pressure 
to define the proper orientation and position of the right 
coronary button. The aortic homograft is similarly implanted 
using horizontal mattress 2-0 Tycron sutures, except that a 
generous margin of aortic root below the coronary buttons is 
retained for a second hemostatic suture line of running 4-0 
Prolene. This is an ideal solution for individuals who have 
a contraindication to anticoagulation or for young females. 
The Ross procedure (pulmonary autograft) is not applicable 

FIGURE 47-16 The brachiocephalic vessels are separated from the true lumen by the dissected false lumen (left panel). If individual brachioce-
phalic vessels are also damaged beyond repair, short interposition grafts are added to reconnect each artery to the aortic graft (right panel).

FIGURE 47-17 Illustration showing the attachment of the coro-
nary ostia to the graft using the Cabrol technique. The ends of a 
60-mm Dacron graft are sewn end to end to each coronary ostium. A 
side-to-side anastomosis is made between the intercoronary tube graft 
and the aortic graft.
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 Chapter 47 Aortic Dissection 1019

in those patients with connective tissue disorders and not rec-
ommended in acute dissection.

Some centers have extended repairs into the descending 
thoracic aorta utilizing thoracic aortic endografts to poten-
tially decrease the risk of malperfusion, reduce distal aortic 
aneurysmal degeneration and rupture, and decrease late distal 
aortic reoperation.30,31 This hybrid repair, commonly referred 
to as a “frozen elephant trunk,” is performed during the circu-
latory arrest period. A guidewire is introduced into the open 
true lumen and positioned in the mid-descending aorta. An 
endograft is then introduced over the guidewire, positioned 
under direct vision just distal to the left subclavian artery, 
and then deployed. The proximal extent of the endograft is 
then secured with suture to the native aorta. Institutions with 
hybrid operating rooms with integrated fluoroscopy may 
also utilize fluoroscopy to guide final endograft placement. 
They may also perform completion angiography and correct 

FIGURE 47-18 Resuspension and preservation of the native aortic valve in a type A dissection. (A) The dissected layers are approximated at 
each commissure with double-pledgeted mattress sutures. (B) The aortic valve commissures are completely resuspended. (C) Thin felt strips (8- to 
10-mm wide) are placed inside and outside from the circumference of the aorta. The coronary ostia are not compromised. (D) The aortic walls are 
sandwiched between the felt strips with a horizontal mattress. (E) A vascular graft is sutured to the reconstructed proximal aorta.

FIGURE 47-19 Everting 2-0 pledgeted mattress sutures are placed 
shoulder to shoulder around the aortic annulus to anchor a composite 
graft containing a St. Jude prosthesis.
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1020 Part VII Surgery of the Great Vessels

any distal malperfusion with endovascular fenestration and 
peripheral arterial stenting. At present these techniques are 
not widely performed and techniques are evolving.

POSTOPERATIVE MANAGEMENT
Invasive hemodynamic monitoring is used to ensure ade-
quate end-organ perfusion with a target systolic blood pres-
sure between 90 and 110 mm Hg. Early postoperative blood 
pressure control begins with adequate analgesia and sedation 
using narcotics and sedative/hypnotic agents. The patient 
should, however, be allowed to emerge from general anes-
thesia briefly for a gross neurologic examination. The patient 
is then sedated for a period to ensure continued hemody-
namic stability and facilitate hemostasis. Coagulopathy is 
aggressively treated with blood products and antifibrinolytic 
agents as necessary, and by warming the patient. Hematocrit, 
platelet count, coagulation studies, and serum electrolytes 
are obtained and corrected as necessary. An ECG and chest 
radiograph are used to assess for abnormalities and to serve 
as baseline studies. A full physical exam, including complete 
peripheral vascular exam, is performed on arrival. Despite 
adequate repair of the dissection, perfusion of the false lumen 
may persist; therefore, malperfusion syndrome remains 
possible. If an abdominal malperfusion syndrome is sus-
pected postoperatively, this should be aggressively evaluated 
with ultrasound and subsequent angiography if positive. A 
strong clinical suspicion is enough to warrant this evaluation 
given the consequences of failed recognition. Exploratory 

laparotomy should be performed early if bowel ischemia is 
suspected. The patient can be extubated once extubation cri-
teria are met if the patient has been hemodynamically stable 
without excessive bleeding and the results of a neurologic 
exam are normal. Management is routine from that point 
forward.

LONG-TERM MANAGEMENT
Surviving the operation for acute dissection represents the 
beginning of a lifelong requirement for meticulous medi-
cal management and continued close observation. It has 
been estimated that replacement of the ascending aorta for 
type A dissection obliterates flow in the distal false lumen in 
fewer than 10% of patients. As a result, the natural history 
of repaired dissection may involve dilatation and potential 
rupture of the chronically dissected distal aorta. This was the 
reason for the late death in nearly 30% of DeBakey’s original 
series in 1982 and is currently the leading cause of late death 
following surgical repair.32 Often a multidrug antihyperten-
sive regimen including beta-blocking agents is required to 
maintain systolic blood pressure below 120 mm Hg. There 
are some data indicating that blood pressure control within 
a narrow range may alter the natural history of chronic dis-
section by diminishing the rate of aneurysmal dilatation. The 
long-term durability of the aortic valve after supracoronary 
reconstruction is quite good with freedom from aortic valve 
replacement of 80 to 90% at 10 years. Progressive aortic 
insufficiency of the native valve is possible and should be fol-
lowed with TEE in some patients.

Follow-up diagnostic imaging is required to monitor aor-
tic diameter in patients after repair. Spiral CTA and MRI 
are the imaging studies of choice. MRI and ultrasound are 
useful in patients with renal insufficiency and those requir-
ing only imaging of the abdominal aorta. Echocardiography 
is useful for imaging the ascending aorta and provides addi-
tional information regarding the aortic valve. It is impor-
tant to recognize the resolution limitations of each imaging 
modality and inherent imprecision of comparing different 
imaging modalities to evaluate changes. In general, measure-
ments should be made at the same anatomical level with 
respect to reproducible anatomical structures (ie, the sino-
tubular ridge, proximal to the innominate or left subclavian 
arteries or at the diaphragmatic hiatus). It is important to 
recognize that the false lumen should be included in mea-
surements of aortic diameter whether it is perfused or not. 
Three-dimensional reconstruction of spiral CT and MRI 
scans minimizes the error introduced by aortic eccentricity 
when comparing imaging studies and has simplified follow-
ing this patient population. The current recommendations 
are to obtain a baseline study before hospital discharge and 
at 6-month intervals during the first year. If the aortic diam-
eter remains unchanged at 1 year, studies are obtained yearly. 
Aortic enlargement of more than 0.5 cm within a 6-month 
period and greater eccentricity on comparison of three-
dimensional reconstruction images are high-risk changes for 
which the interval is decreased to 3 months if surgery is not 
indicated.

FIGURE 47-20 The coronary ostia are attached to the graft by the 
button technique using continuous 5-0 polypropylene suture.
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 Chapter 47 Aortic Dissection 1021

Results
The operative mortality for repair of acute type A aortic dis-
section has fallen since DeBakey’s original 40% mortality 
was reported in 1965. Improved ICU and floor care of these 
patients, earlier recognition of dissection through improved 
imaging modalities, development of hemostatic vascular graft 
material, more effective hemostatic agents, and improvements 
in the safety of cardiopulmonary bypass are likely responsible. 
In the last two decades, most centers consistently report an 
operative mortality for acute type A dissection of between 10 
and 30%. The high early mortality in acute dissection paral-
lels the number of patients who present profoundly hypoten-
sive and in shock. The mode of death is stroke, myocardial 
ischemia/heart failure, aortic rupture, or malperfusion in 
most cases.

The International Registry of Acute Aortic Dissections 
(IRAD) recently reported on the results of 526 patients with 
acute type A aortic dissection who underwent surgical treat-
ment in 18 large tertiary centers.33 Surgery in these patients 
included replacement of the ascending aorta in 92%, aortic 
root in 32%, partial arch in 23%, complete arch in 12%, 
and descending aorta in 4%. Overall in-hospital mortality 
was 25%; 31% for hemodynamically unstable patients; and 
17% for stable patients. Causes of death were aortic rupture 
(33%), neurologic complications (14%), visceral ischemia 
(12%), tamponade (3%), or nonspecified (42%).

Age is not an absolute contraindication to surgical treat-
ment of type A aortic dissections. However, operative mortal-
ity increases with age. Retrospective series show that operative 
mortality increases from 20 to 30% for patients younger than 
75 years of age to greater than 45 to 50% for those 80 years 
or older.34

The published results for long-term survival following 
surgically treated acute type A aortic dissection over the last 
decade is roughly 71 to 89% at 5 years and between 54 and 
66% at 10 years.35-37 Survival for patients who are discharged 
alive from the hospital after surgical repair of type A aortic 
dissection carries a survival rate of 96% at 1 year and 91% 
at 3 years.38

MANAGEMENT OF ACUTE TYPE B 
AORTIC DISSECTION
Type B aortic dissections account for approximately 40% 
of all acute aortic dissections.8 Their natural course is more 
benign than that of acute type A dissections.

Most patients with acute type B aortic dissections survive 
the acute and subacute phases with medical management 
alone. Approximately 20 to 30% of patients present with 
complicated type B dissection, which require urgent opera-
tive (surgical or endovascular) intervention. Complicated dis-
section can be defined as imminent or actual aortic rupture, 
aortic expansion, hemodynamic instability, persistent pain 
despite medical management, drug-resistant hypertension, 
and malperfusion syndrome.8,39 The most frequent causes of 

death in acute type B dissection are aortic rupture and visceral 
malperfusion.

The relative success with medical management has rele-
gated surgical treatment for acute type B dissections to patients 
with complicated dissections or those with progression of the 
disease (see Table 47-5). Medical therapy of uncomplicated 
type B aortic dissection confers a relatively good short-term 
prognosis with in-hospital survival of approximately 90%.39 
Medical management in these patients has survival rates of 
approximately 85% at 1 year and 71% at 5 years.40

On the contrary, patients with complicated dissections that 
require open surgical intervention have a 30-day mortality 
of approximately 30%.8 More recently though, endovascular 
techniques have been used in these complicated dissections 
with reduced perioperative mortality and morbidity. Endovas-
cular treatment of acute type B dissections was first described 
in 1999 by Dake et al41 and Nienaber et al.42 As endovascu-
lar treatment of complicated dissections has expanded, the 
results have improved, with studies now reporting a mortality 
of around 5%.43

Medical Management
Historically, the mortality of open surgical approaches for 
type B aortic dissections exceeded 50%, whereas medical 
management carried a mortality risk of 30% or less. There-
fore, medical management has played a pivotal role in the 
management of these patients. Medical management is iden-
tical to that described in the initial management of the acute 
type A aortic dissection. The goals are control of the heart rate 
and blood pressure to decrease the shear stress on the aorta 
and limit expansion of the false lumen and propagation of 
the dissection.

Medical management initially requires an adequate airway 
and intravenous access. Patients with suspected or confirmed 
type B aortic dissection should be admitted to the inten-
sive care unit for close monitoring. Pain control is impor-
tant to reduce catecholamine release and is best achieved 
with narcotic medications, in particular morphine sulfate. 
Management is initiated with beta-blockers such as esmo-
lol or propranolol.9 These medications should be titrated to 
achieve optimal blood pressure (ie, systolic pressure of 100 
to 120 mm Hg) and heart rate while allowing for adequate 
renal, gut, and brain perfusion. Heart rate control to a goal 
of less than 60 bpm has been shown to decrease the risk of 
secondary adverse events such as aortic expansion, recurrent 
dissection, and aortic rupture.44

Vasodilators such as sodium nitroprusside can be used 
as an adjunct to beta-blockers if blood pressure is still not 
adequately controlled. Vasodilators can increase the force of 
ventricular ejection and aortic shear stress and should there-
fore be only used concurrently with beta-blockade. Calcium 
channel blockers can also be used to control blood pressure, 
especially in patients intolerant to beta-blockers. However, 
their use has not been appropriately studied in patients with 
aortic dissection. Patients with normal or decreased low 
blood pressure at presentation, without evidence of cardiac 
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1022 Part VII Surgery of the Great Vessels

tamponade or heart failure, may benefit from judicious intra-
venous volume administration.

Once the patient with uncomplicated type B aortic dissec-
tion has been stabilized, blood pressure medications should 
be transitioned to an oral regimen. The patient can then be 
discharged from the hospital with close follow-up, includ-
ing imaging and clinical assessment in 3 months and every 
6 months thereafter.

Operative Indications
Operative management of acute type B aortic dissection, 
either by endovascular or by open surgical techniques, is 
currently limited to the prevention or relief of life-threaten-
ing complications.9,45 Operative treatment is indicated for 
patients with persistent or recurrent pain, medically uncon-
trolled hypertension, rapidly expanding aortic diameter, pro-
gression of dissection despite maximal medical management, 
signs of impending or actual aortic rupture (ie, periaortic or 
mediastinal hematoma), or malperfusion to limbs, kidneys, 
or gut (see Table 47-5).

Endovascular Therapy
GENERAL CONSIDERATIONS
Given the poor outcomes of open surgical approaches, endo-
vascular therapy has transitioned to the frontline of therapy 

for complicated type B dissections. Endovascular treatments 
can include placement of thoracic endovascular graft prosthe-
ses, endovascular creation of flap fenestrations, and/or place-
ment of uncovered stents in affected branch vessels to treat 
malperfusion. Because of the relative simplicity and recent 
improvements in outcomes, endovascular grafts have become 
the preferred endovascular technique for treatment of aortic 
dissections.

The goals of endovascular graft therapy in complicated 
acute aortic dissection are to restore flow to the true lumen 
and perfusion to the distal aorta and branch vessels. Cov-
erage of the primary tear is frequently necessary to achieve 
these goals, especially if the tear is in the proximal descend-
ing aorta. Obliteration of the false lumen is desirable as well 
because it improves the prognosis, but it is not always pos-
sible. Endoluminal treatment of these cases usually requires 
coverage of the entire descending thoracic aorta because of 
the presence of multiple tears in the intima. The optimal 
outcome occurs when the prosthesis covers the primary tear, 
reapposes the dissected layers of the aorta, and prevents blood 
flow into the false lumen, therefore leading to thrombosis of 
the false lumen, expansion of the true lumen, and restoration 
of branch vessel patency (Fig. 47-21).

An alternative technique used to treat branch malper-
fusion from aortic dissection is percutaneous fenestration 
with or without stenting of the malperfused branch ves-
sels. According to this technique, a communication is cre-
ated between the true and the false aortic lumens so as to 

FIGURE 47-21 Endovascular stent grafting in a 77-year-old male with an acute type B aortic dissection. Upper panel: CTA at initial presenta-
tion showing a long dissection flap involving the descending thoracic aorta. Lower panel: CTA on the same patient one year after placement of an 
endovascular stent graft showing aortic remodeling with obliteration of the false lumen. (Used with permission from John Kern.)
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 Chapter 47 Aortic Dissection 1023

provide flow to both of them. Percutaneous fenestration is 
performed by pulling an inflated balloon or a fenestration 
knife through the dissection flap to create communication 
between both lumens. An uncovered stent can then be placed 
in the true lumen at the region of the affected branch ves-
sel or vessels to alleviate dynamic obstruction (occlusion of 
the branch by prolapse of the dissection flap into the branch 
vessel).46 If static obstruction (extension of the dissection into 

the branch vessel with reduction of the true lumen) is also 
present, a stent is deployed directly into the branch vessel 
(Fig. 47-22). The major limitation of percutaneous fenestra-
tion for treatment of aortic dissection when compared with 
endovascular grafting is that it does not induce thrombosis of 
the false lumen. False lumen thrombosis has been shown to 
induce aortic remodeling and decrease the long-term risk of 
aortic dilatation and rupture.47

FIGURE 47-22 Endovascular treatment of visceral ischemia with fenestration and stenting of the aortic true lumen and the superior mesenteric 
artery (SMA) on a 40-year-old man with type B aortic dissection. (A) Near-total aortic true lumen collapse of the proximal descending aorta. (B) 
Dynamic compromise of the celiac artery origin. (C) Collapsed true lumen and dissection flap within the SMA suggesting both dynamic and 
static obstructions of this vessel. (D) Angiogram showing the dissection flap extending into the SMA. (E, F) Follow-up imaging at 1 month after 
percutaneous fenestration, true lumen stenting of the aorta at the level of the celiac artery, and placement of a stent into the SMA shows a patent 
fenestration tear in the dissection flap and a patent vessel. (Reproduced with permission from from Patel HJ, Williams DM, Meerkov M, et al: 
Long-term results of percutaneous management of malperfusion in acute type B aortic dissection: implications for thoracic aortic endovascular 
repair, J Thorac Cardiovasc Surg. 2009 Aug;138(2):300-308.)
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1024 Part VII Surgery of the Great Vessels

Percutaneous fenestration and stenting can also be used 
as an adjunct to endovascular grafting when closure of the 
primary tear fails to improve distal malperfusion. Another 
technique that can be used to improve malperfusion after 
endovascular grafting is the PETTICOAT (provisional exten-
sion to induce complete attachment) technique.48 Accord-
ing to this technique, a bare metal stent is placed as a distal 
extension of the previously implanted stent graft in order to 
expand the true lumen.

PREOPERATIVE PLANNING
The endovascular treatment of aortic dissections requires 
meticulous preoperative planning. The anatomy of the aorta 
and the actual dissection should be studied in detail with the 
use of imaging technology.

Preoperative imaging for endovascular repair of aortic dis-
sections is accomplished with either computed tomographic 
arteriogram (CTA) or MRA. Three-dimensional sagittal and 
coronal reconstructions are useful to assess details of the 
anatomy of the aorta. Preoperative imaging allows the sur-
geon to size the aorta for selection of the device, ascertain the 
presence of adequate proximal and distal landing zones for 
adequate apposition of the graft, and assess the femoral and 
iliac vessels to plan the delivery of the device.

The left subclavian artery may be occluded in certain situ-
ations without the need for revascularization. Exclusion of 
the left subclavian artery without concomitant revasculariza-
tion should be avoided in patients with a patent left internal 
mammary artery coronary bypass, those with an incomplete 
posterior cerebral circulation, a dominant left vertebral vessel, 
or a stenosed or occluded right vertebral artery.49 Left sub-
clavian revascularization should also be considered in those 
patients in whom a long segment of the aorta is being covered 
or those with a history of prior aortic surgeries because of 
the increased risk of spinal ischemia. Left subclavian revascu-
larization is usually accomplished with the creation of a left 
carotid to subclavian bypass, or less commonly, left subcla-
vian artery transposition. To assess the cerebral circulation, a 
head and neck CTA should be performed preoperatively in 
every patient in whom left subclavian exclusion is a possibil-
ity. In our experience, the left subclavian artery is covered in 
approximately 50% of the cases, with 25% of these patients 
requiring revascularization because of concerns of cerebral 
circulation or arm claudication.50

Adequate vascular access for delivery of the device is an 
important requirement for endovascular therapy of the aorta. 
Both iliofemoral systems are evaluated preoperatively with 
CTA or MRA with particular attention to size, tortuosity, 
and presence of calcification that may preclude safe delivery 
of the device. The minimum size required for the access ves-
sels is determined by the outer diameter of the introducer 
sheath. Current devices require insertion through a vessel of 
at least 6 to 8 mm in diameter (equivalent to ~20 French 
delivery device). When the femoral vessels have an adequate 
caliber, no tortuosity, and minimal calcification, total per-
cutaneous access is possible, using automated percutaneous 
closure devices to seal the entry point. Alternatively, an open 

approach to control the common femoral arteries may be 
used. If the caliber of the femoral vessels is not appropri-
ate for insertion of the device, retro-peritoneal exposure of 
the iliac artery with placement of a 10-mm tube graft may 
be necessary as a surgical conduit for insertion of the device.

Endovascular stenting of the aorta is associated with a risk 
of paraplegia in recent series of 0 to 3.4%.39,51 Preoperative 
insertion of a lumbar catheter for drainage of cerebrospinal 
fluid (CSF) may decrease the risk of permanent paraplegia. 
In our institutions, we perform selective preoperative place-
ment of lumbar catheters at the discretion of the surgeon, 
taking into account the region and length of planned aortic 
exclusion, and previous history of aortic surgery.49 If there 
is no evidence of paraplegia postoperatively, these drains are 
usually discontinued 48 to 72 hours after surgery.

Operative Technique
The endovascular stenting procedure can be performed either 
in the angiography suite or an operating room with advanced 
imaging capabilities. At our institutions, the procedure is per-
formed in the angiography suite by a team of cardiovascular 
surgeons and interventional radiologists. The procedure is 
usually performed under general anesthesia, although local 
or epidural anesthesia can also be used, depending on the 
comorbidities and clinical status of the patient. Monitoring 
lines are placed, including a radial arterial line in the right 
upper extremity. A lumbar drain for CSF drainage is placed 
preoperatively at the discretion of the surgeon, as stated. 
Antibiotic prophylaxis is administered.

In most cases, bilateral iliofemoral arterial access is used 
for the procedure. The larger side with less calcification and 
tortuosity is chosen for the delivery of the device. The other 
side is used for percutaneous insertion of a 5 French pigtail 
catheter for diagnostic contrast injection. If only one side is 
appropriate for use, the diagnostic pigtail catheter may be 
inserted through one of the brachial arteries.

If there is significant calcification of the vessel or the sur-
geon does not feel comfortable with the use of a percutane-
ous vascular closure device, the femoral artery is surgically 
exposed and controlled. In our experience, approximately 
20% of patients have femoral vessels of an inadequate caliber 
to accommodate the delivery device. In these patients, a flank 
incision is performed and the retroperitoneal common iliac 
artery is exposed. A 10-mm polyester surgical conduit is then 
anastomosed to the common iliac artery and used as access 
for delivery of the device.

The pigtail catheter is inserted percutaneously and 
advanced to the arch of the aorta. Aortography or IVUS is 
then used to confirm the location of the catheter within the 
true lumen, define the anatomy, localize the entry tear, and 
create a roadmap for the procedure. The confirmation of the 
device being in the true lumen cannot be overemphasized. 
Many centers use only IVUS for these procedures. From these 
images, the decision is made regarding the site of deployment. 
The left subclavian artery may need to be covered to ensure an 
adequate proximal landing zone and completely exclude the 
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 Chapter 47 Aortic Dissection 1025

primary tear. The proximal landing zone is usually visualized 
best at a fluoroscopic angle of approximately 45 to 75 degrees 
left anterior oblique (LAO).

A super-stiff wire is then inserted through a sheath placed 
into the iliofemoral vessel previously chosen for device deliv-
ery, and advanced into the aortic arch. The patient is hepa-
rinized to an ACT of greater than or equal to 200 seconds. 
The appropriate sheath is advanced into the abdominal aorta 
under direct fluoroscopic visualization. The device is then 
advanced to the selected point of delivery. Placement of the 
sheath and the device into the aorta are probably the most 
dangerous parts of this procedure. Before the deployment of 
the device, blood pressure and heart rate should be pharma-
cologically controlled so as to avoid undue strain on the heart 
and migration of the endograft on deployment. The device 
is then deployed. The optimal placement of the prosthesis 
is confirmed by angiography or IVUS. Although the device 
may need to be ballooned for full opening and apposition 
to the aortic wall, this maneuver has inherent risks given 
the weakness of the aortic wall and the pressure required to 
expand the stent grafts.

It is important to confirm the correct placement of the 
device, the absence of endoleaks, and the resolution of mal-
perfusion to branch vessels at the end of the procedure. For 
this purpose, an angiogram is performed through the diag-
nostic pigtail catheter. If there is evidence of persistent mal-
perfusion, adjunctive therapies should be considered such as 
percutaneous fenestration or deployment of additional bare-
metal stents on the distal aspect of the prosthesis to expand 
the true lumen (PETTICOAT technique). Branch vessel 
stenting may also be necessary to relieve static obstruction.46 
In case of a ruptured dissection, the endovascular prosthesis 
should cover both the site of the primary tear and the site of 
rupture. Furthermore, in patients with significant hemotho-
rax the dissection should be treated before draining the chest, 
as this may be tamponading the rupture.

Surgical Therapy
GENERAL CONSIDERATIONS
Open surgical intervention for type B aortic dissections is 
performed under general anesthesia with narcotic and inhala-
tional agents. Double-lumen endotracheal intubation allows 
for lung isolation, which is critical in exposure of the thoracic 
aorta. Central venous access, right radial and femoral arte-
rial lines, and in selected cases a pulmonary artery catheter, 
are inserted before the procedure. Core body temperature is 
usually measured with the use of a temperature probe in the 
Foley catheter and/or an esophageal probe. Antibiotic pro-
phylaxis is administered.

Spinal cord ischemia resulting in paraplegia or paraparesis 
is a recognized complication of acute dissection repair that 
may be partially preventable and even reversible. The inci-
dence of spinal cord ischemia is between 19 and 36% after 
repair of acute type B dissection.52,53 Whereas various strate-
gies exist to prevent spinal cord ischemia during repair of a 
chronic dissection, very few are feasible in the acute setting. 

Pharmacologic agents such as steroids, free radical scavengers, 
vasodilators, and adenosine are promising adjuncts to prevent 
spinal cord ischemia but presently have little to no proven 
clinical utility. We presently use left atrial to femoral artery 
bypass and reimplant key intercostals arteries and selectively 
use CSF drainage as outlined by Safi et al.54

OPERATIVE TECHNIQUE
The patient is positioned in right lateral decubitus. The pelvis 
is canted posteriorly to allow access to both femoral vessels. 
A posterolateral thoracotomy in the fourth intercostal space 
provides sufficient access to the aorta; notching the fifth and 
sixth ribs posteriorly can facilitate wider exposure of the tho-
rax. A thoracoabdominal incision may be required to access 
the abdominal aorta in the case of visceral malperfusion. This 
may be performed through either a transperitoneal or a retro-
peritoneal approach. The left hemidiaphragm is divided in a 
radial fashion while marking adjacent sites on each side of the 
division with metal clips for later reapproximation.

The ideal open acute type B aortic dissection repair 
involves replacement of as little of the descending thoracic 
aorta as necessary. The extent of replacement rarely exceeds 
the proximal third, which includes the primary tear in most 
cases. Such a strategy optimizes perfusion of the spinal cord 
by preserving more intercostals arteries.52 This point is con-
troversial, however, and some groups advocate replacement 
of the entire thoracic aorta. Any less extensive aortic replace-
ment leaves dissected aorta with the potential for late aneu-
rysmal dilation when there is perfusion of the false lumen. 
The ideal strategy to minimize spinal cord malperfusion yet 
resect all involved aorta has not been proved.

Once the thoracic aorta has been exposed, the operation 
continues with division of the mediastinal pleura between 
the left subclavian and the left common carotid arteries. It 
is essential that the left vagus and recurrent laryngeal nerves 
are identified and preserved during the course of the dissec-
tion. The left subclavian artery is encircled with an umbilical 
tape and Rummel tourniquet. Ultimately, the entire distal 
arch must be free enough to place an aortic clamp between 
the left common carotid and left subclavian arteries. Next, 
the proximal descending thoracic aorta is circumferentially 
mobilized, dividing intercostal arteries in the segment to be 
excised.

The formerly popular “clamp and sew” technique used 
for repair of acute type B dissection has largely been replaced 
by the use of partial left heart bypass. To institute left heart 
bypass, the left inferior pulmonary vein is dissected and a 
4-0 Prolene pursestring suture placed posteriorly for cannu-
lation. Arterial cannulation sites for this technique include 
the distal thoracic aorta for limited dissections of the proxi-
mal descending thoracic aorta or the femoral artery for those 
extending into the abdomen. It is important to assure that 
distal perfusion during cannulation is directed into the true 
lumen. Following the administration of 100 U/kg of intra-
venous heparin, 14 French cannulae are inserted into the 
left inferior pulmonary vein and either a normal-appearing 
area of descending thoracic aorta or percutaneously into 
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1026 Part VII Surgery of the Great Vessels

either femoral artery. Bypass is then initiated with flow rates 
between 1 and 2 L/min.

The left subclavian artery is controlled and vascular clamps 
are placed on the aorta proximal to the left subclavian artery 
and distally on the mid-thoracic aorta. Right radial artery 
pressure is measured to maintain proximal aortic systolic 
pressure between 100 and 140 mm Hg and mean femoral 
artery pressure greater than 60 mm Hg.53 The aorta is then 
opened longitudinally and bleeding from intercostals arter-
ies is controlled by suture ligation. Transection of the aorta 
distal to the origin of the left subclavian artery provides a site 
for the proximal anastomosis. This is performed using 3-0 
Prolene suture and may require external reinforcement with 
Teflon felt strips.

The graft inclusion technique is another procedure in 
which the posterior aspect of the proximal aorta is not fully 
transected. The proximal anastomosis is then created to the 
intact posterior aspect of the aorta. We do not recommend 
this technique because one cannot be certain of including all 
layers of the aorta in the anastomosis.

The size of the vascular graft is based on the diameter 
of the distal aorta and beveled to match the aorta proxi-
mally. This anastomosis may include the origin of the left 
subclavian to treat dissection in this vessel. A separate 6- to 
8-mm Dacron graft can be used if there is intimal disrup-
tion involving the proximal segment of the left subclavian 
artery. Once the proximal anastomosis is completed, the 
proximal clamp is released and repositioned on the vascu-
lar graft to inspect the anastomosis. The distal anastomosis 
is then completed, the clamps are released, and partial left 
heart bypass is terminated. Percutaneously placed femoral 
artery cannulae 14 French or smaller may be removed with-
out direct repair of the vessel. When cannulae 15 French 
or larger are required, open surgical repair of the femoral 
arteriotomy is indicated.

Rupture of the thoracic aorta before or during repair is a 
catastrophic event often leading to operative death. Success-
ful management requires immediate cannulation of the fem-
oral artery and vein for cardiopulmonary bypass and eventual 
deep hypothermic circulatory arrest. Assisted venous drainage 
through the femoral vein is often adequate, but direct can-
nulation of the right ventricle through the pulmonary artery 
may also be performed. A left atrial vent is placed through the 
left inferior pulmonary vein once the heart begins to fibrillate; 
the left ventricle may be vented as well directly through the 
apex. Once the nasopharyngeal temperature reaches 15°C, 
the vent is occluded and cardiopulmonary bypass is stopped. 
The head is placed down and the aorta opened for repair 
under circulatory arrest. The distal aorta should be clamped 
to minimize blood loss. Once the proximal anastomosis is 
performed, the proximal clamp is moved onto the graft and 
the graft cannulated to resume cardiopulmonary bypass.

Malperfusion of intra-abdominal viscera or lower extremi-
ties may be apparent at the time of presentation or may fol-
low surgical repair of aortic dissections. Proximal repair of the 
dissection is a standard treatment and may be sufficient to 
treat the malperfusion syndrome. However, if malperfusion 

presents or persists after surgical repair, percutaneous or sur-
gical fenestration may be necessary. As specified, percuta-
neous fenestration is accomplished by using a balloon or a 
percutaneous knife to create a communication between the 
false and the true lumens. Surgical fenestration is performed 
through a midline laparotomy or left flank incision to provide 
exposure of the infrarenal aorta (Fig. 47-23). Occasionally, 
fenestration of intra-abdominal aortic branch vessels may be 
required if the intima is violated beyond the ostia. If the dis-
section flap cannot be completely excised, the distal vessel 
layers must be reunited. Consideration should be given to 
patch angioplasty to prevent narrowing when closing smaller 
vessels. In the event that perfusion is not reestablished, extra-
anatomic bypass may be required.

Obstruction of the terminal aorta or malperfusion of 
the lower extremities following operative repair is best 
treated with percutaneous fenestration. Surgical fenestra-
tion remains an option if percutaneous techniques fail to 
reestablish blood flow. In the event that surgical fenestration 
fails, the best solution is femoral-femoral bypass grafting in 
the setting of unilateral malperfusion or axilla-femoral and 
femoral-femoral bypass if bilateral lower extremity malper-
fusion exists.

FIGURE 47-23 Fenestration of the abdominal aorta for visceral 
malperfusion. A transverse incision is made into the aorta, prefer-
ably into a nondissected aorta. The proximal dissection membrane is 
incised and then excised to decompress the false lumen as far proxi-
mally as possible. The dissected layers are reconstructed with Teflon 
felt or glue and the aortotomy is closed directly.

Cohn_ch47_p1001-1036.indd   1026 08/05/17   3:11 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 47 Aortic Dissection 1027

Results
Medical management remains the mainstay of treatment for 
acute uncomplicated type B aortic dissections. Early medical 
management alone is an adequate treatment in approximately 
68 to 85% of patients presenting with acute type B dissec-
tion and leads to a 30-day survival rate of 89 to 93%.39,55 
The long-term outcomes of medical management are not as 
favorable. In the IRAD series, only 78% of 189 patients dis-
charged alive from the hospital after medical management of 
type B dissections were alive at 3 years.38 Predictors of follow-
up mortality were female gender, history of prior aneurysm, 
history of atherosclerosis, in-hospital renal failure, pleural 
effusion, and in-hospital hypotension or shock. In a separate 
series of patients, 87% of patients managed medically were 
alive at 5 years, with 25% of patients requiring aortic-related 
interventions.56 Similarly, in a series of 122 patients with type 
B aortic dissections managed medically over 36 years, Umana 
et al reported survival rates of 85% at 1 year and 71% at 
5 years, with reoperation rates of 14% at 5 years.40

These outcomes have prompted some authors to con-
sider operative treatment of uncomplicated dissections in an 
attempt to prevent long-term aortic-related complications. 
The rationale for this consideration also comes from the fact 
that endovascular stenting induces thrombosis of the false 
lumen in 75% of cases43 and false lumen patency is associated 
with long-term aortic-related complications and mortality.57

Xu et al recently reported a series of 63 patients with type 
B aortic dissections (59 uncomplicated) treated with endo-
vascular grafting.58 The authors delayed the intervention in 
uncomplicated patients until 2 weeks after presentation so as 
to allow fibrosis and increased stability of the intimal flap. The 
perioperative mortality was only 3% with morbidity includ-
ing stroke in one patient, renal failure in two, and retrograde 
aortic dissection in two. No patients developed paraplegia. 
Complete thrombosis of the false lumen was achieved in 98% 
of patients at 1 year, and the 4-year survival was nearly 90%.

Two European randomized clinical trials have been 
designed to answer the question of whether uncomplicated 
type B dissections should be treated with endovascular graft-
ing or with medical management alone. The results of the 
first trial, the INSTEAD (INvestigation of STEnt Grafts in 
Aortic Dissection) trial, have been recently published.59 This 
trial randomized 140 patients with subacute or chronic type 
B aortic dissection (>14 days but <1 year) to either elective 
stent graft placement or optimal medical management alone. 
Survival was not significantly different between both groups 
with 2-year survival rates of 96 and 89% after optimal medi-
cal therapy and endovascular stenting, respectively. There 
were also no differences in the rates of a combined end point, 
including aortic-related deaths or reinterventions. Complete 
thrombosis of the false lumen was more common among 
patients with endovascular stenting (91% with stenting vs 
19% with medical management). Aortic expansion to greater 
than 6 cm was also more common in the group with medical 
management, requiring crossover to stent grafting in 16% of 
cases and conversion to open surgery in 4%. All crossover 

patients had uneventful outcomes and no deaths. Therefore, 
the trial supported the use of optimal medical management 
for treatment of uncomplicated type B aortic dissections and 
reserving endovascular interventions for those patients that 
develop complications or other indications for intervention. 
A recent landmark analysis of the INSTEAD trial, however, 
demonstrated that at 5 years aorta associate mortality was 
decreased with endovascular stenting (6.9 vs 19.3%).60 The 
second trial, the ADSORB (Acute Uncomplicated Aortic 
Dissection Type B) trial has been designed to study patients 
with acute uncomplicated dissection (<14 days) by random-
izing them to optimal medical management or endovascular 
stenting.61 In 61 randomized patients, endovascular stent-
ing increased true lumen size, decreased false lumen size, 
and reduced overall aortic diameter.62 These short- and mid-
term results appear to support that endovascular stenting is 
safe and potentially leads to favorable aortic remodeling in 
uncomplicated dissections. At present, medical management 
remains the standard of care for uncomplicated type B aor-
tic dissection, however indications for endovascular stenting 
remains evolving. Longer term data are required to determine 
the utility and timing of intervention in uncomplicated type 
B aortic dissection.

Approximately 20% of patients with acute type B aortic dis-
section present with complications requiring intervention.39 
In the past, surgical intervention was the only therapy avail-
able for these patients. The development of endovascular 
techniques has provided an additional treatment option that 
is now preferred in the majority of cases.

Surgical treatment of aortic dissection was traditionally 
poised with dismal outcomes. Even though morbidity and 
mortality remain high, outcomes from surgical management 
have improved over the last few decades, from as high as 50% 
in the 1960s to as low as 13% in more recent times.63 In 
a series of 76 patients treated emergently with surgery for 
acute complicated type B aortic dissection including 22% 
patients with aortic rupture, Bozinovski and Coselli reported 
an in-hospital mortality of 22% with a risk of stroke of 7%, 
paraplegia of 7%, and renal failure of 20%.64 Similarly, as part 
of the IRAD series, 82 patients surgically treated for acute 
type B aortic dissection had an in-hospital mortality of 29% 
with a risk of stroke of 9%, paraplegia of 5%, and acute renal 
failure of 8%.65

Because of the unfavorable outcomes of open surgical 
therapy for acute complicated type B aortic dissection, endo-
vascular therapies have been increasingly used in this patient 
population. Table 47-6 summarizes the current experience 
with endovascular therapy for treatment of type B aortic 
dissections.39,41,42,46,50,51,58,66-74

A recent meta-analysis of 39 studies involving 609 patients 
using endovascular repair of aortic dissections between 1999 
and 2004 showed a procedural success of 98% with emer-
gency surgical conversion of 1%. In-hospital complications 
occurred in 14% of patients including neurological complica-
tions in 3%, retrograde dissection in 2%, and a perioperative 
mortality of 5%.43 Survival rates at 2 years were 89% with a 
risk of aortic rupture at follow-up of 2%.
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TABLE 47-6: Selected Retrospective Series with Endovascular Treatment of Type B Aortic Dissection

Study N
Type of 
dissection Technique

Technical 
success (%)

Perioperative 
mortality (%) Morbidity

Permanent 
paraplegia 
(%)

Endoleak 
(%)

Median 
follow up 
(month)

Long-term 
survival (%)

False lumen 
thrombosis 
(%)

Böckler, 200951 54 Acute and 
chronic

Stent graft 93 11 19 0   32 66 60% complete, 
13% partial

Dake, 199941 19 Acute Stent graft 100 16 21 0 15 13 79 79% complete, 
21% partial

Dialetto, 200574 28 Acute Stent graft 100 11   0   18 86  
Duebener, 

200473
10 Acute Stent graft 90 20 50 10   25 80  

Fattori, 200839 66 Acute 65% stent 
graft, 35% 
fenestration

94% stent 
graft, 50% 
fenestration

10.6 20.8 3.4        

Hutschala, 
200272

9 Acute Stent graft 100 0 11 0   3   22% complete, 
78% partial

Khoynezhad, 
200971

28 Acute Stent graft 90 11   0 28 36 78 88% complete, 
12% partial

Kische, 200970 171 Acute and 
chronic

Stent graft 98 5 17 1.7 29 22 81  

Nathanson, 
200569

40 Acute and 
chronic

Stent graft 95 2.5 38 2.5 2.5 20 85 79

Nienaber, 
199942

12 Chronic Stent graft 100 0 0 0   12 100 100

Nienaber, 
200268

127 Acute Stent graft 100 1.6 3 0.8   28 97  

Palma, 200267 70 Acute Stent graft 93 5.7 31.4 0   29 91  
Patel, 200946 69 Acute Fenestration 

and/or branch 
stenting

96 17.4 21.7 2.9*   42 64 —

Pitton, 200866 13 Acute Stent graft 100 15 31 7.7*   13 66  
Siefert, 200850 34 Acute and 

chronic
Stent graft 100 0 11.7 0 38%   86  

Xu, 200658 63 Acute and 
chronic

Stent graft 95 3.2 19 0   12 90 98

*Patients presented preoperatively with paraplegia.

1028
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 Chapter 47 Aortic Dissection 1029

Most of these studies have used endografts, rather than 
percutaneous fenestrations, as the endovascular treatment 
of choice. In one of the largest series of percutaneous fenes-
tration for treatment of type B aortic dissection, Patel et al 
reports the experience from the University of Michigan from 
1997 to 2008.46 During this period, 69 patients with type 
B aortic dissection and malperfusion by angiography were 
treated with endovascular flap fenestration and/or branch 
vessel stenting. Overall technical success for flow restoration 
was 96% with an early mortality of 17%. Complications 
included stroke in 4%, acute renal failure requiring dialysis 
in 14%, and permanent spinal cord ischemia in two patients 
that presented initially with paraplegia from their dissection. 
However, despite these encouraging outcomes all-cause mor-
tality at follow-up was as high as 36% with 7% risk of aortic 
rupture, likely related to the obligate persistence of the false 
lumen as part of the fenestration procedure.

Despite the multiple isolated series reporting outcomes 
after different treatment strategies for acute type B aortic dis-
section, there are currently no randomized controlled trials 
addressing this issue. The most recent retrospective report 
by IRAD comparing the different strategies included 571 
patients with acute complicated or uncomplicated type B aor-
tic dissection between 1996 and 2005. Of these, 390 patients 
(68%) were treated medically and 125 required intervention 
for complicated dissection; 59 (10%) underwent open surgi-
cal procedures and 66 (11%) had endovascular treatment with 
either stent grafts or percutaneous fenestration. In-hospital 
mortality was significantly higher for patients that underwent 
surgery (34%) when compared to those that had endovascu-
lar procedures (11%) (Fig. 47-24). In-hospital complications 

occurred in 40% of patients undergoing surgical treatment 
and in 21% of those undergoing endovascular therapy. These 
findings remained true even after comparing patients with 
similar comorbidities. Interestingly, in-hospital mortality was 
similar for those patients that underwent endovascular ther-
apy and those that were treated medically, and significantly 
better than in those that underwent surgery. The low mortal-
ity risk of patients treated medically is obviously related to the 
fact that most of these patients presented with uncomplicated 
disease and were deemed eligible for medical management. 
However, the data suggest that endovascular therapies may 
improve outcomes of patients with complicated type B aortic 
dissection to the rate of those with uncomplicated dissections 
managed medically. The data have to be interpreted with cau-
tion though, because part of these findings may be associated 
to selection bias in treatment modality based on patient char-
acteristics not accounted for, or in differing treatment strate-
gies in different institutions.

MANAGEMENT OF CHRONIC 
AORTIC DISSECTION
Chronic type A dissection develops in patients who fail to 
undergo immediate surgical treatment of the acute dissec-
tion. Patients with chronic type B aortic dissection include 
those that have been successfully managed medically after an 
acute dissection and those with repaired type A aortic dis-
sections that have retained segments of dissected descending 
thoracic aorta.

Patients with a history of acute aortic dissection, especially 
those with retained dissected segments, require close surveil-
lance indefinitely. Our preference for follow-up imaging in 
patients with normal renal function and no contrast allergy 
is CTA. CTA provides good imaging, is cost effective, and is 
usually the technique used for the original acute dissection, 
making it ideal for longitudinal comparison of studies. MRA 
is utilized mostly as a follow-up study for patients with renal 
insufficiency but is the study of choice to provide precise ana-
tomical detail for operative planning.

Many patients treated for aortic dissection, especially 
those with persistent communication between true and 
false lumens, can progress to develop aneurysmal dilata-
tion of the aorta. They carry similar risk for aortic rupture 
that of atherosclerotic aneurysms. Chronic dissections have 
an annual rate of expansion of 0.9 to 7.2 mm per year.75-77 
Despite appropriate medical management and close follow-
up, approximately 20 to 40% of patients have aortic enlarge-
ment during follow up.75,78 This number is probably even 
higher in those patients with connective tissue disorders. In 
one study of 50 patients over a period of 40 months, 18% 
had fatal rupture and another 20% underwent surgical repair 
because of symptoms or aneurysm enlargement, emphasizing 
the need for diligent follow-up care.75 Risk factors for rup-
ture of chronic type B dissection include older age, chronic 
obstructive pulmonary disease (COPD), and hypertension. 
Chronic beta-blocker treatment reduces the rate of aortic 
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FIGURE 47-24 Survival curves for patients with type B aortic dis-
section managed with medical, endovascular, or surgical treatment 
according to the IRAD. (Reproduced with permission from Fattori R,  
Tsai TT, Myrmel T, et al: Complicated acute type B dissection: is 
surgery still the best option? A report from the International Reg-
istry of Acute Aortic Dissection, JACC Cardiovasc Interv. 2008 
Aug;1(4):395-402.)

Cohn_ch47_p1001-1036.indd   1029 08/05/17   3:11 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1030 Part VII Surgery of the Great Vessels

dilatation as well as the incidence of dissection-related hospi-
tal admissions and procedures.78

The presence of a patent false lumen is a significant pre-
dictor of aortic enlargement and is associated with a higher 
incidence of aortic-related complications and death.57,76 In a 
study of 101 patients followed after medical management for 
type B uncomplicated dissections, the most important risk 
factors for aortic enlargement were a maximum aortic diam-
eter of 4 cm or more and a patent false lumen.79

Operative Indications
The operative indications for chronic type A and B dissection 
are shown in Table 47-5. Chronic type A dissection is rarely 
symptomatic yet a minority of patients will present with chest 
pain as a result of aneurysm expansion or heart failure related 
to aortic regurgitation. Chronic type B dissection may pres-
ent with intermittent dull chest or back pain, or infrequently, 
with malperfusion syndrome. Although each of these findings 
is an indication for intervention, the most common indica-
tions for operative management are aneurysmal dilatation of 
the aorta, rapid expansion, or aortic rupture. The size criteria 
for intervention in aortic dissection are controversial, but the 
one generally used is similar to that for general thoracic aortic 
aneurysms. Based on these criteria, aortic intervention is indi-
cated at a size of 5.5 cm for type A dissections and 6.5 cm for 
type B dissections, or slightly less if there is a family history or 
physical stigmata of a connective tissue disorder.80 Similarly, 
aortic expansion greater than 1 cm per year should be consid-
ered an indication for repair.

Recent retrospective studies from Japan have shown that 
patients with aortic diameters greater than or equal to 4 cm 
and a patent false lumen have a high likelihood of aortic-
related complications (up to 50% in 6 months).79,81 Based on 
these findings, it has been suggested that these patients should 
be considered for early repair depending on their operative 
risk. This issue is controversial and further studies are required 
before making more definitive recommendations.

Techniques for Chronic Type 
A Aortic Dissection
Chronic type A dissection, with or without aneurysmal 
enlargement, is treated using similar operative techniques 
described for acute dissection. The particular operation per-
formed depends on the specific pathology involving the aor-
tic root, status of the aortic valve, distal extent of dissection, 
and brachiocephalic vessel involvement. The pathology of 
each of these components can be very different in a chronic 
dissection as compared with the acute process. These differ-
ences underlie the need for surgical techniques appropriate 
to each unique abnormality. In general, the ascending aorta 
is replaced using a vascular graft to include the entire dis-
eased segment as in acute dissection, but surgical treatment 
of the aortic valve and creation of the distal anastomosis 
differ.

Whereas the aortic valve can be repaired in most cases 
of acute type A dissection by simple commissural resuspen-
sion, the rate of aortic valve replacement is much higher in 
patients with chronic dissection. Preservation of the aortic 
valve is complicated by morphologic changes in the valvular 
apparatus such as leaflet elongation and annuloaortic ecta-
sia, which render the valve irreparable in as many as 50% of 
cases. More severe grades of preoperative aortic regurgitation 
portend a lower probability of valve preservation. In cases 
in which the aortic valve cannot be preserved with simple 
commissural reattachment, three options exist to treat aor-
tic insufficiency: composite root replacement, aortic valve 
replacement with separate ascending aortic replacement, and 
finally, valve-sparing aortic root repair. The technical aspects 
of composite valve-graft repair were covered under the surgi-
cal management of acute type A dissection. Separate aortic 
valve and ascending aortic replacement are appropriate when 
there is an operative indication to repair the ascending aorta 
in the setting of a normal aortic root and structural aortic 
valve disease. Note that this operation is not appropriate for 
patients with connective tissue disease. In this situation, aor-
tic root replacement is required.

Several methods for aortic valve preservation have been 
described for cases affecting the aortic root. One such tech-
nique is performed by reimplanting the valve commissures 
into an appropriately sized vascular graft, which is secured 
to the left ventricular outflow tract using multiple horizon-
tal mattress sutures.82 Another elegant yet time-consuming 
technique requires resection of the sinuses of Valsalva leaving 
a 5-mm rim of aorta circumferentially around the leaflets.83 
Scallops are then created in the vascular graft to resuspend the 
commissures and remodel the aortic root. David et al advo-
cate Teflon felt reinforcement of the aortic annulus to prevent 
late annular dilatation and recurrent aortic insufficiency for 
the remodeling technique.84 The mid-term outcome of such 
operations revealed a freedom from reoperation rate of 97 to 
99% at 5 years and a 5-year survival for the aortic dissection 
subgroup of 84%. Cochran and Kunzelman devised a similar 
technique to recreate the sinuses of Valsalva, which may be 
more important than previously recognized and contribute to 
improved long-term valve durability.85 Such data in patients 
with chronic dissection are lacking. These techniques appear 
appropriate for patients with Marfan disease and in those 
with congenitally bicuspid aortic valves.

Treatment of the distal aorta in chronic type A dissec-
tion is somewhat controversial. Some advocate obliteration 
of flow in the false lumen with distal aortic repair, whereas 
others purposely maintain flow into both the true and false 
lumen using distal resection of the intimal flap. Those who 
reunite the chronically dissected aortic layers to perfuse 
only the true lumen maintain that false lumen perfusion 
continues through distal reentry tears in greater than 50% 
of cases. There is a theoretical concern that important side 
branches arise exclusively from the false lumen and perfusion 
may be interrupted with this technique. Our practice at the 
University of Virginia is to resect the distal chronic dissection 
flap as far as possible to obviate such concerns. The distal 
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 Chapter 47 Aortic Dissection 1031

anastomosis is therefore made to the outer wall of the aorta, 
which has been strengthened over time. Malperfusion of the 
brachiocephalic vessels as a result of chronic type A dissection 
is treated with resection of the dissection flap from the arch. 
Infrequently, the chronic dissection flap extends into more 
distal branch vessels and may present as transient ischemic 
attacks or stroke. In such cases it is often necessary to resect 
the dissection flap into the branch vessel or reunite the layers 
distally before reimplantation.

Infrequently, chronic type A dissection results in exten-
sive aneurysmal dilatation of the aorta extending from the 
ascending aorta through the arch and into the descending 
thoracic aorta. Surgical treatment of such extensive disease 
has traditionally been performed as a staged procedure in 
which the ascending aorta and arch are replaced first through 
a sternotomy. The second stage of the so-called elephant 
trunk procedure is performed 6 weeks later through a left 
thoracotomy for replacement of the descending aorta using 
a second vascular graft. Originally described by Borst et al, 
this technique has been used extensively with good results.86 
In some cases, the aorta distal to the left subclavian artery 
may be so large as to preclude the use of a two-stage repair. 
Kouchoukos et al have described a single-stage repair per-
formed through a bilateral anterior thoracotomy in which 
the arch is repaired first during a brief period of circulatory 
arrest. Right subclavian and femoral artery cannulation for 
cardiopulmonary bypass provide proximal and distal perfu-
sion during the subsequent ascending and descending aortic 
replacement. The hospital mortality was 6.2% and there were 
no adverse neurologic outcomes in the small series.87 Postop-
erative and long-term management of these cases are identical 
to the acute repairs, but with an emphasis on monitoring for 
evidence of malperfusion.

Techniques for Chronic Type B Aortic 
Dissection
ENDOVASCULAR THERAPY
Endovascular therapy has been recently used for manage-
ment of chronic type B aortic dissections42,50,51,58,69,70 (see 
Table 47-6). The goal of endovascular therapy is to seal any 
dissection entry points, promote thrombosis of the false 
lumen, induce aortic remodeling, and prevent further aneu-
rysmal dilatation, rupture, or malperfusion.

The general considerations, preoperative assessment, and 
operative technique for endovascular therapies in chronic 
dissection are similar to the ones described for acute type B 
dissection. Although percutaneous fenestrations may be used 
in cases of malperfusion, most chronic dissections require 
treatment for aneurysmal dilatation and aortic expansion 
because of the persistence of a false lumen, an obligate con-
sequence of fenestrations. Therefore, the endovascular treat-
ment of choice for most chronic dissections is endovascular 
grafting. Because of the increased risk of spinal malperfu-
sion, lumbar drainage for spinal protection is used liberally 
in chronic dissections.

Preoperative planning with CTA or MRA is important to 
define the anatomy and plan the deployment of the endo-
vascular graft. Multiple connections between the true and 
the false lumen may be identified in chronic dissections. It is 
important to seal all entry points with the endovascular graft 
to depressurize the false lumen. Follow-up imaging and close 
surveillance after the endovascular procedure are necessary.

SURGICAL THERAPY
The purpose of surgical intervention in chronic aortic dissec-
tion is to replace all segments of dissected aorta at risk for rup-
ture and prevent the possibility of subsequent malperfusion 
syndrome. The conduct of the operation including surgical 
approach, monitoring lines required, anesthetic technique, 
and cardiopulmonary bypass is similar to that described for 
acute dissections. Greater emphasis is placed on methods of 
spinal cord protection.

The incidence of paraplegia after repair of thoracoabdomi-
nal aneurysms resulting from aortic dissection is reportedly 
as high as 25%.88 Both mechanical and pharmacologic inter-
ventions have been advocated over the last decade to reduce 
this risk. Partial left heart bypass alone for replacement of the 
thoracic aorta above the level of T9 can reduce paraplegia rate 
between 5 and 8%.89 We routinely use a lumbar drain for 
aneurysms extending below T9.54 Reimplanting intercostals 
and lumbar arteries between T9 and L1 can be an important 
adjunct.90 The aortic cross-clamp is sequentially moved dis-
tally to perfuse branches as they are reimplanted. The com-
bination of distal perfusion, CSF drainage, and reimplanting 
large intercostal and lumbar arteries has significantly reduced 
the incidence of paraplegia at our institutions. Additional 
techniques used for spinal cord protection include mea-
surement of sensory and motor evoked potentials, regional 
epidural cooling, and the use of a variety of pharmacologic 
agents for cellular protection.

The techniques used for replacement of the descending 
thoracic aorta are identical to those described for treatment 
of acute type B dissection. The extent of resection, how-
ever, for chronic type B dissection is usually greater with 
the goal to remove all dissected aorta at risk for rupture 
or symptoms. Usually these operations can be performed 
through the left chest, but more extensive aneurysms or 
cases of visceral malperfusion require a thoracoabdominal 
incision or a staged repair. The proximal anastomosis is 
ideally made to undissected normal aorta but infrequently 
the distal arch is involved, which requires alteration in sur-
gical strategy.

As mentioned, we prefer the combination of partial left 
heart bypass and CSF drainage for spinal cord protection. 
Sites for cannulation are the left inferior pulmonary vein and 
the left femoral artery or descending thoracic aorta. Depend-
ing on location and extent of aneurysm, the distal arch is 
mobilized first. The area between the left common carotid 
and left subclavian artery is circumferentially dissected, and 
the left subclavian artery is independently controlled. Partial 
left heart bypass is then initiated. Ideally, clamps are placed 
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1032 Part VII Surgery of the Great Vessels

between the left subclavian and left common carotid arteries 
and on the aorta distal to the involved segment. If the entire 
descending thoracic aorta is diseased, the clamp is placed on 
the mid-thoracic aorta to perform the proximal anastomosis 
first. The aorta is opened and small intercostal arteries are 
oversewn. The proximal anastomosis is made to normal aorta 
whenever possible with running 3-0 Prolene; 4-0 Prolene is 
used if the tissue is fragile. The clamp is moved distally onto 
the graft to inspect the proximal anastomosis and achieve 
hemostasis. Several centimeters of the dissection flap is then 
resected from the lumen of the distal aorta and the distal 
anastomosis created to the adventitia of the chronic dissec-
tion. In more extensive thoracoabdominal disease, the clamp 
is progressively moved distal as intercostal arteries below T7 
to L2 and visceral vessels are reimplanted (Fig. 47-25). Bypass 
is terminated and the operation completed.

Full cardiopulmonary bypass with deep hypothermic cir-
culatory arrest may be necessary in cases in which the proxi-
mal anastomosis cannot be safely or adequately performed 
with a clamp in the usual position.

RESULTS
The operative mortality for chronic type A dissections is 
between 4 and 17%.90,91 The stroke rate after repair is 4%, 
with early neurologic complications occurring in 9%.28 Regu-
lar follow-up of the aortic valve is necessary when the native 
valve is preserved at the initial operation. This is best per-
formed using TTE on a yearly basis. Early reports indicated 
that nearly 20% of patients require reoperation secondary to 
progressive aortic regurgitation. The most recent data from 
David et al, however, reveal a 90 ± 4% 5-year freedom from 
severe or moderate aortic insufficiency in patients with aortic 
root aneurysm and 98 ± 2% in patients with ascending aortic 
aneurysm following valve-sparing operation.84

The perioperative mortality after surgical treatment of 
chronic type B dissections has been reported to be as low as 
10% with a rate of permanent paraplegia of 9%.28 Long-term 
survival for type A and B chronic dissections is similar with 
rates at 1, 5, 10, and 15 years after surgery of 78, 60, 45, 
and 27%, respectively.92 Approximately one-third of deaths 

FIGURE 47-25 Replacement of the thoracoabdominal aorta. (A) A left femoral cannula perfuses the lower body and viscera while the heart 
continues to eject. The arch is transected near or at the left subclavian and any dissection involving the proximal cuff is repaired. (B) The clamp 
is moved down and a second arterial cannula is inserted into the proximal graft to perfuse the upper body and heart. The anterior wall of the dis-
section is incised longitudinally and bleeding intercostals of the upper six pairs are oversewn. A group of lower intercostal arteries above the celiac 
axis is sutured to the graft. (C) The clamp is moved down and the distal aortic clamp is moved to the left common iliac artery. A patch of aorta 
containing the celiac, superior mesenteric, and right renal artery is sewn into the graft. The left renal artery is sutured separately to the graft. (D) 
The proximal clamp is moved below the visceral anastomoses and the distal aortic anastomosis is made to the aortic bifurcation.
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 Chapter 47 Aortic Dissection 1033

are cardiac-related, and at least 15% of deaths are related to 
complications or extension of the aortic dissection.

Recently, endovascular therapies have been used for man-
agement of chronic type B aortic dissections. The outcomes 
cited in Table 47-6 are similar to the outcomes after endovas-
cular treatment of acute dissections. Although the results of 
these studies look promising, this topic needs to be studied 
further before recommendations or indications of endovascu-
lar repair in chronic type B dissections are elucidated.

CONCLUSION
Considerable improvement in the treatment of patients with 
acute and chronic aortic dissection has occurred over the last 
50 years. The management of aortic dissections will continue 
to evolve as improved medical, endovascular, and surgical 
techniques are refined. At the present time, surgical therapy 
remains the standard of care for acute type A aortic dissec-
tions. Uncomplicated type B dissections should continue 
to be treated with optimal medical management and close 
surveillance until further studies define whether “prophy-
lactic” endovascular repair will play a role in these patients. 
The treatment of acute complicated type B dissections has 
significantly evolved over the last few years, with endovascu-
lar therapies now providing an alternative to surgical therapy. 
The long-term outcomes of endovascular treatment are still 
unclear but appear to be promising. Patients undergoing 
operative intervention for aortic dissection will undoubtedly 
benefit from the novel basic and clinical research taking place 
in the areas of spinal cord and cerebral protection, strategies 
for cardiopulmonary bypass, improved vascular graft and 
endograft technology, and procedures for preservation of the 
aortic valve. Such progress may even permit advancement in 
our greatest remaining clinical challenge, those patients who 
are hemodynamically unstable following aortic dissection.
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The Greek physician Galen first described superficial false 
aneurysms arising from venesection in the antecubital fossa 
and in gladiators injured during battle in the second century 
A.D.1 Antyllos, during the same time period, distinguished 
between true and false aneurysms and attempted surgical 
treatment with proximal and distal ligation, opening of the 
aneurysmal sac, and removal of its contents.2

The French physician Jean Francois Fernel, in 1542, 
described aneurysms, “in the chest, or about the spleen 
and mesentery where a violent throbbing is frequently 
observable.”3 In 1543, Andeas Versalius described a thoracic 
aortic aneurysm. In the late 1500s, Ambroise Paré described 
a death by a ruptured thoracic aortic aneurysm and either 
Fernel or Paré proposed that syphilis played a causative role 
in some aortic aneurysms.1 In 1760, Morgagni reported the 
first cases of aortic dissection and in 1773, Alexander Monro 
described three coats of the arterial wall, and the destruction 
of the wall in the formation of true and false aneurysms.1

Peripheral arterial ligation was developed in the 1800s by 
John Hunter, who demonstrated safe and reproducible means 
of ligating certain peripheral arteries.4 Innovative measures 
used to cause thrombosis of aneurysms included the insertion 
of long segments of wire5 with the application of an electric 
current,6 and wrapping of aneurysms with cellophane or 
other irritating materials.7,8

In 1888, Rudolph Matas introduced obliterative endoa-
neurysmorraphy in which stitches placed from within the 
aneurysm sac obliterated the arterial openings.9 This allowed 
closure of large aneurysms that would have been difficult 
to ligate externally. Recognizing the importance of main-
taining arterial continuity for certain aneurysms, he subse-
quently devised techniques of restorative or reconstructive 
endoaneurysmorraphy, in which diseased segments of the 
aneurysm wall were resected and the remaining vessel wall 
was reconstructed to reestablish flow.10 The number of aneu-
rysms to which these techniques could be applied, however, 
was very limited. The broad application of surgical treat-
ment for major arterial aneurysms would have to await the 
development of satisfactory conduits and the techniques to 
insert them.

The first report of a descending aortic repair was described 
by Cooley and DeBakey in 1952. The technique involved 
lateral resection and aortography performed on a saccular 
aneurysm without cardiopulmonary bypass (CPB).11 In 
1956, Cooley and DeBakey performed replacement of the 
ascending aorta with a segment of homograft with CPB.12 
Polyester cloth grafts were introduced by DeBakey, who dis-
covered it in a Houston department store, and it soon became 
the artificial conduit of choice for aortic replacement.13 
Technical improvements in graft replacements included the 
impregnation of polyester grafts with albumin, collagen, or 
gelatin, which has greatly reduced the blood loss through 
the grafts.14

Wheat et al in 1964, resected the ascending aorta and 
entire aortic root except for the aortic tissue surrounding 
the coronary arteries.15 They then performed a mechani-
cal valve insertion and fashioned the proximal tube graft to 
accommodate the coronary arteries, which were left in situ. 
The first composite aortic root replacement was performed 
by Bentall and De Bono in 1963 to treat an ascending aortic 
aneurysm in a patient with Marfan syndrome (MFS) who 
had severe thinning of the aortic wall in the sinus segment.16 
The original technique involved hand sewing a Starr #13 
mechanical prosthesis to a preclotted graft (Fig. 48-1). An 
inclusion-type technique with aortic wrap in which the 
coronary buttons were left in situ and anastomosed to holes 
made in the graft was performed. Due to concerns about 
coronary malposition, in 1981, Cabrol et al described the 
use of an 8 to 10 mm Dacron graft to attach to indepen-
dently mobilized coronary artery buttons.17 Techniques 
eventually evolved to the current method of individual 
coronary button reimplantation as described by Kouchoukos 
and Karp with end-to-end anastomoses as opposed to the 
inclusion technique which tended to be prone to pseudoa-
neurysm formation.18

SURGICAL ANATOMY
The aortic root is in extension of the left ventricular outflow 
tract and that provides the scaffolding for the elements of the 

Ascending and Arch 
Aortic Aneurysms
Chase R. Brown • Joseph E. Bavaria • Nimesh D. Desai 
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1038 Part VII Surgery of the Great Vessels

aortic valve and connects to the descending aorta. Its compo-
nents include the aortic valve cusps, the sinuses of Valsalva, the 
aortic annulus and subcommissural triangles, and the sino-
tubular junction (Fig. 48-2).19 The aortic valve cusps attach 
to the aortic annulus at hinge point following a semilunar 

contour being a three-pointed crown type arrangement not a 
circular or oval ring. The annular tissue itself is typically 50 to 
60% fibrous tissue along the hinge point between the aortic 
and mitral valves as well as the membranous portion of the 
septum, and the remainder is muscular. Small projections of 
collagen anchor the aortic root to the ventricular muscle.20 
The apices of the attachments of the cusps to the aortic annu-
lus are known as commissures and the most superior aspect 
of the commissures interrelates with the sinotubular junc-
tion. The sinotubular junction is a ridge which marks the 
beginning of the ascending aorta. The sinotubular junction 
diameter is typically 15 to 20% smaller than annular diam-
eter in younger patients.21 With aging, the sinotubular junc-
tion diameter becomes larger. When the sinotubular junction 
is more than 10% larger than the annular diameter there is 
frequently resultant aortic insufficiency as the leaflets were no 
longer coapt due to displacement of the commissures.

Between the sinotubular junction and the aortic annulus 
are expanded segments of the aorta referred to as the sinuses 
of Valsalva. The sinuses form a cloverleaf rather than circular 
alignment when viewed in cross-section (Fig. 48-3).22 Dilata-
tion of the aortic sinuses and annulus is referred to as aor-
toannular ectasia. Each sinus is named for its corresponding 
coronary artery (right, left, and noncoronary).

Starr
valve

Teflon graft

Coronary
perfusion
cannula

Hole cut in
wall of graft

Coronary
artery

Suturing perimeter
of hole to wall of
aorta around ostia

Aortic ring

FIGURE 48-1 The original root replacement operation as described by Bentall and De Bono. (Reproduced with permission from Bentall H,  
De Bono A: A technique for complete replacement of the ascending aorta, Thorax 1968 Jul;23(4):338-339.)

Interleaflet
triangle

Ventriculo-arterial
ring and junction

Aortic wall
within ventricle
(interleaflet
triangle)

Sinutubular
junction

Ventricle
within sinus

Basal
ring

FIGURE 48-2 Aortic Root Geometry. (Reproduced with permis-
sion from Sutton JP 3rd, Ho SY, Anderson RH. The forgotten inter-
leaflet triangles: a review of the surgical anatomy of the aortic valve, 
Ann Thorac Surg 1995 Feb;59(2):419-427.)
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1039

The noncoronary sinus is anatomically related to the left 
and right atria as well as the transverse sinus. The left cor-
onary sinus anatomically relates to the left atrium and the 
right coronary sinus is related to the right atrium and right 
ventricle. The subcommissural triangle between the right and 
noncoronary arteries is anatomically related to the conduc-
tion system within the membranous septum as well as the 
septal leaflet of the tricuspid valve. The left and noncoronary 
subcommissural triangles are related to the anterior leaflet of 
the mitral valve. The ascending aorta starts at the level of the 
sinotubular junction and ascends to the level of the takeoff of 
the innominate artery.

PATHOPHYSIOLOGY
The ascending aorta histologically contains a high propor-
tion of compliant elastic tissue allowing it to serve as a res-
ervoir and that stores kinetic energy from the systolic pulse 
wave as it expands and uses it to maintain flow during dias-
tole via elastic recoil. The ascending aorta is a three layered 
structure composed of a smooth intimal layer composed of 
a single layer of endothelial cells adhered to a basal lamina; 
a medial layer composed of layers of elastin sheets, colla-
gen, smooth muscle cells, and extracellular matrix; and an 
outer layer of adventitial tissue which includes the vasa vaso-
rum and nerves.23 The elastin content of the aorta decreases 
distally and in the abdominal aorta is less than half of that 
in the ascending aorta.24 The principle biologic causes of 
aneurysm formation in the ascending aorta are related to 
degenerative processes in the elastic media, as compared 
to primarily atherosclerotic changes in the descending and 
abdominal aortas.25

Ascending aortic aneurysm formation is the result of sev-
eral biologic and mechanical mechanisms. Disruption of the 

balance between homeostatic mechanisms within the aortic 
wall including elastic and collagen elements, proteoglycans, 
proteolytic enzymes and their inhibitors, and inflamma-
tory mediators causes a spectrum of aortic pathology which 
manifests in the final pathway as aortic enlargement even-
tually leading to rupture or dissection. Fragmentation of 
the extracellular matrix of the aortic media occurs due to 
matrix-degrading enzymes such as matrix metalloprotein-
ases and cathepsin groups.26-30 Matrix metalloproteinases 
comprise a family of proteases that are capable of degrad-
ing virtually all components of the extracellular milieu and 
perform a variety of tasks necessary for normal homeosta-
sis, including maintenance of the dynamic integrity of the 
extracellular structure within the arteries.26-28 Aneurysms 
form as elastic layers fragment, smooth muscle cells become 
dysfunctional, and eventually elastic and smooth muscle 
components are replaced with a cystic appearing mucoid 
material (Fig. 48-4).31 This process is referred to as cystic 
medial degeneration. The term cystic medial necrosis has 
also been applied to this condition but has been largely FIGURE 48-3 Anatomy of the aortic root from a Cardiac Gated CT 

Angiogram. Note the “cloverleaf” orientation of the sinuses.

A

B

FIGURE 48-4 Cystic Medial Degeneration with (A) pools of 
glycosaminoglycans with 25% transmural extent and (B) associated 
loss of elastic fibers.
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1040 Part VII Surgery of the Great Vessels

abandoned as there is no true necrotic process involved. 
To a lesser extent, mild degeneration of the aortic wall is 
common with advanced age and is responsible for the slow 
dilation of the ascending aorta with age. Smoking tends to 
exacerbate this degeneration.32

Mechanical changes to aortic wall characteristics such 
as alterations in cross-sectional symmetry, compliance, and 
stress-strain relationships likely predate dilatation. The Young-
Laplace relationship describes the relationship between aortic 
diameter and wall tension where increases in aortic wall diam-
eter lead to increases in wall stress at similar pressures (ten-
sion = pressure × radius). Changes in aortic wall compliance, 
broadly defined as the change in volume of the vessel with 
a change in pressure, lead to increased stress applied to the 
aortic wall during the systolic impulse and further exacerbate 
the biologic derangements leading to aneurysm formation.33 
The coupling between mechanical forces on the arterial wall 
and the biochemical changes leading to aneurysm formation 
(mechano-transduction) are not yet clearly elucidated.

Degenerative aortic aneurysms cause asymmetric enlarge-
ment of the ascending aorta as the segment of aorta along the 
inner curvature is adherent to the pulmonary artery.34 Hence, 
there is significant rightward and anterior displacement of the 
aortic wall (Fig. 48-5). This causes a relative elongation of 

the ascending aorta in an asymmetric fashion which tends 
to push the heart into a horizontal arrangement. This also 
causes a significant change in the orientation of the aortic 
valve annulus to more oblique arrangement.34 Aneurysmal 
widening will typically involve the aorta to the level of the 
sinotubular junction and frequently involves the noncoro-
nary sinus to a lesser extent.35 This widening at the level of 
the sinotubular junction is responsible for aortic insufficiency 
in these cases and frequently placement of tube graft to the 
sinotubular junction will resolve significant central aortic 
insufficiency. The left and noncoronary sinuses are fairly nor-
mal in these cases. The noncoronary aortic valve cusp may be 
elongated along its free margin in order to compensate for the 
asymmetric enlargement of the noncoronary sinus.

SPECIFIC ETIOLOGIES
Marfan Syndrome
MFS is an autosomal dominant syndrome with complete 
penetrance. Up to 25% of Marfan cases are from sporadic 
dictation in the overall incidence is one per 3000 to 10,000 
live births.36 Traditionally it is thought to have been caused 
by alterations in the gene (FBM1) coding the aortic wall 
protein fibrillin-1 leading to elastin derangement, medial 
degeneration, and aneurysm formation.37,38 More recently, 
homology between fibrillin-1 molecules and latent trans-
forming growth factor (TGF) beta binding proteins has led 
investigators to infer that altered sequestration of the latent 
form of TGF beta in the extracellular matrix may increase 
TGF beta activity which negatively impacts smooth muscle 
development and the extracellular matrix.39 Approximately 
80% of patients with MFS develop aortic root aneurysms 
and nearly half develop mitral regurgitation.40 The clinical 
manifestations of MFS involve multiple organ systems as it 
is a systemic disease. Diagnosis has traditionally been made 
using the Ghent criteria, although it is now made defini-
tively using genotyping.41 Anatomically, MFS results in 
severe aortoannular ectasia and can have massively dilated 
sinuses and aortic annulus (Fig. 48-5).

More recently, reports have shown that the use of angio-
tensin-converting enzyme inhibitors can prolong the life 
expectancy of smooth muscle cells in the aortic tissue of 
Marfan patients via an angiotensin-2 type II receptor block-
ade mechanism which may antagonize TGF beta.42 This has 
led to the clinical application of the angiotensin receptor 
blocker losartan as a prophylactic therapy to diminish aor-
tic degeneration and aneurysm formation, which has been 
shown in animal models to be effective when given in the 
early stages of the disease.43 A small clinical study of 18 pedi-
atric patients also showed decreased aortic growth rate with 
treatment of losartan.44

Loeys-Deitz Syndome
Loeys-Deitz syndrome (LDS) is a more recently described 
autosomal dominant syndrome.45 Rather than a fibrillin-1 

FIGURE 48-5 Massively dilated aortic root in a Marfan syndrome 
patient. Note the severe dilation of the aortic annulus and relative 
sparing of the proximal arch.
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defect, however, there is a mutation in TGF beta receptors 
1 and 2. Characteristics of LDS include cleft palate, bifid 
uvula, scoliosis, orbital hypertelorism, pectus deformities, 
developmental abnormalities, and congenital heart defects 
including persistent patent ductus arteriosus and atrial sep-
tal defects.45 Patients may phenotypically have characteristics 
that overlapped between LDS and MFS.46 Histologically, it 
is associated with increased medial collagen and a subtle but 
diffuse form of elastic fiber fragmentation and extracellular 
matrix deposition.47 LDS has a more rapid clinical course 
than MFS and prophylactic aortic root replacement or reim-
plantation is often recommended at younger ages and with 
smaller aortic dimensions.

Ehlers-Danlos Syndrome
Ehlers-Danlos syndrome is caused by either sporadic muta-
tion or inherited autosomal dominant trait resulting in a 
connective tissue disorder derived from defective type III 
collagen synthesis. The type IV variant of the Ehlers-Danlos 
syndrome is associated with spontaneous arterial rupture. 
Most commonly this occurs in the mesenteric or carotid 
arteries. However, spontaneous rupture of the descending 
aorta and aortic arch has been described.48 The arterial wall 
of these patients is extremely thin and friable. Ascending 
aortic involvement may occur as a consequence of ret-
rograde extension of a primary brachiocephalic branch 
pathology.

Familial Thoracic Aortic Aneurysms  
and Dissections
Approximately 20% of patients with thoracic aortic aneu-
rysms have a first-degree relative with an aortic aneurysm.49 
These families often exhibit strong tendencies for thoracic 
aortic aneurysm formation without any clearly definable 
syndromic connective tissue disorder such as MFS or LDS. 
Grouped together as familial thoracic aortic aneurysms 
and dissections (FTAAD), mutations in ACTA2, SMAD3, 
TGFBR1, TGFBR2, TGFB2, and MYH11 have been identi-
fied to predispose patients to thoracic aortic aneurysms and 
dissections in an autosomal dominant manner. These muta-
tions result in incomplete penetrance, variable expression, 
and variable age of aneurysm onset.49-55 Genetic testing for 
patients and family members with multiple first- and second-
degree relatives and suspected FTAAD is available. New evi-
dence suggests that these patients are at increased risk for 
earlier rupture and dissection at diameters less than 5 cm, as 
seen in patients with LDS and MFS. Genetic testing has the 
opportunity to stratify these patients and identify those at 
greatest risk for rupture.

Infectious and Inflammatory Etiologies
Infections and systemic inflammatory disorders can occasion-
ally cause damage to the wall of the ascending aorta lead-
ing to aneurysm formation. Frequently, despite high-quality 

preoperative imaging and even with intraoperative tissue 
pathology, it is not possible to distinguish definitively between 
the different possible etiologies.

Ascending aortic aneurysms caused by infection are 
extremely uncommon. Such mycotic ascending aortic aneu-
rysms are frequently related to concomitant left-sided valvu-
lar endocarditis. Most common organisms include, in order 
of decreasing frequency, Staphylococcus aureus, S. epidermidis, 
Salmonella, and Streptococcus.56 In cases of atherosclerotic 
aneurysm, if there is intraluminal clot in the ascending aorta, 
transient bacteremia may lead to infected clot leading to a 
mycotic aneurysm.57

Syphilis, caused by the spirochete Treponema pallidum, 
was the predominant cause of ascending aortic aneurysms 
in the pre-antibiotic era and accounted for 5 to 10% of all 
cardiovascular deaths.58 Typically syphilitic aortitis involves 
the thoracic aorta with a particular predilection for the 
ascending aorta, likely due to its rich vascular and lym-
phatic supply. The pathologic process involves a multifocal 
lymphoplasmacytic infiltrate of the vasa vasorum leading to 
degeneration of the medial elastic fibers. The intima devel-
ops wrinkles, ridges, and plaques described as a “tree bark” 
appearance.59 Inflammation around the coronary artery ostia 
may lead to high-grade proximal occlusions. The inflamma-
tory process may be either patchy or diffusely involve a large 
section of aorta. Once established, treatment of syphilis with 
antibiotics does not reverse the vascular lesions.

Other systemic arteritis conditions may also produce 
ascending aortic aneurysms. Takayasu’s arteritis, associated 
with inflammation of the vasa vasorum, medial necrosis 
and may also have intimal changes similar to syphilis. It is 
typically seen in females between 15 to 30 years of age and 
frequently involves occlusive lesions to major branch vessels 
of the arch.60 While syphilis aortitis often leads to rapid aneu-
rysmal degeneration, this is much less common in Takayasu’s 
aortitis, occurring only in 15% of cases.61 Giant cell arte-
ritis is a systemic arteritis that occurs in elderly patients, 
most commonly affecting the temporal artery. It is also 
more common in females and is also associated with poly-
myalgia rheumatica. Giant cell arteritis is an inflammatory 
process with inflammatory infiltration with lymphocytes, 
plasma cells, and histiocytes. There is variable presence of 
giant cells.62 Aortitis leading to aortic aneurysm may also be 
associated rarely with Behçet’s disease, rheumatoid arthritis, 
sarcoidosis, ankylosing spondylitis, lupus erythematosus, and 
Wegener’s granulomatosis.

Bicuspid Aortopathy
Bicuspid aortic valve is a complex familial syndrome with 
a male predominance of 3:1.63 It is also associated with 
Turner syndrome. There is a 9% prevalence of bicuspid 
aortic valve disease in first-degree relatives of patients 
with bicuspid aortic valve disease.64 More than half of the 
patients with aortic coarctation have an associated bicuspid 
aortic valve.65 Several genetic defects have been implicated 
in the formation of bicuspid aortic valve disease however 
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1042 Part VII Surgery of the Great Vessels

no single genetic etiology has been derived. Aortic dila-
tation is frequently associated with bicuspid aortic valve 
disease; however, the mechanism for this occurring is not 
well delineated. Originally thought to be a sequela of post-
stenotic dilatation, aortic aneurysm formation in patients 
with bicuspid aortic valve may occur without any signifi-
cant aortic stenosis although there is clearly flow perturba-
tion in the proximal sinuses of Valsalva and descending 
aorta in patients with bicuspid aortic valve.66 Recent inves-
tigation has shown that embryologically, the aortic valve 
and ascending aorta arise from the neural crest cells impli-
cating a potential common mechanism for the develop-
ment of a bicuspid aortic valve and subsequent aneurysm 
formation.67 The aortic wall in the patients with bicuspid 
aortic valve disease shows increased elastic fragmentation, 
fibrillin-1 deficiency, matrix disruption, increased levels 
of matrix metallic proteinases, and smooth muscle cell 
apoptosis.67-72

Fazel and colleagues using a cluster-type analysis iden-
tified four distinct patterns of aortic dilatation including 
aortic root alone (13%), ascending aorta alone (10%), 
ascending aorta and proximal transverse arch (28%), and 
aortic root, ascending aorta, and proximal transverse arch 
(45%) (Fig. 48-6).73 This study suggests that for younger 
patients, definitive treatment of bicuspid aortic valve dis-
ease with aortic dilatation requires strategies that address 
the aortic root, ascending aorta, and proximal transverse 
hemi-arch. It is advisable to perform an aggressive hemi-
arch resecting all aortic tissue along the lesser curve to the 
level of the subclavian artery take-off in younger bicuspid 
aortic valve patients to eliminate as much of the diseased 
aorta as possible. However, total arch replacement with bra-
chiocephalic branch reimplantation is rarely necessary as the 
aneurysmal component rarely involves the distal aspect of 
the transverse arch.

Isolated Sinus of Valsalva Aneurysm
Aneurysms of the sinuses of Valsalva (SVA) that occur as 
isolated lesions are rare abnormalities caused by either a con-
genital defect in the continuity between the medial layer of 
the affected sinus and the aortic valve annulus or, less com-
monly, acquired causes such as endocarditis, syphilis, tuber-
culosis, focal dissection, iatrogenic causes.74 They are more 
common in males and may be associated with subaortic 
stenosis, ventricular septal defects, and aortic insufficiency. 
In over 90% of cases, they involve the right coronary sinus 
(Fig. 48-7).75,76 The noncoronary sinus of the second most 
common location and these aneurysms are extremely uncom-
mon in a left coronary sinus. They are generally asymptom-
atic until they rupture when they usually cause intracardiac 
shunts. Right sinus of Valsalva aneurysms typically rupture 
into the right ventricle, effectively causing a hemodynamic 
defect similar to a ventricular septal defect. Aneurysms 
of the noncoronary sinus typically rupture into the right 
atrium and the left coronary sinus rupture into the pulmo-
nary artery or left ventricle. Occasionally an unruptured left 

coronary sinus of Valsalva aneurysm may compress the left 
main coronary artery.76

CLINICAL PRESENTATION
Symptoms
Most ascending aortic aneurysms are asymptomatic when 
diagnosed, being incidentally noted on chest x-ray or echocar-
diogram. Anterior chest pain is the most frequent symptom. 
The pain may be acute in onset signifying impending rupture 
or a chronic gnawing pain from compression of the overlying 
sternum. Occasionally signs of superior vena cava (SVC) or 
airway compression are present. Hoarseness resulting from stretch 
injury of the left recurrent laryngeal nerve suggests involvement 
of the distal aortic arch or proximal descending thoracic aorta. 
Less commonly, aneurysms of the ascending aorta or aortic root 
can rupture into the right atrium or the SVC, presenting with 
high-output cardiac failure or bleed into the lungs with ensu-
ing hemoptysis. Acute dissection of the ascending aorta presents 
with severe tearing pain in over 75% of patients.77

Physical Examination
Physical examination is often unremarkable. If there is related 
aortic insufficiency, a widened pulse pressure or diastolic 
murmur may be present. If dilation is isolated to the ascend-
ing aorta, however, the aneurysm can reach large dimensions 
without producing physical findings. A thorough vascular 
examination should be carried out to look for any concomi-
tant peripheral vascular disease, carotid disease, or abdominal 
aortic aneurysm. Abdominal aortic aneurysms may be pres-
ent in 10 to 20% of patients with atherosclerotic involvement 
of an ascending aortic aneurysm.78

DIAGNOSTIC STUDIES
Electrocardiogram
With significant aortic insufficiency, left ventricular hyper-
trophy or strain is evident. Patients with generalized athero-
sclerosis may show evidence of concomitant coronary artery 
disease or previous myocardial injury.

Chest Radiography
Many asymptomatic ascending aortic aneurysms are first 
detected on chest x-ray. The enlarged ascending aorta 
produces a convex contour of the right superior mediastinum 
(Fig. 48-8A). In the lateral view, there is loss of the retroster-
nal air space (Fig. 48-8B). Aneurysms confined to the aortic 
root can be obscured by the cardiac silhouette and may not be 
evident on chest radiograph.79

Echocardiography
Transesophageal echocardiography (TEE) is a portable diag-
nostic tool that accurately detects and differentiates between 
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1043

ascending aortic aneurysms, dissections, and intramural 
hematoma (Fig. 48-9).80-82 TEE is an invasive imaging modal-
ity and carries a small risk of esophageal perforation, respi-
ratory compromise, and hemodynamic instability. Imaging 

of the distal ascending aorta is obscured on TEE by air in 
the tracheobronchial tree, with up to 40% of its distal extent 
not well visualized, although this is somewhat mitigated with 
the use of modern multiplanar probes.83 Although somewhat 

FIGURE 48-6 Patterns of aortic pathology in bicuspid aortopathy patients using hierarchal clustering methodology. The top panel shows a “heat 
map” in which each column represents a patient and each row represents aortic diameters that have been color coded according to the calculated 
within-patient z scores on a continuous scale shown on the top right corner of the panel. Cluster I patients had predominant involvement of the 
aortic root (n = 8). Cluster II patients had predominant involvement of the tubular portion of the ascending aorta (n = 9). Cluster III patients had 
involvement of the tubular portion of the ascending aorta and the transverse arch (n = 18). Cluster IV patients had diffuse involvement of the tho-
racic aorta with dilation extending from the aortic root to the midtransverse arch (n = 29). The 4 clusters are shown again in the bottom 4 panels, 
which depict the metric aortic diameters across the thoracic aorta for each individual patient. The clinical data for each cluster are summarized 
to the right of each cluster panel. AS, Aortic stenosis; AI, aortic insufficiency. (Reproduced with permission from Fazel SS, Mallidi HR, Lee RS,  
et al: The aortopathy of bicuspid aortic valve disease has distinctive patterns and usually involves the transverse aortic arch, J Thorac Cardiovasc Surg. 
2008 Apr;135(4):901-907.)
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1044 Part VII Surgery of the Great Vessels

operator dependent, TEE provides a reliable technique to 
measure the annular, sinus, sinotubular junction, and ascend-
ing dimensions. It is uniquely well suited to examine the most 
proximal aspects of the aortic root, which are often blurred by 
motion artifact on computed tomography (CT) scans. Trans-
thoracic echocardiography is far less reliable but may be use-
ful for assessing the severity of aortic regurgitation.

Computed Tomography
Contrast-enhanced CT is the most widely used noninva-
sive technique for imaging the thoracic aorta. CT scanning 
provides rapid and precise evaluation of the ascending aorta in 
regards to size, extent, and location of the disease process (Fig. 
48-10). CT scanning detects areas of calcification, and modern 
scanner accurately identifies dissections and mural thrombus.81 

A B

FIGURE 48-7 Contrast MR showing three-chamber view (A) and the aortic valve plane (B) demonstrate a right SVA protruding into the right 
ventricular outflow tract (arrows). There is an associated turbulent jet of aortic regurgitation. LA, left atrium; LV, left ventricle; Ao, aorta; RVOT, 
right ventricular outflow tract. (Reproduced with permission from Brandt J, Jögi P, Lührs C. Sinus of Valsalva aneurysm obstructing coronary 
arterial flow: case report and collective review of the literature. Eur Heart J. 1985 Dec;6(12):1069-73.)

A
  

B

FIGURE 48-8 Posteroanterior and lateral chest radiograph of a patient with an ascending aortic aneurysm. The posteroanterior view (A) shows 
convexity of the right mediastinum, and the lateral view (B) shows loss of the normal retrosternal air space. (Reproduced with permission from 
Downing SW, Kouchokos NT: Ascending aortic aneurysm, in Edmunds LH Jr (ed): Cardiac Surgery in the Adult. New York, McGraw-Hill, 1997; 
p 1163.)
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1045

CT scan technology has evolved with multidetector scanners 
such that the entire thoracic aorta can be evaluated on one 
breath-hold and the distance between axial slices can be as small 
as 0.5 mm. Three-dimensional volume rendering is a highly 
useful tool for determining true in-plane aortic diameters and 
the proximal and distal extent of aortic disease relative to the 
arch vessels, which can aid the surgeon in operative planning 

(Fig. 48-11). Ideally, the entire thoracic and abdominal aorta 
should be examined for evidence of concomitant aneurysm 
disease in the arterial tree. Gating to the electrocardiogram 
during image acquisition eliminates the motion artifact that 
may be seen in the most proximal aspects of the aortic root and 
can also allow for assessment of the coronary arteries.85 The 
main disadvantage of CT scans is the need for contrast solution 
for optimal resolution, which may be contraindicated in those 
patients with renal insufficiency or a history of a dye allergy. 
Noncontrast CT scans allow for assessment of aortic diameters 
but cannot identify dissection flaps or other acute pathologies.

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) can provide axial and 
three-dimensional reconstruction of the ascending aorta with 
the avoidance of iodinated contrast agents and radiation expo-
sure. Contrast-enhanced MR angiography with gadolinium 
allows more precise measurements of the aorta and its major 
branches with images comparable to conventional angiogra-
phy (Fig. 48-12).86 MRI scanners are relatively unsuitable for 
those patients connected to mechanical ventilators or hemo-
dynamic monitoring equipment. MRI is more expensive, less 
readily available, and requires significantly more acquisition 
time than CT scanning and is used less frequently.

NATURAL HISTORY
Elective aortic replacement is used as a means to prophylacti-
cally prevent aortic catastrophe such as dissection and rupture 
which carry high mortality. Recent data from the International 

FIGURE 48-9 Transesophageal echocardiogram of a massive aortic root aneurysm with dissection (arrow).

FIGURE 48-10 CT angiogram of an enlarged aortic root in a 
Marfan patient.
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1046 Part VII Surgery of the Great Vessels

Registry of Acute Aortic Dissections (IRAD) show an opera-
tive mortality for emergent type A aortic dissection repair of 
26%, although this is generally lower in more experienced 
centers.87 Bickerstaff et al examined the natural history of 
72 patients that were diagnosed with aortic aneurysms and 

did not undergo surgery.88 Over a 5-year follow-up period, 
74% of patients experienced aortic rupture or dissection 
(Fig. 48-13). Of these 94% died. The overall 5-year survival 
was only 13% in untreated aneurysm patients compared with 
75% in control patients without aortic aneurysms.

Traditionally, the most important criterion for ascend-
ing aortic replacement on an elective basis is maximal aortic 
diameter. In natural history studies by Coady et al, patients 
with 3.5 to 3.9 cm aortic aneurysms were very unlikely to rup-
ture within 3 to 4 years, and each incremental 1 cm increase 
from this point increased rupture risk (Fig. 48-14).89 Patients 
with aneurysms greater than 5 cm showed substantially higher 
dissection and rupture risk within the first year. Using a logistic 
regression model, they found that the aneurysm with maximal 
diameter of 6.0 to 6.9 cm had a 4.3 times greater increased risk 
of rupture or dissection then an aneurysm that is 4.0 to 4.9 cm 
in diameter. Growth rates for aortic aneurysms less than 4 cm 
are about 0.1 cm per year and this increases gradually as aortic 

FIGURE 48-11 3D reconstruction of an aortic root aneurysm in a 
Marfan patient.

FIGURE 48-12 MR angiogram (without contrast) depicting an 
acute type A dissection. The partially thrombosed false lumen is 
denoted by the arrow.
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FIGURE 48-13 Actuarial survival estimates of 72 patients followed nonoperatively with thoracic aneurysms and dissections.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1047

size increases up to 0.4 cm per year.90,91 Uncontrolled hyperten-
sion, smoking, and presence of connective tissue disorders are 
associated with more rapid aortic growth.90 Patients with MFS 
are at particularly high risk for rupture or dissection of smaller 
sizes and dissection is frequently seen with a maximal ascending 
aortic dimension of less than 5 to 6 cm (Fig. 48-15).92 Strik-
ingly the average age of death for untreated patients with MFS 
is 32 years, with complications of the aortic root being respon-
sible for 60 to 80% of these deaths.93 Marfan’s patients with a 
family history of early dissection or rupture are at the highest 
risk for aortic catastrophe occurring at smaller dimensions.94

Although size clearly correlates with rupture risk, it is 
important to note that many aortic dissections occur in 
ascending aortas that are less than 5.5 cm in diameter. In the 
IRAD registry, over 59% of 591 enrolled patients with acute 
type A aortic dissections had maximum aortic dimensions less 
than 5.5 cm and 40% were less than 5.0 cm (Fig. 48-16).95 

As the understanding of the biologic mechanisms behind 
aortic aneurysm formation improves, in the future, serum 
biologic markers and sensitive imaging techniques that 
can detect subtle changes in aortic strain characteristics or 
compliance may provide more accurate identification of the 
high-risk aorta.

MEDICAL TREATMENT OF PROXIMAL 
AORTIC ANEURYSMS
Therapies designed to limit the growth of aortic aneurysms 
are targeted at mechanisms either to diminish stress on 
the aortic wall or to prevent deleterious degenerative bio-
chemical changes. In general, patients with aortic aneurysms 
should avoid high intensity isometric exercise such as weight 
lifting as aortic pressures may increase rapidly and exert sig-
nificant stress on the aortic wall. Weight lifting restriction 
should be less than 1/3 to 1/2 of the patient’s body weight. 
Additionally exercises with rapid bursts of acceleration and 
deceleration such as basketball may place excess of stress of 
aortic wall.

Anti-impulse therapies are the mainstay treatment for tho-
racic aortic aneurysms. Due to their negative chronotropic 
and inotropic effects, beta blockers are typically used as a first 
line treatment.96 The primary goals of beta blocker therapy 
are to decrease the overall blood pressure and to decrease the 
change in aortic pressure over time (dP/dT) to diminish the 
stress applied to the aorta in systole thereby limiting dam-
age to the media layer. The rationale for using beta block-
ers was initially established with an ex vivo plastic model of 
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FIGURE 48-14 The incidence of acute dissection or rupture of 
thoracic aneurysms according to size. The height of the column cor-
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proportion of patients who suffered complications of dissection or 
rupture. (Reproduced with permission from Coady MA, Rizzo JA, 
Hammond GL, et al: What is the appropriate size criterion for resec-
tion of thoracic aortic aneurysms? J Thorac Cardiovasc Surg 1997; 
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1048 Part VII Surgery of the Great Vessels

aortic dissection by Wheat et al in which a tear created in an 
artificial intimal layer of rubber cement in the plastic tub-
ing propagated less when the pulse pressure was artificially 
flattened, while variation of mean blood pressure and flow 
rates had no effect.97 Studies performed on turkeys, which 
are uniquely prone to aortic dissection, showed that the 
combination of sodium nitroprusside and propanolol were 
effective at preventing rupture, while lowering blood pressure 
with nitroprusside alone was ineffective and may have actu-
ally increased dP/dT due to reflex sympathetic stimulation 
causing increased chronotropy and inotropy.98 In a landmark 
study by Shores et al, young patients with MFS randomized 
to a regimen of beta blocker therapy had significantly less 
aortic dilatation over a 10-year follow-up period (Fig. 48-17) 

and also had a lower incidence of a composite end point of 
death, congestive heart failure, aortic dissection, severe regur-
gitation, or aortic root surgery versus controls.99 These results 
have been extrapolated to a wider variety of patients with 
ascending aortic aneurysms in whom beta blockade is used 
extensively.

INDICATIONS FOR SURGERY
Non-Elective Indications
Any new onset of acute dissection, rupture, or intramural 
hematoma generally warrants immediate surgery. The pres-
ence of symptoms of chest pain in patients with ascend-
ing aortic aneurysms greater than 4.5 to 5 cm is a sign of 
impending rupture and should also be managed operatively 
with expediency. Acute severe congestive heart failure second-
ary to root dilatation and loss of sinotubular junction either 
from rapid aneurysm expansion or from chronic dissection 
also warrants early operative management, although aggres-
sive diuresis and cardiac optimization for 1 to 2 days prior to 
surgery are frequently helpful.

Elective Indications
Despite the limitations of size criteria, decisions to intervene 
are still largely decided based on maximal aortic diameter and 
growth rate. For degenerative aneurysms in the absence of 
connective tissue disorders or other cardiac pathology, elec-
tive repair is reasonable at an absolute maximal diameter of 
5.5 cm.100 Growth rate of greater than 1 cm per year is gener-
ally accepted as a strong indication to proceed with surgery 
for degenerative aneurysms regardless of diameter.101 Some 
groups have also advocated the use of normalized aortic 
dimensions to body size to provide a more accurate reflection 
of the aneurysm dimension for an individual patient.102

The aortic ratio is calculated as measured diameter divided 
by predicted diameter for a given age and body surface area. 
Using this method, elective replacement is warranted at an 
aortic ratio of 1.5 in an asymptomatic patient without a 
connective tissue disorder or other complicating factors.103 
This leads to intervention at a size of only 4.8 to 5.0 cm in 
an adult less than 40 years of age with a body surface area of 
2 m2.104 Because the ascending aorta normally increases in 
size with age, the diameter for intervention would be higher 
in a patient more than 40 years old.

Special Considerations
Patients with MFS are at higher risk for rupture and the 
ascending aorta should be replaced prophylactically at 
a diameter of 4.5 cm or an aortic ratio of 1.3 to 1.4.103,104 
Patients with Loeys-Dietz rupture at a smaller dilation than 
in MFS and should be electively repaired at 4.2 cm.105 Among 
patients with bicuspid aortic valves, there remains ongo-
ing debate. The 2013 Society of Thoracic Surgeons Clini-
cal Practice guidelines suggest 5.0 cm (4.5 cm if there is a  
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FIGURE 48-17 Changes in the Aortic ratio in the propranolol-
treated group and untreated controls. Aortic ratio is ratio of the 
diameter of the aorta measured in a patient to the diameter expected 
in a subject with the same body-surface area and age. ine indicates 
the length of follow-up. One patient in the control group had an 
exceptional aortic ratio (>3.4) at 100 months. Two patients in the 
treatment group (arrows) did not comply with propranolol therapy. 
(Reproduced with permission from Palmer RF and Wheat MW Jr: 
Treatment of dissecting aneurysms of the aorta, Ann Thorac Surg 1967 
Jul;4(1):38-52.)
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1049

family history of aortic dissection) whereas the ACC/AHA 
Valve guidelines recommend 5.5 cm (5.0 cm for a family his-
tory of aortic dissection or rapid aortic growth greater than 
5 mm/year).106,107 In the setting of connective tissue disor-
ders, bicuspid aortic valve or chronic dissection, a growth 
rate of greater than 0.5 cm per year should warrant repair. A 
chronically dissected aorta, which the external aortic wall is 
supported only by the residual outer third of the medial and 
advential layers, should be replaced when aortic diameters 
reach 4.5 cm or a ratio of 1.3 to 1.4 due to the intrinsic 
weakness of the aortic wall.103,108 Pseudoaneurysms, which 
are frequently from previous aortic suture lines, should be 
repaired upon diagnosis due to high rupture risk related to 
their extremely thin walls.

In younger patients, where aortic root reimplantation is 
preferred to avoid life-long anticoagulation, earlier repair 
may prevent the development of aortic valve cusp pathology 
and improve the chances of successful repair. Among patients 
undergoing aortic valve replacement who have ascending aortic 
aneurysms, Prenger et al reported a 27% incidence of aortic 
dissection if the aorta was greater than 5 cm versus 0.6% inci-
dence if aortic size was normal.109 In general, in the setting of 
other cardiac surgery, ascending aortas with a maximal dimen-
sion of 5.0 cm or a ratio of 1.5 should be replaced.103,109

PREOPERATIVE PREPARATION
Nearly one-third of patients undergoing surgery for thoracic 
aortic disease have chronic obstructive pulmonary disease.110 
Patients with suspect pulmonary function should have 
spirometry and room air arterial blood gases. Smoking ces-
sation, antibiotic treatment of chronic bronchitis, and chest 
physiotherapy may prove beneficial in elective situations. 
Normal renal function should be ensured with the appropri-
ate blood work, and abnormal results should prompt further 
investigation. Because unaddressed severe carotid disease is 
a risk factor for stroke during ascending aortic operations, 
patients over the age of 65 should have duplex imaging of their 
carotids.111 Younger patients with peripheral vascular disease, 
extensive coronary artery disease, carotid bruits, or history 
suspicious for cerebral ischemia should be investigated as 
well. CT or MRI of the thoracic and abdominal aorta is usu-
ally indicated. Coronary angiography should be performed in 
all patients to evaluate for significant coronary atherosclerosis 
and lesions with greater than 50 to 60% stenosis should be 
bypassed. Coronary angiography also helps define the coro-
nary anatomy to identify anomalous or intramural coronary 
arteries which may complicate root replacement.112

OPERATIVE MANAGEMENT
Monitoring and Anesthesia
All procedures are performed using central venous access 
and a pulmonary artery catheter. Location of arterial line for 
blood pressure monitoring should be discussed with the anes-
thesia team preoperatively although generally right radial is 

preferred. Nasopharyngeal and bladder temperature moni-
tors are used. Bilateral near infrared spectroscopy (NIRS) is 
employed to provide real-time estimation of cerebral satu-
ration though out the bypass run.113 Precipitous drops in 
cerebral saturations are managed with increasing perfusion 
pressure and hematocrit to the cerebral circulation. In circula-
tory arrest cases, EEG monitoring is also employed to ensure 
EEG silence during interruption of cerebral circulation.

TEE plays a critical role in diagnosis, particularly of degree 
of aortic insufficiency and sinus segment and sinotubular 
junction anatomy that is not well assessed by CT angiogra-
phy. It is also critical for hemodynamic management separat-
ing from CPB.

Anesthesia management includes fentanyl 25 to 50 μg/kg, 
midazolam 0.1 to 0.2 mg/kg, isoflurane 0.5 to 1.5%, pan-
curonium 0.1 to 0.2 mg/kg, and end-tidal concentration in 
CO2. Aminocaproic acid is dosed initially as an intravenous 
bolus of 5 g, followed by a maintenance intravenous infusion 
of 1 g/h and stopped within 2 hours of patient admission 
to the intensive care unit. Pharmacologic adjuncts in circula-
tory arrest cases include 1 g of methylprednisolone, 1 g of 
magnesium sulfate, 2.5 mg/kg of lidocaine, and 12.5 g of 
mannitol.114

Myocardial Protection
Typically, 1 L of cold blood hyperkalemic cardioplegia (4°C) 
is given antegrade into the aortic root. A left ventricular vent 
is employed to prevent distension. In cases of severe aortic 
insufficiency, the aorta is opened and the coronary ostia are 
cannulated directly with handheld cannula. A temperature 
probe is placed through the anterior myocardium into the 
septum and a myocardial temperature of 6 to 8°C is achieved. 
Retrograde cardioplegia is administered at least every 
20 minutes and continuously when possible. It is important 
to give cardioplegia immediately prior to commencing circu-
latory arrest and at its conclusion.

Circulation Management
Cannulation strategies vary significantly with individual 
pathology and the modern cardiovascular surgeon must be 
proficient in several different techniques. With experience, 
ascending aortas as large as 7 cm may be directly cannulated. 
This can be done with the traditional stab-technique or using 
a Seldinger technique over a wire in thin-walled aortas. In 
aneurysms which terminate prior to the innominate artery, 
the transverse arch is easily directly cannulated. In cases 
where antegrade cerebral perfusion is required, either the 
ascending aorta may be cannulated directly if using selective 
direct perfusion cannulas or the right axillary artery may 
be employed. Right axillary artery cannulation, which has 
grown in popularity in recent years, should be performed 
through an 8 or 10 mm Dacron graft anastomosed end-to 
side to the axillary artery as there is risk of dissection from 
direct cannulation of this friable artery. In some instances, 
femoral artery cannulation can be employed, but should 

Cohn_ch48_p1037-1074.indd   1049 08/05/17   12:24 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1050 Part VII Surgery of the Great Vessels

be avoided in patients with atheroma in the thoracic aorta 
by CT scan or TEE. A standard two-stage venous cannula 
is used unless performing concomitant mitral or tricuspid 
surgery.

DEEP HYPOTHERMIC CIRCULATORY 
ARREST AND CEREBRAL PROTECTION
The use of deep hypothermic circulatory arrest (DHCA) was 
first described in conjunction with cardiac operations in the 
1960s.115 In the 1970s, there was renewed interest in DHCA 
after its successful use during repair of complex congenital 
defects.116 Later, Greipp and Stinson reported the first case 
series using DHCA during arch aneurysm repairs and sup-
ported its efficacy in cerebral protection.117 As interest in 
DHCA continued to grow; investigators, using dog models, 
illustrated how profound cerebral hypothermia dramatically 
decreased cerebral metabolism.118-120 As knowledge of DHCA 
physiology increased, it promoted the development of new 
techniques such as antegrade and retrograde cerebral perfusion 
(RCP) and allowed for more complex aortic aneurysm repairs.

There are two basic mechanisms that lead to ischemic cere-
bral injury during repair of proximal aortic aneurysms. While 
the stroke is one of the most common postoperative compli-
cations of aortic aneurysm repairs, its risk is not associated 
with duration of DHCA.121 Rather, stroke risk is associated 
with plaque, clot, and the artheromatous burden in the aor-
tic arch and brachiocephalic vessels.122,123 The second type of 
brain injury is temporary neurological dysfunction (TND) 
and is characterized by confusion, agitation, obtundation, 
and even transient parkinsonism. Studies suggest that TND 
results from inadequate cerebral protection during DHCA. In 
200 adults who underwent DHCA, 19% of patients had clin-
ical symptoms of TND, which correlated significantly with 
age and the duration of DHCA (33 min in patients without 
TND and 47 min in those with TND).122 Furthermore, in 
patients with advanced age, DHCA duration longer than 25 
minutes was an independent risk factor for long-term neuro-
cognitive impairment, specifically for worse performance on 
fine motor and memory testing.124 It is posited that due to its 
high metabolic demand, the hippocampus is acutely sensi-
tive to hypoperfusion, which may be the reason for mem-
ory impairment and cognitive dysfunction after DHCA.125 
Nonetheless, while TND does occur in some patients, clinical 
studies in adults after DHCA have demonstrated that a safe 
period of arrest is about 30 minutes at 15°C and 40 minutes 
at 10°C, after which cerebral anoxia occurs.126

Cooling and Rewarming During Deep 
Hypothermic Circulatory Arrest
Data from Cheung et al have shown that only 60% of subjects 
undergoing DHCA achieve EEG silence at a core temper-
ature of 18°C or a cooling time of 30 minutes.127 In cases 
where EEG monitoring is not available, a safer technique is 
to cool for a minimum of 50 minutes, at which point 100% 

of patients will have EEG silence.128 Cooling is performed 
maintaining less than a 2 to 3°C gradient between arterial 
inflow temperature and venous return temperature to ensure 
even cooling. Nasopharyngeal temperature and bladder 
temperature which correlate with intracranial temperature 
and core body temperature, respectively, are also monitored 
during cooling to guide initiation of arrest.

During rewarming, the bladder, nasopharyngeal, and the 
systemic perfusion temperatures are monitored. The per-
fusion is kept at a gradient of not more than 10°C above 
the nasopharyngeal temperature. This ensures that oxygen 
demand will not exceed oxygen supply during the interval 
of cerebral vasoconstriction after DHCA.129-131 Avoiding high 
perfusate temperatures is important and should not exceed 
37°C. The bladder temperature which is raised from 32 to 
34°C represents the core body temperature and will lag con-
siderably behind the nasopharyngeal temperature. Monitor-
ing bladder temperature helps to ensure uniform rewarming 
and minimize rebound hypothermia after CPB.

Cerebral Protection Techniques: 
Historical Perspective
In the 1980s, mounting evidence suggested that DHCA 
alone was neither efficacious nor safe for the long dura-
tions of cross-clamp time and arrest required for repairing 
extensive, complex proximal aortic aneurysms. This neces-
sitated the need to develop novel techniques. While first 
reported in 1957 by Debakey during his early aortic arch 
aneurysm repairs, selective antegrade cerebral perfusion 
(ACP) was used. The setup involved multiple pumps and 
bilateral cannulation of the subclavian and carotid arter-
ies. However, this ACP technique had difficulty in uni-
formly perfusing separate vascular beds simultaneously,65 
and resulted in high mortality rates and was quickly aban-
doned. It was later recognized that using ACP in com-
bination with DHCA improved outcomes compared to 
DHCA alone.132,133 In 1986, Kazui et al described his first 
approach with selective ACP.134 His results from 1990 
to 1999 showed that 220 patients underwent total arch 
replacement with ACP and DHCA with 12.7% in-hospi-
tal mortality and 3.3% permanent stroke rate, a significant 
improvement from only DHCA alone. Later in 2003, Di 
Eusanio demonstrated efficacy with ACP and DHCA in 
further reducing both risk of stroke and TND. In a mul-
ticenter trial, 580 patients underwent partial and total 
aortic arch replacement, the risk of permanent stroke and 
TND was 3.8 and 5.6%, respectively, with an overall mor-
tality of 8.7%.135 These results were only possible because 
of the introduction and refinement of the antegrade and 
retrograde cerebral protection techniques.

Antegrade Cerebral Perfusion Techniques
Used routinely by many centers, antegrade cerebral perfusion is 
primarily beneficial over RCP in situations where the expected 
circulatory arrest time is greater than 35 to 45 minutes. 
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1051

Common strategies include direct cannulation of the cerebral 
vessels with balloon-tip catheters as described by Kazui or by 
right axillary cannulation.136 When performing direct arch ves-
sel cannulation it is advisable to use balloon tip catheters which 
have individual pressure-monitoring lines so the true perfusion 
pressures can be monitored to avoid cerebral hypertension. 
Right radial artery monitoring may also be helpful. Perfusion 
is typically performed at 10 cc/kg/min and mean pressures are 
maintained at 40 to 70 mm Hg. Perfusate temperature should 
approximate the core temperature. Optimal protection is 
gained by direct perfusion of all three arch branches, not just 
the left common carotid and innominate arteries.

Axillary cannulation is performed via cut down to the 
right axillary artery with a 8 to 10 mm Dacron graft sewn on 
in an end-side fashion (Fig. 48-18A,B). The graft is ligated 

at the end of the procedure. Given the fragility of the axil-
lary artery, few surgeons cannulate it directly. As with direct 
cerebral vessel perfusion, perfusion pressure is maintained at 
10 cc/kg/min and mean pressures are 40 to 70 mm Hg. The 
innominate artery is either snared or clamped at its origin. 
While antegrade cerebral perfusion via this method is rapid 
and effective, it only provides unilateral perfusion and con-
tralateral ischemia may still occur. To maintain adequate 
cerebral perfusion pressure and eliminate the effect of arte-
rial-arterial collaterals stealing flow, ideally the left common 
carotid and subclavian artery origins are controlled as well 
with additional selective cerebral catheters.137

Retrograde Cerebral Perfusion Techniques
RCP is an alternate technique that provides retrograde per-
fusion to the brain via the venous circulation. While the 
nutritive flow of RCP is questionable, it provides cooling 
and excellent de-airing of the cerebral circulation. For RCP, a 
24 Fr wire reinforced cannula is placed cephalad to the azy-
gous vein in the SVC and secured with a caval tape. RCP 
with oxygenated blood is adjusted to maintain a right internal 
jugular venous pressure of 25 mm Hg, a flow rate of 200 to 
300 cc/min, with the patient in an approximately 10-degree 
Trendelenberg position.127 Minimal exsanguination into the 
pump is performed upon cessation of bypass to facilitate later 
deairing. RCP may be initiated via a Y-connection to the arte-
rial line or from the cardioplegia system through a high pres-
sure stopcock that can connect to the Y-connection between 
the SVC and right atrial cannulas. RCP may be interrupted 
for variable periods of time during deep hypothermia as 
required by various surgical maneuvers. The temperature of 
the retrograde perfusate is maintained at 12 to 18°C. After 
completion of aortic arch anastomoses, air is removed from 
the aorta and graft by allowing it to fill by RCP. After arch 
deairing, a cross-clamp is placed across the ascending aortic 
graft, and standard CPB with antegrade cerebral perfusion, 
that is, antegrade graft perfusion, is reinstituted for the final 
repair and rewarming. Our practice is to always reestablish 
antegrade flow via direct cannulation of the ascending graft 
using either a prefabricated 8 or 10 mm sidearm or by placing 
a purse-string suture in the graft and directly cannulating it.

An Algorithmic Approach to Decision-
Making for Proximal Aortic Aneurysms
Choice of procedure when managing ascending or arch aor-
tic aneurysms is predicated on a detailed understanding of 
individual patient anatomy and pathophysiology. The poten-
tial operative decisions include whether to replace the aortic 
valve, aortic sinuses, ascending aorta, or aortic arch. Any com-
bination of these procedures is theoretically possible. A sys-
tematic approach to evaluate the aorta and aortic root begins 
with determining if there is a suspicion for connective tissue 
disorder. Patients with MFS, Ehlers-Danlos syndrome, LDS, 
bicuspid valve-related aortopathy, or strong family history of 

A

B

FIGURE 48-18 (A) Direct cannulation of axillary artery with right-
angle arterial cannula (note division of crossing vein). (B) Cannu-
lation of axillary artery with a side graft. A straight arterial cannula 
is inserted into graft. (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography ©2016. All rights reserved.)
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1052 Part VII Surgery of the Great Vessels

aortic dissection or rupture should generally be treated more 
aggressively by replacing the sinus segment, ascending aorta, 
and proximal arch as late reintervention is more likely in this 
group.138 Proximal reconstruction in these patients may be 
accomplished by either root replacement or a valve-sparing 
root reimplantation procedure.139

The next step is to determine the pathology of the aortic 
valve. Moderate or worse aortic stenosis with or without 
insufficiency generally requires replacement while the man-
agement of pure aortic insufficiency is more complex. Aortic 
insufficiency caused solely by dilatation of the sinotubular 
junction, typically from an atherosclerotic aneurysm in an 
elderly patient, may be full addressed with tube graft replace-
ment of the ascending aorta alone with anastomosis to the 
sinotubular junction (Fig. 48-19). Care must be taken in 
this instance to appropriately size the graft to within 10% of 
the annular dimension to allow full coaptation of the aortic 
valve leaflets.140 The sinus segment must also be closely inter-
rogated. If it is particularly thin or aneurysmal this should 
be replaced. Normal dimensions of the sinus of Valsalva are 
typically 30 to 32 mm when the aortic annulus measures 
23 to 24 mm and the sinotubular junction measures 24 to 
25 mm.141 If there are aneurysmal sinuses and annular dila-
tation, that is, aortoannular ectasia, but the leaflets appear 
fairly normal, then a valve-sparing aortic valve reimplanta-
tion is often feasible (Fig. 48-20). Technical details of this 
procedure are discussed in a previous chapter. If the annulus 

or sinusus are dilated and the leaflets are abnormal and not 
repairable, root replacement is performed. Prosthesis options 
include prefashioned composite mechanical root prostheses, 
sewing a stented tissue valve to a conduit, or using a porcine 
bioroot. Prosthesis selection is based on several competing 
factors including the elevated hazard for structural deteri-
oration of biologic prostheses in younger patients, antico-
agulant-related complications with mechanical prostheses, 
complexity and difficulty of performing future redo root 
replacements for bioprosthetic failure, and the growing trend 
toward the avoidance of warfarin in younger patients. The 
innovation of transcatheter valves, which have the potential 
to extend the life of a biologic root prosthesis without repeat 
sternotomy, has generated interest in using these prostheses 
in younger patients.142 Pulmonary autografts may also be 
used as root replacements, but their practicality in aneurysm 
patients is somewhat limited as degenerative aneurysms tend 
to occur in older patients who would not benefit from the 
durability of the pulmonary autograft. Younger aneurysm 
patients, who could potentially benefit, frequently have 
bicuspid pathology or connective tissue disorders that may 
lead to early valve failure. Bicuspid patients have been shown 
to have significant histologic arterial wall derangements 
including the cystic medial necrosis, elastic fragmentation, 
and changes in the smooth muscle cell orientation in the 
autograft root.143

In patients where there is an isolated dilatation of the 
noncoronary sinus in degenerative aneurysms with preserved 
sinus dimensions in the coronary sinuses, the noncoronary 

FIGURE 48-19 Replacement of the ascending aorta and transverse 
arch with an aggressive hemiarch anastomosis.

FIGURE 48-20 Valve-sparing aortic root reimplantation using a 
Dacron graft with a premade Sinus of Valsalva segment.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1053

sinus may be individually excised and a “tongue” of the 
ascending aortic graft is used to reconstruct this sinus with 
the rest of the graft anastomosed above the native annulus, 
that is, a Yacoub-type remodeling procedure isolated to the 
noncoronary sinus.144 Such a procedure carries the risk of late 
dilatation or suture-line disruption as the remaining aortic 
tissue is often thin and weak. It is also possible to perform 
an isolated noncoronary sinus reimplantation as described by 
David and Feindel.145 Unless operative risk is prohibitive, it is 
preferential to perform a full root replacement or reimplanta-
tion in such patients rather than treat only one sinus.

In cases where the aortic valve needs to be replaced due 
to leaflet pathology, the sinus segment is not aneurysmal and 
there is an ascending aneurysm, a modified Wheat procedure 
with replacement of the aortic valve and placement of a tube 
graft to the sinotubular junction is used (Fig. 48-21).15 This 
approach is especially useful in elderly patients who have 
mild-to-moderate sinus segment dilatation but a root replace-
ment carries significant extra perioperative risk and the likeli-
hood of future proximal reoperation is negligible.

Distal repair may be done as either a total arch, hemi-
arch, open distal, or clamped distal anastomosis. Aneurysmal 
extension into the proximal aortic arch is a common variant 
and is well treated with an aggressive hemi-arch. Resection of 
the ascending aorta to the innominate artery on the greater 
curve and to the level of the subclavian take-off on the lesser 
curve provides excellent protection from future aneurysmal 

degeneration of the arch (Fig. 48-21). While clamped tech-
niques for the distal anastomosis are suitable for isolated root 
pathologies such as complex endocarditis repair, in aneurysm 
cases it is preferable to excise the cross-clamped portion of 
aorta and perform an open distal anastomosis.

Total arch replacement with or without elephant trunk 
(ET) extension is typically reserved for patients with full arch 
aneurysms extending into the descending thoracic aorta or 
mega-aorta syndrome. The key decision point when deter-
mining the aggressiveness of the arch operation is to deter-
mine whether the open proximal operation will completely 
treat the pathology or if further intervention of the distal 
arch/descending aorta is required. If open intervention of 
the distal aorta is anticipated, creation of an ET anastomo-
sis will prevent the need for circulatory arrest in the second 
stage. If thoracic endovascular aortic repair (TEVAR) is 
anticipated, creation of a 3 to 4 cm Dacron landing zone for 
TEVAR placement by forward mobilization of the cerebral 
vessels is a simpler approach than ET and avoids the diffi-
culty of cannulating the free-floating ET for TEVAR. These 
approaches as well as debranching and hybrid approaches are 
described later in this chapter.

ASCENDING AORTIC REPLACEMENT: 
SPECIFIC OPERATIVE TECHNIQUES
After the aortic cross-clamp is applied and cardioplegic arrest 
is achieved as described above, the ascending aorta is tran-
sected about 1 cm below the clamp and resected to the level 
of the sinotubular junction. The aorta is carefully freed from 
the pulmonary artery using low-energy electrocautery. Using 
a metric sizer, the diameter of the sinotubular junction that 
provides adequate leaflet coaptation is determined and this 
should be within 10% of the annular diameter. The aortic 
valve is inspected to ensure that it is trileaflet and free from 
significant calcification or leaflet pathology. If the aortic valve 
is to be replaced, this is performed at this point using standard 
techniques. An appropriate size graft is then anastomosed to 
the sinotubular junction using a running 4-0 polypropyl-
ene. The external aspect may be reinforced with Teflon felt 
if the aorta appears especially thin and a root replacement 
is not feasible. In cases of acute dissection individual pled-
geted sutures are placed at upper aspects of the commissures 
to resuspend the aortic valve and Teflon felt is placed inside 
between the dissected layers to form a robust neomedia that 
can hold sutures.

Composite Root Replacement
Aortic root replacement involves excision of the entire 
ascending aorta to the native valve annulus with mobiliza-
tion of coronary buttons and placement of a composite valve 
and polyester graft conduit into the annulus. After cross-
clamping and administration of cardioplegia, the ascend-
ing aorta is resected to the level of the sinotubular junction. 
The sinuses are mobilized off of the pulmonary arteries and 

FIGURE 48-21 Separate ascending aortic replacement and aortic 
valve replacement with retention of the native sinus segment.
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1054 Part VII Surgery of the Great Vessels

right ventricle and the coronary buttons are mobilized as 
described below. Unless a root reimplantation procedure is 
being performed, excessive proximal mobilization of the root 
is unnecessary.

The aortic valve leaflets are excised. The annular dimen-
sion is sized and an appropriately sized prosthesis is selected. 
Mechanical composite prostheses come prefabricated with 
either a polyester straight tube graft or artificial neo-sinuses 
created by changing the orientation of the polyester in the 
sinus segment. If a tissue valve is desired, a polyester graft 
that is either straight or has neo-sinuses is anastomosed with 
a running 3-0 or 4-0 polypropylene suture to an appropri-
ately sized stented tissue valve. If using a Dacron graft with 
neo-sinuses, this should be sewn 3 to 4 mm below the start of 
the neo-sinus segment. The valve sutures must pass through 
both the valve sewing ring and the Dacron graft to ensure 
hemostasis.

The composite prosthesis may be placed with either 
pledgeted everting (ie, “intraannular”) mattress sutures 
with pledgets on the outside of the annulus or in a “supra-
annular” configuration with pledgets on the ventricular side 
of the annulus. Typically, the everting technique is used as 
it is hemostatic and strong. Implanting the root with pled-
gets on the ventricular side requires less mobilization of the 
sinuses which may be advantageous in certain situations and 
may allow for a slightly larger prosthesis. When implanting 
a mechanical prosthesis, the everting technique is preferred 
as it is less prone to pannus formation which may interfere 
with valve function. Care must be taken with either tech-
nique to not shorten the mitral valve anterior leaflet with 
excessively large bites with the annular sutures along the 
left and noncoronary sinuses. Polyester, braided 2-0 sutures 
with a larger needle than used for aortic valve replacement 
are employed.

Once the valve-conduit is tied down, the coronary buttons 
are anastomosed using 5-0 prolene sutures as described below 
(Fig. 48-22). Pressurization of the new root by inserting a 
catheter into the proximal graft, running cardioplegia, and 
clamping the graft distally after de-airing the neoroot allows 
assessment of all suture lines.

Implantation of stentless bioroots, homograft roots, pul-
monary autografts, and valve-sparing procedures is discussed 
in previous chapters.

Management of Coronary Arteries
Mobilization of the coronary artery buttons in root opera-
tions remains the most technically demanding and least 
forgiving aspect of root operations. The left main button 
is mobilized after the aorta has been fully dissected from 
the pulmonary artery. It is frequently useful to work from 
the inside of the aorta outward, gently scoring the dissec-
tion plane with low intensity electrocautery. Generally, 1 
to 2 cm of freedom of motion in all directions is required 
for adequate mobilization. Care must be taken mobilizing 
the right coronary artery to ensure the right ventricle is not 
inadvertently entered. Application of retrograde and direct 

antegrade cardioplegia into the coronaries after mobilization 
will identify any small branch disruptions or major injuries 
while they are still repairable.

When anastomosing the left coronary button to the aor-
tic graft, if a graft with premade sinuses of Valsalva is used, 
the button is typically sewn at or below the level of the equa-
tor of the sinus segment. The right coronary, which is more 
likely to kink as the right ventricle pushes it cephalad once 
the heart fills, is sewn at or above the level of the equator. 
When using a straight graft, some surgeons will determine 
the final position of the right coronary button after com-
pleting the graft-to-graft anastomosis, filling the heart, and 
briefly removing the cross-clamp. When separating from 
bypass, if there are new gross wall motion abnormalities, cor-
onary artery injury or kinking should be immediately sus-
pected. Our preference in these situations is to immediately 
bypass the affected territory rather than attempt to salvage a 
friable coronary button. For a right-sided problem, a bypass 
graft to the right coronary artery will typically resolve the 
problem expediently.

In complex endocarditis, dissection, severe calcification, 
or reoperative cases, coronary artery buttons may be too 
damaged or immobile to directly attach to the graft. In such 
situations, a Cabrol-type coronary anastomosis, where the 
coronary ostia are anastomosed to an 8 to 10 mm Dacron 
grafts in a “moustache” configuration may be employed 
(Fig. 48-23). Alternatively, segments of reversed saphenous 
vein can be used as interposition grafts. Typically these grafts 
are 3 to 5 cm in length, are anastomosed fairly high on the 

FIGURE 48-22 Composite root replacement with a mechanical 
prosthesis.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1055

aortic graft, and follow a gentle s-shaped curve to prevent 
kinking. In cases of right coronary button problems, proxi-
mal ligation and bypass to the main right coronary artery is 
another alternative.

Distal Anastomosis
Distal reconstruction is performed as a clamped or open anas-
tomosis. In aneurysm cases, open distal techniques which 
eliminate all diseased aorta and the weakened cross-clamp 
site are routinely employed. Circulatory arrest techniques as 
previously described are employed. Distal anastomoses are 
performed with a beveled polyester graft using a running 4-0 
polypropylene suture. The distal anastomosis is performed 
as an “on-lay” type anastomosis with the graft invaginated 
into the distal aorta. This pushes the graft material into the 
native aorta when the aorta is pressurized and prevents leaks. 
In cases of extremely friable aorta, Teflon felt placed along the 
outer aspect may also be beneficial but does not substitute for 
a proper “on-lay” technique.

ENDOVASCULAR APPROACHES FOR 
THE ASCENDING AORTA
Advances in the design of highly flexible and low profile tho-
racic aortic stent grafts have generated an interest in using 
these devices for the ascending aorta in patients who are oth-
erwise not reasonable risk surgical candidates. Key design 
requirements for ascending aortic stent grafts include a high 

degree of flexibility and conformability, short graft lengths, 
no exposed bare metal, and long delivery systems as most 
TEVAR delivery systems will not reach the proximal ascend-
ing aorta from the femoral artery. Alternative approaches 
for access sites for the stent graft include axillary artery, 
carotid artery, and perhaps most promising, transapical. 
Graft lengths are more critical in the ascending aorta than in 
the thoracic aorta as the distance between sinotubular junc-
tion and/or coronary ostia and the take-off of the innomi-
nate artery is typically shorter than 10 cm, and is therefore 
shorter than most thoracic devices. The antegrade transapi-
cal technique may also offer potential advantage by limit-
ing the distance between the sheath and the device thereby 
minimizing potential for device migration during deploy-
ment, as is seen in transapical deployment of transcatheter 
aortic valves. Stent graft placement has been described to 
treat focal ascending aneurysms in nonoperative candidates 
(Fig. 48-24).146,147

AORTIC ARCH REPLACEMENT: 
SPECIFIC OPERATIVE TECHNIQUES
There has been a diversity of surgical approaches across insti-
tutions on how best to repair aortic arch aneurysms. Origi-
nally reported in 1960s, the first arch aneurysm repair was 
completed by using an “island technique” and anastomosing 
the supra-aortic vessels to the aortic graft. It was not until 
the twenty-first century that novel approaches were devel-
oped that limited cerebral ischemia and the duration of CPB 

A

B

FIGURE 48-23 Classic Cabrol technique for coronary reimplantation. (A) An 8- to 10-mm Dacron tube graft is anastomosed end-to-end to the 
aortic tissue surrounding the left and right coronary ostia. (B) An opening is made in the mid-portion of the coronary graft and in an appropriate 
position in the aortic graft and an anastomosis is formed. The modified Cabrol technique involves the formation of individual coronary buttons 
allowing the small-caliber Dacron graft to be sewn to the full thickness of the aortic tissue surrounding the coronary ostia. (Reproduced with per-
mission from Edmunds LH: Cardiac Surgery in the Adult. New York: McGraw-Hill; 1997.)
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1056 Part VII Surgery of the Great Vessels

time. In 2000, Kazui et al developed an integrated branched 
arch graft that contained three fixed limbs for anastomos-
ing the great vessels and a side arterial cannulation limb for 
CPB.134 In 2002, Speilvogel et al described the technique of 
debranching the great vessels from the arch and anastomos-
ing them to a trifurcated graft that could then be sewed to 
the main aortic graft.148 These techniques improved patient 
outcomes by decreasing the duration of DHCA, improving 
cerebral protection, and excluding the diseased aorta from 
the anastomosis, as was necessary with the island technique. 
More recently, with the advancements in endovascular device 
technology, hybrid approaches are available that combine 
debranching procedures and stent grafts in a single-staged 
repair. These hybrid approaches have even further reduced 
CPB and DHCA time.

OPEN TECHNIQUES
Branched Arch Grafts (Kazui Technique)
The branched aortic arch graft is prefabricated graft with 3 
branches for the great vessels and an additional side branch 
for systemic perfusion.134 This technique (Fig. 48-25A-H) 
begins with systemic cooling and initiation of DHCA. The 
aortic arch is opened and the brachiocephalic vessels are tran-
sected distal to their origins and selective ACP catheters are 
inserted into the innominate and left common carotid arter-
ies, while the left subclavian artery is clamped (Fig. 48-25B). 
Then the distal anastomosis of the graft is first performed on 
the descending aorta (Fig. 48-25C). After this is completed, 
antegrade systemic circulation is started from the side branch 
of the graft (Fig. 48-25D). Next, the left subclavian artery is 
reimplanted to the graft and perfused (Fig. 48-25E). The prox-
imal anastomosis is then finished (Fig. 48-25F), and attention 
is turned toward the anastomosis of the left carotid and left 
innominate arteries to the branched graft (Fig. 48-25G,H). 

The aorta is de-aired, cross-clamp is released, and the side 
branch for CPB is ligated.

Since clot and atheroma in the aorta develop more often 
at the origin of the brachiocephalic vessels, manipulation 
of these arteries increases the risk of stroke after aortic arch 
repair. One benefit of this technique is that brachiocephalic 
vessels are transected distal to their origins before the resec-
tion of the aortic arch, preventing embolization and decreas-
ing stroke risk. Depending on the extent of aneurysmal 
disease, this operation can be completed in one or two stages. 
For concomitant descending thoracic aneurysmal disease, an 
ET graft can be completed during the arch replacement as 
an easy setup for the second stage, which could include an 
endovascular option or smaller left thoracotomy approach. 
However, one limitation of this technique is that the cerebral 
branches of the graft are short and fixed to the graft. This 
decreases options to tailor the graft based on the patient’s exact 
anatomy.

Debranching Graft Techniques
Several types of debranching grafts are available on the mar-
ket to repair aortic arch aneurysms. One of the first grafts 
used was a double-Y or trifurcated graft that could be anas-
tomosed to the main aortic body graft during the operation 
(Fig. 48-26). However, other grafts currently available have 
the branched limbs pre-anastomosed to the aortic graft. 
While stylistically different, the generalized debranching con-
cepts presented are similar.

In the debranching approach, the aorta is cross-clamped 
proximal to the innominate artery and CPB is initiated via the 
axillary artery. While the patient is being cooled to core hypo-
thermia, the proximal aorta is opened and a multibranched 
limb graft or tube graft is anastomosed to the sinotubular 
junction. If aortic valve and/or root pathology is present, 
surgical repair can be completed while the patient is cooled. 

A B

FIGURE 48-24 Placement of a covered stent graft in the ascending aorta to treat a pseudoaneurysm after previous cardiac surgery. Preoperative 
CT angiogram (A) demonstrates a saccular pseudoaneurysm in the ascending aorta after previous coronary artery bypass graft. Postoperative CT 
angiogram (B) demonstrates exclusion of pseudoaneurysm with no evidence of endoleak. (Reproduced with permission from Szeto WY, Moser 
WG, Desai ND, et al: Transapical deployment of endovascular thoracic aortic stent graft for an ascending aortic pseudoaneurysm, Ann Thorac Surg 
2010; 89(2):616-618.)
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1057

FIGURE 48-25 (A-H). Branched Arch Graft (Kazui) Technique. (Continued)  

A B C

D E

Once hypothermia is reached, ACP is initiated via axillary 
artery cannulation. Attention is then turned toward the distal 
aortic arch and the main body of the graft is anastomosed 
to healthy, nonaneurysmal aorta. At this point, the distal 
clamp is removed and CPB is reinitiated either down the side 
limb of the graft or via direct cannulation of the aortic body 
graft. ACP is continued via axillary cannulation and selective 
perfusion catheters may be used for bilateral ACP until the 
left subclavian, left carotid, and innominate arteries are each 

anastomosed to the three graft limbs, respectively. After deb-
ranching is completed, the proximal aortic reconstruction is 
de-aired and the patient is decannulated from CPB.

In case of a laterally displaced left subclavian artery from 
the aortic aneurysm, a left subclavian to carotid artery (LSCA) 
bypass can be completed 2 to 4 days before the debranching 
procedure. After a LSCA bypass, the debranching procedure 
only needs to be executed for the innominate artery and left 
carotid artery (Fig. 48-27).
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1058 Part VII Surgery of the Great Vessels

Elephant trunk
The elephant trunk (ET) is part of a two staged approach to 
treat arch aneurysms with extensive pathology distal to the 
left subclavian artery. First used in the 1980s by Borst et al, 
the benefit of the ET is it provides a platform for an easier 
second stage operation to treat distal aortic aneruysms and 

dissections with either an open or an endovascular repair.149 
Open repairs with an ET graft make for technically easier 
operations with smaller incisions and less cross-clamp time. 
Furthermore, it creates a proximal landing zone within the 
diseased distal aorta to place a stent graft.

Figure 48-28A-J illustrates the total arch replacement with 
a trifurcated graft and ET technique. Similar to as described 

F G

H

FIGURE 48-25 (F-H). Kazui Technique using a four branch graft for total arch replacement.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1059

above, right axillary cannulation is created to initiate CPB 
(Fig. 48-28B) and the aorta is cross-clamped proximal to the 
innominate artery (Fig. 48-28C). Once DHCA is reached 
the innominate, left carotid, and left subclavian arteries are 
anastomosed to the trifurcated graft and ACP is initiated 
from the right axillary artery, restoring perfusion to the brain 
and upper extremities (Fig. 48-28D,E). Attention is then 
turned toward the distal aorta. It is important to protect the 
left recurrent laryngeal nerve, so a suitable cuff of aortic tis-
sue adjacent to the nerve is preserved. Studies demonstrate 
that the ET technique decreases the risk for laryngeal nerve 
injury during extensive aortic arch and descending aortic 
aneurysm repairs.149,150 Next the proximal end of the ET 
graft is invaginated in itself and the midportion of the graft is 
anastomosed to the distal aorta with Teflon felt reinforcement 
(Fig. 48-28F). The origins of the left carotid and subclavian 
arteries are then oversewn. The proximal end of the anasto-
mosis is then pulled out of the ET and can be anastomosed 
to the sinutubular junction, or as in Fig. 48-28G,H, the distal 
end of the graft from the aortic root repair. If a graft-to-graft 
anastomosis is required, it is necessary to bevel each graft end 
to maintain proper curvature (Fig. 48-28G). Next, the trifur-
cated graft limb remains clamped and is anastomosed to the 
proximal aspect of the aortic graft (Fig. 48-28E). Once the 
clamp is removed from the trifurcated limb, full myocardial FIGURE 48-26 Trifurcated graft used to debranch the innominate, 

left carotid, and left subclavian arteries.

FIGURE 48-27 In case of a laterally displaced left subclavian artery from the aortic aneurysm, a left subclavian artery to carotid artery (LSCA) 
bypass can be completed.
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1060 Part VII Surgery of the Great Vessels

and systemic perfusion is restored (Fig. 48-28J). With the 
stage 1 repair complete, the patient can then undergo the 
stage 2 procedure at another time with either an endovascular 
graft or open repair through a left thoracotomy. Nonetheless, 
while ET sets up for a convenient, easier stage 2 procedure, 
it is not without complications and pitfalls. Complications 
include kinking of the graft, spinal cord ischemia, peripheral 
thromboembolism, and visceral malperfusion.151-153

Arch First Technique
The “arch first” technique was described by Kouchoukos and 
Rokkas as an additional approach to treat aortic arch and 
proximal descending aortic aneurysm disease.154 This single 
stage repair is performed via bilateral anterior thoracotomies 
providing excellent exposure of the aortic arch and descend-
ing aorta. One significant pitfall to this approach is it requires 
sacrificing both internal mammary arteries. Figure 48-29A-G 
illustrates the “arch first” technique. First, the heart and arch 
are exposed by bilateral thoracotomies in the fourth inter-
space with a transverse sternotomy. CPB is initiated via right 

axillary artery cannulation. While the patient is cooled, the 
great vessels are exposed with great attention to preserve 
the recurrent and phrenic nerves. The most distal aspect of the 
descending aortic aneurysm is mobilized. Once the DHCA 
is initiated, the innominate, left carotid, and left subclavian 
arteries are transected and clamped. Then both the proximal 
and the distal aorta are transected (Fig. 48-29B). The distal 
aorta can be clamped and lower body perfusion can be estab-
lished via a femoral artery. As described in the Kazui tech-
nique, a four-branched graft is used and the great vessels are 
anastomosed starting with the left subclavian artery and mov-
ing proximally (Fig. 48-29C,D). After these anastomoses are 
completed, the brachiocephalic arteries can be flushed off to 
remove emboli (Fig. 48-29E). The graft body is then clamped 
both proximally and distally to reestablish cerebral and upper 
body perfusion (Fig. 48-29F). Next, the systemic perfusion 
from the femoral artery is discontinued and the distal anas-
tomosis is completed. Systemic circulation is then started via 
the sidearm graft. Finally, the proximal aortic anastomosis 
is finished to complete the repair and clamps are removed 
(Fig. 48-29G). Kouchoukos et al reported on 46 “arch first” 

A B

FIGURE 48-28 Total arch replacement using trifurcated graft and elephant trunk technique for atherosclerotic aorta. (A) Ascending and arch 
aneurysm. (B) Right axillary artery cannulation.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1061

C

E

G

D

F

H

  (Continued ) (C) Proximal root reconstruction. (D) Trifurcated graft to the innominate, left carotid, and left subclavian arteries. 
(E) Antegrade cerebral perfusion from right axillary artery. (F) Invagination of the proximal part of the elephant trunk graft into the distal aspect 
and anastomosis of the graft to distal aorta. (G-H) Beveling the both grafts and graft to graft anastomosis.

FIGURE 48-28
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1062 Part VII Surgery of the Great Vessels

I J

K L

  (Continued ) (I) Anastomosis of trifurcated graft to ascending aortic graft. (J) Completed aortic arch repair. (K-L) Alternative 
sequence of brachiocephalic reconstruction to minimize DHCA.
FIGURE 48-28

procedures with a hospital mortality of 6.5%. There were no 
reports of permanent neurological events but 13% of patients 
developed clinical signs of TND.154

HYBRID TECHNIQUES
Hybrid arch procedures that combine open cerebral deb-
ranching with concomitant antegrade endovascular stent 
placement have emerged over the previous decade as a novel 
treatment option for aortic arch aneurysms. The benefit of 
this technique significantly limits the duration of cross-clamp 
time and cerebral ischemia and is beneficial in older patients 
with a high comorbidity indices.155 The three key concepts 
to this approach are to (1) debranch the cerebral vessels (2) 

reconstruct the ascending aorta to create a landing zone 
(Zone 0) for an endovascular stent graft, and (3) deploy an 
antegrade stent graft from Zone 0 to healthy distal aorta to 
exclude the arch aneurysm.

To grasp these concepts, an appreciation of landing zone 
classification is crucial. Thoracic aortic landing zones can be 
divided into five anatomic regions (Fig. 48-30).

 • Zone 0: ascending aorta to the innominate artery
 • Zone 1: between the innominate and the left carotid artery
 • Zone 2: between the left carotid and left subclavian
 • Zone 3: beyond the left subclavian and along the curved 

portion of the distal arch
 • Zone 4: straight portion of the distal arch starting at the 

level of T4
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1063

Based on these zones, we have previously proposed a classifi-
cation system for aortic arch pathology for hybrid repairs.156 As 
seen in Fig. 48-31, a Type 1 hybrid arch has a suitable (nona-
neurysmal) proximal aortic Zone 0 and distal Zone 2/3 landing 
zones for a stent graft. A Type 2 hybrid arch needs reconstruc-
tion of the Zone 0 landing zone but has a suitable landing zone 
in Zones 2 and 3. A Type 3 hybrid arch represents a mega-aorta 

and needs reconstruction of the distal landing zone (Zone 0) 
with a proximal landing zone below the diaphragm.

In a Type 1 hybrid arch, a debranching procedure is per-
formed to bypass the cerebral vessels and involves an end-to-
side anastomosis of a four-branched graft to the ascending 
aorta. This can often be completed with a side-biting clamp 
and done off CPB. After the debranching is performed, an 
endovascular stent graft is deployed antegrade via a separate 
side branch of the multibranched graft with distal landing 
zone in the native ascending aorta at Zone 0 under fluoro-
scopic guidance.

FIGURE 48-30 Classification of thoracic endovascular landing 
zones.

A

B

FIGURE 48-29 (A and B) Arch first technique to repair an aor-
tic arch and proximal descending aortic aneurysm via bilateral 
thoracotomies.
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1064 Part VII Surgery of the Great Vessels

A Type 2 hybrid arch does not have a proximal landing 
zone in Zone 0 due to ascending aortic pathology. There-
fore, this repair involves replacement of the ascending aorta 
and debranching of the cerebral vessels so a stent graft can 
be deployed to exclude the arch aneurysm. A multibranched 
tube graft is used to replace the ascending aorta and the cere-
bral vessels are bypassed. DHCA may be necessary if a hemi-
arch anastomosis is required. After the graft is anastomosed, 
the stent graft is deployed antegrade via a separate side branch 
of the multibranched graft and landed distally in Zone 0 
within the graft.

A Type 3 hybrid arch is a mega-aorta with diffuse proximal 
and distal aortic aneurysmal disease. This requires replace-
ment of the ascending aorta and debranching as previously 
described for a Type 2 hybrid arch. The distal anastomosis 
of the graft is completed in the aneurysmal aorta but will 
be later excluded after the stent graft is deployed. Again, the 
stent graft is deployed antegrade via a side branch in the mul-
tibranched graft with the distal landing zone at Zone 0 in the 
graft and the proximal landing zone in the distal aorta.

Figure 48-32 shows a Type 1 hybrid arch repair for a Zone 
2/3 descending aortic aneurysm. For this repair, there is a 

suitable proximal and distal landing zone to exclude the aneu-
rysm after the great vessels are debranched. To complete this 
repair, CPB is initiated and a side-bitting clamp is placed on 
the aorta. It is best to utilize CPB so the side-biting clamp 
is not directly placed on the pulsatile ascending aorta. The 
main trunk of the trifurcated graft is anastomosed to the 
aorta. Next, the left subclavian artery is clamped and tran-
sected. The proximal stump is oversewn and the artery is then 
anastomosed to a limb of the trifurcated graft at which point 
perfusion is restored. In a similar fashion, the left carotid and 
innominate arteries are anastomosed to the remaining limbs 
of the trifurcated graft (Fig. 48-32A). An endovascular stent 
graft can then be deployed antegrade through a side branch 
to exclude the aneurysm. If the left subclavian anatomy is 
difficult on preoperative imaging, one approach would be 
to first perform a left subclavian to left carotid artery bypass 
(Fig. 48-32B). It is also possible to perform an intraopera-
tive extra-anatomic bypass to the left axillary artery by tun-
neling the graft through the first or second intercostal space 
(Fig. 48-32C).

While hybrid repairs are technically easier, require less 
cross-clamp and require less DHCA time, there are several 

Type I Type II

Type III

A B

C

FIGURE 48-31 Classification of hybrid arch repairs based on location of aortic aneurysms. (A) Type 1 hybrid arch has a suitable aortic Zone 0 
and distal Zone 2/3 landing zones for a stent graft. (B) A Type 2 hybrid arch needs reconstruction of the zone 0 landing zone but has a suitable 
landing zone in zones 2/3. (C) A Type 3 hybrid arch represents a mega-aorta and needs reconstruction of the landing zone (zone 0) with the other 
landing zone in the below the diaphragm.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1065

A B

FIGURE 48-32 (A) Type 1 hybrid arch repair using side-bitting clamp on the proximal aorta to anastomose the main body of the trifurcated 
graft. The great vessels are then debranched with the limbs of the trifurcated graft. An endovascular stent graft is then deployed antegrade through 
a side limb. (B) Left subclavian to left carotid artery bypass for difficult left subclavian anatomy. (C) Intraoperative extra-anatomic bypass to the left 
axillary artery by tunneling the graft through the first or second intercostal space for difficult subclavian anatomy.

C
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1066 Part VII Surgery of the Great Vessels

pitfalls. Complications consist of embolic stroke, type 1 
endoleaks, and stent migration. In a systemic review of hybrid 
arch repairs of 1886 patients, there was a pooled perioperative 
mortality rate of 10.8%, stroke rate of 7%, and spinal cord 
ischemia of 7%.157 Endoleaks are unique to hybrid operations 
in comparison to open techniques and have an incidence up 
to 15% in some reports.

COMPLETE ENDOVASCULAR 
AORTIC ARCH REPAIRS
Complete endovascular repair of aortic arch aneurysms 
remains in its infancy. Several techniques have been 
employed comprising custom fenestrated grafts, chimney/
snorkle techniques, and in situ double branched graft fenes-
trations.158,159 While the literature abounds with case reports 
and small series, no large studies exist to demonstrate long-
term efficacy.

Figure 48-33A-C demonstrates an endovascular approach 
to an arch aneurysm and reveals the single chimney tech-
nique. This repair involves a staged operation by first com-
pleting a left subclavian to carotid artery transposition and a 
left carotid to innominate artery transposition (Fig. 48-33B). 
While transpositions are not always feasible due to anatomi-
cal variability, a left subclavian to carotid artery bypass and a 
left carotid to innominate artery bypass could equally have 
been completed. After several days, a stent graft is deployed 
retrograde from a femoral artery and landed proximally in 
Zone 0/1 with the fenestration at the innominate artery. The 
right axillary or right carotid artery can then be accessed to 
deploy a retrograde stent into the innominate fenestration. 
The advantage of this approach is CPB and DHCA are 
unnecessary. However, while studies have demonstrated fea-
sibility with total endovascular aortic arch repair, the rates of 
stroke, type 1 endoleaks, need for secondary interventions, 
and early conversions to open repairs are high.158-160 Patient 

selection is critical and these approaches are for patients at too 
high of a risk for the open, gold standard repair.

ADDITIONAL CONSIDERATIONS
Concomitant Mitral Surgery
Mitral valve disease is frequently encountered in patients with 
aortic aneurysms. This is particularly true for patients with 
MFS, in whom the incidence approaches 30%.161 Patients 
who have evidence of moderate-to-severe mitral regurgita-
tion should undergo mitral valve repair at the time of aortic 
replacement. Gillinov et al reported results of mitral valve 
repair in patients with MFS, many of whom also had simul-
taneous replacement of the aortic root.162 They observed an 
88% actuarial rate of freedom from significant mitral regur-
gitation at 5 years. A fairly liberal approach to mitral valve 
intervention is warranted in aortic root replacement patients 
as reoperation for late mitral regurgitation may be particularly 
technically difficult. Additionally, care must be taken when 
taking the annular stitches along the aortomitral continuity 
to avoid shortening the anterior leaflet of the mitral valve.

Aortic Wrapping and Reduction 
Aortoplasty
Reduction ascending aortoplasty and aortic wrapping are less 
common techniques to address ascending aortic aneurysms 
typically reserved for patients undergoing concomitant aor-
tic valve replacement but who are deemed too high risk for 
either composite root or ascending aortic replacement or who 
have ascending aortic dimensions less than the recommenda-
tions for replacement as a prophylactic measure to prevent 
aneurysm formation. Reduction aortoplasty involves exci-
sion of a segment of the ascending aorta to achieve a normal 
radial maximal dimension. It may be performed either with 

FIGURE 48-33 An endovascular approach to exclude an arch aneurysm using the single chimney technique and fenestrated graft. (A) A type 1 
hybrid arch. (B) A left subclavian to carotid artery transposition and a left carotid to innominate artery transposition. (C) Retrograde endovascular 
stent graft from the femoral artery and an antegrade stent placed into the innominate artery from the right axillary or right carotid artery.
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1067

a side-biting aortic clamp, cross-clamped or with open tech-
nique depending on the length of aortoplasty and technique 
used.163-165 The excised segment may be taken in the long axis 
of the aorta down to the sinotubular junction (true reduction 
annuloplasty) or lesser plication techniques. External rein-
forcement can also be performed in conjunction with reduc-
tion aortoplasty. Concerns regarding this technique include 
dehiscence or aortic rupture at the suture line, which is con-
stantly under tension from the radial force on the aortic wall 
during systole.

Aortic wrapping of girdling is performed either by itself 
or in conjunction with reduction aortoplasty. Wrapping has 
been performed with cellophane, polyester grafts and meshes, 
polytetrafluoroethylene (PTFE), and other materials. Neri 
et al described two patients required reoperation because of 
development of false aneurysms following aortic valve replace-
ment with aortoplasty and wrapping.166 The unwrapped parts 
of the ascending aorta in both patients appeared normal; 
conversely, the aortic wall underlying the wrap was severely 
atrophic, a phenomenon previously reported with abdominal 
aneurysms that were wrapped without aortoplasty. In a larger 
series by Cohen et al, among 102 patients who underwent 
aortic wrapping with a polyester mesh followed for a median 
of 4.7 years, there were no instances of major aortic compli-
cations and an average aneurysm growth of 2.6 mm over the 
follow-up period.167

REOPERATIVE CONSIDERATIONS
Reoperative surgery on the ascending aorta and aortic root 
can be particularly challenging but is becoming more frequent 
in experienced centers. Increased use of tissue aortic valves in 
younger patients, biologic porcine or composite pericardial 
roots, and homografts in past few decades suggest that many 
patients may require reoperative root intervention. Addition-
ally, root replacement may be required after the development 
of ascending aortic aneurysms in bicuspid patients who have 
previously undergone aortic valve replacement only. Indica-
tions for reoperation include aortic insufficiency, develop-
ment of aneurysms or dissections in remaining segments of 
the thoracic aorta, false aneurysms, prosthetic valve dysfunc-
tion, infection or thrombosis, or degeneration of biologic 
prostheses.

Reentry is usually accomplished with a repeat sternotomy 
incision, although for complex arch operations involving the 
proximal descending aorta, a thoracosternotomy approach 
may be required.168 In cases of massive ascending aortic 
aneurysm, adhesion of the aorta to the posterior table of the 
sternum or contained ruptures and exposure of alternative 
cannulation site such as the right axillary artery or femoral 
artery are necessary. Massive aortic hemorrhage upon sternal 
entry should be locally controlled by forcibly reapproximat-
ing the sternum, heparinizing the patient, instituting periph-
eral CPB, and cooling to deep hypothermia such that the 
sternal reentry can be completed under lower flow conditions 
with active pump-suction in the operative field. If entering 
the aorta on reentry is felt to be inevitable, starting CPB and 

cooling prior to sternotomy may be a superior strategy. In 
cases of moderate-to-severe aortic insufficiency, venting of the 
left ventricle prior to cardiac fibrillation is mandatory and can 
be accomplished by a small left anterior thoracotomy incision 
and direct venting of the apex.

Cross-clamping in the reoperative scenario may also be 
hazardous as previous graft material may cause severe adhe-
sions to the pulmonary artery making the dissection of a 
clamping site difficult. Previous use of a porcine root prosthe-
sis or left-sided bypass grafts makes this dissection particularly 
difficult. If the pulmonary artery is inadvertently entered, 
patching with a pericardial substitute is usually necessary.

Mobilization of the coronary arteries is frequently dif-
ficult and creation of a Cabrol-type anastomosis, inter-
position grafts, or bypass grafts are frequently necessary. 
Previous coronary bypass grafts should be reimplanted, and 
frequently, interposition vein grafts are required to accom-
plish this. Direct cardioplegia administration down bypass 
grafts is preferred but avoided when there is diffuse vein graft 
disease.169 Retrograde cardioplegia is extremely helpful in this 
circumstance.

In cases of reoperation for failed porcine bioroots, root 
replacement is preferable to simple aortic valve implantation 
within the porcine root as there is a higher likelihood for 
valve dehiscence due to the degenerative nature of the root 
tissue.170 If aortic valve implantation into a porcine root is 
being performed, all of the aortic valve implantation sutures 
must traverse the native aortic root tissue, not just the porcine 
tissue.

OPERATIVE COMPLICATIONS
Bleeding
Woven Dacron grafts impregnated with collagen or gelatin 
are relatively impervious to blood and have reduced blood 
loss following replacement of the ascending aorta compared 
with knitted grafts. Precise suturing with careful attention to 
avoid torque on the suture needles while constructing anasto-
moses is critical to avoid the inevitable needle-hole bleeding 
at the end of the surgery. Tension must be avoided at the sites 
of coronary reimplantation, as this is a frequent site of bleed-
ing. The modified Cabrol method or an interposition graft 
should be used when any tension is present. The inclusion 
technique of graft insertion is associated with an increased 
incidence of bleeding and pseudoaneurysm formation and 
has largely been abandoned. In very friable aortas, Teflon felt 
may be used to reinforce the suture line on the outside of the 
anastomosis in which a thin strip of felt is slipped into the 
suture line as it is tightened. Alternatively, it may be sewn to 
the inside, outside, or both sides of the native aorta with a 
running polypropylene stitch prior to sewing the graft.

In cases of refractory coagulopathy, the anastomosis can be 
wrapped tightly with a small segment of polyester graft or Teflon 
felt to reduce tension on the suture line and reduce needle-hole 
bleeding (Fig. 48-34). Blood transfusion can be avoided in a sig-
nificant number of patients with the use of blood conservation 
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1068 Part VII Surgery of the Great Vessels

techniques such as Cell Savers, autologous blood donation, 
plateletpheresis, the reinfusion of chest tube drainage, and the 
use of antifibrinolytics such as aminocaproic acid and tranexamic 
acid. Since the removal of the antifibrinolytic agent aprotinin 
from the market due to concerns regarding renal dysfunction 
and mortality, bleeding has anecdotally become more common. 
Activated human recombinant factor VII may be helpful as a last 
resort when treating refractory bleeding that does not respond 
to any other therapies, although this may induce unanticipated 
thrombosis in arterial structures.171

In cases of ongoing postoperative hemorrhage, expedient 
return to the operating room for reexploration is preferable 
to massive transfusion or tamponade. Postoperative bleeding 
requiring reexploration ranges from 2.4 to 11.1%.172,173

Stroke
Neurologic injury following proximal aortic surgery remains a 
significant cause of morbidity and mortality. Embolization of 
atherosclerotic debris or thrombus from the ascending aorta 
and arch produces focal neurologic deficits. Diffuse injury 
can be attributed to microemboli of air or cellular debris, 
insufficient or uneven cooling, and a prolonged circulatory 
arrest period. After circulatory arrest periods exceeding 40 
minutes the incidence of stroke greatly increases.174 Profound 
hypothermia may itself be injurious to the central nervous 
system without associated circulatory arrest.175

Stroke due to embolization is diminished when the aorta is 
evaluated via epiaortic ultrasound or other imaging modality 
to detect atherosclerotic plaques and thrombus.176 This allows 
appropriate adjustments to be made in clamping and cannula-
tion strategies. Resumption of antegrade circulation through 
the graft once the distal aortic anastomosis is complete, rather 

than retrograde via the femoral vessels, after a period of circula-
tory arrest avoids embolization of distal aortic debris. Patients 
with severe carotid artery occlusive disease are at increased risk 
of stroke during ascending aortic procedures, and patients 
older than 65, those with peripheral vascular disease, or those 
with pertinent histories should be evaluated.177

Patients with new postoperative strokes should be rapidly 
evaluated by the consultant neurology service and undergo 
early brain imaging. New embolic events should be managed 
aggressively with induced hypertension once intracranial 
hemorrhage has been ruled out.

Pulmonary Dysfunction
CPB is known to cause alterations in pulmonary function as 
evidenced by changes in alveolar-arterial oxygen gradients, 
pulmonary vascular resistance, pulmonary compliance, and 
intrapulmonary shunting. Usually these changes are subclini-
cal, but a full-blown adult respiratory distress-like syndrome is 
reported in 0.5 to 1.7% of patients following CPB.178-180 The 
specific cause is the subject of much investigation and debate, 
but it is generally accepted that exposure of blood elements 
to the foreign surface of the cardiopulmonary circuit results 
in the activation of inflammatory cells and the complement 
cascade resulting in pulmonary injury.181 The duration of CPB, 
urgency of the procedure, and general condition of the patient 
may roughly correlate with the occurrence and severity of pul-
monary dysfunction, but it can be unpredictable.

Treatment is supportive, with early diagnosis and treat-
ment of any subsequent pulmonary infections. Ten to 
eighteen percent of patients require prolonged mechanical 
ventilation. Preventive measures may include preoperative 
optimization of pulmonary function, minimization of pump 
time, judicious use of blood products, heparin-coated bypass 
circuits, and leukocyte depletion.182

Myocardial Dysfunction
Transient myocardial dysfunction following complex aortic 
surgery requiring inotropic support is common with 18 to 
25% of patients requiring more than 6 hours of inotropic 
support.183,184 Meticulous attention should be paid to inte-
grated myocardial protection with cold blood cardioplegia 
administered frequently in antegrade and retrograde fash-
ions. This is particularly important in patients with signifi-
cant left ventricular dilatation seen with aortic insufficiency 
or hypertrophy seen with aortic stenosis. Maintenance of 
high perfusion pressures after removal of cross-clamp opti-
mizes myocardial perfusion during the critical reperfusion 
period. Optimization of right ventricular function with 
afterload reducing agents such as milrinone or inhaled 
prostaglandins while weaning from CPB is vital for main-
taining adequate left ventricular filling in cases of severe 
diastolic dysfunction or ventricular hypertrophy. Postop-
erative myocardial infarction, reported in up to 2.5% of 
cases, may be related to technical problems with coronary 
reimplantation.185

FIGURE 48-34 Suture line bleeding may be effectively controlled 
with a circumferential wrap of the anastomosis with a strip of Teflon 
felt or Dacron. (Reproduced with permission from Edmunds LH: 
Cardiac Surgery in the Adult. New York: McGraw-Hill; 1997.)
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 Chapter 48 Ascending and Arch Aortic Aneurysms 1069

Perioperative Mortality
Contemporary surgical series on ascending aortic disease 
using modern grafting techniques and methods of cerebral 
and myocardial protection report hospital mortality rates 
of 1.7 to 17.1%.185-189 Comparison of outcomes is difficult, 
however, because of heterogeneity of patients. Some series do 
not include dissection, and the proportion of emergent oper-
ations, reoperations, and arch replacements is highly variable. 
The common causes of early death are cardiac failure, stroke, 
bleeding, and pulmonary insufficiency.185,186

Emergent operation after the onset of acute dissection 
or rupture is the highest risk factor for early death. Risk of 
death following elective intervention is increased by increas-
ing New York Heart Association classification, increasing age, 
prolonged CPB time, dissection, previous cardiac surgery, 
and need for concomitant coronary revascularization.188,189

LATE COMPLICATIONS
Late Mortality
Reported actuarial survival, like early mortality, is variable 
and dependent on the patient cohort. Survival rates are 81 
to 95% at 1 year, 73 to 92% at 5 years, 60 to 73% at 8 to 
10 years, and 48 to 67% at 12 to 14 years.190-193 Predictors of 
late mortality include elevated New York Heart Association 
class, requirement for arch reconstruction, MFS, and extent 
of distal disease.194-197 The most common cause of late death 
is cardiac, but distal aortic disease accounted for 32% of late 
deaths in one series.198

Reoperation
Reoperations occur due to pseudoaneurysm formation, valve 
thrombosis, endocarditis or graft infection, progression of dis-
ease in the native valve or remaining aortic segments, or degen-
eration of a bioprosthesis. Reported mortality for reoperative 
ascending aortic surgery varies between 4 and 22%.199,200

Freedom from reoperation is 86 to 90% at 9 to 10 years 
(Fig. 48-35).201,202 Predictors of late reoperation have included 
MFS, the inclusion cylinder technique, and chronic 
dissection.203 Surveillance of patients who have undergone 
previous aortic surgery to minimize the need for urgent reop-
erations and appropriate resection of all diseased aortic tissue 
at the time of original operation improves outcomes. Up to 
60% of reoperations occur due to inadequate repair during 
the initial operation.204 This is due to failure to resect the most 
distal aspects of aneurysmal disease by performing a clamped 
distal anastomosis or failure to adequately address root pathol-
ogy with full root replacement. Previous inclusion-type anas-
tomotic techniques were associated with higher rates of early 
reoperation due to pseudoaneurysm formation (Fig. 48-36).205

MFS patients are particularly prone to requiring reopera-
tion (Fig. 48-37).206 Gott et al reviewed the experience with 
root replacement at 10 surgical centers in 675 Marfan patients 
between 1968 and 1996.207 The 30-day mortality was 3.3%, 
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FIGURE 48-35 Long term freedom from reoperation following 
full aortic root replacement and separate ascending aortic and valve 
replacemnt. (Reproduced with permission from Sioris T, David TE, 
Ivanov J, et al: Clinical outcomes after separate and composite replace-
ment of the aortic valve and ascending aorta, J Thorac Cardiovasc Surg 
2004 Aug;128(2):260-5.)
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(inclusion or open). (Reproduced with permission from Kouchoukos  
NT, Wareing TH, Murphy SF, et al: Sixteen-year experience with 
aortic root replacement: Results of 172 operations, Ann Surg 1991 
Sep;214(3):308-18.)

but was only 1.5% for elective repair. Emergency surgery 
resulted in a 30-day mortality of nearly 12%. The survival 
rate was 93% at 1 year, 84% at 5 years, 75% at 10 years, and 
59% at 20 years. Complications related to the residual tho-
racic aorta and arrhythmias were the leading causes of death. 
The most frequent late complication was thromboembolism. 
Advanced New York Heart Association class at the time of 
original operation was the only predictor of late death.

Graft infection
Graft infections are reported in up to 0.9 to 6% of patients 
following surgery of the thoracic aorta and are associated 
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1070 Part VII Surgery of the Great Vessels

with a very high (25-75%) mortality rate.208-210 Most graft 
infections occur in the first month after operation and are 
frequently associated with wound infections. They may occur 
years later in cases of associated valve endocarditis or bac-
teremia from indwelling catheters or other systemic infec-
tions. The major infectious agents are Staphylococcus aureus, 
S. epidermidis, and Pseudomonas.211 The ascending aortic 
graft may be particularly vulnerable because of proximity to 
the wound and poor natural tissue coverage. For this reason, 
full coverage of the ascending graft material with the pericar-
dial fat pad is advisable in all cases. This serves to isolate the 
graft from the sternum should it become infected.

Patients frequently present with persistent fevers and ele-
vated white cell count. CT or MRI may demonstrate air or 
fluid collections around the graft. There may be associated 
pseudoaneurysms, fistula, anastomotic leak, hemolysis, and 
embolism. Nuclear imaging techniques may be helpful but 
can be nonspecific for infection versus normal postopera-
tive inflammation.212 TEE may show valvular vegetations or 
abscesses.

Ideally, treatment of the stable patient begins with intra-
venous antibiotics to control septicemia and often clear 
blood cultures prior to reoperation. In extremely high-risk 
patients, where reoperative mortality is prohibitive, life-long 
suppressive antibiotics may be acceptable. Surgical treatment 
of infected ascending aortic grafts, as described by Hargrove 
and Edmunds, includes removal of all infected prosthetic 
material, aggressive tissue debridement, local irrigation, sys-
temic antibiotic therapy, replacement of the infected conduit, 
and utilization of autologous tissue to surround the graft and 
obliterate dead space.213 Aortic homograft may potentially 
be more resistant to repeat infection. Greater omentum may 
be also brought up through the diaphragm as a vascularized 
pedicle to wrap around the aortic graft and isolate it from 

the sternum. Concomitant sternal infections should be man-
aged with aggressive debridement, sterilization with vacuum-
assisted wound drainage, and delayed flap reconstruction. In 
severe cases, open continuous antibiotic wound irrigation for 
several days can assist clearing the infection.214 Long-term 
antibiotics should be continued intravenously for at least 
6 weeks and suppressive oral antibiotics may be indicated 
over the long-term thereafter.

REFERENCES
 1. Elkin DC: Aneurysms following surgical procedures. Ann Surg 1948; 

127:769-779.
 2. Bergqvist D: Historical aspects on aneurysmal disease. Scand J Surg 

2008; 97(2):90-99.
 3. Hajdu SI: A note from history: the first pathology book and its author. 

Ann Clin Lab Sci 2004 Spring; 34(2):226-227.
 4. Cooper A: Lectures on the Principles and Practice of Surgery, 2nd ed. 

London, FC Westley, 1830; p 110.
 5. Moore C: On a new method of procuring the consolidation of fibrin in 

certain incurable aneurysms. Med Chir Trans (London) 1864; 47:129.
 6. Matas R: Surgery of the vascular system, in Matas R (ed): Surgery, Its 

Principles and Practice, Vol. 5. Philadelphia, WB Saunders, 1914.
 7. Harrison P, Chandy J: A subclavian aneurysm cured by cellophane fibro-

sis. Ann Surg 1943; 118:478.
 8. Poppe J, De Oliviera H: Treatment of syphilitic aneurysms by cellophane 

wrapping. J Thorac Surg 1946; 15:186.
 9. Matas R: An operation for the radical cure of aneurism based upon arte-

riorrhaphy. Ann Surg 1903; 37:161.
 10. Matas R: Endo-aneurismorrhaphy. Surg Gynecol Obstet 1920; 30:456.
 11. Cooley DA, De Bakey ME: Surgical considerations of intrathoracic 

aneurysms of the aorta and great vessels. Ann Surg 1952; 135:660.
 12. Cooley DA, DeBakey ME: Resection of the entire ascending aorta in 

fusiform aneurysm using cardiac bypass. JAMA 1956; 162:1158.
 13. Westaby S, Cecil B: Surgery of the thoracic aorta, in Westaby S (ed): 

Landmarks in Cardiac Surgery. Oxford, Isis Medical Media, 1997; p 223.
 14. Kadoba K, Schoen FJ, Jonas RA: Experimental comparison of albumin-

sealed and gelatin-sealed knitted Dacron conduits. Porosity control, han-
dling, sealant resorption, and healing. J Thorac Cardiovasc Surg 1992; 
103(6):1059-1067.

 15. Wheat MWJ, Wilson JR, Bartley TD: Successful replacement of the 
entire ascending aorta and aortic valve. JAMA 1964; 188:717.

 16. Bentall H, De Bono A: A technique for complete replacement of the 
ascending aorta. Thorax 1968; 23:338.

 17. Cabrol C, Pavie A, Gandjbakhch I, et al: Complete replacement of the 
ascending aorta with reimplantation of the coronary arteries: new surgi-
cal approach. J Thorac Cardiovasc Surg 1981; 81:309.

 18. Kouchoukos NT, Karp RB: Resection of ascending aortic aneu-
rysm and replacement of aortic valve. J Thorac Cardiovasc Surg 1981; 
81(1):142-143.

 19. Sutton JP 3rd, Ho SY, Anderson RH: The forgotten interleaflet triangles: 
a review of the surgical anatomy of the aortic valve. Ann Thorac Surg 
1995; 59(2):419-427.

 20. Hokken RB, Bartelings MM, Bogers AJ, Gittenberger-de Groot 
AC: Morphology of the pulmonary and aortic roots with regard to 
the pulmonary autograft procedure. J Thorac Cardiovasc Surg 1997; 
113(3):453-461.

 21. Maselli D, Montalto A, Santise G, Minardi G, Manzara C, Musumeci 
F: A normogram to anticipate dimension of neo-sinuses of valsalva in 
valve-sparing aortic operations. Eur J Cardiothorac Surg 2005; 27(5): 
831-835.

 22. Otani K, Takeuchi M, Kaku K, et al: Assessment of the aortic root 
using real-time 3D transesophageal echocardiography. Circ J 2010; 
74(12):2649-2657.

 23. Nejjar I, Pieraggi MT, Thiers JC, Bouissou H: Age-related changes 
in the elastic tissue of the human thoracic aorta. Atherosclerosis 1990; 
80(3):199-208.

 24. Greenwald SE. Ageing of the conduit arteries. J Pathol 2007; 
211(2):157-172.

100%

80%

60%

40%

20%

Fr
ee

do
m

 fr
om

 r
eo

pe
ra

tio
n

0%
20 4 6 8

Years after surgery
10 12 14 16

Group A
Group B

FIGURE 48-37 Freedom from reoperation (Kaplan-Meier) of 
patients with Marfan syndrome [Group A] versus those without fibril-
linopathic etiologies [Group B]. (Reproduced with permission from 
Detter C, Mair H, Klein HG, et al: Long-term prognosis of surgically-
treated aortic aneurysms and dissections in patients with and without 
Marfan syndrome, Eur J Cardiothorac Surg 1998; Apr;13(4):416-423.)

Cohn_ch48_p1037-1074.indd   1070 08/05/17   12:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 48 Ascending and Arch Aortic Aneurysms 1071

 25. Halloran BG, Davis VA, McManus BM, Lynch TG, Baxter BT: Local-
ization of aortic disease is associated with intrinsic differences in aortic 
structure. J Surg Res 1995; 59(1):17-22.

 26. Wilson WR, Anderton M, Choke EC, Dawson J, Loftus IM, Thompson 
MM: Elevated plasma MMP1 and MMP9 are associated with abdominal 
aortic aneurysm rupture. Eur J Vasc Endovasc Surg 2008; 35(5):580-584.

 27. Geng L, Wang W, Chen Y, et al: Elevation of ADAM10, ADAM17, 
MMP-2 and MMP-9 expression with media degeneration features 
CaCl2-induced thoracic aortic aneurysm in a rat model. Exp Mol Pathol 
2010; 89(1):72-81.

 28. Sheth RA, Maricevich M, Mahmood U: In vivo optical molecular imag-
ing of matrix metalloproteinase activity in abdominal aortic aneurysms 
correlates with treatment effects on growth rate. Atherosclerosis 2010; 
212(1):181-187.

 29. Jones JA, Ruddy JM, Bouges S, et al: Alterations in membrane type-1 
matrix metalloproteinase abundance after the induction of thoracic aor-
tic aneurysm in a murine model. Am J Physiol Heart Circ Physiol 2010; 
299(1):H114-124.

 30. Liu J, Sukhova GK, Yang JT, et al: Cathepsin L expression and regulation 
in human abdominal aortic aneurysm, atherosclerosis, and vascular cells. 
Atherosclerosis 2006; 184(2):302-311.

 31. Homme JL, Aubry MC, Edwards WD, et al: Surgical pathology of the 
ascending aorta: a clinicopathologic study of 513 cases. Am J Surg Pathol 
2006; 30(9):1159-1168.

 32. Cohen JR, Sarfati I, Wise L: The effect of cigarette smoking on rabbit 
aortic elastase activity. J Vasc Surg 1989; 9(4):580-582.

 33. Okamoto RJ, Xu H, Kouchoukos NT, Moon MR, Sundt TM 3rd: The 
influence of mechanical properties on wall stress and distensibility of 
the dilated ascending aorta. J Thorac Cardiovasc Surg 2003; 126(3): 
842-850.

 34. Grande KJ, Cochran RP, Reinhall PG, Kunzelman KS: Stress variations 
in the human aortic root and valve: the role of anatomic asymmetry. Ann 
Biomed Eng 1998; 26:534-545.

 35. Agozzino L, Ferraraccio F, Esposito S, et al: Medial degeneration does not 
involve uniformly the whole ascending aorta: morphological, biochemi-
cal and clinical correlations. Eur J Cardiothorac Surg 2002; 21:675-682.

 36. Judge DP, Dietz HC: Marfan’s syndrome. Lancet 2005; 366:1965-1976.
 37. Hollister DW, Godfrey M, Sakai LY, Pyeritz RE: Immunohistologic 

abnormalities of the microfibrillar-fiber system in the Marfan syndrome. 
N Engl J Med 1990; 323(3):152-159.

 38. Dietz HC, Cutting GR, Pyeritz RE, et al: Marfan syndrome caused by a 
recurrent de novo missense mutation in the fibrillin gene. Nature 1991; 
352(6333):337-339.

 39. Mizuguchi T, Collod-Beroud G, Akiyama T, et al: Heterozygous TGFBR2 
mutations in Marfan syndrome. Nat Genet 2004; 36(8):855-860.

 40. Marsalese DL, Moodie DS, Vacante M, et al: Marfan’s syndrome: natural 
history and long-term follow-up of cardiovascular involvement. J Am 
Coll Cardiol 1989; 14:422.

 41. Keane MG, Pyeritz RE: Medical management of Marfan syndrome. 
Circulation 2008; 117(21):2802-2813.

 42. Nagashima H, Sakomura Y, Aoka Y, et al: Angiotensin II type 2 
receptor mediates vascular smooth muscle cell apoptosis in cystic 
medial degeneration associated with Marfan’s syndrome. Circulation 
2001;104(12 Suppl 1):I282-I287.

 43. Habashi JP, Judge DP, Holm TM, et al: Losartan, an AT1 antagonist, 
prevents aortic aneurysm in a mouse model of Marfan syndrome. Science 
2006; 312(5770):117-121.

 44. Brooke BS, Habashi JP, Judge DP, Patel N, Loeys B, Dietz HC 3rd: 
Angiotensin II blockade and aortic-root dilation in Marfan’s syndrome. 
N Engl J Med 2008; 358(26):2787-2795.

 45. Loeys BL, Chen J, Neptune ER, et al: A syndrome of altered cardiovas-
cular, craniofacial, neurocognitive and skeletal development caused by 
mutations in TGFBR1 or TGFBR2. Nat Genet 2005; 37(3):275-281.

 46. Van Hemelrijk C, Renard M, Loeys B: The Loeys-Dietz syndrome: an 
update for the clinician. Curr Opin Cardiol 2010; 25(6):546-551.

 47. Maleszewski JJ, Miller DV, Lu J, Dietz HC, Halushka MK: Histopatho-
logic findings in ascending aortas from individuals with Loeys-Dietz syn-
drome (LDS). Am J Surg Pathol 2009; 33(2):194-201.

 48. Shields LB, Rolf CM, Davis GJ, Hunsaker JC 3rd: Sudden and unex-
pected death in three cases of Ehlers-Danlos syndrome type IV. J Forensic 
Sci 2010; 55(6):1641-1645.

 49. Guo DL, Papke CL, Tran-Fadulu V, et al: Mutations in smooth mus-
cle alpha-actin (ACTA2) cause coronary artery disease, stroke, and 

Moyamoya disease, along with thoracic aortic disease. Am J Hum Genet 
2009; 84(5):617-627.

 50. van de Laar IM, Oldenburg RA, Pals G, et al: Mutations in SMAD3 
cause a syndromic form of aortic aneurysms and dissections with early-
onset osteoarthritis. Nat Genet 2011; 43(2):121-126.

 51. Milewicz DM, Carlson AA, Regalado ES: Genetic testing in aortic aneu-
rysm disease: PRO. Cardiol Clin 2010; 28(2):191-197.

 52. Kontusaari S, Tromp G, Kuivaniemi H, Romanic AM, Prockop DJ: A 
mutation in the gene for type III procollagen (COL3A1) in a family with 
aortic aneurysms. J Clin Invest 1990; 86(5):1465-1473.

 53. Keramati AR, Sadeghpour A, Farahani MM, Chandok G, Mani A: The 
non-syndromic familial thoracic aortic aneurysms and dissections maps 
to 15q21 locus. BMC Med Genet 2010; 11:143.

 54. Wang L, Guo DC, Cao J, et al: Mutations in myosin light chain kinase 
cause familial aortic dissections. Am J Hum Genet 2010; 87(5):701-707.

 55. Pannu H, Fadulu VT, Chang J, et al: Mutations in transforming growth 
factor-beta receptor type II cause familial thoracic aortic aneurysms and 
dissections. Circulation 2005; 112(4):513-520.

 56. Lee JH, Burner KD, Fealey ME, et al: Prosthetic valve endocarditis: clin-
icopathological correlates in 122 surgical specimens from 116 patients 
(1985-2004). Cardiovasc Pathol 2011; 20(1):26-35.

 57. Feigl D, Feigl A, Edwards JE: Mycotic aneurysms of the aortic root: a 
pathologic study of 20 cases. Chest 1986; 90:553.

 58. Tavora F, Burke A: Review of isolated ascending aortitis: differential diag-
nosis, including syphilitic, Takayasu’s and giant cell aortitis. Pathology 
2006; 38(4):302-308.

 59. Kuniyoshi Y, Koja K, Miyagi K, et al: A ruptured syphilitic descend-
ing thoracic aortic aneurysm. The characteristic findings on computed 
tomography for the etiological diagnosis of aneurysm. Ann Thorac Car-
diovasc Surg 1998; 4(2):99-102.

 60. Tavora F, Burke A: Review of isolated ascending aortitis: differential diag-
nosis, including syphilitic, Takayasu’s and giant cell aortitis. Pathology 
2006; 38(4):302-308.

 61. Matsumura K, Hirano T, Takeda K, et al: Incidence of aneurysms in 
Takayasu’s arteritis. Angiology 1991; 42(4):308-315.

 62. Austen WB, Blennerhasset JB: Giant cell aortitis causing an aneurysm of 
the ascending aorta and aortic regurgitation. N Engl J Med 1964; 272:80.

 63. Warnes CA: Sex differences in congenital heart disease: should a woman 
be more like a man? Circulation 2008; 118(1):3-5.

 64. Huntington K, Hunter AG, Chan KL: A prospective study to assess the 
frequency of familial clustering of congenital bicuspid aortic valve. J Am 
Coll Cardiol 1997; 30(7):1809-1812.

 65. Lewin MB, Otto CM: The bicuspid aortic valve: adverse outcomes from 
infancy to old age. Circulation 2005; 111(7):832-834.

 66. Guntheroth WG, Spiers PS: Does aortic root dilatation with bicuspid 
aortic valves occur as a primary tissue abnormality or as a relatively 
benign poststenotic phenomenon? Am J Cardiol 2005; 95(6):820.

 67. Jain R, Engleka KA, Rentschler SL, et al: Cardiac neural crest orches-
trates remodeling and functional maturation of mouse semilunar valves. 
J Clin Invest 2010 Dec 13; pii: 44244. doi: 10.1172/JCI44244.

 68. Nataatmadja M, West M, West J, et al: Abnormal extracellular matrix 
protein transport associated with increased apoptosis of vascular smooth 
muscle cells in Marfan syndrome and bicuspid aortic valve thoracic aor-
tic aneurysm. Circulation 2003; 108(Suppl 1):II329-334.

 69. LeMaire SA, Wang X, Wilks JA, et al: Matrix metalloproteinases in 
ascending aortic aneurysms: bicuspid versus trileaflet aortic valves. J Surg 
Res 2005; 123(1):40-48.

 70. Fedak PW, de Sa MP, Verma S, et al: Vascular matrix remodeling in 
patients with bicuspid aortic valve malformations: implications for aortic 
dilatation. J Thorac Cardiovasc Surg 2003; 126(3):797-806.

 71. Matthias Bechtel JF, Noack F, Sayk F, et al: Histopathological grading of 
ascending aortic aneurysm: comparison of patients with bicuspid versus 
tricuspid aortic valve. J Heart Valve Dis 2003; 12(1):54-59; discussion 
59-61.

 72. Bonderman D, Gharehbaghi-Schnell E, Wollenek G, Maurer G, 
Baumgartner H, Lang IM: Mechanisms underlying aortic dilata-
tion in congenital aortic valve malformation. Circulation 1999; 
99(16):2138-2143.

 73. Fazel SS, Mallidi HR, Lee RS, et al: The aortopathy of bicuspid aortic 
valve disease has distinctive patterns and usually involves the transverse 
aortic arch. J Thorac Cardiovasc Surg 2008; 135(4):901-907.

 74. Feldman DN, Roman MJ: Aneurysms of the sinuses of Valsalva. Cardiol-
ogy 2006; 106(2):73-81.

Cohn_ch48_p1037-1074.indd   1071 08/05/17   12:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1072 Part VII Surgery of the Great Vessels

 75. Goldberg N, Krasnow N: Sinus of Valsalva aneurysms. Clin Cardiol 
1990; 13(12):831-836.

 76. Brandt J, Jögi P, Lμhrs C: Sinus of Valsalva aneurysm obstructing coro-
nary arterial flow: case report and collective review of the literature. Eur 
Heart J 1985; 6(12):1069-1073.

 77. Collins JS, Evangelista A, Nienaber CA, et al: International Registry 
of Acute Aortic Dissection (IRAD). Differences in clinical presenta-
tion, management, and outcomes of acute type A aortic dissection in 
patients with and without previous cardiac surgery. Circulation 2004; 
110(11 Suppl 1):II237-242.

 78. Crawford ES, Svensson LG, Coselli JS, et al: Surgical treatment of aneu-
rysm and/or dissection of the ascending aorta, transverse aortic arch, and 
ascending aorta and transverse aortic arch: factors influencing survival in 
717 patients. J Thorac Cardiovasc Surg 1989; 98:659.

 79. Guthaner DF: The plain chest film in assessing aneurysms and dissect-
ing hematomas of the thoracic aorta, in Taveras JN, Ferrucci JT (eds): 
Radiology: Diagnosis-Imaging-Intervention. Philadelphia, JB Lippincott, 
1994.

 80. Wiet SP, Pearce WH, McCarthy WJ, Joob AW, Yao JS, McPherson DD: 
Utility of transesophageal echocardiography in the diagnosis of disease of 
the thoracic aorta. J Vasc Surg 1994; 20(4):613-620.

 81. Penco M, Paparoni S, Dagianti A, et al: Usefulness of transesophageal 
echocardiography in the assessment of aortic dissection. Am J Cardiol 
2000; 86(4A):53G-56G.

 82. Bossone E, Evangelista A, Isselbacher E, et al: International Registry of 
Acute Aortic Dissection Investigators: Prognostic role of transesophageal 
echocardiography in acute type A aortic dissection. Am Heart J 2007; 
153(6):1013-1020.

 83. Konstadt SN, Reich DL, Quintana C, Levy M: The ascending aorta: 
how much does transesophageal echocardiography see? Anesth Analg 
1994; 78:240.

 84. Chung JH, Ghoshhajra BB, Rojas CA, Dave BR, Abbara S: CT 
angiography of the thoracic aorta. Radiol Clin North Am 2010; 
48(2):249-264, vii.

 85. Chartrand-Lefebvre C, Cadrin-Chênevert A, Bordeleau E, et al: Cor-
onary computed tomography angiography: overview of technical 
aspects, current concepts, and perspectives. Can Assoc Radiol J 2007; 
58(2):92-108.

 86. Bonnichsen CR, Sundt Iii TM, Anavekar NS, et al: Aneurysms of the 
ascending aorta and arch: the role of imaging in diagnosis and surgical 
management. Expert Rev Cardiovasc Ther 2011; 9(1):45-61.

 87. Hagan PG, Nienaber CA, Isselbacher EM, et al: The International Regis-
try of Acute Aortic Dissection (IRAD): new insights into an old disease. 
JAMA 2000; 283(7):897-903.

 88. Bickerstaff LK, Pairolero PC, Hollier LH, et al: Thoracic aortic aneu-
rysms: a population-based study. Surgery 1982; 92(6):1103-1108.

 89. Coady MA, Rizzo JA, Hammond GL, et al: What is the appropriate size 
criterion for resection of thoracic aortic aneurysms? J Thorac Cardiovasc 
Surg 1997; 113:476.

 90. Masuda Y, Takanashi K, Takasu J, et al: Expansion rate of thoracic aortic 
aneurysms and influencing factors. Chest 1992; 102:461.

 91. Hirose Y, Hamada S, Takamiya M, et al: Aortic aneurysms: growth rates 
measured with CT. Radiology 1992; 185:249.

 92. Gott VL, Greene PS, Alejo DE, et al: Replacement of the aortic root in 
patients with Marfan’s syndrome. N Engl J Med 1999; 340:1307.

 93. Murdoch JL, Walker BA, Halpern BL, Kuzma JW, McKusick VA: Life 
expectancy and causes of death in the Marfan syndrome. N Engl J Med 
1972; 286(15):804-808.

 94. Marsalese DL, Moodie DS, Vacante M, et al: Marfan’s syndrome: natural 
history and long-term follow-up of cardiovascular involvement. J Am 
Coll Cardiol 1989; 14:422.

 95. Pape LA, Tsai TT, Isselbacher EM, et al: International Registry of Acute 
Aortic Dissection (IRAD) Investigators: Aortic diameter > or = 5.5 cm 
is not a good predictor of type A aortic dissection: observations from the 
International Registry of Acute Aortic Dissection (IRAD). Circulation 
2007; 116(10):1120-1127.

 96. Palmer RF, Wheat Jr MW: Treatment of dissecting aneurysms of the 
aorta. Ann Thorac Surg 1967; 4:38-52.

 97. Wheat Jr M, Palmer RF, Barley TD, et al: Treatment of dissecting aneurysms 
of the aorta without surgery. J Thorac Cardiovasc Surg 1965; 50:364-373.

 98. Simpson CF, Boucek RJ: The B-aminopropionitrile fed turkey: a model 
for detecting potential drug action on arterial tissue, Cardiovasc Res 
1983; 17(1):26-32.

 99. Shores J, Berger KR, Murphy EA, et al: Progression of aortic dilatation 
and the benefit of long-term beta-adrenergic blockade in Marfan’s syn-
drome. N Engl J Med 1994; 330(19):1335-1341.

 100. Patel HJ, Deeb GM: Ascending and arch aorta: pathology, natural his-
tory and treatment. Circulation 2008; 118:188-195.

 101. Dapunt OE, Galla JD, Sadeghi AM, et al: The natural history of thoracic 
aortic aneurysms. J Thorac Cardiovasc Surg 1994; 107(5):1323-1332.

 102. Davies RR, Gallo A, Coady MA, et al: Novel measurement of relative 
aortic size predicts rupture of thoracic aortic aneurysms. Ann Thorac 
Surg 2006; 81(1):169-177. Erratum in: Ann Thorac Surg 2007 Dec; 
84(6):2139.

 103. Ergin MA, Spielvogel D, Apaydin A, et al: Surgical treatment of the 
dilated ascending aorta: when and how? Ann Thorac Surg 1999; 67:1834.

 104. Baumgartner WA, Cameron DE, Redmond JM, et al: Operative man-
agement of Marfan syndrome: the Johns Hopkins experience. Ann Tho-
rac Surg 1999; 67:1859.

 105. Hiratzka LF, Bakris GL, Beckman JA, Bersin RM, Carr VF, Casey Jr 
DE: American College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines, American Association 
for Thoracic Surgery, American College of Radiology, American Stroke 
Association, Society of Cardiovascular Anesthesiologists, Society for Car-
diovascular Angiography and Interventions, Society of Interventional 
Radiology, Society of Thoracic Surgeons, Society for Vascular Medicine, 
et al: 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM 
guidelines for the diagnosis and management of patients with Thoracic 
Aortic Disease: a report of the American College of Cardiology Foun-
dation/American Heart Association Task Force on Practice Guidelines, 
American Association for Thoracic Surgery, American College of Radiol-
ogy, American Stroke Association, Society of Cardiovascular Anesthe-
siologists, Society for Cardiovascular Angiography and Interventions, 
Society of Interventional Radiology, Society of Thoracic Surgeons, and 
Society for Vascular Medicine. Circulation 2010; 121(13):266-369.

 106. Nishimura RA, Otto CM, Bonow RO, et al: 2014 AHA/ACC guideline 
for the management of patients with valvular heart disease: a report of the 
American College of Cardiology/American Heart Association Task Force 
on Practice Guidelines. J Thorac Cardiovasc Surg 2014; 148(1):1-132.

 107. Svensson LG, Adams DH, Bonow RO, et al: Aortic valve and ascending 
aorta guideline for management and quality measures: executive sum-
mary. Ann Thorac Surg 2013; 95(4):1491-1505.

 108. Borger MA, Preston M, Ivanov J, et al: Should the ascending aorta be 
replaced more frequently in patients with bicuspid aortic valve disease? J 
Thorac Cardiovasc Surg 2004; 128(5):677-683.

 109. Prenger K, Pieters F, Cheriex E: Aortic dissection after aortic valve 
replacement: incidence and consequences for strategy. J Card Surg 1994; 
9(5):495-498; discussion 498-499.

 110. Crawford ES, Svensson LG, Coselli JS, Safi HJ, Hess KR: Surgical 
treatment of aneurysm and/or dissection of the ascending aorta, trans-
verse aortic arch, and ascending aorta and transverse aortic arch: factors 
influencing survival in 717 patients. J Thorac Cardiovasc Surg 1989; 
98:659.

 111. Berens ES, Kouchoukos NT, Murphy SF, et al: Preoperative carotid 
artery screening in elderly patients undergoing cardiac surgery. J Vasc 
Surg 1992; 15:313.

 112. O’Blenes SB, Feindel CM: Aortic root replacement with anomalous ori-
gin of the coronary arteries. Ann Thorac Surg 2002; 73(2):647-649.

 113. Murkin JM: NIRS: a standard of care for CPB vs. an evolving stan-
dard for selective cerebral perfusion? J Extra Corpor Technol 2009; 
41(1):P11-114.

 114. Appoo JJ, Augoustides JG, Pochettino A, et al: Improving Clinical Out-
comes through Clinical Research Investigators: Perioperative outcome 
in adults undergoing elective deep hypothermic circulatory arrest with 
retrograde cerebral perfusion in proximal aortic arch repair: evaluation of 
protocol-based care. J Cardiothorac Vasc Anesth 2006; 20(1):3-7.

 115. Borst HG, Schaudig A, Rudolph W: Arteriovenous fistula of the aortic 
arch: repair during deep hypothermia and circulatory arrest. J Thorac 
Cardiovasc Surg 1964; 48:443-447.

 116. Barratt-Boyes BG, Simpson M, Neutze JM: Intracardiac surgery in neo-
nates and infants using deep hypothermia with surface cooling and lim-
ited cardiopulmonary bypass. Circulation 1971; 43:I25-30.

 117. Griepp RB, Stinson EB, Hollingsworth JF, Buehler D: Prosthetic replace-
ment of the aortic arch. J Thorac Cardiovasc Surg 1975; 70:1051-1063.

 118. Michenfelder JD, Theye RA: Hypothermia: effect on canine brain and 
whole-body metabolism. Anesthesiology 1968; 29:1107-1112.

Cohn_ch48_p1037-1074.indd   1072 08/05/17   12:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 48 Ascending and Arch Aortic Aneurysms 1073

 119. Michenfelder JD, Milde JH: The relationship among canine brain tem-
perature, metabolism, and function during hypothermia. Anesthesiology 
1991; 75:130-136.[PubMed: 2064037]

 120. Mault JR, Ohtake S, Klingensmith ME, et al: Cerebral metabolism and 
circulatory arrest: effects of duration and strategies for protection. Ann 
Thorac Surg 1993; 55:57-63; discussion 4.

 121. Svensson L, Crawford E, Hess K, et al: Deep hypothermia with circula-
tory arrest. Determinants of stroke and early mortality in 656 patients. J 
Thorac Cardiovasc Surg 1993; 106:19-28.

 122. Ergin MA, Galla JD, Lansman SL, et al: Hypothermic circulatory arrest 
in operations on the thoracic aorta. Determinants of operative mortality 
and neurologic outcome. J Thorac Cardiovasc Surg 1994; 107:788-799.

 123. Hagl C, Ergin MA, Galla JD, et al: Neurologic outcome after ascending 
aorta-aortic arch operations: effect of brain protection technique in high-
risk patients. J Thorac Cardiovasc Surg 2001; 121:1107-1121.

 124. Reich DL, Uysal S, Sliwinski M, et al: Neuropsychologic outcome after 
deep hypothermic circulatory arrest in adults. J Thorac Cardiovasc Surg 
1999; 117:156-163.

 125. Ergin MA, Uysal S, Reich DL, et al: Temporary neurological dysfunc-
tion after deep hypothermic circulatory arrest: a clinical marker of long-
term functional deficit. Ann Thorac Surg 1999; 67:1887-1890; discussion 
91-94.

 126. McCullough JN, Zhang N, Reich DL, et al: Cerebral metabolic suppres-
sion during hypothermic circulatory arrest in humans. Ann Thorac Surg 
1999; 67:1895-1899; discussion 919-921.

 127. Cheung AT, Bavaria JE, Pochettino A, Weiss SJ, Barclay DK, Stecker 
MM: Oxygen delivery during retrograde cerebral perfusion in humans. 
Anesth Analg 1999; 88(1):8-15.

 128. Stecker MM, Cheung AT, Pochettino A, Kent GP, Patterson T, Weiss 
SJ, Bavaria JE: Deep hypothermic circulatory arrest: I. Effects of cooling 
on electroencephalogram and evoked potentials. Ann Thorac Surg 2001; 
71(1):14-21.

 129. Mezrow CK, Midulla PS, Sadeghi AM, et al: Quantitative electroen-
cephalography: a method to assess cerebral injury after hypothermic cir-
culatory arrest. J Thorac Cardiovasc Surg 1995; 109:925-934.

 130. Midulla PS, Gandsas A, Sadeghi AM, et al: Comparison of retrograde 
cerebral perfusion to antegrade cerebral perfusion and hypothermic circu-
latory arrest in a chronic porcine model. J Cardiac Surg 1994; 9:560-574; 
discussion 75.

 131. Mezrow CK, Gandsas A, Sadeghi AM, et al: Metabolic correlates of 
neurologic and behavioral injury after prolonged hypothermic circu-
latory arrest. J Thorac Cardiovasc Surg 1995; 109:959-975.[PubMed: 
7739258].

 132. Frist W, Baldwin JC, Starnes VA, et al: A reconsideration of cerebral per-
fusion in aortic arch replacement. Ann Thorac Surg 1986; 42: 273-281.

 133. Bachet J, Guilmet D, Goudot B, et al: Cold cerebroplegia. A new tech-
nique of cerebral protection during operations on the transverse aortic 
arch. J Thorac Cardiovasc Surg 1991; 102:85-93; discussion 4.

 134. Kazui T, Washiyama N, Muhammad BA, et al: Total arch replacement 
using aortic arch branched grafts with the aid of antegrade selective cere-
bral perfusion. Ann Thorac Surg 2000; 70:3-8; discussion 9.

 135. Di Eusanio M, Schepens MA, Morshuis WJ, et al: Brain protection using 
antegrade selective cerebral perfusion: a multicenter study. Ann Thorac 
Surg 2003; 76:1181-1189.

 136. Sabik JF, Nemeh H, Lytle BW, et al: Cannulation of the axillary artery 
with a side graft reduces morbidity. Ann Thorac Surg 2004; 77:1315.

 137. Kazui T: Which is more appropriate as a cerebral protection method-
unilateral or bilateral perfusion? Eur J Cardiothorac Surg 2006; 
29(6):1039-1040.

 138. Donaldson RM, Ross DN: Composite graft replacement for the treat-
ment of aneurysms of the ascending aorta associated with aortic valvular 
disease. Circulation 1982; 66(2 Pt 2):I116-121.

 139. Volguina IV, Miller DC, LeMaire SA, et al: Aortic Valve Operative 
Outcomes in Marfan Patients study group: Valve-sparing and valve-
replacing techniques for aortic root replacement in patients with Mar-
fan syndrome: analysis of early outcome. J Thorac Cardiovasc Surg 2009; 
137(5):1124-1132.

 140. David TE, Feindel CM, Armstrong S, Maganti M: Replacement of the 
ascending aorta with reduction of the diameter of the sinotubular junc-
tion to treat aortic insufficiency in patients with ascending aortic aneu-
rysm. J Thorac Cardiovasc Surg 2007; 133(2):414-418.

 141. Burman ED, Keegan J, Kilner PJ: Aortic root measurement by car-
diovascular magnetic resonance: specification of planes and lines of 

measurement and corresponding normal values. Circ Cardiovasc Imaging 
2008; 1(2):104-113.

 142. Kapetanakis EI, Maccarthy P, Monaghan M, Wendler O: Trans-apical 
aortic valve implantation in a patient with stentless valve degeneration. 
Eur J Cardiothorac Surg 2010; 39:1051-1053.

 143. de Sa M, Moshkovitz Y, Butany J, David TE: Histologic abnormalities 
of the ascending aorta and pulmonary trunk in patients with bicuspid 
aortic valve disease: clinical relevance to the ross procedure. J Thorac Car-
diovasc Surg 1999; 118(4):588-594.

 144. Westaby S, Saito S, Anastasiadis K, Moorjani N, Jin XY: Aortic root 
remodeling in atheromatous aneurysms: the role of selected sinus repair. 
Eur J Cardiothorac Surg 2002; 21(3):459-464.

 145. David TE, Feindel CM: An aortic valve-sparing operation for patients 
with aortic incompetence and aneurysm of the ascending aorta. J Thorac 
Cardiovasc Surg 1992; 103(4):617-621.

 146. Szeto WY, Moser WG, Desai ND, et al: Transapical deployment of endo-
vascular thoracic aortic stent graft for an ascending aortic pseudoaneu-
rysm. Ann Thorac Surg 2010; 89(2):616-618.

 147. Roselli EE, Idrees J, Greenberg RK, Johnston DR, Lytle BW: Endovascu-
lar stent grafting for ascending aorta repair in high-risk patients. J Thorac 
Cardiovasc Surg 2015; 149(1):144-151.

 148. Spielvogel D, Strauch JT, Minanov OP, Lansman SL, Griepp RB: Aortic 
arch replacement using trifurcated graft and selective cerebral antegrade 
perfusion. Ann Thorac Surg 2002; 74(5):1810-1814.

 149. Borst HG, Walterbusch G, Schaps D: Extensive aortic replacement using 
“elephant trunk” prosthesis. Thorac Cardiovasc Surg 1983; 31:37-40.

 150. Kuki S, Taniguchi K, Masai T, Endo S: A novel modification of ele-
phant trunk technique using a single four-branched arch graft for 
extensive thoracic aortic aneurysm. Eur J Cardiothorac Surg 2000; 
18:246-248.

 151. Ius F, Hagl C, Haverich A, Pichlmaier M: Elephant trunk procedure 27 
years after Borst: what remains and what is new? Eur J Cardiothorac Surg 
2011; 40(1):1-11.

 152. Toda K, Taniguchi K, Masai T, Takahashi T, Kuki S, Sawa Y: Arch 
aneurysm repair with long elephant trunk: a 10-year experience in 111 
patients. Ann Thorac Surg 2009; 88:16-22.

 153. Etz C, Plestis KA, Kari FA, et al: Staged repair of thoracic and thora-
coabdominal aortic aneurysms using the elephant trunk technique: a 
consecutive series of 215 first stage and 120 complete repairs. Eur J Car-
diothorac Surg 2008; 34:605-615.

 154. Kouchoukos NT, Mauney MC, Masetti P, Castner CF: Single-stage 
repair of extensive thoracic aortic aneurysms: experience with the arch-
first technique and bilateral anterior thoracotomy. J Thorac Cardiovasc 
Surg 2004; 128:669-676.

 155. Milewski RK, Szeto WY, Pochettino A, et al: Have hybrid procedures 
replaced open aortic arch reconstruction in high-risk patients? A com-
parative study of elective open arch debranching with endovascular stent 
graft placement and conventional elective open total and distal aortic 
arch reconstruction. J Thorac Cardiovasc Surg 2010; 140:590-597.

 156. Szeto WY, Bavaria JE, Bowen FW, et al: The hybrid total arch repair: 
brachiocephalic bypass and concomitant endovascular aortic arch stent 
graft placement. J Card Surg 2007; 22:97-102; discussion 103-104.

 157. Cao P, De Rango P, Czerny M, et al: Systematic review of clinical out-
comes in hybrid procedures for aortic arch dissections and other arch 
diseases. J Thorac Cardiovasc Surg 2012; 144:1286-1300.

 158. Moulakakis KG, Mylonas SN, Dalainas I, et al: The chimney-graft tech-
nique for preserving supra-aortic branches: a review. Ann Cardiothorac 
Surg 2013; 2:339-346.

 159. Haulon S, Greenberg RK, Spear R, et al: Global experience with 
an inner branched arch endograft. J Thorac Cardiovasc Surg 2014; 
148(4):1709-1716.

 160. O’Callaghan A, Mastracci TM, Greenberg RK, Eagleton MJ, Bena J, 
Kuramochi Y. Outcomes for supra-aortic branch vessel stenting in the 
treatment of thoracic aortic disease. J Vasc Surg 2014; 60:914-920.

 161. Byers PH: Disorders of collagen biosynthesis and structure, in Schriver 
CR, Beaudet AL, Sly WS, Valle D (eds): The Metabolic Basis of Inherited 
Diseases. New York, McGraw-Hill, 1995; p 4029.

 162. Gillinov AM, Hulyalkar A, Cameron DE, et al: Mitral valve operation 
in patients with the Marfan syndrome. J Thorac Cardiovasc Surg 1994; 
107:724.

 163. Gill M, Dunning J: Is reduction aortoplasty (with or without external 
wrap) an acceptable alternative to replacement of the dilated ascending 
aorta? Interact Cardiovasc Thorac Surg 2009; 9(4):693-697.

Cohn_ch48_p1037-1074.indd   1073 08/05/17   12:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1074 Part VII Surgery of the Great Vessels

 164. Bauer M, Pasic M, Schaffarzyk R, et al: Reduction aortoplasty for dilata-
tion of the ascending aorta in patients with bicuspid aortic valve. Ann 
Thorac Surg 2002; 73:720-724.

 165. Barnett M, Fiore A, Vaca K, Milligan T, Barner H: Tailoring aortoplasty 
for repair of fusiform ascending aortic aneurysm. Ann Thorac Surg 1995; 
59:497-501.

 166. Neri E, Massetti M, Tanganelli P, et al: Is it only a mechanical matter? 
Histologic modifications of the aorta underlying external banding. J Tho-
rac Cardiovasc Surg 1999; 118(6):1116.

 167. Cohen O, Odim J, De la Zerda D, et al: Long-term experience of gir-
dling the ascending aorta with Dacron mesh as definitive treatment for 
aneurysmal dilation. Ann Thorac Surg 2007; 83(2):S780-784.

 168. Ohata T, Sakakibara T, Takano H, Ishizaka T: Total arch replacement 
for thoracic aortic aneurysm via median sternotomy with or without left 
anterolateral thoracotomy. Ann Thorac Surg 2003; 75:1792-1796.

 169. Borger MA, Rao V, Weisel RD, et al: Reoperative coronary bypass sur-
gery: effect of patent grafts and retrograde cardioplegia. J Thorac Cardio-
vasc Surg 2001; 121(1):83-90.

 170. Thiene G, Valente M: Achilles’ heel of stentless porcine valves. Cardiovasc 
Pathol 2007; 16(5):257.

 171. Zangrillo A, Mizzi A, Biondi-Zoccai G, et al: Recombinant activated 
factor VII in cardiac surgery: a meta-analysis. J Cardiothorac Vasc Anesth 
2009; 23(1):34-40.

 172. Jault F, Nataf P, Rama A, et al: Chronic disease of the ascending aorta: 
surgical treatment and long-term results. J Thorac Cardiovasc Surg 1994; 
108:747.

 173. Lewis CT, Cooley DA, Murphy MC, et al: Surgical repair of aortic root 
aneurysms in 280 patients. Ann Thorac Surg 1992; 53:38.

 174. Milewski RK, Pacini D, Moser GW, et al: Retrograde and antegrade 
cerebral perfusion: results in short elective arch reconstructive times. Ann 
Thorac Surg 2010; 89(5):1448-1457.

 175. Svensson LG: Brain protection. J Card Surg 1997; 12:326.
 176. Royse AG, Royse CF: Epiaortic ultrasound assessment of the aorta in 

cardiac surgery. Best Pract Res Clin Anaesthesiol 2009; 23(3):335-341.
 177. Kouchoukos NT: Adjuncts to reduce the incidence of embolic brain 

injury during operations on the aortic arch. Ann Thorac Surg 1994; 
57:243.

 178. Asimakopoulos G, Smith PL, Ratnatunga CP, Taylor KM: Lung injury 
and acute respiratory distress syndrome after cardiopulmonary bypass. 
Ann Thorac Surg 1999; 68:1107.

 179. Milot J, Perron J, Lacasse Y, Létourneau L, Cartier PC, Maltais F: 
Incidence and predictors of ARDS after cardiac surgery. Chest 2001; 
119(3):884-888.

 180. Kaul TK, Fields BL, Riggins LS, Wyatt DA, Jones CR, Nagle D: Adult 
respiratory distress syndrome following cardiopulmonary bypass: inci-
dence, prophylaxis and management. J Cardiovasc Surg (Torino). 1998; 
39(6):777-781.

 181. Nieman G, Searles B, Carney D, et al: Systemic inflammation induced 
by cardiopulmonary bypass: a review of pathogenesis and treatment. J 
Extra Corpor Technol 1999; 31(4):202-210.

 182. Redmond JM, Gillinov AM, Stuart RS, et al: Heparin-coated bypass cir-
cuits reduce pulmonary injury. Ann Thorac Surg 1993; 56:474.

 183. Kouchoukos NT, Wareing TH, Murphy SF, Perrillo JB: Sixteen-year 
experience with aortic root replacement: results of 172 operations. Ann 
Surg 1991; 214:308.

 184. Schachner T, Vertacnik K, Nagiller J, Laufer G, Bonatti J: Factors associ-
ated with mortality and long time survival in patients undergoing modi-
fied Bentall operations. J Cardiovasc Surg (Torino) 2005; 46(5):449-455.

 185. Okita Y, Ando M, Minatoya K, et al: Early and long-term results of 
surgery for aneurysms of the thoracic aorta in septuagenarians and octo-
genarians. Eur J Cardiothorac Surg 1999; 16:317.

 186. Fleck TM, Koinig H, Czerny M, et al: Impact of surgical era on out-
comes of patients undergoing elective atherosclerotic ascending aortic 
aneurysm operations. Eur J Cardiothorac Surg 2004; 26:342.

 187. Gott VL, Gillinov AM, Pyeritz RE, et al: Aortic root replacement: risk 
factor analysis of a seventeen-year experience with 270 patients. J Thorac 
Cardiovasc Surg 1995; 109:536.

 188. Cohn LH, Rizzo RJ, Adams DH, et al: Reduced mortality and morbidity 
for ascending aortic aneurysm resection regardless of cause. Ann Thorac 
Surg 1996; 62:463.

 189. Mingke D, Dresler C, Stone CD, Borst HG: Composite graft replace-
ment of the aortic root in 335 patients with aneurysm or dissection. 
Thorac Cardiovasc Surg 1998; 46:12.

 190. Estrera AL, Miller CC 3rd, Huynh TT, et al: Replacement of the ascend-
ing and transverse aortic arch: determinants of long-term survival. Ann 
Thorac Surg 2002; 74:1058.

 191. Ergin MA, Spielvogel D, Apaydin A, et al: Surgical treatment of the 
dilated ascending aorta: when and how? Ann Thorac Surg 1999; 67:1834.

 192. Gott VL, Gillinov AM, Pyeritz RE, et al: Aortic root replacement: risk 
factor analysis of a seventeen-year experience with 270 patients. J Thorac 
Cardiovasc Surg 1995; 109:536.

 193. Taniguchi K, Nakano S, Matsuda H, et al: Long-term survival and com-
plications after composite graft replacement for ascending aortic aneu-
rysm associated with aortic regurgitation. Circulation 1991; 84:III3.

 194. Lewis CT, Cooley DA, Murphy MC, et al: Surgical repair of aortic root 
aneurysms in 280 patients. Ann Thorac Surg 1992; 53:38.

 195. Raudkivi PJ, Williams JD, Monro JL, Ross JK: Surgical treatment of 
the ascending aorta: fourteen years’ experience with 83 patients. J Thorac 
Cardiovasc Surg 1989; 98:675.

 196. Jault F, Nataf P, Rama A, et al: Chronic disease of the ascending aorta: 
surgical treatment and long-term results. J Thorac Cardiovasc Surg 1994; 
108:747.

 197. Bhan A, Choudhary SK, Saikia M, et al: Surgical experience with dissect-
ing and nondissecting aneurysms of the ascending aorta. Indian Heart J 
2001; 53:319.

 198. Crawford ES, Svensson LG, Coselli JS, et al: Surgical treatment of aneu-
rysm and/or dissection of the ascending aorta, transverse aortic arch, and 
ascending aorta and transverse aortic arch: factors influencing survival in 
717 patients. J Thorac Cardiovasc Surg 1989; 98:659.

 199. Silva J, Maroto LC, Carnero M, et al: Ascending aorta and aortic root 
reoperations: are outcomes worse than first time surgery? Ann Thorac 
Surg 2010; 90(2):555-560.

 200. Szeto WY, Bavaria JE, Bowen FW, et al: Reoperative aortic root replace-
ment in patients with previous aortic surgery. Ann Thorac Surg 2007; 
84(5):1592-1598; discussion 1598-1599.

 201. Detter C, Mair H, Klein HG, et al: Long-term prognosis of surgically-
treated aortic aneurysms and dissections in patients with and without 
Marfan syndrome. Eur J Cardiothorac Surg 1998; 13:416.

 202. Sioris T, David TE, Ivanov J, Armstrong S, Feindel CM: Clinical out-
comes after separate and composite replacement of the aortic valve and 
ascending aorta. J Thorac Cardiovasc Surg 2004; 128(2):260-265.

 203. Ng SK, O’Brien MF, Harrocks S, McLachlan GJ: Influence of patient 
age and implantation technique on the probability of re-replacement of 
the homograft aortic valve. J Heart Valve Dis 2002; 11(2):217-223.

 204. Luciani GB, Casali G, Faggian G, Mazzucco A: Predicting outcome after 
reoperative procedures on the aortic root and ascending aorta. Eur J Car-
diothorac Surg 2000; 17:602.

 205. Kouchoukos NT, Wareing TH, Murphy SF, Perrillo JB: Sixteen-year 
experience with aortic root replacement: results of 172 operations. Ann 
Surg 1991; 214:308.

 206. Svensson LG, Blackstone EH, Feng J, et al: Are Marfan syndrome and 
marfanoid patients distinguishable on long-term follow-up? Ann Thorac 
Surg 2007; 83(3):1067-1074.

 207. Gott VL, Greene PS, Alejo DE, et al: Replacement of the aortic root in 
patients with Marfan’s syndrome. N Engl J Med 1999; 340:1307.

 208. Lytle BW, Sabik JF, Blackstone EH, Svensson LG, Pettersson GB,  
Cosgrove DM 3rd: Reoperative cryopreserved root and ascending aorta 
replacement for acute aortic prosthetic valve endocarditis. Ann Thorac 
Surg 2002; 74(5):S1754-1757; S1792-9.

 209. Coselli JS, Crawford ES, Williams TW Jr, et al: Treatment of postopera-
tive infection of ascending aorta and transverse aortic arch, including 
use of viable omentum and muscle flaps. Ann Thorac Surg 1990; 50:868.

 210. Nakajima N, Masuda M, Ichinose M, Ando M: A new method for the 
treatment of graft infection in the thoracic aorta: in situ preservation. 
Ann Thorac Surg 1999; 67:1994.

 211. Coselli JS, Koksoy C, LeMaire SA: Management of thoracic aortic graft 
infections. Ann Thorac Surg 1999; 67:1990.

 212. Keown PP, Miller DC, Jamieson SW, et al: Diagnosis of arterial pros-
thetic graft infection by indium-111 oxine white blood cell scans. Circu-
lation 1982; 66:I130.

 213. Hargrove WC 3rd, Edmunds LH Jr: Management of infected thoracic 
aortic prosthetic grafts. Ann Thorac Surg 1984; 37:72.

 214. Ninomiya M, Makuuchi H, Naruse Y, Kobayashi T, Sato T: Surgical 
management of ascending aortic graft infection. No-sedation-technique 
for open mediastinal irrigation. Jpn J Thorac Cardiovasc Surg 2000; 
48(10):666-669.

Cohn_ch48_p1037-1074.indd   1074 08/05/17   12:25 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1075

Treating aneurysms that arise from the aortic segments distal 
to the left subclavian artery poses challenges that are distinct 
from those presented by aneurysms of the more proximal 
ascending and arch segments. The distal aortic segments 
comprise the descending thoracic aorta, which extends from 
the left subclavian artery to the diaphragm within the chest, 
and the abdominal segment that extends from the diaphragm 
to the iliac bifurcation. The diaphragm divides the thoracic 
aorta from the abdominal aorta.

An aortic aneurysm that is limited to the chest (distal 
to the left subclavian artery) is classified as a descending 
thoracic aortic aneurysm (DTAA). An aortic aneurysm 
that traverses the diaphragm and extends into both the 
chest and the abdomen to any degree is considered a 
thoracoabdominal aortic aneurysm (TAAA) (Fig. 49-1). 
Aneurysms in these locations can be extensive and can 
involve many or all of the aortic branch vessels. In the 
last decade there have been substantial changes regarding 
the treatment of distal aortic aneurysms because of the 
emergence of thoracic endovascular aortic repair (TEVAR) 
and its near dominance in DTAA repair. Although open 
repair remains the standard of care for TAAAs, it is now 
selectively used for DTAAs. Modern critical care and con-
tinually refined surgical adjuncts for organ protection have 
made the outcomes of surgical repair better than they were 
in previous decades, but operative treatment of DTAA and 
TAAA continues to represent a significant clinical chal-
lenge to the cardiovascular surgeon.

PATHOGENESIS
The etiology of DTAA and TAAA has changed over time. 
Whereas tertiary syphilis was the most common cause 
of thoracic aneurysms in the early 1900s, other causes are 
more prevalent today. Well-established causes of DTAA and 
TAAA include medial degeneration, atherosclerosis, aortic 
dissection, connective tissue disorders, aortitis (eg, Takayasu 

arteritis), aortic coarctation, infection, and trauma. As our 
understanding of genetics increases, and as more advanced 
genetic testing becomes available, classification systems are 
likely to evolve to include more molecular factors. Perhaps 
partly because of improved screening for aneurysmal disease 
and the increasing age of the population, it is certain that 
the incidence and prevalence of thoracic aortic aneurysms are 
increasing over time.1

The most common types of aneurysms of the descend-
ing and thoracoabdominal aorta today are grouped into 
the category of atherosclerotic aneurysms. Unfortunately, 
although this term may be descriptive, it may not accurately 
describe the mechanism of aneurysmal changes. Although 
atherosclerosis and aortic aneurysms share common risk 
factors and frequently coexist, thoracic aortic aneurysms 
are primarily the result of age-related medial degeneration, 
which is characterized by changes in elastin and collagen 
that reduce aortic integrity and tensile strength. Subsequent 
aortic enlargement and aneurysm formation provide fertile 
ground for superimposed intimal atherosclerosis and fur-
ther degeneration of the aortic wall. The usual histologic 
changes in the aging aorta include elastin fragmentation, 
fibrosis with increased collagen deposition, and medial 
degeneration.2 As with most aneurysmogenic processes, 
medial degeneration usually causes diffuse, fusiform aor-
tic dilatation. In some cases, medial degeneration produces 
discrete saccular aneurysms along the descending thoracic 
aorta; however, saccular aneurysms are more commonly 
associated with aortic infection (see below). Additionally, 
saccular aneurysms may be superimposed on or coexist with 
more generalized, fusiform aneurysmal disease of the thora-
coabdominal aorta.

Risk factors for aortic dissection and aortic aneurysm over-
lap to a great extent, but once an aorta becomes dissected, the 
dissection itself becomes an independent risk factor for subse-
quent dilation and aneurysmal changes. Two of the DeBakey 
types of aortic dissection involve the distal aorta: type I, in 
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1076 Part VII Surgery of the Great Vessels

which nearly the entire length of the aorta is dissected, and 
type III, in which the dissection is limited to varying por-
tions of the distal aorta, and the proximal aorta is unaffected. 
Aortic dissections occur in the medial layer separating the 
intima from the adventitia; blood flows through the true 
aortic lumen and through one or more false lumen channels 
that can form at various points along the aorta. This process 
weakens the outer aortic wall, making it prone to progressive 
aneurysmal dilatation (Fig. 49-2).

In survivors of DeBakey type I dissection, the persistence 
of a pressurized false lumen has been associated with sub-
sequent distal aneurysm formation, need for intervention, 
and increased mortality.3 In an attempt to thrombose the 
false channel and thereby decrease the risk of late aneurysm 
formation, endovascular strategies have been developed to 
exclude segments of the false lumen in both acute (≤2 weeks 
since onset)4 and chronic5 aortic dissection. Such approaches 
are dependent on a variety of factors, including the extent of 
aortic dissection; downstream portions of the false lumen—
those without endovascular obliteration—continue to be 
pressurized and may perfuse upstream portions in a retro-
grade fashion.

Penetrating aortic ulcers and intramural hematomas are 
two variants of aortic dissection that can occur in the descend-
ing and abdominal aortic segments. Penetrating aortic ulcers 
are disrupted atherosclerotic plaques that can penetrate the 
aortic wall, leading to classic dissection or rupture. Intramu-
ral hematomas are collections of blood within the aortic wall 
that occur without an intimal tear; growth of the hematoma 
can result in classic dissection.

Genetic mutations or defects can give rise to defective 
components of the aortic extracellular matrix, leading to 
aortic aneurysm and dissection. Aortic aneurysms that occur 
in patients with these genetic disorders can be a part of a 
named syndrome, accompanied by a constellation of extra-
aortic symptoms, or they may be part of a heterogeneous 
group of familial thoracic aortic aneurysms and dissections 
that occur in isolation. In a national registry of genetically 
triggered thoracic aortic aneurysms, Marfan syndrome is the 
most common genetic cause of aortic aneurysms (36%).6 
Marfan syndrome is a connective tissue disorder that results 

FIGURE 49-1 Drawing depicting a thoracoabdominal aortic aneu-
rysm. (Printed with permission from Baylor College of Medicine.)

FIGURE 49-2 Drawing and computed tomography image of a 
thoracoabdominal aortic aneurysm caused by dilatation of the false 
lumen in a patient with chronic aortic dissection.
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from a fibrillin-1 (FBN1) gene mutation; the altered fibril-
lin leads to aberrant signaling of transforming growth factor 
beta (TGF-β) and other events that lead to the deposition 
of extensive amounts of mucopolysaccharides in the aortic 
extracellular matrix and fragmentation of elastic fibers. The 
aorta in Marfan syndrome patients is prone to dissection, 
which is the most common cause of DTAAs and TAAAs 
in these patients.7,8 Other syndromes that are infrequently 
encountered during DTAA and TAAA repairs include vas-
cular Ehlers-Danlos, aneurysms-osteoarthritis, and Loeys-
Dietz. Like Marfan syndrome, Loeys-Dietz syndrome is an 
autosomal dominant disorder that is linked to an alteration 
in TGF-β signaling. First described in 2005, Loeys-Dietz is a 
particularly aggressive aortic disorder, characterized by vascu-
lar tortuosity, and a greater propensity for rupture at smaller 
aortic diameters than in patients with Marfan syndrome. 
Recently, four types of Loeys-Dietz have been identified, each 
associated with a mutation in a particular gene: transforming 
growth factor (TGF)-beta receptor I (TGFBR1), TGF-beta 
receptor II (TGFBR2), decapentaplegic homolog 3 (SMAD3), 
and transforming growth factor beta 2 ligand (TGFB2).9

Both chronic, nonspecific aortitis and systemic autoim-
mune disorders—such as Takayasu arteritis, giant cell arte-
ritis (temporal arteritis), and rheumatoid aortitis—can cause 
destruction of the aortic media and progressive aneurysm for-
mation. Although Takayasu arteritis usually causes obstruc-
tive lesions related to severe intimal thickening, the associated 
medial destruction can result in aneurysmal dilatation.

Aneurysms involving the upper descending thoracic aorta 
can develop in patients with congenital aortic coarctation. 
These aneurysms may occur concomitantly with unrepaired 
native coarctation or years after any manner of coarctation 
repair, including endovascular repair.10,11 The postrepair aneu-
rysms appear to be more common in patients who have had 
balloon angioplasty than in those who underwent surgery; 
this is speculated to be due to the rupture of elastic fibers 
during dilatation.11

Infection can produce a saccular “mycotic” aneurysm in 
a localized area of the aortic wall that has been damaged by 
the infectious process. For unknown reasons, such mycotic 
aneurysms tend to occur along the lesser curvature of the 
transverse aortic arch or in the upper abdominal aorta adja-
cent to the origins of the visceral branches. In such cases, 
only a portion of the aortic circumference is affected; con-
sequently, localized weakening causes a diverticular or sac-
cular outpouching. Common causative organisms include 
Staphylococcus aureus, Staphylococcus epidermidis, Salmonella, 
and Streptococcus,12 and more than one pathogen may be pres-
ent. Although uncommon, when a distal mycotic aneurysm 
is suspected, urgent evaluation is warranted; mycotic saccular 
aneurysms tend to be unpredictable, often have periods of 
rapid growth, and rupture more readily than fusiform aneu-
rysms caused by medial degeneration.13

Each of the disease processes described above causes aneu-
rysms through progressive degeneration and dilatation of 
the aortic wall. In contrast, pseudoaneurysms of the thoracic 
aorta form as the result of chronic leaks through discrete 

defects in the aortic wall. These leaks are initially contained 
by surrounding tissue; the accumulation of organized throm-
bus and the associated fibrosis forms the wall of the pseudoa-
neurysm. Pseudoaneurysms can develop after aortic surgery, 
endovascular aortic repair, invasive imaging, or from primary 
defects in the aortic wall. Unrepaired blunt and penetrating 
injuries are the other common cause of aortic pseudoaneu-
rysms. Chronic traumatic pseudoaneurysms typically develop 
in the proximal descending thoracic aorta after blunt aortic 
injuries; the management of these lesions is covered in detail 
in a subsequent chapter.

NATURAL HISTORY
An untreated aneurysm in the thoracic and thoracoabdomi-
nal aorta can progress to dissection, rupture, or both if given 
enough time. A dissected aorta that was originally of normal 
caliber will tend to dilate and become aneurysmal. The causes 
and genetics of these aneurysms vary, but there are common-
alities in the mechanical and pathophysiologic aspects of their 
formation and development. Understanding these processes 
will help surgeons determine the timing and the nature of the 
operative intervention needed.

An aneurysm is defined as a permanent dilation of an artery 
to at least 1.5 times its normal diameter at a given location.14 
However, the normal aortic diameter is perhaps more difficult 
to define because it varies by the patient’s age, gender, and 
body size. Even when adjusted for age and body surface area, 
mean aortic size is significantly smaller in women than in 
men; on average, aortic diameter is 2 to 3 mm greater in men 
than in women. In the community-based Framingham Heart 
Study, computed tomography studies from 3431 adults, at 
least 35 years old, were analyzed by age, gender, and body sur-
face area. At the descending thoracic aorta, the average aortic 
diameter was 25.8 mm for men and 23.1 mm for women; 
at the infrarenal abdominal aorta, it was 19.3 mm for men 
and 16.7 mm for women; and at the lower abdominal aorta, 
it was 18.7 mm for men and 16.0 mm for women.15 In this 
study, aortic enlargement was strongly correlated with male 
gender, advancing age, and increased body surface area—for 
men ≥ 65 years old and with a large body surface area (≥2.1), 
the mean descending thoracic aortic diameter increased by 
4.5 to 30.3 mm; and for women ≥ 65 years and with a large 
body surface area (≥1.9), this increased by 4.0 to 27.1 mm. 
Notably, body surface area is a better predictor of aortic 
size than height or weight, particularly in patients less than 
50 years of age.16

The descending thoracic aorta has a slightly higher rate of 
expansion over time than the ascending aorta and is noted 
to average 1 to 4 mm/year.17 The rate is not constant, and it 
increases as the diameter increases. A dissection in an oth-
erwise small aneurysm can lead to a sudden increase in the 
rate of growth; likewise, a chronically dissected aorta tends 
to dilate at a faster rate than a nondissected one. The rela-
tionship among pressure, vessel diameter, and vessel wall 
tension is described by Laplace’s law. As the luminal diam-
eter increases, there is increasing wall tension, which in turn 
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1078 Part VII Surgery of the Great Vessels

contributes to the cycle of progressive dilatation. Unfortu-
nately, as the dilation progresses, the wall tension eventually 
becomes too great for the maximally stretched aortic wall. A 
tear can occur within the intimal and medial layers, result-
ing in a dissection that propagates down the length of the 
aorta, or a tear can penetrate the full thickness of the aortic 
wall, resulting in contained or free rupture. The aortic size 
at which this event occurs is determined by several factors, 
including the presence or absence of a connective tissue dis-
order, the presence and severity of hypertension, and the 
patient’s body size. In a large series of patients, Elefteria-
des and colleagues18 have shown that in the thoracic aorta, 
there is a sharp increase in the incidence of aortic compli-
cations at aneurysmal diameters greater than 6 cm, with a 
14% combined risk of rupture, dissection, and death. In a 
population-based study, the 5-year risk of rupture doubled 
from 16% for aneurysms 4 to 5.9 cm in diameter to 31% in 
aneurysms 6 cm or more in diameter.19

CLINICAL PRESENTATION AND 
DIAGNOSIS
At the time of diagnosis, patients with DTAAs and TAAAs 
are commonly asymptomatic. For example, Panneton and 
Hollier20 reported that degenerative TAAAs are asymptom-
atic in roughly 43% of patients. In asymptomatic patients, 
DTAAs and TAAAs are often discovered when imaging 
studies are performed to evaluate unrelated problems. For 
example, computed tomography scans may indicate aortic 
dilatation, and chest radiographs may show widening of the 
descending thoracic aortic shadow, which may be outlined by 
a rim of calcification outlining the dilated aneurysmal aortic 
wall (Fig. 49-3). Aneurysmal calcium may also be seen in the 
upper abdomen on standard radiograms.

Although DTAAs and TAAAs remain asymptomatic for 
long periods of time, most ultimately produce a variety of 
symptoms before they rupture. Degenerative TAAAs produce 
symptoms in approximately 57% of patients; 9% of patients 
present with rupture.20 The most frequent symptom is back 
pain between the scapulae. When the aneurysm is large in 
the region of the aortic hiatus, pressure on adjacent struc-
tures may cause mid-back and epigastric pain. Other poten-
tial signs and symptoms related to compression or erosion 
of adjacent organs include stridor, wheezing, cough, hemop-
tysis, dysphagia, and gastrointestinal obstruction or bleed-
ing. Hoarseness results from traction on the vagus nerve as 
the distal aortic arch expands and causes recurrent laryngeal 
nerve paralysis. Thoracic or lumbar vertebral body erosion 
(Fig. 49-4) causes back pain, spinal instability, and neuro-
logic deficits from spinal cord compression; mycotic aneu-
rysms have a peculiar propensity to destroy vertebral bodies. 
Additionally, neurologic symptoms, including paraplegia, 
paraparesis, or both, may result from thrombosis of inter-
costal and lumbar arteries. This is most frequently seen with 
acute aortic dissection, which may occur primarily or be 
superimposed on medial degenerative fusiform aneurysmal 

FIGURE 49-3 Chest radiographs in (A) posteroanterior and (B) lateral 
projections showing the calcified wall (arrows) of a thoracoabdominal 
aortic aneurysm.

A

B
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1079

disease. Thoracic aortic aneurysms, like aneurysms in other 
locations, may produce distal emboli of clot or atheromatous 
debris that gradually obliterate and thrombose visceral, renal, 
or lower-extremity branches.

Imaging technology is critical in diagnosis and deter-
mining anatomic details for operative planning. Computed 

tomography (CT) scanning and magnetic resonance angi-
ography (MRA) enable clinicians to obtain excellent images 
without the potential morbidity or cost associated with angi-
ography. CT scanning is widely available and can image the 
entire thoracic and abdominal aorta, major branch vessels, 
and virtually all adjacent organs. Computer programs can 
construct sagittal, coronal, and oblique images, as well as 
three-dimensional reconstructions, from CT data. Contrast-
enhanced CT scanning (Figs. 49-2, 49-4, and 49-5) also 
provides information about the aortic lumen, intraluminal 
thrombus, presence of aortic dissection, intramural hema-
toma, mediastinal or retroperitoneal hematoma, aortic rup-
ture, and periaortic fibrosis associated with inflammatory 
aneurysms.21 CT angiography with multiplanar reconstruc-
tion is especially useful for planning endovascular procedures. 
Advantages of CT include being less expensive and somewhat 
quicker to perform than MRA and, at present, the wider avail-
ability of CT expertise. Also, CT can be used with patients 
who have implanted ferromagnetic prostheses or other 
devices, which can cause injury in patients undergoing MRA. 
The chief advantages of MRA are that it does not expose the 
patient to ionizing radiation and that it reveals disease within 
the aortic wall, including intramural hemorrhage. The gado-
linium-based contrast agents used in MRA were once consid-
ered to be safer for patients with renal insufficiency than CT 
contrast media. Ironically, reports have associated the use of 
certain gadolinium-based contrast agents with nephrogenic 

FIGURE 49-4 Computed tomography image of a large thoracoab-
dominal aortic aneurysm that has caused erosion of the adjacent ver-
tebral body.

FIGURE 49-5 Drawing and contrast-enhanced computed tomography images of a degenerative extent II thoracoabdominal aortic aneurysm 
with extensive intraluminal thrombus.
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systemic fibrosis (NSF)—a scleroderma-like fibrotic process 
that can affect not only the skin but also internal organs—in 
patients with renal insufficiency.22 The current recommenda-
tion is to avoid using such agents in patients with advanced 
renal failure (ie, with a glomerular filtration rate < 30 mL/
min) or in patients who are dialysis-dependent.23

Ongoing improvements in noninvasive imaging modali-
ties have substantially reduced the role of catheter aortogra-
phy in assessing thoracic aortic aneurysms. However, catheter 
aortography remains useful in situations where noninvasive 
methods are not feasible—for example, when artifact or heavy 
calcification obscures the area of interest. Anterior, posterior, 
oblique, and lateral views provide detailed information about 
branch vessels. The risks posed by aortography include renal 
toxicity from the large volumes of contrast material required 
to adequately fill large aneurysms. There is also a risk of embo-
lization from laminated thrombus secondary to manipulation 
of intraluminal catheters. Furthermore, angiography underes-
timates the size of an aneurysm in areas of laminated throm-
bus. Nonetheless, angiography can be helpful in patients with 
suspected renal or visceral ischemia, aortoiliac occlusive disease, 
horseshoe kidney, or peripheral aneurysms.

DETERMINING APPROPRIATE 
TREATMENT
Whenever possible, patients with known aortic disease (ie, 
patients with previous aortic dissection, prior aortic repair, 
or abnormal aortic diameter) are regularly followed by an 
imaging surveillance protocol to monitor the possible devel-
opment of distal aortic aneurysm. For this and other inci-
dental findings, once an aneurysm involving the descending 
thoracic or thoracoabdominal aorta has been discovered, 
precise determination of the extent and severity of disease is 
the critical next step toward clarifying the specific diagnosis, 
determining the appropriate treatment, and, when repair is 
indicated, planning the appropriate intervention.

Indications for Operation
In asymptomatic patients, the decision to consider surgical 
repair is based primarily on the diameter of the aneurysm. 
To prevent fatal rupture, current guidelines recommend elec-
tive operation when the aortic diameter exceeds 5.5 cm in 
cases of chronic dissection and 6 cm in cases of degenera-
tive aneurysm. In patients with connective tissue disorders, 
such as Marfan syndrome and related disorders, the diameter-
based threshold for operation is lowered. Although guidelines 
specify a rapid dilatation rate for only the proximal aorta, 
indicating repair when expansion exceeds 0.5 cm/year, it is 
not unreasonable to apply this threshold to the distal aorta as 
well.24 Nonoperative management—which consists of strict 
blood pressure control, cessation of smoking, and at least 
yearly surveillance with imaging studies—is appropriate for 
asymptomatic patients who have small aneurysms. Symp-
tomatic patients, however, are at increased risk of rupture and 

warrant expeditious evaluation and urgent aneurysm repair, 
even when the abovementioned threshold diameters have 
not been reached. The onset of new pain in a patient with a 
known aneurysm is particularly concerning and often heralds 
significant expansion, leakage, or impending rupture. Malp-
erfusion caused by chronic dissection is also an indication for 
TAAA repair. Degenerative DTAAs and TAAAs with super-
imposed acute dissection are especially prone to rupture and 
are therefore treated with emergent repair.

Endovascular Considerations
Since 2005, when a TEVAR device was approved by the 
US Food and Drug Administration (FDA) to treat DTAA, 
indications for TEVAR have expanded, and TEVAR devices 
are now approved for treating all lesions of the descending 
thoracic aorta—acute or chronic aortic dissection, penetrat-
ing aortic ulcer, and blunt trauma—with suitable anatomy. 
In contrast, custom-manufactured fenestrated or branched 
endovascular repair of TAAA remains experimental in the 
United States with ongoing clinical trials.25 Although endo-
vascular repairs are covered in detail in a subsequent chapter, 
all patients in our practice are evaluated for possible endo-
vascular intervention, and an individualized surgical option 
best suited for the patient is selected. Appropriate anatomy is 
also critical for successful endovascular repair. Landing zones 
that have inadequate length, excessive angulation, extensive 
intraluminal thrombus, dissection in the proximal landing 
zone, or severe vessel calcification will not allow secure endo-
graft fixation, precluding endovascular repair. Two important 
factors to consider when deciding between open and endo-
vascular aneurysm repair are the patient’s physiologic reserve 
and vascular anatomy.26 Open repairs have well-documented 
outcomes and excellent long-term durability, and they 
allow repair of aneurysms with complex anatomy. However, 
the patients must have considerable physiologic reserve to 
undergo and recover from these procedures.

Hybrid, off-label approaches that combine open and endo-
vascular repair have been selectively used to repair DTAAs 
and TAAAs. A common type of hybrid DTAA repair involves 
extending the proximal landing zone by rerouting the left sub-
clavian artery such that the endograft may cover the ostia of the 
left subclavian artery; this has been done in fairly large numbers 
of patients and is thought to add little risk and protect against 
the risk of stroke.27 Additionally, a traditional open “elephant 
trunk” repair—which leaves a small section of replacement 
graft floating in the descending thoracic aorta after replacing 
the aortic arch—can be subsequently combined with TEVAR, 
either as part of the initial repair or in a subsequent procedure 
(see following section). Hybrid “elephant trunk” procedures 
involve landing the proximal portion of the endograft in the 
trunk, but this approach is not widely used. In contrast, “frozen 
elephant trunk” procedures (performed in a single stage) are 
now commonly performed in Europe, especially for the treat-
ment of acute DeBakey type I dissections, with the use of sev-
eral readily available hybrid devices. The ultimate goal of this 
approach is to thrombose the false lumen to prevent additional 
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1081

late aortic complications.28 In the United States, there are sev-
eral versions of this approach, including the antegrade place-
ment of the endograft in the proximal descending thoracic 
aorta after proximal hemiarch repair.29

Hybrid TAAA approaches typically involve open visceral 
bypass grafting, which is performed to secure organ perfusion, 
and followed by stent-graft coverage of the entire aneurysm, 
including visceral and other branch-vessel ostia. However, a 
recent approach to hybrid TAAA repair involves replacing the 
visceral portion of aorta with a multibranched graft in an open 
fashion (such as in an extent III or IV repair) and repairing 
the more proximal section of the descending thoracic aorta 
with a stent graft that is then secured to the proximal section 
of the multibranched graft.30 Although hybrid TAAA proce-
dures are somewhat less invasive than open TAAA repair, they 
have not yet yielded a substantial decrease in morbidity and 
mortality rates, and patient fitness must again be considered 
in order to obtain an optimal outcome.31

Other off-label approaches to TAAA repair include the use 
of parallel grafts (also called “chimney,” “sandwich,” or “snor-
kel” approaches); a large diameter endograft is used to cover 
the aneurysm, and a small diameter stent is run parallel to 
the main endograft and into branching arteries so that they 
are perfused. In select patients with substantial comorbidi-
ties, parallel endovascular repair remains an option; however, 
because published reports describe only small patient series,25 
it is difficult to judge the utility of this approach. The same is 
true for the multilayer modulator stent, which is now being 
used for TAAA repair outside the United States, because only 
short-term data are available.32

Endovascular descending thoracic aortic repair is wide-
spread, and its use to treat degenerative aneurysm should be 
strongly considered when feasible per current US guidelines.24 
Furthermore, recent 5-year evidence from the INSTEAD-XL 
randomized trial of 140 patients with uncomplicated chronic 
aortic dissection who underwent either optimal medical 
therapy or TEVAR with optimal medical therapy suggests 
that TEVAR substantially improves late aortic-specific sur-
vival and delays disease progression.5 Data suggest that, in 
general, endovascular repair of the descending thoracic aorta 
is associated with less early mortality and morbidity than 
open repair,33,34 and TEVAR is less likely to be affected by 
whether the repair is performed at a high-volume or low-
volume center,35 even in cases of rupture.36 However, the early 
survival benefit may be lost within a few years after repair, 
because 5-year survival is similar between those with open 
and endovascular Medicare cohorts37 or is worse after endo-
vascular repair.38,39 There also appears to be a greater need for 
reintervention after TEVAR than after open DTAA repair.39-41 
Of interest, emerging evidence suggests that different aortic 
pathologies (degenerative aneurysm vs chronic dissection vs 
acute dissection) are associated with different modes of repair 
failure after TEVAR.42,43

Because endovascular aortic repair has become substan-
tially more common in recent years and the indications for 
its use have evolved, these devices are increasingly encoun-
tered in subsequent open operations. Complications after 

endovascular repair may result from progression of the aneu-
rysmal process to an adjacent portion of the aorta that is 
not amenable to further endovascular treatment, progressive 
dilation of the treated segment owing to persistent endoleak, 
infection of the endovascular device, or device migration. In 
certain cases, endovascular devices do not incorporate into 
the aneurysm thrombus and aortic intima in the way that 
conventional Dacron grafts incorporate into the periadventi-
tial tissue. Explantation of the endovascular device and open 
graft replacement of the thoracic aorta can be accomplished 
with relatively good success.44-46 In the absence of infection, 
salvaging the device or portions of the device is also pos-
sible. Although we have applied the aortic cross-clamp to a 
proximal aortic segment with an endovascular stent graft in 
place and repaired a distal segment in an open fashion, in 
cases in which the stent graft encroaches on the aortic arch, it 
may not be possible to place a cross-clamp, and hypothermic 
circulatory arrest may be needed. Suturing an existing stent 
graft to a standard Dacron graft in a hemostatic fashion is 
also feasible, particularly if the surrounding aortic tissue can 
be incorporated into the suture line. Notably, endovascular 
aortic repair in patients with connective tissue disorders is not 
supported by current US guidelines;24 however, selective use 
as bridge to open repair or to treat late complications of open 
repair may be an appropriate strategy.47,48

PREOPERATIVE EVALUATION
In each patient, the indications for operation discussed above 
are weighed against the risks posed by surgical intervention.49,50 
The Crawford classification of TAAA (Fig. 49-6) permits stan-
dardized reporting of the extent of aortic involvement, thereby 
allowing appropriate risk stratification, choice of specific treat-
ment modalities according to the extent of the aneurysm, and 
a type-specific determination of the risks for neurologic defi-
cits and other morbidities and mortality associated with TAAA 
repair. Extent I TAAA repairs involve replacing most or all of 
the descending thoracic aorta and the upper abdominal aorta. 
Extent II repairs involve most or all of the descending thoracic 
aorta and extend into the infrarenal abdominal aorta. Extent 
III repairs involve the distal half or less of the descending tho-
racic aorta and varying portions of the abdominal aorta. Extent 
IV repairs involve most or all of the abdominal aorta. In gen-
eral, less extensive distal aortic repair (DTAA, extents III and 
IV TAAA) tend to pose less operative risk than more extensive 
distal aortic repair (extents I and II TAAA), although patient-
specific disease, such as having a heavy atherosclerotic burden, 
can increase risk in lesser repairs.

Most commonly, patients with DTAA and TAAA meeting 
criteria for repair are in their mid-to-late 60s. Younger patients 
tend to include those patients with connective tissue disorders 
or chronic aortic dissection. Additionally, there appears to be 
substantial differences in patient characteristics by extent of 
repair. Regarding our comprehensive TAAA experience,51 
about 10% of TAAA patients have a connective tissue disor-
der; however, this increases to 17% in extent II repairs and 
decreases to 5% in extent IV TAAA repair. Chronic aortic 
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1082 Part VII Surgery of the Great Vessels

dissection is present in nearly a third of patients; this pro-
portion is increased in extent I and II repairs (39 and 44%, 
respectively) and decreased in extent III and IV repairs (19 
and 11%, respectively). Furthermore, while roughly a quarter 
of TAAA patients have had a prior distal aortic repair, this rate 
is increased in extent III and IV repairs (42 and 36%)—this 
speaks to the progressive nature of repair in extents III and IV, 
as many of these prior repairs were abdominal aortic repairs.

An adequate preoperative assessment of physiologic 
reserve is critical in evaluating operative risk. Many patients 
have significant comorbidities; chronic pulmonary obstruc-
tive disease, coronary artery disease, hypertension, cere-
brovascular disease, and peripheral vascular disease are all 
relatively common in TAAA repair. Chronic elevated serum 
creatinine levels (>3.0 mg/dL) are relatively uncommon in 
patients undergoing TAAA repair, and affect 3% of patients 
in our experience.51 Unless they require emergency operation, 
patients undergo a thorough preoperative evaluation with 
emphasis on cardiac, pulmonary, and renal function.

Cardiac Status
Impaired myocardial contractility and reduced coronary reserve 
are common among elderly patients who undergo aortic recon-
struction. Patients need substantial cardiac reserve in order to 
tolerate clamping of the thoracic aorta. Given the prevalence of 
preoperative cardiac disease and the physiologic strain of aortic 
clamping, it is not surprising that cardiac complications are a 
major cause of postoperative mortality. Reports indicate that 
cardiac disease has been responsible for 49% of early deaths 
and 34% of late deaths after TAAA repair, attesting to the 
importance of careful preoperative cardiac evaluation.20,52

Several imaging techniques are useful in preoperative 
screening for cardiac disease. Transthoracic echocardiography 
is noninvasive and can satisfactorily evaluate both valvular and 
biventricular function. Dipyridamole-thallium myocardial 
scanning identifies regions of myocardium that are reversibly 
ischemic, and it is more practical than exercise testing in this 
generally elderly population, whose exercise capacity is often 
limited by concurrent lower-extremity peripheral vascular dis-
ease. In patients with evidence of reversible ischemia on nonin-
vasive studies, and in those with a significant history of angina 
or an ejection fraction of 30% or less, cardiac catheterization 
and coronary arteriography are performed. Patients who have 
asymptomatic aneurysms and severe coronary artery occlusive 
disease (ie, significant left main, proximal left anterior descend-
ing, or triple-vessel coronary artery stenosis) undergo myocar-
dial revascularization before aneurysm repair. In appropriate 
patients, percutaneous transluminal angioplasty is carried out 
before surgery. If clamping proximal to the left subclavian 
artery is anticipated in patients in whom the left internal tho-
racic artery has been used as a coronary artery bypass graft, a 
left-carotid-to-subclavian bypass is typically necessary to pre-
vent cardiac ischemia when the aortic clamp is applied.53

Renal Status
Preoperative renal insufficiency has been a major risk 
factor for early mortality throughout the history of TAAA 
repair.49,54 It was among the predictive variables selected in 
Svensson et al’s54 multivariable analysis of Crawford’s com-
plete experience with TAAA surgery in 1509 patients treated 
between 1960 and 1991. Patients with severely impaired 
renal function who are not receiving long-term hemodialysis 

FIGURE 49-6 The Crawford classification of thoracoabdominal aortic aneurysm repairs. (Printed with permission from Baylor College of Medicine.)
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1083

frequently require temporary hemodialysis early after opera-
tion and are clearly at increased risk for postoperative 
complications.

Although patients are not rejected as surgical candidates 
on the basis of renal function, careful assessment of renal 
function aids in estimating perioperative risk and adjusting 
treatment strategies accordingly. Renal function is assessed 
preoperatively by measuring serum electrolytes, blood urea 
nitrogen, and creatinine. Kidney size and perfusion can be 
evaluated by using the imaging studies obtained to assess the 
aorta. Patients who have poor renal function secondary to 
severe proximal renal artery occlusive disease are revascular-
ized at operation by renal arterial endarterectomy, stenting 
under direct vision, or bypass grafting, with the expectation 
that renal function will stabilize or improve.52

Because of the nephrotoxic effects of vascular contrast 
agents, surgery is delayed (if possible) for 24 hours or lon-
ger after CT scanning or aortography has been performed. 
This is especially important in patients with preexisting renal 
impairment. Strategies to reduce the risk of contrast-induced 
nephropathy include periprocedural administration of acet-
ylcysteine and intravenous hydration. If renal insufficiency 
occurs or worsens after contrast administration, the surgical 
procedure is postponed until renal function returns to base-
line or is satisfactorily stabilized.

Pulmonary Status
Pulmonary complications are the most common form of 
postoperative morbidity in patients who undergo DTAA and 
TAAA repairs. Most patients undergo pulmonary function 
screening with arterial blood gases and spirometry. Patients 
with an FEV1 greater than 1.0 and a PCO2 less than 45 mmHg 
are satisfactory surgical candidates. In suitable patients, bor-
derline pulmonary function frequently is improved by smok-
ing cessation, progressive treatment of bronchitis, weight loss, 
and a general exercise program that the patient follows for a 
period of 1 to 3 months before operation. However, surgery 
is not withheld from patients with symptomatic aortic aneu-
rysms and poor pulmonary function. In such patients, pres-
ervation of the left recurrent laryngeal nerve, phrenic nerve, 
and diaphragmatic function is particularly important.

OPEN SURGICAL REPAIR
Anesthetic Strategies
Coordination among the surgeon, anesthesiologist, and per-
fusionist is critical during a DTAA or TAAA repair proce-
dure. Management of hemodynamics during aortic clamping 
and unclamping, blood volume management, anticoagula-
tion and hemostasis, and proper lung management occur in 
real time, with anticipation and preparation by the anesthesia 
team. Swan-Ganz catheters are routinely used for hemody-
namic monitoring. The arterial catheter is placed in the right 
radial artery whenever the left subclavian artery flow may 
be interrupted during aortic clamping. A large-bore central 

venous line is necessary for volume return. We reinfuse fil-
tered, unwashed whole blood from the cell saver through a 
rapid infusion system during periods of substantial blood 
loss, such as when the aorta is opened. With careful scav-
enging of shed blood and meticulous surgical hemostasis, 
operations without the use of blood and blood products are 
frequently possible. However, when coagulopathy does occur 
after the cross-clamp is released, rapid replacement of blood 
components with fresh frozen plasma, platelets, and cryo-
precipitate is necessary. Single lung ventilation, usually by a 
double-lumen endobronchial tube, is necessary for exposure, 
although this may not be critical in extent IV TAAA repairs. 
The lung is handled minimally during anticoagulation to pre-
vent lung hematoma and contusion. Deflating the left lung 
reduces retraction trauma to the lung, improves exposure, 
and alleviates the risk of cardiac compression. When motor 
evoked potentials are used for spinal cord monitoring, mus-
cle paralytics must be avoided. Sodium bicarbonate solution 
is routinely infused to prevent acidosis during aortic cross-
clamping, and mannitol can be given before cross-clamping 
to enhance renal perfusion. Proximal blood pressure, after-
load, and cardiac performance are closely monitored by 
Swan-Ganz catheter and transesophageal echocardiography 
probe when necessary and are aggressively maintained.

Surgical Adjuncts for Organ Protection
Organ ischemia is a major source of the morbidity related to 
DTAA and TAAA repair. We currently employ a multimodal 
approach (Table 49-1) that is primarily based on the extent 
of repair in an attempt to maximize organ protection during 
these operations (Fig. 49-7).55 The rationale for and details of 
several important strategies are discussed below.

HEPARIN
Potential benefits of heparinization include preserving the 
microcirculation and preventing embolization. Additionally, 

TABLE 49-1: Current Strategy for Spinal 
Cord and Visceral Protection During 
Descending and Thoracoabdominal Aortic 
Aneurysm Repair

All extents
 • Moderate heparinization (1 mg/kg)
 • Permissive mild hypothermia (32-34°C, nasopharyngeal)
 • Aggressive reattachment of segmental arteries, especially between 
T8 and L1

 • Perfusion of renal arteries with 4°C solution when possible
 • Sequential aortic clamping when possible

Extent I and II thoracoabdominal repairs
 • Cerebrospinal fluid drainage
 • Left heart bypass during proximal anastomosis
 • Selective perfusion of celiac axis and superior mesenteric artery 
during intercostal and visceral anastomoses
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1084 Part VII Surgery of the Great Vessels

A

B

C

FIGURE 49-7 Drawings illustrating an extent 
II repair of a thoracoabdominal aortic aneurysm 
(A) that extends from the left subclavian artery 
to the aortoiliac bifurcation. (B) The patient is 
positioned, a thoracoabdominal incision is per-
formed, and medial visceral rotation exposes the 
aorta. (C) During the repair, a left heart bypass 
circuit provides distal aortic perfusion, and a cold 
renal delivery system provides renal hypothermia. 
The proximal portion of the aneurysm is isolated 
between the clamps placed on the aortic arch 
(between the left common carotid and left sub-
clavian arteries), and the mid-descending thoracic 
aorta. The isolated segment of aorta is opened 
longitudinally and divided circumferentially a few 
centimeters beyond the proximal clamp. (D) Patent 
intercostal arteries in this region are oversewn, and 
the proximal anastomosis is performed with con-
tinuous polypropylene suture. D
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F

G

H

I

  (E) Left heart bypass 
is stopped, and the remainder of the aneurysm is 
opened longitudinally. Balloon perfusion catheters 
are inserted into the celiac and superior mesenteric 
arteries to deliver selective visceral perfusion from 
the left heart bypass circuit, and into the renal 
arteries to intermittently deliver cold crystalloid. 
Patent lower intercostal arteries are reattached to 
an opening in the graft. (F) The aortic clamp is 
repositioned to restore intercostal perfusion. The 
celiac axis, superior mesenteric, and right renal 
arteries are reattached to an opening in the side 
of the graft. (G) The aortic clamp is repositioned 
to restore visceral and right renal perfusion. The 
distal anastomosis is performed with continu-
ous polypropylene suture at the level of the aortic 
bifurcation. (H) The mobilized left renal artery is 
reattached. (I) The completed extent II thoracoab-
dominal aortic aneurysm repair is shown. (Printed 
with permission from Baylor College of Medicine).

FIGURE 49-7 (Continued ) 

E
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1086 Part VII Surgery of the Great Vessels

by inhibiting the clotting cascade, the use of heparin may 
help to reduce the incidence of disseminated intravascular 
coagulation.

Heparin (1 mg/kg) is administered intravenously before 
aortic clamping or the start of left heart bypass (LHB). After 
this small heparin dose is administered, the activated clotting 
time generally ranges from 220 to 270 seconds.

HYPOTHERMIA
Hypothermia decreases the metabolic demand of tissues and 
is protective during ischemic states. The protective effects of 
hypothermia on the spinal cord are well accepted. We rou-
tinely use mild passive systemic hypothermia during DTAA 
and TAAA repairs. The patient’s temperature is allowed to drift 
down to a nasopharyngeal temperature of 32 to 33°C. After the 
aortic repair, rewarming can be accomplished by irrigating the 
thoracic and abdominal cavities with warm saline.

Profound systemic hypothermia on full cardiopulmonary 
bypass is an operative strategy for organ protection. Kouchou-
kos and colleagues56-58 have reported that hypothermic car-
diopulmonary bypass with circulatory arrest can safely and 
substantially protect against paralysis and renal, cardiac, and 
visceral organ system failure during operations on the tho-
racic and thoracoabdominal aorta. Despite these protective 
effects, many clinicians avoid using this approach, principally 
because of the associated risks of coagulopathy, pulmonary 
dysfunction, and massive fluid shift. We use hypothermic cir-
culatory arrest selectively when the aneurysm anatomy pre-
cludes safe proximal clamping.

LEFT HEART BYPASS
Disruption of blood flow to the spinal cord and abdominal 
viscera contributes significantly to the development of isch-
emic complications. Conversely, maintaining flow through 
spinal and visceral arteries during all or part of the anatomic 
repair should reduce the duration of organ ischemia and pre-
vent associated morbidity. Borst et al59 found that using LHB 
for distal perfusion during DTAA and TAAA repair effectively 
unloads the proximal circulation during aortic occlusion and 
maintains adequate perfusion of distal vital organs, thereby 
reducing early mortality and renal failure. Further, combined 
distal perfusion and aggressive reattachment of distal inter-
costal arteries decreased the risk of spinal cord damage.

Typically used during the proximal aortic anastomosis, 
LHB is achieved by establishing a temporary bypass from 
the left atrium to either the distal descending thoracic aorta 
(usually a few centimeters proximal to the origin of the celiac 
axis) or the femoral artery (most commonly the left), with 
a closed-circuit in-line centrifugal pump (Fig. 49-7C). The 
left atrial cannula is placed via an opening in the inferior 
pulmonary vein (Fig. 49-7C). When we first began using 
LHB, cannulation of the distal descending thoracic aorta 
(usually at the level of the diaphragm) was used solely as an 
alternative to femoral artery cannulation in patients with 
femoral or iliac artery occlusive disease. However, because 
this technique causes few complications and eliminates the 

need for femoral artery exposure and repair, distal aortic 
cannulation has become our preferred approach. Careful 
examination of CT or MR images assists selection of an 
appropriate site for direct aortic cannulation. Areas with 
intraluminal thrombus (Fig. 49-4) are avoided because can-
nulation could lead to distal embolization. Bypass flows are 
adjusted to maintain normal proximal arterial and venous 
filling pressures. Flows between 1500 and 2500 mL/min are 
generally used. LHB facilitates rapid adjustment of proxi-
mal arterial pressure and cardiac preload, thereby reducing 
the need for pharmacologic intervention. Because LHB 
effectively unloads the left ventricle, it is useful in patients 
with suboptimal cardiac reserve.

SPINAL CORD PROTECTION
Paraplegia remains an index complication specific to both 
distal aortic surgery and endovascular repair. Historically, 
rates for spinal cord deficits (paraplegia or paraparesis) have 
been as high as 30% for extent II aortic replacements.54 
Although the mechanism of developing paraplegia following 
spinal cord ischemia as part of open aortic repair is imper-
fectly understood, it is generally associated with interrupted 
distal aortic blood flow following proximal aortic clamping 
and the intraoperative loss of intercostal and lumbar arter-
ies; additional factors include the role of the left subclavian 
and hypogastric arteries in perfusing the spinal cord (which 
tends to vary by patient), reperfusion injury, and the possible 
dissemination of embolic debris.60,61 With modern operative 
techniques and spinal adjuncts, paraplegia rates in aortic cen-
ters are currently 1 to 5%.44,56,62,63 Because multiple adjuncts 
are used in combination and are continuously evolving,64 it 
is difficult to attribute the improvements in outcome to one 
technique.

Cerebrospinal Fluid Drainage. The drainage of cerebro-
spinal fluid (CSF) in the context of aortic surgery for spi-
nal cord protection was tested in animal models in the early 
1960s.65 The rationale for CSF drainage was that it would 
enhance spinal perfusion by decreasing the pressure on the 
cord during aortic cross-clamping. Today, its use is wide-
spread and specifically recommended by current US prac-
tice guidelines during both open and endovascular repairs in 
patients at high risk of developing paraplegia (Class I rec-
ommendation, level of evidence B).24 In our study of 145 
patients who underwent extent I or II TAAA repair, patients 
were randomly assigned to receive CSF drainage or no CSF 
drainage. Postoperatively, paraplegia or paraparesis devel-
oped in 9 patients (13%) in the control group but in only 
2 patients (2.6%) in the CSF drainage group (p = .03).66 
Although the safety of CSF drainage has been shown clini-
cally,67 known risks include intracranial bleeding, perispinal 
hematoma, meningitis, and spinal headaches.68

We routinely use CSF drainage in patients undergoing 
Crawford extent I or II TAAA repairs because of the higher 
risks of paraplegia in these extensive TAAA repairs. We selec-
tively use CSF drainage during less extensive repairs, such as 

Cohn_ch49_p1075-1100.indd   1086 24/04/17   2:35 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1087

DTAA or extent III or IV TAAA repairs, depending upon 
the individual risk factors involved; for example, we would 
use CSF drainage in a redo aortic operation in which the spi-
nal collateral is compromised and a long cross-clamp time 
is anticipated because of the complex configuration of the 
aneurysm. The intrathecal catheter is placed through the sec-
ond or third lumbar space preoperatively after induction of 
anesthesia and is maintained 1 to 2 days postoperatively in 
the intensive care unit. The catheter allows both monitoring 
of the CSF pressure and therapeutic drainage of the fluid. 
The CSF is allowed to drain passively from the catheter and 
can be aspirated with a closed collection system as needed to 
keep the CSF pressure between 8 and 10 mm Hg during the 
operation and between 10 and 12 mm Hg during the early 
postoperative period. Once the patients are awake and neu-
rologic examinations confirm that they are able to move their 
legs, the CSF pressures are allowed to rise to a higher range 
of 15 to 18 mm Hg. To prevent intracranial hemorrhage, we 
avoid draining more than 25 mL per hour.

Left Heart Bypass for Spinal Protection. LHB appears 
to provide the greatest benefit to patients who undergo the 
more extensive repairs. Our own retrospective review of 
1250 consecutive extent I or extent II TAAA repairs found 
that using LHB (in 666 cases) reduced the incidence of spi-
nal cord deficits only in patients who underwent extent II 
repairs.69 In patients who underwent extent I repairs, the 
incidence of paraplegia was similar in the LHB and no-LHB 
groups, even though the LHB group had significantly longer 
aortic clamp times. This finding suggests that, by providing 
spinal cord protection, LHB gives the surgeon more time to 
create secure anastomoses. A propensity-score analysis of 387 
of our patients who underwent DTAA repair with (n = 46) 
or without (n = 341) LHB during the construction of the 
proximal anastomosis found no effect of LHB on postop-
erative paraplegia and paraparesis rates.70 Because patients 
who undergo extensive TAAA repairs (extents I and II) are 
at greatest risk of postoperative paraplegia or paraparesis, we 
routinely use LHB to provide distal aortic perfusion during 
the proximal portion of the aortic repair.

Segmental Artery Reattachment and Sequential 
Graft Clamping. Because of the often tenuous nature of 
the blood supply to the spinal cord, we take an aggressive 
approach to reattaching patent segmental arteries. Intimal 
atherosclerosis, particularly in medial degenerative fusi-
form aneurysms, obliterates many intercostal and lumbar 
arteries and complicates matters anatomically. Pairs of pat-
ent segmental arteries from T8 to L1 are selectively reat-
tached as patches to one or more openings made in the graft 
(Fig. 49-7E). Large arteries with little or no back-bleeding are 
considered particularly important. When none of these arter-
ies is patent, endarterectomy of the aortic wall and removal 
of calcified intimal disease can be considered as a means of 
identifying arteries suitable for reattachment. Infrequently, 
a small-diameter graft may be used to facilitate bypass reat-
tachment of selected arteries. After intercostal arteries are 

reattached, the proximal clamp is often moved down the graft 
to restore intercostal perfusion. Sequential clamping restores 
perfusion to the proximal branch vessels and will decrease 
the ischemic time to the spinal cord. However, this benefit 
needs to be weighed against the additional time needed 
to control the potential bleeding from the proximal aortic 
anastomosis, the intercostal patch, and the collateral inter-
costal and lumbar branches that often results when the clamp 
is moved below the intercostal patch. In addition, the pos-
sibility of dislodging emboli that could lodge in branching 
arteries and create localized ischemia should be considered. 
The reattachment of intercostal arteries appears most signifi-
cant in extent II TAAA repair; recently, we identified such 
reattachment independently predicted a 54% reduction in 
the risk of developing permanent paraplegia in such repairs.51

Spinal Cord Monitoring. Somatosensory evoked poten-
tial (SSEP), motor evoked potential (MEP), and near-
infrared spectroscopy (NIRS) monitoring have been used 
for intraoperative assessment of spinal cord function. MEP 
monitoring involves electrical excitation of the motor cortex 
or motor neurons and measuring the amplitude of the result-
ing motor response in the peripheral muscles of the arms and 
legs. Monitoring MEPs allows real-time assessment of spinal 
cord motor function and was approved for this use during 
surgical TAAA repair by the FDA in 2003. Because the motor 
function of the anterior horn of the spinal cord is more sus-
ceptible than the posterior horn to ischemia and infarction, 
MEP changes are a sensitive indicator of spinal cord ischemia 
and are predictive of adverse neurological events. In con-
trast, SSEP monitoring is less sensitive because the sensory 
pathways on the dorsal horn are more resistant to injury and 
are sometimes spared when ischemic injury occurs. Irrevers-
ible loss of either MEPs or SSEPs is predictive of immedi-
ate neurologic deficit on recovery.60 Less is known about the 
effectiveness of NIRS as applied to distal aortic repair, but it 
appears to have promising sensitivity and response time.60,71 
Importantly, monitoring MEPs precludes the use of neuro-
muscular paralytic agents during repair, adding complexity 
to anesthetic management. Although we have used MEP 
monitoring in the past for extent II and other selective TAAA 
repairs, we no longer use this approach in part because of the 
risk of false positive results; however, in expert hands, this 
remains a valuable approach.72

Regional Spinal Hypothermia. Regional spinal cord 
hypothermia can be accomplished by direct infusion of cold 
perfusate into the epidural or intrathecal space and by intra-
vascular cold perfusion of isolated thoracic aortic segments 
(with the expectation that the intercostal vessels will deliver 
the cold perfusate to the spinal cord). A series of 337 TAAA 
repairs reported by Cambria and colleagues73 showed that, in 
patients who underwent extent I, II, or III TAAA repairs, the 
incidence of spinal cord ischemic injury was reduced from 
19.8 to 10.6% after the introduction of epidural cooling at 
their institution in 1993. Using an epidural catheter contain-
ing cold saline, Inoue et al74 demonstrated its effectiveness in 
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1088 Part VII Surgery of the Great Vessels

reducing epidural temperature in a leporine model; in clini-
cal application, it was used in 37 distal aortic repairs without 
any postoperative spinal cord deficits.75 A similar technique, 
cold perfusion into isolated aortic segments, has been tested 
in animal models to show that cord temperature and, con-
sequently, the extent of ischemic spinal cord injury can be 
effectively reduced by this method.76

Collateral Network Concepts. Collateral network con-
cepts refute the existence of dominant intercostal and lum-
bar arteries (eg, the artery of Adamkiewicz) and imply that 
reattaching select intercostal arteries is largely unnecessary;77 
instead, the network of small arteries that perfuse the spinal 
cord may readily remodel following ischemic insult to pro-
vide sufficient perfusion of the spinal cord.78 Efforts to further 
develop this approach have led to emerging endovascular-
spinal-cord preconditioning techniques by selectively coil-
ing segmental arteries to promote remodeling and better 
tolerate subsequent open distal aortic repair.79 Staged distal 
aortic repair is also being developed as a method to facilitate 
remodeling of the spinal cord between repairs, and porcine 
models showed this to be effective at preventing paraplegia 
after extensive aortic repair if the two stages were separated by 
7 days.80 While staged repair may prove difficult in extensive 
open distal aortic repairs, this approach is not dissimilar from 
current approaches to extensive distal aortic dissection—
typically only the dilated section is repaired, and thus, often 
a DTAA or an extent I repair is followed by an extent III or 
IV repair.62

Rescue Measures for Spinal Cord Deficit. Postopera-
tive management remains critical to spinal cord protection. 
Adequate blood pressure, preload, and cardiac inotropic state 
are carefully maintained to keep spinal perfusion sufficient. 
In the absence of postoperative bleeding, blood pressure 
should be kept near its preoperative baseline level. Delayed 
paraplegia can arise hours to days after aortic surgery.81 In the 
immediate postoperative period, strategies to reverse paraple-
gia and paraparesis include inducing systemic hypertension; 
placing a CSF drain, if one is not already present; decreasing 
CSF pressure; administering cardiac inotropes, mannitol, or 
steroids; correcting anemia; and preventing fever. Recovery 
from paraplegia is possible, but if cord function does not 
return promptly after these measures are taken, such a recov-
ery is not likely.

RENAL PROTECTION
Postoperative renal failure after DTAA and TAAA remains 
an important complication and is predictive of mortality.82 
Although distal aortic perfusion with LHB provides renal 
perfusion during proximal anastomosis, the ability to pro-
vide continued renal protection is valuable. Our approach 
to renal protection for repair of TAAA has evolved from the 
results of two of our randomized clinical trials.83,84 Once 
the renal vessels are exposed during distal repair, the renal 
arteries can be directly perfused with cold (4°C) perfusate 
(Fig. 49-7E). Our current technique is to provide an initial 

bolus of 200 to 300 mL of cold crystalloid perfusate that is 
administered to each kidney, followed by the intermittent 
infusion of 100 to 150 mL per kidney, which is delivered 
every 10 to 15 minutes until arterial flow is restored. The 
volume and frequency of perfusate delivery are adjusted to 
avoid fluid overload or hypothermia (a systemic temperature 
of 32°C is targeted). First, we reported on a group of patients 
who underwent Crawford extent II TAAA repair with LHB 
and who were randomly assigned to receive either renal 
artery perfusion of cold LR solution for renal cooling or to 
isothermic blood perfusion from the LHB circuit. Multi-
variate analysis confirmed that cold crystalloid perfusion was 
independently protective against acute renal dysfunction.84 
Second, we reported on a group of patients who underwent 
Crawford extent II or III TAAA repair and compared the 
outcomes of cold blood to cold crystalloid for renal protec-
tion. Although we found no significant difference between 
patients regarding renal failure or early death, a trend toward 
less paraplegia was observed in the cold crystalloid group.83 
Wynn and colleagues85 were able to demonstrate the effec-
tiveness of moderate systemic hypothermia and cold (4°C) 
renal perfusion using a similar approach in a retrospective 
review of 455 patients who underwent TAAA repair. Among 
aortic centers, there is considerable variation in perfusate; 
some centers have shifted from lactated Ringer’s solution 
to histidine-tryptophan-ketoglutarate (HTK) solution.86 
Current US aortic guidelines recommend the use of cold 
renal perfusion (class IIB, level of evidence B).24 Other 
groups continue to selectively perfuse the renal arteries with 
blood from the LHB circuit.

VISCERAL PROTECTION
Similarly, distal aortic perfusion by LHB provides flow 
to the mesenteric branches during the initial portion of a 
TAAA repair. Once the visceral origins are exposed, selective 
visceral perfusion can be delivered through separate balloon 
perfusion catheters that are placed within the origins of the 
celiac and superior mesenteric arteries; these catheters are 
attached to the LHB circuit via a Y-line from the arterial 
perfusion line (Fig. 49-7C). This system provides oxygen-
ated blood to the abdominal viscera while the intercos-
tal and visceral branches are being reattached to the graft 
(Figs. 49-7E-F). Reducing hepatic ischemia in this fashion 
may decrease the risk of postoperative coagulopathy, and 
reducing bowel ischemia may decrease the risk of bacterial 
translocation.

Operative Techniques
INCISIONS AND AORTIC EXPOSURE
Aneurysms limited to the descending thoracic aorta are 
approached through a full posterolateral thoracotomy 
(Fig. 49-8A). In most cases, the left pleural space is entered 
through the sixth intercostal space; however, if the aneurysm 
predominantly involves the upper portion of the descending 
thoracic aorta, the fifth intercostal space provides better access 
to the distal aortic arch. Exposure of the distal descending 
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1089

thoracic aorta is enhanced by dividing the costal margin with-
out dividing the diaphragm.

The full thoracoabdominal incision extends from the left 
posterior chest (between the scapula and the spine), crosses 
the costal margin, and traverses obliquely to the umbili-
cus. The length and level varies according to the anatomy 
of the aneurysm. The incision is gently curved as it crosses 
the costal margin to reduce the risk of tissue necrosis at the 
apex of the lower portion of the musculoskeletal tissue flap 
(Fig. 49-9A). Stabilized on a bean bag, the patient is placed in 
a modified right lateral decubitus position with the shoulders 
placed at 60° to 80° and the hips rotated to 30° to 40° from 

horizontal. In extent I and II repairs, which require access to 
the left subclavian artery and distal arch in the upper chest, 
our standard approach is through the sixth intercostal space. 
Rarely, the upper or lower ribs may be divided posteriorly to 
achieve additional proximal or distal exposure, respectively. 
For extent III aneurysm repairs, entering through the seventh 
or eighth intercostal space will allow adequate access. Extent 
IV aneurysms are approached via a straight oblique incision 
through the ninth or tenth interspace (Fig. 49-9B). Ending 
the incision distally at the level of the umbilicus will allow 
access to the aortic bifurcation. The incision can be extended 
toward the pubis if iliac aneurysms also require repair.

FIGURE 49-8 Drawings illustrating techniques for repairing a 
descending thoracic aortic aneurysm. (A) In the clamp-and-sew tech-
nique, the operation is performed through a posterolateral thoracotomy 
(inset). Clamps are placed on the aortic arch (between the left common 
carotid and left subclavian arteries) and the left subclavian artery (using 
a bulldog clamp). The aorta is opened longitudinally and divided cir-
cumferentially a few centimeters beyond the proximal clamp. (B) After 
the proximal anastomosis is completed, the aortic clamp is repositioned 
onto the graft, flow is restored to the left subclavian artery, and the 
remainder of the aneurysm is opened longitudinally. An open distal 
anastomosis completes the repair. (C) As an alternative to the clamp-
and-sew technique, left heart bypass can be used to provide distal aortic 
perfusion during the repair.

B

A

C
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1090 Part VII Surgery of the Great Vessels

For thoracoabdominal access, the diaphragm is divided 
partially or completely in a circular fashion to protect the 
phrenic nerve and to preserve as much diaphragm as possible. 
The crus of the diaphragm is divided at the hiatus, and a 3- to 
4-cm rim of diaphragmatic tissue is left posterolaterally on 
the chest wall to facilitate closure when the operation is com-
plete. Below the diaphragm, the retroperitoneum is entered 
lateral to the left colon, and medial visceral rotation is per-
formed to expose the aorta. A dissection plane is developed 
anterior to the psoas muscle, and the left kidney, left colon, 

spleen, and left ureter are retracted anteriorly and to the right. 
The abdominal aortic segment is approached transperitone-
ally; opening the peritoneum permits direct inspection of the 
abdominal viscera and its blood supply after aortic recon-
struction is completed. An entirely retroperitoneal approach 
can be used in patients with a “hostile abdomen,” that is, 
patients with multiple prior abdominal operations or a his-
tory of extensive adhesions, peritonitis, or both.

The left renal artery is identified but generally does not 
require mobilization. The aorta is approached laterally to 
avoid injury to the mesenteric vessels and the abdominal 
organs. Commonly, a large lumbar branch of the left renal 
vein courses posteriorly around the aorta. This branch may 
be ligated and divided as needed. An anomalous retroaortic 
left renal vein is occasionally encountered and should be pre-
served. If the retroaortic renal vein or its tributaries require 
division for exposure, direct reanastomosis or interposition 
grafting to the inferior vena cava can be performed if the left 
kidney appears congested and shows distended collaterals.

PROXIMAL ANASTOMOSIS
For DTAA and extent I and II TAAA repairs, options for 
establishing proximal control include applying a proximal 
aortic clamp distal to the left subclavian artery; applying an 
aortic clamp between the left subclavian and the left carotid 
artery and applying a separate bulldog clamp to the left sub-
clavian artery; applying an aortic clamp to an existing graft 
during an elephant trunk operation; or open anastomosis 
under hypothermic circulatory arrest with full cardiopulmo-
nary bypass when an aortic clamp cannot be safely applied. 
The decision is based on the anatomy of the aneurysm. We 
use aortic clamping distal to the left subclavian artery when-
ever possible, although others have advocated using circula-
tory arrest routinely.56

In aneurysms suitable for aortic clamping, the distal 
aortic arch is gently mobilized by dividing the remnant 
of the ductus arteriosus. The vagus and recurrent laryn-
geal nerves are identified. The vagus nerve may be divided 
below the recurrent nerve to provide additional mobility, 
thereby protecting the recurrent nerve from injury. Preserv-
ing the recurrent laryngeal nerve is particularly important 
in patients with chronic obstructive pulmonary disease and 
reduced pulmonary function. If the aneurysm encroaches 
upon the left subclavian artery, clamping proximal to the 
left subclavian artery should be anticipated; the left sub-
clavian artery is then circumferentially mobilized to enable 
placement of a bulldog clamp.

After heparin is administered, the proximal clamp is 
applied to the proximal descending thoracic aorta or the dis-
tal transverse aortic arch between the left common carotid 
and left subclavian arteries (Figs. 49-7B and 49-8A). When 
LHB is used, it is initiated at a flow rate of 500 mL/min 
just before the proximal aorta is clamped. After the proxi-
mal clamp is applied, LHB flow is increased to 2 L/min 
and a second distal aortic clamp is placed between T4 and 
T7 (Fig. 49-7C). After the aorta is opened, patent upper 

A

B

FIGURE 49-9 Drawings of the typical incisions used in thoracoab-
dominal aortic aneurysm repairs. (A) A curvilinear incision is used to 
approach the aorta in extents I, II, and III thoracoabdominal aneu-
rysm repairs. (B) A straighter, oblique incision is used to approach 
extent IV thoracoabdominal aortic aneurysm repairs.
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1091

intercostal arteries are oversewn (Fig. 49-8C). In cases of 
chronic dissection, the septum between the true and false 
lumens is completely removed. The aorta is transected 2 
to 3 cm beyond the proximal clamp and is separated from 
the esophagus to allow the surgeon to place full-thickness 
sutures in the aortic wall without injuring the esophagus. 
A 22- or 24-mm, gelatin-impregnated woven Dacron graft 
is used in most patients. The proximal anastomosis is per-
formed with continuous polypropylene suture (Fig. 49-7D). 
Most anastomoses are made with 3-0 polypropylene suture; 
however, in patients with particularly fragile aortic tissues, 
such as patients with acute aortic dissection or Marfan syn-
drome, 4-0 polypropylene sutures are commonly used. Felt 
strips are generally not used; instead, intermittent poly-
propylene mattress sutures with felt pledgets are used to 
reinforce selected portions of the anastomoses. The use of 
surgical adhesives is avoided in these operations.

Open Anastomosis Under Hypothermic Circulatory 
Arrest. In repairs of large aneurysms at the distal arch or 
aneurysms with enormous size, contained rupture, or in redo 
operations in which safe dissection and clamping are not pos-
sible, an alternative strategy is total cardiopulmonary bypass 
with hypothermic circulatory arrest. Arterial inflow is estab-
lished by placing a cannula in the distal aorta or the femoral 
artery, depending on patient-specific factors. Venous drain-
age is usually established by inserting a long, multiholed can-
nula into the left femoral vein and advancing it into the right 
atrium with transesophageal echocardiographic guidance. 
The left atrium or left ventricle can be vented via a right-
angled sump cannula placed in the left pulmonary vein to 
prevent cardiac distension. Total cardiopulmonary bypass is 
initiated, and the patient is cooled to electrocerebral silence. 
Circulatory arrest is initiated, and the aneurysm is opened. 
Direct antegrade cerebral perfusion into the left carotid artery 
can be accomplished via a separate balloon catheter arising 
from the arterial limb of the circuit. An open proximal anas-
tomosis is performed. After this anastomosis is completed, a 
Y-limb from the arterial line is connected to a side branch of 
the graft. The graft is deaired and clamped, pump flow to the 
upper body is resumed, and the remainder of the aortic repair 
is performed.

Elephant Trunk Repairs. A staged operative proce-
dure is preferred in patients who present with extensive 
aneurysmal disease involving the ascending aorta, aortic 
arch, and descending thoracic or thoracoabdominal aorta 
(Fig. 49-10A). When the DTAA or TAAA is not causing 
symptoms and is not substantially larger than the ascend-
ing aorta, the proximal aortic repair is performed first. This 
allows treatment of valvular and coronary artery occlusive 
disease during the first operation.

Our current preference for reconstruction of the innomi-
nate, left carotid, and left subclavian artery is separate 
end-to-end anastomoses with a branched trifurcated graft 
(Fig. 49-10B). The bypass to the left subclavian artery during 
the first stage is not critical, and the left subclavian artery origin 

can remain intact on the native aorta. The aorta itself can be 
replaced with a skirted elephant trunk graft, which facilitates 
the distal aortic anastomosis to aneurysmal tissue, because the 
skirt accommodates any size discrepancy between the graft and 
native aorta. The proximal aortic anastomosis is placed to the 
supravalvar ascending aorta, and the distal skirt anastomosis 
can be placed fairly anteriorly on the aortic arch at the level 
of the innominate artery, facilitating hemostasis. The proximal 
end of the trifurcated graft is then anastomosed to an opening 
in the mid-ascending aspect of the aortic graft. The distal aor-
tic anastomosis later becomes unimportant when the elephant 
trunk anastomosis to the descending aorta is completed at the 
second stage (Fig. 49-10D). The presence of the elephant trunk 
graft within the descending aorta allows secure clamping of 
even very large aneurysms distal to the left subclavian artery. 
If the left subclavian artery was not bypassed during the arch 
vessel reconstruction, a side branch from the descending aorta 
can be anastomosed to the subclavian artery from the left chest 
during the second stage. During the second stage repair, an 
ultrasound probe may be used to identify the distal end of the 
elephant trunk before incision.

Reversed Elephant Trunk Repairs. Conversely, in 
patients with similarly extensive aneurysmal disease who 
present with a DTAA or TAAA that has ruptured, causes 
symptoms (eg, back pain), or is considerably larger than 
the ascending aorta (Fig. 49-11A), the DTAA or TAAA is 
treated during the initial operation, and the ascending aorta 
and transverse aortic arch are repaired in a second procedure. 
During this “reversed” elephant trunk repair (Fig. 49-11B), 
a portion of the proximal end of the aortic graft is inverted 
down into the lumen during the first operation and is later 
used to facilitate second-stage repair of the ascending and 
transverse aortic arch.87

INTERCOSTAL PATCH ANASTOMOSIS AND 
COMPLETION OF THE DTAA REPAIR
After the proximal anastomosis is completed, LHB is discon-
tinued and the distal aortic clamp is removed. The remainder 
of the aneurysm is opened longitudinally to its distal extent 
(Fig. 49-7E). The blood in the open aorta is scavenged via cell 
saver and returned as whole blood by a rapid infuser system. 
When intraluminal thrombus is present, it is evacuated by 
hand. If the aneurysm was clamped proximal to the left sub-
clavian artery, the aortic clamp is moved down onto the graft 
and the left subclavian artery clamp is removed; this restores 
blood flow to the left vertebral artery and to spinal collat-
erals. For repairs that extend to the diaphragm or beyond, 
patent lower intercostal arteries are selected and reattached 
to an opening cut in the side of the graft. If the aortic tissue 
is particularly friable, a separate, 8-mm graft can be attached 
in an end-to-end fashion to the selected intercostal vessels. 
In DTAA repairs, the distal anastomosis is then performed 
(Fig. 49-8B) as an open distal anastomosis. For aneurysms 
arising from chronic dissections, the membrane between the 
true and false lumen is fenestrated distally to ensure that both 
lumens are perfused.
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C

A B

D E

FIGURE 49-10 Drawings illustrating the two-stage elephant trunk repair of an extensive aneurysm (A) involving the ascending, transverse arch, 
and entire thoracoabdominal aorta. (B) The first stage includes graft replacement of the ascending aorta and transverse aortic arch. A segment of 
the graft (the elephant trunk) is left suspended within the aneurysmal descending thoracic aorta. (C) During the second stage, the elephant trunk 
is retrieved and (D) used for the proximal anastomosis. (E) The completed repair includes reattachment patches for a pair of intercostal arteries 
and the visceral arteries. (Figures B-D reproduced with permission from Baylor College of Medicine. Figure E reproduced with permission from 
LeMaire SA, Price MD, Parenti JL, et al: Early outcomes after aortic arch replacement by using the Y-graft technique, Ann Thorac Surg. 2011 Mar; 
91(3):700-707.)
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A

B

C

FIGURE 49-11 Drawings illustrating the two-stage reversed elephant trunk repair of an extensive aneurysm (A) involving the ascending, trans-
verse arch, and thoracoabdominal aorta. (B) The first stage involves graft replacement of the thoracoabdominal aorta. The proximal portion of the 
graft is invaginated, and the folded edge is used to create the proximal anastomosis. (C) After reattachment of intercostal arteries, a beveled distal 
anastomosis is performed behind the visceral ostia.

VISCERAL BRANCH VESSEL ANASTOMOSES
In patients with TAAAs, after the descending thoracic 
aortic repair is completed, the remainder of the aneurysm 
is opened longitudinally (Fig. 49-7E). This incision runs 
posterior to the origin of the left renal artery and contin-
ues to the distal extent of the aneurysm. When present, 
the remaining dissecting membrane is excised. The ori-
gins of the visceral and renal branches are identified. Cold 

perfusate is intermittently delivered to the renal arteries 
via balloon catheters. In patients receiving LHB, balloon 
cannulas are also placed in the celiac and superior mes-
enteric arteries so that selective visceral perfusion can be 
delivered from the pump circuit. Subsequently, the celiac, 
superior mesenteric, and renal arteries are reattached. In 
extent I repairs, the reattachment of the visceral arteries 
is often incorporated into a beveled distal anastomosis 
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D

F

E

G

  (D) After the first stage is completed, a segment of graft (the elephant trunk) is left suspended within the descending 
thoracic aortic graft. (E) During the second stage, the elephant trunk is retrieved through the open aortic arch and (F) used to replace the arch and 
ascending aorta, (G) which completes the repair.

FIGURE 49-11 (Continued ) 
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 Chapter 49 Descending and Thoracoabdominal Aortic Aneurysms 1095

(Fig. 49-11C), but in extent II and III repairs, the visceral 
artery origins are reattached to one or more oval open-
ings in the graft (Fig. 49-7F). Commonly, the origin of the 
left renal artery is displaced laterally and is best attached 
to a separate opening in the graft (Fig. 49-7H). Patients 
with genetic disorders such as Marfan or Loeys-Dietz 
syndrome are prone to aneurysms involving their visceral 
reattachment patch; a multibranched graft enables sepa-
rate bypasses to each of the vessels, thereby minimizing 
the amount of remaining aortic tissue and reducing the 
risk of recurrent aneurysms. Multibranched grafts are also 
useful in patients with large aneurysms that have caused 
wide displacement of the celiac, superior mesenteric, and 
renal arterial ostia (Fig. 49-12). Visceral artery stenosis is 
typically encountered in at least 25% of cases and neces-
sitates endarterectomy (if anatomically suitable), stenting, 
or interposition bypass grafting.54,88

DISTAL AORTIC AND ILIAC ANASTOMOSES
When the TAAA extends below the renal arteries, a distal anas-
tomosis is performed near the aortic bifurcation (Fig. 49-7H). 
In patients with iliac artery aneurysms, a bifurcation graft is 
sewn onto the end of the straight graft; the graft’s limbs are 
then anastomosed to the common iliac, external iliac, or com-
mon femoral artery, depending on the extent of disease. The 
right limb of the bifurcation graft is tunneled retroperitoneally 
into the pelvis near the right iliac artery. Exposure of the left 
iliac artery is more straightforward from the left retroperitoneal 
incision. As needed for stenosis or extensive calcification, end-
arterectomy may be performed or stents may be used under 
direct vision to repair one or both iliac arteries.

CLOSURE
After all clamps are removed, heparin is reversed with 
protamine sulfate. Hemostasis is achieved by surgically 

A B

FIGURE 49-12 Drawings showing (A) a thoracoabdominal aortic aneurysm with wide displacement of the celiac, superior mesenteric, and both 
renal arterial ostia. (B) The aorta has been replaced with a multibranched graft that facilitates separate reattachment of each of the visceral arteries. 
(Printed with permission from Baylor College of Medicine.)
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1096 Part VII Surgery of the Great Vessels

TABLE 49-2: Results of 705 Contemporary (2009-2015) Open Descending Thoracic or Thoracoabdominal 
Aortic Aneurysm Repairs-Baylor College of Medicine

Extent of repair No. of patients 30-day deaths Paraplegia* Stroke* Renal Failure*

DTAA 51 2 (4%) 2 (4%) 1 (2%) 1 (2%)
TAAA I 161 5 (3%) 3 (2%) 4 (3%) 8 (5%)
TAAA II 226 16 (7%) 11 (5%) 4 (2%) 22 (10%)
TAAA III 118 4 (3%) 10 (8%) 0 16 (14%)
TAAA IV 149 5 (3%) 4 (3%) 3 (2%) 8 (5%)
Total 705 32 (5%) 30 (4%) 12 (2%) 55 (8%)

DTAA, descending thoracic aortic aneurysm; TAAA, thoracoabdominal aortic aneurysm. 
*Discharged as a persistent impairment or present at time of early death.

reinforcing the anastomoses and administering blood prod-
ucts as necessary. The renal, visceral, and peripheral circula-
tions are assessed. To ensure that renal function is adequate, 
blue dye is administered intravenously, and transit time to 
urine output is measured. The bowel, spleen, and liver are all 
assessed for adequacy of perfusion. The spleen is examined for 
capsular injury; if a splenic hematoma is present, the spleen 
is removed to avoid postoperative bleeding and hypotension. 
The aneurysm wall is then loosely wrapped around the aor-
tic graft. Two posteriorly located thoracic drainage tubes and 
a closed-suction retroperitoneal drain are placed before clo-
sure. The diaphragm is closed with continuous polypropylene 
suture; postoperative disruption of the diaphragmatic repair 
is exceedingly rare.

EARLY POSTOPERATIVE CARE
Postoperative blood pressure management is critical and must 
be balanced between hypertension (which can cause bleed-
ing) and hypotension (which can lead to paraplegia/parapa-
resis). Because aortic anastomoses are often extremely fragile 
during the early postoperative period, even brief episodes of 
hypertension may disrupt suture lines and cause severe bleed-
ing or pseudoaneurysm formation. In most cases, we use 
nitroprusside, intravenous β-antagonists, and intravenous 
calcium-channel blockers to keep the mean arterial blood 
pressure between 80 and 90 mm Hg. In patients with severely 
friable aortic tissue, such as those with Marfan syndrome, we 
use a target range of 70 to 80 mm Hg.

OUTCOMES
Since 1986, we have performed open surgical repair of 4040 
DTAAs and TAAAs. Combined hospital and 30-day opera-
tive mortality was 7.1% (n = 286). Complications that are 
commonly associated with an increased risk of death include 
paraplegia, renal failure, respiratory failure, cardiac events, 
and bleeding. The incidence of paraplegia and paraparesis in 
our series was 4.8% (n = 195), paraplegia alone was 2.7% 
(n = 111), and the incidence of renal failure necessitating 

hemodialysis was 5.7% (n = 231). The rate of return to the 
operating room for bleeding has been 3.5% in our experience 
(n = 142). Our most recent data (from 2009 to 2015), which 
reflect the results of our current organ-protection strategies, 
are shown in Table 49-2; for the majority of postoperative 
complications, operative risk varies by the extent of repair.

Pulmonary complications following distal aortic repair are 
quite common, affecting more than a third of patients and 
tending to occur more frequently after extensive repair (extents I 
and III TAAA repair) than less extensive repair (extent IV TAAA 
repair). Of note, vocal cord paralysis can contribute to respi-
ratory complications; it should be suspected in patients with 
postoperative hoarseness and confirmed by direct examina-
tion. This complication can be treated effectively by direct cord 
medialization (ie, type 1 thyroplasty) or by polytetrafluoroeth-
ylene injection. In general, younger patients (≤50 years) tend to 
have far fewer postoperative complications than older patients; 
however, extensive TAAA repair (extent II TAAA) in the elderly 
(>80 years) should be cautioned as patients do quite poorly.89

SURVEILLANCE FOR ADDITIONAL 
AORTIC DISEASE
Patients who have undergone DTAA or TAAA repair remain 
at risk for developing new aneurysms in other aortic segments 
or in reattachment patches; this is especially true for patients 
with residual distal aortic dissection. Progressive weakening 
of aortic tissue at suture lines can lead to pseudoaneurysm 
formation—this late risk tends to be more pronounced in 
patients with uncontrolled hypertension or connective tissue 
disorder. If concerning symptoms develop (such as any isch-
emic complications or sudden onset of pain), patients should 
be made aware that they should seek urgent treatment. To 
detect new aortic disease before life-threatening complica-
tions occur, we recommend that all patients undergo annual 
CT or MR imaging of the chest and abdomen. This strat-
egy of lifelong surveillance is especially important in patients 
with genetic disorders.8 Subsequent aortic repairs can be per-
formed with surprisingly low mortality and morbidity risk, 
particularly when done electively.90
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Patients with thoracic aortic disease pose many challenges. 
Frequently, these patients are older and present with multi-
ple comorbidities. Additionally, the posterior location of the 
descending thoracic aorta requires a large thoracotomy inci-
sion, with its own inherent morbidity.

The modern surgical treatment of thoracic aortic disease 
began in the 1950s, when successful treatment utilizing seg-
mental resection and graft replacement was first reported 
by Swan, Lam, DeBakey, and Etheridge.1-3 Soon thereafter, 
DeBakey and Cooley reported the first successful repair of an 
ascending aortic aneurysm using cardiopulmonary bypass.4 
Cardiopulmonary bypass and commercially available tube 
grafts were the mainstays of our surgical armamentarium for 
the next 30 years. Improved diagnostic capabilities, surgical 
techniques, and perioperative care have resulted in improved 
outcomes, even as the risk profile has worsened.5,6 In an effort 
to limit the morbidity of these operations,7,8 endovascular 
techniques emerged as an attractive alternative. Originally 
devised for high-risk patients, and following on developments 
directed toward aneurysms of the abdominal aorta, thoracic 
endovascular stent-graft technology has rapidly evolved. 
Although originally intended for repair of atherosclerotic tho-
racic aortic aneurysms,9–11 thoracic stent-graft applications 
have been expanded to the treatment of multiple pathologies, 
including acute and chronic aortic dissections, penetrating 
atherosclerotic aortic ulcers, and thoracic aortic trauma.12-19 
Results have steadily improved, and long-term durability 
has been encouraging; however, the necessity for long-term 
follow-up remains,20-22 with obvious financial implications.

HISTORY
Endovascular stent-graft technology, initially targeting the 
abdominal aortic aneurysm, was introduced by Parodi.23 
Balloon-expandable stents, sewn inside the ends of a vascular 
tube graft, were placed within the aneurysmal aorta, exclud-
ing the aneurysm sac. Simultaneously, at Stanford University 

Medical Center, a collaborative effort between interventional 
radiologists and cardiovascular surgeons proved highly syner-
gistic and resulted in a homemade thoracic stent graft.

Self-expanding Gianturco Z stents (Cook Company, 
Bloomington, IN) were fastened together and covered with a 
woven Dacron graft (Meadox-Boston Scientific, Natick, MA; 
Fig. 50-1), and then compressed into a 28-French introducer 
sheath. The first homemade thoracic graft was implanted 
in the descending thoracic aorta in 1992 after Institutional 
Review Board (IRB) approval was obtained. Subsequently, a 
high-risk trial was approved for patients with thoracic aor-
tic aneurysms who were deemed nonsurgical candidates.24 
Thirteen such patients were treated utilizing stent grafts, 
customized-designed for each patient. Placement of these 
stents was successful in all patients, with complete throm-
bosis of the aneurysm sac reported in 12 of the 13 patients. 
At 1 year, there were no deaths, paraplegia, strokes, or distal 
embolization.

Feasibility having been established, IRB approval was 
obtained for a subsequent trial of 103 patients, 60% of whom 
were deemed unfit for conventional open surgical repair.25 
Using the same “homemade” first-generation stent graft, com-
plete aneurysm thrombosis was achieved in 83% of patients. 
Thirty-day mortality was 9% and was significantly associated 
with a history of cerebral vascular accidents and myocardial 
infarctions. Major perioperative morbidities included para-
plegia in three patients, cerebrovascular accidents in seven 
patients, and respiratory insufficiency in 12 patients. Actu-
arial survival was 81% at 1 year and 73% at 2 years. Given 
the high-risk nature of this patient population, these first-
generation results were deemed satisfactory. It was, however, 
recognized that mortality and morbidity occurred frequently 
and that long-term follow-up was necessary to establish the 
long-term efficacy. Subsequently, in 2004, mid-term results 
were reported for these initial 103 patients treated with 
first-generation stent grafts.26 Overall actuarial survival was 
dismal; 82, 49, and 27% at 1, 5, and 8 years, respectively. 
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1102 Part VII Surgery of the Great Vessels

However, for potentially operable candidates, survival was 
93 and 78% at 1 and 5 years, respectively, as contrasted to a 
74 and 31% survival at 1 and 5 years, respectively, in those 
patients deemed inoperable. Late rupture in 11 patients rein-
forced the mandate for continued lifelong follow-up.

This technology was extended to the treatment of compli-
cated acute type B aortic dissections, as reported by Dake and 
associates in the New England Journal of Medicine in 1999.27 
Again, utilizing these first-generation homemade devices, 
stent grafts were placed across the primary entry tear, success-
fully excluding false lumen perfusion. Distal malperfusion 
was corrected, and false lumen thrombosis within the chest 
occurred in 79% of patients. Early mortality was 16%, which 
largely reflected very late referral. Favorable clinical results 
persisted out to a mean follow-up of 13 months.

TECHNICAL DEVELOPMENT
Homemade stent-graft devices persisted for another 10 years, 
as commercial development was slow to evolve. Homemade 
devices were made in 10, 15, and 20 cm lengths, with diam-
eters from 23 to 36 mm. Two-centimeter proximal and dis-
tal landing zones were recommended, and stent grafts were 
oversized to approximately 10 to 15%. These grafts were then 
loaded into 28-French delivery sheaths, which were advanced 
into the descending thoracic aorta, usually through a femo-
ral artery cutdown. In addition to small iliofemoral vessels, 
additional anatomic constraints of these early first-genera-
tion stent grafts, which precluded either delivery or secure 
fixation, included acute angulation of the distal arch, a severe 
sigmoid-like tortuosity through the diaphragmatic crura, and 
excessive mural thrombus.

The advent of this new stent-graft technology required 
a new terminology for endoleaks, which allowed the aneu-
rysmal sac to remain pressurized. Type I endoleaks occur 
at the proximal (A) or distal (B) attachment sites and sig-
nify a failure to achieve a hemostatic seal at these implant 
sites. Type II endoleaks denote a communication between a 
branch vessel and the excluded aneurysm sac, and are com-
monly seen with back-bleeding intercostal vessels. Type III 
endoleaks occur at graft to graft junctions, and Type IV 
endoleaks are characterized by increase in aneurysm sac size 
in the absence of an identifiable endoleak, variously referred 
to as endotension.

In 2005 and 2006, commercially produced stent grafts 
became available. Initially, the Gore Excluder TAG system 
(W.L. Gore, Sunnyvale, CA) was approved (Fig. 50-2), fol-
lowed shortly thereafter by the Medtronic Talent Graft 
(Medtronic, Sunrise, FL) and the Cook Zenith (Cook Com-
pany, Bloomington, IN). These second- and third-generation 
endoprostheses addressed many of the deficiencies of the 
early homemade devices. The delivery systems have become 
increasingly smaller in diameter and more flexible. The exo-
skeleton has to provide high column strength and ductility 
and be compression- and kink-resistant. Nitinol is used pre-
dominantly, covered by either Dacron or polytetrafluoroeth-
ylene (PTFE) graft material.

EARLY RESULTS
In January 2005, the phase II multicenter trial of the Gore 
Excluder TAG thoracic endoprosthesis was reported.28 This 
multicenter, prospective, nonrandomized trial was conducted 
at 17 sites and compared the results of stent-graft repair of 
descending thoracic aortic aneurysms in 140 patients, with 
the results of open repair in 94 patients. Strict inclusion and 

FIGURE 50-1 First-generation stent graft assembled from articu-
lated Z stents and covered with a woven Dacron tube graft.

FIGURE 50-2 Second-generation commercially manufactured 
thoracic aortic stent graft. The thoracic Excluder TAG system by 
W.L. Gore contains a thin-walled PTFE graft covered by a nitinol 
exoskeleton.
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 Chapter 50 Endovascular Therapy for the Treatment of Thoracic Aortic Disease 1103

exclusion criteria were defined in an attempt to ensure com-
parability of both groups. Follow-up computed tomography 
(CT) scans were obtained at 1, 6, 12, and 24 months. For 
stent-graft patients, operative blood loss, renal failure, para-
plegia, and mortality rates were all significantly less than for 
the open repair group (Fig. 50-3). Interestingly, stroke rates 
were approximately equal in both groups. ICU stay and 
total hospital stay and time to return to normal activity were 
approximately 50% shorter for the stent-graft group than 
for those with open repair. Although stent-graft patients had 
reduced aneurysm-related mortality out to 2 years (3% vs 
10%), interestingly, all-cause mortality was similar between 
groups at 2 years, similar to the results of recent randomized 
trials in abdominal aortic aneurysm stent grafts.

THORACIC AORTIC ANEURYSMS
Approximately 50% of all thoracic aortic aneurysms are 
located in the descending aorta; these aneurysms commonly 
arise at the level of the left subclavian artery and are often 
atherosclerotic in nature.29 The size–rupture correlation has 
been demonstrated through the natural history of these 
aneurysms, as reported by Clouse and associates, using the 
Olmstead County database, in which thoracic aortic aneu-
rysms have an overall 5-year rupture risk of 30%.30 The 
Mount Sinai group has identified clinical variables that 
predict the risk for rupture, including increasing age, pres-
ence of chronic obstructive pulmonary disease, maximal 
thoracic and abdominal aneurysm diameter, and presence 
of pain.31 The Yale Aortic Diseases Group has documented 
rupture and dissection of thoracic aortic aneurysms at a 
median diameter of 7.2 cm.6 The Yale Group also reported 
the mean rate of rupture or dissection as 2% per year for 
smaller aneurysms, 3% for aneurysms 5.0 to 5.9 cm, and 
6.9% for aneurysms 6.0 cm and larger.32 Open surgical 
graft replacement has been the traditional mainstay of treat-
ment for these patients, and mortality rates of 5 to 10 % 
have been reported from experienced centers.33,34 Similarly, 

paraplegia rates have decreased to the 3 to 8% range, with 
increasing risk associated with increased extent of resection, 
emergency operation, and renal dysfunction. Utilization of 
distal circulatory support and cerebral spinal fluid drain-
age was protective.35-38 However, in an ever-increasingly 
elderly population with multiple comorbidities, endovascu-
lar repair has become increasingly attractive, especially for 
patients with favorable anatomy.

Technological progress has also been very enabling. 
Smaller and more flexible delivery systems have assured 
access in most patients. Coverage of the left subclavian 
artery to create a satisfactory proximal landing zone has 
been frequently employed with few complications. Preop-
erative left subclavian-to-carotid transposition needs to be 
entertained only for extensive thoracic coverage, diminu-
tive right vertebral artery, impaired perfusion of both left 
subclavian and hypogastric arteries, and for patients with 
previously repaired abdominal aortic aneurysms. Patients 
considered at high risk for paraplegia should receive a spinal 
drain preoperatively and hypotension assiduously avoided. 
Increasingly, percutaneous access is sufficient, even in obese 
patients. Lastly, much like abdominal aortic aneurysms, 
endograft technology can be very efficient for the manage-
ment of ruptured thoracic aortic aneurysms.

THORACIC AORTIC DISSECTION
Perhaps the greatest impact of this endovascular technol-
ogy has been on the treatment of thoracic aortic dissections. 
Previously, open repair of complicated acute type B aortic 
dissections, defined as those dissections with rupture or 
impending rupture, rapid expansion, or malperfusion syn-
dromes, was associated with high mortalities. Endovascular 
repair, because of its ability to cover the primary entry tear, 
thus redirecting flow into the true lumen and eliminating 
“dynamic malperfusion”; also allows treatment of “static 
malperfusion” during the same interventional setting. 

BA

FIGURE 50-3 (A) Angiogram of a descending thoracic aortic aneurysm suitable for stent-graft repair. (B) Angiogram illustrating successful exclu-
sion of the aneurysm sac with a thoracic stent graft.

Cohn_ch50_p1101-1108.indd   1103 12/04/17   5:26 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1104 Part VII Surgery of the Great Vessels

Uncovered stents placed in branch vessel orifices occluded 
by an intimal flap are remarkably effective for these malper-
fused organ systems.39-42

For uncomplicated acute type B aortic dissections, there 
is increasing enthusiasm for prophylactic placement of stent 
grafts to allow aortic remodeling during the acute and sub-
acute phases. Conventional medical therapy successes may 
still fail in the late follow-up due to aneurysmal expansion 
of the false lumen. Early stent-graft intervention, if it could 
be achieved with low morbidity and mortality, could allow 
positive aortic remodeling in the stented aorta, avoiding these 
very problematic late aneurysmal complications. Given the 
likely development of disease-specific stents, ideally, a cov-
ered segment in the proximal portions and uncovered stents 
for the more distal aorta, prophylactic stent grafting in the 
subacute stage could allow positive aortic remodeling for the 
entire thoracic aorta (Fig. 50-4).27 Hopefully, genetic risk fac-
tors which place patients at increased risk for late aneurys-
mal changes could be identified, which would allow targeting 
those patients who would most benefit from such a prophy-
lactic intervention.

Chronic aortic dissections are more problematic. 
Frequently, these patients are much older, with very large 
aneurysmal components, and multiple communications 
between true and false lumens. Open surgical repair has been 
associated with significant morbidity and mortality. Unfortu-
nately, since the dissection frequently extends into the abdo-
men, and because of multiple fenestrations between the true 
and false lumens, exclusion of false lumen filling is difficult. 
Although aneurysmal dilation frequently involves only the 
proximal descending thoracic aorta, it is unknown whether 
endograft coverage of the entire thoracic aorta to the level 
of the celiac artery will be sufficient to provoke false lumen 
thrombosis. Recent publication of a select series by Hughes 
and the Duke aortic group has documented good results with 
low morbidity by stent grafting from the left subclavian artery 
to the celiac axis.43 Complete exclusion of a patent false lumen 
distally, especially in the absence of multibranch grafts, can 
be very problematic, even with snorkel and chimney grafts 
and occluder devices. New technical advances should provide 
more tools to address these very problematic patients. Roselli 
and the Cleveland Clinic group recently reported surgical 

A B

C D

FIGURE 50-4 (A) Intravenous contrast-enhanced CT scan of the upper abdomen demonstrating an aortic dissection with compression of the 
true lumen. (B) Angiogram of the thoracic aorta demonstrating a type B dissection involving the descending thoracic aorta. (C) CT scan of the 
abdomen, and (D) angiogram of the descending thoracic aorta after stent-graft implantation into the true lumen in the proximal descending 
thoracic aorta.
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and endovascular experience in this very challenging group 
of patients, highlighting the competing risks of death and 
intervention.44

PENETRATING ATHEROSCLEROTIC 
ULCERS AND INTRAMURAL 
HEMATOMAS
Intramural hematoma (IMH) of the aorta is attracting grow-
ing interest as a variant of aortic dissection.45 The exact patho-
physiology is not well understood. Although by definition, 
pure IMH likely occurs from hemorrhage into the media 
from the vasa vasorum, many maintain that an intimal dis-
ruption is present in all cases.

Certainly, in the absence of any intimal disruption, there 
would be no indication for stent-graft repair. IMH, however, 
is often associated with or even precipitated by penetrating 
atherosclerotic ulcers (PAUs) of the descending thoracic aorta. 
Therefore, covering the PAU with a stent graft may limit 
the progression of the IMH and allow healing to occur.46-48 
Unfortunately, even with successful stent-graft implantation 
using both first- and second-generation grafts, retrograde aor-
tic dissection, new ulcer formation, and endoleaks have been 
noted in a significant percentage of patients, emphasizing the 
diffuse and severe nature of this disease.49-52

The Stanford group has reported their mid-term results 
treating PAU of the descending thoracic aorta, with an aver-
age of 51 months of follow-up19 (Fig. 50-5). Using both 

first- and second-generation commercial devices, 26 patients 
were treated, 14 of whom were deemed nonoperative can-
didates. The primary success rate was 92%, with actuarial 
survival estimates of 85, 76, and 70% at 1, 3, and 5 years, 
respectively. Perioperative mortality was 12%. Increasing 
aortic diameter and female gender were determinants of 
treatment failure. These risk factors reflect the importance 
of careful patient selection based on anatomical criteria and 
clinical factors. In addition, long-term follow-up with serial 
CT angiography is necessary to detect late complications.

THORACIC AORTIC TRAUMA
Aortic injuries secondary to nonpenetrating trauma are fre-
quently lethal lesions, with 80 to 90% of patients dying in 
the hour after the accident.53 Urgent surgical graft replace-
ment of the aorta has been the conventional treatment, but 
these patients frequently have other major injuries, includ-
ing closed head injuries, pulmonary contusions, myocardial 
contusions, and other solid organ injuries, which may limit 
options for surgical repair. Thoracic endografts would appear 
to be an invaluable addition to our surgical armamentarium. 
Initially, however, all available stent grafts were too large to 
be utilized inside the smaller aortas of these younger patients. 
Fortunately, smaller stent grafts, as well as tapered stent grafts, 
have become available, greatly facilitating repair of these trau-
matic injuries.54-58

Blunt aortic injuries have been classified in an SVS clas-
sification system. Class I injury involves only an intimal lac-
eration with no other radiographic changes. Type II injury 
includes an intimal laceration and mild intramural hemor-
rhage without significant compromise of the vessel lumen or 
expansion of the adventitial diameter. Extent III denotes an 
intramural hemorrhage, sufficient to cause an increase in aor-
tic diameter and compression of the intimal lumen, the classi-
cal pseudo-aneurysm. Class IV denotes rupture or impending 
rupture. For Class I and II injuries, most authors recommend 
no acute treatment, with repeat imaging in 24 to 48 hours. 
When anatomically feasible, stent-graft coverage for Class III 
and IV injuries has become the procedure of choice, limit-
ing stent-graft length to that necessary to cover the injured 
area. Endografts longer than 15 cm may be associated with an 
increased risk of paraplegia. For type II injuries noted to prog-
ress and for type III injuries, delayed repair may be elected in 
a stable patient to allow recovery from other injuries. With an 
Extent III injury and with the necessity for permissive hyper-
tension in the treatment of a closed head injury, early inter-
vention may be warranted (Fig. 50-6). In patients for whom 
permissive hypertension is desirable, that is, patients with 
closed head injuries, early stent-graft placement may be indi-
cated. Otherwise, for stable type III or minimally progressive 
Extent II injuries, delayed stent-graft placement may be most 
effective, allowing interval recovery from polytrauma. There 
is little data demonstrating the durability of these stent grafts 
in past 5 years, but it is expected that interval surveillance will 
allow safe and timely reintervention if necessary.

FIGURE 50-5 Three-dimensional CT scan of a giant penetrating 
ulcer involving the descending thoracic aorta that is perfectly suited 
to treatment with a thoracic stent graft.
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1106 Part VII Surgery of the Great Vessels

FUTURE DIRECTIONS 
Despite the many advances in the field of endovascular sur-
gery, stent grafting of the thoracic aorta remains in a devel-
opmental phase.20,59 Newer stent-graft technologies had been 
slow to become available in the United States, especially com-
pared to China and Japan. Unibranch grafts may allow more 
proximal repairs into the aortic arch, and multibranch and 
fenestrated grafts may allow complex repair of thoracoab-
dominal aortic aneurysms. There are currently many new 
stent-graft and interventional technologies in the pipeline, 
which will facilitate aortic repairs in the future. Disease-
specific endografts and combinations will also likely become 
available, further enabling endovascular repair.

Finally, it is important that these patients be followed 
longitudinally. Early success is no long-term guarantee, as 
we have seen even totally thrombosed aortic aneurysm sacs 
elongate with a late appearance of type I endoleaks. Serial 
imaging may allow timely reintervention, but obviously does 
incur added expense.

Diseases of the thoracic aorta pose a significant challenge 
to the surgeon because of complexity of the disease and the 
characteristics of an ever-aging patient population. Current 
literature supports increasing application of endovascular 
technology in well-suited patients, but further follow-up and 
additional trials may be necessary to further refine the exact 
role of endovascular repair for the future.

REFERENCES
 1. Swan H, Maaske C, Johnson M, Grover R: Arterial homografts II. Resec-

tion of thoracic aortic aneurysm using a stored human arterial trans-
plant. Arch Surg 1950; 61:732.

 2. Lam CR, Aram HH: Resection of a descending thoracic aorta for aneu-
rysm: a report of the use of a homograft in a case and an experimental 
study. Ann Surg 1951; 134:743.

 3. DeBakey ME, Cooley DA: Successful resection of aneurysm of thoracic 
aorta and replacement by graft. J Am Med Assoc 1953; 152:673.

 4. Cooley DA, DeBakey ME: Resection of entire ascending aorta in fusi-
form aneurysm using cardiac bypass. J Am Med Assoc 1956; 162:1158.

 5. Coady MA, Rizzo JA, Goldstein LJ, Elefteriades JA: Natural history, 
pathogenesis, and etiology of thoracic aortic aneurysms and dissections. 
Cardiol Clin North Am 1999; 17:615.

 6. Coady MA, Rizzo JA, Elefteriades JA: Developing surgical interven-
tion criteria for thoracic aortic aneurysm. Cardiol Clin North Am 1999; 
17:827.

 7. Gillum RF: Epidemiology of aortic aneurysm in the United States. J Clin 
Epidemiol 1995; 48:1289.

 8. Hagan PG, Nienaber CA, Isselbacher EM, et al: The International Reg-
istry of Acute Aortic Dissection. New insights into an old disease. J Am 
Med Assoc 2000; 283:897.

 9. Volodos NL, Karpovich IP, Troyan VI, et al: Clinical experience of the 
use of self-fixing synthetic prosthesis for remote endoprosthetics of the 
thoracic and the abdominal aorta and iliac arteries through the femo-
ral artery and as intraoperative endoprosthesis for aorta reconstruction. 
VASA 1991; 33(Suppl):93.

 10. Ruiz CE, Zhang HP, Douglas JT, et al: A novel method for treatment of 
abdominal aortic aneurysms using percutaneous implantation of a newly 
designed endovascular device. Circulation 1995; 91:2470.

 11. Chuter TAM: Stent-graft design: the good, the bad and the ugly. Cardio-
vasc Surg 2002; 10:7.

 12. Umana JP, Mitchell RS: Endovascular treatment of aortic dissections and 
thoracic aortic aneurysms. Semin Vasc Surg 2000; 13:290.

 13. Nienaber CA, Fattori R, Lund G, et al: Nonsurgical reconstruction of 
thoracic aortic dissection by stent-graft placement. New Engl J Med 
1999; 340:1539.

 14. Mitchell RS: Endovascular solution for diseases of the thoracic aorta. 
Cardiol Clin North Am 1999; 17:815.

 15. Tokui T, Shimono T, Kato N, et al: Less invasive therapy using endovas-
cular stent graft repair and video-assisted thoracoscopic surgery for rup-
tured acute aortic dissection. Jpn Thorac Cardiovasc Surg 2000; 48:603.

 16. Buffolo E, da Fonseca JHP, de Souza JAM, Alves CMR: Revolutionary 
treatment and aneurysms and dissections of descending aorta: the endo-
vascular approach. Ann Thorac Surg 2002; 74:S1815.

A B

FIGURE 50-6 (A) Thoracic angiogram demonstrating a contained rupture of the descending thoracic aorta in a trauma victim. (B) Thoracic 
angiogram revealing repair of the aortic rupture with a thoracic stent graft.

Cohn_ch50_p1101-1108.indd   1106 12/04/17   5:26 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 50 Endovascular Therapy for the Treatment of Thoracic Aortic Disease 1107

 17. Kato N, Dake MD, Miller DC, et al: Traumatic thoracic aortic aneurysm: 
treatment with endovascular stent-grafts. Radiology 1997; 205:657.

 18. Kasirajan K, Marek J, Langsfeld M: Endovascular management of acute 
traumatic thoracic aneurysm. J Trauma 2002; 52:357.

 19. Demers P, Miller C, Mitchell RS, et al: Stent-graft repair of penetrating 
atherosclerotic ulcers in the descending thoracic aorta: mid-term results. 
Ann Thorac Surg 2004; 77:81.

 20. Gleason TG: Thoracic aortic stent grafting: is it ready for prime time? J 
Thorac Cardiovasc Surg 2006; 131:16.

 21. Nienaber CA, Erbel R, Ince H: Nihil nocere on the rocky road to endo-
vascular stent-graft treatment. J Thorac Cardiovasc Surg 2004; 127:620.

 22. Mitchell RS, Dake MD, Semba CP, et al: Endovascular stent-graft 
repair of thoracic aortic aneurysms. J Thorac Cardiovasc Surg 1996; 
111:1054.

 23. Parodi JC, Palmaz, JC, Barone HD: Transfemoral intraluminal graft 
implantation for abdominal aortic aneurysms. Ann Vasc Surg 1991; 
5:491.

 24. Dake MD, Miller DC, Semba CP, et al: Transluminal placement of 
endovascular stent-grafts for the treatment of descending thoracic aortic 
aneurysms. New Engl J Med 1994; 331:1729.

 25. Mitchell RS, Miller DC, Dake MD, et al: Thoracic aortic aneurysm 
repair with an endovascular stent graft: the “first generation”. Ann Thorac 
Surg 1999; 67:1971.

 26. Demers P, Miller DC, Mitchell RS, et al: Midterm results of endovascu-
lar repair of descending thoracic aortic aneurysms with first-generation 
stent grafts. J Thorac Cardiovasc Surg 2004; 127:664.

 27. Dake MD, Kato N, Mitchell RS, et al: Endovascular stent-graft place-
ment for the treatment of acute aortic dissection. New Engl J Med 1999; 
340:1546.

 28. Makaroun MS, Dillavou ED, Kee ST, et al: Endovascular treatment of 
thoracic aortic aneurysms: results of the phase II multicenter trial of the 
GORE TAG thoracic endoprosthesis. J Vasc Surg 2005; 41:1.

 29. Pressler V, McNamara JJ: Thoracic aortic aneurysm. J Thorac Cardiovasc 
Surg 1980; 79:489.

 30. Clouse WD, Hallett JW, Schaff HV, et al: Improved prognosis of tho-
racic aortic aneurysms: a population-based study. J Am Med Assoc 1998; 
280:1926.

 31. Jovoenen T, Ergin MA, Galla JD, et al: Prospective study of the natural 
history of thoracic aortic aneurysms. Ann Thorac Surg 1999; 63:551.

 32. Davies RR, Goldstein LJ, Coady MA, et al: Yearly rupture or dissection 
rates for thoracic aortic aneurysms: simple prediction based on size. Ann 
Thorac Surg 2002; 73:17.

 33. Svensson LG, Crawford ES, Hess KR, et al: Variables predictive of out-
come in 832 patients undergoing repairs of the descending thoracic 
aorta. Chest 1993; 104:1248.

 34. Kouchoukos NT, Masetti P, Rokkas CK, et al: Safety and efficacy of 
hypothermic cardiopulmonary bypass and circulatory arrest for opera-
tions on the descending thoracic and thoracoabdominal aorta. Ann Tho-
rac Surg 2001; 72:699.

 35. Estrera AL, Rubenstein FS, Miller CC, et al: Descending thoracic aortic 
aneurysm: surgical approach and treatment using the adjuncts cerebro-
vascular fluid drainage and distal aortic perfusion. Ann Thorac Surg 2001; 
72:482.

 36. Gharagozloo F, Neville RF, Cox JL: Spinal cord protection during surgi-
cal procedures on the descending thoracic and thoracoabdominal aorta: 
a critical overview. Semin Thorac Cardiovasc Surg 1998; 10:25.

 37. Griepp RB, Ergin MA, Galla JD, et al: Minimizing spinal cord injury 
during repair of descending thoracic and thoracoabdominal aneurysms: 
the Mount Sinai approach. Semin Thorac Cardiovasc Surg 1998; 10:57.

 38. Rokkas CK, Kouchoukos NT: Profound hypothermia for spinal cord 
protection in operations on the descending thoracic and thoracoabdomi-
nal aorta. Semin Thorac Cardiovasc Surg 1998; 10:57.

 39. Elefteriades JA, Lovoulos CJ, Coady MA, et al: Management of descend-
ing aortic dissection. Ann Thorac Surg 1999;67; 67:2002.

 40. Fann JI, Sarris GE, Mitchell RS, et al: Treatment of patients with aortic 
dissection presenting with peripheral vascular complications. Ann Surg 
1990; 212:705.

 41. Umana JP, Lai DT, Mitchell RS, et al: Is medical therapy still the optimal 
treatment strategy for patients with acute type B aortic dissections? J 
Thorac Cardiovasc Surg 2002; 124:896.

 42. Nienaber CA, Zannetti S, Barbieri B, et al: INvestigation of STEnt in 
patients with type B Aortic Dissection: design of the INSTEAD trial—A 
prospective multicenter, European randomized trial. Am Heart J 2005; 
149:592.

 43. Hughes CC, Ganapathi AM, Englum BR, et al: Thoracic endovascular 
aortic repair for chronic DeBakey IIIB aortic dissection. Ann Thorac Surg 
2014; 98:2092.

 44. Roselli EE: TEVAR versus open surgery for type-B chronic dissection. J 
Thorac Cardiovasc Surg 2014; 11:028.  

 45. Coady MA, Rizzo JA, Elefteriades JA: Pathologic variants of thoracic 
aortic dissections: penetrating artherosclerotic ulcers and intramural 
hematomas. Cardiol Clin North Am 1999; 17:637.

 46. Nienaber CA, Richartz BM, Rehders T, et al: Aortic intramural hema-
toma: natural history and predictive factors for complications. Heart 
2004; 90:372.

 47. Song JK, Kim HS, Kang DH, et al: Different clinical features of aortic 
intramural hematoma versus dissection involving the ascending aorta. J 
Am Coll Cardiol 2001; 37:1604.

 48. Ganaha F, Miller DC, Sugimoto K, et al: Prognosis of aortic intramural 
hematoma with and without penetrating atherosclerotic ulcer: a clinical 
and radiological analysis. Circulation 2002; 106:342.

 49. Sailer J, Peloschek P, Rand T, et al: Endovascular treatment of aortic type 
B dissection and penetrating ulcer using commercially available stent-
grafts. Am J Roentgenol 2001; 177:1365. 

 50. Kos X, Bouchard L, Otal P, et al: Stent-graft treatment of penetrating 
thoracic aortic ulcers. J Endovasc Ther 2002; 9:SII25.

 51. Brittenden J, McBride K, McInnes G, et al: The use of endovascular 
stents in the treatment of penetrating ulcers of the thoracic aorta. J Vasc 
Surg 1999; 30:946.

 52. Murgo S, Dussaussois L, Golzarian J, et al: Penetrating atherosclerotic 
ulcer of the descending thoracic aorta: treatment by endovascular stent-
graft. Cardiovasc Intervent Radiol 1998; 21:454.

 53. Parmley LF, Mattingly TW, Manion WC, et al: Nonpenetrating trau-
matic injury to the aorta. Circulation 1958; 17:1086.

 54. Razzouk AJ, Gundry SR, Wang N, et al: Repair of traumatic aortic rup-
ture: a 25-year experience. Arch Surg 2000; 135:913.

 55. Tatou E, Steinmetz E, Jazayeri S, et al: Surgical outcome of traumatic 
rupture of the thoracic aorta. Ann Thorac Surg 2000; 69-70.

 56. Iannelli G, Piscione F, Tommaso LD, et al: Thoracic aortic emergencies: 
impact of endovascular surgery. Ann Thorac Surg 2004; 77:591.

 57. Rousseau H, Dambrin C, Marcheix B, et al: Acute traumatic aortic rup-
ture: a comparison of surgical and stent-graft repair. J Thorac Cardiovasc 
Surg 2005; 129:1050.

 58. Doss M, Wood JP, Balzer J, et al: Emergency endovascular interventions 
for acute thoracic aortic rupture: four-year follow-up. J Thorac Cardiovasc 
Surg 2005; 129:645.

 59. Mitchell RS: Stent grafts for the thoracic aorta: a new paradigm? Ann 
Thorac Surg 2002; 74:S1818.

Cohn_ch50_p1101-1108.indd   1107 12/04/17   5:26 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



Cohn_ch50_p1101-1108.indd   1108 12/04/17   5:26 pm

This page intentionally left blank 

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1109

Injury to the aorta and great vessels of the thorax may occur 
secondary to penetrating or blunt trauma. The management 
strategy involves control of immediate hemorrhage with pre-
vention of distal malperfusion or pseudoaneurysm develop-
ment and rupture. Blunt thoracic aortic injury (BTAI) is the 
most common thoracic vascular injury and is the second lead-
ing cause of death in the United States from nonpenetrating 
trauma. Its incidence is estimated at 7500 to 8000 cases per 
year.1 In 75 to 90% of cases, death occurs at the accident 
scene, typically in those with four or more serious injuries 
in addition to their aortic transection.2 Current data sug-
gest that approximately 4% of patients die during transport 
from the scene, and an additional 19% die during the initial 
trauma evaluation.3 A meta-analysis in 2011 reported that in-
hospital mortality of patients managed nonoperatively was as 
high as 46%, whereas mortality was 9% in patients treated 
by endovascular repair and 19% for open repair.4 After aortic 
transection at the isthmus, aortic disruption at the base of the 
innominate artery is the most common site of injury, followed 
by the base of the left subclavian artery, and the base of the 
left carotid. Central venous structures are rarely injured with 
blunt trauma, but this can occur with penetrating trauma.5 
Traditionally, open surgical repair of these injuries has proved 
effective. Since the first endovascular thoracic aortic device 
became commercially available in the United States in 2005, 
the treatment of BTAI has rapidly evolved as high-volume 
trauma centers applied the principles of endovascular aneu-
rysm repair to BTAI in an off-label manner. With the growing 
shift from open repair to thoracic endovascular aortic repair 
(TEVAR) as the primary treatment in patients with BTAI, 
outcomes have improved with significantly reduced mortality 
and morbidity, including procedure-related paraplegia.6 This 
chapter describes the traumatic injuries to the thoracic aorta 
and its brachiocephalic branch vessels. The mechanism, 
clinical presentation, and treatment strategies are presented. 
The emphasis is directed to endovascular strategies which 
have emerged as the most commonly utilized intervention 
in blunt aortic and brachiocephalic branch vessel trauma.  

The chapter is divided into the ascending, arch, and descend-
ing zones and both open surgical and endovascular approaches 
are described with regard to the specific zones.

GENERAL CONSIDERATIONS
Zonal Divisions of the Thoracic Aorta
In order to facilitate international correspondence and a clini-
cally more useful system with regard to anatomical identifica-
tion of the thoracic aorta, an “anatomical endograft landing 
zone map” was advocated at the First International Summit 
on Thoracic Aortic Endografting held in Tokyo in 2001.7 We 
suggest using this landing zone map to classify not only the 
proximal deployment site of an endograft but also extent of 
open surgical repairs. In 2002, this landing zone map was 
expanded to include the position of the distal end of the 
endograft. Since then, the map (Fig. 51-1) has achieved con-
sensus as the standardized anatomical definition to evaluate 
outcomes.8 On a more personal notation, we refer to the 
aortic root as the “double-0” site.

Clinical Presentation
Patients presenting to the emergency department with injury 
to a great vessel should be evaluated according to standard 
advanced trauma life support (ATLS) protocols. Those suffer-
ing blunt trauma are often hemodynamically stable; therefore, 
a high index of suspicion for intrathoracic vascular disruption 
must be based on the mechanism and constellation of related 
injuries. In addition to high-speed collisions involving auto-
mobiles or motorcycles, crush injuries and falls often have 
sufficient force to rupture a thoracic vessel.9-12 There are often 
clues evident in the initial evaluation of a trauma patient that 
can suggest aortic disruption. In contrast to blunt injury to 
the arch vessels, patients sustaining descending thoracic aortic 
rupture are often hemodynamically stable on presentation at 
the emergency department. Although patients may complain 
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1110 Part VII Surgery of the Great Vessels

of dyspnea or back pain and display differential blood pres-
sures in the upper versus lower extremities, specific signs 
or symptoms of aortic rupture have been identified in less 
than 50% of cases. Complete de-gloving injury may result 
in intussusception of the aortic media into the descending 
thoracic aorta, with resultant “pseudocoarctation” and sub-
sequently variable degrees of distal malperfusion (Fig. 51-2). 
Commonly associated complaints include neck and chest 
pain, and physical examination may reveal ecchymosis across 
the chest and neck from the seatbelt shoulder harness.13,14 

Physical examination findings concerning for rupture of a 
great vessel include supraclavicular swelling or bruit, dimin-
ished pulse in the ipsilateral upper extremity, neck hematoma 
with or without tracheal deviation, acute Horner’s syndrome, 
and an acute superior vena cava-like syndrome.11,14-16 In 
a stable patient with evidence of a stab or gunshot wound 
located between the mid clavicular lines or in zone I of the 
neck, great vessel penetration should be suspected.17 A pre-
cordial bruit suggesting arteriovenous fistula (AVF) forma-
tion may be noted in up to 30% of patients.18 Penetrating 
distal subclavian injuries may demonstrate pulsatile bleeding 
during initial evaluation.19 More commonly, patients suffer-
ing penetrating injury to the chest or neck will be hemody-
namically unstable on arrival to the emergency department, 
possibly with evidence of cardiac tamponade, and those in 
extremis should undergo emergent thoracotomy. Hypotensive 
patients may proceed directly to the operating room without 
diagnostic imaging; the mortality of patients presenting with 
hypotension is nearly three times greater than that of stable 
patients.18,19 Therefore, an organized, efficient, and effective 
evaluation of these patients is necessary to prevent unneces-
sary loss of life.

Classification System for Traumatic 
Aortic Injury
The classification scheme for grading the severity of BTAI 
has been widely accepted and is shown in Fig. 51-3.20 Grade I 
demonstrates an intimal tear or flap. Grade II demonstrates 
an intramural hematoma without significant change in 
the external contour of the aorta. Grade III demonstrates 
a contained pseudoaneurysm with extension beyond the 
normal contours of the aorta. Grade IV involves full-
thickness aortic injury with extravasation. The Society of 

0

1 2

3

4

FIGURE 51-1 Zonal divisions of the thoracic aorta.

FIGURE 51-2 Pseudocoarctation of the aorta caused by circumferential transection of the aorta with the wall flap telescoping into the distal 
aorta. Blood flow between the proximal and distal aortic segments is maintained by the surrounding adventitia alone.
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 Chapter 51 Trauma to the Great Vessels 1111

Vascular Surgery guidelines recommend TEVAR for 
grade II through IV BTAIs, given that grade I injuries 
typically heal spontaneously.

Initial Evaluation
A multitrauma patient should be evaluated according to 
standard ATLS protocols regardless of whether aortic disrup-
tion is suspected. The primary and secondary survey, rou-
tine radiographs, and hemodynamic stabilization must be 
completed before the team can begin investigating specific 
injuries. The first step in diagnosing a blunt traumatic aortic 
injury is identifying the at-risk patient. Motor vehicle colli-
sions, falls from height, explosions, and crush injuries have 
the impact and deceleration forces required to cause aortic 
transection; therefore these patients should undergo imaging 
directed at ruling out this potentially fatal injury.21-24 Opera-
tive management of intracranial space-occupying lesions and 
intra-abdominal hemorrhage takes priority over nonbleed-
ing aortic injuries. Hemodynamically unstable patients with 
signs of exsanguinating hemorrhage should go directly to the 
operating room for control of hemorrhage, and transesoph-
ageal ultrasound may be used to evaluate for aortic injury. 
Ninety-five percent of patients with aortic disruption have 
associated injuries. Data accrued from a trial which included 
approximately 50 trauma centers across the United States and 
Canada, the American Association for the Surgery of Trauma 

(AAST) trial,25 demonstrated that current advancements in 
emergency medical resuscitation in the field have provided 
more patients the opportunity to reach the hospital and 
receive aggressive definitive care. There are often clues evident 
in the initial evaluation in these patients that can suggest 
aortic disruption (Table 51-1).

CHEST X-RAY
In the majority of trauma patients, a supine chest radiograph 
is obtained as part of the initial evaluation, and the constel-
lation of grossly widened mediastinum, hemothorax, and 
transient hemodynamic instability on arrival appear to be 
predictive of early in-hospital death from BTAI.26 During the 
evaluation of a blunt trauma patient, an anteroposterior chest 
radiograph is routinely obtained and ought to be examined 
for one of the 15 signs that have been associated with aortic 
rupture (Table 51-2).27 Widening of the mediastinum to a 
width exceeding 25% of the total chest width, obliteration of 
the aortic knob, apical pleural capping, and fractures of the 
sternum, scapula, clavicle, or first rib are some of the most 
common findings (Fig. 51-4). None of these signs have dem-
onstrated sufficient sensitivity or specificity to effectively rule 
out aortic injury, however, and up to 40% of patients with 
aortic rupture have had chest x-ray findings interpreted as 
normal.22,23,28-32 When abnormalities are identified, however, 
they can aid the practitioner in determining which patients 
require aggressive imaging to definitively rule out an aortic 
injury.

FIGURE 51-3 Classification system for blunt thoracic aortic 
injury (BTAI). The different grades of BTAI are shown: Grade I—
intimal tear/flap, Grade II—intramural hematoma, Grade III—
pseudoaneurysm, Grade IV—rupture.

TABLE 51-1: Clues that Suggest Aortic 
Disruption

History
 Motor vehicle crash >50 km/h
 Motor vehicle crash into fixed barrier
 No seatbelt
 Ejection from vehicle
 Broken steering wheel
 Motorcycle or airplane crash
 Pedestrian hit by motor vehicle
 Falls greater than 3 m
 Crush or cave-in injuries
 Loss of consciousness
Physical signs
 Hemodynamic shock (systolic blood pressure < 90 mm Hg)
 Fracture of sternum, first rib, clavicle, scapula, or multiple ribs
 Steering wheel imprint on chest
 Cardiac murmurs
 Hoarseness
 Dyspnea
 Back pain
 Hemothorax
 Unequal extremity blood pressures
 Paraplegia or paraparesis
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1112 Part VII Surgery of the Great Vessels

FIGURE 51-4 Chest radiograph of an 18-year-old male victim of a 
motor vehicle collision showing a widened mediastinum.

FIGURE 51-5 Helical computed tomography scan of the chest in 
a 30-year-old male after a high-speed motor vehicle collision demon-
strating an intimal flap in the proximal descending thoracic aorta and 
periaortic hematoma.

TABLE 51-2: Chest X-ray Findings 
Associated with Blunt Aortic Disruption 

Widened mediastinum (>8.0 cm)
Mediastinum-to-chest width ratio >0.25
Tracheal shift to the patient’s right
Blurred aortic contour
Irregularity or loss of the aortic knob
Left apical cap
Depression of the left main bronchus
Opacification of the aortopulmonary window
Right deviation of the nasogastric tube
Wide paraspinal lines
First rib fracture
Any other rib fracture
Clavicle fracture
Pulmonary contusion
Thoracic spine fracture

Data from Cook AD, Klein JS, Rogers FB, et al: Chest radiographs of limited 
utility in the diagnosis of blunt traumatic aortic laceration, J Trauma. 2001 May; 
50(5):843-847.

COMPUTED TOMOGRAPHY
In the typical hemodynamically stable blunt trauma patient, 
head and abdominopelvic computed tomography (CT) 
should be conducted to identify closed-head or intra-
abdominal injury. Those with an abnormal chest x-ray or a 
traumatic mechanism consistent with aortic injury should 
undergo helical CT scan of the chest with intravenous con-
trast at this time. Since its introduction in the early 1990s, 
CT has become the screening tool of choice at most medical 
institutions to detect traumatic aortic rupture due to its avail-
ability, speed, and ease of interpretation. Additionally, sen-
sitivities and negative predictive values nearing 100% have 

been reported for volumetric helical or spiral CT.22,23,32-35 
Normal aorta portrays homogeneous enhancement, while 
filling defects, contrast extravasation, intimal flaps, periaortic 
hematoma, pseudoaneurysm, and mural thrombi may sug-
gest the presence of an aortic injury (Fig. 51-5).34 Moreover, 
the enhanced resolution of CT imaging has allowed identifi-
cation of minimal aortic injuries, such as small intimal flaps 
with minimal or no mediastinal changes, that may be safely 
managed with anti-impulse therapy.23,34,36

TRANSESOPHAGEAL ECHOCARDIOGRAPHY
Transesophageal echocardiography (TEE) has become a valu-
able tool in cardiothoracic surgery due to its ability to image 
the entire descending thoracic aorta along with portions of 
the ascending aorta arch and its portability. In unstable blunt 
trauma patients requiring laparotomy, TEE can be utilized to 
evaluate the descending aorta for evidence of rupture, such as 
a mural flap or a thickened vessel wall concerning for mural 
thrombus. Multiplanar TEE probes permit acquisition of 
cross-sectional images at different angles along a single rota-
tional axis. The typical 5- or 7-MHz transducer permits ade-
quate resolution of structures as small as 1 to 2 mm. Doppler 
mapping of turbulent blood flow near a vessel wall abnor-
mality may be suggestive of blunt aortic disruption, and 
time-resolved imaging allows evaluation of the movement of 
anatomic structures, thereby enhancing the ability to define 
the physiologic consequences of such abnormalities. Chronic 
atheromatous disease of the aorta can complicate obtaining 
and interpreting TEE images; therefore observation of multi-
ple-related signs of injury, such as mural flap with a surround-
ing mediastinal hematoma, is more reliable. A disadvantage 
of TEE, and potential inhibitor to its widespread use as a 
screening tool for aortic injury, is its operator-dependent 
nature with sensitivities as low as 63% documented for this 
modality.37 A prospective comparison of imaging techniques 
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 Chapter 51 Trauma to the Great Vessels 1113

for diagnosis of blunt aortic trauma reported, however, sen-
sitivity and specificity of 93 and 100% for TEE compared to 
73 and 100% for helical CT.35 Thoracoscopy has also been 
used to evaluate traumatic hemothoraces, however with expe-
rienced practitioners intraoperative TEE has superb sensi-
tivity and specificity for aortic transection.38,39 TEE is more 
invasive than helical CT, but overall the associated risk is low. 
Contraindications include concomitant injury to the cervical 
spine, oropharynx, esophagus, or maxillofacial structures.35

MAGNETIC RESONANCE ANGIOGRAPHY
Vascular structures are well imaged by magnetic resonance 
angiography (MRA), particularly the thoracic aorta, and 
its utility in the diagnosis and follow-up of complex aortic 
disease including aortic dissections and aneurysms is firmly 
established.40-42 The time required to capture images inhib-
its the utility of MRA in the acute evaluation of a trauma 
patient, however it may be effective in posttherapeutic 
surveillance of traumatic thoracic injuries.

AORTOGRAPHY
Aortography may be useful when helical CT or TEE fail 
to definitively identify or adequately characterize an aortic 
injury. The role of aortography in evaluating blunt thoracic 
injuries was firmly established prior to the advent of nonin-
vasive, sophisticated imaging techniques, and it may still be 
considered the gold standard. In experienced hands its sen-
sitivity and specificity both approach 100%.43 Intra-arterial 
digital subtraction is most often used because it allows rapid 
generation of images (Fig. 51-6). In the past, intravenous dig-
ital subtraction was used as well. After injecting intravenous 

contrast, time-delayed images of the arch and descending 
aorta were obtained, and although this technique greatly 
decreased the duration of the procedure, it was abandoned 
because the diagnostic accuracy for aortic disruption was less 
than 70%.40 With the availability and speed of helical CT, 
aortography is now rarely used for diagnosis, but routinely 
utilized for endovascular stent graft placement. This interven-
tion requires a highly trained team of endovascular special-
ists and can be time-consuming; therefore trauma patients 
with additional life or limb threatening injuries should be 
otherwise stabilized before entering the endovascular suite. 
Rates of exsanguination and death of up to 10% have previ-
ously been reported during diagnostic aortography, but this 
incidence has decreased significantly as endovascular profi-
ciency has improved.40,44,45 In fact, complication rates attrib-
uted directly to aortography are low, but patients may suffer 
contrast reactions, contrast nephropathy, groin hematomas, 
or femoral artery pseudoaneurysms. False-positive studies are 
usually attributed to atheromata or ductal diverticula.

Decision to Repair Versus 
Expectant Management
Uniformly, hemodynamically unstable blunt trauma 
patients should bypass diagnostic imaging and be taken to 
the operating room immediately. During a damage control 
exploratory laparotomy or thoracotomy, TEE may be con-
ducted to diagnose contained aortic rupture.35 Operative 
repair of the aorta should not be attempted at this time, 
however, as this group of patients benefit from immedi-
ate transfer to the intensive care unit for further resuscita-
tion. Once hemodynamic stability is achieved, anti-impulse 
therapy with beta-blockade should be initiated to minimize 
aortic wall stress. Hemodynamically stable patients diag-
nosed with blunt aortic injury, and lacking severe associated 
injuries requiring interventions, warrant immediate repair. 
Treatment of all nonlife-threatening injuries should be 
delayed until after definitive aortic repair. As such, delayed 
management has demonstrated to be safe and effective in 
carefully selected patients with severe associated injuries or 
comorbidities.46-57 Patients with thoracic, intraperitoneal 
or retroperitoneal hemorrhage, or intracranial bleeding 
that cause mass effect should be managed with aggressive 
anti-impulse therapy to minimize the risk of aortic rupture 
while these injuries are addressed.55 The goal of anti-impulse 
therapy should be to maintain a systolic blood pressure less 
than 120 mm Hg and/or a mean arterial pressure less than 
80 mm Hg.23 The aortic insult should also be monitored 
by TEE during surgical repair of concomitant injuries, and 
routinely imaged with CT during the delayed management 
period. The mortality rate of patients awaiting aortic repair 
has ranged from 30 to 50%, but the majority of deaths have 
not been related to the aortic injury.49,50,55 In the AAST trial, 
those presenting in extremis or with evidence of free aortic 
rupture were excluded, and the mortality rate of patients 
with associated injuries that precluded initial aortic repair 
was 55%.25 Therefore, evidence supports operative delay 

FIGURE 51-6 Digital subtraction arteriogram of an acute traumatic 
aortic disruption near the isthmus.
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1114 Part VII Surgery of the Great Vessels

or even nonoperative management in select patients with 
blunt aortic injury who may be considered poor operative 
candidates. Even in carefully selected patient with BTAIs 
deliberate nonoperative management has been shown to 
be a reasonable alternative in the polytrauma patient.58 
Anti-impulse therapy with beta-blockers should be initi-
ated in patients proceeding directly to the operating room 
for aortic repair, as well as in those selected for delayed 
repair, to reduce blood pressure and thereby reduce aortic 
wall stress.23,24,59 In-hospital aortic rupture rates have been 
reduced through aggressive beta-blockade without adversely 
affecting the outcome of associated injuries.23

THE ASCENDING AORTA
Mechanism of Injury
Descending thoracic aortic transection is the most common 
vascular injury resulting from blunt thoracic force. The ascend-
ing aorta and arch vessels, however, may also be disrupted, com-
monly leading to dissection or pseudoaneurysm formation.11,14 
Mechanistically, the transmission of force through the tho-
racic cavity from blunt injury is believed to cause torsion of 
the ascending aorta, leading to disruption of the wall with an 
associated shearing effect on the heart.60 Additionally, a water-
hammer effect is described in which an aortic occlusion at the 
diaphragm occurs with impact and a high pressure wave is 
reflected back to the ascending aorta and aortic arch.61

Operative Repair
Pseudoaneurysm of the ascending aorta should be repaired 
using cardiopulmonary bypass. Femorofemoral or axillo-
femoral cannulation and commencement of cardiopul-
monary bypass before sternotomy may decompress the 
ascending aorta and decrease the risk of pseudoaneurysm 
rupture on opening the chest.16 After entering the pericar-
dium, the pseudoaneurysm should be carefully mobilized, 
if possible, to gain proximal and distal control. Depending 
on the nature and extent of the injury, repair may be con-
ducted by primary repair, patch angioplasty, or prosthetic 
replacement of aortic segment. If aortic valve insufficiency 
is encountered, prosthetic valve replacement may be war-
ranted.62 Occasionally, deep hypothermic circulatory arrest 
is required, especially if proximal and distal control cannot 
be comfortably obtained or the pseudoaneurysm extends 
into the proximal aortic arch. This will allow for excision of 
the pseudoaneurysm and closure of the aortic defect with a 
prosthetic patch.60 As with descending thoracic aortic inju-
ries, a delay in operative management may be considered in 
hemodynamically stable patients with associated injuries at 
high risk for bleeding, especially intracranial lesions.60 The 
application of this delayed approach depends on the nature 
of the ascending aortic injury. For instance, it must be a dis-
crete lesion without evidence of circumferential involvement 
or compromised adjacent structures. Safe observation entails 
maintaining a mean arterial pressure less than 80 mm Hg 

and cerebral perfusion pressure greater than 50 mm Hg, 
typically through short-acting intravenous beta-blockade.63 
Conservative management must be accompanied by regular 
assessment of the aortic lesion through serial CT scans of 
the thorax and a low threshold for operative intervention if 
enlargement of the pseudoaneurysm is identified.63

Endovascular Interventions
Several studies have reported safety and effectiveness of 
TEVAR of the descending aorta, but the role of TEVAR 
for treating ascending aortic pathology is less well known. 
Especially the role of ascending TEVAR (or A-TEVAR) in 
the setting of trauma has not been evaluated and reported 
to date. Only a small number of studies have described out-
comes with this approach.64-66 The reported experience dem-
onstrates that endovascular repair of the ascending aorta is 
technically feasible in settings of chronic aneurysms or acute 
aortic dissections and can be accomplished with promising 
early results. Currently there are no commercially available 
endovascular devices specifically designed to treat the ascend-
ing aorta. Compared with TEVAR of the descending tho-
racic aorta, endovascular therapy for the ascending aorta is 
challenged by more complex pathology, hemodynamic char-
acteristics, and anatomy. As such, the proximity of the aortic 
valve and coronary arteries to the ascending aorta makes it 
particularly challenging to obtain seal and fixation within 
the proximal landing zone. Thus far the only intervention 
is the open surgical approach via median sternotomy and 
cardiopulmonary bypass as described in the previous section.

THE AORTIC ARCH BRANCH VESSELS
Mechanism of Injury
The pathogenesis of blunt innominate artery rupture has been 
postulated to be the result of anteroposterior compression of 
the mediastinum between the sternum and vertebrae, displac-
ing the heart posteriorly and to the left, thereby increasing 
the curvature of the aortic arch and increasing tension on all 
of its outflow vessels.67 Hyperextension of the cervical spine 
with head rotation provides additional tension on the right 
carotid artery, which is transmitted to the innominate artery, 
and can lead to rupture.67 The left carotid artery undergoes 
stretching injury with rapid deceleration, producing an inti-
mal tear and subsequent dissection.11 Additional mechanisms 
of carotid artery injury include hyperflexion of the neck to 
cause compression between the mandible and cervical spine, 
basilar skull fracture transecting the artery, and strangulation 
injury.11 Blunt subclavian artery injuries are more common 
in the middle and distal third of the artery and are theorized 
to be caused by downward forces fracturing the first rib with 
the anterior scalene acting as a fulcrum so that the subcla-
vian artery is pinched between the first rib and clavicle.9 The 
abrupt deceleration of the shoulder, owing to the seatbelt 
shoulder harness, is also believed to cause subclavian artery 
shearing injuries.9
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 Chapter 51 Trauma to the Great Vessels 1115

Operative Repair
INNOMINATE ARTERY
The innominate artery is the second most common site of tho-
racic vascular injury following blunt trauma. In a review of 117 
reported cases of blunt innominate artery rupture, 83% were 
in the proximal vessel, 3% were in the middle, 9% were distal, 
and the remaining injuries involved multiple sections.10 The 
most common finding was disruption of the intima and media 
with pseudoaneurysm formation (Fig. 51-7).10 Although pri-
mary repair may be possible in some cases, surgical repair of an 
innominate artery rupture has traditionally been performed by a 
prosthetic aorto-innominate bypass graft from the aortic arch to 
healthy distal vessels through a full or upper median sternotomy 
with extension of the incision along the anterior border of the 
right sternocleidomastoid as necessary.17,68 Operative repair of a 
penetrating innominate artery injury is approached in the same 
manner.17 The entire length of the innominate artery should be 
mobilized to achieve distal control and the pericardium opened 
to gain proximal control at the level of the aortic arch.69 After 
systemic administration of heparin, a partial occlusion clamp 
is applied to the aortic arch and the proximal anastomosis of 
the prosthetic graft performed end-to-side with polypropylene 
suture.69 Depending on the location and extent of the injury, 
the distal end-to-end anastomosis may involve only the innomi-
nate artery or a Y-graft may be required to reconstruct the proxi-
mal portions of the right carotid and right subclavian arteries 
individually.10 The origin of the innominate artery should then 
be fully exposed and oversewn with pledgeted nonabsorb-
able sutures.69 Healthy patients typically tolerate temporary 

innominate artery occlusion caused by adequate collateral 
flow through the contralateral carotid and vertebral arteries.69 
Cerebral protection, cardiopulmonary bypass, electroencepha-
logram monitoring, hypothermia with circulatory arrest, or 
carotid shunting (for stump pressure < 50 mm Hg) should be 
employed in patients with neurologic abnormalities or suspi-
cion of a contralateral carotid artery injury.68,69 Long-term 
patency of prosthetic aorto-innominate artery bypass grafts has 
been reported to be greater than 96% at 10 years.70

CAROTID ARTERY
Therapeutic management of blunt carotid artery injury 
must be directed at preventing cerebral ischemia and surgi-
cal intervention should be weighed against observation and 
anticoagulation.71 Small intimal flaps may resolve, whereas 
larger flaps can lead to thrombosis and therefore require anti-
coagulation to prevent thromboembolism.72 Arterial dissec-
tion may progress to luminal narrowing, placing the patient at 
risk for thrombosis, and anticoagulation therapy is especially 
important in patients with bilateral carotid artery dissection 
owing to the morbidity and mortality associated with bilateral 
thrombosis.73 When operative intervention is indicated because 
of pseudoaneurysm formation (Fig. 51-8), the surgeon may 
bypass the lesion, but reconstruction or ligation of the artery 
can also be employed.11 Open repair of an intrathoracic carotid 
artery injury should occur through a median sternotomy with 
extension along the anterior border of the ipsilateral sterno-
cleidomastoid muscle as necessary to gain adequate exposure.18 
After gaining proximal and distal control, arterial repair may be 
accomplished by primary repair or interposition grafting with 
saphenous vein or prosthetic material.18

FIGURE 51-7 Arteriogram showing rupture of proximal segment 
of innominate artery and pseudoaneurysm at the site of rupture. 
(Reproduced with permission of Symbas JD, Halkos ME, Symbas PN: 
Rupture of the innominate artery from blunt trauma: current options 
for management, J Card Surg 2005 Sep-Oct;20(5):455-459.)

A B

FIGURE 51-8 Digital subtraction angiography demonstrating a 
wide-necked pseudoaneurysm at the base of the right common carotid 
artery. Slide A is a left anterior oblique view with an aortic arch injec-
tion. Slide B shows the right anterior oblique view with innominate 
artery injection. (Reproduced with permission from Simionato F, 
Righi C, Melissano G, et al: Stent-graft treatment of a common carotid 
artery pseudoaneurysm, J Endovasc Ther. 2000 Apr;7(2):136-140.)
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1116 Part VII Surgery of the Great Vessels

SUBCLAVIAN ARTERY
Injury to the subclavian artery, from blunt or penetrating 
trauma, carries a mortality rate of 5 to 30% resulting from 
the inability to obtain adequate hemorrhagic control through 
direct pressure.74,75 Additionally, because of the close proxim-
ity of the trachea, esophagus, subclavian vein, and brachial 
plexus, subclavian artery injuries are associated with 40% 
morbidity.74 Operative exposure may be achieved by median 
sternotomy, limited sternotomy, supraclavicular incision, 
infraclavicular incision, thoracotomy, or a combination of 
these depending on the location of the injury.76 Left-sided 
lesions are often managed through an anterolateral thoracot-
omy with either an infraclavicular or supraclavicular counter 
incision; however, some surgeons perform a median ster-
notomy for a proximal injury.9,76 Right-sided injuries, on the 
other hand, require median sternotomy with supraclavicular 
extension.9 In cases in which the defect involves a long seg-
ment of the subclavian artery, a portion of the clavicle may be 
resected to optimize exposure, although this procedure car-
ries considerable postoperative morbidity.19,76 Once establish-
ing proximal and distal control of the subclavian artery, the 
damaged arterial segment may be excised and arterial recon-
struction accomplished with an interposition graft using 
a saphenous vein or prosthetic material.9 In cases in which 
minimal arterial debridement is required, primary repair is 
often attained.77 Ligation of the subclavian artery may be per-
formed on critically ill patients unable to tolerate an exten-
sive operative repair, and minimal short-term morbidity in 
the affected limb has been reported.19,76,77 When planning 
operative repair of the subclavian artery, concomitant injuries 
to nearby structures such as the subclavian vein and brachial 
plexus should be considered.

Endovascular Interventions
Arteriography is considered the gold standard for diagnosis 
and characterization of an intrathoracic vascular injury, and 
as endovascular stent technology and surgeon proficiency 
continue to advance, arteriography may become the preferred 
method of treatment in hemodynamically stable patients. The 
literature is currently populated with small case series and case 
reports documenting the feasibility of this approach and mini-
mal short-term morbidity and mortality, but very little long-
term data exist. Similar to other minimally invasive techniques, 
endovascular management of a traumatic injury to an intratho-
racic vessel can provide an opportunity for patients to avoid 
sternotomy or thoracotomy and the associated pain, prolonged 
recovery time, and infection risk.78,79 An analysis of endovascu-
lar versus open procedures in the National Trauma Database 
revealed a survival advantage for endovascular repair when con-
trolling for injury severity score, associated injuries, and age.80 
Widespread application of endovascular techniques to manage 
great vessel trauma in hemodynamically stable patients is con-
strained by lesion anatomy. With regard to accessing the injury, 
the relationship of the vascular defect to the aortic arch is rarely 
an issue because brachial and carotid artery approaches, with 
or without a concomitant femoral approach, are increasingly 

employed.79 However, the likelihood that the adjacent healthy 
vessel segments will provide adequate landing zones and the 
preservation of branch vessels are important considerations.81 
Therefore, critical assessment of each individual lesion is 
required to assure appropriate use of this technology. Com-
mon endovascular modalities such as bare-metal or covered 
stents (stent grafts) and coil embolization have been employed 
in vascular trauma. Stent grafts were not commercially avail-
able before 2000; therefore, case reports published in that 
timeframe described use of home-made devices in which the 
surgeon affixed autologous tissue, expanded polytetrafluoro-
ethylene (ePTFE), or polyester to a bare-metal stent and then 
repackaged the device for endovascular deployment across an 
AVF or pseudoaneurysm.82 There are currently a number of 
self-expandable and balloon-expandable stent grafts approved 
for coronary or peripheral vascular interventions that have been 
successfully used in the aortic arch vessels, specifically the wall-
stent endoprosthesis (Boston Scientific, Natick, MA), the Gore 
Viabahn endoprosthesis (W.L. Gore & Associates, Flagstaff, 
AZ), and the Jostent stent-graft coronary or peripheral (Abbott 
Vascular, Redwood City, CA).83

INNOMINATE ARTERY
Stable patients who have suffered either a blunt or penetrating 
injury to the innominate artery have benefited from endovas-
cular repair with a stent graft, without reported complica-
tions.13,78,84-86 One technical consideration when approaching 
an innominate artery pseudoaneurysm is whether the distal 
landing zone of the stent graft will occlude the carotid artery. 
This situation can potentially be avoided by realignment of the 
guidewire such that the orifice of the subclavian artery is cov-
ered instead, a lesion that is typically asymptomatic owing to 
the extensive collateralization of the upper extremity around 
the shoulder.78,87 Alternatively, if the stent graft must traverse 
the origin of the right common carotid, a subclavian-carotid 
bypass may be performed before deployment.78 Appropriate 
follow-up for these endovascular repairs has yet to be defined, 
but biannual duplex ultrasound examinations or CT scans 
have been proposed. The duration of antiplatelet therapy after 
stent graft deployment is also unclear; however, the majority 
of patients are discharged from the hospital on daily aspirin 
therapy with or without Plavix (Bristol-Myers Squibb, Princ-
eton, NJ).13,88,89

CAROTID ARTERY
Trauma to the intrathoracic carotid artery is rare, but 
cases of successful stent-graft exclusion of pseudoaneu-
rysms have been reported.90-96 Embolic risk should be 
considered when assessing whether the lesion is suitable 
for endovascular intervention, and many surgeons advo-
cate for delayed stenting of carotid injuries to minimize 
arterial manipulation and the potential embolic sequelae.97 
Safely anticoagulating the trauma patient with concomi-
tant intracranial or solid organ injuries can be difficult, 
but maintaining a partial thromboplastic time between 40 
and 50 seconds has been shown to effectively cover carotid 
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 Chapter 51 Trauma to the Great Vessels 1117

artery injuries without significantly increasing the bleed-
ing risk.73 Full heparinization is vital during the stent-graft 
deployment procedure, however, and should be followed 
by antiplatelet therapy with Plavix for at least 2 weeks 
with subsequent conversion to lifelong aspirin therapy.91 
Although patients should be monitored for alterations in 
neurologic function as a marker of stent stenosis or occlu-
sion, serial duplex ultrasounds ought to be employed to 
identify subclinical luminal narrowing.97

SUBCLAVIAN ARTERY
Endovascular repair of subclavian artery injuries has been 
relatively well described in the literature because of the 
obvious benefits of this procedure compared with the mor-
bidity of open subclavian artery exposure.83,87,94,98-104 Stent 
grafts have effectively treated pseudoaneurysms, lacerations, 
AVFs, and complete transections of the subclavian artery 
and theoretically reduce the incidence of brachial plexus 
injury since dissection of the traumatized field has been 
eliminated.81,101,105 An interventional consideration unique 
to the subclavian artery has been the presence of branch 
vessels that may be covered by the stent graft and provide a 
source for endoleak. If contralateral vertebral artery patency 
and antegrade flow have been visualized, these branch vessels 
may often be coil embolized.81 If the vertebral artery cannot 
be safely occluded, however, a vertebral-carotid transposi-
tion should be completed before deployment of the stent 
graft.104 Alternatively, stent-graft repair of the subclavian 
artery may cover an internal thoracic artery that has been 
used as a pedicled graft for coronary artery bypass grafting, 
placing the patient at risk for significant cardiac ischemia. 
Postprocedure antiplatelet therapy has consisted of Plavix for 
1 to 3 months followed by lifelong aspirin therapy.104 Repet-
itive compression of the stent graft between the clavicle and 
first rib over the lifespan of a young trauma patient creates 
the risk of stent fracture (Fig. 51-9). Therefore, long-term 
follow-up with serial imaging is required.87 Both stenosis 
and stent fracture, although often asymptomatic, have 
been treated with balloon dilation and deployment of an 
additional stent such that open intervention may still be 
avoided.81,102

THE DESCENDING THORACIC AORTA
Mechanism of Injury
Traumatic aortic disruptions typically occur in motor vehi-
cle drivers, passengers, or pedestrians hit by vehicles.25,106,107 
Alcohol or other substance abuse is involved in greater than 
40% of these motor vehicle accidents.107 Patients ejected 
from the vehicle are twice as likely to sustain traumatic aor-
tic injury, and seatbelt use can decrease this risk fourfold.107 
Overall, seatbelts have been demonstrated to be more effec-
tive than airbags at preventing blunt aortic injury, and aortic 
rupture of both the ascending and descending aorta has been 
attributed to the deployment of an airbag.108-110 Falls from 
significant height, crush injuries, and airplane accidents 
have also caused aortic rupture.22,25,106,111 The pathogenesis 
of aortic transection remains controversial and no integrated 
understanding of these forces has been achieved. The “whip-
lash” theory proposes that a combination of traction, torsion, 
shear, and bursting forces interact owing to differential decel-
eration of tissues within the mediastinum, thereby causing 
adequate stress to rupture the aorta at the isthmus.107,112-116 
The ligamentum arteriosum, the left main stem bronchus, 
and the paired intercostal arteries limit aortic mobility. 
Investigations have shown that displacement of the aorta in 
a longitudinal direction may cause a tear at the isthmus.114 
Alternatively, the “osseous pinch” mechanism has been pro-
posed based on quantifiable thoracic compression.117,118 
With this mechanism, anterior thoracic osseous structures 
(manubrium, first rib, and clavicular heads) rotate posteri-
orly and inferiorly and may impact the vertebral column, 
pinching the aortic isthmus and proximal descending tho-
racic aorta.118 This pinch is theorized to cause shearing of 
the aorta and some clinical data do support the osseous 
pinch mechanism.119 Overall, diversity among the direc-
tion and magnitude of forces generated by a blunt traumatic 
event in patients suffering descending thoracic aortic rup-
ture have prohibited identification of a single pathogenetic 
mechanism. Traumatic aortic disruptions in the descending 
thoracic aorta occur most commonly at the aortic isthmus, 
and an autopsy series identified 54% at this site, with 8% in 
the ascending aorta, 2% in the arch, and 11% in the distal 
descending aorta.120 In those who survive, the periadventi-
tial tissues around the isthmus appear to provide protection 
against free rupture and allow time for transfer to a hospital; 
consequently, surgical case series have reported 84 to 97% of 
aortic ruptures occurring at the isthmus.25,121-125 The strength 
of the aortic wall is in its adventitial layer, and despite the 
increased incidence of transection at the aortic isthmus, 
there is no evidence to suggest that the adventitia in this 
area is deficient.126 Additionally, the structure of the aortic 
wall surrounding the transection has not demonstrated any 
defect and atherosclerotic disease does not play a role in this 
injury.106,107,120 The transverse transection caused by blunt 
aortic trauma typically involves all three layers of the wall 
and the edges may be separated by several centimeters.106,120 
Occasionally, noncircumferential or partial aortic wall dis-
ruptions have been described, particularly posteriorly, and 

FIGURE 51-9 Balloon-expandable stent-graft 8 months after 
deployment demonstrating signs of compression between the clavicle 
and the first rib. (Reproduced with permission from Schoder M, 
Cejna M, Holzenbein T, et al: Elective and emergent endovascular 
treatment of subclavian artery aneurysms and injuries, J Endovasc Ther. 
2003 Feb;10(1):58-65.)
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1118 Part VII Surgery of the Great Vessels

TABLE 51-3: Incidence of Postoperative 
Paraplegia in Relation to Surgical 
Management: Meta-analysis 

Operative 
technique Patients, n Paraplegia, %

Clamp time, 
minutes

No shunt 443 19.2 31.8
Passive shunt 424 11.1 46.8
CPB* 490 2.4 47.8
Partial bypass† 71 1.4 39.5

*CPB, cardiopulmonary bypass with oxygenator and heparin. 
†Partial bypass, partial left heart, or femoral vein to artery without systemic heparin.
Data from von Oppell UO, Dunne TT, De Groot KM, et al: Spinal cord protection 
in the absence of collateral circulation: meta-analysis of mortality and paraplegia, 
J Card Surg. 1994 Nov;9(6):685-691.

under these circumstances intramural hematomas and focal 
dissections may occur.106,120,127

Operative Strategies
BTAI has traditionally undergone open repair with interposi-
tion graft placement, and this approach has proved to be safe, 
effective, and durable, thereby establishing it as the standard 
with which new repair strategies should be compared. Mor-
tality after an open repair has been approximated at 20%, and 
the morbidity rate may be as high as 14%, largely attributable 
to the incidence of spinal cord ischemia.128 The popularity of 
endovascular stent grafting (EVSG) or TEVAR of traumatic 
aortic disruptions has grown immensely in the current era 
because of expected decreases in operating room time, com-
plication rate, morbidity, and mortality.129,130 A prospective, 
nonrandomized, multicenter trial of endovascular aortic 
repair using Valiant Captivia for BTAI (RESCUE) reports on 
50 patients with BTAI. These patients were enrolled between 
April 2010 and January 2012. All-cause mortality within 
1 year was 12%. There were no conversions to open repair. 
There were no device-related adverse events. This study dem-
onstrated that TEVAR has favorable early midterm outcomes 
in the treatment of BTAI. The authors conclude that TEVAR 
remains the treatment modality of choice; however, the lon-
gevity of the stent grafts in this patient population has yet to 
be established.129 As such this approach is particularly attrac-
tive in multitrauma patients, and several institution series have 
reported good short-term outcomes.131-139 Many anatomical 
details must be considered when pursuing TEVAR for trau-
matic aortic rupture in a young, otherwise healthy patient with 
a normal-caliber thoracic aorta. The landing zones may not 
coincide with those expected when the commercially available 
stent graft was designed for the treatment of aneurysm disease; 
therefore, successful placement of the stent graft relies on indi-
vidual surgeon ingenuity and long-term durability of these 
repairs remains unknown.129 TEVAR techniques continue to 
evolve, however, and are not uniformly applicable; therefore, 
surgeons treating thoracic aortic disruption must be comfort-
able with conventional open repair techniques.

OPEN REPAIR
The major controversy regarding open operative repair of 
blunt aortic trauma involves spinal cord protection. Some 
still report safety and efficacy with a “clamp-and-sew” tech-
nique, whereas the majority of surgeons have successfully 
reduced the historical 10% paraplegia rate through some 
form of lower body perfusion to minimize spinal cord and 
visceral organ ischemia.25,121,123-125,140,141

ARTERIAL SUPPLY TO THE SPINAL CORD
Blood supply to the spinal cord relies on three longitudinal 
arteries, the anterior spinal artery located in the anterior-
median position and supplying 75% of the spinal cord, and 
the paired posterior spinal arteries located near the nerve roots. 
Segmental intercostal and lumbar arteries originating from 
the posterior aspect of the aorta supply a series of unpaired 

radicular arteries that subsequently contribute flow to the ante-
rior spinal artery. The vertebral arteries also provide radicular 
branches to supply the anterior spinal artery; therefore, in addi-
tion to the risk of cord ischemia during aortic cross-clamp at 
the isthmus and associated paraplegia rates, clamping proximal 
to the left subclavian compromises flow into the left vertebral 
and further threatens the integrity of the spinal cord. The pos-
terior spinal arteries are supplied by smaller radicular arteries 
that originate from the aorta at nearly every spinal level. The 
largest and most significant radicular artery, typically originat-
ing at the level of T10 and entering the vertebral column at 
the first lumbar vertebrae, is the arteria radicularis magna (or 
artery of Adamkiewicz) and this vessel is essential for spinal 
cord perfusion in nearly 25% of patients.

AORTIC CROSS-CLAMP
Some groups report low paraplegia rates exclusively using a 
“clamp-and-sew” technique; however, these results are not 
widely reproducible and rely on cross-clamp times of less than 
30 minutes.124 Because of its simplicity, this technique may 
be preferentially employed by the noncardiothoracic surgeon 
confronted with repair of a blunt aortic injury. Fragility of the 
aortic wall, anatomical distortion by the periaortic hematoma, 
and extension of the defect into the left subclavian artery pose 
significant obstacles and the average cross-clamp time reported 
in the literature is 41 minutes.125 Paraplegia rates are greatly 
reduced and may even approach zero when extracorporeal 
lower body perfusion techniques are paired with short cross-
clamp times (Tables 51-3, 51-4, and Fig. 51-10).25,140-142

ADJUVANT PERFUSION TECHNIQUES
Elective repair of thoracic or thoracoabdominal aneurysms 
allows employment of several techniques to minimize spinal 
cord ischemia, but the preoperative preparation required 
to monitor somatosensory evoked potentials, provide lum-
bar cerebrospinal fluid drainage, or achieve epidural cool-
ing is typically not available in the trauma setting.141,143-145 
Hypothermic circulatory arrest techniques have been suc-
cessfully applied to injuries involving the arch, but are not 
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 Chapter 51 Trauma to the Great Vessels 1119

TABLE 51-4: Incidence of Postoperative 
Paraplegia in Relation to Surgical 
Management: AAST Prospective Trial 

Operative technique Patients, n Paraplegia, %

Bypass 134 4.5*
 Gott shunt 4 0
 Full bypass 22 4.5
 Partial bypass 39 7.7
 Centrifugal pump 69 2.9†

 Clamp and sew 73 16.4*,†

*p < .004, bypass versus clamp and sew. 
†p < .01, centrifugal pump versus clamp and sew.
Data from Fabian TC, Richardson JD, Croce MA, et al. Prospective study of 
blunt aortic injury: Multicenter Trial of the American Association for the Surgery 
of Trauma, J Trauma. 1997 Mar;42(3):374-380.

FIGURE 51-10 Probability of paraplegia in relation to aortic cross-clamp time with and without lower body perfusion in patients with traumatic 
aortic disruption at the isthmus. (Reproduced with permission from Katz NM, Blackstone EH, Kirklin JW, et al: Incremental risk factors for spinal 
cord injury following operation for acute traumatic aortic transection, J Thorac Cardiovasc Surg. 1981 May;81(5):669-674.)

FIGURE 51-11 Diagram showing a typical setup for partial left 
heart bypass in a patient with aortic disruption at the isthmus.

practical when partial bypass systems are employed.146,147 
The system used by any one group should be routine; how-
ever, it is important to be well versed in the various lower 
body perfusion systems because distinct circumstances may 
require alterations in practice. Intra-arterial blood pressure 
monitoring of both the upper and lower limbs should be 
performed with a goal perfusion pressure of 60 to 70 mm Hg.148 
Systemic heparinization poses a significant risk of hemor-
rhage in the trauma patient, particularly in those with severe 
lung or intracranial injuries. Use of a centrifugal pump with 
heparin-bonded tubing and active partial left heart bypass 
or use of a heparin-bonded passive shunt is an option that 
does not require systemic heparinization.148,149 Alternatively, 
safe use of partial left heart bypass with full systemic hepa-
rinization has been reported as well.150,151 For partial left 
heart bypass, pump inflow is established by cannulating the 
left atrium through the left inferior pulmonary vein using a 
small single- or dual-stage cannula (Fig. 51-11). Pulmonary 

venous cannulation near its confluence with the left atrium 
has demonstrated a lower complication rate than cannula-
tion of the left atrial appendage.152 Arterial cannulation may 
occur through the distal descending aorta or the femoral 
artery. Distal aortic cannulation has the advantage of con-
venience and speed. Partial left heart bypass serves several 
purposes: (1) to unload the left heart and control proximal 
hypertension at the time of cross-clamping; (2) to main-
tain lower body perfusion; (3) to allow rapid infusion of 
volume; and (4) to control (remove) intravascular volume. 
Lower body mean arterial pressure should be maintained 
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1120 Part VII Surgery of the Great Vessels

at 60 to 70 mm Hg and this can typically be accomplished 
with a perfusion flow rate of 2 to 3 L/min. Mean arte-
rial pressures from 70 to 80 mm Hg are generated in the 
upper body by the native heart and ventricular arrhythmias 
remain a significant risk. The pump reservoir and/or cell 
saver are employed to return blood from the field and a 
heat exchanger can be used to maintain core temperatures 
above 35°C. If the system is used without systemic heparin-
ization, however, heat exchangers and oxygenators should 
be removed from the circuit to minimize surface area and 
thrombotic risks.

In full or partial cardiopulmonary bypass, a long venous 
catheter with multiple side holes may be introduced through 
the left common femoral vein and placed in the right atrium 
with a guidewire. Alternatively, direct right atrial cannulation 
at the inferior vena cava-right atrial junction may be accom-
plished from a left thoracotomy by simple, transverse, inferior 
pericardiotomy below the left phrenic nerve. Right atrial-
femoral arterial bypass has also been used with or without 
an oxygenator-like partial left heart bypass. A partial arterial 
oxygen pressure of 40 mm Hg has been reported in non-
oxygenated circuits, a level shown to be sufficient for lower 
body tissue oxygenation when the hemoglobin is maintained 
at 10 g/dL.153 In cases of aortic arch injury, full cardiopul-
monary bypass is beneficial.154,155 Partial or complete bypass 
may be established before entering the chest by pursuing 
right femoral venous to arterial bypass, a technique particu-
larly advantageous when a concomitant right lung contusion 
inhibits oxygenation. In cases of aortic arch transection in 
proximity to the innominate or left common carotid, ante-
rior exposure via sternotomy or thoracosternotomy may 
offer better exposure for total arch replacement under deep 
hypothermic circulatory arrest (HCA).154,155 Use of HCA in 
trauma patients poses significant bleeding risks; therefore, 
aortic injuries requiring this technique may be appropriate 
for anti-impulse therapy and a delay in repair until other 
concomitant injuries have been addressed. Additionally, 
aortic valvular insufficiency must be ruled out. When HCA 
is used within the left chest, the left ventricle should be 
vented through the left atrium. A passive (Gott) shunt has 
been described where the proximal and distal ends of a hep-
arin-coated polyvinyl tube are placed in the ascending aorta 
or arch and the descending aorta or femoral artery, respec-
tively. Ventricular cannulation had been used in the past; 
however, it was abandoned because of a high rate of ventric-
ular dysrhythmias, reduced shunt flows, and a higher rate of 
paraplegia.156,157 Flow through this fixed tube is dependent 
on a pressure gradient and this inability to control flow is 
the main disadvantage of the Gott shunt.157 Moreover, it 
offers no left ventricular unloading or loading advantage, as 
partial bypass systems do; therefore, blood pressure control 
is left to pharmacology alone.

Operative Techniques
The patient is positioned in the right lateral decubitus posi-
tion with the left groin prepped for arterial and venous access. 

A right radial arterial line is preferred to avoid losing arterial 
pressure tracing if occlusion of the left subclavian artery is 
required during the repair. Use of a pulmonary arterial catheter 
is optional. Selective ventilation of the right lung is required. 
A standard fourth interspace posterolateral thoracotomy with 
or without fifth rib notching usually provides excellent expo-
sure to the aortic isthmus and proximal descending aorta. The 
incision should be long enough to facilitate dissection of the 
descending aorta below the level of the inferior pulmonary 
vein and dissection of the arch of the aorta between the left 
common carotid and left subclavian arteries. In a patient with 
a prior left thoracotomy, the associated scarring offers both 
an advantage and disadvantage to the patient. The adhesions 
between the lung and mediastinum help contain the rupture, 
making it less likely to exsanguinate. Dissection near the isth-
mus or tear should be avoided until both proximal and distal 
aortic control is established. Depending on the stability of 
the patient, lower body perfusion can be established before 
aortic exposure by gaining access to the left groin. If cannula-
tion is planned in the chest, the left inferior pulmonary vein-
left atrial junction is dissected and cannulated, in addition to 
arterial cannulation of the distal descending thoracic aorta or 
left common femoral vein. Excessive compression or traction 
of the lung should be avoided, particularly when dissecting 
out the aortic arch, because the left pulmonary artery may 
be easily disrupted at this location. Distal control is obtained 
first, usually by fairly simple passage of a blunt instrument 
or finger around the descending aorta at the distal margin 
of the hematoma. Care must be taken not to avulse inter-
costal arterial branches with this maneuver. The subclavian 
artery is isolated next. Great care is taken to avoid injury to 
either the phrenic or vagus nerves as they pass over the aortic 
arch, which can be difficult because they are often obscured 
by the hematoma. They should be reflected off the aorta 
with the overlying pleura and retracted medially by attach-
ing stay sutures to the pleura just lateral to the vagus nerve. 
Loops around the nerves themselves should be avoided, as 
even stretch of these nerves can result in paresis. This reflec-
tion exposes the arch of the aorta between the left common 
carotid and left subclavian arteries, which is the point needed 
for proximal aortic control in the majority of cases. Inferi-
orly, the vagus nerve and its branching left recurrent laryngeal 
nerve are reflected medially as well. This exposes the ligamen-
tum arteriosum, which can be sharply divided, but usually 
this step is not required. Careful dissection is then undertaken 
between the left common carotid artery and left subclavian 
artery using a combination of sharp and gentle finger dissec-
tion to completely encircle the aortic arch with an umbilical 
tape. As with distal aortic control, the periaortic hematoma 
facilitates this dissection considerably. There should be no 
dissection distal to either the left subclavian or the ligamen-
tum in order to avoid free disruption of the hematoma. Lower 
body perfusion is initiated, and once systemic blood pressure 
is stabilized the left subclavian artery is clamped (if neces-
sary) followed by the proximal aorta. With modern imaging 
techniques, it is usually possible to predict, to the millimeter, 
exactly where the aortic tear is in order to avoid involving it in 
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 Chapter 51 Trauma to the Great Vessels 1121

the proximal clamp. The distal aorta is clamped last. Traumatic 
aortic disruptions that occur in close proximity (<1 cm) from 
the left subclavian artery portend a higher mortality risk and 
greater operative difficulty than injuries further away from 
the left subclavian ostium.154 Upper and lower body pressures 
are stabilized with the bypass circuit to maintain upper body 
mean arterial pressures of 70 to 80 mm Hg and a lower body 
pressure of 60 to 70 mm Hg with flows of 2 to 3 L/min. The 
periaortic hematoma is then entered, and the edges of the 
transected aorta are identified. Usually the aorta is completely 
transected, and the edges are separated by 2 to 4 cm.106,120 
Less frequently, the transection is partial. Some authors advo-
cate primary repair at this point.156,158 However, we advocate 
placing a short interposition graft after debridement of the 
torn edges in all cases.151,159,160 Collagen-coated woven poly-
ester grafts or gelatin-impregnated grafts are used most com-
monly. Use of intraluminal prostheses has been abandoned 
by most groups.161 Grafts are sewn using a running polypro-
pylene suture with the proximal anastomosis performed first, 
followed by the distal. Generous amounts of adventitial tis-
sue are included in each bite. If the proximal anastomosis is 
done under HCA, cardiopulmonary bypass and reperfusion 
of the arch should be reinstituted immediately after comple-
tion of the proximal anastomosis for optimal neurocerebral 
protection. This requires cannulation of the graft just beyond 
the proximal anastomosis (branched grafts are useful here for 
recannulation), and then the distal anastomosis is completed 
using a dual arterial-inflow perfusion setup perfusing the arch 
and lower body simultaneously. The left subclavian can either 
be incorporated into the proximal anastomosis or grafted sep-
arately as appropriate. If it is discovered that the tear extends 
above the proximal aortic clamp, an attempt can be made to 
dissect more proximally and place a second clamp provided 
the left common carotid artery is not compromised. If this is 
not possible, the best recourse is to cannulate the aortic arch 
in addition to the distal arterial cannula, commence full cardio-
pulmonary bypass through both arterial routes, and perform the 
proximal anastomosis during a brief period of profound HCA. 
We cool to 20°C and use cerebral protection adjuncts, includ-
ing packing the head in ice and 15 mg/kg sodium thiopental 
intravenously. One must be prepared to vent the left ventricular 
apex if distention occurs as a result of cooling induced ventricu-
lar fibrillation. A continuous short-axis view by transesophageal 
echocardiography is very useful is this circumstance. If the aorta 
is already ruptured with bleeding into the hemithorax, proxi-
mal aortic dissection between the left carotid and subclavian 
arteries is rapidly performed, and a cross-clamp quickly applied. 
The descending aorta is then clamped below the injury, and the 
hematoma opened. No attempt is made to establish lower body 
perfusion, but every attempt is made at maintaining adequate 
mean arterial pressure during clamping. The aortic repair is done 
as expeditiously as possible to minimize clamp time. Repair 
sutures are placed accordingly after clamps are removed. Hemo-
stasis is achieved after continuity of the aorta is re-established. 
Occasionally, the aortic tear will extend into the left subclavian 
orifice. In this case the proximal clamp may have to partially 
or totally occlude the left common carotid. The left subclavian 

can then be completely detached from the aorta, the proximal 
anastomosis completed, and the clamp then moved distally onto 
the graft. The left subclavian is then reattached to the aortic graft 
with an interposition graft after completing the distal aortic 
anastomosis. The left subclavian interposition graft is fashioned 
with an end-to-end anastomosis distally and an end-to-side 
anastomosis proximally.

Endovascular Stent Grafting/Thoracic 
Endovascular Aortic Repair
Use of endovascular techniques to treat abdominal aor-
tic aneurysms began in 1991 and has subsequently been 
expanded to degenerative thoracic aortic aneurysms. In 
trauma patients with blunt aortic injury, this technology was 
initially applied to patients considered extremely high risk 
for open repair, such as those with a head injury, abdomi-
nal visceral injury, or severe pulmonary contusions.53,54,137,162 
The safety and efficacy of this procedure has since been dem-
onstrated and EVSG is considered the preferred method of 
treatment by many groups.52,131,132,134-139,162-170 Theoretical 
advantages of stent grafting include avoidance of thoracot-
omy, one-lung ventilation, the systemic effects of cardio-
pulmonary bypass, aortic cross-clamping, and spinal cord 
ischemia, which should decrease perioperative mortality and 
complications.6,129,132,134,135,137-139,162,171-175

In patients with stable aortic injuries (grade II or III), 
the timing of intervention is usually dictated by the sever-
ity of associated nonaortic injuries. With proper anti-impulse 
control, delayed management of BTAI until life-threatening 
nonaortic injuries have been treated has been shown to be a 
safe and beneficial approach.47,176 The optimal timing of aor-
tic repair has continued to evolve as the treatment of BTAI 
has shifted from open aortic repair to TEVAR. The minimally 
invasive nature of TEVAR has allowed for earlier aortic repair 
in stable patients, emergent treatment of unstable patients, 
and easier concomitant management of both aortic and non-
aortic injuries. In patients without other serious injuries, the 
trend has been to treat grade II or III injuries within 24 hours 
of admission to avoid progression to rupture (grade IV) and 
the potential deleterious effects of aggressive impulse control 
in certain patient populations.

Several anatomical considerations must be addressed when 
deciding whether a patient is a candidate for TEVAR of a 
blunt aortic transection. A proximal landing zone of at least 
1.5 cm is considered necessary to achieve a reliable seal, raising 
the concern of left arm ischemia if the left subclavian artery 
needs to be covered; however, this has not been observed.136,165 
In the rare case of symptomatic left arm ischemia, elective 
carotid to subclavian bypass may be performed.165 A recent 
study from Texas demonstrated no statistically significant dif-
ference in physical health scores between left subclavian artery 
coverage and uncovered TEVAR for traumatic aortic injury 
and hence coverage of the left subclavian artery appears safe 
and does not impair normal activities.166 The left subclavian 
artery origin is also a good marker for an area of acute angula-
tion of the proximal descending aorta and the wall stents used 
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1122 Part VII Surgery of the Great Vessels

in early TEVAR procedures often became distorted in this 
region.177,178 Newer flexible stents have overcome this issue. 
Additionally, the graft diameter should be oversized 10 to 
20% for appropriate seating.133,136 The size of the chosen graft 
will determine the route of placement. Early procedures used 
grafts designed as extension cuffs for abdominal aortic grafts, 
and these devices had delivery systems 65 cm in length, neces-
sitating iliac or distal aortic access.133,138 Those frequently 
reported in the literature include the Gore Excluder (W.L. 
Gore and Associates, Flagstaff, AZ), AneuRx (Medtronic, 
Santa Rosa, CA), and Zenith (Cook, Inc., Indianapolis, 
IN). These cuff diameters range from 18 to 28 mm, and the 
lengths range from 3.3 to 3.75 cm, necessitating placement 
of several cuffs to achieve adequate coverage.79 Commercially 
available thoracic aortic stent grafts have been designed for 
treatment of aneurysm disease. Therefore, the diameters are 
often too large for the otherwise healthy aorta encountered 
in a patient with traumatic aortic transection. The Gore TAG 
(W.L. Gore and Associates, Flagstaff, AZ) fits vessels 23 to 
37 mm, and the Talent Valiant (Medtronic, Santa Rosa, CA) 
may be applied to vessels 20 to 42 mm in diameter, excluding 
a large percentage of blunt aortic transection victims.177 The 
ideal device for repair of traumatic aortic injury would be 
16 to 40 mm in diameter, be available in 5-, 10-, and 15-cm 
lengths, and conform to a 90-degree curvature without defor-
mation. Additionally, the delivery system should be distally 
flexible and approximately 80 to 90 cm in length.79 A recent 
study by Canaud and colleagues compared the conformabil-
ity of the four commercially available thoracic devices with 
increasing aortic arch angulation and oversizing. All second-
generation devices performed significantly better than their 
respective predecessors. Both the Valiant and the C-TAG 
devices performed well, with complete wall apposition and 
arch angulation up to 140° and 120°, respectively.179

Patients who will undergo TEVAR for traumatic aortic 
disruption should be positioned supine in a hybrid operating 
room/angiosuite or conventional operating room table with 
fluoroscopic capabilities. General endotracheal anesthesia is 
typically employed. Conversion to open repair is rare, but 
has occurred because of postdeployment stent migration; 
therefore, the operative team must be prepared for rapid con-
version.180 Retrograde aortic access is accomplished percutane-
ously or by cutdown on the femoral or iliac artery depending 
on the chosen stent graft. A floppy tipped J-wire should be 
advanced into the aorta under fluoroscopic guidance with 
subsequent placement of marked catheter. An aortogram 
should be obtained in steep left anterior oblique projection 
to clearly visualize the arch. The details of the aortic injury 
and device measurements are obtained from a computed 
tomography angiography (CTA) during operative plan-
ning, but the intraoperative aortogram is vital to confirming 
appropriate anatomy for TEVAR and selection of the correct 
device. Additionally, the length of graft coverage is deter-
mined by this intraoperative image. Deployments of stent 
grafts have been successful with and without administration 
of systemic heparin (Fig. 51-12).181 Intravascular ultrasound 
may be a useful adjunct when determining coverage length 

and graft diameter.182,183 Based on the proximity to the aor-
tic injury, the left subclavian artery may need to be covered, 
and if covered, it may need to be embolized and bypassed 
or transposed to the left common carotid artery to ensure 
a proximal graft seal and avoid problems of ischemia to the 
left arm or vertebrobasilar system.138,184-186 Despite whether 
single or multiple graft devices have been deployed, success-
ful exclusion of the pseudoaneurysm has been accomplished 
in 90 to 100% of patients reported in the literature.136-138,187 
Decreased operating room time, diminished physiologic 
derangement and hypothermia, decreased transfusion rates, 
and shorter intensive care unit and overall hospital stays have 
been documented in series directly comparing open and 
endovascular repair of blunt traumatic aortic injury.137,138,180 
Procedure-related paraplegia and mortality rates are also 
markedly reduced to nearly zero.137,138,180 Long-term surveil-
lance is recommended to evaluate for endoleak, stent migra-
tion, or delayed pseudoaneurysm formation with annual 
CTA. The optimal follow-up strategy is evolving as imaging 
technology continues to improve. Also long-term experience 
grows. In general, CTA is utilized at 1, 3, and 12 months. The 
individual follow-up strategy is usually tailored to the patient. 
In the absence of endoleak or endograft collapse or migration 
on those initial studies, repeat imaging is usually performed 
every 3 to 5 years.

The Future
With the development of newer-generation devices leading to 
improved outcomes and less endograft-related complications, 
TEVAR has established itself as the primary treatment for 

FIGURE 51-12 Endovascular stent graft repair of a blunt traumatic 
aortic injury demonstrating coverage of the left subclavian artery.
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 Chapter 51 Trauma to the Great Vessels 1123

most patients with thoracic aortic injuries. Future iterations 
of devices should include shorter lengths and smaller and 
more precise deployment mechanisms. The potential ability 
to redeploy the same endograft will make this a very adapt-
able technique. The use of TEVAR in traumatically injured 
patients continues to evolve, and TEVAR has supplanted 
open surgical repair as the primary treatment for BTAIs in 
most centers. Since the release of the Society of Vascular 
Surgery clinical guidelines,4 many issues have been resolved. 
Other problems associated with TEVAR for thoracic aortic 
injuries are evolving as this chapter is being written, with 
improved newer-generation devices. Soon enough, a time 
will come where most interventions for treatment of acute 
injuries to the aorta and its great vessels are undertaken by 
TEVAR with open surgical techniques being discussed in 
historical chapters.
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Pulmonary embolism (PE) results in at least 630,000 symp-
tomatic episodes in the United States yearly, making it about 
half as common as acute myocardial infarction, and three 
times as common as cerebrovascular accidents.1 Acute PE 
is the third most common cause of death (after heart dis-
ease and cancer). Estimates of PE are probably low because 
approximately 75% of autopsy-proved PE are not detected 
clinically2 and in 70 to 80% of the patients in whom the 
primary cause of death was PE, premortem diagnosis was 
completely unsuspected.3,4 Of all hospitalized patients who 
develop PE, 12 to 21% die in the hospital, and another 24 
to 39% die within 12 months.5-7 Thus, approximately 36 to 
60% of patients who survive the initial episode live beyond 
12 months, and may present later in life with a wide variety 
of symptoms.

In addition, approximately 2.5 million Americans develop 
deep vein thrombosis (DVT) each year, and more than 90% 
of clinically detected pulmonary emboli are associated with 
lower extremity DVT. However, in two-thirds of patients 
with DVT and PE, the DVT is asymptomatic.8-10

For the most part, DVT and acute PE are managed med-
ically. Cardiac surgeons rarely become involved in manage-
ment of acute PE, unless it is in a hospitalized patient who 
survives a massive embolus that causes life-threatening acute 
right heart failure with low cardiac output, with a large 
clot burden. On the other hand, the mainstay of treatment 
for patients with chronic pulmonary thromboembolic dis-
ease11 is the surgical removal of the disease by means of 
pulmonary thromboendarterectomy. Medical management 
for this condition is only palliative, and surgery by means 
of transplantation is an inappropriate use of resources with 
outcomes inferior to thromboendarterectomy.

DEEP VEIN THROMBOSIS
Deep vein thrombosis primarily affects the veins of the 
lower extremity or pelvis. It is most common in hospital-
ized patients but may occur in ambulatory patients outside 

the hospital.12,13 The process may involve superficial as well 
as deep veins, but superficial venous thrombosis does not 
generally propagate beyond the saphenofemoral junction 
and therefore very rarely causes PE.9,14,15 Venous thrombo-
sis of the upper extremity is almost always associated with 
trauma, indwelling catheters, or other pathologic states and 
is an uncommon cause of PE, but can be fatal. Pulmonary 
emboli that do not originate from the deep venous system 
of the legs, pelvis, or arms are thought to come from a dis-
eased right atrium or ventricle or retroperitoneal and hepatic 
systems.12,13

Pathogenesis
In 1856, Rudolf Virchow made the association between 
DVT and PE and suggested that the causes of DVT 
were related to venous stasis, vein wall injury, and 
hypercoagulopathy. This triad of etiologic factors remains 
relevant today and is supported by an ever-growing body 
of evidence.

Immobilization is by far the most important cause of 
venous stasis in hospitalized patients. Injections of con-
trast material in foot veins require up to 1 hour to clear 
from the venous valves in the soleus muscle of immobilized 
patients.16 Venous stasis may also be produced by mechani-
cal obstruction of proximal veins, by low cardiac output, 
by venous dilatation, and by increased blood viscosity.17 
Some pelvic tumors, bulky inguinal adenopathy, the gravid 
uterus, previous caval or iliac venous disease, and elevated 
central venous pressures from cardiac causes also enhance 
venous stasis.

The role of vein wall injury is less clear because DVT 
often begins in the absence of mechanical trauma. Recent 
work shows that subtle vein wall injuries may occur dur-
ing operation in veins remote from the operative field.18,19 In 
animals, endothelial cell tears have been found at junctions 
of small veins with larger veins at remote sites during hip 
replacement (Fig. 52-1).

Pulmonary Embolism 
and Pulmonary 
Thromboendarterectomy
Stuart W. Jamieson • Michael M. Madani 
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FIGURE 52-1 Scanning electron photomicrograph of a canine 
jugular vein after total hip replacement with significant operative 
venous dilatation. An endothelial cell tear (t) is visible near a valve 
cusp (V). (Reproduced with permission from Cometra AJ, Stewart 
GJ, White JV: Combined dihydroergotamine and heparin prophy-
laxis of postoperative deep vein thrombosis: proposed mechanism of 
action, Am J Surg 1985 Oct 8;150(4A):39-44.)
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FIGURE 52-2 Annual incidence of venous thromboembolism in 
the United States stratified for age. Males have a significantly higher 
incidence rate of venous thromboembolism than females. Both curves 
fit an exponential function.

TABLE 52-1: Major Risk Factors for Venous 
Thromboembolism

Previous venous 
thromboembolism

Age over 45 years

Major hip or knee surgery Bed rest 7 days or longer
Recent major surgery Cancer
Congestive heart failure Paralysis of lower extremity
Pelvis, hip, or leg fracture Multiple trauma
High-dose estrogen therapy  

Three uncommon familial deficiencies associated with 
venous thrombosis are seen in antithrombin, protein C, and 
protein S. Antithrombin is a natural plasma protease that 
inhibits thrombin after it is formed, and to a lesser extent 
before it is formed. Antithrombin is also the cofactor that 
is accelerated 1000-fold by heparin. Protein C is a potent 
inhibitor of factor V and platelet-bound factor VII and 
requires protein S as a cofactor for anticoagulant activity. 
Both protein C and S are vitamin-K–dependent zymogens 
that are activated by thrombin and accelerated by thrombo-
modulin produced by endothelial cells.20,21

A much more common coagulation deficiency, resulting 
from a mutation of factor V (factor V Leiden) that prevents 
its degradation by protein C, has been described and is pres-
ent in approximately 6 to 7% of study populations of Swedes 
and North American males.22-24 Both the homozygous and 
heterozygous mutants are strongly associated with venous 
thrombosis and PE but are not associated with manifestations 
of arterial thrombosis.24,25

The presence of the lupus anticoagulant, which is an 
acquired IgG or IgM antibody against prothrombinase, 
increases the likelihood of venous thrombosis by poorly 
understood mechanisms.25 The disease may be associated 
with lupus-like syndromes, immunosuppression, or intake of 
specific drugs, such as procainamide.

Risk Factors for Deep Vein Thrombosis
Table 52-1 presents a list of major risk factors for the develop-
ment of DVT or PE. Previous thromboembolism, older age, 

immobilization for more than 1 week, orthopedic surgery of 
the hip or knee, recent surgery, multiple trauma, and cancer 
are strong risk factors. In patients with a history of venous 
thromboembolism the risk of developing a new episode dur-
ing hospitalization is nearly eight times that of someone with-
out a history.9,26-29 Up to 10% of patients with a first episode 
of DVT or PE and up to 20% of those with a recurrent event 
develop a new episode of venous thromboembolism within 
6 months.30

The incidence of DVT and PE increases exponentially 
with age (Fig. 52-2). Males are at greater risk than females. 
Prolonged bed rest or immobility from any cause are major 
risk factors. Although usually other risk factors are pres-
ent, the incidence of autopsy-proved venous thrombosis 
rises from 15 to 80% in patients at bed rest for more than 
1 week.30,31

The incidence of venous thromboembolism increases 
threefold in patients who have operations for cancer.9 Of 
particular interest to cardiac surgeons and cardiologists is 
the observation that clinically silent DVT develops during 
hospitalization in nearly 50% of patients after myocardial 
revascularization.32
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1129

A follow-up study33 found that the incidence of PE 
in hospital after coronary arterial bypass operations was 
3.2% and hospital mortality in patients with PE was 
18.7%. Interestingly, valvular surgery was not associated 
with the development of PE. In a retrospective study of 
5694 patients who had open heart surgery, Gillinov and 
colleagues found the risk of PE proved by V/Q scan (20 
patients), angiography (four patients), or autopsy (eight 
patients) was 0.56% within 60 days. The mortality was 34% 
in patients with PE.34

Diagnosis
Approximately two-thirds of patients with DVT do not 
have clinical symptoms;9 therefore, the diagnosis depends on 
a high degree of clinical suspicion and a variety of objec-
tive diagnostic tests. Venography remains the most reliable 
test for detecting thrombus in calf veins, but is invasive, not 
suitable for serial studies, and the contrast material may be 
thrombogenic if allowed to remain within the deep venous 
system.10

The most popular noninvasive test, which can be done at 
the bedside, is a combination of ultrasound and color flow 
Doppler mapping, widely referred to as duplex scanning. The 
method does not detect fresh thrombi directly but infers the 
presence of clot by flow patterns and the inability to com-
press the vessel in specific locations.10 In the hands of skilled 
examiners duplex scanning is highly accurate for the detec-
tion of thrombus in popliteal, deep femoral, and superficial 
femoral veins and has a sensitivity between 89 and 100% 
against venography in symptomatic patients. Magnetic 
resonance imaging (MRI) is a noninvasive method that can 
image the entire venous system, including upper extrem-
ity veins and mediastinum.35 Against MRI duplex scanning 
has a sensitivity of 70% for pelvic veins and a specificity of 
nearly 100%.36 Impedance plethysmography assesses volume 
changes in the leg after occlusion of the vein with calf elec-
trodes and a thigh cuff. It is clinically useful in symptomatic 
patients but has relatively low sensitivity and specificity in 
asymptomatic patients and calf thrombosis.36 Injection of 
iodine 125-labeled fibrinogen with subsequent leg scanning 
is a sensitive test for detecting calf vein thrombus but does 
not detect iliofemoral vein thrombosis. The combination of 
these two tests improves sensitivity and specificity, but in 
most hospitals duplex scanning, venography, and MRI have 
superseded both tests.

Prophylaxis
The prevalence of DVT, its strong association with PE, and 
the identification of risk factors in the pathogenesis of the 
disease provide the basis and rationale for prophylactic mea-
sures that are recommended in patients with two or more 
major risk factors, such as age over 40 years and major 
surgery.9 Innocuous measures such as compression stock-
ings probably should be prescribed more often and be used 
in most nonambulating patients in the hospital. Intermit-
tent pneumatic compression is more expensive and more 

cumbersome but is effective. Both methods reduce the inci-
dence of DVT after general surgery to approximately 40% 
of control patients.9 Low-dose subcutaneous heparin and 
low-molecular-weight heparin given once a day reduce the 
incidence of DVT to approximately 35 and 18% of con-
trols, respectively.9,31,37 The reduction in PE with subcuta-
neous standard heparin or low-molecular-weight heparin is 
similar.31,37

Calf vein DVT that does not propagate has a low risk of 
PE, and controversy exists as to whether or not these patients 
should be anticoagulated.15 Of patients who have DVT diag-
nosed in hospital without PE, the probability of clinically 
diagnosed PE within the next 12 months is 1.7%.5 If PE 
occurs, the probability of recurrent PE is 8.0%.5 Six months 
of warfarin anticoagulation is recommended for patients who 
have DVT with or without PE, as prophylaxis against recur-
rent disease.38

PULMONARY EMBOLISM
Pathology and Pathogenesis
The only firm attachment of leg thrombus is at the site of 
origin, usually a venous saccule or venous valve pocket.26 The 
degree of organization within the thrombus varies, but recent 
clots are more likely to migrate than older thrombi that are 
more firmly attached to the vessel wall.

Detached venous thrombi are carried in the bloodstream 
through the right heart into the pulmonary circulation. In 
autopsy series the percentage of emboli that obstruct two 
or more lobar arteries (major) ranges between 25 and 67% 
of all emboli; 39 but this figure varies with the thoroughness 
of the examination. In clinical trials based on angiographic 
data the percentage of major emboli is similar and ranges 
from 30 to 64%.40 The majority of pulmonary emboli lodge 
in the lower lobes,12 and are slightly more common in the 
right lung than the left. This is probably the result of relative 
flow to those areas of the lung. Soon after reaching the lungs 
emboli become coated with a layer of platelets and fibrin.12

Simple mechanical obstruction of one or more pul-
monary arteries does not entirely explain the often dev-
astating hemodynamic consequences of major or massive 
emboli. Humoral factors, specifically serotonin, adenos-
ine diphosphate (ADP), platelet-derived growth factor 
(PDGF), thromboxane from platelets coating the throm-
bus, platelet-activating factor (PAF), and leukotrienes from 
neutrophils are also involved.41,42 Anoxia and tissue ischemia 
downstream from the emboli inhibit endothelium-derived 
relaxing factor (EDRF) production and enhance release of 
superoxide anions by activated neutrophils. The combina-
tion of these effects contributes to increased pulmonary 
vasoconstriction.41

Natural History
The mortality of a large, untreated PE is 18 to 33%, but can 
be reduced to about 8% if diagnosed and treated.7,43,44 
Seventy-five to ninety percent of patients who die of pulmonary 
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1130 Part VII Surgery of the Great Vessels

emboli do so within the first few hours of the primary 
event.45 In patients who have sufficient cardiopulmonary 
reserve and right ventricular strength to survive the initial 
few hours, autolysis of emboli occurs over the next few days 
and weeks.46 On average, approximately 20% of the clot dis-
appears by 7 days, and complete resolution may occur by 
14 days.44,46,47 For many patients, up to 30 days are needed to 
dissolve small emboli and up to 60 days for massive clots.48 
As the natural fibrinolytic system dissolves the embolic mass, 
the available cross-sectional area of the pulmonary arterial 
tree progressively increases, and pulmonary vascular resis-
tance and right ventricular afterload decreases. In the vast 
majority of patients, pulmonary emboli continue to resolve 
and thus an immediate interventional therapy, particularly 
surgical embolectomy, is not necessary for survival except in 
a minority of patients.

In an unknown but small percentage of patients with 
acute PE the clot will not lyse, and chronic thromboembolic 
obstruction of the pulmonary vasculature develops. The rea-
sons for failure of emboli to dissolve are unknown. Patients 
often are asymptomatic until symptoms of dyspnea, exercise 
intolerance, or right heart failure develop, mostly secondary 
to the pulmonary hypertension that ensues. Asymptomatic 
patients may have partial or complete chronic throm-
botic occlusion of one or more segmental or lobar arter-
ies. Symptomatic patients usually have more than 40% of 
their pulmonary vasculature obstructed by organized and 
fresh thrombi; however, significant pulmonary hyperten-
sion can develop in patients despite lesser degrees of vascu-
lar obstruction.

Clinical Presentation
Acute PE usually presents suddenly. Symptoms and signs vary 
with the extent of blockage, the magnitude of the humoral 
response, and the pre-embolus reserve of the cardiac and pul-
monary systems of the patient.49 Symptoms and signs vary 
widely, and in autopsy series of proven emboli only 16 to 
38% of patients were diagnosed during life.39

The acute disease is conveniently stratified into minor, 
major (submassive), or massive embolism on the basis of 
hemodynamic stability, arterial blood gases, and lung scan 
or angiographic assessment of the blocked pulmonary 
arteries.40,49,50 Most pulmonary emboli are minor. These 
patients present with sudden, unexplained anxiety, tachypnea 
or dyspnea, pleuritic chest pain, cough, and occasionally 
streak hemoptysis.39,45,50 Examination may reveal tachycardia, 
rales, low-grade fever, and sometimes a pleural rub. Heart 
sounds and systemic blood pressure are often normal; some-
times the pulmonary second sound is increased. Interest-
ingly less than one-third of the patients will have evidence 
of clinical DVT.39 Room air arterial blood gases indicate a 
PaO2 between 65 and 80 torr and a normal PaCO2 around 
35 torr.45 Pulmonary angiograms show less than 30% occlu-
sion of the pulmonary arterial vasculature.

Major PE is associated with dyspnea, tachypnea, dull 
chest pain, and some degree of hemodynamic instability 

manifested by tachycardia, mild to moderate hypoten-
sion, and elevation of the central venous pressure.45,50 Some 
patients may present with syncope rather than dyspnea or 
chest pain. In contrast to massive PE, patients with major 
embolism (at least two lobar pulmonary arteries obstructed) 
are hemodynamically stable and have adequate cardiac out-
put.40 Room air blood gases reveal moderate hypoxia (PaO2 
<65, >50 torr) and mild hypocarbia (PaCO2 <30 torr).50 
Echocardiograms may show right ventricular dilatation. Pul-
monary angiograms indicate that 30 to 50% of the pulmo-
nary vasculature is blocked.

Massive PE is truly life-threatening and it causes hemo-
dynamic instability.40 It is usually associated with occlusion 
of more than 50% of the pulmonary vasculature, but may 
occur with much smaller occlusions, particularly in patients 
with preexisting cardiac or pulmonary disease. The diagnosis 
is clinical, not anatomical. Patients develop acute dyspnea, 
tachypnea, tachycardia, and diaphoresis; and sometimes may 
lose consciousness. Both hypotension and low cardiac output 
(<1.8 L/m2/min) are present. Cardiac arrest may occur. Neck 
veins are distended; central venous pressure is elevated, 
and a right ventricular impulse may be present. Room air 
blood gases show severe hypoxia (PaO2 < 50 torr), hypocar-
bia (PaCO2 < 30 torr), and sometimes acidosis.40,45,50 Urine 
output falls; peripheral pulses are decreased and perfusion 
is poor.

Diagnosis
The clinical diagnosis of acute major or massive PE is wrong 
in 70 to 80% of patients who subsequently have angiogra-
phy.49,51 Even in postoperative patients and those with addi-
tional major risk factors for DVT, differentiation of major or 
massive PE from acute myocardial infarction, aortic dissec-
tion, septic shock, and other catastrophic states is difficult 
and uncertain.

The chest film may be normal but usually shows some 
combination of parenchymal infiltrate, atelectasis, and 
pleural effusion. A zone of hypovascularity or a wedged-
shaped pleural-based density raises the possibility of PE. 
Usually, the ECG shows nonspecific T-wave or ST seg-
ment changes with PE. A minority of patients with mas-
sive embolism (26%) may show evidence of cor pulmonale, 
right axis deviation, or right bundle branch block.49 An 
echocardiogram showing right heart dilatation raises the 
possibility of major or massive PE. A Swan-Ganz catheter 
generally shows pulmonary arterial desaturation (PaO2 < 
25 torr), but usually does not show pulmonary hyperten-
sion over 40 mm Hg because of low cardiac output and cor 
pulmonale (the unprepared right ventricle cannot generate 
pulmonary hypertension).

Ventilation-perfusion (V/Q) scans will provide confirma-
tory evidence, but these studies may be unreliable because 
pneumonia, atelectasis, previous pulmonary emboli, and 
other conditions may cause a mismatch in ventilation and 
perfusion and mimic positive results. In general, negative 
V/Q scans essentially exclude the diagnosis of clinically 
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1131

significant PE. V/Q scans usually are interpreted as high, 
intermediate, or low probability of PE to emphasize the lack 
of specificity but high sensitivity of the test (Fig. 52-3). Pul-
monary angiograms provide the most definitive diagnosis, 
but collapse of the circulation may not allow time for this 
procedure, and pulmonary angiograms should not be per-
formed if the patient’s circulation cannot be stabilized by 
pharmacologic or mechanical means.52,53

MRI and CT angiography are better noninvasive meth-
ods for the diagnosis of pulmonary emboli and provide 
specific information regarding flow within the pulmonary 
vasculature.54 Unfortunately, these methods are expen-
sive, somewhat time consuming, and not widely available. 
Furthermore, they are not generally suitable for hemody-
namically unstable patients. Transthoracic (TTE) or trans-
esophageal (TEE) echocardiography with color flow Doppler 
mapping can provide reliable information about the pres-
ence or absence of major thrombi obstructing right-sided 
chambers or the main pulmonary artery. More than 80% 
of patients with clinically significant PE have abnormalities 
of right ventricular volume or contractility, or acute tricus-
pid regurgitation by TTE (Fig. 52-4).55 In some patients, 

abnormal flow patterns can be discerned in major pulmo-
nary arteries during TEE.

Management of Acute Major 
Pulmonary Embolism
For the purposes of this chapter, major or submassive PE 
is defined as an acute episode that causes hypoxia and mild 
hypotension (systolic arterial pressure > 90 mm Hg), but 
does not cause cardiac arrest or sustained low cardiac out-
put and cardiogenic shock. By definition there is sufficient 
time in these patients to definitely establish the diagnosis and 
to attempt pharmacologic therapy and possibly remove the 
embolic material by catheter suction.

The first priority after sudden collapse of any patient is to 
establish adequate ventilation and circulation. The first may 
require intubation and mechanical ventilation. Pharmaco-
logic agents, including cardiovascular pressors and vasoactive 
agents, are then used to help stabilize the patient’s hemody-
namics. If the patient’s circulation can be stabilized, intra-
venous heparin is started with an initial bolus of 70 U/kg 
followed by 18 to 20 U/kg/h if there are no contraindica-
tions. Heparin will prevent propagation and formation of 
new thromboemboli, but does not dissolve the existing clot. 
In most instances the patient’s own fibrinolytic system lyses 
fresh thrombi over a period of days or weeks.46

The addition of lytic therapy, that is, streptokinase, uro-
kinase, or recombinant tissue plasminogen activator (rt-PA), 
increases the rate of lysis of fresh thrombi and is recommended 
in patients with a stable circulation and no contraindications. 
This increases the rate of lysis of fresh pulmonary clots over 
that of heparin alone during treatment,56 but there is little 

FIGURE 52-3 Anterior and posterior views from a radionuclide 
perfusion scan in a patient with chronic thromboembolic disease. 
Note the large punched out defects.

FIGURE 52-4 Appearance of echocardiography before and after the 
operation. The top pictures represent pre-PTE and bottom pictures 
represent post-PTE. Note the shift of the intraventricular septum 
toward the left in the systole before the operation, together with the 
relatively small left atrial and left ventricular chambers. After the 
operation, the septum has normalized, and the right-sided chambers 
are no longer massively enlarged. LA, left atrium; LV, left ventricle; 
PTE, pulmonary thromboendarterectomy; RA, right atrium; RV, 
right ventricle.
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1132 Part VII Surgery of the Great Vessels

difference in the amount of residual thrombus between the two 
treatments at 5 days or thereafter.57-60 There is also no statisti-
cal difference in mortality or in the incidence of recurrent PE, 
but more recent experience shows a trend toward better results 
with thrombolytic therapy because of a more rapid reduction 
in right ventricular afterload and dysfunction.56 Furthermore, 
there are no data that indicate that thrombolysis reduces the 
subsequent development of chronic pulmonary thromboem-
bolism and pulmonary hypertension. Compared with Heparin 
therapy alone, thrombolytic agents carry a higher risk of bleed-
ing complications, and despite precautions, bleeding complica-
tions occur in approximately 20% of patients.56,61,62

Mechanical removal of pulmonary thrombi is possible 
by a catheter device inserted under local anesthesia into the 
femoral (preferred) or jugular vein.50,63-66 Successful extrac-
tion of clot with meaningful reduction in pulmonary arterial 
pressure varies between 61 and 84%.64,66

Management of Acute Massive 
Pulmonary Embolism
If the circulation cannot be stabilized at survival levels within 
several minutes or if cardiac arrest occurs after a massive PE, 
time becomes of paramount importance. Eleven percent of 
patients with fatal PE die within the first hour, 43 to 80% 
within 2 hours, and 85% within 6 hours.67 To a great extent, 
circumstances and the timely availability of necessary equip-
ment and personnel determine therapeutic options. A deci-
sion to treat medically in an effort to stabilize the circulation 
at a survival level may preempt life-saving surgery, but also 
may make surgery unnecessary. The relative infrequency of 
treatment opportunities in massive PE, mitigating factors, 
and the lack of clear criteria for prescribing medical or surgi-
cal therapy leave the management of massive PE unsettled.

When surgery is not immediately available, in patients 
who may not be surgical candidates, or in whom an alternate 
diagnosis seems more likely, emergency extracorporeal life 
support (ECLS) using peripheral cannulation is an attractive 
alternative.68,69 In prepared institutions ECLS can be insti-
tuted rapidly outside the operating room. ECLS compen-
sates for acute cor pulmonale and hypoxia and sustains the 
circulation until the clot partially lyses, pulmonary vascular 
resistance falls, and pulmonary blood flow becomes adequate.

Emergency Pulmonary 
Thromboembolectomy
Emergency pulmonary thromboembolectomy is indicated 
for suitable patients with life-threatening circulatory insuf-
ficiency, but should not be done without a definitive diagno-
sis because a clinical diagnosis of PE is often wrong.47,58,65,70 
If a patient has been taken directly to the operating room 
without a definitive diagnosis, TEE and color Doppler 
mapping can confirm or refute the diagnosis in the oper-
ating room. TEE will indicate increased right ventricular 
volume, poor right ventricular contractility, and tricuspid 

regurgitation, which are strongly associated with massive 
PE and acute cor pulmonale.71 Echocardiographic detection 
of a large clot trapped within the right atrium or ventricle 
in a hemodynamically compromised patient with massive 
acute PE is another indication for emergency pulmonary 
thromboembolectomy.72-74

A midline sternotomy incision is used and cardiopulmo-
nary bypass is initiated. The heart may be electrically fibril-
lated or arrested with cold cardioplegic solution. The main 
pulmonary artery is then opened 1 to 2 cm downstream to 
the valve, and the incision is extended into the proximal left 
pulmonary artery. Forceps and suction catheters are used to 
remove the clot from the left pulmonary artery and behind 
the aorta to the right pulmonary artery. If necessary the right 
pulmonary artery can also be exposed and opened between 
the aorta and superior vena cava to allow better exposure 
in the distal segments. If a sterile pediatric bronchoscope is 
available, the surgeon can use this instrument to locate and 
remove thrombi in tertiary and quaternary pulmonary vessels. 
Alternatively, the pleural spaces are entered, and each lung is 
gently compressed to dislodge small clots into larger vessels 
and suctioned out. Greenfield recommends placement of an 
inferior vena caval filter before closing the chest.10,66,75,76 Euro-
pean surgeons generally clip the intrapericardial vena cava 
at the end of pulmonary thromboembolectomy to prevent 
migration of large clots into the pulmonary circulation.74 
However, this clip increases venous pressure and stagnant 
flow in the lower half of the body and causes considerable 
morbidity in more than 60% of patients.72,74,75

Anticoagulation for 6 months is recommended for most 
patients with PE, but an inferior vena caval filter is recom-
mended for patients with contraindications to anticoagulation 
or with recurrent PE, or those who will require pulmonary 
thromboendarterectomy. The cone-shaped Greenfield filter is 
the one most widely used and is associated with a lifetime 
recurrent embolism rate of 5% and has a 97% patency rate.77

Extracorporeal Life Support
The wider availability of long-term extracorporeal perfusion 
(termed extracorporeal life support, ECLS) using peripheral 
vessel cannulation to stabilize the circulation offers a compro-
mise position because most massive pulmonary emboli will 
dissolve in time. ECLS can be implemented outside the oper-
ating room within 15 to 30 minutes by an equipped team of 
trained personnel.68,69

ECLS should not be needed beyond 1 to 2 days because 
clot lysis proceeds rapidly. Once pulmonary vascular resis-
tance is adequately reduced, ECLS should be discontinued 
in the operating room as the femoral vessels will need to be 
surgically repaired because of the need for heparin and long-
term anticoagulation.

Results
Mortality rates for emergency pulmonary thromboem-
bolectomy vary widely between 40 and 92%.66,72-75,78 
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1133

Results are best if cardiopulmonary bypass is used to sup-
port the circulation during pulmonary arteriotomy.73 The 
eventual outcome depends largely upon the preoperative 
condition and circulatory status of the patient. If cardiac 
arrest occurs and external massage cannot be stopped with-
out ECLS, the mortality ranges between 45 and 75%. 
Without cardiac arrest mortality ranges between 8 and 
36%.72-74 ECLS instituted during cardiac resuscitation 
is associated with survival rates between 43 and 56%.70,72 
Recurrent embolism is uncommon,75,79 and approximately 
80% of survivors maintain normal pulmonary arterial pres-
sures and exercise tolerance. In these patients postoperative 
angiograms are normal or show less than 10% obstructed 
vessels. A minority of patients have 40 to 50% of the pul-
monary vessels obstructed and have significantly reduced 
exercise tolerance and pulmonary function.79

CHRONIC THROMBOEMBOLIC 
PULMONARY HYPERTENSION
Incidence
The incidence of pulmonary hypertension caused by 
chronic PE is even more difficult to determine than that 
of acute PE. Twenty-five years ago, it was estimated that 
there were more than 500,000 survivors per year of acute 
symptomatic episodes of acute pulmonary embolization in 
the United States alone.11,76,80 The population has increased 
since then, and of course many cases of PE are asymp-
tomatic. The incidence of chronic thrombotic occlusion 
in the population depends on what percentage of patients 
fails to resolve acute embolic material. One estimate is that 
chronic thromboembolic disease develops in only 0.5% of 
patients with a clinically recognized acute PE.76 If these 
figures are correct and counting only patients with symp-
tomatic acute pulmonary emboli, approximately 2500 
individuals would progress to chronic thromboembolic 
pulmonary hypertension (CTEPH) in the United States 
each year. However, because most patients diagnosed with 
chronic thromboembolic disease have no antecedent his-
tory of acute embolism, the true incidence of this disorder 
is probably much higher; we estimate on the order of five 
to ten times this number.

Regardless of the exact incidence or the circumstances, 
it is clear that acute embolism and its chronic relation, 
fixed chronic thromboembolic occlusive disease, are both 
much more common than generally appreciated and are 
seriously underdiagnosed. Houk and colleagues81 in 1963 
reviewed the literature of 240 reported cases of chronic 
thromboembolic obstruction of major pulmonary arteries 
but found that only six cases had been diagnosed correctly 
before death. Calculations extrapolated from mortal-
ity rates and the random incidence of major thrombotic 
occlusion found at autopsy would support a postulate that 
more than 100,000 people in the United States currently 
have pulmonary hypertension that could be relieved by 
operation.

Pathology and Pathogenesis
Although most individuals with chronic pulmonary throm-
boembolic disease are unaware of a past thromboembolic 
event and give no history of DVT, the origin of most cases 
of unresolved pulmonary emboli are from acute embolic 
episodes. Why some patients have unresolved emboli is not 
certain, but a variety of factors must play a role, alone or in 
combination.

The volume of acute embolic material may simply over-
whelm the lytic mechanisms. Total occlusion of a major 
arterial branch may prevent lytic material from reaching, 
and therefore dissolving, the embolus completely. Repeti-
tive emboli may not be able to be resolved. The emboli may 
be made of substances that cannot be resolved by normal 
mechanisms (already well-organized fibrous thrombus, fat, or 
tumor). The lytic mechanisms themselves may be abnormal, 
or some patients may actually have a propensity for thrombus 
or a hypercoagulable state. In addition, there are other special 
circumstances. Chronic indwelling central venous catheters 
and pacemaker leads are sometimes associated with pulmo-
nary emboli. More rare causes include tumor emboli; tumor 
fragments from stomach, breast, and kidney malignancies 
have been demonstrated to cause chronic pulmonary arte-
rial occlusion. Right atrial myxomas may also fragment and 
embolize.

After the clot becomes wedged in the pulmonary artery, 
one of two processes occurs:82

1. Organization of the clot proceeds to canalization, produc-
ing multiple small endothelialized channels separated by 
fibrous septa (ie, bands and webs) or

2. Complete fibrous organization of the fibrin clot without 
canalization may result, leading to a solid mass of dense 
fibrous connective tissue totally obstructing the arterial 
lumen.

As previously described and discussed, in addition to the 
embolic material, a propensity for thrombosis or a hyperco-
agulable state may be present in a few patients. This abnor-
mality may result in spontaneous thrombosis within the 
pulmonary vascular bed, encourage embolization, or be 
responsible for proximal propagation of thrombus after an 
embolus. But, whatever the predisposing factors to residual 
thrombus within the vessels, the final genesis of the resultant 
pulmonary vascular hypertension may be complex. With the 
passage of time, the increased pressure and flow as a result 
of redirected pulmonary blood flow in the previously nor-
mal pulmonary vascular bed can create a vasculopathy in the 
small precapillary blood vessels similar to the Eisenmenger’s 
syndrome.

Factors other than the simple hemodynamic consequences 
of redirected blood flow are probably also involved in this 
process. For example, after a pneumonectomy, 100% of the 
right ventricular output flows to one lung, yet little increase 
in pulmonary pressure occurs, even with follow-up to 
11 years.83 In patients with thromboembolic disease, however, 
we frequently detect pulmonary hypertension even when less 
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1134 Part VII Surgery of the Great Vessels

than 50% of the vascular bed is occluded by thrombus. It 
thus appears that sympathetic neural connections, hormonal 
changes, or both might initiate pulmonary hypertension in 
the initially unaffected pulmonary vascular bed. This process 
can occur with the initial occlusion either being in the same 
or the contralateral lung.

Regardless of the cause, the evolution of pulmonary 
hypertension as a result of changes in the previously unob-
structed bed is serious, because this process may lead to an 
inoperable situation. Consequently, with accumulating expe-
rience in patients with thrombotic pulmonary hypertension, 
we have increasingly been inclined toward early operation so 
as to avoid these changes.

Clinical Presentation
Chronic thromboembolic pulmonary hypertension is a fre-
quently under-recognized but treatable cause of pulmonary 
hypertension. There are no signs or symptoms specific for 
chronic thromboembolism. The most common symptom 
associated with thromboembolic pulmonary hypertension, as 
with all other causes of pulmonary hypertension, is exertional 
dyspnea. This dyspnea is characteristically out of proportion 
to any abnormalities found in clinical examination.

Nonspecific chest pains or tightness occur in approxi-
mately 50% of patients with more severe pulmonary hyper-
tension. Hemoptysis can occur in all forms of pulmonary 
hypertension and probably results from abnormally dilated 
vessels distended by increased intravascular pressures. 
Peripheral edema, early satiety, and epigastric or right upper 
quadrant fullness or discomfort may develop as the right 
heart fails (cor pulmonale). Some patients with chronic 
pulmonary thromboembolic disease present with right 
heart failure after a relatively small PE, superimposed on 
chronic disease.

The physical signs of pulmonary hypertension are the same 
no matter what the underlying pathophysiology. Initially the 
jugular venous pulse is characterized by a large A-wave. As the 
right heart fails, the V-wave becomes predominant. The right 
ventricle is usually palpable near the lower left sternal border, 
and pulmonary valve closure may be audible in the second 
intercostal space. Occasional patients with advanced disease 
are hypoxic and slightly cyanotic. Clubbing is an uncommon 
finding.

The second heart sound is often narrowly split and varies 
normally with respiration; P2 is accentuated. A sharp systolic 
ejection click may be heard over the pulmonary artery. As the 
right heart fails, a right atrial gallop usually is present, and 
tricuspid insufficiency develops. Because of the large pressure 
gradient across the tricuspid valve in pulmonary hyperten-
sion, the murmur is high pitched and may not exhibit respi-
ratory variation. These findings are quite different from those 
usually observed in tricuspid valvular disease. A murmur of 
pulmonic regurgitation may also be detected.

Pulmonary function tests reveal minimal changes in lung 
volume and ventilation; patients generally have normal or 
slightly restricted pulmonary mechanics. Diffusing capacity 

(DLCO) is often reduced and may be the only abnormal-
ity on pulmonary function testing. Pulmonary arterial pres-
sures are elevated and suprasystemic pulmonary pressures 
are not uncommon. Resting cardiac outputs are lower than 
the normal range, and pulmonary arterial oxygen saturations 
are reduced. Most patients are hypoxic; room air arterial 
oxygen tension ranges between 50 and 83 torr, the average 
being 65 torr.84 CO2 tension is slightly reduced and is com-
pensated by reduced bicarbonate. Dead space ventilation is 
increased. Ventilation-perfusion studies show moderate mis-
match with some heterogeneity among various respirator 
units within the lung and correlate poorly with the degree of 
pulmonary obstruction.85

Diagnosis
To ensure accurate diagnosis in patients with chronic pul-
monary thromboembolism, a standardized evaluation is rec-
ommended for all patients who present with unexplained 
pulmonary hypertension. This workup includes a chest 
radiograph, which may show either apparent vessel cutoffs 
of the lobar or segmental pulmonary arteries or regions, or 
oligemia suggesting vascular occlusion. The central pulmo-
nary arteries are enlarged, and the right ventricle may also be 
enlarged without enlargement of the left atrium or ventricle 
(Fig. 52-5). Despite these classic findings, many patients 
present with a relatively normal chest radiograph, even in 

FIGURE 52-5 Chest radiograph of a patient with chronic thrombo-
embolic pulmonary disease, and evidence of pulmonary hypertension. 
Note the enlarged right atrium and right ventricle, disparity of size 
between the left and right pulmonary arteries, and the hypoperfusion 
in several areas of the lung fields.
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1135

the setting of high degrees of pulmonary hypertension. The 
electrocardiogram demonstrates findings of right ventricular 
hypertrophy (right axis deviation, dominant R-wave in V1). 
Pulmonary function tests are necessary to exclude obstructive 
or restrictive intrinsic pulmonary parenchymal disease as the 
cause of pulmonary hypertension.

The ventilation-perfusion lung scan is the essential test 
for establishing the diagnosis of unresolved pulmonary 
thromboembolism. An entirely normal lung scan excludes 
the diagnosis of both acute or chronic, unresolved throm-
boembolism. The usual lung scan pattern in most patients 
with pulmonary hypertension either is relatively normal or 
shows a diffuse nonuniform perfusion.84,85-87 When subseg-
mental or larger perfusion defects are noted on the scan, 
even when matched with ventilatory defects, pulmonary 
angiography is appropriate to confirm or rule out throm-
boembolic disease.

Currently, pulmonary angiography still remains the gold 
standard for the diagnosis of CTEPH. Organized thrombo-
embolic lesions do not have the appearance of the intravas-
cular filling defects seen with acute pulmonary emboli, and 
experience is essential for the proper interpretation of pulmo-
nary angiograms in patients with unresolved, chronic embolic 
disease. Organized thrombi appear as unusual filling defects, 
webs, or bands, or completely thrombosed vessels that may 
resemble congenital absence of the vessel87 (Fig. 52-6). Orga-
nized material along the wall of a recanalized vessel produces 
a scalloped or serrated luminal edge. Because of both vessel 
wall thickening and dilatation of proximal vessels, the con-
trast-filled lumen may appear relatively normal in diameter. 

Distal vessels demonstrate the rapid tapering and pruning 
characteristic of pulmonary hypertension (see Fig. 52-6).

Pulmonary angiography should be performed whenever 
there is a possibility that chronic thromboembolism is the 
etiology of pulmonary hypertension. Many thousands of 
angiograms in pulmonary hypertensive patients have now 
been performed at our institution without mortality.

In addition to pulmonary angiography, patients over 40 
undergo coronary arteriography and other cardiac investiga-
tion as necessary. If significant disease is found, additional 
cardiac surgery is performed at the time of pulmonary 
thromboendarterectomy.

Medical Treatment
Chronic anticoagulation represents the mainstay of a medi-
cal regimen. This is primarily used to prevent future embolic 
episodes, but also serves to limit the development of throm-
bus in regions of low flow within the pulmonary vasculature. 
Inferior vena caval filters are used routinely to prevent recur-
rent embolization. If caval filtration and anticoagulation fail 
to prevent recurrent emboli, immediate thrombolysis may 
be beneficial, but lytic agents are incapable of altering the 
chronic component of the disease.

Right ventricular failure is treated with diuretics and vaso-
dilators, and although some improvement may result, the 
effect is generally transient because the failure is owing to a 
mechanical obstruction and will not resolve until the obstruc-
tion is removed. Similarly, the prognosis is unaffected by med-
ical therapy,88,89 which should be regarded as only supportive. 

FIGURE 52-6 Right and left pulmonary angiograms demonstrate enlarged pulmonary arteries, poststenotic dilatation of vessels, lack of filling 
to the periphery in many areas, and abrupt cutoffs of branches. The arrow points to intraluminal filling defects representative of a web or band.
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1136 Part VII Surgery of the Great Vessels

Because of the bronchial circulation, pulmonary emboliza-
tion seldom results in tissue necrosis. Surgical endarterectomy 
therefore will allow distal pulmonary tissue to be used once 
more in gas exchange.

The only other surgical option for these patients is trans-
plantation. However, transplantation is not appropriate for 
this disease because of the mortality and morbidity rates of 
patients on the waiting list, the higher risk of the operation, 
and the contrasted survival rate (approximately 80% at 1 year 
at experienced centers for transplantation vs more than 95% 
for pulmonary endarterectomy). Furthermore, pulmonary 
endarterectomy is considered to be permanently curative, and 
the issues of a continuing risk of rejection and immunosup-
pression are not present.

Natural History
The natural history of CTEPH is dismal, and nearly all 
patients die of progressive right heart failure.11 Because of 
the insidious onset, the diagnosis is usually made relatively 
late in the progression of the disease when dyspnea and/or 
early symptoms of right heart failure develop and pulmo-
nary hypertension is severe (>40 mm Hg mean). In Riedel’s 
series of 13 patients, nine died a mean of 28 months after the 
diagnosis of right heart failure.11 Seven of the 13 had recur-
rent episodes of fresh emboli demonstrated by new perfusion 
defects or by autopsy. The severity of pulmonary hyperten-
sion at the time of diagnosis inversely correlates with duration 
of survival.11

Pulmonary Thromboendarterectomy
Although there were previous attempts, Allison et al90 did 
the first successful pulmonary “thromboendarterectomy” 
through a sternotomy using surface hypothermia, but only 
fresh clots were removed. Since then, there have been many 
occasional surgical reports of the surgical treatment of chronic 
pulmonary thromboembolism,91-94 but most of the surgical 
experience in pulmonary endarterectomy has been reported 
from the UCSD Medical Center. Braunwald commenced the 
UCSD experience with this operation in 1970, which now 
totals more than 3500 cases. The operation described in the 
following pages, using deep hypothermia and circulatory 
arrest, is the standard procedure and has now been adopted 
by other major centers.

INDICATIONS
When the diagnosis of thromboembolic pulmonary hyper-
tension has been firmly established, the decision for operation 
is based on the severity of symptoms and the general condi-
tion of the patient. Early in the pulmonary endarterectomy 
experience, Moser and colleagues92 pointed out that there 
were three major reasons for considering thromboendarter-
ectomy: hemodynamic, alveolo-respiratory, and prophylac-
tic. The hemodynamic goal is to prevent or ameliorate right 

ventricular compromise caused by pulmonary hypertension. 
The respiratory objective is to improve respiratory function 
by the removal of a large ventilated but unperfused physi-
ologic dead space, regardless of the severity of pulmonary 
hypertension. The prophylactic goal is to prevent progres-
sive right ventricular dysfunction or retrograde extension of 
the obstruction, which might result in further cardiorespira-
tory deterioration or death.92 Our subsequent experience has 
added another prophylactic goal: the prevention of secondary 
arteriopathic changes in the remaining patent vessels.87

Most patients who undergo operation are within New York 
Heart Association (NYHA) class III or IV. The ages of the 
patients in our series have ranged from 3 to 85 years. A typi-
cal patient will have a severely elevated pulmonary vascu-
lar resistance (PVR) level at rest, the absence of significant 
comorbid disease unrelated to right heart failure, and the 
appearances of chronic thrombi on angiogram that appear to 
be relatively in balance with the measured PVR level. Excep-
tions to this general rule, of course, occur.

Although most patients have a PVR level in the range of 
800 dynes/sec/c–5 and pulmonary artery pressures less than 
systemic, the hypertrophy of the right ventricle that occurs 
over time makes pulmonary hypertension to suprasystemic 
levels possible. Therefore many patients (approximately 20% 
in our practice) have a level of PVR in excess of 1000 dynes/
sec/cm–5 and suprasystemic pulmonary artery pressures. 
There is no upper limit of PVR level, pulmonary artery pres-
sure, or degree of right ventricular dysfunction that excludes 
patients from operation.

We have become increasingly aware of the changes that can 
occur in the remaining patent (unaffected by clot) pulmonary 
vascular bed subjected to the higher pressures and flow that 
results from obstruction in other areas. Therefore, with the 
increasing experience and safety of the operation, we offer 
surgery to symptomatic patients whenever the angiogram 
demonstrates thromboembolic disease. A rare patient might 
have a PVR level that is normal at rest, although elevated with 
minimal exercise. This is usually a young patient with total 
unilateral pulmonary artery occlusion and unacceptable exer-
tional dyspnea because of an elevation in dead space ventila-
tion. Operation in this circumstance is performed not only 
to reperfuse lung tissue, but to re-establish a more normal 
ventilation perfusion relationship (thereby reducing minute 
ventilatory requirements during rest and exercise), and also 
to prevent the chronic arterial changes associated with long-
term exposure to pulmonary hypertension, thus preserving 
the integrity of the contralateral circulation.

If not previously implanted, an inferior vena caval filter 
is routinely placed several days in advance of the operation.

OPERATION
Principles. There are several guiding principles for the oper-
ation. The endarterectomy must be bilateral because this is 
a bilateral disease in the vast majority of our patients, and 
for pulmonary hypertension to be a major factor, both pul-
monary vasculatures must be substantially involved. The only 
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1137

reasonable approach to both pulmonary arteries is therefore 
through a median sternotomy incision. Historically, there 
were many reports of unilateral operation, and perhaps this is 
still performed occasionally in inexperienced centers, through 
a thoracotomy. However, the unilateral approach ignores the 
disease on the contralateral side, subjects the patient to hemo-
dynamic jeopardy during the clamping of the pulmonary 
artery, does not allow good visibility because of the contin-
ued presence of bronchial blood flow, and exposes the patient 
to a repeat operation on the contralateral side. In addition, 
collateral channels develop in chronic thrombotic hyperten-
sion not only through the bronchial arteries but also from 
diaphragmatic, intercostal, and pleural vessels. The dissection 
of the lung in the pleural space via a thoracotomy incision 
can therefore be extremely bloody. The median sternotomy 
incision, apart from providing bilateral access, avoids entry 
into the pleural cavities, and allows the ready institution of 
cardiopulmonary bypass.

Cardiopulmonary bypass is essential to ensure cardiovas-
cular stability when the operation is performed and to cool 
the patient to allow circulatory arrest. Excellent visibility is 
required, in a bloodless field, to define an adequate endar-
terectomy plane and then follow the pulmonary endarterec-
tomy specimen deep into the subsegmental vessels. Because 
of the copious bronchial blood flow usually present in these 
cases, periods of circulatory arrest are necessary to ensure 
perfect visibility. Again, there have been sporadic reports 
of the performance of this operation without circulatory 
arrest. However, it should be emphasized that although 
endarterectomy is possible without circulatory arrest, a com-
plete endarterectomy is not. We always initiate the procedure 
without circulatory arrest, and a variable amount of dissection 
is possible before the circulation is stopped, but never com-
plete dissection. The circulatory arrest periods are limited to 
20 minutes, with restoration of flow between each arrest. With 
experience, the endarterectomy usually can be performed with 
a single period of circulatory arrest on each side.

A true endarterectomy in the plane of the media must be 
accomplished. It is essential to appreciate that the removal 
of visible thrombus is largely incidental to this operation. 
Indeed, in most patients, no free thrombus is present; and 
on initial direct examination, the pulmonary vascular bed 
may appear normal. The early literature on this procedure 
indicates that thrombectomy was often performed without 
endarterectomy, and in these cases the pulmonary artery pres-
sures did not improve, often with the resultant death of the 
patient.

Preparation and Anesthetic Considerations. Much of 
the preoperative preparation is common to any open heart 
procedure. Routine monitoring for anesthetic induction 
includes a surface electrocardiogram, cutaneous oximetry, and 
radial and pulmonary artery pressures. After anesthetic induc-
tion a femoral artery catheter, in addition to a radial arterial 
line, is also placed. This provides more accurate measurements 
during rewarming and on discontinuation of cardiopulmonary 
bypass because of the peripheral vasoconstriction that occurs 

after hypothermic circulatory arrest. It is generally removed 
in the intensive care unit when the two readings correlate.

Electroencephalographic recording is performed to ensure 
the absence of cerebral activity before circulatory arrest is 
induced. The patient’s head is enveloped in a cooling jacket, 
and cerebral cooling is begun after the initiation of bypass. 
Temperature measurements are made of the esophagus, 
tympanic membrane, urinary catheter, rectum, and blood 
(through the Swan-Ganz catheter). If the patient’s condition 
is stable after the induction of anesthesia, up to 500 mL of 
autologous whole blood is withdrawn for later use, and the 
volume deficit is replaced with crystalloid solution.

Surgical Technique. After a median sternotomy incision, 
the pericardium is incised longitudinally and attached to the 
wound edges. Typically the right heart is enlarged, with a tense 
right atrium and a variable degree of tricuspid regurgitation. 
There is usually severe right ventricular hypertrophy, and with 
critical degrees of obstruction, the patient’s condition may 
become unstable with the manipulation of the heart.

Anticoagulation with heparin (400 U/kg, intravenously) 
is administered to prolong the activated clotting time beyond 
400 seconds. Full cardiopulmonary bypass is instituted with 
high ascending aortic cannulation and two caval cannulae. 
These cannulae must be inserted into the superior and inferior 
vena cavae sufficiently to enable subsequent opening of the 
right atrium if necessary. A temporary pulmonary artery vent 
is placed in the midline of the main pulmonary artery 1 cm 
distal to the pulmonary valve. After cardiopulmonary bypass 
is initiated, surface cooling with both the head jacket and the 
cooling blanket is begun. The blood is cooled with the pump-
oxygenator. During cooling a 10°C gradient between arte-
rial blood and bladder or rectal temperature is maintained.93 
Cooling generally takes 45 minutes to an hour. When ven-
tricular fibrillation occurs, an additional vent is placed in the 
left atrium through the right superior pulmonary vein to pre-
vent distention from the large amount of bronchial arterial 
blood flow that is common with these patients.

It is most convenient for the primary surgeon to stand ini-
tially on the patient’s left side. During the cooling period, 
some preliminary dissection can be performed, with full 
mobilization of the right pulmonary artery from the ascend-
ing aorta. The superior vena cava is also fully mobilized. The 
approach to the right pulmonary artery is made medial, not 
lateral, to the superior vena cava. All dissection of the pul-
monary arteries takes place intrapericardially, and neither 
pleural cavity should be entered. An incision is then made 
in the right pulmonary artery from beneath the ascending 
aorta out under the superior vena cava and entering the lower 
lobe branch of the pulmonary artery just after the take-off of 
the middle lobe artery (Fig. 52-7). The incision stays in the 
center of the vessel and continues into the lower rather than 
the middle lobe artery.

Any loose thrombus, if present, is now removed, to obtain 
good visualization. It is most important to recognize, how-
ever, that first, an embolectomy without subsequent end-
arterectomy is quite ineffective and, second, that in most 
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1138 Part VII Surgery of the Great Vessels

patients with chronic thromboembolic hypertension, direct 
examination of the pulmonary vascular bed at operation 
generally shows no obvious embolic material. Therefore, to 
the inexperienced or cursory glance, if fresh thrombus is not 
present the pulmonary vascular bed may well appear normal 
even in patients with severe chronic embolic pulmonary 
hypertension.

If the bronchial circulation is not excessive, the endarter-
ectomy plane can be found during this early dissection. How-
ever, although a small amount of dissection can be performed 
before the initiation of circulatory arrest, it is unwise to 
proceed unless perfect visibility is obtained, because the 
development of a correct plane is essential.

There are four broad types of pulmonary occlusive disease 
related to thrombus that can be appreciated, and we use the 
following classification87,94: Type I disease (approximately 
15% of cases of thromboembolic pulmonary hypertension) 
(Fig. 52-8) refers to the situation in which major vessel clot 
is present and readily visible on the opening of the pulmo-
nary arteries. All central thrombotic material has to be com-
pletely removed before the endarterectomy. In type II disease 
(approximately 55% of our cases; Fig. 52-9), no major vessel 
thrombus can be appreciated. In these cases only thickened 
intima can be seen, occasionally with webs, and the endarter-
ectomy plane is raised in the main, lobar, or segmental vessels. 
Type III disease (approximately 30% of our cases; Fig. 52-10) 
presents the most challenging surgical situation. The disease 
is very distal and confined to the segmental and subsegmental 
branches. No occlusion of vessels can be seen initially. The 
endarterectomy plane must be carefully and painstakingly 
raised in each segmental and subsegmental branch. Type III 
disease is most often associated with presumed repetitive 
thrombi from indwelling catheters (such as pacemaker wires) 
or ventriculo-atrial shunts. It may also represent “burnt-out” 
disease, where the thrombotic obstruction developed years 
before, and has since resolved in many areas, but intrinsic 

vessel disease now contributes to the pulmonary hyperten-
sion. Type IV disease (Fig. 52-11) does not represent primary 
thromboembolic pulmonary hypertension and is inoperable. 
In this entity there is intrinsic small-vessel disease, although 
secondary thrombus may occur as a result of stasis. Small-
vessel disease may be unrelated to thromboembolic events 
(“primary” pulmonary hypertension) or occur in relation to 
thromboembolic hypertension as a result of a high flow or 
high pressure state in previously unaffected vessels similar to 
the generation of Eisenmenger’s syndrome. We believe that 
there may also be sympathetic “cross-talk” from an affected 
contralateral side or stenotic areas in the same lung.

Aorta

Aorta

SVC

SVC

FIGURE 52-7 Recommended surgical approach on the right side. 
This approach, medial to the superior vena cava (SVC), and between 
the SVC and aorta, provides a direct view into the right pulmonary 
artery. Note that an approach on the lateral side of the SVC will only 
provide a restricted view, and should be avoided.

FIGURE 52-8 Surgical specimen removed from a patient showing 
evidence of some fresh and some old thrombus in the main and both 
right and left pulmonary arteries. Note that simple removal of the 
gross disease initially encountered on pulmonary arteriotomy will not 
be therapeutic, and any meaningful outcome involves a full endarter-
ectomy into all the distal segments.

FIGURE 52-9 Specimen removed in a patient with type II disease. 
Both pulmonary arteries have evidence of chronic thromboembolic 
material. Note the distal tails of the specimen in each branch. Full 
resolution of pulmonary hypertension is dependent on complete 
removal of all the distal tails.
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1139

When the patient’s temperature reaches 20°C, the aorta is 
cross-clamped and a single dose of cold cardioplegic solution 
(1 L) is administered. Additional myocardial protection is 
obtained by the use of a cooling jacket. The entire procedure 
is now performed with a single aortic cross-clamp period with 
no further administration of cardioplegic solution.

A modified cerebellar retractor is placed between the 
aorta and superior vena cava. When blood obscures direct 
vision of the pulmonary vascular bed, thiopental is adminis-
tered (500 mg-1 g) until the electroencephalogram becomes 
isoelectric. Circulatory arrest is then initiated, and the patient 
is exsanguinated. All monitoring lines to the patient are 
turned off to prevent the aspiration of air. Snares are tightened 

around the cannulae in the superior and inferior vena cavae. 
With experience it is rare that one 20-minute period for each 
side is exceeded. Although retrograde cerebral perfusion has 
been advocated for total circulatory arrest in other proce-
dures, it is not helpful in this operation because it does not 
allow a completely bloodless field, and with the short arrest 
times that can be achieved with experience, it is not necessary.

Any residual loose, thrombotic debris encountered is 
removed. Then, a microtome knife is used to develop the 
endarterectomy plane posteriorly, because any inadvertent 
egress in this site could be repaired readily, or simply left 
alone. Dissection in the correct plane is critical because if the 
plane is too deep the pulmonary artery may perforate, with 
fatal results, and if the dissection plane is not deep enough, 
inadequate amounts of the chronically thromboembolic 
material will be removed. The plane should only be sought in 
the diseased parts of the artery; this often requires the initial 
dissection to begin quite distally.

The ideal layer is marked with a pearly white plane, which 
strips easily. There should be no residual yellow plaque. If the 
dissection is too deep, a reddish or pinkish color indicates the 
adventitia has been reached. A more superficial plane should 
be sought immediately.

Once the plane is correctly developed, a full-thickness 
layer is left in the region of the incision to ease subsequent 
repair. The endarterectomy is then performed with an ever-
sion technique, using a specially developed dissection instru-
ment (Jamieson aspirator, Fehling Corp.). Because the vessel 
is partly everted and subsegmental branches are being worked 
on, a perforation here will become completely inaccessible 
and invisible later. This is why absolute visualization in a 
completely bloodless field provided by circulatory arrest 
is essential. It is important that each subsegmental branch 
is followed and freed individually until it ends in a “tail,” 
beyond which there is no further obstruction.

Once the right-sided endarterectomy is completed, cir-
culation is restarted, and the arteriotomy is repaired with a 
continuous 6-0 polypropylene suture. The hemostatic nature 
of this closure is aided by the nature of the initial dissec-
tion, with the full thickness of the pulmonary artery being 
preserved immediately adjacent to the incision.

The surgeon now moves to the patient’s right side. The 
pulmonary vent catheter is withdrawn, and an arteriotomy 
is made either from the site of the pulmonary vent hole or 
adjacent to it, out laterally beneath the pericardial reflection, 
and again into the lower lobe, but avoiding entry into the left 
pleural space. Additional lateral dissection does not enhance 
intraluminal visibility, may endanger the left phrenic nerve, 
and makes subsequent repair of the left pulmonary artery 
more difficult (Fig. 52-12). There is often a lymphatic vessel 
encountered on the left pulmonary artery at the level of the 
pericardial reflection (“Jamieson’s lymphatic”), and it is wise 
to clip this before it being divided with the pulmonary artery 
incision.

The left-sided dissection is virtually analogous in all 
respects to that accomplished on the right. By the time 
the circulation is arrested once more it will have been 

FIGURE 52-10 Specimen removed from a patient with type III 
disease. Note that the disease is distal, and the plane was raised at each 
segmental level.

FIGURE 52-11 Note the absence of distal “tails” in this specimen 
removed from a patient with surgical classification type IV. All “tails” 
are replaced by “trousers.” No clinical benefit was obtained from this 
procedure and the patient’s postoperative hemodynamics was not 
improved, despite what appears to be an impressive endarterectomy 
specimen. The patient had primary pulmonary hypertension.
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1140 Part VII Surgery of the Great Vessels

reinitiated for at least 10 minutes, by which time the 
venous oxygen saturations are in excess of 90%. The dura-
tion of circulatory arrest intervals on the left side are again 
limited to 20 minutes.

After the completion of the endarterectomy, cardiopul-
monary bypass is reinstituted and warming is commenced. 
Methylprednisolone (500 mg, intravenously) and mannitol 
(12.5 g, intravenously) are administered, and during warm-
ing a 10°C temperature gradient is maintained between the 
perfusate and body temperature, with a maximum perfusate 
temperature of 37°C. If the systemic vascular resistance level 
is high, nitroprusside is administered to promote vasodila-
tation and warming. The rewarming period generally takes 
approximately 90 to 120 minutes but varies according to the 
body mass of the patient.

When the left pulmonary arteriotomy has been repaired, 
the pulmonary artery vent is replaced. The right atrium is then 
opened and examined. Any intra-atrial communication is 
closed. Although tricuspid valve regurgitation is invariable in 
these patients and is often severe, tricuspid valve repair is not 
performed unless there is independent structural damage to 
the tricuspid valve itself. Right ventricular remodeling occurs 
within a few days, with the return of tricuspid competence. If 
other cardiac procedures are required, such as coronary artery 
or mitral or aortic valve surgery, these are conveniently per-
formed during the systemic rewarming period. Myocardial 
cooling is discontinued once all cardiac procedures have been 
concluded. The left atrial vent is removed, and the vent site 
is repaired. All air is removed from the heart, and the aortic 
cross-clamp is removed.

When the patient has rewarmed, cardiopulmonary 
bypass is discontinued. Dopamine hydrochloride is gener-
ally administered at renal doses, and other inotropic agents 
and vasodilators are titrated as necessary to sustain acceptable 

hemodynamics. The cardiac output is generally high, with a 
low systemic vascular resistance. Temporary pacing wires are 
placed.

Despite the duration of extracorporeal circulation, hemo-
stasis is readily achieved, and blood products are generally 
unnecessary. Wound closure is routine. A vigorous diuresis 
is usual for the next few hours, also a result of the previous 
systemic hypothermia.

POSTOPERATIVE CARE
Meticulous postoperative management is essential to the 
success of this operation. All patients are mechanically venti-
lated overnight, and subjected to a maintained diuresis with 
the goal of reaching the patient’s preoperative weight within 
24 hours. Although much of the postoperative care is com-
mon to more ordinary open-heart surgery patients, there are 
some important differences.

A higher minute ventilation is often required early after 
the operation to compensate for the temporary metabolic 
acidosis that develops after the long period of circulatory 
arrest, hypothermia, and cardiopulmonary bypass. Tidal 
volumes higher than those normally recommended after 
cardiac surgery are therefore generally used to obtain opti-
mal gas exchange. The maximum inspiratory pressure is 
maintained below 30 cm of water if possible. Extubation 
should be performed on the first postoperative day, when-
ever possible.

Diuresis. Patients have considerable positive fluid balance 
after operation. After hypothermic circulatory arrest, patients 
initiate an early spontaneous aggressive diuresis for unknown 
reasons, but this may in part be related to the increased car-
diac output related to a now lower PVR level, and improved 
RV function. This diuresis should be augmented with diuret-
ics, however, with the aim of returning the patient to the 
preoperative fluid balance within 24 hours of operation. 
Because of the increased cardiac output, some degree of 
systemic hypotension is readily tolerated. Fluid administra-
tion is minimized, and the patient’s hematocrit level should 
be maintained above 30% to increase oxygen-carrying capac-
ity and to reduce the likelihood of the pulmonary reperfusion 
phenomenon.

Arrhythmias. The development of atrial arrhythmias, at 
approximately 10%, is no more common than that encoun-
tered in patients who undergo other types of non valvular 
heart surgery. When a small atrial septal defect or persistent 
foramen ovale is closed this is done with a small inferior atrial 
incision directly over the fossa ovalis, away from the conduc-
tion system of the atrium or its blood supply. The siting and 
size of this incision may be helpful in the reduction of the 
incidence of these arrhythmias.

Transfusion. Despite the requirement for the maintenance 
of an adequate hematocrit level, with careful blood conserva-
tion techniques used during operation, transfusion is required 
in a minority of patients.

Aorta

Pulmonary trunk

FIGURE 52-12 Surgical approach on the left side. The incision in 
the left pulmonary artery begins in the midpoint of the main pulmo-
nary trunk, at the insertion site of the pulmonary artery vent. This 
incision provides better visibility than a more distal approach (dotted 
line and arrow). Care must be taken to avoid injury to the phrenic 
nerve.
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1141

Inferior Vena Caval Filter and Anticoagulation. A 
Greenfield filter is usually inserted before operation, to 
minimize recurrent PE after pulmonary endarterectomy. 
However, if this is not possible, it can also be inserted at the 
time of operation. If the device is to be placed at operation, 
radiopaque markers should be placed over the level of the 
spine corresponding to the location of the renal veins to allow 
correct positioning. Postoperative venous thrombosis pro-
phylaxis with intermittent pneumatic compression devices is 
used, and the use of subcutaneous heparin is begun on the 
evening of surgery. Anticoagulation with warfarin is begun as 
soon as the pacing wires and mediastinal drainage tubes are 
removed, with a target international normalized ratio (INR) 
of 2.5 to 3.

COMPLICATIONS
Aside from complications that are associated with open heart 
and major lung surgery (arrhythmias, atelectasis, wound infec-
tion, pneumonia, mediastinal bleeding, etc.), there are com-
plications specific to this operation. These include persistent 
pulmonary hypertension, reperfusion pulmonary response, 
and neurologic disorders related to deep hypothermia.

Persistent Pulmonary Hypertension. The decrease 
in PVR level usually results in an immediate and sustained 
restoration of pulmonary artery pressures to normal levels, 
with a marked increase in cardiac output. In a few patients, 
an immediately normal pulmonary vascular tone is not 
achieved, but an additional substantial reduction may occur 
over the next few days because of the subsequent relaxation 
of small vessels and the resolution of intraoperative factors 
such as pulmonary edema. In such patients, it is usual to see a 
large pulmonary artery pulse pressure, the low diastolic pres-
sure indicating good runoff, yet persistent pulmonary arterial 
inflexibility still resulting in a high systolic pressure.

There are a few patients in whom the pulmonary artery 
pressures do not resolve substantially. If the operation has 
been performed as described in the preceding, using circula-
tory arrest, and ensuring that all distal disease is removed, this 
will be the result of type IV disease. We do operate on some 
patients with severe pulmonary hypertension but equivocal 
embolic disease. Despite the considerable risk of attempted 
endarterectomy in these patients, because transplantation 
is the only other avenue of therapy, there may be a point 
when it is unlikely that a patient will survive until a donor 
is found. In our most recent 1000 patients, the majority of 
perioperative deaths were directly attributable to the problem 
of inadequate relief of pulmonary artery hypertension. This 
was a diagnostic rather than an operative technical problem. 
Attempts at pharmacologic manipulation of high residual 
PVR levels with sodium nitroprusside, epoprostenol sodium, 
or inhaled nitric oxide are generally not effective. Because, if 
the operation has been performed thoroughly, there will be 
no further resolution, it is not appropriate to use mechanical 
circulatory support or extracorporeal membrane oxygenation 
in these patients if they deteriorate subsequently.

The “Reperfusion Response.” A specific complication 
that occurs in many patients to some degree is localized pul-
monary edema, or the “reperfusion response.” Reperfusion 
response or reperfusion injury is defined as a radiologic opac-
ity seen in the lungs within 72 hours of pulmonary endar-
terectomy. This unfortunately loose definition may therefore 
encompass many other causes, such as fluid overload and 
infection.

True reperfusion injury that directly adversely impacts the 
clinical course of the patient now occurs in approximately 
10% of patients. In its most dramatic form, it occurs soon 
after operation (within a few hours) and is associated with 
profound desaturation. Edema-like fluid, sometimes with 
a bloody tinge, is suctioned from the endotracheal tube.95 
Frank blood from the endotracheal tube, however, signifies 
a mechanical violation of the blood airway barrier that has 
occurred at operation and generally stems from a technical 
error, though we have seen some cases where significant blood 
in the airway was the result of a technically good operation, 
but reperfusion of a known infarcted area of the lung with 
subsequent cavity formation. This complication should be 
managed, if possible, by identification of the affected area by 
bronchoscopy and balloon occlusion of the affected lobe until 
coagulation can be normalized.

One common cause of reperfusion pulmonary edema is 
persistent high pulmonary artery pressures after operation 
when a thorough endarterectomy has been performed in cer-
tain areas, but there remains a large part of the pulmonary 
vascular bed affected by type IV change. In this situation all 
pulmonary artery flow is directed toward the endarterecto-
mized areas. However, the reperfusion phenomenon is often 
encountered in patients after a seemingly technically perfect 
operation with complete resolution of high pulmonary artery 
pressures. In these cases the response may be one of reac-
tive hyperemia, after the revascularization of segments of the 
pulmonary arterial bed that have long experienced no flow. 
Other contributing factors may include perioperative pulmo-
nary ischemia and conditions associated with high permeabil-
ity lung injury in the area of the now denuded endothelium. 
Fortunately, the incidence of this complication is much less 
common now in our series, probably as a result of the more 
complete and expeditious removal of the endarterectomy 
specimen that has come with the large experience over the 
last decade.

Management of the “Reperfusion Response”. Early 
measures should be taken to minimize the development of 
pulmonary edema by diuresis, maintenance of hematocrit 
levels, and the early use of peak end-expiratory pressure. 
Once the capillary leak has been established, however, treat-
ment is supportive because reperfusion pulmonary edema 
will eventually resolve if satisfactory hemodynamics and oxy-
genation can be maintained. Careful management of venti-
lation and fluid balance is required. The hematocrit is kept 
high (32-36%), and the patient undergoes aggressive diuresis, 
even if this requires ultrafiltration. The patient’s ventilatory 
status may be dramatically position sensitive. The fraction 
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1142 Part VII Surgery of the Great Vessels

of inspired oxygen (FIO2) level is kept as low as is compat-
ible with an oxygen saturation of 90%. A careful titration of 
positive end-expiratory pressure is carried out, with a progres-
sive transition from volume to pressure-limited inverse ratio 
ventilation and the acceptance of moderate hypercapnia.95 
The use of steroids is discouraged because they are generally 
ineffective and may lead to infection. Infrequently, inhaled 
nitric oxide at 20 to 40 parts per million can improve the gas 
exchange. On occasion we have used extracorporeal perfu-
sion support (extracorporeal membrane oxygenator or extra-
corporeal carbon dioxide removal) until ventilation can be 
resumed satisfactorily, usually after 7 to 10 days. However, 
the use of this support is limited to patients who have ben-
efited from hemodynamic improvement, but are suffering 
from significant reperfusion response. Extracorporeal devices 
should not be used if there is no evidence or hope of subse-
quent hemodynamic improvement, because it will not play a 
role in improving irreversible pulmonary pressures and carries 
mortality close to 100%.

Delirium. Early in the pulmonary endarterectomy experi-
ence (before 1990), there was a substantial incidence of post-
operative delirium. A study of 28 patients who underwent 
pulmonary endarterectomy showed that 77% experienced 
the development of this complication.96,97 Delirium appeared 
to be related to an accumulated duration of circulatory arrest 
time of more than 55 minutes; the incidence fell to 11% with 
significantly shorter periods of arrest time.96-98 With the more 
expeditious operation that has come with our increased expe-
rience, postoperative confusion is now encountered no more 
commonly than with ordinary open heart surgery.

RESULTS
More than 3500 pulmonary thromboendarterectomy have 
been performed at UCSD Medical Center since 1970. 
Almost all of these cases have been completed since 1990, 
when the surgical procedure was modified as described ear-
lier in this chapter. The mean patient age in our group is 
54 years, with a range of 3 to 85 years. There is a very slight 
male predominance. In nearly one-third of the cases, at least 
one additional cardiac procedure was performed at the time of 
operation. Most commonly, the adjunct procedure was closure 
of a persistent foramen ovale or atrial septal defect (26%) or 
coronary artery bypass grafting (8%).87

Hemodynamic Results. A reduction in pulmonary pres-
sures and resistance to normal levels and a corresponding 
improvement in pulmonary blood flow and cardiac output 
are generally immediate and sustained.98,99 In general, these 
changes can be assumed to be permanent. Whereas before 
the operation, more than 95% of the patients are in NYHA 
functional class III or IV; at 1 year after the operation, 95% 
of patients remain in NYHA functional class I or II.99,100 In 
addition, echocardiographic studies have demonstrated that, 
with the elimination of chronic pressure overload, right ven-
tricular geometry rapidly reverts toward normal. Right atrial 

and right ventricular enlargement regresses. Tricuspid valve 
function returns to normal within a few days as a result of 
restoration of tricuspid annular geometry after the remodel-
ing of the right ventricle, and tricuspid repair is not therefore 
part of the operation.

Operative Morbidity. Severe reperfusion injury was 
the single most frequent complication in the UCSD series, 
occurring in 10% of patients. Some of these patients did not 
survive, and other patients required prolonged mechanical 
ventilatory support. A few patients were salvaged only by 
the use of extracorporeal support and blood carbon dioxide 
removal. Neurologic complications from circulatory arrest 
appear to have been eliminated, probably as a result of the 
shorter circulatory arrest periods now experienced, and peri-
operative confusion and stroke are now no more frequent 
than with conventional open heart surgery. Early postopera-
tive hemorrhage required re-exploration in 2.5% of patients, 
and less than half of patients required intraoperative or post-
operative blood transfusion. Despite the prolonged opera-
tion, wound infections are relatively infrequent. Only 1.8% 
experienced the development of sternal wound complica-
tions, including sterile dehiscence or mediastinitis.

Deaths. In our experience, the overall mortality rate 
(30 days or in-hospital if the hospital course is prolonged) 
is 6% for the entire patient group, which encompasses a 
time span of over 35 years. The mortality rate was 9.4% in 
1989 and has been less than 5% for more than 3000 patients 
who have undergone the operation since 1990. In our most 
recent experience over the last 5 years, the mortality rate has 
been less than 2%. With our increasing experience and many 
referrals, we continue to accept some patients who, in retro-
spect, were unsuitable candidates for the procedure (type IV 
disease). We also accept patients in whom we know that the 
entire degree of pulmonary hypertension cannot be explained 
by the occlusive disease detected by angiography but feel that 
they will be benefited by operation, albeit at higher risk. 
Primary causes of death are operation on patients in whom 
thromboembolic disease was not the cause of the pulmonary 
hypertension (50%) and the rare case of reperfusion pulmo-
nary edema that progresses to a respiratory distress syndrome 
of long-standing, which is not reversible (25%).

LATE FOLLOW-UP
A survey of the surviving patients who underwent pulmonary 
endarterectomy surgery at UCSD between 1970 and 1995 
formally evaluated the long-term outcome.100 Questionnaires 
were mailed to 420 patients who were more than 1 year after 
operation. Responses were obtained from 308 patients. Sur-
vival, functional status, quality of life, and the subsequent 
use of medical help were assessed. Survival after pulmonary 
thromboendarterectomy was 75% at 6 years or more. Ninety-
three percent of the patients were found to be in NYHA 
class I or II, compared with about 95% of the patients being 
in NYHA class III or IV preoperatively. Of the working 
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 Chapter 52 Pulmonary Embolism and Pulmonary Thromboendarterectomy 1143

population, 62% of patients who were unemployed before 
operation returned to work. Patients who had undergone 
pulmonary endarterectomy scored several quality-of-life 
components just slightly lower than normal individuals, but 
significantly higher than the patients before endarterectomy. 
Only 10% of patients used oxygen, and in response to the 
question, “How do you feel about the quality of your life 
since your surgery?” Seventy-seven percent replied much 
improved, and twenty percent replied improved. These data 
appear to confirm that pulmonary endarterectomy offers sub-
stantial improvement in survival, function, and quality of life, 
with minimal later health-care requirements.100
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Interventional therapies for the treatment of heart rhythm 
disorders have rapidly evolved over the past three decades, 
and continue to go through significant evolution. Though 
management options for cardiac arrhythmias were previously 
limited to pharmacologic therapy, the transformation and 
adaptation of surgical procedures to less invasive catheter-
based approaches have led to a new paradigm in arrhythmia 
management. A fundamental understanding of diagnostic 
and therapeutic strategies for treating heart rhythm disor-
ders is critical to surgical specialties exposed to these rhythm 
disorders.

The recording of intracardiac signals through electrodes, 
and subsequent stimulation of the cardiac tissue, allowed 
for the concept of ablation. In 1967, Durrer and associates 
described reproducible initiation and termination of tachy-
cardia in a patient with atrioventricular re-entrant tachycar-
dia (AVRT) using a bypass tract.1 In 1969, the His bundle 
was first reproducibly recorded using a transvenous electrode 
catheter.2 The continued advancements allowing localiza-
tion of intracardiac signals led to the study of a variety of 
tachyarrhythmias.

The concept emerged that critical regions of cardiac 
tissue were necessary for the initiation and propaga-
tion of tachyarrhythmias, and that if these regions could 
be interrupted, the tachyarrhythmia could be cured. Once  
catheter-based mapping strategies were developed to localize 
arrhythmogenic foci, surgical excision was contemplated. 
In 1968, a description of such a surgical procedure for the 
elimination of an accessory pathway (AP) was first pub-
lished.3 This heralded an era of nonpharmacologic treat-
ment of tachyarrhythmias.

ABLATION ACCESS
Surgical Ablation
A variety of arrhythmogenic foci and circuits were successfully 
mapped and ablated using surgical techniques in the 1970s. 

Resection of an atrial focus felt to be responsible for an atrial 
tachycardia was reported in 1973.4 Identification of reentry 
circuits within the atrioventricular (AV) node allowed surgical 
dissection to treat AV nodal re-entrant tachycardia (AVNRT) 
without causing complete heart block.5 Although surgical 
ablation was therapeutic for a variety of tachyarrhythmias, 
the morbidity and mortality associated with thoracotomy 
and open-heart surgery limited its widespread application. 
Because most supraventricular tachycardias (SVTs) are not 
life-threatening, the risk of the procedure limited its routine 
adoption. Surgical ablation was therefore limited to highly 
symptomatic patients refractory to medical therapy.

Catheter Ablation
In order to minimize the morbidity associated with surgical 
ablation, a method of using a transvenous catheter for the 
delivery of energy directly to cardiac tissue was sought. In 
1981, Scheinman and colleagues reported the first catheter-
based ablation procedure, describing the ablation of the His 
bundle in dogs.6 This same group performed the first closed-
chest ablation procedure in a human; in a patient with atrial 
fibrillation (AF) and rate control refractory to medical ther-
apy, a transvenous catheter was advanced to the His bundle 
region. Using a standard external direct-current (DC) defi-
brillator, they attached one of the defibrillator pads to the 
intracardiac catheter and used the second defibrillator pad as 
a cutaneous grounding pad. A series of DC shocks was deliv-
ered between the two pads and complete heart block, and 
thereby rate control, was achieved.7

This closed-chest catheter-based procedure was quickly 
adopted to treat a variety of SVTs dependent on the AV 
node.8 As experience was gained and dedicated ablation cath-
eters were developed, energy could be more precisely directed 
to allow ablation of APs, atrial tachycardia, single limb of 
AVNRT, and ventricular tachycardia (VT).

Although DC shock ablation allowed for the initiation of 
catheter-based ablation, it had various limitations. Because 
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1148 Part VIII Surgery For Cardiac Arrhythmias

energy delivery was not titratable, such treatment had vari-
able outcomes and complications, including massive dam-
age to surrounding myocardium.6,7,9 Because DC energy was 
delivered from the intracardiac electrode toward a cutaneous 
site, general anesthesia was required.

The introduction of radiofrequency (RF) energy as an 
ablative energy source heralded a new era in the catheter-
based treatment of arrhythmias. RF energy had been used for 
decades by surgeons for surgical cutting and cautery and had 
a long history of safety and efficacy. Animal studies using RF 
energy for the treatment of arrhythmia were first described in 
1987.10 Intracardiac RF energy produces controlled lesions at 
the catheter tip using resistive heating.11,12 RF now remains 
the primary energy source for catheter-based ablation, 
though alternative energy sources such as microwave, laser, 
high-intensity focused ultrasound, and cryothermal energy 
continue to be developed as a means to optimize patient 
safety and clinical outcomes.13

BIOPHYSICS OF ABLATION
Ablation using RF as an energy source involves the delivery 
of sinusoidal alternating current between the catheter tip at 
the endocardial surface and a large grounding pad on the 
skin. The current has a frequency of 350 to 700 kHz. The 
principal method of tissue injury with RF delivery is thermal. 
As the RF energy passes through the tissue at the distal elec-
trode of the ablation catheter, resistive heating occurs at the 
catheter tip, and deeper tissue heating occurs through pas-
sive heat conduction, producing coagulation necrosis, and 
a discrete homogenous lesion. To achieve irreversible tissue 
injury, a tissue temperature of 50 to 58°C is required. Lesion 
size is proportional to the tissue temperature, size of the abla-
tion electrode, contact force between the catheter and tissue, 
and duration of RF delivery.14 If subendocardial tissue tem-
perature exceeds 100°C, steam may form within the tissue, 
resulting in a rapid expansion and crater formation and an 
audible “pop” during ablation. Much like DC shocks, such 
“steam pops” can cause unpredictable injury (eg, to surround-
ing normal conduction tissue) as well as local tissue rupture. 
Contemporary RF ablation catheters have a thermistor or 
thermocouple that allows for automatic adjustment of the 
power output to achieve a preset temperature at the electrode 
tip-tissue interface.

With endocardial ablation, the lesions produced are 
limited such that some intramural and epicardial foci and 
arrhythmia circuits may not be reachable with standard abla-
tion. One method to increase lesion size and depth uses the 
principle of limiting coagulum development by increasing 
the electrode-tissue interface by increasing tip size.15,16 A 
limitation of larger catheter tips is that the larger surface area 
makes it difficult to regulate power delivery and achieve even 
temperatures.

Cooling the ablation catheter tip with saline irrigation, 
either within the catheter or external to the catheter, can 
also prevent coagulum formation at the tissue interface. This 
prevents a rise in impedance and allows for more energy 

delivery deep into the tissue.17,18 Irrigated RF catheters bathe 
the catheter tip internally using recirculating saline or exter-
nally through a porous electrode tip. These catheters con-
tinue to use RF as an energy source, with maximization of 
power delivery resulting in deeper lesions with a greater vol-
ume than with standard RF.19 Cooled epicardial RF ablation 
probes have been US Food and Drug Administration (FDA) 
approved, and transfers established catheter-based technol-
ogy to a surgical approach for epicardial ablation of cardiac 
arrhythmias, used primarily in conjunction with other open 
cardiac surgical procedures.20,21

Because of concern about the irreversible nature of RF 
delivery, alternative energy sources have been developed that 
allow for a transient tissue injury before placement of perma-
nent lesions. Cryoablation uses cryothermal energy delivered 
via a dedicated cryoablation catheter to produce gradual cool-
ing of cardiac tissue to create local tissue damage. Hypother-
mia has been the preferred method of delivering linear lesions 
in surgical ablation. This technique uses pressurized nitrogen 
or nitrogen oxide flow through a catheter tip nozzle. As the 
gas expands beyond the obstruction, there is a temperature 
drop to as much as –90°C. The major advantage of cryother-
mal energy delivery relative to RF is its ability to deliver both 
transient and permanent injury to the tissue; the initial cool-
ing phase (“Cryomapping”) allows one to assess not only the 
impact of cryoablation on pathologic tissue (eg, anteroseptal 
APs, the slow limb of a dual AV node), but also the impact 
of potential lesion placement on nearby structures such as 
surrounding normal conduction tissue.22 If the Cryomapping 
phase yields desirable results, then the temperature is lowered 
even further to a “freezing” stage. The ability to deliver revers-
ible injury and catheter stabilization has made cryoablation 
increasingly popular in those cases in which the pathologic 
lesion is in close proximity to the AV node, and in younger 
patients in whom avoiding the need for pacemaker implanta-
tion is the highest priority.23

A second potential disadvantage to RF as an energy source 
is the risk of extracardiac tissue injury. For example, ablation of 
AF is becoming the most commonly performed electrophysi-
ologic procedure, and is based on elimination or isolation of 
triggers for AF, which occur most commonly within the pul-
monary veins (PVs). During catheter-based pulmonary vein 
isolation (PVI), ablation within the left atrium carries risks 
of collateral damage to surrounding structures, resulting in 
potentially highly morbid complications such as PV stenosis, 
atrioesophageal fistulas, and phrenic nerve paralysis.24,25 As 
the esophagus runs adjacent to the posterior wall of the left 
atrium, this structure is highly vulnerable during ablation of 
AF. Though the rate of clinical atrioesophageal fistulas after 
ablation of AF is very low (around 0.04%),26 the rate of intra-
operative atrioesophageal perforation was as high as 1.3% in 
one open-chest series of patients undergoing linear lesions 
between PV ostia, to include the posterior wall overlaying the 
esophagus.27 Current ablation strategies include methods to 
monitor for esophageal heating, such as continuous monitor-
ing of esophageal temperature with an adjustable esophageal 
temperature probe.
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1149

ELECTROPHYSIOLOGY STUDY 
PROCEDURAL PROTOCOL
Diagnostic Electrophysiology Study
Diagnostic localization of tachyarrhythmias involves position-
ing catheters in strategic locations within the heart to obtain 
intracardiac recordings from various cardiac chambers as well 
as from the His bundle. Venous access is typically obtained 
in the bilateral femoral veins using the Seldinger technique. 
Catheters of 4 to 6 French in size are passed under fluoro-
scopic guidance into the right atrium and right ventricle, as 
well as positioned just across the tricuspid valve (TV) on the 
septum to obtain His bundle recordings. To obtain recordings 
of the left atrium and left ventricle (LV), a catheter is guided 
into the coronary sinus (CS), which passes posteriorly behind 
the mitral annulus and drains into the right atrium (Fig. 53-1).

Anticoagulation and Electrophysiology 
Studies
Direct recordings of the left heart are sometimes necessary 
and accomplished either by transseptal cannulation through 
the intra-atrial septum from the right atrium, or via a retro-
grade approach across the aortic valve into the LV, using cath-
eters percutaneously placed into the femoral artery. Catheter 
and sheath placement within the left heart, however, imposes 
a risk of thrombus formation on the intracardiac catheter and 

at the site of ablation, with the resultant risk of stroke and 
thromboembolism. Animal models have determined that 
mural thrombus is evident in up to 50% of cases immedi-
ately after RF ablation.10,28 In addition to the risk of mural 
thrombus at the site of ablation, there are mounting evidence 
of a systemic prothrombotic condition after RF ablation.29,30 
Therefore, during left-sided ablation, anticoagulation with 
intravenous heparin is typically administered throughout the 
procedure, and substantially reduces the thromboembolic 
risk. During ablation of AF, with the majority of the procedure 
performed within the left atrium, heparin is administered to 
achieve and maintain a target activated clotting time of 300 
to > 400 seconds throughout the procedure.31 Many patients 
undergoing ablation, particularly for AF, are on chronic sys-
temic anticoagulation. Historically anticoagulation with war-
farin was held prior to the procedure, and the patient was 
bridged with heparin in the periprocedural period. This strat-
egy has now been recognized to be associated with a high 
incidence of bleeding complications, and now ablations are 
routinely performed in patients on uninterrupted therapeutic 
anticoagulation. In the event of procedure-related bleeding 
complications such as cardiac tamponade, anticoagulation 
can be reversed with protamine, fresh frozen plasma, and/or 
prothrombin complex concentrate (PCC). While most expe-
rience has been with continuous warfarin, evidence is emerg-
ing that ablations can also be safely performed in the setting 
of anticoagulation with the novel oral thrombin inhibitor or 
Factor Xa inhibitors, though clinical experience is limited and 
options for reversal of anticoagulation, when necessary, are 
still in development.31

Once diagnostic catheters are positioned in preparation of 
an electrophysiologic study, programmed electrical stimula-
tion is performed to induce and study the tachyarrhythmia. 
Sometimes modulation of the autonomic nervous system is 
required to induce tachyarrhythmias with the infusion of 
atropine, isoproterenol, or epinephrine.32 Once an optimal 
site for ablation is determined, a steerable ablation catheter is 
positioned at the target site, and energy is delivered.

At the end of the procedure, all catheters and sheaths are 
removed and manual pressure is applied to the access sites 
to achieve hemostasis. If the patient was heparinized for the 
procedure, sheath removal is delayed until anticoagulation 
reverses, either when the activated clotting time is less than 
200 to 250 seconds, or after administration of protamine. The 
patient is placed on bed rest for 4 or more hours. Routine fol-
low-up studies are not warranted unless required to assess for 
a complication. As mentioned, because of the risk of throm-
boembolic events, patients are frequently sent home on aspi-
rin, thienopyridines, low-molecular-weight heparin, warfarin, 
or a combination of risk-appropriate antithrombotic thera-
pies depending on the type and extent of ablation performed.

Complications Associated with 
Electrophysiology Studies
In referring patients for catheter ablation, it is important to 
weigh the risks and benefits of the procedure for the individual 

FIGURE 53-1 Radiograph in the right anterior oblique projection 
showing catheters positioned for a standard diagnostic electrophysiol-
ogy procedure. Three nonsteerable diagnostic catheters are introduced 
from the inferior vena cava into the right heart. Two 4-French cathe-
ters with four electrodes are positioned in the region of the right atrial 
appendage (RA) and right ventricular apex (RV apex). A 5-French 
catheter with six electrodes is positioned across the tricuspid annulus 
to obtain a His bundle recording (His). A nonsteerable 6-French cath-
eter is introduced via the right internal jugular vein into the coronary 
sinus (CS) to obtain left atrial and ventricular recordings. Finally, a 
deflectable 7-French ablation catheter is positioned in the region of 
the low right atrium.
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1150 Part VIII Surgery For Cardiac Arrhythmias

patient. Most tachyarrhythmias, although causing a variety of 
symptoms, are generally hemodynamically well tolerated and are 
not life-threatening. Thus awareness of the potential complica-
tions of catheter ablation is necessary before referring a patient. 
Complications can be divided into those involving vascular 
access, catheter manipulation within the heart, and ablation.

Access-related complications include pain, adverse drug 
reaction from anesthesia and sedation, infection, thrombo-
phlebitis, bleeding at the site of access, hematoma, arteriove-
nous fistula, and pseudoaneurysm formation. Arterial damage 
or dissection may also result. Systemic or pulmonary throm-
boembolism can occur, most seriously resulting in transient 
ischemic attack or stroke. It is felt that performance of com-
plex ablations while on systemic anticoagulation and with 
externally irrigated tipped catheters may reduce the risk of 
mural thrombus and thereby periprocedural embolic events. 
However, there may be an increased risk of access complica-
tions in a patient with therapeutic anticoagulation.33,34

Complications associated with placement of intracardiac 
catheters can be more life threatening. These include perfora-
tion of a cardiac chamber or the CS, resulting in hemoperi-
cardium, cardiac tamponade, and potentially coronary artery 
injury. Programmed electrical stimulation can result in the 
induction of hemodynamically unstable tachyarrhythmias 
such as VT or fibrillation. Catheter manipulation can also 
result in usually transient but sometimes permanent damage 
to valvular apparatus or the conduction of the right or left 
bundle branches owing to mechanical trauma.

RF delivery to cardiac tissue is associated with risk of col-
lateral damage to intracardiac and extracardiac structures. 
Inadvertent ablation of the normal conduction system may 
result in complete heart block requiring permanent pacing. 
Perforation of a cardiac chamber or vascular structure can also 
occur with catheter manipulation or RF delivery; small perfo-
rations can often be adequately controlled with percutaneous 
pericardiocentesis and reversal of anticoagulation if present, 
however, if cardiac bleeding does not stop with these conser-
vative measures an urgent open surgical approach is needed. 
Collateral damage to coronary circulation can result in myo-
cardial infarction, heart failure, or cardiogenic shock. Phrenic 
nerve paralysis can occur due to ablation in proximity to the 
right or left phrenic nerves, which course along the pericar-
dium. Ablation near the PVs within the left atrium can result 
in venous stenosis and pulmonary hypertension. Ablation in 
the posterior wall of the left atrium, as is routinely performed 
during ablation of AF, can result in damage to the esopha-
gus, including esophageal ulcer formation and the potentially 
fatal complication of atrial-esophageal fistula.35 Given these 
risks, a center undertaking these procedures must be prepared 
to urgently treat these potential complication. All operators 
performing electrophysiologic studies should be trained in 
pericardiocentesis, and certain procedures associated with 
higher risks of perforation should only be performed at cen-
ters with available cardiac surgeons in the event of severe 
complications.36

An 8-year prospective study published in 1996 of 3966 
procedures found an overall complication rate of 3.1% for 

ablative and 1.1% for diagnostic procedures, with complica-
tions more likely to occur in elderly patients and those with 
systemic disease.37 A more recent series evaluating ablations 
performed in patients across a series of age ranges identified 
a rate of procedural complications of 1.3%, with no signifi-
cant differences between patients under 70 years of age rela-
tive to septagenarians or octogenarians.38 Various studies have 
shown very low mortality rates directly attributable to the 
electrophysiology study.

DIAGNOSTIC ELECTROPHYSIOLOGY 
TECHNIQUES
A variety of techniques have been developed to elucidate 
the origin and mechanism of tachyarrhythmia propagation. 
Some of these techniques involve pacing in sinus rhythm, 
whereas others are performed during the tachyarrhythmia. 
Diagnostic studies typically involve programmed electrical 
stimulation with pacing at particular intervals to initiate a 
tachyarrhythmia, assess its response to pacing maneuvers, or 
terminate it.39

Activation mapping is used to localize the origin of vari-
ous tachycardias. It involves positioning a mapping catheter 
in various intracardiac locations during the tachyarrhythmia, 
to identify a site where activation is earliest, and precedes any 
other intracardiac activation or corresponding surface P wave 
or QRS. The earliest site of activation during a focal tachy-
cardia must by definition be the source of the tachycardia.40,41 
This technique is most useful for localizing focal atrial tachy-
cardias, stable VT, and APs.

Entrainment mapping is used for localization of re-entrant 
circuits, and is often used in conjuction with activation map-
ping to identify targets for ablation. In entrainment mapping, 
pacing is performed from intracardiac sites during tachycar-
dia and slightly faster, to penetrate the arrhythmia circuit and 
entrain the tachycardia when pacing from sites within the re-
entrant circuit, the time from the last paced stimulus to the 
first return signal on the pacing electrode (called the “post-
pacing interval”) should equal the tachycardia cycle length. 
Since you are pacing from within the circuit, one cycle results 
in the “return” signal which is the same of the tachycardia 
cycle length. Pacing from sites more remote from the circuit 
will produce a post-pacing interval greater than the tachy-
cardia cycle length. Because pacing is not within the circuit, 
the time to the “return” signal is the sum of one revolution 
around the circuit (the tachycardia cycle length) plus the time 
it takes to get to the circuit and back from the circuit. The 
difference between the post-pacing interval and the tachycar-
dia cycle length can be used to determine whether sites are 
within the arrhythmia circuit and therefore guide ablation. 
This strategy is particularly useful for mapping atrial flutter, 
re-entrant atrial tachycardia, and scar-related VT.42

Pace mapping is another method used to localize the 
origin of a tachycardia, with particular usefulness in map-
ping VT or ventricular ectopy.43 In this method, pacing is 
performed during sinus rhythm at various intracardiac loca-
tions, and the paced QRS morphology is compared to the 
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1151

QRS morphology during tachycardia; the disparity in QRS 
morphologies can be assessed and the catheter repositioned 
until a match is obtained. At the site of tachycardia origin or 
myocardial exit, pacing is likely to produce a QRS morphol-
ogy identical to that observed during tachycardia since the 
remainder of the heart is being activated in a similar manner.44

Mapping may also be performed based on anatomical 
landmarks. For example, ablation of the slow AV nodal path-
way for the treatment of AVNRT is performed by ablating 
well-defined targets identified by fluoroscopy with or with-
out the assistance of an electroanatomic mapping system. 
In common right atrial flutter, in which conduction across 
the cavotricuspid isthmus (CTI) is necessary to sustain the 
arrhythmia, anatomical landmarks are used for ablation to 
create a line of block between the tricuspid annulus and the 
inferior vena cava (IVC).45

In various clinical situations, a combination of these map-
ping techniques may be used to localize an appropriate target 
for ablation.

Advanced Mapping Techniques
The success of ablation is dependent on precise localization 
of arrhythmogenic foci and critical parts of arrhythmogenic 
circuits. Advanced mapping techniques have been developed 
as adjuncts to conventional mapping methods to improve the 
efficacy and safety of catheter ablation. The systems described 
below are useful to improve the rapidity and precision of map-
ping arrhythmias, while decreasing the need for fluoroscopy.

The CARTO electroanatomical mapping system (Bio-
sense-Webster, Diamond Bar, CA) uses a magnetic field and 
emitted currents to localize a mapping catheter in three-
dimensional space. Various locator pads placed beneath the 
patient’s chest generate ultra-low-intensity magnetic fields 
in the form of spheres that decay in strength. A sensor in 
the catheter tip measures the relative strength and hence the 
distance from each of the pads, triangulating the temporal-
spatial location of the catheter. For activation mapping, elec-
trodes at the catheter tip record local electrograms, and the 
local activation times acquired from various mapping points 
are reconstructed on a three-dimensional map relative to 
a reference catheter, and presented on the map in a color-
coded fashion. By acquiring multiple mapping points during 
tachycardia, the sequence of arrhythmia propagation can be 
reconstructed. Voltage maps can also be obtained to delineate 
regions of scar and diseased myocardium.46

Another commonly used nonflouroscopic three- 
dimensional electroanatomic mapping system is the EnSite 
system (Ensite NavX and EnSite Velocity, St. Jude Medical, 
St. Paul, MN), which consists of surface electrode patches 
applied to several places on the patient’s body. To create a 
three-dimensional model of the chamber of interest in the 
heart, an electrical signal is transmitted between the patches, 
and the signal is sensed by the catheters within the heart; as the 
catheter is moved within the chamber, information from the 
intracardiac catheters including location, activation timing, 
and local electrogram amplitude is relayed to the computer 

system that generates the three-dimensional model. Cardiac 
electrical activity, including activation and voltage maps, can 
be superimposed on the anatomic model. The EnSite Veloc-
ity System can display the real-time position of conventional 
electrophysiology catheters, and can provide visualization 
and navigation of up to 128 electrodes on a combination of 
catheters.47

Intracardiac ultrasound catheters have had substantial 
benefits in improving the safety and efficacy of ablation, by 
providing real-time visualization of intracardiac structures. 
Radial array intravascular ultrasound (IVUS) (9 MHz Ultra 
ICE, Boston-Scientific, Natick, MA) may be positioned 
within the atria, allowing visualization of the interatrial 
septum, thereby enhancing the safety of transseptal punc-
tures. Phased array intracardiac echocardiography (ICE) has 
extended the principles of IVUS for electrophysiologic use.48 
Newer ICE catheters are steerable and have Doppler capabil-
ity (Acuson, AcuNav, Mountain View, CA). In addition to 
guiding transseptal punctures, ICE catheters allow the accu-
rate targeting of anatomical sites such as PV ostia and papil-
lary muscles.49 They are also useful for imaging diagnostic and 
ablation catheter positions and visualization of tissue contact 
for optimal ablation. Additional benefit to ICE is integration 
with electroanatomical mapping systems to allow for non-
contact real-time reconstruction of cardiac structures (Car-
toSound, Biosense-Webster, Diamond Bar, CA) (Fig. 53-2).

CLINICAL APPLICATIONS
Using the techniques described in the preceding sections, 
most focal and re-entrant tachyarrhythmias can be mapped 
and targeted for catheter-based ablation.

Atrioventricular Nodal Re-entrant 
Tachycardia
AVNRT is the most common form of SVT identified dur-
ing electrophysiologic studies. This tachycardia can present 
at any age, although most patients who present for medical 
attention are in their forties and the majority are females.50,51 
Advances in catheter ablation of this tachycardia has made it a 
first-line therapy for those symptomatic patients not wishing 
to take long-term medications.52

AVNRT has a re-entrant mechanism using two distinct 
electrical pathways within the AV nodal tissue. The common 
pathways are known as “slow” and “fast” based on their rela-
tive conduction properties. The anatomical location of these 
pathways is variable but generally located within the triangle 
of Koch in the septal right atrium, which is bounded by the 
tricuspid annulus and the tendon of Todaro with the CS at 
the base. The apex of the triangle is the His bundle at the 
membranous septum where it passes through the central 
fibrous body. The anterior third of the triangle contains the 
compact AV node and the fast pathway, and the inferior and 
posterior portion, near the CS ostium, is the typical location 
for the slow pathway (Fig. 53-3).53
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1152 Part VIII Surgery For Cardiac Arrhythmias

A B

FIGURE 53-2 Integration of live intracardiac echocardiography (A) into the creation of a three-dimensional electroanatomic map of the left 
ventricle using the CARTO mapping system (CartoSound, Biosense-Webster, Diamond Bar, CA). (B) A voltage map of the left ventricle is shown 
in the RAO view, superimposed over the corresponding echocardiographic image.

FIGURE 53-3 (A) Diagrammatic representation of typical atrioventricular nodal re-entrant tachycardia. Surface ECG shows narrow complex 
tachycardia with no clear P waves. The re-entrant circuit (blue arrows) consists of the posterior slow pathway region acting as the antegrade limb, 
and the anterior fast pathway region acting as the retrograde limb. The slow pathway target site is located between the coronary sinus os (CS) and 
the tricuspid valve annulus (TV). IVC = inferior vena cava; RA = right atrium; RV = right ventricle; SVC = superior vena cava. (B) Surface ECG 
showing precordial leads in AVNRT. This demonstrates that the retrograde P waves are barely discernible in some leads. In V1, it forms a pseudo r′ 
wave (arrow). P waves are also visible in the terminal portions of QRS complexes in V2 and V3 but not in the lateral leads.
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1153

In the typical form of AVNRT, antegrade conduction from 
the atrium to the ventricle occurs over the slow AV nodal 
pathway, and the retrograde conduction through the AV 
node occurs over the fast pathway. Because conduction in the 
retrograde direction is fast, the atria and ventricle are depo-
larized almost simultaneously. Thus the electrocardiographic 
feature of this tachycardia is P waves that are inscribed within 
the QRS and thus not seen or barely discernible at the ter-
mination of the QRS complex.54 The arrhythmia is usually 
triggered by an atrial premature complex (APC). The refrac-
tory period of the fast pathway is longer than that of the slow. 
Under the right conditions, the premature impulse blocks in 
the fast pathway and proceeds antegrade down the slow path-
way, resulting in marked PR prolongation (a “jump”). Since 
nothing came down the fast pathway the impulse can turn 
around and conduct retrograde up the fast pathway result-
ing in an atrial echo beat. If the slow pathway has recovered 
the tachycardia can continue.55 In fewer than 10% of cases, 
the circuit is reversed. In atypical AVNRT, antegrade conduc-
tion occurs over the fast pathway and retrograde conduction 
occurs over the slow pathway. Thus the ECG of this tachycar-
dia shows inverted P waves in the inferior leads denoting ret-
rograde activation of the atria with a longer RP segment owing 
to slower retrograde conduction.56 Less commonly other AV 
nodal circuits may be present such as “slow-slow” AVNRT, 
using antegrade conduction down one slow pathway, and 
retrograde conduction utilizing another “slow pathway,” with 
different functional and anatomic properties. These alternate 
AV nodal pathways occasionally have leftward extensions cre-
ating eccentric retrograde atrial activation patterns.55

Slow pathway ablation has a high degree of success for 
elimination of AVNRT, with a recurrence rate in the range 
of 2 to 7%. Complete AV block can occur as a complication 
of attempted slow pathway ablation in less than 1% (range  
0 to 3%) of cases.57 The North American Society of Pacing 
and Electrophysiology (NASPE) self-reported surveys on 
4249 patients who underwent slow pathway ablations had 
success rates of greater than 96% and complication rates of 
less than 1%.58,59

Atrioventricular Re-entrant Tachycardia
About 30% of SVTs are caused by AVRT. This is a re-entrant 
tachycardia using the AV node and an AP. These APs are mus-
cular bundles or remnants of conductive tissue from embry-
onic development that span the normally electrically inert 
tricuspid and mitral valve annulus and provide an indepen-
dent path of conduction between the atria and the ventricles 
outside of the AV node. AVRT is part of the Wolff-Parkinson-
White (WPW) syndrome of ventricular pre-excitation and 
symptomatic arrhythmias. The most common APs connect 
the atrium to the ventricular myocardium, but other APs may 
connect the atria or AV node to the His-Purkinje system. APs 
can conduct in the antegrade direction, retrograde direction, 
or both. In sinus rhythm, in patients with antegrade con-
duction over the AP there is preexcitation of the ventricles. 

Ventricular activation is a result of “fusion” between activa-
tion over the AP and over the AV node. The degree of preex-
citation is determined by the conduction velocity through the 
AV node and the time the sinus impulse takes to get to the 
AP. Preexcitation is manifested on the surface electrocardio-
gram by a short PR segment and slurring of the onset of the 
QRS, known as the delta wave. This slurring is due to slower 
“muscle to muscle” conduction in the ventricle from site of 
AP insertion. Absence of these findings does not exclude an 
AP. This may be due to a “latent AP” where there is antegrade 
conduction but the majority of the ventricle is being activated 
by the normal conduction system. This is most often seen in 
young patients with rapid AV nodal conduction and a far 
left lateral AP. In addition, up to 30% of AP conduct in the 
retrograde direction only (“concealed pathways”).60

The term “WPW syndrome” is the combination of ven-
tricular preexcitation on the surface ECG and symptomatic 
palpitations. However, it is often used to refer to any patient 
with an AP and SVT. Patients with WPW typically present 
with palpitation caused by rapid heart rate. This may be the 
result of AVRT or any supraventricular arrhythmia, including 
AF, with resulting rapid AV conduction via the AP. Associated 
symptoms may be mild such as palpitation and shortness of 
breath, or as severe as syncope and sudden death.61,62 Sud-
den death is a very rare complication of rapidly conducting 
APs, and may be caused by ventricular fibrillation resulting 
from the extremely rapid ventricular activation over the AP  
during AF.

Indications for ablation of APs include patients with 
symptomatic AVRT or those with atrial tachyarrhythmias 
with rapid ventricular conduction who fail or do not wish to 
undergo medical therapy.62 Relative indications for ablations 
include asymptomatic patients with “high risk” APs that are 
capable of rapid conduction thus posing a small risk of sud-
den death as the initial presentation of AF. Similarly, patients 
in high-risk professions, those with family history of sudden 
death, or those mentally distraught over their condition may 
be candidates for ablation.63

In the typical or orthodromic form of AVRT, antegrade 
conduction from the atrium to the ventricle occurs over the 
AV node and retrograde conduction occurs over the AP. In 
this form of AVRT, the P wave in the tachycardia follows the 
preceding QRS complex, resulting in a “short RP” tachycar-
dia but often a longer RP segment on the surface ECG than 
seen in AVNRT (Fig. 53-4). In the rare antidromic form of 
AVRT, antegrade conduction occurs over the AP with retro-
grade conduction over the AV node, or more commonly a 
second AP. This results in eccentric depolarization of the ven-
tricle, producing a wide complex tachycardia with retrograde 
P waves that can be easily mistaken for VT with one-to-one 
ventriculoatrial conduction.

An unusual form of AVRT utilizes a slowly conducting or 
decremental AP. Since conduction in both limbs, antegrade 
AV node and retrograde AP, is slow the tachycardia can be 
very stable and almost incessant. These tachycardias were 
misnamed the “permanent form of reciprocating junctional 
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A

B

SVC

RA

CS

IVC
RV

AV Node

Accessory pathway

FIGURE 53-4 (A) Diagrammatic representation of atrioventricular re-entrant tachycardia. This macro re-entrant circuit (gray arrows) uses the AV 
node and an accessory pathway (AP), in this case a right lateral pathway. In orthodromic AVRT, antegrade conduction occurs over the AV node 
and retrograde conduction occurs over the AP. Because of the conduction delay from the His-Purkinje system through the ventricular myocardium 
to reach the AP, retrograde P waves are discernible after the QRS complexes (arrow). In antedromic AVRT, the re-entrant circuit is reversed and 
surface ECG shows P waves that closely precede the QRS complexes. CS = coronary sinus; IVC = inferior vena cava; RA = right atrium; RV = right 
ventricle; SVC = superior vena cava; TV = tricuspid valve. (B) Intracardiac recording of atrioventricular re-entrant tachycardia with termination 
of eccentric conduction over the accessory pathway during RF ablation. The tracing at 50-mm-per-second speed shows four surface leads (VI, II, 
I, and aVF) and intracardiac recording from catheters: ablation (ABL); His distal, mid, and proximal; as well as right ventricular apex (RVA). The 
first three beats of the tracing show evidence of eccentric conduction over an accessory pathway: short PR segment and delta wave. With onset of 
RF energy (RF On) from the ablation catheter positioned in the region of shortest AV conduction, conduction becomes normal within two beats, 
with normalization of the PR segment and loss of the delta wave.
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tachycardia” or PJRT. They tend to be relatively slow (100 
to 140 BPM) and can be mistaken for sinus tachycardia. On 
the surface ECG this is a “long RP” tachycardia with a short 
PR interval and inverted P waves in the inferior leads. It is 
important to recognize this entity as the incessant elevated 
heart rate can lead to a tachycardia-related cardiomyopathy. 
These pathways are almost always posteroseptal in location 
and ablation results in normalization of ejection fraction in 
most cases.64

Additional unusual APs are those that conduct slowly in 
the antegrade direction, connect into the specialized conduc-
tion system, and support preexcited tachycardias with a wide 
QRS. These are known as Mahiem pathways in which there 
is a slowly conducting antegrade AP connecting from the 
atrium to a fascicle (atriofascicular pathway) or from the AV 
node to a fascicle (nodofascicular pathway).

The 1998 NASPE prospective catheter ablation registry 
reported on 654 patients with a 94% success rate.59 Success 
rates are lower (in the range of 84-88%) for septal and right 
free wall pathways.65-67 Mortality rates are less than 1% and 
nonfatal complications occur in about 4%.59 The major chal-
lenges of AP ablation are the location of APs near the normal 
conduction system and those that are epicardial in location. 
Ablation of pathways that are anteroseptal and midseptal in 
location carry a higher risk of causing complete heart block 
due to ablation near the compact AV node or His bundle. In 
these cases, alternate ablative energy sources such as cryoabla-
tion may offer a potentially safer alternative due to its ability 
to deliver reversible injury, permitting of the resulting effects, 
prior to irreversible lesion formation.22,68,69 However, the vast 
majority of these pathways can be safely ablated with stan-
dard RF energy.

Atrial Tachycardia
Atrial tachycardias depend wholly on atrial tissue for initia-
tion and maintenance of the tachycardia. Ectopic atrial tachy-
cardia, sinoatrial nodal re-entrant tachycardia, inappropriate 
sinus tachycardia, atrial flutter, and AF can all be considered 
atrial tachycardias. Multifocal atrial tachycardia is caused by 
multiple foci of abnormal automaticity or triggered activity 
and is not amenable to curative catheter ablation.70

Focal atrial tachycardias, a less common type of SVT, 
form about 10% of all SVTs referred for electrophysiologic  
studies.63 These arrhythmias are more common in patients 
with structural heart disease. Indications for ablation include 
failure or intolerance of medical therapy. Rarely, incessant 
tachycardias can lead to cardiomyopathy. With control of 
heart rate or restoration of sinus rhythm, myocardial dysfunc-
tion can be reversed, although there may be a delayed risk of 
sudden death that necessitates use of a defibrillator.71-73

Surface ECG features of focal atrial tachycardia include 
abnormal P wave morphology or axis that are typically close 
to the following QRS complexes (long RP tachycardia). Map-
ping and ablation of atrial tachycardias can be more difficult 
than ablation of other SVTs, as they can originate from any-
where in the right or left atrium, or within the interatrial 

septum and venous/arterial structures. Fortunately, there are 
specific anatomical regions that have a high incidence of foci 
and serve as primary targets, including the crista terminalis, 
atrial appendages, CS ostium, valve annuli, and pulmonary 
vein ostia.74 Focal atrial tachycardia is frequently amenable to 
catheter ablation by targeting the site of origin of the arrhyth-
mia, typically by identifying the earliest site of atrial activation 
using activation mapping. However, ablation success rates for 
AT are lower than that for other SVTs; the wide range of pos-
sible locations of AT origin require that the arrhythmia be 
present or readily inducible at the time of mapping, so that it 
can be localized for successful ablation. Success rates for abla-
tion of focal AT have been reported to be 86% on average, 
with a recurrence rate of 8%. Complications from ablation 
include cardiac perforation, phrenic nerve damage, AV block, 
and sinus node dysfunction, with a combined incidence of 1 
to 2% in experienced centers.63

Sinoatrial nodal reentry tachycardias occur infrequently and 
experience with catheter ablation of these tachycardias is more 
limited, however possible. As the name suggests the tachycardia 
is due to reentry in the tissue in and around the sinus node. 
The P wave morphology is identical to sinus rhythm but the 
tachycardia can start and stop suddenly, unlike sinus.75

Inappropriate sinus tachycardia is a not a well-defined dis-
order. It appears to result from a combination of autonomic 
dysfunction (when part of the postural orthostatic tachy-
cardic syndrome, POTS) and perhaps some other endocrine 
and psychiatric component. While catheter ablation has been 
utilized as a “last resort” it is challenging because of the vari-
ability and diffuse location of sinoatrial tissue, as well as its 
multifactorial causes not treated by ablation.76 Catheter abla-
tion may be complicated by sinoatrial node dysfunction and 
persistent junctional escape rhythm, necessitating implanta-
tion of a pacemaker. Even if the resting heart rate is reduced 
with nodal modification, symptoms may continue with epi-
sodes of tachycardia. Catheter ablation is therefore generally 
avoided, in favor of a multidisciplinary approach, including 
cardiovascular, endocrinologic, and psychiatric evaluation 
and pharmacologic management.77

Atrial Flutter
Atrial flutter is a type of atrial tachycardia that uses a macro re-
entrant circuit contained within the atria. A variety of natural 
and surgical barriers to conduction can create a re-entrant cir-
cuit within the atria. “Typical” or “isthmus dependent” atrial 
flutter involves a right atrial circuit, with an obligate limb in 
the isthmus of tissue between the IVC and the TV annulus, 
known as the cavotricuspid isthmus (CTI). The flutter circuit 
is bound anteriorly by the TV annulus, and posteriorly by the 
superior vena cava, crista terminalis, IVC, eustachian ridge, 
and CS (Fig. 53-5).78

In the most common form of typical, isthmus-dependent 
atrial flutter, the circuit transverses the right atrium in a coun-
terclockwise manner in the frontal plane. Because the anatomy 
of the right atrium is elongated in a caudad-cephalad direc-
tion, a typical atrial flutter spends large portions of circuit 
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1156 Part VIII Surgery For Cardiac Arrhythmias

activation going superior along the interatrial septum; there-
fore, on the surface ECG in leads II, III, and a VF, the  
P waves (called “flutter waves”) are negative and have a saw-
tooth appearance. In V1, the flutter waves are usually upright 
and in V6 they are inverted. Clockwise isthmus-dependent 
flutter uses the same circuit but in a reversed direction, and 
the ECG also shows a reversed pattern with upright flutter 
waves in the inferior leads, and flutter waves that are negative 
in V1 and upright in V6. This surface ECG morphology is sug-
gestive of the circuit but needs intracardiac confirmation.79

Catheter ablation for typical atrial flutter involves abla-
tion in the CTI, by transecting the flutter circuit between the 
IVC and TV annulus. Long-term success rates for eradica-
tion of CTI-dependent atrial flutter have been reported to 
be approximately 87 to 95%.80 Given high success rates and 
relatively infrequent complications, ablation has become the 
first line of therapy for recurrent typical atrial flutter. Despite 
successful treatment of flutter, up to one half of patients 
may develop de novo AF after flutter ablation during long-
term follow-up, mandating careful monitoring for recurrent 
arrhythmias prior to cessation of anticoagulation even after 
successful ablation.81,82

Although the isthmus-dependent right atrial circuit 
described in the preceding is the most common type of flut-
ter, a variety of other macro re-entrant circuits in the right 
and left atria are also possible, and are termed “atypical atrial 
flutters”. These are more common in patients with underly-
ing heart disease, or in those having previously undergone 
atrial ablation or cardiac surgery.49,83-85 Mapping and ablation 

of these arrhythmias are now also routinely performed. How-
ever, the success rate is somewhat lower than that for typical 
isthmus-dependent atrial flutter.

Incisional scars from prior cardiac surgery can be the sub-
strate for re-entrant atrial arrhythmias.86-88 The most com-
mon post-surgical atrial tachycardia is an atypical atrial flutter 
related to a lateral right atrial incision. Activation mapping 
typically demonstrates a circuit encircling a region of scar 
related to the incision. Ablation from the end of the scar to 
either the superior vena cava or more commonly the IVC is 
often curative (Fig. 53-6).89

Atrial arrhythmias are also common in patients who have 
undergone prior atrial ablation, particularly after more exten-
sive left atrial ablation performed for persistent AF, or after a 
surgical Maze procedure (see below). These tachycardias may 
be a result of macro reentry, micro reentry, or a focal source. 
Common macro re-entrant circuits in these patients include 
typical right atrial flutter or atypical flutters encircling the 
mitral annulus or involving the roof of the left atrium. Re-
entrant circuits may result from incomplete lines of block 
created during the prior intervention, or through alterna-
tive pathways such as the musculature surrounding the CS.90 
These tachycardias are often incessant and may be highly 
symptomatic and difficult to control with antiarrhythmic 
medications. Catheter ablation is therefore frequently pur-
sued to target these recurrent arrhythmias and restore sinus 
rhythm. Ablation of these post-ablation arrhythmias are often 
delayed until 2 or 3 months after the index ablation, once the 
inflammatory response to the initial ablation has passed and 
the lesions have completely healed. During electrophysiologic 
study, the circuit of these arrhythmias can usually be deter-
mined using a combination of activation and entrainment 
mapping.91 The main principle of ablation involves inter-
rupting these circuits in obligate limbs, such as the left atrial 
roof or lateral mitral isthmus, by ablating between electrically 
inert anatomic barriers, such as the mitral annulus and the 
electrically isolated PV antrum.92

Atrial Fibrillation
Atrial fibrillation is the most common cardiac arrhythmia 
effecting upwards of 8 million Americans. AF is often highly 
symptomatic due to irregular and/or rapid ventricular rates 
and loss of AV synchrony. Patients can also be completely 
asymptomatic, but are still at risk of stroke, heart failure, and 
dilated cardiomyopathy due to prolonged periods of tachy-
cardia.73,93 The primary goal of pharmacologic therapy is pre-
vention of thromboembolism in those at risk using systemic 
anticoagulation. Pharmacologic therapy for control of AF-
related symptoms, however, has limited efficacy, carries risk 
of proarrhythmia and other systemic toxicities, and has not 
demonstrated a benefit in the reduction of stroke or mortal-
ity in large trials.94-97 Catheter ablation of AF has consistently 
shown greater efficacy in maintenance of sinus rhythm than 
antiarrhythmic drugs and avoids long-term drug-related side 
effects. Ablation therefore has an expanding role in the resto-
ration of sinus rhythm and control of AF-related symptoms, 

SVC

CT

CS

ER

IVC

TV

FIGURE 53-5 Diagrammatic representation of typical or coun-
terclockwise right atrial flutter. Surface ECG shows large inverted  
P waves in the inferior leads. Lead III above shows 2:1 AV conduction 
with “sawtooth” flutter waves. The re-entrant circuit is confined to the 
right atrium by the tricuspid valve annulus (TV) and barriers to con-
duction within the right atrium. These include the superior vena cava 
(SVC), crista terminalis (CT), inferior vena cava (IVC), eustachian 
ridge (ER), and coronary sinus (CS). The isthmus between the IVC 
and TV is the preferred target for ablation.
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1157

particularly after failure or intolerance of at least one antiar-
rhythmic drug trial. In patients with tachycardia-related car-
diomyopathy, ablation is also often considered when medical 
therapy is inadequate for persistent rate control, or when res-
toration of sinus rhythm is the priority.31

The initial surgical Maze procedure was performed in 
1987, and with several modifications aimed to make the pro-
cedure more tolerable, the Cox Maze III procedure has shown 
excellent long-term success rates, with an operative mortal-
ity of 2 to 3%.98,99 This procedure is based on the concept 
that AF consists of multiple re-entrant circuits within the 
atria, and that creation of lines of conduction block between 
nonconducting atrial structures may preclude propagation of 
arrhythmic circuits and such that AF cannot sustain.100 It is 
termed the “MAZE” in addition to creating lines of conduc-
tion block there is an attempt to avoid areas of atrial isolation 
and therefore promote atrial contraction in sinus rhythm. 
The electrical impulse from the sinus node therefore traverses 
a “MAZE” as it makes its way to the AV node. This procedure 
has been limited by the need for open-heart surgery with its 
mortality, morbidity, and expense, as well as post-op sinus 
node dysfunction requiring a pacemaker and the creation 
of new atrial arrhythmias. The surgical experience with the 
Maze procedure has led to the development of both more 
minimally invasive surgical approaches and a catheter-based 
approach.

Attempts at catheter-based left atrial or biatrial lesions for 
the purpose of replicating the Maze were met with limited 
success because of the prolonged procedure times, high risk 
of complications, and limited efficacy.101 As understanding of 
the mechanism of AF has evolved, attempts to block propaga-
tion of atrial fibrillatory circuits have given way to attempted 
ablation of the fibrillatory triggers. When the identification 
of AF triggers arising from the PVs was first described by 
Haissaguerre et al. in 1998, the discipline of catheter-based 
ablation of AF emerged into the forefront of clinical elec-
trophysiology. In a series of patients undergoing a left-sided 
catheter Maze procedure it was discovered that rapidly firing 
premature atrial contractions arising from the musculature of 
the PVs were triggering AF. Ablation of these foci eliminated 
AF in some patients.102 Catheter-based ablation targeting 
triggers within the PVs has now gained worldwide acceptance 
as a therapeutic option for patients with symptomatic AF.

An early approach to PVI involved segmental isolation of 
each PV by mapping the location of the connecting muscular 
fibers.103 This procedure has since evolved to an empiric elec-
trical isolation of the PVs, with complete encircling of the PV 
antra, typically performed as ipsilateral pairs (Fig. 53-7).104,105 
In patients with paroxysmal AF, antral PVI is often sufficient 
to prevent recurrent AF. Ablation of additional atrial sub-
strate is often needed to restore sinus rhythm in patients with 
more persistent forms of AF.106

A B

FIGURE 53-6 Electroanatomic reconstruction of the right atrium in a patient with an atypical atrial flutter following mitral valve surgery. 
Panel A shows a voltage map, with regions of low voltage (nonpurple regions on map), and electrically nonexcitable tissue (gray dots) representing 
abnormal or scarred atrial myocardium, likely related to the lateral atriotomy incision site. Panel B shows an activation map during tachycardia, 
demonstrating a macro re-entrant circuit around the scarred segments in the right atrium. Ablation lesions between electrically inert regions of the 
right atrium (red dots in panel A) terminated the tachycardia.

Cohn_ch53_p1145-1166.indd   1157 24/04/17   2:37 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1158 Part VIII Surgery For Cardiac Arrhythmias

Due to the high prevalence of AF in the general popula-
tion, along with the increasing success of ablation, catheter 
ablation for AF has become one of the most commonly per-
formed electrophysiologic procedures. However, methods 
for optimizing outcomes are still in evolution. Approaches 
beyond PVI, particularly for patients with persistent AF, 
continue to be evaluated. While in most patients with par-
oxysmal AF the arrhythmia is driven by PV triggers, as the 
arrhythmia becomes more persistent or occurs in more dis-
eased atria, AF becomes maintained by arrhythmogenic atrial 
substrate. Those with a more permanent form of AF have 
been demonstrated to have either atrial scarring or structural 
disease in 65%. This arrhythmogenic substrate may be mani-
fest as regions of electrical block and complex fractionated 
atrial electrograms (CFAEs) on intracardiac recordings, and 
may be targeted during catheter ablation.106

Whether ablation targeting additional atrial substrate, 
including CFAE ablation or creating additional lines of abla-
tion to segment the atria (similar to the Maze procedure), 
improve ablation success is still under investigation. In ran-
domized trials, the addition of targeting of CFAEs to a con-
ventional PV antral isolation has not resulted in increased 
freedom from recurrent arrhythmia.107,108 In a study compar-
ing the efficacy of adding linear lesions to PVI alone, addi-
tional lines did improve the maintenance of sinus rhythm, 
although the results were much more apparent in those 
with persistent AF at baseline.109 As discussed above, addi-
tional lines of ablation also predispose to recurrent atrial 
tachycardias, which have the potential to conduct rapidly 
and may be even more symptomatic than was the original 
arrhythmia. Though PVI alone may be sufficient for most 
patients with paroxysmal AF, those with persistent arrhyth-
mia often require more extensive ablation to terminate AF 
and prevent recurrence. In all patients, targeting additional 
substrate in the pulmonary venous antra appears to have a 
beneficial role over ostial isolation alone. A recent systematic 

review and meta-analysis found a highly significant lower rate 
of recurrent arrhythmias in patients undergoing wide antral 
PVI relative to segmental ostial isolation (odds ratio 0.42,  
p < .00001), including a much lower AF recurrence rate (odds 
ratio 0.33), despite a trend towards greater incidence of left 
atrial tachycardia occurrence in the wide antral circumferen-
tial ablation group.110 In addition, ostial ablation increases the 
risk of PV stenosis, which is largely avoided by wide circum-
ferential ablation.

Due to the evolving nature of AF ablation and range of 
techniques and experience, as well as nonuniform methods 
of follow-up and postoperative surveillance, accurate data 
regarding the efficacy and long-term outcomes of the proce-
dure are limited. Furthermore, results are also dependent on 
individual patient factors, particularly the pattern of preex-
isting AF (universally worse outcomes in patients with per-
sistent AF), patient comorbidities, and left atrial size. There 
is now strong evidence that ablation improves maintenance 
of sinus rhythm greater than antiarrhythmic medications. 
One randomized multicenter comparison of ablation versus 
antiarrhythmic drugs in patients with paroxysmal AF who 
failed at least one medication found freedom from docu-
mented symptomatic recurrence in 66% of patients treated 
with ablation compared to 16% of patients treated with 
medications at 9 months (hazard ratio 0.30, p < .001), as 
well as greater improvement in symptom severity score and 
quality of life in the ablation group.111 Another meta-analysis 
comparing ablation to medical management in patients with 
paroxysmal AF found that at 1 year, ablation was associated 
with a 16-fold rate of freedom from recurrent AF (odds ratio, 
15.78; 95% CI, 10.07-24.73) and with decreased hospital-
ization for cardiovascular causes (rate ratio, 0.15; 95% CI, 
0.10–0.23).112

One-year outcomes after AF ablation, particularly in well-
selected patients with paroxysmal arrhythmia, have demon-
strated impressive results; the A4 trial showed at 1 year, 23% 

A B

FIGURE 53-7 Electroanatomic map showing a series of radiofrequency ablation lesions (red and pink dots) encircling the pulmonary vein antra 
as ipsilateral pairs. Panel A: posterior-anterior view; panel B: right anterior oblique view.
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1159

of those randomized to antiarrhythmic drug therapy, and 
89% of those randomized to ablation had no recurrence of 
AF.113 A large international survey assessing global outcomes 
from AF, including over 20,000 ablations performed between 
2003 and 2006, found that a median of 70% of patients 
became asymptomatic without antiarrhythmic drugs, and 
another 10% became asymptomatic in the presence of pre-
viously ineffective antiarrhythmic drugs over an average of  
18 months of follow-up. Success rates were significantly 
greater for patients with paroxysmal AF (75% without anti-
arrhythmic drugs) than in patients with persistent or long-
standing AF (63-65% without antiarrhythmic drugs).26 A 
second ablation procedure is often required to achieve the 
quoted freedom from arrhythmia in up to 30% of patients, 
either from recurrent AF or due to post-ablation atrial  
tachycardias.26 Most patients with arrhythmia recurrence 
demonstrate recovered electrical conduction into the PVs 
at the time of redo procedures, demonstrating the difficulty 
achieving durable transmural ablation lesions. Furthermore, 
since arrhythmias can recur asymptomatically and sporadi-
cally, it is likely that the published rates of ablation success 
are an underestimation of the actual rate of AF recurrence.

As AF has been associated with increased mortality in vari-
ous populations, it is possible that ablation will have a posi-
tive effect on mortality, though this has not yet been proven. 
Trials to assess the late success and long-term outcomes of 
AF ablation with regard to mortality, stroke risk, and heart 
failure, such as the CABANA trial, are ongoing.31

Encouraging results for AF ablation, however, must be tem-
pered by the rare but significant risks involved. In the world-
wide survey of AF, major complications occurred in 4.5% of 
procedures, including cardiac tamponade, PV stenosis, dia-
phragmatic paralysis, thromboembolism, atrioesophageal fis-
tula, pneumothorax or hemothorax, vascular complications, 
valve damage, and congestive heart failure; procedure-related 
death occurred in 0.15%.26 Interestingly, the rate of major 
adverse effects from antiarrhythmic drug treatment (includ-
ing life-threatening arrhythmias and disabling drug intoler-
ance) has been higher than ablation-related complications in 
various comparisons.111,114

Increasing acknowledgement of the risks associated with 
RF ablation have led to interest in alternate approaches to 
PVI, with the intent of improving the permanency of lesion 
formation and avoiding collateral damage to extracardiac 
structures. One such approach may be through the use of 
energy-delivering balloons, which can be placed within the 
orifice of a PV with the goal of creating circumferential 
lesions around the vein ostia. Most notably, the Cryoballoon 
(Arctic Frost, Medtronic CryoCath, Montreal, Quebec, Can-
ada) using cryothermal energy from a balloon-tipped cath-
eter has been used with success for treatment of paroxysmal 
AF.115 Though the Cryoballoon provides a relatively simple 
alternative to point-by-point RF ablation delivery and may 
be associated with a lower rate of cardiac perforation, with 
increasing experience with this tool various complications 
have been reported including atrioesophageal fistulas, and a 
higher rate of phrenic nerve palsy.116 Initial enthusiasm for an 

endocardial deflectable catheter-based high-intensity focused 
ultrasound balloon (ProRhythm, Ronkonkoma, NY), allow-
ing for the development of transmural linear lesions without 
direct tissue contact was dampened by low clinical success, 
and significant morbidity and mortality.117,118 Using endo-
scopic visualization, laser balloon ablation (CardioFocus, 
Marlborough, MA) has also demonstrated promising initial 
results.119

In elderly patients or those with severe comorbidities in 
whom standard treatment modalities cannot be achieved or 
are contraindicated, permanent rate control may be achieved 
through AV junction ablation and permanent pacemaker 
implantation, eliminating the need for aggressive pharma-
cologic treatment. The “Ablate and Pace” strategy is highly 
effective, relatively simple to perform, has been shown to 
improve quality of life in highly symptomatic patients, and 
may improve cardiac symptoms and decrease healthcare 
utilization when pharmacologic therapy is limited by hypo-
tension or intolerable side effects.120 Cessation of previously 
needed rate control and antiarrhythmic medications, often 
used in high-doses, after this procedure also generally results 
in immediate symptomatic improvement. This strategy is 
potentially problematic for many patients though, as it man-
dates continued anticoagulation, creates pacemaker depen-
dence and tolerates permanent AV dyssynchrony. Patients 
dependent on the atrial contribution to diastole, such as 
those with diastolic dysfunction, may not symptomatically 
improve with this strategy. An additional limitation of this 
strategy is that right ventricular pacing promotes interven-
tricular dyssynchrony, and may result in worsened LV func-
tion. The PAVE trial found that biventricular pacing after AV 
node ablation can result in better performance status (31 vs 
24% above baseline in the 6-min walk test) and LV function 
(LV ejection fraction 46 vs 41%) at 6 months compared to 
right ventricular pacing.121 This improvement with cardiac 
resynchronization may be even more pronounced in patients 
with preexisting systolic dysfunction. In a retrospective study 
comparing PV antral isolation versus AV node ablation and 
pacemaker implantation, the ablate and pace strategy was 
associated with a shorter procedure time with fewer compli-
cations, although there was higher rate of heart failure and 
continued, albeit asymptomatic, AF.122

A more complex technique known as AV node modifica-
tion attempts to ablate certain inputs to the AV node thus 
slowing the ventricular rate without requiring concomitant 
pacemaker implantation.123 This procedure has not been 
widely implemented because of the risk of inadvertent com-
plete AV block, and a tendency for the ventricular rate to rise 
again in the post-ablation period.

Ventricular Tachycardia
Catheter ablation also has an important role in the treatment 
and prevention of VT. Greater than 90% of life-threatening 
ventricular arrhythmias originate in myocardium with struc-
tural abnormalities, most commonly ischemic heart disease. 
In these cases, regions of scarred myocardium create channels 
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1160 Part VIII Surgery For Cardiac Arrhythmias

of viable tissue that support re-entrant circuits; these cir-
cuits may be mapped and targeted with ablation. Patients 
with nonischemic cardiomyopathy generally also have scar-
related circuits related to myocardial fibrosis, however, these 
scars are often multifocal and located in the epicardium or 
midmyocardium, complicating endocardial ablation. Initial 
experience with surgical endocardial resection and direct 
surgical ablation to eliminate VT led to advancements in 
catheter-based ablation techniques. In patients with exten-
sive structural abnormalities, multiple VT circuits are often 
present, and thus even after successful VT ablation primary 
therapy remains implantable cardiac defibrillators (ICDs) 
for prevention of sudden death. However, VT ablation is 
an important adjunct to reduce the arrhythmia burden 
and ICD shocks. According to the 2006 ACC/AHA/ESC 
guidelines on management of ventricular arrhythmias, VT 
ablation has a class I indication as an adjunctive therapy in 
patients with an ICD who have received multiple shocks for 
sustained VT that is not manageable by device reprogram-
ming of drug therapy.124

Ablation for VT can be performed during ongoing VT, 
using activation and entrainment mapping to localize the 

critical isthmus supporting the re-entrant circuit, or by 
identifying arrhythmogenic substrate during sinus rhythm. 
In “substrate mapping,” intracardiac electrodes are used to 
identify regions with abnormal myocardial substrate that 
represent areas of slow conduction within the region of scar 
that may support VT. Determination of scarred myocardium 
requires the use of an electroanatomic mapping system, in 
which the amplitude of electrograms recorded at various sites 
are recorded, and area with low amplitude electrograms are 
represented as regions of scar on a color-coded three-dimen-
sional map. Pace-mapping allows identification of VT exit or 
isthmus sites by matching the QRS morphology produced 
by pacing during sinus rhythm to the VT morphology; pac-
ing can also identify areas with delayed conduction that may 
occur when pacing from within a protected channel, such 
as within the VT isthmus. Ablation is performed generally 
within the scar at sites thought to be critical for supporting 
re-entrant circuits (Fig. 53-8).125

In experienced centers, epicardial mapping and ablation 
is also commonly performed when the VT substrate cannot 
be eradicated by endocardial ablation. Access to the pericar-
dium is achieved via pericardial puncture from a subxiphoid 
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Aorta
Site 3

3:37:31 PM4:28:11 PM3:38:59 PM
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FIGURE 53-8 (A) Endocardial voltage map of the left ventricle created using a three-dimensional electroanatomic mapping system. An extensive 
region of low voltage representing scarred myocardium is present in the left ventricular outflow tract region. (B) Two morphologies of ventricular 
tachycardia were induced. (C) Pace mapping from different sites within the scar are shown. A good pace map for VT1 is observed with pacing at 
sites 2 and 3. A long delay between the pacing stimulus and the QRS occurs with pacing from site 1, demonstrating slow conduction away from 
the pacing site. A series of radiofrequency ablation lesions (red dots in panel A) across this region abolished both VT morphologies. (Reproduced 
with permission from Soejima K1, Stevenson WG, Sapp JL, et al: Endocardial and epicardial radiofrequency ablation of ventricular tachycardia 
associated with dilated cardiomyopathy: the importance of low-voltage scars, J Am Coll Cardiol. 2004 May 19;43(10):1834-1842.)
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 Chapter 53 Interventional Therapy for Atrial and Ventricular Arrhythmias 1161

approach, and is often not possible in patients who have had 
prior cardiac surgery, particularly prior coronary artery bypass 
surgeries.126 Epicardial ablation is more likely to be required 
in patients with nonischemic cardiomyopathy, arrhythmo-
genic right ventricular cardiomyopathy, and in patients who 
have failed initial attempts at endocardial ablation.

In large trials, success of  VT ablation in patients with struc-
tural heart disease is promising, but recurrences are common. 
Acute procedural success is usually defined as noninducibility 
of any VT after ablation, while partial short-term success is 
defined as ablation of the clinical VT only. The Multicenter 
Thermacool Ventricular Tachycardia Ablation trial evaluated 
231 patients with recurrent monomorphic VT, including 
69% of patients with hemodynamically poorly tolerated VT, 
and a median of three VTs per patient; ablation acutely abol-
ished all inducible VTs in 49% of patients, while at 6 months 
53% of patients were VT-free.127 Furthermore, ablation suc-
cess is dependent on the underlying myocardial substrate and 
patient population. A recent prospective evaluation reported 
a VT-free survival at 1 year of 57% for patients with ischemic 
cardiomyopathy, and 40.5% for patients with nonischemic 
cardiomyopathy, despite complete acute procedural success 
achieved in 77% of patients with ischemic cardiomyopathy, 
and 67% of patients with nonischemic cardiomyopathy.128 
While VT is not completely abolished in all patients, the fre-
quency of VT recurrences and associated ICD shocks may 
be dramatically reduced, resulting is a substantial improve-
ment in an individual’s quality of life, even when VT is not 
completely eradicated. In the Thermacool VT Ablation trial, 
among patients with at least 6 months of follow-up, VT epi-
sodes were reduced from a median of 11.5 episodes preabla-
tion, to a median of 0 postablation, and the frequency of VT 
was reduced by ≥75% in two-thirds of patients.127 Complica-
tions from VT ablation include stroke, cardiac tamponade, 
valve damage, heart failure, AV block, vascular complications, 
and death. Procedure-related deaths have been reported in up 
to 3%, and most commonly occurs as a result of progressive 
ventricular arrhythmias and cardiac arrest after failed ablation. 
In the Thermacool study, death occurred in the electrophysi-
ology laboratory in 4 of 231 patients. Nonfatal complications 
have been reported in approximately 7%.127,129-131

Bundle branch reentry VT is another type of VT that 
may occur in patients with dilated cardiomyopathy and His-
Purkinje system disease. In bundle branch reentry, a macro 
re-entrant circuit using the conduction system occurs, most 
commonly with propagation antegrade down the right 
bundle branch and retrograde up the left bundle branch, 
resulting in a wide complex tachycardia with a left bundle 
branch block pattern. Patients typically present with palpita-
tion, syncope, or sudden death. Treatment involves ablation 
of the right bundle branch to interrupt the re-entrant cir-
cuit. Long-term success is good for prevention of recurrent 
bundle branch reentry, however, as these patients generally 
have extensive ventricular structural abnormalities, other VTs 
may develop, and ICDs are still required even after successful 
ablation. In addition to other established risks of ablation, 
ablation within the specialized conduction system poses a risk 
of ablation-related heart block.132,133

Other cardiac disorders associated with sustained mono-
morphic VT include right ventricular dysplasia,134 infiltrative 
disorders such as cardiac sarcoidosis135,136 and hypertrophic 
cardiomyopathy.137 Patients with prior ventricular surgery 
can develop incision-related VT, commonly seen in patients 
who have undergone repair of congenital cardiac abnor-
malities such as tetralogy of Fallot,138 or after corrective valve 
surgery.139

VT that presents in patients without structural heart 
disease is termed idiopathic and represents up to 10% of all 
VTs that present to tertiary referral centers. In these patients, 
VT ablation may be curative, and long-term prognosis after 
ablation is good even without ICDs. Patients may be asymp-
tomatic or present with palpitation, dizziness, or syncope. 
Patients may present with frequent premature ventricular 
contractions (PVCs), nonsustained VT, or even sustained 
VT. In patients with a high PVC burden (>20,000 in 24 h) 
a myopathy may develop that is treatable by elimination of 
the ventricular ectopy. Idiopathic outflow tract arrhythmias 
typically have a left bundle branch QRS morphology with 
an inferior axis; though classically described as originating 
in the right ventricular outflow tract, PVCs, or VT may be 
mapped and successfully ablated anywhere in the base of the 
heart, including in the regions of the aortic valve cusps or 
along the mitral annulus. These occur more often in women 
than in men, and patients typically present in their thirties to  
fifties.140 While they may be responsive to medical manage-
ment with beta blockers or other medications such as flecainde 
(if there is no underlying cardiomyopathy) they are certainly 
amenable to ablation. One of the biggest reasons for failure is 
the lack of target PVCs/tachycardia at the time of ablation.

Other idiopathic VTs may be focal or involve a micro re-
entrant circuit, often using branches of the Purkinje system. 
Fascicular VT most often originates from the left posterior 
fascicle, producing a right bundle branch VT morphology 
with rightward, superior axis. These VTs occurs more often 
in men, and are classically sensitive to verapamil. Success rates 
for ablation of idiopathic VT are in the range of 70 to 90% 
with recurrence rates in the range of 15%. Complication rates 
are consistent with those of other ablative procedures.27,141

Cost-effectiveness
Several studies have shown the cost-effectiveness of catheter 
ablation compared with medical therapy and surgical ablation. 
Catheter ablation has lower procedural costs than surgical abla-
tion and reduces the need for further medical care and emer-
gency department visits in comparison to drug therapy. Studies 
from the United States, Canada, the United Kingdom, and 
from Australia have shown both cost savings and improve-
ment in quality of life for those undergoing catheter-based 
ablation compared to medical management.142-146

As AF is the most common sustained arrhythmia and is 
associated with substantial healthcare costs related to hos-
pitalizations and drug costs, the cost-effectiveness of cath-
eter ablation for the treatment of AF has gained particular 
attention. AF ablation is associated with substantial up-
front expenditures but greater efficacy in maintaining sinus 
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1162 Part VIII Surgery For Cardiac Arrhythmias

rhythm, and thus likely fewer subsequent cardioversions and 
hospitalization costs. Initial ablation costs have been esti-
mated at approximately $15,000, with follow-up costs after 
ablation ranging from $200 to $1300 annually, compared 
to approximately $4000 annually for patients treated with 
antiarrhythmic medications; total costs of the two strate-
gies appear to converge after about 5 years of follow-up.147 
Another analysis suggested that the cost-effectiveness of a 
rhythm-control strategy with ablation would be most cost-
effective in younger patients and patients with at least mod-
erate risk of stroke.148 One study performed in the United 
Kingdom demonstrated cost savings for ablation in combi-
nation with antiarrhythmic drug therapy compared to drug 
therapy alone, in large part driven by reduction in health-
care utilization rather than the mere cost of the drug itself.149 
Essentially all cost-effectiveness analyses of AF ablation thus 
far have calculated incremental cost-effectiveness ratios close 
to the value of $50,000 per quality-adjusted life year that is 
typically considered acceptable in the United States.147 The 
cost-effectiveness calculations for ablation, however, will con-
tinue to be unreliable until the long-term outcomes of abla-
tion with regard to mortality and morbidity are clarified. In 
addition the value of this procedure will continue to evolve 
along with the procedure itself. The development of a more 
reliably successful ablation procedure that only requires a 
single attempt would dramatically increase cost effectiveness.

FUTURE DIRECTIONS
Catheter ablation is a relatively young field and has undergone 
dramatic advances over the past three decades. Technologic 
developments focused on improving the safety and efficacy 
of targeted catheter ablation, using minimally invasive meth-
ods, have lead the way to a revolution in the treatment of 
arrhythmias. Mapping systems are rapidly evolving to pro-
vide more accurate reconstructions of intracardiac geometry 
and electrical activation. Integration of ICE, MRI, and CT 
images, fluoroscopy, and cineangiographic sequences into 
electroanatomic maps can support understanding of complex 
anatomy, and allow contextual visualization of the movement 
of intracardiac catheters, while minimizing fluoroscopic 
exposure to the operator.150 Noncontact mapping systems are 
also in development to quickly reproduce cardiac activation 
sequences without tedious point-by-point electrogram acqui-
sition.151 For patients with AF, ablation techniques beyond 
targeting PV triggers are of great interest. Methods of map-
ping AF-sustaining substrate in the atria, such as electrical 
rotors, have been developed that use intracardiac catheters to 
reconstruct three-dimensional maps of AF propagation; early 
studies suggest that ablation targeting this substrate in addi-
tion to conventional triggers improves long-term freedom 
from arrhythmia.152 Developing technology and techniques 
are also focusing on novel methods to more effectively and 
safely deliver durable ablation lesions. The recent approval of 
force sensing catheters in the United States has the poten-
tial to revolutionize the industry; real-time feedback of force 
application within the cardiac chamber during mapping and 

ablation supports improved ablation delivery, lesion creation, 
and safety. Multicenter experience using force sensing catheter 
for ablation of AF have shown promise that this technology 
will improve outcomes.153 Integration of careful impedance 
monitoring into electroanatomic mapping systems provides 
additional feedback of local heating and lesion application.154 
New techniques are also focusing on novel methods to deliver 
ablation deep into tissues. Ablation of VT is sometimes lim-
ited by inability to reach arrhythmogenic substrate deep 
within the myocardium, such as within the interventricular 
septum. A novel needle-tipped ablation catheter, capable of 
mapping and delivering RF energy from a retractable needle, 
is undergoing clinical trials, and holds promise to improve 
ablation of deep intramyocardial substrate not reachable by 
traditional endocardial ablation.155

Remote navigation systems have been developed and are 
now in use to support catheter ablation of various arrhythmias. 
Though these tools have not replaced the value of a human 
operator, but do reduce operator exposure to fluoroscopy 
and may shorten procedural times.156-160 The Niobe system  
(Stereotaxis, Inc., St. Louis, MO) is a remote magnetic naviga-
tion system that uses two externally located magnets to create a 
steerable field that can be used to steer the magnetically active 
atraumatic catheter tip (Magnetic GentleTouch Catheters, 
Stereotaxis). The unit can be completely controlled remotely 
through a small motor, and the entire system can be controlled 
from a shielded room by joystick and touch-screen monitors 
using a hands-free robotic catheter control.161 Another robotic 
catheter system, Sensei (Hansen Medical, Mountain View, CA) 
allows catheter manipulation from a control room using a 
mechanical steering outer sheath through which a conven-
tional catheter is inserted.162 Clinical results from remote 
navigation for AF ablation have yet to demonstrate superior-
ity over manual operation and frequently require crossover to 
manual ablation. In addition the cost of the equipment greatly 
reduces the cost effectiveness of the procedure.

As the left atrial appendage is the most important source 
of thrombi in patients with non-valvular AF,163 percutaneous 
left atrial appendage occlusion devices have been developed 
to reduce stroke risk in patients with AF and elevated bleed-
ing risks that preclude systemic anticoagulation. The Watch-
man device is nearing FDA approval. In the Watchman Left 
Atrial Appendage System for Embolic Protection in Patients 
with AF (PROTECT AF) trial, the Watchman occlusion 
device percutaneously implanted at the ostium of the left 
atrial appendage compared favorably to warfarin with regard 
to the composite endpoint of stroke, cardiovascular or unex-
plained death, or systemic embolism at a mean follow-up of 
18 months.164 With extended follow-up, it appears that most 
complications associated with the device occur in the early 
post-procedure period and decline with operator experience. 
Other methods of left atrial appendage closure, such as epi-
cardial suture ligation have also been used. The lariat device is 
delivered via subxiphoid epicardial access, and has been used 
with success in various centers.

The past 40 years have seen the development of intra-
cardiac recording, programmed stimulation, and catheter 
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ablation. Though rapidly expanding, the field of interven-
tional electrophysiology is still young. Tremendous advances 
in technology and understanding of arrhythmia mechanisms 
have resulted in improvement in the care, and in many cases 
cure, or formerly intractable arrhythmias. Similar advances 
have allowed these minimally invasive procedures to be per-
formed with impressive safety. Further improvements in the 
interventional treatment of complex arrhythmias such as AF 
and VT will come with further understanding of the mecha-
nisms underlying these arrhythmias. Future innovations in 
catheter design, energy delivery, and imaging techniques will 
continue to advance the field of electrophysiology.
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Atrial fibrillation (AF) remains the most common arrhythmia 
in the world.1 It is associated with significant morbidity and 
mortality secondary to its detrimental sequelae: (1) palpita-
tions resulting in patient discomfort and anxiety; (2) loss of 
atrioventricular (AV) synchrony, which can compromise car-
diac hemodynamics, resulting in various degrees of ventricu-
lar dysfunction; (3) stasis of blood flow in the left atrium, 
increasing the risk of thromboembolism and stroke.2-11

Medical treatment of AF has had many shortcomings 
including both the inefficacy of many of the antiarrhyth-
mic drugs and their unwanted side effects. Because of this, 
interest in nonpharmacologic treatment approaches led to 
the development of catheter-based and surgical techniques 
beginning in the 1980s. Initial attempts aimed at providing 
rate control failed to address the detrimental hemodynamic 
and thromboembolic sequelae of AF. The early attempts at 
finding a surgical treatment culminated in the introduction 
of the Maze procedure in 1987, which became the surgical 
gold standard for decades.

The following sections describe the historical aspects and 
the current status of surgery for AF, including the introduc-
tion of minimally invasive techniques.

HISTORICAL ASPECTS
The Left Atrial Isolation Procedure
The first surgical procedure designed specifically to eliminate 
AF, the left atrial isolation, was described in 1980 in the labo-
ratory of Dr. James Cox at Duke University. This approach 
confined AF to the left atrium, and restored the remainder of 
the heart to sinus rhythm (Fig. 54-1).12 This reestablished a 
regular ventricular rate without requiring a permanent pace-
maker. Isolating the left atrium allowed the right atrium and 
the right ventricle to contract in synchrony, providing a nor-
mal right-sided cardiac output. This effectively restored nor-
mal hemodynamics.

However, by confining AF to the left atrium, the left atrial 
isolation procedure only eliminated two of the three detrimen-
tal sequelae of AF: an irregular heartbeat and compromised 

cardiac hemodynamics. It did not eliminate the thromboem-
bolic risk because the left atrium usually remained in fibrilla-
tion. This procedure never achieved clinical acceptance, and 
was only performed in a single patient.

Catheter Ablation of the Atrioventricular 
Node-His Bundle Complex
In 1982, Scheinman and coworkers introduced catheter fulgu-
ration of the His bundle, a procedure that controlled the irreg-
ular cardiac rhythm associated with AF and other refractory 
supraventricular arrhythmias.13 This procedure electrically 
isolated the fibrillation to the atria. Unfortunately, ablating 
the bundle of His required permanent ventricular pacemaker 
implantation to restore a normal ventricular rate.

The shortcoming of this intervention was that it only 
eliminated the irregular heartbeat. Both atria remained in 
fibrillation, and the risk of thromboembolism persisted. AV 
contraction remained desynchronized, compromising cardiac 
hemodynamics. In addition, patients become pacemaker 
dependant for the remainder of their lives. Nevertheless, AV 
node ablation has remained a common treatment for medi-
cally refractory AF.

The Corridor Procedure
In 1985, Guiraudon and associates developed the corridor 
procedure for the treatment of AF.14 This operation isolated a 
strip of atrial septum harboring both the sinoatrial (SA) node 
and the AV node, allowing the SA node to drive both the 
ventricles. This procedure effectively eliminated the irregular 
heartbeat associated with AF, but both atria either remained 
in fibrillation or developed their own asynchronous intrinsic 
rhythm because they were isolated from the septal “corridor.” 
Furthermore, the atria were isolated from their respective 
ventricles, thereby preventing AV synchrony. The corridor 
procedure was abandoned because it had no effect on the 
hemodynamic compromise or the risk of thromboembolism 
associated with AF.

Surgery for Atrial Fibrillation
Matthew C. Henn • Spencer J. Melby • Ralph J. Damiano, Jr. 
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1168 Part VIII Surgery For Cardiac Arrhythmias

The Atrial Transection Procedure
In 1985, Dr. James Cox and associates described the first pro-
cedure that attempted to terminate rather than simply isolate 
or confine AF to the atria.15 Using a canine model, they found 
that a single long incision around both atria and down into 
the septum could terminate AF. This atrial transection pro-
cedure effectively prevented AF or atrial flutter in animals.16 
Although this procedure was not effective clinically and was 
soon abandoned, it laid the foundation for the development 
of the Cox-Maze procedure.

THE COX-MAZE PROCEDURE
The Maze procedure was clinically introduced in 1987 by Dr. 
Cox after extensive animal investigation.16-18 The Cox-Maze 
procedure was originally developed to interrupt any and all 
macro-reentrant circuits that were felt to cause AF, thereby 
precluding the ability of the atrium to flutter or fibrillate  
(Fig. 54-2). Unlike previous procedures, the Cox-Maze pro-
cedure successfully restored both AV synchrony and sinus 
rhythm, thus potentially reducing the risk of thromboembo-
lism and stroke.19 The operation consisted of creating an array 
of surgical incisions across both the right and left atria. These 
incisions were placed so that the SA node could still direct 
the propagation of the sinus impulse throughout both atria. 
It allowed for most of the atrial myocardium to be activated, 
resulting in preservation of atrial transport function in ani-
mals and in most patients.20

The first iteration of the Maze procedure was modified 
because of problems with late chronotropic incompetence 

and a high incidence of pacemaker implantation. The result-
ing Maze II procedure, however, was technically difficult to 
perform, and was soon replaced by the Maze III procedure 
(Fig. 54-3).21,22

The Cox-Maze III procedure—often referred to as the 
“cut-and-sew” Maze—became the gold standard for the sur-
gical treatment of AF. In a long-term study of patients who 
underwent the Cox-Maze III procedure at our institution, 
97% of the patients at late follow-up were free of symptom-
atic AF.23 These excellent results have been reproduced by 
other groups.24-26

Although the Cox-Maze III procedure was effective in 
eliminating AF, it was technically difficult and required a 
lengthy period of aortic cross-clamping. This limited adop-
tion and only a handful of cardiac surgeons still perform the 
cut-and-sew operation.

Over the last 15 years, the field of AF surgery was revolu-
tionized by the introduction of a variety of ablation devices 
that have been used to replicate the surgical incisions on the 
atrium. This has made AF ablation much simpler to perform. 
These ablation-assisted procedures have greatly expanded the 
field of AF surgery and have resulted in a much wider adop-
tion.27 With present ablation technology, surgery can be per-
formed with low morbidity and mortality and often through 
less invasive approaches.

SURGICAL ABLATION TECHNOLOGY
The development of surgical ablation technology has trans-
formed a difficult and time-consuming operation that few 
surgeons were willing to perform into a procedure that is 

FIGURE 54-1 Standard left atriotomy, demonstrating incisions to 
the mitral valve annulus at both the 10 and 2 o’clock positions. The 
superior and inferior vena cavae are seen with tourniquets, and the pul-
monary vein orifices are seen inferiorly. Cryoablation is used to com-
plete the line of conduction block at the valve annuli. (Adapted with 
permission from Williams JM, Ungerleider RM, Lofland GK, Cox JL: 
Left atrial isolation: new technique for the treatment of supraventricu-
lar arrhythmias, J Thorac Cardiovasc Surg. 1980 Sep;80(3):373-380.)

FIGURE 54-2 By creating a myriad of surgical incisions in the atria, 
the Maze procedure was designed to prevent atrial fibrillation. AVN = 
atrioventricular node; LAA = left atrial appendage; PVs = pulmonary 
veins; RAA = right atrial appendage; SAN = sinoatrial node. (Repro-
duced with permission from Cox JL, Schuessler RB, D’Agostino HJ 
Jr, et al: The surgical treatment of atrial fibrillation. III. Development 
of a definitive surgical procedure, J Thorac Cardiovasc Surg. 1991 
Apr;101(4):569-583.)
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 Chapter 54 Surgery for Atrial Fibrillation 1169

technically easier, shorter, and less invasive. Several abla-
tion technologies exist, each with its relative advantages and 
disadvantages.

For an ablation technology to successfully replace surgi-
cal incisions, it must meet several criteria. First, it must reli-
ably produce bidirectional conduction block across the line 
of ablation. This is the mechanism by which incisions prevent 
AF, by either blocking macro-reentrant or micro-reentrant 
circuits or isolating focal triggers. Our laboratory and oth-
ers have shown that this requires a transmural lesion, as even 
small gaps in ablation lines can conduct both sinus and fibril-
latory impulses.28-30 Second, the ablation device must be safe. 
This requires a precise definition of dose-response curves to 
limit excessive or inadequate ablation, and potential injury 
to surrounding vital cardiac structures, such as the coronary 
sinus, coronary arteries, and valvular structures. Third, the 
ablation device should make AF surgery simpler and require 
less time to perform. This requires the device to create lesions 
rapidly, be simple to use, and have adequate length and flex-
ibility. The following sections will briefly summarize the two 
current ablation technologies in clinical use: cryoablation and 
radiofrequency (RF) ablation.

Cryoablation
Cryoablation technology is unique in that it destroys myocar-
dial tissue by freezing rather than heating. It has the benefit 
of preserving the myocardial fibrous skeleton and collagen 
structure and is thus one of the safest energy sources available. 
These devices work by pumping a refrigerant to the electrode 
tip where it undergoes transformation from a liquid to a gas 
phase, and in so doing absorbs heat energy from the tissue in 

contact with the tip. The formation of intracellular and extra-
cellular ice crystals disrupts the cell membrane and causes cell 
death. There is also evidence that the induction of apoptosis 
plays a role in late lesion expansion. Lesion size depends on 
the temperature of the probe and thermal conductivity and 
temperature of the tissue.31

There are currently two commercially available sources of 
cryothermal energy that are being used in cardiac surgery. The 
older technology, based on nitrous oxide, is manufactured by 
AtriCure (Cincinnati, OH). More recently, devices using 
argon have been developed, and are currently distributed by 
Medtronic (Minneapolis, MN). At 1 atmosphere of pressure, 
nitrous oxide is capable of cooling tissue to –89.5°C, whereas 
argon has a minimum temperature of –185.7°C. The nitrous 
oxide technology has a well-defined efficacy and safety pro-
file and is generally excellent except around the coronary  
arteries.32,33 Experimental and clinical studies have shown 
intimal hyperplasia and coronary stenosis after cryoabla-
tion.33-35 The potential disadvantage of cryoablation, however, 
is its relatively long time required to create lesions (1-3 minutes). 
There is also difficulty in creating lesions on the beating heart 
because of the “heat sink” of the circulating blood volume.36 
Furthermore, if blood is frozen during epicardial ablation 
on the beating heart, it may coagulate, creating a potential 
thromboembolic risk.

Radiofrequency Energy
RF energy has been used for cardiac ablation for many years 
in the electrophysiology laboratory, and was one of the first 
energy sources to be applied in the operating room.37 Resis-
tive RF energy can be delivered by either unipolar or bipolar 

FIGURE 54-3 The lesions set of the traditional cut-and-sew Cox-Maze III procedure. (Reproduced with permission from Cox JL, Schuessler RB, 
D’Agostino HJ Jr, et al: The surgical treatment of atrial fibrillation. III. Development of a definitive surgical procedure, J Thorac Cardiovasc Surg. 
1991 Apr;101(4):569-583.)
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1170 Part VIII Surgery For Cardiac Arrhythmias

electrodes, and the electrodes can be either dry or irrigated. 
With unipolar RF devices, the energy is dispersed between 
the electrode tip and an indifferent electrode, usually the 
grounding pad applied to the patient. In bipolar RF devices, 
alternating current is passed between two closely approxi-
mated electrodes. The lesion size depends on electrode-tissue 
contact area, the interface temperature, the current and volt-
age (power), and the duration of delivery. The depth of the 
lesion can be limited by char formation, epicardial fat, myo-
cardial and endocavity blood flow, and tissue thickness.

There have been numerous unipolar RF devices developed 
for ablation. These include both dry and irrigated devices and 
devices that incorporate suction. Although dry unipolar RF 
has been shown to create transmural lesions on the arrested 
heart in animals with sufficiently long ablation times, it has 
not been consistently successful in humans. After 2-minute 
endocardial ablations during mitral valve surgery, only 20% 
of the in vivo lesions were transmural.38 Epicardial ablation 
on the beating heart has been even more problematic. Ani-
mal studies have consistently shown that unipolar RF is inca-
pable of creating epicardial transmural lesions on the beating 
heart.39,40 Epicardial RF ablation in humans resulted in only 
10% of the lesions being transmural.41 This deficiency of uni-
polar RF ablation has been felt to be caused by the heat sink 
of the circulating blood.42 This has led industry to examine 
adding both irrigation and suction to improve lesion forma-
tion. Although these additions have improved depth of pen-
etration, there has been no unipolar RF device that has been 
shown by independent laboratories to be capable of creating 
reliable transmural lesions on the beating heart.

To overcome this problem, bipolar RF clamps were devel-
oped. With bipolar RF, the electrodes are embedded in the 
jaws of a clamp to focus the delivery of energy. By shielding 
the electrodes from the circulating blood pool, this improves 
and shortens lesion formation and limits collateral injury. 
Bipolar ablation has been shown to be capable of creating 
transmural lesions on the beating heart both in animals 
and humans with short ablation times.43-45 Two companies  
(AtriCure, West Chester, OH and Medtronic, Minneapolis, 
MN) currently market bipolar RF devices.

Another advantage of bipolar RF energy over unipolar 
RF is its safety profile. A number of clinical complications 
of unipolar RF devices have been reported, including coro-
nary artery injuries, cerebrovascular accidents, and esopha-
geal perforation leading to atrioesophageal fistula.46-49 Bipolar 
RF technology has virtually eliminated this collateral dam-
age; there have been no injuries described with these devices 
despite extensive clinical use. The Cobra FusionTM (AtriCure, 
West Chester, OH) is a new device that combines bipolar and 
unipolar RF into a single suction-assisted device. Early exper-
imental results have shown consistency in creating transmural 
epicardial lesions on the beating heart.50

Other types of devices utilizing microwave, laser, and 
ultrasound energy have been used clinically, but limitations 
of each technology have led to limited use and withdrawal of 
these devices from the market.42,51-55

In summary, ablation technology has made significant 
progress over the past decade and has allowed for a broader 
application of surgical ablation. As new devices and tech-
niques are developed, continued research investigating their 
effects on atrial hemodynamics, function, and electrophysiol-
ogy is imperative.

SURGICAL TECHNIQUES
There are three categories of procedures that presently are per-
formed to surgically treat AF: the Cox-Maze procedure, left 
atrial lesion sets, and pulmonary vein isolation (PVI). Each of 
these approaches is described in the following sections.

The Cox-Maze IV Procedure
The original “cut-and-sew” Cox-Maze III procedure is rarely 
performed today. At most centers, the surgical incisions have 
been replaced with lines of ablation using a variety of energy 
sources. At our institution, bipolar RF energy and cryoabla-
tion has been used successfully to replace most of the surgi-
cal incisions of the Cox-Maze III procedure. Our current RF 
ablation-assisted procedure, termed the Cox-Maze IV, incor-
porates the lesions of the Cox-Maze III (Fig. 54-4).56 Our 
clinical results have shown that this modified procedure has 
significantly shortened operative time while maintaining the 
high success rate of the original Cox-Maze III procedure.57,58

The Cox-Maze IV procedure is performed on cardiopul-
monary bypass with central or femoral cannulation. The 
operation can be done either through a median sternotomy 
or a less invasive (4-5 cm) right minithoracotomy. The right 
and left pulmonary veins (PVs) are bluntly dissected. If the 
patient is in AF, amiodarone is administered and the patient 
is electrically cardioverted. Pacing thresholds are obtained 
from each PV. Using a bipolar RF ablation device, the PVs 
are individually isolated by ablating a cuff of atrial tissue sur-
rounding the right and left PVs. Proof of electrical isolation 
is confirmed after ablation by demonstrating exit block from 
each PV.

The right atrial lesion set is performed on the beating 
heart. A bipolar RF clamp is used to create most of the lesions  
(Fig. 54-5). A unipolar device, either cryoablation or RF 
energy, is used to complete the ablation lines endocardially 
down to the tricuspid annulus because of the difficulty of 
clamping in this area.

The remaining left-sided lesion set (Fig. 54-6) is per-
formed on the arrested heart. First, the left atrial append-
age is amputated and an ablation is performed through the 
amputated left atrial appendage into one of the left PVs. A 
standard left atriotomy is performed and extended inferiorly 
around the right inferior PV and superiorly onto the dome of 
the left atrium. Connecting lesions are made with the bipo-
lar RF device into the left superior and inferior PVs and a 
final ablation is performed down toward the mitral annulus. 
Our group has shown that isolating the entire posterior left 
atrium with ablation lines into both left PVs resulted in a 
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Left appendage Right appendage

SVC

Mitral annulus

Coronary sinus

Circumflex coronary artery IVC

Right coronary artery

Tricuspid annulus

Ablation

Incisions

Cryoablation

FIGURE 54-4 The Cox-Maze IV lesion sets. IVC = inferior vena cava; SVC = superior vena cava. (Reproduced with permission from Cox JL, 
Schuessler RB, D’Agostino HJ Jr, et al: The surgical treatment of atrial fibrillation. III. Development of a definitive surgical procedure, J Thorac 
Cardiovasc Surg. 1991 Apr;101(4):569-583.)

FIGURE 54-5 Illustration of the right atrial lesion set. White lines 
indicate bipolar RF ablation. Cryoablation is used to complete the 
ablation line at the tricuspid valve annulus.

better drug-free freedom from AF at 6 and 12 months than 
a single connecting lesion.59 Unipolar cryoablation is used to 
connect the lesion to the mitral annulus and complete the left 
atrial isthmus line.

Left Atrial Procedures
Over the past decade, there have been a number of new 
surgical procedures introduced in attempt to cure AF. The 
results have been variable and have had a wide range of suc-
cess rates.55,60-67 Various ablation technologies have been used 
to create a large number of different lesion patterns. All of 

FIGURE 54-6 Illustration of the left atrial lesion set. White lines 
indicate RF bipolar ablation. Cryoablation is used to complete the 
ablation line at the mitral valve annulus.

these procedures have generally involved some subset of the 
left atrial lesion set of the Cox-Maze procedure. Results have 
been dependent on the technology used, the lesion set, and 
the patient population. From a technical standpoint, all of 
the approaches have attempted to isolate the PVs. The impor-
tance of the rest of the left atrial Cox-Maze lesion set has also 
been generally established. However, Gillinov et al. published 
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1172 Part VIII Surgery For Cardiac Arrhythmias

a large series demonstrating that the omission of the left atrial 
isthmus lesion resulted in a significantly higher incidence of 
recurrent AF in patients with permanent AF.68 To complete 
this lesion, it is mandatory to also ablate the coronary sinus 
in line with the endocardial lesion. In addition, our clinical 
results have shown that it is critically important to isolate the 
entire posterior left atrium and it is not enough just to isolate 
the PVs.59

Pulmonary Vein Isolation
PVI is an attractive therapeutic strategy because the proce-
dure can be done without cardiopulmonary bypass and with 
minimally invasive techniques, using either a thoracoscopic 
approach or small incisions. It can also be easily and quickly 
added to other cardiac surgery procedures (eg, coronary 
bypass graft or a valve procedure). Based on the original report 
of Hassaiguerre, it has been well documented that the triggers 
for paroxysmal AF originate from the PVs in the majority of 
cases.69 However, it is important to remember that up to 30% 
of triggers may originate outside the PVs.70 In an attempt to 
increase efficacy, some investigators have added ablation of 
the ganglionic plexi (GP).71-73

The PVs can be isolated separately or as a box (Fig. 54-7). 
The most common approach for treatment of lone AF uses 
an endoscopic, port-based approach to minimize incision size 
and pain for the patient. At our center, bipolar RF clamps are 
favored to isolate the PVs, but unipolar RF, cryoablation, and 
HIFU devices have also been used.53,74,75 Accumulating data 
suggest that a box isolation of the entire posterior left atrium 
is the more effective strategy.59,76

Patient preparation begins with double-lumen endo-
tracheal intubation. A transesophageal echocardiogram is 
performed to confirm the absence of thrombus in the left 
atrial appendage. If a thrombus is found, the procedure is 
either aborted or converted to an open procedure, in which 
the risk of systemic thromboembolism from left atrial clot 
can be minimized. External defibrillator pads are placed on 
the patient and the patient is positioned with the right side 
turned upward 45 to 60° and the right arm positioned above 
the head to expose the right axilla.

A B C

FIGURE 54-7 Diagram illustrating the methods to isolate the pul-
monary veins, either separately (A), with a connecting lesion (B), or as 
a box isolation of the entire posterior left atrium (C).

An initial port for the thoracoscopic camera is placed at 
the sixth intercostal space. Under thoracoscopic vision, a 
small working port can then be placed in either the third or 
fourth intercostal space at the midaxillary line depending on 
surgeon preference and patient anatomy. The right phrenic 
nerve is identified to avoid injury to this structure. An inci-
sion is made in the pericardium, anterior and parallel to the 
phrenic nerve, to expose the heart from the superior vena cava 
to the diaphragm. Through this pericardiotomy, the space 
above and below the right PVs is dissected to allow enough 
room for insertion of a specialized thoracoscopic dissector. 
This includes opening into the oblique sinus and dissecting 
the space between the right superior PV and the right pulmo-
nary artery. The dissector and a guiding sheath is introduced 
through a second port, either lateral or medial to the scope 
port, and guided into the space between the right superior 
PV and right pulmonary artery. After the dissector is care-
fully removed from the chest, the sheath remains in place as a 
guide for the insertion of the bipolar RF clamp. At this point, 
the patient is cardioverted into sinus rhythm so that pacing 
thresholds can be obtained. As with a Cox-Maze IV proce-
dure, it is critical to document pacing thresholds from the 
PVs before isolation. Some surgeons also use the opportunity 
provided by surgical exposure to test and ablate ganglionated 
plexi but there are no data to support this and it is not per-
formed at our institution.

The sheath is attached to the lower jaw of a bipolar RF 
clamp. The clamp is introduced into the chest, and the left 
atrium surrounding the PVs is clamped and ablated. After 
confirmation of exit block by pacing, the instruments are 
removed from the right chest and the right chest ports are 
closed.

The approach to the left chest is similar to the right. The 
patient is repositioned such that the left chest is elevated 45 to 
60° and the left arm is held up to expose the left axilla. A port 
for the thoracoscopic camera is placed in the sixth intercostal 
space, slightly more posterior than on the right side. With 
thoracoscopic visualization, a left-sided working port is cre-
ated in the third or fourth intercostal space. The left phrenic 
nerve is identified, and the pericardium is opened posterior 
to the course of the nerve. The ligament of Marshall is identi-
fied and divided. The dissector is then introduced through 
a second port, also in the sixth intercostal space. This port 
site is placed to allow for a straight-line introduction of the 
dissector around the PVs. The guiding sheath is used to posi-
tion the RF clamp around the left PVs, and they are isolated. 
Again, conduction block is confirmed with pacing.

The procedure is not complete until the left atrial append-
age has been addressed. Historically, this has been done by 
stapling across the base of the left atrial appendage with an 
endoscopic stapler. This requires careful surgical technique 
and attention because it can result in tears and bleeding.77 
Clip devices have been designed to address this difficulty, 
and they are used exclusively at our center because of their 
improved efficacy and safety when compared to staplers.78,79 
After ablation of the left PVs and exclusion of the left atrial 
appendage, the left side of the pericardium is closed.

Cohn_ch54_p1167-1180.indd   1172 12/04/17   3:57 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m
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SURGICAL RESULTS
The Cox-Maze Procedure
The Cox-Maze III procedure has had excellent long-term 
results. In our series at Washington University, 97% of 198 
consecutive patients who underwent the procedure with a 
mean follow-up of 5.4 years were free from symptomatic AF. 
There was no difference in the cure rates between patients 
undergoing a stand-alone Cox-Maze procedure and those 
undergoing concomitant procedures.23 Similar results have 
been obtained from other institutions around the world with 
the traditional “cut-and-sew” method.24,26,80

Our results from patients who underwent the Cox-Maze 
IV procedure have been encouraging as well. In a prospective, 
single-center trial from our institution, 91% of patients at the 
6-month follow-up were free from AF.43,58 The Cox-Maze IV 
procedure has significantly shortened the mean cross-clamp 
times for a lone Cox-Maze from 93 ± 34 minutes for the Cox-
Maze III to 47 ± 26 minutes for the Cox-Maze IV (p < .001), 
and from 122 ± 37 minutes for a concomitant Cox-Maze III 
procedure to 92 ± 37 minutes (p < .005) in those undergo-
ing the Cox-Maze IV procedure concomitantly with another 
cardiac operation.43 A propensity analysis performed by our 
group has shown that there was no significant difference in 
the freedom from AF at 3, 6, or 12 months between the Cox-
Maze III and IV groups.58 A more recent prospective study in 
100 consecutive patients who underwent the Cox-Maze IV 
procedure demonstrated postoperative freedom from AF at 
93, 90, and 90% at 6, 12, and 24 months, respectively.81 We 
also recently reported over two decades of experience at our 
institution with both the Cox-Maze III and Cox-Maze IV 
procedures. Freedom from AF was 93% and freedom from 
AF and AADs was 82% at a mean follow-up time of 3.6 years, 
while freedom from symptomatic AF was 85% at 10 years.82

The Cox-Maze IV procedure worked as well in patients 
with paroxysmal as for long-standing persistent AF. The 
6-month freedom for AF was 91% in the paroxysmal group 
compared with 88% in the persistent group (p = .53). The 
drug-free success rate was also similar.83 Our present series 
consists of 532 consecutive patients undergoing a Cox-Maze 
IV between January 2002 and September 2014. All patients 
have been followed with ECGs or prolonged monitoring. 
Our 12-month freedom from AF was 92%, with 82% of 
patients also off all antiarrhythmic drugs, while our 5-year 
freedom from AF was 77%, with 64% of patients also off all 
antiarrhythmic drugs (unpublished data).

The Cox-Maze procedure has also been very successful in 
reducing the incidence of stroke. In patients undergoing the 
Cox-Maze procedure, the preoperative incidence of neurolog-
ical events has been high due to inherent risk in patients with 
AF. In a report from our institution, 57 out of 389 patients 
(14%) had experienced a neurological event before surgery. 
Despite this, there were only six neurological events during 
long-term follow-up (mean, 6.6 ± 5.0 years) in this cohort. 
The long-term stroke rate after the Cox-Maze procedure has 
been 0.2% per year despite the fact that the great majority of 
patients were able to discontinue anticoagulation.84

The Cox-Maze procedure is being increasingly used as a 
concomitant procedure.27 Previous studies from our institu-
tion and others have documented high rates of restoration 
of sinus rhythm without increasing morbidity following con-
comitant procedures including coronary artery bypass, mitral 
valve surgery, and tricuspid valve surgery.85-91 Surgical abla-
tion should be considered in all patients with AF undergo-
ing concomitant cardiac procedures, and a biatrial Cox-Maze 
IV lesion set is recommended in most cases. A recent study 
from Dr. Ad and his colleagues have shown that adding a 
Cox-Maze procedure to either aortic valve replacement or 
coronary artery bypass grafting did not increase operative 
morbidity or mortality.92

In an effort to decrease operative morbidity, a minimally 
invasive Cox-Maze IV lesion set has been introduced through 
a right minithoracotomy.93,94 In both the stand-alone Cox-
Maze IV and concomitant population, this approach has 
been shown to be equally effective at restoring sinus rhythm 
while significantly decreasing major complications, opera-
tive mortality, intensive care unit length of stay, and hospital 
length of stay when compared to sternotomy approach.95

Left Atrial Lesion Sets
A number of centers around the world have suggested per-
forming ablation confined to the left atrium only to cure AF. 
This concept is supported by the fact that the majority of par-
oxysmal AF appears to originate around the PVs and the pos-
terior left atrium. A left atrial lesion set typically involves PVI 
with a lesion to the mitral annulus as well as removal of the 
left atrial appendage. One advantage of avoiding right atrial 
lesions is a potentially lower rate of postoperative pacemaker 
implantation.96 Many ablation technologies have been used 
to create these lesion sets with varied degrees of success.48,60-67

There have been no randomized trials of biatrial versus 
left atrial ablation only in the surgical population. Because 
of this, the importance of the right atrial lesions of the tradi-
tional Cox-Maze procedure is difficult to precisely determine. 
A meta-analysis of the published literature by Barnett and 
Ad revealed that a biatrial lesion set resulted in a significantly 
higher late freedom from AF when compared with a left atrial 
lesion set alone (87 vs 73%, p = .05).97 This is not surprising 
considering the results of intraoperative mapping of patients 
with AF. Both our group and others have shown that AF can 
originate from the right atrium in 10 to 30% of cases.97-100

Of the specific left atrial lesions of the Cox-Maze proce-
dure, it is difficult to determine the precise importance of each 
ablation line. All surgeons agree on the importance of isolat-
ing the PVs. As stated previously, work from Gillinov et al has 
shown the importance of the left atrial isthmus in a retrospec-
tive study.68 Moreover, omitting the lesion to the mitral annu-
lus leaves the patient at risk for the development of late left 
atrial flutter. In a rare randomized trial, Gaita and coauthors 
examined PVI alone versus two alternate lesion sets that both 
included ablation of the left atrial isthmus. In this study, nor-
mal sinus rhythm at 2-year follow-up was only seen in 20% 
in the PVI group versus 57% in the other groups (p < .006).65
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1174 Part VIII Surgery For Cardiac Arrhythmias

Finally, our group has shown that isolating the entire 
posterior left atrium significantly improved our drug-free 
freedom from AF at 6 months (54 vs 79%, p = .011) in a 
retrospective analysis of our results.59 Thus, it is our opinion 
that most of the left atrial Cox-Maze lesion set is needed to 
ensure a high success rate.

Pulmonary Vein Isolation
The results of PVI alone have been variable and have been 
dependent on patient selection and the energy source uti-
lized. In the first report of surgical PVI, Wolf and colleagues 
reported that 91% of patients undergoing a video-assisted 
bilateral PVI and left atrial appendage exclusion were free 
from AF at three months follow-up.101 However, this was 
a small study with very limited follow-up. Edgerton et al 
reported on 57 patients undergoing PVI with GP ablation 
with more thorough follow-up and found 82% of their 
patients with paroxysmal AF to be free from AF at 6 months, 
with 74% off antiarrhythmic drugs.102

Subsequent studies have shown encouraging results in 
patients with paroxysmal AF. In a study involving 21 patients 
with paroxysmal AF undergoing PVI with GP ablation, 
McClelland et al reported 88% freedom from AF at 1 year 
without antiarrhythmic drugs.72 A larger, single-center trial 
recently reported a 65% single-procedure success at 1 year 
in a series of 45 patients undergoing PVI with GP ablation, 
including patients with persistent and paroxysmal AF.103 A 
multicenter trial reported 87% normal sinus rhythm rate in 
a more diverse patient population, including some patients 
with long-standing persistent AF; however, those patients 
with long-standing persistent AF only had a 71% incidence 
of normal sinus rhythm.104 The FAST trial, a more recent 
multicenter randomized trial, compared 63 patients who 
received linear antral PVI by way of catheter ablation and 61 
patients who received bipolar RF PVI and ganglionated plexi 
ablation. Most patients in both groups had paroxysmal AF. 
At 1 year, freedom from left atrial arrhythmias >30 seconds 
evaluated by a 7-day Holter without antiarrhythmic drugs 
was 66% for surgical ablation versus 37% for catheter abla-
tion (p = .002).105

In patients with long-standing or persistent AF, the results 
have been worse. In a study from Edgerton and his group, 
only 35% of patients were free from AF and antiarrhythmic 
drugs at 6 months follow-up.106 Long-term data for PVI 
with ganglion plexus ablation are equally disappointing. One 
group reported 139 patients with up to 5 years of follow-
up: freedom from AF and antiarrhythmic drugs was 52, 28, 
and 29% for paroxysmal, persistent, and long-standing per-
sistent AF.107 With concomitant procedures, the success rate 
of PVI is also low. Of 23 patients undergoing mitral valve 
surgery or coronary revascularization with concomitant PVI, 
only half of patients were free from AF at a follow-up of  
57 ± 37 months.108 In the setting of mitral valve disease, Tada 
and colleagues report only 17% freedom from AF and anti-
arrhythmic drugs in their series of 66 patients undergoing 
PVI.109 In patients undergoing aortic valve replacement and 

PVI, freedoms from AF and antiarrhythmic drugs was only 
50% at two years at our institution.110

INDICATIONS FOR SURGICAL 
ABLATION
The indications for surgery have been defined in a recent con-
sensus statement.111 These presently include (1) All symptom-
atic patients with documented atrial fibrillation undergoing 
other cardiac surgical procedures; (2) selected asymptomatic 
patients with atrial fibrillation undergoing cardiac surgery 
in which the ablation can be performed with minimal risk 
in experienced centers; and (3) stand-alone atrial fibrillation 
ablation should be considered for symptomatic patients with 
atrial fibrillation who either prefer a surgical approach, have 
failed one or more attempts at catheter ablation, or are not 
candidates for catheter ablation.

There is still controversy regarding the referral of patients 
for surgery with medically refractory, symptomatic AF in 
lieu of catheter ablation. In these instances, clinical decisions 
should be made based on the individual institution’s expe-
rience with catheter and surgical ablation, the relative out-
comes and risks of each in the individual patient, and patient 
preference. Programs involved in the surgical treatment of AF 
should develop a team approach to these patients, including 
both electrophysiologists and surgeons, to ensure appropriate 
selection of patients.

There are relative indications for surgery that were not 
included in the consensus statement. The first is a contrain-
dication to long-term anticoagulation in patients with per-
sistent AF and a high risk for stroke (CHADS score ≥ 2). 
Up to one-third of patients with AF screened for participa-
tion in clinical trials of warfarin were deemed ineligible for 
chronic anticoagulation, mainly because of a high perceived 
risk for bleeding complications.112-114 In one study, the annual 
rate of intracranial hemorrhage in anticoagulated patients 
with AF was 0.9% per year, and the overall major bleeding 
complication rate was 2.3% per year.114 The stroke rate fol-
lowing the Cox-Maze procedure off anticoagulation has been 
remarkably low, even in high-risk patients. At our institution, 
only 5 of 450 patients had a stroke after a mean follow-up of  
6.9 ± 5.1 years. There was no difference in stroke rate in those 
patients with CHADS scores above or below 2.115 This low 
risk of stroke after the Cox-Maze procedure has been noted in 
other series.19,116,117 The decrease in stroke risk is likely due to 
the high cure rate, as well as the obliteration of the left atrial 
appendage. Surgical treatment for AF with amputation of the 
left atrial appendage also should be considered in patients 
with chronic AF who have suffered a cerebrovascular accident 
despite adequate anticoagulation, as these patients are at high 
risk for repeat neurologic events.

HYBRID ABLATIONS
Although the Cox-Maze procedure achieves high rates of suc-
cess and recent technological advances have made it easier 
to perform through less invasive incisions, it still requires 
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 Chapter 54 Surgery for Atrial Fibrillation 1175

cardiopulmonary bypass. Several groups have started per-
forming epicardial ablations with the aid of suction based RF 
and cryoablation probes, which can be placed through tho-
racoscopic ports. However, these probes do not achieve the 
same degree of transmurality achieved with bipolar probes.118 
This led to the idea of combining both endocardial ablation 
via transcatheter techniques and epicardial ablation via surgi-
cal techniques in a “hybrid” approach.

Though specific lesion sets and approaches vary greatly from 
institution to institution, early results are promising.119,120 In 
one study, 78 consecutive patients underwent thoracoscopic 
hybrid ablation and 74% were free of AF off antiarrhythmic 
drugs without further ablations at 24 months follow-up.121 
Another group utilized a similar lesion set via a pericardio-
scopic hybrid approach in 101 consecutive patients, and dem-
onstrated a freedom from AF in 66% at one year.122 However, 
with increasing data on these newer procedures, important 
safety concerns including high rates of conversion to sternot-
omy and reoperation for bleeding have been reported.123

Though new minimally invasive and hybrid techniques 
have yet to be standardized, they hold promise and require 
continued clinical investigation to determine their precise 
role.

FUTURE DIRECTIONS IN AF SURGERY
The ideal surgical procedure for AF would be a minimally 
invasive operation that does not require cardiopulmonary 
bypass. Such a procedure should preserve normal atrial physi-
ology, have minimal morbidity, and a have a high success rate. 
Achieving this goal will require progress in understanding the 
mechanism of AF in individual patients, and tailoring of treat-
ment approaches. The surgical approach may need to be rede-
signed based on a better understanding of the mechanisms 
and the effects of surgical ablation on atrial electrophysiology.

It is now known that there are multiple different pos-
sible mechanisms of AF. Multipoint mapping is necessary 
to describe this complex arrhythmia.98,100,101,124,125 Epicar-
dial activation sequence mapping has been the traditional 
gold standard for mapping of AF, but is both invasive and 
time consuming, limiting its clinical use.18 A newer non-
invasive technique, electrocardiographic imaging (ECGI), 
offers a potentially useful way to describe the atrial activa-
tion sequence and determine mechanistic information 
from conscious patients.126 The technique uses body surface 
potentials, measured by surface electrodes, and anatomical 
data obtained through computed tomographic scanning to 
indirectly calculate the surface potentials on the surface of 
the heart. This technique has been shown to work well for 
normal sinus rhythm and atrial flutter as well as ventricu-
lar arrhythmias.127-130 This modality has also been tested in a 
variety of patient populations including patients with heart 
failure undergoing biventricular pacing therapy or heart 
transplant,131 patients with different substrates of AF,132 and 
patients undergoing open-heart surgery.133 In one particular 
study, 26 patients with AF underwent ECGI. AF complexity 
(including number of wavelets, focal sites, and rotor activity) 

increased with longer clinical history of AF, although the 
degree of complexity of nonparoxysmal AF varied widely. 
This highlights the coexistence of a variety of mechanisms 
and variable complexity among patients, which could be tar-
geted by patient-specific ablation approaches.132 Currently 
our group is testing the technique in patients with AF and 
mitral valve disease, with a goal of further identifying the 
mechanisms of AF in this population.

The information acquired from ECGI can be analyzed to 
determine activation sequence and frequency maps for indi-
vidual patients noninvasively. Using these data, a strategy for 
designing patient-specific optimal lesion sets is being devel-
oped, taking into account the patient’s atrial geometry, con-
duction velocity, and refractory period.132,134 Previous work 
has demonstrated that a critical mass is necessary to maintain 
AF, and initial lesions could be determined by a calculation 
of the critical area needed to maintain AF in the individual 
patient.135 This could be done using mechanistic information 
derived from activation data and anatomical data from a CT 
scan. It will also allow identification of focal sources that can 
then be either isolated or ablated in the electrophysiologic 
laboratory or operating room.

In instances in which a specific mechanism of AF can-
not be defined, the goal will be to create a lesion pattern 
that will make the atria unable to fibrillate. Failures of the 
Cox-Maze III and IV procedures have been seen in patients 
with increasing left atrial size or long-standing AF.116,135,136 A 
study performed by our laboratory on a canine model found 
that the probability of maintaining AF is correlated with 
increasing atrial tissue areas, widths, and weights, as well as 
the length of the effective refractory period and the conduc-
tion velocity of the tissue.134 All of these data can be acquired 
noninvasively through magnetic resonance imaging scans 
and ECGI. Using these data may allow surgeons to design 
custom operations for each patient based on the mecha-
nism of their arrhythmia and their specific atrial anatomy or 
electrophysiology.

Finally, the limitations of present ablation devices have 
impeded the development of a truly minimally invasive pro-
cedure. Unfortunately, the creation of reliable transmural 
lines of ablation on the beating heart has been difficult. This 
has been because of the heat sink of the circulating endocar-
dial blood pool.42 Future advances may be anticipated with 
devices that overcome this limitation, but the introduction 
of hybrid procedures in which surgeons and electrophysiolo-
gists work together to complete lines of block with avoiding 
cardiopulmonary bypass may also circumvent this issue and 
have shown early promise.

In conclusion, the development of ablation technologies 
has dramatically changed the field of AF surgery. The replace-
ment of the surgical incisions with linear lines of ablation 
has transformed a complex, technically demanding procedure 
into one accessible to the majority of surgeons. More impor-
tantly, these new ablation technologies have introduced mini-
mally invasive surgery for AF, prompting efforts to develop 
simpler procedures that can be performed epicardially on the 
beating heart. However, surgeons must remember that the 
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1176 Part VIII Surgery For Cardiac Arrhythmias

Cox-Maze procedure has excellent efficacy in these patients 
and can be performed using a small thoracotomy with low 
morbidity.95 It is imperative for surgeons trying new proce-
dures to carefully follow their results and publish them in 
peer-reviewed journals. For surgeons performing AF ablation, 
it is mandatory to adhere to the recently published guide-
lines for follow-up of patients and for determining success or 
failure after these procedures.111 As we learn more about the 
mechanisms of AF and develop improved preoperative diag-
nostic technologies capable of precisely identifying mecha-
nisms, it may become possible to tailor specific lesion sets 
and ablation modalities to individual patients, making the 
surgical treatment of AF more effective and available to an 
even larger population of patients.
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Pacemaker and defibrillator management is the subject of com-
prehensive reviews.1-8 The efficacy and cost-effectiveness of pace-
makers are widely accepted, but the appropriate role for ICD 
insertion7 and biventricular pacing5 in older patients is still in 
evolution. Pacemaker and ICD technology are now applicable 
across the entire span of human age. Pacing for heart failure and 
ICD prophylaxis against lethal arrhythmias are recent frontiers. 
Electrophysiologists dominate these areas, reflecting decreased 
interest by thoracic surgeons and cardiology referral patterns. 
However, thoracic surgeons must maintain skills as implanters 
in order to serve as consultants or surgeons for complex or com-
plicated cases. This chapter reviews practical information related 
to pacemaker and ICD insertion and management.

A permanent pacemaker or ICD consists of leads and a 
generator.2 The generator consists of a battery, a telemetry 
antenna, and integrated circuits. ICDs also include capacitors 
that store energy for high-output shocks. The power source 
is generally lithium iodide, but rechargeable and nuclear 
batteries have been used. The integrated circuits include 
programmable microprocessors, oscillators, amplifiers, and 
sensing circuits.2 The integrated circuits employ comple-
mentary metal-oxide semiconductor (CMOS) technology, 
which is subject to damage by ionizing radiation. Current 
pacemakers and ICDs monitor and report the status of inter-
nal components, external connections, programmed settings, 
recent activity, and notable arrhythmias. Unfortunately, each 
programmer controls only the devices of its manufacturer.4 
Pacing systems compatible with magnetic resonance imaging 
(MRI)2 and wireless ICDs and pacemakers are now available, 
and wireless telemetry is available for remote follow-up.4

PACEMAKERS FOR CONTROL OF 
BRADYCARDIA
History
Early cardiac surgery was complicated by lethal iatro-
genic heart block. Transthoracic pacing with Zoll cutane-
ous electrodes provided an early solution. Percutaneous 

endocardial pacing (1959) and “permanent” pacemak-
ers using epicardial electrodes (1960) followed.9 Ensuing 
advances in bioengineering and technology have dramati-
cally improved the quality of life for recipients. Persistent 
problems include lead durability, inflammatory responses 
to pacemaker materials, infection, device size, programmer 
compatibility, battery life, periodic battery replacement, 
and expense. Cardiac resynchronization therapy (CRT) for 
heart failure has made coronary sinus (CS) lead insertion 
an important technical skill.

Anatomy of Surgical Heart Block
The conduction system is vulnerable to injury during heart 
surgery. Complete heart block can result from suture place-
ment during aortic, mitral, or tricuspid valve surgery, septal 
defect closure, or from myotomy for idiopathic hypertrophic 
subaortic stenosis. These lesions are mapped in Fig. 55-1. 
Infarction/abscess of the conduction system, inadequate 
myocardial protection, or trauma from retraction can also 
result in surgical heart block.

International Pacemaker Code
A three-letter code describes the principal pacemaker func-
tions (Table 55-1).10 The first letter is the chamber paced, 
the second the chamber sensed, and the third the algorithm 
integrating pacing and sensing functions. Fixed-rate ventric-
ular and atrial pacemakers are VOO and AOO, respectively. 
Demand (rate-inhibited) pacers for the same chambers are 
VVI and AAI. VDD pacemakers pace only the ventricle but 
sense both atrium and ventricle. DVI indicates atrial and 
ventricular pacing, but only ventricular sensing. DDD is 
the most flexible of current designs. The suffix R after the 
three-letter code indicates rate responsiveness. Pacemakers 
capable of biventricular pacing or CRT are referred to as 
CRT-P. Biventricular pacemaker-defibrillators are called 
CRT-D.8

Surgical Implantation of 
Pacemakers and Automatic 
Defibrillators
Henry M. Spotnitz • Michelle D. Spotnitz 

55

Cohn_ch55_p1181-1212.indd   1181 08/05/17   12:22 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1182 Part VIII Surgery For Cardiac Arrhythmias

Cellular Electrophysiology
Cell membrane depolarization and repolarization provide 
automaticity of the cardiac chambers and conduction sys-
tem. The outside of the resting myocardial cell is positive, 
and the interior is negative. Unipolar pacing threshold is 
lowest when the negative terminal (cathode) of a pacemaker 

is connected to the heart and the positive terminal (anode) 
is connected to ground. Electrogram amplitude is unaffected 
by polarity.2

Rhythm Disorders
INDICATIONS FOR PACEMAKER INSERTION
Pacemaker insertion guidelines (Table 55-2) are periodi-
cally updated. In 2008, an American College of Cardiology/
American Heart Association/North American Society for 
Pacing and Electrophysiology (ACC/AHA/NASPE) task 
force revised recommendations for pacemaker and ICD 
insertion, further updated in 2013.11 Any practitioner who 
implants arrhythmia control devices should be familiar with 
these guidelines. Documentation is required for billing and 
can be an important medical-legal issue.

Indication categories are “accepted (Class I),” “controver-
sial (Class II),” or “not warranted (Class III).” Evidence from 
large randomized clinical trials is designated level A, from less 
stringent trials or registries, level B, and from consensus, level 
C. Profound sinus bradycardia or symptomatic second- or 

A

B

C

D

FIGURE 55-1 Anatomy of iatrogenic complete heart block. (A) His bundle and cardiac structures. Sites of injury are circled. (B) His bundle in 
the ventricular septum, below the noncoronary-right coronary aortic commissure. (C, D) During mitral surgery, the His bundle is on the ventricu-
lar septum anteromedial to the posterior commissure and right fibrous trigone. VSD = ventricular septal defect.

TABLE 55-1: International Pacemaker Code

I Chamber 
paced

II Chamber 
sensed

III Pacing 
algorithm

A A T
V V I
D D D
O O O
S S —

A, atrium; D, dual (both triggered and inhibited); I, inhibited; O, none; 
S, single; T, triggered; V, ventricle.
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1183

third-degree heart block indicates pacemaker insertion. 
Sinus bradycardia justifies pacemaker insertion if simultane-
ous symptoms are documented by Holter or other means. 
Pacemakers may be appropriate for bradycardia less than 40 
bpm if long-term drug therapy is necessary for supraventricu-
lar arrhythmias, ventricular tachycardia (VT), hypertension, 
or angina. Although new indications for arrhythmia control 
devices may be supported by clinical research, certification of 
advances by the Food and Drug Administration, insurance 
carriers, and regulatory agencies is often slow. Electrophysiol-
ogy (EP) studies help define proper treatment.3,11

ATRIOVENTRICULAR BLOCK
First-degree block is prolongation of the P-R interval 
beyond 200 ms. First-degree block at a low atrial rate may 

progress to Wenckebach as the atrial rate increases. Second-
degree block is incomplete dissociation of the atrial and 
ventricular rates, either with increasing P-R intervals and 
dropped beats (Wenckebach and Mobitz I, usually atrio-
ventricular (AV) nodal block), or frequently dropped beats 
without progression of the P-R interval (Mobitz II, usually 
in the His-Purkinje system).3 Third-degree block is com-
plete AV dissociation, the atrial rate usually exceeding the 
ventricular rate. Left and right bundle-branch blocks and 
left anterior and posterior hemiblocks are partial conduc-
tion system blocks detected by electrocardiogram (ECG). 
Etiologies of AV block include ischemic injury, idiopathic 
fibrosis, cardiomyopathy, iatrogenic injury, AV node abla-
tion, Lyme disease, abscess in bacterial endocarditis, and 
congenital lesions related to maternal lupus erythematosus 
and other autoimmune diseases.3

SINUS NODE DYSFUNCTION
Sinus node dysfunction is an intrinsic disease that can be 
accentuated by drugs required for ancillary conditions. The 
role for pacing depends on symptoms. Sinus node dysfunc-
tion is caused by coronary artery disease, cardiomyopathy, 
and reflex abnormalities.3

Reflex problems include carotid sinus hypersensitiv-
ity, vasovagal syncope, and oddities including micturition-
induced and deglutition syncope. Cardioinhibitory (asystole 
>3 seconds) and vasodepressor (marked fall in blood pressure 
despite adequate heart rate) components of reflex-mediated 
syncope are recognized. Medical therapy is favored for 
vasodepressor syncope. Tilt table testing provides objective 
data.3,12,13 Decisions on pacemaker insertion are based on 
symptoms and the duration of asystole. Pacemaker insertion 
is recommended for asystolic intervals greater than 3 seconds. 
Dual-chamber pacing (DDD or VDD) is favored for these 
patients, because AV synchrony increases stroke volume and 
decreases symptoms.3,14

Features of Permanent Pacing
DUAL-CHAMBER PACING AND 
ATRIOVENTRICULAR SYNCHRONY
In the normal heart, stroke volume is increased 5 to 15% by 
AV synchrony versus asynchrony.8,14 Left ventricular hyper-
trophy, decreased diastolic compliance, and heart failure 
increase the quantitative importance of AV synchrony.8,14 
Pacing of the right ventricular apex disrupts the normal 
sequence of activation because depolarization spreads more 
slowly over the ventricular myocardium than through the 
conduction system.8,14

Recent experience emphasizes clinical relevance of the 
sequence of activation. Right ventricular outflow tract pac-
ing may improve stroke volume versus apical pacing because 
of favorable effects on the activation sequence.15 Disrup-
tion of activation sequence by DDD pacing reduces the 
ventricular-aortic gradient in some patients with idiopathic 

TABLE 55-2: Medicare Guidelines for Cardiac 
Pacemaker Implantation (pre-2002)

Accepted, in symptomatic patients with chronic conditions
Atrioventricular block

Complete (third-degree)
Incomplete (second-degree)

Mobitz I
Mobitz II

Incomplete with 2:1 or 3:1 block
Sinus node dysfunction (symptomatic)

Sinus bradycardia, sinoatrial block, sinus arrest
Bradycardia-tachycardia syndrome

Controversial
In symptomatic patients

Bifascicular/trifascicular intraventricular block
Hypersensitive carotid sinus syndrome

In asymptomatic patients
Third-degree block
Mobitz II
Mobitz II atrioventricular block following myocardial 

infarction
Congenital atrioventricular block
Sinus bradycardia < 40 bpm with long-term necessary 

drug therapy
Overdrive pacing for ventricular tachycardia

Not warranted
Syncope of undetermined cause
In asymptomatic patients

Sinus bradycardia, sinoatrial block, or sinus arrest
Bundle-branch blocks
Mobitz I

Data from Epstein AE, DiMarco JP, Ellenbogen KA, et al: ACC/AHA/HRS 
2008 Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormalities: a 
report of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines (Writing Committee to Revise the ACC/AHA/
NASPE 2002 Guideline Update for Implantation of Cardiac Pacemakers and 
Antiarrhythmia Devices): developed in collaboration with the American Associa-
tion for Thoracic Surgery and Society of Thoracic Surgeons, Circulation. 2008 
May 27;117(21):e350-e408.
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1184 Part VIII Surgery For Cardiac Arrhythmias

hypertrophic subaortic stenosis.16,17 Biventricular (right ven-
tricle [RV] apex and CS) pacing in patients with advanced 
cardiomyopathy and an intraventricular conduction defect 
improves left ventricular function by restoring simultaneous 
contraction of the septum and free wall, also known as car-
diac resynchronization therapy (CRT).5,18 Single-site, epi-
cardial left ventricular pacing may provide similar benefits.18 
For temporary pacing in postoperative heart block, biven-
tricular pacing is superior to right ventricular pacing18 and 
may be useful for left ventricular dysfunction after cardiac 
surgery. Clinical trials suggest that biventricular pacing is 
superior to standard pacing for heart block.8

DUAL-CHAMBER PACING ALGORITHM
DDD pacemaker programming includes a lower rate, an 
upper rate, and AV delay. When the intrinsic atrial rate is 
between the upper and lower rate limits, the pacemaker 
tracks the atrium to maintain a 1:1 response between the 
right atrium and right ventricle. If the atrial rate falls to or 
below the lower rate limit, the atrium is paced at the lower 
rate limit. If the atrial rate exceeds the upper rate limit, the 
ventricle is paced at the upper rate limit with loss of AV syn-
chrony, resembling a Wenckebach effect. If the patient devel-
ops atrial fibrillation, mode switching converts the pacing 
algorithm to VVI or VVI(R) at the lower rate limit.

Programmable AV delay defines the interval allowed 
between atrial and ventricular depolarization. Timing starts 
with the atrial electrogram or pacing stimulus and contin-
ues until the AV delay elapses. If no ventricular depolariza-
tion is detected during the delay, the ventricle is paced. Atrial 
latency, a varying delay between the atrial pacing artifact and 
the P wave, requires different AV delays for atrial sensing 
versus pacing.4

RATE RESPONSE TO INCREASED 
METABOLIC DEMAND
During high metabolic demand, cardiac output is augmented 
by increased ventricular contractility, venous return, and 
heart rate. In patients with heart block and a normal sinus 
exercise response, dual-chamber pacing maintains both AV 
synchrony and a physiologic rate response.8 However, sinus 
node incompetence (no atrial rate increase with exercise) or 
single-chamber ventricular (VVI) pacemakers require alter-
nate mechanisms for rate response. The letter R after the 
three-letter pacemaker code indicates rate responsive capa-
bility. If a sensor detects increased metabolic demand, the 
lower rate of the pacemaker increases within a programmable 
range. Body vibration or respiratory rate8,19,20 is commonly 
employed to estimate demand. Other indicators are body 
temperature, venous oxygen saturation, QT interval, right 
ventricular systolic pressure, and right ventricular stroke vol-
ume. All such indicators can aberrantly increase heart rate, 
for example, during a bumpy car ride. Patients with sedentary 
life styles do not benefit from rate-responsive pacing. Adverse 
results of fast heart rates can include angina or infarction in 
patients with coronary disease.

CHOICE OF PACING TECHNIQUE
Dual-chamber pacing has become the standard of care, 
except in chronic atrial fibrillation. Sinus rhythm appears 
to be better maintained by atrial than ventricular pacing, 
and paroxysmal atrial fibrillation, previously problematic for 
DDD pacemakers, is now well handled by mode switching. 
Advantages of dual-chamber pacing in reflex-mediated syn-
cope with cardioinhibitory features have also been reported. 
Dual-chamber pacing may not be warranted in elderly 
patients, except when pacemaker syndrome, hypertension, 
or congestive heart failure is present. VVI or VVIR pacing is 
appropriate for patients with bradycardia and chronic atrial 
fibrillation. AAIR is useful for cardiac allograft recipients 
with sinus arrest or sinus bradycardia. Biventricular pacing 
using an endocardial CS lead is recommended for symptom-
atic heart failure.8

Pacemaker Technology
EPICARDIAL VERSUS ENDOCARDIAL LEADS
Epicardial leads are generally inferior to endocardial leads 
in electrical characteristics and are prone to conductor 
fractures.2 Steroid-eluting tips and small contact surfaces 
have improved epicardial leads. Epicardial pacing is more 
difficult at reoperative cardiac surgery, where epicardial 
fibrosis elevates pacing thresholds. Infected epicardial leads 
must be removed by thoracotomy. The epicardial approach 
is preferred in patients with congenital septal defects, single 
ventricle physiology, mechanical tricuspid valves, or venous 
thrombosis/occlusion.21 During thoracotomy, insertion of 
endocardial leads through an atrial pursestring is a useful 
option.22 Epicardial left ventricular pacing by the minimal 
access approach is increasing in importance, driven by a 5 to 
10% technical failure rate for CS lead insertion. Approaches 
to DDD pacing during open-heart surgery are illustrated in 
Fig. 55-2. Fixed-screw, positive fixation leads are introduced 
via atrial pursestrings and fixed into position by axial rota-
tion. When a tricuspid prosthesis or ring is to be inserted, a 
ventricular lead can be passed between the sutures securing 
the ring or the valve.

UNIPOLAR VERSUS BIPOLAR
Bipolar leads incorporate two insulated conductors. In unipo-
lar systems, the patient’s body is the second (anodal) conduc-
tor; a single conductor in the lead carries the negative current 
to the heart. Bipolar leads reduce electrical noise (oversens-
ing) and adventitious pacing of the diaphragm or chest wall. 
These advantages are offset by increased engineering com-
plexity. Bipolar leads historically were prone to breakdown 
of insulation or conductor fracture. This would compromise 
sensing, pacing, or both (Fig. 55-3). Recent bipolar leads are 
much improved and similar in dimensions and handling to 
unipolar leads (Figs. 55-4 and 55-5).2 Technical failures of 
some new technology pacemaker and ICD leads emphasize 
the importance of advanced lead extraction.6
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1185

FIGURE 55-3 Telemetry from a patient with third-degree block, poor escape rhythm, a bipolar VVI pacemaker, and dizzy spells. Programming 
to VOO mode eliminated the pauses. The patient was discharged after lead replacement. This illustrates a life-threatening effect of oversensing. This 
older model pacemaker was not capable of monitoring electrograms to confirm the diagnosis.

-

FIGURE 55-2 Endocardial pacing from epicardial approach. Atrial pursestrings provide access; leads are advanced and screwed into position 
guided by manual palpation. The ventricular lead is passed between the valve prosthesis and the annulus. The inset shows the tip of the endocardial 
screw-in lead. The coronary sinus os is also accessible.

FIGURE 55-4 Positive fixation lead in x-rays demonstrating effects of growth on an intracardiac lead loop from age 1 (left) to age 5 (center) to 
age 14 (right) years.
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1186 Part VIII Surgery For Cardiac Arrhythmias

LEAD FIXATION
We prefer endocardial positive fixation leads, particularly in 
chambers with sparse trabeculation. A small wire spiral or 
screw holds these leads in place (Fig. 55-5G). In designs with 
fixed, extended screws, a soluble coating over the tip pro-
motes venous passage. In retractable screw designs (Bisping), 
extension/retraction is accomplished by rotation of the pin at 
the lead tip. Axial clockwise rotation of screw-in leads during 
fixation provides tactile feedback on the firmness and security 
of attachment. Lead impedance provides feedback on the 
adequacy of tip extension and fixation.

Tined leads use miniature anchors to secure the lead tip 
within myocardial trabeculae (Fig. 55-5A). Tines require 
larger introducers than screw-in leads and are not secure in 
smooth-walled or dilated chambers. Nevertheless, some phy-
sicians prefer these leads.2

Temporary Pacing
Acute bradycardia can be treated with transthoracic pacing, 
temporary endocardial pacing, or chronotropic drugs, includ-
ing atropine, dobutamine, or isoproterenol. Right ventricular 

A

C

E

G F

D

B

FIGURE 55-5 (A) Bipolar tined ventricular pacing lead with steroid-eluting tip. (B) Similar to (A), with J shape for atrial pacing. (C) Bisping 
bipolar ventricular pacing lead with retractable, screw-in tip. (D) Bipolar (left) and unipolar (right) pacing leads with fixed-screw tips. A soluble tip 
coating dissolves in blood and reduces snagging during insertion. These leads can be used in the atrium or ventricle. The unipolar lead was used by 
the author for atrial and ventricular pacing. (E) Single-pass lead for VDD pacing. (F) Current leads demonstrating progress in reduction of bipolar 
lead diameter. (G) Fixed-screw bipolar 7-French lead with steroid-eluting white collar at lead tip. (A, B, and C: Reproduced with permission of 
Medtronic, Inc.; D-G: Image provided courtesy of Boston Scientific. © 2016 Boston Scientific Corporation or its affiliates. All rights reserved.)
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1187

perforation has become less prevalent with current temporary 
endocardial leads but must be borne in mind if hypotension 
develops acutely after removal of temporary wires.

Bradycardia after cardiac surgery is commonly treated with 
pacing via temporary atrial and ventricular epicardial wires. 
Problems include unfavorable evolution of right atrial (RA) 
or right ventricular thresholds and RA sensing. Atrial under-
sensing and pacemaker competition can precipitate atrial 
fibrillation or atrial flutter. If atrial sensing is not adequate, 
overdriving the atrium faster than the intrinsic rate can ame-
liorate competition. Reversing polarity or inserting a cutane-
ous ground wire under local anesthesia can improve pacing 
threshold. The output of the temporary pacemaker in volts or 
milliamps should be at least twice the threshold and should 
be measured daily. Ventricular undersensing in critically ill 
patients can result in pacing during the vulnerable period, 
which can precipitate VT or fibrillation.

CARDIAC OUTPUT AND PACING RATE
For patients with hemodynamic compromise following car-
diac surgery, optimization of pacing rate and AV delay can 
affect hemodynamics by compensating for valve leaks or fixed 
stroke volume. Mean arterial pressure reflects cardiac output 
if systemic resistance is constant. Rate and timing adjust-
ments over intervals of less than 20 seconds minimize reflex 
effects. Settings producing the highest sustained mean arterial 
pressure should also maximize cardiac output.

Pacemaker Insertion
ENVIRONMENT AND ANESTHESIA
Pacemaker and ICD surgery are now predominantly per-
formed in EP laboratories. Whether in the operating room 
or EP laboratory, properly functioning equipment is essen-
tial. Infection control is critical23; operating room stan-
dards for air quality should be enforced. Problems calling 
for presence of an anesthesiologist include angina, tran-
sient cerebral ischemia, patient disorientation, lidocaine 
toxicity, dementia, myocardial ischemia, heart failure, anx-
iety, or VT. If English is not the patient’s first language, a 
translator is helpful. Vancomycin reactions (red man syn-
drome), pacing-induced ventricular fibrillation (VF), air 
embolism, and Stokes-Adams attacks are rare emergencies 
that are less problematic if considered in advance. Intraop-
erative death can occur because of hemorrhage, pericardial 
tamponade, VF, heart failure, myocardial infarction, and 
other causes.

MONITORING
R-wave detection by an ECG monitor is inadequate for 
pacemaker insertion, because pacing artifacts may trigger 
the monitor but fail to capture. Thus, subthreshold pacing 
can elicit regular beeping from the monitor in an asystolic 
patient. Oxygen saturation monitors are optimal and beep 
only during blood flow. Pulse oximeters should not be placed 
on the same extremity as the blood pressure cuff. When mon-
itors are unreliable, palpation by an anesthesiologist or nurse 

of the temporal, facial, or radial artery pulse can detect asys-
tole before the patient becomes symptomatic.

VENOUS ACCESS STRATEGY
Choices include which side to be employed and whether to 
use cutdown or percutaneous venipuncture. Approaches to the 
cephalic, subclavian, axillary, external jugular, and internal jugu-
lar system are useful.6 Anatomical considerations24 may reduce 
the frequency of subclavian crush (Fig. 55-6). Deep vein punc-
tures are associated with an apparently unavoidable but low inci-
dence of pneumothorax, hemothorax, and major venous injury. 
Contrast injection from an IV on the side of the implant can 
confirm patency and location of the target vein. Ultrasonic vessel 
locators may further reduce the frequency of injury.

Venous access is problematic in superior vena cava syndrome 
or subclavian/innominate vein obstruction/thrombosis (eg, 
with chronic dialysis, mediastinal tracheostomy, or multiple 

A

B

FIGURE 55-6 Landmarks for subclavian vein puncture. Potential 
complications include subclavian crush injury. (Reproduced with per-
mission from Magney JE, Flynn DM, Parsons JA, et al: Anatomical 
mechanisms explaining damage to pacemaker leads, defibrillator leads, 
and failure of central venous catheters adjacent to the sternoclavicular 
joint, Pacing Clin Electrophysiol. 1993 Mar;16(3 Pt 1):445-457.)
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1188 Part VIII Surgery For Cardiac Arrhythmias

pacemaker leads). Access from below or transhepatically is 
possible,6 but potential for bleeding, venous thrombosis, and 
pulmonary embolism are concerns. Right parasternal medias-
tinotomy with exposure of the right atrium and a Seldinger 
approach with small introducers and atrial pursestring sutures 
are useful in difficult cases22 (Fig. 55-7). Lead extraction may 
permit reinsertion of leads via the extraction cannula.6

ANTIBIOTIC PROPHYLAXIS
Antibiotic prophylaxis is indicated for insertion of a pros-
thetic device.6,23 We have used 1 g of intravenous cefazolin, 
but the current recommendation is 2 g. We also irrigate the 
operative field with a solution of 1 g of cefazolin in a liter of 
warm saline. Patients with prosthetic valves or a penicillin 
or cefazolin allergy receive vancomycin (500–1000 mg) and 
gentamicin (1 mg/kg). Doses are adjusted for renal function.

PACING SYSTEMS ANALYZER
Pacing thresholds and electrogram amplitudes are measured with 
a pacing systems analyzer. Electrogram characteristics and slew 
rate can be assessed, and electrogram telemetry is available from 
most current pacemakers. Analyzers must be serviced and tested 
periodically, including batteries. Any discrepancies between 
measurements by the analyzer and the pacemaker should be 
noted and related functions of the analyzer rechecked.

A skilled operator is needed to run the analyzer and record 
the results. If placed in a sterile bag, the analyzer can be 
operated by the surgeon. Manufacturer’s representatives, an 
increasing intraoperative presence, are skilled in operation of 
these analyzers.

CABLES
The cables connecting the analyzer to the leads are the patient’s 
lifeline. Even with excellent quality control, cables with open 
or reversed connections may be delivered to the surgical field. 
Errors can also occur in connecting the cables to the analyzer. 
Routine testing of the cables and the integrity of their connec-
tions is recommended. After passing the cables from the oper-
ating table, pacing is initiated from the analyzer at 5-V output. 
The connectors are then briefly touched to the subcutaneous 
tissue, with caution to minimize inhibition of the permanent 
pacemaker. Current measured in the analyzer should rise to 
300 to 1000 ohms. If impedance is more than 5000 ohms, 
the circuit is faulty. The operation should not proceed until the 
problem is corrected, if impedance indicates the analyzer-cable 
circuit is defective. Connections to the analyzer should also 
be checked, because inadvertent reversal of polarity can make 
measured pacing thresholds inappropriately high. Disposable 
leads with polarized connectors have been delivered to us on 
occasion with the connectors reversed.

FLUOROSCOPY
Fluoroscopy is essential for transvenous device implantation, 
and personnel must be familiar with the equipment. Dis-
tracting problems with image orientation, rebooting, timers, 
brakes, and locks can be avoided by a knowledgeable team. 
Sudden failure of fluoroscopy at a critical point can occur. If 
a backup unit is not available, the options include “blind” 
endocardial lead insertion, epicardial insertion, or postpon-
ing the procedure. The use of low-dose and pulsed image 
options can prevent overheating of the fluoroscope, although 
image quality may be compromised. Radiation exposure or 
fluoroscopy time should be monitored and recorded.6

SURGICAL APPROACH
For routine implants, we prefer to approach from the patient’s 
left. The fluoroscope is positioned carefully on the right to 
allow visualization of the apex, right atrium, and deltopectoral 
groove. The right arm is extended rightward on an arm board. 
The drapes are suspended from IV poles. The right-sided pole 
is caudad to the arm board. Proper positioning exposes the 
left clavicular region while leaving the patient adequate light 
and air. After skin preparation, towels aligned with the delto-
pectoral groove and clavicle define essential landmarks. Con-
scious sedation with 0.5 mg midalozam and/or 25.0 mcg of 
fentanyl may be useful. The region of the incision and under-
lying generator is infiltrated with 1% lidocaine, producing a 
field block. A 5- to 6-cm horizontal incision is created 4 cm 
beneath the clavicle, the lateral extent of the incision just 
reaching the deltopectoral groove. This allows the generator 

FIGURE 55-7 X-ray of a patient with very poor escape rhythm, 
bilateral venous obstruction, and severe exit block. A new pacing sys-
tem was inserted through the right atrial appendage via right paraster-
nal mediastinotomy. Older pacemaker programmed to backup mode 
and scheduled for later removal.
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1189

to be positioned away from the groove and axilla, avoiding 
interference with motion of the left arm at the shoulder. An 
alternate incision overlying the deltopectoral groove is pre-
ferred for exposure of the cephalic vein in obese patients or 
elderly patients with atretic veins.

VENOUS ACCESS
When the deltopectoral groove is exposed, additional anes-
thetic is infiltrated into the lateral margin of the pectoralis 
and laterally into the deltoid. The dissection proceeds into 
the deltopectoral groove, following the lateral edge of the 
pectoralis, until the cephalic vein or another venous branch 

is exposed. Failure to find a vein may mean the incision is 
too far cephalad or caudad or not lateral enough. The inci-
sion can be deepened into the subpectoral fat if necessary. 
If the vein is too small to pass a pacemaker lead, the curved 
end of the guidewire for a 7-French introducer is passed cen-
trally. The ability to manually stiffen and extend the curve by 
manipulation of the tension in the guidewire is an important 
technical aid in tortuous veins. Hydrophilic guidewires are 
also useful. The method illustrated in Fig. 55-8 can be used 
to dilate the vein. A no. 18 Angiocath is advanced over the 
guidewire, and the vein is slit longitudinally, exposing larger 
segments more proximally. This step can be repeated until 
a 7 French introducer will enter the vein. If the introducer 

A

B

C

D

E

F

G

H

I

Double stitch through
muscle

Guide-
wire

FIGURE 55-8 Cephalic cutdown approach to small veins passing a guidewire centrally but blocking an introducer. Resistance is from entrapment 
of the introducer tip and inversion of the vein. This entrapment can be harnessed to split the vein. After the guidewire is advanced (C), pass a no. 18 
Angiocath over the guidewire and incise the vein longitudinally (not shown). This allows the introducer tip to enter the vein (D). If the vein does 
not split, the introducer becomes impaled and will not advance (E). Partially pull the introducer back, stretching the impaled vein (F). Incise the 
exposed vein segment longitudinally with a no. 11 blade (G). Steps (D) to (G) can be repeated, if necessary, until the introducer advances centrally. 
A pursestring suture approximates soft tissue around the path of the introducer to achieve hemostasis (H, I).70

Cohn_ch55_p1181-1212.indd   1189 08/05/17   12:23 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1190 Part VIII Surgery For Cardiac Arrhythmias

will not advance without invaginating the vein, pulling the 
introducer back exposes the impaled vein, which can again 
be longitudinally incised to allow the introducer to advance. 
If dual-chamber pacing is planned, a guidewire should be 
reinserted before the introducer is stripped away. These steps 
provide venous access for the duration of the procedure.25,26 
A pursestring suture in the muscle controls bleeding and sta-
bilizes the lead(s).27 Ultrasonic localizers may be useful at this 
stage, with appropriate sterile precautions. If a guidewire will 
not pass centrally, a no. 18 Angiocath can be advanced for 
angiography with iodinated contrast. Venography reduces the 
risk of hemo/pneumothorax during needle puncture.

RIGHT VENTRICULAR LEAD INSERTION
From the patient’s left, a gentle spiral in the distal 10 cm of the 
stylet will guide the lead toward the tricuspid valve, right ven-
tricle, and pulmonary artery. Advancing the lead into the pul-
monary artery outside the cardiac silhouette confirms that the 
lead is not in the CS. For fixed-screw positive fixation leads, 
withdrawing the stylet 3 to 5 cm minimizes the risk of apical 
perforation while the lead tip is screwed into the myocardium 
with axial clockwise rotation. Reverse torque developing as the 
lead is rotated indicates the tip is in healthy myocardium and is 
an index of the security of fixation. We fix these leads with three 
consecutive 360-degree clockwise rotations of the lead shaft, and 
then the torque is released. This fixation sequence is repeated if 
necessary, until the lead is secure, with substantial reverse torque 
after the first 360-degree rotation. No more than three complete 
axial rotations are employed in any sequence. A potential prob-
lem with screw-in leads is ventricular perforation. The lead tip 
should be imaged during fixation looking for extra-anatomical 
passage along the edge of the cardiac silhouette and around the 
apex, tracking cephalad. If this happens, the lead should be with-
drawn and repositioned. An echocardiogram should be obtained 
and the patient monitored for tamponade.

When the lead tip has been properly positioned, the stylet 
is withdrawn and thresholds are tested. Patient hyperventila-
tion and coughing confirms fixation. The ventricular pacing 
threshold should be less than 0.7 V, with R-wave amplitude 
more than 5 mV, and impedance 400 to 1000 ohms, depend-
ing on lead design. There should be no diaphragmatic pacing 
at an output of 10 V.

If the lead is dislodged by hyperventilation and cough-
ing, or thresholds are not adequate, the lead should be 
repositioned. A positive fixation lead can be unscrewed by 
counterclockwise axial rotation until it floats free. Positive 
fixation leads can be secured almost anywhere along the mar-
gins of the right ventricular silhouette (Fig. 55-9), including 
the right ventricular outflow tract (Fig. 55-10).28 In difficult 
cases, we have relocated leads as many as 15 times. The geo-
graphic center of the right ventricular silhouette is not a desir-
able location, as it can lead to entanglement of the lead in the 
chordae tendineae (see Fig. 55-9).

CORONARY SINUS LEAD INSERTION
Left ventricular pacing via the CS is a valued skill since the 
MIRACLE trial and subsequent studies indicated that CRT 

reduces symptoms of heart failure and mortality of dilated car-
diomyopathy.5 Electrophysiologists are familiar with CS entry 
for arrhythmia mapping; steerable mapping catheters and 
biplane fluoroscopy are important tools. However, the tech-
nical failure rate of CS lead insertion is 5 to 10%.5,29 The CS 
orifice is usually a posterior structure near the caudal aspect of 
the tricuspid valve (Fig. 55-11). Locating the os in heart fail-
ure patients may be difficult, because the CS can be angulated 
and distorted as a result of cardiac enlargement. Transesopha-
geal echocardiography and venography may help locate the os. 
CRT candidates may be prone to ventricular arrhythmias, and 

Right ventricular
outflow tract

Right ventricular apex

Anterior right ventricle

Avoid
papillary muscles
and chordae tendineae

FIGURE 55-9 Useful sites for transvenous atrial and ventricular 
pacing using fixed-screw leads. Avoid the geographic center of the 
right ventricle (RV), where fixing the lead can entrap it in the chordae 
tendineae.

FIGURE 55-10 Screw-in lead in the right ventricular outflow tract 
of a patient with complete heart block after tricuspid valve replace-
ment for Ebstein anomaly.
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1191

rapid defibrillation capability is desirable. Even experienced 
operators may require hours to insert a CS lead with present 
methods, although technology for both endocardial and epi-
cardial left ventricular lead placement is improving. Over-the-
wire lead designs are the most successful.

We prefer to insert the CS lead first via the cephalic 
approach, RA and right ventricular lead insertion after via 
subclavian puncture. CS lead insertion involves advancing an 
angled cannula into the CS, followed by CS venography and 
lead insertion through the cannula into a lateral CS branch. 
The CS cannula is then removed and stripped away without 
dislodging the lead. Positive fixation leads are not available. A 
large selection of angled CS cannulas, steerable probes, and 
lead designs testifies to the technical challenge.2,5 The difficulty 
of CS lead insertion in heart failure patients should not be 
underestimated; special training is desirable. Recent availability 
of multielectrode CS leads is very helpful in preventing phrenic 
nerve pacing, a complication that can be minimized by high 
output test pacing.

LENGTH ADJUSTMENT
If lead length is “too short,” flattening of the diaphragm during 
a deep breath can result in lead displacement, if “too long,” a 
cough can force intracardiac loops that effectively shorten the 
lead, also potentially causing displacement. Hyperventilation 
by the patient under fluoroscopy helps adjust length. Vigorous 
coughing tests the security of lead tip fixation. This valuable 
feedback is lost if sedation is excessive. Minimizing sedation 
also promotes early detection of pacemaker syndrome.

ATRIAL LEAD INSERTION
For dual-chamber pacing, the atrial lead is introduced last. A J 
or S stylet shape is best for finding the atrial appendage from the 
left side. The S shape is also useful for passing a positive fixation 

lead to the right margin of the atrium near the junction of the 
atrium and inferior vena cava (Fig. 55-12). P-wave amplitude 
is often best in this location. The atrial pacing threshold should 
be less than 2 V. In the presence of complete heart block, it may 

A B

FIGURE 55-11 (A) Biventricular, CRT-P pacemaker with endocardial leads in the right atrium, right ventricle, and lateral branch of the coronary 
sinus (left ventricle). This patient was relieved of dobutamine dependence by addition of the left ventricular lead. (B) Lateral x-ray of the same 
patient. Note posterior course of the coronary sinus.

FIGURE 55-12 DDD pacemaker with atrial lead in low right 
atrium, advantageous after obliteration of the atrial appendage at 
heart surgery. This location, which requires positive fixation leads, 
often provides good P-wave amplitude when other sites fail. Phrenic 
nerve pacing must be excluded with 10-V pacing at this location.
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1192 Part VIII Surgery For Cardiac Arrhythmias

be difficult to confirm atrial capture from the surface ECG. 
Pacing the atrium at 150 bpm results in rapid oscillation of the 
lead tip, which is visible fluoroscopically if mechanical function 
of the atrium is sufficient. Lead oscillation may thus be used to 
determine the atrial pacing threshold. This technique should 
only be used if the high atrial rate is not conducted to the ven-
tricle. In patients with complete heart block, high-output atrial 
pacing can inhibit whatever temporary VVI pacing is support-
ing the patient, resulting in asystole.

The P-wave electrogram is the Achilles heel of dual-
chamber pacing. If atrial sensing is not satisfactory, a DDD 
pacemaker will not function properly. The P-wave ampli-
tude should ideally be greater than 2 mV. P-wave amplitude 
may vary during respiration, and the minimum value, not 
the maximum, determines the adequacy of sensing. P-wave 
amplitude is generally reduced during atrial fibrillation versus 
values in sinus rhythm.

Measurement of P-wave amplitude with unipolar leads 
can be confusing. Crosstalk or far-field sensing of ventricu-
lar depolarization from the atrial lead can occur, so that the 

signal measured through a pacemaker analyzer is not the P 
wave but the QRS complex. Simultaneous measurement and 
display of atrial and ventricular electrograms as well as the 
surface ECG can resolve this.

Atrial and ventricular electrogram telemetry provide valu-
able data. For example, inability to pace the atrium or to 
record atrial electrograms may indicate low-amplitude atrial 
fibrillation or supraventricular tachycardia invisible on the 
surface ECG but detectable in electrograms. Electrogram 
telemetry can confirm proper DDD pacing (Fig. 55-13).

GENERATOR LOCATION
We use a watertight, three-layer skin closure for primary 
implants, three layers in generator replacements. Derma-
bond can be used for skin closure. Cosmetic appearance is 
important, and technique is critical to optimize healing. Past 
injury to the chest wall or surgery/ radiotherapy for breast 
cancer can present a formidable technical problem. Bipolar 
systems facilitate optional generator placement behind the 

A

B

SVT - DDD pacemaker

FIGURE 55-13 Right atrial (RA) and right ventricular (RV) electrograms from a unipolar DDD pacemaker during supraventricular tachycar-
dia (SVT). Regular atrial depolarizations appear (AS) at a rate of 160 bpm. The pacemaker paces the ventricle (VP) at 80 bpm, because alternate 
P waves fall inside the postventricular atrial refractory period and are not detected. The circles illustrate far-field sensing of the RV pacing artifact 
in the RA lead. The SVT was not detected preoperatively. Once this recording was obtained, overdrive atrial pacing from the pacemaker converted 
the SVT to normal sinus rhythm, and normal pacemaker function returned.
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pectoralis or inside the rectus sheath. Diminutive generators 
are available, but battery life is reduced. Innovative locations 
for pacemaker generators include axillary, retromammary, 
intrathoracic, intra-abdominal, and preperitoneal sites. 
These approaches are rarely indicated with present genera-
tor designs. Temporary endocardial pacing wires are removed 
under fluoroscopy, watching carefully for displacement of the 
new permanent leads.

Length of Stay after 
Pacemaker Implantation
AMBULATORY SURGERY
Same-day hospital discharge after pacemaker insertion is rea-
sonable in patients who have an adequate escape rhythm and 
positive fixation leads. After monitoring and recovery from 
sedation, patients are ambulated and shown range of motion 
exercises for the shoulder. A chest x-ray documents lead posi-
tion and rules out hemothorax, pneumothorax, or increasing 
heart size.

PACEMAKER-DEPENDENT PATIENTS
Lead displacement can result from technical error, struggling 
of demented patients, and other factors. A small percentage 
of lead displacement is probably unavoidable.6,30 Patients who 
might suffer death or injury in the event of pacemaker failure 
should be observed in the hospital overnight on telemetry. 
However, lead displacement in our ambulatory patients has 
not been more frequent than in hospitalized patients. Swan-
Ganz catheter removal/insertion, endomyocardial biopsy, or 
cardiac catheterization can displace pacemaker leads, requir-
ing a backup pacing plan. 

Pacemaker Generator Replacement
PLANNING
Complications of pacemaker generator replacement include 
infection, lead damage, connector problems, and asystole 
during the transition from the old generator to the new. Pace-
maker independence at the time of initial pacemaker implant 
may progress to total pacemaker dependence by the time of 
generator replacement. Ambulatory surgery is common. As 
a practical matter, we do not completely reverse warfarin for 
pacemaker generator replacement unless lead replacement is 
expected.31 Patients with leads more than 10 years old should 
be carefully evaluated for pacemaker dysfunction before the 
procedure; a Holter monitor should be obtained if lead dys-
function is suspected. Rising pacing threshold may indicate 
impending lead failure. The possibility of unexpected lead 
replacement should be discussed with the patient in advance.

BACKUP PACING
A backup temporary transvenous pacing wire can be inserted 
for pacemaker generator replacement, but this is rarely neces-
sary. The output of the replacement unit must be higher than 

the threshold of the chronically implanted leads. This can be 
problematic if the expiring generator is an older type with 
a fixed output of 5.4 V. Lack of programmability prevents 
preoperative threshold testing, and the 5.4-V output is higher 
than possible for some current generators. The pacing thresh-
old should be determined with a pacemaker analyzer and the 
replacement should be programmed to appropriate output. 
Before disconnecting the old generator, be sure that the pace-
maker analyzer, cables, and connections are intact and per-
sonnel in the operating room are aware of the cables. Some 
place the analyzer in a sterile bag on the operative field. With 
many generators, an Allen wrench placed in the header estab-
lishes electrical continuity with the ventricular lead; the pac-
ing threshold can then be established before disconnecting 
the old generator. The old generator should be kept within 
reach as a backup in case of trouble with the new generator, 
the analyzer, or the connectors. Replacement generators must 
be programmed unipolar or bipolar to match the indwelling 
lead(s).

LEAD SIZES
VS-1 or IS-1 are common lead types, both 3.5 mm in diameter. 
The contacts do not always line up correctly across VS-1 and 
IS-1 generator ports, even though the connector diameter is the 
same. It is important to determine in advance whether adapters 
are needed to bridge incompatibilities. Older 5 and 6 mm leads, 
increasingly rare, require special adapters or generators.

Postoperative Care
WOUND CARE
Patients are instructed to keep implant wounds dry until an 
office visit 7 to 10 days postoperatively. Any wound drainage 
at the postoperative visit is cultured, and prophylactic anti-
biotics are started until culture results are available. We have 
abandoned aspiration of the rare postoperative hematoma in 
favor of close observation, unless infection is an issue or spon-
taneous drainage occurs or appears imminent.

ANTIBIOTIC PROPHYLAXIS
Routine use of prophylactic antibiotics before dental work 
and other invasive procedures in pacemaker or ICD recipi-
ents is not recommended under AHA/ACC guidelines. 
We recommend prophylaxis for 3 months after device 
insertion, allowing time for the pacing leads to become 
endothelialized.

Testing and Follow-up
OFFICE/CLINIC VERSUS TELEPHONE
Pacemakers require periodic testing to confirm sensing and 
pacing function and battery reserve. Currently these func-
tions are tested at 1- to 3-month intervals. Follow-up can be 
done by transtelephonic monitoring, wireless telemetry and 
clinic or office visits.4 Transtelephonic monitoring alleviates 
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1194 Part VIII Surgery For Cardiac Arrhythmias

transportation issues for elderly patients, but may be con-
fusing for new subscribers. In addition to reducing travel 
and office visits, transtelephonic monitoring can provide 
24-hour emergency service, an advantage with apprehensive 
or incapacitated patients. Techniques for remote manage-
ment of pacemakers and ICDs are available with some cur-
rent devices.

PACEMAKER PROGRAMMING
Trained, experienced personnel can do programming in the 
office. Manufacturer’s representatives can provide valuable 
help and programmer upgrades. Remote pacemaker/ICD 
monitoring and programming are under development.

DDD pacemaker programming allows adjustment of elec-
trogram sensitivity as well as pacing stimulus amplitude/pulse 
width for both the atrium and ventricle. Lower rate, upper 
rate, AV delay (AVD), and refractory periods for atrial and 
ventricular sensing are programmable. Rate responsiveness, 
unipolar/bipolar configuration, and many other options are 
also adjustable noninvasively.

We program newly inserted pacemaker stimulation 
amplitude 50% higher than nominal. At a 7- to 10-day 

initial office visit, pacing thresholds are retested and 
amplitude and pulse width are adjusted to nominal lev-
els if pacing thresholds are low. High initial output is less 
important with steroid-eluting leads. Details of pacemaker 
programming have been described elsewhere.4-6,8 Many 
current pacemakers provide automated threshold adjust-
ment, but this may function inappropriately with unipolar 
leads.

Most problems detected by monitoring or device inter-
rogation can be corrected by programming. The etiology of 
symptoms may be elicited from real-time electrograms or 
stored data. Adjustments can include not only sensitivity or 
pacing output but also pacing mode and rate for new-onset 
atrial fibrillation (Fig. 55-14A) or sinus node incompetence 
related to medication changes (Fig. 55-14B). Reoperation is 
required for lead displacement or fracture (Fig. 55-15), insu-
lation degradation (Fig. 55-3), very low sensing amplitudes, 
and exit block (Fig. 55-16).30

Pacemaker interrogation should begin with a printout of 
the initial settings, an invaluable reference after involved pro-
gramming. Telemetry defines time-related variation in heart 
rate, percentage of beats sensed and paced, the quality of the 
electrograms, lead impedance, and battery voltage.

A

B C

AF-DDD pacemaker

RA
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200 400 600 800 ms
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FIGURE 55-14 (A) Atrial (RA) and ventricular (RV) electrograms from unipolar DDD pacemaker during atrial fibrillation (AF). AF appears 
as rapid atrial depolarizations (AS). The upper rate limit and postventricular atrial refractory period of the pacemaker determine the rate at which 
the pacemaker stimulates the ventricle (VP). (B,C) Heart rate over 24 hours from memory of DDD pacemaker. (B) Sinus node incompetence 
during amiodarone therapy for paroxysmal atrial fibrillation. (C) Rate variation after activation of rate response. Patient reported improved exercise 
tolerance.
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1195

FIGURE 55-15 Unipolar lead fracture in a 3-year-old child with complete heart block, revealed by x-ray. A replacement lead was inserted and 
is still functioning normally 18 years later.

Ventricular exit block

RA

RA

RV

RV

Normal AV sequential pacing

FIGURE 55-16 Right atrial (RA) and right ventricular (RV) unipolar electrograms in right ventricular exit block (above). Atrial (AP) and ven-
tricular (VP) pacing are required for sinus arrest and marked first-degree atrioventricular block. Right ventricular capture is restored after RV pac-
ing amplitude is programmed from 3.5 (above) to 5.4 V (below). Ventricular capture increases the effective heart rate, because the late, conducted 
ventricular electrograms (VS) in the upper tracing are sensed by the pacemaker and used to begin a new cardiac timing cycle. The circles indicate 
far-field sensing of the RA pacing artifact in the RV lead.
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1196 Part VIII Surgery For Cardiac Arrhythmias

Pacing amplitude and pulse width are finely tuned 
for patient complaints, malfunctions on telemetry, or at 
1-year follow-up visits. At least 100% safety margin is 
programmed on the pulse width threshold or amplitude. 
Parameters are adjusted to optimize patient comfort and 
battery life. Some pacemakers allow programmed reduc-
tion of a lower rate at night, eliminating unnecessary 
pacing during sleep. Very long AVD can eliminate ven-
tricular pacing in some patients with first-degree block, 
but a reduction in the upper rate limit to 105 bpm may be 
necessary to extend AVD to 300 ms. Current pacemakers 
have a variety of algorithms to prevent excessive pacing 
in first-degree heart block, including automatic switching 
between AAI and DDD modes.

Complications of Pacemaker Insertion
MORTALITY
Death is a rare complication of pacemaker implantation.30,33 
Lethal problems can include lead displacement, venous 
or cardiac perforation, air embolism, and VT or fibrilla-
tion.30 A review of 650 pacemaker insertions by the author 
between January 1984 and April 1993 revealed one peri-
operative death resulting from heart failure induced by 
general anesthesia in a child with congenital heart disease 
(Table 55-3).

INCIDENCE OF COMPLICATIONS
The incidence of early pacemaker complications in one recent 
series was 6.7 and 4.9% requiring reoperation.30 For patients 
older than 65 years, comparable figures were 6.1 and 4.4%, 
respectively. Lead displacement, pneumothorax, and cardiac 
perforation were the most common complications. The inci-
dence of late complications was 7.2%.30 The incidence of 
reoperation in the author’s review of 480 cases was 4.0% (see 
Table 55-3).

LEAD DISPLACEMENT
The incidence of endocardial lead displacement with early 
lead designs was more than 10%.32 With tined and positive 
fixation leads this has fallen to about 2%.6,30,32,33 The inci-
dence of this complication was 1.5% for atrial and ventricular 
leads in our review (see Table 55-3). Relevant technical issues 
have been described. We find that positive fixation leads can 
be applied in unique anatomical locations with essentially no 
increase in lead displacement (Table 55-4).

MYOCARDIAL INFARCTION
Pacemaker insertion may become an adjunct to medical 
therapy of angina in patients with inoperable coronary artery 
disease. However, angina, myocardial infarction, or death can 
result when heart rate increases of 10 bpm or more accom-
pany surgical implants.

TABLE 55-3: Results of Pacemaker 
Implantation, Columbia-Presbyterian Medical 
Center 1984 to 1993*

Surgical mortality 1/616 (general anesthesia related)
Mean follow-up 884 ± 675 (SD) days 

(n = 480 patients, 679 leads)
Morbidity 19 Reoperations (4.0% of 480)
  4 Infections (0.8%)
  7 Lead displacements (1.5%)
  4 Exit block (0.8%)
  4 Undersensing (0.8%)
  5 Suspected right ventricular 

perforations
  2 Leads abandoned (chordal 

entrapment)
  41 Reprogrammed for dysfunction
  0 Hemothorax
  0 Pneumothorax
  1 Procedure abandoned for 

thoracotomy (newborn)
   
Characteristics at generator replacement (n = 40, 75 ± 31 months 

after implant)
Pacing threshold 1.3 ± 0.5 V
  3.0 ± 1.3 mA
R-wave amplitude 8.9 ± 4.3 mV
Long-term DDD pacing 89% (1109 ± 34 days follow-up)
Causes of DDD 8.4% Atrial fibrillation
failure 2.4% Lead dysfunction

*Models 479-01 and 435-02 unipolar, positive fixation leads, Intermedics, Inc., 
Bellaire, TX.
Used with permission from Spotnitz HM, Mason DP, Carter YM: Unpublished 
observations.

TABLE 55-4: Lead Stability in Unusual 
Locations, Columbia-Presbyterian Medical 
Center 1984 to 1993*

Location n Displaced

Coronary sinus (to left ventricle) 2 0
Atrial conduit 1 0
Right atrium of transplant 20 0
Lateral right atrium 27 1
Right ventricular outflow—single 22 0
Right ventricular outflow—paired 

(ICD recipients)
11 (×2) 0

Infants—looped leads (<1 year old) 7 0
Children—looped leads 42 2
Total 132 3 (2.3%)

*Models 479-01 and 435-02 unipolar, positive fixation leads, Intermedics, Inc., 
Bellaire, TX.
ICD, implantable cardioverter defibrillator.
Used with permission from Spotnitz HM, Mason DP, Carter YM: Unpublished 
observations.
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HEMOPNEUMOTHORAX
Hemopneumothorax and pericardial tamponade result from 
injury to the heart, lungs, arteries, or veins. Errors with the 
Seldinger technique can cause such injuries. In patients older 
than 65 years, pneumothorax has been related to subclavian 
puncture.33 In our experience with more than 1000 pace-
maker insertions by cephalic cutdown, hemopneumothorax 
did not occur. In contrast, a recent review of 1088 consecu-
tive implants by subclavian puncture revealed a 1.8% inci-
dence of pneumothorax.33

PACEMAKER SYNDROME
Loss of AV synchrony produces symptoms related to reflex 
effects or contraction of the atria against closed AV valves. 
The resulting constellation of symptoms is known as pace-
maker syndrome.4,8 The symptoms are quite variable, but 
severely affected patients may refuse pacemaker magnet test-
ing. Symptoms are relieved immediately by conversion from 
VVI to dual-chamber pacing.

LEAD ENTRAPMENT
Fixed-screw pacemaker leads can become firmly entangled in 
chordae tendineae beneath the tricuspid valve. Possible responses 
include further escalation of force, lead extraction,6,35-37 or 
an open procedure. Our experience with this involved three 
firmly entangled leads in our first 1000 implants of fixed-screw 
positive fixation leads. The leads were capped and abandoned 
rather than escalate risk. We now avoid the anatomic center of 
the right ventricle when implanting these leads. This problem 
has not recurred subsequent to this experience and presumably 
is avoidable with Bisping leads.

INFECTION AND EROSION
Pacemaker infection manifests as frank sepsis, fever with 
vegetations/inflammation, and/or purulence or drainage at 
the pacemaker pocket. Indolent generator erosion  or cellu-
litis are alternate presentations. Antibiotic suppression may 
temporarily abolish signs of infection, but the problem usu-
ally recurs weeks or months later.6,38,39 Negative cultures and 
erosion may suggest moving the device to a fresh, adjacent 
site, but this is usually futile. Clinical resolution of recurrent 
device infection almost always requires removal of all hard-
ware and insertion of a new device in a fresh site, optimally 
after a device-free interval.2,38,39 The incidence of erosion, 
infection, hematoma, and lead displacement early after pace-
maker implantation is reduced by operator experience.6

PACEMAKER DYSFUNCTION
Mechanical defects in leads, lead displacement, or connection 
errors can cause pacemaker dysfunction. Late onset of lead dys-
function usually represents scarring at the lead—myocardial 
interface, changes in myocardial properties owing to tissue 
necrosis or drug effects, or a poor choice of lead position. 

Insulation erosion can cause oversensing or, in bipolar leads, 
pacing failure owing to short-circuiting between the two 
conductors.

GENERATOR DYSFUNCTION
Electrical component failures are rare. Three pacemaker or 
ICD generator failures have required urgent device replace-
ment over 10 years at our center. New pacemaker and lead 
designs may contain flaws that do not become apparent for 
many years.2

UNDERSENSING
Undersensing is failure to detect atrial or ventricular electro-
grams corresponding to P waves or R waves. The result is 
atrial or ventricular pacing that should have been inhibited 
by the unsensed beat. In a dual-chamber pacemaker, P wave 
undersensing may also cause failure to pace the ventricle after 
the P wave. Undersensing is often correctable by increasing 
generator sensitivity, but this can lead to oversensing. The 
latitude for reprogramming can be estimated by examining 
telemetered electrograms2,4 (Figs. 55-17 and 55-18).

OVERSENSING
Inappropriate pacemaker inhibition or triggering may result 
from detection of myopotentials (muscular activity). This is 
most common in unipolar systems and may be correctable by 
programming reduced pacemaker sensitivity. External insula-
tion erosion within the pacemaker pocket is a cause of over-
sensing (Fig. 55-3).

CROSSTALK AND FAR-FIELD SENSING
A deflection on the ventricular lead immediately after the 
atrial pacing artifact could be either premature ventricular 
depolarization (Fig. 55-17) or far-field sensing of an atrial 
depolarization (Fig. 55-13). Many pacemakers deal with this 
ambiguity by pacing the ventricle at a short (100 ms) AVD, 
an algorithm known as safety pacing.

Complexities of DDD programming involve blanking 
and refractory periods used to compensate for crosstalk or 
prevent retrograde AV conduction from causing pacemaker-
mediated tachycardia (see the following). Crosstalk is amelio-
rated by bipolar lead systems.

EXIT BLOCK
Exit block is rising pacing threshold due to edema or scarring at 
the lead tip. Pacing threshold tends to increase over 7 to 14 days 
after lead insertion and stabilizes at about 6 weeks. This phenom-
enon is related to inflammation at the lead tip and is ameliorated 
by steroid-eluting leads.2 Exit block may be overcome by pro-
gramming increased amplitude or pulse width, but this shortens 
battery life. In unipolar systems, pacing of the chest wall and/or 
diaphragm may result from high generator output.
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1198 Part VIII Surgery For Cardiac Arrhythmias

LEAD FRACTURE
Fracture of lead insulation or conductors may be demon-
strable by chest x-ray (Fig. 55-15). Lead impedance less than 
300 ohms suggest an insulation break, whereas impedance 
more than 1000 ohms suggests conductor problems, a loose 
setscrew, or improper connection. High impedance also can 
indicate incomplete extension of the fixation coil in a Bisp-
ing lead. Telemetry may detect impending lead fracture as 
electrical noise during hyperventilation, coughing, bending, 
or arm swinging. Oversensing of this type usually mandates 
lead replacement or repair.

At reoperation, dysfunctional leads can be capped or removed 
by lead extraction techniques (Figs. 55-19 and 55-20). Lead 
fracture has been promoted historically by design errors, bipo-
lar construction, certain forms of polyurethane insulation, and 
epicardial insertion.1 Technical factors in fracture include ties 
applied to the lead without an anchoring sleeve, kinking, lead 
angulation, vigorous exercise programs, and subclavian crush.6,24

SUBCLAVIAN CRUSH
Subclavian crush is probably caused by lead entrapment bet-
ween the clavicle and first rib, in the costoclavicular ligament. 

Sensitivity 2.5 mV

Sensitivity 1.5 mV

VVI pacemaker undersensing

VPD

VPD

FIGURE 55-17 Undersensing of ventricular premature depolarizations (VPD) illustrated in the upper panel of electrograms obtained by telem-
etry from a VVI pacemaker. The amplitude of the electrograms increases, and sensing is corrected after reprogramming to increase sensitivity to 
P waves from 2.5 mV (above) to 1.5 mV (below).

RA sensitivity: 2.0 mV 0.8 mV

RA

RV

0.5 mV

FIGURE 55-18 Right atrial (RA) and right ventricular (RV) electrograms from DDD pacemaker during correction of atrial undersensing. 
Amplitude of the RA electrogram increases after atrial sensitivity is increased from 2.0 mV (left) to 0.8 mV (center) to 0.5 mV (right). The P-wave 
electrogram (circled) is not sensed at 2.0 mV, resulting in unnecessary atrial pacing (AP). Proper sensing is restored and the size of the electrogram 
increases (AS) as sensitivity is increased. VP indicates ventricular pacing. Rectangles in RA tracing identify far-field sensing of the ventricular pacing 
artifact.
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1199

Stress during body movement is then thought to cause early 
lead failure. This pertains primarily to leads implanted by per-
cutaneous puncture of the subclavian vein and seems to be 
minimized by cephalic cutdown. Techniques to minimize this 
problem have been described (Fig. 55-6).6,24

PACEMAKER-MEDIATED TACHYCARDIA
DDD pacemakers can propagate a reentrant arrhythmia, 
pacemaker-mediated tachycardia. This involves retrograde 
conduction through the AV node, initially triggered by a pre-
mature ventricular depolarization. If the pacemaker senses 
the retrograde atrial depolarization and paces the ventricle, 
a cycle is set up that can continue indefinitely at the upper 
rate limit of the pacemaker. Avoiding high upper rate limits 
and adjusting the postventricular atrial refractory period so 
that the pacemaker ignores atrial depolarizations for 300 to 
350 ms after the QRS complex can mitigate this problem. 
Current pacemakers also attempt to break reentrant arrhyth-
mias by periodic interruption of continuous high-rate pacing. 
Pacemaker telemetry provides notification of high-rate pac-
ing suspicious of pacemaker-mediated tachycardia.4

FIGURE 55-20 Telectronics Accufix atrial J-leads removed for 
retention wire fracture. Region of fracture appears benign in upper 
image. Lower image illustrates retention wire extrusion after percuta-
neous extraction. Extruded wire resembles a safety pin.

B. Stylet passed through
     lead to tip and locked

C. Catheter advanced
    and countertraction
    applied to
    myocardium

D. Lead pulled
    out by stylet

FIGURE 55-19 Byrd method of lead extraction using Cook catheters. Drawings illustrate successful removal of a Telectronics Accufix J-lead with 
a fractured retention wire.
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1200 Part VIII Surgery For Cardiac Arrhythmias

Innovations and Special Problems
LEAD REPAIR
Repair can extend the useful life of implanted leads for years. 
Most repairs are done within the device pocket or in surround-
ing areas. Fracture or erosion of conductors or insulation can 
result from normal wear or active life styles. Lead dysfunction 
can result from vigorous exercise including situps (abdominal 
insulation erosion), handball (insulation/conductor erosion), 
and wood chopping (conductor damage).2

Repair kits contain silicone glue and silicone tubing or 
unipolar tip replacements. Possible repairs differ for unipolar 
and bipolar leads. Unipolar leads consist of a single conductor 
surrounded by insulation. Insulation breaks can be overlaid 
with glue and tubing. Conductor fracture can be repaired by 
splicing a new lead tip onto the functional segment.41 Bipolar 
leads contain two conductors with two levels of insulation, 
one to prevent short-circuiting between the conductors and 
the other to prevent external current leaks and conductor-
generator contact. Representative designs are shown in 
Figs. 55-19, 55-20, and 55-26d. External insulation repair in 
such leads is similar to unipolar lead repair. However, internal 
insulation faults require converting the lead to unipolar func-
tion and splicing on a new lead tip. Conductor fracture also 
can be repaired this way. The repair involves exposing and 
baring about 10 mm of the conductor to be preserved. The 
conductor to be excluded is cut back 5 to 10 mm to avoid 
short-circuiting. A new tip is attached to the bared conduc-
tor, using an internal setscrew, silicone glue, and ties. These 
repairs have been robust in our experience but are not recom-
mended in pacemaker-dependent patients.

Unipolar and bipolar epicardial leads can also be repaired, 
if the break is accessible. Unipolar lead repair is similar to 
repair of unipolar endocardial leads. Bipolar epicardial leads 
generally consist of two unipolar leads connected by a Y to 
coaxial segments for connection. The simplest repair involves 
locating the unipolar segment of the good lead and splicing 
on a new tip. Particularly challenging is a fracture near one 
of the cardiac electrodes, at a point of metal fatigue. If the 
broken conductor is not the tip electrode, reprogramming 
the generator to a unipolar configuration restores function. If 
the cathode segment is fractured, most generators cannot be 
programmed to use the anode, and pacing is lost. However, 
function can be restored by exposing the lead, splicing a new 
tip on the anode, connecting that lead to generator, and cap-
ping the cathode.41

When exposing leads within the pocket for repairs, the 
electrocautery should be set as low as practical, to avoid melt-
ing external lead insulation. If cautery contacts a bare con-
ductor, myocardial injury can render the lead useless because 
of exit block. Also, conduction of cautery to the myocardium 
can induce VF. Sharp dissection is preferred when close to fric-
tion points or angulation that promote conductor exposure.

PACEMAKER LEAD EXTRACTION
Indications for lead extraction include chronic infection or 
life-threatening mechanical defects.6,35-37 Some recommend 

that any dysfunctional pacemaker lead should be removed, 
but there is little objective data to support this. Until recently, 
extraction of transvenous leads required external traction or 
thoracotomy/cardiotomy with inflow occlusion or cardiopul-
monary bypass. Chronically implanted leads can be densely 
fibrosed to the right ventricular myocardium, vena cava, 
innominate vein, or subclavian vein.

Lead extraction was developed by Byrd.35 A locking stylet 
is passed inside the central channel to the tip of the lead 
where it uncoils, allowing traction to be applied to the lead 
tip. Telescoping Teflon, plastic, or metal sheaths fitting the 
lead are passed along the lead to mobilize it. When the long 
sheath reaches the lead tip, counter traction is applied to 
the myocardium with the sheath while traction is applied to 
the lead tip with the locking stylet (see Fig. 55-19). Success 
with this technique has been greater than 90%, with a 3% 
chance of serious morbidity or death. Laser or radiofre-
quency energy can also be transmitted through specially 
constructed sheaths to ablate adhesions.6,39 Technical details 
have been described.6 Extraction of leads more than 10 years 
old is difficult and tedious. Complete removal of lead tips is 
inversely related to the age of the lead (Fig. 55-21A).37

ACCUFIX LEAD
An unusual fracture affects the Telectronics Accufix lead, 
a bipolar, Bisping-type atrial screw-in lead. A J shape near 
the tip directs the lead to the atrial appendage. A curved 
retention wire welded to the indifferent ring electrode near 
the tip and bonded to the lead body with polyurethane 
maintains the J-shape. Fracture and extrusion of this reten-
tion wire (Figs. 55-19 and 55-20) was associated with deaths 
from cardiac tamponade, related to punctures of the atrium or 
aorta by fractured wire. More than 45,000 of these leads were 
implanted, and many have been surgically extracted. Because 
some morbidity and mortality occurred during extraction of 
this lead, the manufacturer recommended conservative man-
agement. Recently, conservative management has also been 
recommended for a fracture tendency in the Sprint Fidelis 
ICD lead.6

ATRIAL FIBRILLATION AND MODE SWITCHING
Sinoatrial node dysfunction can involve both sinus bradycar-
dia and paroxysmal atrial fibrillation. Early DDD pacemak-
ers responded to atrial fibrillation by pacing at the upper rate 
limit. Initially DDD pacing was avoided in atrial fibrillation 
for this reason. The current view that atrial pacing decreases 
the frequency of paroxysmal atrial fibrillation, and mode 
switching allows DDD pacing to be used despite a history 
of paroxysmal atrial fibrillation. Mode switching is trig-
gered when a programmed upper rate limit is exceeded. The 
pacemaker then switches to VVIR mode until the atrial rate 
returns to the physiologic range. Successful mode switching 
requires bipolar leads and high sensitivity in patients with 
low-amplitude atrial fibrillation. Management of atrial fibril-
lation in elderly people may involve fewer medications and 
interventions than in younger patients.8
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DATABASE SUPPORT
Pacemaker and ICD data are needed for billing, operative 
notes, device tracking, programming, and follow-up. Data 
should be available in real time in the event of an emergency 
room visit involving device malfunction. Commercial and 
homegrown software packages are available for this. Security, 
audit trails, 24/7 availability, and multiuser wireless capability 
are important characteristics for such systems.

GENERAL SURGERY AND PACEMAKERS
General surgery in a pacemaker-dependent patient raises impor-
tant questions,42 especially when surgery requires unipolar 
cautery. The following must be documented: (1) model and 
manufacturer of the pacemaker, from pacemaker ID card, moni-
toring service, medical record, or x-ray appearance;43,44 (2) mag-
net mode behavior and any peculiarities related to impedance 
sensing monitors; (3) successful testing of programmer on the 
pacemaker; (4) programmed parameters, polarity, battery life, 
and lead characteristics; (5) degree of pacemaker dependence; 
(6) a backup plan transthoracic pacing or chronotropic agents 
if the pacemaker fails; (7) reprogramming to VOO, DOO, or 
VVT mode intraoperatively with rate response off to prevent 
inhibition or pacemaker acceleration44 by electromagnetic inter-
ference (EMI); (8) a physician to deal with any intra-operative 
pacemaker problem; and (9) restored pacemaker program, 
thresholds, and function postoperatively. Regarding pacemaker 
dependence, if the preoperative ECG reveals 100% pacing, the 
pacemaker should be reprogrammed while monitoring to deter-
mine the presence and rate of an escape rhythm. Pacemaker 
dependence may increase during anesthesia, with withdrawal of 
sympathetic stimulation. The Heart Rhythm Society has defined 
guidelines for perioperative management of these patients.

ELECTROCAUTERY
Manufacturers recommend against using electrocautery in 
pacemaker patients because of possible EMI or pacemaker 
damage. If electrocautery must be used, unipolar cautery is 
likely to cause EMI, whereas bipolar cautery is not. Unipolar 
pacemakers are more susceptible to EMI than bipolar units. 
EMI effects include (1) pacemaker oversensing, confusing 
EMI with a rapid heart rate. Pacemaker inhibition results but 
reverses when the EMI stops. (2) Pacemaker reprogramming. 
(3) Acceleration of impedance-sensing pacemakers to the 
upper rate limit. (4) Reversion to a “backup mode” or “mag-
net mode.” (5) Permanent loss of pacing, fortunately rare.43

Programming sensing off and increasing the pacing rate 
above the intrinsic heart rate anticipated during surgery can 
minimize EMI pacemaker inhibition. However, if compe-
tition with spontaneous beats does occur, there is a risk of 
inducing of atrial fibrillation or VT. In view of this, the pace-
maker should be returned to an appropriate sensing mode as 
soon as possible after the completion of surgery.

MAGNET MODE
A permanent magnet placed over a pacemaker closes a mag-
netic reed switch and initiates “magnet mode.” In some 

pacemakers, magnet mode is VOO, eliminating all sensing. 
Other pacemakers convert to VOO for a few beats, then revert 
to the programmed function. A magnet may also induce a 
threshold margin test; this assesses the adequacy of the pacing 
margin by decreasing the pulse width in a predictable pattern.

STEROID-ELUTING LEADS
Fibrosis at the lead tip can be limited by incorporating a dexa-
methasone pellet that dissolves over months. This improves 
early pacing thresholds versus conventional leads2 and has 
been particularly advantageous in epicardial leads.

ADULTS WITH CONGENITAL HEART DISEASE
Congenital heart disease may include a persistent left superior 
vena cava draining to the CS. This favors a right subclavian 
approach, although the left side can be used.27 Preoperative 
echo-Doppler or angiography can define caval and CS anat-
omy. A left superior vena cava may dislocate the subclavian vein, 
increasing the risk of subclavian vein puncture and favoring 
cephalic cut down. Situs inversus and corrected transposition 
are disorienting, if undetected prior to pacemaker insertion.

Positive fixation leads are particularly useful for atrial pac-
ing after a Mustard operation or a caval-pulmonary anasto-
mosis and for pacing the smooth-walled “right” ventricle in 
corrected transposition of the great arteries.27 A CS lead can 
provide ventricular pacing in some patients after Fontan sur-
gery (Fig. 55-21). Pacing via the CS or middle cardiac vein 
may be useful in patients with a mechanical tricuspid valve 
(Fig. 55-21B).

PACING IN INFANTS AND CHILDREN
Transvenous leads in children should include an intracardiac 
loop to allow for growth (Figs. 55-4 and 55-15). Unipolar, 

Lead dwell time (years since implant)

0–3 y 3–6 y 6–9 y 9–12 y 12+ y

R2 = 0.92
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FIGURE 55-21A Duration of lead implantation (Dwell Time) ver-
sus incidence of incomplete lead extraction. Incidence decreases from 
23% for 12- to 25-year leads to 6% for 0- to 3-year leads. Lead frag-
ments left behind were solid metal tips entrapped connective tissue 
sheath around lead. This results in tip separation, usually at the level 
of the innominate vein. There were no clinical complications related 
to retention of these lead tips.37
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1202 Part VIII Surgery For Cardiac Arrhythmias

positive fixation leads are ideal for this purpose,27 but other 
approaches have been described.22 We prefer cephalic cut-
down, with optical magnification, if needed. A flexible guide-
wire is passed centrally and a 7-French introducer introduces 
the lead. A longitudinal split of the cephalic vein facilitates 
advancing the introducer (Fig. 55-8). In very small infants, 
the external jugular vein at the thoracic inlet may be useful. A 
catheter introduced via the femoral vein can guide subclavian 
vein puncture. Thoracotomy is a third option.22 Infants less 
than 6 months of age are suboptimal candidates for transve-
nous pacing because of limited long-term lead utility. Sub-
pectoral generator placement in children less than 6 years old 
reduces infection risk.

DEMENTIA
Dementia complicates surgery under local anesthesia. Seda-
tion can make dementia worse and exaggerate bradycardia. A 
demented patient’s arms should be secured to prevent groping 
for the surgical wound. Postoperative confusion and thrash-
ing can cause pacemaker lead displacement. An intracardiac 
loop decreases this hazard. A family member at the bedside 
may minimize patient alarm. Every effort should be made to 
anticipate and avoid such issues.

ARRHYTHMIA ABLATION
Arrhythmia ablation is the commonest therapeutic interven-
tion in EP laboratories, with hundreds of thousands per-
formed annually. Ablation procedures can result in AV block 
or sinus bradycardia requiring permanent pacing. Ablation in 
the vicinity of the AV node is particularly hazardous. Most 
commonly, temporary pacing supports heart rate until a 
permanent pacemaker can be inserted. If ventricular escape 
rhythm is poor, overnight observation on telemetry and high 

initial pacemaker output are desirable. Alternatively, a pace-
maker can be inserted and allowed to heal before ablation, if 
high-grade block is anticipated.

TRANSPLANT RECIPIENTS
The usual indication for pacemaker insertion in cardiac trans-
plant recipients is sinus bradycardia or sinus arrest, managed 
with AAIR pacing.45 Patients frequently outgrow the need 
for pacing within 2 years.45 The surface ECG may be confus-
ing, showing P waves from the atria of both the donor and 
the recipient and AV dissociation of the recipient atrium and 
donor ventricle. If a 1:1 ventricular response is observed with 
atrial pacing at 150 bpm, a ventricular lead is not essential. 
The atrial appendage is located toward the midline in these 
patients (Fig. 55-22).

IMPLANTABLE CARDIOVERTER 
DEFIBRILLATOR RECIPIENTS
In the early evolution of ICDs, crosstalk with pacemakers 
could lead to inappropriate ICD shocks or ICD under-
sensing of VF. Independent implantation of pacemakers 
and ICDs is described,46 but with availability of integrated 
ICD-DDD pacemakers, such techniques are now rarely 
indicated.

LONG QT SYNDROME
Long QT is a genetically determined repolarization abnor-
mality that is associated with sudden death. Recommended 
therapies include stellate ganglionectomy and/or adrenergic 
blockade.47 In severe cases, the pacing threshold may be too 
high for ventricular pacing, and atrial pacing may be pref-
erable. ICD therapy is now common, and techniques for 
implantation in infants have been described.

B

FIGURE 55-21B This 31-year-old male with sinoatrial node dysfunction and third degree heart block had previously undergone closure of atrial 
and ventricular septal defects, a Maze procedure, and pulmonary and tricuspid valve replacement twice, most recently with a mechanical tricus-
pid valve. Ventricular pacing was achieved with endocardial lead in posterior cardiac vein, avoiding thoracotomy. (Reproduced with permission 
from Spotnitz HM, Wang DY: Middle and posterior cardiac veins: an underused option for ventricular pacing, J Thorac Cardiovasc Surg. 2012 
May;143(5):1223-1225.)
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1203

IDIOPATHIC HYPERTROPHIC 
SUBAORTIC STENOSIS
Idiopathic hypertrophic subaortic stenosis (obstructive car-
diomyopathy), with severe left ventricular outflow obstruc-
tion, causes angina and/or syncope. Right ventricular pacing 
with a short AVD preexcites the ventricle and decreases out-
flow gradients in some patients16,17 (Fig. 55-23). ICD therapy 
is increasingly common in this population.

PERMANENT BIVENTRICULAR PACING
End-stage cardiomyopathy and heart failure progress with time, 
leading ultimately to cardiac transplantation, cardiac assist 
devices, or death. CRT is a lower cost option for class III or IV 
and possibly class II failure. Clinical trials demonstrate modest 
subjective and objective benefits of CRT in dilated cardiomy-
opathy with left ventricular ejection fraction less than 36% and 
QRS intervals greater than 120 ms.5,18,29,34 Mortality benefits 
are suggested by recent trials.5,34 Marked clinical improvement 
is seen in some patients (Fig. 55-11), but up to 40% of patients 
are nonresponders. Endocardial LV lead insertion fails in 5 to 
10% of candidates, usually because of difficulty cannulating 
the CS. These failures often result in referrals to thoracic sur-
geons for epicardial lead insertion. More than 100,000 patients 
undergo CRT annually in the United States, which could lead 
to 5000 referrals yearly for epicardial lead insertion. Minimal 
access48 and robotic49 LV lead insertion have been developed. 
Referrals might increase if better techniques for epicardial LV 
lead insertion were available.

TEMPORARY BIVENTRICULAR PACING
Clinical success with CRT and the potential to increase car-
diac output while reducing myocardial oxygen consumption 

make temporary biventricular pacing attractive for manage-
ment of low-output states after cardiac surgery. Preliminary 
results50,51 indicate that this approach is promising. Tempo-
rary biventricular pacing can be recommended and is readily 
achievable for patients in low-output states with second- or 
third-degree block after cardiac surgery.18

ATRIAL AND VENTRICULAR TACHYARRHYTHMIAS
Overdrive pacing can be effective for ventricular tachyar-
rhythmias, Wolff-Parkinson-White syndrome, or atrial flutter. 
Implantable defibrillators are under development for atrial 
fibrillation. Antitachycardia ventricular pacing for ventricular 
tachyarrhythmia has been integrated into ICD therapy. Abla-
tion procedures are available for many supraventricular and 
ventricular arrhythmias.

Environmental Issues
ELECTROMAGNETIC INTERFERENCE
EMI43 can be caused by electrocautery, cellular telephones, 
magnetic resonance imagers, microwaves, diathermy, arc 
welders, powerful radar or radio transmitters, and theft detec-
tors in retail stores. Any defective, sparking electrical appli-
ance or motor, electric razor, lawn mower, or electric light can 
be problematic. EMI is most concerning in pacemaker depen-
dent patients and ICD recipients. Pacemaker recipients who 
are not pacemaker dependent will not be distressed by brief 
periods of pacemaker inhibition, but pacemaker-dependent 
patients can lose consciousness in 5 to 15 seconds. Bipolar 
pacing systems provide added protection against EMI. Cel-
lular telephones should be separated by several inches from 
pacemaker generators, preferably on the contralateral side. 
ICD circuits are insulated against inappropriate firing pre-
cipitated by EMI. During surgery using unipolar cautery, the 
defibrillation circuit of an ICD should be temporarily dis-
abled. MRI compatible pacemakers and defibrillators are now 
available but require specific facility protocols.

MECHANICAL INTERFERENCE
Lithotripsy, trauma, dental equipment, and even bumpy roads 
can affect pacemakers. Automobile accidents have caused pace-
maker damage and disruption of pacemaker wounds. Vibra-
tion causes inappropriately high heart rates in rate-responsive 
units. Patients with poor escape rhythms should be discour-
aged from exposure to deceleration injury in contact sports, 
basketball, handball, downhill skiing, surfing, diving, moun-
tain climbing, and gymnastics. Participants in these activities 
should realize that abrupt pacemaker failure could occur in the 
event of lead displacement related to trauma.

RADIOACTIVITY
The integrated circuits of current pacemakers can be dam-
aged by radiotherapy.2 If the pacemaker cannot be adequately 
shielded from the radiation field, it may be necessary to remove 
and replace it or move the pacing system to a remote site.

FIGURE 55-22 DDDR pacing system in a cardiac allograft recipi-
ent illustrates a shift of the atrial appendage toward the midline, char-
acteristic of these patients.
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1204 Part VIII Surgery For Cardiac Arrhythmias

QUALITY OF LIFE
Quality of life is not a major concern for most pacemaker 
recipients. This preferred system involves transtele-
phonic monitoring, a preoperative visit, a 10-day post-
operative visit, a 1-year visit to adjust output, and yearly 
visits unless functional problems or impending battery 
depletion are detected. Some recipients are never happy 
with their pacemakers because of body image problems, 
vague symptoms, or concern that life will be artificially 
prolonged. The value of continued pacing or generator 

replacement in patients with advanced debilitation is a 
subject of debate.4

IMPLANTABLE CARDIAC 
DEFIBRILLATORS
Background
More than 400,000 deaths in the United States each year are 
classified as sudden and likely to be caused by arrhythmias.7 
Michel Mirowski conceptualized the implantable defibrillator 

100

0
A

B

200
mm Hg

100

0

Baseline (NSR) 2 months (DOD) 1 year (DOD)

200
mm Hg

I

II

III

I

II

III

V1

AV ??
100 ms

AV ??
125 ms

FIGURE 55-23 (A) Effect of reducing AVD in DDD pacing from 125 (left) to 100 ms (right) on left ventricular outflow gradient in idiopathic 
hypertrophic subaortic stenosis. (B) Effect of time and DDD pacing on left ventricular outflow gradient in idiopathic hypertrophic subaortic 
stenosis. (Reproduced with permission from Fananapazir L, Epstein ND, Curiel RV, et al: Long-term results of dual-chamber (DDD) pacing in 
obstructive hypertrophic cardiomyopathy. Evidence for progressive symptomatic and hemodynamic improvement and reduction of left ventricular 
hypertrophy, Circulation 1994 Dec;90(6):2731-2742.)
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 Chapter 55 Surgical Implantation of Pacemakers and Automatic Defibrillators 1205

in the late 1960s. Overcoming theoretical, engineering, and 
financial obstacles, he participated in a successful clinical trial 
of his device in the early 1980s.52 Current ICDs reflect a dra-
matic and expensive growth in technology. The efficacy of 
the ICD in prevention of sudden death is well established. 
Clinical trials, experience, and the passage of time emphasize 
survival advantages of the ICD over other modalities, includ-
ing antiarrhythmic drugs and subendocardial resection.7 The 
ICD is associated with the lowest sudden death mortality 
(1–2% per year) of any known form of therapy.53,54 The cost 
of an ICD plus leads exceeds $30,000 and has increased with 
incorporation of CRT. Prophylactic ICD insertion for pri-
mary prevention is increasing, despite discomfort and life-
style issues.

Clinical trials including AVID, MUSST, MADIT I and II, 
SCD-HeFT, and COMPANION demonstrated benefits of 
ICD therapy.7,42,55-58 The CABG Patch Trial,57 which com-
pared coronary artery bypass graft (CABG) to CABG+ICD, 
and DINAMIT, which studied ICD implantation early after 
myocardial infarction, failed to demonstrate advantages of 
ICD insertion. Trials now focus on prophylactic ICD 
therapy, CRT-Ds and cost-effectiveness. Accumulating 
evidence supports prophylactic use of CRT-Ds in patients 
with coronary disease or dilated cardiomyopathy.7,58 The 
appropriate role for prophylactic CRT-Ds is still evolv-
ing. The Heart Rhythm Society will not certify surgeons 
to implant ICDs unless they have passed its certification 
exam. Patients with prophylactic device insertion are being 
followed in a national registry. Information about this can 

be found at http://www.accncdr.com/webncdr/ICD. ICD 
insertion for primary prevention has doubled or tripled the 
number of candidates for these devices.

ICD battery life is greater than 5 years. Today’s devices are 
highly programmable. Size and weight are similar to pacemak-
ers of the 1970s. Lead systems have evolved from epicardial 
patches requiring thoracotomy to endocardial systems.7,54,59,60 
Defibrillation thresholds (DFTs) are reduced by biphasic 
shocks and “hot can” technology.7 Pectoral implantation 
is the current standard, some deep to the pectoralis major. 
Abdominal implantation is now reserved for special cases 
(Figs. 55-24 and 55-25). Electrograms can be downloaded 
to expedite decisions about antiarrhythmics, prevent inap-
propriate shocks, and detect oversensing. Remote monitoring 
of ICD function is available from some manufacturers. VVI, 
DDD, biventricular, and anti-tachycardia pacing have been 
integrated into ICDs. Accelerated development has pressured 
the Food and Drug Administration to rapidly approve new 
technology. When the US Health Care Finance Adminis-
tration refused in 1995 to allow Medicare reimbursement 
to support device development, ICD development shifted 
overseas.

Physiology
VT associated with ischemic cardiomyopathy is commonly 
a reentrant arrhythmia that may be prevented by drugs, 
catheter ablation, or surgical maneuvers that alter the timing 
and electrical attributes of the reentrant circuit. Myocardial 

A B

FIGURE 55-24 (A) ICD implant in 13-year-old girl with long QT syndrome. Intracardiac loop allows for growth. Strain relief loop is in the 
shoulder. Single-coil, screw-in lead permitted intracardiac loop. Twin-coil leads are now available. Generator is in posterior rectus sheath. (B) 
Lateral x-ray.
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infarction creates the areas of scarring and slow conduction 
needed for reentry. Other forms of VT and VF involve aber-
rancies of automaticity related to acute myocardial ischemia, 
increased ventricular wall stress, and myopathic cellular 
injury. Some class I antiarrhythmics have been shown to 
increase postinfarction mortality, possibly owing to proar-
rhythmic effects.

Indications
Candidates for ICD insertion for secondary preven-
tion therapy have suffered documented VT or VF in the 
absence of acute myocardial infarction and have been 
proved unsuitable for antiarrhythmic drug or surgical ther-
apy, based on programmed electrical stimulation studies 
in the EP laboratory. However, many patients who suffer 
cardiac arrest do not have inducible VT at EP study, and 
many patients with a history of syncope and presyncope 
have inducible VT but no history of a clinical arrhythmia. 
Many antiarrhythmics have negative inotropic and proar-
rhythmic effects. Serial EP studies of drug efficacy have 
been discredited in clinical trials.7

In mid-1996 the Food and Drug Administration 
approved an indication for prophylactic ICD insertion 
based on early termination of the MADIT trial.55 If EP 
studies demonstrate inducible VT in patients with nonsus-
tained VT and a remote history of myocardial infarction, an 
ICD is indicated. MADIT II results support ICD insertion 
in all patients with a history of myocardial infarction and 

left ventricular ejection fraction less than 30%. Primary pre-
vention indications include ischemic cardiomyopathy with 
LVEF ≤ 35% and NYHA Class II or III ≥ 40 days post MI. 
LVEF ≤ 30% and NYHA Class I ≥ 40 days after MI also 
qualifies, as does nonischemic myopathy with LVEF ≤ 35% 
and NYHA Class II or III.

Device Description
ICDs usually employ one bipolar lead for ventricular pacing/ 
rate sensing and another to deliver the defibrillation current 
(Fig. 55-26). These are integrated into a single lead body for 
endocardial insertion.7 A unipolar ventricular lead paired 
with an “active can” delivers the defibrillation current in some 
designs. Rate and waveform identify malignant rhythms for 
treatment. Up to 30% of ICD shocks are inappropriate, for 
sinus tachycardia or other supraventricular tachyarrhythmias. 
A bipolar atrial lead can help differentiate supraventricular 
arrhythmias from VT. Subcutaneous leads can be added for 
patients with high DFTs. Most implants are just caudad to 
the clavicle, but long lead lengths allow abdominal locations. 
Positive fixation leads are preferred.

The ICD contains a high-energy battery and a capacitor 
that steps up the output voltage to 600 to 800 V at 35 to 40 J. 
Shocks with positive and negative phases reduce DFTs. ICDs 
incorporate integrated circuits and a telemetry antenna. A 
broad range of programmable diagnostic and therapeutic 
functions are supported.

Surgical Procedure
PATIENT PREPARATION
Most ICD recipients are at increased mortality/morbidity 
risk for any surgery. Preoperative optimization of therapy for 
ischemia, heart failure, and systemic illnesses is critical. The 
mortality of ICD implantation in our program has been low 
since 1983, with ischemia more lethal than severe cardiomy-
opathy. Ischemia on stress testing mandates CABG, coronary 
angioplasty, intra-aortic balloon pump, or deferral of DFT 
testing.

SURGICAL APPROACH
Epicardial patch leads59,60 are now rarely used. They fell into 
disfavor when the CABG Patch Trial demonstrated that 
infectious complications were more common in ICD recipi-
ents than control patients.57 Extrapericardial ICD patches 
cause less fibrosis, less impairment of diastolic properties,61,62 
and less potential for graft impingement than intrapericardial 
patches. Biphasic waveforms, improved leads, high-output 
“hot can” generators, and subcutaneous leads have made the 
endocardial approach successful.7

MANUFACTURER’S REPRESENTATIVES
The complexity of current devices and a large number of 
spare parts, leads, and catheters have legitimized the pres-
ence of manufacturer’s representatives during ICD implants. 

FIGURE 55-25 ICD/DDD pacemaker for VT with prior bilateral 
radical mastectomies. Venous access via external jugular vein. Positive 
fixation leads tunneled vertically in the midline, the only location on 
the chest wall with adequate tissue. Generator subcutaneous in abdo-
men. Cosmetic result acceptable to patient.
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A

B C

D E

F G

FIGURE 55-26 (A) ICD lead (9 French) with Gore-Tex-coated shocking coils. (B) ICD lead (7 French) with retractable screw. (C) ICD/pace-
maker. (D) Early design MRI-compatible pacemaker leads. (E) Wireless ICD. (F) and (G) Over-the-wire multielectrode lead for coronary sinus 
pacing. (A, E: Image provided courtesy of Boston Scientific. © 2016 Boston Scientific Corporation or its affiliates. All rights reserved. B, C, D, F: 
Reproduced with permission of Medtronic, Inc.; G: Trifecta, Quartet and St. Jude Medical are trademarks of St. Jude Medical, Inc. or its related 
companies. Reproduced with permission of St. Jude Medical, © 2016. All rights reserved.)
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1208 Part VIII Surgery For Cardiac Arrhythmias

This increases influence of the manufacturer on the implant 
and warrants oversight. CRS regulations mandate electro-
physiologist oversight of DFT measurement.

TECHNIQUE
We prefer local anesthesia, conscious sedation, and unipolar 
cautery for endocardial ICD insertion. Invasive, radial artery 
pressure monitoring is used during DFT measurement. Posi-
tioning and draping are similar to that for pacemaker inser-
tion. Adhesive defibrillation pads are added over the right 
breast and beneath the left scapula. Pads should not be placed 
directly over the site of a possible subcutaneous ICD patch 
or array in the lateral axilla; this can result in serious equip-
ment damage from arcing if external defibrillation is neces-
sary. Cefazolin or combined vancomycin/gentamicin is used 
for antibiotic prophylaxis.

We prefer a cephalic vein cutdown via a 6-cm incision 
over the deltopectoral groove. If the vein is small, a guidewire 
is used to insert a 9-French introducer. Enlargement of the 
cephalic venotomy may be helpful (Fig. 55-8). The guide-
wire can be left in place if a multiple-lead system is to be 
employed. Introducer kinking can lead to difficulty passing 
ICD leads. High central pressures will cause bleeding until 
the introducer is removed. Aligning the introducer with the 
course of the subclavian vein before removing the obturator 
minimizes this.

As the lead enters the ventricle, VT or VF may be triggered. 
This is less disruptive if an external defibrillator is connected 
and precharged, with a capable OR nurse or electrophysiolo-
gist at the controls. The ventricular lead should be advanced 
gently as far as possible to the apex. Positive fixation ICD 

leads are best for both atrium and ventricle. Fluoroscopic and 
impedance checks for lead displacement are warranted dur-
ing DFTs, particularly if external defibrillation is necessary. 
Intravenous norepinephrine is useful for blood pressure sup-
port. In patients under general anesthesia, transesophageal 
echocardiography is useful for monitoring LV function dur-
ing DFTs. Swan-Ganz catheters are not useful for monitor-
ing—their removal can dislodge the ICD leads.

If CRT is indicated, we insert the LV lead first, via cephalic 
cutdown. RV and RA leads are inserted via subclavian 
puncture. CS localization can be expedited by steerable EP 
catheters, dye injection to detect blood flow out of the CS, 
transesophageal echocardiography, and other techniques.5 
The left subclavian location is now the standard of care for 
generator location, in a subcutaneous or subpectoral pocket.

The left upper quadrant abdominal or posterior rectus 
sheath (Fig. 55-24) is now a rare pocket option and requires 
long leads, general anesthesia or sedation/local anesthesia to 
tunnel leads to the abdomen from the subclavian incision. The 
tunneler must pass anterior to the costal margin. The lead is 
looped at the shoulder and firmly secured against displacement 
by a tug on the abdominal end (Figs. 55-24 and 55-25). A lim-
ited thoracotomy may be required to add an epicardial lead for 
CRT if endocardial CS lead insertion fails (Fig. 55-27).

DEFIBRILLATION THRESHOLD
DFT testing was previously the standard of care but is 
increasingly controversial, particularly in primary prevention 
implants, and should be done in consultation with an electro-
physiologist.5 Vulnerability testing is a described option. DFT 
testing is also less important as technological advances have 

FIGURE 55-27 Epicardial LV leads inserted in 45-year-old man for treatment of congestive heart failure after two failed endocardial attempts. 
PM-ICD was required for complete heart block and cardiomyopathy after aortic and mitral valve replacement for bacterial endocarditis.
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increased the probability of success. The DFT is the point 
of maximum risk in ICD insertion and is usually induced 
twice and reversed by the ICD to confirm a 10-J safety mar-
gin and adequate sensing of VF. Backup defibrillation is 
available through defibrillation pads. If the DFT is too high 
after optimizing RV lead location, a subcutaneous axillary 
patch or wire is used to distribute the defibrillation current 
over the posterolateral left ventricle. High-output genera-
tors and reversed shock polarity may also help. DFT testing 
can depress cardiac function and cause a low-output state.5,46 
The mortality of ICD insertion is about 1%. Complications 
include myocardial infarction, heart failure, infection, lead 
displacement, venous occlusion, tamponade, hemopneumo-
thorax, and pocket hematoma.

REFRACTORY VENTRICULAR FIBRILLATION
VF may become refractory to external defibrillation as a result 
of iatrogenic pneumothorax, myocardial ischemia, electrome-
chanical dissociation, and inappropriate ICD lead location. 
Refractory VF rarely may require open cardiac massage or 
cardiopulmonary bypass until a solution can be found.

POSTOPERATIVE CARE
Same day discharge or telemetry and an overnight stay are 
both current practice after ICD insertion for secondary pre-
vention, and DFT testing is controversial. Pacing and sensing 
properties confirm lead stability before discharge. In some 
cases, DFTs are also retested. An ICD magnet should be avail-
able for treatment of patients with freshly implanted ICDs. 
The magnet is used to inhibit inappropriate shocks caused 
by ventricular lead displacement or supraventricular arrhyth-
mias. Patients undergoing ICD insertion for primary preven-
tion may be discharged on the day of surgery. We administer 
ciprofloxacin for 5 days after discharge to complete prophy-
laxis based on a historical precedent. A postoperative office 
visit is scheduled 7 to 14 days after implant.

SURGICAL FOLLOW-UP
At the postoperative office visit, lead position, patient symp-
toms, EP follow-up appointments, and the surgical site are 
assessed. If drainage is present, the wound is cultured and 
treated. For sterile drainage, ciprofloxacin or trimethoprim-
sulfamethoxazole is administered for 10 days, and the patient 
is asked to keep the site dry until healing is complete. Refrac-
tory infection requires hospitalization and ICD removal.

DEVICE FOLLOW-UP
ICDs require outpatient EP evaluation at 1- to 3-month intervals 
to cycle the capacitors, confirm battery life, test pacing thresh-
olds, and download electrograms. Data are reviewed for aborted 
charging cycles arrhythmias. Programming is adjusted accord-
ingly. For any shocks reported, telemetry can confirm proper 
function, detect inappropriate shocks, and demonstrate electri-
cal noise or oversensing that requires lead revision. Wireless ICD 
monitoring from home is now a clinical reality for some ICDs.

Late Follow-up and Generator 
Replacement
BATTERY DEPLETION
ICD battery life is now typically more than 60 months. Com-
plications of generator replacement include infection, myo-
cardial infarction, and death. Progression of heart failure and/
or coronary artery disease increases the risk of replacement. 
Replacement is done under local anesthesia, with sedation 
during DFTs. DFTs may be deferred if the risk is excessive. 
Patients are discharged on the same day with antibiotic cover-
age, unless leads are replaced.

LEAD DYSFUNCTION
The incidence of lead failure increases with time. About 
50% of ICD recipients have some lead revision by 10 years 
of follow-up.63 Problems include lead fracture,64 high DFTs, 
oversensing, undersensing, and exit block. Oversensing can 
be caused by insulation damage. Oversensing can be cor-
rected by adding a transvenous rate-sensing lead, preferably 
of the positive-fixation type. Visible insulation damage inside 
the defibrillator pocket may be repairable with silicone glue, 
tubing, and ties.

Patch leads can fail because of conductor fracture or distor-
tion by fibrosis. With endocardial leads, DFTs may increase 
as a result of cardiac enlargement, which shifts the left ven-
tricle laterally, away from the right ventricular lead. Insertion 
of a subcutaneous patch or array (Fig. 55-28) and/or a high-
output generator can correct high DFTs.

Additional Issues
BRIDGE TO TRANSPLANT
CRT-D therapy is increasingly common for amelioration of 
symptoms and protection against VT/VF in patients awaiting 
cardiac allografting. Cost is an important concern.

QUALITY OF LIFE
Issues include the discomfort and distress of shocks and 
inconvenience of outpatient visits. These are particularly try-
ing for elderly patients. ICD generators, though shrinking in 
size and weight, are bulky compared with pacemakers. Many 
patients are elated to be rescued by their ICD from a malig-
nant arrhythmia, but others find this distressing.40,65,66 Many 
ICD patients do not comply with recommended limitations 
on driving automobiles.67,68 Fortunately, the rate of driving 
accidents in ICD recipients is reportedly low.

COST-EFFECTIVENESS
ICD therapy is expensive, but VT/VF management in the 
absence of an ICD is also costly.69 Low cost of ICD genera-
tors and leads would increase the economic appeal of ICD 
prophylaxis.
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1210 Part VIII Surgery For Cardiac Arrhythmias

NEW TECHNOLOGY
ICDs and pacemakers that do not require endocardial leads 
are available or in clinical trials. Functionality of these sys-
tems is limited but valuable for selected patients.
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Adults with congenital heart disease now outnumber chil-
dren with this malady. They constitute a growing population 
of survivors, with increasingly complex treatment require-
ments for their heart disease. Over the past two decades, the 
spectrum of complexity for adult congenital heart disease 
(ACHD) patients has evolved from late primary repairs of 
patients with simple lesions—including coarctation, patent 
ductus arteriosus, septal defects, and tetralogy of Fallot—to 
nth time reoperations on survivors of complex multistaged 
palliations. Significant efforts to define the optimal program 
resources necessary to effectively treat ACHD patients have 
been made worldwide,1 yet many congenital heart patients 
continue to suffer from poor continuity of care as they enter 
adulthood. This chapter will describe several salient treat-
ment strategies for adult patients undergoing congenital heart 
surgery.

REDUCING CUMULATIVE 
THERAPEUTIC TRAUMA
The optimal venue for ACHD treatment is unknown, and it 
is fair to say that no two programs are the same. The need for 
a coordinated and comprehensive programmatic strategy for 
care has been well described, and should encompass not only 
the lifetime of a generation of patients with congenital heart 
defects from fetal to adult life, but also the health of pregnant 
mothers with congenital heart disease who will give birth to 
a new generation.2 Pregnant mothers with fetal diagnoses of 
congenital heart disease may be asked to undergo invasive 
intrauterine procedures to palliate their fetal child’s heart, 
thus creating a new group of adult patients dealing with the 
trauma of congenital heart care.3

Our congenital heart program philosophy is to reduce the 
cumulative trauma of care for each patient with congenital 
heart disease over their lifetime. To achieve this, we discuss 
each adult patient referred to our program for surgery or inter-
vention in a combined conference with participation from 
adult and pediatric interventional cardiologists and surgeons, 
dedicated cardiac intensivists, cardiac anesthesiologists, car-
diac imaging specialists, and the cardiac nursing, pharmacy 

and social work teams. Treatment options are selected so that 
the least traumatic form of effective therapy is chosen as the 
initial approach. Failure to achieve a good result leads to an 
escalation to the next least traumatic option. As an example, a 
patient with a secundum atrial septal defect (ASD) would be 
put forward for device closure, and if this failed, the patient 
would then be given the option of a minimally invasive surgi-
cal repair.

INFORMATION SYSTEMS
Adult congenital heart disease patients with complex lesions 
often have dense medical histories, stored in multimedia for-
mats, which expose the weaknesses of current paper and elec-
tronic medical record (EMR) systems. Increasing utilization of 
EMRs by medical teams, and personal health records (PHRs) 
by patients and families, has been demonstrated to improve 
outcomes in some patients with chronic disease.4 However, 
pediatric heart patients and their families often have not 
been educated about their disease, and what to expect as they 
transition to adulthood. The PHR could be used to enhance 
patients’ understanding, and provide roadmaps for follow-up 
treatments and diagnostic studies. These information systems 
could also be linked to national and international registries 
designed to measure clinical outcomes and performance for 
centers treating adult congenital heart patients.5

The emergence of Web-based hospital EMR systems 
allows our cardiac team to track patients over their lifetime, 
and retrieve critical patient information on demand. We have 
also enabled our patients to access specific data fields from 
the EMR. We capture intraoperative endoscopic images of 
each congenital heart lesion, before and after repair,6 and 
store these images in our EMR. We also capture and store 
a daily picture of each hospitalized patient. These images 
are reviewed in morbidity and mortality conferences, to 
correlate with other clinical information and imaging tech-
niques. The operative images are reviewed prior to reopera-
tions, to regain familiarity with the patient’s anatomy.7 The 
operative images from this chapter were retrieved from this 
online image database (Fig. 56-1).

Surgery for Adult Congenital 
Heart Disease
Redmond P. Burke 
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1216 Part IX Other Cardiac Operations

COMMON ADULT CONGENITAL 
HEART DISEASE PROCEDURES
Reoperative Sternotomy

Congenital heart procedures in adults are frequently reop-
erations, however, standardized protocols for reoperations 
in patients with acquired heart disease may not match 
the challenges presented by ACHD patients. Risk factors 
for traumatic repeat sternotomy in ACHD patients differ 
from those identified in patients with acquired heart dis-
ease, which often focus on dealing with patent coronary 
artery bypass grafts.8 Femoral cannulation is often difficult 
in ACHD patients who have undergone multiple interven-
tional catheterizations during their growth years, result-
ing in stenotic or occluded femoral vessels. Consequently, 

we rarely use elective or emergent peripheral cannulation. 
Key risk factors for ACHD reoperations include retroster-
nal ventricular to pulmonary artery conduits, particularly 
if they are calcified, have multiple stents in place, or are 
clearly embedded in the sternum. Fusion to the sternum 
should be suspected when the conduit does not move with 
the cardiac cycle on lateral angiograms. Patients with pul-
monary hypertension, right ventricular enlargement, prior 
sternal infections, aneurysms of the right or left ventricular 
outflow tracts, pectus excavatum, or aortopulmonary shunts 
are at increased risk, and qualify for preliminary vascular 
access dissection and pursestring placement. Patients with 
multiple risk factors may be placed on bypass to decompress 
the right ventricle prior to sternal division.

We excise previous sternotomy scars and remove sternal 
wires. The xiphoid process is removed, and cautery dissection 

FIGURE 56-1 This is a screen image from our first electronic medical record, showing the operative images for a patient with truncus arteriosus. 
These images were captured in the operating room, and immediately uploaded to a Web-based EMR. These can be retrieved on demand by search-
ing by procedure, diagnosis, or individual patient.
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 Chapter 56 Surgery for Adult Congenital Heart Disease 1217

is begun at the inferior sternal edge. The oscillating saw is 
used to divide the anterior sternal table. Rakes are used to ele-
vate the two sides of the sternum and expose the retrosternal 
scar. Short segments of retrosternal scar are released, followed 
by gradual sternal division with the oscillating saw, proceed-
ing up the sternum.

In the event of cardiac or great vessel penetration during 
sternotomy, when we have not already exposed vessels for can-
nulation, we release the sternal retractors, and immediately 
extend the neck incision up and to the right to expose the 
innominate artery and the internal jugular or high innomi-
nate vein. These vessels are cannulated through pursestrings, 
and bypass is initiated. In patients where venous access 
cannot be achieved in the suprasternal area, we dissect the 
inferior vena cava just above the diaphragm. This approach 
has been described as “simplified aortic cannulation.”9 The 
sternotomy is completed with the patient in Trendeleberg 
position. We continuously infuse carbon dioxide into the 
operative field during every operation to reduce the risk of 
air embolism, although evidence supporting this technique 
is not conclusive.10

To reduce adhesion formation, and decrease the risk of 
future sternotomy, we prevent cardiac dessication by cov-
ering the heart with saline-soaked gauze throughout each 
operation. At the completion of ACHD repairs we occa-
sionally place antiadhesion materials to decrease retrosternal 
adhesions. In some centers, expanded polytetrafluoroeth-
ylene (PTFE) is routinely placed behind the sternum prior 
to closure.11 Capsule formation may obscure natural tissue 
planes, making subsequent reoperative dissection more diffi-
cult. Bioresorbable films12 and sheets of extracellular matrix13 
derived from pig jejunum have also been approved for use as 
pericardial substitutes.

Atrial Septal Defects
The advent of transcatheter device closure for ASDs has sig-
nificantly changed the average complexity level of ACHD 
surgical case volumes. Patent foramen ovale and most secun-
dum defects are effectively closed with devices, and are rarely 
referred for surgical closure in programs with effective inter-
ventional catheterization teams. Sinus venosus and primum 
defects, transitional and complete atrioventricular canal, 
common atrium, and secundum defects with deficient infe-
rior and superior rims are referred for surgery and we repair 
these on cardiopulmonary bypass with bicaval cannulation 
and ischemic arrest.

Multiple incisional approaches have been described 
to improve the cosmetic result, and reduce operative 
trauma, after open-heart surgery. These include partial 
upper and lower sternotomy, transxiphoid, anterior tho-
racotomy, and submammary incisions. Despite the visible 
scar, median sternotomy may be the least traumatic inci-
sion for ACHD patients, allowing the surgeon to avoid 
vascular trauma from peripheral cannulation, intercostal 
muscle, vessel, and nerve damage, and mitigate the risk 
of post-thoracotomy pain syndrome. Median sternotomy 

allows direct aortic control for safe, effective cannulation, 
decannulation, deairing, and cardioplegia administration 
with minimal risk of dissection. Median sternotomy also 
ensures direct and rapid access to the entire mediastinum, 
allowing surgeons to deal with unanticipated anatomic 
variations discovered at surgery, which are not uncommon 
in ACHD patients.

Our venous cannulation strategy for ASDs is bicaval, via 
the right atrial appendage into the superior vena cava, and 
down the inferior venal caval junction into the inferior vena 
cava. Smaller defects, which in the past might have been 
closed primarily, are now rarely referred for surgery, and 
we find that repairs are best performed with patch materi-
als, ideally glutaraldehyde-treated pericardium. Placing the 
smooth surface on the left atrial side, we use running suture 
lines of fine polypropylene to create tension-free suture lines 
(Fig. 56-2A).

For sinus venosus defects, we place a right-angled can-
nula in the innominate vein, to enable exposure of the partial 
anomalous pulmonary veins entering the superior vena cava. 
The atrial incision is made laterally to avoid the sinus node 
area, and is extended superiorly to a point above the entrance 
of the highest anomalous vein. A native pericardial patch is 
used to close the atrial incision to avoid superior vena caval 
stenosis (Fig. 56-2B).

In patients with primum ASDs, the cleft mitral valve 
is routinely repaired with fine running polypropylene 
suture lines, approximating the line of contact between 
the leaflet segments. Even patients with competent valves 
are repaired, as late onset of cleft regurgitation is known 
to occur. Patients at risk for mitral stenosis, particularly 
those with a single papillary muscle in the left ventricle, 
may have their clefts left open to avoid valvar stenosis. 
Results for these repairs are excellent, even in patients at 
advanced ages.14

Ebstein’s Anomaly
Surgery for Ebstein’s anomaly can be performed in older 
patients at low risk and with good late outcome. The opera-
tion is comprised of tricuspid valve repair or replacement, 
and concomitant procedures such as ASD closure, arrhyth-
mia surgery, and coronary artery bypass grafting.15 Repair 
techniques for these patients continue to evolve. We believe 
the presence of an untethered and well-developed anterior tri-
cuspid valve leaflet increases the chance of a successful repair, 
and have used the Cone technique in adult patients.16 This 
repair requires dissection of the anterior and posterior tri-
cuspid valve leaflets from their right ventricular attachment. 
The free edge of the anterior leaflet is then rotated clockwise 
and sutured to the septal leaflet border. This produces a cone-
shaped valve, fixed distally at the right ventricular apex, and 
proximally at the tricuspid valve annulus. The septal leaflet 
is incorporated into the cone wall whenever possible, and 
the ASD is partially closed. Results have been good, with 
low mortality, significantly less tricuspid regurgitation, and 
improvement in functional class.
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1218 Part IX Other Cardiac Operations

Fontan Revision
In the modern era, the primary cause of death for adult 
patients with cyanotic lesions is arrhythmia, followed by 
heart failure.17 Fontan patients may present with arrhyth-
mia and complications related to systemic ventricular failure, 
protein-losing enteropathy (PLE), systemic venous path-
way obstruction, and semilunar and atrioventricular valve 
dysfunction. Initial evaluations must focus on ensuring a 
completely unobstructed vascular pathway to the lungs. The 
different types of surgical technique historically used to create 
the Fontan circulation each have characteristic complications. 
Patients with intracardiac baffles and atriopulmonary con-
nections may present with extreme right atrial enlargement, 
resulting in stagnant flow, right pulmonary vein compression, 
and arrhythmia.

Fontan conversion involves takedown of the previously 
created venous connection, and creation of an extracardiac 
cavopulmonary connection with a conduit. Because the 
extracardiac Fontan excludes the systemic veins from the 
heart, any catheterization procedures requiring atrial level 
intervention, particularly electrophysiology interventions, 
must be planned before conversion. We therefore plan 
Fontan conversions with our electrophysiology team, and 
frequently combine Fontan conversions with arrhythmia 
surgery,18 and treatment of atrioventricular valve dysfunc-
tion. Valve repairs are often complex in these patients, and 
replacements are often required to achieve good hemody-
namic results.19 Results depend on the patients’ underlying 
anatomy, right ventricular function, and pulmonary vascu-
lar resistance.20

We perform extracardiac Fontan procedures with bicaval 
cannulation, and leave the heart warm and beating when-
ever possible. The inferior vena cava is transected at the 
cavo-atrial junction under a clamp, and the cardiac end is 
oversewn with a running 4-0 polypropylene suture. We use 
a ring reinforced expanded PTFE graft from 19 to 23 mm in 
diameter, and leave enough length to avoid right pulmonary 
vein compression. The superior anastomosis to the supe-
rior vena caval junction with the right pulmonary artery is 
then constructed with a running 6-0 polypropylene suture. 
Hybrid stenting procedures, where the interventional cath-
eterization team comes into the cardiac operating room to 
deploy stents, are used to treat stenoses in the retroaortic 
pulmonary arteries.

In patients with complex cardiac anatomy, these Fontan 
revision procedures may best be performed with the partici-
pation of the electrophysiology team. This ensures effective 
interruption or ablation of all reentrant pathways, which may 
not follow the patterns seen in patients with acquired heart 
disease and normal cardiac anatomic relationships. A variety 
of Maze type procedures have been described in an effort to 
disrupt atrial reentrant pathways. The unpredictable anatomy 
of the conduction tissue in ACHD patients has resulted in 
frequent need for pacemaker insertion. In many centers, 
customized pacemaker therapy has been advocated for man-
agement of patients following Fontan conversion. However, 

A

SV ASD

RUPV

SN

SVC

Pericardial baffle
B

SVC RA patch

SVC

C

FIGURE 56-2 (A) Operative image of sinus venosus defect showing 
the pulmonary venin orifices, the superior vena cava, and the septal 
defect. (B) Operative image of two patch repair with an internal patch 
baffling the pulmonary veins to the left atrium, and an external patch 
to prevent obstruction of the superior venal caval entry into the right 
atrium.
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based on an experience with 120 Fontan conversion from 
1994 to 2008, which began with a flexible approach to each 
patient’s anticipated pacing needs, Tsao et al now recommend 
routine placement of a dual-chamber antitachycardia pace-
maker with bipolar steroid-eluting leads in patients undergo-
ing Fontan revision.21

Right Ventricular Outflow Tract 
Reconstruction
Right ventricular outflow tract (RVOT) reconstruction after 
previous repair of tetralogy of Fallot, double outlet right 
ventricle, pulmonary atresia, truncus arteriosus, and arterial 
switch procedures are increasingly common, as patients who 
underwent successful neonatal and infant repairs are return-
ing with pulmonary insufficiency and/or stenosis, resulting in 
right ventricular dysfunction, exercise intolerance, arrhyth-
mias, and sudden death.22 The first percutaneous pulmonary 
valve replacement was performed by Bonhoeffer and col-
leagues in 2000,23 and this therapy is increasingly available 
as clinical trials have demonstrated safety and efficacy, and 
improvement in the New York Heart Association (NYHA) 
functional class is evident at 1-month postprocedure.24 This 
less invasive therapy has accelerated the study of ACHD 
patients with pulmonary valve disease who were previously 
followed for years to avoid the trauma of reoperation. The 
growing experience with transcatheter pulmonary valve inser-
tion into previously placed RVOT homografts and con-
duits suggests that homograft infection is rare, and stent 
fractures are more common (32%), but benign. The per-
cutaneous valves have a median maximum instantaneous 
gradient across the RVOT of 23 mm Hg.25 With surgical 
standby, patients with rupture can be placed on emergent 
bypass, and undergo surgical repair with good results.26 Indi-
cations for pulmonary valve replacement in ACHD patients 
are evolving, and optimal indications and timing remain 
unclear. Preoperative evaluation with echocardiography, mag-
netic resonance imaging (MRI), and cardiac catheterization 
are used to identify concomitant lesions, particularly pat-
ent foramen ovale, coronary anatomy, and right ventricular 
dimensions and function.

For patients not amenable to transcatheter pulmonary 
valve implantation, our standard surgical approach includes 
median sternotomy, bicaval cannulation, and repair on car-
diopulmonary bypass with moderate hypothermia. These 
repairs may be performed without ischemic arrest if provoca-
tive preoperative testing (bubble test with Valsalva) is nega-
tive; however, we prefer to perform these operations with 
the aorta cross-clamped. We control the branch pulmonary 
arteries with tourniquets and place a right ventricular vent in 
the atrium to create a clear operative field. If a previous right 
ventricular incision or patch is present, this is used as a safe 
reentry point, and the incision is extended fare enough to 
inspect the right ventricle and allow resection of obstructing 
intracavitary muscle bundles. Pulmonary valve replacement 
options include pulmonary and aortic homografts, bovine 

jugular vein grafts, bioprosthetic valves, and mechanical pros-
thetic valves.

Homografts may be selected based on appropriate size and 
length to match the patient’s anatomy, and echocardiographic 
estimates of the normal pulmonary valve dimensions for that 
patient’s weight. Conduits must be cut to the appropriate 
length to prevent tension (too short) and kinking (too long). 
We perform the distal pulmonary artery anastomosis with a 
running 6-0 monofilament polypropylene suture, and then 
trim the proximal homograft muscle cuff to match the right 
ventricular incision. The proximal anastomosis is constructed 
with a larger running suture and needle, and care is taken to 
avoid the left main and anterior descending coronary arteries. 
When these cannot be visualized due to epicardial scarring, 
we use intraoperative fluorescent imaging to map the coro-
nary arteries on the surface of the right ventricle.27 The ante-
rior portion of the outflow tract is completed with a patch of 
native or bovine pericardium (Fig. 56-3).

The bovine jugular vein valve is sized and implanted in 
a similar way to homografts, with a distal running suture 
line. The proximal graft is beveled, so that a separate hood 
patch is not necessary. Ten years after implantation, bovine 
jugular vein grafts have significantly less failure, dysfunction, 
and explant rates, than pulmonary homografts in matched 
patient groups (Fig. 56-4).28

Bioprosthetic and mechanical valves are positioned in the 
RVOT at the normal pulmonary valve annulus in patients 
with normal right ventricular anatomy, or in a position that 
avoids sternal compression (more distal implantation is often 
necessary after repair of truncus arteriosus and pulmonary 
atresia). Compression of the left main coronary artery must 
also be considered when positioning these rigid valve rings. 
We have used both an interrupted horizontal mattress suture 
technique, and a running polypropylene suture technique 
for these implants. Both require that the valve suture line 
be constructed so that the valve orients parallel to the main 

RV

HPV

FIGURE 56-3 Right ventricular outflow tract reconstruction with a 
pulmonary homograft.
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1220 Part IX Other Cardiac Operations

pulmonary, avoiding the tendency for the valve to aim up 
toward the sternum. The surgeon must also ensure that valve 
struts do not obstruct the branch pulmonary arteries. A patch 
may be used to close the main pulmonary artery and infun-
dibulum when the implanted valve does not fit in the native 
outflow tract (Fig. 56-5).

Advantages and disadvantages exist for each pulmonary 
valve replacement option.29 Homografts and bovine jugular 
veins have length and can be used to span long gaps between 
the right ventricle and the branch pulmonary arteries. The dis-
tal anastomosis can be configured to repair stenotic sections 
of the main pulmonary artery and the proximal branches. 
They also form suitable conduits for subsequent insertion of 
transcatheter pulmonary valves in the future if they become 
stenotic or insufficient. We try to tailor our conduit deci-
sions to meet the implantation requirements for transcath-
eter pulmonary valve insertion. These evolving requirements 

are factored into our decision process in selecting a conduit 
during our current surgical pulmonary valve replacements. 
Available bioprosthetic valves are also suitable for subse-
quent insertion of a transcatheter valve, as the valve ring 
provides a stable landing zone for the transcatheter valve 
stent. Mechanical valves do not allow subsequent placement 
of a transcatheter pulmonary valve, and we no longer use 
them for in the pulmonary position. RVOT reconstruction 
can now be performed with low morbidity and mortality, and 
conduit options continue to expand.

Left Ventricular Outflow Tract 
Reconstruction
Isolated areas of left ventricular outflow tract obstruction 
(LVOTO) are less common in ACHD patients than in 
those with acquired left-sided lesions. ACHD patients with 
LVOTO must be evaluated for upstream and downstream ste-
noses, as multiple levels of obstruction are common. Patients 
with Shone’s syndrome often undergo numerous surgical 
and interventional procedures over their lifetimes, and these 
interventions are at best palliative. Adult congenital teams 
must be prepared to perform primary Ross, Ross-Konno, and 
Konno procedures, and deal with reoperations for each of 
these palliations. The Ross operation is often used in pediat-
ric patients with complex LVOTO to treat combined valvar 
and supravalvar lesions, avoid anticoagulation, and maintain 
some growth potential. These patients may require reopera-
tions as adults to replace or repair failing neo aortic valves, 
and stenotic or regurgitant pulmonary valves. Follow-up of 
right ventricular reconstructions after Ross operations shows 
that 4% of patients will require conduit replacement for right 
ventricular dysfunction at 10 years. Conduit size less than 
14 mm is an independent predictor of allograft dysfunction.30

Freedom from reoperation for regurgitation of the pulmo-
nary autograft in the aortic position is quite variable, with 
reports from 8731 to 96%.30 The advent of percutaneous aor-
tic and pulmonary valve options may increase the utilization 
of the Ross operation, as reinterventions on the autograft and 
allograft may not require reoperation. Aneurysmal dilation 
of the neo aortic root after the Ross operation is related to 
use of the root technique, and may be seen in up to 11% of 
patients at 7 years after surgery. Good outcomes after reop-
eration can be achieved, but successful repair of the autograft 
is more likely if the diagnosis is made early, before the neo 
aortic valve becomes insufficient.32

The Konno aortico ventriculoplasty is used to treat com-
plex LVOTO in patients with supravalvar, valvar, and sub-
valvar obstruction, and may be encountered in adults who 
require initial treatment, or reoperations for valve malfunc-
tion or outgrown valves. The Ross-Konno, utilizing the trans-
planted pulmonary autograft with a ventricular septal patch 
or infundibular extension, has been shown to increase in 
size as the patients grow, making this an excellent option in 
small pediatric patients. In a review of 53 patients operated 
on from 1980 to 2004, with an average age of 19, Suri et 
al reported risk factors for overall mortality included NYHA 

BJVG

RV

FIGURE 56-4 Right ventricular outflow tract reconstruction with a 
bovine jugular vein graft.

FIGURE 56-5 Reconstruction of the right ventricular outflow tract 
with a bioprosthetic valve using a running suture technique and an 
onlay patch.
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class (hazard ratio 2.22, p = .04). The cumulative probability 
of aortic valve reoperation was 19% at 5 years and 39% at 
10 years, occurring in 15 patients at a median of 3.8 years. 
Pulmonary regurgitation was detected in six patients. Pulmo-
nary valve replacement was performed in three (6%).33

Reoperations after Ross, Ross-Konno, and Konno proce-
dures may be particularly challenging. This is especially true 
if the RVOT has been reconstructed with a large patch cover-
ing the anterior aortic wall. Exposure of the aortic root then 
necessitates reentry into the right ventricle. Given the high 
incidence of reoperations on these patients, antiadhesion bar-
riers are recommended.

Arrhythmia Surgery
Maintaining a functional conduction system is a crucial 
aspect of reducing the cumulative lifetime trauma for a con-
genital heart patient. Despite efforts to prevent conduction 
tissue injury, ACHD patients are at risk for a wide array of 
conduction delays, as well as atrial and ventricular tachyar-
rhythmias. Pacemaker and defibrillator insertion, lead extrac-
tions, and generator changes are frequently complicated in 
ACHD patients who may have unusual anatomic pathways 
and stenotic or occluded veins. Epicardial lead placements 
are often necessary in single ventricle patients who have 
limited or no venous access to the endocardium. Common 
indications for lead removal include pocket infection, mal-
functioning leads, skin erosion, endocarditis/septicemia, vena 
cava thrombosis, and painful leads. Lead extraction technol-
ogy is evolving, and can be safely managed as a hybrid effort 
with a surgeon and electrophysiologist working together. A 
number of lead removal catheters are available using blades 
or laser energy to excise embedded leads. Surgical support is 
necessary in the event of cardiac perforation. Outcomes are 
generally good, even in octegenarians,34 with sepsis being the 
strongest predictor of death after pacemaker device removal.35

Supraventricular and ventricular arrhythmias are a major 
cause of morbidity and mortality in adult patients with con-
genital heart disease. For patients with atrial fibrillation or 
flutter undergoing open-heart repairs, a right-sided Maze 
procedure can be performed with the expectation of 93% 
freedom from arrhythmia, and improvement in functional 
class.36

Minimally invasive approaches to arrhythmia surgery, 
such as the Mini-Maze procedure, are increasingly popular 
in patients with acquired heart disease and arrhythmia.37 
These approaches may be difficult to accomplish in certain 
ACHD patients because of unusual anatomic relationships, 
and extensive reoperative scarring, which may limit exposure 
through small incisions. The Cox-Maze procedure for supra-
ventricular arrhythmias in ACHD patients is often complex, 
and an alternative approach using intraoperative monopolar 
irrigated radiofrequency ablation (IRA) has been described 
with good results for patients undergoing elective cardiac sur-
gery. Prophylactic arrhythmia surgery for patients undergo-
ing congenital heart repairs has been considered for high risk 
groups, and these strategies are evolving.38

Hybrid Procedures
We define hybrid procedures as those using combined sur-
gical and interventional personnel and technology during a 
single operation. Hybrid procedures can be performed in the 
catheterization laboratory, the operating room, or ideally in a 
hybrid procedure suite. We select the venue based on which 
technology is most critical for the success of a given proce-
dure. The advent of percutaneous cardiac valve replacement 
and endovascular stenting reinforce the need to embrace a 
unified team approach for adult congenital heart patients. In 
those requiring interventional, surgical, and electrophysiolog-
ical procedures, we attempt to integrate the procedures into 
a single hybrid operation, with the surgical team providing 
the least traumatic form of vascular access. Surgeons can also 
provide central vascular and direct cardiac access for sheath 
placement in patients with stenotic or occluded peripheral 
vessels, or when placing large devices in small patients. We 
routinely deploy aortic and pulmonary artery stents in the 
operating room using direct vision, video assisted cardios-
copy, and angiography (Fig. 56-6).

Elective or emergent cardiopulmonary bypass support 
should be available on demand in the hybrid operating room, 
catheterization laboratory, and cardiac intensive care unit 
(Fig. 56-7).

Real-time consultation between surgeons and interven-
tionalists may enhance outcomes for patients undergoing 
transvascular stent, device, and valve implantations. With a 
surgeon’s input at the time of implantation, pulmonary artery 
stents may be positioned to facilitate subsequent operations. 
For example, pulmonary artery stents may be positioned 
more proximally to avoid damage to small distal branches at 
the time of reoperation. Aortic arch stent positioning can be 
optimized to reduce the distance down the distal arch the 
surgeon must dissect if reoperation is required to open a stent 
that cannot reach adult size. This type of planning and team-
work has proven to be useful in the emerging experience with 
transcatheter aortic valve replacements.39

FIGURE 56-6 A hybrid procedure with surgical partial lower ster-
notomy and transcardiac sheath placement followed by interventional 
catheterization.
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1222 Part IX Other Cardiac Operations

Coarctation of the Aorta
Primary and recurrent coarctation of the aorta in adult 
patients is increasingly managed percutaneously with balloon 
dilation and stents.40 We provide surgical backup for these 
procedures in the event of device migration, dissection, or 
rupture, and occasionally to establish vascular access. When 
transcatheter therapy is not feasible, we proceed with surgical 
repair of adults with coarctation and aortic arch obstruction. 
These operations are performed through a left thoracotomy 
in patients with a left aortic arch, and the perfusion team is 
on standby for left atrial appendage to descending aortic car-
diopulmonary bypass. Three general techniques can be used, 
including coarctation resection with end-to-end anastomo-
sis, onlay patch enlargement with tissue or prosthetic patch, 
and synthetic tube interposition. Aortic mobility is limited 
in adult patients, and tension-free repairs most often require 
interposition grafts. We use subcutaneous local anesthetic 
infusion catheters and liposomal bupivacaine to control post-
operative pain. We anticipate labile blood pressure responses 
in patients with long-standing hypertension. Postoperative 
hypertension is common and responds to sodium nitroprus-
side. Mortality for these procedures is rare, and at follow up 
75% of patients will be normotensive without medication.41

INTERVENTIONAL DEVICE 
MANAGEMENT
Cardiac surgeons will increasingly encounter ACHD patients 
with intravascular devices in the aorta and pulmonary arter-
ies, atrial42 and ventricular septal occlusion devices, and trans-
catheter stented valves. Vascular stents are being effectively 
used in neonates and infants, with the understanding that 
patients will inevitably outgrow the maximum size these 
stents can achieve.43 We have a growing experience with reop-
erations on patients who have outgrown stents in the aortic 
arch and the branch pulmonary arteries, and these are far 
more common than reoperations involving septal occlusion 
devices. At reoperation early after stent implantation, within 
3 months or less, it may be possible to completely remove 

the stent by chipping away with the cells using scissors. The 
stents can be collapsed inward and peeled away from the ves-
sel wall. After 3 months, vascular ingrowth is usually sub-
stantial enough that the stent is incorporated into the vessel 
wall, making removal difficult and traumatic. When patients 
undergo reoperations to enlarge stents which have reached 
their maximum diameter, operative planning requires con-
sideration of the optimal location of the longitudinal incision 
made to open the stent, anticipating that the stent will have 
to be spread open like a hot dog bun to create space for an 
onlay patch. This requires that every link be cut to the distal 
ends of the stent to avoid leaving a persistent complete ring 
of metal in the vessel wall (Fig. 56-8).

Stents often end close to branch points, so the distal exten-
sion of the stent incision must be planned to avoid spiral tears 
into smaller branch vessels, which may result in branch occlu-
sion. Onlay patches may be constructed with native or bovine 
pericardium, PTFE grafts, pulmonary or aortic homografts, 
or extracellular matrix grafts. If the final vessel reconstruc-
tion does not achieve a full adult-sized vessel lumen, or is 
compressed by adjacent structures, the patched split stent is a 
safe landing zone for subsequent placement of an adult-sized 
stent. We have placed these stents immediately in the operat-
ing room as a hybrid procedure, or later, after the patched 
vessel has time to heal, thus reducing the risk of suture line 
rupture and bleeding.

Atrial septal stents are occasionally used to achieve unre-
strictive flow across the atrial septum when restriction devel-
ops after previous surgical septectomy.44 At late reoperation, 
these stents are firmly encased in septal tissue, and may 
extend into the pulmonary vein orifices. When necessary, 
these stents can be removed with scissor dissection, trim-
ming the exposed metal, peeling out the embedded sections, 
and enucleating the ingrown scar tissue. The atrium must 
be inspected for full thickness tears, which are repaired with 
polypropylene suture.

ES

DL

FIGURE 56-8 An operative image of reoperation on a stented pul-
monary artery, requiring an incision through the front wall of the 
stent and through the most distal cells.

CBC

FIGURE 56-7 A cardiopulmonary bypass circuit is prepared for 
emergent or elective use during hybrid procedures and complex inter-
ventional catheterizations.
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IMPROVED OUTCOMES USING 
CONGENITAL HEART SURGEONS TO 
TREAT ADULT CONGENITAL HEART 
DISEASE
Management guidelines for adults with congenital heart 
disease have been developed by the American Heart Asso-
ciation and the American College of Cardiology.45 In a 
review of 72 US centers performing ACHD surgery, Patel 
and Kogon reported 2800 operations performed per year, 
ranging from 0 to 230 (median 28) per program. There were 
a median of two surgeons per program, with each surgeon 
averaging 20 cases per year.46 While individual surgeon and 
program results will vary, patients with ACHD appear to 
have better outcomes when they are repaired by surgeons 
who primarily perform pediatric congenital heart surgery 
(1.87% mortality), compared to surgeons who primarily 
operated on acquired adult heart disease (4.84% mortality, 
p < .0001).47 Patients with congenital heart disease are liv-
ing longer. Arrhythmia remains the primary contributing 
cause of death for those with cyanotic lesions. Myocardial 
infarction is now the leading contributing cause for adults 
with noncyanotic congenital heart disease consistent with 
late survival and an increasing impact of acquired heart 
disease. With increasing experience and a team approach 
synthesizing surgery, intervention, electrophysiology, anes-
thesia, nursing and intensive care, adults with congenital 
heart disease should experience improved outcomes with 
less cumulative lifetime therapeutic trauma.
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The pericardium envelops the heart and portions of the great 
vessels as a protective capsule. When incised longitudinally 
and transversely along the diaphragm it can be suspended 
to present the heart for surgical procedures. The surgical 
importance of the pericardium stems from its involvement 
in alterations of cardiac filling. When the limited space 
between the noncompliant pericardium and heart acutely 
fills with fluid, cardiac compression and tamponade may 
ensue. Constrictive disorders arise when inflammation and 
scarring cause the pericardium to shrink and densely adhere 
to the surface of the heart. This chapter discusses pericar-
dial anatomy and function and describes the conditions that 
commonly give rise to the surgical problems of pericardial 
constriction and tamponade. The chapter also describes the 
diagnosis and therapy of these entities, the management of 
effusions and tamponade early and late after cardiac surgery, 
and the rationale for and against pericardial closure at the 
time of cardiac surgery.

ANATOMY AND FUNCTION
The pericardium serves two major functions. It maintains 
the position of the heart within the mediastinum and pre-
vents cardiac distention by sudden volume overload. The 
pericardium attaches to the ascending aorta just inferior 
to the innominate vein and the superior vena cava (SVC) 
several centimeters above the sinoatrial node. The pericar-
dial reflection encompasses the superior and inferior pul-
monary veins and encircles the inferior vena cava (IVC), 
thereby making it possible for the surgeon to control the 
IVC from within the pericardium. The pericardial reflec-
tion attaches to the left atrium near the entrances of the 
pulmonary veins just below the atrioventricular groove 
(Fig. 57-1). The pericardiophrenic arteries that travel with 
the phrenic nerves as well as the branches of the internal 
mammary arteries and feeder branches directly from the 
aorta perfuse the pericardium. It is innervated by vagal 
fibers from the esophageal plexus, and the phrenic nerves 
course within it.

The pericardium is a conical fibroserous sac made up of 
two intimately connected layers. The inner layer (serous 
pericardium) is a transparent monolayer of mesothelial 
cells. The visceral portion of the serous pericardium, or epi-
cardium, and the parietal portion, which lines the fibrous 
pericardial sac, are continuous. The oblique sinus lies within 
the venous confluence and the transverse sinus lies between 
the arterial (aorta and pulmonary artery) and venous reflec-
tions (dome of left atrium and SVC). Such potential spaces 
allow the pericardium to expand and accommodate a 
limited amount of fluid. Normal pericardial fluid volume 
is approximately 10 to 20 mL. The pericardial mesothelial 
cells contain dense microvilli, which are 1 μm wide and 
3 μm high, and facilitate fluid and ion exchange.1 Visceral 
pericardial lymphatic drainage occurs via the tracheal and 
bronchial mediastinal nodes, whereas lymphatic drainage of 
the parietal pericardium occurs via the anterior and poste-
rior mediastinal lymph nodes.

The parietal layer, or fibrous pericardium, is composed 
mostly of dense parallel bundles of collagen, which render 
this layer relatively noncompliant. Because the pericardium 
is stiffer than cardiac muscle, it tends to equalize the com-
pliance of both ventricles. By doing so, the pericardium 
contributes to the resting cavitary diastolic pressure of both 
ventricles, maximizing diastolic ventricular interaction.2 An 
example of this phenomenon is the diminution of systemic 
arterial pressure during inspiration. Intrapericardial pres-
sure tends to approximate pleural pressure, and varies with 
respiration. The negative intrathoracic pressure generated 
during inspiration augments right ventricular filling. The 
interventricular septum shifts leftward to accommodate the 
increase in right ventricular volume and therefore impairs 
left ventricular filling. Impaired left ventricular filling trans-
lates to decreased cardiac output and a slight diminution 
in systemic blood pressure during inspiration. This phe-
nomenon is greatly magnified with an increase in intraperi-
cardial pressure (eg, during acute filling of the pericardial 
space or circulatory volume overload), resulting in pulsus 
paradoxus.3

Pericardial Disease
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1226 Part IX Other Cardiac Operations

CONGENITAL ABNORMALITIES
Most congenital abnormalities of the pericardium are asymp-
tomatic and are often incidentally discovered at the time of 
surgery or investigation of unrelated problems.4,5 They are 
rare, and one-third are associated with cardiac, skeletal, and 
pulmonary abnormalities.6 Partial absence of the pericardium 
can occur and is most commonly seen on the left (70%) 
due to premature atrophy of the left common cardinal vein. 
Right-sided and complete defects of the pericardium account 
for 17 and 13% of these defects, respectively. The right duct 
of Cuvier goes on to form the SVC and ensures closure of 

the right pleuropericardial membrane.7 Accordingly, right-
sided defects tend to be lethal. Magnetic resonance imaging 
(MRI), CT, and echocardiography are useful for evaluating 
patients with pericardial defects. MRI provides excellent peri-
cardial imaging without contrast and is therefore the imag-
ing modality of choice. CT and echocardiography are useful 
for evaluation of pericardial thickening and the extent and 
location of defects.4 Although complete pericardial agenesis 
is rarely clinically significant, unilateral absence is poten-
tially problematic because it may accentuate cardiac mobil-
ity, allowing the heart to be displaced into the pleural space 
with consequent incarceration of the left atrial appendage or 
left ventricle. Treatment may involve pericardial resection or 
replacement with a prosthetic patch.6 Both therapies appear 
to yield good outcomes.

Pericardial cysts are the most common congenital peri-
cardial disorder, surpassed only by lymphoma as the most 
prevalent of middle mediastinal masses.8 They occur as 
asymptomatic incidental findings in 75% of patients; 70% 
occur in the right costophrenic angle and 22% in the left.5 
They do not communicate with the pericardial space and are 
typically unilocular, smooth, and less than 3 cm in diameter 
(Fig. 57-2). When present, symptoms may include chest 
pain, dyspnea, cough, and arrhythmias, probably owing to 
compression and inflammatory involvement of adjacent 
structures. They can also become secondarily infected.9 Con-
trast CT is the imaging modality of choice for diagnosis and 
surveillance.10,11 Observation with serial CT scanning in 
asymptomatic patients is suggested. Percutaneous aspiration 
is associated with a 30% recurrence rate at 3 years. Sclerosis 
has been reported to decrease recurrence after aspiration.12 
Indications for resection include large size, symptoms, 
patient concern, and question of malignancy.8 Video-assisted 

Cut pericardial sleeve
around arteries and veins

Cut edge of
fibrous pericardium

IVC

Oblique
pericardial sinus

Transverse
pericardial sinus

Left PVs

Ao arch

LPA

Ascending Ao
Main PA

SVC

RPA

RPA

FIGURE 57-1 Pericardial attachments, reflections, and sinuses. Ao, 
aorta; IVC, inferior vena cava; LPA, left pulmonary artery; PA, pul-
monary artery; PV, pulmonary vein; RPA, right pulmonary artery; 
SVC, superior vena cava.

FIGURE 57-2 Transesophageal echocardiogram of large pericardial cyst.
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 Chapter 57 Pericardial Disease 1227

thoracoscopy is the surgical approach most commonly used 
for excision. Infrasternal mediastinoscopy can be used for 
anterior cysts. Thoracotomy is also an acceptable technique. 
Surgery is the only definitive cure.12

PATHOPHYSIOLOGY OF 
PERICARDIAL COMPRESSION
Pericardial compression results from disturbance of the nor-
mal anatomical and physiologic relationships among the 
pericardium, pericardial cavity, and heart. Because the peri-
cardium is relatively noncompliant and pericardial fluid 
noncompressible, the heart alone must compensate for 
acute changes in pericardial pressure. Acute volume overload 
within the fixed pericardial space results in a rapid, nonlin-
ear increase in intrapericardial pressure (Fig. 57-3), produc-
ing cardiac compression.13 The anatomic basis for pericardial 
compression involves either a space-occupying lesion (eg, cyst 
or excessive fluid) within the pericardial space or pericardial 
constriction.

Tamponade
Although blood in the pericardial space is the most common 
etiology, effusions, clot, pus, gas, or any combination of these 
can also produce tamponade. As fluid entering the pericardial 
space rapidly exceeds the pericardial reserve volume intraperi-
cardial pressure rises abruptly. At this point, pericardial fluid 
volume can only increase by reducing cardiac chamber vol-
umes. Because of its lower filling pressures, the right heart is 
more susceptible to compression (Fig. 57-4). The physiologic 
consequences are impaired diastolic filling with decreased car-
diac output and increased central venous pressure.14 Clinical 
manifestations include hypotension, jugular venous disten-
tion, and decreased heart sounds (Beck’s triad).

To preserve cardiac output, higher pressures are required 
to fill the cardiac chambers, which may be partially achieved 

by parallel increases in systemic and pulmonary venous pres-
sure by vasoconstriction.15 Other compensatory mechanisms 
include tachycardia, chronic pericardial stretch, and blood 
volume expansion.16 The latter two mechanisms have little 
impact in acute tamponade. As tamponade progresses, right 
heart filling becomes increasingly volume dependent and 
limited to inspiration, when pericardial pressure is lower. 
Increased right ventricular filling causes it to encroach on, 
and impair, left ventricular filling. However, during expira-
tion the converse is true, and left ventricular filling and out-
put increase. This exaggeration of physiologic ventricular 
interdependence is the basis of pulsus paradoxus.13

The clinical presentation of tamponade varies widely 
depending on the severity of hemodynamic impairment and 
the degree of physiologic reserve. Rapid accumulation of as 
little as 100 mL of fluid in the pericardial space (eg, after a 
penetrating cardiac wound) may exceed the limited compli-
ance of the parietal pericardium and produce critical tampon-
ade. On the other hand, in chronic inflammatory conditions 
(eg, rheumatoid arthritis) the pericardium may compensate 
for large pericardial effusions, exceeding 1 L. The cardiac sil-
houette may appear normal in acute tamponade, but chronic 
pericardial distension is often obvious on plain chest radiog-
raphy (Fig. 57-5), chest CT (Fig. 57-6), and echocardiogra-
phy (Fig. 57-7). Low-pressure tamponade can also occur, in 
which a pericardial effusion is not hemodynamically signifi-
cant until the patient becomes hypovolemic, typically from 
dehydration, blood loss, or diuretic therapy. Venous filling 
pressures may be normal or mildly elevated in this setting, 
making this diagnosis difficult.17

Pericardial Constriction
A variety of conditions promote pericardial scar formation, the 
pathologic process underlying constrictive pericarditis (CP). 
As with tamponade, the physiologic basis is compromised 
cardiac filling leading to systemic venous congestion and low 
cardiac output. In contrast with tamponade, however, onset 

Volume over time

Rapid effusion

Limit of
pericardial

stretch
Slow effusion
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FIGURE 57-3 Relationship of pressure and volume in pericardial 
cavity. Normal pericardium will tolerate small amounts of fluid with a 
minimal increase in intrapericardial pressure. Above this small volume, 
small increases in volume result in large nonlinear increases in pres-
sure. Gradual accumulation of fluid coincides with pericardial accom-
modation of much larger volumes of fluid up to a critical pressure.

FIGURE 57-4 Transesophageal echocardiogram with right atrial 
inversion and cardiac tamponade.
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1228 Part IX Other Cardiac Operations

is often insidious and symptoms may be present for months 
to years.18 Common complaints include fatigue, decreased 
exercise tolerance with dyspnea/orthopnea, as well as periph-
eral edema and ascites from hepatic congestion in advanced 
disease. The principal etiologies behind pericardial scar for-
mation have shifted over time, with a declining incidence of 
infectious cases (eg, tuberculosis) and an increasing incidence 
of iatrogenic cases (eg, mediastinal radiation therapy, cardiac 
surgery).19

Pericardial constriction exerts its pathophysiologic effects 
by limiting cardiac filling. Unlike tamponade, in which car-
diac filling is limited from the onset of diastole, pericardial 
constriction does not restrict filling in early diastole. Later in 
diastolic filling the ventricles are prevented from reaching full 

capacity as they encounter the contracted and noncompliant 
pericardium. As a result, 70 to 80% of diastolic filling occurs 
in the first 25 to 30% of diastole, after which diastolic pres-
sures increase abruptly.20 The ventricular free walls are then 
immobilized, leaving the interventricular septum as the last 
yielding structure; it is rapidly displaced in response to the 
sudden interventricular pressure differential. This produces 
the characteristic “septal bounce” seen echocardiographically. 
Other echocardiographic findings include pericardial thicken-
ing, caval plethora, and small chamber volumes. Inspiration 
exaggerates leftward septal deviation and reciprocal Doppler 
flows between the right and left sides (the echocardiographic 
correlate of pulsus paradoxus).

Modern axial imaging with CT (Fig. 57-8) and MRI 
(Fig. 57-9) are often able to visualize thickened and/or cal-
cified pericardium, with or without coexisting effusion. 
Dynamic CT and MRI also demonstrate many of the physi-
ologic features seen with echocardiography.21 Importantly, 
although pericardial thickening is usually present in CP, it is 
possible to have CP with normal pericardial thickness, as well 
as pericardial thickening without CP.22

Prior to the modern era of echocardiography and axial 
imaging, the diagnosis of CP was dependent on hemody-
namic tracings obtained during cardiac catheterization. The 
sudden increase in diastolic ventricular pressure is reflected 
in the dip and plateau, or “square-root” sign (Fig. 57-10). 
Similarly, right atrial pressure tracings reveal a steep y 
descent, which correlates with the nadir of the square-root 
sign. Under normal circumstances, inspiration results in a 
3 to 7-mm Hg drop in right atrial pressure. The high pres-
sure of pericardial constriction prevents the right atrium 
from accepting inspiratory acceleration of blood from the 
central veins. Instead, neck veins become distended during 
inspiration in patients with CP, a phenomenon known as 
Kussmaul’s sign.

A B

FIGURE 57-5 Slowly enlarging pericardial effusion detected on chest x-ray. (A) At discharge; (B) 3 weeks after discharge.

FIGURE 57-6 CT scan with large circumferential pericardial effusion 
and bilateral pleural effusions.

Cohn_ch57_p1225-1242.indd   1228 08/05/17   12:20 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 57 Pericardial Disease 1229

Catheterization can help differentiate CP from restric-
tive cardiomyopathy (RCM).23,24 RCM is characterized by 
noncompliant ventricular muscle and diastolic dysfunction, 
which impede cardiac filling. RCM is caused by a variety 
of infiltrative or fibrosing conditions (eg, amyloidosis, sar-
coidosis, radiation, and carcinoid). Although RCM may 
mimic many of the presenting features of CP, it is not a sur-
gical disease and therefore must be distinguished from CP 

(Table 57-1). Systolic ventricular function may be normal or 
near-normal in both conditions, but pulmonary and hepatic 
congestion are often present in RCM. Evidence of pericardial 
thickening (>2 mm) favors but does not confirm the diag-
nosis of CP over RCM. There are instances, particularly in 
radiation-induced CP, in which the conditions can coexist, 
making diagnosis challenging. Amyloidosis and other infiltra-
tive conditions that cause RCM may demonstrate distinctive 
myocardial speckling on echocardiography. Endomyocar-
dial biopsy is useful to establish the presence of one of the 

FIGURE 57-7 Transesophageal echocardiogram with very large pericardial effusion.

FIGURE 57-8 CT scan showing pericardial thickening and 
calcification. FIGURE 57-9 MRI showing pericardial thickening with pericarditis.
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1230 Part IX Other Cardiac Operations

TABLE 57-1: Differentiation between Constrictive Pericarditis and Restrictive Cardiomyopathy

Finding Pericardial constriction Restrictive cardiomyopathy

Physical examination  
 Pulsus paradoxus Variable Absent
 Pericardial knock (high frequency) Present Absent
 S3 (low frequency) Absent Present

Hemodynamics  
 Prominent y descent Present Variable
 Equalization of right and left side filling pressures Present Left > right
 RV end-diastolic pressure/systolic pressure >1/3 <1/3
 Pulmonary hypertension Rare Common
 Square-root sign Present Variable

Echocardiography  
 Respiratory variation in left-right pressures/flows Increased Normal
 Septal bounce Present Absent
 Atrial enlargement Variable Biatrial
 Ventricular hypertrophy Absent Usually present
 Pericardial thickness Increased Normal
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FIGURE 57-10 Square-root sign in right ventricular pressure 
tracing in constrictive pericarditis. (Modified with permission from 
Spodick DH: The Pericardium: A Comprehensive Textbook. New York: 
Marcel Dekker; 1997.)

conditions known to be associated with RCM; unfortunately, 
a negative biopsy does not rule it out.

In an attempt to provide additional criteria to differentiate 
CP from RCM, Hurrell et al measured respiratory variation 
of the gradient between left ventricular pressure and pulmo-
nary capillary wedge pressure during the rapid filling phase of 
diastole.25 This was done to assess the dissociation of intratho-
racic and intracardiac pressures that accompanies CP. A dif-
ference of 5 mm Hg in the gradient between inspiratory and 
expiratory cycles had a 93% sensitivity and a 81% specificity 
for CP. Furthermore, increased ventricular interdependence 
was assessed by comparing left and right ventricular systolic 
pressures during respiration. Although concordant increases 
in left and right ventricular systolic pressure are expected dur-
ing inspiration, discordant pressures are encountered during 

inspiration in patients with CP. This finding has 100% sensi-
tivity and 95% specificity for CP.

ACQUIRED ABNORMALITIES
Pericarditis, the most common pericardial disorder, has 
many etiologies (Table 57-2), including infectious (viral, 
bacterial, fungal), metabolic (uremic, drug induced), auto-
immune (arthritis, thyroid), postradiation, neoplastic, 
traumatic, postinfarction (Dressler’s syndrome, 10–15%), 
postpericardiotomy (5–30%), and idiopathic (Fig. 57-11). 
The clinical syndrome for all causes is similar. Chest pain 
(dull, aching, pressure, tightness) is usually present and 
may be associated with constitutional symptoms (eg, 
weakness and malaise), fever (occasionally with rigors), 
and other symptoms, such as cough or odynophagia. The 
pain may be pleuritic, and thus exacerbated by inspiration, 
cough, or recumbency. These patients therefore often sit 
up and lean forward for relief. Acute disease may become 
chronic. The cardinal sign of pericarditis is a pericardial 
rub, which may be positional and muffled because of an 
effusion.26

Electrocardiography, chest x-ray, and echocardiography 
are useful in making the diagnosis. The electrocardiogram 
may range from normal, to nonspecific ST-segment devia-
tions, to diffuse concave elevation of the ST segments without 
reciprocal depressions or Q waves (Fig. 57-12). PR-segment 
depression may also be present. Troponin may be elevated 
with a normal CPK. Ventricular arrhythmias and conduction 
abnormalities are uncommon and if present are suggestive of 
an underlying cardiac abnormality. Echocardiography may 
reveal fibrinous thickening of the pericardium with or with-
out a small effusion.
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Acquired Etiologies of Acute PericarditisTABLE 57-2:

Infectious

Bacterial
 Tuberculous (mycobacterial)
 Suppurative (streptococcal, pneumococcal)
Viral
 Coxsackie
 Influenza
 HIV
 Hepatitis A, B, C
 Other
Fungal
Parasitic
Other
 Rickettsial
 Spirochetal
 Spirillum
 Mycoplasma
 Infectious mononucleosis
 Leptospira
 Listeria
 Lymphogranuloma venereum
 Psittacosis

Autoimmune/Vasculitides

Rheumatoid arthritis
Rheumatic fever
Systemic lupus erythematosus
Drug-induced lupus  erythematosus
Scleroderma
Sjögren’s syndrome
Whipple’s disease
Mixed connective tissue disease
Reiter’s syndrome
Ankylosing spondylitis
Inflammatory bowel diseases
 Ulcerative colitis
 Crohn’s disease
Serum sickness
Wegener’s granulomatosis
Giant cell arteritis
Polymyositis
Behçet’s syndrome
Familial mediterranean fever
Panmesenchymal syndrome
Polyarteritis nodosa
Churg-Strauss syndrome
Thrombohemolytic-thrombocytopenic purpura
Hypocomplementemic uremic vasculitis syndrome
Leukoclastic vasculitis
Other

Metabolic disorders

Renal failure
 Uremia in chronic or acute renal failure
 “Dialysis” pericarditis
Myxedema
 Cholesterol pericarditis
 Gout
Scurvy

Disease of contiguous structures

Myocardial infarction/cardiac surgery
 Acute myocardial infarction
 Postmyocardial infarction syndrome
 Postpericardiotomy syndrome
 Ventricular aneurysm
Aortic dissection
Pleural and pulmonary disease
 Pneumonia
 Pulmonary embolism
 Pleuritis
Malignancies of lung

Neoplastic

Primary
 Mesothelioma
 Sarcoma
 Fibroma
Secondary
 Metastatic; carcinomas, sarcomas
 Direct extension; bronchogenic, esophageal carcinomas
 Hematogenous; lymphoma, leukemia

Trauma

Penetrating
 Stab wound or gunshot wound to the chest, iatrogenic
 During diagnostic or therapeutic cardiac catheterization
 During pacemaker insertion
Radiation pericarditis

Uncertain etiologies and pathogenesis

Pericardial fat necrosis
Loeffler’s syndrome
Thalassemia
Drug reactions
 Procainamide
 Hydralazine
 Others
Pancreatitis

Uncertain etiologies and pathogenesis

Sarcoidosis
Fat embolism
Bile fistula to pericardium
Wissler syndrome
PIE syndrome
Stevens-Johnson syndrome
Gaucher’s disease
Diaphragmatic hernia
Atrial septal defect
Giant cell aortitis
Takayasu’s syndrome
Castleman’s disease
Fabry’s disease
Kawasaki’s disease
Degos’ disease
Histiocytosis X
Campylodactyly-pleuritis-pericarditis syndrome
Farmer lung
Idiopathic

1231
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1232 Part IX Other Cardiac Operations

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the 
mainstay of treatment, although recent clinical studies sup-
port the routine use of colchine. A recent, large, multicenter 
randomized controlled trial (ICAP), in which patients with a 
first attack of pericarditis were randomized to conventional 
anti-inflammatories with either placebo or colchicine, dem-
onstrated significantly reduced rates of incessant or recurrent 
pericarditis in those patients who received colchicine.27 Other 
recent clinical trials focusing on recurrent pericarditis (CORP 
and CORP-2) have also demonstrated a significant benefit 

with the use of colchicine.28,29 Chronic pericardial effusion or 
CP may follow acute pericarditis as well as tuberculosis (TB), 
malignancy, radiation, rheumatoid arthritis (RA), or surgery.26 
Chronic, relapsing pericarditis that fails medical therapy can 
effectively be managed surgically with pericardiectomy.30

Infectious Pericarditis
VIRAL PERICARDITIS
Infectious pericarditis is most often viral and results from 
immune complex deposition, direct viral attack, or both. It 
is often difficult to diagnose and is therefore labeled as “idio-
pathic.” Treatment is expectant, and symptoms generally 
resolve within 2 weeks. Surgical intervention is rarely required.

BACTERIAL PERICARDITIS
This is uncommon because of the availability of effective anti-
biotic therapy. Microorganisms may invade the pericardial 
space from contiguous infections in the heart (endocarditis), 
lung (pneumonia, abscess), subdiaphragmatic space (liver or 
splenic abscess), or wounds (traumatic, surgical). Hematog-
enous seeding may also occur in the setting of bacteremia and 
immune compromise.

The most common bacteria implicated are Haemophilus 
influenzae, meningococci, pneumococci, staphylococci, or 
streptococci.31 Gram-negative rods, Salmonella, and oppor-
tunistic sources of infection must be excluded. Regardless of 
the source or organism, acute suppurative pericarditis is life 
threatening. A toxic presentation with a high fever is typical 
with an acute, fulminant clinical course. Purulent pericardi-
tis with tamponade or septicemia may require acute surgical 
intervention via pericardial window or pericardiectomy and 
treatment of the inciting cause (eg, removal of foreign body 

FIGURE 57-11 Etiologies and frequency of pericardial constriction.

I aVR VI V4

II aVL V2 V5

III

V1

aVF V3 V6

FIGURE 57-12 ECG demonstrating diffuse ST segment elevations, characteristic of pericarditis.
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 Chapter 57 Pericardial Disease 1233

or drainage of abscess) (Fig. 57-13). In adults, pneumopyo-
pericardium is often caused by fistula formation between a 
hollow viscus and the pericardium. However, invasion from 
contiguous foci, implantation at the time of surgery, trauma, 
mediastinitis, endocarditis, and subdiaphragmatic abscess can 
also cause this condition. Scarring with resultant pericardial 
constriction may require pericardiectomy. These patients 
have an excellent outcome when treated appropriately.31

TUBERCULOUS PERICARDITIS
Although the incidence of TB has significantly declined in 
industrialized countries, it has increased dramatically in Africa, 
Asia, and Latin America, accounting for 95% of all cases of 
active TB. This resurgence in TB reflects the increasing inci-
dence of human immunodeficiency virus (HIV) infection.32 
The immune response to the acid-fast bacilli penetrating the 
pericardium induces a delayed hypersensitivity reaction with 
lymphokine release and granuloma formation. The cause of 
the exudative TB pericarditis is complement-fixing antibodies, 
which initiate cytolysis mediated by antimyolemmal antibodies.32 
The definitive diagnosis is established by examining the peri-
cardium or pericardial fluid for mycobacteria.

Four pathologic states are recognized:

1. Fibrinous exudation, with robust polymorphonuclear 
infiltration and abundant mycobacteria.

2. Serous or serosanguineous effusions with a mainly 
lymphocytic exudation and foam cells (Fig. 57-14).

3. Absorption of effusion, with organization of caseating 
granulomas, and pericardial thickening caused by fibrin 
and collagen deposition and fibrosis.

4. Constrictive scarring, often with extensive calcification 
occurring over a period of years (Fig. 57-15 A, B).

The clinical course of TB pericarditis is variable. An effusion 
usually develops insidiously along with fever, night sweats, 
fatigue, and weight loss. Children and immunocompro-
mised patients can have a more fulminant presentation, often 
demonstrating both constrictive and tamponade physiology. 
Despite prompt anti-TB antibiotic treatment, CP, one of the 
most severe sequelae, occurs in 30 to 60% of patients. Echo-
cardiography is useful for diagnosing effusive and subacute 
constrictive TB pericarditis. Standard anti-TB therapy is 
instituted promptly. Steroids remain controversial, especially 
in HIV-infected patients. Based on physiology and response 
to therapy, immediate or interval pericardiectomy is per-
formed to avoid chronic CP. If calcific pericarditis is present, 
surgery is undertaken earlier.33

FUNGAL PERICARDITIS
Fungal pericarditis is uncommon. Nocardia, Aspergillus, Candida, 
and Coccidioides are implicated, with regional specification, in 
the setting of immunocompromise, debilitation, HIV, severe 
burns, infancy, or steroid therapy. Candida and Aspergillus 
generate an insidious clinical picture, which may develop into 
tamponade or constriction. Fungi that tend to be endemic to 
certain geographic regions (eg, Histoplasma) may cause peri-
carditis in young, healthy, immunocompetent patients. This 
is usually self-limited and resolves within 2 weeks. Similarly, 
Coccidioides can infect healthy individuals in the setting of 
pneumonia, osteomyelitis, meningitis, or adenopathy. These 

FIGURE 57-13 Intraoperative photo of a patient with septic peri-
carditis undergoing pericardiectomy. The pericardium is severely 
thickened.

FIGURE 57-14 CT scan of chronic pericardial thickening and cal-
cification and larger pericardial effusion in a patient with TB.
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1234 Part IX Other Cardiac Operations

conditions often resolve either spontaneously or in response 
to antifungal therapy. Surgical intervention is not usually 
required in the acute setting.

Metabolic Causes of Pericarditis
Pericarditis is known to occur in the setting of renal failure, 
pharmacotherapy with certain drugs, autoimmune diseases 
(eg, rheumatoid arthritis), and hypothyroidism.

UREMIC PERICARDITIS
Uremic pericarditis was first recognized by Bright in 1836.34 
Although it is recognized that nitrogen retention (blood 
urea nitrogen levels generally >60 mg/dL) is required for 
uremic pericarditis, the inciting agent remains unknown. 
The clinical profile typically involves a patient with chronic 
renal insufficiency who develops pain, fever, and a friction 
rub.35 There is usually a pericardial fluid collection, which 
can be exudative or transudative and is often hemorrhagic. 
Although the incidence of tamponade is decreasing because 
of the more widespread use of renal replacement therapy, it 
still occurs.36 Initial therapy includes NSAIDs and aggressive 
dialysis. Pericardial drainage is reserved for cases of tampon-
ade or refractory effusions (more than 2 weeks despite inten-
sive dialysis), but the latter is the subject of debate.37 Heparin 
should be administered cautiously, if at all, during dialysis 
because of the risk of hemorrhagic pericarditis and tampon-
ade.38 Pericardial effusions may also develop in this popula-
tion because of a variety of conditions such as heart failure, 

volume overload, and hypoproteinemia. Nonuremic pericar-
ditis can also occur in patients on long-standing dialysis.39 
Finally, pericardial effusion increases the risk of low-pressure 
tamponade during dialysis by mechanisms described above.17

DRUG-INDUCED PERICARDITIS
Pericarditis may occur in the setting of a drug-induced hyper-
sensitivity reaction or lupus-like syndrome.40 Procainamide, 
hydralazine, isoniazid, methysergide, cromolyn, penicillin, 
and emetine (among others) have been associated with peri-
cardial inflammation. Minoxidil has been associated with 
pericardial effusions.41 The clinical presentation and guide-
lines for management are similar to those for other types of 
pericarditis. The inciting agent should be discontinued.

PERICARDITIS ASSOCIATED WITH RHEUMATOID 
ARTHRITIS
Pericarditis is common in patients with RA. Approximately 
half of patients with RA have pericardial effusions, and 
almost half of all patients with RA have significant pericar-
dial adhesions at autopsy.42 The condition is encountered 
more often with advanced RA and is thought to be caused 
by the higher rheumatoid factor titers seen with more severe 
disease. Immune complex deposition in the pericardium 
appears to be the inciting event underlying the inflamma-
tory response.43 The diagnosis is often complicated by the 
many clinical variants and possible concurrent diseases, such 
as drug-induced and viral pericarditis. Pericardial drainage 
is often employed early for symptomatic effusions because 

A
  

B

FIGURE 57-15 (A) PA CXR in patient with TB showing calcification of pericardium around LV apex. (B) CT scan of chronic pericardial 
thickening and calcification in patient with TB.
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 Chapter 57 Pericardial Disease 1235

response to medical treatment of the underlying RA is slow 
and unpredictable. Pericardiectomy should be considered 
in patients with long-standing RA who have developed 
constriction.44

Hypothyroidism
Severe hypothyroidism produces large, clear, high-protein, 
high-cholesterol, and high-specific-gravity effusions in 25 
to 35% of patients.45 The effusion may precede other signs 
of hypothyroidism. Clinical tamponade is rare because fluid 
accumulation is slow. However, acute exacerbations owing to 
acute pericarditis, hemorrhage, or cholesterol pericarditis can 
induce tamponade.46

Radiation Pericarditis
Radiation is now the most common etiology of CP in the 
United States. This was first recognized in patients who 
received high-dose mantle radiation for Hodgkin’s lymphoma 
in the 1960s and 1970s and developed cardiac and pericardial 
pathology, approximately 10 to 15 years after therapy. Radia-
tion induces acute pericarditis, pancarditis, and accelerated 
coronary artery disease in a dose-dependent relationship.47 
Patients may present with a combination of pericardial con-
striction, RCM, valvular heart disease, and coronary artery dis-
ease with a predilection for ostial lesions.48 When symptomatic 
effusions are drained, fluid should be analyzed to clarify the 
etiology (ie, malignancy vs radiation effect). CP can develop 
several years later and is best treated by pericardiectomy.49

Neoplastic Pericardial Disease
Secondary neoplasms of the pericardium (ie, from metasta-
sis or adjacent infiltration) account for more than 95% of 
pericardial neoplastic diseases. Primary pericardial tumors are 
rare. Paraneoplastic effusions can also occur in response to 
remote tumors.50

The most common secondary tumors involving the peri-
cardium in males (including both metastasis and local exten-
sion) are carcinoma of the lung (31.7%), esophagus (28.7%), 
and lymphoma (11.9%). In females, carcinoma of the lung 
(35.9%), lymphoma (17.0%), and carcinoma of the breast 
(7.5%) are the most common. Benign tumors are generally 
encountered in infancy or childhood. Malignant tumors (eg, 
mesotheliomas, sarcomas, and angiosarcomas) typically pres-
ent in the third or fourth decade of life.51

In both primary and secondary tumor involvement, the 
clinical presentation is usually silent, and may be associated 
with large pericardial effusions. Tamponade can result from 
hemorrhage into a malignant effusion. Occasionally tumors 
can induce constriction because of neoplastic tissue, adhesions, 
or both. The role of surgery is limited to diagnosis and pallia-
tion in most cases. Large refractory effusions associated with 
tamponade may need surgical drainage. In such cases, a fluid 
sample should be submitted to confirm the presence of malig-
nant cells or evaluate for other causes of effusion in patients 

with cancer because this may influence management.52 Simple 
pericardiocentesis has a high failure rate, while subxiphoid 
drainage and percutaneous balloon pericardiotomy are only 
transiently effective.53 Although extensive resection and deb-
ulking may be necessary in persistent or recurrent malignant 
pericardial constriction, it has only transient benefit without 
adjunctive chemotherapy and/or radiation therapy. There is 
no consensus about the optimal therapeutic approach for 
patients with malignant, symptomatic pericardial effusions. 
A recent study compared chemotherapy alone versus che-
motherapy plus pericardiocentesis versus chemotherapy plus 
surgical pericardial window. It showed that patients undergo-
ing a pericardial window had better response rates compared 
to those receiving chemotherapy alone or chemotherapy with 
percutaneous drainage.54 While pericardial window has had 
a better/lower recurrence rate than simple pericardiocentesis, 
prolonged percutaneous pericardial drainage has improved 
recurrence rates while minimizing the morbidity associated 
with surgery.55 Life expectancy of patients with malignant 
pericardial involvement averages less than 4 months.56 The 
surgeon should individualize decisions regarding how aggres-
sively to pursue diagnostic or therapeutic interventions.

Traumatic Pericardial Conditions
PENETRATING TRAUMA
Knives, bullets, needles, and intracardiac instrumentation are 
the main causes of penetrating trauma to the pericardium 
and heart. Tamponade is more common in stab wounds than 
gunshot wounds. The right ventricle is most often involved in 
anterior chest wounds. Because tamponade provides hemo-
stasis and prevents exsanguination, patients with tampon-
ade have better survival rates than those with uncontrolled 
hemorrhage. Diagnosis is often made on clinical grounds 
supplemented by ultrasonography.57 Unstable patients should 
undergo thoracotomy in the emergency department. Stable 
patients can be explored in the operating room. The timing 
of induction of anesthesia is critical. Anesthetic induction can 
lead to hemodynamic collapse in the setting of tamponade 
and preload dependence. Therefore, the patient should be 
positioned, prepped, and draped before induction of anes-
thesia, in order to allow prompt opening of the chest and 
pericardium should hemodynamics rapidly deteriorate.

BLUNT TRAUMA
Blunt cardiac and pericardial injuries rarely occur in isolation. 
Trauma owing to compression (including cardiopulmonary 
resuscitation), blast, and deceleration can produce a spec-
trum of injuries ranging from cardiac contusion to cardiac 
rupture and pericardial laceration with herniation or luxation 
of the heart. Patients with pericardial rupture and cardiac 
herniation typically have suffered high-energy deceleration 
trauma and are hypotensive from associated injuries. Hypo-
volemia may lead to rapid decompensation because cardiac 
filling becomes increasingly volume dependent in the setting 
of tamponade. Likewise, patients may initially respond to 
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1236 Part IX Other Cardiac Operations

volume resuscitation. Chest imaging may demonstrate dis-
placement of the heart or free air or intra-abdominal organs 
within the pericardium. If the heart herniates into the pleura, 
positioning the patient with the contralateral side down may 
reduce the herniation. Thoracotomy is required for definitive 
treatment and repair of associated injuries.58

Acute Postinfarction Pericarditis and 
Dressler’s Syndrome
Postinfarction pericarditis is thought to occur in almost half 
of patients suffering a transmural myocardial infarction (MI), 
although it is symptomatic in far fewer. The incidence is 
decreasing because of more aggressive revascularization in recent 
decades. Chest pain is almost universally present, and it is there-
fore important to distinguish the pain of pericarditis from isch-
emic pain by its positional and pleuritic nature. The pain of 
early post-MI pericarditis occurs in the first 24 to 72 hours. 
Dressler’s syndrome is a diffuse pleuropericardial inflammation 
thought to have an autoimmune etiology that occurs weeks to 
months after infarction. A pericardial rub and effusion may be 
present but tamponade is rare. A pleural rub and effusion may 
also be present. The ECG signs of pericarditis may be obscured 
by those of infarction. Post-MI pericarditis is typically treated 
with aspirin and/or NSAIDs.59,60 Steroids or colchicine may be 
used for persistent or recurrent symptoms; however, glucocorti-
coid use is associated with recurrence of pericarditis.61

Cardiac Surgery and the Pericardium
POSTINFARCTION PERICARDITIS
Postinfarction pericarditis is an important entity for the surgeon 
to consider in the evaluation of patients with acute coronary 
syndromes. To the unwary it may masquerade as post-infarc-
tion angina and prompt an unnecessarily early operation after 
MI. Extensive fibrinous adhesions and murky gelatinous fluid 
may be present in the pericardial space and obscure epicardial 
vessels. When the pericardium is opened late in such a patient, 
the surgeon should expect dense pericardial adhesions.

POSTOPERATIVE PERICARDIAL EFFUSION AND 
POST-PERICARDIOTOMY SYNDROME
Pericardial effusions not infrequently develop following car-
diac surgery, occurring in 1 to 6% of patients. They range 
from small, asymptomatic, and clinically insignificant effu-
sions to larger effusions that cause dyspnea, malaise, chest 
pain, or presyncope/syncope. Risk factors for the develop-
ment of postoperative pericardial effusions include increased 
body surface area, pulmonary embolism, immunosuppres-
sion, surgery type (heart transplant, aortic aneurysm sur-
gery), increased cardiopulmonary bypass time, urgency of 
surgery, and renal failure. Medical therapy for late effusions 
that are smaller and do not require drainage has tradition-
ally involved NSAIDs. Some data, however, suggest that 
NSAID therapy is of limited benefit.62 Management of large, 
symptomatic effusions involves pericardiocentesis, especially 

when these are detected late (more than 7 days postopera-
tively). A pericardial drain is left in place for 1 to 3 days with 
periodic drainage. Surgical drainage can also be performed, 
and is generally undertaken for large effusions that develop 
early (within 7 days of surgery).63 Beyond just an effusion, 
some patients develop Dressler’s syndrome postoperatively. 
Although this condition is benign, it is important (and some-
times difficult) to distinguish between postoperative pericar-
ditis and myocardial ischemia. This distinction can often be 
made on clinical grounds based on symptoms, hemodynam-
ics, and ECG patterns.64 Echocardiography or angiography 
may be used in borderline cases.

Prevention of postoperative pericardial effusions and post-
pericardiotomy syndrome has also been studied. There may 
be a benefit to perioperative indomethacin for preventing 
pericardial effusions after aortic surgery, although the side 
effects of indomethacin must be considered, and further 
study is required before its routine perioperative use can be 
recommended.65 Postoperative colchicine administration has 
been shown to reduce the incidence of post-pericardiotomy 
syndrome and pericardial effusions, and its routine use post-
operatively should be considered.66 Preoperative colchicine 
administration also reduces the rate of post-pericardiotomy 
syndrome; however, there is an increased incidence of adverse 
gastrointestinal side effects and drug discontinuation, which 
limits its beneficial effect.67

POSTOPERATIVE TAMPONADE
Early postoperative tamponade rarely goes undetected for 
long because of the high level of vigilance and close hemo-
dynamic monitoring that attend the patient during this time. 
A vital feature of postoperative tamponade is that a circum-
ferential fluid collection is not required for compromised 
cardiac function. Hemodynamic deterioration can occur in 
the setting of localized clot within the pericardium, particu-
larly if it is impinging upon the right heart.68 Surgeons must 
also be aware of the potential for late cardiac tamponade that 
presents after hospital discharge—often to a clinician other 
than the cardiac surgeon. This entity is a potentially lethal 
complication and occurs in 0.5 to 6% of patients after heart 
surgery, almost exclusively in those on anticoagulation. It is 
more common in younger patients following isolated valve 
surgery. Patients present on average 3 weeks after surgery, 
frequently in the setting of an elevated prothrombin time. 
They are often severely symptomatic, with declining exercise 
tolerance, dyspnea, oligo/anuria, and sometimes hypoten-
sion. Any patient on anticoagulation whose recovery takes 
an otherwise unexplained decline in this interval should be 
suspected of having late tamponade and should undergo 
echocardiographic examination. Nearly all patients with late 
tamponade respond favorably to pericardiocentesis and can 
safely resume anticoagulation.69

PERICARDIAL CLOSURE
Redo sternotomy may be more hazardous when the heart is 
adherent to the inner sternal table. Closing the pericardium 
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 Chapter 57 Pericardial Disease 1237

TABLE 57-3: Structural and Hemodynamic 
Changes after Pericardial Closure in Patients 
Undergoing Elective Isolated Coronary 
Artery Bypass Grafting

Parameters measured
Open 
pericardium

Closed 
pericardium p-value

Retrosternal space at  
1 week (cm)

13 ± 5 20 ± 7 .0003

Retrosternal space at  
3 months (cm)

7 ± 3 14 ± 7 .0001

CI L/min/m2  
1 hour postoperation

3.1 ± 0.8 2.3 ± 0.6 .003

CI L/min/m2  
4 hours postoperation

3.1 ± 0.9 2.7 ± 0.7 .156

CI L/min/m2  
8 hours postoperation

3.0 ± 0.8 2.8 ± 0.5 .402

LVSWI g/m/m2  
1 hour postoperation

72 ± 18 52 ± 13 .002

LVSWI g/m/m2  
4 hours postoperation

68 ± 17 54 ± 8 .016

LVSWI g/m/m2  
8 hours postoperation

62 ± 22 52 ± 10 .087

CI, cardiac index; LVSWI, left ventricular stroke work index.

at the time of surgery interposes a protective tissue layer 
between the sternum and the heart and may reduce the 
risks of redo sternotomy. The value of any added protec-
tion against cardiac injury on sternal reentry is limited by 
the relative infrequency of reoperation and the already low 
incidence of cardiac injury at repeat sternotomy when the 
pericardium is left open. On the negative side, closing the 
pericardium can cause kinking of bypass grafts after coro-
nary artery bypass surgery and may result in hemodynamic 
compromise caused by cardiac compression. Rao et al 
demonstrated the adverse effects of pericardial closure on 
postoperative hemodynamics.70 In this ingenious study, the 
pericardial edges were marked with radiopaque markers and 
the pericardium was closed with a running suture, the ends 
of which were exteriorized. After obtaining a postoperative 
chest x-ray that demonstrated pericardial approximation, 
a set of baseline hemodynamics was measured. The suture 
was then removed, another x-ray was taken to demonstrate 
distraction of the pericardial edges, and the hemodynamic 
measurements were repeated. Pericardial closure resulted in 
transient, moderate hemodynamic compromise in the first 
8 hours postoperatively (Table 57-3). Although this and 
other studies have demonstrated adverse short-term hemo-
dynamic consequences of pericardial closure, they have yet 
to report clinical evidence of worse outcomes.71 Therefore, 
the risks of pericardial closure must be weighed against its 
potential benefits, and clinical practice should be individu-
alized to the patient.

PERICARDIAL IMAGING
Multiple modalities are utilized to image the pericardium, 
including echocardiography, CT, and MRI. Each modal-
ity has strengths and weaknesses, and each has particular 
applicability to certain pericardial conditions. As such, 
multimodality imaging is recommended. Transthoracic 
echocardiography (TTE) is typically the first-line imaging 
test for any patient suspected of having pericardial disease. 
TTE is simple, cost-effective, and noninvasive. Moreover, 
it provides both imaging and functional/hemodynamic 
data. CT and/or MRI should be considered in the following 
circumstances72:

1. Acute or recurrent pericarditis with: (a) inconclusive TTE 
imaging, (b) failed response to NSAID therapy, (c) atypi-
cal presentation, (d) concern for CP, (e) prior trauma, (f ) 
associated MI, neoplasm, infection, or pancreatitis.

2. Pericardial effusions that: (a) are complex with subacute 
tamponade requiring drainage, (b) have suspected hemo-
pericardium, clot, malignancy, or inflammation, (c) cause 
regional tamponade postoperatively (TEE should also be 
considered).

3. Constrictive pericarditis: (a) with inconclusive TTE imag-
ing, (b) when pericardial thickness or tissue assessment is 
necessary.

4. Pericardial masses to: (a) more fully characterize tissue, (b) 
assess for metastases, (c) evaluate for pericardial diverticu-
lum or cyst.

5. Congenital absence of the pericardium, when pericardial 
morphology must be assessed.

OPERATIONS
Mediastinal Reexploration
Postoperative hemorrhage complicates approximately 3 to 
5% of cardiac operations, a risk that nearly doubles in the 
setting of reoperations or valve surgery.73 Common manage-
ment for the postoperative cardiac surgical patient involves 
placing anterior and posterior mediastinal drains. Despite 
this, postoperative tamponade may still occur. The typical 
scenario involves declining chest tube output after a period 
of early postoperative bleeding, tachycardia, narrowed pulse 
pressure, increased right-sided filling pressures, oliguria, aci-
dosis, escalating inotrope and/or vasopressor requirement, 
and decreased cardiac index. Echocardiography is not rou-
tinely helpful because the pericardial space and any associ-
ated thrombus may be difficult to visualize in the immediate 
postoperative period. Subtle echocardiographic findings have 
been reported, including an inspiratory increase in right ven-
tricular end-diastolic diameter and a reciprocal decrease in 
left ventricular end-diastolic diameter, as well as an increase 
in early peak tricuspid flow velocity and reduction in flow 
across the mitral valve.74,75 Because postoperative hemorrhage 
and tamponade can precipitate rapid deterioration, expedi-
ent mediastinal drainage is imperative. The importance of 
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1238 Part IX Other Cardiac Operations

simultaneous correction of coagulopathy, hypothermia, aci-
dosis, and hypovolemia is critical.76 Extreme circumstances 
may dictate that temporizing decompression be performed 
in the ICU followed by definitive management in the oper-
ating room. Reported outcomes among patients explored in 
the ICU include perioperative survival of 85% and a sternal 
wound infection rate of 2%.77

During reexploration the first priority is to relieve tam-
ponade by evacuating retained mediastinal blood and 
controlling life-threatening hemorrhage. Dramatic hemo-
dynamic improvement is frequently observed upon chest 
reopening. Mediastinal reexploration is then undertaken in 
a thorough and methodical manner with careful attention 
paid to all suture lines. Complete mediastinal evaluation 
should be performed even if the culprit source is thought 
to be identified. Inspection proceeds from top down while 
simultaneously obtaining hemostasis; this prevents “run-
down” from obscuring small sources of bleeding. Copious 
warm saline irrigation and judicious use of gauze packing are 
helpful adjuncts.

Pericardiocentesis
Pericardiocentesis is usually performed in a procedure suite 
under fluoroscopic, sonographic, or CT guidance. Arte-
rial and right heart catheterizations are often performed for 
hemodynamic monitoring. After administration of 1% lido-
caine to the skin and soft tissues of the left xiphocostal area, 
a 25-mL syringe is affixed to a three-way stopcock and then 
to an 18-gauge spinal needle. This pericardial needle is con-
nected to an ECG V lead. Under electrocardiographic and 
imaging guidance, the needle is advanced from the left of the 
subxiphoid area aiming toward the left shoulder. ST-segment 
elevation may be seen on the V lead when the needle touches 
the epicardium. Under these circumstances, the needle is 
retracted slightly until ST-segment elevation disappears. 
Once the pericardial space is entered, a guidewire is intro-
duced into the pericardial space. The needle is removed and a 
catheter is inserted into the pericardial sac over the guidewire. 
At our institution, a pigtail-shaped drainage catheter with an 
end hole and multiple side holes is used. Intrapericardial pres-
sure is measured with pressure transducer system connected 
to the intrapericardial catheter. Pericardial fluid may then be 
removed. Symptom relief may be immediate and dramatic. 
In the presence of pericardial tamponade, aspiration of fluid 
is continued until there is clear clinical and hemodynamic 
improvement. If blood is withdrawn, 5 mL should be placed 
on a sponge to see if it clots. Clotting blood suggests that 
the needle has either inadvertently entered a cardiac chamber 
or caused epicardial injury. Defibrinated blood that has been 
present in the pericardial space for even a short time usu-
ally does not clot. The pericardial space is drained every 8 
hours; the catheter is flushed with heparinized solution and is 
typically removed within 24 to 72 hours. Pneumothorax is a 
potential complication, and chest radiography is mandatory 
post-procedure.

Pericardial Window
The purpose of partial pericardial resection (window) is to 
drain fluid into the pleural or peritoneal compartment to 
prevent reaccumulation. The procedure can be performed 
via thoracoscopy, anterior thoracotomy, or subxiphoid inci-
sion; although each approach has its unique merits, reported 
outcomes among the three are relatively similar.78,79 General 
anesthesia may not be tolerated by some patients in tam-
ponade, in which case the subxiphoid approach under local 
anesthesia in a semirecumbent position can be employed. 
When the pericardium is incised, fluid will invariably drain 
under pressure. The excised portion of pericardium should 
be as large as is feasible to prevent recurrence.80 The surgeon 
should remain mindful of the rare possibility of cardiac pro-
lapse. With the transthoracic or thoracoscopic approaches, all 
accessible pericardium ventral to the phrenic nerve should be 
excised. Similarly, via the subxiphoid approach, as much dia-
phragmatic pericardium should be excised as possible.

Surgical pericardial window, when compared to pericar-
diocentesis, is a more definitive procedure with much lower 
recurrence rates. Complications rates have also been reported 
to be lower with surgery; although more recent studies dem-
onstrate less morbidity with pericardiocentesis. This likely 
reflects increased experience and decreased complication rates 
with percutaneous techniques.81 When considering whether 
to pursue percutaneous versus surgical drainage, the risks and 
benefits of each procedure must be weighed.

Pericardiectomy
Chronic pericardial constriction is treated by pericardial exci-
sion (Fig. 57-16). Because dense adhesions and calcification 
can penetrate into the myocardium, pericardial resection can 
be technically challenging. The procedure is usually done 
via median sternotomy with the capability to use cardiopul-
monary bypass as needed.33 Practice is variable, as some use 
cardiopulmonary bypass routinely, whereas others prefer to 
avoid the additional burden of coagulopathy unless abso-
lutely necessary. Also, some surgeons prefer the countertrac-
tion provided by the filled heart, which facilitates pericardial 
stripping. Some surgeons use a left anterior thoracotomy, 
the approach taken by Edward Churchill, who reported the 
first pericardiectomy for CP done in the United States.82 The 
objective of the procedure is to release the ventricles from 
the densely adherent pericardial shell. The lack of a surgi-
cal plane can make this a bloody operation, and attention 
must be paid to salvage and reinfusion of blood. Epicardial 
coronary vessels are at risk in this dissection, and particular 
care must be taken to avoid injuring them. The goal is to 
excise all anterior pericardium between the phrenic nerves 
and the posterior pericardium around its reflection on the 
venae cavae and pulmonary veins. Complete resection should 
restore pressure-volume loops to their normal position. Com-
plete pericardial resection is not feasible in all cases, especially 
radiation-induced disease, and leaving densely adherent scar, 
particularly over the venae cavae and atria, may be safer.
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Calcified pericardium

A
  

B

Cut pericardial edge

RV fat bulging
after release

C

FIGURE 57-16 (A) Intraoperative photograph of TB pericardial thickening and calcification causing severe constriction. (B) Intraoperative 
photograph of pericardiectomy for constrictive TB pericarditis with RV free wall bulging through opening in pericardium, thick pericardial edge. 
(C) Adhesive pericarditis discovered incidentally in CABG patient. Technique for dividing adhesions over left ventricle and pulmonary artery.
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1240 Part IX Other Cardiac Operations

Outcomes vary with the etiology and severity of the 
disease. Operative mortality has been reported as high as 
10 to 20%, but is typically 5 to 6% in most contempo-
rary series, and varies based on severity of heart failure, 
elevation of right atrial pressure, and comorbidities.83-85 
Although surgery alleviates or improves symptoms in most 
patients, long-term survival is diminished in patients who 
have had prior heart surgery, and particularly in patients 
with radiation-induced CP, in whom concurrent RCM may 
exist (Fig. 57-17).86

Waffle Procedure
In some cases of pericardial constriction patients have 
thickening and calcification of the epicardium (ie, vis-
ceral pericardium), and conventional pericardiectomy may 
not improve cardiac function. Little-to-no improvement 
in diastolic constriction is seen because the heart is still 
constricted by the thickened epicardial layer. If pericardi-
ectomy does not result in prompt hemodynamic improve-
ment intraoperatively, then a waffle procedure can be 
performed. This involves creation of intersecting longitudi-
nal and transverse incisions through the epicardium across 
the entire surface of the ventricles, resulting in small islands 
of epicardial scar tissue (~1 cm2 in size). These incisions 
relieve constriction and enable proper ventricular dilation/
filling (Fig. 57-18). Results following a waffle procedure 
have been encouraging, although published data are rela-
tively limited.87,88

KEY POINTS

 • Tamponade occurs when intrapericardial pressure 
impedes cardiac filling, causing increased venous pressure, 
decreased cardiac output, and progression to shock and 
death if left untreated.

 • Pericardial reserve volume is limited; therefore, acute fluid 
accumulation can rapidly produce tamponade.

 • Constrictive pericarditis, the end result of several inflam-
matory conditions, is characterized by a prominent y 
descent, square-root sign, septal bounce, and exaggerated 
respiratory variation in right- and left-sided flows; it is best 
treated with pericardiectomy.

0.6

0.8

1

0
0 5

Number at risk

Years after pericardiectomy

Postradiation

p =.0075

Postsurgical

Miscellaneous

Idiopathic

S
ur

vi
va

l

Idiopathic 75 48 30 21
Miscellaneous 12 10 10 5
Post-surgical 60 38 24 9
Post-radiation 15 6 0 0

10 15

0.2

0.4

FIGURE 57-17 Kaplan-Meier curve showing a significant dif-
ference (log-rank test, p = .0075) in overall survival of patients 
after pericardiectomy, based on the presumed cause of constric-
tive pericarditis. (Reproduced with permission from Bertog S, 
Thambidorai S, Parakh K, et al: Constrictive pericarditis: etiology 
and cause-specific survival after pericardiectomy, J Am Coll Cardiol.  
2004 Apr 21;43(8):1445-1452.)

1 cm

1 cm

Thickened
epicardium

Myocardium
of the ventricle

Cross-section view

FIGURE 57-18 Waffle procedure demonstrating intersecting epi-
cardial incisions to create small islands of epicardial scar tissue. Large 
epicardial vessels are preserved. The incisions allow for stretching 
of the epicardium and improved diastolic filling of the ventricles. 
(Reproduced with permission from Shiraishi M, Yamaguchi A, 
Muramatsu K, et al. Validation of waffle procedure for constrictive 
pericarditis with epicardial thickening, Gen Thorac Cardiovasc Surg. 
2015 Jan;63(1):30-37.)
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 • Restrictive cardiomyopathy, a myocardial disorder caus-
ing diastolic heart failure, is differentiated from pericardial 
constriction by the presence of pulmonary hypertension, 
biatrial enlargement, and ventricular thickening; it is not 
treated surgically.

 • Patients with pericardial disease should undergo echocar-
diography supplemented as needed with CT and/or MRI, 
and catheter-based hemodynamic measurements or drain-
age for diagnosis.

 • Acute pericarditis is often self-limited and responds to 
NSAIDs ± colchicine.

 • The underlying disorder in secondary pericarditis can often 
be modified to improve the course of the pericardial disease.

 • Intervention for postoperative hemorrhage and tampon-
ade is required in less than 5% of cardiac surgeries. It 
should be undertaken promptly (in the ICU if necessary) 
with concurrent correction of coagulopathy, hypovolemia, 
hypothermia, and acidosis.

 • Pericardiectomy is associated with decreased short- and long-
term survival because of the severity of associated illnesses.
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1243

Neoplasms of the heart can be divided into primary cardiac 
tumors arising in the heart and secondary cardiac tumors 
from metastasis. Primary cardiac tumors can be further strati-
fied into benign and malignant tumors. Between 10 and 
20% of patients dying of disseminated cancer have metastatic 
involvement of the heart or pericardium.1,2 Surgical resection 
is seldom possible or advisable for these tumors, and inter-
vention usually is limited to drainage of malignant pericardial 
effusions and/or diagnostic biopsies.

The incidence of primary cardiac neoplasm ranges between 
0.17 and 0.19% in unselected autopsy series.3-5 Seventy-five 
percent of primary cardiac tumors are benign, and 25% are 
malignant.2,6 Fifty percent of the benign tumors are myxo-
mas, and 75% of malignant tumors are sarcomas.2,6 The 
clinical incidence of these tumors is 1 in 500 cardiac surgical 
patients. With the exception of myxomas, most surgeons will 
rarely encounter primary cardiac tumors. The purpose of this 
chapter is to summarize useful information for the evaluation 
and management of patients with cardiac tumors and to pro-
vide a reference for additional study.

HISTORICAL BACKGROUND
A primary cardiac neoplasm was first described by Realdo 
Colombo in 1559.7 Alden Allen Burns of Edinburgh 
described a cardiac neoplasm and suggested valvular obstruc-
tion by an atrial tumor in 1809.8 A series of six atrial tumors, 
with characteristics we now recognize as myxoma, was pub-
lished in 1845 by King.9 In 1931, Yates reported nine cases 
of primary cardiac tumor and established a classification 
system similar to what we use today.10 The first antemortem 
diagnosis of a cardiac tumor was made in 1934 when Barnes 
diagnosed a cardiac sarcoma using electrocardiography and 
biopsy of a metastatic lymph node.11 In 1936, Beck success-
fully resected a teratoma external to the right ventricle,12 and 
Mauer removed a left ventricular lipoma in 1951.13 Treat-
ment of cardiac tumors was profoundly influenced by two 
events: the introduction of cardiopulmonary bypass (CPB) in 
1953 by John Gibbon, which allowed a safe and reproducible 
approach to the cardiac chambers, and the introduction of 
cardiac echocardiography, which allowed safe and noninvasive 

diagnosis of an intracardiac mass. The first echocardiographic 
diagnosis of an intracardiac tumor was made in 1959.14 An 
intracardiac myxoma was diagnosed by angiography in 1952 
by Goldberg, but attempts at surgical removal were unsuc-
cessful.9 A large right atrial myxoma was removed by Bhanson 
in 1952 using caval inflow occlusion, but the patient died 
24 days later.15 Crafoord in Sweden first successfully removed 
a left atrial myxoma in 1954 using CPB,16 and Kay in Los 
Angeles first removed a left ventricular myxoma in 1959.17 
By 1964, 60 atrial myxomas had been removed successfully, 
with improved results owing to the increasing safety of CPB 
and use of echocardiography for detection. Operations are 
currently performed routinely on patients with atrial myx-
oma with minimal mortality.6,18-21 Primary malignant tumors, 
however, continue to represent a challenge.

CLASSIFICATION
A pathologic classification is listed in Table 58-1. Mural 
thrombus is listed as a pseudotumor, although not really a 
cardiac tumor, its presentation may mimic myxoma clinically 
and pathologically. Most mural thrombi are associated with 
underlying valvular disease, myocardial infarction, dysfunc-
tion, or atrial fibrillation.22 Mural thrombi also have been 
noted in hypercoagulable syndromes, particularly antiphos-
pholipid syndrome.23 With increasing use of long-term cen-
tral catheters, we have seen several right atrial masses that were 
difficult to define and upon removal were mural thrombi.

Heterotopias and tumors of ectopic tissue include cys-
tic tumors of the atrioventricular (AV) node consisting of 
multiple benign cysts in the region of the AV node that can 
cause heart block or sudden death. Most are diagnosed at 
autopsy, but a biopsy diagnosis of AV nodal tumor has been 
reported.24 Germ cell tumors of the heart usually are terato-
mas, occurring within the pericardial sac, but yolk sac tumors 
have been described in infants and children.25 Ectopic thyroid 
tissue may occur within the myocardium and is referred to 
as struma cordis. Right ventricular outflow track obstruction 
may be present, but most patients are asymptomatic.

Most of the remaining tumors arise in the mesenchymal, 
fat, fibrous, neural, or vascular cells of the heart, with myxoma 
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1244 Part IX Other Cardiac Operations

representing a tumor of undetermined histogenesis. Primary 
cardiac lymphoma, mesothelioma, and metastatic tumors to 
the heart represent the remaining pathologic categories that 
comprise the greater part of this chapter.

PRIMARY BENIGN TUMORS
Myxoma
Myxomata comprise 50% of all benign cardiac tumors in 
adults and 15% of such tumors in children. Occurrence dur-
ing infancy is rare (Tables 58-2 and 58-3). A vast majority of 
myxomas occur sporadically and tend to be more common in 
women.4,21 The peak incidence is between the third and sixth 
decades of life, and 94% of tumors are solitary.26 Approxi-
mately 75% occur in the left atrium27 and 10 to 20% occur 

in the right atrium. The remaining proportion are equally dis-
tributed between the ventricles.2 The deoxyribonucleic acid 
(DNA) genotype of sporadic myxomas is normal in 80% of 
patients.28 Myxomas are unlikely to be associated with other 
abnormal conditions and have a low recurrence rate.4,27

About 5% of myxoma patients show a familial pat-
tern of tumor development based on autosomal dominant 
inheritance.29-31 These patients and 20% of those with spo-
radic myxoma have an abnormal DNA genotype chromo-
somal pattern.28 In contrast to the “typical” sporadic myxoma 
profile, familial patients are more likely to be younger, 
equally likely to be male or female, and more often (22%) 
have multicentric tumors originating from either the atrium 
or ventricle.32-36 Although familial myxomas have the same 
histology, they have a higher recurrence rate after surgi-
cal resection (21-67%).27,37 Approximately 20% of familial 
patients have associated conditions such as adrenocortical 
nodule hyperplasia, Sertoli cell tumors of the testes, pitu-
itary tumors, multiple myxoid breast fibroadenomas, cutane-
ous myomas, and facial or labial pigmented spots.26,37 These 
conditions often are described as complex myxomas within 
the group of familial myxoma.28 A familial syndrome with 
autosomal X-linked inheritance characterized by primary pig-
mented nodular adrenocortical disease with hypercortisolism, 
cutaneous pigmentous lentigines, and cardiac myxoma is 
referred to as Carney’s complex.26,37

PATHOLOGY
Both biatrial and multicentric myxomas are more common 
in familial disease. Biatrial tumors probably arise from bidi-
rectional growth of a tumor originating within the atrial 
septum.38 Atrial myxomas generally arise from the interatrial 
septum at the border of the fossa ovalis but can originate 
anywhere within the atrium, including the appendage.4 

TABLE 58-2: Benign Cardiac Neoplasms in 
Adults

Tumor No. Percentage

Myxoma 118 49
Lipoma 45 19
Papillary fibroelastoma 42 17
Hemangioma 11 5
AV node mesothelioma 9 4
Fibroma 5 2
Teratoma 3 1
Granular cell tumor 3 1
Neurofibroma 2 <1
Lymphangioma 2 <1
Rhabdomyoma 1 <1
Total 241 100

Reproduced with permission from McAllister HA Jr, Fenoglio JJ Jr: Tumors of 
the cardiovascular system, in Atlas of Tumor Pathology. Washington, DC, Armed 
Forces Institute of Pathology; 1978, fas. 15.

TABLE 58-1: Types of Cardiac Tumors by 
Pathology

Pseudotumors
Mural thrombi

Heterotopias and tumors of ectopic tissue
Tumors of the atrioventricular nodal region
Teratoma
Ectopic thyroid

Tumors of mesenchymal tissue
Hamartoma of endocardial tissue
Papillary fibroelastomas

Hamartomas of cardiac muscle
Rhabdomyoma
Histiocytoid cardiomyopathy (Purkinje cell hamartoma)

Tumors and neoplasms of fat
Lipomatous hypertrophy, interarterial septum
Lipoma
Liposarcoma

Tumors and neoplasms of fibrous and myofibroblastic tissue
Fibroma
Inflammatory pseudotumor (inflammatory myofibroblastic tumor)
Sarcomas (malignant fibrous histiocytoma, fibrosarcoma, 

leiomyosarcoma)
Vascular tumors and neoplasms

Hemangioma
Epithelioid hemangioendothelioma
Angiosarcoma

Neoplasm of uncertain histogenesis
Myxoma

Neoplasms of neural tissue
Granular cell tumor
Schwannoma/neurofibroma

Paraganglioma
Malignant schwannoma/neurofibrosarcoma (rare)
Malignant lymphoma
Malignant mesothelioma
Metastatic tumors to the heart
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 Chapter 58 Cardiac Neoplasms 1245

In addition, isolated reports confirm that myxomas can arise 
from the cardiac valves, pulmonary artery (PA) and vein, and 
vena cava.30,31 Right atrial myxomas are more likely to have 
broad-based attachments than left atrial tumors; they also are 
more likely to be calcified,34 and thus visible on chest radio-
graphs. Ventricular myxomas occur more often in women and 
children and may be multicentric.2,39 Right ventricular tumors 
typically arise from the free wall, and left ventricular tumors 
tend to originate in the proximity of the posterior papillary 
muscle.

Grossly, about two-thirds of myxomas are round or oval 
tumors with a smooth or lobulated surface (Fig. 58-1).21 
Most are polypoid, compact, pedunculated, mobile, and not 
likely to fragment spontaneously.2,4 Mobility depends on 
stalk length, the extent of attachment to the heart, and the 
amount of tumor collagen.4 Most are pedunculated with a 
short, broad base, and sessile forms are unusual.2,40 Less com-
mon villous or papillary myxomas are gelatinous and frag-
ile and prone to fragmentation and embolization, occurring 

about one-third of the time.21,41 Myxomas are white, yellow, 
or brown in color, and are frequently covered with thrombus.2 
Focal areas of hemorrhage, cyst formation, or necrosis may be 
seen in cut section. The average size is about 5 cm in diam-
eter, but growth to 15 cm in diameter and larger has been 
reported.4 Myxomatous tumors appear to grow rapidly, but 
growth rates vary, and occasionally, tumor growth arrests 
spontaneously.4 Weights range from 8 to 175 g, with a mean 
between 50 and 60 g.5

Histologically, myxomas are composed of polygonal-
shaped cells and capillary channels within an acid mucopoly-
saccharide matrix.4 The cells appear singularly or in small 
clusters throughout the matrix, and mitoses are rare.42,43 The 
matrix also contains occasional smooth muscle cells, reticu-
locytes, collagen, elastin fibers, and a few blood cells. Cyst, 
areas of hemorrhage, and foci of extramedullary hematopoi-
esis are also found.37,41 Ten percent of the tumors have micro-
scopic deposits of calcium and metastatic bone deposits, as 
well as sometimes glandular-like structures.37,41 The base of 
the tumor contains a large artery and veins that connect 
with the subendocardium but do not typically extend deep 
beyond the subendocardium.37 A coronary angiography in 
our own institution revealed a large feeding vessel and was 
suspected originally of being an angiosarcoma but on histol-
ogy proved to be a typical benign myxoma. Myxomas tend 
to grow into the overlying cardiac cavity rather than into the 
surrounding myocardium. Myxomas arise from the endo-
cardium and are considered derivative of the subendocardial 
multipotential mesenchymal cell.44-46 This accounts for the 
occasional presence of hematopoietic tissue and bone in these 
tumors. Interestingly, myxomas have developed after cardiac 
trauma, including repair of atrial septal defects and trans-septal 
puncture for percutaneous dilatation of the mitral valve.

CLINICAL PRESENTATION
The classic clinical presentation of a myxoma is intracardiac 
obstruction with congestive heart failure (67%); signs of 
embolization (29%); systemic or constitutional symptoms 

FIGURE 58-1 Large in situ left atrial myxoma as seen from the sur-
geon’s perspective just before removal.

TABLE 58-3: Benign Cardiac Neoplasms in Children

Tumor

0 to 1-year-old 1 to 15-year-olds

Number Percentage Number Percentage

Rhabdomyoma 28 62 35 45.0
Teratoma 9 21 11 14.0
Fibroma 6 13 12 15.5
Hemangioma 1 2 4 5.0
AV node mesothelioma 1 2 3 4.0
Myxoma — — 12 15.5
Neurofibroma — — 1 1.0
Total 45 100 78 100

Reproduced with permission from McAllister HA Jr, Fenoglio JJ Jr: Tumors of the cardiovascular system, in Atlas of Tumor Pathology. Washington, DC, Armed Forces 
Institute of Pathology; 1978, fas. 15.
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1246 Part IX Other Cardiac Operations

of fever (19%); weight loss or fatigue (17%); and immu-
nologic manifestations of myalgia, weakness, and arthralgia 
(5%).21 Cardiac rhythm disturbances and infection occur less 
frequently.

Constitutional Symptoms. Nearly all myxoma patients 
admit to a variety of constitutional symptoms. These com-
plaints may be accompanied by a leukocytosis, elevated 
erythrocyte levels and sedimentation rate, hemolytic anemia, 
thrombocytopenia, and elevated C-reactive protein. Immu-
noelectrophoresis may reveal abnormal immunoglobulin 
levels with increased circulating IgG.47 The recent discovery 
of elevated levels of interleukin-6 in patients with myxoma 
has been linked to a variety of associated conditions, includ-
ing lymphadenopathy, tumor metastasis, ventricular hyper-
trophy, and development of constitutional symptoms.39,48,49 
Other less frequent complaints include Raynaud’s phenom-
enon, arthralgias, myalgias, erythematous rash, and clubbing 
of the digits.4,50

Possible etiologies of such varied complaints and symp-
toms include tumor embolization with secondary myalgias 
and arthralgias and elevated immunoglobulin response.51 
Circulating antibody–tumor antigen complexes with com-
plement activation also may play a role.43 Such symptom 
complexes tend to resolve following surgical resection of the 
tumor.52

Obstruction. Obstruction of blood flow in the heart is 
the most common cause of acute presenting symptoms. 
The nature of these symptoms is determined by which of 
the chambers is involved and the size of the tumor. Myxo-
mas in the left atrium tend to mimic mitral disease. These 
produce positional dyspnea and other signs and symptoms 
of heart failure associated with elevated left atrial and pul-
monary venous pressures. Clinically, mitral stenosis often is 
suspected and leads to echocardiography and diagnosis of 
myxoma. Syncopal episodes occur in some patients and are 
thought to result from temporary occlusion of the mitral 
orifice.34,53 Right atrial myxomas can produce a clinical pic-
ture of right-sided heart failure with signs and symptoms of 
venous hypertension, including hepatomegaly, ascites, and 
dependent edema and can cause tricuspid valve stenosis by 
partially obstructing the orifice.34,53 If a patent foramen ovale 
is present, right-to-left atrial shunting may occur with central 
cyanosis, and paradoxical embolization has been reported.54 
Large ventricular myxomas may mimic ventricular outflow 
obstruction. The left ventricular myxoma may produce the 
equivalent of subaortic or aortic valvular stenosis,54,55 whereas 
right ventricular (RV) myxomas can simulate RV outflow 
track or pulmonic valve obstruction.

Embolization. Systemic embolization is the second most 
common mode of myxomatous presentation, occurring in 
30 to 40% of patients.2,4,34 Because the majority of myxomas 
are left-sided, approximately 50% of embolic episodes affect 
the central nervous system owing to both intra- and extracra-
nial vascular obstruction. The neurologic deficits following 

embolization can be transient but are often permanent.56 Spe-
cific central nervous system consequences include intracra-
nial aneurysms, seizures, hemiparesis, and brain necrosis.57-59 
Retinal artery embolization with visual loss has occurred in 
some patients.60

Embolic myxomatous material has been found blocking 
iliac and femoral arteries.61,62 Other sites of tumor emboliza-
tion include abdominal viscera and the renal and coronary 
arteries.63 Histologic examination of surgically removed 
peripheral myxoma that has embolized provides the diagnosis 
of an otherwise unsuspected tumor.34 Renal artery specimens 
from a nephrectomy have shown viable enlarging embolic 
myxoma after excision of the primary tumor. Right-sided 
myxomatous emboli mainly obstruct PAs and cause pulmo-
nary hypertension and even death from acute obstruction.4,54

Infection. Infection arising in a myxoma is a rare complication 
and produces a clinical picture of infectious endocarditis.64,65 
Infection increases the likelihood of systemic embolization,4 
and an infected myxoma warrants urgent surgical resection.

DIAGNOSIS
Clinical Examination. Findings at the time of clinical 
assessment of a patient with cardiac myxoma vary according 
to the size, location, and mobility of the tumor. Left atrial 
myxomas may produce auscultatory or clinical findings simi-
lar to mitral disease. The well-described “tumor plop” can 
be confused with a third heart sound,66 occurring just after 
the opening snap of the mitral valve created from contact 
between the tumor and endocardial wall.66 Left atrial myxo-
mas that cause partial obstruction of left ventricular filling 
may result in elevated pulmonary vascular pressures with 
augmentation of the pulmonary component of the second 
heart sound.67

Right atrial myxomas may produce similar auscultatory 
findings as left atrial myxomas with the exception that they 
are best heard along the lower right sternal border rather than 
at the cardiac apex. In addition, right atrial hypertension may 
produce a large a wave in the jugular venous pulse and, when 
severe, may mimic superior vena caval syndrome.

Chest Radiograph and Electrocardiogram. The find-
ings on chest roentgenogram may include generalized car-
diomegaly, individual cardiac chamber enlargement, and 
pulmonary venous congestion. More specific rare findings are 
density within the cardiac silhouette caused by calcification 
within the tumor (see Fig. 58-3) occurring more often with 
right-sided myxomas.4

Electrocardiographic Findings. Nonspecific abnormali-
ties such as chamber enlargement, cardiomegaly, bundle-
branch blocks, and axis deviation can be found.68 Fewer than 
20% of patients have atrial fibrillation.39 Evaluation of non-
specific electrocardiographic abnormalities occasionally leads 
to an incidental diagnosis of myxoma which most electrocar-
diograms are not helpful in establishing a diagnosis.

Cohn_ch58_p1243-1276.indd   1246 13/04/17   9:06 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 58 Cardiac Neoplasms 1247

Echocardiography. Cross-sectional echocardiography is 
the most useful test employed for the diagnosis and evalu-
ation of myxoma. The sensitivity of two-dimensional (2-D) 
echocardiography for myxoma is 100%, and this imaging 
technique largely has supplanted angiocardiography.69 How-
ever, coronary angiography usually is performed in myxoma 
patients more than 40 years of age to rule out significant 
coronary disease. Transesophageal echocardiography (TEE) 
provides the best information concerning tumor size, loca-
tion, mobility, and attachment.70

Transesophageal echocardiograms detect tumors as small 
as 1 to 3 mm in diameter.71 Most surgeons obtain a trans-
esophageal echocardiogram in the operating room before 
the operation (Fig. 58-2). We particularly evaluate the pos-
terior left atrial wall, atrial septum, and right atrium, which 
often are not well displayed on transthoracic examination, to 
exclude the possibility of biatrial multiple tumors. Addition-
ally, postoperative TEE ensures a normal echocardiogram 
before leaving the operating room.

Computed Tomography and Magnetic Resonance 
Imaging. Although myxomas have been identified using 
computed tomography (CT),69,72 this modality is most use-
ful in malignant tumors of the heart because of its ability to 
demonstrate myocardial invasion and tumor involvement of 
adjacent structures.68 Similarly, magnetic resonance imaging 
(MRI) has been employed in the diagnosis of myxomas and 
may yield a clear picture of tumor size, shape, and surface 
characteristics.68-72 MRI is particularly useful in detecting 
intracardiac and pericardial extension, invasion of malig-
nant secondary tumors, and the evaluation of ventricular 
masses that occasionally turn out to be myxoma. Both CT 
and MRI detect tumors as small as 0.5 to 1.0 cm and pro-
vide information regarding the composition of the tumor.4 

Neither CT nor MRI is needed for atrial myxomas if an 
adequate echocardiogram is available. The exception is the 
occasional right atrial myxoma that extends into one or both 
caval or tricuspid orifices. CT or MRI should be reserved 
for the situation in which the diagnosis or characterization 
of the tumor is unclear after complete echocardiographic 
evaluation.

SURGICAL MANAGEMENT
Surgical resection is the only effective therapeutic option for 
patients with cardiac myxoma and should not be delayed 
because death from obstruction to flow within the heart 
or embolization may occur in as many as 8% of patients 
awaiting operation.73 A median sternotomy approach 
with ascending aortic and bicaval cannulation usually is 
employed. Manipulation of the heart before initiation of 
CPB is minimized in deference to the known friability and 
embolic tendency of myxomas. In the event of preopera-
tive known cerebral embolization without hemorrhage, the 
tumor should be resected approximately seven days after the 
event to prevent further embolization and yet allow time for 
stabilization of the brain for CPB. For left atrial myxomas, 
the venae cavae are cannulated through the right atrial wall, 
with the inferior cannula placed close and laterally to the 
inferior vena cava (IVC)–right atrial junction. Caval snares 
are always used to allow opening of the right atrium, if 
necessary. If extensive exposure of the left atrium is needed 
or a malignant left atrial tumor is suspected, we mobilize 
and directly cannulate the superior vena cava (SVC), which 
allows it to be transected if necessary for additional expo-
sure. Body temperature is allowed to drift down, but there 
is no attempt to induce systemic hypothermia unless the 
need for reduced perfusion flow is anticipated. Modern car-
dioplegic techniques yield a quiet operative field and protect 
the myocardium from ischemic injury during aortic cross-
clamping. CPB is started, and the aorta is clamped before 
manipulation of the heart.

Exposure of left atrial myxomas is maximized by using 
several principles from mitral valve repair surgery. The sur-
geon desires the right side of the heart to rotate up and the 
left side of the heart to rotate down. Therefore, stay sutures 
are placed low on the pericardium on the right side, and no 
pericardial stay sutures are placed on the left before placing 
the chest retractor. This rotates the heart for optimal exposure 
of both the right and, particularly, the left atrium (Fig. 58-3). 
For left atrial tumors, the SVC is mobilized extensively, as 
is the IVC–right atrial junction, allowing increased mobility 
and exposing the left atrial cavity. Left atrial myxomas can be 
approached by an incision through the anterior wall of the 
left atrium anterior to the right pulmonary veins (Fig. 58-4). 
This incision can be extended behind both cavae for greater 
exposure (Fig. 58-5). Exposure and removal of large tumors 
attached to the interatrial septum may be aided by a second 
incision parallel to the first in the right atrium. This biatrial 
incision allows easy removal of tumor attached to the fossa 
ovalis with a full-thickness Ro (margin-negative) excision at 

FIGURE 58-2 Transesophageal echocardiogram of a giant left atrial 
myxoma that does not appear attached to the mitral valve.

Cohn_ch58_p1243-1276.indd   1247 13/04/17   9:06 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1248 Part IX Other Cardiac Operations

the site of attachment and easy patch closure of the atrial sep-
tum if necessary (Fig. 58-6).

Right atrial myxomas pose special venous cannulation 
problems, and intraoperative echocardiography may be ben-
eficial. Both venae cavae may be cannulated directly. When 
low- or high-lying tumor pedicles preclude safe transatrial 
cannulation, cannulation of the jugular or femoral vein can 
provide venous drainage of the upper or lower body. In gen-
eral, we always can cannulate the SVC distal enough from the 
right atrium to allow adequate tumor resection, but occasion-
ally femoral venous cannula drainage has been necessary. If 
the tumor is large or attached near both caval orifices, periph-
eral cannulation of both jugular and femoral veins may be 
used to initiate CPB and deep hypothermia. After the aorta 

is cross-clamped and the heart is arrested with antegrade car-
dioplegia, the right atrium may be opened widely for resec-
tion of the tumor and reconstruction of the atrium during 
a period of circulatory arrest if this is needed for a dry field. 
Resection of large or critically placed right atrial myxomas 
often requires careful preoperative planning, intraoperative 
TEE, and special extracorporeal perfusion techniques to 
ensure complete removal of the tumor, protection of right 
atrial structures, and reconstruction of the atrium. Because 
myxomas rarely extend deep in the endocardium, it is not 
necessary to resect deeply around the conduction tissue. The 
tricuspid valve and the right atrium, as well as the left atrium 

No

P

FIGURE 58-3 Rotation of the heart with pericardial stay sutures for 
left atrial exposure. IVC = inferior vena cava.

FIGURE 58-5 Left atrial atriotomy posterior to the interatrial 
groove to expose the left atrial tumor.

FIGURE 58-4 Left atriotomy and exposure of myxoma. FIGURE 58-6 Repair of left atrial wall after removal of myxomas.
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 Chapter 58 Cardiac Neoplasms 1249

and ventricle, should be inspected carefully for multicentric 
tumors in patients with right atrial myxoma. Regardless of 
the surgical approach, the ideal resection encompasses the 
tumor and a portion of the cardiac wall or interatrial septum 
to which it is attached (Fig. 58-7). Our policy is to perform a 
full-thickness resection whenever possible. However, partial-
thickness resection of the area of tumor attachment has been 
performed when anatomically necessary without a noted 
increase in recurrence rate.74,75

Ventricular myxomas usually are approached through the 
AV valve76 or by detaching the anterior portion of the AV 
valve for exposure and resection and reattachment after resec-
tion. Occasional small tumors in either outflow tract can be 
removed through the outflow valve.76 If necessary, the tumor 
is excised through a direct incision into the ventricle, but this 
is unusual and the least preferred approach. It is not necessary 
to remove the full thickness of the ventricular wall because 
no recurrences have been reported with partial-thickness exci-
sions. As with right atrial myxoma, the presence of ventricu-
lar myxoma prompts inspection for other tumors because of 
the high incidence of multiple tumors.

Every care should be taken to remove the tumor without 
fragmentation. Following tumor removal from the field, the 
area should be liberally irrigated, suctioned, and inspected for 
loose fragments. There are rare instances of distant metasta-
ses from myxoma many years after tumor resection, and these 
reports raise the issue of potential intraoperative dissemination of 
tumor.77 Cardiotomy suction can be used during the operation, 
but wall suction should strictly be used during the brief time 
that the tumor is exposed. The low malignant potential of the 
vast majority of myxomas and the rarity of metastasis support 
the author’s current policy of retaining rather than discarding 
blood, and we believe that most cases of metastatic implantation 
of myxoma represent a preoperative embolic event.

Minimally Invasive Approaches to Surgical 
Removal. Minimally invasive approaches are being applied 
with increasing frequency in all areas of cardiac surgery, and 

cardiac tumors are no exception. Experience is confined 
to benign tumors and is quite limited. Approaches have 
included right parasternal or partial sternotomy exposure 
with standard cardioplegic techniques,78 right submammary 
incision with femoral–femoral bypass and nonclamped ven-
tricular fibrillation,79 and the right submammary port access 
method with antegrade cardioplegia and ascending aortic 
balloon occlusion.80 Thoracoscopic techniques have been 
used to aid in visualization and removal of ventricular fibro-
elastomas81,82 (Fig. 58-8). Myxoma removal is possible via 
thoracoscopy.83 Results in this limited number of selected 
patients have been good, but more experience and longer 
follow-up are needed before this can be recommended as a 
standard approach.

Minimally invasive cardiac surgical (MICS) approaches 
are possible for myxomas and fibroelastomas in appropriate 
anatomic locations in the right and left atria or AV valves. A 
right chest (nonsternal) approach is used to gain access to the 
atria or the ventricles through the mitral or tricuspid valves. 
Fibroelastomas are also amenable to excision through a MICS 
approach to the aortic valve and left ventricular outflow tract 
(LVOT).

MICS approaches are generally performed through a lim-
ited right lateral third or fourth intercostal space (ICS) inci-
sion (5-8 cm) for exposure of the right and left atria. Exposure 
of the aortic valve and LVOT is achieved via an upper mini-
sternotomy toward the third ICS or anterior thoracotomy 
with disarticulation of the third rib at the sternum.

In mini-sternotomy approaches, the patient is positioned 
supine with arms at the side and full exposure to the femoral 
and axillary spaces. In right lateral approaches, the patient is 
positioned supine with a bump placed vertically to elevate 
the right hemi-thorax; exposing the lateral ribs as well as the 
axillary and femoral spaces.

FIGURE 58-7 Giant left atrial myxoma just before removal.

FIGURE 58-8 Thoracoscopic view of left atrial fibroelastoma.
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1250 Part IX Other Cardiac Operations

Safe and complete CPB is essential to achieve optimal 
clinical outcomes. Complete tumor resection, adequate 
venous drainage, aortic clamping, and complete de-airing are 
essential for a successful result. In left-sided tumors, CPB can 
be safely performed via femoral vessel Selinger access (per-
cutaneously or cut-down) and multistage venous drainage. 
In patients where right-sided cardiac access is necessary, a 
separate SVC cannula can be inserted and snared separately 
via the right mini-thoracotomy. Optimal venous drainage is 
essential for adequate visualization and RV myocardial pro-
tection. Arterial cannulation can be performed femorally, 
directly into the ascending aorta or via the axillary artery.

Myocardial protection in MICS procedures, similar to 
MICS valve surgery, is dependent on delivery of cardioplegia. 
Antegrade cardioplegia is usually administered directly into 
the ascending aorta. Retrograde cardioplegia is performed via 
direct catheterization of the coronary sinus (CS) through the 
right atrium. Alternatively, a percutaneous CS catheter can be 
inserted via a neck approach prior to surgery. Aortic clamping 
is optimally performed via standard Chitwood clamp inserted 
through an axillary stab. Endovascular balloon aortic occlu-
sion may also be performed if the aortotomy is not required. 
Venting of the LV may be performed through direct cannula-
tion of the LA/LV via right superior pulmonary vein or per-
cutaneously through PA drainage (Fig. 58-37a and 58-37b).

Excellent preoperative imaging (optimally through car-
diovascular magnetic resonance) is necessary to delineate 
tumor anatomy and involvement prior to MICS procedures 
and surgical planning. If performed adequately, MICS tumor 
resection is a viable and safe option for complete removal of 
tumors. With these approaches, patients may benefit from 
decreased transfusions, length of stay, and pain medication 
requirement.

Results
Removal of atrial myxomas carries an operative mortality rate 
of 5% or less.21 Operative mortality is related to advanced age 
or disability and comorbid conditions. Excision of ventricular 
myxomas can carry a higher risk (approximately 10%). Our 
experience over the last 15 years with 85 myxomas shows no 
operative or hospital mortality.

Recurrence of nonfamilial sporadic myxoma is approxi-
mately 1 to 4%.4,74,75 Many large series report no recurrent 
tumors.74,83-86 The 20% of patients with sporadic myxoma 
and abnormal DNA have a recurrence rate estimated at 
between 12 and 40%.4 The recurrence rate is highest in 
patients with familial complex myxomas, all of whom exhibit 
DNA mutation, and this is estimated to be about 22%.4 
Overall, recurrences are more common in younger patients. 
The disease-free interval averages about 4 years and can be as 
brief as 6 months.75 Most recurrent myxomas occur within 
the heart, in the same or different cardiac chambers, and may 
be multiple.19,34,87 Extracardiac recurrence after resection of 
tumor, presumably from embolization and subsequent tumor 
growth and local invasion, has been observed.19,87,88 The biol-
ogy of the tumor, dictated by gene expression rather than 

histology, may be the only reliable factor predicting recur-
rence. DNA testing of all patients with cardiac myxoma may 
prove to be the best predictor of the likelihood of recurrence.89

Myxomas generally classified as “malignant” are often 
found on subsequent review to be sarcomas with myxoid 
degeneration.90 However, this issue also remains unsettled 
because of reports of metastatic growth of embolic myxoma 
fragments in the brain, arteries, soft tissue, and bones.56,88,91-97 
Symptomatic lesions of possible metastatic myxoma should 
be excised if feasible.56,91

The extent to which patients should be subjected to 
long-term echocardiographic surveillance after myxoma 
resection is not standardized. It would seem prudent to 
closely follow patients who are treated initially for mul-
ticentric tumors, those whose tumors are removed from 
unusual locations in the heart, all tumors believed to have 
been incompletely resected, and all tumors found to have 
an abnormal DNA genotype. Patients undergoing resec-
tion of tumors thought to be myxomas but with malig-
nant characteristics at pathologic examination should have 
long-term, careful follow-up.

Other Benign Cardiac Tumors
As shown in Table 58-2, myxomas comprise approximately 
41% of benign cardiac tumors, with three other tumors (ie, 
lipoma, papillary fibroelastoma, and rhabdomyoma) together 
contributing a similar proportion. A number of rarely 
encountered tumors account for the remainder.

LIPOMA
Lipomas are well-encapsulated tumors consisting of mature 
fat cells that may occur anywhere in the pericardium, sub-
endocardium, subepicardium, and intra-atrial septum.2 
They may occur at any age and have no sex predilection. 
Lipomas are slow growing and may attain considerable size 
before producing obstructive or arrhythmic symptoms. 
Many are asymptomatic and are discovered incidentally on 
routine chest roentgenogram, echocardiogram, or at sur-
gery or autopsy.98,99 Subepicardial and parietal lipomas tend 
to compress the heart and may be associated with pericar-
dial effusion. Subendocardial tumors may produce chamber 
obstruction. The right atrium and left ventricle are the sites 
affected most often. Lipomas lying within the myocardium or 
septum can produce arrhythmias or conduction abnormali-
ties. Large tumors that produce severe symptoms should be 
resected. Smaller, asymptomatic tumors encountered unex-
pectedly during cardiac operation should be removed if exci-
sion can be performed without adding risk to the primary 
procedure. These tumors are not known to recur.

Lipomatous Hypertrophy of the 
Interatrial Septum
Nonencapsulated hypertrophy of the fat within the atrial sep-
tum is known as lipomatous hypertrophy.2 This abnormality is 
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 Chapter 58 Cardiac Neoplasms 1251

more common than cardiac lipoma and is usually encoun-
tered in elderly, obese, or female patients as an incidental 
finding during a variety of cardiac imaging procedures.84 
Various arrhythmias and conduction disturbances have 
been attributed to its presence.85,100 The main difficulty is 
differentiating this from a cardiac neoplasm on echocar-
diography.101 After the demonstration of a mass by echo-
cardiography, the typical T1 and T2 signal intensity of fat 
on MRI usually can establish a diagnosis.102,103 Arrhyth-
mias and heart block are considered by some as indica-
tions for resection, but data are lacking as to the long-term 
benefits from resection.104

Papillary Fibroelastoma of the 
Heart Valves
Papillary fibroelastomas are tumors that arise characteristi-
cally from the cardiac valves or adjacent endocardium.105 
These tumors are described as resembling sea anemones with 
frond-like projections in gross description (Fig. 58-9). The 
AV and semilunar valves are affected with equal frequency. It 
is now known that these are capable of producing obstruction 
of flow, particularly coronary ostial flow, and may embolize to 
the brain and produce stroke.106-115 They are usually asymp-
tomatic until a critical event occurs. Papillary fibroelastomas 
of the cardiac valve should be resected whenever diagnosed, 
and valve repair rather than replacement should follow the 
resection of these benign tumors whenever technically fea-
sible (Fig. 58-10). Cytomegalovirus has been recovered in 
these tumors, suggesting the possibility of viral induction of 
the tumor and chronic viral endocarditis.111

RHABDOMYOMA
Rhabdomyoma is the most frequently occurring cardiac tumor 
in children. It usually presents during the first few days after 
birth. It is thought to be a myocardial hamartoma rather than 
a true neoplasm.116 Although rhabdomyoma appears sporadi-
cally, it is associated strongly with tuberous sclerosis, a heredi-
tary disorder characterized by hamartomas in various organs, 
epilepsy, mental deficiency, and sebaceous adenomas. Fifty per-
cent of patients with tuberous sclerosis have rhabdomyoma, but 
more than 50% of patients with rhabdomyoma have or will 
develop tuberous sclerosis.117 More than 90% of rhabdomyo-
mas are multiple and occur with approximately equal frequency 
in both ventricles.118 The atrium is involved in fewer than 30% 
of patients. Pathologically, these tumors are firm, gray, and 
nodular and tend to project into the ventricular cavity. Micro-
graphs show myocytes of twice normal size filled with glycogen, 
containing hyperchromatic nuclei and eosinophilic-staining 
cytoplasmic granules.2,119 Scattered bundles of myofibrils can be 
seen within cells by electron microscopy.118

Clinical findings may mimic valvular or subvalvular ste-
nosis. Arrhythmias, particularly ventricular tachycardia and 
sudden death, may be a presenting symptom.119 Atrial tumors 
may produce atrial arrhythmias.119 The diagnosis is made by 
echocardiography. Rarely, no intramyocardial tumor is found 
in a patient with ventricular arrhythmias, and the site of 
rhabdomyoma is located by electrophysiologic study.119

Early operation is recommended in patients who do not 
have tuberous sclerosis before 1 year of age.86 The tumor usu-
ally is removed easily in early infancy, and some can be enu-
cleated.86 Unfortunately, symptomatic tumors often are both 
multiple and extensive, particularly in patients with tuberous 
sclerosis, who, unfortunately, have a dismal long-term out-
look. In such circumstances, surgery offers little benefit.

FIBROMA
Fibromas are the second most common benign cardiac tumor, 
with more than 83% occurring in children. These tumors are 

FIGURE 58-9 Additional enhanced view of an in situ left atrial 
fibroelastoma.

FIGURE 58-10 Surgical removal of a papillary fibroelastoma.
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1252 Part IX Other Cardiac Operations

solitary, occur exclusively within the ventricle and the ven-
tricular septum, and affect the sexes equally. Fewer than 100 
tumors have been reported, and most are diagnosed by age 
2 years. These tumors are not associated with other disease, 
nor are they inherited. Fibromas are nonencapsulated, firm, 
nodular, gray-white tumors that can become bulky. They are 
composed of elongated fibroblasts in broad spiral bands and 
whirls mixed with collagen and elastin fibers. Calcium depos-
its or bone may occur within the tumor and occasionally are 
seen on roentgenography (Figs. 58-11 and 58-12).

Most fibromas produce symptoms through chamber 
obstruction, interference with contraction, or arrhyth-
mias. Depending on size and location, such a tumor may 
interfere with valve function, obstruct flow paths, or cause 

sudden death from conduction disturbances in up to 25% 
of patients.114 Intracardiac calcification on chest roent-
genograms suggests the diagnosis, which is confirmed by 
echocardiogram.

Surgical excision is successful in some patients, particu-
larly if the tumor is localized, does not involve vital struc-
tures, and can be enucleated.86,120-122 However, it is not 
always possible to remove the tumor completely, and par-
tial removal is only palliative, although some patients have 
survived many years.86,121 Operative mortality may be high 
in infants. Most cases are in adolescents and adults.186,120,121 
Successful, complete excision is curative.120,121 Children 
with extensive fibromas have been treated with cardiac 
transplantation.122,123

MESOTHELIOMA OF THE AV NODE
Mesothelioma of the AV node is also termed polycystic tumor, 
Purkinje tumor, or conduction tumor. It is a relatively small, 
multicystic tumor that arises in proximity to the AV node 
and may extend upward into the interventricular septum 
and downward along the bundle of His.2 Mesothelioma is 
associated with heart block, ventricular fibrillation,124 and 
sudden death. Cardiac pacing alone does not prevent sub-
sequent ventricular fibrillation. Surgical excision has been 
reported.24

PHEOCHROMOCYTOMA
Cardiac pheochromocytomas arise from chromaffin cells of 
the sympathetic nervous system and produce excess amounts 
of catecholamines, particularly norepinephrine. Approxi-
mately 90% of pheochromocytomas are in the adrenal glands. 
Fewer than 2% arise in the chest. Only 32 cardiac pheochro-
mocytomas had been reported by 1991.125 The tumor pre-
dominantly affects young and middle-aged adults with an 
equal distribution between the sexes. Approximately 60% 
occur in the roof of the left atrium. The remainders involve 
the interatrial septum or anterior surface of the heart. The 
tumor is reddish brown, soft, lobular, and consists of nests of 
chromatin cells.

The patients usually present with symptoms of uncon-
trolled hypertension or are found to have elevated urinary 
catecholamines. The tumor usually is located by scintigraphy 
using [I131] metaiodo-benzylguanidine126 and CT or MRI.126 
Cardiac catheterization with differential blood chamber sam-
pling sometimes is necessary in addition to coronary angi-
ography.125 After the tumor is located, it should be removed 
using CPB with cardioplegic arrest. Patients require preanes-
thetic alpha and beta-blockade and careful intraoperative 
and immediate postoperative monitoring. Most tumors are 
extremely vascular, and uncontrollable operative hemor-
rhage has occurred.126 Resection may require removal of the 
atrial and/or ventricular wall or a segment of a major coro-
nary artery.127 Explantation of the heart to allow resection of 
a large left atrial pheochromocytoma has been attempted.128 
Transplantation has been performed for unresectable tumor 
and complete excision produces cure.121-123

FIGURE 58-11 Left ventricular fibroma as seen from an external 
view of the heart.

FIGURE 58-12 MRI of left ventricular fibroma.
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 Chapter 58 Cardiac Neoplasms 1253

PARAGANGLIOMA
Paragangliomas are endocrine tumors that can secrete cat-
echolamines. As a result, their presentation is often similar 
to that of pheochromocytomas. When found within the 
thoracic cavity, they are located most often in the posterior 
mediastinum. Paragangliomas typically present with atypical 
chest pain.129,130 On echocardiography, they are often large 
and highly vascular tumors.131 On cardiac catheterization, 
they may be intimately associated with the coronary arter-
ies (Fig. 58-13).132 Between March 2004 and October 2010, 
7 male patients from our institution who underwent surgi-
cal resection of cardiac paraganglioma were retrospectively 
reviewed. In 5 patients, paragangliomas originated from the 
roof of the left atrium, and in 2 patients, they originated from 
the aortic root. Hospital mortality was 14%. Complete surgi-
cal resection remains the mainstay of therapy and can be cura-
tive, but carries a significant risk of intraoperative bleeding 
and usually requires CPB and often complex resection tech-
niques, including cardiac autotransplantation (Fig. 58-14).

HEMANGIOMA
Hemangiomas of the heart are rare tumors (24 clinical cases 
reported), affect all ages, and may occur anywhere within the 
heart.133,134 These are vascular tumors composed of capillar-
ies or cavernous vascular channels. Patients usually develop 
dyspnea, occasional arrhythmias, or signs of right-sided heart 
failure.135 Diagnosis is difficult, and echocardiography or 
cardiac catheterization can establish a diagnosis of cardiac 
tumor by showing an intracavity filling defect.127 CT and 
MRI show axial T2-weighted; MRI should show a high sig-
nal mass owing to vascularity (Fig. 58-15). Coronary angi-
ography typically shows a tumor blush and maps the blood 
supply to the tumor. During resection, meticulous ligation of 
feeding vessels is required to prevent postoperative residual 
arteriovenous fistulas or intracavity communications. Partial 
resections have produced long-term benefits.133 Tumors rarely 
resolve spontaneously.136

TERATOMA
Cardiac teratoma is a rare tumor that typically presents in 
infants and young children.137 About 80% of the tumors are 
benign.138 These tumors are discovered by echocardiography 
after a variety of symptoms lead to cardiac or mediastinal 
evaluation. There is little experience with surgical removal, 
which should be possible.

CASTLEMAN TUMOR
Castleman disease is a poorly understood lymphoprolifera-
tive disorder. The disease was first described by Castleman 

FIGURE 58-13 Paraganglioma blush of tumor during cardiac 
catheterization.

FIGURE 58-14 MRI of left atrial paraganglioma that required an 
autotransplant for removal.

FIGURE 58-15 Axial T2-weighted magnetic resonance image 
showing high signal mass of left atrial hemangioma. (Reproduced with 
permission from Lo JJ, Ramsay CN, Allen JW, et al: Left atrial cardiac 
hemangioma associated with shortness of breath and palpitations, 
Ann Thorac Surg 2002 Mar;73(3):979-981.)
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and colleagues in 1956.139 It typically presents as a solitary 
lesion in the mediastinum. The most common histologic type 
is hyaline vascular, which accounts for approximately 90% of 
cases and often behaves in a benign fashion. The more aggres-
sive subgroups are the plasma and mixed-cell types, which 
have a more malignant behavior.140 Patients may have a local-
ized or multicentric disease with lymph node involvement, 
typically in the mediastinum. These tumors typically pres-
ent as well-circumscribed masses. There have been reports of 
Castleman disease with myocardial and coronary artery inva-
sion or development of a coronary pseudoaneurysm.141 In 
these more aggressive cases, cardiac assist devices have been 
used as a bridge to recovery141 (Figs. 58-16 and 58-17). CT 
imaging of the lesions reveals atypical or target-like enhance-
ment that corresponds to various degrees of degeneration, 
necrosis, and fibrosis. Technetium-99m tetrofosmin and 

[I123] beta-methyliodophenyl pentadecanoic acid (BMIPP) 
imaging may aid in the diagnosis. On BMIPP, these tumors 
show reduced uptake compared with the surrounding normal 
myocardium.142 Complete surgical resection is considered 
curative.143

PRIMARY MALIGNANT TUMORS
Primary cardiac malignancy is very uncommon, with only 
21 surgically treated cases noted in a 25-year surgical experi-
ence from 1964 to 1969, combining the experience of two 
large institutions, the Texas Heart Institute and the MD 
Anderson Cancer Center in Houston.144 Additional cur-
rent reports from the Texas Medical Center include a series 
from the Methodist Debakey Heart and Vascular Center and 
MD Anderson Cancer Center of 27 patients selected from 
1990 to 2006.144 Approximately 25% of primary cardiac 
tumors are malignant, and of these, about 75% are sarcomas.  
McAllister’s survey of cardiac tumors found the most 
common to be angiosarcomas (31%), rhabdomyosarcomas 
(21%), malignant mesotheliomas (15%), and fibrosarcomas 
(11%),2 see Table 58-4.

Rather than histologic classification of cardiac sarcoma, 
we propose a classification system based on anatomic loca-
tion. Histology does not greatly affect treatment or prognosis 
as much as anatomic location.144,145 The revised classification 
system divides primary cardiac sarcomas into right heart sar-
comas, left heart sarcomas, and PA sarcomas, and these are 
the categories that will be used in the discussion to follow.

Right heart sarcomas tend to metastasize early, pres-
ent as bulky masses (Fig. 58-18), and are characteristically 
infiltrative.145 Right heart sarcomas often occupy much of the 
right atrium growing largely in an outward pattern, and often 
avoid heart failure until the latest stage of presentation. This 
presentation often allows time for neoadjuvant chemotherapy 

Fistula

FIGURE 58-16 Castleman tumor showing fistula site indicated by 
insertion of a coronary probe.

FIGURE 58-17 MRI of Castleman tumor.

TABLE 58-4: Primary Malignant Cardiac 
Neoplasms in Adults

Tumor Number Percentage

Angiosarcoma 39 33
Rhabdomyosarcoma 24 21
Mesothelioma 19 16
Fibrosarcoma 13 11
Lymphoma 7 6
Osteosarcoma 5 4
Thymoma 4 3
Neurogenic sarcoma 3 2
Leiomyosarcoma 1 <1
Liposarcoma 1 <1
Synovial sarcoma 1 <1
Total 117 100

Reproduced with permission from McAllister HA Jr, Fenoglio JJ Jr: Tumors of 
the cardiovascular system, in Atlas of Tumor Pathology. Washington, DC, Armed 
Forces Institute of Pathology; 1978, fas. 15.

Cohn_ch58_p1243-1276.indd   1254 13/04/17   9:07 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 58 Cardiac Neoplasms 1255

in an attempt to shrink the tumor and sterilize the infiltrating 
edges to increase the chances of obtaining a resection with 
microscopically negative margins.

Left heart sarcomas tend to be more solid with less infiltra-
tion than right heart sarcomas and tend to metastasize later 
in the course of disease.146 Left-sided sarcomas are most often 
located in the left atrium, and tend to grow into the wall. 
Diminution of blood flow quickly results in life-threatening 
heart failure. Neoadjuvant chemotherapy can rarely be used 
because of this presentation. Most left atrial sarcomas are ini-
tially clinically diagnosed as mxyomas, have a positive resec-
tion margin, rapidly recur, and require repeat resection.

Primary malignant cardiac tumors arise sporadically, show-
ing no inherited linkage. Although they may span the entire 
age spectrum, they usually occur in adults more than 40 years 
of age. The patients usually present with symptoms of con-
gestive heart failure, pleuritic chest pain, malaise, anorexia, 
and weight loss.137,147 The most common symptom has been 
dyspnea148 (Table 58-5). Some develop refractory arrhyth-
mias, syncope, pericardial effusion, and tamponade.148 The 
chest x-ray may be abnormal and even show a mass lesion, 
but the definite diagnosis usually is made with cardiac echo-
cardiography.147,149 Right atrial lesions are more frequently 
malignant (usually angiosarcoma) than left-sided lesions (usu-
ally myxoma but, when malignant, often malignant fibrous 
histiocytoma [MFH]). If malignancy is suspected, chest CT 
or MRI may suggest histology and provide detailed anatomy 
and help in staging and assessing resectability. The current 
status of positron-emission tomographic (PET) scans in eval-
uating these patients remains controversial. We perform car-
diac catheterization on all patients older than 40 years of age 
presenting with intracardiac masses and on all patients with 

large right atrial masses. Malignancy may be suggested and 
coronary involvement suspected by tumor blush. This is not 
pathognomic because we have seen a large feeding vessel and 
tumor blush in a histologically confirmed myxoma.

Unfortunately, primary cardiac malignancy may grow 
to a large size before detection and involve portions of the 
heart not amenable to resection. Some of these patients have 
been considered for transplantation and will be discussed 
later. Otherwise, palliative medical therapy can be attempted 
with radiation therapy, although success in both symptom 
relief and longevity has been somewhat limited. Whether the 
tumor is primary or secondary, the decision to resect is based 
on tumor size and location and an absence of metastatic 
spread seen on complete evaluation. Unfortunately, most pri-
mary cardiac malignancies that have been referred to our cen-
ter were considered to be benign initially and were resected 
incompletely at presentation. If malignancy is suspected or 
confirmed, and if the lesion appears anatomically resectable 
and there is no metastatic disease, then resection should be 
considered. If complete resection is possible, surgery provides 
better palliation and potentially can double survival.150 After 
resection, we recommend adjuvant chemotherapy and believe 
that this can improve survival.138,150 Complete resection will 
depend on the location of the tumor, the extent of involve-
ment of the myocardium and/or fibrous skeleton of the heart, 
and histology.

Angiosarcoma
Angiosarcomas are two to three times more common in men 
than in women and have a predilection for the right side of 
the heart. Eighty percent arise in the right atrium.148,151,152 
These tumors tend to be bulky and aggressively invade adja-
cent structures, including the great veins, tricuspid valve, RV 
free wall, interventricular septum, and right coronary artery151 
(Fig. 58-19). Obstruction and right-sided heart failure are 
not uncommon. Pathologic examination of resected speci-
mens demonstrates anastomosing vascular channels lined 
with typical anaplastic epithelial cells. Unfortunately, most of 
these tumors have spread by the time of presentation, usually 
to the lung, liver, and brain.148 Without resection, 90% of the 

FIGURE 58-18 CT scan of a right heart tumor.

TABLE 58-5: Symptoms of Primary Malignant 
Cardiac Tumors

Symptom Number Percentage

Dyspnea 13/21 61.9
Chest pain 6/21 28
Congestive heart failure 6/21 28
Palpitations 5/321 24
Fever 3/21 14
Myalgia 2/21 10

Data from Murphy MC, Sweeney MS, Putnam JB Jr, et al: Surgical treatment of 
cardiac tumors: a 25-year experience, Ann Thorac Surg 1990 Apr;49(4):612-617.
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1256 Part IX Other Cardiac Operations

patients are dead within 9 to 12 months of diagnosis despite 
radiation or chemotherapy.22,148 We have seen carefully 
selected patients without evidence of spread on metastatic 
evaluation who have undergone complete surgical resection 
with subsequent chemotherapy (Fig. 58-20). In addition to 
surgical resection of the right atrium, right coronary bypass 
and even tricuspid valve repair or replacement may be under-
taken (Fig. 58-21). We have had no hospital mortality in this 
small group, and most patients die from metastasis rather 
than recurrence at the local site.153

Malignant Fibrous Histiocytoma
MFH is the most common soft tissue sarcoma in adults. Its 
occurrence as a cardiac primary malignancy has been relatively 
recently accepted as a specific entity. It is characterized histo-
logically by a mixture of spindle cells in a storiform pattern, 
polygonal cells resembling histiocytes, and malignant giant 
cells. The cell of origin is the fibroblast or histioblast.149,154 It 
usually occurs in the left atrium and often mimics myxoma. 
In fact, every left atrial MFH referred to our institution has 
been previously incompletely resected when thought to rep-
resent a myxoma. The tendency to metastasize early is not as 
prominent as with angiosarcoma. Several reports document 
rapid symptomatic recurrence after incomplete resection 
despite chemotherapy. These patients often die of local car-
diac disease before the development of metastases. We believe 
that if complete resection can be obtained (particularly if the 
malignant nature is recognized and complete resection can be 
done at the original operation) and adequate chemotherapy 
can be provided, we may improve survival in this otherwise 
dismal disease.

Rhabdomyosarcoma
Rhabdomyosarcomas do not evolve from rhabdomyomas 
and occur equally in the sexes. The tumors are multicentric 
in 60% of patients and arise from either ventricle. These 
tumors frequently invade cardiac valves or interfere with valve 

function because of their intracavitary bulk. Microscopically, 
tumor cells demonstrate pleomorphic nuclei and spidery, 
wispy, streaming eosinophilic cytoplasm, usually in a muscle-
like pattern.

The tumors are aggressive and may invade pericardium. 
Surgical excision of small tumors may be rational, but local 
and distant metastases and poor response to radiation or che-
motherapy limit survival to less than 12 months in most of 
these patients.120,137,138,150,155

Other Sarcomas and Mesenchymal-
Origin Tumors
McAllister and Fenoglio found that malignant mesothelio-
mas arising from the heart or pericardium and not from the 
surrounding pleura were the third most common malignant 
cardiac tumors and that fibrosarcomas were fourth.2 How-
ever, in the two decades since their work, clinicians have 
rarely encountered these tumors. This apparent decrease 
in incidence may be related to changes in histologic crite-
ria for classifying primary malignant neoplasms since their 
study.5,133,138,148-150,155,156

The histology of these tumors can be ambiguous and diffi-
cult. These neoplasms can resemble other sarcomas, and some 
might be deemed fibrous histiocytomas today. The behavior 
of these tumors is more important, and as with other cardiac 
sarcomas, resection of small tumors in the absence of known 
metastasis perhaps is justified, but data are scarce.22,148,150,155 
This being said, it is important to rule out more diffuse tho-
racic involvement with mesothelioma before considering 
resection of an isolated cardiac or pericardial mesothelioma. 
A PET scan may be considered, and any suspicious pleural 
thickening or effusion should be evaluated carefully both 
radiographically and histologically.

Myosarcoma, liposarcoma, osteosarcoma, chondromyxo-
sarcoma, plasmacytoma, and carcinosarcoma arising from the 
heart all have been reported,156-159 but by the time diagnosis 
is made, only palliative therapy usually can be offered, and 
surgery is indicated only occasionally. Regardless of therapy, 
it is unusual for patients with these diagnoses to survive more 
than a year.

Right-Sided Cardiac Sarcomas
The prognosis without surgery for right heart sarcoma is 
dismal, and surgical resection is the only treatment modal-
ity shown to increase survival. Complete surgical resection 
is complicated both by the bulky infiltrative nature of right 
heart sarcoma and the high incidence of metastatic disease 
at presentation. The author’s current approach to right heart 
sarcomas has been to begin with neoadjuvant chemotherapy 
once a definitive tissue diagnosis of sarcoma is made using a 
right heart catheterization biopsy. Occasionally, a diagnosis of 
lymphoma or other tumor is made. Multidisciplinary treat-
ment planning based on the correct diagnosis is imperative. 
After 4 to 6 rounds of chemotherapy (with repeat imaging 

FIGURE 58-19 Pathology specimen photograph of a right atrial 
tumor.
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A B

C D

FIGURE 58-20 (A) Right atrial angiosarcoma involving right coronary artery and tricuspid valve, (B) excision of tumor with right coronary 
artery and tricuspid valve, (C) tricuspid valve replaced, (D) completed repair using bovine pericardium.
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1258 Part IX Other Cardiac Operations

every other cycle to assess for tumor response), the patient is 
evaluated for surgical resection. This treatment regimen aims 
to improve on the current microscopic complete resection 
rate of 33%. The initial diagnostic test for right heart sar-
comas is transthoracic echocardiography, which rarely misses 
these usually large tumors. Unlike large left atrial masses that 
are usually benign myxomas, the majority of large right atrial 
masses are typically malignant (Fig. 58-22). The majority 
of right heart sarcomas referred to our specialty center have 
yet to undergo attempted resection, unlike left-sided heart 
tumors which are typically resected under the presumption 
they are benign myomas. The primary reason for local fail-
ure of a right heart sarcoma is incomplete resection, typically 
because of surgical hesitancy to achieve complete resection 
because of involvement of the right coronary artery.

Most right heart sarcomas are angiosarcomas2 (Fig. 58-23). 
These tumors may occur in the right atrium (Fig. 58-24) or 
the right ventricle but far more commonly arise from the right 
atrium. They replace the right atrial wall and frequently grow 

into the cardiac chamber and into adjacent tissues. Right heart 
tumors tend to be infiltrative and form microscopic “fingers” 
of tumor extending beyond the margins of gross disease. Dif-
fuse pericardial involvement, RV involvement, or encasement 
of great vessels or veins often precludes surgical resection. 
The tricuspid valve, right coronary artery, and up to about 
30% of the RV muscle mass may be resected and replaced 
or reconstructed with reasonable risk to achieve a complete 
resection. Thus, all patients are evaluated preoperatively with 
coronary arteriography. In patients treated without surgical 
resection, the survival is approximately 10% at 12 months.160 
A microscopically negative surgical resection margin has been 
shown to extend survival150 and remains standard therapy. 
Although some patients having a radical resection still locally 
recur, the leading cause of death is distant metastatic disease. 
Complete resection followed by adjuvant chemotherapy has 
been shown to extend survival.150,160

Patients with even limited metastatic disease that did 
not respond well to chemotherapy or who developed new 
metastatic disease while on treatment are not considered 

FIGURE 58-21 Right atrial angiosarcoma (final repair with right 
coronary artery bypass positioned over bovine pericardium).

FIGURE 58-22 Transesophageal echocardiogram of a right atrial 
mass measuring 4.45 by 2.69 centimeters.

FIGURE 58-23 CT scan of a right atrial mass with the pathology 
specimen oriented in a similar fashion over the image.

FIGURE 58-24 Right atrial sarcoma.
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 Chapter 58 Cardiac Neoplasms 1259

candidates for surgery. Patients with widely metastatic dis-
ease are not considered candidates unless palliative surgery 
because of severe symptoms is recommended. Every patient 
should be referred to oncology for potential continuation of 
chemotherapy after recovery from surgery.

Based on the anatomic extent of tumor and the needed 
margins for resection, venous cannulation for CPB must be 
carefully planned and individualized to each patient. Directly 
cannulating the high SVC for upper body drainage and 

cannulating directly into the IVC at the diaphragm usually 
allows adequate exposure for complete inferior resection, but 
occasionally femoral cannulation aids in exposing the more 
caudal structures of the right heart. Aortic cannulation is 
standard, as it is distant from the tumor. The right atrium 
can be completely resected and replaced with bovine pericar-
dium. If the resection involves the SVC or IVC, a vascular 
stapler can be used to staple lengthwise, creating a tube from 
bovine pericardium to recreate the vein segment (Fig. 58-25). 
One particular area of danger is at the right atrial junction 
with the root of the aorta, as overzealous resection in this 
area will result in damage to the fibrous skeleton of the heart, 
which is characteristically difficult to repair. Incomplete 
resection leaving gross disease rapidly leads to regrowth of 
the tumor and should be avoided if at all possible. When 
right coronary artery involvement is suspected, mobiliza-
tion of the right internal mammary artery is performed 
at the beginning of the operation. Right ventricular wall 
can be simply partially replaced with bovine pericardium 
or incorporated into a prosthetic tricuspid valve used for 
valve replacement. For an illustration of the steps involved 
in the resection and later reconstruction of a right heart 
sarcoma, refer to Fig. 58-26.

Left-Sided Cardiac Sarcomas
Surgical resection is the most effective therapeutic option for 
patients with malignant left-sided cardiac tumors. Delay can 
result in death from obstruction to flow within the heart or 

FIGURE 58-25 Bovine pericardium reconstruction of the superior 
vena cava (created by folding the pericardium in half and then firing 
an endo-GIA stapler longitudinally to form the conduit).

FIGURE 58-26 (A) median sternotomy approach to a right heart sarcoma; (B) transection of the aorta, right main pulmonary artery, roof of 
the left atrium, and superior vena cava to rotate the right upper quadrant of the heart and allow adequate exposure for complete excision of a right 
heart sarcoma;

A B
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1260 Part IX Other Cardiac Operations

G H

C D

E F

  (C) posterior view of the heart to illustrate the incisions necessary for complete removal of a right-sided cardiac 
sarcoma that extended into the roof of the left atrium; (D) reconstruction of the roof of the left atrium; (E) reconstruction of the pulmonary veins 
using a Dacron graft; (F) reconstruction from an anterior view of the right main pulmonary artery; (G) reconstruction of the aorta using a Dacron 
graft and a running suture; (H) complete reconstruction of the heart after radical removal of a right heart sarcoma (note the superior vena cava 
reconstruction with bovine pericardium folded and stapled with an endo-GIA stapler).

FIGURE 58-26 (Continued )
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 Chapter 58 Cardiac Neoplasms 1261

embolization, which may occur in as many as 8% of patients 
awaiting operation. The clinical presentation of patients with 
primary left heart sarcoma depends on the anatomic location 
and extent of the tumor and is not influenced by histology. 
Most primary left heart sarcomas are reported to occur in 
the left atrium, a concept supported by the author’s expe-
rience; 22/24 (92%) occurred in the left atrium and 2/24 
(8%) occurred in the left ventricle. Most left atrial masses 
seen by cardiac surgeons are mistaken to be benign myxomas. 
Every left atrial sarcoma patient referred to our center previ-
ously underwent resection for a presumed myxoma that was 
later found to be a cardiac sarcoma. Each of these cases had 
rapid reappearance of the left atrial tumor at the site of resec-
tion likely representing regrowth of persistent incompletely 
resected sarcoma. Intracavitary left ventricular tumors are 
very uncommon and are rarely mistaken for a simple cardiac 
myxoma. Heart failure caused by obstruction of intracardiac 
blood flow is the most common and concerning presenting 
symptom. Heart block from local invasion, arrhythmia, peri-
cardial effusion, distal embolus, fever, weight loss, and mal-
aise are also seen. The mean age of presentation is reported 
to be 40 years of age.149 Transthoracic echocardiography is 
the most common initial diagnostic test. TEE is specifically 
recommended for in all left-sided cardiac tumors because of 
increased resolution of left-sided structures. Cardiac MRI 
and PET/CT scans are also obtained in patients known or 
suspected to have sarcoma.

Once diagnosed, primary cardiac sarcoma patients have 
an often dismal prognosis. When medically treated, the 
survival at 12 months is less than 10%.160 Most reports in 
the literature are either autopsy series or individual case 
reports or small case series. Operative mortality usually 
exceeds 20%, and the mean survival is typically around 
12 months.161-163 Many published series focus on primary 
cardiac sarcoma in general without regard to anatomic loca-
tion. The Mayo Clinic reported 34 patients over 32 years 
with a median survival of 12 months.164 A combined series 
from the Texas Heart Institute and the MD Anderson Can-
cer Center reported an actuarial survival of 14% at 2 years 
in 21 patients over a 26-year period.157 The authors have 
previously reported a combined multimodality approach, 
and found a median survival of 23.5 months in 27 patients 
over 16 years with survival of 80.9% at one year and 61.9% 
at two years.147 Subsequent analyses show that histologic 
type does not influence survival or treatment approach.165 
The major determinant of clinical presentation and surgi-
cal approach is anatomic location. Currently, these tumors 
are grouped based on location, such as PA sarcomas, right 
heart sarcomas, or left heart sarcomas.166

The high rate of local recurrence and secondary resections 
reported in the literature167 indicate the left atrium and ven-
tricle present unique anatomic exposure challenges. Com-
plete resection and reconstruction is complicated because of 
the left heart proximity to vital structures. Often, a surgeon’s 
inability to adequately visualize vital structures and recon-
struct leads to an inadequate resection with rapid regrowth 
of tumor. Typically, left atrial tumors are approached 

through the interatrial groove. The interatrial groove is often 
an adequate approach for benign tumors, but is limited for 
malignant tumors that are often larger and require a more 
generous margin of resection. We have considered com-
plete cardiectomy and orthotopic cardiac transplantation for 
complete removal of these tumors. Although feasible, this 
approach requires the availability of a donor and postopera-
tive immunosuppression; both of which present potential 
problems in cancer patients. Additionally series using ortho-
topic cardiac transplantation for this purpose have only 
shown a median survival of 12 months.168 Left ventricular 
tumors can be approached through the aortic valve, the 
mitral valve, or through a ventriculotomy. A transaortic valve 
approach works nicely for benign tumors,82 but is inadequate 
for malignant tumors because of their size and the amount 
of resection needed. A ventriculotomy through normal ven-
tricular muscle is possible, but not ideal. The author’s group 
adopted the approach of cardiac explantation, ex vivo tumor 
resection, cardiac reconstruction, and reimplantation of the 
heart (cardiac autotransplantation), which permits a radical 
tumor resection and accurate reconstruction.

CARDIAC AUTOTRANSPLANTATION
The technique of cardiac autotransplantation was introduced 
for cardiac tumors by Cooley in 1985 to deal with a large 
left atrial pheochromocytoma.128 Although this case was not 
successful, it introduced the senior author (MJR) to the tech-
nique and its potential use for cardiac tumors. The author’s 
group did the first successful cardiac autotransplant for cardiac 
sarcoma in 1998,154 also reporting this for left atrial sarcoma 
and left ventricular sarcoma.169 Working closely with the MD 
Anderson Cancer Center, the Methodist Hospital has now 
performed 34 cardiac auto transplants. Of the 34 patients, 
there were 26 primary cardiac sarcomas, 1 isolated malignant 
melanoma metastasis to the intracavitary left ventricle, and 
7 benign cases. The benign group had no operative deaths 
and 100% 2-year survival. Overall 30-day, 1-year, and 2-year 
procedural survival was 85, 59, and 44%, respectively. For 
primary malignant tumors, survival at 1 and 2 years was 46 
and 28%. Among patients with primary malignant tumors, 
19 had isolated cardiac autotransplantation and 7 had auto-
transplantation plus pneumonectomy. Operative mortality 
(and median survival) for cardiac autotransplantation with 
and without pneumonectomy was 43% (55 days) and 11% 
(378 days), respectively. For primary sarcomas, microscopi-
cally positive or negative resection margins did not impact 
survival. A diagnostic algorithm for autotransplantation in 
cardiac tumors is included (Fig 58-37).

Cardiac autotransplantation has several fundamental dif-
ferences from standard orthotopic heart transplantation.170 
In orthotopic heart transplantation, unless a domino pro-
cedure is being done, the explanted heart is not to be used 
and any damage to its structures is inconsequential. For a 
complete video of an autotransplant including replacement 
of the mitral valve, refer to the movie attached to this chapter. 
Therefore, the cardiectomy can be performed leaving a wide 
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1262 Part IX Other Cardiac Operations

margin of remaining tissue to use in tailoring the heart to be 
implanted without regard to cutting critical structures such 
as the CS. Similarly, the donor heart can usually be harvested 
with extra tissue at its margins to be used to help tailor the 
implantation unlike traditional orthotopic heart transplant 
surgery. The heart must be excised in cardiac autotransplanta-
tion in a manner that does not damage any structures that 
cannot be repaired, replaced, or are vital to cardiac function. 
Additionally, if the heart is simply excised and reimplanted, 
loss of workable tissue makes reimplantation more chal-
lenging than orthotopic heart transplantation. Cannulation 
techniques must take into consideration planned explanta-
tion. The aorta can be cannulated distally in the transverse 
arch. Venous cannulation must be directly into the SVC and 
IVC just below the right atrial junction. This requires greater 
exposure and mobilization of the SVC and IVC. After com-
mencing CPB, further mobilization of the SVC and IVC is 
performed until each is completely free and surround with 
umbilical tapes on a tourniquet. Wide mobilization of the 
interatrial groove and circumferential mobilization of the 
ascending aorta and PA follows cannulation. This facilitates 
both accurate excision of the heart and reimplantation. The 
ascending aorta is cross-clamped and antegrade cold blood 
potassium cardioplegia is given (10 cc/kg) to achieve cardiac 
arrest. The left atrium is opened at the beginning of cardio-
plegia, and a sump drain is placed to decompress the heart. 
After cardioplegia and cardiac quiescence, the left atrium is 
opened to confirm pathology and appropriateness of auto-
transplantation. The SVC first divided beyond the right atrial 
junction. This is followed by IVC division which should be 
transected near the right atrial and SVC junction. For each 
transection, it is important to note the rim of tissue being 
left behind retracts substantially toward the venous cannulae 
and an extraordinarily wide rim must be left or reimplanta-
tion at the IVC can be exceedingly difficult. The ascending 
aorta is divided about 1 cm distal to the sinotubular junction 
and the PA is divided just proximal to its bifurcation. The 
left atrium transection is then completed, dividing the atrium 
just anterior to the pulmonary veins and on the left side equal 
distant between the pulmonary veins and the mitral valve 
and left atrial appendage. This allows complete removal of 
the heart which is placed into a basin of ice slush (Fig. 58-27). 
The posterior left atrium is then inspected, and any tumor is 
widely excised (Fig. 58-28). Bovine pericardium is used for 
reconstruction, and the pulmonary veins may be individually 
reimplanted into new orifices cut in the bovine pericardium 
or left as a cuff, if pathology permits. The anterior left atrium 
can be entirely removed, including the mitral valve, leaving 
only a mitral annulus.

Bovine pericardial reconstruction starts with cutting a 
hole to match the mitral annulus opening. Mitral valve 
replacement using pledgeted 2-0 ticron sutures begins 
with pledgets placed on the left ventricular side of the 
annulus, passing through the annulus, through the bovine 
pericardium, and then through the prosthetic mitral valve. 
When the sutures are tied, the neo atrial wall is sealed to 
the valve and annulus. The anterior and posterior bovine 

pericardium can then be tailored by cutting darts and sew-
ing them together before reanastomosis. Reimplantation 
is similar to standard cardiac transplantation, beginning 
with the left atrium anastomosis. The right atrium is then 
attached to the IVC, and then the right atrium to the 
SVC. If either of these anastomoses appears to be under 
excess tension, an interposition graft of Gore-Tex, Dacron, 
or crafted pericardial tube graft can be used to bridge the 
defect successfully (Fig. 58-29). The PA and aorta are 
reanastomosed in a standard fashion using Prolene suture, 
warm-blood potassium cardioplegia is given antegrade, 
and the aortic cross-clamp is removed. The procedure for 
left ventricular tumors is similar, and occasionally requires 
mitral valve excision or partial excision of the interven-
tricular septum (Fig. 58-30). The interventricular septum 
can be reconstructed with bovine pericardium and valve 
replacement is typically done with a tissue valve. Although 
these patients are young, a tissue valve is often chosen to 
avoid anticoagulation. Issues with structural valve deterio-
ration are of less concern because survival is counted now 
in years rather than decades.

Because of poor survival, lesions requiring a pneumo-
nectomy in addition to cardiac autotransplant should be 
considered a contraindication to surgery. This can usually 
be determined preoperatively with cardiac MRI to evaluate 
restriction of blood flow through the pulmonary veins.

Lymphomas
Lymphomas may arise from the heart, although this is 
rare.171 Most of these tumors respond to radiation and 
chemotherapy, and surgical resection is rarely indicated.153 
Even when complete resection is not possible, incomplete 
resection has been performed to relieve acute obstruc-
tive systems and, when followed with radiation and che-
motherapy, has allowed for extended survival in selected 
patients.

FIGURE 58-27 Ex vivo heart showing large sarcoma arising from 
the anterior left atrial wall.
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FIGURE 58-28 (A) Explanation of the heart for exposure of extensive left atrial sarcoma. (B) Cannulation strategy to optimize removal and later 
reimplantation of the heart (note the superior vena cava is cannulated rather than the right atrium). (C) Direct view of median sternotomy and 
cannulation strategy. 
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D

Cannula inserted in IVC up to
diaphragm via femoral v.

E

Aorta

SVC

Pulmonary trunk

IVC

F

Left upper pulmonary vein

Left lower
pulmonary vein

Left atrial appendage

Mitral valve

Line of posterior
atrial division

Right pulmonary veins

  (D) Right femoral artery cannulation to facilitate inferior vena caval reconstruction and eliminate room occupied 
by the cannula when the vein is to be transected and later re-connected. (E) Necessary divisions of the aorta, pulmonary artery, and cavae to begin 
the autotransplantation. (F) The last step in removing the heart includes separating the anterior left atrium from the pulmonary veins.

FIGURE 58-28 (Continued )
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SVC

Aorta

Pulmonary trunk

Mitral annulus

Coronary sinus

G H

Tissue valve

Bovine pericardium

Pledgetted suture
in annulus

I

Aorta

Left coronary a.

SVC

Bovine pericardium
& replaced mitral valve

Cardioplegia used for pressure
testing coronary arteries

Pulmonary
trunk

J

Tumor
A

B Bovine pericardium

  (G) The explanted heart from an unusually clear view. (H) Reconstruction of the anterior left atrium using bovine 
pericardium by incorporating the pledgeted sutures through the annulus, the pericardium, and then the new valve implant, respectively. (I) Recon-
struction of the anterior left atrium is complete once the sutures are tied. (J) Resection of a large posterior left atrial mass is easily completed and 
reconstructed with the heart explanted.

FIGURE 58-28 (Continued )
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Gortex graft

Native vein

Venous cuff

K

L

Edges of bovine pericardial patch
rounded up using darts in the corners

M

N

SVC

Reanastomosis of IVC with
graft to alleviate tension

O

  (K) A Gore-Tex graft can be used to 
reconstruct a pulmonary vein, and various possibilities are depicted 
for reconstructing the posterior left atrium. (L) The posterior left 
atrial repair is then shaped into a bowl by cutting darts in the peri-
cardium used to reconstruct and then sewing the darts together. (M) 
The reimplantation is begun by first sewing the edges of the peri-
cardium together (the left atrial appendage can be used as a marker 
for orientation). (N) Once the left atrium is reconstructed, the supe-
rior vena cava and then inferior vena cava are reconnected (please 
note any gaps in length can be corrected by interposing the seg-
ment with graft. (O) The completed autotransplant heart. (Figures 
B to O reproduced with permission from Blackmon SH, Reardon 
MJ: Cardiac Autotransplantation, Oper Tech Thorac Cardiovasc Surg 
2010;Summer:15(2):147-161.)

FIGURE 58-28 (Continued )
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 Chapter 58 Cardiac Neoplasms 1267

Pulmonary Artery Sarcomas
Most PA sarcomas are classified. The most frequent present-
ing symptom is shortness of breath and peripheral edema 
from concomitant right-sided heart failure.172 The diagnostic 
modalities of choice for both the initial evaluation and moni-
toring for recurrence after resection for PA sarcomas are chest 
CT or MRI (Figs. 58-31, 58-32, and 58-33).

PA sarcomas are very rare tumors that are often confused 
with acute or chronic pulmonary embolus (PE). This con-
fusion has led to both delay in diagnosis and many being 
treated with a tumor thromboendarterectomy approach 
rather than radical resection. These tumors usually are discov-
ered after they have grown to considerable size (Fig. 58-34). 
PA sarcoma can present with cough, dyspnea, hemoptysis, 
and chest pain that may mimic PE. Constitutional symptoms 
often present include fever, anemia and, weight loss which 
are more consistent with malignancy than PE and these mass 
lesions will not decrease in size with anticoagulation. These 
tumors tend to arise from the dorsal surface of the main PA 

FIGURE 58-30 Explanted heart undergoing anterior left atrial 
reconstruction with bovine pericardium.

FIGURE 58-29 Cardiac reconstruction using pericardium.

FIGURE 58-31 Pulmonary artery sarcoma as seen on a CT 
scan with the pathology specimen after radical removal (including 
pneumonectomy).

PA filling defect on
contrast-enhanced

CT scan

Gadolinium
enhanced MRI

Tumor
enhancement

Patient stable Patient unstable

Chemotherapy with
Adriamycin/

Ifosfamide ×2 Cycles

Radical Ro
surgical resection

FIGURE 58-32 Algorithm for initial evaluation of a pulmonary 
artery sarcoma.

Contrast-enhanced
CT scan

Any (+) scan

PA filling defect on
contrast-enhanced

CT scan

Gadolinium
enhanced MRI

Tumor enhancement

Radical Ro
surgical resection

1st year:
q 3 mo

2nd: year:
q 3 mo

3-5 years:
q 6 mo

5-10 years:
yearly

>10 years:
symptoms

prompt
scanning

FIGURE 58-33 Postoperative evaluation algorithm for recurrent 
pulmonary artery sarcoma.
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1268 Part IX Other Cardiac Operations

just beyond the pulmonary valve.173 They form from mul-
tipotential mesenchymal cells from the muscle remnant of 
the bulbus cordis174 in the intimal and subintimal surfaces.165 
The tumor then tends to grow distally along the artery, rarely 
penetrating the actual wall of the artery but rather distending 
it (Fig. 58-35). This characteristic is important to note when 
planning surgical resection. Distal extension can go to the 
lung parenchyma itself as emboli, infarction, or metastasis.175 
Although survival difference based on cell histology is found 
in limited cases, that has not been our experience in cardiac 
sarcoma in general.172 Surgical resection remains the primary 
method of treatment in patients with PA sarcoma and the 
only method shown to increase survival. A staging system has 
been developed to further classify these patients and deter-
mine who should be offered surgical therapy (Table 58-6).

Resection often requires replacement of a portion of the 
pulmonary root and branch PAs using a pulmonary homo-
graft with or without artificial graft. Pneumonectomy may 

be required to resect the tumor completely. Because exposure 
of the right main PA may require division of the aorta and 
possibly the SVC, we plan surgical cannulation for CPB by 
using dual venous cannulation with direct SVC cannulation 
and normal IVC cannulation via the right atrium. Arterial 
cannulation via the ascending aorta is routine. Both SVC 
and IVC are isolated with tourniquets to control blood flow 
into the right heart. Cardiopulmonary arrest is achieved with 
cold potassium blood cardioplegia. Fortunately, these tumors 
rarely penetrate the PA wall, allowing reasonable mobiliza-
tion. The main PA has always been involved in our experience 
and the pulmonary valve is involved 30% of the time.172 The 
main PAs can be resected out to their first branch points on 
each side from a median approach. In cases where one PA is 
relatively free and the other is involved deep into the lung, 
a pneumonectomy may be required. In this case, the pul-
monary veins and main bronchus are dissected and divided 
before CPB is instituted to avoid bleeding while heparinized. 
The branch PAs and main PA are mobilized, CPB is insti-
tuted, and the involved main PA is divided. In such cases, 
the involved lung with little blood flow once resected may 
result in improved hemodynamics; especially after removal 
of tumor obstructing the contralateral PA. Once each PA 
has been divided or in the case of pneumonectomy the lung 
and main PA removed, the main PA trunk can be assessed 
for pulmonary valve involvement. If the pulmonary valve is 
involved, the entire PA trunk must be removed and replaced 
by a pulmonary allograft. Removal of the entire PA trunk 
and replacement by an allograft is similar to mobilization 
and replacement techniques for a Ross procedure.175 If the 
resection of the right and/or left main PA is limited, then the 
allograft branches may be adequate to span the defect. When 
tumor extension is too distal for this, a Gore-Tex (ePTFE) 
graft can be used to interpose between the distal right PA 
resection point to distal left PA resection point and then 
implantation of the pulmonary allograft into the side of the 
ePTFE graft is performed. Despite the extensive nature of 
the resection, separation from CPB has not been difficult. 
The surgery relieves the patient of severe PA obstruction that 
is present preoperatively.

The authors have successfully resected PA sarcomas in 10 
patients, three of whom required concomitant pneumonec-
tomy. There were no in-hospital or 30-day deaths, and all 
patients were discharged home. Our longest survivor cur-
rently has lived more than 100 months and has no known 
disease. In most cases, adjuvant chemotherapy is used, even 
in the face of clear surgical margins. Radical PA resection is 

FIGURE 58-34 Pulmonary artery angiosarcoma specimen showing 
involvement of the pulmonary valve.

FIGURE 58-35 Pulmonary artery sarcoma demonstrating the 
extension of the tumor along the inside of the wall and no growth of 
tumor outside the arterial wall.

TABLE 58-6: Staging System for Primary 
Pulmonary Artery Sarcomas

Stage I Tumor limited to the main pulmonary artery
Stage II Tumor involving one lung plus a main pulmonary 

artery
Stage III Bilateral lung involvement
Stage IV Extrathoracic spread
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both safe and appears to prolong survival compared to mini-
mal or palliative resection. Resection in conjunction with 
chemotherapy also appears to prolong survival. Currently, 
recommendations to record such rare tumors in a national 
registry may allow better analysis of long-term outcomes.

Heart Transplantation
Malignant primary cardiac tumors may grow to a large size 
before detection. Additionally, extensive myocardial involve-
ment or location affecting the fibrous trigone of the heart 
may make complete resection impossible. Because com-
plete resection yields better results than incomplete resec-
tion, orthotopic cardiac transplantation has been considered 
as a treatment option. Reports of transplantation for a num-
ber of cardiac tumors, including sarcoma,175-178 pheochro-
mocytoma,171 lymphoma,172 fibroma,134 and myxoma have 
appeared. However, the long-term results are uncertain because 
some patients die from recurrent metastatic disease despite 
transplantation.171,172,174 As of 2000, 28 patients had been 
reported involving orthotopic transplantation for primary car-
diac tumors, and of these, 21 had malignant tumors.174 The 
mean survival for patients with primary cardiac malignancy 
was 12 months. Although technically feasible in some cases, 
orthotopic transplantation is hindered by a scarcity of donor 
organs and coupled with an extensive recipient list of patients 
without cancer. In addition, the large size of the tumor when 
diagnosed often necessitates rapid intervention for progressive 
congestive heart failure. Finally, the effect of immunosuppres-
sion on any remaining malignancy is unknown. In most cases, 
orthotopic transplantation is reserved for unresectable benign 
tumors, such as cardiac fibroma.

SECONDARY METASTATIC TUMORS
Approximately 10% of metastatic tumors eventually reach 
the heart or pericardium, and almost every type of malignant 
tumor has been known to do so.2,7 Secondary neoplasms are 
20 to 40 times more common than primary.4,175 Up to 50% of 
patients with leukemia develop cardiac lesions. Other cancers 
that commonly involve the heart include breast cancer, lung 
cancer, lymphoma, melanoma, and various sarcomas.2,176,177 
Metastases involving the pericardium, epicardium, myo-
cardium, and endocardium roughly follow that order of 
frequency2,7 as well (Table 58-7).

The most common means of spread, particularly for 
melanoma, sarcoma, and bronchogenic carcinoma, is hema-
togenous and ultimately via coronary arteries. In addition, 
metastasis can reach the heart through lymphatic channels; 
through direct extension from adjacent lung, breast, esopha-
geal, and thymic tumors; and from the subdiaphragmatic 
vena cava. The pericardium is involved most often by direct 
extension of thoracic cancer; the heart is the target of hema-
tologous and/or retrograde lymphatic metastasis.5 Cardiac 
metastases rarely are solitary and nearly always produce mul-
tiple microscopic nests and discrete nodules of tumor cells2,7 
(Fig. 58-36). Cardiac metastases produce clinical symptoms in 

only about 10% of afflicted patients.178,179 The most common 
symptom is pericardial effusion or cardiac tamponade. Occa-
sionally, patients develop refractory arrhythmias or congestive 
heart failure. Chest radiographs and electrocardiograms tend to 
show nonspecific changes, but echocardiography is particularly 
useful for diagnosis of pericardial effusion, irregular pericardial 
thickening, or intracavity masses interfering with blood flow.

Surgical therapy is limited to relief of recurrent pericar-
dial effusions or, occasionally, cardiac tamponade. In most 
instances, these patients have widespread disease with lim-
ited life expectancies. Surgical therapy is directed at provid-
ing symptomatic palliation with minimal patient discomfort 
and hospital stay. This is most readily accomplished via sub-
xiphoid pericardiotomy, which can be accomplished under 
local anesthesia if necessary with reliable relief of symp-
toms, a recurrence rate of about 3%, and little mortality.177 

TABLE 58-7: Metastatic Cardiac Disease

Tumor Total (no.) Cardiac (%) Pericardial (%)

Leukemia 420 53.9 22.4
Melanoma 59 34.0 23.7
Lung ca 402 10.2 15.7
Sarcoma 207 9.2 9.2
Breast ca 289 8.3 11.8
Esophageal ca 65 7.7 7.7
Ovarian ca 115 5.7 7.0
Kidney ca 95 5.3 0.0
Gastric ca 3.8 3.6 3.2
Prostate ca 186 2.7 1.0
Colon ca 214 0.9 2.8
Lymphoma 75 — 14.6

Data from Kapoor AS: Cancer and the Heart. New York: Springer-Verlag Publishers; 
1986.

FIGURE 58-36 Hematogenous metastases within the myocardium 
of a patient with renal cell cancer. (Reproduced with permission from 
Hurst JW et al: Atlas of the Heart. New York: McGraw-Hill; 1988.)
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1270 Part IX Other Cardiac Operations

Alternatively, a large pericardial window in the left pleural 
space can be created using thoracoscopy, but we would rec-
ommend this only under unusual circumstances.180 This can 
be accomplished with minimal patient discomfort but does 
require general anesthesia with single-lung ventilation and 
may be poorly tolerated by patients with hemodynamic dete-
rioration secondary to large effusions.

RIGHT ATRIAL EXTENSION OF 
SUBDIAPHRAGMATIC TUMORS
Abdominal and pelvic tumors on occasion may grow in a 
cephalad direction via the IVC to reach the right atrium. 
Subdiaphragmatic tumors are frequently renal carcinomas, 
although hepatic, adrenal, and uterine tumors occasionally 
have exhibited this behavior. Up to 10% of renal cell carci-
nomas invade the IVC, and nearly 40% of these reach the 
right atrium.181 Radiation and chemotherapy are not effective 
in relieving the obstruction of blood flow. If the kidney can 
be fully removed, as well as the tail of the tumor thrombus, 
survival can approach 75% at 5 years.96,182

Renal cell tumors with atrial extension typically are 
resected with abdominal dissection to ensure resectability 
of the renal tumor. Initially, we performed a concomitant 
median sternotomy and often used CPB with hypothermic 
circulatory arrest when treating these patients. However, we 
have changed our approach and now work closely with our 
liver transplant surgeons who have extensive experience in 
the area of the retrohepatic vena cava. We have found that 
we can expose the vena cava up to the right atrium through 
an abdominal incision. With ligation of the arterial inflow, 
the tumor tail often shrinks below the diaphragm, and in 
almost all circumstances, this can be removed without the use 
of CPB. Occasionally venovenous bypass as used in hepatic 
transplantation is necessary to occlude inflow through the 
IVC, but this is unusual. If the tumor is too complex for this 
maneuver, then a median sternotomy is performed, and CPB 
with hypothermic circulatory arrest can be used to remove 
the tumor from the cardiac chambers down into the IVC. 
Perfusion can be restarted, followed by removal of the rest 
of the tumor. Although it leads to adequate exposure, sig-
nificant problems with coagulopathy are often apparent after 
CPB and profound hypothermia.

A 5-year survival rate of 75% has been achieved fol-
lowing nephrectomy with resection of right atrial tumor 
extension.182,183 Other subdiaphragmatic tumors with atrial 
extension that have been resected successfully include hepatic 
and adrenal carcinoma, as well gynecologic tumors.184-188

MOLECULAR- AND BIOLOGIC-BASED 
DIAGNOSIS AND THERAPY FOR 
CARDIAC TUMORS
This is an exciting time for investigators involved in the 
search for novel therapies for tumors such as many of those 
discussed in this chapter. A “new biology” is being developed 

in laboratories around the world working in these areas, and 
this is supplanted by the knowledge that is being obtained 
from the concerted Human Genome Project and the subse-
quent development of proteomics.146 It is incumbent on the 
thoracic surgeon involved in the care of patients with car-
diac tumors to have some degree of familiarity with the terms 
and promise of these advances because significant additional 
improvement in survival of many of these patients is unlikely 
to result from further advances in surgical technique.

Interestingly, many sarcomas demonstrate reproducible 
translocations that allow for the production of novel chi-
meric genes that may code for a variety of fusion proteins. 
Many of these proteins have been found to engender cellular 
phenotypic malignant changes, resistance to apoptosis, and 
unfettered growth.181 Although not associated with cardiac 
involvement, the fusion proteins EWS-FL11 and EWS-ERG 
are noted in Ewing’s sarcoma. When full-length antisense 
oligonucleotide constructs are used to target the mRNA of 
these proteins, protein expression is downregulated, and an 
eightfold increase in apoptosis sensitivity is noted.189 These 
fusion proteins have been noted in some forms of rhabdo-
myosarcoma, and the most common is PAX3-FKHR. This 
oncoprotein combines components of two strong tran-
scriptional activators and may increase the production of 
the downstream antiapoptotic protein BCL-XL. Antisense 
oligonucleotides directed at this oncoprotein mRNA have 
led to apoptosis in rhabdomyosarcoma cells.190,191 A similar 
translocation and fusion protein have been noted in fibrosar-
coma. This translocation [t(12;15)(p13q25)] brings together 
genes from chromosomes 12 and 15, which combines a tran-
scription factor with a tyrosine kinase receptor. The result-
ing fusion protein is a tyrosine kinase that has oncogenic 
potential.192 Reproducible translocations and fusion proteins 
with downstream effectors of malignant behavior have not 
been described for angiosarcoma, but they are actively being 
sought.188 Antisense treatment has been maligned in the 
past owing to problems with both delivery and stability of 
therapeutic constructs. However, sophisticated biochemical 
alteration of these molecules has improved stability, and two 
recent solid tumor trials using antisense therapy for salvage 
have demonstrated positive results.193 Additional methods 
of delivering antisense to tumor cells, including viral vector 
delivery, have been developed. Finally, in addition to anti-
sense methods, small molecule inhibition of many of these 
fusion proteins should be possible.

Angiosarcoma is an obvious target for therapies based on 
antiangiogenesis. The weak antiangiogenic properties of inter-
feron-alpha are presumed to be the mechanism that accounts 
for responses to this agent in this tumor.194 Multiple new anti-
angiogenic agents are being evaluated currently in phase I and 
II trials, and a number of noncardiac angiosarcoma patients 
have been treated at our institution on this basis. We have 
noted several to develop stabilized disease, but no definitive 
data are yet published. Certainly, the use of these agents in 
these vascular-origin tumors is theoretically attractive.

Viral vector-mediated gene therapy has been evaluated 
for various sarcomas in the preclinical setting. A number of 
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 Chapter 58 Cardiac Neoplasms 1271

potential targets exist for these sorts of therapies. Although 
p53 is not commonly mutated or absent, mdm-2 is often 
overexpressed in many sarcomas, including angiosarcoma. 
This gene is a known oncogene that is able to directly induce 
cellular transformation. Importantly, when overexpressed, it 
binds to and inhibits p53 activity, even though expression 
of p53 may appear normal. Overexpression of mdm-2 also 
has been associated with vascular endothelial growth fac-
tor (VEGF) overproduction and angiogenesis.194 Preclinical 
studies of adenoviral vector p53 transduction of sarcoma in 
severe combined immunodeficiency (SCID) mice have dem-
onstrated growth delay, tumor regression, and decreases in 
VEGF expression.195 Many other targets for this approach, 
including inhibition of nuclear factor-kappa B (NF-κB) 
expression using an adenoviral-dominant negative Iκ-βα 
construct and prodrug-mediated gene therapy using a doxo-
rubicin prodrug and adenoviral transfer of a metabolizing 

enzyme in sarcoma cells, have been shown to be effective.184 
Unfortunately, the application of viral-mediated gene therapy 
paradigms to this tumor suffers the same problems of target-
ing, transgene expression durability, and immune response 
that are problematic for the field in general.

In regard to molecular diagnosis, there are no reproduc-
ible familial patterns for development of most malignant 
tumors. However, familial cardiac myxoma, rhabdomyoma, 
and fibroma may exhibit reproducible genetic abnormalities 
that lend themselves to the development of genetic testing 
to identify individuals at risk. Familial myxoma syndrome, 
or Carney complex, has been associated with mutations in 
the 17q24 gene PRKAR1a that codes for the R1 a regula-
tory subunit of cAMP-dependent protein kinase A (PKA).195 
Although not widely available, genetic diagnosis of this syn-
drome is now technically achievable.196 Reproducible muta-
tions in the TSC-1 and TSC-2 genes in patients with tuberous 

Yes

Yes

Symptomology/history/physical exam

Suspicion of cardiac tumor?

2D TEE

Confirmation of cardiac tumor?

Assess for distant metastasis

PET/CT Assess resectability

Cardiac MRI

Non-metastatic

Metastatic

Chemotherapy/Radiation

Re-assess for metastasis Resectable

Chemotherapy/Radiation

Assess tumor vascularity
for surgical plan

Left Heart Cath

Cardiac
Autotransplant

Non-Resectable

Chemotherapy/Radiation

Re-assess resectability

Assessment of Resectability

• Presence/extent of spread

• Histological examination

• Anatomical features like
structural and myocardial
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FIGURE 58-37 Proposed diagnostic algorithm for cardiac tumor patients.
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1272 Part IX Other Cardiac Operations

sclerosis and cardiac rhabdomyoma, as well as mutations in 
the PTC gene of patients with the Gorlin syndrome and car-
diac fibroma, have been noted.197-200 It is hoped that in the 
near future we will be able to predict who is at particular 
risk for these and other cardiac tumors. This could allow for 
more intense surveillance, earlier detection, and a higher rate 
of surgical or multimodality cure for these patients.

KEY POINTS
 • Complete excision and radical resection is recommended 

to prevent local recurrence of cardiac tumors
 • All benign cardiac tumors are potentially curable with cur-

rent surgical techniques
 • Multimodality therapy and multidisciplinary planning 

should be incorporated into the care of cardiac tumor 
patients (Fig. 58-37)

 • Cardiac sarcomas are best classified by anatomic location 
rather than histologic subtype, and the former dictates 
their presentation, treatment, and prognosis

 • Right heart sarcomas tend to be more bulky, infiltrative, 
metastasize earlier, and are usually amenable to neoadju-
vant chemotherapy

 • Left heart sarcomas tend to be more solid, less infiltrative, 
and metastasize later

 • PA sarcomas usually present with obstruction, right heart 
failure, and tend to grow distally within the confinement 
of the PA

 • Cardiac tumors located in the anterior left atrial wall may 
require autotransplantation for complete excision of the 
tumor, reconstruction, and reimplantation

 • Cardiac autotransplant and concomitant pneumonectomy 
carries an unacceptable 50% mortality rate.
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For over 40 years, cardiac and lung transplantation have 
achieved remarkable one-year patient survivals beyond 
90% and conditional half-lives of 13 and 7.9 years, respec-
tively.1 While surgeons must acquire the technical expertise 
to perform these often demanding surgeries, long-term graft 
outcomes and the recipients’ well-being benefit from a mul-
tidisciplinary team well versed in the basics of the immunol-
ogy of transplantation. Comfort with treating patients who 
receive immunosuppressive therapies, both conventional and 
innovative, requires familiarity with the nonsurgical lan-
guage of transplantation. The goal of this enhanced chapter 
is to squeeze the essentials into an understandable short 
text. The core features of the alloresponse are presented with 
some specific references unique to heart and lung allografts. 
These include (1) histocompatibility; (2) activation of allore-
sponse T lymphocytes; (3) T-cell–mediated rejection (TMR); 
(4) antibody-mediated rejection (AMR); (5) immunosup-
pressive therapy; (6) surveillance for rejection; (7) immune 
monitoring; and (8) emerging regulators of immunity.

MAJOR HISTOCOMPATIBILITY 
COMPLEX
Major histocompatibility complex (MHC) molecules are a 
family of proteins that vary quite a lot between individuals 
(genetic polymorphism) and represent the molecular basis 
for how people’s immune systems distinguish “self ” from 
“nonself ” with respect to infections and transplants. Human 
MHC molecules are known as human leukocyte antigens 
(HLA) because they are expressed at high levels on leukocytes 
and were first measured on peripheral blood lymphocytes. 
HLA are heterodimeric glycoproteins expressed on the sur-
face of almost every cell in the human body. If recognized by 
an organ recipient, these proteins can trigger rejection. This is 
known as allorecognition.

HLA molecules on donor cells or HLA fragments, shed 
from thoracic organ transplants, are determined to be foreign 
by the immune system of the host. Intact HLA molecules 
expressed on the surface of cells serve two key functions in 
the context of transplantation. Fragments of foreign proteins, 
including fragments of HLA molecules, are presented in the 

binding groove of HLA and are recognized by T-cell receptors 
(TCRs) of the recipient that happen to have high affinity for 
that protein fragment in the context of self HLA (indirect 
donor antigen presentation). In addition, recipient T-cells 
directly recognize donor HLA as “foreign” (direct donor anti-
gen presentation).

The genes coding for these antigens are located on the 
short arm of chromosome 6. This region spans over 4 million 
base pairs in length and encodes for over 200 genes in three 
regions: Class I, Class II, and Class III (Fig. 59-1). HLA owns 
the most polymorphic title in man as more than 5000 types 
have been recognized.

Classic Class I HLA proteins/antigens are HLA-A, HLA-B, 
and more recently HLA-C. The α-light chain is encoded in 
the MHC; however, the β-chain is β-2-microglobulin that 
is encoded on chromosome 15. When folded, the α-heavy 
chain contains the peptide binding region which presents 
peptide antigen to the T-cell. Class I antigens are consti-
tutively expressed on nearly all cells. Expression of Class I 
molecules (Fig. 59-2) is upregulated on the endothelium and 
parenchymal cells in association with inflammation, includ-
ing after ischemia and reperfusion.

Classic Class II HLA proteins/antigens are HLA-DR, 
HLA-DRw, HLA-DQ, and more recently HLA-DP. These 
proteins consist of an α-heavy chain and a β-light chain, 
both of which are encoded in the MHC. When folded, the 
α-heavy chain and β-light chain come together with each 
contributing part of the peptide binding region (Fig. 59-2). 
Class II antigens are expressed mainly on B-cell lymphocytes, 
activated T-cells, monocytes/macrophages, and dendritic 
cells. Other cell types, such as endothelial cells, may express 
Class II antigen expression after activation.

Each person has two different HLA genes at each HLA 
locus (HLA-A, B, D, etc.) HLA antigens are co-dominantly 
expressed on the cell surface so that each cell has two dif-
ferent HLA proteins for each HLA locus. HLA “haplotype” 
(the sequence of A, B, D genes on one chromosome) is usu-
ally inherited as a group from each parent in a Mendelian 
fashion. Thus, two offspring of the same parents have a 50% 
chance of inheriting one identical haplotype, 25% chance 
of inheriting two identical haplotypes, and 25% chance of 

Immunobiology of Heart and 
Lung Transplantation
Bartley P. Griffith • Agnes Azimzadeh 
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FIGURE 59-1 The major histocompatibility complex is divided into three regions or classes: Class I, Class II, and Class III.

FIGURE 59-2 Class I and II HLA molecules are made up of polypeptidic chains with intrachain disulfide bonds. The α1 and α2 distal domains 
of Class I and the α1 and β1 domains of Class II make up the peptide binding site for alloantigen. (Adapted with permission from Haber E: Scientific 
American: Introduction To Molecular Cardiology. Philadelphia; Elsevier Health Sciences; 1995.)
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having no haplotypes in common. In addition, due to the 
distance between these genes in the MHC, there are “hot 
spots” of gene recombination. Recombination in offspring 
occurs approximately 1 to 2% between HLA-A and C, or 
between HLA-B and HLA-DR, and approximately 30% 
between HLA-DP and HLA-DQ. Recombination accounts 
for most of the occasional exceptions to faithful transmis-
sion of intact parental haplotypes to their children. HLA 
haplotypes are found in varying frequencies across the major 
population groups (White, Hispanic, Black, Asian, and 
American Indian).

In the early days of organ transplantation, hyperacute 
rejection occurred due to preexisting IgM alloantibodies. 
Best-known examples of these are the ABO blood group 
IgM antibodies. While still a barrier to xenotransplantation 
(cross-species transplantation), blood group typing has vir-
tually eliminated this particular cause of immediate organ 
destruction in allotransplantation. Of interest is the success 
of blood group mismatched organs in neonatal recipients 
before they develop IgM antibodies to blood group antigens.2 
Antibodies against blood group antigens arise between 6 and 
18 months postnatal due to the presence of related carbo-
hydrate antigens on intestinal bacteria. Today, when hyper-
acute rejection is seen, it is normally caused by preexisting 
IgG antibodies usually directed against donor HLA proteins. 
These antibodies are often the result of previous blood-cell 
transfusions (most particularly multidonor platelets due to 
the high HLA load) or previous pregnancies or transplants. 
After wide adoption of the first crossmatch technique by Patel 
and Terasaki in 1969, hyperacute rejection based on preex-
isting HLA antibodies became rare.3 Further improvements 
in screening for HLA antibodies have nearly eliminated it. 
Of interest in 1970, against early convention, Terasaki found 
that HLA-mismatched kidney recipients fared as well as those 
zero-mismatched recipients.4 Starzl led the use of mismatched 
livers first, and soon, except for bone marrow, all followed in 
kidney, heart, and lung transplants.5

While HLA mismatches seem less predictive of outcomes, 
those recipients who present for transplant with preformed 
anti-HLA antibodies (prior pregnancies or blood transfu-
sions) or developed antibodies in responses to the mismatches 
have more rejection. This has led to poor survival in heart 
and lung recipients.6-10 There is some evidence that posttrans-
plant removal of these donor-specific antibodies (DSA) can 
improve the function of kidneys and lungs.11,12

ADAPTIVE IMMUNE RESPONSE: 
T LYMPHOCYTE
Success in heart and lung transplantation requires control 
over the immune response to donor HLA antigens expressed 
by the allograft. An adaptive response is initiated by  
T lymphocytes primed to donor antigens in the peripheral 
lymphoid tissues and are then recruited into the donor 
organ where those antigens are expressed. Alloreactive  
T lymphocytes are primed by alloantigens presented to them on 
donor (direct) and/or host (indirect) antigen-presenting cells 

(APCs) (Fig. 59-3). T-cells are the primary immune actors in 
the pathologic reaction to a transplanted organ. They partici-
pate in cytotoxicity and cytokine-mediated inflammation.  
B cells, antibodies, and macrophages contribute to the destruc-
tion of the graft via a variety of effector pathways. Ischemia/
reperfusion injury of the allograft triggers innate immunity 
that can amplify T-cell alloresponse. Molecular modulators 
of innate immunity have recently been an expanding area of 
interest. These include cytokines, chemokines, complement, 
and more recently toll-like receptors (TLRs) and the inflam-
masome. While APCs are emphasized, B cells and natural 
killer (NK) cells exert influence on a host’s decision to reject 
an allograft.13

T-Lymphocyte Alloactivation
A T-cell can only become triggered to proliferate and dif-
ferentiate if its TCR finds a fit with foreign peptides bound 
in the groove of HLA molecules presented on the surface of 
APCs.14 “Professional” APCs differ from other HLA-expressing 
cells in that they also express “co-stimulatory” molecules 
that efficiently stimulate activation of both the APC and 
the responding T-cell. These include dendritic cells, B lym-
phocytes, and macrophages. The peptide HLA antigen com-
plex may be presented by resident donor “passenger” APCs 
found in the transplanted heart or lung (direct presentation) 
or by the host’s APCs (indirect presentation) (Fig. 59-4). 
HLA-peptide antigens become the specific key that fits into 
a T-cell’s specific TCR receptor. In the thymus, T-cells learn 
to enable their TCR to recognize self-HLA complexes that 
present endogenous peptides (positive selection). Those cells 
that recognize self-peptides with a high affinity are deleted 

Lymphocyte

Dendritic
cell

FIGURE 59-3 Dendritic cell with its typical membrane extensions 
engaged with T lymphocyte. (Used with permission from Institute of 
Cellular Therapies, Noida, UP 201303, India. www.dendriticcellre-
search.com.)
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(negative selection) so as to reduce the risk of their driving 
autoimmunity. T-cells that cannot bind self-protein HLA die 
from neglect. Positive selection occurs only for those T-cells 
whose affinity for self-protein HLA result in survival but not 
full proliferation. The T-cell repertoire emerging from the 
thymus can respond to proteins from various foreign origins 
(bacteria, viral, transplant). T-cells react against alloantigens 
because of the crossreactivity of the TCR with self and foreign 
HLA molecules. Host and passenger donor dendritic cells are 
thought to be the most efficient type of APCs for activating 
naive T-cells.

Pathways of Antigen Presentation to 
Alloreactive T-cells (Signal 1)
Donor passenger APCs transplanted with the heart or lung 
directly process endogenous HLA-derived peptides from 
within themselves and present them in a groove on surface 
Class I HLA complexes on their surfaces (Fig. 59-5A). Class 
I protein MHC complexes presented on the donor-derived 
APCs (key) fit into the TCR (lock) expressed by recipient 
CD8+ T-lymphocytes. This activation pathway, known as the 
direct pathway of peptide presentation, is responsible for the 
majority of initial T-cell activation reacting to alloantigens 
and thought to mediate most early events of acute cell-
mediated cytotoxicity.15

Later alloresponses are focused on CD4+ T-cells because 
they recognize donor-specific HLA peptides presented by 
Class II surface molecules expressed by recipient APCs. These 

recipient APCs gradually replace donor APCs transplanted 
with the heart or lungs of the donor. Host APCs trafficking 
through the allograft phagocytose interstitial and cellular HLA 
protein antigens shed from the donor graft (Fig. 59-5B). This 
shedding is induced when the graft is stressed by ischemia 
(preservation), inflammation (bacterial and viral infection), 
and during rejection. Donor proteins undergo endosomic 
proteolysis and resulting peptides are combined with Class 
II HLA molecules. Donor peptide Class II HLA complexes 
are transported to the surface of the host APC and presented 
indirectly as the “key” to the TCR complex “lock” on CD4+ 
T-cells. These T-cells then become activated by the indirect 
pathway. Because CD4+ T-cells provide help to donor-specific 
B cells, later alloresponses tend to be associated with appear-
ance of alloantibody.16

In addition to the direct and indirect pathways, a third 
pathway of antigen presentation involves the transfer of 
donor cell membrane components, including donor peptide-
MHC complexes, to recipient APCs. Transfer can happen by 
direct cell-cell contact or through the release of very small 
particles (exosomes) by donor cells, which fuse with recipient 
APC cell membranes. This process known as the semi-direct 
pathway of antigen presentation pathway leads to presenta-
tion, by recipient APCs, of the same strongly crossreactive 
donor MHC/peptide that drive direct presentation.17 Finally, 
it is helpful to distinguish the role of these pathways in the 
priming versus the effector phase of immune responses.18

Activated dendritic cells also provide co-stimulators to the 
naïve T-cells that are required for a full T-cell response. Mac-
rophages present antigens to differentiated CD4+ cells that 
activate the macrophage to promote cell-mediated immunity. 
B cells also serve an APC function by presenting antigens to 
helper T-cells. These then activate the B cell to become part of 
the effector humoral immune response through production 
of antibodies (Fig. 59-6).19

Pathways of T-Cell Co-Stimulation: 
Signal 2
In addition to activation of the T-cell by engagement of its 
TCR with donor peptide/MHC complexes expressed by 
donor or recipient APCs (Signal 1), several other surface 
molecules participate in T-cell activation. Those that enhance 
TCR signaling (CD4 and CD8 molecules expressed by CD4+ 
and CD8+ T-cells, respectively) are called co-receptors because 
they bind to part of the same HLA molecule that engages the 
TCR. Another group of T-cell activating surface molecules 
is called co-stimulatory receptors (Signal 2) (Fig. 59-7). 
Blockade of co-stimulatory pathways provides important 
new possible therapy to prolong organ transplant survival 
and even reach a tolerant state. Co-stimulatory receptors or 
ligands on T-cells recognize respective cognitive ligands or 
receptors presented on APCs or the graft tissue itself. The 
best defined co-stimulatory receptor and ligand pair is the 
constitutively expressed CD28 T-cell co-stimulatory receptor 
and its APC ligands B7-1 (CD80) and B7-2 (CD86). This 
pathway is particularly important in activation of naïve 

FIGURE 59-4 T cells are stimulated to proliferate when their TCR 
engages donor peptides processed and presented by an HLA molecule, 
expressed by donor or host antigen presenting cells (APCs).
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(nonmemory) T-cells. When engaged, these pairs deliver 
antiapoptotic signals and trigger the expression of cytokines 
and growth factors, including Interleukin-2 (IL-2) that 
encourage proliferation of alloantigen-specific CD4+ or CD8+ 
T-cells. If CD28 is blocked, T-cells may become anergic or 
apoptose. A second inducible co-stimulatory receptor for B7 
molecules has been identified and termed CTLA-4 (CD152). 
Unlike the structurally homologous CD28, CTLA-4 appears 
on recently activated T-cells and is a negative regulator that 
promotes pathways that limit proliferation. It is efficient that 
the same co-stimulator (B7) can prompt initial proliferative 
signals via constitutive CD28 engagement and later, when 
CTLA-4 is induced, subsequently limit signals to the T-cell. 
Therapeutic targeting of this pathway with CD80 and CD86 
blockade with CTLA-4-Ig-like molecules has been effective 
in primates and multiple clinical trials,20 and was approved 
by the US Food and Drug Administration (FDA) for the pre-
vention of acute rejection in adult kidney transplant patients 
in 2011. Inducible co-stimulator (ICOS) and programmed 
death-1 (PD-1) are more recent discoveries in the T-cell 

CD28 family. When ICOS joins its ligand ICOS-L on an 
activated APC, it stimulates the T-cell effector response by 
promoting IL-4 and IL-10 production. PD-1 is the co-receptor 
for PD-ligands (PD-L1 and PD-L2) and, like CTLA-4, 
represses T-cell responses.21

A second family of co-stimulatory molecules belong to the 
tumor necrosis factor (TNF) super family.22 The prototypic 
pathway is represented by the co-stimulatory receptor CD40 
on APC binding to CD40 ligand (CD154) on T-cells. By 
reciprocal activation, CD154 on T-cells makes the APC “bet-
ter” and is thought to “license” additional APCs to participate 
in the T-cell activation process. CD154 can also interact with 
CD40 expressed by CD8+ T-cells thereby providing direct 
help from CD4+ to CD8+ T-cells.23 Moreover, transplanta-
tion immunobiology is influenced by the innate immunity 
directors against substances from microbes, including bacte-
ria, viruses, and fungi. These substances, often nucleic acids, 
are called pathogen-associated molecular patterns (PAMPs). 
PAMPs can bind to PAMP-receptors on APCs called TLRs. 
This engagement has the effect of strengthening the APC 

FIGURE 59-5A Direct presentation of Class I HLA donor antigen by donor APCs. Donor-derived APCs (dendritic cells within the transplant) 
ubiquitinate an endogenous cytosolic (donor) protein and transport it through the proteasome where it is digested. Small proteins move with 
transporter associated with antigen processing (TAP) into the endoplasmic reticulum where it becomes associated with Class I HLA α-chain. The 
protein HLA complex locates on the surface of the APC where CD8+ T-cells with TCR “locks” specific for the protein-HLA complex “keys” can 
associate. The association prompts CD8+ T-cell activation.

Cohn_ch59_p1277-1298.indd   1283 24/04/17   2:40 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1284 Part X Transplant and Mechanical Circulatory Support

FIGURE 59-5B Indirect Class II HLA donor-antigen presentation by host APCs. Extracellular protein antigen shed from the heart or lung 
allograft is taken into a host APC by endocytosis. The protein is proteolyzed and transported into the Golgi. There it displaces the invariant chain 
held α and β-chain Class II HLA molecule. The digested protein molecule finds its specific place within the HLA molecule and is moved to the 
APC surface where it can specifically adhere to a CD4+ T-cell. The attached CD4+ T-cell with donor-specific TCR is stimulated to proliferate and 
participate in the alloresponse.

FIGURE 59-6 CD4+ T lymphocytes are specifically activated by donor peptide proteins presented on APC peptide-HLA complexes. These T-cells 
in turn activate B lymphocytes expressing specific HLA Class II molecules and CD40. The B cells respond to growth factors by proliferation formation 
of germinal centers and production of specific alloantibody.
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response, in part by increasing the expression of co-stimulatory 
molecules and proinflammatory cytokines, thereby strength-
ening signal 2.

Additional co-stimulatory molecules were recently discov-
ered and alternative therapeutic approaches are being evalu-
ated in experimental models.24,25 In addition to promoting 
full T-cell activation, co-stimulatory signals are also crucially 
involved in cellular interactions between T and B cells, in 
which B cells receive help from T-cells to become fully 
activated and differentiate in memory B cells and antibody-
producing plasma cells.

MECHANISMS OF GRAFT REJECTION
Cell-Mediated Rejection
Early cell-mediated rejection (CMR) begins with activa-
tion of CD8+ cells that bear TCR molecules which fit and 
engage donor-specific peptide-HLA Class I complexes on 
donor APCs. In the presence of help from CD4+ T-cells, they 
become cytolytic lymphocytes (CTLs) and directly attach to 
and kill graft endothelial and parenchymal cells bearing the 
identical donor peptide-HLA Class I complex presented to 
them by the APC “activators.” This is known as the direct 
effector pathway (distinct from direct presentation of HLA 

by donor APC) since the CD8 cell directly kills the allotar-
get. It is responsible for most acute CMR early (in the first 
few months) after transplant. In the presence of calcium, the 
protein perforin polymerizes onto the Class I bearing target 
cell and causes 16- to 20-nm pores to open in the cell mem-
brane and allowing the CTL to release its granular content, 
including granzyme B and other cytotoxic molecules directly 
into the target cell, causing its apoptosis. Alternatively, apop-
tosis (programmed cell death) can also be stimulated in the 
target cell by interaction of the lymphocyte Fas ligand with 
the APO-1/Fas receptor of the target cell. Second messengers 
are elicited that activate endonucleases and proteases to cause 
fragmentation of DNA and thus organize the dissolution of 
the Class I bearing donor target cell (Fig. 59-8).

Unlike the CD8+ T-cells, the CD4+ T-cells primarily follow 
an indirect effector pathway (distinct from indirect presentation 
of HLA by recipient APC) by secreting various cytokines that 
drive inflammation and graft loss (Fig. 59-9). IL-2 increases 
the expression of its own receptors (IL-2R) on CD4+ T-cells, 
driving their proliferation and further differentiation. Acti-
vated CD4+ T-cells secrete additional lymphokines, including 
interferon-γ (IFNγ), which along with IL-2 stimulates CD8+ 
CTLs to bind to the allograft cells presenting donor MHC 
protein molecules. CD4+ T-cells are very heterogeneous. Four 
major categories are now recognized: Th1, Th2, Th17, and 

FIGURE 59-7 The process of regulating T-cell (CD4+ and CD8+) activation involves engagement of the TCR/CD4 or CD8 with the foreign 
protein-HLA molecule and of several co-stimulators of the co-stimulatory pathway. The constitutively expressed CD28 co-receptor drives prolifera-
tion of naïve T-cells when engaged by its ligand B7-1. Inducible CTLA-4 (CD154) co-regulator acts to regulate this process negatively along with 
its APC-bound B7-2 ligand. Other CD28 family co-receptors include inducible ICOS that signals for proinflammatory IL-4 and IL-10 effector 
responses and PD-1 that has a negative regulatory effect on the T-cell. The APC is made “better” by a reciprocal activation between T-cells and 
APCs and the phenomena of “licensing” in which innate receptors (PAMP—Toll receptor) stimulate B7 expression. This has the effect also on the 
T-cell of inducing CD40 ligand (CD154). CD40 on the APC’s membrane drives additional B7 expression and elaboration of IL-12.
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regulatory T-cells (Tregs). Th1 cells are the main mediators 
of CMR. They produce IFNγ and favor IL-12 production by 
macrophages. Th2 cells make IL-4, 5, and 13 and promote 
humoral responses. Th17 produces IL-17, a cytokine recently 
discovered and involved in inflammation. In conditions where 
the immune response is partially inhibited, Tregs develop with 
the ability to inhibit immune responses.

Broad Alloresponse
In severe rejection, B cells join the alloresponse when they 
receive help from CD4+ T-cells (Fig. 59-6). CD4+ T-cells are 
activated by APCs to express CD40L (CD154). Ligand B cells 

expressing CD40 and MHC Class II receptors engage helper 
CD4+ T-cells and proliferate. B cells participate in the rejection 
of allografts by efficiently providing APC function to helper 
CD4+ T-cells and by elaboration of antibodies that (1) recog-
nize and destroy the donor endothelial targets; (2) participate 
in antibody-dependent cytotoxicity (ADCC), or (3) stimulate 
the proliferation and migration of activated endothelial cells.26 
In the former, the endothelial antigen/antibody complexes 
activate the “classical” complement pathway, causing C3 and 
C5 to cleave, inciting inflammation (C5a) and formation of 
the membrane attack complex (MAC), which is comprised 
of C5b complexed with C6, 7, 8, and 9 (C5b-9). The MAC 
causes vascular cell death by inducing pores to form in the cell 

FIGURE 59-8 Complicated scheme of allograft rejection. CD8+ lymphocytes become activated by donor-derived dendritic cells transplanted 
with the allograft. These cells enter a direct alloresponse pathway by proliferating into CTLs. The CTLs recognize and attach to Class I HLA donor 
peptide molecules on the surface of allograft cells. They directly kill the allotarget through cell-mediated cytotoxicity by injection of proteolytic 
granules, creating perforin-induced membrane pores and induction of apoptosis. CD4+ T-cells are activated by host APCs that engulf donor protein 
shed from the allograft. The host APCs process the donor protein into surface-bound Class II HLA peptide molecules. The CD4 cells follow an 
indirect pathway in the alloresponse by proliferating and secreting growth factors plus proinflammatory cytokines. This indirect paracrine function 
augments CTL proliferation, attracts cellular mediators of inflammation-like macrophages and drives B cell central humoral immunity.
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membrane. When endothelial cells are activated or killed by 
complement, this in turn results in microvascular thrombo-
sis and inflammation. ADCC describes the process by which 
antidonor IgG antibodies coating donor cells bind to the Fcγ 
RIII receptor of NK lymphocytes (NK cell). Cells of the innate 
immune system such as NK cells are also present in allografts 
during rejection. These may react with alloantigens because 
they constitutively express inhibiting receptors specific for 
self-HLA Class I molecules or they may engage alloantibody-
bound target (donor) cells through their Fcγ receptor. NK cells 
can not only directly kill target cells by injecting proteolytic 
enzymes into their cytoplasm, but also modulate immunity by 
producing proinflammatory cytokines like IFNγ (Fig. 59-8).

Memory T-Cells
With improvement in immunosuppression that limits acti-
vation of naïve T-cells, donor-reactive memory cells have 
been recognized as a previously underappreciated risk to the 
allograft. This group of donor-reactive cells has an “effector 
memory” phenotype. This is defined by an immediate and 
strong recall that is less sensitive to co-stimulation blockade. 
Memory cells are thought to arise from heterologous immu-
nity. This occurs when there is a resemblance between micro-
bial antigens and donor HLA complex antigens. Some CD4+ 
and CD8+ cells exposed to Epstein Barr, Herpes Simplex, and 
cytomegalovirus (CMV) become primed to recognize allo-
genic HLA molecules. Memory T-cell numbers are propor-
tionately increased following lymphoablative treatment with 
rabbit ATG or Alemtuzumab (anti-CD52 Ab). It is unclear 

whether these memory cells are more resistant to depletion or 
whether they represent a conversion from naïve T-cells during 
repopulation. Memory CD4+ cells provide help for the allo-
response. They provide growth and proinflammatory factors 
that affect CD8+ T-cells and B-cell antibody production. They 
can illicit the proinflammatory response from nodal-bearing 
tissue remote from the allograft. Memory CD4+ cells recruit 
CD8+ cells that infiltrate the allograft across the endothelium. 
The memory CD8+ cells proliferate and recruit macrophages, 
neutrophils, and additional activated T effector cells into the 
donor organ.27 To date, memory T-cells continue to evade 
efforts of therapeutic targeting. LFA-1 is one target that is 
under study for this purpose. Memory T cells are very hetero-
geneous and have multiple functions.

Antibody-Mediated Rejection
AMR may be defined as a form of acute graft rejection pheno-
typically characterized by evidence of tissue damage mediated 
by antigraft antibodies as effectors. The International Soci-
ety for Heart and Lung Transplantation Working Group has 
codified specific criteria for cardiac AMR.28,29 They include 
clinical evidence of DSA within the recipient, endomyo-
cardial biopsy immunopathologic evidence of complement 
(specifically C4d and C3d) staining, and endothelial cell and 
macrophage activation (the latter assessed by CD68 staining). 
Similar features of AMR have been identified in the lung, 
although less consensus exists (Figs 59-9 and 59-10).30

Although B/plasma cell production of DSA is the essen-
tial pathophysiologic mechanism underlying AMR, T-cell 

FIGURE 59-9 Histologic evidence of AMR-associated endothelial swelling, inflammation, and thrombosis accompanied by interstitial edema 
and hemorrhage (H&E staining). (Used with permission from SA Webber.)
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help directs and/or influences AMR;31,32 consequently, AMR 
should not be thought of as T cell-independent. DSA may 
be “preformed,” that is, present prior to transplantation (see 
discussion of crossmatching and percent reactive antibody 
[PRA]), or develop de novo posttransplantation. It has been 
shown that DSA are identified temporally prior to pathologi-
cal evidence of AMR33 and the development of anticardiac 
myosin immune responses.34

Presensitization to HLA Class I or Class II antibodies 
predisposes to AMR.35 Those recipients who develop pre-
sensitized antibodies, especially donor-specific, risk AMR.36 
In addition to anti-HLA antibodies, non-HLA antibodies, 
including those against self-antigens such as cardiac myosin, 
vimentin, and endothelial cells have been less often associ-
ated with AMR.37-39 Cardiac AMR occurs early (weeks to 
months) after transplant and, if avoided early, rarely occurs 
later.40 Classically, histological diagnosis of cardiac AMR has 
included evidence of endothelial swelling and activation mac-
rophages in the graft plus confirming immunofluorescence 
or immunoperoxidase staining for immunoglobulin (IgG or 
IgM). While absence of immunofluorescence seems reason-
able to rule out AMR, capillary swelling (63%) and mac-
rophage vascular adherence (30%)41 and complement (C3d 
and C4d) do not. Non-AMR causes of C4d staining include 
organ reperfusion injury, immunosuppression, treatment 
with monoclonal antibodies, and viral infections.42 The dis-
tribution (diffuse vs localized) and intensity of the stains has 
not found a standardization for grading.

The incidence of AMR after heart or lung transplantation 
is uncertain due to a lack of universal screening in asymp-
tomatic recipients. Symptomatic pure AMR without a com-
ponent of acute cellular rejection occurs in 10 to 15% of 
cardiac transplant recipients, but AMR features have been 
reported in up to 40% of patients with acute cellular rejection 
(mixed rejection).43 Clinical symptoms of cardiac AMR are 
those common in heart failure using echo. A >25% decrease 

in ejection fraction and an increase in left ventricular mass 
distinguished AMR from CMR.44 Reduced R-wave voltage-
conduction abnormalities, including bundle branch block, 
are electrocardiographic associates.

Desensitization Therapy
Once unacceptable antigens are determined from solid-phase 
assay (SPA), they can be entered into the United Network for 
Organ Sharing (UNOS) website (www.unos.org/resources/
frm_CPRA_calculator.ASP). This will provide the calculated 
percent reactive antibody (cPRA). If the percentage chance 
that any donor is acceptable for transplantation is <50%, 
then it is reasonable to initiate a desensitization protocol. 
An optimal protocol has not been established. High-dose 
intravenous immunoglobulin (IVIG) (2 g/kg/over 2 days q 
2-4 weeks), plasmapheresis (1.5 volume exchange × 5 days), 
monoclonal anti-CD20 B-cell therapy (rituximab 1 g IV 
weekly × 4), and in the past cyclophosphamide (1 mg/kg/day) 
have been used in various combinations.

At UCLA, plasmapheresis, IVIG, and rituximab reduced 
circulatory antibody levels from 70.5 to 30.2%. Heart trans-
plantation of these candidates after negative complement-
dependent cytotoxicity (CDC) resulted in similar five-year 
outcomes to control patients and untreated but high PRA 
patients (81.1, 75.7, and 71.4%). Of interest, the freedom 
from coronary allograft vasculopathy (CAV) was 74.3, 72.7, 
and 76.2%, respectively.45

It has been agreed that patients waiting for transplantation 
with circulating HLA antibodies should be studied every three 
months, and those desensitized every two weeks after therapy. 
Patients on ventricular assist devices or who receive blood 
transfusions or with infections should be closely monitored as 
well. After transplantation donor-specific antibody monitor-
ing is recommended at regular intervals and when a humoral 
rejection event is suspected. Donor-specific titers should be 

FIGURE 59-10 Specific C4d deposition on a lung transplant allograft in a recipient with circulating HLA antibody is continuous and subendo-
thelial in capillaries and small arterioles (left). Specific C4d has been seen on 31% of transbronchial biopsies in recipients with HLA-Ab. (Ionescu 
D.N., Transplant Immunology 15(2005) 63-68) (middle). In contrast, nonspecific staining of the interstitium and elastic layer is depicted (right). 
(Used with permission from K.R. McCurry, M.D.)
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measured daily for 1 to 2 weeks and frequently thereafter in 
desensitized patients and those considered high risk for anti-
body response. This higher risk group of recipients is gener-
ally treated with thymoglobulin plus IVIG, plasmapheresis, 
and/or rituximab. Maintenance immunosuppressive therapy 
that has best controlled cellular and AMR includes tacroli-
mus, mycophenolate mofetil (MMF), and prednisone.46

Recent studies have demonstrated the utility of a multi-
pronged approach to the treatment of DSA and AMR. The 
various components of this approach may suppress DSA pro-
duction, deplete levels of already generated DSA, or modu-
late the functionality of DSA in vivo. Glucocorticoids induce 
B (and T) cell apoptosis,47 while antiproliferative agents 
reduce B and T cell generation in the bone marrow. The anti-
CD20 monoclonal Ab (mAb) rituximab depletes B cells from 
the circulation as well as secondary lymphoid organs; most 
institutional regimens for AMR treatment use rituximab.48 
Similarly, the anti-CD52 mAb alemtuzumab depletes both 
T and B cells, and has been used to treat AMR.49 Although 
preclinical studies of anti-T cell co-stimulation agents such as 
belatacept (CTLA4-Ig) have shown efficacy in treating solid 
organ AMR,50 little evidence is present with respect to tho-
racic organ AMR clinically.

The therapies above have been shown to reduce DSA and 
improve AMR. However, none has demonstrated consistent 
ability to deplete or impair plasma cells, which are generated 
from differentiated effector B cells are the primary source of 
antibody (and thus DSA) production. Recent studies have 
utilized the proteasome inhibitor bortezomib in the treat-
ment of DSA/AMR,51 with initial successes. Plasmapheresis 
reduces circulating general antibody and DSA levels, and is 
also part of most institutional regimens for the treatment of 
AMR.52 Exogenous immunoglobulin (Ig) may compete with 
DSA for Fc receptor binding sites, impairing opsonization.53 
In addition, some amount of Ig may have anti-DSA idio-
type specificity, thereby inhibiting DSA (and source B/
plasma cell) activity. Finally, with respect to modulation of 
DSA functionality, novel complement-inhibiting drugs such 
as the anti-C5 mAb eculizumab have shown promise in kid-
ney AMR, with one case report of usage for hyperacute lung 
allograft rejection.54

Coronary Allograft Vasculopathy and 
Chronic Cardiac Allograft Dysfunction/
Rejection
Although heart transplantation continues to be the thera-
peutic gold standard for the management of end-stage heart 
disease, in terms of patient survival outcomes, functional 
capacity, and cardiac function, its durability is principally 
limited by chronic cardiac allograft dysfunction. Chronic dys-
function of the transplanted heart is at least associated with 
and thought to be due to acquired coronary arteriopathy.55

Coronary allograft vasculopathy (CAV) and resultant 
ischemic cardiac allograft dysfunction constitute the leading 
cause of allograft loss and patient mortality in heart transplant 
recipients after one year.28 CAV is characterized by coronary 

arterial wall thickening with progressive lumen compromise, 
which is typically diffuse, both with respect to epicardial large 
vessel involvement and the presence of outflow/runoff small 
vessel disease.56

Similar to chronic lung allograft dysfunction (CLAD) in 
lung transplantation, a combination of allo-specific adap-
tive and innate immune stimuli and responses (see section 
on CLAD below) result in local vascular inflammation and 
damage of cardiac allografts. Both T and B cell responses have 
been implicated in the pathogenesis of CAV.57 Endothelial 
cells may also function as professional Ag presenting cells 
and, consistent with this, inducibly express MHC Class II 
in the context of inflammation.58 Thus with respect to direct 
alloantigen recognition, not only are antidonor HLA Class 
I-specific T-cells important in mediating CAV, but so too are 
antidonor HLA Class II-specific T-cells. In addition, anti-
bodies directed against donor MHC and other endothelial 
antigens are known to be important to the development of 
CAV.59-61

Recently, it has been recognized that similarities between 
CAV and atherosclerotic coronary artery disease (CAD) 
have implications for the pathogenesis of CAV. Specifically, 
innate immune system-mediated vessel wall inflammation 
and damage is present in both settings, with resultant medial 
proliferation and even lipid deposition. Inflammatory signal-
ing mediated by TLRs has been shown to facilitate CAV in 
experimental model systems.62 Consistent with this, preclini-
cal data suggest that antiproliferative agents may attenuate 
CAV. Sirolimus, which along with related mammalian target 
of rapamycin (mTOR) inhibitors are the majority of agents 
used in drug-eluding stents (DES), has exhibited promising 
results in preventing and treating CAV, either as systemic 
therapy63 or in DES used for percutaneous coronary inter-
ventions (PCI) in instances of stenoses amenable to PCI.64 
In addition, the statin HMG-CoA reductase inhibitors and 
other drugs that regulate lipid metabolism have shown some 
promise in preclinical experimental studies.65

Chronic Lung Allograft Dysfunction and 
Chronic Rejection
Lung transplantation is hampered by relatively poor, long-
term recipient survival, which is principally due to progres-
sive CLAD. CLAD is due to fibrous obliteration of small 
airways termed obliterative bronchiolitis and the recently 
included restrictive allograft syndrome.66

Both allo-specific and nonallo-specific injurious stimuli 
are capable of triggering immune responses and mediate 
allograft damage. Allo-specific stimuli with resultant allo-
specific immune responses historically have been the primary 
focus of immunologic investigation, and thus are the best 
understood.

Nonallo-specific injury may also trigger allo-specific or 
nonallo-specific immune responses. Infection and aspira-
tion of gastric contents clearly induce lung injury, and some 
experimental studies of gastric acid-induced lung allograft 
injury in a unilateral lung transplant model have demonstrated 
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disproportionate or exclusive damage to the allograft, suggestive 
of an allo-specific component to the immune response elicited 
against the generalized inflammatory stimulus. With respect to 
T-cell–mediated immunity, this may be due to enhanced expo-
sure of donor MHC or MHC fragments, resulting in height-
ened TCR engagement and Signal 1 or inflammation-induced 
enhancement of expression and/or activity of co-stimulatory 
molecules on donor or recipient antigen-presenting cells, Signal 
2. Finally, nonallo-specific injurious stimuli, such as ischemia/
reperfusion injury, infection, and reflux-induced aspiration,67 
induce activation of the innate (nonadaptive) immune system. 
Ischemia/reperfusion injury is linked to subsequent develop-
ment of CLAD, whereas the latter two mechanisms induce 
lung injury that is not restricted to the allograft.

Immunologic Tolerance
Generally, the T-cell repertoire is edited during T-cell devel-
opment in the thymus to delete clones that are self-reactive 
(central tolerance). Mechanisms responsible for tolerance to 
transplant-specific HLA antigens not present in the thymus 
occur in the periphery (peripheral tolerance). These include cell 
death of alloreactive T-cells by apoptosis (deletion), induction 
of functional unresponsiveness (anergy or ignorance), and 
active regulation of alloimmunity by either donor-antigen–
specific or nondonor-antigen–specific mechanisms (regula-
tion). Partial anergy has been induced by exposing CD4+ 
T-cells to MHC antigen in the absence of co-stimulation,68 
although it influences naive responses rather than those of 
memory. Much of the current interest has been in better 
understanding of a subset of CD4+ T-cells called regulatory  
T-cells (Tregs) whose function is to suppress immune 
responses and to maintain tolerance of “self.”69,70 Natural 
Tregs develop in the thymus in response to self-antigens and 
are important in autoimmunity. In addition, upon antigen 
exposure in the periphery, CD4+ T-cells can convert to a regu-
latory phenotype forming a population of inducible (iTregs), 
recently renamed peripheral Tregs (pTregs).71 TGF-β, IL-2, 
and B7/CTLA-4 co-stimulation are required for nTreg pro-
duction and survival. It remains to be fully elucidated how 
these molecules direct naïve T-cells to differentiate into 
effector, memory, or regulatory phenotypes under various 
clinically relevant circumstances. Most Tregs express the IL-2 
receptor α chain (CD25) and the transcription factor Foxp3. 
nTregs but not pTregs are thought to express the transcription 
factor Helios.70 Foxp3 is a forkhead family transcription fac-
tor important for Treg-suppressive function but is also found 
in activated T-cells in man and thus is not specific to identify 
human Tregs. Additional markers are used to identify Tregs, 
such as CD127 (IL-7Rα) and CD45RA. Finally, analysis of 
spontaneously tolerant kidney recipients has demonstrated 
a subset of B-cell genes associated with an upregulation of 
CD20 mRNA.72

There has been limited success in translation of laboratory 
rodent-based tolerance protocols in clinical practice. Freedom 
from immunosuppression rarely is accomplished universally 
in strictly controlled large animal models. Management of 

preexisting memory cells not inhibited by blockage of co-
stimulation appears to be a major hurdle. Finally, redun-
dant effector cell mechanisms, cytokines, and co-stimulatory 
pathways make single or even dual approaches seem under-
powered to establish tolerance in the clinic. There has been a 
limited number of patients in whom tolerance was induced 
by a regimen, inducing a mixed allogeneic chimerism (co-
existence of recipient and donor cells) for kidney allografts. 
However, work in the nonhuman primate model showed that 
even this highly tolerogenic regimen did not induce tolerance 
to cardiac allografts.73 Heart and lung allografts are less easily 
amenable to tolerance than kidney, in other words, are more 
immunogenic.74

HLA Antibody Analysis
SEROLOGICAL TESTING
The serological lymphocytotoxic assay for antibody “screen-
ing” is based on mixing patient serum (unknown) with a panel 
of cells whose HLA typing is known and adding complement 
(or CDC assay). If antibodies are present in the patient serum 
that react with the cell’s HLA molecules, cell death occurs due 
to complement activation. This method is limited to detec-
tion of antibodies represented by the panel of antigens tested 
and by issues of sensitivity and accuracy. The specificity of the 
antigen to which the antibody is reacting (HLA or non-HLA 
antibody) is sometimes not clear due to the presence of other 
proteins in the patient serum, or to the antibody isotype (IgG 
or IgM, etc.; some antibody isotypes do not fix complement), 
and the titer (low, high) is not determined. Several enhance-
ments of this assay were developed to address these issues: (1) 
heat or chemical treatment of the patient serum to inactivate 
IgM antibodies and identify IgG antibodies which were felt 
to be more important to outcomes; (2) additional washes of 
the target cells following incubation of the patients serum to 
“wash off” the nonspecific reactants, and (3) addition of anti-
human globulin (AHG) to the reaction to increase the detec-
tion of low titer IgG antibody (CDC-AHG method). There 
are other subvariations of these serological enhancements.

The antibody-screening assay consists of a “panel” of 
known HLA-typed cells, with each cell representing a unique 
set of antigen targets for the serum to react. The assay gen-
erates the “panel reactive antibody (PRA)” titer, which is 
reported out as a percent of the prospective donor pool that 
would likely be killed by the patient’s serum. The result of this 
analysis is termed percent calculated PRA or %cPRA. The 
% cPRA gives a better indication of the patient’s likelihood 
of having a compatible offer of a UNOS deceased donor 
organ because it is based upon actual UNOS-typed donors. 
The panel may consist of any number of cells; however, mini-
mally, cells from at least 30 carefully selected individuals are 
needed to cover the most common HLA antigen targets. In 
addition to the %PRA, the specificity of the antigen targets 
could be identified based upon the individual cell reactions. 
The more different HLA antigens to which the patient is sen-
sitized, the higher the %PRA and the less likely the patient 
is to have a compatible donor identified. Using conventional 
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matching criteria, %PRA >10% and >25% have been associ-
ated with incrementally lower survival large registry reports.

Despite the use of enhancing techniques, serological anti-
body screening and methods of identification are not able to 
detect reliably low levels of HLA antibody, and are relatively 
poor for characterizing Class II antibody.

SOLID PHASE FLOW CYTOMETRIC ANALYSIS
With the development of polymerase chain reaction (PCR) 
technique in the 1990s, testing with HLA antigen proteins 
testing could be performed. SPA were then developed in 
which a specific recombinant HLA protein antigen could be 
bound to the “solid” surface of a plate, well and now beads.

The development of solid-phase, “microbead”-based flow 
cytometry assays represent a monumental improvement from 
the initial solid-phase enzyme-linked immunosorbent assay 
antibody screening and techniques for identification. The use 
of fluorescent dyes is foremost as report molecules, allow-
ing detection of the antigen-antibody reactions using a flow 
cytometer. Fluorescent dye light emissions are several-fold 
more sensitive than colorimetric dyes. The detection of the 
antibody-antigen reaction is made using beads coated with 
HLA molecules. Each HLA molecule-specific bead is identi-
fied by its unique mixture of two fluorescent dye colors incor-
porated into the bead. A secondary antihuman antibody is 
conjugated to a reporter molecule, in this case, to a fluores-
cent dye of another color. The higher the titer of the antibody 
in the patient’s serum, the more antibody is available to react 
to the antigen conjugated to the bead, and the more intense is 
binding of the secondary fluoresceinated antibody. The more 
reporter dye becomes bound to the bead complex, the more 
fluorescent emission is produced from the bead when ana-
lyzed by the flow cytometer. The fluorescent emission signal 
of each bead type is then averaged and the normalized value 
is reported as the “mean fluorescence intensity (MFI)” of the 
bead. For most laboratories, the MFI value ≥ 1000 is con-
sidered to be a positive reaction for the presence of the HLA 
antibody. This cutoff was derived as twice the MFI value for 
the negative control serum.

SPAs can now be used to classify heart and lung candi-
dates as having no HLA antibodies, HLA antibodies without 
donor specificity or those with donor-specific HLA antibod-
ies (DSA).

The HLA antigen is sourced from recombinant cell lines 
and is conjugated directly to the microbead, not simply cap-
tured. This allowed manufacturing of beads coated not only 
with the antigens of a single individual mimicking a cell 
(“multiantigen beads”), but also with a single HLA antigen 
(“single-antigen beads”). These single antigens can be further 
described to the exact HLA allele of that antigen. Since indi-
viduals become sensitized to the amino acid epitopes encoded 
by the antigen allele, microbead-based antibody analysis 
opened a completely new level of insight into characterizing 
antibodies contained in patient serum. This process is called 
“epitope mapping.” In combination with allele-level typing 
of patients and potential donors, epitope mapping of anti-
bodies can better predict outcomes of transplants in highly 

sensitized patients. The flow cytometer instrument may be 
either a larger instrument, which can acquire data from cells 
or beads, or a mini-flow cytometer, which only acquires data 
from beads, such as a Luminex instrument (Fig. 59-11).

The results of the serum antibody test and the donor cross-
match are interpreted together as a final assessment of recipi-
ent and donor compatibility. Composite MFI values of 4000 
or greater are generally predictive of a positive flow cross-
match. This composite MFI value is derived from the “sum 
of MFI values” and the single-antigen antibody analysis for 
“each” donor target antigen present, either Class I or Class II. 
This is a rule of thumb, as cellular expression of these target 
antigens varies. Most centers will post unacceptable antigens 
in UNOS for those single antigens with MFI values of 4000 
or greater, since these single antigens alone may result in a 
positive flow crossmatch with donors. Based upon these MFI 
values, a “virtual” or in silico crossmatch can be reliable in 
predicting the actual cellular crossmatch, especially with high 
MFI values.

HLA Crossmatch
VIRTUAL CROSSMATCH
Practical realities of matching sensitized candidates with 
nonlocal donors resulted in the acceptance of the virtual 
crossmatch (VXM).75,76 The VXM is a comparison of the 
donor HLA genotype determined by organ procurement 
organizations to the gene families represented by beads that 
bound antibody from the sensitized candidate recipient. If 
gene families are shared between donor and the bead, the 
VXM is positive. For example, a candidate with antibodies 
against A1, A11, and B7 by Luminex single-antigen beads 
would be incompatible with a donor typed as A11, A25, 
B55, and B57.77 The anti-A1 antibody determined by SPA 
corresponds to the donor-typed A1. While currently there is 
no method to determine the functional characteristics of the 
antibodies, recently it was estimated that the positive predica-
tive value of an incompatible VXM compared with cytotoxic 
crossmatch was nearly 80%. UNOS has standardized HLA 
molecular data typing to include HLA A, B, C, DRB1 and 
DQB1. Most centers refuse nonlocal donors based on an 
incompatible VXM and insist on a prospective CDC-AHG 
crossmatch for sensitized patients when possible.

Non-HLA Antibodies
It has become increasingly clear that non-HLA antibodies can 
cause injury in thoracic organ transplants.78,79 About 16% of 
HLA antibody negative heart recipients may lose their graft 
to the mixed diagnosis of primary failure within 30 days of 
transplant.80 SPA does not detect non-HLA antibodies, but 
flow cytometry methods can detect MICA/B. Antibodies-to-
donor endothelial antigens are the largest poorly discussed 
group of clinically important non-HLA antibodies. These 
include endothelial, auto-antibodies and those to MHC 
Class I chain A (MICA) and B (MICB). Endothelial antigen 
targets may exist, constitutively or as induced auto-antigens 
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due to activation of the endothelium. MICA and MICB 
are polymorphic antigens expressed on epithelial and, to an 
unknown extent, on endothelial cells. MICA antibodies may 
occur in up to 20% of candidates and have been associated 
with poorer survival but not increased rejection.80

“Auto-antibodies” against conserved (nonpolymorphic) 
proteins are frequently found in the blood of thoracic trans-
plant recipients in association with chronic rejection. Vimen-
tin (an intracellular cytoskeletal protein found in vessel walls 
and activated lymphocytes), cardiac proteins (cardiac myo-
sin), and collagen type V (expressed mainly in the lung) are 
among the antigens against which auto-antibodies have been 
described. Antivimentin antibodies form earlier than anti-
HLA after transplantation and are a response in up to 30% 
of heart recipients to exposure of antigens mounted on the 
surface of damaged and activated cells.81 Antivimentin anti-
bodies reflect tissue injury but might also activate platelets 
and neutrophils.82 Antiheart antibodies exist preoperatively 

in some patients due to their primary cardiac disease. At pres-
ent, it is difficult to know their true significance. Finally, IgM 
non-HLA antibodies are cytotoxic and can react to all leuko-
cytes, even the patient’s own. Antigen specificity is unknown 
as is the clinical relevance.

Gene Expression Profiling: XDx Allomap
A DNA microarray-based real-time PCR-derived biosignature 
for cardiac rejection has been developed by XDx, the maker 
of Allomap molecular expression testing. Gene expression 
profiling (GEP) of circulatory leukocytes measures 11 infor-
mative genes associated with ACR and scores their expression 
detected by PCR technology.83 Several pathways were identi-
fied that participate in regulation of effector cell activation, 
trafficking and morphology, platelet activation, plus cortico-
steroid sensitivity. These included PDCD1 and ITGA4 for 
T-cell activation and migration, ILIR2 steroid-responsive 

FIGURE 59-11 Solid-phase microbead-based assays for HLA antibodies have improved sensitivity and specificity of detection. Single HLA 
antigens from recombinant cell lines are conjugated to a colored microsphere. The bead is reacted against candidate or recipient serum resulting in 
the specific adherence of circulating antibody to the selected HLA antigen. The microsphere HLA-serum antibody is reacted to an antihuman IgG 
antibody conjugated to a fluorescent dye. The microsphere complex is channeled through a flow cytometer and mean fluorescence intensity (MFI) 
for the combined emitting dye is measured. (Adapted with permission from Luminex Corporation, Austin, TX.)
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gene, the decoy for IL-2, and WDR40A plus CMIR of 
the micro-RNA gene family. Peripheral blood samples are 
assigned a score with higher numbers associated with progres-
sive risk of lack of immunological quiescence. This approach 
was recently randomized against surveillance endomyocar-
dial biopsy in a multicenter trial in low-risk rejection cardiac 
recipients, 6 months to 5 years after transplantation.84 The 
evaluation excluded recipients with a significant history of 
rejection, CAV, or allograft dysfunction. Results indicated 
14.5% of patients profiled versus 15.3% of those surveilled 
by endomyocardial biopsy reached a composite endpoint of 
allograft loss/rejection with hemodynamic compromise, graft 
dysfunction due to other causes, death, or retransplantation. 
The low risk for rejection of the enrolled patients made inter-
pretation to earlier and higher risk recipients problematic.85 
Other reports found that the profiled genes regulatory T-cell 
homeostasis and corticosteroid sensitivity can distinguish 
mild from moderate and severe rejection and are evident 
before histological, detectable rejection.86,87 Currently, results 
of GEP by Allomap suggest surveillance endomyocardial 
biopsy in low-risk recipients may be avoided.28,85

Functional Activity of Immune System
A long imagined goal of selective treatment based on a quan-
titative assessment of the net state of immunosuppression has 
been approached clinically with some success. An assay from 
peripheral blood has been developed (Cylex, ImmuKnow, 
Columbia, MD) to measure the intracellular concentration 

of adenosine triphosphate (ATP) of activated lymphocytes. 
ImmuKnow measures T-cell responses by quantifying ATP 
activity88 to phytohemaglutinin, a T-cell mitogen. In general, 
the collective studies suggest that ATP levels < 200 ng/mL 
correlate with an increased risk of infection.89 In a study in 
296 heart recipients spanning two weeks to 10 years post-
transplant, infection in 39 recipients occurred with an average 
187 + 126 ng/ATP/mL versus a steady state of 280 + 126 ng/
ATP/mL. Rejection scores in eight recipients averaged 328 
ng/ATP/mL and did not differ from baseline. However, three 
of eight with AMR scored 491 versus 280 ng/ATP/mL.89 This 
assay opens the field to personalized immunosuppression that 
might help balance risks of infection and rejection.

IMMUNOSUPPRESSION
Outcomes following heart and lung transplantation have 
followed the developments in renal and transplant trials of 
immunosuppressants (Fig. 59-12). Early reliance on high 
doses of prednisone and the antimetabolic azathioprine per-
mitted enough success for the field to advance but limited 
the rates of patient survival to well below current standards 
of more than 10 years for heart and five years for lung. This 
early regimen was associated with morbid infection and rap-
idly progressive episodes of acute rejection. Earlier, it was easy 
to pick out our patients by their steroid-induced Cushingoid 
appearances, spine and hip fractures, cataracts, and persis-
tent hyperglycemia. Bone marrow suppression was com-
mon, and it was always a battle to achieve adequate doses of 
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azathioprine. In the early 1980s, the situation changed for the 
patients, and the benefits of thoracic transplantation soared 
with the introduction of the calcineurin inhibitor cyclospo-
rine by Starzl and Calne. Current approaches are attempting 
to more selectively inhibit alloresponse by including targets of 
the immune active Signal 2 pathway.

GLUCOCORTICOIDS
Prednisone is the chief oral glucocorticoid (GC) antiin-
flammatory. Effect is mediated by its intracellular block on 
nuclear factor (NF)-κB pathways.90 This has the effect of 
reducing proinflammatory Th1 cytokines with increase in 
the Th2 suppressive secretome and of IL-10.90-92 GC affects 
adaptive immunity by reducing the dendritic APC function, 
numbers of CD+ cells and, at higher doses, production of 
anti-HLA antibody.93,94

Every transplant physician is aware of the heightened risk 
of increased infection from GC. While bacterial infections are 
commonly associated, GC also increases the risk of viral and 
protozoal-based complications. GC reduces innate immunity 
by effects on neutrophil adherence and trafficking, phagocy-
tosis and expression of proinflammatory mediators.95 Finally, 
GC adversely affects wound healing by reducing mono-
cyte numbers and their entry to the wound as monocytes. 
Monocytes are important to healing due to their expression 
of growth factors and ability to phagocytose.96,97 By limiting 
fibrocytes, GC further reduces wound healing.98

PURINE ANALOGUES: AZATHIOPRINE AND 
MYCOPHENOLATE MOFETIL
Early efforts in solid organ transplantation were dependent 
on the purine analogue 6-mercoptopure (6-MP) and its less 
toxic drug, azathioprine (Imuran). The metabolite of these 
days is 6-thioguanine nucleotide (6-TGN). It is incorporated 
in DNA and RNA and acts antagonistically to endogenous 
purines necessary for cell cycling.

MMF (Cellcept) and its active metabolite mycophe-
nolic acid alter the purine synthesis by inhibiting inosine 
monophosphate dehydrogenase (IMPHD). This blocks ino-
sine conversion to guanosine nucleotides. MMF is a more 
selective antimetabolic because lymphocytes are dependent 
on IMPHD for conversion while other cells have alternate 
pathways. MMF has generally come to be preferred as the 
rest of bone marrow and lungs are spared. The targeting of 
T&B lymphocytes has increased the risk of infection and 
particularly from CMV.99-102 The most prominent adverse 
sites affected by MMF are a variety of gastrointestinal 
symptoms that can be severe enough to initiate a switch to 
azathioprine.

CALCINEURIN INHIBITION: CYCLOSPORINE A 
AND FK506
Calcineurin inhibitors (CNIs) impede a critical intracel-
lular signal pathway initiated with activation of the TCR. 
Usually, calcineurin binds calmodulin to dephosphorylate 
the nuclear factor of the activated T-cells (NFAT).103 NFAT 

can then translocate into the nucleus where it acts as a tran-
scription factor for a number of immunologically important 
genes, including those coding for IL-2, -4, -5, TNFα and 
IFNγ. CNIs affect B cells indirectly by their effect on reduc-
ing T-cell help. Cyclosporine (CsA) was the first CNI to be 
introduced and was followed by Tacrolimus (TAC) (FK506). 
Both affect NFAT but bind to different immunophilins. 
CsA binds cyclophilins and TAC to FK-binding-proteins 
(FK-BPs).

CNIs can cause acute and chronic kidney injury. They 
reduce both tubular and glomerular function via their adverse 
effect on the aquaporin gene and protein production.104 
Additionally, they are associated with upregulation of renal 
mesangial cells and of renal fibrosis.105,106 CNIs are also dia-
betogenic: they reduce the production and release of insulin 
and are proapoptotic to islets.107,108 Severe neurologic com-
plications, ranging from tremor to seizure and coma, have 
been associated with the use of CNIs. The cause of the neuro-
logic side effects is likely based on multiple known neurologic 
interactions.109 Other specific complications include hyperli-
pedemia, cholestasis, and malignancies especially skin cancer 
and non-Hodgkin’s lymphoma.110

Proliferation Signal Inhibitors
mTOR INHIBITORS: SIROLIMUS, EVEROLIMUS
mTORs are proliferation signal inhibitors (PSI) that inhibit 
serine/threonine protein kinase which is part of multiple 
pathways necessary for cell activation, proliferation, and vas-
cular endothelial growth factor production.111,112 Immune 
cells with higher metabolic needs depend on mTOR acti-
vation. mTOR has also been shown to increase the proin-
flammatory cytokine output and increase adaptive immune 
memory. The complex and perhaps contradictory action of 
mTOR inhibitors (mTORi) make this class of agents interest-
ing. Rapamycin (sirolimus) and everolimus are the clinically 
available mTORi. Of note, mTORi reduce wound healing to 
the extent that perioperative use is limited due to concerns 
regarding healing of midline sternotomy of heart transplant 
and particularly of the bronchus following lung implant.113,114 
Unlike other immunosuppressants, mTORi decrease tumors 
associated with transplant, probably due to their global inhi-
bition of angiogenesis and cellular proliferation. These drugs 
have found a more secondary role as replacement or addition 
to lowered doses of CNIs for nephrotoxicity, cancer, neuro-
logic complications, and resistant rejection.

Monoclonal Antibodies
ANTI-IL-2R ANTIBODY: BASILIXIMAB
Basiliximab (Simulect) is a human-mouse antibody that tar-
gets the IL-2α chain (anti-CD25). This limits the prolifera-
tion T-cell response. This agent can decrease CD25+ T-cells 
for up to six weeks.115 It may also affect Treg-suppressive roles 
as CD4+/CD25+/Foxp3+ cells (Treg suppressive) decrease and 
CD4+/CD25-/Foxp3+ cells increase.115
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ANTI-CD20 ANTIBODY: RITUXIMAB
Rituximab depletes mature B cells by complement-mediated 
cytotoxicity and antibody-dependent cell toxicity. It seems 
also to have proapoptotic activity for B cells. This drug has 
been used to treat antibody-mediated allograft rejection, but 
its effect is at best limited. This is because it has little effect 
on plasma cells or mature antibody-secreting cells that do not 
express CD20. However, preemptive B-cell depletion at the 
time of transplant prevented CAV in a primate model116 and 
is currently evaluated clinically (CTOT-11).

BORTEZOMIB: VELCADE
Velcade binds the catalytic site of the 26S proteasome in 
plasma cells. It is believed that this inhibition prevents deg-
radation of preapoptotic factors.117 Recently, Velcade has 
been approved for treatment of multiple myeloma and has 
been appropriated for persistent AMR of cardiac allografts. 
Complications include peripheral neuropathy, myelosuppres-
sion, and high incidence of varicella zoster infections. It has 
been successfully used with plasmapheresis to reduce cPRA in 
cardiac transplant candidates resistant to antibody-reducing 
treatment with rituximab and plasmapheresis.118

ANTI-CD52 ANTIBODY: ALEMTUZUMAB
Alemtuzumab (Campath) is active against CD52 which is 
a glycoprotein expressed by T and B lymphocytes, macro-
phages, monocytes, and NK cells.119 Cell suppression can 
last for more than 12 months. This agent has been shown to 
reduce acute rejection episodes but may increase the risk of 
cancer.68 It also has a tricky infection-associated profile due to 
its deeply and persistently suppressive effect.

CTLA4-IG: BELATACEPT
Belatacept (Nulojix) is the prototypic immunoglobulin-fusion 
protein. This recombinant protein is similar to the soluble form 
T-cell co-stimulatory receptor CTLA-4120 and binds B7 ligands. 
This results in interference of Signal 2 for the CD28-B7 co-stim-
ulation pathway. It is the only biologic used in transplantation 
to target specific alloimmune co-stimulation immune pathway. 
Signal 1 TCR activation in the absence of co-stimulation limits 
T-cell response and can induce T-cell anergy.121 Belatacept suc-
ceeded Abatacept as a higher affinity construct for transplanta-
tion and was approved for acute kidney rejection in 2011.120 This 
biologic was evaluated in a Phase III study of the Belatacept-
based immunosuppression regimen versus cyclosporine in renal 
transplant recipients (BENEFIT). While renal function and 
blood pressure and lipid profiles were improved with Belatacept, 
acute rejection was more common (20% vs 7%) and worse his-
tologically.122 It has been proposed that memory T-cells are less 
controlled by co-stimulation blockade.

Polyclonal Antibodies
ANTITHYMOCYTE GLOBULIN
Antithymocyte globulin (ATG) is a polyclonal mixture of 
immunoglobulins (IgG) drawn from either rabbits (RATG 

or thymoglobulin) or horses (eATG or ATGAM). These IgG 
predominant preparations are based on animal immuniza-
tions with human thymocytes. They recognize multiple tar-
gets principally on T lymphocytes. Depletion of cells follows 
complement-based lysis, ADCC, and apoptosis.123 Beyond 
depletion of T-cells, ATG also increases Tregs and depletes 
and impairs NKs and reduces B cells.124 Rounding out the 
broad effects is ATG’s interference with the uptake of anti-
gens by DC cells.

RATG is preferred for its effectiveness in reduc-
ing rejection.125 It is associated with an increased risk of 
PTLD and CMV infection due to its broadly reacting 
immunosuppression126,127

Intravenous Immunoglobulin
IVIG is made from pooled human donor IgG. It has inher-
ent problems with supply, cost, and batch-based variability. 
It has become part of the regimen for treatment of AMR 
as it was a proven treatment for autoimmune and diverse 
inflammatory conditions. Its effectiveness is believed due to 
presence of anti-idiotypic antibodies and its ability to block 
complement-binding target cells and molecules.128 The Fab-
mediated antigen binding effects of IgG appear to be joined 
by Fc-dependent immune modulation.129
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The number of patients with heart failure is growing. End-
stage heart failure is associated with significant morbidity, 
need for recurrent hospitalizations, decrease in quality of 
life, and increased mortality. Cardiac transplantation has 
evolved as an effective therapy for many of these patients. 
Tremendous advancements in the fields of immunosuppres-
sion, rejection, and infection have transformed what was 
once considered an experimental intervention into a routine 
treatment available worldwide.

The innovative French surgeon Alexis Carrel performed 
the first heterotopic canine heart transplant with Charles 
Guthrie in 1905. Frank Mann at the Mayo Clinic further 
explored the idea of heterotopic heart transplantation in the 
1930s. The neck became the preferred site of implantation 
in early experimental animal models because of the ease of 
monitoring the organ, the simplicity of access to major ves-
sels, and because the recipient’s native heart could serve as 
a built-in cardiac assist device for the transplanted organ. 
Mann also proposed the concept of cardiac allograft rejec-
tion, in which biological incompatibility between donor and 
recipient was manifested as a leukocytic infiltration of the 
rejecting myocardium. In 1946, after unsuccessful attempts 
in the inguinal region, Vladimir Demikhov of the Soviet 
Union successfully implanted the first intrathoracic het-
erotopic heart allograft. He later demonstrated that heart-
lung and isolated lung transplantation also were technically 
feasible.

The use of moderate hypothermia, cardiopulmonary 
bypass, and an atrial cuff anastomotic technique permitted 
Norman Shumway (Fig. 60-1) and Richard Lower at Stanford 
University to further explore orthotopic heart transplantation 
using a canine model in 1960.

The first human cardiac transplant was a chimpanzee 
xenograft performed at the University of Mississippi by James 
Hardy in 1964. Although the procedure using Shumway’s 
technique was technically satisfactory, the primate heart was 
unable to maintain the recipient’s circulatory load and the 
patient succumbed several hours postoperatively.

Despite great skepticism that cardiac transplantation ever 
would be performed successfully in humans, South African 

Christiaan Barnard surprised the world when he performed 
the first human-to-human heart transplant on December 3, 
1967. Over the next several years, poor early clinical results 
led to a moratorium on heart transplantation, with only the 
most dedicated centers continuing experimental and clinical 
work in the field. The pioneering efforts of Shumway and col-
leagues at Stanford eventually paved the way for the reemer-
gence of cardiac transplantation in the late 1970s.

The introduction of transvenous endomyocardial biopsy 
by Philip Caves in 1973 finally provided a reliable means for 
monitoring allograft rejection. Ultimately, however, it was 
the advent of the immunosuppressive agent cyclosporine that 
dramatically increased patient survival and marked the begin-
ning of the modern era of successful cardiac transplantation 
in 1981.

Heart transplantation is now a widely accepted therapeu-
tic option for end-stage cardiac failure; however, the annual 
number of transplants in the United States (approximately 
2400 per year) has slowly increased since 2002, however, 
limited donor-organ availability remains a major limitation 
(from United Network for Organ Sharing [UNOS] data, 
through September 2012).

THE CARDIAC TRANSPLANT 
RECIPIENT
Recipient Selection
The evaluation of potential candidates for cardiac trans-
plantation is performed by a multidisciplinary committee 
to ensure the equitable, objective, and medically justified 
allocation of donor organs to those patients most likely to 
achieve long-term benefit. It is very important to establish 
a mutual long-term working relationship among patient, 
social support system, and the entire team at the beginning 
of this process.

Indications and potential contraindications for cardiac 
transplantation are outlined in Table 60-1.1 These inclu-
sion and exclusion criteria can vary somewhat among trans-
plantation centers.1-4 The basic objective is to identify those 

Heart Transplantation
Richard J. Shemin • Mario Deng 
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FIGURE 60-1 Norman Shumway.

relatively healthy patients with end-stage cardiac disease, 
refractory to other appropriate medical and surgical thera-
pies, who possess the potential to resume a normal active life 
and maintain compliance with a rigorous medical regimen 
after cardiac transplantation.

ETIOLOGY OF END-STAGE CARDIAC FAILURE
Determination of the etiology and potential reversibility of 
end-stage heart failure is critical for the selection of trans-
plant candidates. Overall, from 1982 to 2012, the indications 
for heart transplantation in adult recipients have been over-
whelmingly ischemic heart failure and nonischemic cardio-
myopathy (approximately 90%); with valvular (2-3%), adult 
congenital (2%), retransplantation (2%), and miscellaneous 
causes comprising the remainder.5

The perception of the irreversibility of advanced cardiac 
failure is changing with the growing efficacy of tailored 
medical therapy, high-risk revascularization procedures, 
and newer antiarrhythmic pharmacologic agents, as well as 
implantable defibrillators and biventricular pacing. Addi-
tionally, other surgical modalities, such as ventricular assist 
devices (VADs) and surgical ventricular restoration (SVR), 
have found increasing application.6,7 Furthermore, it is 

important to consider that prognosis may differ in patients 
with cardiomyopathy who have neither ischemic nor valvu-
lar heart disease. Caution should be exercised when judging 
prognosis in these patient subgroups, and a period of obser-
vation, intense pharmacologic therapy, and/or mechanical 
support should be undertaken before heart transplantation 
is considered.4

EVALUATION OF THE POTENTIAL CARDIAC 
TRANSPLANT RECIPIENT
The complexity of the recipient evaluation mandates a team 
approach. The initial evaluation involves a comprehensive his-
tory and physical examination because this will help to deter-
mine etiology and contraindications. Table 60-2 summarizes 
the cardiac transplant evaluation tests.3 Routine hematologic 
and biochemical analyses and pertinent tests as illustrated by 
organ system are performed.3

For the assessment of the heart itself, in addition to rou-
tine 12-lead electrocardiogram, Holter monitor, and echo-
cardiography, all patients should undergo cardiopulmonary 
exercise testing to evaluate functional capacity if disease sever-
ity allows. Peak exercise oxygen consumption measured 
during maximal exercise testing V

.
O2,max provides a measure 

of functional capacity and cardiovascular reserve, and an 
inverse relationship between V

.
O2,max and mortality in heart 

failure patients has been demonstrated.8 Documentation of 
adequate effort during exercise, as evidenced by attaining a 
respiratory exchange ratio greater than 1.0 or achievement of 
an anaerobic threshold at 50 to 60% of  V

.
O2,max is necessary 

to avoid underestimation of functional capacity.2

Right-sided heart catheterization should be performed 
at the transplanting center to evaluate the severity of heart 
failure (and hence the status level for transplant listing) and 
evaluate for the presence of pulmonary hypertension (PH). 
Right heart catheterization also can help guide therapy while 
awaiting transplantation. Coronary cineangiography should 
be reviewed to confirm the inoperability of coronary artery 
lesions in cases of ischemic cardiomyopathy. As well, either a 
positron emission tomographic (PET) scan, a thallium-201 
redistribution study, or a cardiac magnetic resonance imaging 
(MRI) study should assess viability in selected patients who 
would be candidates for revascularization if sufficient viability 
is present.2,3

Endomyocardial biopsy should be performed on all 
patients in whom the etiology of heart failure is in ques-
tion, especially those with nonischemic cardiomyopathies 
symptomatic for fewer than 6 months.3 This can assist in 
therapeutic decision making and exclude diagnoses such as 
amyloidosis, which are considered relative contraindications 
to transplantation.

The neuropsychiatric assessment should be performed by 
persons experienced in evaluating cardiac patients to deter-
mine if organic brain dysfunction or psychiatric illness is 
present. An experienced social worker should assess for the 
presence of adequate social and financial support. At the time 
of listing, the transplant coordinator should ensure that the 
patient and family understand the peculiarities of the waiting 
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TABLE 60-1: Recipient Selection for Heart Transplantation

Indications

I. Systolic heart failure (as defined by ejection fraction <35%)
A. Accepted etiology

1. Ischemic
2. Idiopathic
3. Valvular
4. Hypertensive
5. Other

B. Controversial etiology
1. HIV infection
2. Cardiac sarcoma

II. Intractable angina
A. Ineffective maximal tolerated medical therapy
B. Not a candidate for direct myocardial revascularization, percutaneous revascularization, or transmyocardial revascularization procedure
C. Unsuccessful myocardial revascularization

III. Intractable arrhythmia
A. Uncontrolled with pacing cardioverter defibrillator

1. Not amenable to electrophysiology-guided single or combination medical therapy
2. Not a candidate for ablation therapy

IV. Hypertrophic cardiomyopathy
A. Class IV symptoms persist despite interventional therapies

1. Alcohol injection of septal artery
2. Myotomy and myomectomy
3. Mitral valve replacement
4. Maximal medical therapy
5. Pacemaker therapy

V. Congenital heart disease in which severe fixed pulmonary hypertension is not a complication
VI. Cardiac tumor

A. Confined to the myocardium
B. No evidence of distant disease revealed by extensive metastatic workup

VII. Restrictive cardiomyopathy
A. Class IV symptoms persist despite interventional therapies
B. Amyloid (if concomitant therapy such as chemotherapy/autologous stem cell transplant feasible)

Absolute Contraindications
I. Age >65-75 years (may vary at different centers)

II. Fixed pulmonary hypertension (unresponsive to pharmacologic intervention)
A. Pulmonary vascular resistance >4-6 Wood units
B. Transpulmonary gradient >12-18 mm Hg

III. Systemic illness that will limit survival despite transplant
A. Neoplasm other than skin cancer (<2-5 years disease-free survival)
B. HIV/AIDS (CDC definition of CD4 count of <200 cells/mm3)
C. Systemic lupus erythematosus (SLE) or sarcoid that has multisystem involvement and is currently active
D. Any systemic process with a high probability of recurrence in the transplanted heart
E. Irreversible organ (eg, renal, hepatic, pulmonary) dysfunction

Potential Relative Contraindications
I. Recent malignancy

II. Chronic obstructive pulmonary disease
III. Recent and unresolved pulmonary infarction and pulmonary embolism
IV. Diabetes mellitus with end-organ damage (neuropathy, nephropathy, and retinopathy)
V. Peripheral vascular or cerebrovascular disease

VI. Active peptic ulcer disease
VII. Current or recent diverticulitis

VIII. Other systemic illness likely to limit survival or rehabilitation
IX. Severe obesity or cachexia
X. Severe osteoporosis

XI. Active alcohol, nicotine or drug abuse
XII. History of noncompliance or psychiatric illness likely to interfere with long-term compliance

XIII. Absence of psychosocial support

1301
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TABLE 60-2: Cardiac Transplant Evaluation Tests

Laboratory Complete blood count with differential and platelet count, creatinine, blood urea nitrogen, electrolytes, liver 
panel, lipid panel, calcium, phosphorus, total protein, albumin, uric acid, thyroid panel, antinuclear antibodies, 
erythrocyte sedimentation rate (ESR), rapid plasma reagin (RPR), iron-binding tests, partial thromboplastin time, 
prothrombin time

  Blood type (incl. confirmatory test), IgG and IgM antibodies against cytomegalovirus, herpes simplex virus, HIV, 
varicella-zoster virus, hepatitis B surface antigen, hepatitis C antigen, toxoplasmosis, other titers when indicated

  Tuberculin skin test
  Prostate-specific antigen (male >50 years)
  Mammogram and Pap smear (female >40 years)
  Screening against a panel of donor antigens (panel reactive antibodies) and human leukocyte antigen phenotype
  24-hour urine for creatinine clearance and total protein, urinalysis, urine culture 1
  Baseline bacterial and fungal cultures, stool for ova and parasites if indicated
Cardiac 12-lead ECG, 24-hour Holter monitor
  Echocardiogram
  Thallium-201 imaging, positron-emission tomographic (PET) scan, or cardiac magnetic resonance imaging (MRI) to 

assess viability if indicated
  Exercise stress test and respiratory gas analysis with oxygen uptake measurements: peak exercise oxygen 

consumption V
.
O2,max

  Right- and left-sided heart catheterization
  Myocardial biopsy on selected patients in whom etiology of heart failure is in question and affects treatment choice
Vascular Peripheral vascular studies
  Carotid Doppler and duplex ultrasound 55 years
Renal Renal ultrasound and or intravenous pyelogram if indicated
Pulmonary Chest x-ray
  Pulmonary function tests
  Chest CT scan to evaluate abnormal chest x-ray or thoracic aorta in older patients (usually >65 years)
Gastrointestinal Upper endoscopy/colonoscopy if indicated
  Upper gastrointestinal series and/or barium enema if indicated
  Percutaneous liver biopsy if indicated
Metabolic Bone densitometry
Neurologic Screening evaluation
Psychiatric Screening evaluation
Dental Complete dental evaluation
Physical therapy Evaluation
Social work Patient attitude and family support, medical insurance, and general financial resources
Transplant coordinator Education

time, preoperative period, long-term maintenance medica-
tions, and the rules of living with the new heart. It is also 
of paramount importance that providers discuss the patient’s 
preferences with regard to life support (duration and type), in 
case of a deterioration in his or her condition while awaiting 
transplant.

Indications for Cardiac Transplantation
Cardiac transplantation is reserved for a select group of 
patients with end-stage heart disease not amenable to opti-
mal medical or surgical therapies. Prognosis for 1-year 
survival without transplantation should be less than 50%. 
Prediction of patient survival involves considerable subjec-
tive clinical judgment by the transplant committee because 

no reliable objective prognostic criteria are available cur-
rently. Low ejection fraction (<20%), reduced V

.
O2,max (<14 

mL/kg/min), arrhythmias, high pulmonary capillary wedge 
pressure (>25 mm Hg), elevated plasma norepinephrine 
concentration (>600 pg/mL), reduced serum sodium con-
centration (<130 mEq/dL), and N-terminal probrain natri-
uretic peptide (>5000 pg/mL) all have been proposed as 
predictors of poor prognosis and potential indications for 
transplantation in patients receiving optimal medical therapy.8-11 
Reduced left ventricular ejection fraction and low V

.
O2,max 

are widely identified as the strongest independent predictors 
of survival.

The indications for cardiac transplantation listing are con-
tinuously reviewed as new breakthroughs in the medical and 
surgical treatment of heart disease emerge.
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 Chapter 60 Heart Transplantation 1303

CONTRAINDICATIONS FOR CARDIAC 
TRANSPLANTATION
Table 60-1 lists the traditional absolute and relative contra-
indications. It should be acknowledged that strict guidelines 
can be problematic; therefore, each transplant program var-
ies regarding absolute criteria based on clinical circumstances 
and experience. Furthermore, traditional contraindications 
for transplant listing are being questioned.

Age is one of the most controversial exclusionary criteria for 
transplantation. The upper age limit for recipients is center-
specific, but emphasis should be placed on the patient’s physi-
ologic rather than chronologic age. The Official Adult Heart 
Transplant Report 2009 from the registry of the International 
Society for Heart and Lung Transplantation (ISHLT) noted 
that over the last 25 years, the percentage of recipients older 
than 60 years of age has increased steadily, approaching 25% 
of all heart transplants between 2002 and 2008 compared 
with just above 5% between 1982 and 1988.5 Although the 
elderly have a greater potential for occult systemic disease 
that may complicate their postoperative course, some recent 
reports have suggested that morbidity and mortality in care-
fully selected older patients are comparable with those of 
younger recipients, and they have fewer rejection episodes 
than younger patients.12,13

Fixed PH, usually manifested as elevated pulmonary vas-
cular resistance (PVR), is one of the few absolute contrain-
dications to orthotopic cardiac transplantation. Fixed PH 
increases the risk of acute right ventricular failure when the 
right ventricle of the allograft is unable to adapt to signifi-
cant PH in the immediate postoperative period.14 Use of the 
transpulmonary gradient (TPG), which represents the pres-
sure gradient across the pulmonary vascular bed independent 
of blood flow, may avoid erroneous estimations of PVR, such 
as those that may occur in patients with low cardiac output.4 
Some have advocated the use of PVR index (PVRI) unit, 
which corrects for body size. 

PVR (Wood units)
MPAP (mm Hg) PCWP (mm Hg)

CO (L/min)

PVRI (units)
MPAP (mm Hg) PCWP (mm Hg)

CO (L/min) BSA

PVR

BSA

TPG (mm Hg) PAP (mm Hg) PCWP (mm Hg)

=
−

=
−

×
=

= −

where MPAP is mean pulmonary arterial pressure, PCWP is 
pulmonary capillary wedge pressure, CO is cardiac output, 
CI is cardiac index, and BSA is body surface area.

A fixed PVR greater than 5 to 6 Wood units and a TPG 
greater than 15 mm Hg generally are accepted as absolute 
criteria for rejection of a candidate.1-4,11 Over the years, sev-
eral studies have found PH to have a significant effect on 
posttransplant mortality using various parameters, threshold 
values, and follow-up periods.15,16 However, a lack of mor-
tality difference after heart transplantation between patients 
with and without preoperative PH has also been reported.17 
Perhaps more significantly, measurable parameters of PH 

have been shown to improve following heart transplantation. 
A study of 172 patients followed for up to 15.1 years, pub-
lished in 2005 from the Johns Hopkins Hospital, showed 
that mild to moderate pretransplantation PH (PVR = 2.5 
to 5.0 Wood units) was not associated with higher mor-
tality rate, although there was increased risk of posttrans-
plantation PH within the first 6 months.18 However, when 
the continuous variable PVR was examined, each 1 Wood 
unit increase in preoperative PVR demonstrated a 15% or 
more increase in mortality, especially within the first year, 
but these associations did not reach statistical significance. 
Severe preoperative PH (PVR ≥ 5 Wood units) was asso-
ciated with death within the first year after adjusting for 
potential cofounders but not with overall mortality or mor-
tality beyond the first year.

In the preoperative evaluation of the transplant recipient, 
if PH is discovered, an assessment of its reversibility should be 
performed in the cardiac catheterization laboratory.16 Sodium 
nitroprusside traditionally has been used at a starting dose 
of 0.5 μg/kg per minute and titrated by 0.5 μg/kg per minute 
until there is an acceptable decline in PVR, ideally 2.5 Wood 
units or at least by 50%, with maintenance of adequate sys-
temic systolic blood pressure. If sodium nitroprusside fails 
to produce an adequate response, other vasodilators such as 
adenosine, prostaglandin E1 (PGE1), milrinone, or inhaled 
nitric oxide or prostacyclin (eg, aerosolized Iloprost) may 
be used.2,19 Some patients who do not respond acutely may 
respond to continuous intravenous inotropic therapy, and 
repeat catheterization can be performed after 48 to 72 hours. 
Intravenous B-type natriuretic peptide, eg, nesiritide (Natre-
cor), has shown some efficacy in refractory PH.20 Recently, 
VADs are playing an important role in heart transplantation 
candidates with PH.21 A period of left ventricular assist device 
(LVAD) support may allow for a decrease of pulmonary 
artery pressure secondary to unloading of the left ventricle. 
Patients with irreversible PH may be candidates for hetero-
topic heart transplantation, heart-lung transplantation, or 
LVAD destination therapy.22 Use of modestly larger donor 
hearts for recipients with severe pretransplantation PH can 
provide additional right ventricular reserve.

Systemic diseases with poor prognosis and potential to 
recur in the transplanted heart or the potential to undergo 
exacerbation with immunosuppressive therapy are considered 
absolute contraindications for heart transplantation. Previ-
ously, any occurrence of neoplasm was a reason to exclude 
patients from transplantation. Currently available data do not 
appear to justify excluding some of these patients.23 Most pro-
grams will consider patients who are free of disease for at least 
5 years. A recent multicenter study investigated the influence 
of pretransplant malignancy on posttransplant recurrence 
and long-term survival in heart and lung transplant recipi-
ents. In this cohort, 111 recipients (lung: 37; heart: 74) with 
113 pretransplant malignancies were identified. The cohort 
was divided into 3 groups by pretransplant cancer-free inter-
val of <12 months, ≥12 to 60 months, and ≥60 months. Pre-
transplant cancer-free survival of ≥5 years was associated with 
the lowest recurrence at a mean follow-up of 70 ± 63 months 
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(6% at ≥60 months vs 26% at 12 to 60 months vs 63% at 
<12 months). Survival was significantly poorer in those can-
cer-free for <12 months, whereas there was no survival dif-
ference in the other 2 groups. Further study is warranted to 
determine the optimal malignancy-free period.24 Heart trans-
plantation for amyloid remains controversial because amy-
loid deposits recur in the transplanted heart. Although case 
reports of long-term survival can be found in the literature,25 
survival beyond 1 year tends to be reduced.23

Human immunodeficiency virus (HIV)-infected patients 
generally were excluded until a recent case series by the 
Columbia University Heart Transplant Group. With the 
newer antiretroviral drugs, the estimated 10-year survival 
after seroconversion exceeds 90%. In a retrospective single-
center analysis of 1679 cardiac transplant patients, seven 
HIV-positive patients underwent heart transplantation. Five 
(4 men) were diagnosed with HIV before transplantation and 
2 patients seroconverted after transplantation. Dilated car-
diomyopathy was the indication for transplant in all patients. 
The 5 HIV recipients were aged 42 ± 8 years, and time after 
HIV seroconversion averaged 9.5 years. All underwent car-
diac transplantation as high-risk candidates. The CD4 count 
was 554 ± 169 cells/microl, and viral load was undetectable 
in all patients at the time of transplantation. Two patients 
seroconverted to HIV-positive status at 1 and 7 years after 
transplant. No AIDS-defining illness was observed in any 
patient before or after transplant. Six patients received highly 
active antiretroviral therapy. Viral load remained low in the 
presence of immunosuppression. All patients were alive with 
a follow-up from transplant of 57 ± 78.9 months.26,27

Irreversible renal dysfunction is a contraindication to heart 
transplantation. A creatinine clearance of less than 50 mL/min 
and a serum creatinine concentration of greater than 2 mg/
dL are associated with increased risk of postoperative dialysis 
and decreased survival following heart transplantion.4,28 The 
effect of chronic kidney dysfunction (CKD) on post-HTx 
outcomes was recently examined in 1732 recipients. In this 
population, 3% were CKD stage 4 and 5 at the time of trans-
plant, increasing to 11% at 1 year and more than 15% at  
6 years after transplantation. The risk of death was significantly 
higher in patients with CKD 4 and 5 (hazard CKD4:1.66; 
CKD5:8.54; dialysis:4.07). Multiorgan transplantation was 
not assessed in this cohort.29 However, patients may be con-
sidered for combined heart and kidney transplantation.

Irreversible hepatic dysfunction has implications similar to 
renal dysfunction.4 If transaminase levels are more than twice 
their normal value and associated with coagulation abnor-
malities, percutaneous liver biopsy should be performed to 
exclude primary liver disease. This should not be confused 
with chronic cardiac hepatopathy, which is characterized by 
elevated cholestatic parameters along with little or no changes 
in transaminases and is potentially reversible after heart trans-
plantation.30 The use of MELD and MELD-XI (excluding 
international normalized ratio) were shown to be predictive 
of survival after heart transplantation and VAD. Moreover, 
if the MELD-XI normalized during VAD support, post-
transplant survival was similar to those without prior liver 

dysfunction. In VAD patients with an elevated MELD-XI 
score, a decrease in score <17 may help identify optimal trans-
plant candidates.31,32

Severe chronic bronchitis or obstructive pulmonary dis-
ease may predispose patients to pulmonary infections and 
may result in prolonged ventilatory support after heart trans-
plantation. Patients who have a ratio of forced expiratory vol-
ume in 1 second to forced vital capacity (FEV1/FVC) of less 
than 40 to 50% of predicted or an FEV1 of less than 50% 
of predicted despite optimal medical therapy are considered 
poor candidates for transplantation.2,4

Transplantation in patients with diabetes mellitus is only 
contraindicated in the presence of significant end-organ dam-
age (eg, diabetic nephropathy, retinopathy, or neuropathy).2,4 
Some centers have expanded their criteria successfully to 
include patients with mild to moderate end-organ damage.33

Active infection was a sound reason to delay transplantation 
before assist devices became more commonplace. Up to 48% 
of patients with implanted LVADs reportedly have evidence 
of infection. Interestingly, treatment for LVAD infection in 
these patients is to proceed with urgent transplantation.34

Other relative contraindications include severe noncar-
diac atherosclerotic disease, severe osteoporosis, and active 
peptic ulcer disease or diverticulitis, all of which may lead to 
increased morbidity.2,4 Cachexia, defined as a body mass index 
(BMI) of less than 20 or less than 80% ideal body weight 
(IBW), and obesity, defined as BMI greater than 35 or greater 
than 140% of IBW, are associated with increased mortality 
after transplantation.35 Poor nutritional status also may limit 
early postoperative rehabilitation. The effect of metabolic 
risk factors (hypertension, diabetes, obesity) was assessed in 
15,960 recipients using an analysis of the UNOS Registry 
(1998-2008). Individually, these risk factors increased the 
risk of death posttransplant, with a hazard ratio of 1.10 for 
hypertension, 1.22 for diabetes, and 1.17 for obesity. More-
over, there was an exponential trend of increasing mortality 
with the addition of each risk factor, such that recipients with 
all 3 risk factors had a 63% increased mortality compared 
with recipients with none.36

The ultimate success of transplantation depends on the 
psychosocial stability and compliance of the recipient.37 
The rigorous postoperative regimen of multidrug therapy, 
frequent clinic visits, and routine endomyocardial biopsies 
demand commitment on the part of the patient. A history of 
psychiatric illness, substance abuse, or previous noncompli-
ance (particularly with medical therapy for end-stage heart 
failure) may be sufficient cause to reject the candidacy of a 
patient. Lack of a supportive social system is an additional 
relative contraindication.

Management of the Potential  
Cardiac Recipient
PREFORMED ANTI-HLA ANTIBODIES
Patients with elevated levels of preformed panel reactive anti-
bodies (PRAs) to human leukocyte antigens (HLAs) have 
higher rates of organ rejection and decreased survival than 
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do patients without such antibodies.38 Consequently, before 
proceeding with transplantation, many medical centers do 
prospective cross-matching, ie, either by flow cytometry 
or enzyme-linked immunosorbent assay (ELISA), to deter-
mine whether donor-specific antibodies that threaten the 
allograft are present. The problem has been compounded by 
the increased frequency of preformed reactive antibodies in 
patients with VADs who are awaiting cardiac transplantation.39 
Furthermore, not all antibodies are complement fixing or 
dangerous. Performing a prospective cross-match can be time-
consuming and often it is impossible because of the unstable 
condition of the organ donor or travel logistics, leading to 
increased costs for transplantation and longer waiting times 
for recipients. Recently, virtual cross-matching has been used 
to eliminate the need for prospective tissue cross-matching. 
Modern laboratory techniques allow for identification and 
titer of antibodies. Because all donor antigens are known at 
the time of allocation, an assessment can be made without 
an actual tissue/sera assay. However, a particular patient’s 
antibody population is dynamic and may change from the 
time of the antibody screen. As a result, care must be taken 
in patients with particularly diverse and high antibody titers. 
Plasmapheresis, intravenous immunoglobulins (IVIGs), 
cyclophosphamide, mycophenolate mofetil (MMF), and 
rituximab all have been used to lower the PRA levels with 
variable results.2

PHARMACOLOGIC BRIDGE TO 
TRANSPLANTATION
Critically compromised patients require admission to the 
intensive care unit for intravenous inotropic therapy. Dobu-
tamine, a synthetic catecholamine, remains the prototype of 
this drug group. However, the phosphodiesterase III inhibi-
tor milrinone is similarly effective.40 The catecholamine dopa-
mine is used often as a parenteral positive inotrope, but at 
moderate to high dose it evokes considerable systemic vaso-
constriction. In candidates in whom an inotropic infusion 
has progressed to higher doses, combinations of dobutamine 
with milrinone are used. For transplant candidates dependent 
on inotropic infusions, eosinophilic myocarditis may develop 
as an allergic response to the dobutamine and may result in 
accelerated decline. VADs are being considered earlier, par-
ticularly as indices of nutrition decline.

MECHANICAL BRIDGE TO TRANSPLANTATION
Placement of an intraaortic balloon pump (IABP) may be 
necessary in patients with heart failure who are refractory to 
initial pharmacologic measures. Ambulatory IABP through 
the axillary artery has been reported in few patients as a bridge 
to cardiac transplantation but is not commonly used today.41

The landmark Randomized Evaluation of Mechanical Assis-
tance in Treatment of Chronic Heart Failure (REMATCH) 
trial provided evidence that LVAD support provided a statisti-
cally significant reduction in the risk of death from any cause 
when compared with optimal medical management. The 
survival rates for patients receiving LVADs (n = 68) versus 

patients receiving optimal medical management (n = 61) were 
52% versus 28% at 1 year and 29% versus 13% at 2 years  
(p = .008, log-rank test).6,42 The extended follow-up confirmed 
the initial observation that LVAD therapy renders significant 
survival and quality-of-life benefits compared with optimal 
medical management for patients with end-stage heart fail-
ure. A recent systematic review of the published literature 
supported these findings. In the studies reviewed, implanta-
tion of an LVAD provided support for up to 390 days, with as 
many as 70% of patients surviving to transplantation.43

The total artificial heart (TAH) positioned orthotopically 
replaces both native cardiac ventricles and all cardiac valves. 
Potential advantages of this device include eliminating prob-
lems commonly seen in the bridge to transplantation with 
left ventricular and biventricular assist devices, such as right-
sided heart failure, valvular regurgitation, cardiac arrhyth-
mias, ventricular clots, intraventricular communications, and 
low blood flows. Copeland and colleagues reported that the 
TAH allowed for bridge to transplantation in 79% of their 
patients with 1- and 5-year survival rates after transplantation 
of 86 and 64%, respectively.44

Because these devices cannot be weaned, it is imperative 
that the patient’s candidacy for transplantation be scrutinized 
before placement of the device. Trends toward better device 
durability and reduced complication rates likely will continue 
to improve through the development of newer, more inno-
vative VADs, allowing destination therapy to be considered 
more frequently.

LIFE-THREATENING VENTRICULAR ARRHYTHMIAS
Symptomatic ventricular tachycardia (VT) and a history of 
sudden cardiac death are indications for placement of an 
automatic implantable cardioverter-defibrillator (AICD), 
long-term antiarrhythmic therapy with amiodarone, or occa-
sionally, radiofrequency catheter ablation, which have been 
shown to improve survival.45 Biventricular VADS and the 
TAH can be considered in this subgroup.

Recipient Prioritization for 
Transplantation
The prioritization of appropriate recipients for transplanta-
tion is based on survival and quality of life expected to be 
gained in comparison with maximal medical and surgi-
cal alternatives.3 The United Network for Organ Sharing 
(UNOS) is a national organization that maintains organ 
transplantation waiting lists and allocates identified donor 
organs on the basis of recipients’ priority status. This priority 
status is based on a recipient’s status level (eg, IA, IB, or II), 
blood type, body size, and duration of time at a particular sta-
tus level.2 Geographic distance between donor and potential 
recipient is also taken into consideration. Highest priority is 
given to local status IA patients possessing the earliest listing 
dates. The recipient status criteria established by UNOS in 
1999 are outlined in Table 60-3. In 1994, the percentage of 
patients awaiting transplantation for more than 2 years was 
23%; this increased to 49% by 2003. From 1998 (with the 
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1306 Part X Transplant and Mechanical Circulatory Support

institution of a new status system) to 2007, the distribution 
of patient status at transplant changed dramatically. In 1999, 
the distribution was 34% (1A), 36% (1B), and 26% (2). This 
shifted in 2007 to 50% (1A), 36% (1B), and 14% (2).46

Patients considered for transplantation should be examined 
at least every 3 months for reevaluation of recipient status. 
Yearly right-sided heart catheterization is indicated for all can-
didates on the waiting list and in selected cases for patients 
rejected because of PH. Presently, there is no established 
method to delist patients who have stabilized on medical 
therapy without loss of their previously accrued waiting time.

THE CARDIAC DONOR
Donor Availability
The US Uniform Anatomic Gift Act of 1968 states that all 
competent individuals over the age of 18 may donate all or 
part of their bodies and established the current voluntary 
basis of organ donation practiced in the United States. To 
accommodate the increasing demand for organs, the original 
stringent criteria for donor eligibility have been relaxed, and 
educational campaigns have increased awareness of the need 
for a larger donor pool. In 1986, the Required Request Law, 
which required hospitals to request permission from next 
of kin to recover organs, was passed to encourage physician 
compliance in the donor request process. Future reforms will 
be molded by the evolving public attitude to transplanta-
tion and likely will focus on continued public and physician 
education.

The availability of donor organs remains the major limit-
ing factor to heart transplantation. In the early years of heart 
transplantation, the number of heart transplants performed 

in the United States increased steadily to a peak in 1995 of 
2363 and then reached a plateau in 1998. After 1998, there 
was a gradual decline in heart transplants per year to a nadir of 
2015 in 2004, after which the number has steadily increased 
to 2207 in 2007.46 A more risk-averse approach to donor use 
has been discussed as contributing factor for decreased organ 
use.47 Conversely, successful use of hearts with donor cardiac 
arrest history < 8 minutes48 and donor cardiopulmonary 
resuscitation49 has recently been reported.

Interestingly, likely owing to improved preoperative care, 
the death rate for patients on the waiting list for a cardiac 
allograft has decreased steadily.46

Allocation of Donor Organs
In an effort to increase organ donation and to coordinate 
an equitable allocation of allografts, Congress passed the 
National Organ Transplant Act in 1984. This act resulted in 
the drafting of the aforementioned Required Request Law, as 
well as the awarding of a federal contract to the UNOS for 
the development of a national organ procurement and alloca-
tion network. To facilitate transplantation, the United States 
is divided into 11 geographic regions.

Organs are offered to sick patients within the region in 
which they were donated before being offered to other parts 
of the country. This helps to reduce organ preservation time, 
improve organ quality and survival outcomes, reduce the 
costs incurred by the transplant patient, and increase access 
to transplantation.

The effect of the new UNOS broader regional algorithm 
for donor organ sharing that prioritizes donor heart alloca-
tion to higher-risk (status 1A and 1B) wait-listed patients was 
a significant reduction in waiting list mortality in status 1A 

TABLE 60-3: Current Recipient Status Criteria of the United Network for Organ Sharing (UNOS)*

Status IA

A. Patients who require mechanical circulatory assistance with one or more of the following devices:
1. Total artificial heart
2. Left and/or right ventricular assist device implanted for 30 days or less
3. Intraaortic balloon pump
4. Extracorporeal membrane oxygenator (ECMO)

B. Mechanical circulatory support for more than 30 days with significant device-related complications
C. Mechanical ventilation
D. Continuous infusion of high-dose inotrope(s) in addition to continuous hemodynamic monitoring of left ventricular filling pressures
E. Life expectancy without transplant <7 days

Status IB

A. A patient who has at least one of the following devices or therapies in place:
1. Left and/or right ventricular assist device implanted for >30 days
2. Continuous infusion of intravenous inotropes

Status II

All other waiting patients who do not meet status Ia or Ib criteria
*UNOS Executive Order, August 1999
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 Chapter 60 Heart Transplantation 1307

TABLE 60-4: Donor Selection for Heart 
Transplantation

I. Suggested criteria for cardiac donor
A. Age <50-60
B. Absence of the following:

1. Prolonged cardiac arrest
2. Prolonged severe hypotension
3. Preexisting cardiac disease
4. Intracardiac drug injection
5. Severe chest trauma with evidence of cardiac injury
6. Septicemia
7. Extracerebral malignancy and glioblastoma
8. Positive serologies for human immunodeficiency virus, 

hepatitis B (active), or hepatitis C
9. Hemodynamic stability without high-dose inotropic 

support (<20 μg/kg/min of dopamine)
II. Suggested cardiac donor evaluation

A. Past medical history and physical examination
B. Electrocardiogram
C. Chest roentgenogram
D. Arterial blood gases
E. Laboratory tests (ABO, HIV, HBV, HCV)
F.  Echocardiogram, pulmonary artery catheter evaluation, and 

in selected cases, coronary angiogram

and 1B patients, with no change in the waiting list mortality 
for lower-priority patients (status 2). Importantly posttrans-
plant outcomes were sustained despite the higher-risk nature 
of the recipients.50

Donor Selection
Once a brain-dead individual has been identified as a potential 
cardiac donor, the patient undergoes a rigorous three-phase 
screening regimen. The primary screening is undertaken by 
the organ procurement agency. Information regarding the 
patient’s age, height and weight, gender, ABO blood type, 
hospital course, cause of death, and routine laboratory data 
including cytomegalovirus (CMV), HIV, hepatitis B virus 
(HBV), and hepatitis C virus (HCV) serologies are collected. 
Cardiac surgeons and/or cardiologists perform the secondary 
screening, which involves further investigation in search of 
potential contraindications (Table 60-4), determination of 
the hemodynamic support necessary to sustain the donor, 
and review of the electrocardiogram, chest roentgenogram, 
arterial blood gas determination, and echocardiogram. Even 
when adverse donor criteria are reported, a team often is dis-
patched to the hospital to evaluate the donor on-site.

Although echocardiography is effective in screening for 
anatomical abnormalities of the heart, the use of a single 
echocardiogram to determine the physiologic suitability of a 
donor is not supported by evidence.51 The Papworth Hospital 
transplant program in Great Britain increased its donor yield 
substantially by using a pulmonary artery catheter to guide 
the physiologic assessment and management of ventricular 

dysfunction.52 Coronary angiography is indicated in the pres-
ence of advanced donor age (traditionally for male donors  
>45 years of age and female donors >50 years of age). Angiog-
raphy also should be performed if there is a history of cocaine 
use or the donor has three risk factors for coronary artery dis-
ease (CAD), such as hypertension, diabetes, smoking history, 
dyslipidemia, or family history of premature CAD.51

The final and often most important screening of the donor 
occurs intraoperatively at the time of organ procurement by 
the cardiac surgical team. Direct visualization of the heart is 
performed for evidence of right ventricular or valvular dys-
function, previous infarction, or myocardial contusion sec-
ondary to closed-chest compressions or blunt chest trauma. 
The coronary arterial tree is palpated for gross calcifications 
indicative of atheromatous disease. If direct examination of 
the heart is unremarkable, the recipient hospital is notified, 
and the procurement surgeons proceed with donor cardiec-
tomy, usually in conjunction with multiorgan procurement.

Expanded Donor Criteria  
and Alternate Listing
As the donor shortage has worsened and the number of 
patients waiting for transplants has increased, one of the areas 
of increasing interest is the use of marginal donors for mar-
ginal recipients. For this purpose, an alternate recipient list is 
being used by some centers to match certain recipients who 
might be excluded from a standard list with marginal donor 
hearts that otherwise would go unused. Expanded donor 
criteria include the use of donors substantially smaller than 
the recipients, donors with coronary artery disease that may 
require coronary artery bypass grafting (CABG), left ventric-
ular dysfunction, or donors from older age groups.51 Accept-
able operative mortality has been reported, and the University 
of California, Los Angeles (UCLA) heart transplant group 
has shown that alternate listing did not independently predict 
early or late mortality.53

It also appears more beneficial in terms of patient survival 
to receive an allograft from a donor older than 40 years of age 
compared to remaining on the waiting list.54 Other high-risk 
donors, such as HCV-positive or HBV (core IgM-negative)-
positive donors, may be appropriate in selected higher-risk 
recipients.51

Also of special interest is the effect of donor alcohol and 
cocaine abuse on heart transplantation. A small single-center 
study showed unfavorable early outcome of patients receiving 
hearts from alcoholic donors (>2 oz of pure alcohol daily for 
3 or more months), suggesting the presence of a subclinical 
preoperative alcoholic cardiomyopathy and poor tolerance of 
rejection episodes after transplantation.55 Because of wide-
spread cocaine abuse, donor guidelines have declared intra-
venous drug abuse a “relative” contraindication for donor 
selection. However, the dilemma of selecting donor hearts 
from nonintravenous drug abusers remains an open issue. 
A favorable outcome for patients who received transplanted 
hearts obtained from nonintravenous cocaine users has been 
reported.56 However, judicious use of organs from donors 
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1308 Part X Transplant and Mechanical Circulatory Support

with a history of cocaine use is strongly advised. Specific rec-
ommendations were made in a consensus report to improve 
the yield of donor hearts.51

Management of the Cardiac Donor
Medical management of cardiac donors, an integral part of 
organ preservation, is complicated by the complex physi-
ologic phenomenon of brain death and the need to coor-
dinate procurement with other organ donor teams. Brain 
death is associated with an “autonomic and cytokine storm.” 
The release of noradrenaline (norepinephrine) leads to sub-
endocardial ischemia. Subsequent cytokine release results 
in further myocardial depression. This is accompanied by 
pronounced vasodilatation and loss of temperature control.3 
Rapid afterload reduction may be achieved with sodium nitro-
prusside, whereas volatile anesthetics reduce the intensity of 
sympathetic bursts. The initial period of intense autonomic 
activity is followed by loss of sympathetic tone and a massive 
reduction in systemic vascular resistance. Overall, brain stem 
death results in severe hemodynamic instability, the degree 
of which appears to be directly related to the severity of the 
brain injury and may result from vasomotor autonomic dys-
function, hypovolemia, hypothermia, and dysrhythmias.57

Aggressive volume resuscitation sometimes is necessary, 
and the use of a Swan-Ganz catheter may be crucial to guide 
therapy.58 Fluid overload should be avoided to prevent post-
operative allograft dysfunction caused by chamber distention 
and myocardial edema. Inotropic support (eg, dopamine or 
dobutamine, epinephrine, or norepinephrine) to maintain a 
mean arterial blood pressure (MAP) of 60 mm Hg or more 
in the presence of a central venous pressure (CVP) of 6 to  
10 mm Hg is recommended.51 ATP is depleted rapidly by 
exogenous catecholamine administration, and this has an 
adverse effect on posttransplantation cardiac function.57 Low-
dose vasopressin is being used increasingly as first-line support 
because, in addition to treating diabetes insipidus, it inde-
pendently improves arterial blood pressure and reduces exog-
enous inotrope requirements in brain stem dead donors.59 
Maintenance of normal temperature, electrolyte levels, osmo-
larity, acid-base balance, and oxygenation is critical for opti-
mal donor management. Central diabetes insipidus develops 
in more than 50% of donors because of pituitary dysfunc-
tion, and massive diuresis complicates fluid and electrolyte 
management.60 The initial treatment of diabetes insipidus is 
aimed at correcting hypovolemia and returning the plasma 
sodium concentration to normal levels by fluid replacement 
with 5% dextrose or nasogastric water. In severe cases, inter-
mittent treatment with the synthetic analogue 1-D-amino-
8-D-arginine vasopressin (DDAVP) also may be required in 
addition to vasopressin infusion.57

Several studies have demonstrated beneficial effects of thy-
roid hormones and steroids on cardiac performance in brain 
stem dead-organ donors.52,59,61 Recent guidelines advocate the 
addition of a standardized hormonal resuscitation package 
consisting of methylprednisolone (15 mg/kg bolus), triiodo-
thyronine (4-μg bolus followed by infusion of 3 μg/h), and 

arginine vasopressin (1-unit bolus followed by 0.5-4 units/h) 
to the standard donor management protocol.41 Donors also 
receive insulin, titrated to keep blood glucose at 120 to 180 
mg/dL. Other pertinent strategies include standard ventila-
tor management with diligent endotracheal suctioning and 
a thermoregulation goal of 34 to 36°C using warming blan-
kets and lights, warm intravenous fluids, and warm inspired 
air. Broad-spectrum antibiotic therapy with a cephalosporin 
is initiated following collection of blood, urine, and tracheal 
aspirate for culture. The approach for management of the car-
diac donor recommended at the conference entitled, Maxi-
mizing Use of Organs Recovered from the Cadaver Donor: 
Cardiac Recommendations, is shown in Table 60-5 and sum-
marized in Fig. 60-2.51

Donor Heart Procurement
A median sternotomy is performed, and the pericardium is 
incised longitudinally. The heart is inspected and palpated 
for evidence of cardiac disease or injury. This visualization 
is communicated to the transplant team so the operation on 
the recipient can proceed timed with the expected arrival of 
the donor organ.

The superior and inferior venae cavae and the azygous 
vein are mobilized circumferentially and encircled with ties. 
The aorta is dissected from the pulmonary artery and isolated 
with umbilical tape. To facilitate access to the epigastrium 
by the liver procurement team, the cardiac team often then 
temporarily retires from the operating room table or assists 
with retraction. Once preparation for liver, pancreas, lung, 
and kidney explantation is completed, the patient is adminis-
tered 30,000 units of heparin intravenously.

The azygous vein and superior vena cava (SVC) are doubly 
ligated (or stapled) and divided distal to the azygous vein, 
leaving a long segment of SVC (Fig. 60-3). The inferior vena 
cava (IVC) is incised and the left atrium vented either at the 
left atrial appendage or via a transected pulmonary vein. The 
aortic cross-clamp is applied at the takeoff of the innominate 
artery, and the heart is arrested with a single flush (1000 mL 
or 10-20 mL/kg) of cardioplegia solution infused proximal to 
the cross-clamp. Rapid cooling of the heart is achieved with 
copious amounts of cold saline and cold saline slush poured 
into the pericardial well.

After the delivery of cardioplegia, cardiectomy proceeds as 
the apex of the heart is elevated cephalad and any remaining 
intact pulmonary veins are divided.

This maneuver is modified appropriately to retain ade-
quate left atrial cuffs for both lungs and the heart if the lungs 
also are being procured. While applying caudal traction to 
the heart with the nondominant hand, the ascending aorta 
is transected proximal to the innominate artery, and the pul-
monary arteries are divided distal to the bifurcation (again, 
modification is necessary if the lungs are being procured).

More generous segments of the great vessels and SVC may 
be required for recipients with congenital heart disease. Alter-
natively, the SVC and IVC are transected, followed by the 
aorta and pulmonary artery. The left atrium is then divided 
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 Chapter 60 Heart Transplantation 1309

TABLE 60-5: Management of the Cardiac Donor

I. Conventional management, before the initial echocardiogram
A. Adjust volume status (target central venous pressure 6-10 mm Hg)
B. Correct metabolic perturbations, including

1. Acidosis (target pH 7.40-7.45)
2. Hypoxemia (target PO2 > 80 mm Hg, O2 saturation > 95%)
3. Hypercarbia (target PCO2 30-35 mm Hg)

C. Correct anemia (target hematocrit 30%, hemoglobin 10 g/dL)
D.  Adjust inotropes to maintain mean arterial pressure at 60 mm Hg. Norepinephrine and epinephrine should be tapered off rapidly in 

favor of dopamine or dobutamine
E. Target = dopamine < 10 μg/kg/min or dobutamine < 10 μg/kg/min

II. Obtain an initial echocardiogram
A.  Rule out structural abnormalities (substantial left ventricular hypertrophy, that is, IVS/PW > 13 mm, valvular dysfunction, congenital 

lesions)
B.  If left ventricular ejection fraction is 45%, proceed with recovery (consider aggressive management as shown below to optimize cardiac 

function before recovery) with final evaluation in the operating room
C.  If left ventricular ejection fraction is <45%, aggressive management with placement of a pulmonary arterial catheter and hormonal 

resuscitation is strongly recommended
III. Hormonal resuscitation

A. Triiodothyronine (T3): 4-μg bolus, then continuous infusion at 3 μg/h
B. Arginine vasopressin: 1-unit bolus, then continuous infusion at 0.5-4 units/h, titrated to a systemic vascular resistance of 800-1200 dyne/s/cm5

C. Methylprednisolone: 15 mg/kg bolus
D. Insulin: 1 unit/h minimum; titrate to maintain blood sugar at 120-180 mg/dL

IV. Aggressive hemodynamic management
A. Initiated simultaneously with hormonal resuscitation
B. Placement of pulmonary artery catheter
C. Duration of therapy 2 hours
D.  Adjustment of fluids, inotropes, and pressors every 15 minutes based on serial hemodynamic measurements to minimize use of beta-

agonists and meet the following target (Papworth) criteria:
1. Mean arterial pressure > 60 mm Hg
2. Central venous pressure 4-12 mm Hg
3. Pulmonary capillary wedge pressure 8-12 mm Hg
4. Systemic vascular resistance 800-1200 dyne/s/cm5

5. Cardiac index > 2.4 L/min/m2

6. Dopamine < 10 μg/kg/min or dobutamine 10 μg/kg/min

Data from Zaroff JG, Rosengard BR, Armstrong WF, et al: Consensus conference report: maximizing use of organs recovered from the cadaver donor: cardiac recommendations, 
March 28-29, 2001, Crystal City, Va., Circulation. 2002 Aug 13;106(7):836-841.

as the last step. This allows for optimal division of the left 
atrium, particularly when lungs are recovered.

It is critically important to avoid left ventricular distention and 
ensure thorough cooling with ice saline.

Once the explantation is complete, the allograft is exam-
ined for evidence of a patent foramen ovale, which should be 
closed at that time. Any valvular anomalies are identified. The 
allograft then is placed in a sterile container and kept cold for 
transport to the recipient hospital.

Organ Preservation
Current clinical graft preservation techniques generally per-
mit a safe ischemic period of 4 to 6 hours.62 Factors contrib-
uting to the severity of postoperative myocardial dysfunction 
include insults associated with suboptimal donor manage-
ment, hypothermia, ischemia-reperfusion injury, and deple-
tion of energy stores.

A single flush of a cardioplegic or preservative solution 
followed by static hypothermic storage at 4 to 10°C is the pre-
ferred preservation method by most transplant centers. Crys-
talloid solutions of widely different compositions are available, 
and the debate over them speaks for the fact that no ideal solu-
tion currently exists. Depending on their ionic composition, 
solutions are classified as intracellular or extracellular.62

Intracellular solutions, characterized by moderate-to-high 
concentrations of potassium and low concentrations of 
sodium, purportedly reduce hypothermia-induced cellular 
edema by mimicking the intracellular milieu. Commonly 
used examples of these solutions include University of  
Wisconsin, Euro-Collins, and in Europe, Bretschneider 
(HTK) and intracellular Stanford solutions.

Extracellular solutions, characterized by low-to-moderate 
potassium and high sodium concentrations, avoid the theo-
retical potential for cellular damage and increased vascular 
resistance associated with hyperkalemic solutions. Hopkins, 
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1310 Part X Transplant and Mechanical Circulatory Support

LVEF < 45%LVEF ≥ 45%

Proceed with
recovery for

transplantation

Criteria
not metCriteria met

Do not recover
heart for transplantation

Proceed with
recovery

Conventional
management

• Adjust volume status: target CVP = 6-10 mm Hg
• Correct acidosis: target pH = 7.40-7.45
• Correct hypoximia: target pO2 >80 mm Hg, O2 sat, >95%
• Correct anemia: target HCT≥ 30%, Hb≥ 10 g/dL
• Adjust inotropes to keep MAP ≥ 60 mm Hg
      (target dopamine or dobutamine dose <10 µg/kg/min)

Obtain initial
echo

• Rule out structural abnormalities
      (substantial LVH, valvular dysfunction, congenital lesions)

Hormonal
resuscitation

• T3: 4-mg bolus + infusion at 3 mg/h
• Vasopressin: 1-unit bolus + infusion at 0.5-4 units/h
      (titrate to SVR of 800-1200 dyne/s/cm5)
• Methylprednisolone: 15 mg/kg bolus
• Insulin: 1 unit/h minimum (titrate to BG 120-180 mg/dL)

Hemodynamic
management

(duration ≥ 2 hour)

• Place pulmonary artery catheter
• Adjust fluids, inotropes, and pressors Q 15 minutes to obtain:
   • MAP > 60 mm Hg • CVP 4-12 mm Hg
   • PCWP 8-12 mm Hg • SVR 800-1200 dyne/s/cm5

   • Cardiac Index >2.4 L/min/m2

   • Dopamine or dobutamine <10 µg/kg/min

FIGURE 60-2 Recommended heart donor management algorithm. (Reproduced with permission from Zaroff JG, Rosengard BR, Armstrong 
WF, et al: Consensus conference report: maximizing use of organs recovered from the cadaver donor: cardiac recommendations, March 28-29, 
2001, Crystal City, Va., Circulation. 2002 Aug 13;106(7):836-841.)

Celsior, Krebs, and St. Thomas Hospital solutions are repre-
sentative extracellular cardioplegic solutions. Several compar-
isons of the different types of intracellular and extracellular 
solutions have shown variable results.63,64 Although a plethora 
of pharmacologic additives has been included in cardioplegic-
storage solutions, the greatest potential for future routine use 
may lie with impermeants, substrates, and antioxidants.65 A 
number of pharmacologic and mechanical strategies for leu-
kocyte inhibition and depletion also have been explored.66 
Potential benefits of continuous hypothermic perfusion 
(CHP) preservation such as uniform myocardial cooling, 
continuous substrate supplementation, and metabolic by-
product washout are currently overshadowed by exacerbation 

of extracellular cardiac edema and logistical problems inher-
ent to a complex perfusion apparatus. Newer portable perfu-
sion circuits are being developed, and recent studies showed 
reduction in oxidative stress and attenuation of DNA damage 
in canine heart transplant models preserved by 24-hour CHP 
compared with 4 hours of static preservation.67

In a prospective, randomized, multi-center, international, 
non-inferiority trial led by the University of California, Los 
Angeles (UCLA), the investigators hypothesized that the 
clinical outcomes of patients undergoing heart transplan-
tation with donor hearts preserved on Organ Care System 
(OCS) versus standard cold storage are similar. This study 
was designed to provide data that would allow in a follow-up 
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 Chapter 60 Heart Transplantation 1311

FIGURE 60-3 Donor cardiectomy.

study to test if OCS can expand the donor heart pool (by test-
ing/improving “non-standard/marginal” donor hearts).The 
OC is the only clinical platform (2014) for exvivo human 
donor heart perfusion. It preserves the donor heart in a warm 
beating state during transport from the donor hospital to 
the recipient hospital. This study was conducted at 10 heart 
transplant centers in the United States and Europe. One 
hundred and twenty-eight patients were transplanted in the 
PROCEED II trial: 65 in the OCS group and 63 in the con-
trol group. With respect to the primary endpoint of 30-day 
patient and graft survival, the OCS group was found to be 
noninferior to the control group (OCS group: 94% [61/65] 
vs control group: 97% [61/63]). The results of secondary 
endpoints were similar for the two groups. Total preservation 
time was significantly longer in the OCS group versus control 
group, with a shorter cold ischemia time. Five donor hearts 
in the OCS group developed abnormal metabolic profile and 
were rejected for transplantation.68 The clinical role of this 
system is yet to be determined. However, extended preserva-
tion times and better scheduling of a heart transplant are the 
real potential benefit of OCS preservation.

Donor-Recipient Matching
Criteria for matching potential recipients with the appro-
priate donor are based primarily on ABO blood group 

compatibility and patient size. ABO barriers should not be 
crossed in adult heart transplantation because incompatibil-
ity may result in fatal hyperacute rejection. Donor weight 
should be within 30% of recipient weight except in pediatric 
patients, in whom closer size matching is required. In cases 
of elevated PVR in the recipient (5-6 Wood units), a larger 
donor is preferred to reduce the risk of right ventricular fail-
ure in the early postoperative period. At UCLA we prefer a 
male donor for a male recipient when size and PH are an 
issue.

Although practices vary by transplant program, gener-
ally if the percent of PRA is greater than 10%, indicating 
recipient presensitization to alloantigen, a prospective nega-
tive T-cell cross-match between the recipient and donor sera 
is mandatory before transplantation.32,69 A cross-match is 
always performed retrospectively, even if the PRA is absent or 
low. Retrospective studies also have demonstrated that better 
matching at the HLA-DR locus results in fewer episodes of 
rejection and infection with an overall improved survival.70 
Because of current allocation criteria and limits on ischemic 
time of the cardiac allograft, routine prospective HLA match-
ing is not logistically possible.

OPERATIVE TECHNIQUES IN HEART 
TRANSPLANTATION
Orthotopic Heart Transplantation
OPERATIVE PREPARATION OF THE RECIPIENT
The original technique of orthotopic cardiac transplantation 
described by Shumway and Lower is still used commonly 
today. Following median sternotomy and vertical pericardi-
otomy, the patient is heparinized and prepared for cardio-
pulmonary bypass. Bicaval venous cannulation and distal 
ascending aortic cannulation just proximal to the origin of 
the innominate artery are optimal. Umbilical tape snares are 
passed around the superior and inferior venae cavae.

Bypass is initiated, the patient is cooled to 28°C, caval 
snares are tightened, and the ascending aorta is cross-clamped. 
The great vessels are transected above the semilunar commis-
sures, whereas the atria are incised along the atrioventricular 
grooves, leaving cuffs for allograft implantation. Removal of 
the atrial appendages reduces the risk of postoperative throm-
bus formation.

Following cardiectomy, the proximal 1 to 2 cm of aorta 
and pulmonary artery are separated from one another with 
electrocautery, taking care to avoid injuring the right pul-
monary artery. Continuous aspiration of pulmonary venous 
return from bronchial collaterals is achieved by insertion of a 
vent into the left atrial remnant either directly or via the right 
superior pulmonary vein.

Timing of donor and recipient cardiectomies is critical to 
minimize allograft ischemic time and recipient bypass time. 
Frequent communication between the procurement and 
transplant teams permits optimal coordination of the pro-
cedures. Ideally, the recipient cardiectomy is completed just 
before arrival of the cardiac allograft.
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1312 Part X Transplant and Mechanical Circulatory Support

FIGURE 60-4 Donor allograft preparation for orthotopic heart 
transplantation. Pulmonary vein orifices joined to form left atrial cuff.

FIGURE 60-5 Implantation of allograft. First suture is placed at the level of the left superior pulmonary vein. (Reproduced with permission from 
Baumgartner WA, Kasper E, Reitz B, et al: Heart and Lung Transplantation. 2nd ed. New York: Saunders/Elsevier; 2002.)

No irrevocable surgical maneuvers should be performed 
before one is sure of the safe arrival of the donor organ. Redo 
sternotomy and removal of VADs or the TAH complicates 
this timing and should be carefully factored into the esti-
mated donor organ ischemic time.

IMPLANTATION
The donor heart is removed from the transport cooler and 
placed in a basin of cold saline. If not previously performed, 
preparation of the donor heart is accomplished. Electrocau-
tery and sharp dissection are used to separate the aorta and 
the pulmonary artery. The left atrium is incised by connect-
ing the pulmonary vein orifices, and excess atrial tissue is 
trimmed, forming a circular cuff tailored to the size of the 
recipient left atrial remnant (Fig. 60-4).

Implantation begins with placement of a double-armed 
3-0 Prolene suture through the recipient left atrial cuff at the 
level of the left superior pulmonary vein and then through 
the donor left atrial cuff near the base of the atrial appendage 
(Fig. 60-5). The allograft is lowered into the recipient medi-
astinum atop a cold sponge to insulate it from direct thermal 
transfer from adjacent thoracic structures. An insulating pad 
is placed to protect the phrenic nurve. The suture is continued 
in a running fashion caudally and then medially to the infe-
rior aspect of the interatrial septum (Fig. 60-6). The second 
arm of the suture is run along the roof of the left atrium and 
down the interatrial septum. It is important to continually 
assess size discrepancy between donor and recipient atria so 
that appropriate plication of excess tissue may be performed.
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 Chapter 60 Heart Transplantation 1313

FIGURE 60-6 Implantation of allograft. Left atria anastomosis. 
(Reproduced with permission from Baumgartner WA, Kasper E, Reitz 
B, et al: Heart and Lung Transplantation. 2nd ed. New York: Saunders/
Elsevier; 2002.)

The left atrium is continuously irrigated with cold saline 
while the RA, pulmonary artery and aortic anastomosis are 
completed with the LA vent off. Then the two arms of suture 
are tied together on the outside of the heart. Constant insuf-
flation of carbon dioxide into the mediastinum to reduce the 
amount of intracardiac air should be standard.

The traditional biatrial cuff technique starts with right 
atrial cuff anastomosis once the left atrial anastomosis is com-
plete, a curvilinear incision is made from the inferior vena 
caval orifice toward the right atrial appendage of the allograft. 
This modification in the right atriotomy initially introduced 
by Barnard reduces the risk of injury to the sinoatrial (SA) 
node and accounts for the preservation of sinus rhythm 
observed in most recipients.

The tricuspid apparatus and interatrial septum are 
inspected. Recipients are predisposed to increased right-sided 
heart pressures in the early postoperative period owing to pre-
existing PH and volume overload. The recovering right ven-
tricle poorly tolerates both conditions.

To avoid refractory arterial desaturation associated with 
shunting, patent foramen ovale are closed. The right atrial 
anastomosis is performed in a running fashion similar to the 
left, with the initial anchor suture placed either at the most 
superior or inferior aspect of the interatrial septum so that 
the ends of the suture meet in the middle of the anterolateral 
wall (Fig. 60-7A,B).

A

B

FIGURE 60-7 Implantation of allograft. (A) Initiation of right atrial 
anastomosis. (B) Completion of right atrial anastomosis. (Repro-
duced with permission from Baumgartner WA, Kasper E, Reitz B, 
et al: Heart and Lung Transplantation. 2nd ed. New York: Saunders/
Elsevier; 2002.)
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1314 Part X Transplant and Mechanical Circulatory Support

FIGURE 60-9 Implantation of allograft. Aortic anastomosis. 
(Reproduced with permission from Baumgartner WA, Kasper E, Reitz 
B, et al: Heart and Lung Transplantation. 2nd ed. New York: Saunders/
Elsevier; 2002.)

FIGURE 60-8 Implantation of allograft. Pulmonary arterial anasto-
mosis. (Reproduced with permission from Baumgartner WA, Kasper 
E, Reitz B, et al: Heart and Lung Transplantation. 2nd ed. New York: 
Saunders/Elsevier; 2002.)

The end-to-end pulmonary artery anastomosis is next 
performed using a 4 or 5-0 Prolene suture beginning with 
the posterior wall from inside of the vessel and then com-
pleting the anterior wall from the outside (Fig. 60-8). It 
is crucial that the pulmonary artery ends be trimmed to 
eliminate any redundancy in the vessel that might cause 
kinking.71

The aortic anastomosis is performed using a technique 
similar to that for the pulmonary artery, except that some 
redundancy is desirable in the aorta because it facilitates 
visualization of the posterior suture line if there is bleeding 
(Fig. 60-9).

Like and many other centers we now prefer direct end-to-
end IVC and SVC anastomoses. This technique minimizes 
the risk of tricuspid regurgitation or SA node injury. Care to 
prevent twisting or narrowing of the cava is essential. Using 
this technique we perform the left atrial cuff, followed by 
the PA, aorta and then the IVC and SVC anastomoses.

Rewarming usually is begun after the aortic anastomo-
sis, which is performed in a standard end-to-end fashion. 
Routine deairing techniques are then employed. Lidocaine 
(100-200 mg intravenously) and methylprednisone 
(500-1000 mg) are administered after the atrial anastomo-
sis. Pressure-controlled (<50 mm Hg), leucocyte-depleted, 

substrate-enhanced aspartate and glutamate warm reper-
fusion is given for 3 minutes followed by warm leucocyte 
depleted blood for 7 minutes prior to releasing the aortic 
cross-clamp.

The aortic cross-clamp is removed. Half of patients require 
electrical defibrillation. A needle vent is inserted in the 
ascending aorta and maintained on suction for final deairing, 
with the patient in steep Trendelenburg position.

Suture lines are inspected carefully for hemostasis. Inotrope 
infusion is initiated, and temporary pacing may be required. 
The patient is weaned from cardiopulmonary bypass, and the 
cannulae are removed. Temporary epicardial atrial and ven-
tricular bipolar pacing wires are placed in the donor right 
atrium and ventricle. Following insertion of mediastinal and 
pleural tubes, the median sternotomy is closed in the standard 
fashion.

Cold-blood cardioplegia is used in many centers. An 
initial dose often is given following removal from the cold 
storage solution before implantation. A second dose, or the 
initial dose as given by some centers, is administered after the 
right atrial anastomosis or IVC anastomosis, when a bicaval 
technique is used.

We generally do not redose cardioplegia after the heart 
is removed from cold storage. However, prior to releasing 
the cross-clamp a warm substrate enhanced (aspartate and 
glutamate) reperfusion solution is administered for 4 minutes 
with a mean pressure of 45 to 50 mm Hg. An additional leu-
cocyte-depleted warm blood, pressure-controlled reperfusate, 
is given for an additional 5 to 7 minutes.
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FIGURE 60-10 Bicaval heart transplantation.

ALTERNATIVE TECHNIQUES FOR ORTHOTOPIC 
HEART TRANSPLANTATION
The most commonly employed technique today is a bicaval 
anastomotic method. With this technique, the recipient right 
atrium is excised completely, leaving a left atrial cuff and a 
generous cuff of the IVC and SVC, respectively.

The left atrial cuff of the donor is anastomosed to the 
left atrial cuff of the recipient using the standard Shumway 
technique. The PA and aortic anastomosis are performed. 
Individual end-to-end anastomoses of the IVC and SVC are 
performed (Fig. 60-10).

Although these procedures are more technically difficult 
than standard orthotopic transplantation, published series 
using these techniques have reported shorter hospital stays, 
reduced postoperative dependence on diuretics, and lower 
incidences of atrial dysrhythmias, conduction disturbances, 
mitral and tricuspid valve incompetence, and right ventricu-
lar failure.72 A single-center study comparing biatrial versus 
bicaval transplant showed an improved 12-month survival in 
the bicaval group.73 However, an analysis of the UNOS data-
base, including more than 11,000 patients, did not demon-
strate a survival difference between patients in whom biatrial 
versus bicaval anastomotic techniques were used, although 
the bicaval technique was associated with decreased duration 
of hospital stay and postoperative pacemaker placement.74 

Long-term outcomes and prospective, randomized studies 
evaluating these alternative techniques are still needed.

Heterotopic Heart Transplantation
PH and right-sided heart failure have remained the leading 
causes of early mortality in cardiac transplantation. This has 
led to an interest in heterotopic heart transplantation. Cur-
rently, heterotopic heart transplants are performed rarely but 
may be indicated in patients with irreversible PH or signifi-
cant donor-recipient size mismatch.22

Heart Transplantation after VAD
Cardiac transplantation after VAD or TAH poses unique 
challenges. All patients should have a recent contrast chest 
computed tomography (CT) to identify location of cardiac 
structures to the sternum and the course of outflow grafts.

The femoral or axillary artery and femoral vein should be 
exposed for emergency cannulation before redo sternotomy. 
Sternal reentry should carefully dissect the heart from pleura 
to pleura to safely place a retractor. The initial focus is on 
dissection of the IVC, SVC, and aorta. Further dissection is 
ideal, but may require cardiopulmonary bypass. The apex and 
left atrium should not be manipulated before bypass as there 
is a risk of entraining air, particularly with axial-flow devices. 
Finally, before initiating bypass, the outflow graft should be 
clamped to prevent regurgitation through the device.

The sternotomy and lysis of adhesions can be difficult and 
time consuming. Timing of the dissection and the arrival of 
the donor heart is individualize based upon not taking any 
irreversible steps prior to arrival of the heart and not prolong-
ing donor heart ischemic time for cardiectomy and device 
removal.

POSTOPERATIVE MANAGEMENT
Hemodynamic Management
HEART ALLOGRAFT PHYSIOLOGY
The intact heart is innervated by antagonistic sympathetic 
and parasympathetic fibers of the autonomic nervous sys-
tem. Transplantation necessitates transection of these fibers, 
yielding a denervated heart with altered physiology. Devoid 
of autonomic input, the SA node of the transplanted allograft 
fires at its increased intrinsic resting rate of 90 to 110 beats 
per minute.75 The allograft relies on distant noncardiac sites 
as its source for catecholamines; thus its response to stress 
(eg, hypovolemia, hypoxia, and anemia) is somewhat delayed 
until circulating catecholamines can exert their positive chro-
notropic effect on the heart. The absence of a normal reflex 
tachycardia in response to venous pooling accounts for the 
frequency of orthostatic hypotension in transplant patients.

Denervation alters the heart’s response to therapeutic 
interventions that act directly through the cardiac auto-
nomic nervous system.75 Carotid sinus massage, Valsalva 
maneuver, and atropine have no effect on SA node firing or 
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atrioventricular conduction. Because of depletion of myocar-
dial catecholamine stores associated with prolonged inotropic 
support of the donor, the allograft often requires high doses 
of catecholamines. The inotropic support is often necessary 
for several days. In patients with pre transplant VADs the 
vasoplegia requires support particularly in patients who have 
had axial flow pumps.

ROUTINE HEMODYNAMIC MANAGEMENT
Donor myocardial performance is transiently depressed in 
the immediate postoperative period. Allograft injury associ-
ated with donor hemodynamic instability and the hypother-
mic, ischemic insult of preservation contribute to reduced 
ventricular compliance and contractility characteristics of the 
newly transplanted heart.76

Abnormal atrial dynamics owing to the midatrial anasto-
mosis exacerbate the reduction in ventricular diastolic load-
ing. An infusion of a variety of drugs such as epinephrine, 
norepinephrine, dobutamine and milrinone is initiated rou-
tinely in the operating room to provide temporary inotropic 
support.

Cardiac denervation brings in several consequences, which 
may include a chronotropic and inotropic supersensitivity to 
exogenous catecholamines.77 Restoration of normal myocar-
dial function usually permits the cautious weaning of inotro-
pic support within 5 to 7 days.

Vasoplegia often requires vasopressin, norepinephrine, or 
neosynephrine.

RV dysfunction can be improved with inhaled nitric oxide.

EARLY ALLOGRAFT FAILURE
Early cardiac failure still accounts for up to 20% of periopera-
tive deaths of heart transplant recipients.78 The cause of pri-
mary graft failure may be multifactorial. The most important 
etiologies are myocardial dysfunction owing to donor insta-
bility, PH, ischemic injury during preservation, and occasion-
ally acute rejection. Mechanical support with an IABP, VAD, 
or ECMO can be used in patients refractory to pharmaco-
logic interventions, although this measure, as well as retrans-
plantation, has historically been associated with increased 
mortality.79,80

Chronic right ventricular failure frequently is associated 
with elevated PVR, and the unprepared donor right ventricle 
may be unable to overcome this increased afterload. Although 
recipients are screened to ensure that those with irreversible 
PH are not considered for transplantation, right-sided heart 
failure remains a leading cause of early mortality. Initial man-
agement involves employing pulmonary vasodilators such 
as inhaled nitric oxide, nitroglycerin, or sodium nitroprus-
side. PH that is refractory to these vasodilators sometimes 
responds to PGE1 or prostacyclin.14,81 Intra-aortic balloon 
counterpulsation and right VADs (Centromag) also can be 
used in patients unresponsive to medical therapy.82

ECMO support for several days with an open chest has 
been successful to allow time for graft recovery in cases of 
inadequate biventricular function.

ARRHYTHMIAS
Denervation of the transplanted heart leads to loss of auto-
nomic nervous system modulation of the heart’s electrophysi-
ologic properties. Parasympathetic denervation causes loss 
of basal suppression of SA node automaticity, leading to a 
persistent increase in resting heart rate and a loss of normal, 
rapid heart rate modulation. This parasympathetic loss also 
causes elimination of the chronotropic effects of digoxin and 
atropine after heart transplantation. At the same time, sym-
pathetic denervation causes a decrease and delay in exercise- 
or stress-induced augmentation of SA node automaticity, 
resulting in a decreased maximum heart rate with exercise.83

Sinus or junctional bradycardia occurs in up to half of 
transplant recipients. Risk factors for sinus node dysfunction 
include prolonged organ ischemia, angiographic nodal artery 
abnormalities, biatrial versus bicaval anastomosis, preopera-
tive amiodarone use, and rejection.84 Adequate heart rate is 
achieved with inotropic drug infusions and/or temporary 
epicardial pacing. Most bradyarrhythmias resolve over 1 to 
2 weeks. Theophylline has been effective in patients with 
bradyarrhythmias and has decreased the need for permanent 
pacemakers in this patient population.85

Atrial fibrillation, atrial flutter, and other supraventricu-
lar arrhythmias have been reported in 5 to 30% of patients 
after heart transplantation.83 Individual assessment of the 
risk: benefit ratio for anticoagulation therapy is necessary. 
Supraventricular tachycardia in transplant patients should be 
treated in the same manner as in nontransplant patients but 
with lower doses. Recurrent arrhythmias from reentry circuits 
or defined ectopic foci often can be cured by radiofrequency 
ablation.

Premature ventricular complexes are generally not con-
sidered ominous. Because of their rapidly terminal nature, 
sustained VT and ventricular fibrillation presumably are 
responsible for a significant portion of the 10% of sudden 
and unexplained deaths in heart transplant patients.86

Unique aspects of common antiarrhythmic drugs reflect-
ing the differences in their therapeutic effects in heart trans-
plant recipients compared with nontransplant patients are 
shown in Table 60-6.83 Persistence of any form of arrhythmia 
should warrant further investigative efforts and an aggres-
sive search for the presence of indicators of cardiac ischemia, 
rejection, pulmonary pathology, or infection. If arrhythmic 
episodes are frequent or underlying cardiac pathology is 
severe, retransplantation may be considered.

SYSTEMIC HYPERTENSION
Systemic hypertension should be treated to prevent unneces-
sary afterload stress on the allograft. In the early postoperative 
period, intravenous sodium nitroprusside or nitroglycerin 
usually is administered. Nitroglycerin is associated with less 
pulmonary shunting because of a relative preservation of the 
pulmonary hypoxic vasoconstrictor reflex. Nicardipine infu-
sion has been reported to control postoperative hypertension 
more rapidly and was superior to sodium nitroprusside in 
maintaining left ventricular performance immediately after 
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 Chapter 60 Heart Transplantation 1317

drug infusion.87 If hypertension persists, an oral antihyper-
tensive can be added, if possible, to permit weaning of the 
parenteral agents.

Respiratory Management
The respiratory management of the cardiac transplant recipi-
ent uses the same protocols employed following routine car-
diac surgery.

Renal Function
Preoperative renal insufficiency owing to chronic heart failure 
and the nephrotoxic effects of calcineurin inhibitors such as 
FK506 and cyclosporine place the recipient at increased risk 
of renal insufficiency. Acute calcineurin inhibitor-induced 
renal insufficiency usually will resolve with a reduction in 
dose. Continuous intravenous infusion to eliminate the 
wide fluctuations in levels associated with oral dosing can 

be attempted. Furthermore, concurrent administration of 
mannitol with calcineurin inhibitors may reduce their neph-
rotoxicity. Most centers administer a cytolytic agent in the 
immediate postoperative period and delay the initiation of 
calcineurin inhibitor therapy.

Outpatient Follow-up
Before discharge, patients should receive comprehensive educa-
tion about their medications, diet, exercise, and infection rec-
ognition. Close follow-up by an experienced transplant team is 
the cornerstone for successful long-term survival after cardiac 
transplantation. This comprehensive team facilitates the early 
detection of rejection, opportunistic infections, patient non-
compliance, and adverse sequelae of immunosuppression. Clinic 
visits routinely are scheduled concurrently with endomyocardial 
biopsies and include physical examination, a variety of labora-
tory studies, chest roentgenogram, and electrocardiogram.

TABLE 60-6: Differences in Therapeutic Agent Effects in Heart Transplant Recipients Compared with 
Nontransplant Patients

Arrhythmia therapy Differences in posttransplantation

Drugs  
AV nodal agents  
Digoxin No effect on heart rate
β-Adrenergic antagonists Exacerbation of exercise intolerance
Calcium channel antagonists Accentuated slowing of SA and AV nodes; may alter cyclosporine levels
Adenosine Accentuated slowing of SA and AV nodes
Adrenergic agonists  
Norepinephrine Unchanged peripheral effect, slightly more inotropic and chronotropic effect
Epinephrine Unchanged peripheral effect, slightly more inotropic and chronotropic effect
Dopamine Unchanged peripheral effect, less inotropic effect
Dobutamine Unchanged
Ephedrine Unchanged peripheral effect, less inotropic effect
Neo-synephrine Unchanged peripheral effect, no reflex bradycardia
Isoproterenol Unchanged
Antiarrhythmic agents  
Class Ia (quinidine, disopyramide, procainamide) No cardiac vagolytic effect
Class Ib (lidocaine, mexiletine) None reported
Class Ic (flecainide, encainide, moricizine, propafenone) None reported
Class III (amiodarone, sotalol, ibutilide, dofetilide) Possible exaggerated or atypical response
Anticoagulants  
Heparin None reported
Warfarin None reported
Miscellaneous  
Atropine No effect on heart rate
Methylxanthines (theophylline, aminophylline) Possibly more chronotropic effect
Cardioversion None reported
Radiofrequency catheter ablation Possible differences in pathway or chamber anatomy
Electrical devices  
Pacemaker None reported
Intracardiac defibrillator None reported

AV, atrioventricular; SA, sinoatrial.
Reproduiced with permission from Stecker EC, Strelich KR, Chugh SS, et al: Arrhythmias after orthotopic heart transplantation, J Card Fail. 2005 Aug;11(6):464-472.
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TABLE 60-7: ISHLT Standardized Cardiac 
Biopsy Grading: Acute Cellular Rejection, 
2004∗

Grade 0 R† No rejection
Grade 1 R (Mild) Interstitial and/or perivascular infiltrate with 

up to 1 focus of myocyte damage
Grade 2 R (Moderate) Two or more foci of infiltrate 

with associated myocyte damage
Grade 3 R (Severe) Diffuse infiltrate with multifocal 

myocyte damage ± edema, ± hemorrhage 
± vasculitis

∗The presence or absence of acute antibody-mediated rejection (AMR) may be 
recorded as AMR 0 or AMR 1, as required (see Table 64-8).
†Where R denotes revised grade to avoid confusion with1990 scheme.
ISHLT, International Society of Heart and Lung
Transplantation.
Modified with permission from Stewart S, Winters GL, Fishbein MC, et al: 
Revision of the 1990 working formulation for the standardization of nomen-
clature in the diagnosis of heart rejection, J Heart Lung Transplant. 2005 
Nov;24(11):1710-1720.

ACUTE REJECTION
Allo-Immunology
Cardiac allograft rejection is the normal host response to cells 
recognized as nonself. The vast majority of cases are medi-
ated by the cellular limb of the immune response through an 
elegant cascade of events involving macrophages, cytokines, 
and T lymphocytes. Antibody-mediated rejection (AMR), 
also called humoral rejection or vascular rejection, seems less 
common but is also more challenging to diagnose. The high-
est risk factors are allografts from younger and female donors 
(irrespective of recipient sex). Although about 85% of epi-
sodes can be reversed with corticosteroid therapy alone,88 
rejection is still a major cause of morbidity in cardiac trans-
plant recipients.5,89 Therefore, key research priorities in heart 
transplantation over the next decade include individualized 
immunosuppressive therapy and investigation and manage-
ment of long-term immune and nonimmune complications.90

Hyperacute Rejection
Hyperacute rejection results from preformed donor-specific 
antibodies in the recipient. ABO blood group and PRA 
screening have made this condition a rare complication.

The onset of hyperacute rejection occurs within minutes 
to several hours after transplantation, and the results are 
catastrophic. Gross inspection reveals a mottled or dark red, 
flaccid allograft, and histologic examination confirms the 
characteristic global interstitial hemorrhage and edema with-
out lymphocytic infiltrate. Immunofluorescence techniques 
reveal deposits of immunoglobulins and complement on the 
vascular endothelium. Immediate plasmapheresis, IVIG, and 
mechanical support are immediately instituted, and retrans-
plantation may be the only successful strategy.

Diagnosis of Acute Rejection
In the precyclosporine era, the classic clinical manifestations 
of acute rejection included low-grade fever, malaise, leukocy-
tosis, pericardial friction rub, supraventricular arrhythmias, 
decreased voltage on ECG, low cardiac output, reduced exer-
cise tolerance, and signs of congestive heart failure.

In the cyclosporine era, however, most episodes of rejec-
tion characteristically are insidious, and patients can remain 
asymptomatic even with late stages of rejection. Thus routine 
surveillance studies for early detection are crucial to minimize 
cumulative injury to the allograft.

Right ventricular endomyocardial biopsy remains the 
gold standard for the diagnosis of acute rejection. The most 
frequently used technique for orthotopic allografts is a per-
cutaneous approach through the right internal jugular vein. 
Interventricular septal specimens are fixed in formalin for 
permanent section, although frozen sections are performed 
occasionally if urgent diagnosis is necessary.

Hemodynamic parameters may also be obtained with a 
pulmonary artery catheter. Complications are infrequent (1 
to 2%) but include venous hematoma, carotid puncture, 

pneumothorax, arrhythmias, heart block, and right ventricu-
lar perforation and injury to the tricuspid valve.

The exact schedule for endomyocardial biopsies varies 
among institutions but usually reflects the associated risk of 
increased rejection during the first 6 months after transplan-
tation. Biopsies are performed initially every 7 to 10 days in 
the early postoperative period and eventually tapered to 3- to 
6-month intervals after the first year. Suspicion of rejection 
warrants additional biopsies.

Evaluation of sample adequacy for the ISHLT grading 
scheme requires a minimum of four good endomyocardial 
tissue fragments, with less than 50% of each fragment being 
fibrous tissue, thrombus, or other noninterpretable tissues 
(eg, crush artifact or poorly processed fragments).91 The pat-
tern and density of lymphocyte infiltration, in addition to the 
presence or absence of myocyte necrosis in the endomyocar-
dial biopsy, determine the severity grade of cellular rejection.92

Further elaboration of the pathologic features and identi-
fication of AMR have been addressed.93 In 2004, the ISHLT 
Pathology Council proposed simplification of the 1990 diag-
nostic categories for cellular rejection to mild, moderate, 
and severe and identification of the histologic characteristics 
of AMR.94 The new grading scale was developed to better 
address the challenges and inconsistencies in use of the old 
grading system. Tables 60-7 and 60-8 show the new 2004 
ISHLT grading scale.94

Noninvasive studies for the diagnosis of acute rejection 
have been unreliable. Electrocardiographic voltage summa-
tion and E-rosette assay techniques were useful adjuncts in 
the early cardiac transplant experience95; however, they cur-
rently are of no value in patients receiving cyclosporine.96 
Attempts with signal-averaged electrocardiography,97 echo-
cardiography,98 or in combination,99 MRI,100 technetium 
ventriculography,101 and a variety of immunologic markers102 
have not provided sufficient sensitivity and specificity to war-
rant widespread use.103
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Peripheral blood gene expression profiling is an exciting 
new field.104 The Allomap test has been FDA-cleared and 
widely implemented since 2006 to help rule out acute cardiac 
allograft rejection in stable heart transplant recipients and 
has led to a reduction in the use of protocol endomyocardial 
biopsy.105-108

Prophylaxis and Treatment of Acute 
Rejection
Baseline immunosuppression has evolved considerably over 
the last four decades. Current trends suggest lower use of 
cyclosporine A compared with tacrolimus-based calcineurinn 
inhibition. MMF has largely replaced imuram and remains 
the most commonly used adjunctive agent. Several centers are 
attempting to achieve a steroid-free dual immunosuppression 
regimen.109

Corticosteroids are the cornerstone for antirejection ther-
apy. The treatment of choice for any rejection episode occur-
ring during the first 1 to 3 postoperative months or for an 
episode considered to be severe is a short course (3 days) of 
intravenous methylprednisolone (1000 mg/day). Virtually all 
other episodes are treated initially with increased doses of oral 
prednisone (100 mg/day) followed by a taper to baseline over 
several weeks.110 Although not yet universally accepted, many 
centers have reduced the doses of these corticosteroids suc-
cessfully with reversal rates of rejection similar to traditional 
dosing.

Repeat endomyocardial biopsy should be performed 7 to 
10 days after the cessation of antirejection therapy to assess 
adequacy of treatment. If the biopsy does not show significant 
improvement, a second trial of pulse-steroid therapy is recom-
mended; if rejection has progressed (or if the patient becomes 
hemodynamically unstable), rescue therapy is indicated.

Substitution of tacrolimus for cyclosporine may obviate 
the need for admission in patients with steroid-refractory 
persistent rejection.111 Alternatively, sirolimus may be sub-
stituted for mycophenolate or azathioprine.112 The use of 
OKT3, antithymocyte globulin, and thymoglobulin gen-
erally is reserved for severe rejection with hemodynamic 

compromise.113 Methotrexate has been particularly successful 
in eradicating chronic low-grade rejection. Total lymphoid 
irradiation and photopheresis also have demonstrated success 
in some cases of refractory rejection.114 Cardiac retransplanta-
tion is the ultimate therapeutic option for patients who do 
not respond to the aforementioned interventions. However, 
the results of retransplantation for rejection are dismal, and 
in most centers, it is no longer performed for this indication. 
Severe rejection with cardiogenic shock requires ECMO sup-
port during aggressive drug therapy.

Asymptomatic mild rejection (grade 1) usually is not 
treated but is monitored with repeat endomyocardial biopsies 
because only 20 to 40% of mild cases progress to moder-
ate rejection.115 On the other hand, the presence of myocyte 
necrosis (grades 3b and 4) represents a definite threat to 
allograft viability and is a universally accepted indication for 
therapy. Management of moderate rejection (grade 3a) is con-
troversial and requires consideration of multiple variables.116 
Notably, Stoica and colleagues demonstrated that acute mod-
erate-to-severe cellular rejection has a cumulative impact on 
cardiac allograft vasculopathy (CAV) onset.117 Regardless of 
the biopsy results, allograft dysfunction is an indication for 
hospitalization, antirejection therapy, and if severe, invasive 
hemodynamic monitoring and inotropic support.

Antibody-Mediated Rejection
AMR, previously termed vascular rejection and humoral 
rejection, is mediated by the humoral limb of the immune 
response. Unlike acute cellular rejection, hemodynamic insta-
bility requiring inotropic support is common in patients with 
vascular rejection.117 The incidence of asymptomatic AMR is 
higher in the first year after heart transplantation with a high 
recurrence rate. The more severe AMR, the lower the chances 
of improvement.118

Diagnosis requires evidence of endothelial cell swelling on 
light microscopy and immunoglobulin-complement deposi-
tion by immunofluorescence techniques.119 Aggressive treatment 
of patients with allograft dysfunction consists of plasmapher-
esis, high-dose corticosteroids, heparin, IgG, and cyclophos-
phamide.120 Despite these interventions, symptomatic acute 
vascular rejection is associated with a high mortality.120,121 
Repeated episodes of acute vascular rejection or chronic low-
grade vascular rejection are believed to play a dominant role in 
the development of allograft coronary artery disease.122

INFECTIOUS COMPLICATIONS IN 
HEART TRANSPLANTATION
Organisms and Timing of Infections
Infection is a leading cause of morbidity and mortality in the 
cardiac transplant population.5,123 The introduction of new 
chemoprophylactic regimens with the resultant prevention 
of serious disease caused by CMV has resulted in significant 
reductions in the number of infectious episodes and a delay 
in presentation after heart transplantation.123 Patients are at 
greatest risk of life-threatening infections in the first 3 months 

TABLE 60-8: ISHLT Recommendations for 
Acute Antibody-Mediated Rejection (AMR), 
2004

AMR 0 Negative for acute antibody-mediated rejection
  No histologic or immunopathologic features of 

AMR
AMR 1 Positive for AMR
  Histologic features of AMR
  Positive immunofluorescence or 

immunoperoxidase staining for AMR (positive 
CD68, C4D)

Modified with permission from Stewart S, Winters GL, Fishbein MC, et al: 
Revision of the 1990 working formulation for the standardization of nomen-
clature in the diagnosis of heart rejection, J Heart Lung Transplant. 2005 
Nov;24(11):1710-1720.
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1320 Part X Transplant and Mechanical Circulatory Support

TABLE 60-9: Preliminary Nomenclature Scheme advised by ISHLT Antibody-Mediated Rejection 
Consensus Conference 2011

Grade pAMR 0 Negative for pathologic AMR: both
histologic and immunopathologic studies are negative

pAMR 1 (H+) pAMR 1 (H+): Histopathologic AMR alone:
histological findings present and immunopathological findings negative

pAMR1 (I+) Immunopathologic AMR alone:
histological findings negative and immunopathological findings positive

pAMR 2 Pathologic AMR: Both histologic and immunopathologic findings are present
pAMR 3 Severe pathologic AMR: This category recognizes the rare cases of severe AMR with histopathologic findings of 

interstitial hemorrhage, capillary fragmentation, mixed inflammatory infiltrates, endothelial cell pyknosis and/
or karyorrhexis and marked edema. The reported experience of the group was that these cases are associated with 
profound allograft dysfunction and poor clinical outcomes

ISHLT, International Society of Heart and Lung Transplantation.
Data from Berry GJ, Angelini A, Burke MM, et al: he ISHLT working formulation for pathologic diagnosis of antibody-mediated rejection in heart transplantation: evolu-
tion and current status (2005-2011), J Heart Lung Transplant. 2011 Jun;30(6):601-611.

after transplantation and following increases in immunosup-
pression for acute rejection episodes or retransplantation.123 
Table 60-10 illustrates the most common organisms causing 
infections in the cardiac recipient.

Preventive Measures and Prophylaxis 
Against Infection
Transmission of infections such as CMV, Toxoplasma gondii, 
HBV, HCV, and HIV after organ transplantation is well 
documented.124 Prevention of postoperative infection begins 
with pretransplant screening of the donor and recipient.125 
Current suggested guidelines are outlined in Table 60-11. 
Perioperative and postoperative antimicrobial prophylaxes, as 
well as immunizations, are also outlined.

Specific Organisms Causing Infection 
Following Heart Transplantation
BACTERIA
Gram-negative bacilli are the most common cause of bacterial 
infectious complications following heart transplantation. 
Furthermore, Escherichia coli and Pseudomonas aeruginosa 
are the most prevalent organisms and usually cause urinary 
tract infections and pneumonias, respectively.123 Staphylococcus  
species have been shown to cause the majority of Gram- 
positive-related infections.

VIRUSES
CMV remains the single most important cause of infectious dis-
ease morbidity and mortality in the heart transplant patient.126 
CMV not only results in infectious disease syndromes but also 
is indirectly associated with acute rejection episodes, accelera-
tion of CAV, and posttransplant lymphoproliferative disease.126 
Furthermore, the reduction in leukocytes associated with 
CMV infection predisposes the patient to super-infection with 

other pathogens (eg, Pneumocystis carinii pneumonia). Infec-
tions develop secondary to donor transmission, reactivation of 
latent recipient infection, or reinfection of a CMV-seropositive 
patient with a different viral strain.126 Variable regimens for 
CMV prophylaxis with ganciclovir are being used by different 
centers.127 The standard of care for symptomatic CMV disease 
is 2 to 3 weeks of intravenous ganciclovir (at a dose of 5 mg/
kg twice daily, with dosage adjustment for renal dysfunction). 
For tissue-invasive disease, particularly pneumonia, many cen-
ters add anti-CMV hyperimmune globulin to this regimen.128 
Preemptive treatment strategies employ periodic surveillance 
using techniques such as plasma polymerase chain reaction 
(PCR) and CMV antigenemia, a rapid diagnostic test that 
detects viral protein in peripheral blood leukocytes at a signifi-
cant interval before clinical disease.129 Valganciclovir (Valcyte) 
is an oral prodrug of ganciclovir with a 10-fold greater bioavail-
ability than oral ganciclovir. It has been shown to be effective 
for prophylaxis and preemptive treatment of CMV and allows 
for more convenient use.130,131

Although not a cure for herpes simplex or zoster viruses, 
acyclovir can reduce recurrences and the discomfort associ-
ated with the vesicular lesions. Epstein-Barr virus (EBV) 
infection may be associated with posttransplant lymphopro-
liferative disorders in immunocompromised hosts.132

FUNGI
Mucocutaneous candidiasis is common and usually can be 
treated with topical antifungal agents (nystatin or clotrima-
zole). Fluconazole is indicated for candidiasis refractory to 
this therapy or involving the esophagus. It is also useful for 
therapy of candidemia. One important caveat in the treat-
ment of Candida infection with fluconazole is that certain 
species such as Candida krusei and Candida glabrata have a 
low susceptibility in vitro.123

Among patients undergoing heart transplantation, 
Aspergillus is the opportunistic pathogen with the highest 
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TABLE 60-11: Guidelines for Routine 
Screening and Prophylaxis of Infections in 
Heart Transplantation

I. Preoperative screening
A. Donor

1. Clinical assessment
2. Serologic studies (HIV, HBV, HCV, CMV,  

Toxoplasma gondii)
B. Recipient

1. History and physical examination
2.  Serologic studies (HIV, HBV, HCV, CMV, T. gondii, 

herpes simplex virus, varicella-zoster virus, Epstein-Barr 
virus, endemic fungi)

3. PPD (tuberculin) skin test
4. Urine culture
5. Stool for ova and parasites (Strongyloides stercoralis; 

center-specific)
II. Antimicrobial prophylaxis

A. Perioperative
1. First-generation cephalosporin (or vancomycin)

B. Postoperative
1.  Trimethoprim-sulfamethoxazole or pentamidine  

(for Pneumocystis carinii)
2. Nystatin or clotrimazole (for Candida spp.)
3.  Ganciclovir followed by acyclovir once discharged (for all 

patients except CMV-negative recipient and donor)
4.  Acyclovir (for herpes simplex and zoster; routine use is 

controversial)
5. Standard endocarditis prophylaxis

C. Postoperative immunizations
1. Pneumococcal (booster every 5-7 years)
2. Influenza A (yearly; center-specific)
3.  Exposure to measles, varicella, tetanus, or hepatitis B 

by a nonimmunized recipient often warrants specific 
immunoglobulin therapy (eg, varicella-zoster immune 
globulin, VZIG)

TABLE 60-10: Infections in Cardiac 
Transplant Recipients

Early infections (first month)

I. Pneumonia: Gram-negative bacilli (GNB)
II. Mediastinitis and sternal wound infections:

Staphylococcus epidermidis
Staphylococcus aureus
GNB

III. Catheter-associated bacteremia:
S. epidermidis
S. aureus
GNB
Candida albicans

IV. Urinary tract infections:
GNB
Enterococcus
C. albicans

V. Mucocutaneous infections:
Herpes simplex virus (HSV)
Candida spp.

Late infections (after first month)
I. Pneumonia:

A. Diffuse interstitial pneumonia:
Pneumocystis carinii
Cytomegalovirus (CMV)*
HSV

B. Lobar or nodular (cavitary) pneumonia:
Cryptococcus
Aspergillus
Bacteria (community-acquired, nosocomial)
Nocardia asteroides
Mycobacterium spp.

II. Central nervous system infections:
A. Abscess or meningoencephalitis

Aspergillus
Toxoplasma gondii∗
Meningitis
Cryptococcus
Listeria

III. Gastrointestinal (GI) infections:
A. Esophagitis

C. albicans
HSV

B. Diarrhea or lower GI hemorrhage
Aspergillus
Candida spp.

IV. Cutaneous infections:
A. Vesicular lesions

HSV
Varicella-zoster

B. Nodular or ulcerating lesions
Nocardia
Candida (disseminated)
Atypical Mycobacterium spp.
Cryptococcus

∗Known donor-transmitted pathogens.

attributable mortality.132 It causes a serious pneumonia in 5 
to 10% of recipients during the first 3 months after trans-
plantation. Dissemination of Aspergillus to the central ner-
vous system is almost uniformly fatal.134 Because aspergillosis 
is highly lethal in the immunocompromised host, even in the 
face of therapy, workup must be prompt and aggressive, and 
therapy may need to be initiated on suspicion of the diagnosis 
without definitive proof. Amphotericin B, itraconazole, and 
recently voriconazole are acceptable therapy.

PROTOZOA
In heart transplant recipients, the reported incidence 
of P. carinii pneumonia ranges from less than 1 to 10%.135 
Because the organism resides in the alveoli, bronchoalveo-
lar lavage usually is necessary for diagnosis.136 In the case of 
lung biopsy specimens, histopathologic examination is also 
helpful. P. carinii pneumonia is treated with high-dose tri-
methoprim-sulfamethoxazole or intravenous pentamidine.123
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1322 Part X Transplant and Mechanical Circulatory Support

Toxoplasmosis following heart transplantation usually is 
the result of reactivation of latent disease in the seropositive 
donor heart because of the predilection of the parasite to 
invade muscle tissue.137 T. gondii infection may be acquired 
from under-cooked meat and cat feces. The diagnosis is made 
with certainty only by histologic demonstration of tropho-
zoites with surrounding inflammation in biopsy tissue; PCR 
also has been used.138 T. gondii usually causes central nervous 
system infections and is treated with pyrimethamine with sul-
fadiazine or clindamycin.123

CHRONIC COMPLICATIONS FOLLOWING 
HEART TRANSPLANTATION
Cardiac Allograft Vasculopathy
Cardiac allograft vasculopathy (CAV) is a unique, rapidly pro-
gressive form of atherosclerosis in transplant recipients that 
is characterized in its early stages by intimal proliferation and 
in its later stages by luminal stenosis of epicardial branches, 
occlusion of smaller arteries, and myocardial infarction. 
Long-term survival of cardiac transplant recipients is limited 
primarily by the development of CAV, the leading cause of 
death after the first posttransplant year.5 Angiographically 
detectable CAV is reported in approximately 40 to 50% of 
patients by 5 years after transplantation139 Although CAV 
resembles atherosclerosis, there are some important differ-
ences that are illustrated in Fig. 60-11.140 In particular, inti-
mal proliferation is concentric rather than eccentric, and the 
lesions are diffuse, involving both distal and proximal por-
tions of the coronary tree. Calcification is uncommon, and 
the elastic lamina remains intact.

The detailed pathogenesis of CAV is unknown, but there 
are strong indications that immunologic mechanisms that 
are regulated by nonimmunologic risk factors are the major 
causes of this phenomenon.141 The immunologic mechanisms 
include acute rejection and anti-HLA antibodies, and some 
of the implicated risk factors relating to the transplant itself 
or the recipient are donor age, hypertension, hyperlipidemia, 
and preexisting diabetes. The side effects often associated 
with immunosuppression with calcineurin inhibitors or cor-
ticosteroids, for example, CMV infection, nephrotoxicity, 
and new-onset diabetes, after transplantation also play sig-
nificant roles.142-144

It is generally believed that the initiating event of CAV 
is subclinical endothelial cell injury in the coronary artery 
of the allograft, which leads to a cascade of immunologic 
processes involving cytokines, inflammatory mediators, 
complement activation, and leukocyte adhesion molecules. 
These changes produce inflammation and, ultimately, 
thrombosis, smooth muscle cell proliferation, and vessel 
constriction. The initial endothelial injury may be the result 
of ischemia-reperfusion damage or the host-versus-graft 
immune response.143,144

CAV may begin within several weeks posttransplantation 
and progress insidiously at an accelerated rate to complete 

obliteration of the coronary lumen with allograft failure sec-
ondary to ischemia. The clinical diagnosis of CAV is difficult 
and complicated by allograft denervation, resulting in silent 
myocardial ischemia. Ventricular arrhythmias, congestive 
heart failure, and sudden death are commonly the initial pre-
sentation of significant CAV.145 An annual coronary angio-
gram usually is performed for CAV surveillance and remains 
the diagnostic standard of care. Based on the current ISHLT 
nomenclature recommendations,146 moderate or severe 
CAV 1 year after heart transplantation is associated with 
subsequent major adverse cardiac events.147 Intravascular 
ultrasound (IVUS) is better equipped to provide important 
quantitative information regarding vessel wall morphology 
and the degree of intimal thickening.148

Because angiography and IVUS are invasive tests, they 
pose increased risks for patients. Noninvasive tests (eg, thal-
lium scintigraphy and dobutamine stress echocardiography), 

Focal
lesions

Diffuse
luminal
narrowing

Intimal
thickening

Lipid core

Typical atherosclerosis

Allograft vasculopathy

FIGURE 60-11 Schematic illustration of typical atherosclerosis and 
cardiac allograft vasculopathy.
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 Chapter 60 Heart Transplantation 1323

however, have not been sensitive or specific enough to be a 
reliable screen for CAV.149 Other possible modalities include 
pulse-wave tissue Doppler imaging, electron beam CT, fast 
CT scanning, and MRI. These modalities may replace inva-
sive procedures in the future.

Currently, the only definitive treatment for advanced CAV 
is retransplantation, which has risks for the patient and poses 
problems associated with scarcity of donor organs.145 Owing 
to the diffuse and distal nature of the disease, procedures 
such as stenting and angioplasty are inherently less effective 
than in nontransplant patients and result in a higher need 
for repeated procedures.150 Therefore, prophylactic manage-
ment is of paramount importance. Before transplantation, 
the focus should be on preventing endothelial injury at brain 
death, reducing cold ischemia time and improving myocardial 
preservation during storage and transportation.145 Postrans-
plantation care focuses on empiric risk factor modification 
(eg, dietary and pharmacologic reduction in serum choles-
terol, cessation of smoking, hypertension control, etc). Sev-
eral studies have demonstrated a decrease in CAV in patients 
treated with a calcium channel blocker and angiotensin-con-
verting enzyme and HMG-CoA reductase inhibitors.151,152

Newer immunosuppressive drugs, specifically the prolif-
eration signal inhibitors (eg, everolimus and sirolimus), may 
be useful in reducing the incidence and severity of CAV and 
slowing disease progression.153-157

Renal Dysfunction
The 2009 ISHLT registry reported a significant improvement 
in long-term renal dysfunction in the most recent cohort of 
heart transplant recipients (2001 to 2007) as compared to 
the previous cohort (1994 to 2000). Whereas only 60% of 
heart transplant recipients from 1994 to 2000 were free of 
severe renal dysfunction (defined as a creatinine concentra-
tion of more than 2.5 mg/dL and the need for dialysis or 
renal transplantation) by Kaplan-Meier estimates at 10 years, 
recipients transplanted from 2001 to 2007 had an 11% abso-
lute decrease in severe renal dysfunction at 5 years compared 
with the previous cohort.5 Notably, the risk of death after 
heart transplantation is markedly increased by the develop-
ment of end-stage renal failure.158

Cyclosporine nephrotoxicity after heart transplantation is 
well recognized and well documented. The improved bioavail-
ability of cyclosporine microemulsion (Neoral) compared 
with the conventional formulation has led to investigations 
into monitoring of cyclosporine levels 2 hours after dosing 
(C2).159 Neoral C2 monitoring may be a better indicator of 
immunosuppression efficacy than trough levels and a better 
measure to avoid nephrotoxicity and other cyclosporine-
associated side effects.160 Lowering cyclosporine dose may be 
helpful in slowing the progression of renal disease, especially 
with concomitant use of newer immunosuppressive regimens 
such as MMF and sirolimus (rapamycin).161,162 Calcineurin-
free immunosuppression is also being implemented by some 
centers.163

Hypertension
Moderate-to-severe systemic hypertension afflicts 50 to 90% 
of cardiac transplant recipients.5 Peripheral vasoconstriction 
in combination with fluid retention seems to play the great-
est role. Although the exact mechanisms are unclear, it likely 
involves a combination of cyclosporine-induced tubular 
nephrotoxicity and vasoconstriction of renal and systemic 
arterioles mediated by sympathetic neural activation.164 
Tacrolimus is associated with a lower incidence of hyperten-
sion than is cyclosporine.165 No single class of antihyperten-
sive agents has proven uniformly effective, and treatment of 
this refractory hypertension remains empirical and difficult. 
In a prospective, randomized trial, titrated monotherapy 
with either diltiazem or lisinopril controlled the condition 
in fewer than 50% of patients.166 Diuretics should be used 
cautiously because the balance between edema/hyperten-
sion and volume depletion/hypotension can be tenuous in 
a subset of these patients. Overzealous diuresis can potenti-
ate the apparent nephrotoxicity of cyclosporine by further 
reducing renal blood flow and altering cyclosporine pharma-
cokinetics.167 Beta-blockers also should be used with caution 
because they may further blunt the heart rate response to 
exercise.

Malignancy
Chronic immunosuppression is associated with an increased 
incidence of malignancy ranging from about 4 to 18%, which 
is 10- to 100-fold greater than in the general population.168 
Improved graft and patient survival, owing to pharmacologic 
advances in the area of immunosuppressive therapy, has led 
to an increase in the incidence of neoplasms.168 Malignant 
neoplasias have become, along with graft vasculopathy, a 
significant limiting factor for the long-term survival of heart 
transplant recipients.5 Lymphoproliferative disorders and 
carcinoma of the skin are the most common malignancies 
found in heart transplant recipients.168 Loss of T-lymphocyte 
control over EBV-stimulated B-lymphocyte proliferation 
appears to be the primary mechanism for the development of 
lymphoproliferative disorders.169 The risk of these malignan-
cies is increased further following monoclonal and polyclonal 
antibody therapy.170,171

Treatment options in transplantation include a reduc-
tion in immunosuppression and initiation of high-dose 
acyclovir (to attenuate EBV replication), in addition to 
conventional therapies for carcinoma (eg, chemotherapy, 
radiation therapy, and surgical resection), which are 
associated with very high risk and limited success. The 
role of statins and the risk of cancer were explored in a ret-
rospective study of 255 patients who received transplants at 
a single center (1985-2007). The cumulative incidence of 
malignancy 8 years after transplantation was decreased 
in patients who received statins (34 vs 13%). In addi-
tion, statin use was associated with improved cancer-free 
and overall survival. A prospective study seems warranted, 
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1324 Part X Transplant and Mechanical Circulatory Support

and although it was not possible for the study investigators 
to adjust for all confounders, these data are suggestive of 
improved cancer-free and overall survival in those recipi-
ents receiving statin.172

Other Chronic Complications
Hyperlipidemia eventually develops in the majority of recipi-
ents and is managed with dietary restrictions, exercise, and 
lipid-lowering agents.173 Other complications that commonly 
contribute to posttransplant morbidity include osteoporosis, 
obesity, cachexia, and gastrointestinal complications, notably 
cholelithiasis.174,175

CARDIAC RETRANSPLANTATION
Retransplantation accounts for fewer than 3% of the cardiac 
transplants currently performed.5 Primary indications for 
retransplantation are early graft failure, allograft coronary 
artery disease, and refractory acute rejection.176,177

The operative technique and immunosuppressive regimen 
are similar to those employed for the initial transplantation. 
Despite reduced mortality in the cyclosporine era, actuarial 
survival remains markedly reduced. Analysis of the ISHLT reg-
istry for retransplantations performed between 1987 and 1998 
reveals survival to be 65, 59, and 55% for 1, 2, and 3 years, 
respectively. Intertransplant interval of 6 months or less was 
associated with a dismal 1-year survival of 50% in this analysis.

Conversely, when the interval between primary and 
retransplantation was more than 2 years, 1-year survival 
after retransplantation approached that of primary transplanta-
tion.177 The 2009 ISHLT registry report indicates that the 
5-year survival of retransplanted patients has increased by 
15-17% with each successive decade (1982-1991, 1992-2001, 
2002 -2007). As well, in the most recent cohort (2002-2008), 
patients undergoing retransplantation at greater than 5 years 
from initial transplant had the same 1-year survival rate as 
primary transplants from the same era (86%).5 Advanced 
donor age also was a predictor of increased mortality among 
these recipients.177

A recent UNOS Registry study examined risk factors asso-
ciated with high risk of graft failure after retransplantation 
(n = 671). Older age, increasing serum creatinine, and pre-
operative mechanical ventilation were associated with 1-year 
graft failure by multivariate analysis. Each decade increase in 
recipient age was associated with a 20% increase in the odds 
of 1-year graft failure. In addition, each 1 mg/dL increase in 
serum creatinine increased the likelihood of graft failure by 
58%.178

Another UNOS Registry project studied the effectiveness 
of bridging patients to retransplant with mechanical circula-
tory support. According to the UNOS Registry, 149 of 1690 
retransplants were bridged with mechanical support, consist-
ing of extracorporeal membrane oxygenation (ECMO) in 54 
and a VAD in 90. Those bridged to retransplant did poorly 
overall, with the ECMO sub-group faring the worst. Survival 

in patients who were bridged on VAD and received an allograft 
at least 1 year after the primary transplant was similar to those 
retransplant recipients who did not require VAD. However, 
survival was significantly worse in the bridged population 
who underwent retransplant within a year of the primary 
transplant.179

These data suggest that although cardiac retransplantation 
is associated with significant morbidity and mortality, careful 
selection of patients, especially those who are younger and 
with longer intertransplant intervals, may be associated with 
more favorable outcome. Nonetheless, the disparity between 
the demand and supply for donor hearts continues to make 
cardiac retransplantation an ethical dilemma.180

RESULTS OF HEART 
TRANSPLANTATION
Although no direct comparative trials have been or are likely 
to be performed, survival following heart transplantation 
remains favorable if compared with both the medical and 
device arms of the REMATCH trial.2,6 The superiority of 
heart transplantation is more clearly evident in medium- 
and high-risk patients with end-stage heart failure.181 The 
overall results actually are improving despite increasing risk 
profiles.5,78

The reported operative (ie, 30-day) mortality for cardiac 
transplantation ranges from 5 to 10%.182 Overall 1-year 
survival is up to 86%.5,78 After the steep fall in survival dur-
ing the first 6 months, survival decreases at a linear rate 
(approximately 3.5% per year), even well beyond 15 years 
posttransplantation.5 Graft failure (primary and nonspecific), 
multisystem organ failure, and infection account for most 
deaths within the first 30 days. Infection, graft failure, and 
acute rejection are the leading causes of death during the first 
year; thereafter, CAV and malignancy are the major causes of 
death.5,78

While many subgroups including patients with arrhyth-
mogenic right ventricular cardiomyopathy, hypertrophic car-
diomyopathy, restrictive cardiomyopathy (except for patients 
with amyloid or chemotherapy/radiation therapy), and adult 
congenital heart disease had comparable outcomes, post-
transplant outcomes in 485 women with peripartum cardio-
myopathy (PPCM) were inferior. Outcomes were examined 
using the UNOS Registry (1987-2010; n = 42,406). The 
PPCM patients were younger with a higher degree of sen-
sitization, required higher intensity pretransplant cardiovas-
cular support, suffered an increased graft failure and death, 
which may be secondary to the higher pretransplant acuity, 
increased rejection seen, and greater degree of sensitization.183

Studies examining the health-related quality of life in 
patients after cardiac transplantation demonstrate marked 
improvement, particularly in the absence of complica-
tions, and approach the general population by 10 years after 
transplantation.184

Factors affecting long-term survival were examined in 
several studies. In an analysis of the UNOS Registry (1987-
1999), recipients surviving a minimum of 10 years (n = 9404) 
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were identified and compared with recipients who died 
within 10 years (n = 10,373). Predictors of long-term survival 
in a multivariate model included recipient age at transplant 
< 55 years, shorter ischemic time, younger donor age, white 
race, and annual center volume > 9. Mechanical ventilation 
and the presence of diabetes diminished the likelihood of 
long-term survival.185

A recent study examined the influence of insurance 
and education on long-term survival. Medicare and Med-
icaid patients had lower 10-year survival (8.6 and 10.0%, 
respectively) than private insurance/self-pay patients. 
College-educated patients had 7.0% higher 10-year sur-
vival. These survival differences increased over time. Mul-
tivariable analysis demonstrated that college education 
decreased mortality risk by 11%, whereas Medicare and 
Medicaid increased the mortality risk by 18 and 33%, 
respectively.186

A recent systematic review saw a relationship between low 
center volume and increased mortality. The minimal accept-
able transplant volume was unable to be determined; how-
ever, 10 to 12 transplants per year corresponded to the upper 
limit of low-volume categories that have relatively high mor-
tality. The effect of reorganizing centers to ensure minimal 
target volumes was unable to be determined.187

The relationship between recipient risk and institutional 
volume on short-term mortality was studied using the 
UNOS Registry (2000-2010) using a previously validated 
recipient risk index. Institutional volume per year, defined as 
low (<7), medium (7-15), and high (>15) acted as a modifier 
on association between risk and mortality, such that high-
risk recipients had improved 1-year survival when their trans-
plants occurred at high-volume centers.188

Another UNOS Registry study, using mixed-effect logistic 
regression models, demonstrated that although 1-year mor-
tality increases with decreasing center volume, this accounted 
for only 16.7% of the variability in mortality between cen-
ters. This suggests that although institutional volume may be 
an important predictor of outcome, other factors contribute 
to mortality risk that may not be encompassed by the data 
currently collected in the registry.189

Additional Insights from the United 
Network for Organ Sharing Database
As noted in the above sections, the recent literature on heart 
transplantation has seen a notable increase in clinical stud-
ies analyzing the multi-institutional UNOS open transplant 
cohort. This database is publically accessible and includes 
all heart transplants performed in the United States from 
October 1987 onward. The database also includes patients 
on the waitlist, donor information, and outcomes. As with 
all large administrative datasets, it is limited by potential 
errors in coding as well as incompletely populated variables. 
However, questions that had previously only been addressed 
using single or limited multiinstitutional data can now 
be investigated using this cohort of over 20,000 patients. 
Among those issues addressed have been the impact of 

various recipient factors, on short- and long-term survival 
after heart transplantation. Russo and coworkers reported 
that uncomplicated diabetes mellitus should not preclude 
listing for heart transplantation due to equivalent survival 
with nondiabetics.190 However, severe diabetics did have 
poorer survival and should be considered for destination 
LVAD therapy or high-risk listing. Zaidi and coworkers 
reported better short and intermediate survival after heart 
transplantation in patients with sarcoidosis compared to 
recipients with other diagnoses, and concluded that a diag-
nosis of sarcoidosis should not preclude heart transplanta-
tion.191 Kpodonu and coworkers demonstrated that 1-year 
survival after heart transplant for amyloid cardiomyopathy 
was significantly decreased in female recipients, whereas it 
was comparable with other diagnoses for male recipients.192 
Nwakanma and coworkers confirmed increasing risk of 
rejection in the year after transplantation and decreased 
survival with increasing PRA levels.193 Weiss and coworkers 
reported that advanced age (>60 years) was associated with 
acceptable long-term outcomes (>70% 5-year survival).194 
Although elderly recipients did have slightly higher rates of 
infection and acute renal failure, as well as a 2-day longer 
hospital length of stay, the survival benefit of transplanta-
tion in elderly CHF patients was compelling. Another study 
by Weiss and coworkers identified a potential provider bias 
in the listing of obese patients as potential heart transplant 
recipients.195 Specifically, that obese individuals wait longer 
and have a lower likelihood of receiving a donor heart after 
listing, despite similar short-term survival.

Insights into the impact of operative technique and the use 
of LVADs on posttransplant survival have also been gained 
from the UNOS database. As noted, Weiss and coworkers 
reported equivalent survival after heart transplantation using 
biatrial versus bicaval anastomotic techniques.74 However, 
they did identify that the bicaval technique was associated 
with a shorted hospital length of stay and decreased rates of 
permanent pacemaker placement. Pal and coworkers investi-
gated status 1 patients bridged to transplant using LVADs and 
IV inotropes, and found that patients bridged to transplant 
using LVADs were, by in large, those who failed bridging 
with IV inotropes.196 In contrast with International Soci-
ety of Heart and Lung Transplantation data, no increase in 
posttransplant morbidity or mortality was found in LVAD-
bridged patients compared with nonbridged status 1 patients. 
Shuhaiber and coworkers compared patients bridged with 
transplant with Novacor versus HeartMate LVADs and found 
no difference in 1-year survival, rates of rejection, or rates of 
infection.197 However, patients bridged with Novacor LVADs 
demonstrated lower 5-year survival posttransplant.

Weiss and coworkers also investigated the effect of trans-
plant center volume on long-term outcomes after heart 
transplantation, and reported that annual center volume 
is an independent predictor of short-term mortality in 
OHT.198 Although the current Centers for Medicare and 
Medicaid Services mandate is that heart transplant cen-
ters perform 10 per year to qualify for funding, this study 
found that a higher cutoff resulted in better outcomes; 
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centers performing greater than 40 per year have a 30-day 
mortality less than 5%.

THE FUTURE
As a result of a series of unprecedented advances over the 
past decade, the clinical outcome of heart transplantation has 
improved dramatically. Although cardiac replacement remains 
the best therapeutic option for patients with end-stage heart 
failure, a number of challenges await future investigators to 
further improve survival and reduce transplant-related mor-
bidity. A major factor limiting long-term survival of recipients 
is allograft rejection and the untoward effects of immunosup-
pression. Development of reliable, noninvasive diagnostic 
studies will permit more frequent evaluations for the early 
detection of rejection and for monitoring the effectiveness of 
therapy. Ultimately, this will allow more precise control of 
immunosuppression and, in turn, a reduction in cumulative 
allograft injury and infectious complications. Molecular tests 
and gene expression profiling could be available soon and 
may provide the best noninvasive option.105,108

Immunosuppressive strategists will continue their efforts 
to establish specific unresponsiveness to antigens of trans-
planted organs in hopes of preserving much of the recipi-
ent’s immune responses. Proliferative signal inhibitors such 
as sirolimus and everolimus are showing promising results. 
Alternatively, donor organs may be made less susceptible to 
immunologic attack through genetic engineering techniques 
by altering the expression of cell membrane-bound mol-
ecules. This approach is being used currently in the pursuit of 
clinically applicable xenotransplant sources. Xenografts even-
tually may be an additional source of donor organs, although 
extended xenograft survival remains an elusive goal. Compli-
cating this alternative are unresolved ethical issues concerning 
transgenic experimentation and the potential for transmission 
of veterinary pathogens to an immunosuppressed recipient.

Future improvements in organ preservation permitting 
extension of the storage interval will have several benefits. In 
addition to a modest increase in the donor pool, extension of 
storage times would permit better allocation of organs with 
respect to donor-recipient immunologic matching. Assist 
devices are being used currently both as a bridge to trans-
plantation and as a destination therapy. It appears that as the 
technology of assist devices continues to improve, it is only a 
matter of time before they become a long-term solution for 
patients with severe congestive heart failure.

The concept of regenerating the failing heart using car-
diomyocytes of different sources, autologous smooth muscle 
cells, and dermal fibroblasts is in the experimental stage. 
Lineage-negative bone marrow cells or bone marrow-derived 
endothelial precursor cells are also being studied to induce 
new blood vessel formation after experimental myocardial 
infarction.199 Cardiac transplantation remains a remarkable 
achievement of the twentieth century and has revolutionized 
therapy for end-stage heart failure. Further investigations are 
needed to overcome the current obstacles to long-term graft 
function and patient survival.

REFERENCES
 1. Steinman TI, Becker BN, Frost AE, et al: Guidelines for the referral and 

management of patients eligible for solid organ transplantation. Trans-
plantation 2001; 71:1189.

 2. Boyle A, Colvin-Adams M: Recipient selection and management. Semin 
Thorac Cardiovasc Surg 2004; 16:358.

 3. Deng MC: Cardiac transplantation. Heart 2002; 87:177.
 4. Costanzo MR, Augustine S, Bourge R, et al: Selection and treatment of 

candidates for heart transplantation: a statement for health professionals 
from the Committee on Heart Failure and Cardiac Transplantation of 
the Council on Clinical Cardiology, American Heart Association. Circu-
lation 1995; 92:3593.

 5. Taylor DO, Stehlik J, Edwards LB, et al: Registry of the interna-
tional society for heart and lung transplantation: twenty-sixth official 
adult heart transplant report-2009. J Heart Lung Transplant 2009; 
28(10):1007-1022.

 6. Rose EA, Gelijns AC, Moskowitz AJ, et al: Randomized Evaluation of 
Mechanical Assistance for the Treatment of Congestive Heart Failure 
(REMATCH) Study Group: long-term mechanical left ventricular assis-
tance for end-stage heart failure. N Engl J Med 2001; 345:1435.

 7. Menicanti L, Di Donato M: Surgical left ventricle reconstruction, patho-
physiologic insights, results and expectation from the STICH trial. Eur J 
Cardiothorac Surg 2004; 26:S42.

 8. Stelken AM, Younis LT, Jennison SH, et al: Prognostic value of cardio-
pulmonary exercise testing using percent achieved of predicted peak oxy-
gen uptake for patients with ischemic and dilated cardiomyopathy. J Am 
Coll Cardiol 1996; 27:345.

 9. Rothenburger M, Wichter T, Schmid C, et al: Aminoterminal pro type B 
natriuretic peptide as a predictive and prognostic marker in patients with 
chronic heart failure. J Heart Lung Transplant 2004; 23:1189.

 10. Francis GS, Cohn JN, Johnson G, et al: Plasma norepinephrine, plasma 
renin activity, and congestive heart failure: relations to survival and the 
effects of therapy in V-HeFT II. The V-HeFT VA Cooperative Studies 
Group. Circulation 1993; 87:VI40.

 11. Mudge GH, Goldstein S, Addonizio LZ, et al: Twenty-fourth Bethesda 
Conference on Cardiac Transplantation. Task Force 3: recipient guide-
lines. J Am Coll Cardiol 1993; 22:21.

 12. Laks H, Marelli D, Odim J, et al: Heart transplantation in the young and 
elderly. Heart Failure Rev 2001; 6:221.

 13. Demers P, Moffatt S, Oyer PE, et al: Long-term results of heart trans-
plantation in patients older than 60 years. J Thorac Cardiovasc Surg 2003; 
126:224.

 14. Kieler-Jensen N, Milocco I, Ricksten SE: Pulmonary vasodilation after 
heart transplantation: a comparison among prostacyclin, sodium nitro-
prusside, and nitroglycerin on right ventricular function and pulmonary 
selectivity. J Heart Lung Transplant 1993; 12:179.

 15. Bourge RC, Naftel DC, Costanzo-Nordin MR, et al: Pretransplantation 
risk factors for death after heart transplantation: a multiinstitutional 
study. The Transplant Cardiologists Research Database Group. J Heart 
Lung Transplant 1993; 12:549.

 16. Chen JM, Levin HR, Michler RE, et al: Reevaluating the significance of 
pulmonary hypertension before cardiac transplantation: determination 
of optimal thresholds and quantification of the effect of reversibility on 
perioperative mortality. J Thorac Cardiovasc Surg 1997; 114:627.

 17. Tenderich G, Koerner MM, Stuettgen B, et al: Pre-existing elevated 
pulmonary vascular resistance: long-term hemodynamic follow-up and 
outcome of recipients after orthotopic heart transplantation. J Cardiovasc 
Surg 2000; 41:215.

 18. Chang PP, Longenecker JC, Wang NY, et al: Mild vs severe pulmonary 
hypertension before heart transplantation: different effects on posttrans-
plantation pulmonary hypertension and mortality. J Heart Lung Trans-
plant 2005; 24:998.

 19. Sablotzki A, Hentschel T, Gruenig E, et al: Hemodynamic effects of 
inhaled aerosolized iloprost and inhaled nitric oxide in heart transplant 
candidates with elevated pulmonary vascular resistance. Eur J Cardiotho-
rac Surg 2002; 22:746.

 20. O’Dell KM, Kalus JS, Kucukarslan S, et al: Nesiritide for secondary 
pulmonary hypertension in patients with end-stage heart failure. Am J 
Health Syst Pharm 2005; 62:606.

 21. Salzberg SP, Lachat ML, von Harbou K, et al: Normalization of high 
pulmonary vascular resistance with LVAD support in heart transplanta-
tion candidates. Eur J Cardiothorac Surg 2005; 27:222.

Cohn_ch60_p1299-1330.indd   1326 08/05/17   4:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 60 Heart Transplantation 1327

 22. Newcomb AE, Esmore DS, Rosenfeldt FL, et al: Heterotopic heart trans-
plantation: an expanding role in the twenty-first century? Ann Thorac 
Surg 2004; 78:1345.

 23. Sigurdardottir V, Bjortuft O, Eiskjaer H et al: Long-term follow-up of 
lung and heart transplant recipients with pre-transplant malignancies. J 
Heart Lung Transplant 2012; 31:1276-1280

 24. Pelosi F Jr, Capehart J, Roberts WC: Effectiveness of cardiac transplanta-
tion for primary (AL) cardiac amyloidosis. Am J Cardiol 1997; 79:532.

 25. Dubrey SW, Burke MM, Hawkins PN, et al: Cardiac transplantation 
for amyloid heart disease: the United Kingdom experience. J Heart Lung 
Transplant 2004; 23:1142.

 26. Uriel N, Jorde UP, Cotarlan V, et al: Heart transplantation in human 
immunodeficiency virus-positive patients. J Heart Lung Transplant 2009 
Jul; 28(7):667-669.

 27. Koerner MM, Tenderich G, Minami K, et al: Results of heart transplanta-
tion in patients with preexisting malignancies. Am J Cardiol 1997; 79:988.

 28. Ostermann ME, Rogers CA, Saeed I, et al: Pre-existing renal failure dou-
bles 30-day mortality after heart transplantation. J Heart Lung Transplant 
2004; 23:1231.

 29. Thomas HL, Banner NR, Murphy CL, et al: Incidence, determinants, 
and outcome of chronic kidney disease after adult heart transplantation 
in the United Kingdom. Transplantation 2012; 93:1151-1157.

 30. Dichtl W, Vogel W, Dunst KM, et al: Cardiac hepatopathy before and 
after heart transplantation. Transpl Int 2005; 18:697.

 31. Chokshi A, Cheema FH, Schaefle KJ, et al: Hepatic dysfunction and 
survival after orthotopic heart transplantation: application of the MELD 
scoring system for outcome prediction. J Heart Lung Transplant 2012; 
31:591-600.

 32. Yang JA, Kato TS, Shulman BP, et al: Liver dysfunction as a predictor 
of outcomes in patients with advanced heart failure requiring ventricu-
lar assist device support: use of the Model of End-stage Liver Disease 
(MELD) and MELD eXcluding INR (MELD-XI) scoring system. J 
Heart Lung Transplant 2012; 31:601-610.

 33. Morgan JA, John R, Weinberg AD, et al: Heart transplantation in dia-
betic recipients: a decade review of 161 patients at Columbia Presbyte-
rian. J Thorac Cardiovasc Surg 2004; 127:1486.

 34. Morgan JA, Park Y, Oz MC, et al: Device-related infections while on 
left ventricular assist device support do not adversely impact bridging to 
transplant or posttransplant survival. ASAIO J 2003; 49:748.

 35. Lietz K, John R, Burke EA, et al: Pretransplant cachexia and morbid 
obesity are predictors of increased mortality after heart transplantation. 
Transplantation 2001; 72:277.

 36. Kilic A, Weiss ES, Arnaoutakis GJ, et al: Identifying recipients at high 
risk for graft failure after heart retransplantation. Ann Thorac Surg 2012; 
93:712-716.

 37. Rivard AL, Hellmich C, Sampson B, et al: Preoperative predictors for 
postoperative problems in heart transplantation: psychiatric and psycho-
social considerations. Prog Transplant 2005; 15:276.

 38. Loh E, Bergin JD, Couper GS, et al: Role of panel-reactive antibody 
cross-reactivity in predicting survival after orthotopic heart transplanta-
tion. J Heart Lung Transplant 1994; 13:194.

 39. McKenna D, Eastlund T, Segall M, et al: HLA alloimmunization in 
patients requiring ventricular assist device support. J Heart Lung Trans-
plant 2002; 21:1218.

 40. Aranda JM Jr, Schofield RS, Pauly DF, et al: Comparison of dobutamine 
versus milrinone therapy in hospitalized patients awaiting cardiac trans-
plantation: a prospective, randomized trial. Am Heart J 2003; 145:324.

 41. Cochran RP, Starkey TD, Panos AL, et al: Ambulatory intraaortic bal-
loon pump use as bridge to heart transplant. Ann Thorac Surg 2002; 
74:746.

 42. Dembitsky WP, Tector AJ, Park S, et al: Left ventricular assist device 
performance with long-term circulatory support: lessons from the 
REMATCH trial. Ann Thorac Surg 2004; 78:2123.

 43. Clegg AJ, Scott DA, Loveman E, et al: The clinical and cost-effectiveness 
of left ventricular assist devices for end-stage heart failure: a systematic 
review and economic evaluation. Health Technol Assess 2005; 9:1.

 44. Copeland JG, Smith RG, Arabia FA, et al: CardioWest Total Artificial 
Heart Investigators. Cardiac replacement with a total artificial heart as a 
bridge to transplantation. N Engl J Med 2004; 351:859.

 45. Ermis C, Zadeii G, Zhu AX, et al: Improved survival of cardiac trans-
plantation candidates with implantable cardioverter defibrillator therapy: 
role of beta-blocker or amiodarone treatment. J Cardiovasc Electrophysiol 
2003; 14:578.

 46. Vega JD, Moore J, Murray S, et al: Heart transplantation in the United 
States, 1998–2007. Am J Transplant 2009; 9(Part 2):932-941.

 47. Khush KK, Menza R, Nguyen J, Zaroff JG, Goldstein BA: Donor pre-
dictors of allograft use and recipient outcomes after heart transplanta-
tion. Circ Heart Fail 2013; 6:300-309.

 48. Southerland KW, Castleberry AW, Williams JB, Daneshmand MA, Ali 
AA, Milano CA: Impact of donor cardiac arrest on heart transplantation. 
Surgery 2013; 154:312-319.

 49. Quader MA, Wolfe LG, Kasirajan V: Heart transplantation outcomes 
from cardiac arrest-resuscitated donors. J Heart Lung Transplant 2013; 
32:1090-1095.

 50. Singh TP, Almond CS, Taylor DO, Graham DA: Decline in heart trans-
plant wait list mortality in the United States following broader regional 
sharing of donor hearts. Circ Heart Fail 2012; 5:249-258.

 51. Zaroff JG, Rosengard BR, Armstrong WF, et al: Consensus conference 
report: maximizing use of organs recovered from the cadaver donor: car-
diac recommendations, March 28-29, 2001, Crystal City, VA. Circula-
tion 2002; 106:836.

 52. Wheeldon DR, Potter CD, Oduro A, et al: Transforming the “unaccept-
able” donor: outcomes from the adoption of a standardized donor man-
agement technique. J Heart Lung Transplant 1995; 14:734.

 53. Laks H, Marelli D, Fonarow GC, et al: UCLA Heart Transplant Group. 
Use of two recipient lists for adults requiring heart transplantation. J 
Thorac Cardiovasc Surg 2003; 125:49.

 54. Lietz K, John R, Mancini DM, et al: Outcomes in cardiac transplant 
recipients using allografts from older donors versus mortality on the 
transplant waiting list: implications for donor selection criteria. J Am 
Coll Cardiol 2004; 43:1553.

 55. Freimark D, Aleksic I, Trento A, et al: Hearts from donors with chronic 
alcohol use: a possible risk factor for death after heart transplantation. J 
Heart Lung Transplant 1996; 15:150.

 56. Freimark D, Czer LS, Admon D, et al: Donors with a history of cocaine 
use: effect on survival and rejection frequency after heart transplantation. 
J Heart Lung Transplant 1994; 13:1138.

 57. Smith M: Physiologic changes during brain stem death: lessons 
for management of the organ donor. J Heart Lung Transplant 2004; 
23:S217.

 58. Stoica SC, Satchithananda DK, Charman S, et al: Swan-Ganz catheter 
assessment of donor hearts: outcome of organs with borderline hemody-
namics. J Heart Lung Transplant 2002; 21:615.

 59. Rosendale JD, Kauffman HM, McBride MA, et al: Hormonal resusci-
tation yields more transplanted hearts, with improved early function. 
Transplantation 2003; 75:1336.

 60. Harms J, Isemer FE, Kolenda H: Hormonal alteration and pituitary 
function during course of brain stem death in potential organ donors. 
Transplant Proc 1991; 23:2614.

 61. Novitzky D, Cooper DK, Chaffin JS, et al: Improved cardiac allograft 
function following triiodothyronine therapy to both donor and recipi-
ent. Transplantation 1990; 49:311.

 62. Conte JV, Baumgartner WA: Overview and future practice patterns in 
cardiac and pulmonary preservation. J Card Surg 2000; 15:91.

 63. Wildhirt SM, Weis M, Schulze C, et al: Effects of Celsior and University 
of Wisconsin preservation solutions on hemodynamics and endothelial 
function after cardiac transplantation in humans: a single-center, pro-
spective, randomized trial. Transplant Int 2000; 13:S203.

 64. Garlicki M: May preservation solution affect the incidence of graft vas-
culopathy in transplanted heart? Ann Transplant 2003; 8:19.

 65. Segel LD, Follette DM, Contino JP, et al: Importance of substrate 
enhancement for long-term heart preservation. J Heart Lung Transplant 
1993; 12:613.

 66. Zehr KJ, Herskowitz A, Lee P, et al: Neutrophil adhesion inhibition 
prolongs survival of cardiac allografts with hyperacute rejection. J Heart 
Lung Transplant 1993; 12:837.

 67. Fitton TP, Barreiro CJ, Bonde PN, et al: Attenuation of DNA damage 
in canine hearts preserved by continuous hypothermic perfusion. Ann 
Thorac Surg 2005; 80:1812.

 68. Abbas Ardehali MD, Fardad Esmailian MD, Mario Deng MD, Edward 
Soltesz MD, Eileen Hsich MD, Yoshifumi Naka MD, Donna Mancini 
MD, Margarita Camacho MD, Mark Zucker MD, Pascal Leprince MD, 
Robert Padera MD, Jon Kobashigawa MD, for the PROCEED II Trial 
Investigators: A Prospective, Randomized, Multi-center Trial of ex-vivo 
Donor Heart Perfusion for Human Heart Transplantation: The PRO-
CEED II Trial. The Lancet  2015; 3859(9987):2577-2584.

Cohn_ch60_p1299-1330.indd   1327 08/05/17   4:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1328 Part X Transplant and Mechanical Circulatory Support

 69. Betkowski AS, Graff R, Chen JJ, et al: Panel-reactive antibody screening 
practices prior to heart transplantation. J Heart Lung Transplant 2002; 
21:644.

 70. Jarcho J, Naftel DC, Shroyer JK, et al: Influence of HLA mismatch on 
rejection after heart transplantation: a multi-institutional study. J Heart 
Lung Transplant 1994; 13:583.

 71. Baumgartner WA, Reitz BA, Achuff SC: Operative techniques utilized in 
heart transplantations, in Achuff SC (ed): Heart and Heart-Lung Trans-
plantation. Philadelphia, Saunders, 1990.

 72. Milano CA, Shah AS, Van Trigt P, et al: Evaluation of early postoperative 
results after bicaval versus standard cardiac transplantation and review of 
the literature. Am Heart J 2000; 140:717.

 73. Aziz T, Burgess M, Khafagy R, et al: Bicaval and standard techniques 
in orthotopic heart transplantation: medium-term experience in cardiac 
performance and survival. J Thorac Cardiovasc Surg 1999; 118:115.

 74. Weiss ES, Nwakanma LU, Russell SB, et al: Outcomes in bicaval versus 
biatrial techniques in heart transplantation: an analysis of the UNOS 
database. J Heart Lung Transplant 2008 Feb; 27(2):178-183.

 75. Cotts WG, Oren RM: Function of the transplanted heart: unique physi-
ology and therapeutic implications. Am J Med Sci 1997; 314:164.

 76. Tischler MD, Lee RT, Plappert T, et al: Serial assessment of left ventricu-
lar function and mass after orthotopic heart transplantation: a four-year 
longitudinal study. J Am Coll Cardiol 1992; 19:60.

 77. Gerber BL, Bernard X, Melin JA, et al: Exaggerated chronotropic and 
energetic response to dobutamine after orthotopic cardiac transplanta-
tion. J Heart Lung Transplant 2001; 20:824.

 78. Kirklin JK, Naftel DC, Bourge RC, et al: Evolving trends in risk profiles 
and causes of death after heart transplantation: a ten-year multi-institu-
tional study. J Thorac Cardiovasc Surg 2003; 125:881.

 79. Minev PA, El-Banayosy A, Minami K, et al: Differential indication for 
mechanical circulatory support following heart transplantation. Intensive 
Care Med 2001; 27:1321.

 80. Srivastava R, Keck BM, Bennett LE, et al: The results of cardiac retrans-
plantation: an analysis of the Joint International Society for Heart and 
Lung Transplantation/United Network for Organ Sharing Thoracic Reg-
istry. Transplantation 2000; 70:606.

 81. Kieler-Jensen N, Lundin S, Ricksten SE, et al: Vasodilator therapy after 
heart transplantation: effects of inhaled nitric oxide and intravenous 
prostacyclin, prostaglandin E1, and sodium nitroprusside. J Heart Lung 
Transplant 1995; 14:436.

 82. Arafa OE, Geiran OR, Andersen K, et al: Intra-aortic balloon pumping 
for predominantly right ventricular failure after heart transplantation. 
Ann Thorac Surg 2000; 70:1587.

 83. Stecker EC, Strelich KR, Chugh SS, et al: Arrhythmias after orthotopic 
heart transplantation. J Cardiol Fail 2005; 11:464.

 84. Chin C, Feindel C, Cheng D: Duration of preoperative amiodarone 
treatment may be associated with postoperative hospital mortality in 
patients undergoing heart transplantation. J Cardiothorac Vasc Anesth 
1999; 13:562.

 85. Bertolet BD, Eagle DA, Conti JB, et al: Bradycardia after heart trans-
plantation: reversal with theophylline. J Am Coll Cardiol 1996; 28:396.

 86. Patel VS, Lim M, Massin EK, et al: Sudden cardiac death in cardiac 
transplant recipients. Circulation 1996; 94:II-273.

 87. Kwak YL, Oh YJ, Bang SO, et al: Comparison of the effects of nicar-
dipine and sodium nitroprusside for control of increased blood pressure 
after coronary artery bypass graft surgery. J Int Med Res 2004; 32:342.

 88. Miller LW: Treatment of cardiac allograft rejection with intervenous cor-
ticosteroids. J Heart Transplant 1990; 9:283.

 89. Sharples LD, Caine N, Mullins P, et al: Risk factor analysis for the major 
hazards following heart transplantation: rejection, infection, and coro-
nary occlusive disease. Transplantation 1991; 52:244.

 90. Shah MR, Starling RC, Schwartz Longacre L, Mehra MR: Working 
Group P: Heart transplantation research in the next decade—a goal to 
achieving evidence-based outcomes: National Heart, Lung, And Blood 
Institute Working Group. J Am Coll Cardiol 2012; 59:1263-1269.

 91. Cunningham KS, Veinot JP, Butany J: An approach to endomyocardial 
biopsy interpretation. J Clin Pathol 2006; 59:121.

 92. Billingham ME, Cary NRB, Hammond ME, et al: A working formulation 
for the standardization of nomenclature in the diagnosis of heart and lung 
rejection: heart rejection study group. J Heart Lung Transplant 1990; 9:587.

 93. Rodriguez ER: International Society for Heart and Lung Transplanta-
tion. The pathology of heart transplant biopsy specimens: revisiting the 
1990 ISHLT working formulation. J Heart Lung Transplant 2003; 22:3.

 94. Stewart S, Winters GL, Fishbein MC, et al: Revision of the 1990 work-
ing formulation for the standardization of nomenclature in the diagnosis 
of heart rejection. J Heart Lung Transplant 2005; 24:1710.

 95. Lower RR, Dong E, Glazener FS: Electrocardiogram of dogs with heart 
homografts. Circulation 1966; 33:455.

 96. Cooper DK, Charles RG, Rose AG, et al: Does the electrocardiogram 
detect early acute heart rejection? J Heart Transplant 1985; 4:546.

 97. Volgman AS, Winkel EM, Pinski SL, et al: Characteristics of the signal-
averaged P wave in orthotopic heart transplant recipients. Pacing Clin 
Electrophysiol 1998; 21:2327.

 98. Boyd SY, Mego DM, Khan NA, et al: Doppler echocardiography in car-
diac transplant patients: allograft rejection and its relationship to dia-
stolic function. J Am Soc Echocardiogr 1997; 10:526.

 99. Morocutti G, Di Chiara A, Proclemer A, et al: Signal-averaged electro-
cardiography and Doppler echocardiographic study in predicting acute 
rejection in heart transplantation. J Heart Lung Transplant 1995; 14:1065.

 100. Almenar L, Igual B, Martinez-Dolz L, et al: Utility of cardiac magnetic 
resonance imaging for the diagnosis of heart transplant rejection. Trans-
plant Proc 2003; 35:1962.

 101. Addonizio LJ: Detection of cardiac allograft rejection using radionuclide 
techniques. Prog Cardiovasc Dis 1990; 33:73.

 102. Wijngaard PL, Doornewaard H, van der Meulen A, et al: Cytoimmuno-
logic monitoring as an adjunct in monitoring rejection after heart trans-
plantation: results of a 6-year follow-up in heart transplant recipients. J 
Heart Lung Transplant 1994; 13:869.

 103. Mehra MR, Uber PA, Uber WE, et al: Anything but a biopsy: noninva-
sive monitoring for cardiac allograft rejection. Curr Opin Cardiol 2002; 
17:131.

 104. Horwitz PA, Tsai EJ, Putt ME, et al: Detection of cardiac allograft rejec-
tion and response to immunosuppressive therapy with peripheral blood 
gene expression. Circulation 2004; 110:3815.

 105. Deng MC, Eisen HJ, Mehra RM, et al, for the CARGO Investigators: 
Non-invasive detection of rejection in cardiac allograft recipients using 
gene expression profiling. Am J Transplant 2006; 6:150-160.

 106. Starling RC, Pham M, Valantine H, et al: Molecular Testing in the Man-
agement of Cardiac Transplant Recipients: Initial Clinical experience 
(Invited Editorial). J Heart Lung Transplant 2006; 25:1389-1395.

 107. Deng MC, Elashoff B, Pham MX, et al; for the IMAGE Study Group: 
Utility of Gene Expression Profiling Score Variability to Predict Clini-
cal Events in Heart Transplant Recipients. Transplantation. 2014  
Mar 27; 97(6):708-714. doi: 10.1097/01.TP.0000443897.29951.cf. 
PMID: 24637869.

 108. Pham MX, Teuteberg JJ, Kfoury AG, et al: for the IMAGE Study Group: 
Gene expression profiling for rejection surveillance after cardiac trans-
plantation. N Engl J Med 2010; 362:1890-1900.

 109. Lund LH, Edwards LB, Kucheryavaya AY et al: The Registry of the Inter-
national Society for Heart and Lung Transplantation: thirtieth official 
adult heart transplant report—2013; focus theme: age. J Heart Lung 
Transplant 2013; 32:951-964.

 110. Michler RE, Smith CR, Drusin RE, et al: Reversal of cardiac trans-
plant rejection without massive immunosuppression. Circulation 1986; 
74:III-68.

 111. Yamani MH, Starling RC, Pelegrin D, et al: Efficacy of tacrolimus in 
patients with steroid-resistant cardiac allograft cellular rejection. J Heart 
Lung Transplant 2000; 19:337.

 112. Radovancevic B, El-Sabrout R, Thomas C, et al: Rapamycin reduces 
rejection in heart transplant recipients. Transplant Proc 2001; 
33:3221.

 113. Cantarovich M, Latter DA, Loertscher R: Treatment of steroid-resistant 
and recurrent acute cardiac transplant rejection with a short course of 
antibody therapy. Clin Transplant 1997; 11:316.

 114. Ross HJ, Gullestad L, Pak J, et al: Methotrexate or total lymphoid radia-
tion for treatment of persistent or recurrent allograft cellular rejection: a 
comparative study. J Heart Lung Transplant 1997; 16:179.

 115. Lloveras JJ, Escourrou G, Delisle MG, et al: Evolution of untreated mild 
rejection in heart transplant recipients. J Heart Lung Transplant 1992; 
11:751.

 116. Winters GL, Loh E, Schoen FJ, et al: Natural history of focal moder-
ate cardiac allograft rejection: is treatment warranted? Circulation 1995; 
91:1975.

 117. Stoica SC, Cafferty F, Pauriah M, et al: The cumulative effect of acute 
rejection on development of cardiac allograft vasculopathy. J Heart Lung 
Transplant 2006; 25:420.

Cohn_ch60_p1299-1330.indd   1328 08/05/17   4:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 60 Heart Transplantation 1329

 118. Michaels PJ, Espejo ML, Kobashigawa J, et al: Humoral rejection in car-
diac transplantation: risk factors, hemodynamic consequences and rela-
tionship to transplant coronary artery disease. J Heart Lung Transplant 
2003; 22:58.

 119. Kfoury AG, Snow GL, Budge D et al: A longitudinal study of the course 
of asymptomatic antibody-mediated rejection in heart transplantation. J 
Heart Lung Transplant 2012; 31:46-51.

 120. Lones MA, Czer LS, Trento A, et al: Clinical-pathologic features of 
humoral rejection in cardiac allografts: a study in 81 consecutive patients. 
J Heart Lung Transplant 1995; 14:151.

 121. Olsen SL, Wagoner LE, Hammond EH, et al: Vascular rejection in heart 
transplantation: clinical correlation, treatment options, and future con-
siderations. J Heart Lung Transplant 1993; 12:S135.

 122. Hammond EH, Yowell RL, Price GD, et al: Vascular rejection and its 
relationship to allograft coronary artery disease. J Heart Lung Transplant 
1992; 11:S111.

 123. Miller LW, Naftel DC, Bourge RC, et al: Infection after heart transplan-
tation: a multi-institutional study. J Heart Lung Transplant 1994; 13:381.

 124. Eastlund T: Infectious disease transmission through cell, tissue, and 
organ transplantation: reducing the risk through donor selection. Cell 
Transplant 1995; 4:455.

 125. Schaffner A: Pretransplant evaluation for infections in donors and recipi-
ents of solid organs. Clin Infect Dis 2001; 33:S9.

 126. Rubin RH: Prevention and treatment of cytomegalovirus disease in heart 
transplant patients. J Heart Lung Transplant 2000; 19:731.

 127. Merigan TC, Renlund DG, Keay S, et al: A controlled trial of ganciclovir 
to prevent cytomegalovirus disease after heart transplantation. N Engl J 
Med 1992; 326:1182.

 128. Bonaros NE, Kocher A, Dunkler D, et al: Comparison of combined 
prophylaxis of cytomegalovirus hyperimmune globulin plus ganciclovir 
versus cytomegalovirus hyperimmune globulin alone in high-risk heart 
transplant recipients. Transplantation 2004; 77:890.

 129. Egan JJ, Barber L, Lomax J, et al: Detection of human cytomegalovirus 
antigenemia: a rapid diagnostic technique for predicting cytomegalovi-
rus infection/pneumonitis in lung and heart transplant recipients. Thorax 
1995; 50:9.

 130. Devyatko E, Zuckermann A, Ruzicka M, et al: Pre-emptive treatment 
with oral valganciclovir in management of CMV infection after cardiac 
transplantation. J Heart Lung Transplant 2004; 23:1277.

 131. Wiltshire H, Hirankarn S, Farrell C, et al: Pharmacokinetic profile of 
ganciclovir after its oral administration and from its prodrug, valgan-
ciclovir, in solid organ transplant recipients. Clin Pharmacokinet 2005; 
44:495.

 132. Gray J, Wreghitt TG, Pavel P, et al: Epstein-Barr virus infection in heart 
and heart-lung transplant recipients: incidence and clinical impact. J 
Heart Lung Transplant 1995; 14:640.

 133. Montoya JG, Chaparro SV, Celis D, et al: Invasive aspergillosis in the 
setting of cardiac transplantation. Clin Infect Dis 2003; 37:S281.

 134. Patterson TF, Kirkpatrick WR, White M, et al: Invasive aspergillosis: 
disease spectrum, treatment practices, and outcomes. Aspergillus Study 
Group. Medicine (Baltimore) 2000; 79:250.

 135. Cardenal R, Medrano FJ, Varela JM, et al: Pneumocystis carinii pneumo-
nia in heart transplant recipients. Eur J Cardiothorac Surg 2001; 20:799.

 136. Lehto JT, Anttila VJ, Lommi J, et al: Clinical usefulness of bronchoal-
veolar lavage in heart transplant recipients with suspected lower respira-
tory tract infection. J Heart Lung Transplant 2004; 23:570.

 137. Speirs GE, Hakim M, Wreghitt TG: Relative risk of donor transmitted 
Toxoplasma gondii infection in heart, liver and kidney transplant recipi-
ents. Clin Transplant 1988; 2:257.

 138. Cermakova Z, Ryskova O, Pliskova L: Polymerase chain reaction for 
detection of Toxoplasma gondii in human biological samples. Folia Micro-
biol (Praha) 2005; 50:341.

 139. Costanzo MR, Naftel DC, Pritzker MR, et al: Heart transplant coronary 
artery disease detected by coronary angiography: a multi-institutional 
study of preoperative donor and recipient risk factors. Cardiac Trans-
plant Research Database. J Heart Lung Transplant 1998; 17:744.

 140. Avery RK: Cardiac-allograft vasculopathy. N Engl J Med 2003; 349:829.
 141. Caforio AL, Tona F, Fortina AB, et al: Immune and nonimmune pre-

dictors of cardiac allograft vasculopathy onset and severity: multivariate  
risk factor analysis and role of immunosuppression. Am J Transplant 
2004; 4:962.

 142. Valantine H: Cardiac allograft vasculopathy after heart transplantation: 
risk factors and management. J Heart Lung Transplant 2004; 23:S187.

 143. Day JD, Rayburn BK, Gaudin PB, et al: Cardiac allograft vasculopathy: 
the central pathogenic role of ischemia-induced endothelial cell injury. J 
Heart Lung Transplant 1995; 14:S142.

 144. Hollenberg SM, Klein LW, Parrillo JE, et al: Coronary endothelial dys-
function after heart transplantation predicts allograft vasculopathy and 
cardiac death. Circulation 2001; 104:3091.

 145. Kass M, Haddad H: Cardiac allograft vasculopathy: pathology, preven-
tion and treatment. Curr Opin Cardiol 2006; 21:132.

 146. Mehra MR, Crespo-Leiro MG, Dipchand A et al: International Society 
for Heart and Lung Transplantation working formulation of a standard-
ized nomenclature for cardiac allograft vasculopathy-2010. J Heart Lung 
Transplant 2010; 29:717-727.

 147. Prada-Delgado O, Estevez-Loureiro R, Paniagua-Martin MJ, Lopez-Sainz 
A, Crespo-Leiro MG: Prevalence and prognostic value of cardiac allograft 
vasculopathy 1 year after heart transplantation according to the ISHLT 
recommended nomenclature. J Heart Lung Transplant 2012;  31: 332-333.

 148. Kobashigawa JA, Tobis JM, Starling RC, et al: Multicenter intravascular 
ultrasound validation study among heart transplant recipients: outcomes 
after five years. J Am Coll Cardiol 2005; 45:1532.

 149. Smart FW, Ballantyne CM, Farmer JA, et al: Insensitivity of noninvasive 
tests to detect coronary artery vasculopathy after heart transplant. Am J 
Cardiol 1991; 67:243.

 150. Redonnet M, Tron C, Koning R, et al: Coronary angioplasty and stent-
ing in cardiac allograft vasculopathy following heart transplantation. 
Transplant Proc 2000; 32:463.

 151. Mehra MR, Ventura HO, Smart FW, et al: Impact of converting enzyme 
inhibitors and calcium entry blockers on cardiac allograft vasculopathy: 
from bench to bedside. J Heart Lung Transplant 1995; 14:S246.

 152. Kobashigawa JA, Katznelson S, Laks H, et al: Effect of pravastatin on 
outcomes after cardiac transplantation. N Engl J Med 1995; 333:621.

 153. Mancini D, Pinney S, Burkhoff D, et al: Use of rapamycin slows progres-
sion of cardiac transplantation vasculopathy. Circulation 2003; 108:48.

 154. Eisen HJ, Tuzcu EM, Dorent R, et al: Everolimus for the prevention of 
allograft rejection and vasculopathy in cardiac transplant recipients. N 
Engl J Med 2003; 349:847.

 155. Mancini D, Vigano M, Pulpon LA, et al: 24-month results of a multi-center 
study of Certican for the prevention of allograft rejection and vasculopathy 
in de novo cardiac transplant recipients. Am J Transplant 2003; 3:550.

 156. Haverich A, Tuzcu EM, Viganò M, et al: Certican in de novo cardiac 
transplant recipients: 24-month follow-up. J Heart Lung Transplant 
2003; 22:S140.

 157. Eisen H, Kobashigawa J, Starling RC, et al: Improving outcomes in heart 
transplantation: the potential of proliferation signal inhibitors. Trans-
plant Proc 2005; 37:4S.

 158. Senechal M, Dorent R, du Montcel ST: End-stage renal failure and 
cardiac mortality after heart transplantation. Clin Transplant 2004; 18:1.

 159. Arizon del Prado JM, Aumente Rubio MD, Cardenas Aranzana M, 
et al: New strategies of cyclosporine monitoring in heart transplantation: 
initial results. Transplant Proc 2003; 35:1984.

 160. Citterio F: Evolution of the therapeutic drug monitoring of cyclospo-
rine. Transplant Proc 2004; 36:420S.

 161. Angermann CE, Stork S, Costard-Jackle A: Reduction of cyclosporine 
after introduction of mycophenolate mofetil improves chronic renal 
dysfunction in heart transplant recipients: the IMPROVED multicentre 
study. Eur Heart J 2004; 25:1626.

 162. Fernandez-Valls M, Gonzalez-Vilchez F, de Prada JA, et al: Sirolimus as 
an alternative to anticalcineurin therapy in heart transplantation: experi-
ence of a single center. Transplant Proc 2005; 37:4021.

 163. Groetzner J, Meiser B, Landwehr P, et al: Mycophenolate mofetil and 
sirolimus as calcineurin inhibitor-free immunosuppression for late 
cardiac-transplant recipients with chronic renal failure. Transplantation 
2004; 77:568.

 164. Ventura HO, Mehra MR, Stapleton DD, et al: Cyclosporine-induced 
hypertension in cardiac transplantation. Med Clin North Am 1997; 
81:1347.

 165. Taylor DO, Barr ML, Radovancevic B, et al: A randomized, multi-center 
comparison of tacrolimus and cyclosporine immunosuppressive regi-
mens in cardiac transplantation: decreased hyperlipidemia and hyperten-
sion with tacrolimus. J Heart Lung Transplant 1999; 18:336.

 166. Brozena SC, Johnson MR, Ventura H, et al: Effectiveness and safety of 
diltiazem or lisinopril in treatment of hypertension after heart transplan-
tation: results of a prospective, randomized multicenter trial. J Am Coll 
Cardiol 1996; 27:1707.

Cohn_ch60_p1299-1330.indd   1329 08/05/17   4:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1330 Part X Transplant and Mechanical Circulatory Support

 167. Starling RC, Cody RJ: Cardiac transplant hypertension. Am J Cardiol 
1990; 65:106.

 168. Ippoliti G, Rinaldi M, Pellegrini C, et al: Incidence of cancer after 
immunosuppressive treatment for heart transplantation. Crit Rev Oncol 
Hematol 2005; 56:101.

 169. Hanto DW, Sakamoto K, Purtilo DT, et al: The Epstein-Barr virus in 
the pathogenesis of posttransplant lymphoproliferative disorders. Surgery 
1981; 90:204.

 170. Swinnen LJ, Costanzo-Nordin MR, Fisher SG, et al: Increased incidence 
of lymphoproliferative disorder after immunosuppression with the 
monoclonal antibody OKT3 in cardiac transplant recipients. N Engl J 
Med 1990; 323:1723.

 171. El-Hamamsy I, Stevens LM, Carrier M, et al: Incidence and prognosis of 
cancer following heart transplantation using RATG induction therapy. 
Transplant Int 2005; 18:1280.

 172. Frohlich GM, Rufibach K, Enseleit F et al: Statins and the risk of cancer 
after heart transplantation. Circulation 2012; 126:440-447.

 173. Kirklin JK, Benza RL, Rayburn BK, et al: Strategies for minimizing 
hyperlipidemia after cardiac transplantation. Am J Cardiovasc Drugs 
2002; 2:377.

 174. Bianda T, Linka A, Junga G, et al: Prevention of osteoporosis in heart 
transplant recipients: a comparison of calcitriol with calcitonin and 
pamidronate. Calcif Tissue Int 2000; 67:116.

 175. Mueller XM, Tevaearai HT, Stumpe F, et al: Gastrointestinal disease fol-
lowing heart transplantation. World J Surg 1999; 23:650.

 176. Radovancevic B, McGiffin DC, Kobashigawa JA, et al: Retransplanta-
tion in 7290 primary transplant patients: a 10-year multi-institutional 
study. J Heart Lung Transplant 2003; 22:862.

 177. Srivastava R, Keck BM, Bennett LE, et al: The result of cardiac retrans-
plantation: an analysis of the joint International Society of Heart Lung 
Transplantation/United Network for Organ Sharing Thoracic Registry. 
Transplantation 2000; 4:606.

 178. Kilic A, Weiss ES, George TJ, et al. What predicts long-term survival 
after heart transplantation? An analysis of 9,400 ten-year survivors. Ann 
Thorac Surg 2012; 93:699-704.

 179. Khan MS, Mery CM, Zafar F, et al: Is mechanically bridging patients 
with a failing cardiac graft to retransplantation an effective therapy? 
Analysis of the United Network of Organ Sharing database. J Heart Lung 
Transplant 2012; 31:1192-1198.

 180. Haddad H: Cardiac retransplantation: an ethical dilemma. Curr Opin 
Cardiol 2006; 21:118.

 181. Lim E, Ali Z, Ali A, et al: Comparison of survival by allocation to medi-
cal therapy, surgery, or heart transplantation for ischemic advanced heart 
failure. J Heart Lung Transplant 2005; 24:983.

 182. Luckraz H, Goddard M, Charman SC, et al: Early mortality after car-
diac transplantation: should we do better? J Heart Lung Transplant 2005; 
24:401.

 183. Rasmusson K, Brunisholz K, Budge D, et al: Peripartum cardiomyopa-
thy: post-transplant outcomes from the United Network for Organ Shar-
ing Database. J Heart Lung Transplant 2012; 31:180-186.

 184. Politi P, Piccinelli M, Poli PF, et al: Te n years of “extended” life: quality of 
life among heart transplantation survivors. Transplantation 2004; 78:257.

 185. Kilic A, Conte JV, Shah AS, Yuh DD: Orthotopic heart transplanta-
tion in patients with metabolic risk factors. Ann Thorac Surg 2012; 
93:718-724.

 186. Allen JG, Weiss ES, Arnaoutakis GJ, et al: Insurance and education 
predict long-term survival after orthotopic heart transplantation in the 
United States. J Heart Lung Transplant 2012; 31:52-60.

 187. Pettit SJ, Jhund PS, Hawkins NM, et al: How small is too small? A sys-
tematic review of center volume and outcome after cardiac transplanta-
tion. Circ Cardiovasc Qual Outcomes 2012; 5:783-790.

 188. Arnaoutakis GJ, George TJ, Allen JG, et al: Institutional volume and 
the effect of recipient risk on short-term mortality after orthotopic heart 
transplant. J Thorac Cardiovasc Surg 2012; 143:157-167 (67e1).

 189. Kilic A, Weiss ES, Yuh DD, et al: Institutional factors beyond procedural 
volume significantly impact center variability in outcomes after ortho-
topic heart transplantation. Ann Surg 2012; 256:616-623.

 190. Russo MJ, Chen JM, Hong KN, et al: Survival after heart transplanta-
tion is not diminished among recipients with uncomplicated diabetes 
mellitus: an analysis of the United Network of Organ Sharing database. 
Circulation. 2006 Nov 21; 114(21):2280-2287. Epub 2006 Nov 6.

 191. Zaidi AR, Zaidi A, Vaitkus PT: Outcome of heart transplantation in 
patients with sarcoid cardiomyopathy. J Heart Lung Transplant 2007; 
26(7):714-717.

 192. Kpodonu J, Massad MG, Caines A, Geha AS: Outcome of heart trans-
plantation in patients with amyloid cardiomyopathy. J Heart Lung Trans-
plant 2005; 24(11):1763-1765.

 193. Nwakanma LU, Williams JA, Weiss ES, et al: Influence of pretransplant 
panel-reactive antibody on outcomes in 8,160 heart transplant recipients in 
recent era. Ann Thorac Surg 2007; 84(5):1556-1562; discussion 1562-1563.

 194. Weiss ES, Nwakanma LU, Patel ND, Yuh DD: Outcomes in patients 
older than 60 years of age undergoing orthotopic heart transplanta-
tion: an analysis of the UNOS database. J Heart Lung Transplant 2008; 
27(2):184-191.

 195. Weiss ES, Allen JG, Russell SD, et al: Impact of recipient body mass index 
on organ allocation and mortality in orthotopic heart transplantation. J 
Heart Lung Transplant 2009; 28(11):1150-1157. Epub 2009 Sep 26.

 196. Pal JD, Piacentino V, Cuevas AD, et al: Impact of left ventricular assist 
device bridging on posttransplant outcomes. Ann Thorac Surg 2009; 
88(5):1457-1461; discussion 1461.

 197. Shuhaiber J, Hur K, Gibbons R: Does the type of ventricular assisted 
device influence survival, infection, and rejection rates following heart 
transplantation? J Card Surg 2009; 24(3):250-255.

 198. Weiss ES, Meguid RA, Patel ND, et al: Increased mortality at low-
volume orthotopic heart transplantation centers: should current stan-
dards change? Ann Thorac Surg 2008; 86(4):1250-1259; discussion 
1259-1260.

 199. Orlic D, Kajstura J, Chimenti S: Bone marrow cells regenerate infarcted 
myocardium. Nature 2001; 410:701.

Cohn_ch60_p1299-1330.indd   1330 08/05/17   4:12 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1331

Human lung transplantation, performed as a single lung, dou-
ble lung, or heart-lung bloc, has emerged as a life-saving pro-
cedure for patients with end-stage pulmonary disease. With 
improvement of operative techniques, organ preservation, 
and immunosuppressive regimens, combined heart-lung and 
isolated lung transplantation have become common treat-
ments for patients with a variety of end-stage disease entities. 
To date, 3703 combined heart-lung transplants and 43,428 
lung transplants have been reported worldwide.1 Although 
the number of heart-lung transplants performed annually 
has declined in recent years, the number of single-lung trans-
plantation (SLT) procedures remains stable, accompanied 
by a steady increase in bilateral lung transplant procedures 
(Fig. 61-1). Clinical progress in thoracic organ transplanta-
tion has been considerable, yet significant barriers that limit 
the scope of these procedures still remain. These include 
donor organ shortage, limited preservation techniques, graft 
rejection, and infectious complications. This chapter summa-
rizes the state of the art in combined heart-lung and isolated 
lung transplantation.

LUNG TRANSPLANTATION
History of Lung Transplantation
In 1949, Henry Metras described many of the important 
technical concepts for lung transplantation, including pres-
ervation of the left atrial cuff for the pulmonary venous 
anastomoses and reimplantation of an aortic patch con-
taining the origin of the bronchial arteries to prevent bron-
chial dehiscence.2 Airway dehiscence was a major obstacle 
in experimental lung transplantation, and he proposed that 
preservation of the bronchial arterial supply was critical to 
airway healing. Unfortunately, this technique was technically 
cumbersome and never gained widespread popularity. In 
the 1960s, Blumenstock and Khan advocated transection 
of the transplant bronchus close to the lung parenchyma 
to prevent ischemic bronchial necrosis.3 Additional surgical 
modifications were developed to prevent bronchial anasto-
motic complications, including telescoping of the bronchial 
anastomosis, described by Veith in 1970,4 and coverage of 
the anastomosis with an omental pedicle flap, described by 

the Toronto group in 1982.5 Corticosteroids were found to 
be another contributor to poor bronchial healing,6 a problem 
ameliorated by the introduction of cyclosporine immunosup-
pression. Thus, by the 1970s, the stage was set for successful 
lung transplantation in the human.

The first human lung transplant was described in 1963 
by Hardy and colleagues at the University of Mississippi.7 
The patient, a 58-year-old man with lung cancer, survived 
18 days postoperatively. Over the next two decades, nearly 
40 lung transplants were performed without long-term suc-
cess. In 1986, the Toronto Lung Transplant Group reported 
the first successful series of single-lung transplants with long-
term survival.8 Improved immunosuppression, along with 
careful recipient and donor selection, was pivotal to their suc-
cess. For patients with bilateral lung disease, en bloc double 
lung replacement was introduced by Patterson in 1988 as an 
alternative to heart-lung transplantation with a domino pro-
cedure in which the explanted heart was offered to a second 
recipient with end-stage heart disease.9 This technique was 
later replaced by sequential bilateral lung transplantation, 
described by Pasque and colleagues in 1990.10 More recent 
operative innovations include living lobar transplantation, 
performed for the first time by Vaughn Starnes at Stanford 
in 1992.11

Lung transplantation has seen a steady growth over the 
past decade, with over 3800 procedures reported to the 
International Society for Heart and Lung Transplantation 
(ISHLT) registry in 2013.1 Currently there are 153 centers 
reporting lung transplant data, with more than half of these 
performing more than 10 transplants per year. Although the 
number of single-lung transplants performed has been rela-
tively stable since the mid-1990s, bilateral lung transplant 
procedures have shown a consistent growth in volume.1

Indications for Lung Transplantation
GENERAL GUIDELINES
Organ allocation for lung transplantation underwent a major 
change in 2005 that has significantly affected the process of 
recipient selection. Historically, lung allocation was deter-
mined strictly by the amount of time a patient spent on the 

Lung Transplantation and 
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1332 Part X Transplant and Mechanical Circulatory Support

waiting list (matching for size and blood group). Conse-
quently, the limited supply of donor organs resulted in an 
increasing number of patients on the waiting list with pro-
gressively longer wait times (Fig. 61-2).12 To address these 
shortcomings, the organ allocation system was revised in 
2005 to prioritize medical urgency and expected outcome 
after transplantation. Under this system, prioritization is 
based on a lung allocation score (LAS) that is calculated based 
on the following clinical criteria: age, height, weight, lung 
diagnosis code, functional status, diabetes, assisted ventila-
tion, supplemental O2 requirement, percent predicted forced 
vital capacity (FVC), pulmonary artery systemic pressure, 
mean pulmonary artery pressure, pulmonary capillary wedge 
pressure, current PCO2, highest PCO2, lowest PCO2, change 
in PCO2, 6-minute walk distance, and serum creatinine. 
These values can be entered into an online calculator to derive 
the LAS (https://optn.transplant.hrsa.gov/resources/alloca-
tion-calculators/las-calculator/). Based on these criteria, the 
waitlist urgency measure (defined as the expected number of 

days during the next year on the waiting list without a trans-
plant) is subtracted from the posttransplant survival measure 
(defined as the expected number of days lived during the first 
year after transplantation) to determine the net transplant 
benefit. This raw allocation score is then normalized to a scale 
of 0 to 100 to calculate the LAS. In this scoring system, post-
transplant survival is limited to 1 year because the predictive 
variables are only relevant in the early postoperative period.13

The rationale for approaching recipient selection from 
the perspective of transplant benefit is based on the premise 
that patient selection for lung transplantation must balance 
the anticipated survival after transplantation (currently at a 
median of 5 years) with projected life expectancy on the wait-
ing list. Although waiting times have historically averaged 
432 days, the institution of the LAS has reduced this period 
to an average of 262 days.14 Nevertheless, mortality while on 
the waiting list remains at nearly 20%, so it is imperative to 
identify recipients as early as possible within the “transplant 
window.”15 Ideally, recipient evaluation should select indi-
viduals with progressively disabling pulmonary disease who 
still possess the capacity for full rehabilitation after transplan-
tation. Much of the current success in lung transplantation 
stems from improvement in recipient selection, because early 
attempts were thwarted by selection of patients with pro-
hibitive operative risk factors. Candidates should have a less 
than 50% 2- to 3-year predicted survival despite appropriate 
medical or alternative surgical strategies. Disabling symp-
toms prompting consideration for transplantation typically 
include dyspnea, cyanosis, syncope, and hemoptysis. Poten-
tial recipients are identified by their local primary physicians 
and referred to transplantation centers for further evaluation.

Tests required for transplant listing are reviewed in 
Table 61-1. Diagnostic studies that are particularly useful in 
evaluating potential recipients include full pulmonary func-
tion tests, an exercise performance test, electrocardiogram, 
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 Chapter 61 Lung Transplantation and Heart-lung Transplantation 1333

echocardiogram, 24-hour creatinine clearance, and liver func-
tion tests. Former smokers must undergo screening to exclude 
smoking-related illnesses, such as peripheral vascular disease 
and malignancy. A negative sputum cytology, thoracic com-
puted tomographic (CT) scan, bronchoscopy, otolaryngologic 
evaluation, and carotid duplex scan are required. In addition, 
left heart catheterization and coronary angiography should 
be performed in recipient candidates who have a history of 
smoking.

Patients deemed suitable for transplantation during the 
initial evaluation are subjected to a final phase of testing 
(see Table 61-1). If accepted by the transplant review com-
mittee, they are listed on the national transplant registry 
based on LAS. Listed candidates should be seen every 3 to 
6 months at the transplant center and regularly by their pri-
mary physicians, to maintain optimal medical condition. If 
appropriate, a period of exercise rehabilitation and nutri-
tional modification may be initiated. Most transplant centers 
require patients to reside within several hours of the center by 
automobile or air charter.

ABO compatibilities are strictly adhered to, because iso-
lated cases of hyperacute rejection have been reported in 
transplants performed across ABO barriers.16 Donor-to-
recipient lung volume matching is an important consider-
ation. According to the 27th-30th ISHLT registry reports, 
taller donor heights have been shown to correlate with a lower 
risk for 1-year posttransplant mortality.1,17 A range of accept-
able donor heights is mandated at the time of patient list-
ing. However, the best parameter for size matching remains 
controversial.

Height alone is an important predictor of lung size, yet 
gender affects lung size independently of height.18 Therefore, 
another parameter commonly reported is the predicted total 
lung capacity (pTLC), which is calculated from a regression 
equation based on both gender and height. The pTLC of a 
170-cm male is 6.5 L while that of a 170-cm female is 5.4 L, 
illustrating the importance of gender considerations and the 
utility of the pTLC.

Current ISHLT Guidelines recommend that donor pTLC 
should be matched to within 75 to 125% of the recipients 
pTLC.19 Eberlein and colleagues evaluated a pTLC donor-
to-recipient ratio (pTLC donor/pTLC recipient) in a retro-
spective registry study of over 10,000 patients and found an 
association between a high pTLC ratio (suggesting an over-
sized allograft) and improved survival after lung transplant.20 
The authors concluded that the pTLC ratio is an indepen-
dent predictor of death in the first year after lung transplant 
and should therefore be carefully considered.

Preoperative comparison of donor and recipient chest 
tomography typically involves matching the vertical (apex 
to diaphragm along the midclavicular line) and transverse 
(level of diaphragmatic dome) radiologic dimensions. Donor 
lung dimensions should not be greater than 4 cm over those 
of the recipient. If needed, donor lungs may be downsized 
by lobectomy or wedge resection. As high-resolution three-
dimensional CT imaging and advanced software becomes 
more readily available, lung-size-matching using newer tech-
nologies continues to emerge.21

In contrast to renal transplantation, HLA matching is not 
a criterion for thoracic organ allocation. Because only short 
ischemic times are tolerated by lung and heart-lung blocs, it 
is not possible to perform this tissue typing preoperatively.22 
However, several retrospective studies have been performed 
evaluating the influence of HLA matching on long-term graft 
survival and development of obliterative bronchiolitis (OB). 

TABLE 61-1: Typical Laboratory 
Tests and Studies Obtained During 
Recipient Evaluation for Heart-lung and 
Lung Transplantation

Suitability for Transplantation (Phase I)
Required Laboratory Tests and Studies
 CBC with differential, platelet, and reticulocyte count
 Blood type and antibody screen (ABO, Rh)
 Prothrombin and activated partial thromboplastin time (PT, aPTT)
 Bleeding time
 Immunology panel (FANA, RF)
 Electrolytes, including Mg2

 CK with isoenzymes
 Serum protein electrophoresis
 Urinalysis
 Viral serologies
  Compromised host panel (cytomegalovirus, adenovirus,
  Varicella-Zoster, herpes simplex, Epstein-Barr virus)
   Hepatitis A, B, and C antibodies, Hepatitis B surface antigen 

(HBsAg)
  Cytomegalovirus (quantitative antibodies and IgM)
  Human immunodeficiency virus
 Electrocardiogram
 Chest x-ray
Studies Obtained as Indicated
 Echocardiogram with bubble study
 MUGA for right and left ventricular ejection fraction
 Cardiac catheterization with coronary angiogram
 Thoracic CT scan
 Quantitative ventilation-perfusion scans
 Carotid duplex
 Mammogram
 Colonoscopy
 Sputum for Gram stain, AFB smear, KOH, and routine
  bacterial, mycobacterial, and fungal cultures
Required For Listing (Phase II)
HLA and DR typing
Transplant antibody
Quantitative immunoglobulins
Histoplasma, Coccidioides, and Toxoplasma titers
PPD
Pulmonary function tests with arterial blood gases
12-Hour urine collection for creatinine clearance and total protein
Urine viral culture
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Wisser and colleagues examined the relationship between 
HLA matching and long-term survival in 78 lung transplant 
recipients, finding improved graft survival with matching at 
the HLA-B locus.23 In a retrospective study of 74 lung trans-
plant patients, Iwaki and coworkers also correlated match-
ing at the HLA-B and HLA-DR loci with improved graft 
survival.24 These studies suggest a relationship between HLA 
matching and long-term graft function.

Once an appropriate donor-recipient pairing is made, the 
recipient is screened for preformed antibodies against a panel 
of random donors. A percent reactive antibody (PRA) level 
greater than 25 prompts a prospective-specific crossmatch 
between the donor and recipient. A positive crossmatch indi-
cates the presence of antidonor circulating antibodies in the 
recipient, which would likely lead to hyperacute rejection. In 
the event of a positive crossmatch, the donor organ cannot be 
accepted for that recipient.

DISEASE-SPECIFIC GUIDELINES
Common indications for lung transplantation are listed in 
Table 61-2, with listing criteria given in Table 61-3.

Chronic obstructive pulmonary disease (COPD) repre-
sents the most common indication for lung transplantation, 
accounting for 36% of lung transplants performed each 
year.25 Decision making with respect to referral for trans-
plantation and listing is based on worsening clinical dete-
rioration as quantified by the BODE index. This predictive 
tool takes into account body mass index (B), degree of air-
flow obstruction (O), dyspnea (D, measured by the modi-
fied Medical Research Council MMRC dyspnea scale), and 
exercise capacity (E, measured by a 6-minute walk test).26 

The BODE index score ranges from 0 to 10, and patients 
are considered for transplant with a score of 7 to 10, because 
median survival in this cohort is only 3 years.26 In patients 
with COPD who have apically predominant emphysema, 
lung volume reduction surgery (LVRS) may represent an 
alternative strategy to postpone or eliminate the need for 
transplantation. Patients who have undergone pleurodesis or 
who have advanced disease (FEV1 and DLco < 20% or sig-
nificant pulmonary hypertension) are not eligible for LVRS.27 
Based on the National Emphysema Treatment Trial, which 
studied the benefit of LVRS, a cohort of transplant-eligible 
high-risk patients (median survival of 3 years with medical 
therapy) was identified in which FEV1 was less than 20% and 
either DLCO less than 20% or homogeneously distributed 
emphysema was present.27 The decision to perform single- 
versus double-lung transplantation (DLT) in a patient with 
COPD must take into account the patient’s ability to toler-
ate single-lung ventilation, cardiopulmonary bypass, and the 
risk of ventilation-perfusion mismatch in single-lung trans-
plant when compressive atelectasis and restriction occurs in 
the donor lung. Interestingly, a statistical model derived from 
United Network for Organ Sharing (UNOS) data between 
1987 and 2004 estimated that 45% of COPD patients would 
gain a survival benefit of 1 year after double-lung transplant, 
compared with only 22% of patients who underwent single-
lung transplant.28

Idiopathic pulmonary fibrosis (IPF) represents the second 
most common indication for lung transplantation world-
wide, accounting for just over 20% of all lung transplants.17 
Median survival from the time of diagnosis is only 2.5 to 
3.5 years, suggesting that transplant referral should be made 
as soon as histologic or radiographic evidence of the disease 

TABLE 61-2: Indications for Lung Transplantation from January 1995 Through June 2013

Diagnosis SLT (n = 15,321) No. (%) BLT (n = 26,579) No. (%) Total (n = 41,900) No. (%)

COPD/emphysema 6594 (43.0) 7078 (26.6) 13,672 (32.6)
IPF 5354 (34.9) 4825 (18.2) 10,179 (24.3)
Cystic fibrosis 234 (1.5) 6628 (24.9) 6862 (16.4)
AAT 771 (5.0) 1572 (5.9) 2343 (5.6)
IPAH 92 (0.6) 1158 (4.4) 1250 (3.0)
Sarcoidosis 280 (1.8) 776 (2.9) 1056 (2.5)
Bronchiectasis 62 (0.4) 1069 (4.0) 1131 (2.7)
LAM 138 (0.9) 302 (1.1) 440 (1.1)
Congenital heart disease 58 (0.4) 291 (1.1) 349 (0.8)
OB 105 (0.7) 351 (1.3) 456 (1.1)
Retransplant      
 OB 312 (2.0) 379 (1.4) 691 (1.6)
 Not OB 205 (1.3) 227 (0.9) 432 (1.0)
Interstitial pneumonitis 32 (0.3) 29 (0.2) 61 (0.3)
Cancer 7 (0.0) 29 (0.1) 36 (0.1)
Other 255 (1.7) 515 (1.9) 770 (1.8)

UNOS data from January 1995 through June 2013. AAT, A1 anti-trypsin deficiency; COPD, chronic obstructive pulmonary disease; IPAH, idiopathic pulmonary arterial 
hypertension; IPF, idiopathic pulmonary fibrosis; OB, obliterative bronchiolitis.
Reproduced with permission from Yusen RD, Edwards LB, Kucheryavaya AY, et al: The registry of the International Society for Heart and Lung Transplantation: thirty-first 
adult lung and heart-lung transplant report—2014, J Heart Lung Transplant. 2014 Oct;33(10):1009-1024.)
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is present. Listing a patient with IPF must take into account 
the fact that many patients have an indolent form of the dis-
ease, and numerous studies have identified the following risk 
factors for rapid decline in patients with histologic or radio-
graphic evidence of IPF:29

 • DLCO less than 39% of predicted
 • 10% or greater decrement in FVC during a 6-month 

period
 • Oxygen saturation less than 88% during a 6-minute walk 

test
 • Honeycombing on CT scan

Traditionally, IPF patients have been considered for either 
SLT or DLT. However, recent data suggest that there may 

be a survival advantage for double-lung over single-lung 
transplant—particularly among high-risk patients (defined as 
LAS > 52).30

Cystic fibrosis (CF) is the third most common indication 
for lung transplant, accounting for 16% of the total number 
of transplants performed.25 In these patients, bilateral sepsis 
mandates removal of both native lungs. In a landmark study 
from the Hospital for Sick Children in Toronto, Kerem and 
colleagues established that CF patients with an FEV1 of less 
than 30% of predicted experienced a 2-year mortality rate of 
50%.31 However, subsequent risk stratification models have 
challenged these findings and presented conflicting data on 
the question of life expectancy in CF. Therefore, the current 
ISHLT guidelines state that an FEV1 less than 30% should 
prompt a referral to a transplant center with the decision to 
proceed with listing dependent on other indicators of disease 
severity such as oxygen-dependent respiratory failure, hyper-
capnia, and pulmonary hypertension.32 CF recipients should 
have an otolaryngologic evaluation before being placed on 
an active waiting list. Most of these patients require endo-
scopic maxillary antrostomies for sinus access and monthly 
antibiotic irrigation to decrease the bacterial load of the 
upper respiratory tract. This measure has decreased the inci-
dence of serious posttransplant bacterial infections.33

Idiopathic pulmonary arterial hypertension represents 3.3% 
of the total lung transplantation volume worldwide.25 Survival 
with this condition has improved dramatically with the insti-
tution of vasodilator therapy, with 5-year survival of 55% on 
epoprostenol compared with 28% among historical controls.34 
Listing for transplantation is indicated when a patient remains 
in NYHA Class III or IV after 3 months of therapy (often seen 
in the setting of declining 6-minute walk test, cardiac index of 
< 2 L/min/m2, or right atrial pressure > 15 mm Hg).29

Sarcoidosis accounts for 2.6% of all lung transplants.25 
The natural course of this disease can be highly variable, but 
in general patients should be referred for transplant if they 
develop NYHA class III or IV symptoms. Impairment of 
exercise tolerance and hypoxemia at rest, pulmonary hyper-
tension, or right atrial pressure greater than 15 mm Hg serve 
as general guidelines for listing.32

Less than 2% of all single- and bilateral-lung transplants 
are retransplantations.25 Overall, survival is poor compared 
with first-time transplantation, although certain subsets of 
patients perform better than others. In fact, the Pulmonary 
Retransplant Registry has collected data from 230 patients 
at over 40 centers and found that 1-year survival of ambu-
latory, nonventilated patients undergoing retransplantation 
after 1991 is comparable with first-time transplants.35

Impact of the Lung Allocation Score
Since the introduction of the LAS in 2005, there has been 
a decrease in waitlist time and waitlist mortality with a con-
current increase in the number of transplants performed per 
year (Fig. 61-3). Although early data have suggested that the 
1-year survival since introduction of the LAS has not changed, 
more recent data indicate that the posttransplant survival 

TABLE 61-3: Listing Criteria Specific to the 
Disease Entities Commonly Evaluated for 
Lung Transplantation

Chronic Obstructive Pulmonary Disease
 • BODE index of 7 to 10 or at least one of the following:

°° History of hospitalization for exacerbation associated with 
acute hypercapnia (PCO2 exceeding 50 mm Hg)

°° Pulmonary hypertension or cor pulmonale, or both, despite 
oxygen therapy

°° FEV1 < 20% and either DLCO < 20% or homogenous 
distribution of emphysema

Idiopathic Pulmonary Fibrosis
 • Histologic or radiographic evidence of UIP and any of the 
following:
°° A DLCO < 39% predicted
°° A 10% or greater decrement in FVC during 6 months of 
follow-up

°° A decrease in pulse oximetry < 88% during a 6-minute walk test
°° Honeycombing on HRCT (fibrosis score > 2)

Cystic Fibrosis
 • FEV1 < 30% of predicted, or rapidly declining lung function if 
FEV1 > 30% (females and patients < 18 years of age have a poorer 
prognosis; consider earlier listing) and/or any of the following:
°° Increasing oxygen requirements
°° Hypercapnia
°° Pulmonary hypertension

Idiopathic Pulmonary Arterial Hypertension
 • Persistent NYHA Class III or IV on maximal medical therapy

°° Low (350 m) or declining 6-minute walk test
°° Failing therapy with intravenous epoprostenol, or equivalent
°° Cardiac index of <2 L/min/m2

°° Right atrial pressure > 15 mm Hg
Sarcoidosis
 • NYHA functional Class III or IV and any of the following:

°° Hypoxemia at rest
°° Pulmonary hypertension
°° Elevated right atrial pressure >15 mm Hg

BODE, body mass index, airflow obstruction, dyspnea, and exercise capacity; 
HRCT, high-resolution computed tomography; NYHA, New York Heart 
Association; UIP = usual interstitial pneumonitis.
Data from Kreider M, Kotloff RM: Selection of candidates for lung transplanta-
tion, Proc Am Thorac Soc. 2009 Jan 15;6(1):20-27.
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beyond 1 year may be lower.36 This is in accordance with 
the fact that sicker patients are being prioritized, including 
more that are bridged to transplantation with extracorporeal 
membrane oxygenation (ECMO) (Fig. 61-4). Furthermore, 
the most common diagnoses are also changing, with more 

IPF and less COPD patients being selected for transplanta-
tion (Fig. 61-5)1 Long-term data revealing the impact of the 
LAS are only recently becoming available and remain under 
intense investigation.

Previously, ISHLT and UNOS registries have dem-
onstrated that DLT in COPD patients is associated with 
improved outcomes. Furthermore, SLT and DLT have shown 
similar outcomes in IPF patients. However, these data are 
largely from pre-LAS cohorts. In the post-LAS era, reanalysis 
has shown that DLT is associated with improved outcomes 
in both propensity-matched and unmatched cohorts of all-
comers undergoing lung transplantation, as well as in analy-
ses of patients specifically undergoing transplant for IPF.37 
For patients undergoing lung transplant for COPD, propen-
sity-matched cohorts in the post-LAS era show similar sur-
vival whether SLT or DLT is employed.37 These outcomes in 
the post-LAS era cohorts are contrary to previously published 
findings, and are likely explained by the fact that sicker, older 
patients with more comorbidities, of worse functional status, 
and with baseline oxygen requirements are being prioritized 
as a consequence of the LAS algorithm.

Analysis of post-LAS registry data in patients undergoing 
transplant for IPAH has revealed that those listed for trans-
plantation have significantly worse comorbidities yet have a 
lower wait-list mortality and a higher incidence of transplant 
as compared to pre-LAS era.38 Furthermore, those receiving 
double lung transplant in the post-LAS era have a survival 
advantage over those in the pre-LAS era while those receiv-
ing heart-lung transplant do not see the same survival advan-
tage when compared to the pre-LAS cohort.38 Again, these 
outcomes are contradictory to previously published registry 
analyses focused on pre-LAS cohorts.

Implementation of the LAS system
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These recent analyses help to illustrate the fact that the 
institution of the LAS has had a dramatic impact on lung 
transplantation in ways that remain largely uncharacterized. 
Ongoing evaluation of post-LAS cohorts with an emphasis 
on long-term outcomes is an area of intense focus within the 
lung-transplant community.

Contraindications to 
Lung Transplantation
There are well-established contraindications to lung trans-
plantation (Table 61-4). In general, transplantation is an 
option that is restricted to patients less than 65 years old, 
although 9% of recipients in the first half of 2008 exceeded 
this cutoff.25 Significant multisystem disease is a contrain-
dication, although multiorgan transplants have occasion-
ally been performed. Absolute contraindications include 
renal dysfunction, malignancy (bronchoalveolar carcinoma 
is a contraindication but not nonmelanoma skin cancer), 
infection with HIV, hepatitis B antigen positivity or hepa-
titis C infection with biopsy-proven liver disease, infection 
with pan-resistant respiratory flora, active or recent cigarette 
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FIGURE 61-5 Major indications for lung transplantation in adults over time. Since the introduction of the lung allocation score (LAS) in 2005 
(marked by the vertical dashed line), there have been more transplants for idiopathic pulmonary fibrosis (IPF) and less for chronic obstructive 
pulmonary disease (COPD). Figure created using the United Network for Organ Sharing (UNOS) database, based on Organ Procurement and 
Transplant Network (OPTN) data as of June 17, 2016. CF, cystic fibrosis; Alpha 1, Alpha 1-antitrypsin deficiency emphysema; IPAH, idiopathic 
pulmonary arterial hypertension; ReTX, retransplantation.)

TABLE 61-4: Recipient Contraindications to 
Lung Transplantation

Age ≥ 65 years
Significant systemic or multisystem disease (eg, peripheral or 

cerebrovascular disease, portal hypertension, poorly controlled 
diabetes mellitus)

Significant irreversible hepatic or renal dysfunction (eg, bilirubin > 
3.0 mg/dL, creatinine clearance < 50 mg/mL/min)

Active malignancy
Corticosteroid therapy (>10 mg/day)
Pan-resistant respiratory flora
Cachexia or obesity (<70% or >130% ideal body weight)
Current cigarette smoking
Psychiatric illness or history of medical noncompliance
Drug or alcohol abuse
Previous cardiothoracic surgery (considered on a case-by-case basis)
Severe osteoporosis
Prolonged mechanical ventilation
HIV
HBsAg positivity or hepatitis C infection with biopsy proven liver 

disease
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1338 Part X Transplant and Mechanical Circulatory Support

smoking, drug abuse, alcohol abuse, severe psychiatric illness, 
noncompliance with medical care, extreme obesity, progres-
sive unintentional weight loss, malnutrition, and absence of 
a consistent and reliable social support network.29 Relative 
contraindications include active extrapulmonary infection, 
symptomatic osteoporosis, and recent history of active pep-
tic ulcer disease. Cigarette smokers must quit smoking and 
remain abstinent for several months before transplantation. 
Patients with histories of previous thoracic surgery are evalu-
ated on a case-by-case basis. For patients who require sys-
temic corticosteroids, tapering to the lowest tolerable level, 
preferably below 10 mg/day, is critical to prevent airway heal-
ing complications. Finally, mechanical ventilation is generally 
considered a contraindication to transplantation; repeated 
studies have shown that these patients have significantly 
worse immediate and long-term survival after transplanta-
tion.39 It is important that recipient candidates be educated 
about lifestyle modifications necessary for the success of a 
transplant, and willingness to comply with immunosuppres-
sion regimens and extensive posttransplant medical and sur-
gical follow-up is mandatory.

Recipient Management After Listing
It is essential that a candidate’s medical condition be opti-
mized before transplantation. Supplemental oxygen is rec-
ommended for any patient exhibiting arterial hypoxemia, 
defined as either an arterial oxygen saturation less than 90% 
or an arterial PO2 less than 60 mm Hg at rest, during exertion, 
or while asleep. Fluid balance is optimized with restriction of 
dietary water and salt in conjunction with diuretic therapy. 
Care must be taken with the use of loop diuretics, as these can 
incite a metabolic alkalosis that can impair the effectiveness of 
plasma carbon dioxide as a stimulus for breathing.

Primary pulmonary hypertension often requires the use of 
supplemental oxygen to prevent hypoxia-induced pulmonary 
vasoconstriction and secondary erythropoiesis. Pulmonary 
vasodilator therapy with the use of calcium channel block-
ers and continuous prostacyclin infusions presents another 
therapeutic option in the management of these patients.40 
Although these drugs exhibit potent systemic effects and 
must be used with caution, the response rate for calcium 
channel blockers is approximately 20%. Although a favorable 
response to short-acting vasodilators during cardiac catheter-
ization is predictive of a successful response to calcium chan-
nel therapy, this trend is not seen in long-term prostacyclin 
infusion.

Interstitial lung disease in patients awaiting transplanta-
tion results from a wide variety of diffuse inflammatory pro-
cesses such as sarcoidosis, asbestosis, and collagen-vascular 
diseases. Increases in pulmonary vascular resistance leading to 
right-sided heart failure are thought to arise from interstitial 
inflammatory infiltrates that entrap and eventually destroy 
septal arterioles, thus reducing the distensibility of the remain-
ing pulmonary vessels.41 This process, coupled with closure of 
peripheral bronchioles, results in arterial hypoxemia, further 

aggravating pulmonary hypertension. Corticosteroids are the 
mainstay of treatment in this class of diseases. The adverse 
effects of steroids on airway healing are well established,6,42 
and mandate significant dose reductions in anticipation of 
transplantation.

The multisystem manifestations of CF, particularly 
chronic bronchopulmonary infection, malabsorption, mal-
nutrition, and diabetes mellitus, pose difficult management 
problems in potential transplant recipients. These patients 
require aggressive chest physiotherapy, antibiotics, enteral 
or parenteral nutritional supplementation, and tight serum 
glucose control.43

Organ Procurement and Preservation
DONOR SELECTION
Standard criteria have been established for donor selection 
(Table 61-5).44,45 Donors must have sustained irreversible 
brain death, but owing to the susceptibility of the lungs to 
edema and infection in the setting of brain death and trauma, 
suitable organs are often difficult to obtain (available in <20% 
of all organ donors).

Initial donor evaluation consists of a directed history 
and physical examination, chest x-ray, 12-lead ECG, arte-
rial blood gases, and serologic screening including human 
immunodeficiency virus (HIV), hepatitis B surface antigen, 
hepatitis C antibodies, herpes simplex virus, cytomegalovi-
rus (CMV), Toxoplasma, and RPR. A donor age of less than 
50 years is preferred. The chest x-ray should be clear and 
the arterial Po2 should exceed 140 mm Hg on an Fio2 of 
40% and 300 mm Hg on an Fio2 of 100%. Lung compli-
ance can be estimated by measuring peak inspiratory pres-
sures, which should be less than 30 cm H2O. Bronchoscopy 
should ensure the absence of purulent secretions or signs 
of aspiration. Finally, direct inspection and palpation of 
the lungs at explantation to verify full expansion of any 
atelectatic segments is an essential part of the donor organ 
evaluation.

Absolute contraindications to donation include pro-
longed cardiac arrest (30 minutes), arterial hypoxemia, active 

TABLE 61-5: Donor Selection Criteria

Age < 40 (heart-lung), <50 (lung)
Smoking history less than 20 pack-years
Arterial PO2 of 140 mm Hg on an Fio2 of 40% or 300 mm Hg on 

an Fio2 of 100%
Normal chest x-ray
Sputum free of bacteria, fungus, or significant numbers of white 

blood cells on Gram and fungal staining
Bronchoscopy showing absence of purulent secretions or signs of 

aspiration
Absence of thoracic trauma
HIV-negative
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malignancy (excluding basal cell and squamous cell carci-
noma of the skin), and positive HIV status. Relative con-
traindications include thoracic trauma, sepsis, significant 
smoking history, prolonged severe hypotension (ie, <60 mm 
Hg for >6 hours), HBsAg or hepatitis C antibodies, mul-
tiple resuscitation attempts, and a prolonged high inotropic 
requirement (eg, dopamine in excess of 15 μg/kg/min for 24 
hours). It is important to rule out correctable metabolic or 
physiologic causes of cardiac rhythm disturbances and elec-
trocardiographic anomalies (eg, brain herniation, hypother-
mia, hypokalemia).

Over the last decade, there has been a trend toward lib-
eralization of standard donor selection criteria. This strat-
egy, initiated in response to the shortage of donor organs, 
is employed at a large number of transplant centers.46-50 
Donors ranging in age from 50 to 64 years have been used 
in thoracic transplantation with good long-term graft sur-
vival.47 However, reports from the ISHLT document worse 
outcomes in recipients of lung allografts from donors older 
than 55 years who had ischemic times greater than 6 to 8 
hours.51 In this group of recipients, long-term survival is 
impaired and the risk of developing bronchiolitis obliter-
ans is increased. Smoking history is another criterion that 
has been liberalized, with conventional guidelines limiting 
donor selection to patients with less than 20 pack-years. 
Modified criteria allow for a more extensive smoking his-
tory, assuming there is no evidence of COPD or other 
lung disease on screening tests.

Traditionally, donor lungs have been ruled out for trans-
plantation based on evidence of infection. In that regard, 
prolonged ventilation before brain death and procurement 
has been viewed as a contraindication for organ selection. 
However, a positive sputum Gram stain (excluding fungus), 
which was once considered a basis for ruling out an organ 
has failed to predict the development of early pneumonia, 
impairment of oxygenation, or duration of mechanical ven-
tilation in the postoperative setting.52,53 Some groups have 
accepted donors with small pulmonary infiltrates on chest 
x-ray, although clinical correlation is necessary. Others have 
selectively used donor lungs in patients with PaO2 less than 
300 mm Hg on Fio2 of 100%. Gabbay and coworkers in 
Australia have adopted an aggressive approach to donor 
management and “organ resuscitation.”48 By manipulating 
donors with antibiotic therapy, chest physiotherapy, careful 
fluid management, ventilator adjustments, and bronchial 
toilet, 34% of donors with an initial PaO2 less than 300 mm Hg 
on Fio2 of 100% had increases in their PaO2, becoming 
acceptable donors.

Two exciting and rapidly evolving areas in the field of donor 
organ procurement include the use of allografts obtained 
from donors after cardiac death (DCD) and rehabilitation of 
rejected organs using ex vivo lung perfusion (EVLP).

In 2001, Steen and colleagues reported the first clinical 
lung transplant from a DCD donor (also known as a non-
heart-beating donor). After a 54-year-old man expired from 
an acute myocardial infarction with failed resuscitation, his 

next-of-kin consented to lung donation based on the patient’s 
prior wishes. The organ was removed and assessed ex vivo 
before being transplanted into a 54-year-old woman with 
COPD.54 The authors reported good functional results dur-
ing the first 5 months of follow-up. This landmark report not 
only introduced an era of DCD lung transplantation, but 
also the clinical application of EVLP.

Unlike an allograft obtained from a donor after brain 
death (DBD), lungs from a non-heart-beating donor are 
exposed to a prolonged period of warm-ischemic time, in 
which varying degrees of hypotension and shock precede 
organ cooling and harvest and have unknown consequence 
on donor organ function. EVLP began as a tool to assess 
the functional status of DCD lungs and ultimately evolved 
into a mechanism to both assess and rehabilitate the donor 
allografts. In 2007, Steen and colleagues reported the first 
use of EVLP to not only evaluate a previously rejected 
donor lung, but to actually rehabilitate the discarded organ 
until, by all conventional measures, it was deemed suitable 
for transplantation.55 Again, their experiment resulted in a 
landmark report demonstrating good functional outcomes 
after EVLP was utilized to rehabilitate and transplant a 
rejected donor organ.

By employment of a hyperoncotic perfusate, with care-
fully selected components to suit the metabolic needs of 
the lung, Steen’s group demonstrated the ability to reduce 
interstitial edema, improve pulmonary vascular resistance, 
and increase gas exchange until the donor organ met the 
criteria for transplantation. Others around the world, most 
notably Keshavjee’s group in Toronto, Canada, have contrib-
uted to the immense progress in advancing the techniques 
for EVLP.56,57 Multiple reports have demonstrated excellent 
clinical outcomes.57-59

With as many as 40% of the total rejected donor lungs 
having only minimal microbiologic, physiologic, or his-
tologic deficiencies, there is an incredible potential for 
organ rescue and significant increase in the donor pool.60 
Ongoing research and long-term outcomes data are highly 
anticipated, yet the impact of this technology is already 
clinically apparent and is rapidly spreading throughout the 
world.

DONOR MANAGEMENT
The overriding goal in managing the thoracic organ donor is 
to maintain hemodynamic stability and pulmonary function. 
Patients suffering from acute brain injury are often hemo-
dynamically unstable because of neurogenic shock, excessive 
fluid losses, and bradycardia. Donor lungs are prone to neu-
rogenic pulmonary edema, aspiration, nosocomial infection, 
and contusion. Continuous arterial and central venous pres-
sure monitoring, judicious fluid resuscitation, vasopressors, 
and inotropes are usually required.

Intravascular volume replacement should be limited to 
maintain the central venous pressure between 5 and 8 mm Hg. 
In general, crystalloid fluid boluses are to be avoided. 
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1340 Part X Transplant and Mechanical Circulatory Support

Diabetes insipidus is common in donors and requires the 
use of intravenous vasopressin (0.8 to 1.0 unit/h) to pre-
vent excessive urine loss. Dopamine is the standard inotro-
pic agent used to maintain adequate perfusion pressures, 
although alpha agonists (eg, phenylephrine) are often 
appropriate. Blood transfusions should be used sparingly 
to maintain a hemoglobin concentration of approximately 
10 g/dL, ensuring adequate myocardial oxygen delivery. 
CMV-negative and leukocyte-filtered blood should be 
used whenever possible. Hypothermia should be avoided 
as it predisposes to ventricular arrhythmias and metabolic 
acidosis.

With regard to mechanical ventilation, Fio2 values in 
excess of 40%, especially 100% oxygen “challenges,” should 
be avoided, because these oxygen levels may be toxic to the 
denervated lung. Ventilator settings should include positive 
end-expiratory pressures (PEEP) between 3 and 5 cm H2O 
to prevent atelectasis.

DONOR OPERATION
The donor operation is performed via a median sternotomy 
(Fig. 61-6A). After the sternum is divided, a standard chest 
retractor is placed, and both pleural spaces are opened fol-
lowed by immediate inspection of the lungs and pleural 
spaces, particularly in cases involving trauma. The lungs are 
briefly deflated, and the pulmonary ligaments are divided 
inferiorly using electrocautery. After completely excising 
the thymic remnant, the pericardium is opened vertically 
and laterally on the diaphragm and cradled during dissec-
tion of the great vessels and trachea. The ascending aorta, 
pulmonary artery, and venae cavae are dissected. Umbilical 
tapes are placed around the ascending aorta and venae cavae 
(Fig. 61-6B). The pericardium overlying the trachea is incised 
vertically, and the trachea is encircled with an umbilical 
tape between the aorta and superior vena cava at the highest 
point possible and at least four rings above the carina (see 
Fig. 61-6B). The entire anterior pericardium is excised back 
to each hilum (Fig. 61-6C).

Approximately 15 minutes before applying the aortic 
cross-clamp, prostaglandin E1 (PGE1) is infused intra-
venously, initially at a rate of 20 ng/kg/min, followed by 
incremental increases of 10 ng/kg/min to a target rate of 
100 ng/kg/min (Fig. 61-6D). During PGE1 infusion, the 
mean arterial blood pressure should be maintained at or 
above 55 mm Hg. Ventilation is continued with a Fio2 of 
40% and a PEEP of 3 to 5 cm H2O. The donor is hepa-
rinized with 30,000 units. Cannulation of the aorta and 
main pulmonary artery is performed, with care taken to 
ensure adequate flow to both branches of the pulmonary 
artery during pulmonary plegia.61 The superior vena cava is 
ligated and a transverse incision is made across the inferior 
vena cava. After the heart is allowed to empty, the aortic 
cross-clamp is applied, and 10 mL/kg of cold crystalloid 
cardioplegia, commonly the Stanford formulation, is rap-
idly infused into the aortic root with the bag under pressure 
at 150 mm Hg. The inferior vena cava is incised, and the 

left atrial appendage is amputated to avoid cardiac disten-
tion. Although the antegrade cardioplegia is being deliv-
ered, Perfadex (Vitrolife Inc., Englewood, CO) is rapidly 
flushed into the main pulmonary artery at a rate of 15 mL/
kg/min for 4 minutes. Ice-cold saline or Physiosol solution 
(Abbott Laboratories, North Chicago, IL) is immediately 
poured over the heart and lungs. During the cardioplegic 
and Perfadex infusions, ventilation is maintained with half-
normal tidal volumes of room air.

After delivery of plegic solutions, the lungs are deflated 
and the great vessels are divided. The heart is reflected ante-
riorly and a left atriotomy is performed, leaving a 2-cm cuff 
of atrium around the pulmonary vein orifices. Once this divi-
sion is complete, the heart is removed from the chest. The 
lung bloc is then dissected free along the preesophageal plane 
above the level of the carina. The lungs are inflated and the 
trachea is stapled at the highest possible point. If needed, 
the bilateral lung bloc can be further separated into left and 
right lung blocs. The left atrial cuff containing the orifices of 
the pulmonary veins is divided in half vertically. The left and 
right pulmonary arteries are divided at their junction. Finally, 
the left mainstem bronchus is stapled near its junction with 
the trachea.

Once removed from the donor, grafts are wrapped in ster-
ile gauze pads and immersed in ice-cold saline at 2 to 4°C in 
several sterile plastic bags placed within a sterile plastic con-
tainer. This, in turn, is placed in an ice-filled chest and trans-
ported to the transplant center.

ORGAN PRESERVATION AND TRANSPORT
The principal goal of preservation is to minimize injury to 
the allograft from ischemia and reperfusion.62 Ischemia-
reperfusion injury is mediated by reactive oxygen species, 
which disrupt the homeostatic mechanisms in myocytes 
and endothelial cells. As receptors for leukocyte adhesion 
molecules are upregulated and leukocyte chemotactic fac-
tors released, an inflammatory response ensues, leading to 
cellular injury. Several approaches for minimizing ischemia-
reperfusion injury have developed, including donor pretreat-
ment, use of specialized preservation solutions, and recipient 
treatments.

Hypothermia is considered by many to be the most 
important method of organ preservation. It works by reduc-
ing tissue metabolic demand by up to 99%. During explan-
tation, organs are flushed with cold plegic solutions (0 to 
10°C, depending on the institution and solution employed). 
Organs are stored at 0 to 10°C, and during implantation they 
are covered with gauze soaked in saline slush or recipients are 
cooled through CPB.

A variety of crystalloid pulmonary artery flush solu-
tions are used worldwide, and they can be divided into 
two categories based on their electrolyte compositions: 
intracellular and extracellular. Intracellular solutions con-
tain moderate-to-high concentrations of potassium and  
little calcium and sodium. Euro-Collins, University of  
Wisconsin (UW), and Cardiazol are examples. Extracellular 
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FIGURE 61-6 Donor operation for heart-lung transplantation. (A) Through a median sternotomy, adhesions are lysed and the pulmonary liga-
ments are divided inferiorly. (B) The pericardium is opened and cradled followed by dissection of the ascending aorta, venae cavae, pulmonary 
artery, and trachea. (C) The entire anterior pericardium is excised back to each hilum. (D) Cardioplegia and pulmonoplegia are infused simultane-
ously into the aorta and main pulmonary artery after aortic cross-clamping. Application of topical cold Physiosol follows immediately. (E) The 
venae cavae and aorta are divided, and the heart-lung bloc is dissected free from the esophagus and posterior hilar attachments. After the trachea is 
stapled and divided at the highest point possible, the entire heart-lung bloc is removed from the chest.
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1342 Part X Transplant and Mechanical Circulatory Support

solutions contain high concentrations of sodium and low-
to-moderate concentrations of potassium. Low-potassium 
dextran is an example of this type of solution (eg, Perfa-
dex). Although Euro-Collins is the most frequently used 
preservation solution, there is a growing body of evidence 
in support of low potassium, dextran-containing extracel-
lular solutions.63-65

Prostaglandins are commonly used for donor pretreat-
ment and as an additive in pulmonary flush solutions. The 
administration of PGE1 (a potent vasodilator) counteracts 
reflex pulmonary vasoconstriction induced by the cold flush 
and permits uniform distribution of perfusate throughout 
the lung. Studies in large animals also suggest that PGE1 
treatment may minimize reperfusion injury through its 
antiinflammatory properties.66 Another commonly used 
pretreatment strategy is steroid treatment. Administration 
of intravenous methylprednisone to the donor inactivates 
lymphocytes, which are thought to mediate ischemic lung 
graft injury.

Studies suggest that lung graft function is improved when 
the explanted organ is inflated, 100% oxygen is used for the 
inflation, and transport is carried out at 10°C.67 Research 
in the field of lung preservation has recently focused on the 
role of various flush and storage solution additives, such 
as antioxidants, which may act as free radical scavengers. 
Other additives shown to decrease reperfusion injury in 
research models include nitric oxide donors and phospho-
diesterase inhibitors. Areas of ongoing research include the 
development of leukocyte depletion strategies, examining 
the role of gene therapy to modify donor organ susceptibil-
ity to ischemia-reperfusion injury, and the development of 
colloid-based perfusates.

These preservation techniques, coupled with streamlined 
donor and recipient protocols, have permitted procure-
ments as far as 1000 miles from the transplant center. Exten-
sive communication and coordination must be maintained 
between the organ procurement agency, donor-recipient 
operative teams, medical centers, and abdominal procure-
ment teams. Worldwide, the major procurement agencies 
include the UNOS in the United States, Multiple Organ 
Retrieval in Canada, and the EURO Transplant Organiza-
tion in Europe.

Recipient Operation
The recipient operation proceeds in two phases. The first is 
excision of the native organ(s) and the second is implanta-
tion of the allograft. Cardiopulmonary bypass is occasion-
ally required for lung transplantation. Regardless, CPB 
should be available as standby at all times. In our prac-
tice, we have favored the use of CPB during bilateral lung 
transplantation for a variety of reasons. There is improved 
exposure of the hilar structures, which is particularly help-
ful in patients with dense adhesions and bronchial col-
laterals. CPB allows for early pneumonectomies without 
hemodynamic or respiratory instability, and ischemic time 

of the second lung is substantially reduced compared with 
off-CPB bilateral lung transplants. Its use also prevents 
overperfusion of the first lung graft with the entire cardiac 
output. In patients with suppurative lung disease, the use 
of CPB facilitates careful washout of the distal trachea and 
proximal bronchi to prevent contamination of the first 
implanted lung. Others prefer to avoid CPB, as it may be 
associated with increased blood loss, transfusion needs, and 
reperfusion injury. More detailed experimental and clinical 
studies are needed to resolve these questions. At present, 
the need for CBP should be determined on a case-by-case 
basis.

Anesthetic monitoring includes arterial pressure monitor-
ing, pulse oximetry, continuous electrocardiography, pulmo-
nary artery catheter monitoring, temperature monitoring, 
and urine output monitoring. The use of double-lumen 
endotracheal tubes is particularly helpful, allowing for single-
lung ventilation during certain portions of the dissection. 
Large-bore intravenous lines are placed for volume infusion. 
Transesophageal echocardiography is often performed during 
the procedure.

SINGLE LUNG TRANSPLANTATION
If possible, the poorer functioning lung (as determined 
by preoperative ventilation-perfusion scan) is selected for 
replacement. The patient is placed in a standard thoracotomy 
position with access to the groin, should CPB be needed. A 
posterolateral thoracotomy is made at the level of the fourth 
or fifth intercostal space. Adhesions are lysed and the hilar 
dissection performed. The pulmonary artery, the superior 
and inferior pulmonary veins, and the mainstem bronchus 
are isolated. A trial occlusion of the pulmonary artery is 
used to determine whether the procedure can be conducted 
without CPB. If the occlusion is tolerated, the pulmonary 
artery is ligated and divided distal to the upper lobe branch. 
The pulmonary veins are also ligated and divided. The main-
stem bronchus is stapled and divided, and the native lung is 
explanted.

The donor lung is removed from its transport container 
and prepared for implantation. The donor bronchus is 
opened and secretions are aspirated and cultured. The bron-
chus is trimmed, leaving two cartilaginous rings proximal 
to the orifice of the upper lobe. Any remaining pericardial 
and lymphatic tissue is removed, and the left atrial cuff is 
trimmed as needed. The donor lung is then placed in the 
recipient’s chest and covered with saline slush and iced lapa-
rotomy pads.

The sequence of anastomoses is a matter of preference, 
although most perform the deepest anastomosis (the bron-
chial anastomosis) first and then proceed to the more super-
ficial ones. The bronchial anastomosis is fashioned with 4-0 
polypropylene suture. We favor a continuous suture technique 
for the entire anastomosis, although the membranous portion 
can be sewn with interrupted suture. Variations on the end-
to-end bronchial anastomosis include the use of a telescoping 
technique, in which the donor bronchus is intussuscepted 
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 Chapter 61 Lung Transplantation and Heart-lung Transplantation 1343

into the recipient bronchus, and an omental pedicle flap is 
placed around the anastomosis. These techniques were devel-
oped to prevent bronchial anastomotic dehiscence but are 
now rarely performed.

Once the bronchial anastomosis is complete, attention is 
turned to the anastomoses of the pulmonary veins. A side-
biting clamp is applied to the left atrium to include the 
pulmonary veins. The recipient pulmonary vein stumps are 
opened and the intervening atrial tissue is cut. This creates 
a cuff that is anastomosed to the donor atrial remnant using 
continuous 4-0 polypropylene suture. (This suture is not tied 
down until reperfusion.) Donor and recipient pulmonary 
arteries are anastomosed with 5-0 polypropylene suture. 
Arteries must be trimmed to an appropriate length before 
fashioning the anastomosis, because kinking can occur upon 
graft inflation if the vessels are left too long. The pulmonary 
artery anastomosis is then de-aired. The lung is inflated, and 
the pulmonary artery clamp is temporarily released to allow 
flushing of air through the atrial suture line. The left atrial 
clamp is removed to allow retrograde de-airing of the atrial 
anastomosis. The pulmonary venous anastomosis is then 
secured.

After hemostasis is ensured, apical and basal chest 
tubes are inserted. The ribs are reapproximated and the 
chest is closed in standard fashion. The double lumen 
endotracheal tube is exchanged for a single-lumen tube 
and bronchoscopy is performed to evaluate the bronchial 
anastomosis.

BILATERAL LUNG TRANSPLANTATION
Bilateral lung transplantation is performed as sequential 
single-lung transplants. Although the traditional approach 
to this technique has been to access the chest via bilateral 
anterior thoracosternotomy (clamshell) incisions, we have 
recently transitioned our practice to a median sternotomy 
approach. The lung with the least amount of function (as 
determined by a preoperative ventilation-perfusion scan) is 
removed first and replaced with an allograft as described for 
SLT above. Once ventilation and perfusion are established 
in the first allograft, the remaining lung is explanted and the 
second allograft is implanted. Bilateral chest tubes are placed 
and the chest is closed. Bronchoscopy is performed to evalu-
ate the bronchial anastomoses.

Although single-lung transplants are usually performed 
off CBP, the majority of double-lung transplants are still 
performed on-pump. The use of CPB allows for improved 
exposure, shorter graft ischemic times, controlled reperfu-
sion, and the use of leukocyte-depleting filters. As the risk 
of bleeding may be increased with CPB, strategies have been 
developed to minimize the chance of hemorrhage. These 
include the use of heparin-coated CPB circuits as well as 
the argon beam coagulator. Despite these maneuvers, there 
remains considerable risk associated with CPB, and many 
centers prefer to perform all lung transplants off-pump if 
possible.

Postoperative Management
GRAFT PHYSIOLOGY
Denervation of the lungs results in a diminished cough reflex 
and impairment of mucociliary clearance mechanisms. This 
predisposes recipients to pulmonary infections and neces-
sitates aggressive postoperative pulmonary toilet.68 More-
over, in the transplanted lung, ischemia-reperfusion injury, 
along with disrupted pulmonary lymphatics, may result in 
increased vascular permeability with varying degrees of inter-
stitial edema.

CLINICAL MANAGEMENT IN THE EARLY 
POSTOPERATIVE PERIOD
Early postoperative management centers around careful 
fluid balance and ventilatory management. The primary 
objective in the immediate postoperative period is to 
maintain adequate perfusion and gas exchange while min-
imizing intravenous fluid administration, cardiac work, 
and barotrauma. Barotrauma and high airway pressures 
can compromise bronchial mucosal flow. Therefore, lower 
tidal volumes and flow rates may be necessary to limit peak 
airway pressures to less than 40 cm H2O. After arrival in 
the ICU, ventilator settings are adjusted every 30 minutes 
to achieve an arterial PO2 greater than 75 mm Hg on an 
Fio2 of 40%, an arterial carbon dioxide pressure (PaCO2) 
between 30 and 40 mm Hg, and a pH between 7.35 and 
7.45. Pulmonary toilet with endotracheal suctioning is an 
effective means of reducing mucus plugging and atelec-
tasis. Ventilatory weaning is initiated after the patient is 
stable, awake, and alert, with extubation typically achieved 
within 24 hours. Subsequent pulmonary care consists of 
vigorous diuresis, supplemental oxygen for several days, 
continued aggressive pulmonary toilet, incentive spirom-
etry, and serial chest x-rays.

A diffuse interstitial infiltrate is often found on early 
postoperative chest x-rays. Previously referred to as a reim-
plantation response, this finding is better defined as graft 
edema owing to inadequate preservation, reperfusion 
injury, or early rejection.69 It appears that the degree of pul-
monary edema is inversely related to the quality of preserva-
tion. Judicious administration of fluid and loop diuretics is 
required to maintain fluid balance and minimize this pul-
monary edema.

Early lung graft dysfunction occurs in less than 15% 
of transplants, and is manifest as persistent marginal gas 
exchange without evidence of infection or rejection.70 This 
primary graft failure often results from ischemia-reperfusion 
injury and histologically evident as diffuse alveolar damage. 
Of course, technical causes of graft failure such as pulmo-
nary venous anastomotic stenosis or thrombosis must always 
be considered. In cases of persistent, severe pulmonary graft 
dysfunction refractory to mechanical ventilatory maneuvers, 
ECMO71 and inhaled nitric oxide72 have been used success-
fully to stabilize gas exchange. Urgent retransplantation can 
also be considered if other interventions fail.
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1344 Part X Transplant and Mechanical Circulatory Support

IMMUNOSUPPRESSIVE MANAGEMENT: EARLY 
AND LATE POSTOPERATIVE REGIMENS
Immunosuppression protocols vary from center to center. 
In our practice, we typically administer induction therapy 
of either rabbit antithymocyte globulin (RATG) at a dose of 
1.5 mg/kg on POD 1, 2, 3, 5, and 7 or daclizumab at 1 mg/kg 
(first dose given in OR then every other week for four addi-
tional doses). For highly sensitized patients, plasmapheresis 
with a 1:1.5 volume exchange with fresh-frozen plasma (FFP) 
is performed intraoperatively, along with intravenous immu-
noglobulin (IVIG), which is started at 2 g/kg before releasing 
the cross-clamp. Methylprednisolone is given at 500 mg IV 
after protamine administration, and a stat retrospective cross-
match is performed.

On POD 1, T- and B-cell subset counts are performed 
and if the cytotoxic crossmatch is positive, RATG is given 
in 2 doses at 0.75 mg/kg. If the crossmatch is negative 
or pulmonary edema is present or expected from RATG, 
daclizumab is administered at 1 mg/kg and repeated every 
14 days for a total of five doses. Methylprednisolone is given 
at 125 mg IV every 8 hours for three doses, CellCept is 
given at 500 mg PO BID, and Prograf is given at 0.5 mg 
BID and titrated to a level of 12 to 15 ng/mL. On POD 2, 
prednisone is started at 0.5 mg/kg PO BID. Hereafter, the 
patient is maintained on prednisone, Prograf, and CellCept. 
For sensitized patients, plasmapheresis is repeated in a 1:1.5 
volume exchange with 1/2 5% albumin and 1/2 FFP. If the 
patient was given RATG, a second dose of 0.75 mg/kg is 
administered. Otherwise, IVIG 100 mg/kg is given. Plas-
mapheresis is repeated on POD 3 and 4, along with IVIG 
at 100 mg/kg. Plasmapheresis is completed on POD 5, 
with administration of IVIG at 1 g/kg on POD 5 and 6. 
A donor-specific antibody is sent before IVIG on POD 5 
and after IVIG on POD 6. Finally, on POD 7 T- and B-cell 
subset counts are measured (and repeated weekly thereafter) 
along with administration of Rituximab for two doses with 
one dose of 375 mg/m2 given at POD 7 and a second dose 
given a week later.

INFECTION PROPHYLAXIS
Antiviral and antifungal prophylaxis remain important com-
ponents of the postoperative management strategy in heart-
lung and lung transplant recipients. Many centers employ 
CMV prophylaxis with ganciclovir for any CMV-positive 
recipient and in any CMV-negative recipient receiving an 
allograft from a CMV-positive donor. Ganciclovir is typi-
cally given for a several week course, and can be associated 
with leukopenia. Some patients may require G-CSF if their 
white blood cell count falls below 4000. Fungal prophylaxis 
against mucosal candida infection includes use of itracon-
azole and nystatin swish and swallow. Pneumocystis carinii 
prophylaxis consists of trimethoprim-sulfamethoxazole 
or aerosolized pentamidine. In the immediate postopera-
tive period, Aspergillus colonization is inhibited by the use 
of aerosolized amphotericin B. For Toxoplasma-negative 
recipients of grafts from Toxoplasma-positive patients, 

pyrimethamine prophylaxis is maintained for the first 6 
months after transplantation.

GRAFT SURVEILLANCE: PATIENT 
FOLLOW-UP SCHEDULE
Routine clinical follow-up is required to monitor graft func-
tion and modify immunosuppressive regimens. Regular 
surveillance protocols developed to monitor graft function 
typically consist of serial pulmonary function tests, arterial 
blood gases, and bronchoscopic evaluation. Surveillance is 
usually conducted at 2, 4 to 6, and 12 weeks, followed by 
6 months after transplantation and yearly thereafter. Trans-
bronchial biopsies are obtained from each transplanted 
lung, and lavage specimens are submitted for staining (ie, 
Gram, fungal, acid-fast bacillus, silver), culture, and cytol-
ogy. In addition to routine surveillance, follow-up is often 
needed to address changes in clinical status. Complications 
related to transplantation are many, and these must be 
addressed carefully and expediently to prevent long-term 
graft failure.

Postoperative Complications
Early morbidity and mortality after lung transplantation 
(within 30 days of operation or before initial discharge from 
hospital) are most commonly a result of primary graft failure 
or infection. Late mortality is most commonly caused by OB 
or infection.73 Causes of death at various time points after 
transplantation have been compiled by the ISHLT and are 
presented in Fig. 61-7.

HEMORRHAGE
Perioperative hemorrhage is an infrequent but significant 
cause of early death in heart-lung and lung transplanta-
tion. The majority of perioperative hemorrhagic complica-
tions stem from operating in the midst of dense adhesions 
caused by previous operations or inflammation from 
chronic lung infection. As mentioned previously, meticu-
lous attention to hemostasis is mandatory, and all available 
means should be used to achieve a dry field on completion 
of the operation.

HYPERACUTE REJECTION
ABO matching of donor and recipient has decreased the rate 
of hyperacute rejection. This complication, which is almost 
universally fatal, is mediated by preformed antibodies in the 
recipient that recognize antigens on the donor vascular endo-
thelium. This humoral immune response results in activation 
of inflammatory and coagulation cascades, resulting in exten-
sive thrombosis of graft vessels and subsequent graft failure.74 
To reduce the incidence of hyperacute rejection, a prospective 
crossmatch should be performed in recipients with a PRA 
greater than 25%.

Cohn_ch61_p1331-1360.indd   1344 08/05/17   4:10 pm

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



 Chapter 61 Lung Transplantation and Heart-lung Transplantation 1345

EARLY GRAFT DYSFUNCTION AND PRIMARY 
GRAFT FAILURE
Graft dysfunction in the first few days after transplantation 
is common. It is often referred to as the “reimplantation 
response,” manifest by abnormal lung function, pulmonary 
edema, and pulmonary infiltrates on chest x-ray. This phe-
nomenon is thought to be linked to ischemia and reperfu-
sion. Other contributing factors may also include allograft 
contusion, inadequate preservation, or use of cardiopulmo-
nary bypass during transplantation. Although most cases 
are mild and resolve with supportive care, some progress to 
primary graft failure. Reported rates of primary graft failure 
following lung transplantation range between 10 and 15%. 
Treatment may include the use of ECMO and inhaled nitric 
oxide. Unfortunately, primary graft failure is associated with 
a mortality of more than 60%.70

ACUTE REJECTION
As in cardiac transplantation, the majority of acute rejection 
episodes occur within the first year after transplant at a rate 
of 36%.25 Despite its prevalence, death is very rarely a direct 
consequence of acute rejection. It is recognized, however, that 
the number and severity of acute rejection episodes is a risk 
factor for ultimately developing  obliterative bronchitis (OB).

Diagnosis of acute rejection in the early posttransplant 
period is often based on clinical parameters. Symptoms 
and signs of rejection include fever, dyspnea, impaired gas 
exchange (manifest as a decrease in arterial Po2), a diminished 
forced expiratory volume during 1 second (FEV1, a measure 

of airway flow), a fall in vital capacity (VC), and the devel-
opment of characteristic bilateral interstitial infiltrates on 
chest x-ray (Fig. 61-8). After the first postoperative month, 
the chest x-ray is frequently normal during episodes of acute 
rejection, placing greater emphasis on other clinical param-
eters characteristic of rejection.

It is often difficult to distinguish between the diagno-
sis of acute lung rejection and pulmonary infection based 
on clinical findings alone. It is of paramount importance 
to distinguish between acute rejection and infection before 
initiating therapy. Fiberoptic bronchoscopy (with transbron-
chial parenchymal lung biopsy and bronchoalveolar lavage) is 
the gold standard for the diagnosis of acute lung rejection and 
pulmonary infection. At least five biopsy specimens are taken 
from the lung allografts along with bronchoalveolar lavage, 
which is evaluated for cytology, undergoes microbial staining, 
and is cultured.75 In addition to performing bronchoscopy 
with transbronchial biopsy in response to changes in clinical 
status and graft performance, most centers maintain a sched-
ule of surveillance biopsies for lung recipients. Interestingly, 
surveillance bronchoscopy reveals occult rejection or infec-
tion in 17 to 25% of transbronchial biopsy specimens from 
asymptomatic recipients. For patients undergoing bronchos-
copy because of a change in clinical condition, 50 to 72% of 
biopsy specimens have shown evidence of rejection or infec-
tion. In most cases, positive biopsies directly guide successful 
treatment of rejection or infection.76,77 Acute lung rejection is 
histologically characterized by lymphocytic perivascular infil-
trates (Fig. 61-9). A grading scheme for acute lung rejection 
was developed by Clelland and Colin78 and is presented in 
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FIGURE 61-7 Causes of death at various periods after isolated lung transplantation. Infection is the major cause of death in the first year after 
transplant, while bronchiolitis obliterans syndrome is the major cause of death after the early post-transplant period. (Data from Yusen RD, 
Edwards LB, Kucheryavaya AY, et al: The registry of the International Society for Heart and Lung Transplantation: thirty-first adult lung and heart-
lung transplant report—2014; focus theme: retransplantation, J Heart Lung Transplant. 2014 Oct;33(10):1009-1024.)
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1346 Part X Transplant and Mechanical Circulatory Support

Table 61-6; a similar scheme was also developed by the Lung 
Rejection Study Group.75

As in cardiac transplantation, efforts are being made to 
develop noninvasive ways of diagnosing early acute lung 
rejection. Loubeyre and coworkers at the Hôpital Cardio-
vasculaire et Pneumologique report an association between 
“ground-glass” density areas seen on high-resolution com-
puted tomography (HRCT) and histologically confirmed 

acute lung rejection in heart-lung transplant recipients.79 
They found that ground-glass opacities on HRCT had a sen-
sitivity of 65% for detecting lung rejection and a specificity of 
85% for detecting an acute lung complication.

Treatment strategies for rejection involve augmentation 
of immunosuppression. At most institutions, the timing 
and severity of rejection episodes dictate therapy. A typical 
algorithm is shown in Fig. 61-10. Rejection episodes that 
are graded moderate or severe are treated with a “steroid 
pulse” (intravenous methylprednisolone 500 to 1000 mg/
day for three consecutive days), followed by augmentation 
of the oral prednisone maintenance dose to 0.6 mg/kg/day. 
This maintenance dose is then tapered to 0.2 mg/kg/day 
over 3 to 4 weeks. Clinical and radiographic improvement 

FIGURE 61-8 Acute and resolving lung rejection. (A) Chest 
radiograph illustrates bilateral infiltrates characteristic of acute pul-
monary rejection. (B) Follow-up radiograph after pulsed methyl-
prednisolone treatment of acute rejection demonstrating resolution 
of infiltrates.

FIGURE 61-9 Moderate acute lung rejection. Moderate rejection is 
characterized by perivascular mononuclear cell infiltrates with exten-
sion into the adjacent alveolar septa (H&E stain; ×200).

TABLE 61-6: Grading System for Acute 
Lung Rejection

Grade Histologic Appearance (Transbronchial Biopsy)

0 No significant inflammation; normal specimen
1 Small, infrequent perivascular infiltrates with or without 

bronchiolar lymphocytic infiltrates
2 Larger, more frequent perivascular lymphocytic 

infiltrates with or without moderate bronchiolar 
lymphocytic inflammation; occasional neutrophils 
and eosinophils

3 Extension of infiltrates into alveolar septa and alveolar 
spaces with or without bronchiolar mucosal 
ulceration
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 Chapter 61 Lung Transplantation and Heart-lung Transplantation 1347

(see Fig. 61-8B) after steroid therapy is often dramatic, rapid, 
and considered confirmatory of rejection. Mild episodes are 
initially treated by increasing oral prednisone dose, followed 
by a gradual taper over 3 to 4 weeks. Transbronchial biopsies 
are repeated 10 to 14 days following antirejection therapy to 
assess efficacy. Recurrent rejection episodes may be treated by 
a second steroid pulse and taper. Acute rejection refractory to 
steroid therapy may be treated with antilymphocyte prepa-
rations. Alternatively, primary immunosuppression may be 
switched between cyclosporine- and tacrolimus-based ther-
apy. Finally, in especially difficult cases of persistent rejection, 
total lymphoid irradiation may be useful.80

CHRONIC REJECTION
Chronic lung allograft rejection poses the greatest limitation 
to the long-term benefits of lung transplantation. Chronic 
lung rejection most commonly presents as OB. The onset of 
OB typically occurs after the first 6 months to 1 year after 
transplantation, with a steadily increasing incidence there-
after. Recent data demonstrate that 50% of lung recipients 
are diagnosed with OB by the fifth postoperative year81 
(Fig 61-11).

Transbronchial biopsies remain the “gold standard” for 
diagnosing OB. The sensitivity of transbronchial biopsy for 

Rejection resolved

Acute rejection diagnosed by transbronchial
biopsy (TBB)

Early or severe rejection

Methylprednisolone
1000 mg/day IV × 3 doses

Positive TBB

Positive TBB

Positive TBB

Negative TBB

Negative TBB

Negative TBB

Negative TBB

Rabbit antithymocyte
globulin 15 mL? dose for
7-14 days

Total lymphoid
irradiation 240-640
rads

Later or mild rejection

Prednisone 100 mg/day PO × 3
doses, then taper

FIGURE 61-10 Typical algorithm for treating acute rejection in heart-lung and lung transplant recipients.

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

%
 F

re
e 

fr
om

 b
ro

nc
hi

ol
iti

s 
ob

lit
er

an
s

sy
nd

ro
m

e

Years

Freedom from bronchiolitis obliterans syndrome
(N = 17,811)

N at risk = 12

FIGURE 61-11 Adult lung transplant recipient freedom from bronchiolitis obliterans syndrome (BOS), conditional on survival to 14 days 
(transplant follow-ups: April 1994 to June 2013). The dashed green line shows the 95% confidence intervals. (Data from Yusen RD, Edwards LB, 
Kucheryavaya AY, et al: The registry of the International Society for Heart and Lung Transplantation: thirty-first adult lung and heart-lung trans-
plant report—2014; focus theme: retransplantation, J Heart Lung Transplant. 2014 Oct;33(10):1009-1024.)
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detecting OB has been reported between 17 and 87%.76,82 
Diagnostic yield of the biopsy procedure is related to the 
number of specimens taken, and current recommendations 
advise taking at least five specimens from each transplanted 
lung. Clearly, OB is a patchy process and therefore a large 
number of samples will be falsely negative owing to sam-
pling error.

OB is a histologic diagnosis and is characterized by dense 
eosinophilic, submucosal scar tissue that partially or totally 
obliterates the lumen of small (2-mm) airways, particularly 
the terminal and respiratory bronchioles (Fig. 61-12). The 
physiologic consequences are decreased arterial Po2, FEV1, 
FEF25–75 forced expiratory flow at 25 to 75% (midrange) of 
lung volumes, and FEF50/FVC (ratio of FEF50 to forced vital 
capacity). A characteristic “bowing” of the expiratory limb 
of the flow-volume loop has also been associated with OB. 
Clinical symptoms may be nonspecific, and include cough 
and dyspnea with or without exertion. The term bronchiolitis 
obliterans syndrome (BOS) was developed to refer to patients 
who have clinical manifestations of OB with or without 
proven histologic characteristics (Table 61-7). A standard-
ized working formulation for the clinical staging of BOS was 
established by the ISHLT and is based on the ratio of the 
current FEV1 to the best posttransplant FEV1. Patients with 
a decline of 20% or greater in their FEV1 (in the absence of 
infection or other process) are diagnosed with BOS, irrespec-
tive of pathologic evidence of OB.74

Valentine and the Stanford group reported that measure-
ments of small airway function (ie, FEF25-75, FEF50/FVC) 
are more sensitive indicators of BOS than the FEV1 in bilat-
eral lung transplant recipients.83 An FEF50/FVC persistently 
below 0.7 for 6 consecutive weeks was the most sensitive pre-
dictor of OB. Approximately 50% of bilateral lung recipients 
with biopsy-proven OB developed a fall in their FEF50/FVC 

nearly 4 months before fulfilling the ISHLT working group 
criteria for BOS.

Experimental and clinical evidence suggests that the 
etiology of OB stems from the injury of the bronchial 
epithelium by one or more mechanisms. These include 
gastroesophageal reflux disease (GERD), infection (par-
ticularly CMV), chronic inflammation owing to impaired 
mucociliary clearance, and immunologic mechanisms.69 
These insults result in airway epithelial damage and, sub-
sequently, an exaggerated healing response. Along with this 
injury, there is increased expression of major histocom-
patibility class II antigens in the bronchial epithelium. In 
a recent metaanalysis, Sharples and coworkers found that 
acute rejection is a risk factor for later development of OB.84 
In keeping with this finding is the association between BOS 
and decreased levels of immunosuppression (as may occur 
with noncompliance). Lymphocytic bronchitis and bron-
chiolitis were also closely associated with development of 
OB. CMV pneumonitis, other pulmonary infections, and 
HLA mismatching are also linked to the development of 
OB in small retrospective studies. Novick and coworkers 
reported on the relationship between OB, donor age, and 
graft ischemic times.51 Using data from the ISHLT registry, 
they found a higher rate of OB at 3 years in recipients of 
grafts from donors greater than age 55 who were also sub-
jected to 6 to 8 hours of ischemia. GERD has been recently 
proposed as a mechanism for the development of OB.85 Up 
to 75% of patients have demonstrable postoperative reflux 
based on pH studies, which may result from intraopera-
tive vagal damage, impaired cough and airway mucociliary 
clearance, immunosuppression, or preexisting GERD.86 
These patients have been shown to demonstrate a survival 
benefit as well as delayed onset of BOS after antireflux sur-
gery in the postoperative setting.87,88

The current management of OB hinges on prevention, 
close surveillance, and immediate therapeutic intervention 
when patients become symptomatic or asymptomatic physi-
ologic changes occur. Patients are encouraged to perform 
incentive spirometry to prevent microatelectasis of lungs that 
are deprived of native innervation, lack bronchial circula-
tion, and have impaired mucociliary clearance mechanisms. 
Moreover, all recipients are instructed to contact their trans-
plant center or primary care physician on development of 

FIGURE 61-12 Bronchiolitis obliterans. Chronic airway rejection 
is characterized by luminal narrowing or replacement by dense eosino-
philic collagenous scar tissue. Inflammatory cells may be seen in this 
case (H&E stain; ×150).

TABLE 61-7: Working Formulation for 
Bronchiolitis Obliterans Syndrome

0a or b No significant abnormality: FEV1 80% of baseline
1a or b Mild bronchiolitis obliterans syndrome: FEV1 66-80% of 

baseline
2a or b Moderate bronchiolitis obliterans syndrome: FEV1 51-65% 

of baseline
3a or b Severe bronchiolitis obliterans syndrome: FEV1 50% of 

baseline

a = Without pathologic evidence of obliterative bronchiolitis;
b = with pathologic evidence of obliterative bronchiolitis.
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respiratory tract symptoms so that pulmonary function tests 
can be performed. Any alterations in FEF25-75, FEF50/FVC, or 
specific changes in the flow-volume loop are indications for 
bronchoscopy with bronchoalveolar lavage and transbron-
chial biopsy, especially in the absence of infectious bronchitis 
or pulmonary edema.

Augmentation of immunosuppression is the mainstay 
of therapy for BOS. The prednisone dose is increased to 
0.6 to 1.0 mg/kg/day and slowly tapered to 0.2 mg/kg/day 
while concomitantly optimizing cyclosporine and azathio-
prine dosing. Ganciclovir is reinstituted during treatment 
for those patients at risk of reactivation CMV infection, 
and antimicrobial therapy is directed against any organ-
isms isolated from bronchoalveolar lavage. Follow-up 
pulmonary function tests are performed. Pulmonary func-
tion can be stabilized in most patients, but significant 
improvement is uncommon. Unfortunately, relapse rates 
are greater than 50% and progressive pulmonary failure or 
infection because of increased immunosuppression are the 
most common causes of death in lung transplant patients 
after the second year.

Retransplantation is the only option for terminal respira-
tory failure secondary to OB. Although survival for patients 
undergoing retransplantation for OB is better than for 
those undergoing retransplantation for other reasons, it is 
still worse than survival of first-time transplant recipients. 
Novick and coworkers recently reported results from the 
Pulmonary Retransplant Registry.35 They reviewed survival 
rates in 237 patients who underwent pulmonary retrans-
plantation between 1985 and 1996. At 1, 2, and 3 years 
after retransplantation, survival was 47, 40, and 33%, 
respectively. Survival was higher in nonventilated, ambula-
tory patients and their freedom for OB was comparable to 
first-time transplant recipients. The authors conclude that 
pulmonary retransplantation should only be performed in 
carefully selected recipients who have a reasonable likelihood 
of long-term survival.

AIRWAY COMPLICATIONS
Improvements in surgical technique and posttransplant manage-
ment have resulted in a relatively low incidence of airway com-
plications after lung transplantation. Nevertheless, up to 27% 
of cases are complicated by stenosis, necrosis, or dehiscence.89 
The avoidance of perioperative steroids has long been considered 
important in preventing airway complications. However, recent 
experimental and clinical evidence suggests that the detrimental 
effect of steroids may be overestimated.90 The most common air-
way complications are partial anastomotic dehiscence and stric-
ture. Such complications are usually diagnosed by bronchoscopy. 
Airway dehiscence is treated by reoperation or close observation 
and supportive care. Strictures are treated by balloon or bougie 
dilatation, often with stent placement.

INFECTION
Bacterial, viral, and fungal infections are leading causes of 
morbidity and mortality in lung transplantation. The rate 

of infection is higher in this transplant group compared 
with other solid organ transplant recipients. This may be 
related to the lung allograft’s direct exposure to airway 
colonization and aspiration, as well as its impaired cough 
reflex and mucociliary clearance. The risk of infection and 
infection-related death peaks in the first few months after 
transplantation, declining to a low persistent rate thereaf-
ter. Posttransplant infections can be classified broadly into 
those that occur early or late after transplantation. Early 
infections, occurring within the first month after transplan-
tation, are commonly bacterial (especially Gram-negative 
bacilli) and manifest as pneumonia, mediastinitis, urinary 
tract infections, catheter sepsis, and skin infections. In the 
late posttransplant period, opportunistic viral, fungal, and 
protozoan pathogens become more prevalent. The lungs, 
central nervous system, gastrointestinal tract, and skin are 
the usual sites of invasion.

Bacterial infections, particularly caused by Gram-
negative bacteria, predominate during the early postopera-
tive period. Between 75 and 97% of bronchial washings 
obtained from donor lungs before organ retrieval culture at 
least one organism.91 Posttransplant invasive infections are 
frequently caused by organisms cultured from the donor. 
Conversely, bacterial infections developing in patients with 
septic lung disease, particularly CF, most commonly origi-
nate from the recipient’s airways and sinuses. Treatment of 
bacterial infections generally involves characterization of the 
infective agent (eg, cultures, antibiotic sensitivities), source 
control (eg, catheter removal, debridement), and appropri-
ate antibiotic regimens.

CMV infection occurs most often at 1 to 3 months after 
transplantation and presents either as a primary infection 
or reactivation of a latent infection. By definition, primary 
infection results when a previously seronegative recipient is 
infected through contact with tissue or blood from a sero-
positive individual. The donor organ itself is thought to 
be the most common vector of primary CMV infections. 
Reactivation infection occurs when a recipient who is sero-
positive prior to transplant develops clinical CMV infection 
during immunosuppressive therapy. Seropositive recipients 
are also subject to infection by new strains of CMV. Primary 
infection in previously seronegative recipients is generally 
more serious than reactivation or reinfection in seropositive 
patients.

Clinically, CMV infection has protean manifestations, 
including leukopenia with fever, pneumonia, gastroenteri-
tis, hepatitis, and retinitis. CMV pneumonitis is the most 
lethal of these, with 13% mortality, and retinitis remains the 
most refractory to treatment. Diagnosis of CMV infection 
is made by direct culture of the virus from blood, urine, or 
tissue specimens, a fourfold increase in antibody titers from 
baseline, or characteristic histologic changes (ie, markedly 
enlarged cells and nuclei containing basophilic inclusion 
bodies). Most cases respond to ganciclovir and hyperim-
mune globulin.

CMV has been implicated as a trigger for OB69 as well 
as an inhibitor of cell-mediated immunity. CMV-negative 
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donors comprise less than 20% of the donor organ pool, 
and owing to organ scarcity, most transplant centers perform 
transplants across CMV serologic barriers using ganciclovir 
and/or hyperimmune globulin prophylactic protocols in 
CMV-positive donors and/ or recipients. A study by Valan-
tine and coworkers found that the combined use of ganciclo-
vir and hyperimmune globulin was superior to ganciclovir 
alone as prophylaxis against CMV. Moreover, the ganciclovir/
hyperimmune globulin cohort had longer survival at 3 years 
and greater freedom from OB.92

Invasive fungal infections peak in frequency between 10 days 
and 2 months after transplantation. Treatment consists of flu-
conazole, itraconazole, or amphotericin B. Reichenspurner and 
coworkers have reported that the actuarial incidence and lin-
earized rate of fungal infections was significantly reduced in 
recipients who received inhaled amphotericin prophylaxis.93

The institution of prophylaxis with oral trimethoprim-
sulfamethoxazole (or inhalational pentamidine for sulfa-
allergic patients) has effectively prevented P. carinii 
pneumonia. The risk of Pneumocystis infection is highest dur-
ing the first year after transplant. However, as infections can 
also occur late after transplant, most centers recommend pro-
phylactic therapy be continued for life.

Infection prophylaxis is composed of vaccinations, 
perioperative broad-spectrum antibiotics, and long-term 
prophylactic antibiotics. Pretransplant inoculations with 
pneumococcal and hepatitis B vaccines, as well as DPT 
boosters, are recommended. All transplant recipients should 
receive annual influenza vaccinations. Although periop-
erative antibiotic regimens vary widely between transplant 
centers, first-generation cephalosporins (eg, cefazolin) or 
vancomycin are commonly used. Long-term prophylaxis 
typically includes nystatin mouthwash, trimethoprim-
sulfamethoxazole, aerosolized amphotericin B, and antivi-
rals such as acyclovir or ganciclovir.

NEOPLASM
Transplant recipients have a higher incidence of neoplasia 
than that of the general population.94 This is undoubt-
edly due to chronic immunosuppression. Recipients are 
predisposed to a variety of tumors, including skin cancer, 
B-cell lymphoproliferative disorders, carcinoma in situ of 
the cervix, carcinoma of the vulva and anus, and Kaposi’s 
sarcoma. On average, tumors appear approximately 5 years 
after transplantation.73

The incidence of B-cell lymphoproliferative disorders in 
transplant patients is a staggering 350 times greater than 
that of the normal age-matched population. Posttransplant 
lymphoproliferative disorder (PTLD) has been reported 
in 6% of lung transplant recipients.95 PTLD most com-
monly occurs within the first year after transplantation, and 
is associated with Epstein-Barr virus infection. Treatment 
consists of reducing immunosuppression and administra-
tion of an antiviral agent such as acyclovir or ganciclovir. A 
response rate of 30 to 40% can be expected, and recurrence 
is uncommon. Chemotherapy and radiotherapy have been 

used successfully in some cases. During therapy, close moni-
toring of the graft, along with clinical assessment of tumor 
status is essential.

Long-Term Results in 
Lung Transplantation
Pulmonary function measured by spirometry and arterial 
blood gases is markedly improved within several months after 
transplantation, with a normalization of ventilation and gas 
exchange after 1 to 2 years.96 The long-term survival for lung 
transplant recipients reported to the Registry of the Interna-
tional Society for Heart and Lung Transplantation is shown 
in Fig. 61-13. Survival rates among transplants performed 
between January 1994 and June 2012 were 88% at 3 months, 
80% at 1 year, 65% at 3 years, 53% at 5 years, and 32% at 
10 years.81 Survival for double lung transplant exceeds that 
of SLT, with the underlying indication being an important 
factor in the outcome between these two groups. Survival 
is clearly influenced by recipient age, with 1-year survival at 
72% among patients older than 65 compared with 80% sur-
vival among patients less than 50.25 Patients with COPD and 
IPF (who often are older with more comorbidities) tend to 
fare poorer than those with CF, IPAH, sarcoidosis, and A1 
anti-trypsin (AAT) deficiency emphysema (as shown in Fig. 
61-14). In an analysis of 10-year survivors, double-lung recip-
ients and patients with fewer hospitalizations for rejection 
were found to have improved long-term survival after lung 
transplantation.97,98 Operative mortality is clearly affected 
by center volume, with high volume centers (≥20 implants 
per year) having a 30-day mortality rate of just 4.1%.97 With 
increasing experience with lung transplantation worldwide, 
both short- and long-term survival have improved over time.

HEART-LUNG TRANSPLANTATION
History of Heart-Lung Transplantation
Long before the first successful human heart-lung transplants 
were reported, thoracic organ transplantation flourished in 
the laboratory. In the 1940s, Demikhov developed the first 
successful method of en bloc heart-lung transplantation in 
dogs. In his series of 67 dogs, the longest survivor lived for 
6 days postoperatively.99 These remarkable studies demon-
strated the technical feasibility of heart and lung replacement, 
yet remained largely unknown in the West until the 1960s. In 
1953, Marcus and colleagues at the Chicago Medical School 
described a technique for heterotopic heart-lung grafting to 
the abdominal aorta and inferior vena cava in dogs.100 Later 
studies in the 1960s and early 1970s examined the physiologic 
effect of total denervation on heart and lung function. Studies 
by Webb and colleagues in 1961 proved discouraging as they 
showed failure to resume normal spontaneous respiration fol-
lowing heart-lung replacement in dogs.101 This physiologic 
phenomenon was confirmed by several other groups using 
canine models, including Lower and colleagues in 1961.102 
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Fortunately, later studies in primates by Haglin,103 Nakae,104 
Castaneda,105,106 and their colleagues showed that unlike dogs, 
primates resume a normal respiratory pattern after complete 
denervation with cardiopulmonary replacement. The 1970s 
saw the development of improved immunosuppressive 

medications, particularly cyclosporine, which prevented 
rejection of primate heart-lung allografts after transplanta-
tion. Studies from the Stanford University showed survival for 
well over 5 years after heart-lung allografting in primates.107  
In the 1980s, Reitz and colleagues reported a modification 
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TABLE 61-8: Distribution of 
Diagnoses Among Adult Heart-Lung 
Transplant Recipients

Diagnosis No. (%)

Congenital heart disease 1178 (35.5)
Idiopathic pulmonary arterial hypertension 907 (27.4)
Cystic fibrosis 459 (13.9)
COPD disease/emphysema 141 (4.3)
Acquired heart disease 180 (5.4)
Idiopathic pulmonary fibrosis 121 (3.7)
AAT deficiency emphysema 62 (1.9)
Sarcoidosis 54 (1.6)
Retransplant:  
 Not obliterative bronchiolitis 32 (1.0)
 Obliterative bronchiolitis 24 (0.7)
Bronchiectasis 30 (0.9)
Obliterative bronchiolitis (not retransplant) 25 (0.8)
Other 101 (3.0)

ATT, Alpha-1 antitrypsin; COPD, chronic obstructive pulmonary disease.
ISHLT Registry patients from January 1982 through June 2013.
Reproduced with permission from Yusen RD, Edwards LB, Kucheryavaya AY, 
et al: The registry of the International Society for Heart and Lung Transplantation: 
thirty-first adult lung and heart-lung transplant report—2014, J Heart Lung 
Transplant. 2014 Oct;33(10):1009-1024.

to the standard technique of heart-lung replacement, using a 
retained portion of the right atrium for a single inflow anas-
tomosis instead of separate caval anastomoses.108 This tech-
nique preserved the donor sinoatrial node and eliminated the 
potential for caval anastomotic stenosis. These studies laid 
the groundwork for a clinical trial of heart-lung transplanta-
tion at the Stanford University. On March 9, 1982, Reitz and 
colleagues performed the first successful human heart-lung 
transplant in a 45-year-old woman with end-stage primary 
pulmonary hypertension.109

Indications for Heart-Lung 
Transplantation
Upon its introduction in 1982, heart-lung transplantation 
provided a life-saving therapeutic option for patients with 
end-stage pulmonary and cardiopulmonary disease. How-
ever, the number of heart-lung transplants performed peaked 
in 1990 as the techniques of SLT and DLT began to achieve 
improved outcomes in patients with isolated end-stage lung 
disease. This, combined with the donor shortage of heart-
lung blocs, has restricted the procedure to patients with severe 
cardiopulmonary diseases (most commonly congenital heart 
disease with Eisenmenger’s syndrome, idiopathic pulmonary 
arterial hypertension, and CF). Since 2003, between 75 and 
86 heart-lung transplant procedures have been performed 
worldwide each year.25

The diagnostic profile of heart-lung transplant recipients 
reported to the Registry of the International Society for Heart 
and Lung Transplantation (ISHLT) is shown in Table 61-8. 

Congenital heart disease (atrial and ventricular septal defects, 
patent ductus arteriosus) with secondary pulmonary hyper-
tension (Eisenmenger’s syndrome) is the most frequent indi-
cation, found in over one-third of the patients. Complex 
congenital heart defects that have been treated successfully 
with heart-lung transplantation include univentricular heart 
with pulmonary atresia, truncus arteriosus, and hypoplastic 
left heart syndrome. Data regarding the long-term survival 
benefit of heart-lung transplantation in patients with Eisen-
menger’s syndrome are mixed.110 Some data suggest that pul-
monary hypertension in these patients has a more favorable 
prognostic course than other types of pulmonary hyperten-
sion. There is clear evidence, however, that quality of life is 
improved by transplantation.111 In patients with simpler car-
diac defects, repair of the cardiac defect combined with SLT 
or bilateral lung transplantation is an alternative option.

Primary pulmonary hypertension with right-sided heart 
failure is the second most common diagnosis in heart-lung 
transplant recipients. Nearly one-fourths of patients in the 
ISHLT registry carry this diagnosis. Recently, there has been 
a shift toward SLT and bilateral lung transplantation in this 
population.112 This new paradigm is based on the finding that 
normalization of pulmonary pressures following lung trans-
plantation often allows for recovery of right heart function. 
However, in patients with severe right-sided heart failure and 
primary pulmonary hypertension, heart-lung transplantation 
is clearly the operation of choice.

The remainder of heart-lung transplants are performed for 
a variety of cardiac and pulmonary diseases. These include CF 
and other septic lung diseases, severe coronary artery disease 
(CAD) with concomitant end-stage lung disease, and pri-
mary parenchymal lung disease with severe right-sided heart 
failure (eg, IPF, lymphangioleiomyomatosis, sarcoidosis, and 
desquamative interstitial pneumonitis).

Patient Selection for Heart-Lung
As in lung transplantation, patients are stratified according 
to LAS with similar listing criteria and contraindications for 
both groups of patients. Age restrictions tend to be somewhat 
more selective in most centers, with an upper recipient age 
limit of 50 years. Most recipients for heart-lung transplanta-
tion also fall within New York Heart Association functional 
classes III or IV.113 Careful attention to size matching must 
be carried out in the donor selection process. In a series of 
82 heart-lung transplants at Papworth Hospital, Tamm and 
coworkers recorded recipient lung volumes posttransplanta-
tion, followed by a comparison to preoperative and predicted 
volumes to evaluate the influence of donor lung size and 
recipient underlying disease.114 The investigators demon-
strated that, by 1 year after surgery, total lung capacity (TLC) 
and dynamic lung volume returned to values predicted by the 
patient’s sex, age, and height. They proposed that the simplest 
method of matching donor lung size to that of the recipi-
ent is to use their respective predicted TLC values. Moreover, 
they concluded that recipients should attain their predicted 
lung volumes by 1 year posttransplantation, and failure to 
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do so suggests possible complications within the transplanted 
lungs.

As in lung transplantation, preoperative HLA matching 
is not feasible given the necessity of short ischemic times. 
However, histocompatibility does seem to impact on patient 
outcomes. Harjula and coworkers at Stanford evaluated the 
relationship between HLA matching and outcomes in heart-
lung transplantation.115 Among 40 heart-lung transplant 
recipients evaluated, they found a significant increase in 
graded OB with total mismatch at the HLA-A locus.

Operative Technique
PROCUREMENT
Exposure and cannulation for heart-lung blocs follows the 
same procedure as for lung procurement. After cross-clamp, 
the bloc is dissected free from the esophagus commencing at 
the level of the diaphragm and continuing cephalad to the 
level of the carina. Dissection is kept close to the esophagus, 
and care is taken to avoid injury to the trachea, lung, or great 
vessels. The posterior hilar attachments are divided. The lungs 
are inflated to a full normal tidal volume, and the trachea is 
stapled at the highest point possible with a TA-55 stapler (US 
Surgical, Norwalk, CT), at least four rings above the carina 
(Fig. 61-6E). The trachea is then divided above the staple 
line, and the entire heart-lung bloc is removed from the chest.

RECIPIENT IMPLANT
The recipient is positioned supine and the chest is entered 
through a median sternotomy. A sternal retractor is placed, 
and both pleural spaces are opened anteriorly from the level of 
the diaphragm to the level of the great vessels (Fig. 61-15A). 
Electrocautery is used to divide any pleural adhesions. The 
anterior pericardium is excised, and the lateral segments 
are preserved to support the heart and protect the phrenic 
nerves. A 3-cm border of the pericardium should be left both 
anterior and posterior to each phrenic nerve extending from 
the level of the diaphragm to the level of the great vessels 
(Fig. 61-15B). An alternative approach is to create posterior 
pericardial apertures where the pulmonary veins enter into 
the pericardium. A border of pericardium is left posterior to 
the phrenic nerves, whereas the entire remaining pericardium 
anterior to the phrenic nerves is left intact. After fully hepa-
rinizing the recipient, the ascending aorta is cannulated near 
the base of the innominate artery, and the venae cavae are 
individually cannulated laterally and snared. Cardiopulmo-
nary bypass with systemic cooling to 28 to 30°C is instituted, 
and the heart is excised at the midatrial level. The aorta is 
divided just above the aortic valve, and the pulmonary artery 
is divided at its bifurcation (Fig. 61-15C). The left atrial rem-
nant is then divided vertically at a point halfway between the 
right and left pulmonary veins.

The posterior edge of the left atrial and pulmonary venous 
remnant is developed in a manner allowing the left inferior 
and superior pulmonary veins to be displaced over into the 
left chest. Following division of the pulmonary ligament, the 

left lung is moved into the field, allowing full dissection of the 
posterior aspect of the left hilum, with care taken to avoid the 
vagus nerve posteriorly. Once this is completed, the left main 
pulmonary artery is divided (Fig. 61-15D), and the left main 
bronchus is stapled with a TA-30 stapler and divided. The 
same technique of hilar dissection and division is repeated 
on the right side (Fig. 61-15E), and both lungs are removed 
from the chest.

The native main pulmonary artery remnant is removed, leav-
ing a portion of the pulmonary artery intact adjacent to the 
underside of the aorta (near the ligamentum arteriosus) to pre-
serve the left recurrent laryngeal nerve. Attention is then turned 
to preparing the distal trachea for anastomosis. The stapled ends 
of the right and left bronchi are grasped and dissection is carried 
up to the level of the distal trachea. Bronchial vessels are indi-
vidually identified and carefully ligated. Patients with congenital 
heart disease and pulmonary atresia or severe cyanosis secondary 
to Eisenmenger’s syndrome may have large mediastinal bronchial 
collaterals that must be meticulously ligated. Perfect hemostasis 
is necessary in this area of the dissection, because it is obscured 
once graft implantation is complete. Once absolute hemostasis is 
achieved, the trachea is divided at the carina with a no. 15 blade. 
The chest is now prepared to receive the heart-lung graft.

The donor heart-lung bloc is removed from its transport 
container and prepared by irrigating, aspirating, and cultur-
ing the tracheobronchial tree followed by trimming of the 
trachea to leave one cartilaginous ring above the carina. The 
heart-lung graft is then lowered into the chest, passing the right 
lung beneath the right phrenic nerve pedicle. The left lung is 
then gently manipulated under the left phrenic nerve pedicle 
(Fig. 61-15F). The tracheal anastomosis is performed using 
continuous 3-0 polypropylene suture (Fig. 61-15G). The pos-
terior membranous portion of the anastomosis is performed 
first, followed by completion of the anterior aspect. Ventilation 
is then carried out with room air at half-normal tidal volumes 
to inflate the lungs and reduce atelectasis. Topical cooling with 
a continuous infusion of cold Physiosol into both thoraces is 
begun. To augment endomyocardial cooling and to exclude air 
from the graft, a third cold, “bubble-free” line is placed directly 
into the left atrial appendage.

Next, the bicaval venous anastomosis is performed. The 
recipient inferior vena cava is anastomosed to the donor infe-
rior vena cava-right atrial junction with a continuous 4-0 poly-
propylene suture. At this point, the patient is warmed toward 
37°C, and the superior vena caval and aortic anastomoses are 
performed end-to-end with continuous 4-0 polypropylene 
sutures (Fig. 61-15H). After the ascending aorta and pulmo-
nary artery are cleared of air, the aortic cross-clamp and caval 
tapes are removed. The left atrial catheter is removed, and the 
atrium is allowed to drain. The amputated left atrial stump is 
oversewn, and the pulmonary artery pulmonoplegia infusion 
site closed. The heart is defibrillated, and the patient is gradu-
ally weaned from cardiopulmonary bypass in the standard 
fashion. Methylprednisolone (500 mg) is administered to the 
recipient after heparin reversal with protamine sulfate.

PEEP at 3 to 5 cm H2O and an Fio2 of 40% is 
maintained. As in cardiac transplantation, isoproterenol 
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1354 Part X Transplant and Mechanical Circulatory Support

FIGURE 61-15 Recipient operation for heart-lung transplantation. (A) Through a median sternotomy, the anterior pericardium is partially 
removed and the ascending aorta and both venae cavae are dissected and encircled with tapes. (B) The right phrenic nerve is carefully separated 
from the right hilum, providing a space for inserting the right lung of the graft. (C) Cannulation for cardiopulmonary bypass consists of a cannula 
in the high ascending aorta and separate vena caval cannulas. Once on bypass, the native heart is excised in a manner similar to that for standard 
cardiac explantation. (D,E) Left and right pneumonectomies are performed by dividing the respective inferior pulmonary ligament, pulmonary 
artery and veins, and mainstem bronchus.
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 Chapter 61 Lung Transplantation and Heart-lung Transplantation 1355

(0.005 to 0.01 μg/kg/min) is usually initiated on graft reper-
fusion to increase the heart rate (~100-110 bpm) and to 
lower pulmonary vascular resistance. Temporary right atrial 
and ventricular pacing wires are placed. Right and left pleural 
“right angle” chest tubes are placed along each diaphragm, 
as well as a single mediastinal tube. The chest is closed in 
the standard fashion. Finally, the double lumen endotracheal 
tube is exchanged for a single lumen tube and the tracheal 
anastomosis is visualized by bronchoscopy before transport-
ing the patient to the intensive care unit.

Lick and coworkers describe an interesting alternative 
to the standard technique in which the pulmonary hila are 
placed anterior to the phrenic nerves and direct caval anas-
tomoses are used whenever feasible.116 This modification 
obviates extensive dissection of the phrenic nerves and pos-
terior mediastinum, decreasing the likelihood of phrenic and 
vagus nerve injury. Furthermore, the posterior mediastinum 
can readily be inspected for bleeding after implantation by 
rotating the heart-lung bloc anterior-medially while still on 
bypass.

FIGURE 61-15 (Continued )  (F) The heart-lung graft is moved into the chest beginning with passage of the right lung underneath the right 
phrenic nerve pedicle, followed by manipulation of the left lung beneath the left phrenic nerve pedicle. (G) The caval and aortic anastomoses 
are performed with a continuous 4-0 polypropylene suture. (H) The tracheal anastomosis is performed with a continuous 3-0 polypropylene 
suture.

G H
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1356 Part X Transplant and Mechanical Circulatory Support

Graft Physiology
For heart-lung recipients, denervation of the cardiac allograft 
leads to additional physiologic characteristics beyond what 
is seen in isolated lung transplantation. The denervated 
heart loses its sympathetic and parasympathetic autonomic 
regulation, thereby impacting on heart rate, contractil-
ity, and coronary artery vasomotor tone. The resting heart 
rate is generally higher due to the absence of vagal input. 
Respiratory sinus arrhythmia and carotid reflex bradycardia 
are absent. Interestingly, the denervated heart develops an 
increased sensitivity to catecholamines because of increased 
beta-adrenergic receptor density and loss of norepinephrine 
uptake in postganglionic sympathetic neurons.117,118 This 
augmented sensitivity plays an important role in maintain-
ing an adequate cardiac response to exercise and stress. Dur-
ing exercise, the recipient experiences a steady but delayed 
increase in heart rate, primarily because of a rise in circu-
lating catecholamines. This initial rise in heart rate is sub-
sequently accompanied by an immediate increase in filling 
pressures resulting from increased venous return. These 
changes lead to increased stroke volume and cardiac output 
sufficient to sustain activity. Although the coronary circula-
tion’s ability to dilate to meet increased myocardial oxygen 
demand is not eliminated in an uncomplicated heart-lung 
transplant, this reserve is abnormal in the presence of rejec-
tion, hypertrophy, or regional wall abnormalities.

Postoperative Management
Approximately 10 to 20% of heart-lung graft recipients 
experience some degree of transient sinus node dysfunction 
in the immediate perioperative period. This often manifests 
as sinus bradycardia and usually resolves within a week. The 
use of bicaval venous anastomoses has been reported to lower 
the incidence of sinus node dysfunction and improve tri-
cuspid valve function.119 Because cardiac output is primar-
ily rate dependent after heart-lung transplantation, the heart 
rate should be maintained between 90 and 110 beats per 
minute during the first few postoperative days using tem-
porary pacing or isoproterenol (0.005-0.01 μg/kg/min) as 
needed. Although rarely seen, persistent sinus node dysfunc-
tion and bradycardia may require a permanent transvenous 
pacemaker. Systolic blood pressure should be maintained 
between 90 and 110 mm Hg using nitroglycerin or nitro-
prusside for afterload reduction, if necessary. “Renal-dose” 
dopamine (3-5 μg/kg/min) is used frequently to augment 
renal blood flow and urine output. The adequacy of cardiac 
output is indicated by warm extremities and a urine output 
greater than 0.5 mL/kg/h without diuretics. Cardiac function 
generally returns to normal within 3 to 4 days, at which time 
inotropes and vasodilators can be weaned.

Nevertheless, depressed global myocardial performance 
is occasionally seen during the acute postoperative setting. 
The myocardium may be subject to prolonged ischemia, 
inadequate preservation, or catecholamine depletion before 
implantation. Hypovolemia, cardiac tamponade, sepsis, 

and bradycardia are also potential contributors and should 
be treated expeditiously if they are present. A Swan-Ganz 
pulmonary artery catheter should be used in cases of persis-
tently abnormal hemodynamics. Surveillance endomyocar-
dial biopsies are performed at 3 months and then annually 
in heart-lung graft recipients.

Complications
The most common complications after heart-lung trans-
plantation include hypertension (88.6%), renal dysfunction 
(28.1%), hyperlipidemia (66.4%), diabetes (20.9%), coro-
nary artery vasculopathy (8.2%), and bronchiolitis oblit-
erans (27.1%).25 Common causes of death include graft 
failure and technical complications within the first 30 days, 
followed by non-CMV infections and BOS in the longer 
term.25 Acute rejection remains a challenge, occurring in 
more than 67% of heart-lung patients within the first year 
between 1981 and 1994 at Stanford University.120 Experi-
mental and clinical evidence suggests that pulmonary and 
cardiac rejections occur independently of one other. Never-
theless, Higenbottam and coworkers at Papworth Hospital 
reported a surprisingly low diagnostic yield from routine 
endomyocardial biopsies in heart-lung recipients compared 
with functional or histologic tests of pulmonary rejection. 
Based on these findings, the authors concluded that trans-
bronchial biopsy eliminates the need for routine endomyo-
cardial biopsies in heart-lung transplant recipients.121 These 
findings were supported by Sibley and coworkers at Stanford 
University, who demonstrated discordance between find-
ings on endomyocardial and transbronchial biopsies dur-
ing episodes of acute rejection. Endomyocardial biopsies 
are most often normal despite findings of pulmonary rejec-
tion on transbronchial biopsy.76 In our practice, surveillance 
endomyocardial biopsies have been abandoned in patients 
in whom transbronchial biopsies can be reliably performed. 
Respiratory failure secondary OB represents a long-term 
complication of heart-lung transplant at a rate similar to 
DLT. Among heart-lung recipients with OB, Adams and 
coworkers at Harefield Hospital noted that retransplant sur-
vival rates were worse for those undergoing combined heart-
lung replacement compared with patients who underwent 
isolated lung replacement.122 The group also noted the fol-
lowing factors were associated with improved survival after 
retransplant: absence of preformed antibodies, retransplan-
tation at least 18 months after the original transplantation, 
and negative preoperative sputum cultures.

Accelerated graft CAD or graft atherosclerosis is another 
major obstacle to long-term survival in heart-lung transplant 
recipients. Significant graft CAD resulting in diminished cor-
onary artery blood flow may lead to arrhythmias, myocardial 
infarction, sudden death, or impaired left ventricular func-
tion with congestive heart failure. Classic angina caused by 
myocardial ischemia is usually not noted in transplant recipi-
ents because the cardiac graft is not innervated. Multiple eti-
ologies for graft CAD have been proposed, all focusing on 
chronic, immune-mediated damage to the coronary vascular 
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FIGURE 61-16 Cardiac graft atherosclerosis. Complete luminal 
obliteration by a concentric fibrointimal proliferation was observed at 
postmortem in this heart-lung transplant patient (Elastin von Gieson 
stain; ×60).

endothelium. In fact, elevated levels of antiendothelial anti-
bodies have been correlated with graft CAD. Unlike coronary 
artery occlusive disease in the native heart, which tends to be 
a more focal process, transplant atherosclerosis is a more dif-
fuse vascular narrowing extending symmetrically into distal 
branches. Histologically, transplant arteriopathy is character-
ized by concentric intimal proliferation with smooth muscle 
hyperplasia (Fig. 61-16).

Coronary angiograms are performed on a yearly basis 
to identify recipients with accelerated CAD. Angiogra-
phy is limited, however, to assessment of luminal diam-
eter. Intracoronary ultrasound, by contrast, can assess both 

vascular wall morphology and luminal diameter, making 
it a more sensitive tool to detect the diffuse coronary intimal 
thickening typical of graft atherosclerosis. Interestingly, graft 
CAD occurs at a reduced incidence in heart-lung recipients 
compared with the cardiac transplantation population.123 
A retrospective survey at Stanford revealed 89% of heart-
lung recipients were free from graft CAD at 5 years, com-
pared with 73% of heart transplant recipients. Clinically 
observed risk factors for developing this condition in heart 
transplant recipients include donor age greater than 35 
years, incompatibility at the HLA-A1, A2, and DR loci, 
hypertriglyceridemia (serum concentration greater than 
280 mg/dL), frequent acute rejection episodes, and docu-
mented recipient CMV infection. It is not clear whether 
these risk factors can be extended to the heart-lung trans-
plant population, although CMV infection has been impli-
cated.124 Percutaneous transluminal coronary angioplasty 
and coronary artery bypass grafting have been used to treat 
discrete proximal lesions in some cases of graft CAD. How-
ever, the only definitive therapy for diffuse graft CAD is 
retransplantation. Effective prevention of graft CAD will 
rely on development of improved immunosuppression, 
recipient tolerance induction, improved CMV prophylaxis, 
and inhibition of vascular intimal proliferation.

Infection represents another significant postoperative 
challenge in heart-lung transplantation. Between 1981 and 
1994 at Stanford, only 20% of heart-lung transplant recipi-
ents were free from infection 3 months after transplantation. 
In a retrospective analysis of 200 episodes of serious infections 
occurring in 73 heart-lung recipients at Stanford between 
1981 and 1990, Kramer and coworkers125 found that half of 
all infections were caused by bacteria, whereas fungal infec-
tions accounted for only 14% of total infections. The most 
common viral agent was CMV, occurring primarily in the 
second month after transplantation and comprising 15% of 
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all viral infections. Other viral infections (ie, herpes simplex, 
adenovirus, respiratory syncytial virus) were less common. 
Five percent of infections were attributed to P. carinii, typi-
cally occurring 4 to 6 months after transplantation, and 2% 
were caused by Nocardia, generally appearing after the first 
year. There was no significant difference in the incidence of 
infections between patients receiving triple-drug or double-
drug (cyclosporine and prednisone) immunosuppression. 
Infectious mortality comprised 40% of all deaths.

Long-Term Results in Heart-Lung 
Transplantation
Survival rates of 72% at 3 months and 64% at 1 year have 
been reported in the ISHLT registry.25 Mortality rates taper 
off significantly at a year posttransplant, as illustrated in 
Fig. 61-17. As with lung transplantation, outcomes have 
improved over time and are affected by recipient diagno-
sis.25 Graft failure, technical complications, and non-CMV 
infections are all common causes of 30-day mortality, with 
BO and non-CMV infections impairing long-term survival.
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Heart failure (HF) is a leading cause of death in the United States 
and a significant public health concern throughout the world. 
Results from the Framingham Heart Study suggest that the 
lifetime risk of developing HF for Americans over the age 
of 40 years is approximately 20%, and the incidence of this 
disease steadily increases with age.1 An estimated 5.1 million 
Americans are living with HF. This figure is expected to grow 
significantly in the coming decades because the average age 
of the population is increasing, and advancements in medi-
cal therapy are allowing patients to live longer with their 
disease.2,3 The economic burden of disease is also high, and 
total healthcare costs attributed to HF exceed $30 billion in 
the United States each year.2,3 In light of the increased mor-
tality associated with HF, strategies for managing this disease 
have grown increasingly sophisticated.

Treatment of advanced HF is based on three principal 
methodologies: medical therapy, corrective surgical interven-
tion, and cardiac support or replacement. Appropriate medi-
cal management with antihypertensive, diuretic, vasoactive, 
and inotropic therapy has been shown to improve symptoms, 
slow the progression of disease, and (in some cases) provide 
survival benefits.4 Patients with more severe disease may 
benefit from specific surgical interventions such as coronary 
revascularization, valve replacement or repair, and ventricular 
restoration procedures.5,6 These procedures often pose a high 
risk, and surgical candidacy is typically assessed on a case-by-
case basis.

Selected patients with severe HF refractory to guideline-
directed medical therapy may ultimately be considered can-
didates for cardiac transplantation or mechanical circulatory 
support (MCS). Because of a relative scarcity of available 
donor organs for transplantation, device therapy has become 
an increasingly popular option for managing end-stage HF 
and offers documented survival benefits over medical therapy 
alone.7 Whereas only 33 centers participated in the original 
clinical investigation (completed in 2009) of the HeartMate II  

left ventricular assist device (LVAD) (Thoratec, Inc., Pleas-
anton, CA), a total of 145 centers are now approved for 
device therapy in the United States. This number will likely 
continue to grow as this technology and other new MCS 
systems become more widely accessible.8,9

MCS is an inclusive term that refers to any device used 
to assist or replace the failing heart. The options are wide-
ranging and include differences in pump location (implant-
able vs extracorporeal), support capabilities (left, right, or 
biventricular), and flow characteristics (pulsatile vs continu-
ous). This chapter will focus primarily on the available long-
term options for MCS, particularly current LVADs and the 
total artificial heart (TAH). Although MCS is not without 
inherent risks, rapid advancements in technology—paired 
with the practical limitations of transplantation—suggest 
that device therapy has an important role in both the present 
and the future of HF surgery.

HISTORY OF MECHANICAL 
CIRCULATORY SUPPORT
Open heart surgery was made possible by the pioneering 
efforts of individuals seeking a method to provide temporary 
cardiopulmonary support by means of a mechanical pump 
oxygenator. The first successful use of cardiopulmonary 
bypass (CPB) was reported in 1953 by John Gibbon,10 who 
used a CPB system of his own design to repair an atrial septal 
defect. Excessive mortality rates led some surgeons, includ-
ing Gibbon himself, to abandon open heart surgery. In 1954,  
C. Walton Lillehei11 reported the use of cross circulation (human-
to-human perfusion), using a parent as a temporary source 
of cardiopulmonary support during the repair of congenital 
heart defects. Controversy stemming from this approach (par-
ticularly the risk of a 200% mortality rate) encouraged ongo-
ing research in the field of mechanical support, and efforts 
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led by Lillehei, Richard DeWall, and John Kirklin quickly 
led to refinements in CPB technology, resulting in improved 
clinical outcomes.12 In April 1956, Denton Cooley reported 
the use of a modified bubble oxygenator in the repair of a 
postinfarction ventricular septal defect; he would perform 94 
open heart procedures (primarily in children) by the end of 
the year.13

The resulting wave of open heart procedures quickly led 
to the observation that some patients were unable to regain 
sufficient cardiac function to permit withdrawal from the 
heart-lung machine. Anecdotal experience suggested that 
slow weaning (over the course of hours) allowed some hearts 
to successfully recover function14 (Fig. 62-1). As a result, 
interest in prolonged circulatory support led to the concept 
of a ventricular assist device (VAD). Decades earlier, the 
eccentric Russian scientist Vladimir Demikhov had success-
fully designed and tested a device capable of maintaining the 
perfusion of a dog for several hours.15 Although this break-
through occurred in 1937, his experiments were not widely 
known outside the Soviet Union until years later. Throughout 
the 1960s, research efforts at a number of institutions were 
focused on the development of MCS technology. A feder-
ally funded program with this goal was established at Baylor 
College of Medicine, in Houston, with Michael DeBakey as 
its director.

The first clinical application of an LVAD was performed 
by DeBakey in 1963, who used the device as a temporiz-
ing measure in a patient with cardiogenic shock after aortic 
valve replacement. Although the pump functioned satisfac-
torily, the patient succumbed to pulmonary complications 

4 days after its implantation. On August 8, 1966, DeBakey 
implanted an LVAD in a 37-year-old woman with severe HF 
who could not be weaned from CPB after aortic and mitral 
valve replacement. An extracorporeal pneumatic device, the 
pump routed blood from the left atrium to the right axillary 
artery. After 10 days of support, the patient demonstrated suf-
ficient cardiac reserve to allow elective removal of the pump 
at the bedside.14 She later returned to work, resumed normal 
activity, and survived for 6 years with good cardiac function 
before dying in an auto accident. In 1969, in an event that 
will be discussed later in this chapter, Cooley implanted the 
world’s first TAH to great acclaim.16 Despite this landmark 
event, effective long-term total heart replacement proved to be 
an elusive goal over the ensuing decades.

By the early 1970s, the complexities of immunosuppres-
sive therapy led to waning enthusiasm for cardiac transplanta-
tion and associated MCS technology. However, research and 
development efforts focused on VAD therapy were continued 
steadily and quietly within a selected group of institutions. 
With support from the National Heart, Lung, and Blood 
Institute (NHLBI) and in collaboration with Boston-based 
Thermo Cardiosystems, physicians at the Texas Heart Institute 
began development of an abdominally positioned, pneumati-
cally driven, pulsatile-flow LVAD. Twenty-two patients were 
supported by the Model 7 abdominal LVAD, including the 
first documented mechanical “bridge” to cardiac transplanta-
tion, performed in 1978.17 The introduction of cyclosporine 
in the 1980s eventually led to renewed widespread interest in 
the field of transplantation and reestablished a meaningful 
clinical role for MCS technology. Ongoing research efforts to 
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develop pumps capable of long-term support ultimately led 
to the HeartMate Implantable Pneumatic pump (Thoratec 
Corp; Pleasanton, CA), which became the first implantable 
device to be approved by the United States Food and Drug 
Administration (FDA) for use as a bridge to transplantation 
(BTT).18,19 An electrically powered, percutaneously vented 
adaptation of this device, the HeartMate Extended Vented 
Electric (XVE) LVAD, was spawned directly by these research 
efforts. Upon its inaugural implantation in 1991, it became 
the first pump to be managed in the outpatient setting.20

Simultaneously, research efforts were engaged in the 
design of a completely different mechanism. The concept 
of extended nonpulsatile support was inspired by anecdotal 
reports concerning the use of the extracorporeal BioMedi-
cus centrifugal-force pump (Medtronic; Minneapolis, MN) 
as both a temporary LVAD and an extracorporeal mem-
brane oxygenator (ECMO). This led to a series of experi-
mental studies that were performed by the senior author 
of this chapter (OHF) in the Texas Heart Institute labo-
ratories throughout the 1980s. As a result of these efforts 
(and in collaboration with engineer Richard Wampler) 
the Hemopump, a small catheter-based, axial-flow device, 
was developed and successfully implanted in 1988, dem-
onstrating the efficacy and safety of high-speed continuous-
flow (CF) support21 (Fig. 62-2). Also during this period, an 
association between Texas Heart Institute investigators and 
researcher Robert Jarvik led to the development of a long-
term implantable CF pump that could be placed directly 
into the left ventricle.22 The Jarvik 2000 VAD (Jarvik Heart, 
Inc.; New York, NY) was unique in its utilization of blood-
washed bearings (previously thought to be biologically 
incompatible with the vascular system) and validated the 
clinical feasibility of axial-based CF pumps23 (Fig. 62-3). 
Meanwhile, the clinical success of the Hemopump led the 
Nimbus Company (later absorbed by Thoratec) to develop 

the HeartMate II, another implantable axial-flow device, 
which would eventually become the most commonly used 
LVAD worldwide. A final step in the development of con-
temporary MCS systems occurred in 1994, when collabora-
tion between Frazier, Wampler, and financier Robert Fine 
led to the development of a novel CF design. Originally 
produced by Kriton Medical, Inc. (and later purchased by 
HeartWare, Inc., Framingham, MA), the HeartWare HVAD 
utilizes a magnetically levitated, centrifugal-flow design that 
permits intrapericardial placement of the discoid-shaped 
pump housing and can function as both a right- and left-
sided VAD.24 Within the first decade of the new millen-
nium, all three pumps—the Jarvik 2000, the HeartMate II, 
and the HeartWare HVAD—saw clinical use.

Increasingly sophisticated technology and improving 
clinical reliability gradually led MCS to shift from an experi-
mental endeavor to a viable treatment option. The Random-
ized Evaluation of Mechanical Assistance for the Treatment 
of Congestive Heart Failure (REMATCH) trial was designed 
to compare outcomes between HF patients treated with 
the HeartMate XVE and those treated with medical ther-
apy alone.7 Completed in 2001, REMATCH investigators 
demonstrated a nearly 50% reduction in mortality among 
patients with LVAD support (Fig. 62-4). By providing 
the first statistical evidence of a survival benefit, this study 
remains a landmark in the advancement of MCS therapy. 
Following the success of REMATCH, the HeartMate II soon 
became the first CF device to be approved by the FDA for 
both BTT indications (in 2007) and for use in patients ineli-
gible for transplantation (2009).25,26 The HeartWare HVAD 
was granted BTT status after the release of the results of 
the ADVANCE trial in 2010, and it is expected to receive 
broader approval in the near future.27 With more pumps and 

FIGURE 62-2 The catheter-based hemopump first revealed the 
safety and feasibility of high-speed continuous-flow circulatory 
support. (Used with permission from Dr. Richard Wampler.)

FIGURE 62-3 The Jarvik 2000 was the first left ventricular assist 
device to incorporate blood-washed bearings in its axial flow design. 
(Used with permission from Jarvik Heart, Inc.)
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newer designs in the pipeline, options for MCS continue to 
grow with ever-improving outcomes.

PULSATILE VERSUS 
NONPULSATILE FLOW
A critical issue in the field of MCS is the physical mechanism 
by which flow is created. Quite logically, early efforts in device 
therapy sought to mimic nature’s model by designing pulsa-
tile systems. Generations of devices have utilized pneumatic 
compression systems, hydraulic actuators, and pusher plate 
technology to allow repetitive filling and forceful ejection of 
blood from a ventricular collection chamber. However, the 
engineering challenges associated with matching the simplic-
ity and reliability of the human heart—which beats more 
than 40 million times each year—have been considerable.

A chief cause of late pulsatile-device failure is mechanical 
wear, which results from the presence of complex moving com-
ponents and multiple points of contact. For example, although 
the HeartMate XVE represented a significant step forward, it 
had a relatively predictable lifespan, with a high failure rate 
between the first and second years of use, and few of these 
devices survived for more than 2 years28 (Fig. 62-5). Pulsatility 
also requires a number of disadvantageous design elements to 
accommodate the mechanics of operation. Pneumatic systems 
use tunneled drivelines to communicate with an external com-
pressor responsible for delivering (and withdrawing) pressur-
ized air. Pusher-plate systems (such as that used for the XVE) 
require a mechanism to allow external venting and aspiration 
of air displaced by the cyclic actuation of the pump. As a result 
of these inescapable challenges, pulsatile pumps are generally 
large, complex, and vulnerable to wear.

Temporary CF technology was first adopted by Gibbon, 
who employed roller pumps in the design of his machine that 
first enabled CPB support during surgery.10 However, early 
efforts to develop long-term MCS pumps focused on pulsa-
tile blood flow to replicate natural physiology. The eventual 
development of CF LVADs was largely due to their associated 
engineering advantages, and both experimental and clinical 
studies quickly documented the physiologic tolerance of 
nonpulsatility. The technical superiority of CF devices was 
definitively shown in the HeartMate II Destination Therapy 
(DT) trial,26 which documented improved adverse event pro-
files, hospital readmission rates, functional capacity, and over-
all survival when compared with the HeartMate XVE over 
a 2-year period (Table 62-1; Fig. 62-6). The widespread use 
and long-term efficacy of CF devices has further confirmed 
the important contribution of continuous blood-flow tech-
nology to MCS.

Whereas the success of CF devices has proven the body’s 
tolerance of nonpulsatile blood flow, this technology has 
created a new physiology, the full effects of which are not 
yet known. Multiple studies have shown an association 
between gastrointestinal (GI) bleeding and the loss of pulsa-
tility.29 Histologic examination of aortic tissue samples have 
revealed unanticipated degeneration of smooth muscle and 
elastic fibers in patients supported by CF devices.30 Ultraso-
nographic studies have further revealed stasis and thrombus 
formation representing potential sources of thromboembo-
lism within the carotid bulb and aortic valve cusps of selected 
patients with nonpulsatile devices.31 These issues present a 
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TABLE 62-1: Comparison of Continuous Flow 
and Pulsatile LVAD Outcomes and Adverse 
Event Profiles

Adverse Event

Continuous 
Flow LVAD  
(n = 133)

Pulsatile 
Flow LVAD  
(n = 59)

 

No. (%) No. (%) p Value

Pump replacement 12 (9) 20 (34) <.001
LVAD-related 

infection
47 (35) 21 (36) .01

Sepsis 48 (36) 26 (44) <.001
Respiratory failure 50 (38) 24 (41) <.001
Renal failure 21 (16) 14 (24) <.001
Cardiac arrhythmia 75 (56) 35 (59) .006
Rehospitalization 107 (94) 42 (96) .02

Quality of Life 
Metric

Score  
(12 months)

Score  
(12 months) p Value

Minnesota 34.1 ± 22.4 44.4 ± 23.2 .03
Kansas City 65.9 ± 20 59.1 ± 20.3 .06

LVAD, left ventricular assist device; Minnesota, Minnesota Living with Heart 
Failure questionnaire; Kansas City, Kansas City Cardiomyopathy Questionnaire.
Adapted with permission from Slaughter et al. Advanced heart failure treated 
with continuous-flow left ventricular assist device, N Engl J Med. 2009  
Dec 3;361(23):2241-2251.

significant challenge, but the engineering advantages afforded 
by CF pumps are considerable. These devices are smaller, 
more efficient, and much more durable than their pulsatile 
counterparts. Without the need for compliance chambers 
and pneumatic vents, CF pumps permit increased patient 
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FIGURE 62-6 Kaplan-Meier survival analysis comparison of patients 
supported by continuous flow and pulsatile left ventricular assist 
devices. (Reproduced with permission from Slaughter et al. Advanced 
heart failure treated with continuous-flow left ventricular assist device, 
N Engl J Med. 2009 Dec 3;361(23):2241-2251.)

mobility and offer the potential for completely implantable 
designs. Although much more remains to be studied, CF 
technology represents the future of MCS.

CURRENT OPTIONS FOR 
MECHANICAL CIRCULATORY 
SUPPORT
Currently, device therapy involves a wide variety of options, 
obtainable through federally approved indications or investi-
gational studies. The pumps differ in a number of important 
ways, including the duration of support permitted, approach 
to access, mechanisms of flow, and output capabilities. The 
most frequently used pumps and selected other devices of 
interest—notably all CF designs—are discussed below. A 
more thorough listing of currently available devices is provided 
in Table 62-2.

ECMO
Oxygenation of the blood by a membrane oxygenator can be 
achieved through the use of either veno-venous (VV) or veno-
arterial (VA) ECMO. The VV option is typically used for the 
management of isolated respiratory failure, and it relies on 
the function of the native heart for systemic circulation of 
oxygenated blood. In contrast, through an arterial return can-
nula, VA ECMO allows complete cardiopulmonary support, 
similar to that provided by CPB. Cannulation may be central 
or peripheral, rendering ECMO particularly useful in both 
emergent and intraoperative situations. It is generally limited 
to periods of short-term support (measured in days).

Paracorporeal and Percutaneous Devices
A subset of devices can be inserted percutaneously or involve 
extracorporeal pumping components. Recent studies have 
shown a dramatic increase in the utilization of these short-
term devices,32 which are typically used for temporary MCS 
in the setting of acute cardiogenic or postcardiotomy shock. 
The CentriMag (Thoratec Corp.) is an extracorporeal VAD 
utilizing a magnetically levitated centrifugal flow impeller that 
can provide both right- and left-sided support (Fig. 62-7a). 
Access is typically gained via centrally placed CPB cannu-
las that can be tunneled to allow temporary chest closure. 
Capable of flows reaching 10 L/min, the CentriMag can also 
accommodate an oxygenator within the pumping circuit, 
permitting full cardiopulmonary support. The device is gen-
erally used for days to weeks, but support periods exceeding 
30 days have been reported.33

The TandemHeart Percutaneous Ventricular Assist Device 
(pVAD) (CardiacAssist Inc.; Pittsburgh, PA) is a percu-
taneous device that functions as a left atriofemoral bypass. 
Inserted under fluoroscopic guidance, the TandemHeart has 
a transseptal cannula that transfers oxygenated blood from 
the heart to an extracorporeal, magnetically driven, centrifu-
gal flow pump mounted on the thigh. Using a hydrodynamic 
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1366 Part X Transplant and Mechanical Circulatory Support

bearing system, the TandemHeart can provide the femoral 
artery with return flows reaching 4 L/min.34

The Impella (Abiomed; Danvers, MA) is a platform of 
devices based upon a catheter-mounted microaxial design 
conceptually similar to that of the original Hemopump 
(Fig. 62-7b). A percutaneous arterial catheter serves as a 
power source and flow conduit for the pump, and left-sided 
support is provided in a retrograde fashion across the aortic 
valve. With a maximal diameter of just 12 F (4 mm), various 
adaptations of the device allow flows ranging from 2.5 to 5 L/
min. A right-sided version, the Impella RP, delivers antegrade 
flow from the inferior vena cava to the pulmonary artery. It 
recently became the first percutaneous device approved by the 
FDA for right ventricular (RV) support.35

Implantable Continuous-Flow LVADs 
(FDA-Approved)
The HeartMate II axial-flow device is the most widely used 
LVAD worldwide, with more than 15,000 implants to date 
(Fig. 62-8a). The pump’s electromagnetic motor powers a sin-
gle hydrodynamically suspended impeller operating at speeds 
between 6000 and 15,000 rpm (although clinical operating 
ranges are traditionally much smaller), and capable of flows 
greater than 10 L/min. Most often implanted via median ster-
notomy, the sintered titanium pump inlet is placed within the 
left ventricle with an outflow graft anastomosed to the aorta. A 
percutaneous driveline communicates with the remainder of the 
system: an external device controller and two portable batteries.

TABLE 62-2: Currently Available Options for Mechanical Circulatory Support

Device Manufacturer Flow type Design
First human 
implant Approval status

Paracorporeal         Worldwide United States
CentriMag® Thoratec Corp.

(Pleasanton, CA)
Continuous Centrifugal 2003 CE Mark—2002 FDA 510(k)—2002

FDA IDE—2008
FDA HDE
 RVAD—2008

Percutaneous            
Impella 5.0®/CP®/

RP®
ABIOMED Continuous Microaxial 1999 CE Mark

 5.0—2003
 CP—2012
 RP—2014

FDA 510(k)
 5.0—2009
 CP—2012
FDA HDE
 RP—2015

TandemHeartTM CardiacAssist, Inc.
 (Pittsburgh, PA)

Continuous Centrifugal 2005 CE Mark—2000 FDA 510(k)—2003
FDA IDE—2012

Implantable LVADs            

HeartMate® II Thoratec Continuous Axial 2000 CE Mark—2005 FDA BTT—2008
FDA DT—2010

Jarvik 2000 
Flowmaker®

Jarvik Heart, Inc.
 (New York, NY)

Continuous Axial 2000 CE Mark—2005 FDA IDE—2000
BTT Trial Pending

INCOR® Berlin Heart GmbH
 (Berlin, Germany)

Continuous Axial 2002 CE Mark—2003 —

EVAHEART® Evaheart, Inc.
 (Houston, TX)

Continuous Centrifugal 2005 CE Mark—2015
PMDA—2010

FDA IDE—2009
BTT Trial Pending

HVAD® HeartWare, Inc.
 (Framingham, MA)

Continuous Centrifugal 2006 CE Mark—2009 FDA BTT—2012
DT Trial Pending

HeartAssist 5® ReliantHeart, Inc.
 (Houston, TX)

Continuous Axial 2009 CE Mark—2013 FDA IDE—2014
BTT Trial Pending

HeartMate® III Thoratec Continuous Centrifugal 2014 CE Mark Pending FDA IDE—2014
BTT/DT trial pending

MVAD® HeartWare Continuous Axial 2015 CE Mark Pending Awaiting FDA IDE
Total Artificial Heart   
SynCardia TAH SynCardia Systems, Inc.

 (Tucson, AZ)
Pulsatile Pneumatic 1982 CE Mark—1999 FDA HDE—2004

CE Mark, European Union Conformité Européenne Approval; FDA, United States Food and Drug Administration; 510(k), Premarket Notification Clearance; PMA, 
premarket approval; IDE, investigational device exemption; HDE, humanitarian device exemption; BTT, bridge to transplant; DT, destination therapy; PMDA, Japanese 
Pharmaceuticals and Medical Devices Agency Approval; TAH, total artificial heart.
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 Chapter 62 Long-term Mechanical Circulatory Support and the Total Artificial Heart 1367

The HeartWare HVAD has a centrifugal-flow design, with 
a smaller and more compact profile than the HeartMate II 
(145 vs 375 g, respectively), integrating the ventricular inlet 
with the pump housing (Fig. 62-8b). The impeller is sus-
pended via a combination of magnetic and hydrodynamic 
forces, and it operates at speeds ranging from 1800 to 4000 rpm, 
again with flows as high as 10 L/min. The flat surface of the 

FIGURE 62-7 Percutaneous ventricular assist devices. (A) The Thoratec Centrimag utilizes an extracorporeal magnetically levitated centrifugal-
flow pump to provide temporary circulatory support. (Reproduced with permission from Thoratec Corporation.) (B) The Impella CP is a catheter-
based pump designed to be positioned across the aortic valve and capable of producing flows as high as 4 L/min. (Reproduced with permission 
from ABIOMED, Inc.)

A B

FIGURE 62-8 The HeartMate II (A) and the HeartWare HVAD (B) are the two most commonly implanted devices worldwide. While the 
HeartMate II utilizes an axial-flow design with an extracardiac pump housing, the centrifugal HVAD has a discoid shape designed for intraperi-
cardial placement. Newer-generation devices, such as the HeartWare MVAD (C), reflect increasing miniaturization of mechanical circulatory 
support technology. (Used with permission from Thoratec Corporation [a] and HeartWare International, Inc. [b and c].)

pump body allows intrapericardial positioning and serves as 
an advantage for right-sided use. Like the HeartMate II, the 
HVAD relies on external batteries and a controller module 
connected to the patient by a percutaneous driveline.

A number of additional devices remain in various stages 
of investigational study in the United States and are likely 
to be more widely available in the coming years. On the 

A B C
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1368 Part X Transplant and Mechanical Circulatory Support

whole, newer-generation pumps are being designed to pro-
duce excellent performance while offering a smaller pro-
file, thus simplifying implantation and expanding potential 
applications to include smaller-framed and pediatric popula-
tions (Fig. 62-8c). TAH technology is discussed later in this 
chapter.

GOALS OF THERAPY
Before device implantation, treatment teams must designate 
an intended goal of therapy. Traditional categories of strategic 
intent represent the evolution of MCS. Originally, devices 
were conceived as temporizing measures while the patient 
awaited a transplant. The eventual inclusion of transplant-
ineligible patients for device consideration required a new 
and separate indication, resulting in the somewhat dichoto-
mous framework in use today. Ideally, the decision to seek 
device therapy should be based on the need for mechanical 
support rather than being indirectly affected by the patient’s 
transplant listing status. However, the decision currently 
serves a critical purpose in regard to patient and device selec-
tion, timing of intervention, regulatory oversight, and data 
acquisition. Clinical trials aimed at seeking device approval 
have traditionally been designed on this model. Likewise, the 
United States Centers for Medicare and Medicaid Services 
(CMS) uses the indicated strategy for device therapy to estab-
lish a given patient’s eligibility for treatment. The categories 
are a part of the MCS lexicon and warrant inclusion here.

Bridge to Transplantation
The original intention for MCS was to provide a “bridge” 
to eventual cardiac transplantation for patients awaiting a 
suitable donor organ. Unpredictable waitlist times and a fre-
quently tenuous clinical condition make these patients partic-
ularly vulnerable to deterioration while awaiting a transplant. 
The decision to seek a BTT strategy requires consideration of 
estimated waitlist times, the potential for a decline in clinical 
status before transplantation, the patient’s quality of life, and 
the risk of death while on the waiting list. Progressively lon-
ger waitlist times throughout the United States have resulted 
in the relatively standard use of BTT for the treatment of 
transplant-eligible patients with end-stage HF.36 Whereas 
BTT remains the most common implant strategy for MCS 
(nearly 65% of these patients are designated as transplant 
candidates), the percentage of patients officially listed for 
a transplant at the time of device implantation has steadily 
declined, now totaling just 21.7%.37

Destination Therapy
Patients with end-stage HF who are not eligible for trans-
plantation may benefit from MCS as a means to prolong or 
improve the quality of their life. The designation of destina-
tion therapy (DT) originates from the REMATCH trial, in 

which transplant-ineligible patients supported by MCS had 
better outcomes than patients supported by medical therapy 
alone.7 Through this designation, patients with systemic 
life-threatening illnesses, malignancies, fixed pulmonary 
hypertension, advanced age, and morbid obesity may ben-
efit from device therapy regardless of their transplant listing 
status. Designation as DT does not imply a limitation on 
the timeframe for treatment, as uninterrupted CF support 
surpassing 9 years has been reported. Over the past 7 years, 
the proportion of patients categorized as DT candidates at 
the time of implantation has steadily increased from 14.7 
to 41.6%—likely as a result of increased access to FDA-
approved devices for DT, as well as recognition of the pos-
sibility of reassessing the transplant status throughout the 
period of device support.

Bridge to Decision
The use of long-term MCS in the setting of acute hemo-
dynamic collapse or active decompensation results in com-
paratively poor outcomes.37 Short-term MCS offers the 
advantage of rapid and relatively less invasive access to 
device therapy while allowing stabilization of the patient 
and consideration of long-term device candidacy. Thus, 
patients with a myocardial infarction, myocarditis, acute 
cardiogenic shock, or unsuccessful percutaneous interven-
tion can be quickly transitioned to support in anticipation 
of recovery, decline, or optimization before the initiation of 
long-term MCS.

Myocardial Reconditioning
In a selected subset of patients, a distinct improvement in 
ventricular function has allowed device weaning and (occa-
sionally) deactivation. Beginning in the 1990s, studies 
have revealed histologic and clinical evidence of myocardial 
rehabilitation after periods of both pulsatile and CF device 
support.38-40 Often labeled a “bridge to recovery,” this phe-
nomenon is perhaps better described as a return to medical 
HF therapy. A number of institutions have proposed device-
weaning strategies, ranging from aggressive medical therapy 
using high-dose beta blockade to mechanical offloading and 
gradual reconditioning of the heart through systematic titra-
tion of pump speeds.41-43 Despite promising reports, only a 
small percentage of patients have successfully experienced this 
outcome. Although little is known with certainty regarding 
the precise variables that govern the pace and degree of myo-
cardial response, the potential for de-escalation of therapy 
supports an aggressive pursuit of weaning strategies in all 
patients who require device support.

Fluidity of Implantation Strategy
It is important to recognize that these designations apply 
only to the stated goal at the time of device implantation. 
Whereas regulatory guidelines mandate a proposed goal 
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 Chapter 62 Long-term Mechanical Circulatory Support and the Total Artificial Heart 1369

TABLE 62-3: Comparison of ACCF/AHA Stages of HF and NYHA Functional Classifications

ACCF/AHA HF stages NYHA functional classification

A At high risk for HF but without structural heart 
disease or symptoms of HF

I No limitation of physical activity. Ordinary physical activity does not 
cause symptoms of HF

B Structural heart disease but without signs or 
symptoms of HF

II Slight limitation of physical activity. Comfortable at rest, but ordinary 
physical activity results in symptoms of HF

C Structural heart disease with prior or current 
symptoms of HF

III Marked limitation of physical activity. Comfortable at rest, but less than 
ordinary activity causes symptoms of HF

D Refractory HF requiring specialized interventions IV Unable to carry on any physical activity without symptoms of HF, or 
symptoms of HF at rest

ACCF, American College of Cardiology Foundation; AHA, American Heart Association; NYHA, New York Heart Association; HF, heart failure.
Reproduced with permission from Yancy CW, Jessup M, Bozkurt B, et al: 2013 ACCF/AHA guideline for the management of heart failure: a report of the American College 
of Cardiology Foundation/American Heart Association Task Force on practice guidelines, Circulation. 2013 Oct 15;128(16):e240-e327.

of therapy, the available choices do not reflect the reality 
that a patient’s clinical status and transplant candidacy may 
change during periods of mechanical support. Although 
some patients may have a deteriorating clinical status or 
develop unexpected contraindications to transplantation, 
other patients—such as those with preoperative “fixed” 
pulmonary hypertension—may experience an improve-
ment in conditions that originally precluded transplant 
listing.44,45 The dynamic nature of device strategy is repre-
sented in reported device usage statistics, in that nearly 26% 
of patients initially listed for BTT were no longer listed at 
1 year, and that number rose to 43.5% by 24 months. Simi-
larly, nearly 15% of patients designated for DT at the time 
of device implantation were deemed eligible for transplanta-
tion by 12 months.46 Frequent reappraisal and modification 
of treatment strategies corresponding to clinical status are 
essential for successful MCS outcomes.

INDICATIONS FOR DEVICE SUPPORT
Optimal strategies and indications for the initiation of 
MCS remain subjects of active investigation. Traditional 
hemodynamic parameters for device support continue 
to surface in the literature; although not absolute, these 
variables include blood pressure (BP) < 80 mm Hg, mean 
arterial pressure (MAP) < 65 mm Hg, cardiac index 
< 2 L/min/m2, and pulmonary capillary wedge pressure 
(PCWP) > 20 mm Hg.47 Strict following of hemody-
namic markers can be misleading, however, as patients 
may present not just in acute cardiogenic shock but also 
with a more insidious manifestation of congestive HF. 
In 2013, the International Society for Heart and Lung 
Transplantation (ISHLT) proposed a thorough and 
broad-ranging compilation of recommendations for the 
use of MCS.36 Although many of the proposed guide-
lines are limited by the relative weakness of available 
supporting evidence, they represent the most compre-
hensive and ambitious summary of consensus opinion, 

and underscore the multiorgan and multidisciplinary 
approach to device candidacy.

In 2013, the American College of Cardiology Foun-
dation (ACCF) and American Heart Association (AHA) 
released a broad slate of guidelines for the management of 
HF.4 The report endorsed the use of an alternative to the 
traditional New York Heart Association (NYHA) staging 
system, emphasizing disease-specific markers rather than 
patient-specific symptoms (Table 62-3). The guidelines 
support the use of durable MCS in patients with so-called 
Stage D HF (refractory disease requiring specialized inter-
ventions) with reduced left ventricular ejection fraction 
(LVEF) as a means to both prolong survival and BTT. 
Although the authors refrain from further characterizing 
patient selection criteria, the guidelines do emphasize the 
perceived importance of refractory disease, reduced EF, 
and severe symptomatology.

In 2013, CMS released updated eligibility criteria for the 
use of MCS as DT in Medicare beneficiaries.48 More spe-
cific than the ACCF/AHA guidelines, the federal standards 
allow the use of DT only for patients with end-stage HF 
(NYHA class IV) who are deemed ineligible for transplanta-
tion at the time of device implantation and who meet each 
of the following conditions: (a) failure to respond to opti-
mal medical management for 45 of the last 60 days, balloon 
pump dependence for 7 days, or IV inotrope dependence 
for 14 days; (b) LVEF < 25%; and (c) measured peak oxygen 
consumption of <14 mL/kg/min or an inability to perform 
the test. The federal requirements for BTT designation are 
somewhat broader, mandating only that patients be listed 
for transplantation by an approved transplant center. How-
ever, use of a device for any purpose is permitted only if 
that specific device has been granted FDA approval for the 
chosen therapeutic goal.

The Interagency Registry for Mechanically Assisted Cir-
culatory Support (INTERMACS) database was established 
in 2008 to facilitate the growth of MCS and improve patient 
outcomes. Paired with the registry’s first report was a proposal 
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1370 Part X Transplant and Mechanical Circulatory Support

for a new system of classifying patients with advanced HF.49 
Seven clinical profiles were designed to establish an enhanced 
method for characterizing patients requiring device therapy 
(Table 62-4). These profiles represent a stratification of patients 
diagnosed with advanced HF—defined as NYHA class III and 
IV symptoms despite optimal therapy. By documenting the 
profiles of patients undergoing device implantation, INTER-
MACS provides an opportunity to evaluate data and trends 
concerning surgical risks and indications. Clinical practice 
has indeed shifted since the introduction of this system, most 
notably through de-escalation of the preoperative clinical pro-
file. Whereas more than 60% of patients who received device 
implants before 2011 were listed as having INTERMACS 
1 or 2 status, the proportion of patients classified as having 
level 3 status has steadily increased, now representing nearly a 
third of all who receive implants.8,50 Indications and guidelines 
continue to evolve, but these results illustrate a clear trend in 
the management of HF toward intervening during periods of 
reduced clinical acuity.

CONTRAINDICATIONS TO 
DEVICE SUPPORT
Relative contraindications to device therapy include irre-
versible major end-organ dysfunction, severe hemodynamic 
instability, profound coagulopathy, complex congenital 

anomalies, and restrictive heart disease with decreased ven-
tricular dimensions. Because successful outcomes have never-
theless been reported in these populations, decisions should 
be made on a case-by-case basis in order to weigh the poten-
tial risks and benefits of intervention.51,52 Surgery should be 
deferred in the presence of active infection or bacteremia 
to minimize the risk of bacterial device seeding; current 
recommendations suggest a minimum of 5 days of culture-
documented clearance from infection.36

PREOPERATIVE EVALUATION
Once potential candidacy for device support has been deter-
mined, a thorough appraisal of perioperative risk is war-
ranted. If at all possible, implantation of long-term MCS 
device should be performed electively, not under emergent 
circumstances. Identification of preoperative risk factors and 
treatment of reversible comorbidities can greatly improve 
patient outcomes.

Due to the importance of proper patient selection, efforts 
to predict early mortality after LVAD implantation have 
been a consistent theme in MCS research. During the era 
of pulsatile LVADs, several risk-evaluation scoring systems 
were developed with variable predictive utility. One of the 
most widely used of these scales, the Leitz-Miller destination 
therapy risk score (DTRS), was derived from a cohort of over 

TABLE 62-4: INTERMACS Clinical Profiles of Advanced Heart Failure

Profile Description Timeframe for definitive intervention

1 Patient with life-threatening hypotension despite rapidly escalating inotropic 
support, critical organ hypoperfusion with increasing lactate levels and/or 
systemic acidosis. “Crash and burn”

Needed within hours

2 Patient with declining function despite intravenous inotropic support, may be 
manifest by worsening renal function, nutritional depletion, inability to  
restore volume balance. “Sliding on inotropes”

Needed within few days

3 Patient with stable blood pressure, organ function, nutrition, and symptoms on 
continuous intravenous inotropic support, but demonstrating repeated failure 
to wean owing to recurrent symptomatic hypotension or renal dysfunction. 
“Dependent stability”

Elective over a few weeks

4 Patient can be stabilized close to normal volume status but experiences frequent 
relapses into fluid retention, generally with high diuretic doses. Symptoms are 
recurrent rather than refractory. More intensive management strategies should 
be considered, which in some cases reveal poor compliance. “Frequent flyer”

Elective over weeks to months as long as 
treatment of episodes restores stable baseline, 
including nutrition

5 Patient is living predominantly within the house, performing activities of 
daily living and walking from room to room with some difficulty. Patient is 
comfortable at rest without congestive symptoms, but may have underlying 
refractory elevated volume status, often with renal dysfunction. “Housebound”

Variable, depends upon nutrition, organ 
function, and activity

6 Patient without evidence of fluid overload is comfortable at rest and with  
activities of daily living and minor activities outside the home, but fatigues  
after the first minutes of any meaningful activity. “Walking wounded”

Variable, depends upon nutrition, organ 
function, and activity

7 A placeholder for future specification, patients without recent unstable fluid 
balance, living comfortably with meaningful activity limited to mild exertion

Transplantation or circulatory support not 
currently indicated

Reproduced, with permission, from Stevenson LW, Couper G: On the fledgling field of mechanical circulatory support, J Am Coll Cardiol. 2007 Aug 21;50(8):748-751.
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300 HeartMate XVE patients and incorporated 9 weighted 
variables to estimate 90-day in-hospital mortality.53 When 
systematically tested in a CF LVAD population; however, 
DTRS was found to provide only modest discriminatory 
value.54 In contrast, the Model of End-Stage Liver Disease 
(MELD) has been shown to be a predictor of adverse events 
after implantation of both pulsatile and CF LVADs.55 Utiliz-
ing only the creatinine level, total bilirubin level, and inter-
national normalized ratio (INR), the MELD score (and later 
the anticoagulation-compatible MELD-XI score) was found 
to correlate with overall and postoperative survival.56 More 
recently, a global risk-assessment scale was developed using 
only CF data culled from the HeartMate II clinical trials 
database. The HeartMate II multivariable risk score (HMRS) 
utilizes five variables—patient age, albumin level, creati-
nine level, INR, and implanting center volume—to predict 
90-day postoperative mortality57 (Table 62-5). While simi-
lar to MELD in its direct comparison of predictive results, 
HMRS is more specifically designed for HF patients and may 
offer a modest benefit in outcome discrimination.58 To date, 
no risk-assessment scale has shown absolute superiority in 
preoperative risk stratification, but the available models do 
emphasize the importance of preoperative optimization of 
overall end-organ function.

Operative Risk
As with any proposed cardiothoracic procedure, the surgical 
complexity of each case must be carefully addressed early in 
the evaluation process. Unfavorable anatomical scenarios—
such as a history of previous sternotomies, congenital anoma-
lies, or heavily calcified anastomotic sites—are common in 

this patient population and significantly escalate operative 
risk.

The utility of concomitant cardiac and valvular procedures 
is poorly understood and remains controversial. Whereas 
some studies have suggested that concurrent procedures are 
associated with diminished overall survival, consensus opin-
ion does support intervention in specific situations.36,59,60 
Native aortic insufficiency has been shown not only to 
adversely affect the performance of CF pumps but also to 
speed the progression of valvular incompetence.61 Although 
clinical practice varies, ISHLT guidelines suggest concurrent 
intervention for regurgitation deemed moderate or greater.36 
The presence of a mechanical prosthesis entails a prohibitive 
risk of thromboembolic complications and warrants surgical 
exclusion through ligation of the LV outflow tract, supraval-
vular patch closure, or a placement of a felt sandwich plug.62-65 
Tricuspid regurgitation has been implicated in the develop-
ment of postoperative right-sided HF (RHF), and guidelines 
generally support intervention—either replacement or ring 
repair—for disease classified as moderate or greater.36,66-68 
The presence of mitral regurgitation (MR) does not typically 
necessitate surgical intervention at the time of device implan-
tation. Whereas MR is common in patients with end-stage 
HF, this finding is often the result of annular distortion sec-
ondary to dilation of the left ventricle and typically improves 
with mechanical decompression and offloading.69 Due to an 
increased risk for right-to-left shunting, atrial septal defects 
and patent foramen ovale (PFO) should be closed at the time 
of implant.70 Unmasking of a previously undetected PFO has 
been reported after mechanical unloading of the left side of 
the heart, and this defect must be surgically or endovascularly 
repaired if systemic postoperative hypoxemia occurs.69,71

End-Organ Function
The presence of multiple medical comorbidities is a common 
finding in patients with end-stage HF and an ever-present 
challenge in the surgical management of the disease. Perma-
nent, life-threatening comorbidities (such as preoperative 
dialysis dependence) are often associated with excessive peri-
operative risks and frequently preclude eligibility for MCS. 
However, improvement in end-organ function has been 
documented after periods of device support.72-75 Preoperative 
determination of the severity of end-organ disease is a critical 
process, and it relies on the collective clinical judgment of the 
multidisciplinary treatment team.

Renal dysfunction, specifically, is strongly associated 
with poor outcomes after device implantation.76,77 As a 
result, patients who require chronic preoperative dialysis are 
generally excluded from implantable MCS consideration. 
Additionally, multiple studies have shown a decline in post-
operative survival associated with deranged markers of liver 
function.78,79 While acute cardiogenic liver injury can be sta-
bilized, elevations in bilirubin levels, aminotransferase levels, 
and INR warrant further workup and evaluation. Preop-
erative mechanical ventilation has been shown to be associ-
ated with postoperative respiratory failure, RV failure, and 

TABLE 62-5: Multivariable Predictors of 
90-Day Mortality (HeartMate II Risk Score)

Parameter SE OR (95% CI) p Value

Age (years) 0.12 1.32 (1.05-1.65) .018
Albumin (g/dL) 0.23 0.49 (0.31-0.76) .002
Creatinine (mg/dL) 0.20 2.10 (1.37-3.21) <.001
INR 0.32 3.11 (1.66-5.84) <.001
Center volume 0.34 2.24 (1.15-4.37) .018
 
  Low risk Medium risk High risk

HMRS score <1.58 1.58-2.48 >2.48
90-Day survival 96% (± 1%) 84% (± 2%) 71% (± 4%)

HMRS = (0.0274 × Age) – (0.723 × Alb) + (0.74 × Creat) + (1.136 × INR) + 
(0.807 × Vol).
*Center Volume: Yearly LVAD implant volume <15, value = “0”;  
Yearly volume >15, value = “1”.
SE,standard error; OR, odds ratio; CI, confidence interval; INR, international 
normalized ratio; HMRS, HeartMate II Risk Score; Alb, albumin; Creat, creati-
nine; Vol, yearly device implant volume; LVAD, left ventricular assist device.
Adapted with permission from Cowger J1, Sundareswaran K, Rogers JG,  
et al: Predicting Survival in Patients Receiving Continuous Flow Left Ventricular 
Assist Devices: The HeartMate II Risk Score, J Am Coll Cardiol. 2013 Jan 22; 
61(3):313-321.
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1372 Part X Transplant and Mechanical Circulatory Support

increased mortality.80 An assessment of pulmonary reserve is 
often limited by severe cardiac dysfunction, and no specific 
pulmonary function criteria have been formally established 
for device exclusion. Impaired cognitive function or a recent 
history of stroke obligates a thorough neurologic and cog-
nitive examination. Patients with significant residual deficits 
should undergo an occupational therapy evaluation to deter-
mine whether they possess sufficient physical dexterity to 
manipulate an MCS device independently.

Right Ventricular Function
Prevention and treatment of RV dysfunction is a signifi-
cant challenge in the field of MCS, and postoperative RHF 
has long been associated with poor clinical outcomes.37,81,82 
Identification of patients at risk for RHF provides an oppor-
tunity for implementation of preoperative optimization 
strategies and enhanced surgical preparedness. However, 
methods developed thus far to predict RHF after LVAD 
implantation have been largely based on experience with 
pulsatile devices and have proven inconsistent, likely due to 
the variety of clinical definitions, variables, and treatment 
strategies.83-86

Despite the complex pathophysiology underlying this 
disease process, several recent studies have significantly 
improved our understanding of variables that predispose to 
RV dysfunction. In a retrospective analysis of the HeartMate 
II BTT trial, Kormos and colleagues87 sought to identify risk 
factors for the development of postoperative RHF in a CF 
LVAD population. That study specifically identified preop-
erative ventilator support, an increased central venous pres-
sure (CVP) and CVP/PCWP ratio, a decreased RV stroke 
work index, and elevated white blood cell and blood urea 
nitrogen values as significant predictors of RHF. Echocar-
diographic parameters have also been suggested as tools for 
assessing the risk of RHF after LVAD implantation. Ultra-
sonographic studies have implicated reduced free-wall strain, 
RV-to-LV diameter ratios, severity of tricuspid regurgitation, 
and RV EF as predictors of right-sided heart dysfunction.88-91 
Researchers at the University of Pennsylvania recently devel-
oped a risk-stratification tool to assess the preoperative like-
lihood for tolerance of univentricular support.92 Although 
limited by its size, patient selection, and single-center design, 
the study identified preoperative tachycardia, elevated CVP, 
ventilator support, RV dysfunction, and tricuspid regurgita-
tion as predictors of the need for biventricular support.

Thus, whereas the specific variables that may predispose 
patients to RHF after LVAD implantation remain unclear, 
certain principles have emerged to help guide patient selec-
tion and management. A consistent theme throughout the 
majority of these studies is an association between predic-
tors of RHF and predictors of overall mortality.93,94 Sicker 
patients—with preoperative evidence of end-organ dysfunc-
tion, hemodynamic instability, and impaired RV mechanics—
are especially vulnerable to RHF after LVAD implantation. 
Thoughtful evaluation and preoperative consideration of 
these risks are paramount in surgical planning.

Multidisciplinary Assessment/Social 
Evaluation
Due to the comprehensive nature of device therapy and the 
commitment required for successful outcomes, candidates 
for MCS must undergo a comprehensive multidisciplinary 
assessment. Preoperative nutritional status should be evalu-
ated and optimized, as studies have shown an association 
between cachexia and perioperative mortality rates.95,96 A 
history of psychiatric illness should cause significant concern 
and warrants a thorough evaluation of competency and abil-
ity to adhere consistently to therapy. Routine psychosocial 
evaluation should be performed by qualified healthcare per-
sonnel to explore available personal, social, vocational, finan-
cial, and environmental support systems. Advanced patient 
age alone should not preclude device therapy.97 Cases should 
be reviewed on an individual basis by a multidisciplinary 
committee to ensure that all concerns are addressed before 
surgery.

DEVICE SELECTION
Appropriate device selection is determined by a number of 
factors, including the patient’s overall clinical condition, the 
indication for MCS, the proposed goal of device therapy, and 
relevant patient-specific considerations.

Patients with an unstable condition or acute decompensa-
tion are often best served by short-term devices that are less 
invasive, faster to place, and less expensive than fully implant-
able pumps. As a reliable and historically familiar option, VA 
ECMO is the procedure of choice for emergent situations 
in many institutions worldwide. Peripheral cannulation may 
be performed at the bedside, in the catheterization lab, or 
in the operating theater, and the presence of an oxygenator 
allows for full cardiopulmonary support for a period of 
days to weeks. Catheter-based LVADs such as the Impella 
and TandemHeart are used with increasing frequency for 
short-term LV support, particularly after high-risk coronary 
interventions.32 These percutaneous devices can provide tem-
porary support without the need for surgical access, but they 
are susceptible to hemolysis and positional disruption, and 
their use is typically limited to 1 to 2 weeks. For patients for 
whom more robust flows are required or percutaneous mea-
sures have failed, the CentriMag is the most frequently used 
temporary option. Cannulation is similar to that performed 
for routine CPB, and the device can be used for temporary 
uni- or biventricular support for up to 1 month.

Fully implantable CF LVADs are the devices of choice 
for patients who require long-term MCS and whose condi-
tion is stable enough to permit major surgery. Of the vari-
ous options, the HeartMate II LVAD and the HeartWare 
HVAD are the most commonly used devices. Although 
they function in a similar manner, the choice between these 
pumps is based on factors ranging from anatomical con-
cerns to institutional availability. In the United States, the 
CMS strictly mandates preoperative designation of patients 
as either BTT or DT candidates. Despite the fluid nature 
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of these preimplant strategies, the HeartMate II remains the 
only device approved by the FDA for use in both BTT and 
DT patients. The HVAD, by contrast, is currently approved 
only for BTT in the United States, and clinical trials seeking 
DT approval are currently underway. No study has yet shown 
either pump to be superior to the other. Although the advent 
of smaller CF pumps has lessened the anatomical challenge 
of implantation, patient body habitus remains an important 
consideration. For example, the intrapericardial position of 
the HVAD makes the HeartWare device particularly appeal-
ing for smaller-framed patients.

For patients with biventricular HF, the decision to pursue 
uni- or biventricular MCS greatly affects the available treat-
ment options. For patients with mild-to-moderate RHF, a CF 
LVAD with temporary right-sided support may be sufficient 
to allow RV reconditioning. In the event of failed temporary 
support or severe biventricular disease, dual (right and left) 
CF devices may be used with relative success despite the logis-
tical complexities associated with multiple controllers and 
batteries. The pulsatile SynCardia TAH (SynCardia Systems; 
Tucson, AZ) currently is the only FDA-approved option for 
implantable biventricular support in patients awaiting trans-
plantation. Although the Syncardia requires considerable 
intrathoracic volume displacement, it allows mobility and 
outpatient management by means of a portable pneumatic 
driver. The continued development of a fully implantable CF 
TAH is underway and will be discussed later in this chapter.

SURGICAL TECHNIQUE
As experience with device implantation has grown, surgical 
techniques have evolved to reflect lessons learned. Early in 
the development of LVADs, apical positioning of the inlet 
cannula was advocated, so as to take advantage of the longest 
measured span within the left ventricle. This positioning, how-
ever, often creates unfavorable angulation of the inlet toward 
the interventricular septum, resulting in arrhythmogenesis 
and mechanical obstruction of the inlet after a reduction 
in the LV end-diastolic dimension. Over time, a number of 
alternative implant strategies have been devised, ranging from 
a thoracotomy to subcostal incisions and from anterior to lat-
eral pump positions.98-100 Surgeons at our institution favor a 
method designed to produce a parallel orientation between 
the inlet cannula and the interventricular septum by placing 
the inlet along the diaphragmatic surface of the heart.101,102 
Although it deviates from traditional technique, this method 
eliminates the need for a preperitoneal pump pocket and cre-
ates a more geometrically advantageous alignment.

Whereas the technique described is specifically intended for 
the HeartMate II, most of the procedure is indistinguishable 
from implantation of other CF LVADs. Differences involving 
the HeartWare HVAD—the second most commonly used 
device worldwide—will be addressed as necessary. Essential 
components of the procedure include (1) positioning of the 
inlet cannula along the diaphragmatic aspect of the left ven-
tricle; (2) transdiaphragmatic positioning of the HeartMate II  
pump housing; (3) proper sizing of the outflow graft to 

ensure an optimal pump position and avoidance of kinking; 
(4) thorough de-airing of the heart and pump circuit; and 
(5) titration of pump speeds under echocardiographic guid-
ance to optimize heart function.

A vertical midline incision is made, followed by a 6-cm 
subxiphoid extension. A standard sternotomy is then per-
formed with the ratchet of the sternal retractor oriented 
toward the patient’s head to provide adequate inferior expo-
sure. The pericardium is opened in the midline and divided 
along the length of the diaphragm. Both pleural cavities are 
entered to assist with positioning of both the pump and out-
flow conduit. The anterior border of the diaphragm is then 
incised from the midline to the apex of the heart, permit-
ting entrance into the peritoneal cavity and adequate space 
for introducing the pump (Fig. 62-9a). A point of entry for 
the inlet cannula to traverse the diaphragm is selected to cor-
respond with the diaphragmatic surface of the left ventricle 
and is marked with an electrocautery.

After systemic heparinization is achieved, the ascending 
aorta is cannulated distally, with consideration for potential 
future reoperation and transplantation. Venous cannulation 
is typically achieved by using a dual-stage cannula in the 
right atrial appendage, except in cases for which a concomi-
tant procedure is planned—such as a tricuspid valve repair 
or PFO—when bicaval cannulation is preferred. In a reop-
erative sternotomy, the femoral vessels should be exposed to 
allow immediate cannulation if mediastinal dissection results 
in hemodynamic instability.

CPB is then initiated, and the LV apex is brought out of 
the chest and stabilized with an off-pump suction-cup 
stabilizer. For inlet placement along the diaphragmatic sur-
face, identification of the appropriate ventriculotomy site 
is crucial to avoid disruption of the papillary muscles and 
allow the inlet to lie parallel to the interventricular septum 
along the short axis of the left ventricle. This is accomplished 
by selecting a point approximately one-third of the distance 
from the apex to the base of the heart (thus, anterior to the 
origin of the papillary muscles), with the medial edge of 
the sewing ring placed 0.5 to 1 cm lateral to the posterior 
descending artery. A coring knife—typically provided by the 
device manufacturer—is used to open the ventricle, with care 
to stay parallel to the septum and follow posteriorly in the 
direction of the mitral valve. The ventricular cavity is then 
thoroughly inspected for evidence of thrombus or potentially 
obstructive trabeculae.

To secure the Silastic inflow cuff of the HeartMate II, 12 
braided polyester full-thickness sutures are placed circumfer-
entially around the ventriculotomy site in a horizontal mat-
tress fashion with broad interlocking felt pledgets. The sutures 
are passed through the felt sewing ring of the inflow cuff, 
which is then lowered into position and secured. Hemosta-
sis around the inflow is bolstered by placing a full-thickness 
purse-string stitch through the pledgeted ring, using a large-
caliber monofilament suture (Fig. 62-9b). The HeartWare 
HVAD utilizes a specialized sewing ring equipped with a 
locking mechanism to secure the pump in place. The HVAD 
sewing ring is typically placed before the ventricle is cored, 
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FIGURE 62-9 HeartMate II implantation. (A) Retraction of the 
diaphragm in anticipation of subdiaphragmatic pump positioning. 
(B) The ventricle is cored along the diaphragmatic surface of the 
heart—lateral to the posterior descending artery—and a plegeted ring 
secures the Silastic inflow cuff. (C) Transdiaphragmatic positioning 
of the HeartMate II inflow cannula. (D) Anastomosis of the outflow 
graft to the ascending aorta, aided by a partial occluding vascular 
clamp. (E) Final alignment of the pump and outflow conduit. The 
pump housing lies beneath the diaphragm, and the outflow graft 
courses toward the right side of the chest. Introduction of a 19-gauge 
needle permits de-airing of the system.
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and the ring is seated with a similar series of horizontal 
mattress sutures.

Next, the diaphragmatic myotomy—ample enough to 
admit two fingers—is completed at the previously marked 
location, and the pump is brought into the field after being 
prepared and primed on a separate table. The inlet cannula is 
guided through the diaphragm, inserted within the Silastic 
ring, and finally secured in place with two ratcheting cable 
ties (Fig. 62-9c). The pump housing is pulled into the abdo-
men until the heart lies flush with the diaphragm, and the 
pump is positioned above the left lobe of the liver. To pro-
tect the bowel, the body of the pump is wrapped in available 
omentum. The discoid shape of the HeartWare HVAD allows 
intrapericardial pump placement. Although the inlet is placed 
along the diaphragmatic aspect of the ventricle, entrance into 
the abdomen is not required.

Next, attention is turned to the outflow graft, which is 
allowed to fill, then is measured and cut in beveled fashion, 
with enough length to produce a gentle curve toward the 
right side of the chest but without excessive redundancy that 
might lead to kinking. After placement of a partial occlud-
ing clamp along the ascending aorta, an aortotomy is cre-
ated along the anterolateral surface by sequentially firing a 
4.4-mm punch. The outflow-graft anastomosis is performed 
in an end-to-side fashion with continuous 5-0 polypropyl-
ene suture (Fig. 62-9d). The partial occluding clamp is then 
removed, and the graft is de-aired while backflow is prevented 
by an occlusive vascular clamp.

The driveline exit site is identified two fingerbreadths 
below the right subcostal margin within the mid-clavicular 
line. A skin punch allows the introduction of a tunneling 
device, which is then passed behind the right rectus mus-
cle, anteriorly to the posterior rectus sheath. The driveline 
is withdrawn with the tunneling device, cleaned, and con-
nected to the device controller, with care to loop the velour-
coated portion of the lead within the patient’s body, as studies 
have shown that preservation of the velour-silicone interface 
beneath the level of the skin is associated with a decreased 
incidence of driveline infections.103

After thorough de-airing, the pump is started at its low-
est setting (6000 rpm for the HeartMate II; 1800 rpm for 
the HeartWare HVAD) with a venting needle in the highest 
point of the outflow graft (Fig. 62-9e). CPB flows are gradu-
ally decreased while the pump speed is adjusted under trans-
esophageal echocardiographic (TEE) guidance to optimize 
the chamber size, position of the interventricular septum, 
degree of MR, and RV function.

Protamine is administered, the cannulas are removed, and 
drains are placed in the mediastinum and pleural spaces. The 
bare portion of the outflow graft is covered with a 20-mm-
diameter ringed Gore-Tex graft (Gore Medical, Newark, DE) 
to avoid kinking and damage during future sternal reentry. The 
defect in the diaphragm is partially reapproximated, and the 
sternum and soft tissues are closed in the standard fashion. If 
the patient has excessive bleeding related to severe coagulopathy, 
temporary chest closure may be advisable to allow correction and 
stabilization before delayed sternal closure is attempted.104

POSTOPERATIVE MANAGEMENT
Diligent and comprehensive patient care is essential for suc-
cessful MCS outcomes, and proper management begins 
before surgery. As described earlier, careful patient selection is 
paramount, as is prompt identification of the most appropri-
ate opportunity for device implantation. To minimize surgical 
risks, particular emphasis should be placed on the preoperative 
optimization of end-organ function, reversal of coagulation 
imbalances, correction of malnutrition, and eradication of 
preexisting infection. Device recipients with decompensated 
clinical profiles (INTERMACS levels 1 and 2) are known to 
experience worse outcomes than patients whose condition is 
comparatively stable.37 As a result, aggressive medical man-
agement, intraaortic balloon therapy, or temporary device 
support is often warranted to improve the patient’s hemody-
namic condition before surgery. Careful planning should also 
include the recognition of patient-specific risks—such as the 
potential need for RV support—to avoid lengthy delays in the 
recognition and treatment of postoperative complications.

Intraoperative measures are also crucial for prevent-
ing postoperative complications. In addition to meticulous 
surgical technique and adequate hemostasis, judicious 
blood-product administration minimizes the risk of volume 
overload and RV failure. In the setting of profound coagulop-
athy, low-dose recombinant factor VIIa (NovoSeven; Novo 
Nordisk, Plainsboro, NJ) and four-factor prothrombin com-
plex concentrate (Kcentra; CSL Behring GmbH, Marburg, 
Germany) have shown value as pharmacologic resources 
without causing an undue risk of device complications or 
thromboembolic events.105

Initial device setup is a critical process that occurs within 
the operating theater. After the pump is activated, power and 
flow recordings should be carefully monitored, and any sus-
pected physical impediments to device performance, such as 
outflow kinking or cannula malpositioning, should be imme-
diately identified and corrected. Intraoperative identification 
of optimal pump speed is a dynamic process that requires 
both direct visualization and TEE to assess ventricular cham-
ber size, RV function, and interventricular septal position. 
The combination of CPB weaning, intravascular fluid shifts, 
vasoactive medications, and sternal closure can result in sud-
den and dramatic changes in cardiac function, and continual 
reassessment is required to maintain an appropriate balance 
between the patient and device.

Immediate postoperative management in the intensive 
care unit (ICU) requires an understanding of the delicate bal-
ance between pump flow, RV function, and intravascular vol-
ume status—often interpreted within the context of a volatile 
and complex hemodynamic milieu. Baseline comprehensive 
laboratory panels should be assessed immediately upon the 
patient’s arrival in the ICU to assess acid-base status, coagula-
tion markers, and hematologic reserves. Acidosis should be 
aggressively corrected and coagulopathy reversed with appro-
priate blood component resuscitation.

Arterial BP is principally controlled by vasoactive medi-
cations and intravascular fluid management, not pump speed. 
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The flows produced by CF LVADs operating at constant 
speed are highly dependent on the pressure differential 
across the pump. The resulting afterload sensitivity, particu-
larly in centrifugal pump designs, requires careful BP titra-
tion to ensure sufficient output without causing excessive 
systemic pressures. Although optimal MAPs in this patient 
population remain unknown, our practice is to target a 
range of 60 to 80 mm Hg. Due to the reduction in pulse 
pressure created by CF LVADs, systemic arterial pressures 
are expressed as a single mean value and should be continu-
ously monitored in the postoperative period. Noninvasive 
BP cuff measurements have been found to be unreliable in 
the setting of CF MCS and frequently underestimate sys-
tolic pressures. As a result, Doppler measurements have 
emerged as the gold-standard noninvasive modality.106 The 
control of CVP is also of critical importance in the postop-
erative period, as excessive volume administration—a fre-
quent obstacle in this patient population—can quickly lead 
to development of RV dysfunction.

Assessment of appropriate device function is based on 
system-specific parameters in conjunction with echocardio-
graphic findings. Pump speed (rpm) and power expenditure 
(watts) are the only directly measured variables provided by 
the HeartMate II and HeartWare HVAD; estimated flow 
(L/min) is indirectly calculated and typically corresponds to 
changes in pump power. The pulsatility index (PI) is a param-
eter unique to the HeartMate II, and it is designed to indicate 
ventricular filling and function by interpreting changes in 
pump flow due to contraction of the left ventricle. Although 
optimal target levels are unknown, the PI can be expected 
to decline with increasing pump support.69 The HeartWare 
HVAD provides continuous readings of pump speed, power, 
and flow, and it records values every 15 minutes, thus main-
taining a retrievable data log for review of the preceding 
30 days. Interpretation of these data recordings has shown 
a potential for predicting, diagnosing, and managing clini-
cal events, including volume changes, RV dysfunction, and 
pump thrombosis.107

Any deviation in pump data warrants immediate interro-
gation, including assessment of hemodynamics, volume sta-
tus, heart rhythm, sources of intrathoracic compression, and 
ventricular dimensions. Whether emergent or elective, assess-
ment of device function is best achieved by echocardiogra-
phy focused on end-diastolic dimensions, septal positioning, 
valvular competence, and aortic valve opening. Systematic 
assessment across a range of pump speeds—“speed-change” 
or “ramped-speed” echo—allows optimization of mainte-
nance pump speeds by comparing functional dynamics. The 
preferred frequency of these studies varies among institutions; 
at a minimum, it should be performed in the operating room, 
soon after arrival in the ICU, before hospital discharge, and 
any time concern is raised about the adequacy of support.

Our practice is to seek early extubation, mobilization, 
and resumption of nutritional support. Aggressive diure-
sis is typically warranted for postoperative fluid offloading, 
and volume status is monitored using daily weights, physical 
findings, and hemodynamic parameters. The patient should 

be weaned from vasoactive and inotropic medications as tol-
erated. Lines and drains should be removed as early as pos-
sible to reduce the risk of postoperative infection, and strict 
aseptic technique is required for driveline dressing changes. 
An aggressive physical therapy regimen is initiated as early as 
possible, as is patient device training.

Management of Right 
Ventricular Dysfunction
After LVAD implantation, outcomes are heavily dependent 
on the preservation of adequate RV function. Whereas RHF 
is most often the result of inadequate left-sided output, the 
initiation of LVAD support can adversely affect RV func-
tion in several ways. The sudden increase in left-sided car-
diac output and venous return requires the unsupported right 
ventricle to respond immediately to an increased demand. 
Although LVAD therapy has been shown to reduce the sever-
ity of pulmonary hypertension, this resolution may not be 
immediate, forcing the right ventricle to pump against a rela-
tively high-pressure system. Furthermore, interdependence 
between the right and left ventricles can result in the distor-
tion of RV and septal architecture upon unloading of the LV, 
leading to impaired RV contractility. In this way, initiation of 
device support can lead to sudden demands and strains on the 
right ventricle to which it cannot adequately respond.

Management personnel must be vigilant in monitor-
ing for signs of acute RHF to allow prompt and aggressive 
treatment. Signs of impending or evolving RV dysfunction 
include increasing vasopressor requirements or hemody-
namic instability, elevated or rising CVP, decreased urine 
output, and low mixed venous oxygen saturation (SvO2). 
In 2011, Potapov and colleagues108 suggested standardized 
criteria for the diagnosis of RV dysfunction that included 
the inability to wean from CPB, or any two of the following 
conditions: MAP < 55 mm Hg, CVP > 16 mm Hg, SvO2 < 
55%, LV flow rate index < 2 L/min/m2, or significant ino-
tropic dependence. In addition to hemodynamic markers, 
echocardiography should remain an essential component of 
the evaluation, allowing direct assessment of ventricular size, 
contractility, and septal positioning. Along with traditional 
signs of depressed right-sided heart function, the failure to 
maintain appropriate LVAD power consumption and flows 
in the absence of hypovolemia may suggest inability of the 
right ventricle to deliver sufficient volume to the pump inlet.

The majority of patients with RV dysfunction will require 
inotropic support, typically in the form of milrinone, dobu-
tamine, isoproterenol, or epinephrine. Early and aggressive 
pharmacologic diuresis is essential to reduce RV preload, par-
ticularly in the setting of excessive volume loading and mas-
sive transfusion. Maintenance of sinus rhythm preserves the 
RV stroke volume and lessens myocardial strain. Although 
the results of studies have been contradictory, inhaled nitric 
oxide therapy appears to have utility in alleviating pulmo-
nary vascular resistance and RV dysfunction through direct 
pulmonary arterial vasodilatory effects.108,109 When all other 
management options have been exhausted, consideration of 
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mechanical right-sided support, either temporary or perma-
nent, is warranted.110

Anticoagulation
The approach to anticoagulation in patients who require 
long-term MCS has not yet been standardized and varies 
considerably between institutions. Whereas thromboem-
bolic complications were a significant challenge for early 
devices, the unique textured interior surface of the Heart-
Mate XVE resulted in the development of a neointimal blood 
interface that effectively eliminated the need for systemic 
anticoagulation.111 The introduction of the Jarvik 2000, 
which utilized blood-washed bearings and a CF design, led to 
the widespread practice of systemic anticoagulation to reduce 
the perceived risk of pump thrombosis.112 As a result, initial 
management strategies for CF devices involved a target INR 
of 2.5 to 3.5 before experience gained from the HeartMate II 
pivotal trial led to a suggested target range of 2 to 3 along 
with early postoperative heparin infusion and antiplatelet 
therapy in the form of aspirin and dipyridamole.25,113

Despite these initial recommendations, the appropriate 
level of anticoagulation for long-term CF support remains an 
area of active investigation. Studies have shown that the inci-
dence of hemorrhagic complications is far greater than that of 
thrombotic events in this patient population, leading to the 
suggestion that a lower INR target may be appropriate.37,114 
Moreover, patients transitioned directly to warfarin with-
out an early heparin bridge have been shown to experience 
reduced postoperative transfusion requirements without an 
increased risk of thrombotic complications.115 Guidelines 
published by ISHLT recommend the initiation of heparin 
therapy on postoperative day 1, with warfarin and aspirin 
started by postoperative day 3 (target INR 2.0 to 3.0).36 Our 
institution follows an alternative protocol, preferring the 
early introduction of warfarin and aspirin therapy (by post-
operative day 1), with heparin infusion reserved for patients 
in whom anticoagulation remains subtherapeutic by postop-
erative day 4. Target INRs for this protocol are specific to the 
type of device, application, and presence of concomitant car-
diac pathology. Standard intraoperative heparin reversal with 
protamine sulfate is accepted practice in most centers.

Biventricular Device Management
The concomitant use of a right-sided pump adds several com-
plexities to device management. From a hemodynamic stand-
point, determination of the appropriate balance between the 
two pumps can be difficult. Continuous-flow devices are 
principally governed by two variables: the speed of the rotor 
and the pressure difference across the device. As a result, the 
output produced by a CF pump operating at constant speed 
will reflect the volume of blood delivered to the inlet. This 
arrangement provides a degree of inherent automaticity that 
is advantageous when pumps are operated in series. Man-
agement of a biventricular system, therefore, requires iden-
tification of a right-sided pump speed that permits venous 

offloading without development of pulmonary edema—a 
common complication of RV assistance as a result of reduced 
afterload established by the low-pressure pulmonary circula-
tion. Left-sided speeds may then be actively titrated to com-
pensate for physiologic variations in the volume delivered to 
the left ventricle.

Biventricular assist device (BiVAD) support also creates 
a number of logistical challenges. The surgical complexity 
of accommodating two pump housings within the thoracic 
cage can be significant. Whereas the use of dual HeartMate II  
devices has been reported, the relatively small profile and 
intrapericardial pump position of the HeartWare HVAD 
offers a considerable advantage, making this device preferable 
for high-risk cases or planned biventricular support.116-118 In 
our experience, the outflow conduits are best configured in 
opposing alignments, with the right-sided graft directed pos-
terolaterally to allow anastomosis with the pulmonary artery 
trunk without interfering with the course of the LVAD graft. 
A further disadvantage of dual device support is the redun-
dancy of system controllers (two) and batteries (four) required 
for operation. The resultant physical burden, complexity in 
daily use, and responsibilities for maintenance present signifi-
cant challenges for long-term management of patients who 
require biventricular therapy.

POSTOPERATIVE OUTCOMES
Over the past 20 years, multicenter studies have documented 
a progressive improvement in postoperative mortality after 
LVAD implantation (Fig. 62-10). The landmark REMATCH 
trial showed a 1-year survival rate of 52% for patients ran-
domized to receive device therapy, compared with 25% sur-
vival at 12 months for those treated with medical therapy 
alone.7 Six years later, the HeartMate II BTT study showed 
68% 1-year survival with CF support, a total that rose to 
73% within the larger Continued Access Protocol report.9,25 
In keeping with this trend, the HeartWare ADVANCE 
trial results were released in 2012 and showed an 86% sur-
vival rate at 1 year, which was comparable to contemporary 
INTERMACS data and led to FDA approval of the HVAD 
for BTT indications.27 Likely due to improved patient selec-
tion, 30-day perioperative survival has also improved during 
that timespan, rising from roughly 80% with the HeartMate 
XVE to more than 90% with contemporary devices.53,119,120

Analysis of the INTERMACS registry reveals several sta-
tistically significant risk factors for mortality in patients sup-
ported by CF LVADs, including severity of the preoperative 
clinical profile (levels 1 and 2), renal dysfunction, age over 
70 years, RV dysfunction, and increased surgical complexity.8,121 
Biventricular device support is consistently associated with 
increased short-term mortality, although the data suggest 
some utility in early planned (as opposed to delayed) imple-
mentation of biventricular device therapy.37,122 Importantly, 
LVAD therapy has been shown to be equivalent to transplan-
tation in terms of 1- and 2-year mortality, and pretransplant 
MCS has not been shown to negatively affect outcomes for 
subsequent transplantation.123,124 Quality-of-life metrics also 
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reveal a significant improvement with LVAD therapy that is 
sustained through 24 months after device implantation.37

ADVERSE EVENTS AND  
DEVICE COMPLICATIONS
The implementation of device therapy is associated with spe-
cific perioperative and long-term risks for the patient. To stan-
dardize the evaluation of patient outcomes, INTERMACS 
has established definitions for adverse events associated with 
MCS. The cumulative incidence of these adverse events 
within the first 60 days of MCS has been reported to be as 
high as 89%, many such events being associated with a reduc-
tion in long-term survival125,126 (Fig. 62-11). Implementation 

and management of MCS, thus, obligates a consideration of 
the risks associated with device therapy and an appreciation 
of the implications of certain events.

Perioperative Bleeding
Whereas detailed analysis is limited with regard to the cur-
rently available data registries, bleeding has historically been 
cited as the most common complication after LVAD implan-
tation, and bleeding of any type (operative and late onset) 
is the most common adverse event recorded by INTER-
MACS.25,37,126 Surgical bleeding and large-volume blood-
product resuscitation has been associated with increased 
30-day and 1-year mortality rates, RV dysfunction, acute 
lung injury, infection, and pretransplant allosensitization.127 
Reported bleeding rates were high in the early pulsatile LVAD 
experience, with nearly 50% of patients suffering from major 
bleeding complications.81 Although the introduction of CF 
devices resulted in an overall improvement in outcomes, 
bleeding has remained a significant perioperative challenge. 
Early experience with the HeartMate II clinical trials showed 
that between 50 and 80% of patients required perioperative 
blood product transfusion, with 30% of patients undergo-
ing reoperation for bleeding complications.25,26 Single-center 
analyses have since revealed a modest reduction in transfusion 
requirements.104,128

Recently, the comparative analysis of different devices 
with regard to perioperative bleeding complications has been 
an area of particular interest. The HeartWare BTT trial inves-
tigators reported a lower risk of reoperation for bleeding than 
did the contemporary INTERMACS control group (largely 
comprising HeartMate II patients).27 A single-center analy-
sis subsequently determined that although red blood cell 
administration was equivalent for the two pumps, HVAD 
recipients required fewer blood products overall (8.3 ± 13 vs 
12.6 ± 14 units) and had a lower chest-tube output than did 
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HeartMate II patients.129 As a result, these studies have been 
used to suggest that, due to a reduction in surgical dissection, 
the HVAD is associated with fewer bleeding complications. 
However, whereas differences between pumps may indeed 
affect bleeding rates, these studies fail to account for wide 
variations in surgical approach and perioperative manage-
ment that may contribute to these results. Regardless of the 
device used, bleeding is a significant challenge in the periop-
erative period.

Right-Sided Heart Failure
The identification and management of RV dysfunction has 
been extensively discussed. Development of RHF presents 
a major postoperative challenge and is strongly associated 
with poor clinical outcomes and increased mortality.37,81,82 
Reported criteria for the diagnosis of RV failure vary in the 
literature. The most commonly used definition of post-LVAD 
RV failure originates from the HeartMate II BTT trial, which 
described RV failure as the need for RV support, inotropic 
support for at least 14 days after implantation, or the initia-
tion of inotropic support after 14 days of LVAD support.9 
INTERMACS utilizes considerably broader criteria for data 
acquisition purposes, relying primarily on signs and symp-
toms of elevated CVP and more specific conditions to evalu-
ate the level of severity.130 The reported incidence of RV 
failure after LVAD implantation remains highly variable, 
ranging from 15 to 30%.82,87,123,126 A subset of patients with 
RV failure (between 8 and 10% of device recipients) will 
require mechanical RV support.37,88,91,126

Infection
Device therapy carries a significant risk of infection, primar-
ily due to the presence of foreign material within the body 
and a percutaneous driveline. With early pulsatile systems, 
infection rates ranged from 50 to 60% during the lifetime 
of the pump, and more than 40% of deaths in the LVAD-
supported cohort of the REMATCH trial were due to ful-
minant sepsis.111,131 Although the incidence has significantly 
improved with the introduction of newer-generation devices, 
infection remains a major source of morbidity and mortal-
ity during MCS, and it is the second most reported adverse 
event in the INTERMACS database.37 With regard to device 
comparison, the rates of driveline infection and sepsis in the 
original HeartMate II BTT trial were 14 and 17%, respec-
tively, compared with 12.1 and 11.4% in the subsequent 
HeartWare BTT trial.25,27 Creation of a preperitoneal pump 
pocket during implantation of the HeartMate II likely pre-
disposes those patients to the development of a pump-pocket 
infection, which can often result in life-threatening sepsis and 
the need for pump exchange. As a result, our institutional 
preference is to avoid the need for a pump pocket by placing 
the pump in a subdiaphragmatic intraperitoneal position.

A review of INTERMACS data revealed percutaneous 
driveline infections in 9.8% of all patients supported with 
CF devices.132 The mean time to development of the infection 

is typically greater than 6 months, implying that most such 
infections occur in the outpatient setting, when patients 
are more active and responsible for dressing care.132-134 By 
1 year, 19% of patients have developed a driveline infec-
tion, while 1 in 4 are diagnosed with a driveline infection by 
2 years of CF LVAD support.37 Whereas most patients in the 
INTERMACS database were treated with antibiotics alone, 
surgical intervention was required in 12.5% of cases.37,132 
Specific information regarding the extent of debridement is 
generally not reported, but vacuum-assisted closure, antibi-
otic bead therapy, and driveline mobilization have all been 
described.135,136 Infection has been shown to adversely impact 
survival, increasing the 1-year mortality rate as much as 
6-fold.37,132,137 The presence of a documented device infection 
does not preclude transplantation.

Renal Failure
As described earlier, preoperative renal dysfunction has been 
shown to be strongly associated with poor outcomes after 
LVAD implantation.76,77 Similarly, the development of post-
operative renal failure is a significant predictor of the 1-year 
mortality rate after device implantation.125 However, risk fac-
tors for postoperative renal failure are poorly understood, and 
indices of preoperative renal status do not appear to be strong 
independent predictors of such failure.77 Although defini-
tions vary, the incidence of postoperative renal failure ranges 
from 14 to 30%.125,138,139 Factors associated with the devel-
opment of this complication appear to include preoperative 
ventilatory support, elevated CVP, and advanced patient age. 
The initiation of MCS has been shown to enhance end-organ 
perfusion, and management options for postoperative renal 
failure range from supportive medical therapy to temporary 
or permanent renal replacement.73 As many as 10 to 20% of 
patients undergoing LVAD implantation require some form 
of postoperative renal replacement therapy, and approximately 
half of that population can be expected to recover indepen-
dent renal function, typically within the first month.138,139 
Development of postoperative renal failure has been shown 
to be associated with longer ICU stays, increased ventilator 
dependence, prolonged inotropic support, and a significant 
decline in 30-day, 3-month, and 1-year survival.37,138

Stroke and Neurologic Dysfunction
Despite improvements in device reliability and management 
strategies, stroke remains a significant source of morbidity and 
mortality in patients who require LVAD support. Clinically 
apparent strokes can result in significant functional disabilities—
a particular challenge for routine device maintenance—along 
with impaired quality of life, significant rehabilitation needs, 
and decreased postevent survival. Collectively, the impact of 
these outcomes highlights neurologic dysfunction as a par-
ticularly feared complication of device therapy.

While strokes are typically classified under a singular 
adverse event heading, the disparate pathogenesis of hem-
orrhagic and ischemic strokes suggests the likelihood for 
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multiple causative factors. A detailed analysis comparing 
stroke etiology in device patients is not yet available, but 
the incidence of hemorrhagic and ischemic strokes appears 
to be roughly equal.26,140,141 Overall, the reported incidence 
of stroke among device patients in the INTERMACS data-
base is 11% at 1 year and 17% at 2 years postimplantation.37 
Risk factors for stroke during MCS are poorly understood, 
and many presumed influences—including anticoagulation, 
atrial fibrillation, diabetes mellitus, and device type—have 
not been found to be statistically significant.141 Pulsatility 
may play a role in the development of embolic strokes. Pro-
longed closure of the aortic valve has been shown to result in 
eddies and stasis within the aortic cusps, predisposing some 
patients to the formation of thrombus that can be released 
with later opening of the valve.142 Similarly, some patients 
have developed thrombus in areas of stasis within the carotid 
bulb; again, such thrombus is susceptible to dislodgement 
after the recovery of pulsatility.31 As a result, routine main-
tenance of intermittent pulsatility may provide prophylactic 
washout of these areas and reduce the potential for thrombo-
embolic events. In recent studies, BP has been identified as 
an additional key determinant in the pathogenesis of stroke. 
The importance of adequate BP control in this population is 
suggested by the fact that patients with lower BP at hospital 
discharge and those receiving aggressive pharmacologic anti-
hypertensive therapy have significantly lower rates of neuro-
logic events.141,143 Stroke adversely affects survival, entailing a 
25% 30-day and nearly 50% 1-year mortality risk.140,141

Nonsurgical and Gastrointestinal 
Bleeding
As noted previously, bleeding of any type is the most fre-
quent adverse event reported to INTERMACS, and late-
onset spontaneous bleeding is a significant source of 
morbidity for patients supported by CF LVADs.37 Research-
ers have consistently documented the frequency of nonsur-
gical (primarily GI) bleeding, particularly in older patients, 
and the reported incidence of this complication ranges from 
18 to 30%.144-149 GI sources account for the vast majority 
(70%) of nonsurgical bleeding episodes. Epistaxis, intra-
cranial, and genitourinary episodes are progressively less 
common.149 The location of GI bleeding is divided fairly 
evenly above and below the ligament of Treitz. Although 
percentages vary among studies, erosive gastritis and arte-
riovenous malformations (AVMs) appear to be the most 
frequent causative factors.144,145,149 Whereas GI bleeding is 
a significant source of morbidity—principally because of 
more frequent hospitalizations and increased transfusion-
related alloantigen exposure—no associated impact on over-
all mortality has been reported.

The relative frequency of GI bleeding in this patient popu-
lation has led to multiple proposed explanations. Anticoagu-
lation during long-term MCS undoubtedly exposes patients 
to increased bleeding risks. A comparison between nonpul-
satile pumps and the pulsatile HeartMate XVE (which did 
not necessitate anticoagulation therapy) revealed a significant 

difference in bleeding events.29 However, the frequency of 
these events remains unexpectedly high, as patients supported 
by CF LVADs have a substantially higher risk for GI bleeding 
than do patients who require anticoagulation for cardiovascu-
lar disease.147 Furthermore, bleeding events have been known 
to occur even without the use of anticoagulation.150

Some researchers have suggested that the propensity for 
GI bleeding may be due to an altered thrombotic physiology 
resulting from interaction between the device and the blood-
stream. Multiple studies have shown that patients supported 
by CF LVADs can develop an acquired von Willebrand syn-
drome as a result of the proteolytic cleavage of high-molecular-
weight von Willebrand factor multimers.151-153 However, this 
explanation alone cannot explain the variability of bleeding 
events within the LVAD population, as bleeding has been 
shown to be nearly universal in the setting of axial-flow device 
support.154

An alternative explanation for the frequency of GI bleed-
ing events may lie in the narrow pulse pressure created by CF 
support. The association between aortic stenosis and AVM 
formation was first described by Heyde in the 1950s, and a 
syndrome bearing his name was characterized over the sub-
sequent decades.155,156 This process is believed to result from 
hypoperfusion and ischemia of intestinal mucosa, leading to 
friable neovasculature susceptible to rupture. Application of 
this concept to CF MCS physiology was first suggested by 
Letsou and colleagues,157 who described a series of patients 
supported by the Jarvik 2000. Recently, a retrospective review 
also documented a strong association between GI bleeding 
and both reduced PI and aortic valve closure, suggesting 
that a reduction in pulsatility may lead to increased rates 
of nonsurgical bleeding within the first 3 months of LVAD 
therapy.149

ISHLT guidelines suggest that anticoagulation therapy 
be withdrawn in the setting of clinically significant bleeding. 
Resumption of anticoagulation is permitted after resolution 
of the index bleeding event, but a reduction (or perma-
nent cessation) of anticoagulation is justified in the case of 
recurrent events. When possible, pump speeds are generally 
reduced to allow increased native pulsatility. Endoscopic 
evaluation is also warranted for direct control of the bleed-
ing source, although identification of the responsible AVM 
is often difficult.36

Pump Thrombosis and  
Device Malfunction
Pump thrombosis is an uncommon but potentially cata-
strophic complication of LVAD therapy. The HeartMate II 
BTT trial investigators reported an actuarial freedom from 
device malfunction (defined as resulting in device replace-
ment or death) of 95% at 6 months and 93% at 1-year post-
implantation, one-third of those events being attributed to 
primary device thrombosis.9 This degree of reliability and 
durability represented a significant advance over earlier pulsa-
tile systems, including a nearly 10-fold reduction in the need 
for device exchange.158 Between 2011 and 2012, concern was 
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raised regarding an apparent increase in the rate of pump 
thrombosis with the HeartMate II. A three-center collab-
orative study documented an increase in the incidence of 
pump thrombosis at 3 months from 2.2 to 8.4%; over the 
same timespan, a federally mandated INTERMACS review 
similarly described a decline in freedom from pump exchange 
or death at 6 months from 99 to 94%.37,159 After extensive 
investigation, the cause of this discrepancy remained unclear 
and was likely multifactorial. More recently, however, insti-
tutional reports have suggested a reversal in the thrombo-
sis-related trend and the HeartMate II remains the most 
frequently implanted device worldwide. Nevertheless, under-
standing the potential factors involved in device thrombosis 
is critical, as this complication has been shown to negatively 
impact overall survival.159

A major challenge in the prevention of thrombosis events 
is the complexity of the pathophysiology involved. Indeed, 
the term “thrombosis” has traditionally been used in a broad 
sense to describe not just confirmed thrombus within the 
pump housing but also suspected thrombus due to various 
nonstandardized clinical factors. In 2013, INTERMACS 
updated its definitions, establishing formal categories of 
suspected thrombosis (the criteria for which include hemoly-
sis, unexplained HF symptoms, and abnormal pump param-
eters) and confirmed thrombus found on direct inspection or 
radiographic imaging.130 Factors that contribute to thrombo-
sis are likely far-ranging, and proposed mechanisms include 
inadequate heat dissipation at low speeds, ineffective antico-
agulation strategies, surgical and anatomical considerations 
(such as angulation of the inlet or kinking of the outflow 
graft), patient-specific predisposition, and pump manufac-
turing and design elements.160-162

Despite the variable etiology of device malfunction, recent 
studies have led to improved methods for accurately diagnos-
ing thrombotic events. Serum markers for hemolysis have 
been shown to be associated with pump thrombus formation, 
presumably due to the increased shear stress placed on red 
cells traversing the area of flow impedance. Serum-free hemo-
globin (sfHg) has traditionally been used by INTERMACS 
for diagnostic purposes, with levels greater than 40 mg/dL 
indicative of significant hemolysis.130 Recent data have shown 
that lactate dehydrogenase (LDH) may be a more sensitive 
marker than sfHg for detecting hemolysis and pump throm-
bosis, and subsequent INTERMACS reviews have shown a 
strong correlation between rising LDH levels and thrombotic 
events.163 Whereas a threshold value of 600 IU/L has been 
proposed for diagnostic purposes (representing 2.5 times 
the upper limit of normal), this cutoff does not appear to be 
absolute, as anecdotal evidence suggests that many patients 
may exhibit higher LDH levels without tangible evidence of 
thrombosis. Other diagnostic tools, including speed-change 
echocardiography and three-dimensional computed tomog-
raphy, also likely contribute to diagnostic accuracy.164 Given 
the variability in presentation, a recent multicenter collabora-
tion led to the development of a useful diagnostic and clini-
cal management algorithm for patients with suspected pump 
thrombosis.165

Treatment strategies for suspected pump thrombosis are 
limited. Noninvasive measures, such as intravenous antico-
agulation (heparin) and direct thrombin inhibitor therapy 
(bivalirudin or argatroban), are typically initiated early in the 
management process with variable independent results.166,167 
Success with thrombolytic therapy (both systemic and intra-
ventricular) has also been reported, but this approach entails 
a risk of intracranial bleeding.130,168,169 Definitive manage-
ment of pump thrombosis is surgical, either through pump 
exchange, pump explantation, or urgent heart transplanta-
tion. Pump exchange may be performed through either a redo 
sternotomy or a subcostal approach, and the pump housing 
of the HeartMate II can be exchanged directly without dis-
rupting the inlet or outflow conduit.170,171 Despite the rela-
tive short-term safety of the exchange procedure, survival has 
been shown to decrease with each successive pump exchange, 
which also increases the likelihood of later infection and neu-
rologic sequelae.37,160 The mortality rate 6 months after trans-
plantation or initial device replacement is similar to that for 
patients without a history of thrombosis.159

TOTAL ARTIFICIAL HEART
Whereas LVAD support has emerged as the standard of care 
for patients with end-stage HF, data registry analysis sug-
gests that a sizeable percentage (typically cited as 8 to 10%) 
of patients will require biventricular support.37,87,88,91 Heart 
transplantation has traditionally served as the gold-standard 
therapy for this subset of patients, but the scarcity of donor 
organs has led to a stagnant rate of transplantation, totaling 
just over 4000 procedures each year worldwide.172 Mechani-
cal total heart replacement is a logical and relatively inex-
haustible solution to this challenge. The use of implantable 
BiVADs has been reported in the treatment of patients with 
severe biventricular HF.116,173,174 However, available devices 
are designed to function independently, and logistical chal-
lenges in their implantation and management as BiVAD sys-
tems renders them cumbersome and difficult to operate. As 
a result, the development of a self-contained, fully implant-
able total heart replacement device is an important, though 
elusive, goal.

Early Development and Experience
The concept of replacing the human heart with a permanent 
or temporary mechanical device has been postulated for cen-
turies and was first reported in the early nineteenth century 
by French physiologist Julien Jean Cesar Le Gallois.175 Since 
that time, efforts to duplicate nature’s design—including the 
famed collaboration between Charles Lindbergh and Alexis 
Carrell in the 1920s—have periodically captured the public 
imagination but failed to produce a reliable self-contained 
device.176

The first tangible step toward the development of a viable 
TAH came in 1957, when Tetsuzo Akutsu and Willem Kolff 
replaced the heart of a dog with an experimental pulsatile 
device.177 The dog survived for several hours. Although the 
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pump was never tested in humans, its brief success high-
lighted the potential for total heart replacement. Capitalizing 
on a growing interest in MCS, the National Heart Institute 
(now termed the NHLBI) established the Artificial Heart 
Program in 1964, helping to fund and support research and 
development efforts throughout the field.

The first implantation of a TAH into a human was per-
formed by Denton Cooley on April 4, 1969.16 The device was 
placed in a 47-year-old man who could not be weaned from 
CPB after undergoing an LV aneurysmectomy. Designed by 
Domingo Liotta, the pump was a pneumatically powered, 
double-chambered device with Dacron-lined conduits and 
Wada-Cutter hingeless valves (Fig. 62-12). It was intended 
to support the patient only until a suitable donor heart was 
found. Indeed, the TAH performed adequately for 64 hours, 
after which the patient underwent a transplant. Despite its 
success, Liotta’s pump was never again used clinically, but the 
experience showed that a TAH could be used safely and effec-
tively for BTT.

Contemporary Options for Total  
Heart Replacement
SYNCARDIA TAH
In the late 1970s, under the leadership of Willem Kolff, 
researchers at the University of Utah began developing a 
TAH design that eventually evolved into what is now known 

as the SynCardia TAH. The device consists of two separate, 
pneumatically driven pumps bound only by a Velcro patch 
along their adjoining walls (Fig. 62-13). Pump operation 
depends on the pneumatic displacement of a polyurethane 
diaphragm powered by an external pneumatic driver. Dacron 
cuffs permit atrial anastomosis after ventriculectomy, and the 
outflow conduits are similarly composed of woven Dacron 
grafts. Both components are attached to the pump hous-
ing by specialized connecting brackets. Each pump contains 
large-diameter SynHall valves (derived from the original 
Medtronic-Hall design) that regulate both inflow and out-
flow (27 and 25 mm, respectively) and provide minimal resis-
tance to flow. The pneumatic drivelines are tunneled beneath 
the costal margin to reach the external driver, where pump 
rate, drive pressure, and systolic duration are controlled. The 
device produces a stroke volume of 70 mL and a cardiac out-
put as high as 15 L/min.178,179

The earliest clinical iteration of this device, labeled 
the Jarvik-7, was first implanted by William DeVries in 
1982, supporting a 61-year-old man with congestive HF for 
112 days until he died of multiorgan failure.180 Despite ini-
tially mixed results, clinical trials began in 1985. Over the 
years, the device was rebranded the Symbion, then the Car-
dioWest TAH, and finally the SynCardia TAH.181-183

FIGURE 62-12 The Liotta total artificial heart, the first to be 
implanted in a human. (Courtesy Texas Heart Institute.)

FIGURE 62-13 The Syncardia Total Artificial Heart (formerly the 
Jarvik-7, Symbion, and CardioWest TAH) utilizes two pneumati-
cally driven pumps for biventricular support. (Courtesy: SynCardia  
Systems, Inc.)
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 Chapter 62 Long-term Mechanical Circulatory Support and the Total Artificial Heart 1383

Like many other TAHs, the SynCardia is somewhat 
restricted by its large size. Generally, candidates are screened 
for a sufficient body surface area (>1.8 m2) and for a chest 
anteroposterior diameter of >10 cm on computed tomog-
raphy.184 Studies have shown that the body surface area is 
associated with an increased risk of bleeding, infection, and 
overall mortality.185 A smaller (50 mL) version of the device 
is currently under development. Another historic limitation 
of the SynCardia TAH was the inconvenience of its exter-
nal components. The original console was large and relatively 
immobile, effectively eliminating the possibility of prolonged 
ambulation or outpatient management. The 2010 release of 
the 13-pound Freedom Driver has done much to alleviate 
these problems, greatly improving device portability.186

The SynCardia TAH is currently approved by the FDA 
and CMS for BTT in the treatment of biventricular failure 
and has been successfully used in more than 1100 patients.187 
In 2012, the device also received approval for DT use as a 
humanitarian exemption. Although the majority of implants 
have been performed for short-term support, nearly 50 patients 
have been supported for more than 1 year with the SynCardia,  
and the median duration of support is approximately 554 days. 
The survival-to-transplantation rate has been 72% in the 
long-term population. Complications have included systemic 
infections (35%), driveline infections (27%), thromboembo-
lism (19%), and device malfunction (10%).185 Survival rates 
are most impacted during the early postoperative period, and 
the vast majority of deaths occur within the first month.188,189 
Despite these limitations, the SynCardia has the potential for 
long-term reliable total heart replacement.

ABIOCOR TAH
The AbioCor Implantable Replacement Heart is a self-
contained, single-body, electrohydraulic TAH developed 
by ABIOMED, Inc. (Danvers, MA) and the Texas Heart 
Institute.190 The device’s principal thoracic component, which 
is positioned orthotopically after biventriculectomy, consists 
of two polyurethane hydraulic pumping chambers—each 
flanked by trileaflet valves—that serve as artificial ventricles 
and function as opposing compliance chambers (Fig. 62-14). 
A continuous motor allows shuttling of hydraulic fluid to 
alternately pressurize the right and left ventricles. Active dia-
stolic filling of the contralateral side is enabled by the negative 
pressure established by the hydraulic system. Unique to the 
design of the AbioCor is the use of radiofrequency data trans-
mission and a transcutaneous energy transfer system designed 
to create a fully implantable system that can communicate 
with external hardware without penetrating the skin. An elec-
tronic and data component is implanted within the abdo-
men. The pump produces a stroke volume of 65 mL and a 
cardiac output as high as 12 L/min.

The AbioCor is also the only device designed to address 
the natural dissymmetry in native ventricular output. Man-
agement of a totally implantable pulsatile TAH system 
requires an understanding of the difference in stroke volumes 
produced by the right and left sides of the heart. The arterial 
blood supply to the bronchial tree (totaling 2 to 3 cc with 

each heartbeat) drains directly into the left atrium, thereby 
avoiding the conventional venous system and resulting in 
an LV output that exceeds right-sided output by 2 to 5%. 
Whereas this imbalance seems negligible in the short term, 
it accounts for as much as 250 L of blood flow each day 
and must be carefully considered when designing a pulsatile 
device responsible for producing right- and left-sided flows. 
To accommodate this discrepancy, the design of the AbioCor 
involves a right-to-left flow-balancing mechanism is designed 
to account for interventricular physiologic flow differences by 
shunting hydraulic fluid away from the right-sided pump.191 
The design functioned appropriately in both animal studies 
and clinical use.

With support from NHLBI, preclinical trials and exten-
sive animal testing began at the Texas Heart Institute in 1993. 
In 2001, the FDA approved a phase 1 feasibility study for the 
device, which was first implanted in a 59-year-old man in 
Louisville, KY who survived for 151 days with the device.192 
Criteria for inclusion in the study were restrictive, and 
included the diagnosis of irreversible biventricular HF (>70% 
predicted 30-day mortality), with documented ineligibility 
for transplant. A total of 14 patients were eventually enrolled 
in the trial, the longest period of survival reaching 512 days. 
Overall survival metrics were promising, with a 71% 30-day 
survival rate (compared with 13% in the medical arm) and 
40% survival at 2 months.193

A major disadvantage of this pump is its relatively large 
size, which limited candidacy to patients with a thoracic cage 
deep enough to accommodate the device. Preoperative siz-
ing was generally performed by using three-dimensional 
computed tomography reconstructions, focusing primarily 
on anteroposterior thoracic diameter and the position of the 

FIGURE 62-14 The AbioCor Implantable Replacement Heart. 
(Reproduced with permission from ABIOMED, Inc.)
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pulmonary bifurcation.193 Sufficient distance between the 
bifurcation and diaphragm was required to prevent compres-
sion of the left pulmonary veins and lower-lobe bronchus. 
Due to the level of anatomical complexity, a high degree of 
confidence with regard to sizing and fit was required before 
implantation was attempted. Although the AbioCor received 
FDA approval for use under a humanitarian device exemp-
tion in 2006, no implants have been performed since the 
completion of its initial feasibility study, principally due 
to the prohibitive economic barriers associated with its 
implementation.

Complexities of Mechanical Total  
Heart Replacement
Initial efforts to develop a viable TAH began in earnest as 
part of a series of bold scientific initiatives proposed by 
the Kennedy administration during the idealistic 1960s. 
Although similarly daring goals, such as manned spaceflight 
to the moon, were accomplished within the decade, con-
struction of a reliable self-contained device for replacing the 
human heart proved to be a prohibitive technical challenge. 
A number of complexities, both physiologic and technologic, 
are to blame for the ongoing delay in realizing this objective.

From an engineering standpoint, designing a TAH presents 
a number of challenges, the chief of these being durability. 
The human heart beats more than 100,000 times each day. As 
a result, thin diaphragms and hydraulic actuators devised for 
pulsatile systems are subject to considerable mechanical wear; 
though capable of providing support beyond 1 year, they are 
unlikely to withstand the physical demands of long-term 
operation. Size is also a hurdle in TAH design, and the hous-
ing of biventricular volume-displacement chambers capable 
of producing sufficient cardiac output requires a substantial 
device profile that can be difficult to accommodate, even in 
larger patients. Moreover, portability and mobility are cru-
cial considerations for long-term support. Pneumatic systems 
require drivelines for pressure venting. Even though recent 
efforts have reduced the size of associated equipment, com-
pressors and power consoles can be cumbersome and limit 
functionality. Minimization of extracorporeal drivers, drive-
lines, and tethering equipment would speed postoperative 
recovery, minimize infectious risks, and improve overall qual-
ity of life. Remedying these concerns, however, has proved to 
be an immense scientific and technological undertaking.

Future Directions: the CF TAH
A quarter century of clinical experience with CF pumps has 
revealed the human capacity for physiologic tolerance of 
nonpulsatile flow and has confirmed the significant design 
advantages of CF devices over pulsatile TAHs. Continuous-
flow devices are not only significantly smaller than pulsatile 
pumps but also are more anatomically appropriate thus being 
simpler to implant and operate. Furthermore, with few (or 
no) points of mechanical contact, CF designs essentially elim-
inate the potential for mechanical wear, resulting in a level of 

clinical durability far surpassing that of pulsatile systems.194 
Hemodynamically, CF pumps also appear well suited for 
TAH use, because (much as in the native heart) the inherent 
inflow sensitivity of these devices provides a degree of auto-
maticity in responding to imbalances in right- and left-sided 
flows. Thus, development of a CF TAH may lead to realiza-
tion of a long-awaited goal.

Over the past decade at the Texas Heart Institute, exten-
sive research and development efforts have been dedicated to 
the concept of CF total heart replacement, involving both 
simulated models and live animal studies. To date, more 
than 70 calves have been implanted with paired CF VADs 
to provide completely nonpulsatile circulatory support. The 
resulting CF TAH model has revealed considerable long-term 
effectiveness, with more than 30 animals surviving for longer 
than 7 days, 8 surviving for 30 days, and 2 calves surviving 
for more than 90 days with nonpulsatile blood flow after CF 
total heart replacement.195,196 Tolerance of this altered physi-
ologic state is further evidenced by stable hemodynamic pro-
files both at rest and during treadmill exercise studies, as well 
as preserved hematologic and biochemical markers for end-
organ function. This extensive experience with large animal 
models has stimulated a number of collaborative research 
efforts in search of a viable CF TAH design.

To this end, a novel CF TAH is currently being developed 
that offers tremendous potential to become a completely 
implantable long-term cardiac replacement device. The 
BiVACOR TAH, developed by BiVACOR USA in Hous-
ton, Texas, working closely with the Texas Heart Institute, 
is a small, compact device that utilizes a single magnetically 
levitated rotor to provide pulmonary and systemic blood 
flow without the use of bearings or valves197 (Fig. 62-15). 
Impellers are mounted on each side of the rotor (which 
separates the right and left chambers), and its frictionless 
suspension permits accommodation for physiologic flow 

FIGURE 62-15 The BiVACOR total artificial heart employs a sin-
gle moving part—a central magnetically levitated rotor—to provide 
compete cardiopulmonary support. (Reproduced, with permission, 
from BiVACOR, Inc.)
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imbalances by axial displacement the rotor.198 Also unique 
to the BiVACOR is the use of dynamic speed profiles to 
allow establishment of pulsatility in device operation.199 
Feasibility studies have been successfully performed in large 
animals, with a goal of human trials in the near future. A 
similar hydrodynamically suspended design is also in devel-
opment at the Cleveland Clinic, which also has begun 
animal studies.200 Thus, innovative engineering efforts and 
successful utilization of CF technology may soon offer the 
opportunity for permanent mechanical replacement of the 
failing human heart.

KEY POINTS
1. Continuous-flow technology has resulted in smaller, more 

durable MCS devices. Although the full effects of the 
resulting physiologic changes remain unknown, nonpul-
satile blood flow is well tolerated.

2. Thoughtful patient selection and preoperative optimiza-
tion of the patient’s condition are crucial to ensure good 
outcomes after LVAD implantation.

3. Surgical considerations at the time of LVAD implantation 
should include careful alignment of the pump inlet and 
outflow conduits to minimize the risk of physical impedi-
ments to proper device function.

4. Perioperative preservation and optimization of RV func-
tion is an essential component of MCS management.

5. Due to the scarcity of available donor organs, development 
of a CF TAH offers the best means of providing definitive 
long-term treatment for patients who require total heart 
replacement.
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Tissue engineering is a developing science, comprising ele-
ments of engineering and biology, whose aim is to build 
replacement tissues de novo, from individual cellular and 
structural components. The impetus for our work on tissue-
engineered cardiovascular structures arises from the need to 
replace cardiovascular tissues that failed to develop normally 
during embryogenesis or have become dysfunctional as a 
consequence of disease. In pediatric patients, the cardiovas-
cular structures most often afflicted by congenital anomalies 
involve the cardiac valves and great vessels, and the theoreti-
cal advantages of a tissue-engineered structure containing live 
cells are the ability to grow, remodel, and repair. Although 
growth potential is not a consideration for the adult popula-
tion, durability of valve structures remains an important issue 
for bioprosthetic valves, and a tissue engineering approach 
offers the potential to improve durability by providing the 
repair and remodeling capability.

Diseases of the heart valves and large “conduit” arteries 
account for approximately 60,000 cardiac surgical proce-
dures each year in the United States, and all of the currently 
available replacement devices have significant limitations.1,2 
Ideally, any valve or artery substitute would function like 
a normal valve or artery. For valves, this function includes 
allowing pulsatile blood flow without a transvalvar gradient 
or valvar regurgitation. The theoretical advantage of engi-
neered tissue replacements is that they could also display other 
desirable characteristics, such as (1) durability, (2) growth  
(for infants and children), (3) compatibility with blood com-
ponents and the absence of thrombosis or destructive inflam-
mation, and (4) resistance to infection. None of the currently 
available devices, constructed from either synthetic or bio-
logic materials, meet these criteria. Mechanical heart valves 
are very durable, but they require anticoagulation to reduce 
the risk of thrombosis and thromboembolism.1,2 Therapeutic 
anticoagulation carries associated morbidity, and even among 
patients who receive therapeutic anticoagulation, the inci-
dence of thromboembolic complications of mechanical heart 
valve replacement is not zero.1,2 Biologic valves, whether of 
allograft or heterograft origin, remain subject to structural 
deterioration after implantation.2-4 Neither mechanical nor 
biologic valves have any growth potential, and this limitation 

represents a major source of morbidity for pediatric patients 
who must undergo multiple reoperations to replace valves 
and/or valved conduits during the period of maximum 
somatic growth.

Tissue engineering is an approach based upon the hypoth-
esis that when properly designed and fabricated, these “living” 
devices will simulate the biology of normal cardiovascular 
structures, thereby overcoming the shortcomings of currently 
available heart valve replacements. Of particular relevance to 
pediatric heart surgery is the long-term function of the engi-
neered valve over time and the potential capacity to grow, 
self-repair, and remodel. This chapter summarizes some of the 
progress that has been made in tissue engineering research 
as it relates to cardiac valves and conduit arteries, and then 
outlines the areas where additional efforts must be focused in 
order to direct cardiovascular tissue engineering toward clini-
cal utility.

NORMAL HEART VALVE BIOLOGY
Adult Valve Structure and Function
Heart valves open and close approximately 40 million times 
per year; this coordinated function occurs under the demands 
of hemodynamic forces of blood pressure and shear stress. 
The normal semilunar valve presents minimal resistance to 
opening and no pressure gradient during systolic forward 
flow. In diastole, the same structure is responsible for rapid 
and complete closure in order to prevent valve regurgitation. 
Semilunar valves must additionally resist pressure differences 
between the diastolic arterial pressure and the diastolic ven-
tricular pressure. The atrioventricular valves must function in 
a comparable way, opening with minimal resistance during 
diastole and closing to prevent regurgitation during ventricu-
lar systole.

Like many other tissues, valve cusps are composed of cells 
residing within, the extracellular matrix (ECM). In addition, 
these same cells act reciprocally on the ECM to which they 
are attached and receive signals from the ECM. The effects of 
these cellular level mechanical signals on cell phenotype and 
behavior have been characterized by Ingber5,6 using the term 
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“tensegrity” to describe the interactions between cell adhesion 
to ECM and the nucleus mediated by the cellular cytoskel-
eton. Semilunar valve cusps are thin, flexible structures with 
impressive microscopic and molecular complexity. Much of 
the strength and flexibility of normal heart valve cusps is due 
to the specialized proteins and polysaccharide-protein com-
plexes of the ECM, produced by resident valve interstitial 
cells.7,8 The microscopic and molecular structure of adult 
valves reflects the regional mechanical forces experienced by 
the valve cusps; valve cusp ECM is not homogeneous, and 
the arrangement of the ECM provides a high degree of flex-
ibility during systole, and a high degree of strength to resist 
pressure loads during diastole.7 On the surfaces, a specialized 
endothelium prevents thrombosis, but also acts as a trans-
ducer of mechanical force.9,10 Beneath the endothelium, valve 
interstitial cells receive signals sent by the endothelium, and 
respond to imposed mechanical signals by secreting suitable 
matrix.5,6,11

Semilunar valve ECM is stratified into layers and its dis-
tribution is related to valve mechanics.12 Facing the sinus of  
Valsalva, where eddy currents occur and diastolic pressure 
loads are imposed, dense collagen is found in the fibrosa layer. 
A middle layer of connective tissue, the spongiosa, is partic-
ularly rich in glycosaminoglycans, large complex molecules 
which associate with water, and this layer is thought to act as 
a “shock absorber,” bearing largely compressive mechanical 
loads. The ventricularis, an elastin-rich layer facing the lumen 
and the flow orifice of the semilunar valve is specialized to 
stretch as the cusps elongate during ejection in systole. The 
resulting composite structure of the native semilunar valve 
is anisotropic, with less elasticity in the commissure to com-
missure direction and greater elasticity in the annulus to free 
edge direction. The orientation of the collagen bundles in the 
native semilunar valves have also been demonstrated to affect 
normal leaflet motion during systole and diastole.13–15

Valve structure and function are therefore closely related, 
and strategies to engineer valves are aimed to mimic normal 
valve structure and function, potentially at the subcellular, 
cellular, tissue, and whole heart valve levels.

Embryologic and Postnatal 
Development
Valves do not begin development as stratified tissues; as 
circulatory patterns evolve in fetal and postnatal life, valve 
morphology also changes.12 Embryologic valve development, 
therefore, has relevance to tissue engineering, as a model for 
normal in vivo valve remodeling as programmed by gene 
regulatory pathways and by applied biomechanical force.

By day 15 of human embryo development, specification 
of myocardial and endothelial cardiac cells occurs. At day 21, 
formation of a linear heart tube occurs. These events are fol-
lowed by rightward (dextro) looping of the heart, resulting in 
orientation of the cardiac chambers into their final adult posi-
tions, and opposition of two specialized segments of ECM, 
known as cardiac jelly.16 The first evidence of valvulogene-
sis occurs in this cardiac jelly, when a subset of endothelial 

cells separate from the luminal surface, invade the ECM, 
and undergo endothelial-to-mesenchymal transformation 
(EMT).17 In early fetal valve development, valve interstitial 
cells are highly proliferative, and reside in a glycosaminoglycan-
rich, homogeneous microenvironment. Over the course of 
fetal development, cell proliferation slows, and production of 
ECM results in valve cusp elongation. During the late stages 
of fetal development (20 to 36 weeks of human gestation) 
and in early postnatal life, valve stratification into a trilaminar 
structure occurs, and organization and maturation of colla-
gen fibers begins. At the time of birth, through a series of 
largely undefined molecular steps, changes in oxygenation 
and blood pressure distinguish the aortic from the pulmonary 
sides of the circulation.12 Transitional neonatal circulation has 
been associated with a change in phenotype from activated to 
quiescent interstitial cells in pulmonary, but not aortic, valve 
cusps.18 Valve maturation and remodeling continue during 
childhood; cellularity of valve interstitial cells continues to 
decrease into adulthood.12 Once thought to be passive struc-
tures, increasing evidence shows cardiac valves to be dynamic 
organs. Mechanistically, the finding that cellular and extracel-
lular components mature is thought to reflect the dramatic 
changes in flow and biomechanical loading conditions from 
fetal to adult life.13,19 Further elucidation of the genetic regu-
latory events defining valve growth and maturation are likely 
to provide important information in designing biomimetic 
replacement devices.

ENGINEERED VALVE INPUTS
The fundamental concept of creating a tissue-engineered car-
diac valve is to develop a tissue composed of living cells which 
will, at some point, form and remodel their own ECM and 
thus provide durability and growth potential. The biological 
and engineering challenge lies in how to provide structural 
organization for these cells until they are capable of forming 
their own mature ECM and to provide sufficient structural 
support and mechanical integrity until the cells form their 
own ECM. Therefore, the fundamental variables involved in 
the creation of a living “tissue-engineered” valve involve choice 
or manipulation of cell phenotype, induction of appropriate 
ECM formation by mechanical and/or biochemical signals, 
and provision of structural integrity and cellular organization 
by the scaffold until new “native” ECM formation occurs.

Approaches to tissue-engineered heart valves (TEHV) can 
be divided into two paradigms, based upon the type of struc-
tural scaffold employed. One approach is to use bioresorb-
able scaffolds (nonwoven felts, electrospun scaffolds; knitted 
meshes, hydrogel-based, and combinations), and the other 
approach involves beginning with decellularized tissue-based 
scaffolds. The bioresorbable scaffold approach begins with 
seeding cells and culturing under appropriate biomechanical 
conditions (static flow, pulsatile flow) and nutrient medium. 
With regard to tissue mechanical properties, the goal of this 
approach is fabrication of an adequately strong tissue with 
approximately constant mechanical properties, requiring that 
the process of scaffold degradation occurs with a reciprocal 
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increase in ECM production. Porosity is an important char-
acteristic of bioresorbable scaffolds as it provides a permeable 
framework for cell migration, nutrient supply, and waste 
removal. Insufficient porosity leads to nutrient deprivation 
and cell death. Once a sufficiently stable tissue is formed, in 
vivo implantation would ideally follow, placing a newly syn-
thesized tissue, devoid of foreign elements, in the required 
site. An alternative approach involves use of an acellular scaf-
fold material which can then be populated by host tissue, 
either by direct in-growth or seeding from the blood stream, 
or some combination of these two mechanisms.20,21

This de novo approach using cell-seeded biodegradable 
scaffolds is the one that has been predominantly employed 
in our laboratory at Children’s Hospital, Boston.23-29 This 
approach treats components of tissue as “building blocks,” 
constructing valves from a variety of cell types and scaffold 
materials. Most in vivo studies have been carried out in 
the lower-pressure pulmonary circulation, which is a more 
tolerant system than the systemic circulation. This type of 
approach considers several basic questions as its foundation: 
(1) What cell type or combination of cell types is necessary 
to allow the production and maintenance of an appropriate 
ECM? (2) To what extent can cellular phenotype be altered, 
guided, or “engineered” to replicate cells found in the normal 
valve? (3) How can these cells be spatially organized during 
the development of this tissue-engineered structures until 
the cells in the construct produce sufficient and appropri-
ate ECM? (4) What biochemical signals are necessary during 
the development of these structures to ensure proper ECM 
production? (5) What mechanical signals are necessary for 
optimal tissue development and growth? (6) Should a tissue-
engineered valve construct be completely developed and 
have the histologic and macroscopic appearance of an adult 
valve prior to implantation, or can further maturation of an 
engineered construct occur in vivo after implantation? More 
recently, we have utilized acellular scaffold materials with 
chemical composition and fabrication processes that yield 
anisotropic mechanics that closely resemble those of native 
leaflet.22

Proponents of the decellularized tissue method base their 
approach on the premise that ECM characteristics and sig-
nals direct cell behavior, and that the closest structure to the 
normal valve scaffold is the normal valve ECM scaffold itself. 
Human aortic valve homografts are currently implanted 
without tissue-type matching, are found to become mostly 
acellular after several months in vivo, yet retain their mechan-
ical properties for longer periods of time. As the exact features 
endowing the aortic valve with this improved, but still limited 
durability are unknown, it is hypothesized that these features 
are retained after ex vivo decellularization. These decellular-
ized scaffolds can either seeded with cells prior to implanta-
tion, or implanted without seeded cells, in the expectation 
that appropriate circulating cell populations will populate the 
scaffolds in vivo. Without seeding of cells prior to implanta-
tion, however, some decellularized matrices are insufficiently 
endothelialized by circulating cells or ingrowth from adjacent 
tissues to resist surface thrombus formation in vivo.21

The literature of TEHV demonstrates the selection of a 
variety of cell types, scaffold conditions, and precondition-
ing regimens, and overall, methods are difficult to compare 
and results have been inconsistent. Systematic screening of 
engineered tissue elements and combinatorial approaches to 
building tissues have recently emerged.30,31 A complete review 
of past investigations is beyond the scope of this chapter; 
however, a summary of the fundamental elements of syn-
thetic, biomaterial-based TEHV will be considered in detail 
in the following sections. In vivo outcomes of these methods 
will also be considered.

Cell Origin and Phenotype
As in embryologic valvulogenesis, the “ideal” cell type for a 
TEHV would fulfill the function of both the valve intersti-
tial and endothelial cells. Conceptually, these cells could be 
derived from fully differentiated cells capable of ECM syn-
thesis, or from less committed, multipotent or pluripotent 
stem cells with the additional potential for differentiation 
into multiple cell types. Alternatively, two separate cell types 
could be potentially used to form a valve structure with valve 
endothelial cells on the surface and valve interstitial cells in 
the inner layers of the valve. The role of host cell ingrowth 
from adjacent tissues and/or seeding from the blood stream 
represent other alternative sources of cells.

The first TEHV experiments were performed with differ-
entiated cells from artery or vein, including vascular smooth 
muscle cells, fibroblasts, and endothelial cells derived from 
the vasculature of immature animals.20,23-25 These cells were 
chosen as they were readily accessible, are derived from a 
cardiovascular source, and can synthesize ECM proteins. A 
comparison of myofibroblasts from the wall of the ascending 
aorta with those from segments of saphenous vein revealed 
that the latter cells exhibit superior collagen formation 
and mechanical strength when cultured on biodegradable 
polyurethane scaffolds.32 In our laboratory at Boston Chil-
dren’s Hospital TEHV based on these differentiated cells 
from systemic blood vessels functioned for periods of up to  
4 months in vivo.20,23 However, enhanced collagen forma-
tion may be a double-edged sword. The rapid formation of 
new tissue in the early culture period could give rise to an 
overabundance of matrix elements, leading to tissue stiffness 
and potential tissue contraction. Early studies with dermal 
fibroblasts demonstrated that valve cusps constructed from 
these cells developed tissue contraction, which limited the 
ability of valve leaflets to coapt with each other, resulting in 
valve regurgitation.33 In addition to production of excessive 
or unfavorable types of ECM, mature cells may present a 
problem of senescence in long-term cell cultures in vitro, 
which limits the ability to quickly produce sufficient num-
bers of cells to seed a TEHV construct. Finally, the prospect 
of harvesting segments of artery from an otherwise normal 
peripheral circulation in order to obtain cells for a TEHV 
represents an undesirable clinical situation, and therefore 
led to a search for alternative cell sources for engineered 
valves.
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The emergence of the field of stem cell biology has the 
potential to change the paradigm for candidate cell types for 
heart valve tissue engineering. As stem cells differentiate from 
their embryonic state, they lose pluripotency with each subse-
quent step. Multiple steps of differentiation form lineages of 
cells. In embryonic development, differentiation down a spe-
cific lineage occurs with biochemical signaling, occurring in a 
specific mechanical microenvironment.34 How lineage speci-
fication occurs in the developing heart is currently an area of 
active research, with the goal of understanding the necessary 
cues to replicate differentiation down valve cell lineages. In 
normal development, differentiating cells are subject to a rap-
idly changing three-dimensional extracellular environment, 
and development is thought to occur by signals originating 
outside of the cell, from molecules originating in neighboring 
cells, and in the ECM. The importance of these mechani-
cal interactions between cells and their immediate environ-
ment during embryonic development has been emphasized 
by Ingber.6 These reciprocal interactions between cells and 
their environment in developing valves, the regulatory mech-
anisms which induce cells to secrete and respond to compo-
nents of appropriate ECM, is thought to be the underlying 
mechanism stratifying valve cusps into their known compart-
ments. These mechanisms are thought to be largely driven by 
hemodynamics in developing valves.

There is also recent evidence that stem cells with prolifera-
tive and regenerative capacities reside in many adult tissues. 
These stem cells are capable of not only acting locally on the 
tissues in which they reside, but they may also be recruited 
out of the circulation and enlisted in the regeneration of 
diverse tissues at distant sites. A recent review details emerg-
ing evidence that bone marrow-derived endothelial, hemato-
poietic stem and progenitor cells can also contribute to tissue 
vascularization during both embryonic and postnatal life.35 
Visconti and coworkers have made the intriguing observation 
that cardiac valve interstitial cells in mice appear to originate 
in the bone marrow as hematopoietic cells.36 The idea that 
bone marrow contains cells capable of repairing damaged tis-
sue has been applied to regeneration of cardiac muscle after 
myocardial infarction, whereby progenitor cells have been 
isolated from sites outside the heart, then injected back into 
the heart in an attempt to regain contractile function of isch-
emic or infarcted myocytes. Results of these trials have been 
equivocal, marginal, or negative, suggesting that the process of 
regeneration does not occur by the simple addition of multi-
potent cells.37 The early experience with the SynerGraft decel-
lularized heterograft valved conduits which were implanted 
in children as right ventricle-to-pulmonary artery conduits 
occurred with the expectation that circulating cells from the 
bloodstream, or ingrowth from adjacent normal tissue would 
repopulate the grafts and grow. In this instance, repopula-
tion of the graft by circulating cells occurred, but did not 
result in adequate function or tissue growth.38,39 Nonetheless, 
the progenitor cell populations represent an attractive source 
of cells for tissue engineering and regeneration, because they 
have the plasticity necessary to fulfill critical cell functions, 
and are potentially programmable for lineage specification.  

In addition, these cells can be obtained less invasively than dif-
ferentiated cells.35 Our initial experience with progenitor cells 
in the Mayer laboratory was gained with autologous endo-
thelial progenitor cells (EPCs) isolated from circulating blood 
in lambs and seeded onto decellularized arterial segments.20 
These seeded arterial grafts were then implanted as an inter-
position graft in the carotid artery of the donor lamb. These 
grafts remained patent and functional for up to 130 days. 
Subsequent animal studies by Sutherland and associates used 
bone marrow mesenchymal stem cells (MSC) to seed a bio-
resorbable scaffold formed into a three-leaflet valve within a 
conduit (Fig. 63-1). These valved conduits were implanted as 
valved conduits into the main pulmonary artery of neonatal 
sheep, and remained in place for up to eight postoperative 
months.27 This study was followed by that of Gottlieb et al, 
who implanted valves of similar elements into larger numbers 
of sheep and followed changes in function with growth of the 
animals using magnetic resonance imaging (MRI) and echo-
cardiography. While the valves had trace to mild regurgitation 
at the time of implantation (Fig. 63-2), a loss of valve leaflets 
surface area was observed, which correlated with increasing 
valve regurgitation over time.29 Importantly, the valve leaflets 
underwent a remodeling process in vivo after implantation, 
seen also in earlier experiments using myofibroblasts and 
endothelial cells from systemic arteries, and in both sets of 
experiments, a layered histologic appearance developed after 
implantation.23,27

Several types of progenitor cells have been used for tis-
sue engineering applications in congenital heart disease. 
Cebotari and colleagues have recently reported an initial 
experience seeding EPCs onto homograft valves followed by 
implantation into two children.40 Matsumura and associates 
have shown that when seeded onto a copolymer of lactic acid 
and ε-caprolactone, green fluorescent protein-labeled (GFP) 

FIGURE 63-1 The tissue engineered pulmonary valve viewed from 
below, before implantation.
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cells contributed to the histogenesis of their explanted tissue-
engineered vascular graft. These grafts remained patent, and 
explanted constructs contained GFP-labeled cells expressing 
both endothelial and mesenchymal markers.33 The group 
at Tokyo Women’s Medical College has also carried out 
implants of tissue-engineered vascular grafts in children with 
congenital heart disease using whole mononuclear cell frac-
tions, seeded onto bioresorbable scaffolds.41 This work is now 
ongoing at Yale University, due to encouraging early results.

Increasing evidence supports the idea that for cells, “geog-
raphy or destination is destiny.” Many cell types, including 
bone marrow-derived MSC exhibit surprising plasticity, 
and cell phenotype seems to be related to the microenviron-
ment in which cells reside.42-44 However, many of the factors 

controlling differentiation in these environments remains 
incompletely defined. There is evidence that EPCs are able to 
transdifferentiate in response to biochemical signals. Dvorin 
and colleagues showed that in the presence of transforming 
growth factor (TGF)-β1, EPCs express α-smooth muscle 
actin (α-SMA), after seeding on a bioresorbable copolymer 
scaffold.45 This behavior is not characteristic of endothelium; 
SMA expression suggests a mesenchymal phenotype, and this 
observation is a potentially related phenomenon to EMT 
seen in embryologic valvulogenesis.45 Human aortic valve 
endothelial cells, but not vascular endothelial cells, respond 
to TGF-β1 in a similar fashion, suggesting that EPCs may 
be suitable as a replacement for valve endothelium. Though 
stem cells of many types remain promising candidates for tis-
sue engineering, their full potential will be harnessed with 
an understanding of their normal generative and regenerative 
roles in vivo.

Structural Scaffold
Although it has been possible to grow individual cell types 
in culture for decades, it is more difficult to induce cells to 
assemble or organize into complex three-dimensional struc-
tural arrangements that are found in normal tissues, and 
to induce cells to produce specific ECM components on 
demand. Implantation of engineered tissues requires that 
they have structural integrity at the time of implantation, and 
for this reason, most tissue engineers employ a scaffold that 
provides structural integrity, in addition to cellular material.

Given this fundamental requirement, three main strate-
gies for development of a three-dimensional tissue have been 
used: (1) de novo scaffold synthesis and arrangement into 
a three-dimensional structure with cellularization prior to 
implant, (2) decellularization of a whole (usually xenograft) 
tissue, or (3) de novo biodegradable scaffold without preim-
plant cellularization.

Any scaffold for tissue engineering applications must be 
biocompatible and allow cells to adhere and proliferate. For 
congenital cardiac applications, tissue growth is our target, 
and therefore, the scaffold must either degrade or be remod-
eled in vivo. The advantage of the biopolymer approach is that 
the chemistry of these scaffolds allows for in vivo degradation, 
usually by hydrolysis.46 The disadvantage is that heart valves 
are structurally complex and anisotropic; designing the struc-
tural features of the normal heart valve de novo has presented 
a substantial engineering challenge. The obvious advantage of 
the decellularization approach is that the three-dimensional 
complexity is largely preserved, however, there is a shortage 
of homograft material relative to the clinical demand, and 
immunogenicity remains a concern with xenografts. Perhaps 
most importantly, the ECM of decellularized xenografts is 
dense, and may prevent the penetration of seeded cells into 
the interstices of the matrix. In our laboratory, we have con-
structed trileaflet valved conduits from small intestinal sub-
mucosa and seeded them with EPCs.26 After implantation in 
an ovine model, there was satisfactory short-term function, 
but there was no penetration of any cells into the depths of 

A

B

FIGURE 63-2 Representative echocardiogram images of functioning 
tissue engineered pulmonary valve following implantation.
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the small intestinal submucosa scaffold. The ECM proteins, 
when exposed to blood components, can induce inflamma-
tion, thrombosis, and calcification, so this material has not 
been pursued further in our laboratory.

Our primary laboratory efforts to develop heart valves 
and large arteries have utilized the approach of seeding cells 
onto a variety of bioresorbable polymer scaffolds. Ideally, 
there exists an inverse relationship between scaffold degrada-
tion and ECM formation by seeded cells. Polymer degrada-
tion is related to polymer chemistry, fabrication method, and 
mechanism of degradation, and therefore, polymers used in 
tissue engineering differ in their degradation times. The first 
generation of scaffolds used in heart valve tissue engineering 
were highly porous, nonwoven felts produced from fibers of 
polyglycolic acid (PGA). PGA and related polymers continue 
to be the most widely used for multiple tissue engineering 
applications.47-50 The advantage of PGA and related aliphatic 
polyesters, including poly-L-lactic acid (PLLA), is their safety, 
biocompatibility, lack of toxicity, and commercial availabil-
ity. PGA has been used as the commercially available Dexon 
suture material since the 1970s.51 PGA can be extruded as a 
fiber, which allows fabrication of nonwoven sheets with large, 
open pores. Open pore structures facilitate cell delivery and 
proliferation by allowing a large surface area for cell attach-
ment, free diffusion of nutrients and dissolved gases, and 
removal of waste products of metabolism. Material properties 
of these nonwoven felts are well established, with reproduc-
ible hydrolytic degradation times; PGA alone degrades in 2 to 
4 weeks, while the majority of fibers of the more hydropho-
bic PLLA degrade within 4 to 6 weeks. These scaffolds lose 
strength prior to losing mass, which challenges tissue engi-
neers to seed sufficient numbers of matrix-producing cells so 
as to replace the scaffold strength as it is lost. Our labora-
tory has experimented with PGA coated with the thermo-
plastic polymer poly-4-hydroxybutyrate (P4HB), assembled 
into a trileaflet structure by attaching leaflets to a flat scaf-
fold sheet, then wrapping the scaffold around a mandrel and 
heat-welding a seam of attachment. Despite promising early 
results using the PGA/P4HB composite, subsequent studies 
showed loss of structural integrity with longer periods of in 
vitro culture, followed by difficulties with suture retention 
and hemostasis in vivo. For these reasons, Sutherland and col-
leagues in our laboratory developed a scaffold composed of 
equal parts of PGA and PLLA fibers. As PGA is a stronger but 
more rapidly degrading polymer, and PLLA is a less strong 
polymer with a longer degradation time, we expected more 
uniform strength from the tissue when constructed from this 
material. The composite nonwoven felt was fabricated into a 
valved conduit with a trileaflet valve, and had substantially 
improved surgical handling characteristics.27

Although satisfactorily strong, polymer fiber-based scaf-
folds are significantly stiffer than normal valve leaflets, and 
with the addition of cell-secreted ECM, these constructs are 
notably stiff.46 Scaffold stiffness has been shown to effect cell 
behavior, and tissue engineers have sought less more flex-
ible materials.44 Wang and colleagues at the Massachusetts 

Institute of Technology designed an elastic polymer with a 
rapid degradation time, based on sebacic acid, a derivative of 
castor oil. Polyglycerol sebaceate is a strong but elastomeric 
material, and is currently under investigation for use in heart 
valve tissue engineering applications.52

In addition to their stiffness, polymer-based scaffolds are 
thick, relative to normal valve leaflets. A thick scaffold leads 
to a nutrient gradient in culture, and many tissue engineer-
ing studies based on nonwoven materials have been limited 
by the lack of nutrient delivery to the deepest areas of engi-
neered tissues. Two solutions are proposed to overcome this 
limitation: addition of a blood supply, and design of thinner 
scaffolds.

Hydrogel-based scaffolds, including collagen, alginate, 
agarose, gelatin, fibrin, chitosan, polyethylene glycol, hyal-
uronic acid, and dehydrated sheets of ECM have formed 
the basis of many experiments in tissue engineering. When 
gels become solid, cells are trapped in the cell, providing a 
homogeneous distribution of cells embedded in a temporary 
matrix. In addition, hydrogels can be laid into thin layers. 
A bileaflet heart valve was produced in the Tranquillo labo-
ratory using a collagen-based scaffold seeded with dermal 
fibroblasts.53 Recent advances in drug delivery technologies 
and microfluidics have resulted in further control of scaffold 
characteristics, including orchestration of scaffold polym-
erization with changes in temperature, pH, or exposure to 
light; engineering of nano- and microscale cell environments 
in order to direct cell distribution throughout a scaffold, 
and microencapsulation of growth factors and adhesion 
peptides on scaffolds for improved cell attachment and 
proliferation.54-58

Finally, cells and scaffold have been incorporated and 
directed in nanoscale fabrication techniques such as electro-
spinning. Still, no perfect material has been identified for 
heart valve tissue engineering, and in this regard, the search 
continues.

The complex anisotropy and three-dimensional structure 
of heart valves has provided another challenge for a biomimetic 
device. Even if the optimal scaffold material is identified, its 
fabrication into a three dimensionally accurate valve geom-
etry is nontrivial. Using normal heart valve anatomy derived 
from computed tomography images, Sodian employed ste-
reolithography to print a three-dimensional model for use 
as a mold for the thermoplastic polymer P4HB.59 The mold 
was used for curing the polymer into three-dimensional valve 
anatomy. As improvements in imaging technology yield 
higher spatial and temporal resolution, anatomic definition 
of thin, moving, anisotropic structures in the heart such as 
valve leaflets will be more feasible and may be able to account 
for the nonuniform cellular and ECM distributions that are 
found in native leaflets. In addition, evolving microfabrica-
tion methods will further our ability to fabricate microscale 
features of valve anatomy. With defined anatomic dimensions 
and an understanding of outflow tract, great artery, and leaf-
let motion and growth, tissue engineers will have clear targets 
for three-dimensional fabrication of heart valve scaffolds.
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Biochemical Signals
The migration and transdifferentiation of endothelial cells 
in the early stages of valvulogenesis (EMT) has been experi-
mentally modeled in an ex vivo chick cardiac cushion explant 
system.17 Much progress has been made to understand the 
signals required for the proper sequencing and execution 
of these early events. Vascular endothelial growth factor is 
one such molecule, thought to regulate EMT in an envi-
ronment of adequate tissue glucose and oxygen saturation. 
While VEGF is secreted by endothelial cells, other impor-
tant signals, such as bone morphogenetic proteins 2 and 4, 
are expressed by myocardium. Hyaluronic acid, a component 
of the ECM, is thought to regulate downstream signaling 
through its large, hydrated structure, which regulates ligand 
availability for receptor binding. Therefore, valvulogenesis 
is dependent in vivo upon signals from myocardium, local 
ECM, and endothelium.12,34 Though very early growth of 
endocardial cushions and valve primordia are less under-
stood, and late regulatory events in valve growth are poorly 
understood, regulators of endothelial and mesenchymal cell 
proliferation have been identified. These known pathways 
have been largely studied in isolation, and as gene regulation 
in organogenesis is a highly complex process, synthesis of 
critical gene pathway data is necessary for developing a big-
picture view of required events. Current microarray technolo-
gies will yield large volumes of data, and will likely provide 
additional insight into the critical regulatory steps involved in 
valve growth. This type of information will be high yield in 
future generations of engineered valves.

Mechanical Signals
Identification of a suitable cell phenotype is necessary but 
not sufficient for engineering replacement tissues. Proper cell 
orientation and three-dimensional ECM microstructure are 
also required for tissue function; tissues demonstrate orga-
nization of cells and matrix across multiple levels of scale. 
In this regard, engineered tissues, like native tissues, require 
coordination. Hemodynamics are fundamental to the devel-
opment and ongoing function of cardiovascular structures, 
and biomechanical signals are epigenetic regulators of tissue 
growth and development. Increasing evidence supports a role 
for endothelial cells as mechanotransducers, sending signals 
through the underlying ECM to the more deeply embed-
ded valve interstitial cells.19 Endothelial cells respond to 
shear stress and cyclic strains.60 In an environment in which 
concentrations of soluble growth factors are held constant, 
endothelial cell programs can be switched between growth, 
differentiation, and apoptosis by varying the extent to which 
the cell is spread or stretched.61 As cells are embedded in, 
and coupled to, their ECM serves as a vehicle through which 
signals must pass. Biochemical signals can be sequestered or 
amplified by ECM, and as cells bind to surrounding ECM 
via integrin receptors, the binding itself can induce pheno-
typic changes.34 When human MSCs are plated onto large 

tissue islands that promote cell spreading, they efficiently 
differentiate into bone cells; when plated onto small islands, 
the same cells in the same culture medium differentiate into 
adipocytes.61

Clinical observations made from patients undergoing the 
Ross procedure has provided further evidence for the respon-
siveness of vascular and valve tissues to hemodynamic forces. 
In the Ross procedure, a pulmonary valve from the lower-
pressure pulmonary circulation is transplanted into the aortic 
position and subjected to systemic pressure, leading to sig-
nificant changes in the phenotype of valve interstitial cells, 
including an increase in matrix metalloproteinase activity, 
indicating ECM remodeling.18

Biophysical signaling is therefore considered fundamental 
to engineered tissue organization and conditioning, or train-
ing, for the in vivo environment. Mechanical forces can be 
applied to growing engineered tissues in a flow-loop con-
taining tissue culture medium, known as a bioreactor. Pre-
conditioning of tissues is thought to be important for the 
biology and monitoring of engineered cardiovascular tissues. 
Bioreactors are thought to serve two predominant purposes 
for engineered heart valves: first, mechanical forces influ-
ence cell phenotype and gene expression, and therefore, tis-
sue development, and potentially, growth, are controlled by 
biomechanical signals. In experiments from our laboratory 
reported by Hoerstrup and colleagues, flow and pressure were 
demonstrated to increase the production of collagen in tissue-
engineered semilunar valves.23 In separate experiments, Lee 
and associates demonstrated the variation of ECM gene tran-
scripts with changes in tightly controlled mechanical strains. 
Vascular smooth muscle cells seeded onto biodegradable scaf-
folds, then subjected to cyclic flexure produced more collagen 
and were stiffer than controls.63 Similar findings were repro-
duced using MSCs, and porcine heart valves.64,65

In addition, since valves must not be regurgitant at the 
time of implantation, observation of engineered valve 
mechanics in a bioreactor prior to implantation has allowed 
investigators to monitor and predict in vivo valve function.

ENGINEERED VALVE 
EXPERIMENTAL OUTCOMES
Progress toward a clinically translatable engineered heart 
valve is not possible without in vitro study of valve develop-
ment and remodeling. Developmental biology and in vitro 
experiments are the fundamental elements of this emerging 
field. However, in vivo experiments are the necessary comple-
ment to in vitro investigation, and represent the true test of 
engineered device function over time. The in vivo environ-
ment is more complex than can be approximated in vitro, and 
remodeling is dependent upon the contributions of circulat-
ing progenitor and immune cells only present in whole living 
organisms.

Four major implantation studies of TEHV have been 
undertaken using the de novo engineered approach.23,24,29,66 
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Several groups have implanted decellularized and recellular-
ized valves into the juvenile lamb circulation,67,68 and two 
major studies evaluate the growth of vascular conduits in 
the pulmonary circulation.69,70 Several representative stud-
ies will be reviewed in terms of valve function, evaluation of 
valve/conduit growth, and observation of engineered tissue 
maturation.

In Vivo Valve Function, Growth  
and Maturation
Heart valve tissue engineering was conceptually established 
through proof-of-concept experiments in large animals. The 
first in vivo TEHV experiment involved implantation of a 
single leaflet into the pulmonary circulation.20 Cells were 
isolated from ovine arteries and sorted into endothelial and 
fibroblast populations. Cells were labeled, then seeded onto 
PGA scaffold and subsequently implanted. Labeled cells were 
visualized in explanted specimens after 6 hours and after 1, 6, 
7, 9, or 11 weeks. Cells produced ECM, and leaflets persisted 
in the circulation at all time points.

A second set of experiments involved implantation of a 
pulmonary valve composed of autologous ovine endothelial 
cells and myofibroblasts seeded on a PGA-P4HB composite 
scaffold.23 After 14 days of exposure to gradually increasing 
flow and pressure conditions in a pulse duplicator, valves were 
implanted into sheep for 1 day, 4, 6, 8, 16, and 20 weeks. 
Valves demonstrated acceptable hemodynamics and had no 
evidence of thrombosis, stenosis, or aneurysm formation for 
up to 20 weeks. Central valvar regurgitation was noted after 
16 weeks. Tissue analysis showed a layered structure with cen-
tral glycosaminoglycans, collagen on the outflow surface, and 
elastin on the inflow surface. Elastin was detectable in the 
leaflets by 6 weeks in vivo. Over the 20-week study period, 
scaffold degradation corresponded to decreased leaflet stiff-
ness. Histological, biochemical, and biomechanical param-
eters were similar to those of native pulmonary artery and 
leaflet tissue.

Using bone marrow-derived MSCs on a PGA/PLLA scaf-
fold, investigators fabricated and implanted valved conduits 
in the pulmonary position of juvenile sheep.27 Valves were 
evaluated by in vivo echocardiography; explanted tissues were 
analyzed by histology and immunostaining. At the time of 
implantation, echocardiograms demonstrated a maximum 
instantaneous gradient of 17.2 ± 1.33 mm Hg, with estimates 
of regurgitation ranging from trivial to mild. Four animals 
survived the immediate postoperative period. After 4 months 
in vivo, there were no statistically significant difference is 
maximum instantaneous gradient, mean gradient or effective 
orifice area from the time of implantation. Histologic analy-
sis at eight postoperative months showed explanted tissue 
to have a layered organization, with elastin fibers identified 
on the inflow surface and collagen dominating the outflow 
surface. Glycosaminoglycans were distributed throughout 
the remainder of the valve. At the time of implantation, cells 
uniformly expressed the mesenchymal cell marker α-SMA, 
but at the time of valve explant, these cells were confined to 

the subendothelial layer, while surface cells expressed von 
Willebrand factor, suggesting in vivo endothelialization of 
the graft. This study demonstrated the feasibility of implanta-
tion of a pulmonary valve using stem cells.

Further work in our laboratory has reproduced some of 
these initial findings, and studied valve function over time in 
larger numbers of animals.29 Using the same scaffold mate-
rial (PGA-PLLA composite nonwoven felt) and cells (MSCs), 
nineteen animals underwent implantation of valved conduits 
into the main pulmonary artery of neonatal sheep after resec-
tion of the native pulmonary leaflets. Valve function, cusp 
and conduit dimensions were evaluated at implantation 
(echocardiography), at the experimental midpoint (MRI), 
and at explant at 1 day; 6, 12, or 20 weeks postoperatively. At 
implantation, valved conduit function was excellent; maxi-
mum transvalvar pressure gradient by Doppler echocardiog-
raphy was 17 mm Hg; most valved conduits showed trivial 
pulmonary regurgitation. At ≥12 weeks, valved conduit cusps 
were increasingly attenuated and regurgitant. Valved conduit 
diameter remained unchanged over 20 weeks. Dimensional 
measurements by MRI correlated with direct measurement at 
explant. These studies demonstrated autologous engineered 
valved conduits that functioned well at implantation, with 
subsequent monitoring of dimensions and function in real 
time by MRI. The valves underwent structural and functional 
remodeling without stenosis, but worsening pulmonary 
regurgitation was noted after 6 weeks.

When fibrin-based valves were implanted in sheep for 
3 months, valved conduits exhibited the gross appearance 
of intact tissue, however, leaflets demonstrated pulmonary 
regurgitation due to tissue contraction.66

Most recent experiments have involved implantation of 
single electrospun anisotropic poly-carbonate urethane urea 
(PCUU) leaflets into the ovine pulmonary valve root without 
pre-implant cellularization. These studies have shown good 
overall valve function and repopulation of these leaflets with 
cells (Fig. 63-3). However, leaflet excursion did decrease with 
time, after implant.71

To date, no group has implanted valve leaflets that dem-
onstrated in vivo growth. In many experiments, however, the 
microscopic structure of the valve leaflets evolved from a rela-
tively homogeneous appearance to a layered structure. The 
mechanisms by which this in vivo evolution of structure and 
cellular activity occurs remain completely unexplored, but 
these observations suggest that a tissue-engineered valve may 
not have to be in a mature, adult form at the time of implan-
tation into the circulation.

FUTURE DIRECTIONS
After a decade of effort toward a TEHV replacement, the 
clinical need for a more durable valve replacement still exists. 
Modes of failure of currently available heart valve replace-
ments are well described and provide insight into strengths 
and weaknesses of valve designs. Though the appropriate cell 
source and scaffold material for heart valve tissue engineering 
have been areas of substantial experimental effort, the optimal 
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cell type, scaffold material, and in vitro culture conditions 
for a TEHV still remain unknown. Stem cells and adult pro-
genitor cells offer promise toward this end, as they possess 
the capacity for self-renewal and multilineage differentiation, 
and therefore, growth potential. Evolving imaging technolo-
gies will allow a more complete understanding of postimplan-
tation remodeling and growth. Though many details of in 
vitro preconditioning regimens are yet to be understood, bio-
reactor preconditioning has the potential to reduce in vitro 
culture times by stimulating tissue formation, and may offer 
a controllable environment for evaluation of valve function 
prior to implantation.

Complex biological events, such as heart valve develop-
ment, occur through both biochemical and biophysical cues, 
occurring in parallel, at the cellular, tissue and organ levels. 
A detailed understanding of the molecular sequence of criti-
cal developmental events may allow engineering of appro-
priate microenvironments and three-dimensional structures 

leading to the ultimate goal: a clinically translatable heart 
valve replacement with the capacity to grow and remain 
durable for a lifetime of cardiac cycles.
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FIGURE 63-3 Gross section (A) and histologic section (B) of 
implanted tissue engineered valve leaflet after six weeks of in vivo 
implantation.
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A
a wave, 57, 57f
Abciximab

in PCI, 457t, 545
pharmacology, 349t
preoperative continuation/

discontinuation, 416
Aberrant pacemaker foci, 50
AbioCor Implantable Replacement Heart, 

1383–1384, 1383f
Abiomed AB Ventricle/AB5000, 443–444
Absolute refractory period, 48
Acadesine, for myocardial protection, 

394–395
ACC/AHA guidelines. See American 

College of Cardiology/American 
Heart Association (ACC/AHA) 
guidelines

ACCESS-EU registry, 888
Accufix pacemaker lead, 1199f
ACE (angiotensin-converting enzyme) 

inhibitors, 82, 83
Acebutolol, 84t
Acetazolamide, 88
Acetylcysteine, 457t, 465
Acid-base balance, in arrhythmia  

treatment, 75
ACIP (Asymptomatic Cardiac Ischemia 

Pilot) trial, 476, 482
ACRM (Anesthesia Crisis Resource 

Management), 211–213
Actin, 54, 54f, 71
Action potential, 43, 44f, 48–50, 71, 72f
Activation gate, 44f, 45–46
Acute coronary syndromes. See also 

Myocardial infarction
definition, 481
pathogenesis, 105
PCI for, 465, 481–482
treatment approaches, 481–482

Acute myocardial infarction. See Myocardial 
infarction

Acute normovolemic hemodilution, 351, 352f
Acute renal failure. See Renal disease/failure
Adenosine

adverse effects, 75
for atrial fibrillation, 413

mechanisms of actions, 53
in metabolic vasodilatory system, 63
for myocardial protection, 392–394
in PCI, 457t
pharmacology, 75

Adenosine diphosphate (ADP) receptor 
inhibitors, 348, 349t

Adenosine receptors, 53
ADMIRAL trials, 545
Adrenal dysfunction, postoperative, 422
Adrenergic (sympathetic) receptors,  

51–52
alpha, 51, 63
beta, 51–52, 52f, 63, 84t

Afterload, 56, 57f
Age

cardiac surgery outcomes and, 223
coronary artery reoperations and, 590
neuropsychiatric outcome after CABG 

and, 334–335, 335f
Agency for Healthcare Research and Quality 

(AHRQ), 202
Air embolism, 319
Airway

during anesthesia, 89–91
obstruction, 89–90
pathology, 93–94

Albucasis of Andalusia, 184t
Albumin, 88
Albuterol, 94t
Alemtuzumab, 1295
Alpha-adrenergic receptors, 51, 63
American College of Cardiology/American 

Heart Association (ACC/AHA) 
guidelines

aortic regurgitation, 287f, 679t
aortic stenosis, 285f, 667–668, 668t
CABG, 472–473, 474t, 475t
mitral regurgitation, 279, 279f, 781f, 

782, 783t, 784t
mitral stenosis, 896, 898t
tricuspid valve disease, 940t

American College of Cardiology 
Foundation/American Heart 
Association (ACCF/AHA), heart 
failure classification, 1369, 1369t

Amiloride, 88

Amiodarone
adverse effects, 75–76
for atrial fibrillation, 78, 413
electrophysiologic actions, 76
indications, 76
pharmacokinetics, 76
for ventricular tachyarrhythmias, 76–77

Amrinone, 52–53, 79, 80
Anaphylatoxins, in inflammatory  

response, 330
Andersen, H.R., 751
Anemia, preoperative, 416
Anesthesia Crisis Resource Management 

(ACRM), 211–213
Anesthetic management

for ablation procedures, 258–259
airway considerations, 90–91
for aortic aneurysm repair, 1049
for aortic dissection repair, 1014
for atrial septal defect closure, 259
bronchoconstriction and, 91
for coronary revascularization

hemodynamic optimization, 235–237, 
237f, 238t

monitoring, 234–235
myocardial oxygen supply and, 233, 234f
preoperative considerations, 233–234
procedural considerations, 237, 239
techniques and agents, 235, 236

for electrophysiology studies, 259
for heart failure surgery, 253, 254t
for heart transplantation, 254, 255t
for ICD placement, 257–258
for mitral valve procedures, 261, 905–906
for off-pump CABG, 520–521, 559–560
for pacemaker placement, 256–257,  

257t, 1187
for paravalvular leak closure, 260
for patent foramen ovale closure, 259
restoration of spontaneous ventilation 

following, 91–92
for thoracic aortic surgery, 245–246

aortic arch, 248–250, 249t, 250f
aortic root and ascending aorta,  

246–248, 247f, 248f
descending thoracic aorta, 250–253, 

251t, 252f
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Anesthetic management (Cont.):
for total artificial heart implantation, 

255–256
for transcatheter aortic valve replacement, 

260–261
for valve surgery, 240, 240f, 240t

in aortic regurgitation, 241–242
in aortic stenosis, 240–241
in mitral regurgitation, 242–243
in mitral stenosis, 242
robotic and minimally invasive,  

243–244, 243t, 244f, 245f
in tricuspid regurgitation, 244

for ventricular assist device implantation, 
254–255

for ventricular septal defect closure, 
259–260

Anesthetics, general, 235, 236t
Aneurysm-osteoarthritis syndrome, 720
Angina. See also Coronary artery disease

in aortic stenosis, 638
CABG for, 475–477, 482
grading system, 472, 472t
medical therapy, 475
stem cell therapy, 466
surgical vs. medical therapy, 475–477, 

476f, 477f
Angiodysplasia, 638
Angiography

CT. See also Computed tomography (CT)
aortic root aneurysm, 170
vs. conventional, 163, 163f

history of development, 13–14
magnetic resonance

aortic dissection, 1023f
aortic trauma, 1113

pulmonary, 1135, 1135f
Angioplasty. See also Percutaneous coronary 

intervention (PCI)
balloon. See Balloon angioplasty
restenosis following, 112
with stent. See Stents
vascular consequences, 112

Angiosarcoma. See also Cardiac tumors, 
malignant

molecular- and biologic-based diagnosis 
and therapy, 1270

pathology, 145f, 146, 1255, 1256f
prognosis, 1255–1256
surgical resection, 1256f, 1257f, 1258f

Angiotensin-converting enzyme (ACE) 
inhibitors, 82, 83

Angiotensin II, 53
Angiotensin II receptor blockers (ARBs), 

53, 83
Anion gap, 407t
Annuloaortic ectasia, 725, 726f
Antegrade cerebral perfusion. See also 

Cerebral perfusion
in aortic arch repair, 248–249
in cardiopulmonary bypass, 318
selective, 366–367, 367f

Anterior right ventricular veins, 41–42
Anterolateral thoracotomy, 23–24
Antiarrhythmics

for atrial fibrillation, 413
class I, 73–74
class II, 75
class III, 75
class IV, 75
classification, 72–73
in heart transplant recipients, 1316, 1317t
mechanisms, 73

Anticoagulant-related hemorrhage
after aortic valve replacement, 656–657, 

657f
after mitral valve replacement, 910
after multiple valve surgery, 958t, 959
incidence, 983

Anticoagulation
with aortic mechanical prostheses,  

654–655, 654t
in atrial fibrillation, 413
for cardiopulmonary bypass, 312–313, 

320–321
for chronic thromboembolic pulmonary 

disease, 1135
with extracorporeal life support systems, 

446
with mechanical circulatory support, 

1377
with mitral valve replacement, 909
for off-pump CABG, 521
patient education, 655
for PCI, 456, 457t
with prosthetic heart valves, 408t, 

681–682
Antiemetics, 90
Antifibrinolytic agents, 355
Antiplatelet agents, 348, 349t, 416
Antithymocyte globulin (ATG), 1295
Antyllus, 1037
Aorta

aneurysm
aortic arch. See Aortic arch aneurysm
aortic root. See Aortic root aneurysm
ascending. See Ascending aortic 

aneurysm
beta-adrenergic blockers for, 85
descending. See Thoracoabdominal 

aortic aneurysm
thoracoabdominal. See 

Thoracoabdominal aortic 
aneurysm

atherosclerosis
cardiopulmonary bypass and, 303
management in CABG, 504–505

cannulation, 303–304
coarctation, 293, 1222
CT, 170, 172, 173f, 174f
CT angiography, 170, 172, 173f
dissection. See Aortic dissection
insertion of intra-aortic balloon pump, 

431–432

insufficiency. See Aortic insufficiency
intramural hematoma, 292
porcelain (unclampable), 675–676, 915, 

918–919, 918f
regurgitation. See Aortic regurgitation
root. See Aortic root
stenosis. See Aortic stenosis
surgical dissection, 582–583
trauma to

associated injuries, 1105
CT assessment, 175, 175f
surgical techniques, 1105, 1106f

ulcer, 292
Aortic arch aneurysm

surgical considerations
anesthetic management, 247, 247f
hypothermic circulatory arrest. See 

Deep hypothermic circulatory 
arrest

neuromonitoring, 249–250, 250f
neuroprotection, 248–249, 249t

surgical techniques
arch first, 1060–1062, 1060–1062f, 

1063f
branched arch grafts (Kazui technique), 

1056, 1057–1058f
debranching graft, 1056–1057, 1059f
elephant trunk, 1058–1060, 1059f
endovascular, 1066, 1066f
hybrid, 1062–1066, 1063f,  

1064f, 1065f
Aortic arch dissection, 1017–1018, 1017f, 

1018f. See also Aortic dissection
Aortic balloon valvotomy, 688
Aortic balloon valvuloplasty, 125–126, 125f, 

260–261
Aortic cross-clamping, intermittent,  

384–385
Aortic dissection

acute
in aortic cannulation, 303–304
clinical presentation, 1004t,  

1006–1007, 1007t
diagnosis

aortography, 1008t, 1009–1010, 
1010f

chest radiograph, 1007–1008,  
1008f

CT, 1005f, 1008, 1008f, 1008t, 
1010f

CT angiography, 174–175
echocardiography, 292–293, 293f, 

1008–1009, 1008t, 1009f
electrocardiogram, 1007
intravascular ultrasound, 1010
laboratory tests, 1008
MRI, 1008t, 1010, 1010f,  

1011f, 1012f
strategy, 1011–1012

malperfusion in, 1007, 1007t,  
1026f, 1029

natural history, 1103
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type A
anesthetic management, 246–248, 

247f, 248f, 1014
cardiopulmonary bypass, 1014–1015
cerebral protection, 1015–1016
hemostasis, 1014
long-term management, 1020
medical management, 1012–1013
natural history, 1012
postoperative management, 1020
results, 1021
surgical indications, 1013–1014, 

1013t
surgical techniques, 1016–1020, 

1016f, 1017f, 1018f, 1019f, 1020f
type B

endovascular therapy, 1022–1025, 
1022f, 1023f, 1028t

medical management, 1021–1022
natural history, 1021
results, 1027–1029, 1028t, 1029f
surgical indications, 1013t, 1022
surgical therapy, 1025–1026, 1026f

ascending aortic aneurysm and,  
1045–1047, 1045f, 1046f, 
1047f. See also Ascending aortic 
aneurysm

chronic
clinical presentation, 1007
endovascular therapy, 1031
natural history, 1029–1030
surgical indications, 1013t, 1030
surgical results, 1032–1033
surgical technique

type A dissection, 1030–1031
type B dissection, 1031–1032, 1032f

classification, 1003, 1004f
endovascular therapy, 1103–1105, 1104f
etiology, 1004–1005
history, 1003
incidence, 1003–1004, 1004t
pathogenesis, 1005–1006, 1006f
risk factors, 1005, 1005t

Aortic impedance, 56
Aortic insufficiency

natural history, 719, 721
valve-sparing procedure for, 724, 724f

Aortic leaflet, 24f, 29, 32f
Aortic regurgitation

acute, 641, 668–669
chronic, 641, 669–670
classification, 669t
clinical evaluation, 642–643

AHA/ACC algorithm, 287f
cardiac catheterization, 643
chest radiograph, 642
CT, 643
ECG, 642
echocardiography, 286–287, 286f, 

286t, 287, 642–643, 642f
MRI, 643
stress testing, 643

clinical presentation, 641–642
with coronary artery disease

clinical presentation, 970–971
and mitral regurgitation, 977–979
pathophysiology, 971
surgical management, 971
surgical results, 971–972

etiology, 285–286
management

anesthetic considerations, 241–242
medical, 643
postoperative care and assessment, 414
surgical indications, 643, 670, 670t, 671f
valve repair/replacement for. See Aortic 

valve repair/reconstruction; Aortic 
valve replacement

with mitral regurgitation
and coronary artery disease, 977–979
pathophysiology, 953
surgical decision making, 953

pathophysiology, 641, 668–670
prevalence and etiology, 640–641, 666f
severity classification, 643t
ventricular remodeling in, 683

Aortic root
anatomy, 1037–1039, 1038f, 1039f
CT, 170, 172, 173f, 174f
dilation, 719, 719f
enlargement procedures

with aortic valve replacement, 675
surgical anatomy, 37–38, 38f

geometry, 717–718, 718f
pathology, 719–720

Aortic root aneurysm
CT, 170, 172, 173f
diagnosis, 721–722
etiology, 720–721
genetic mutations and, 720
natural history, 721
TEE, 292
valve-sparing procedures for

aortic root remodeling, 724–725,  
725f, 726f

aortic valve reimplantation,  
725–727, 727f

results, 728
Aortic sclerosis, 117
Aortic sinus, 26f, 35f
Aortic stenosis

acquired, 636
aortic valve bypass for, 988–989, 989f
bicuspid, 636
classification, 665, 666t
clinical evaluation

AHA/ACC algorithm, 285f
cardiac catheterization, 639
chest radiograph, 638
CT, 639–640
echocardiography. See 

Echocardiography, in aortic 
stenosis

electrocardiogram, 638

exercise testing, 639
MRI, 640

clinical presentation, 638, 638f, 721
with coronary artery disease

assessment of left ventricular function, 
965–966

clinical presentation, 967
pathophysiology, 967–968, 968f
surgical indications, 968–969
surgical management and technique, 

969–971
surgical results, 970, 970f

epidemiology, 117
etiology, 282, 636, 665
hemodynamics, 637, 637f
low-gradient, 667, 667f
management

anesthetic considerations, 240–241
asymptomatic patients, 640, 665–667
balloon valvotomy, 688
medical therapy, 667
postoperative care and assessment, 414
prevalence, 636, 666f
rheumatic, 636
severity classification, 284, 284t,  

639, 639t
surgical indications, 640, 667–668, 

668t, 669f
symptomatic patients, 640, 665
valve repair/replacement. See Aortic 

valve repair/reconstruction; Aortic 
valve replacement

ventricular remodeling in, 683
with mitral regurgitation, 917–919, 

943–944
with mitral regurgitation and coronary 

artery disease, 976–977, 978f
with mitral stenosis, 952–953
with multiple valve involvement,  

954–955
natural history, 665, 721
pathophysiology, 117–118, 118f,  

636–637
symptomatic, 721
ventricular remodeling in, 683

Aortic valve
anatomy, 34–38, 37f, 38f, 115, 116f, 

633–634, 634f, 635f, 673f,  
717–718, 718f

bicuspid
ascending aortic aneurysm and,  

1041–1042
characteristics, 120, 636, 718
incidence, 1041
infective endocarditis, 122f
natural history, 721
patterns, 1042, 1043f
repair

results, 727–728
surgical technique, 723–724, 723f

CT, 169, 169f
embryologic development, 633, 634f
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Aortic valve (Cont.):
homograft. See Aortic valve replacement, 

with homograft
infective endocarditis. See Infective 

endocarditis, native aortic valve
leaflets, 633–634, 634f, 635f
mechanics, 634–636
pathology, 718
prosthetic. See Prosthetic valves
quadricuspid, 718
regurgitation. See Aortic regurgitation
repair. See Aortic valve repair/

reconstruction
replacement. See Aortic valve replacement
stenosis. See Aortic stenosis
unicusp, 718

Aortic valve area (AVA), 282–283, 283f
Aortic valve repair/reconstruction

anesthetic management, 240–242
balloon valvuloplasty, 125–126, 125f, 

260–261
mechanical decalcification, 125f, 126
patient selection, 722
results, 643–644, 727–728
simulation training, 209f, 210, 210f
surgical techniques

bicuspid aortic valve, 723f, 724
cusp extension, 722
cusp perforation, 722
cusp prolapse, 722, 722f
cusp with stress fenestration, 723, 723f
in type A dissection, 1018–1019, 1019f

ultrasonic debridement, 125f, 126
Aortic valve replacement

anesthetic management, 240–242
for aortic regurgitation, 643, 670,  

670t, 671f
with aortic root enlargement  

procedures, 675
for aortic stenosis, 640, 667–668,  

667f, 669f
with ascending aorta replacement,  

674–675, 674f
with CABG

in aortic regurgitation, 971–972
results, 970, 970f
sequence of procedures, 654, 674
surgical technique, 969–971

catheter-based
percutaneous balloon valvotomy, 688
transcatheter. See Transcatheter aortic 

valve implantation/replacement 
(TAVI/TAVR)

complications
anticoagulant-related hemorrhage, 

656–657, 657f
paravalvular leak, 260, 658, 683
prosthesis thrombosis, 682–683
prosthetic valve endocarditis,  

658, 683
pseudoaneurysm, 291, 291f
structural failure, 658

thromboembolism, 657–658, 657f
valve thrombosis, 658

coronary angiography in, 670
with homograft

cellular and immunologic aspects, 
695–696

historical perspective, 695
indications, 696–697
morphology, 131, 133f
post replacement assessment, 700
postoperative management, 700–701
preoperative evaluation, 697–698, 697f
preservation, 131
reoperations, 702, 703f
results, 701
surgical technique

cylinder modification, 699
preparation, 698
root replacement, 699–700, 700f
subcoronary implant, 698–699, 698f

with mechanical valve prosthesis
advantages and disadvantages, 696t
anticoagulation regimen, 67f, 408t, 

654–655, 655t, 681–682
anticoagulation reversal, 660–661
history, 649–652
patient-prosthesis mismatch, 659–660, 

660f, 661f
patient selection, 652, 661–662
postoperative evaluation, 169,  

169f, 171f
surgical technique

aortotomy, 652–653, 653f
special circumstances, 658–659, 

660f
valve excision, 653, 653f
valve implantation, 653–654, 653f

thromboembolism risk factors,  
654–655, 654t

valve types. See Prosthetic valves,  
aortic mechanical

in younger patients, 661–662, 662t
minimally invasive

benefits, 743
principles, 743
reoperative, 748–749, 748f, 749f
surgical technique

right anterior thoracotomy 
approach, 747

right parasternal approach,  
746–747

transverse sternotomy approach, 772
upper hemisternotomy approach, 

744–746, 744f, 745f, 746f
sutureless prosthesis for, 746

with mitral valve repair, 948–949
with mitral valve replacement

and CABG, 977–979, 978f
cannulation, 946
cardioplegia, 946
surgical considerations, 908
surgical technique, 946–948, 947f

in porcelain aorta, 675–676
postoperative care and management, 414, 

643–644, 654–655, 676
prosthesis selection. See also Prosthetic 

valves, aortic
age considerations, 687
comparison of mechanical and tissue 

alternatives, 696t
in special patient groups, 687–688

with pulmonary autograft. See Ross 
procedure

reoperative
after CABG, 985
causes, 675
history, 984–985
preoperative imaging, 984
surgical considerations, 675,  

995–996, 995t
surgical techniques

after homograft/root/allograft, 988
aortic valve bypass, 988–989, 989f
conventional resternotomy, 985–986
minimally invasive, 986–988, 987f, 

987t
transcatheter valve-in-valve,  

990, 990f
results

clinical endpoints, 678t
freedom from reoperation, 658, 659f
long-term follow-up, 662, 662t
nonfatal valve events, 680–681
objective performance criteria, 656, 

656t
operative mortality, 678
risk factors and, 655–656
structural failure, 658, 681, 682t
survival, 678–680, 679f, 680t, 682t
valve-related mortality, 680
by valve type, 656, 657f

with stented bioprosthetic valve
advantages and disadvantages, 696t
anticoagulation regimen, 681–682
patient-prosthesis mismatch

clinical significance, 684–686, 686f
data synthesis, 686–687
definitions, 683–684
effective orifice area, 684, 685f
geometric orifice area, 684, 685f
with small aortic root, 686

vs. stentless biologic valve, 688
valve types and features. See Prosthetic 

valves, aortic stented bioprosthetic
with stentless bioprosthetic valve

advantages and disadvantages, 696t
history, 695
indications, 696–697
reoperations, 702
results, 701–702
vs. stented biologic valve, 688
surgical technique

cylinder modification, 699
post replacement assessment, 700
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postoperative management, 700–701
preparation, 698
root replacement, 699–700
subcoronary implant, 698–699, 698f

valve types and features. See Prosthetic  
valves, aortic stentless 
bioprosthetic

surgical technique
aortic closure and de-airing, 673–674
aortotomy, 672, 672f
debridement, 672
myocardial protection and 

cardiopulmonary bypass, 670–671
valve excision, 672, 672f
valve implantation, 673, 673f, 674f

transcatheter. See Transcatheter aortic 
valve implantation/replacement 
(TAVI/TAVR)

Aortography
in aortic dissection, 1008t,  

1009–1010, 1010f
in aortic trauma, 1113, 1113f

APACHE III risk stratification system, 189, 
189t

Apixaban, 349t, 416
Apoptosis, in ischemia-reperfusion injury, 

373–374, 376. See also Ischemia-
reperfusion injury

Appropriateness criteria, 201
ARBs (angiotensin II receptor blockers), 

53, 83
Arbulu, Agustin, 12
Argatroban

in cardiopulmonary bypass, 321
for heparin-induced thrombocytopenia, 

323
in PCI, 457t

Arginine vasopressin, 53, 81
ARREST (Amiodarone in the Out-of-

Hospital Resuscitation of 
Refractory Sustained Ventricular 
Tachycardia) study, 77

Arrhythmia(s)
in adult congenital heart disease, 1221
after heart transplantation, 1316, 1317t
catheter ablation

atrial fibrillation. See Atrial fibrillation
atrial flutter, 1155–1156, 1156f
atrial tachycardia, 1155
atrioventricular nodal re-entrant 

tachycardia, 1151–1153, 1152f
atrioventricular re-entrant tachycardia, 

1153–1155, 1154f
biophysics, 1148
complications, 1149–1150
cost-effectiveness, 1161–1162
future directions, 1162–1163
histologic changes, 144, 144f
history, 1145–1146
ventricular tachycardia, 258–259, 

1159–1161, 1160f
electrophysiology studies

anticoagulation for, 1149
complications, 1149–1150
mapping techniques, 1150–1151
procedure, 1149, 1149f

implantable cardioverter-defibrillator 
for. See Implantable cardioverter-
defibrillators (ICDs)

pacemakers for. See Pacemakers
pathophysiology, 143
pharmacologic therapy

agents for, 72–75
atrial fibrillation, 78. See also Atrial 

fibrillation
supraventricular arrhythmias, 77–78
ventricular tachyarrhythmias, 76–77

physiology, 50–51, 50f
reentry, 50–51, 50f
surgical ablation. See Atrial fibrillation, 

surgical treatment; Cox-Maze 
procedure

Arterial cannulation
arterial cannulas, 303
ascending aortic, 303–304
in atherosclerosis of ascending aorta, 303
axillary-subclavian, 304
connection to patient, 303
femoral or iliac artery, 304
innominate artery, 304
in minimally invasive mitral valve surgery, 

859–861, 862f
Arteriovenous oxygen difference, 406t
Arteritis, ascending aortic aneurysm  

and, 1041
Artificial heart. See Total artificial  

heart (TAH)
Ascending aorta

aneurysm. See Ascending aortic aneurysm
pathology, 719–720
trauma to

associated injuries, 1105
clinical presentation, 1109–1110
endovascular interventions, 1105, 

1106f, 1114
mechanism of injury, 1114
open repair, 1114
surgical considerations, 1105

Ascending aortic aneurysm
clinical presentation, 1042
diagnosis

chest radiograph, 1042, 1044f
CT

angiography, 170, 172, 173f
contrast-enhanced, 1044–1045, 

1045f
reconstruction, 173f, 1045, 1046f

echocardiography, 292, 1042–1044, 
1045f

electrocardiogram, 1042
MRI, 1045, 1046f

etiologies
bicuspid aortopathy, 1041–1042, 

1043f

Ehlers-Danlos syndrome, 1041
familial, 1041
infectious and inflammatory, 1041
isolated sinus of Valsalva aneurysm, 

1042, 1044f
Loeys Dietz syndrome, 1040–1041
Marfan syndrome, 1040, 1040f
syphilitic, 1041

etiology, 720
history, 1037, 1039f
medical treatment, 1047–1048, 1048f
natural history, 721, 1045–1047, 1046f, 

1047f, 1048f
pathophysiology, 1039–1040, 1039f
preoperative evaluation, 1049
surgical considerations

anatomy, 1037–1039, 1039f
anesthetic management, 246–248, 

247f, 1049
antegrade cerebral perfusion,  

1050–1051, 1051f
circulation management, 1049–1050
complications

bleeding, 1067–1068, 1068f
graft infections, 1069–1070
myocardial dysfunction, 1068
pulmonary dysfunction, 1068
stroke, 1068

deep hypothermic circulatory  
arrest, 1050

myocardial protection, 1049
procedure selection, 1051–1053, 

1052f, 1053f
retrograde cerebral perfusion, 1051

surgical indications, 1048–1049
surgical results

late mortality, 1069
long-term surveillance, 1069, 1069f
in Marfan syndrome, 1069, 1070f
perioperative mortality, 1069
reoperation, 1069, 1069f, 1070f

surgical techniques
aortic wrapping and reduction 

aortoplasty, 1066–1067
ascending aortic replacement, 1053
Bentall and De Bono, 1037, 1038f
Cabrol, 1054–1055, 1055f
composite root replacement,  

1053–1054, 1054f
with concomitant mitral surgery, 1066
coronary artery management,  

1054–1055, 1055f
distal anastomosis, 1055
endovascular approaches, 1055, 1056f
hybrid, 1062–1066, 1063f,  

1064f, 1065f
reoperation, 1067
valve-sparing, 724, 724f, 728

ASCERT study, 480, 482
Aspergillus infection, in heart transplant 

recipients, 1320–1321
Aspiration, drug therapy for, 90
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Aspirin
bleeding risk and, 348, 416
following aortic valve replacement, 

681–682
in PCI, 457t
postoperative use, 416
preoperative use, 416

Asymptomatic Carotid Atherosclerosis 
Study, 486

Atelectasis, postoperative, 419
Atenolol, 53t, 84t
Atenolol Silent Ischemia study, 475
ATG (antithymocyte globulin), 1295
Atherectomy, 112, 460
Atherosclerosis

cellular changes in, 104–105
complications, 105f, 106f
coronary arteries. See Coronary  

artery disease
graft

diagnosis, 140f
pathology, 139, 140f
pathophysiology, 577f
progression, 508

natural history, 105f, 106f
pathophysiology, 104–106, 105f, 106f

ATP, in cardiac energy metabolism, 61
ATP-dependent calcium pump, 45
cis-Atracurium, 236t
Atria. See Left atrium; Right atrium
Atrial fibrillation

catheter ablation
anesthetic management, 258
history, 1145, 1167
results, 1158
techniques, 1157–1158, 1158f, 1167

pacemaker for, 1200
pharmacologic therapy, 78, 1156
postoperative, 412–413, 412f, 562
preoperative management, 410–411
with prosthetic valve, anticoagulation  

for, 408t
surgical treatment

atrial transection procedure, 1168
corridor procedure, 1167
Cox-Maze procedure

history, 14, 1168, 1168f, 1169f
results, 1173
technique, 1170–1171, 1171f

future directions, 1175–1176
history, 14, 1145–1146, 1167–1168
hybrid approaches, 1174–1175
indications, 1174
left atrial isolation procedure

history, 1167
results, 1173–1174
technique, 1168f, 1171–1172

pulmonary vein isolation
alternate approaches, 1159
complications, 1157
results, 1157, 1174
technique, 1172, 1172f

results, 1173–1174
technology, 1168–1170

Atrial flutter, catheter ablation, 1155–1156, 
1156f, 1157f

Atrial septal defect, 259, 261, 1217, 1218f
Atrial septum, 27, 29f
Atrial tachycardia, catheter ablation, 1155
Atrial transection procedure, 1168
Atrioventricular block, 1181
Atrioventricular junction, 24, 24f
Atrioventricular nodal re-entrant 

tachycardia, catheter ablation, 
1151–1153, 1152f

Atrioventricular node, 27–28, 30f
Atrioventricular re-entrant tachycardia, 

catheter ablation, 1153–1155, 
1154f

Atrioventricular septum, 27–28, 30f, 31f
ATS Medical prosthetic valves

aortic, 651f
mitral bileaflet

anticoagulant-related hemorrhage,  
914t

characteristics, 897f
endocarditis, 917t
hemodynamics, 901t, 903
thromboembolism, 914t

Automaticity, 48
Autophagy, 390–392, 391f
Autoregulation, blood flow, 63
Autotransfusion, 352–353, 417
AVA (aortic valve area), 282–283, 283f
Axial flow pumps. See also Mechanical 

circulatory support
Heartmate PHP, 442, 443f
Impella, 441–442, 441f
Impella RP, 442, 442f, 1366t
TandemHeart PTVA System, 439–440, 

440f, 445, 551, 1365t
Axillary-subclavian artery cannulation,  

304, 583, 584f
Azathioprine, 1294

B
B-type natriuretic peptide (nesiritide),  

409t, 411, 507
Bacterial pericarditis, 1232–1233, 1233f.  

See also Pericarditis
Bahnson, Henry, 17
Bailey, Charles, 5, 797
Ball and cage valve, 649f, 655
Balloon angioplasty

antithrombotic therapy, 456, 457t
guidewire, 454–455, 456f
guiding catheters, 453–454, 454f
lumen expansion tools, 455–456
mechanisms, 456
outcomes, 457, 458t
principles, 453

Balloon valvotomy
aortic, 688
mitral, 261

Balloon valvuloplasty
aortic , 125–126, 125f, 260–261
mitral, 896–897

Barbiturates, in deep hypothermic 
circulatory arrest, 368–369

BARI (Bypass Angioplasty Reperfusion 
Investigation), 473, 478, 479, 484

Barlow’s valve, 771, 771f
Barnard, Christiaan, 15, 1299
Basiliximab, 1294
Beating heart surgery. See Off-pump 

coronary artery bypass graft 
surgery (OPCAB)

Belatacept, 1295
Bentall, H.H., 11, 17
Benzodiazepines, 92
Benzothiazides, 87, 87t
Beta-adrenergic agonists

clinical usage, 53t
as inotropic agents, 79
mechanisms of actions, 51–52, 52f, 53t

Beta-adrenergic blockers, 84t
as antidysrhythmics, 84–85
for aortic aneurysm, 85
for aortic dissection, 1013
for ascending aortic aneurysm,  

1047–1048, 1048f
for atrial fibrillation, 413
clinical uses, 53t, 86t
drug interactions, 86
for heart failure, 85
for heart rate control in cardiac CT 

examination, 158
for hypertension, 85
interaction with catecholamines, 83
mechanisms of actions, 51–52, 52f, 53t
for myocardial infarction, 84
for pheochromocytoma, 85
postoperative use, 411
predicting effects, 83
side effects and toxicity, 85–86

Beta-adrenergic receptors, 51–52, 52f,  
63, 84t

Betaxolol, 84t
Bicuspid aortic valve. See Aortic valve, 

bicuspid
Bicuspidization, tricuspid valve,  

932–933, 933f
Bilateral transverse thoracosternotomy, 23
BioGlue, 354, 354t
Biomaterials

blood-surface interactions, 147
history of development, 146
tissue interactions with, 147–148, 147f
vascular graft healing and, 148–149,  

148f
Biorck, Gunnar, 6
Bisoprolol, 84t, 85
BiVACOR total artificial heart,  

1384–1385, 1384f
Bivalirudin

in cardiopulmonary bypass, 321
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for heparin-induced thrombocytopenia, 
418

in PCI, 457t, 545
Björk-Shiley tilting-disk valve, 129f
Blalock, Alfred, 6
Blalock-Taussig operation, 6, 11
Bleeding

after ascending aortic aneurysm repair, 
1067–1068, 1068f

during cardiopulmonary bypass,  
326–327

with extracorporeal life support systems, 
438

perioperative strategies for reduction.  
See Blood conservation

postoperative care, 410t, 417
preoperative evaluation, 416

Blood conservation
antifibrinolytic agents, 355
during cardiopulmonary bypass,  

351–352, 352f
intraoperative management,  

416, 417
operative techniques for, 353
pharmacologic strategies, 416
postoperative management, 355–357
preoperative considerations

autologous blood donation, 350–351
medication management, 348–350, 

349t
risk factors, 348

topical hemostatic agents, 353–355,  
354t

Blood donation, preoperative autologous, 
350–351

Blood transfusion
complications, 347, 418
immunomodulating effects, 418
point-of-care testing, 356, 356f
postoperative, 355–356, 417–418, 418f
rates in cardiac surgery, 347

BOD Index, 188t
Body temperature, during cardiopulmonary 

bypass, 313, 314f
Bone marrow. See Stem cells
Bortezomib, 1295
Brachial plexus injury, 423
Brachytherapy, for in-stent restenosis, 462
Bradykinins, 53
Bretschneider solution, 378, 378t, 379t
Bretylium, 75
Brock, Russell, 5, 856
Brockenbrough, Edwin, 11
Bronchiolitis obliterans. See Obliterative 

bronchiolitis
Bronchoconstriction, 91, 93–94, 94t
Bronchodilators, 93–94, 94t
Bubble oxygenators, 305
Bubble traps, in extracorporeal perfusion 

systems, 307–308
Buckberg cardioplegic solution, 543
Bumetanide, 87

C
c wave, 57, 57f
C5a, 327–328
CABG. See Coronary artery bypass graft 

surgery (CABG)
Cabrol repair, 1018, 1018f, 1054–1055, 

1055f
CADILLAC study, 545
Calcium

as inotropic agent, 79
intracellular

contraction of cardiac muscle and, 
53–55, 73f

drugs affecting, 75
in ischemia-reperfusion injury,  

374–376, 375f, 377f
vascular tone and, 74f

postoperative disturbances, 421–422
Calcium channel blockers

for aortic dissection, 1013
for atrial fibrillation, 413
pharmacology, 82

Calcium channels, 44–45, 45f, 47f
Calcium sensitizers, 80
cAMP. See Cyclic AMP (cAMP)
Canadian Cardiovascular Society, angina 

classification, 472, 472t
Cancer

cardiac tumors. See Cardiac tumors
in heart transplant recipients, 1323–1324
pericarditis in, 1235

Capillary fluid exchange, 407t
Carbomedics prosthetic valves

mitral bileaflet valve
anticoagulant-related hemorrhage, 914t
characteristics, 897f
endocarditis, 917t
hemodynamics, 901t, 903
survival, 911t
thromboembolism, 914t

Top Hat valve, 651f, 652
Carbonic anhydrase inhibitors, 87–88, 87t
Carcinoid syndrome, valve disease in

diagnosis, signs, and symptoms, 955
echocardiography, 955
pathophysiology, 121, 927–928,  

955, 956t
surgical decision making, 956
tricuspid valve and pulmonary valve 

replacement for, 950
CARDia trial, 479
CardiaAQ transcatheter valve, 891, 892f
Cardiac allograft vasculopathy

allograft failure and, 1289
diagnosis, 1322–1323
pathology, 139, 140f
pathophysiology, 1289, 1322, 1322f, 

1356–1357, 1357f
treatment, 1289, 1323, 1357
vs. typical atherosclerosis,  

141t, 1322
Cardiac arrest, postoperative, 415–416

Cardiac autotransplantation, 1261–1262, 
1263–1266f, 1267f

Cardiac catheterization
in aortic regurgitation, 643
in aortic stenosis, 639
for atrial septal defect, 259
complications, 261–262
history, 5
for patent foramen ovale, 259

Cardiac cells
electrical activation, 48–51
ion channels, 44f, 45–47
ion exchange in, 46, 71
ion pumps, 45
pacemaker potential, 48–49
regulation of function, 51–53, 52f
sarcolemma, 43, 44f
sarcoplasmic reticulum, 46–47, 46f
spontaneous depolarization, 48–49, 49f
t-tubules, 46, 46f

Cardiac cycle, 56–57, 57f
Cardiac efficiency, 61–62
Cardiac index (CI), 406t
Cardiac muscle, 53–55, 54f
Cardiac output syndromes, 409t
Cardiac rhythm

abnormal. See Arrhythmia
normal physiology, 48–50

Cardiac rupture, postinfarction,  
110–111, 110f

Cardiac surgery. See also specific procedures
complications

atrial fibrillation. See Atrial fibrillation, 
postoperative

chest re-exploration. See Reoperations
deep venous thrombosis, 421
heparin-induced thrombocytopenia. 

See Heparin-induced 
thrombocytopenia

pericardial, 1236–1237
peripheral nerve injury, 423
pulmonary embolism, 421
renal. See Renal disease/failure
stroke. See Stroke
wound infections. See Wound 

infections
postoperative care. See Postoperative care
preoperative evaluation. See Preoperative 

evaluation
risk stratification systems, 189t
simulation training in. See Simulation, in 

cardiac surgery
Cardiac surgical performance assessment. See 

also Outcomes analysis/assessment
composite measures, 186
controversies, 199–200
disadvantages, 200–201
failure-to-rescue rates, 186
future directions

effectiveness vs. safety, 201
electronic medical records, 202–203
guidelines vs. standards, 201–202
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Cardiac surgical performance assessment. 
See also Outcomes analysis/
assessment, future directions 
(Cont.):

human factors research, 202
practice guidelines and appropriateness 

criteria, 201
public reporting and provider 

accountability, 202
goals

cost containment, 192
guideline creation, 191–192
physician practice changes, 192
rewarding high performance, 192

management philosophy and, 196–197, 
196t

Northern New England Cardiovascular 
Study Group, 198

patient satisfaction, 185–186
performance measures, 183,  

185–186, 186t
problems with, 192–193
risk adjustment and comorbidity

comorbidity measures, 188, 188t
risk adjustment systems, 188–190, 

189t
risk model performance, 190

statistical treatment of outcome data, 
186–187

STS Database and, 198
types

operative mortality, 193, 194t
patient satisfaction measures, 193, 

195–196
postoperative morbidity and resource 

utilization, 193, 195t
Cardiac tamponade

after PCI, 463–464
clinical presentation, 417, 1227
diagnosis, 293–294, 293f, 1227, 1227f, 

1228f, 1229f
pathophysiology, 1227, 1227f
postoperative, 1236

Cardiac tumors
benign

in adults, 1244t
Castleman tumor, 1253–1254, 1254f
in children, 1245t
fibroelastoma, 145f, 146
fibroma, 146, 1251–1252, 1252f
hemangioma, 1253, 1253f
lipoma, 145–146, 1250
lipomatous hypertrophy of interatrial 

septum, 146, 179f, 1250–1251
mesothelioma, AV node, 1252
myxoma. See Myxoma
papillary fibroelastoma of the heart 

valves, 1251, 1251f
paraganglioma, 1253, 1253f
pheochromocytoma, 1252
rhabdomyoma, 146, 1251
teratoma, 1253

cardiac transplantation for, 1269
classification, 1243–1244, 1244t
history, 1243
imaging, 177, 178f, 179f
malignant

in adults, 1254t
angiosarcoma. See Angiosarcoma
classification, 1254
clinical presentation, 1255, 1255t
fibrous histiocytoma, 1256
left-sided

cardiac autotransplantation for, 
1261–1262, 1262f, 1263–1266f, 
1267f

diagnosis, 1261
prognosis, 1261
surgical considerations, 1261

lymphoma, 1262
mesenchymal-origin, 1256
pulmonary artery sarcoma,  

1267–1269, 1267f, 1268f, 1268t
rhabdomyosarcoma, 1256
right-sided, 1255f, 1256–1259, 

1259–1260f
sarcoma, 146, 178f

metastatic, 1269–1270, 1269f, 1269t
molecular and biologic-based diagnosis 

and therapy, 1270–1272, 1271f
Cardiac valves. See Valve(s)
Cardiogenic shock

CABG for, 546f, 547–548, 548f
definition, 542
mechanisms, 548f
mortality rates, 542
PCI for, 544–546, 546f, 548f
ventricular assist device for, 547f, 551

Cardiohelp, 439, 439f
Cardiomyopathy

arrhythmogenic right ventricular,  
103f, 104

classification, 101
dilated, 101–103, 102f
etiology, 101
hypertrophic, 102–103f, 103–104
primary, 101
restrictive, 104, 1229–1230, 1230t
secondary, 101

Cardioplegia
antegrade, 382–383
in cardiopulmonary bypass, 313
cold blood, 379t, 380–381
continuous vs. intermittent, 383–384
in coronary artery reoperations,  

583–584
crystalloid, 379t, 380
current status, 384
delivery systems, 310, 382–384, 382f
history of development, 376–379, 378t
retrograde, 383
tepid blood, 382
warm blood, 379t, 381–382

Cardiopulmonary bypass

anticoagulation and reversal in, 312–313, 
320–321

in aortic dissection, 1014–1015
in aortic valve replacement, 670–671
blood conservation during, 351–352, 

352f
in CABG, 496–497, 497f
cardioplegia, 313
complications

air embolism, 319
bleeding, 326–327
cardiac injury, 334
consumptive coagulopathy, 326, 326f
gastrointestinal, 337–338
hepatic, 337
incidence, 319, 319t
microemboli, 331, 333t
neurologic injury

assessment, 334
mechanisms, 334, 335, 335f
prevention, 335–336
prognosis, 336, 336f
risk factors, 334, 335f

pancreatic, 338
pathophysiology, 332–333
pulmonary, 336–337
renal, 337, 421

conduct, 311–316
endothelial cell activation in, 326
equipment. See Extracorporeal life 

support (ECLS)
equipment setup, 311–312
vs. extracorporeal life support  

systems, 435
in femoral vein to femoral artery  

bypass, 317
fibrinolysis in, 326
full, 317
history, 6–10, 7–8t, 12t
inflammatory response to, 327–330
initiation, 313
in left heart bypass, 316–317
in left ventricular aneurysm repair, 617
in minimally invasive CABG, 317
in minimally invasive mitral valve surgery, 

859–860, 860f, 861f
in mitral valve repair, 802–803
in mitral valve replacement, 906
partial, 317
patient monitors, 315
in postinfarction ventricular septal defect, 

598–599
risk management, 319–320
safety determinants

arterial Pao2, 315
arterial pressure, 314
blood flow rate, 313–314, 314f
glucose levels, 315
hematocrit, 314
pH/Pco2 management in, 315
pulsatile flow, 314
temperature, 314–315
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separation from
diagnosis of intracardiac air during, 

269–270, 270f
preparation for, 316, 505

simulation training, 209f
special applications, 316–317
team member roles, 311
in thoracotomy, 316
thrombin generation in, 323–324, 324f

Cardiopulmonary resuscitation, 
postoperative, 415–416

Cardiotomy reservoir, 309
Cardiovascular centers

advantages, 218
evolution, 217–218
integrated, 218–220, 219f
research in, 219–220, 220f

Cardiovascular subspecialities, 217
Carillon Mitral Contour System, 890
Carney complex, 144, 1244
Carotid artery disease. See Carotid stenosis
Carotid artery trauma, 1114, 1115, 1115f, 

1116–1117
Carotid endarterectomy, with CABG, 486–487
Carotid stenosis

coronary artery disease and, 89
myocardial ischemic events in patients 

with, 486
perioperative stroke and, 485–486
preoperative screening for, 486

Carpentier, Alain, 11–12, 856
Carpentier classification

mitral regurgitation, 770
mitral valve disease, 800, 800f

Carpentier-Edwards prosthetic valves
aortic

Magna Ease, 677, 677f, 685t
Perimount pericardial, 676, 677f, 682t

mitral
pericardial bovine heterograft

anticoagulant-related hemorrhage, 
916t

characteristics, 127f, 897f
endocarditis, 918t
freedom from reoperation, 913t
freedom from structural valve 

deterioration, 905t, 916t
hemodynamics, 901t, 904
survival, 912t
thromboembolism, 916t

standard porcine heterograft
anticoagulant-related hemorrhage, 

916t
characteristics, 897f
endocarditis, 918t
freedom from reoperation, 913t
freedom from structural valve 

deterioration, 905t, 916t
hemodynamics, 901t, 904
survival, 912t
thromboembolism, 916t

tricuspid, 936, 939f

Carpentier-Edwards ring annuloplasty,  
934, 934f

Carrel, Alexis, 15, 16, 1299
Carteolol, 84t
CARTO endocardial mapping system, 1151, 

1152f
Carvedilol, 53t, 84t, 85
CASS (Coronary Artery Surgery Study), 

623, 624f
CAST (Cardiac Arrhythmia Suppression 

Trial) study, 74
Castleman tumor, 1253–1254, 1254f
Catecholamines, 79, 81
Catheter ablation

arrhythmia. See Arrhythmia(s), catheter 
ablation

atrial fibrillation. See Atrial fibrillation, 
catheter ablation

Catheter balloon valvuloplasty, 125, 125f
Catheter-based valve replacement/repair

aortic. See Transcatheter aortic valve 
implantation/replacement  
(TAVI/TAVR)

mitral. See Transcatheter mitral valve 
repair/reconstruction

Caves, Philip, 1299
Cayenne, 89t
C5b-9 (membrane attack complex),  

327–328, 327f
Cellular cardiomyoplasty, 620–621
Cellular therapy. See Stem cells
Centrifugal pumps, 306, 306t, 307f, 435, 

436, 436f
CentriMag pump, 440–441, 440f, 1365, 

1366t, 1367f
Cephalic vein, as bypass conduit, 495–496
Cerebral perfusion

antegrade. See Antegrade cerebral 
perfusion

during cardiopulmonary bypass, 318–319
comparison of strategies, 368
retrograde. See Retrograde cerebral 

perfusion
Cerebrospinal fluid drainage, 1087
Charlson Index, 188t
Chest radiography

in aortic dissection, 1007–1008, 1008f
in aortic regurgitation, 642
in aortic stenosis, 638
in aortic trauma, 1111–1112,  

1112f, 1112t
in ascending aortic aneurysm,  

1042, 1044f
in chronic thromboembolic pulmonary 

disease, 1134, 1134f
in mitral regurgitation, 777
in mitral stenosis, 767
in myxoma, 1246
in pericardial effusion, 1228f
in pulmonary embolism, 1130
in thoracoabdominal aortic aneurysm, 

1078, 1078f

CHOICE (Comparison of Transcatheter 
Heart Valves in High Rick 
Patients With Severe Aortic 
Stenosis) trial, 753, 754t

Cholecystitis, postoperative, 423
Chordae tendinea, 755–756
Chronic allograft vasculopathy. See Cardiac 

allograft vasculopathy
Chronic obstructive pulmonary disease 

(COPD), lung transplantation for, 
1334, 1334t, 1335t

Chronic thromboembolic pulmonary 
hypertension. See Pulmonary 
hypertension, chronic 
thromboembolic

Cine computed tomography, 159–160, 
160f. See also Computed 
tomography (CT)

Circular patch repair, for left ventricular 
aneurysm, 619, 619f, 620f

Circumflex coronary artery, 30, 34f, 40, 40f
CIRS comorbidity index, 188t
Clamshell incision, 23
Cleland, William, 11
Clopidogrel

bleeding risk and, 549
in PCI, 457t
pharmacology, 349t, 416
preoperative continuation/

discontinuation, 348, 416, 549
Coagulation pathways, in thrombin 

generation, 323
Coagulopathy, extracorporeal perfusion and, 

326, 326f
Coarctation of the aorta, 293, 1222
Cochrane, Archie, 185t, 190–191, 190f
Codman, Ernest Amory, 184t
Cognitive function, cardiopulmonary bypass 

and, 334–336, 335f, 336f, 506
Colloids, 312, 408
Color-flow imaging. See Echocardiography
Communication, among surgical team, 

212–213
Comorbidity(ies), as risk factors,  

188, 188t
Compensatory hypertrophy, 99. See also 

Myocardial hypertrophy
Complement inhibitors, 332, 332f
Complement system, 327–328, 327f
Complete arterial revascularization, vs. 

CABG, 505f, 509
Complete heart block, iatrogenic,  

1181, 1182f
Compliance, ventricular, 56, 58f, 59
Computed tomography (CT)

angiography
aorta, 705f
aortic aneurysm, 170, 172
aortic dissection, 1022f
aortic root, 174f
aortic root abscess, 697, 697f
vs. conventional, 163
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Computed tomography (CT) (Cont.):
aortic dissection, 174–175, 174f, 1005f, 

1008, 1008f, 1008t, 1010f
aortic regurgitation, 643
aortic root, 170, 173f, 174f
aortic stenosis, 639–640
aortic trauma, 175, 175f, 1112, 1112f
aortic valve, 169, 173f
ascending aortic aneurysm, 1044–1045, 

1045f
cardiac masses, 177, 178f, 179f
cardiac valves, 169, 169f
in constrictive pericarditis, 1229f
graft patency after CABG, 163–166, 

165f, 166f, 167f
heart transplantation, 174–175
mitral regurgitation, 780
mitral stenosis, 769
vs. MRI, 160, 180
native coronary arteries, 159f, 161–164, 

162f, 163f, 164f
pericardium, 177, 178f, 180, 1228f, 1237
for preoperative planning

minimally invasive CABG, 167, 168f
reoperative CABG, 159f, 166–167, 168f

prosthetic valves, 169, 169f, 170f, 171f
pulmonary artery sarcoma, 1267f
pulmonary embolism, 175, 176f
technical considerations

beta blockade, 158
contrast material, 161
ECG gating, 158–160, 159f, 160f
patient irradiation, 160
scanning parameters, 160–161
temporal resolution, 157–158

thoracoabdominal aortic aneurysm, 
1076f, 1079f

ventricular assist devices, 175–176, 176f
Computerized physician order entry 

(CPOE), 203
Congenital heart disease. See also specific 

malformations
in adults

arrhythmia surgery, 1221
atrial septal defects, 1217, 1218f
coarctation of the aorta, 1222
coordinated approach to, 1215
Ebstein’s anomaly, 1217
Fontan revision, 1218–1219
hybrid procedures, 1221, 1221f, 1222f
information systems for, 1215, 1216f
interventional device management, 

1222, 1222f
left ventricular outflow tract 

reconstruction, 1220–1221
outcomes, 1223
pacemakers in, 1201, 1202f
reoperative sternotomy, 1216–1217
right ventricular outflow tract 

reconstruction, 1219–1220, 
1219f, 1220f

history of surgery, 5–6, 11, 12t

Congenital mitral valve disease
incidence, 847
mitral insufficiency

pathophysiology, 852, 852f
surgical indications, 852–853
surgical technique, 853, 853f

mitral stenosis
pathophysiology, 848–849, 848f, 849f
surgical indications, 850
surgical repair, 850–851, 850f,  

851f, 852f
typical, 848, 848f

Congestive heart failure. See Heart failure
Connexin, 49
Constrictive pericarditis. See Pericarditis, 

constrictive
Consumptive coagulopathy, 326, 326f
Continuous-wave Doppler. See 

Echocardiography
Contractility

clinical indices, 60
mediators, 71, 73f
quantification, 57, 59–60, 59f

Contrast material
in cardiac CT, 161
nephropathy from, 464–465

Controlled cross-circulation, 9, 9f
Cooley, Denton, 14, 17, 595, 1037, 1362
Cooper, Joel, 16
CoreValve Extreme Risk US Pivotal Trial, 

752, 753
CoreValve self-expandable aortic valve

characteristics, 135f, 136, 688–689, 689f, 
751, 752t, 753f, 990

clinical trials, 688–689, 752
complications, 262
vs. Edwards SAPIEN valves, 753–754, 

754f
rapid pacing during placement, 261
for valve-in-valve implantation,  

990, 990f
Cornoni-Huntley Index, 188t
Coronary artery(ies)

anatomy, 36f, 39–41
atherosclerosis. See Coronary  

artery disease
blood flow, 62–64
CT angiography, 159f, 161–163, 162f, 

163f, 164f
endarterectomy, 500, 502, 502f
left, 39–40, 39f
left anterior descending, 39–40, 40f
left circumflex, injury in reoperative valve 

surgery, 994, 994f
perforation, 463, 464t
right, 40–41, 41f
total occlusion, 483

Coronary artery bypass graft surgery 
(CABG)

AHA/ACC guidelines, 471, 472–473, 
474t, 475t

anesthesia for, 235, 236t, 237–239

with aortic and mitral valve replacement, 
978f, 979

with aortic valve replacement
in aortic regurgitation, 971–972
in aortic stenosis, 968–969
results, 970, 970f
sequence of procedures, 654, 674
surgical technique, 969–971

beating heart, 526
bypass conduits

cephalic vein, 495–496
endoscopic harvest, 570–571
gastroepiploic artery, 494
greater saphenous vein, 494–495, 495f, 

570
internal thoracic artery, 490–492, 491f
lesser saphenous vein, 495–496
radial artery, 492–494, 494f, 495f, 

570–571
vs. complete arterial revascularization, 

505f, 509
complications

acute renal failure, 507
atrial fibrillation. See Atrial fibrillation, 

postoperative
chest re-exploration. See Reoperations
deep sternal wound infection, 506–507
deep venous thrombosis, 421
heparin-induced thrombocytopenia. 

See Heparin-induced 
thrombocytopenia

myocardial dysfunction, 506
neurologic deficits, 334–336, 335f, 

336f, 506
peripheral nerve injury, 423
pulmonary embolism, 421
renal. See Renal disease/failure
stroke. See Stroke
STS risk models, 487–488, 488t, 489t
wound infections. See Wound 

infections
in diabetic patients, 484–485
in the elderly, 483–484
in end-stage renal disease, 485
graft failure, 576–578, 577f
graft patency, assessment, 163–166, 165f, 

166f, 167f
hemodynamic optimization in, 236–237, 

237f, 238t
history, 12–14, 471
hybrid approach with PCI

indications, 568
results, 532–533, 534f, 569, 569f
timing, 568–569

indications
acute coronary syndromes, 481–482
angina, 475–477
asymptomatic coronary artery  

disease, 482
cardiogenic shock, 547–548, 548f
clinical trials, 471, 473
guidelines, 471, 472–473, 474t, 475t
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 Index 1411

left ventricular dysfunction, 483
myocardial infarction, 481–482

advantages, 548–549
vs. medical therapy, 546
vs. PCI, 548f
risk factors, 547
surgical technique, 551–552
timing, 546–547, 547t

totally occluded coronary arteries, 483
with left ventricular aneurysm repair, 621
vs. medical therapy, 475, 476f, 477f
minimally invasive. See Minimally 

invasive coronary artery bypass 
grafting (MIDCAB)

with mitral valve repair/replacement
results, 974–975, 974f
sequence of procedures, 908
surgical technique, 973–974

monitoring during, 234–235
myocardial oxygen supply and, 233, 234f
myocardial protection during. See 

Myocardial protection
off-pump. See Off-pump coronary artery 

bypass graft surgery (OPCAB)
pathophysiology, 113–115, 114f
vs. PCI

for left main disease, 482–483
for left ventricular dysfunction, 483
nonrandomized database comparisons, 

480–481, 480f
randomized studies, 478–483
SYNTAX score for outcome prediction, 

465, 465t
preoperative evaluation

anesthetic considerations, 233–234
carotid artery testing, 486
coronary angiography, 489
medications, 489
patient education, 489
physical examination, 489–490

reoperations. See Reoperations, coronary 
arteries

results
atherosclerosis progression, 508
with extended arterial grafting, 509
graft failure, 113–114, 508
long-term, 507–508
morbidity, 193, 195t, 225f
mortality

causes of death, 113, 506
changes in rates, 505
predictors, 113
procedure complexity and, 225–226, 

225f
patient satisfaction, 193, 195–196

risk prediction
models, 193, 194t, 195t. See also Risk 

assessment, for cardiac surgical 
patients

operative morbidity, 487–488, 488t
operative mortality, 487–488, 488t
postoperative complications, 489t

simulation training, 209f, 210, 210f
surgical technique and approach

cannulation and establishment of 
cardiopulmonary bypass,  
496–497, 497f

coronary endarterectomy, 500,  
502, 502f

distal anastomoses
anastomotic technique, 498–500, 

499f, 501f
arteriotomy, 498, 498f
location of targets and sequence of 

anastomoses, 497–498
incisions, 496
management of atherosclerotic 

ascending aorta, 504–505
in myocardial infarction, 551–552
proximal anastomoses

anastomotic technique, 503, 503f
composite grafts, 503–504, 504f, 505f
sequence, 503

weaning from cardiopulmonary bypass, 
505

total endoscopic. See Total endoscopic 
coronary artery bypass grafting 
(TECAB)

Coronary artery disease
with aortic regurgitation

clinical presentation, 970–971
and mitral regurgitation, 979
pathophysiology, 971
surgical management, 971
surgical results, 971–972

with aortic stenosis
assessment of left ventricular function, 

965–966
clinical presentation, 967
and mitral regurgitation, 976–977, 

978f
pathophysiology, 967–968, 968f
surgical indications, 968–969
surgical management and technique, 

969
surgical results, 970, 970f
survival after aortic valve replacement, 

965–966, 966f
assessment, 472
asymptomatic, revascularization for, 482
coronary artery bypass graft surgery for. 

See Coronary artery bypass graft 
surgery (CABG)

echocardiography, 472
hemodynamic effects, 64–65, 64t
medical therapy for, 475
with mitral regurgitation

and aortic regurgitation, 979
and aortic stenosis, 976–977, 978f
clinical presentation, 972
pathophysiology, 972–973
surgical management and technique, 

973–974, 973f
surgical results, 974–975, 974f

with mitral stenosis
clinical presentation, 975
pathophysiology, 975
surgical management, 975–976
surgical results, 976

pathogenesis, 105–106, 105f, 106f
PCI for. See Percutaneous coronary 

intervention (PCI)
surgical vs. medical therapy, 475–477, 

476f, 477f. See also Coronary 
artery bypass graft surgery 
(CABG)

Coronary flow reserve, 462
Coronary revascularization. See Coronary 

artery bypass graft surgery 
(CABG); Percutaneous coronary 
intervention (PCI)

Coronary sinus, 26f, 41, 41f
CORONARY (CABG Off or On Pump 

Revascularization) study, 527, 
528, 562

Coronary veins, 41–42, 42f
Coronary velocity reserve, 462
Corridor procedure, 1167
Corrigan pulse, 642
Corticosteroids

for control of inflammatory response, 332
in deep hypothermic circulatory arrest, 

368
for immunosuppression, 1294, 1319

Counterpulsation, 429–430. See also  
Intra-aortic balloon pump

COURAGE trial, 478
Cox, James L., 14
Cox-Maze procedure

history, 14, 1168, 1168f, 1169f
results, 1173
surgical technique, 1170–1171, 1171f

Cox proportional hazards rejection, 187
Cox regression models, 187
Crafoord, Clarence, 5, 6, 7t
Crawford classification, thoracoabdominal 

aortic aneurysm, 1081, 1082f
Creatinine clearance, 407t
Cribier, Alan, 12, 751
Cribier-Edwards balloon-expandable aortic 

valve, 135f
Crossmatch, HLA, 1291
Cryoablation, 1169
Crystalloid cardioplegia, 379t, 380
Crystalloids, 408
CT. See Computed tomography
Cumulative hazard function, 187
Current modulation, in cardiac  

CT, 160
Cushing, Harvey Williams, 797
Cutler, Elliott Carr, 85–856, 797, 798f
Cyclic AMP (cAMP)

actions, 51, 71, 74f
stimulation, 82
synthesis, 71, 73f

Cyclic GMP, stimulation, 82
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1412 Index

Cyclosporine
for myocardial protection, 396–397
in transplantation, 15–16

Cyclosporine A, 1294
Cypher stent, 112
Cystic fibrosis, lung transplantation for, 

1334t, 1335t
Cystic medial degeneration, 1039–1040, 

1039f
Cytokines, in inflammatory response, 330, 

330f
Cytomegalovirus infections, in transplant 

recipients, 1320, 1349–1350

D
da Vinci Surgical System, 856, 866–868, 

866f, 867f. See also Robot-assisted 
mitral valve surgery

Dabigatran, 349t, 350, 416
Dacron graft, first surgical use, 17
Dalteparin, 457t
DCRI (Duke Clinical Research Institute), 

198
De Musset sign, 642
DeBakey, Michael, 17, 1037, 1362
DeBakey classification, aortic dissection, 

1003, 1004f
Deep hypothermic circulatory arrest

in aortic aneurysm repair, 1050
cerebral metabolism and blood flow in, 

361–362, 362t
cerebral perfusion in, 365
cooling phase, 363–364, 1050
duration of, 318, 364–365, 365f
history, 385, 1050
indications, 317–318
oxygen consumption during, 318, 318f
pathogenesis of brain injury during, 

362–363
pH management in, 362
pharmacologic adjuncts, 368–369
retrograde cerebral perfusion in, 365–366, 

365f
rewarming phase, 364, 1050
selective antegrade cerebral perfusion in, 

366–367, 367f
temperature monitoring, 318

Deep vein thrombosis (DVT)
diagnosis, 421, 1129
incidence, 421, 1127, 1128f
pathogenesis, 1127–1128, 1128f
prophylaxis, 1129
risk factors, 1128–1129, 1128t

Defibrillators
development, 14
implantable. See Implantable  

cardioverter-defibrillators
Delirium, postoperative, 422–423, 1142
Demikhov, Vladimir, 13, 15, 1299, 1350, 

1362
Deming, W. Edwards, 196–197
Dennis, Clarence, 7t, 8t

Depolarization, of cardiac cells, 48–49, 49f
Depth filter, in extracorporeal perfusion 

system, 308
Derom, Fritz, 16
Descending aorta. See Thoracic aorta
Descending aortic aneurysm. See 

Thoracoabdominal aortic 
aneurysm

Desflurane, 236t
Desmopressin, for postoperative bleeding, 

417
DeVega annuloplasty technique, 933–934, 

934f
DeVries, William C., 16, 1382
Dexamethasone, 93
Dexmedetomidine, 92, 419
Diabetes

cardiac surgery outcomes and, 224
postoperative considerations, 422
revascularization in, 484–485

Diastolic depolarization current, 48
Diastolic pressure-volume relationship, 56, 

58f
Digliotti, Mario, 7t
Digoxin

adverse effects, 75
for atrial fibrillation, 413
as inotropic agent, 79
pharmacology, 75

Dilated cardiomyopathy, 101–103, 102f
Diltiazem

for atrial fibrillation, 413
in PCI, 457t
pharmacology, 75

Directional atherectomy, 458t, 460
Disease count, as comorbidity index, 188t
Diuretics

benzothiazide, 87, 87t
carbonic anhydrase inhibitor,  

87–88, 87t
classification, 87t
loop, 87, 87t
mechanisms of action, 86
osmotic, 86–87, 87t
potassium-sparing, 88

Dobutamine
clinical uses, 53t
hemodynamic effects, 409t
for intraoperative hemodynamic 

optimization, 238t
vs. levosimendan, 80
mechanisms of action, 53t
postoperative use, 409t, 411

Dobutamine echocardiography, 541
Dodrill, Forest, 6, 8t
Dodrill-GMR Mechanical Heart, 6, 8f
Dofetilide, 75
DOORS study, 561
Dopamine

clinical uses, 53t
as diuretic, 88
hemodynamic effects, 409t

for intraoperative hemodynamic 
optimization, 238t

mechanisms of action, 53t, 79
postoperative use, 409t, 411

Doppler ultrasound, in echocardiography. 
See Echocardiography

Dor procedure, 550
Dornase alpha, 94, 94t
Double-lung transplantation (DLT), 1334, 

1336, 1343
Drake, Michael, 17
Dressler’s syndrome, 1236
Dronedarone, 413
Drug-eluting stents. See also Stents

vs. CABG, 482
clinical impact, 460t
future directions, 466
principles, 459–460
restenosis in, 112, 459f, 482, 545

Du Coudray, Angelique, 184t
Duke Cardiovascular Disease Databank, 480
Duke Clinical Research Institute  

(DCRI), 198
Duke criteria, infective endocarditis, 122, 

735, 735t, 837, 838t
Duplex scanning, 1129
DVT. See Deep vein thrombosis (DVT)

E
EAST (Emory Angioplasty versus Surgery 

Trial), 478
Ebstein’s anomaly, 1217
Eccentric hypertrophy, 99, 641. See also 

Myocardial hypertrophy
ECG. See Electrocardiography
ECG gating, CT images, 158–160, 

159f, 160f. See also Computed 
tomography

Echinacea, 89t
Echocardiography

in aortic aneurysm, 1042–1044, 1045f
in aortic dissection, 292, 1008–1009, 

1008t, 1009f
in aortic regurgitation, 286–287, 286f, 

286t, 642–643, 642f
in aortic stenosis

diagnostic pitfalls, 284–285
hemodynamic effect on left  

ventricle, 284
low gradient with normal LVEF, 284
severity assessment, 282–284, 283f, 

637f, 639
subvalvular and supravalvular 

obstruction, 282
in cardiac tamponade, 293–294, 293f
in coarctation of the aorta, 293
in constrictive pericarditis, 294
in coronary artery disease

diagnosis and assessment, 472
in coronary artery disease assessment, 

272–273, 272f
dobutamine, 541
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 Index 1413

in infective endocarditis, 291–292, 291f, 
837

intracardiac, 1151, 1152f
in mechanical complications of ischemic 

heart disease, 273–274
in mitral regurgitation

color flow Doppler, 276–277
effective regurgitant orifice area,  

277–278, 778
exercise, 279
flow convergence/proximal isovelocity 

surface area, 277, 278f
methods, 277t
severity assessment, 276, 278t,  

778–779, 778f
supportive parameters, 278
vena contracta width, 277, 277f

in mitral stenosis, 280–282, 280f, 282, 
767–769, 768f

in myxoma, 1247
in postinfarction ventricular free wall 

rupture, 610
in postinfarction ventricular septal defect, 

597
principles, 267–268
in pulmonary embolism, 1130, 1131f
transesophageal. See Transesophageal 

echocardiography (TEE)
in tricuspid regurgitation, 288–289, 288t

ECLS. See Extracorporeal life support
Edoxaban, 349t, 416
Edwards, Lowell, 11
Edwards Prima prosthetic valves, 134
Edwards SAPIEN/SAPIEN XT/SAPIEN 3 

aortic percutaneous valve
characteristics, 136, 688, 689f, 752f, 

752t, 989–990
clinical trials, 688–689, 751–752
complications, 262
vs. Medtronic CoreValve, 753, 754t
rapid pacing for placement, 261
for valve-in-valve implantation,  

990, 990f
Effective orifice area (EOA), 684, 685f
Effectiveness studies, 201
Efficacy studies, 197
Effler, Donald B., 471
Ehlers-Danlos syndrome

aortic aneurysm in, 1077
aortic dilation in, 720
aortic dissection in, 1006
ascending aortic aneurysm in, 1041
genetic factors, 720
incidence, 1006

Eisenmenger syndrome, 927
Ejection fraction, 71, 406t
Electrocardiography (ECG)

in aortic dissection, 1007
in aortic regurgitation, 642
in aortic stenosis, 639
in ascending aortic aneurysm, 1042
in coronary artery disease assessment, 472

for gating in CT imaging, 158–160, 
159f, 160f. See also Computed 
tomography

in mitral regurgitation, 777–778
in mitral stenosis, 767
in myxoma, 1246
in postinfarction ventricular septal defect, 

597
Electrocautery, in pacemaker patients, 1201
Electroencephalography, intraoperative, 

249–250, 250f
Electrolytes

in arrhythmia control, 75
postoperative disturbances, 421–422

Electronic medical records, 202–203
Electrophysiology studies

anesthetic management, 258
anticoagulation for, 1149
complications, 261, 1149–1150
mapping techniques, 1150–1151
procedure, 1149, 1149f

Elephant trunk repair, thoracoabdominal 
aortic aneurysm, 1091, 1092f

Elmquist, R., 15
Embolic protection devices, 460–461
Embolism

air, 319
pulmonary. See Pulmonary embolism

Encainide, 74–75
Enclose II device, 525
End diastole (ED), 57, 58f
End-diastolic pressure-volume point, 59
End-diastolic pressure-volume relationship, 

56, 59, 59f
End-stage renal disease. See Renal disease
End-systolic pressure-volume point, 59
End-systolic pressure-volume relationship, 

57, 59f
Endarterectomy

carotid. See Carotid endarterectomy
coronary, 500, 502, 502f
pulmonary. See Pulmonary 

thromboendarterectomy
Endocarditis. See Infective endocarditis
Endomyocardial biopsy, 136–137, 137f
Endothelial cells

activation in cardiopulmonary bypass, 
326, 329–330

nonthrombogenic properties, 320, 320f
Endothelin-1, 63
Endothelin(s), 53
Endothelium

in control of coronary blood flow, 63
dysfunction, 65, 105

Endotoxins, in inflammatory response, 331
Endotracheal intubation, 90–91
Endovascular stent grafts

for aortic injury, 1105, 1106f, 1114, 
1121–1122

for carotid artery trauma, 1116–1117
future directions, 1106, 1122–1123
for innominate artery trauma, 1116

for subclavian artery trauma, 1117, 1117f
technical development, 1102, 1102f
for thoracic aortic disease

aneurysm, 1103, 1103f
dissection, 1103–1105, 1104f
history, 1101–1102, 1102f
intramural hematoma, 1105
penetrating atherosclerotic ulcer, 1105, 

1105f
for thoracic aortic trauma, 1121–1122, 

1122f
Endoventricular patch repair, for left 

ventricular aneurysm, 619–620, 
620f

Energy metabolism, cardiac, 61–62
Enoxaparin, 457t
EnSite NavX endocardial mapping system, 

1151
Ephedra, 89t
Ephedrine, for intraoperative hemodynamic 

optimization, 238t
Epinephrine

hemodynamic effects, 409t
for intraoperative hemodynamic 

optimization, 238t
mechanisms of action, 53t
postoperative use, 409t, 411
racemic, 93

Epsilon-aminocaproic acid, 355, 416
Eptifibatide

mechanisms of action, 349t
in PCI, 457t
pharmacokinetics, 349t
preoperative continuation/

discontinuation, 416
ERACI (Argentine Randomized Trial of 

Coronary Angioplasty versus 
Bypass Surgery in Multi-vessel 
Disease) trial, 479

Esmolol, 53t, 84, 84t, 411, 1013
Ethacrynic acid, 87
Etomidate, 93, 236t
EUROMAX trial, 545
European Cooperative Study Group, 544
European System for Cardiac Operative Risk 

Evaluation (EuroSCORE), 189t, 
226, 226t

EVAHEART VAD, 1366t
Everest I and II studies, 886, 887, 888
Everolimus, 459f, 1294
EXCEL trial, 483
Extracorporeal life support (ECLS)

anticoagulation and, 320–321
cannulation in, 437–438, 437f
vs. cardiopulmonary bypass, 435
complications, 438
components

arterial cannulation. See Arterial 
cannulation

cardioplegia delivery systems, 310
cardiotomy reservoir, 309
field suction, 309
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Extracorporeal life support (ECLS), 
components (Cont.):

filters, 307–308
heat exchangers, 306, 436
hemoconcentrators, 310
heparin-coated circuits, 308, 312f, 

436–437
monitors and safety devices, 310–311, 

310t
overview, 299, 300f, 301f, 435–437, 

436f, 1365
oxygenators, 304–305, 305f, 435–436
pumps, 306–307, 306t, 307f, 436
tubing and connectors, 308
venous cannulation and drainage. See 

Venous cannulation and drainage
venous reservoir, 304

consumptive coagulopathy in, 326, 326f
development, 10, 433
device selection for, 445
devices

Cardiohelp, 439, 439f
CentriMag, 440–441, 440f, 1365, 

1366f, 1366t
ideal device, 433–434
indications, 434
initial reactions to, 320
lung transplantation and, 1336, 1336t
microemboli generated by, 307–308, 307t
patient management, 445–446
platelet reactions to, 325, 325f
priming of circuits, 311–312, 312f
in pulmonary embolism management, 

1132
results, 438
simulation training, 210
thrombin generated by, 320, 321f,  

324–325, 324f
venting the heart, 309–310, 309f
weaning from, 446

Extracorporeal membrane oxygenation 
(ECMO). See Extracorporeal life 
support

Extubation, 419–420

F
Failure-to-rescue rates, 186
False aneurysm, 111
Fast (sodium) channels, 43, 44f, 46
Fatty streak, 105
Favalaro, Rene, 13, 471
Femoral artery

cannulation, 304, 437, 437f
insertion of intra-aortic balloon pump, 

431
Fenfluramine/phentermine (fen-phen), 121
Fentanyl, 93, 236t
Fernel, Jean Francois, 1037
Fever, postoperative, 423
Feverfew, 89t
Fibrillatory arrest, elective, 385
Fibrillin-1, 121

Fibrin sealants, 353, 354t
Fibrinolysis, in extracorporeal perfusion, 326
Fibroelastoma, 145f, 146, 1251, 1251f
Fibroma, 146, 1251–1252, 1252f
Fick cardiac output equation, 406t
Filters, in extracorporeal perfusion systems, 

307–308
Flecainide, 74–75
Floppy mitral valve. See Myxomatous mitral 

valve disease
FloSeal, 353–354, 354t
Follette, D.M., 11
Fontan procedure, revision in adult,  

1218–1219
Foot proteins, 47
Foreign body reaction, 147
Forssmann, Warner, 5
Fortis transcatheter mitral valve, 892, 892f
Fractional excretion of sodium, 407t
Fractional flow reserve, 462
Frailty, 227–228, 227t
Frank-Starling relationship, 55–56, 56f
Free wall aneurysm. See Left ventricular 

aneurysm
Free wall rupture, postinfarction. See 

Postinfarction ventricular free wall 
rupture

Free water clearance, 407t
FREEDOM trial, 479, 482, 485
French Monocentric Study, 479
Functional mitral regurgitation. See also 

Ischemic mitral regurgitation
ACC/AHA guidelines, 827
etiology, 772, 825–826
medical treatment, 827
moderate, 828–829
pathophysiology, 826, 826f
recurrent, 827–828
severe, 829–830, 829f, 830f
surgical indications, 828–830
surgical outcomes, 827
surgical technique

mitral valve repair, 830–831. See also 
Mitral valve repair/reconstruction

mitral valve replacement, 831, 832f. See 
also Mitral valve replacement

percutaneous, 831–832
ventricular therapies, 831

Fungal infections
in heart transplant recipients, 1320–1321
pericarditis, 1233–1234

Funnel plots, 200–201
Furosemide, 87
Futility assessment, 228–229

G
G-protein coupled receptors, 51
GABI trial, 478
Galen, 1037
Garlic, 89t
Gastroepiploic artery grafts, 494,  

587–588, 589f

Gay, W.A., 10–11
Gay/Ebert solution, 378
Gender differences, in cardiac surgery 

outcomes, 223
Gene expression profiling, 1292–1293
Gene therapy, for cardiac tumors,  

1270–1271
General Motors, 6, 8f
Geometric orifice area, 684, 685f
Giant cell arteritis, 720, 1041
Gianturco Z stents, 1101, 1102f
Gibbon, John, 4, 6, 7t, 9, 471, 1361
Gibbs-Donnan equilibrium, 48
Ginger, 89t
Gingko, 89t
Ginseng, 89t
GISSI (Italian Group for the Study of 

Streptokinase in Myocardial 
Infarction) trials, 544, 545

Glenn shunt, 6
Glucocorticoids. See Corticosteroids
Glucose-insulin-potassium infusions, for 

myocardial protection, 395–396
Glutaraldehyde fixation, 676
Glycoprotein IIb/IIIa inhibitors

in PCI, 456, 545
pharmacology, 349t
preoperative continuation/

discontinuation, 349, 416
Goetz, Robert H., 12–13
Goldenseal, 89t
GOPCABE (German Off-Pump CABG in 

Elderly) trial, 527, 528, 562
Gore Excluder TAG system, 1102, 1102f
Gorlin formula, 242, 637
Gorlin’s syndrome, cardiac fibroma  

in, 146
Grafts, vascular. See also specific vessels

atherosclerosis in, 114f, 139, 140f,  
141t, 508

in coronary artery reoperations, 585–588
failure, 508
healing, 148–149, 148f
patency, 113–114, 114f, 532, 576–578
stenotic, 577–578, 577f, 578f, 579f
thrombosis, 113
tissue engineered, 149–150

Great cardiac vein, 41, 42f
Greater saphenous vein grafts

atherosclerosis in, 114f
characteristics, 494
failure, 508
harvest techniques

endoscopic, 495, 495f, 570
open, 494–495, 495f

patency, 113, 495, 576–578
stenosis in, 577–578, 579f, 579t

Gross, Robert, 5
Gruntzig, Andreas, 13–14
Guideliner, 454–455
Guidewire, for balloon angioplasty,  

453–454, 456f
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 Index 1415

Guiding catheters, for balloon angioplasty, 
454–455, 454f

Guiraudon, G., 14
GUSTO (Global Utilization of 

Streptokinase and Tissue 
Plasminogen Activator for 
Occluded Coronary Arteries)  
trial, 544

Guthrie, Charles, 15, 16

H
Hall-Medtronic tilting disk valve, 132f
Hammock mitral valve, 849–850, 852f
Hancock II mitral porcine heterograft

characteristics, 897f
endocarditis, 918t
freedom from reoperation, 913t
freedom from structural valve 

deterioration, 905t, 916t
hemodynamics, 904
survival, 912t

Hancock Medtronic prosthetic valves, aortic 
porcine, 127f

Hancock Standard prosthetic mitral valves
anticoagulant-related hemorrhage, 914t
endocarditis, 917t
freedom from reoperation, 913t
freedom from structural valve 

deterioration, 905t, 916t
hemodynamics, 901t, 904
survival, 911t
thromboembolism, 914t

Hardy, James, 15, 16, 1299
Harken, Dwight, 4, 5, 11, 797, 856
Hazard function, 187
Hazard ratio (HR), 187
HCR (hybrid coronary revascularization), 

532–533, 534f
Heart

anatomical position, 22f
blood flow. See Coronary artery(ies)
chemical energy metabolism, 61
electrical activation, 48–51
functional responses to metabolic 

demands, 62
gross anatomy, 22f
innervation, 51
mediastinal nerves and, 21–22, 23f
muscle contraction, 53–55, 54f
oxygen consumption, 61–62
parasympathetic regulation, 51
as pump, 55–60

afterload, 56, 57f
cardiac cycle, 56–57, 57f
contractility. See Contractility
Frank-Starling relationship, 55–56,  

56f
macroscopic architecture, 55
microscopic architecture, 55
myocardial wall stress, 60
physiologic parameters, 55
preload, 56

pressure-volume relationships, 57, 58f, 
59f

right ventricular physiology, 60–61
ventricular interdependence, 61

surgical anatomy, 21–42
surrounding structures, 21
sympathetic stimulation and blockade, 

51–52
wounds, history of treatment, 3–4

Heart failure
anesthetic considerations, 253, 254t
classification, 66, 1369, 1369t, 1370t
definition, 66
diastolic, 66
early sequelae, 66
incidence, 825, 1361
mitral regurgitation in, 825–826, 

1371. See also Functional mitral 
regurgitation

myocardial hypertrophy in,  
100–101, 101f

physiologic consequences, 66–68, 67f
in postinfarction ventricular septal defect, 

597
Starling curve, 968, 968f
systolic, 66
treatment

beta-adrenergic blockers, 85
heart transplantation. See Heart 

transplantation
stem cell therapy. See Stem cells, for 

myocardial regeneration
total artificial heart. See Total artificial 

heart (TAH)
vasodilators, 82t
ventricular assist devices. See 

Ventricular assist devices (VADs)
Heart-lung transplantation

complications, 1356–1358, 1357f
donor operation, 1340, 1341f
graft physiology, 1356
history, 15–16, 1350–1352
immunobiology. See Heart 

transplantation, immunobiology
indications, 1352, 1352t
long-term results, 1357f, 1358
organ procurement, 1353
postoperative management, 1356
recipient operation, 1353–1355,  

1354–1355f
recipient selection, 1352–1353

Heart Team, 228, 228t, 479
Heart transplant donors

allocation of organs, 1306–1307
alternate listing, 1307
availability, 1306
expanded criteria, 1307
management, 1308, 1309t, 1310f
organ preservation, 1309–1311
organ procurement, 1308–1309, 1311f
prognostic indicators, 254t
selection criteria, 1307, 1307t

Heart transplant recipients. See also Heart 
transplantation

antiarrhythmia therapy, 1316, 1317t
endomyocardial biopsy in, 136–137
graft coronary disease in, 139
pacemaker insertion in, 1202, 1203f
pathologic features, 136–137
preoperative management

left-threatening ventricular 
arrhythmias, 1305

mechanical bridge to transplantation, 
1305. See also Total artificial heart 
(TAH); Ventricular assist devices 
(VADs)

pharmacologic bridge to 
transplantation, 1305

preformed anti-HLA antibodies, 
1304–1305

prioritization, 1305–1306, 1306t
prognostic indicators, 254, 255t
selection

contraindications, 1301t, 1303–1304
evaluation, 1300–1302, 1302t
general considerations, 1299–1300
indications, 1301t, 1303

Heart transplantation. See also Heart-lung 
transplantation

allograft failure, 1316
allograft physiology, 1315–1316
anesthetic management, 254, 255t
for cardiac tumors, 1269
complications

hyperlipidemia, 1324
hypertension, 1323
infectious

bacteria, 1320
fungi, 1320–1321
organisms and timing of,  

1319–1320, 1321t
pathology, 139
preventive measures, 139,  

1320, 1321t
protozoa, 1321–1322
viruses, 1320

malignancy, 1323–1324
rejection. See Rejection
renal dysfunction, 1323

donor-recipient matching, 1311
donors. See Heart transplant donors
future developments, 1326
history, 15, 1299
immunobiology

antigen presentation, 1282, 1282f, 
1283f, 1284f

desensitization therapy, 1288–1289
functional activity of immune  

system, 1293
gene expression profiling,  

1292–1293
HLA antibody analysis, 1290–1291, 

1292f
HLA cross-match, 1291
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1416 Index

Heart transplantation. See also Heart-lung 
transplantation, immunobiology 
(Cont.):

major histocompatibility complex, 
1279–1281, 1280f

non-HLA antibodies, 1291–1292
of rejection. See Rejection
T-cell costimulation, 1282–1283, 

1285f
T lymphocyte alloactivation,  

1281–1282, 1281f, 1282f
tolerance mechanisms, 1290

immunosuppression. See 
Immunosuppressants

indications, 136
ischemic injury to donor heart, 137, 137f
for left ventricular aneurysm, 621
lymphoproliferative disorders following, 

140–141
postoperative management

arrhythmias, 1316, 1317t
follow-up, 1317
hemodynamic, 1316
renal function, 1317
systemic hypertension, 1316–1317

recipients. See Heart transplant recipients
results, 136, 1324–1325
retransplantation, 1324
surgical technique

after VAD, 1315
alternatives, 1315, 1315f
heterotopic, 1315
implantation, 1312–1314, 1312f, 

1313f, 1314f
recipient preparation, 1311–1312

Heart valves. See Valve(s); specific valves
HeartAssist 5, 1366t
HeartMate II

characteristics, 1366, 1366t, 1367f
history, 1363
results, 1364, 1365f
surgical technique, 1373–1375, 1374f

HeartMate III, 1366t, 1367f
Heartmate PHP, 442, 443f
HeartMate XVE, 1363, 1364, 1364f
Heartstring III device, 525, 526f
HeartWare HVAD, 1363, 1366t, 1367, 

1367f
Heat exchangers, 306, 436
HEAT PPCI (How Effective are 

Antithrombotic Therapies in 
Primary PPCI) trial, 545

Helium/oxygen, 93
Hemangioma, 1253, 1253f
Hemex-Duramedics prosthetic valve,  

130f
Hemoconcentrators, 310
Hemopneumothorax, in pacemaker 

insertion, 1197
Hemopump, 1363, 1363f
Hemostatic agents, topical, 353–355, 354t
Heparin

alternatives to, 321
in cardiopulmonary bypass, 312–313, 

320–321
in PCI, 457t
pharmacology, 349t
preoperative continuation/

discontinuation, 349
Heparin-associated thrombocytopenia, 

321–323, 322f
Heparin-coated circuits

in control of inflammatory response,  
331, 331f

in extracorporeal perfusion systems, 308, 
436–437

Heparin-induced thrombocytopenia
clinical presentation, 322–323
laboratory tests, 416, 418
management, 323, 418
pathophysiology, 321–322, 322f, 418

Heparin rebound, 313, 321
Heparin resistance, 321
Herbal therapy, 89t, 350
Hibernating myocardium, 65, 108, 540
Hierarchical regression models, 199–200
Hill, Donald, 10, 16
Hill, Luther, 3–4
Hirudin, 321, 323
History

of aortic surgery, 16–17
of arrhythmic surgery, 14
of artificial heart development, 16
of biomaterials development, 146
of CABG, 12–14, 471
of cardiac catheterization, 5
of cardiac surgery, 3–17
of cardiac trauma treatment, 3–4
of cardiopulmonary bypass, 6–10
of congenital cardiac surgery, 5–6, 11, 12t
of coronary angiography, 12
of counterpulsation, 429
of defibrillator development, 14
of extracorporeal life support, 10
of heart-lung transplantation, 15–16, 

1350–1352
of heart transplantation, 15, 1299
of intra-aortic balloon pump, 429
of lung transplantation, 15–16
of myocardial protection, 10–11
of pacemaker development, 14–15
of pericardial surgery, 4–5
of pulmonary emboli management, 4
of valvular surgery, 5, 11–12
of vascular surgery, 16–17
of ventricular assist device development, 

433
of ventricular assist devices, 16
of ventricular free wall rupture treatment, 

595–596
of ventricular septal defect treatment, 

595–596
HLAs. See Human leukocyte antigens 

(HLAs)

“Hockey stick deformity,” 279, 280f
HORIZONS-AMI (Harmonizing 

Outcomes with Revascularization 
and Stents in Acute Myocardial 
Infarction) trial, 545

Horner syndrome, 22
Howell, William, 6
HR (hazard ratio), 187
Hufnagel, Charles, 5
Human factor analysis, 202
Human leukocyte antigens (HLAs).  

See also Heart transplantation, 
immunobiology

characteristics, 1279–1281
classes, 1279–1281
crossmatch, 1281
serologic testing, 1290–1291
solid phase flow cytometric assay,  

1291, 1292f
structure, 1280f

Hunter, John, 184t, 1037
Hybrid coronary revascularization (HCR), 

532–533, 534f
Hydrochlorothiazide, 87
Hypertension

beta-adrenergic blockers for, 85
in heart transplant recipients, 1323
treatment recommendations, 85
vasodilators for, 82t

Hypertrophic cardiomyopathy. See 
Cardiomyopathy, hypertrophic

Hypothermia. See also Deep hypothermic 
circulatory arrest

in aortic arch repair, 248–249, 249t
with elective fibrillatory arrest, for 

myocardial protection, 385
moderate, 367–368
postoperative, 417
safe duration, 318
for spinal cord protection, 251, 251t

Hypothermic circulatory arrest. See also 
Deep hypothermic circulatory 
arrest

cerebral metabolism and blood flow in, 
362–363, 362t

definition, 361
degrees, 362, 362t
moderate, 367–368
pathogenesis of brain injury during, 362
pH management in, 362
pharmacologic adjuncts, 368–369

Hypothyroidism, pericarditis in, 1235
Hypoxia, postoperative, 419

I
IABP. See Intra-aortic balloon pump
IABP-Shock II trial, 551
IBM, 9
Ibutilide, 75, 413
ICDs. See Implantable cardioverter-

defibrillators (ICDs)
ICED comorbidity index, 188t
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Idiopathic hypertrophic subaortic stenosis, 
1203, 1204f

Idiopathic pulmonary arterial hypertension, 
lung transplantation for, 1335, 
1335t

Idiopathic pulmonary fibrosis, lung 
transplantation for, 1334–1335, 
1334t, 1335t

Iliac artery, cannulation, 304
Immunosuppressants

antithymocyte globulin, 1295
calcineurin inhibitors, 1294
corticosteroids, 1294, 1319
cyclosporine, 15–16
everolimus, 459f, 1294
in heart-lung transplantation, 1344
infection related to, 139
intravenous immunoglobulin, 1295
ischemic effects, 137, 137f
malignancy incidence and, 1323–1324
monoclonal antibodies, 1294–1295
mTOR inhibitors, 1294
for obliterative bronchiolitis, 1349
principles, 1293–1294, 1293f, 1319
purine analogues, 1294
sirolimus, 459f, 1294
tacrolimus, 1319

Impedance, 56
Impedance plethysmography, 1129
Impella devices, 441–442, 441f, 1366t, 

1367f
Impella Recover system, 551
Implantable cardioverter-defibrillators 

(ICDs)
abdominal positioning, 1205, 1205f, 

1206f
background, 14, 1204–1205
battery depletion, 1209
as bridge to transplant, 1209
clinical trials, 1205
complications, 143, 176, 928
cost-effectiveness, 1209
defibrillation threshold, 1208–1209
device characteristics, 1206, 1207f
device follow-up, 1209
indications, 1206
lead dysfunction, 1209
mechanisms, 143
pacemakers and, 1202
postoperative care, 1209
quality of life issues, 1209
surgical procedure

anesthetic management, 257–258
approach, 1206
patient preparation, 1206
in refractory ventricular fibrillation, 

1209
technique, 1208, 1208f

tricuspid regurgitation and, 928
Inactivation gate, 44f, 46
INCOR VAD, 1366t
Induced pluripotent cells. See Stem cells

Infarct exclusion, 598t, 601–602, 603–606, 
605f, 606f, 607f

Infarct expansion, 111, 613
Infarct extension, 111
Infarctectomy, 598t, 599–601, 600–604f
Infections

ascending aortic aneurysm and, 1041
in cardiovascular implants, 149
CT, 179f
endocarditis. See Infective endocarditis
in heart-lung transplant recipients, 

1357–1358
in heart transplant recipients, 139,  

1319–1322, 1321t
in IV drug users, 179f
in lung transplant recipients, 1349–1350

Infective endocarditis
clinical presentation, 734
complications, 122
diagnosis

clinical presentation, 837
CT, 169, 170f, 177, 837
Duke criteria, 122, 735, 735t,  

837, 838t
echocardiography, 291–292, 291f, 735, 

837
MRI, 837

medical treatment, 735–736
microbiology, 837
in multiple valves, 955t
native aortic valve

clinical presentation, 734
diagnosis, 734–735
epidemiology, 731
medical management, 735–736
microbiology, 732, 734, 734f
pathogenesis and pathology, 731–732, 

732f, 733f
prophylaxis, 740
surgical management

indications and timing, 737t
results, 738–740, 739f, 843f
surgical technique, 736–738, 738f

native mitral valve
with aortic stenosis, 954
microbiology, 837
pathophysiology, 122f, 835, 836f
surgical results, 842–843, 843f
valve repair/replacement for, 839–840, 

840f
pathophysiology, 121–122, 122f
postoperative care, 842
prophylaxis, 658, 740
prosthetic aortic valve

incidence, 658, 683
microbiology, 683
prognosis, 683
prophylaxis, 658
surgical management

outcomes, 683
prosthetic valve

aortic, 170f, 732, 732f

CT, 170f
mitral

incidence, 912, 917–918t
microbiology, 837
pathophysiology, 835–836, 912
surgical results, 843–844, 843f
valve repair/replacement for,  

840–842, 841f, 842f, 913
pathology, 128–130, 129f

surgical indications, 737t, 838, 838t
surgical timing, 839
tricuspid valve, 935

Inferior vena cava filter, 1135
Inflammatory response

anaphylatoxins in, 330
blood constituents in, 327–330, 327f, 

328f, 329f
control of

complement inhibitors for, 332, 332f
glucocorticoids for, 332
modified ultrafiltration for, 332
in off-pump cardiac surgery, 331
perfusion circuit coatings for, 331, 331f
perfusion temperature for, 331

cytokines in, 330, 330f
endotoxins in, 331
metalloproteinases in, 331
reactive oxidants in, 330

Innominate artery, traumatic injury, 1114, 
1115, 1115f, 1116

Innominate artery cannulation, 304
Inotropic agents

clinical trials, 80–81
hemodynamic effects, 409t
pharmacology, 78–80
postoperative use, 411

INSTEAD (Investigation of Stent Grafts in 
Aortic Dissection) trial, 1027

Institute of Medicine, medical errors  
report, 183

INTERMACS (Interagency Registry for 
Mechanically Assisted Circulatory 
Support), 1369–1370, 1370t

Internal mammary artery grafts, patency, 
113–114, 114f

Internal thoracic artery grafts
bilateral, 505f, 509
characteristics, 490
in coronary artery reoperations, 582, 

583f, 585, 587f
long-term patency, 578
patency, 491–492
pedicled harvest technique, 477, 491f
skeletonization, 491
surgical anatomy, 490

International Society for Heart and Lung 
Transplantation (ISHLT), 
rejection grading system,  
137–138, 139t, 1318t, 1319t

Intra-aortic balloon pump
complications, 432
indications, 431
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Intra-aortic balloon pump (Cont.):
insertion techniques, 431–432
for myocardial infarction, 550–551
physiology, 429–431, 430f, 431f
postoperative results, 432–433

Intracardiac echocardiography,  
1151, 1152f

Intramural hematoma, aorta, 292
Intramural hematomas, thoracic aorta, 1105
Intravascular ultrasound (IVUS), aortic 

dissection, 1010
Intravenous immunoglobulin (IVIG), 1295
Inward current, 46
Iodixanol, 465
Ion channels, 44f, 45–47
Ion exchangers, 46
Ion pumps, 45
Ipratropium, 94t
ISAR trials, 545
Ischemia

assessment, 472
effect on pressure-volume loop, 58f, 

59–60
leg, 432
in PCI, 463–464, 464f

Ischemia-reperfusion injury
cardiomyocyte apoptosis in, 376, 377f
clinical consequences, 373–374
etiology, 373
intracellular mechanisms, 374–376, 375f
pathophysiology, 108–109, 374–376
physiology, 65–66
protection from. See Myocardial 

protection
risk factors, 373
spectrum of, 376
types, 543, 543t

Ischemic mitral regurgitation
after CABG, 784, 785f, 786f
after CABG with mitral annuloplasty, 

785–786, 786f
classification, 276, 276f
clinical evaluation, 783–784, 784t
pathophysiology

annular geometry, 772–773, 773f
leaflet motion, 773
left ventricular function and geometry, 

772
papillary muscle and chordal 

relationships, 121, 275–276, 
276f, 773–774

papillary muscle ischemia and rupture, 
774

surgical indications, 781f, 783–784
surgical outcomes, 787–788, 787f
surgical risk factors, 784–785
surgical treatment. See also Mitral valve 

repair/reconstruction; Mitral valve 
replacement

survival rates, 787–788, 787f, 788f
valve repair vs. valve replacement, 

787–788

Ischemic preconditioning
autophagy in, 390–392, 391f
cellular mechanisms, 385–387, 386f
clinical relevance, 387–388
mechanisms, 109
for off-pump CABG, 397–398
physiology, 65–66, 385
postconditioning and, 388–389
remote, 389–390
with stem cells and cell products, 390

ISIS (International Study of Infarct Survival) 
trials, 544

Isoflurane, 236t
Isoproterenol, 53t, 238t
IVIG (intravenous immunoglobulin), 1295

J
Jarvik-7, 1382
Jarvik 2000 VAD, 1363, 1363f, 1366t
Johnson, W. Dudley, 13, 471
Joint Commission, quality assessment 

definitions, 183, 185
Juran, J.M., 196

K
Kalke-Lillehei bileaflet valve, 650, 651f
Kantrowitz, Adrian, 15
Kaplan Index, 188t
Kaplan-Meier method, 187
Kava-kava, 89t
Kidneys

effects of cardiopulmonary bypass, 337
effects of diuretics, 86
in heart failure, 66

Kirschner, M., 4
Kirklin, John W., 7t, 10
Kolessov, V.I., 13
Konno-Raston procedure, 37–38, 38f
Kugel’s artery, 41
Kussmaul’s sign, 1228

L
L (long-lasting)-channels, 45
Labetalol, 84t, 411
Laser ablation, in PCI, 458t
Law of Laplace, 60, 241
League tables, 200–201
Leapfrog Group, 203
Left atrial isolation procedure

history, 1167
results, 1173–1174
technique, 1168f, 1171–1172

Left atrium, 28–29, 31f, 32f
Left coronary artery, 39–40, 39f
Left heart bypass

cardiopulmonary bypass in, 316–317
in thoracoabdominal aortic aneurysm 

repair, 1087
Left ventricle

anatomy, 32–33, 37f
contractility. See Contractility
diastolic distensibility, 56

dysfunction, surgical vs. medical therapy, 
453–454

interdependence with right ventricle, 61
postinfarction free wall rupture. See 

Postinfarction ventricular free wall 
rupture

preload, 56
pressure-volume relationships, 57, 58f
venting during cardiopulmonary bypass, 

309–310, 309f
Left ventricular aneurysm

clinical presentation, 614
definition, 611–612, 612f
diagnosis, 614–615, 615f, 616f, 617f, 

617t
etiology, 612
false, 111, 621–622
heart transplantation for, 621
history of treatment, 612
incidence, 612
natural history, 614, 614f
pathology, 110f, 111
pathophysiology, 111, 612–614, 613t
postoperative results

hospital mortality, 622
in-hospital complications, 622, 622t
left ventricular function, 622–623, 

622f, 623f
survival, 623, 624f
symptomatic improvement, 625, 625f

preoperative management, 616–617
surgical indications, 615–616
surgical technique

with CABG, 621
cellular cardiomyoplasty, 620–621
circular patch, 619, 619f, 620f
endoventricular patch, 619–620, 620f, 

621f
general considerations, 617–618, 618f
linear closure, 619, 619f
with mitral valve repair, 621, 621f
plication, 618–619

Left ventricular assist devices. See Ventricular 
assist devices

Left ventricular free wall rupture, 609. See 
also Postinfarction ventricular free 
wall rupture

Left ventricular outflow tract, 25f, 33
Left ventricular outflow tract reconstruction, 

1220–1221
Left ventricular stroke work index (LVSWI), 

406t
Lesion severity measurement, in  

PCI, 462
Lesser saphenous vein grafts, 495–496
Levalbuterol, 94t
Levosimendan, 80, 238t
Lewis, John, 6, 7t
Licorice, 89t
LIDO (Levosimendan Infusion versus 

Dobutamine in Severe Low-
Output Heart failure) study, 80
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Lidocaine
vs. amiodarone, 77
effects, 74
in endotracheal intubation, 90
pharmacology, 74

Lillehei, C. Walton, 7t, 9, 14–15, 1361
Lillehei-Kaster tilting disk valve, 650
Liotta, D., 16, 1382
Lipoma, 145–146, 1250
Lipomatous hypertrophy, atrial septum, 

1250–1251
Liver failure, postoperative, 337, 423
Loeys-Dietz syndrome, 720, 1040–1041, 

1076
Log-rank statistic, 187
Logistic regression, 187
Long QT syndrome, pacemaker use in, 1202
Loop diuretics, 87, 87t
Lorazepam, 92
Low-gradient aortic stenosis, 667, 667f. See 

also Aortic stenosis
Lower, Richard, 15, 1299
Lung, effects of cardiopulmonary bypass, 

336–337
Lung transplantation. See also Heart-lung 

transplantation
complications

acute rejection, 1345–1347, 1346f, 
1346t, 1347f

airway, 1349
chronic rejection, 1289–1290,  

1347–1349, 1347f, 1348f, 1348t
early morbidity and mortality, 1343, 

1345f
hemorrhage, 1344
hyperacute rejection, 1344
infectious, 1349–1350
neoplastic, 1350

contraindications, 1337–1338, 1337t
donor management, 1339–1340
donor operation, 1340, 1341f
donor selection, 1338–1339, 1338t
double, 1334, 1336
history, 15–16, 1331
incidence, 1331, 1332f
indications

changes over time, 1337f
disease-specific guidelines, 1334–1335, 

1334t, 1335t
general guidelines, 1331–1334

long-term results, 1350, 1351f
lung allocation score and, 1335–1337, 

1336f
organ preservation and transport, 1340, 

1342
postoperative management

early, 1343
follow-up, 1344
graft physiology, 1343
immunosuppressive regimens, 1344
infection prophylaxis, 1344

recipient evaluation, 1332–1335, 1333t

recipient management after listing, 1338
recipient operation, 1342–1343

Lymphoma, 1262
Lymphoproliferative disorders, 

posttransplant, 140–141, 1350

M
Ma-huang, 89t
Magnesium

postoperative disturbances, 422
postoperative supplementation, 75

Magnetic resonance angiography (MRA)
aortic dissection, 1023f
aortic trauma, 1113

Magnetic resonance imaging (MRI)
aorta, 705f
aortic dissection, 1010, 1010f, 1011f, 

1012f
aortic regurgitation, 643
aortic stenosis, 640
ascending aortic aneurysm, 1045, 1046f
Castleman tumor, 1254f
vs. CT, 160, 180
infective endocarditis, 837
left atrial hemangioma, 1253f
left atrial paraganglioma, 1253f
left ventricular aneurysm, 615, 617f
left ventricular fibroma, 1252f
mitral regurgitation, 779–780
myocardial infarction, 541, 541f
pulmonic valve, 706f

Major histocompatibility complex,  
1279–1281, 1280f

Mann, Frank, 1299
Mannitol, 87, 369
Manouguian procedure, 33f, 38
Marfan syndrome

aortic aneurysm in
incidence, 1040
pathophysiology, 1040, 1040f,  

1076–1077
surgical indications, 1048–1049
surgical results, 1069, 1070f

aortic dissection in, 1006
clinical features, 719
diagnosis, 719–720, 720t
genetics, 719, 1040
incidence, 1006, 1040
mitral valve prolapse in, 121
multiple valve disease in, 953
tricuspid regurgitation in, 927

MASS (Medicine, Angioplasty, or Surgery 
Study) trials, 476, 478

Matas, Rudolph, 16, 1037
Maze procedure. See Cox-Maze procedure
McGoon, Dwight, 14
McLean, Jay, 6
Mean arterial pressure (MAP), 406t
Mechanical circulatory support

as bridge to decision, 1368
as bridge to transplantation, 1368
centrifugal pumps, 306, 306t, 307f, 435

CentriMag, 440–441, 440f, 1365, 
1366t, 1367f

Medtronic Bio-Pump, 435
Rotoflow, 435

continuous flow, 1363–1365, 1365f, 
1366–1368, 1366t, 1377

contraindications, 1370
as destination therapy, 1368
device selection, 445, 1372–1373
extracorporeal life support. See 

Extracorporeal life support
goals, 1368–1369
history, 1361–1363, 1362f, 1363f
indications, 1369–1370, 1369t, 1370t
intra-aortic balloon pump. See Intra-aortic 

balloon pump
for myocardial reconditioning, 1368
patient management, 445–446
percutaneous axial flow pumps

Heartmate PHP, 442, 443f
Impella, 441–442, 441f
Impella RP, 442, 442f, 1366t
TandemHeart PTVA System, 439–440, 

440f, 445, 551, 1365t
postoperative management, 1375–1377
postoperative outcomes, 1377–1378, 

1378f
preoperative evaluation

end-organ function, 1371–1372
multidisciplinary assessment/social 

evaluation, 1372
operative risk, 1371
right ventricular function, 1372
risk-evaluation scoring, 1370–1371, 

1371t
pulsatile pumps

Abiomed AB Ventricle/AB5000, 
443–444

vs. continuous flow, 1364–1365, 1365f
Thoratec pVAD, 444–445

roller pumps, 434–435
total artificial heart. See Total artificial 

heart (TAH)
ventricular assist devices. See Ventricular 

assist devices (VADs)
weaning from, 446

Mechanical ventilation. See Ventilation, 
mechanical

Median sternotomy. See Sternotomy
Mediastinum

nerve supply, 21–22, 23f
postoperative bleeding, 410t, 417

Medtronic Bio-Pump, 435
Medtronic Melody pulmonary valve, 134, 

135f
Medtronic prosthetic valves

aortic
CoreValve self-expandable. See 

CoreValve self-expandable aortic 
valve

Freestyle, 695, 696f
Hancock II, 676, 676f, 682t
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Medtronic prosthetic valves, aortic (Cont.):
Mosaic Ultra, 676, 677f
tilting disc, 650, 651f

mitral tilting disc
anticoagulant-related hemorrhage, 914t
characteristics, 896f
endocarditis, 917t
hemodynamics, 901t, 902
survival, 911t
thromboembolism, 914t

Melrose, D.G., 10, 377
Membrane attack complex (C5b-9),  

327–328, 327f
Membrane oxygenators, 304–305, 305f
Membrane potentials, 48–49, 49f
Membrane-spanning proteins, 43, 44f
Mesenteric ischemia, 423
Mesothelial/monocytic incidental cardiac 

excrescences (MICE), 146
Mesothelioma

AV node, 1252
heart/pericardium, 1256

Metabolic vasodilatory system, 63
Metalloproteinases, in inflammatory 

response, 331
Methylene blue, 409, 409t
Metoprolol, 53t, 84, 84t, 85, 413
MICE (mesothelial/monocytic incidental 

cardiac excrescences), 146
Microemboli, in extracorporeal perfusion, 

307–308, 307t, 331, 333t
Midazolam, 92, 236t
Miller, D. Craig, 17
Milrinone

hemodynamic effects, 409t
as inotropic agent, 79, 411
for intraoperative hemodynamic 

optimization, 238t
mechanisms of action, 52–53, 79, 80
postoperative use, 409t, 411

Mini-circuits, cardiopulmonary bypass, 
351–352

Minimally invasive coronary artery bypass 
grafting (MIDCAB)

anesthetic management, 564
benefits, 225–226
cardiopulmonary bypass for, 317
CT for preoperative planning, 167, 168f
with multiple grafts, 567–568
outcomes, 533
Port-Access system for, 317
for reoperations, 589
results, 564–565, 565f
robotic, 533
surgical technique, 532–533, 532f, 564, 

564f
Minimally invasive mitral valve surgery. See 

also Robot-assisted mitral valve 
surgery; Transcatheter mitral valve 
repair/reconstruction

anesthetic management, 243–244, 243t, 
858–859, 859f

aortic occlusion, 861–862, 862f, 863f
arterial cannulation techniques, 860–861, 

862f
cardiac air removal, 860
cardiac exposure, 864, 864f
cardiopulmonary bypass, 802–803,  

859–860, 860f, 861f
contraindications, 857, 857t
history, 856
incisions and exposures, 802, 803f, 804f, 

859
myocardial protection, 862, 864f
outcomes, 879
patient positioning, 858
patient selection, 857
preoperative evaluation, 857–858
surgical skill development, 857–858
TEE, 243–244, 243t, 244f, 858,  

858t
video-assisted, 864–865, 865f, 866f

Minute work, 61–62
Mirowski, M., 14
MitraClip system

anesthetic considerations, 261
benefits, 888
characteristics, 886, 886f, 887f
clinical trials, 831, 888
future role, 888
for mitral regurgitation correction, 124f, 

831
placement, 261
postoperative anticoagulation, 886
postoperative echocardiography, 888f

Mitral arcade, 849–850, 850f
Mitral balloon valvotomy, 261
Mitral insufficiency, congenital. See 

Congenital mitral valve disease
Mitral regurgitation

acute, 275, 770
with aortic regurgitation, 953, 979
with aortic stenosis, 943–944, 976–977, 

978f
asymptomatic, management of, 781f
catheter-based treatment. See 

Transcatheter mitral valve repair/
reconstruction

classification, 276t, 770–771, 770f, 800, 
800f

clinical evaluation
AHA/ACC algorithm, 279, 279f
auscultation, 777
chest radiography, 777
CT, 780
ECG, 777–778
echocardiography. See 

Echocardiography, in mitral 
regurgitation

exercise testing, 782
hemodynamic consequences and 

prognostic factors, 278–279
MRI, 779–780
physical examination, 777

symptoms, 777
TEE, 779, 780f

with coronary artery disease
and aortic regurgitation, 979
and aortic stenosis, 976–977, 978f
clinical presentation, 972
pathophysiology, 972–973
surgical management and technique, 

973–974, 973f
surgical results, 974–975, 974f

etiology, 770–771, 770f
annular calcification, 774
functional. See Functional mitral 

regurgitation
ischemic. See Ischemic mitral 

regurgitation
myxomatous degeneration. See 

Myxomatous mitral valve disease
rheumatic heart disease, 119f, 120, 

774. See also Rheumatic mitral 
valve disease

structural defects, 124
pathophysiology, 775–777, 885
postinfarction, 273–274
postoperative assessment and care, 414
preoperative assessment and care, 781f
primary. See Myxomatous mitral valve 

disease
in rheumatic heart disease, 819. See also 

Rheumatic mitral valve disease
secondary. See Functional mitral 

regurgitation
surgical indications, 780–781, 781f, 

898–899
surgical risk factors, 780–781
valve repair/reconstruction for. See Mitral 

valve repair/reconstruction
valve replacement for. See Mitral valve 

replacement
Mitral stenosis

AHA/ACC guidelines, 896, 898t
with aortic regurgitation, 951–952, 952t
with aortic stenosis, 952–953
balloon mitral valvuloplasty for, 280, 

281t, 896–897
clinical evaluation

auscultation, 767
chest radiography, 767
ECG, 767
echocardiography, 280–282, 280f, 282, 

767–769, 768f
severity assessment, 281–282, 281t
symptoms, 767
thromboembolism, 767

congenital. See Congenital mitral valve 
disease

with coronary artery disease, 975–976
etiology, 756–758
myxomatous, 119f, 120–121. See also 

Myxomatous mitral valve disease
pathophysiology, 765–767, 765f
postoperative outcome, 769–770
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rheumatic, 119f, 120, 818. See also 
Rheumatic mitral valve disease

surgical indications, 895–899
treatment strategies, 769f
valve repair/reconstruction for. See Mitral 

valve repair/reconstruction
valve replacement for. See Mitral valve 

replacement
ventricular adaptation, 766

Mitral valve
anatomy, 24f, 25f, 29–30, 32f, 33f, 115, 

116f, 753, 754f, 755f, 797–798, 
799f

annular calcification, 120
annular size, shape, and dynamics, 753–

754, 847, 848f
chordae tendinea, 755–756
function, 755–756, 755f
leaflet motion, 754–755
leaflet structure, 753, 798, 847
papillary muscles, 755–756, 756f, 798
subvalvular apparatus, 788–790, 847–848

Mitral valve disease
with aortic stenosis, 952–953
with ascending aortic aneurysm, 1066
classification, 800, 800f
congenital. See Congenital mitral valve 

disease
etiologies, 119f
infective endocarditis. See Infective 

endocarditis, native mitral valve; 
Infective endocarditis, prosthetic 
valve

myxomatous. See Myxomatous mitral 
valve disease

prevalence, 666f
regurgitation. See Mitral regurgitation
rheumatic. See Rheumatic mitral valve 

disease
stenosis. See Mitral stenosis
with tricuspid stenosis, 929

Mitral valve prolapse. See Myxomatous 
mitral valve disease

Mitral valve repair/reconstruction
anesthetic management, 242–243
with aortic valve replacement, 948–949
with CABG, 908, 973, 974f
for congenital mitral insufficiency, 853, 

853f
for congenital mitral stenosis, 850–851, 

850f, 852f
for functional mitral regurgitation, 830–

831. See also Functional mitral 
regurgitation

history, 797, 855–856
ideal procedure, 857t
for infective endocarditis

postoperative care, 842
surgical results, 842–844, 843f
surgical technique, 839–840, 840f

with left ventricular aneurysm repair, 621, 
621f

minimally invasive. See Minimally 
invasive mitral valve surgery

percutaneous. See Transcatheter mitral 
valve repair/reconstruction

results
left ventricular function, 788–790
long-term, 814, 814f
progress of mitral regurgitation after, 

787–788, 788f
survival, 787, 787f, 843f

for rheumatic mitral valve disease. See 
Rheumatic mitral valve disease

robot-assisted. See Robot-assisted mitral 
valve surgery

simulation training, 209f, 210, 210f
surgical approach

cardiopulmonary bypass, 803–804
exposures, 802, 802f, 805f
repair strategy, 803–805
timing, 800–801
valve examination and analysis, 803

surgical indications, 781f, 782–783, 
800–801

surgical techniques
anterior leaflet prolapse

artificial chordae, 810–811, 811f, 
812f

chordal shortening, 809, 809f
chordal transfer, 809, 810f
edge-to-edge technique, 809, 810f

commissural prolapse, 123f, 807–808, 
808f

overview, 123–124f, 123–126,  
801–802

posterior leaflet quadrangular resection, 
805–806, 806f, 807f

resection of anterior leaflet, 808
special considerations

calcified annulus, 811
remodeling ring annuloplasty,  

812–814, 813f
systolic anterior motion, 811–812

transcatheter. See Transcatheter mitral 
valve repair/reconstruction

trends, 899–900
Mitral valve replacement

anesthetic management, 242–243, 
905–906

with aortic valve replacement, 908
with aortic valve replacement and CABG, 

978f, 979
with CABG

results, 974f
sequence, 908
surgical technique, 973–974, 973f

cardiopulmonary bypass, 855, 906
complications

annular calcification, 913, 915
anticoagulant hemorrhage, 910, 

914–915t
endocarditis, 912–913, 917–918t
obstruction, 289–290, 290f

paravalvular leak, 260, 290, 290f, 
919–920

thromboembolism, 910, 914–915t
unclampable ascending aorta, 915, 

918–919, 918f
indications

functional mitral regurgitation, 831, 
832f

mitral regurgitation, 898–899
mitral stenosis, 895–898

patient-prosthesis mismatch, 919
postoperative care

anticoagulation, 408t, 909
general considerations, 909
pulmonary hypertension, 414
ventricular dysfunction, 414
weaning off cardiopulmonary bypass, 

908–909
preoperative management, 905–906
reoperative

atrioventricular disruption in, 994–995
history, 990–991
for infective endocarditis

postoperative care, 842
surgical results, 843–844, 843f
surgical technique, 840–842, 841f, 

842f
left circumflex artery injury in, 994, 

994f
for perivalvular leak, 994, 994f
subvalvular apparatus preservation in, 

995
surgical techniques

closure, 992f
exposure, 991, 991f, 992f
minimally invasive/port access, 993
resternotomy, 991–992
right thoracotomy, 992–993, 993f

results
bioprosthetic vs. mechanical valve, 899, 

900f
freedom from reoperation, 913t
functional improvement, 909
left ventricular function, 788–790
operative/hospital mortality, 909, 910f
structural valve degeneration, 844, 910, 

912, 916t
survival, 843f, 909–910, 911–912t

surgical techniques
exposure, 906, 907f
intracardiac, 906–907, 907f, 908f

transcatheter, 891–892, 892f
trends, 899–900
with tricuspid valve repair/replacement, 

908, 930, 948f, 949–950, 949f
valve hemodynamics

bioprostheses, 901t, 904–905, 904f
mechanical prostheses, 900–903, 901t, 

902f
valve selection, 899

Mitralign system, 890, 891f
Modified ultrafiltration, 332, 352
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Monarc device, 124f
Monoclonal antibodies, 1294–1295
Monocytes, 325–326, 329
Moricizine, clinical trials, 74
Morrow, Andrew, 11
Mosaic mitral porcine heterograft

characteristics, 897f
endocarditis, 918t
freedom from reoperation, 913t
freedom from structural valve 

deterioration, 905t
hemodynamics, 901t, 904
survival, 912t

Motor evoked potentials, 251–252,  
1087–1088

MRA. See Magnetic resonance angiography 
(MRA)

MRI. See Magnetic resonance imaging 
(MRI)

mTOR inhibitors, 1294
Mucolytics, 93–94, 94t
Müller sign, 642
Multidetector/multislice CT, 157. See also 

Computed tomography (CT)
Multiple valve disease

in carcinoid syndrome
diagnosis, signs, and symptoms, 955
echocardiography, 955
pathophysiology, 955, 956t
surgical decision making, 956
tricuspid valve and pulmonary valve 

replacement for, 950
infective endocarditis, 955t
myxomatous and prolapsing

incidence, 953t
pathophysiology, 953–954
surgical decision making, 954

pathophysiology, 943
rare causes, 956t
in rheumatic heart disease

hemodynamic classification, 952t
incidence, 950–951, 951t, 952t
mitral regurgitation with aortic 

regurgitation, 953
mitral stenosis with aortic 

regurgitation, 951–952, 952t
mitral stenosis with aortic stenosis, 

952–953
secondary tricuspid regurgitation and, 

944–945
Multiple valve surgery

aortic and mitral valve replacement
cannulation, 946
cardioplegia, 946
procedure, 946–948, 947f

aortic valve replacement with mitral valve 
repair, 948–949

history, 944t
mitral valve replacement with tricuspid 

valve repair/replacement, 948f, 
949–950, 949f

prevalence, 944t

results
anticoagulant-related hemorrhage, 

958t, 959
bioprosthetic vs. mechanical valves, 

958t
complications, 958–959
infective endocarditis, 958t, 959
long- and short-term mortality, 956, 

957t, 958
thromboembolism, 957t, 958–959
valve performance, 958t, 959

tricuspid and pulmonary valve 
replacement in carcinoid 
syndrome, 950, 956

triple-valve replacement, 950, 959
valve selection, 945–946

Multivariate regression analysis, 187
Mural leaflet, 30, 32f
Muscarinic receptors, 51
Mustard, William, 7–8t
MVAD, 1366t
MvO2 (cardiac oxygen consumption), 

61–62, 549–550, 550f
Mycophenolate mofetil, 1294
Mycotic aneurysm, 1041
Myocardial hypertrophy, 99–101, 100f, 101f
Myocardial infarction

aggressive management, 542–543
beta-adrenergic blockers for, 84
CABG for

advantages, 548–549
bleeding risk, 549
emergency, 481–482, 549–550, 550f
intraoperative considerations, 549–

550, 550f
vs. medical therapy, 546
vs. PCI, 548f
postoperative care, 550
risk factors, 547
surgical technique and approach, 

551–552
timing, 482, 546–547, 547t

with carotid stenosis, 486
complications

cardiogenic shock, 539, 542
free wall rupture. See Postinfarction 

ventricular free wall rupture
ischemic mitral regurgitation. See 

Ischemic mitral regurgitation
overview, 109–111
ventricular septal defect. See 

Postinfarction ventricular septal 
defect

consensus guidelines, 552f, 553
expansion, 111
extension, 111
future therapies and trends, 553–554
intra-aortic balloon pump for, 550–551
medical management, 542, 543f
mortality rates, 109, 539
myocardial evaluation, 541, 541f
pathogenesis, 109–110, 539

during PCI, 463
PCI for

vs. CABG, 546f, 548f
indications, 481–482
vs. medical therapy, 544–546
pathology, 112–113, 113f
results, 465
strategies, 544–546

pericarditis following, 1236
prognostic factors, 110–111
structural changes following, 111
thrombolytic therapy for, 111, 543–544
time to treatment and mortality, 542–

543, 542f
tissue repair following, 108, 108f
treatment algorithm, 552f
ventricular assist devices in, 551, 552, 552t

Myocardial ischemia
after carotid endarterectomy, 486
cellular changes in, 106–108, 107t
pathophysiology, 106–108
reperfusion following, 107f, 108–109, 109f
states of myocardial cells following, 

539–540, 540t
Myocardial protection

in aortic valve replacement, 670–671
autophagy in, 390–392, 391f
cardioplegic techniques

cold blood, 379t, 380–381
crystalloid, 379t, 380
delivery methods, 382–384, 382f
tepid blood, 382
warm blood, 379t, 381–382

in coronary artery reoperations, 583–584
development of techniques, 10–11, 

376–379, 378t
importance, 373
ischemic preconditioning for. See 

Ischemic preconditioning
in minimally invasive mitral valve surgery, 

862, 864f
noncardioplegic techniques, 384–385
during off-pump CABG, 397–398
pharmacologic methods

acadesine, 394–395
adenosine, 392–394
cyclosporine, 396–397
glucose-insulin-potassium infusions, 

395–396
sodium-hydrogen exchange inhibitors, 

394
research challenges, 398–399
in robot-assisted mitral valve surgery, 862, 

864f
Myocardial reperfusion

controlled, 543
following ischemia, 108–109
methods

CABG. See Coronary artery bypass 
graft surgery (CABG)

intra-aortic balloon pump. See Intra-
aortic balloon pump
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PCI. See Percutaneous coronary 
intervention (PCI)

thrombolytic therapy. See Thrombolysis
ventricular assist devices. See 

Ventricular assist devices (VADs)
morphologic effects, 11f, 109f
temporal sequence, 107f

Myocardial stunning, 108
Myocardial wall stress, 60
Myocardium

energetics, 61–62
hibernating, 108, 540
hibernation, 65
hypoperfusion, 65
impaired, 539–540
ischemia-reperfusion injury and,  

374–376, 375f, 377f
normal, 100f
oxygen consumption, 61–62, 550f
stem cell–induced regeneration. See Stem 

cells, for myocardial regeneration
stunned. See also Ischemia-reperfusion 

injury
clinical effects, 373–374
mechanisms, 108
pathophysiology, 65, 540, 540t
ventricular assist devices for, 551

viable, diagnosis of, 541
Myocytes, 46f
Myosin, 53–54, 54f
Myxoma

characteristics, 144, 145f, 1244, 1245f
clinical presentation, 144, 1246–1247
diagnosis, 1246–1247
genetic factors, 1244
histology, 144–145
incidence, 1244, 1244t
minimally invasive approaches, 1249–

1250, 1249f
pathology, 1244–1245, 1245f
results, 1250
surgical management, 1247–1250, 1248f, 

1249f
Myxomatous mitral degeneration

with aortic regurgitation, 953–954,  
953t

with tricuspid regurgitation, 954
Myxomatous mitral valve disease

clinical evaluation, 778, 782, 783t, 
799–800

complications, 120–121
etiology, 771, 798–799
pathophysiology, 119f, 120–121, 275, 

275f, 771–772, 771f, 798–799, 
800f

preoperative assessment, 799–800
replacement of ruptured chord, 123f
surgical indications, 781f, 782–783, 

800–801
surgical outcomes, 781–782
valve repair for. See Mitral valve repair/

reconstruction

N
Nadolol, 84t
NAPA Trial, 507
NASPE/BPEG pacemaker codes, 410t
National Quality Forum (NQF), 185, 186t, 

190
Near-infrared spectrophotometry (NIRS), 

249–250
Negative remodeling, 456
Neointima, 148
Neoplasms, cardiac. See Cardiac tumors
Nesiritide (B-type natriuretic peptide), 409t, 

411, 507
Net filtration pressure, 407t
Neurogenic control system, 63
Neutrophils, in inflammatory response, 

328–329, 328f, 329f
New York Department of Health Cardiac 

Surgery Reporting System, 189t
New York Heart Association (NYHA), heart 

failure classification, 1369, 1369t
New York State Cardiac Surgery Registry, 

546, 547t
Nicardipine

hemodynamic effects, 409t
in PCI, 457t
pharmacology, 82
postoperative use, 409t, 410–411

NICE-Sugar Study, 422
Nifedipine, 82
Nightingale, Florence, 184t
Niobe system, 1162
NIRS (near-infrared spectrophotometry), 

249–250
Nitrates, 82
Nitric oxide, 53, 63, 81, 82
Nitroglycerin, 82, 409t, 410
Nitroprusside. See Sodium nitroprusside
Nitrovasodilators, 82
No-reflow phenomenon, 108, 463
Nodule of Arantius, 34
Norepinephrine

clinical uses, 53t
hemodynamic effects, 409t
for intraoperative hemodynamic 

optimization, 238t
mechanisms of action, 53t
postoperative use, 409t, 411
for vasodilatory shock, 81

Northern New England Cardiovascular 
Disease Study Group, 189t, 485, 
506

Northern New England Cardiovascular 
Study Group, 198

Nosocomial infections, 423
Novel oral anticoagulants, 349t, 350, 416
NQF (National Quality Forum), 185, 186t, 

190

O
O/E ratio, 187
Oblique sinus, 21

Obliterative bronchiolitis
diagnosis, 1347–1348, 1348t
incidence, 1347, 1347f
pathophysiology, 1348, 1348f
treatment, 1348–1349

Observational datasets, 189
Observational studies, 191
Off-pump coronary artery bypass graft 

surgery (OPCAB)
anesthetic management, 520–521, 

559–560
blood conservation in, 353
clinical trials, 519, 527t
development, 559
guidelines, 532
hybrid, 532–533, 534f
inflammatory response in, 331
minimally invasive, robotic, and hybrid 

approaches, 532–533, 532f
myocardial protection during, 397–398
outcomes

vs. conventional CABG, 226, 527t, 
527, 528f, 562–563

with conversion to cardiopulmonary 
bypass, 528

graft patency, 532
in high-risk patients, 531, 531f, 563f
long-term survival, 529f
mid- and long-term mortality, 528
neurologic, 529–531, 530f, 561
operative mortality, 526–528, 528f
perioperative morbidity, 528–529, 

562–563
renal, 531, 562
revascularization completeness, 

531–532
overview, 519, 534
preoperative considerations

anticoagulation, 521
patient variables, 520, 520t
surgeon experience, 519–520, 533–534

for reoperation, 589, 589f
results

atrial fibrillation, 562
vs. conventional CABG, 561–562, 

563f
neurocognitive, 562
operative mortality, 562–563

surgical technique
epiaortic ultrasonography, 522, 522f, 

522t
exposure, 522–524, 522f, 523f, 524f
graft flow measurement, 526
grafting sequence, 525
grafting strategy, 524–525, 561
incision, 560
preparation, 521–522, 521f
proximal anastomosis, 525, 526f
target-vessel exposure and stabilization, 

560–561, 560f
Ogilvie’s syndrome, 423
Oliguria, 407t

Cohn_Index_p1401_1436.indd   1423 12/04/17   11:46 am

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m

m
eb

oo
ks

fre
e.

co
m



1424 Index

Omniscience/Omnicarbon mitral  
tilting-disk valve

anticoagulant-related hemorrhage, 914t
characteristics, 896f
endocarditis, 917t
hemodynamics, 901t, 902–903
survival, 911t
thromboembolism, 914t

On-X prosthetic valves
aortic bileaflet, 650, 651f
mitral

anticoagulant-related hemorrhage, 914t
characteristics, 897f
endocarditis, 917t
hemodynamics, 903
thromboembolism, 914t

Ontario Ministry of Health Provincial Adult 
Cardiac Care Network, 189t

Opioids, 92–93
Optical coherence tomography, 462
Osmotic diuretics, 86–87, 87t
Outcome measure, 183, 185, 186
Outcomes analysis/assessment. See also 

Cardiac surgical performance 
assessment

history, 183
peer-directed, 198
statistical tools, 186–187
study designs for, 190–191

Oval fossa, 29f
Oxygen consumption, cardiac (MvO2), 

61–62, 549–550, 550f
Oxygenators

bubble, 305
in extracorporeal life support systems, 

435–436, 436f
membrane, 304–305, 305f

P
Pacemaker potential, cardiac cells, 48–49
Pacemakers

Accufix lead, 1199f, 1200
in adults with congenital heart disease, 

1201, 1201f, 1202f
in arrhythmia ablation, 1202
atrial fibrillation and mode switching, 

1200
biventricular, 1203
complications

crosstalk and far-field sensing, 1197
exit block, 1197
generator dysfunction, 1197
hemopneumothorax, 1197
incidence, 1196, 1196t
infection and erosion, 1197
lead displacement, 1196, 1196t
lead entrapment, 1197
lead fracture, 1198
mortality, 1196
myocardial infarction, 1196
oversensing, 1197
overview, 143

pacemaker dysfunction, 1197
pacemaker-mediated tachycardia, 1199
pacemaker syndrome, 1197
subclavian crush, 1198–1199
tricuspid regurgitation, 928
undersensing, 1197, 1198f

database support, 1201
in dementia, 1202
device description, 1181
electrocautery and, 1201
electromagnetic interference, 1203
features, 1183–1184
general surgery and, 1201
generator replacement, 1193
history, 14–15, 1181
identification codes

international, 1181, 1182t
NASPE/BPEG, 410t

in idiopathic hypertrophic subaortic 
stenosis, 1203, 1204f

in implantable cardioverter-defibrillator 
recipients, 1202

indications, 1182–1183, 1183t
in infants and children, 1201–1202
insertion

in ambulatory patients, 1193
anesthetic management, 256–257
antibiotic prophylaxis, 1188
atrial lead insertion, 1191–1192, 

1191f, 1192f
cables, 1188
coronary sinus lead insertion,  

1190–1191, 1191f
environment and anesthesia, 1187
fluoroscopy, 1188
generator location, 1192–1193
length adjustment, 1191
monitoring, 1187
in pacemaker-dependent patients, 1193
pacing systems analyzer, 1188
postoperative care, 1193
right ventricular lead insertion, 1190, 

1190f
surgical approach, 1188–1189
venous access, 1187–1189, 1187f, 

1188f
lead extraction, 1200, 1201f
lead repair, 1200
in long QT syndrome, 1202
magnet mode, 1201
mechanical interference, 1203
mechanisms, 143, 1182
modes, 257t
postoperative use, 411
programming, 1193–1196, 1194f,  

1195f
quality of life and, 1204
radiation therapy and, 1203
steroid-eluting leads, 1201
in tachyarrhythmias, 1203
technology

cardiac output and pacing rate, 1187

epicardial vs. endocardial leads, 1184, 
1185f

lead fixation techniques, 1185f, 1186
temporary pacing, 1186–1187
unipolar vs. bipolar leads, 1184, 1185f, 

1186f
testing and follow-up, 1193–1196, 1194f, 

1195f
in transplant recipients, 1202, 1203f

Paclitaxel, 112, 459f
Pancreatitis, postoperative, 338, 423
Pancuronium, 236t
Papillary fibroelastoma, 1251, 1251f, 1252f
Papillary muscles

anatomy, 755–756, 755f, 798
function, 755–756, 756f
rupture, 110f, 111, 273–274, 274f

Parachute-like mitral asymmetry, 849
Parachute mitral valve, 848f, 849, 851f
Paraganglioma, 1253, 1253f
Parasympathetic nervous system, 51
Paravalvular leak

in aortic valve replacement, 260, 658, 683
in mitral valve replacement, 260, 290, 

290f, 919
Paré, Ambroise, 1037
Pareto principle, 197, 197f
PARTNER (Placement of Aortic 

Transcatheter Valves) trial,  
688–689, 751–753, 989

PAS-Port Proximal Anastomosis System,  
525

Patent ductus arteriosus, 5–6
Patent foramen ovale (PFO), 259
Pathogen-associated molecular patterns 

(PAMPs), 1283–1284, 1285f
Patient-prosthesis mismatch

in aortic valve replacement
with mechanical valve, 659–660, 660f, 

661f
with stented bioprosthetic valve

clinical significance, 684–686, 686f
data synthesis, 686–687
definitions, 683–684
effective orifice area, 684, 685f
geometric orifice area, 684, 685f
with small aortic root, 686

in mitral valve replacement, 919
Patient satisfaction, as outcome measure, 

185–186, 193, 195–196
PAWP (pulmonary artery wedge pressure), 

406t
“Pay for performance,” 192
PCI. See Percutaneous coronary intervention 

(PCI)
Penbutolol, 84t
Penetrating atherosclerotic ulcers, thoracic 

aorta, 1105, 1105f
Pennsylvania Cost Containment Committee 

for Cardiac Surgery, 189t
Percutaneous coronary intervention (PCI)

after CABG, 580, 580t
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antithrombotic therapy for, 456, 457t
for asymptomatic coronary artery disease, 

482
balloon angioplasty. See Balloon 

angioplasty
vs. CABG

for left main disease, 482–483
for left ventricular dysfunction, 

453–454
vs. medical therapy, 477–478
for myocardial infarction/acute 

coronary syndromes, 481–482, 
546f, 548f

nonrandomized database comparisons, 
480–481, 480f

pathophysiology, 112–113
randomized studies, 478–480
restenosis following, 112–113, 113f
for totally occluded coronary arteries, 

483
vascular consequences, 112–113

for cardiogenic shock, 544–546, 546f
circulatory support, 462–463, 463t
complications

coronary artery perforation,  
463, 464t

hemorrhage, 463
ischemia, 463–464
pericardial tamponade, 463–464
radiocontrast nephropathy, 464–465

vs. coronary artery reoperation, 580t
device-assisted

aspiration devices, 458t, 460, 461f
atherectomy, 460
balloon angioplasty. See Balloon 

angioplasty
directional atherectomy, 458t
embolic protection devices, 460–461
imaging devices, 461–462
laser atherectomy, 458t
lesion severity measurement, 462
perfusion balloons, 458t, 460
rotational atherectomy, 458t, 460
stents. See Stents

in diabetic patients, 484–485
in elderly patients, 483–484
future developments, 465–466
history, 13–14
hybrid approach with CABG

indications, 568
results, 532–533, 534f, 569, 569f
timing, 568–569

for myocardial infarction
vs. CABG, 481–482, 546f, 548f
indications, 481–482
vs. medical therapy, 544–546
pathology, 112, 113f
results, 465
strategies, 544–546

for occluded saphenous vein grafts, 465
outcomes, 457, 458t
principles, 453t

for saphenous vein graft aneurysm, 464, 
464f

for stenotic vein grafts, 580, 580t
SYNTAX score for outcome prediction, 

465, 465t
with thrombolysis, 545

Percutaneous dilational tracheotomy, 420
Percutaneous transluminal coronary 

angioplasty. See Percutaneous 
coronary intervention (PCI)

Performance measures, 183, 185–186. See 
also Cardiac surgical performance 
assessment

Perfusion balloons, 458t, 460
Perfusion circuit coatings, 331, 331f
Perfusion imaging, 472
Perfusion monitors, 310–311, 310t
Perfusion systems. See Extracorporeal life 

support (ECLS)
Perfusion temperature, 331
Pergolide mesylate, 121
Pericardial constriction. See Pericarditis, 

constrictive
Pericardial stripping, 178f
Pericardial window, 1238
Pericardiectomy, 1238, 1239f, 1240,  

1240f
Pericardiocentesis, 1238
Pericarditis

bacterial, 1232–1233, 1233f
clinical presentation, 1230
constrictive

CT, 177, 177f, 180
diagnosis, 1228–1230, 1229f, 1230f
echocardiography, 294
pathophysiology, 1227–1228
vs. restrictive cardiomyopathy,  

1229–1230, 1230t
diagnosis, 1230, 1237
drug-induced, 1234
etiologies, 1230–1232, 1231t, 1233f
fungal, 1233–1234
hypothyroidism and, 1235
neoplastic, 1235
postinfarction, 1236
postoperative, 1236
radiation-related, 1235
rheumatoid arthritis and, 1234–1235
surgical treatment

mediastinal reexploration, 1237–1238
pericardial window, 1238
pericardiectomy, 1238, 1239f, 1240, 

1240f
pericardiocentesis, 1238
waffle procedure, 1240, 1240f

tuberculous, 1233, 1233f
uremic, 1234
viral, 1232

Pericardium
anatomy, 21, 1225, 1226f
calcification, 177f
closure after surgery, 1236–1237, 1237t

compression, 1227, 1227f. See also 
Pericarditis, constrictive

congenital abnormalities, 1226–1227, 
1226f

dissection, 584–585, 585f
history of surgery, 4–5
imaging, 177, 177f, 1237
irritation. See Pericarditis
postoperative complications, 1236–1237
trauma, 1236–1237

Peripheral nerve injury, postoperative, 423
Persistent fetal circulation, 10
Persistent left superior vena cava, 301–302
PET. See Positron emission tomography
PFO (patent foramen ovale), 259
pH, intracellular, 47–48
pH-stat strategy, 318, 362
Phenylephrine, 53t, 238t, 409t
Pheochromocytoma, 85, 1253
Phosphodiesterase, 52
Phosphodiesterase inhibitors, 52–53, 80, 

82–83
Phospholamban, 47
Phospholipid bilayer, 43, 44f
Phrenic nerve, 21–22, 23f, 877
Pindolol, 84t
Plaque, atherosclerotic, 105–106. See also 

Atherosclerosis
Plasma osmolality, 407t
Plasma proteins, in inflammatory response, 

327–328, 327f
Plasma tissue factor, 325
Plasmin, 325
Platelets

in inflammatory response, 330
in thrombin generation, 325, 325f

Pleural effusion, 420
PMEA surface coating, 331
Pneumonia

nosocomial, 420–421
P. carinii, in heart transplant recipients, 

1321
ventilator-associated, 420–421

Poiseuille’s law, 64
Porcelain aorta, 675–676, 915, 918–919, 

918f
Positive pressure ventilation, drugs used 

with, 91
Positron emission tomography (PET), in 

myocardial infarction, 541
Post-pericardiotomy syndrome, 1236
Posterolateral thoracotomy, 24
Postinfarction ventricular free wall  

rupture
clinical presentation, 610
definition, 609
diagnosis, 610
echocardiography, 273, 274f
etiology, 609–610
history of treatment, 609
incidence, 111, 609
natural history, 610
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Postinfarction ventricular free wall  
rupture (Cont.):

pathogenesis and pathophysiology, 110f, 
111, 610

postoperative results, 611
preoperative management, 611
surgical indications, 610
surgical techniques, 611, 611f

Postinfarction ventricular septal defect
clinical presentation, 596
diagnosis, 596–597
echocardiography, 273
echocardiography in, 597
history of treatment, 595–596
hospital mortality, 607–608
in-hospital complications, 608
incidence, 111, 596
late results, 608–609, 608f, 609f
murmur in, 596–597
natural history, 596
pathogenesis, 111
pathology, 110–111, 110f
pathophysiology, 596
postoperative care, 606
recurrent, 609
surgical indications, 597
surgical techniques

anesthetic management, 260–261
apical septal rupture, 599, 599f, 600f
complications, 261
infarct exclusion, 598t, 601–602, 

603–606, 605f, 606f, 607f
infarctectomy, 598t, 599–601,  

600–604f
intraoperative considerations, 598–599
percutaneous closure, 12
preoperative care, 597–598

weaning from cardiopulmonary bypass, 
599

Postoperative care. See also specific procedures
bleeding and transfusion strategies,  

416–418, 418f
cardiac arrest and cardiopulmonary 

resuscitation, 415–416
gastrointestinal complications, 423
heart rate and rhythm management, 410t, 

411–413, 412f
hemodynamic assessment, 405–408, 

406–408t
hemodynamic management

fluid management, 408–409
formulas and values, 406–407t
pharmacologic support, 409–411,  

409t
strategies, 410t

heparin-induced thrombocytopenia. 
See Heparin-induced 
thrombocytopenia

infections, 423–424
ischemia and infarction, 413–414
mediastinal bleeding, 410t
mediastinal reexploration, 417

neurologic complications, 422–423. See 
also Stroke

nutrition, 424
pulmonary hypertension, 414
renal and metabolic support

effects of coronary bypass on renal 
function, 421

electrolyte disturbances, 421–422
endocrine dysfunction, 422–423
formulas and values, 407t
perioperative renal dysfunction/

insufficiency, 421
respiratory

assessment, 419
chronic ventilation and tracheotomy, 

420
early extubation, 419
extubation failure, 420
formulas and values, 407t
hypoxia, 419
pathophysiology, 418–419
pleural effusion, 420
pneumonia, 420–421
pulmonary embolism, 421
sedation, 419
ventilatory weaning and extubation, 

419–420
right ventricular failure, 414
scenarios and management strategies, 

410t
Posttransplant lymphoproliferative disorders, 

140–141, 1350
Potassium, postoperative disturbances, 422
Potassium channels, 45, 45f
Potassium-sparing diuretics, 88
Practice guidelines, 191–192
Prasugrel

mechanisms of action, 349t
in PCI, 457t
pharmacokinetics, 349t
preoperative continuation/

discontinuation, 416
PRECOMBAT trial, 479, 482
Preload, 56
Preload recruitable stroke work (PRSW), 60, 

60f, 775–776
Preoperative autologous blood donation, 

350–351
Preoperative evaluation. See also Risk 

assessment, for cardiac surgical 
patients

of bleeding problems, 416
for coronary reoperations, 581
futility assessment, 228–229
Heart Team in, 228, 228t
shared decision making in, 228

Pressure-volume relationships, 57, 58f, 59f
Prima prosthetic valves, 134
Procainamide, 73–74
Process measure, 183, 185, 186
Propafenone, 75
Propensity score matching, 191

Propofol, 92, 236t
Propranolol, 84t
Prosthetic valves. See also Aortic valve 

replacement; Mitral valve 
replacement

anticoagulation regimens, 408t
aortic mechanical

ATS Medical, 651f
ball and cage, 649, 649f
bileaflet, 650
Carbomedics Top Hat, 651f
complications, 657f, 658, 662t
flow patterns, 650f
history of development, 649–652
Kalke-Lillehei bileaflet, 651f
low-profile, 650f
Medtronic Hall, 651f
On-X, 651f
patient-prosthesis mismatch. See 

Patient-prosthesis mismatch
St. Jude Medical, 651f, 658, 659f, 662t
structural deterioration, 681, 682t
tilting disc, 649–650
vs. tissue alternatives, 687–688, 696t

aortic stented bioprosthetic
anticoagulation therapy, 681–682
Carpentier-Edwards Magna Ease, 677, 

677f, 685t
Carpentier-Edwards Perimount, 676, 

677f
comparisons, 677–678, 678t
construction, 82
earlier-generation, 676
effective orifice areas, 678t
fixation, 676
Medtronic Hancock II, 676, 677f
patient-prosthesis mismatch. See 

Patient-prosthesis mismatch
Sorin Mitroflow pericardial, 677, 677f, 

685t
St. Jude Trifecta, 677, 677f, 685t
vs. stentless bioprosthetic, 688
structural deterioration, 681, 682t
third-generation, 676–678, 677f

aortic stentless bioprosthetic
advantages and disadvantages, 134, 

696t
durability issues, 134
vs. mechanical and tissue alternatives, 

696t
Medtronic Freestyle, 695, 696f

aortic sutureless, 746
aortic transcatheter stented bioprosthetic, 

688–689, 689f
bovine

characteristics, 127f
extrinsic dysfunction, 132f
structural dysfunction, 130f

calcification, 131
complications, 126–131, 128t, 129f

calcification, 131
extrinsic dysfunction, 131, 132f
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infective endocarditis, 128–130, 129f, 
170f, 291–292. See also Infective 
endocarditis

obstruction, 289–290, 290f
paravalvular lead, 290, 290f
paravalvular leak, 683
pseudoaneurysm, 291, 291f
structural dysfunction, 130–131, 130f, 

289
CT evaluation, 169, 169f, 170f, 171f, 

172f
echocardiography, 289–290, 290f
mitral bioprosthetic

anticoagulant-related hemorrhage, 
914–915t

Carpentier-Edwards. See Carpentier-
Edwards prosthetic valves

endocarditis, 917–918t
FDA-approved, 897f
freedom from reoperation, 913t
Hancock II. See Hancock II mitral 

porcine heterograft
hemodynamics, 901t, 904–905, 904f
indications, 899
Mosaic. See Mosaic mitral porcine 

heterograft
St. Jude Medical. See St. Jude Medical 

prosthetic valves
structural valve degeneration, 899, 905, 

905t, 916t
survival, 911–912t
thromboembolism, 914–915t

mitral mechanical
anticoagulant-related hemorrhage, 

914–915t
ATS Medical. See ATS Medical 

prosthetic valves
Björk-Shiley tilting-disk, 129f
Carbomedics. See Carbomedics 

prosthetic valves
endocarditis, 917–918t
FDA-approved, 896–897f
freedom from reoperation, 913t
hemodynamics, 900–903, 901t, 902f
indications, 899
Medtronic. See Medtronic prosthetic 

valves
Omniscience/Omnicarbon. See 

Omniscience/Omnicarbon mitral 
tilting-disk valve

On-X. See On-X prosthetic valves
St. Jude Medical. See St. Jude Medical 

prosthetic valves
Starr-Edwards. See Starr-Edwards 

prosthetic valves
structural degeneration, 130–131, 132f
structural valve degeneration, 905t, 

916t
survival, 911–912t
thromboembolism, 914–915t
thrombosis and thromboembolism, 

126–128, 129f

pathologic changes, 131
porcine

characteristics, 127f
extrinsic dysfunction, 132f
occlusion, 129f
stentless, 131, 134
structural degeneration, 130f

selection
mechanical vs. biologic, 687–688, 696t
mechanical vs. biological, 983–984
stented vs. stentless biologic, 688

thrombosis, 682–683
tilting disk

aortic, 649–650
characteristics, 127f
endocarditis, 129f
extrinsic dysfunction, 125f
occlusion, 129f

tissue engineered. See Tissue engineering, 
cardiac valves

tricuspid, 935, 936, 937–938t, 939, 939f
types, 126, 128t

Protamine, 312–313
Prothrombin complex concentrates, 357
Pseudointima, 149
Puel, Jacque, 14
Pulmonary artery sarcoma, 1267–1269, 

1267f, 1268f, 1268t
Pulmonary artery wedge pressure (PAWP), 

406t
Pulmonary autograft, for aortic valve 

replacement. See Ross procedure
Pulmonary dysfunction/disease

after ascending aortic aneurysm repair, 1068
cardiac surgery outcomes and, 224–225

Pulmonary embolism
clinical presentation, 1130
diagnosis, 175, 176f, 1130–1131, 1131f
history of operative management, 4
incidence, 1127
management, 1131–1133
mortality rates, 1127, 1129–1130
natural history, 1129–1130
pathogenesis, 1129
postoperative, 421
risk factors, 1128–1129, 1128t

Pulmonary hypertension
chronic thromboembolic

clinical presentation, 1134
diagnosis, 1134–1135, 1134f, 1135f
incidence, 1133
medical management, 1135–1136
natural history, 1136
pathogenesis, 1133–1134
pulmonary thromboendarterectomy 

for. See Pulmonary 
thromboendarterectomy

as contraindication to heart 
transplantation, 1303–1304

postoperative, 414
tricuspid regurgitation in, 927
vasodilators for, 82t, 414

Pulmonary thromboembolectomy, 1132
Pulmonary thromboendarterectomy

complications, 1141–1142
indications, 1136
late follow-up, 1142–1143
postoperative care, 1140–1141
preoperative preparation, 1137
results, 1142
surgical considerations, 1136–1137
surgical technique, 1137–1140, 1138f, 

1139f
Pulmonary valve

anatomy, 30–32, 35f
replacement, with tricuspid valve in 

carcinoid syndrome, 950, 956
tissue engineered, 1394, 1394f, 1395f

Pulmonary vascular resistance (PVR), 406t
Pulmonary vein isolation, for atrial 

fibrillation
alternate approaches, 1159
complications, 1157
results, 1157, 1174
surgical technique, 1172, 1172f

Pulsatile pumps
Abiomed AB Ventricle/AB5000,  

443–444
Thoratec pVAD, 444–445

Pulsed Doppler. See Echocardiography
Pulsus parvus, 638
Pulsus tardus, 638
Pumps, for extracorporeal perfusion systems, 

306–307, 306t, 307f, 436, 436f
pVAD, 444–445

Q
Quadrox D oxygenator, 438
Quality of care, 192–193. See also Cardiac 

surgical performance assessment
Quincke pulses, 642

R
Race, cardiac surgery outcomes and,  

223–224
Radial artery grafts

characteristics, 492
endoscopic harvest technique, 493, 494, 

570–571
open harvest technique, 492–493, 494f, 

495f
patency, 494
surgical anatomy, 492

Radial Artery Patency Study, 494
Radiation exposure, in cardiac CT, 160
Radiation therapy

cardiac surgery outcomes and, 225
pericarditis and, 1235

Radiocontrast nephropathy, 464–465
Radiofrequency ablation, 1169–1170

arrhythmias. See Arrhythmia(s), catheter 
ablation

atrial fibrillation. See Atrial fibrillation, 
surgical treatment
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Ramphal Simulator, 208, 208f
RAMR (risk-adjusted mortality ratio), 199
Randomized controlled trials, for outcomes 

comparison, 190–191
Rapamycin, 112
Reentry arrhythmia, 50–51, 50f
Reactive oxidants, in inflammatory response, 

330
Reactive oxygen species, in ischemia-

reperfusion injury, 374–376, 
375f, 377f

REALISM study, 888
Recombinant factor VII, 357, 417
Refractory periods, 48
Rehn, Ludwig, 3, 4f
Reitz, Bruce, 15
Rejection

acute, 1318–1319, 1318t
antibody-mediated, 1287–1288, 1287f, 

1288f, 1319, 1319t
B-cell alloresponse in, 1286–1287, 1286f
cell-mediated, 1285–1286, 1286f, 1287f
chronic, 1289–1290
CT assessment, 175
diagnosis, 1318–1319, 1318t
grading, 137–138, 138f, 139t, 1318t
histology, 137–138, 138f
hyperacute, 1281, 1318
immunologic tolerance and, 1290
memory T-cells in, 1287
pathophysiology, 137–138, 1286f
prevention, 1288–1289, 1319
treatment, 1319, 1319t

Relative refractory period, 48
Relative Value Scale Update Committee 

(RUC), 198
REMATCH (Randomized Evaluation 

of Mechanical Assistance in 
Treatment of Chronic Heart 
Failure), 1305, 1363, 1364f

REMEDY study, 817f
Remifentanil, 236t
Renal cell cancer, cardiac metastases, 1269, 

1269f
Renal disease/failure

after CABG, 507
after off-pump CABG, 531, 562
cardiac surgery outcomes and, 224
cardiopulmonary bypass and, 421
coronary revascularization in, 485
in heart transplant recipients, 1323
management, 421
pathophysiology, 421
postoperative complication risk, 421

Reoperations
after Ross procedure, 712–713
aortic valve

causes, 675
history, 984–985
homograft/stentless valve, 702, 703f
preoperative imaging, 984
risk factors, 984, 984t

surgical considerations, 983, 995–996, 
995t

surgical techniques
after homograft/root/allograft, 988
after valve replacement, 675
minimally invasive, 986–988, 987f, 

987t
resternotomy, 985–986

ascending aorta and aortic root, 1067, 
1069f, 1070f

coronary arteries
anastomosis sequence, 585
cannulation, 583, 584f
grafting technique, 582–583, 583f
incidence, 575–576, 576f
incisions, 581–582, 582f
indications, 578, 580, 580t
intrapericardial dissection, 584–585, 

585f
minimally invasive, 589
multiple, 591
myocardial protection, 583–584
off-pump strategy, 589, 589f
outcomes, 225
vs. PCI, 580, 580t
preoperative assessment, 159f,  

166–167, 168f, 581
replacement grafts, 585–588, 586f, 

587f, 588f, 589f
results, 578–580, 578f, 579f, 589–591, 

591f, 591t
risk factors, 590, 591t

heart transplantation, 1324
mitral valve

atrioventricular disruption in, 994–995
history, 990–991
for infective endocarditis

surgical results, 843–844, 843f
surgical technique, 840–842, 841f, 

842f
left circumflex artery injury in, 994, 

994f
for perivalvular leak, 994, 994f
preoperative imaging, 984
risk factors, 984, 984t
subvalvular apparatus preservation in, 

995
surgical considerations, 995–996, 995t
surgical techniques

closure, 992f
exposure, 991, 991f, 992f
minimally invasive/port access, 993
resternotomy, 991–992
right thoracotomy, 992–993, 993f

tricuspid valve, 995
Reperfusion

Buckberg strategy, 543
ischemic postconditioning in, 388–389

Reperfusion injury. See Ischemia-reperfusion 
injury

Reperfusion response, 1141–1142
Resistance, 56

Restenosis
following PCI, 112–113
in-stent, 112–113, 113f

Resting membrane potential, 48
Restrictive cardiomyopathy. See 

Cardiomyopathy, restrictive
Retrograde autologous priming, in 

cardiopulmonary bypass, 351
Retrograde cerebral perfusion. See also 

Cerebral perfusion
clinical implementation, 318
in deep hypothermic circulatory arrest, 

365–366, 365f
historical and theoretical considerations, 

318–319
Revascularization. See Coronary artery 

bypass graft surgery (CABG); 
Percutaneous coronary 
intervention (PCI)

Reversed elephant trunk repair, 
thoracoabdominal aortic 
aneurysm, 1091, 1093–1094f

Rhabdomyoma, 146, 1251
Rhabdomyosarcoma, 1256
Rheumatic heart disease

aortic valve involvement, 636
epidemiology, 817, 817f
incidence, 756–757, 817
multiple valve involvement. See Multiple 

valve disease, in rheumatic heart 
disease

valvular complications, 120
Rheumatic mitral valve disease. See also 

Mitral regurgitation; Mitral 
stenosis

incidence, 756–757, 817
pathophysiology, 119f, 120, 765–766, 

765f, 774, 818–819
surgical considerations, 818f, 819–820
surgical repair

commissurotomy, 820–821, 820f, 821f
decalcification techniques, 823
leaflet augmentation, 822–823, 822f
leaflet resuspension, 821–822, 822f
outcomes, 823–824, 823t

Rheumatoid arthritis, pericarditis in, 
1234–1235

Right atrium, 25–28, 26f
Right coronary artery, 40–41, 41f
Right ventricle, 30–32, 35f, 36f, 60–61
Right ventricular failure, 253, 254t, 255, 

414
Right ventricular myocardial infarction, 274
Right ventricular outflow tract 

reconstruction, 1219–1220, 
1219f, 1220f

Ring abscess, 123
Risk-adjusted mortality ratio (RAMR), 199
Risk assessment, for cardiac surgical patients

models, 193–196, 194t
patient characteristics and conditions, 

224t
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age, 223
diabetes, 224
frailty, 227–228, 227t
gender, 223
prior radiation therapy, 225
pulmonary function, 224–225
race, 223–224
renal function, 224

stratification systems, 189t, 190
European System for Cardiac Operative 

Risk Evaluation (EuroSCORE), 
189t, 226, 226t

Northern New England Cardiovascular 
Study Group, 198

Northern New England Score (NNE), 
189t

Society of Thoracic Surgeons (STS), 
189t, 224t, 226–227, 226t

surgical considerations, 211f, 224t, 
225–226

Risk aversion, 199
RITA (Randomized Intervention Treatment 

of Angina) trials, 477–478
Rituximab, 1295
Rivaroxaban, 349t, 416
Robot-assisted mitral valve surgery

alternate arterial cannulation techniques, 
860–861, 862f

anesthetic management, 243–244, 244f, 
245f, 858–859

aortic occlusion, 861–862, 862f, 863f
cardiac air removal, 860
cardiac exposure, 864, 864f
cardiopulmonary bypass, 859–860, 860f, 

861f
complications, 874–875, 877, 879
da Vinci Surgical System, 866–868,  

867f, 868f
future directions, 881–882
heart team development for, 865–866
history, 856
incisions, 859
instruments, 867f, 868–870, 868f, 870f, 

871f
myocardial protection, 862, 864f
outcomes, 879–881, 882t
patient positioning, 858, 867f
preoperative evaluation, 857–858, 858t
simulation training, 868, 869f
surgical skill development, 857–858
techniques, 870–871, 871t

annuloplasty, 871t, 872–873, 881f
anterior leaflet repair, 871t, 872, 878f, 

879f, 880f
bileaflet prolapse, 871t
commissure repair, 871t, 872
posterior leaflet repair, 871–872, 871t, 

872f, 873f, 874f, 875–876f,  
877f

valve replacement, 874
TEE, 243–244, 244f, 245f, 858, 858t, 

859f

Rocuronium, 93, 236t
Roe’s solution, 379t
Roller pumps, 306, 306t, 307f, 434–435
ROOBY (Randomized On/Off Bypass) trial, 

526, 528, 561
Ross, Donald, 11
Ross procedure

advantages and disadvantages, 696t
allograft pathology, 131, 133f
with aortic surgery, 707–708
patient selection, 704
preoperative evaluation, 704, 705f, 706f
reoperation following, 712–713,  

1220–1221
results

contemporary results, 708–709
exercise hemodynamics, 708
pioneer series, 708
pulmonary autograft dysfunction, 

709–710, 710f
pulmonary homograft dysfunction, 

710–711, 711f
surgical technique

autograft harvest, 706–707, 706f
incision, 704–706
root reinforcement, 708f, 710
root replacement, 707, 707f, 708f
subcoronary technique, 707

theoretical considerations, 703–704
Rotational atherectomy, 458t, 460
Rotational thromboelastometry (ROTEM), 

356, 356f
Rotoflow, 435
RUC (Relative Value Scale Update 

Committee), 198

S
Saphenous vein grafts

greater. See Greater saphenous vein grafts
lesser, 495–496

SAPIEN THV device. See Edwards 
SAPIEN/SAPIEN XT/SAPIEN 3 
aortic percutaneous valve

Sarcoidosis, lung transplantation for, 1334t, 
1335, 1335t

Sarcolemma
composition, 43, 44f
depolarization, 48–49
ion channels, 44f, 45–47

Sarcoma. See also Cardiac tumors, malignant
cardiac autotransplantation for,  

1261–1262, 1263–1266f
left-sided, 1259, 1261
molecular- and biologic-based diagnosis 

and therapy, 1270
pathology, 146, 178f
pulmonary artery, 1267–1269, 1267f, 

1268f, 1268t
right-sided, 1256–1259, 1258f,  

1259–1260f
Sarcomere, 54, 54f
Sarcoplasmic reticulum, 46–47, 46f, 47f

Sarcotubular network, 46f, 47, 47f
Saw palmetto, 89t
SCADs (small capillary and arterial 

dilatations), 335, 335f
Scan time, in cardiac CT, 160–161
Screen filter, in extracorporeal perfusion 

system, 308
Sedation, postoperative, 419
Selection bias, 189, 191
Selectivity filter, 46
Sellers, Thomas Holmes, 5
Senning, A., 15
Sepsis, 423–424
Septic shock, 423–424
Septum secundum, 27, 29f
Sevoflurane, 236t
Shirey, E.K., 12
SHOCK trial, 481–482, 545, 546f
Shone’s complex, 849
Shumway, Norman, 15, 1299, 1300f
Shunt fraction, 406t
Sigwart, Ulrich, 14
Simulation, in cardiac surgery

for basic skills development, 208–210, 
209f, 210f

equipment, 208, 208f, 211, 211f
as evaluation tool, 214, 214t, 215t
future directions, 214–215
history, 207–208
for robot-assisted procedures, 868, 869f
teamwork training and, 211–213, 212f

Sinoatrial node, 49
Sinus node, 26–27, 28f
Sinus of Valsalva aneurysm, 1042, 1044f
Sirolimus, 459f, 1294
Slow (calcium) channels, 43, 44–45, 44f
Small capillary and arterial dilatations 

(SCADs), 335, 335f
SMART trial, 528
Smithy, Horace, 856
Society of Thoracic Surgeons (STS)

database, 193, 198
coronary artery reoperations, 590

definitions of nonfatal valve events, 
680–681

risk models
for CABG operative mortality, 488, 

488t
for postoperative CABG morbidity, 

487–488, 489t
risk stratification model, 189t, 190, 

226–227, 226t
Sodium, renal reabsorption, 86
Sodium-calcium exchanger, 46, 374–375
Sodium channels, 44f, 46
Sodium-hydrogen exchange inhibitors,  

394
Sodium-hydrogen exchanger, 46, 374–375, 

375f
Sodium nitroprusside

in aortic dissection, 1013
hemodynamic effects, 409t
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1430 Index

Sodium nitroprusside (Cont.):
in PCI, 457t
pharmacology, 82
postoperative use, 409t, 410

Sodium-potassium ATP-dependent pump, 
45

Somatosensory evoked potential monitoring, 
1087

Somatosensory evoked potentials, 251–252, 
252f

Sondergaard’s plane, 802, 802f
Sones, F. Mason, 12, 471
Sorin Mitroflow pericardial aortic prosthesis, 

677, 677f, 682t, 685t
Sotalol, 75, 84t
Souttar, Henry, 797, 856
Spencer, Frank, 13
Spinal cord ischemia, prevention of,  

250–251, 251t
Spironolactone, 88
Square-root sign, 1228, 1230f
St. John’s wort, 89t
St. Jude Medical prosthetic valves

aortic
bileaflet, 650, 651f
Regent, 651f, 652, 658, 659f
stentless porcine, 134
Trifecta pericardial, 677, 677f, 685t
valve-related events, 662t

mitral
bileaflet

anticoagulant-related hemorrhage, 
914t

characteristics, 127f, 896f
endocarditis, 917t
hemodynamics, 901t, 903
survival, 911t
thromboembolism, 914t

Biocor porcine heterograft
anticoagulant-related hemorrhage, 

915t
characteristics, 897f
endocarditis, 918t
freedom from reoperation, 913t
hemodynamics, 901t, 904
structural valve degeneration, 916t
survival, 912t
thromboembolism, 915t

St. Thomas solution, 378, 378t, 379t
ST-segment myocardial infarction (STEMI). 

See Myocardial infarction
Stanford classification, aortic dissection, 

1003, 1004f
Staphylococcus

in implant infections, 149
in infective endocarditis, 122, 837

Starling curve, of heart failure, 968, 968f
Starr, M.L., 11, 17
Starr-Edwards prosthetic valves

mitral ball-and-cage
anticoagulant-related hemorrhage, 914t
characteristics, 896f

endocarditis, 917t
hemodynamics, 901t, 902
survival, 911t
thromboembolism, 914t

Statins, for aortic stenosis, 667
Statistical analysis, 186–187. See also 

Outcomes analysis/assessment
Stem cells

for ischemic preconditioning, 390
for myocardial regeneration, 150
for severe angina, 466
for tissue-engineered cardiac valves, 

1393–1394
STEMI (ST-segment myocardial infarction). 

See Myocardial infarction
Stents

after myocardial infarction, 545
bare-metal, 112–113
characteristics, 458, 459f
drug-eluting

clinical impact, 460t
principles, 459–460
restenosis in, 112–113, 459f, 482, 545

history, 13–14
ischemic events after placement,  

459–460, 459t
pathophysiology, 458–459
principles, 458–459
resorbable/biodegradable, 112–113
restenosis, 112–113, 113f
restenosis risk, 459t
thrombosis, 112–113, 113f

Sternotomy
for coronary artery reoperation, 581–582, 

582f
incision for, 22–23
reoperative, 581–582, 582f, 1216–1217. 

See also Reoperations
STICH (Surgical Treatment for Ischemic 

Heart Failure) trial, 476, 483, 
623, 625f

Stiffness, ventricular, 56
Stomach, effects of cardiopulmonary bypass, 

338
Stone heart syndrome, 108
STRATEGY trial, 545
Streider, John, 5
Streptococcus viridans, 122, 837
Streptokinase, 543–544
Stress echocardiography

in coronary artery disease, 273
in mitral regurgitation, 279
in mitral stenosis, 282

Stroke
after ascending aortic aneurysm repair, 

1068
after off-pump CABG, 529–531, 530f, 

562
cardiopulmonary bypass and, 334–336, 

335f
carotid stenosis and, 485–486
incidence and causes, 422, 485–486

mechanical circulatory support and, 
1379–1380

PCI and, 463
risk factors, 422, 485

Stroke volume, 60, 406t
Stroke volume index (SVI), 406t
Stroke work, 60, 60f
Structural measure, 183, 185, 186
STS. See Society of Thoracic Surgeons
Student ‘s t-test, 187
Stunned myocardium. See Myocardium, 

stunned
Stuttering reperfusion, 388
Subaortic ventriculomyotomy, 11
Subclavian artery

traumatic injury, 1114, 1116, 1117, 
1117f

Subclavian loop, 22
Subdiaphragmatic tumors, atrial extension, 

1270
Subsarcolemmal cisternae, 47
Succinylcholine, 93
Sufentanil, 236t
Sulzer Carbomedics. See Carbomedics
Supraventricular arrhythmias, 77–78
Surgical incisions, 22–24
Sympathetic (adrenergic) receptors, 51–52
SynCardia TAH, 1366t, 1373, 1382–1383, 

1382f
Syncope, in aortic stenosis, 638, 721
SYNTAX score, 465, 465t
SYNTAX (Synergy between PCI with Taxus 

and Cardiac Surgery) trial, 478, 
479, 483, 484, 485

Syphilis, ascending aortic aneurysm and, 
720, 1041

Systemic vascular resistance (SVR), 406t

T
T (transient)-calcium channels, 46
T-test, 187
t-tubules (transverse tubules), 46, 46f, 47f
Tacrolimus, 1294
TAH. See Total artificial heart
Takayasu arteritis, 1041
TandemHeart PTVA System, 439–440, 

440f, 445, 551, 1366t
Taussig, Helen, 6
TAVI. See Transcatheter aortic valve 

implantation/replacement  
(TAVI/TAVR)

TAVR. See Transcatheter aortic valve 
implantation/replacement  
(TAVI/TAVR)

Taxus stent, 112
Teamwork, simulation training and,  

211–213, 212f
TECAB. See Total endoscopic coronary 

artery bypass grafting (TECAB)
TEE. See Transesophageal echocardiography 

(TEE)
TEG (thromboelastography), 356, 356f
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Telemanipulation, 566. See also Total 
endoscopic coronary artery bypass 
grafting (TECAB)

Temperature. See Body temperature
Tendon of Todaro, 27, 30f
Tendyne transcatheter mitral valve,  

891–892, 892f
Teratoma, 1253
Terminal groove, 25
Thebesian veins, 42
Thiopental, 236t, 368–369
Thoracic aorta

aneurysm. See Thoracoabdominal aortic 
aneurysm

endovascular therapy
clinical results, 1102–1103
future directions, 1106
technical development, 1102, 1102f

history of surgery, 16–17
intramural hematomas, 1105
penetrating atherosclerotic ulcers, 1105, 

1105f
trauma to

associated injuries, 1105
classification system, 1110–1111, 

1111f
clinical presentation, 1109–1110, 

1111f
endovascular repair, 1105, 1106f, 

1121–1123, 1122f
initial evaluation, 1111, 1111t

aortography, 1113, 1113f
chest radiograph, 1111, 1111f, 

1111t
CT, 1112, 1112f
MRA, 1113
TEE, 1112–1113

mechanism of injury, 1117–1118
open repair

adjuvant perfusion techniques, 
1118–1120, 1119f

aortic cross-clamp, 1118, 1119f
complications, 1118, 1118t, 1119t
spinal cord protection, 1118
surgical techniques, 1120–1121

pseudocoarctation, 1109, 1110f
repair vs. expectant management, 

1113–1114
surgical strategies, 1105, 1118

zonal divisions, 1109, 1110f
Thoracoabdominal aortic aneurysm

characteristics, 1075, 1076f
clinical presentation, 1078–1080
Crawford classification, 1081, 1082f
diagnosis, 1078–1080, 1078f, 1079f
endovascular indications, 1080–1081
endovascular therapy, 1103, 1103f
long-term surveillance, 1097
natural history, 1077–1078, 1103
pathogenesis, 1075–1077, 1076f
preoperative evaluation

cardiac status, 1082

extent and severity of disease,  
1081–1082, 1082f

pulmonary status, 1083
renal status, 1082–1083

surgical considerations
anesthetic management, 250–253
anesthetic strategies, 1083
endovascular repair, 252–253
open vs. endovascular repair, 1081
organ protection

cerebrospinal fluid drainage, 1087
collateral network concepts, 1088
heparin, 1083, 1086
hypothermia, 1086, 1088
left heart bypass, 1087
renal protection, 1088
rescue measures, 1088
segmental artery reattachment,  

1087
spinal cord monitoring and 

protection, 250–251, 251t, 252f, 
1086–1088

strategies, 1083, 1083t, 1084–1086f
visceral protection, 1088–1089

postoperative management, 1095
surgical indications, 1080
surgical results, 1095–1096, 1096t
surgical techniques

closure, 1095
distal aortic and iliac anastomoses, 

1086f, 1095
incisions and aortic exposure,  

1089–1090, 1089f, 1090f
intercostal patch anastomosis, 1085f, 

1093, 1095
open anastomosis under hypothermic 

circulatory arrest, 1091
proximal anastomosis

clamp-and-sew technique, 1089f, 
1090–1091

elephant trunk repairs, 1091, 1092f
reversed elephant trunk repairs, 

1091, 1093–1094f
visceral branch vessel anastomoses, 

1085f, 1094f, 1095, 1096f
Thoracosternotomy, bilateral transverse, 23
Thoracotomy

anterolateral, 23–24
cardiopulmonary bypass in, 316
for coronary artery reoperation, 582
posterolateral, 24

Thoratec mechanical circulatory support 
devices

CentriMag pump, 440–441, 440f, 1365, 
1366t, 1367f

HeartMate II. See HeartMate II
HeartMate III, 1366t
HeartMate XVE, 1363, 1364, 1364f
pVAD, 444–445

Thrombin, 323–325, 324f
Thromboelastography (TEG), 356, 356f
Thromboembolectomy, pulmonary, 1132

Thromboembolism. See also Deep vein 
thrombosis (DVT)

after multiple valve replacement, 957t, 
958–959

after valve replacement, 126–128, 128t, 
129f

with mechanical prosthetic valves
anticoagulation for prevention,  

654–655, 655t
incidence, 655
risk factors, 654–655, 655f

in mitral stenosis, 767
Thrombolysis

for myocardial infarction, 111–112, 
543–544

for prosthesis thrombosis, 682–683
time limits, 112

Tiara transcatheter mitral valve, 891, 892f
Ticagrelor

mechanisms of action, 349t
in PCI, 457t
pharmacokinetics, 349t
preoperative continuation/

discontinuation, 416
Ticlopidine, 349t
TIME (Trial of Invasive versus Medical 

Therapy in Elderly Patients with 
Chronic Symptomatic Coronary-
Artery Disease) study, 476, 484

TIMI (Thrombolysis in Myocardial 
Infraction) trials, 482, 544

Timolol, 84t
Tirofiban

in PCI, 457t
pharmacology, 349t
preoperative use, 416

Tissue engineering
cardiac tissue, 150
cardiac valves

biochemical signals, 1397
cell origin and phenotype, 1393–1395, 

1394f
experimental outcomes, 1397–1398
future developments, 1398–1399
mechanical signals, 1397
principles, 150–151, 1392–1393
structural scaffolds, 150–151,  

1395–1396
in vivo function, growth, and 

maturation, 1398, 1399f
processes, 149
vascular grafts, 149–150

Tissue plasminogen activator, 544
TMVR (transcatheter mitral valve 

replacement), 891–892, 892f
TOPCARE-AMI trial, 554
Total artificial heart (TAH)

AbioCor Implantable Replacement Heart, 
1383–1384, 1383f

anesthetic management, 255–256
as bridge to transplant, 141, 1305
complexities, 1384
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Total artificial heart (TAH) (Cont.):
future directions, 1384–1385, 1384f
history, 16, 1381–1382, 1382f
SynCardia, 1366t, 1373, 1382–1383, 

1382f
Total endoscopic coronary artery bypass 

grafting (TECAB)
principles, 566
results, 567
surgical technique, 566–567, 567f

Total quality management (TQM),  
196–197, 196t

Tournament model, for reimbursement, 192
Toxoplasmosis, in heart transplant 

recipients, 1322
Tracheal intubation, 93
Tracheotomy, 420
TRAMI (Transcatheter Mitral Valve 

Interventions) Registry, 888
Tranexamic acid, 355, 416
Transcatheter aortic valve implantation/

replacement (TAVI/TAVR)
anesthetic management, 260–261
blood conservation in, 353
clinical trials, 688–689, 751–752
complications, 136, 262
history, 12, 751
indications, 134
postoperative assessment, 170
preoperative planning, 169–170, 172f
vs. surgical valve replacement, 753
transapical antegrade approach, 134, 

755–756, 756f
transfemoral retrograde approach,  

134–135, 754–755, 754f, 755f
valves for, 134–136, 135f, 688–689, 689f, 

751, 752f, 752t, 989–990, 990f
Transcatheter aortic valve-in-valve (VinV) 

implantation, 990, 990f
Transcatheter mitral valve repair/

reconstruction
annuloplasty, 123f, 125
artificial chord placement, 889, 889f
balloon mitral valvuloplasty, 896–897
coronary sinus annuloplasty, 889–890, 

890f
for correction of regurgitation, 124f, 125
current approaches, 885–886, 886f, 886t
direct mitral annular remodeling,  

890–891, 891f
edge-to-edge repair, 886–889, 887f, 888f
MitraClip system. See MitraClip system
mitral annular remodeling, 889
resection of anterior leaflet, 124f, 125

Transcatheter mitral valve replacement 
(TMVR), 891–892, 892f, 920

Transesophageal echocardiography (TEE)
in aortic aneurysm, 292
in aortic dissection, 247f, 248f, 292–293, 

293f, 1008–1009, 1009f
in aortic regurgitation, 287, 642–643, 

642f

in aortic stenosis, 285, 637f, 639
in aortic trauma, 1040–1041
in aortic valve disease, 294t
in ascending aortic aneurysm,  

1043–1044, 1045f
in ascending aortic aneurysm repair, 

246–248, 247f
in cardiac tamponade, 1227f
in cardiogenic shock, 434
during cardiopulmonary bypass, 315
for diagnosis of intracardiac air, 269–270, 

271f
epiaortic, 268, 269f
epicardial, 268–269, 269f, 270–271f
in infective endocarditis, 291, 837
in minimally invasive and robot-assisted 

mitral valve surgery, 243–244, 
243t, 244f, 261, 858, 858t, 859f

in mitral regurgitation, 279, 779, 780f
in mitral stenosis, 281, 768f, 769
in mitral valve disease, 294t
in myxoma, 1247, 1247f
in pericardial effusion, 1229f
for perioperative guidance, 294–295, 294t
of prosthetic valves, 290
safety, 268
training and quality, 268
in transcatheter aortic valve replacement, 

260–261
in tricuspid regurgitation, 289
in tricuspid valve disease, 294t
in ventricular assist device implantation, 

255
Transfusion-associated lung injury (TRALI), 

347. See also Blood transfusion
Transthoracic echocardiography. See 

Echocardiography
Transverse sinus, 21
Transverse tubules (t-tubules), 46, 46f, 47f
Traube sign, 642
Trauma, aortic. See Aorta, trauma to
Triamterene, 88
Triangle of Koch, 27–28, 30f
Tricuspid regurgitation

AHA/ACC guidelines, 940, 940t
anesthetic considerations, 244
clinical presentation, 929
echocardiography, 288–289, 288t, 929
etiology, 288, 927–928, 928t
functional, 288, 929
with myxomatous mitral regurgitation, 

954
preoperative assessment, 929
primary, 288
secondary to other valve disease, 944–945

Tricuspid stenosis, 929
Tricuspid valve

anatomy, 24f, 25f, 27f, 28, 927, 928f
Ebstein’s anomaly, 1217

Tricuspid valve repair
annuloplasty techniques

bicuspidization, 931f, 932–933, 933f

DeVega technique, 931f, 933–934
intraoperative assessment, 935
results, 939–940
rings and bands, 931f, 932, 934, 934f
surgical decision making, 931–932

with mitral valve replacement, 908, 930, 
948f, 949–950, 949f, 959

robotic-assisted, 873–874
surgical exposure, 930–931, 930f

Tricuspid valve replacement
complications, 940
for endocarditis, 935
with mitral valve replacement, 908, 948f, 

949–950, 949f
prosthetic valves for, 935, 936, 937–938t, 

939, 939f
with pulmonary valve replacement in 

carcinoid heart disease, 950, 956
reoperative, 995
results, 936, 939, 939f
surgical exposure, 930–931, 930f
surgical technique, 935, 935f

Triple-valve replacement, 950, 959
Troponin, 54, 54f
Trota of Salerno, 184t
Tuberculous pericarditis, 1233, 1233f
Tubing, in extracorporeal perfusion systems, 

308
Tuffier, Theodore, 5
Tumors, cardiac. See Cardiac tumors
Tyer’s solution, 379t

U
Ultrasonic debridement, aortic valve, 25f, 126
Ultrasound

epiaortic, for off-pump CABG, 522, 522f, 
522t

for PCI, 461–462
United Network of Organ Sharing (UNOS), 

heart transplant recipient status 
criteria, 1305–1306, 1306t

Uremic pericarditis, 1234

V
v wave, 57, 57f
VADs. See Ventricular assist devices
Vagus nerve, 22, 23f
Valerian, 89t
Valtech Cardioband, 890–891
Value-based purchasing, 192
Valve(s). See also specific valves

anatomy, 25–38, 116f
cell biology, 117
embryology, 117, 1392
fetal development, 1392
histology, 117
history of surgery, 5, 11–12
prosthetic. See Prosthetic valves
relationships among, 24f
structure and function, 1391–1392
tissue engineering for. See Tissue 

engineering
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Valve reconstruction/repair. See specific valves
Valve replacement. See also specific valves

catheter-based. See Transcatheter aortic 
valve implantation/replacement 
(TAVI/TAVR); Transcatheter 
mitral valve repair/reconstruction

complications, 128t
early mortality following, 126
prognostic factors, 126
simulation training, 209f
valve-related complications, 126–131, 

128t, 129f, 130f
valve types, 126, 127f, 128t

Valvular heart disease. See also specific valves
anesthetic considerations, 240, 240f, 240t
in carcinoid syndrome, 121
drug-induced, 121
pathologic anatomy, 117–123, 118–122f
prevalence, 665, 666f
reconstructive procedures, 123, 123f
rheumatic, 120

Valvular interstitial cells, 117
Valvuloplasty, catheter balloon, 25f, 125
Vascular endothelium, in coronary blood 

flow, 63–64
Vascular graft. See Grafts, vascular
Vascular impedance, 56
Vascular surgery, history, 16–17
Vasoconstrictors, 63
Vasodilators, 82–83, 82t

actions, 63
hemodynamic effects, 409t
pharmacology, 82–83
postoperative use, 409t, 410

Vasodilatory shock, 81
Vasopressin

for intraoperative hemodynamic 
optimization, 238t

for postoperative hemodynamic 
management, 409, 409t

Vasopressors, 81, 409t
Vecuronium, 236t
Venous cannulation and drainage

augmented or assisted venous return, 302
cannula placement, 302f
cannulas and cannulation, 300–301, 301f
causes of low venous return, 302–303
complications, 302
in persistent left superior vena cava, 

301–302
principles of venous drainage, 299–300, 

302f
Venous reservoir, in extracorporeal perfusion 

systems, 304
Venous thromboembolism. See Deep 

vein thrombosis (DVT); 
Thromboembolism

Ventilation, mechanical
pneumonia associated with, 420–421
sedative medications for, 92
tracheotomy for, 420
weaning, 419–420

Ventilation-perfusion (V/Q) scan,  
1130–1131, 1131f

Ventricular aneurysm. See Left ventricular 
aneurysm

Ventricular arterial junction, 633
Ventricular assist devices (VADs). See also 

Mechanical circulatory support; 
Total artificial heart

anesthetic management, 254–255
as bridge to transplantation, 1305
complications

assessment, 175–176, 176f
device failure/malfunction, 141, 142f, 

1380–1381
incidence, 1378, 1378f
infection, 141, 142f, 1379
nonsurgical and gastrointestinal 

bleeding, 1380
overview, 435
pathophysiology, 141–142, 142f,  

1381
perioperative bleeding, 1378–1379
pump thrombosis, 1380–1381
renal failure, 1379
right-sided heart failure, 1379
stroke and neurological dysfunction, 

1379–1380
thrombosis, 141, 142f

device selection, 445
history, 16, 433, 1362–1363, 1363f
ideal characteristics, 433–434
implantable continuous-flow, 1366–1368, 

1366t
indications

cardiogenic shock, 547f
myocardial infarction, 551, 552, 552t

myocardial recovery and, 143
patient management, 445–446
percutaneous, 439–440, 440f
postoperative management, 176, 176f, 

1375–1377
postoperative outcomes, 1377–1378, 

1378f
results, 1363–1364, 1364f
surgical technique, 1373–1375, 1374f
Thoratec. See Thoratec mechanical 

circulatory support devices
weaning from, 446

Ventricular fibrillation, 77
Ventricular free wall rupture, 609. See also 

Postinfarction ventricular free wall 
rupture

Ventricular remodeling, 99, 111
Ventricular septal defect

postinfarction. See Postinfarction 
ventricular septal defect

traumatic, 260
Ventricular tachyarrhythmias, 76–77, 411
Ventricular tachycardia

catheter ablation, 258–259, 1159–1161, 
1160f

implantable cardioverter-defibrillator for. 
See Implantable  
cardioverter-defibrillators

physiology, 1205–1206
Verapamil, 75, 457t
Veteran’s Administration Cardiac Surgery 

Risk Assessment Program, 189t
Veteran’s Health Affairs (VHA) medical 

system, 202–203
VinV (transcatheter aortic valve-in-valve)

implantation, 990, 990f
Virchow, Rudolf, 1127
Virchow’s triad, 126, 147
Visceral epicardium, 21
Voltage-gated channels, 44–45, 44f
Volume overload, postoperative,  

409
von Bezold-Jarisch reflex, 51
Voorhees, Arthur, 17
Vortex theory, 636

W
Waffle procedure, 1240, 1240f
Warfarin

after bioprosthetic valve replacement,  
682

pharmacology, 349t
preoperative continuation/

discontinuation, 349–350, 416
Watson, Thomas, 9
Wilkins’ score, mitral valve pathology, 281t
Williams, Daniel Hale, 3, 4f
Wolff-Parkinson-White syndrome,  

51, 1153
Wound infections

deep sternal, 506–507
incidence, 424
management, 424
risk factors, 424

X
x descent, 57, 57f

Y
y descent, 57, 57f

Z
Zoll, Paul, 14
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