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Valvular heart disease is an important clinical problem, respon-
sible for an estimated 20,000 deaths and 100,000 hospitalizations 
each year in the United States alone. In recent decades valvular 
disease has been caught in two important cross-currents. The first 
is demographic. Despite the recent decline in the prevalence of 
rheumatic heart disease in North America, Western Europe, and 
Australia, the total number of patients with valvular heart disease 
in these regions is rising steadily because of the increase in 
degenerative valvular diseases that accompanies the aging of the 
population. The number of patients with valvular heart disease in 
developing countries is rising particularly rapidly. This is because 
the incidence of new cases of rheumatic heart disease has not 
(yet) fallen to the low levels observed in developed nations, but 
the numbers of elderly and accompanying degenerative valve 
diseases are increasing. About 17 million persons worldwide 
suffer from valve disease.

The second important cross-current relates to the changes in 
the diagnosis and management of valvular heart disease. Until 
relatively recently, the cardiac catheterization laboratory was the 
principal site at which the diagnosis and functional assessment 
of valvular heart disease were obtained, while the management 
of advanced valvular disorders took place in the operating  
room. Now noninvasive imaging techniques—echocardiography, 
including three-dimensional echocardiography, as well as cardiac 
magnetic resonance imaging and computed tomography—all 
provide rich anatomic and functional information. The cardiac 
catheterization laboratory is increasingly becoming the site of 
catheter-based correction of valvular disorders. This approach 

began 30 years ago with balloon mitral valvuloplasty and now 
involves growing efforts of transcatheter insertion of prosthetic 
aortic valves and corrections of severe mitral regurgitation.

The editors of Valvular Heart Disease, Drs. Otto and Bonow, are 
among the world’s leaders in this field. They have selected out-
standing authors, each an authority in the particular area that he 
or she covers. They discuss in depth the cross-currents mentioned 
above, which makes the understanding and management of val-
vular heart diseases more dynamic than ever. They also cover 
systematically the pathogenesis, pathophysiology, clinical find-
ings, imaging, natural history, and therapeutic options. They 
describe challenges involved in the care of patients who have 
undergone valve replacement. There are new chapters on the 
epidemiology of valvular heart disease, transcatheter aortic valve 
implantation, imaging guidance of transcatheter valve proce-
dures, and transcatheter mitral valve replacement and repair.

This fourth edition of Valvular Heart Disease is a classic, the 
leading textbook in the field, which builds on the previous edi-
tions. We congratulate the editors and authors for their important 
contributions and welcome this excellent book to our growing list 
of Companions to Heart Disease.

Eugene Braunwald, MD

Douglas L. Mann, MD

Douglas P. Zipes, MD

Peter Libby, MD

FOREWORD
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PREFACE

The scientific underpinnings, clinical evaluation, and treatment 
of valvular heart disease continue to advance at a startling rate. 
In the context of this rapidly expanding knowledge base, we are 
pleased to present the fourth edition of Valvular Heart Disease: A 
Companion to Braunwald’s Heart Disease, which we believe will 
be a valuable, authoritative resource for practitioners of cardiol-
ogy and surgery, physicians-in-training, and students of all levels.

In keeping with the previous editions of Valvular Heart Disease, 
the fourth edition covers the breadth of the field, providing  
the basics of diagnosis and treatment while highlighting new, 
exciting advances and their potential to transform outcomes  
for patients with heart valve disorders. With the help of our inter-
nationally recognized authors from the United States, Canada, 
and Europe, we have thoroughly revised this edition to keep the 
content vibrant, stimulating, and up-to-date. Eleven of the 27 
chapters are entirely new, including 6 chapters that cover topics 
not addressed in earlier editions. We have added 24 new authors, 
all highly accomplished and recognized in their respective disci-
plines. The 16 chapters that have been carried over from the previ-
ous edition have been extensively updated by their authors, and 
new co-authors have been added to five of these chapters. These 
updated chapters cover topics ranging from diagnostic imaging 
to management of specific rheumatic, congenital, and degenera-
tive diseases of the aortic valve, mitral valve, and right-sided 
valves.

The fourth edition follows the format of the previous edition. 
The initial section focuses on basic principles, epidemiology, 
mechanisms of disease, and diagnostic methods. This is followed 
by a second section covering aortic valve disease and a third 
covering mitral valve disease. The final section discusses diverse 
topics including intraoperative echocardiography, right-sided 
valve disease, endocarditis, prosthetic valves, and management 
of valvular heart disease during pregnancy.

Among the many enhancements found in the fourth edition are 
the four new chapters that open the basic principles section. 
These include a chapter on the global epidemiology of valvular 
heart disease by Drs. John Chambers and Ben Bridgewater, two 
entirely new chapters on the molecular mechanisms of calcific 
valve disease by Dr. Jordan Miller, and a chapter on the clinical, 
cellular, and genetic risk factors for calcific valve disease by Drs. 
Kevin O’Brien and David Owens. Drs. Roberto Lang, Wendy Tsang, 
and Benjamin Freed have together written a superb new chapter 
on the three-dimensional anatomy of the mitral and aortic valves; 
this chapter includes insights gleaned from their experience with 
the three-dimensional imaging of these structures.

New chapters also cover some of the more important aspects 
of valve disease diagnosis and management. Drs. Elyse Foster and 
Rajni Rao discuss the evaluation of and treatment options for the 
growing number of complex patients with secondary forms of 
mitral regurgitation stemming from ischemic left ventricular dys-
function (ischemic mitral regurgitation) and dilated cardiomy-
opathy (functional mitral regurgitation). Drs. Chris Malaisrie and 
Patrick McCarthy, coauthors of the chapter on mitral valve surgery 
in the last edition, have joined forces again in the current edition 
to write a comprehensive, expert chapter on surgical treatment of 
the aortic valve and ascending aorta. Dr. David Adams, coauthor 
of the chapter on aortic valve surgery in the last edition, has in 
this edition instead joined with Dr. Javier Castillo to write a superb 
chapter on surgical mitral valve repair and replacement. This 
latter chapter is enhanced by the new chapter on the important 

applications of intraoperative echocardiography during mitral 
valve surgery by Dr. Donald Oxorn.

New and updated chapters on transcatheter valve therapeutics 
cover this exciting and rapidly evolving field extensively. Because 
of the advent of transcatheter aortic valve implantation for patients 
who are at high risk for surgical valve replacement, Dr. John Webb 
has joined Dr. Brad Munt to update this important and topical 
chapter. Dr. Howard Herrmann has also joined our team of authors 
and contributed a new chapter on current and future transcatheter 
approaches to mitral valve repair and replacement. The transcath-
eter therapeutics discussions are further enhanced by two addi-
tional new and important chapters on this subject: Dr. Michael 
Mack has written a new chapter on the risk assessment of patients 
undergoing consideration for surgical versus transcatheter valve 
replacement or repair, and Drs. Ernesto Salcedo and John Carroll 
have provided an up-to-date view of the role of imaging in guiding 
the delivery of transcatheter valve devices and monitoring their 
results. These august authors, representing their respective fields 
of cardiac surgery, interventional cardiology, and cardiac imaging, 
have played an important role in the heart valve teams at their 
individual institutions. The expert commentary found in their 
chapters embodies the concept that such a collaborative, inter-
disciplinary valve team provides the needed expertise to make 
difficult management decisions regarding patients with complex 
illnesses and deliver the most appropriate treatments with optimal 
outcomes.

This edition of Valvular Heart Disease includes in the print 
version 388 full-color figures and 162 tables; additional figures 
and video content are available in the online version. The chap-
ters continue to conform to current guideline recommendations 
of the American College of Cardiology/American Heart Associa-
tion and the European Society of Cardiology/European Associa-
tion of Cardio-Thoracic Surgery.

We are indebted to all of our authors for their commitment of 
considerable time and effort to ensure the high quality and 
authoritative nature of this edition of Valvular Heart Disease. We 
are also delighted that this book remains a member of the growing 
family of companion texts to Braunwald’s Heart Disease: A Text-
book of Cardiovascular Medicine. As a member of the Braunwald’s 
companion series, the book is also available online on the Expert 
Consult companion website. Figures and tables can be down-
loaded directly from the website for electronic slide presenta-
tions. In addition, there is a large portfolio of video content that 
supplements the print content of many of our chapters.

Despite the advances in diagnosis and treatments (both surgi-
cal and interventional), valvular heart disease remains a major 
cause of morbidity and mortality throughout the world. Rheu-
matic heart disease remains a scourge in developing countries, 
and congenital forms of aortic and mitral valve disease create a 
steady stream of young and middle-aged adults with aortic steno-
sis, aortic regurgitation, and mitral regurgitation in both devel-
oped and developing countries. The aging of the population in 
the United States and abroad results in an increasing number of 
elderly patients with degenerative forms of aortic stenosis and 
mitral regurgitation, who often present with age-related medical 
comorbidities that confound medical decision making. Unlike 
most other forms of cardiovascular disease, in which manage-
ment decisions can be guided by the evidence base created by 
multiple large-scale randomized controlled clinical trials, the evi-
dence base in valve disease is limited by a dearth of clinical trials. 
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invaluable resource for all of us who are called upon to provide 
care for our patients with these diseases.

Robert O. Bonow

Catherine M. Otto

In this field more than any other, expert clinical judgment and 
experience are the cornerstones of rational decision making and 
optimal patient management. We believe that the collective 
knowledge, experience, and expert clinical judgment of the 
accomplished authors of Valvular Heart Disease will serve as an 
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of old age now predominate (Figure 1-1). Some 2.5% of the U.S.  
population has moderate or severe valve disease, but the preva-
lence rises after age 64 (Figure 1-2) and is 13% in those older than 
75.5 Other studies confirm this age relationship.6,7 The contribu-
tion of old age to the world prevalence of valve disease is difficult 
to estimate precisely but probably now rivals that of rheumatic 
disease (Table 1-1). The most common valve diseases in the 
elderly are:
•	 Calcific aortic valve disease
•	 Aortic dilation causing aortic regurgitation
•	 Functional mitral regurgitation as a result of left ventricular (LV) 

dysfunction
At the same time there has been a rise in new diseases induced 

by drugs or therapeutic irradiation. There has also been an 
increase in endocarditis related to drug use and device implanÂ�
tation. Reoperation for failing biological replacement valves  
is common in underdeveloped countries, where mechanical  
prostheses are avoided because of the difficulty of organizing 
anticoagulation. Reoperation is also a significant load in indusÂ�
trially developed regions mainly as a result of improved life 
expectancy.

Valve disease remains underdetected,8 and there are major 
variations in the provision of health care in all countries of the 
world, including those that are industrially developed.9,10 This 
chapter reviews the causes of valve disease, describes variations 
in clinical care, and discusses ways in which the worldwide 
burden of disease could be reduced.

Causes of Valve Disease
The principal causes of valve disease and approximate preva-
lence are shown in Table 1-1.

Rheumatic Disease
Rheumatic fever occurs in children aged 5 to 15 years from the 
immune response to group A beta-hemolytic streptococcal phar-
yngitis. The response occurs 1 to 5 weeks after the initial infection 
and is caused by molecular mimicries between streptococcal M 
protein and human myosin and between group A carbohydrate 
in the streptococcus and valve tissue.

Genetically determined immune markers affect susceptibility 
to the initial infection and help determine the risk for develop-
ment of chronic rheumatic disease.11,12 There is some evidence 
for disordered signaling mechanisms and reactivation of embryo-
logic pathways.13 Some streptococcal serotypes (emm types 

Key Points
■	 Rheumatic disease is the most common cause of valve disease 

worldwide, especially in the young, with an estimated prevalence of 
15.6 to 19.6 million.

■	 Endomyocardial fibrosis is an underresearched disease common in 
equatorial Africa.

■	 In industrially developed regions valve diseases of old age 
predominate, particularly calcific aortic stenosis and functional mitral 
regurgitation.

■	 In the United States valve disease is most common in the elderly, with 
a prevalence of 13% in those older than 75 years.

■	 Drug-induced valve disease is increasing as a result of the use of 
5-HT2B receptor agonists.

■	 Infective endocarditis is increasingly related to medical devices and 
intravenous drug use.

■	 Failure of biological replacement valves is a major burden in all 
regions of the world.

■	 Substantial variation in access to health care exists in all countries, 
including those that are industrially developed.

■	 The main global challenge is to prevent chronic rheumatic disease, 
which will require collaborations among social, political, and medical 
programs.

■	 Valve care in industrially developed countries needs to be organized 
around specialist valve clinics that refer patients, as indicated, to 
specialist surgeons and interventional cardiologists.

Rheumatic fever is the most common cause of valve disease in 
the young,1 but it predominates in industrially underdeveloped 
regions. These include Africa, India, the Middle East, South 
America, and parts of Australia and New Zealand, China, and 
Russia.1 In developed countries, the incidence of rheumatic 
disease declined after the second half of the 20th century, 
although transient local resurgences still occur.2 This decline was 
predominantly the result of improvements in living conditions 
and health care, as follows:
•	 Improvements in living conditions:3

•	 Better housing to reduce overcrowding
•	 Better nutrition

•	 Improved access to health care
•	 Treatment of streptococcal throat infections
•	 Use of secondary prophylaxis

In addition there was a spontaneous reduction in the virulence 
of streptococcal serotypes, but it occurred after the incidence of 
rheumatic fever had already fallen.4

These improvements in living conditions and health care  
have increased longevity so that valve conditions characteristic 
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30 per 100,000 aged 15 to 19 years, 15 per 100,000 aged 20 to 29 
years, and 53 per 100,000 older than 60 years.

The worldwide prevalence of chronic rheumatic disease is esti-
mated at 15.6 to 19.6 million.1 There is wide geographical variation 
(Figure 1-4), from approximately 0.8 to 7.9 per 1000 population in 
industrially underdeveloped regions1,21-23 to only 0.3 per 1000 in 
developed regions.1 However, the prevalence rises sharply if echo-
cardiography, rather than the more usual clinical screening, is 
used. In a study in Cambodia and Mozambique,8 the prevalence 
was 2.3 per 1000 children indicated by clinical examination, but 
28.1 per 1000 when echocardiography was used. Throughout 
Africa the prevalence is 1.0 to 6.9 per 1000 in studies using clinical 
diagnosis compared with 1.4 to 14.6 per 1000 in those using echo-
cardiography.19 The WHO criteria use valve regurgitation to define 
rheumatic disease. However, valve regurgitation can be physio-
logical or may occur for other reasons, including myxomatous 
degeneration. Furthermore, early rheumatic changes may not 
cause regurgitation. Combined criteria using any grade of regur-
gitation associated with at least two morphological signs give a 

3, 5, 6, 14, 18, 19, and 29) may be more likely than others to cause 
rheumatic fever.11 These host and bacterial factors vary 
geographically.

Rheumatic fever is uncommon after one episode of pharyngitis 
but occurs in up to 75% of patients experiencing recurrent epi-
sodes. Cardiac involvement occurs in 10% to 40% after the first 
attack of rheumatic fever13 but more frequently after multiple 
attacks.14 The development of chronic rheumatic disease depends 
on the age at the time of the acute episodes and their severity and 
frequency15 and is more likely with multiple valve involvement, 
failure to obtain medical help, and lack of secondary prophy-
laxis.16,17 Single valve involvement and mitral stenosis are more 
likely in older individuals with less active carditis14 (Figure 1-3).

There is a proliferative exudative inflammation of the collagen 
of the valve and annulus characterized by the presence of modi-
fied histiocytes called Aschoff bodies. The valve, annulus, and 
chordae are edematous and inflamed, leading to annular dilation 
and chordal elongation.15 In the long term, fibrosis and calcifica-
tion develop. The Jones criteria guide the diagnosis of the first 
episode of rheumatic fever (Table 1-2).18 Likely rheumatic fever is 
defined by evidence of group A streptococcal infection (rising 
anti-streptolysin O (ASO) titers, positive results of culture or rapid 
antigen tests) and either two major criteria or one major with two 
minor criteria. For subsequent episodes in patients with estab-
lished rheumatic disease, the World Health Organization (WHO) 
allows two minor criteria with evidence of a streptococcal infec-
tion including scarlet fever.

The annual incidence of acute rheumatic fever worldwide is 
estimated at 471,000 cases,1 on the basis of a metaanalysis of 
regional reports with a median incidence from 10 to 374 cases per 
100,000 population (Table 1-3).

Approximately 200,000 deaths per year occur from acute rheu-
matic fever or chronic rheumatic disease, mainly in children in 
developing countries. In Ethiopia, 20% of patients with rheumatic 
disease die before age 5 years, and 80% before 25 years.17 In 
underdeveloped regions, 10% to 35% of all cardiac admissions are 
the result of acute or chronic rheumatic disease.4

If one allows that 60% of patients with acute rheumatic fever 
experience chronic rheumatic disease, the annual incidence  
of new cases of chronic disease is estimated at 282,000.1 
However, there are major geographic differences, and the annual 
incidence in sub-Saharan Africa ranges from 1.0 to 14.6 per 1000 
population.19 The estimated annual incidence is 24 per 100,000 
population in Soweto20 but with a J-shaped age dependence, with 

FIGURE 1-1  Diagram illustrating changes in prevalence of valve 
disease in industrially developed countries. (Redrawn from Soler-Soler J, 
Galve E. Worldwide perspective of valve disease. Heart 2000;83:721–5.)
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FIGURE 1-2  Effect of age on prevalence of valve disease in three 
pooled population-based studies. A, Graph of pooled echocardiography 
data available from the National Heart, Lung and Blood Institute (NHLBI) data-
base from three population-based studies: the Coronary Artery Risk Develop-
ment in Young Adults (CARDIA) Study, the Atherosclerosis Risk in Communities 
(ARIC) Study, and the Cardiovascular Health Study (CHS). In total there were 
11,911 subjects who had undergone echocardiograms, 40% black and 59% 
white. These data were compared with the Olmsted county echocardiography 
register (B) in which echocardiograms were performed for clinical reasons. The 
population-based prevalence of all moderate or severe valve disease was 5.2%, 
which, when corrected for the age and sex distribution of the U.S. population 
at the time of the data collection in 2000, was 2.5% (95% confidence interval 
2.2-2.7%). The prevalence rose after age 64 years and was 13.2% after age 74. 
(Redrawn from Nkomo VT, Gardin JM, Skelton TN, etâ•¯al. Burden of valvular heart 
diseases: a population-based study. Lancet 2006;368:1005–11.)
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TABLE 1-1	 Principal Causes of Valve Disease with Prevalence Where Known

CAUSE PREVALENCE WORLD PREVALENCE (MILLION)

1.	 Rheumatic disease 0.1-0.8% world1

3.0 Mozambique using echocardiography8
15.6-19.61

2.	 Endomyocardial fibrosis 20% Coastal Mozambique27 —

3.	 Calcific aortic stenosis 0.4%â•¯U.S. pop5

1.7%â•¯U.S. pop aged >645

2.8%â•¯U.S. pop aged ≥755

12*

4.	 Mitral regurgitation 1.7%â•¯U.S. pop5

	 Mitral prolapse 7.0%â•¯U.S. pop aged >645 49†

	 Prolapse and regurgitation 2%â•¯U.S.44,45

0.2%â•¯U.S.44,45,47
?140†

5.	 Endocarditis — —

6.	 Failing biological replacement valves — —

7.	 Aortic dilation — —

8.	 Congenital disease — —
	 Bicuspid aortic valve 35*
	 Bicuspid aortic valve with severe aortic stenosis 0.5-0.8%71,72 4.5*

9.	 Systemic conditions — —

10.	 Drugs, carcinoid, irradiation — —

*The world population (pop) is 7 billion (7,000,000,000). The proportion aged over 60 years is about 10%6 or 700,000,000. Assuming a prevalence of aortic stenosis of 1.74% in this age group 
gives a world prevalence of aortic stenosis of 12 million. The prevalence of bicuspid valve is 35 million based on a population prevalence of 0.5%.71 In a study of patients with BAV of mean 
age 32 years at baseline followed for 20 years, 28 of 212 (13%) needed aortic valve replacement for severe aortic stenosis.69,71 This finding suggests that around 4.5 million in the world could 
have severe aortic stenosis as a result of a bicuspid aortic valve, and the total, as a result of nonrheumatic disease, calcific stenosis in those aged >65 years and bicuspid aortic valve in those 
< 65 years, could be 16.5 million.
†The world population is 7 billion (7,000,000,000). The proportion aged over 60 years is about 10%126 or 700,000,000. Using the U.S. prevalence of mitral regurgitation of 7% in those aged 
>64 years would suggest a world prevalence of mitral regurgitation of 140 million. Applying the U.S. prevalence of mitral prolapse associated with regurgitation of 0.2% to the world 
population suggests a worldwide prevalence of mitral regurgitation of 140 million. The number with rheumatic disease may be subsumed within this number.

FIGURE 1-3  Time-course analysis (by decades) of the relative preva-
lence of isolated mitral regurgitation (MR), mixed mitral valve disease, 
and isolated mitral stenosis (MS). (Redrawn from Marcus RH, Sareli P, Pocock 
WA, etâ•¯al. The spectrum of severe rheumatic mitral valve disease in a developing 
country: correlations among clinical presentation, surgical pathological findings, 
and hemodynamic sequelae. Ann Intern Med 1994;120:177–83.)
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TABLE 1-2	 Jones Criteria for Rheumatic Fever

Major criteria* Carditis
Polyarthritis
Erythema marginatum
Chorea
Subcutaneous nodules

Minor criteria Fever
Arthralgia
Elevated C-reactive protein
Prolonged PR interval on electrocardiography

*Frequency of major criteria shown in parentheses.
Special Writing Group of the Committee on Rheumatic Fever and Kawasaki Disease of the 
Council on Cardiovascular Disease in the Young of the American Heart Association. 
Guidelines for the diagnosis of rheumatic fever. Jones criteria 1992 update. JAMA 
1992;268:2069-2073.

prevalence approximately four times that of the WHO criteria.24 
A new World Heart Federation consensus now categorizes defi-
nite or borderline rheumatic disease through the use of a combi-
nation of regurgitant severity, transvavlular gradient and valve 
morphology.25,25a

Endomyocardial Fibrosis
Endomyocardial fibrosis (EMF) is, after rheumatic disease, the 
second most frequent cause of acquired heart disease in children 
and young adults in equatorial Africa.26 Echocardiography of a 
sample of 1063 people in coastal Mozambique found a prevalence 
of 20% (95% confidence interval [CI] 17.4% to 22.2%).27

TABLE 1-3	 Incidence of Acute Rheumatic Fever (Cases 
per 100,000 Population)

Industrially developed regions 10

Eastern Europe 10.2

Middle East and North Africa 13.4

Latin America 19.6

China 21.2

South Central Asia 54

Indigenous Australia and New Zealand 374

Sub-Saharan Africa Unknown

From Carapetis JR. Rheumatic heart disease in developing countries. N Engl J Med 
2007;357:439.

EMF begins as a febrile illness, which is followed by a latent 
phase of 2 to 10 years. Symptoms then reappear as LV and right 
ventricular (RV) thrombi and fibrosis develop, leading to RV, LV, 
or biventricular restrictive cardiomyopathy and encasement of 
the mitral or tricuspid valves. The pathology of EMF is still 
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Mitral Regurgitation

The mitral valve apparatus consists of leaflets, annulus, chordae, 
and papillary muscles. Malfunction of one or more of these com-
ponents can cause mitral regurgitation. Mitral regurgitation is 
categorized as “primary” if caused by intrinsic valve dysfunction 
and “secondary” or “functional” if because of  LV dysfunction. The 
most common primary cause is associated with mitral prolapse.

MITRAL PROLAPSE

Mitral prolapse occurs at all ages and is associated with valve 
thickening, annulus dilation, and abnormal chordae.

The chordae are prone to stretching and rupture and may be 
deficient, particularly at the commissures or at the middle scallop 
of the posterior leaflet (See Chapter 18). There is either myxoma-
tous infiltration or fibroelastic deficiency, but the degree of histo-
logical abnormality varies.43 Myxomatous infiltration causes 
irregular thickening of the leaflets as seen on the echocardio-
gram. Prolapse associated with myxomatous degeneration has a 
genetic component and is more common in Marfan syndrome 
and Ehlers-Danlos syndrome type IV. Fibroelastic deficiency is 
more common in the elderly.

Methods of defining prolapse have been refined with advances 
in echocardiography and particularly with the realization that the 
mitral annulus is saddle shaped. The prevalence of prolapse, 
using strict criteria, is around 2%44,45 and is associated with tricus-
pid prolapse in 10% of cases46 or, more rarely, with aortic valve 
prolapse. Mitral regurgitation occurs in about 9% of cases with 
prolapse.47 The grade of regurgitation depends on the degree of 
leaflet thickening and prolapse and is worse when ruptured 
chordae lead to flail or partially flail leaflet segments. In patients 
with these findings, the mean 10-year survival without heart 
failure is only 37%.48

FUNCTIONAL MITRAL REGURGITATION

The use of the terms ischemic, secondary, and functional is not 
fully standardized. Ischemic disease is an important cause of 
functional mitral regurgitation, but ischemic regurgitation is 
usually used for acute ischemic mitral regurgitation as a result 
of papillary muscle rupture. This condition requires emergency 
surgery (see Chapter 19).

uncertain. There is evidence for the reactivation of embryological 
pathways,13,28 and postulated etiological factors27 that are not 
mutually exclusive include the following:
•	 Hypereosinophilia: Features are similar to those of hypereosino-

philic syndromes, and the eosinophil count is transiently high in 
some patients with EMF

•	 Infection: EMF may be associated with helminths, schistosomiasis, 
filariasis, and malaria

•	 Autoimmunity
•	 Genetic predisposition: The incidence is high among some ethnic 

groups
•	 Dietary: Eating uncooked cassava causes an EMF-like response in 

African green monkeys and may be relevant in humans, especially 
those with protein-deficient diets

•	 Geochemical: Increased levels of cerium are found in the hearts 
of some patients with EMF living near the coast of Mozambique.

Calcific Aortic Stenosis
The incidence and severity of aortic stenosis increase with age, 
but the process is not a passive, degenerative one. It involves 
active lipid deposition, inflammation, neoangiogenesis, and cal-
cification (see Chapter 3).29,30 Aortic stenosis shares with other 
atherosclerotic processes a number of risk factors, including male 
gender, diabetes, dyslipidemia (low-density lipoprotein choles-
terol [LDL-C] and low levels of high-density lipoprotein choles-
terol [HDL-C]), lipoprotein(a), metabolic syndrome, and smoking 
(see Chapter 4).31-37

Aortic valve sclerosis is defined by valve thickening with a  
peak transaortic velocity on echocardiography of less than 
2.5â•¯m/s. Around 16% of patients with sclerosis progress to having 
stenosis within 7 years.38 Aortic valve sclerosis is also associated 
with cardiovascular disease and is a marker for a higher risk of 
myocardial infarction,32,39 particularly in patients with no estab-
lished coronary disease39 and those with low conventional risk 
profiles, such as women and patients younger than 55 years40 
(see Chapter 4).

Age-related calcification can also affect the mitral annulus but 
rarely causes sufficient obstruction to require surgery, except 
occasionally in patients with chronic renal failure.41 If calcifica-
tion is found at both the aortic valve and mitral annulus but also 
in the aorta, then there is a significant likelihood of associated 
three-vessel coronary disease.42

FIGURE 1-4  World-wide prevalence of chronic rheumatic disease. (From Carapetis JR. Rheumatic heart disease in developing countries. N Engl J Med 2007;
357:439.)
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of younger patients with biological valves. In the United Kingdom, 
for patients between 56 and 60 years of age, the proportion of 
isolated aortic valve replacement operations using biological 
valves increased from 25% in 2004 to 40% in 2008. This increase 
results partly from the perceived longer durability of third-
generation biological valves and partly from the possibility of a 
valve-in-valve transcatheter procedure to treat primary failure.65

Aortic Dilation
Secondary aortic regurgitation results from dilation of the aortic 
root. There may often be associated primary regurgitation as a 
result of a bicuspid aortic valve or arteriosclerosis. The risk factors 
for aortic dilation are age, weakness of the aortic wall, and the 
arteriosclerotic risk factors: hypertension, dyslipidemia, smoking, 
and diabetes. Weakness of the aortic wall as a result of medial 
necrosis occurs in Marfan syndrome and Ehlers-Danlos syndrome 
type IV.

Bicuspid aortic valve should be regarded as a general thoracic 
aortopathy and is associated with significant dilation of the aorta 
to more than 40â•¯mm due to medial necrosis66 in about 20% of 
cases,67 in approximately one half affecting the root and in the 
other half the ascending aorta. Aortic dilation is more likely with 
associated coarctation,68 but dissection is relatively uncommon 
and has a relatively high operative success probably because of 
the youth and underlying good health of the subjects. Prophylac-
tic surgery is necessary in about 5% during a 20-year follow-up 
(see Chapter 13).69

Vasculitides, especially giant cell arteritis and Takayasu arteri-
tis, may weaken the arterial wall. Other causes of aortic dilation 
are trauma, cocaine, and amphetamines. In contradistinction  
to the usual symmetrical “fusiform” dilation of a segment  
of aorta, a less common “saccular” aneurysm consisting of an 
outpouching of the aorta can result from inflammation due to 
syphilis.

Congenital Disease
Congenital lesions account for approximately 5% of valve opera-
tions throughout the world. Bicuspid aortic valve is the most 
common abnormality, affecting up to 2.0% of the population 
based on autopsy series70 but 0.5% to 0.8% in larger population-
based studies.71,72 There is evidence of geographic clustering of 

Functional mitral regurgitation is chronic and primarily the 
result of LV dysfunction causing altered stresses on the mitral 
valve apparatus with restriction of the leaflets. There may also be 
dilation of the annulus.

The leaflet restriction may be “asymmetrical” when it affects 
predominantly the posterior leaflet. This type is most commonly 
associated with an inferoposterior myocardial infarction. It may 
also be “symmetrical,” resulting from more generalized LV 
dysfunction.

The cause of LV dysfunction leading to functional mitral regur-
gitation reflects the causes of heart failure, which vary geographi-
cally. Important causes are ischemic disease, hypertension, and 
alcohol use in the West and Chagas disease and human immuno-
deficiency virus (HIV)4,23 globally. In South Africa, subvalvar 
aneurysms below the mitral valve cause regurgitation, emboliza-
tion, and rupture.49,50 These problems may occur because of a 
congenital weakness of the tissue around the atrioventricular 
groove.

Endocarditis
The incidence of infective endocarditis is between 3 and 10 epi-
sodes per 100,000 patient-years,51 but there are major geographi-
cal variations depending largely on the age of the population and 
the frequency of medical devices or intravenous (IV) drug use.52 
The incidence increases with age and is 14.5 episodes per 100,000 
patient-years in those aged 70 to 80 years.51 There is a male-to-
female ratio of more than 2â•›:â•›1 (see Chapter 25).51

In the industrially underdeveloped regions, patients with endo-
carditis are young, about three quarters have rheumatic heart 
disease, and oral streptococci are the main infecting organisms.53 
The risk of endocarditis is about five times that of the general 
population, particularly in the presence of a murmur, for which 
the risk is 1 case in 1400 patient-years.54

However, in fully industrialized regions, most patients are older 
and endocarditis is increasingly associated with replacement 
heart valves, pacemakers,55-57 or hemodialysis.58 Patients with 
prosthetic valves have a 50 times higher risk of endocarditis 
than the rest of the population,59 with early infection—within one 
year of implantation—usually caused by coagulase-negative 
staphylococci or Staphylococcus aureus60 and late infection by oral 
commensals. Pacemakers are usually infected with S. aureus or 
coagulase-negative staphylococci.57 In a separate, much younger, 
group, endocarditis is caused by intravenous drug use, with S. 
aureus as the most common infecting organism. Predisposing 
factors are diabetes58 and immune deficiency including HIV.4

Failing Biological Valves
Biological valves have acceptable durability in older patients; 
failures are uncommon before 5 years in the mitral position and 
before 8 years in the aortic position.60,61 However, durability 
is limited in younger patients, particularly those younger than  
40 years old.61,62 The main advantage of biological valves is that 
anticoagulation is not required. Mechanical valves are expected 
to have unlimited durability but require anticoagulation usually 
with warfarin. In general, in industrially developed regions, bio-
logical valves are implanted in the relatively older patient, typi-
cally older than 65 years, and mechanical valves are used in 
younger patients (see Chapter 26).

However, biological valves are implanted in younger patients61 
if anticoagulation control may be uncertain or to allow pregnancy 
without the potential teratogenic and bleeding complications of 
oral anticoagulants. This practice is common in industrially 
underdeveloped countries (Figure 1-5) so “redo” surgery is fre-
quently necessary. At the Heart Institute in São Paulo, Brazil, the 
mean age at surgery is 49 years, and 41% of procedures are redo 
operations.23 This is also a problem in developed countries 
because patients survive longer.63

In the United Kingdom, 7% of aortic valve operations are redo 
procedures.64 Furthermore there is a trend toward implantation 

FIGURE 1-5  Diagram comparing the proportion of biological valves 
expressed as a percentage of total implants in an industrially devel-
oped and underdeveloped region. The blue line illustrates data from 
Groote-Schuur Hospital in Cape Town, South Africa. The green line illustrates 
data from a European center. (Redrawn from Zilla P, Brink J, Human P, Bezuidenhout 
D. Prosthetic heart valves: catering for the few. Biomaterials 2008;29:385–406.)
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Valve lesions are more common in the presence of antiphos-
pholipid antibodies and may occur in the absence of features of 
SLE in the antiphospholipid syndrome.90 Antiphospholipid anti-
bodies cause:91

•	 Activation of endothelial cells
•	 Increased uptake of oxidized LDL, leading to macrophage 

activation
•	 Interference with regulatory functions of prothrombin and 

decreased production of proteins C and S
Rheumatoid arthritis causes an immune complex valvulitis 

with infiltration of plasma cells, histiocytes, lymphocytes, and 
eosinophils, leading to fibrosis and retraction.91 Nodules consist 
of central fibrinoid necrosis surrounded by mononuclear cells, 
histiocytes, Langerhans and giant cells, and a border of fibrous 
tissue. The nodules are 4 to 12â•¯mm in diameter and develop at 
the bases of the mitral or aortic valves. Occasionally there may 
be more generalized valvulitis. Healed valvulitis leads to leaflet 
fibrosis and retraction, causing regurgitation.

Ankylosing spondylitis is associated with HLA-B27–mediated 
chronic inflammation and proliferative endarteritis of the aortic 
root and left-sided valves. These conditions commonly cause:91

•	 Aortitis of the aortic root, leading to thickening and dilation and 
functional aortic regurgitation.

•	 Aortic valvulitis with thickening of the leaflets and cusp 
retraction.

•	 Downward displacement of the aortic root leading to a subaortic 
bulge at the base of the anterior mitral leaflet. This causes retrac-
tion of the anterior mitral leaflet with reduced coaptation.
The frequency of valve disease is uncertain because reported 

series are small and tend to be biased toward patients with severe 
disease. Aortic valve thickening has been reported in 40%, mitral 
valve thickening in 34%, and significant aortic dilation in 25% of 
cases.91

Carcinoid Tumors
Carcinoid tumors arise from neural crest gastrointestinal entero-
chromaffin cells. They are rare, occurring in 1 in 75,000 people.92 
The carcinoid syndrome develops in about half of cases as a 
result of hepatic spread, and carcinoid heart disease develops in 
40% of patients with the syndrome.92,93 The cardiac lesions are 
caused by the paraneoplastic effects of vasoactive substances, 
notably but not exclusively 5-hydroxytryptamine (5-HT). The 
drugs known to cause valve disease (Table 1-4) either are them-
selves or have metabolites that are agonists at 5-HT2B receptors. 
Drugs with an affinity for 5-HT2A and 5-HT2C receptors do not 
cause valve disease.

cases,73 which is likely as a result of genetic factors74,75; the risk of 
a bicuspid aortic valve or aortic disease is about 10% in first-
degree relatives of probands.76,77 The ratio of male to female is 
approximately 2â•›:â•›1. The valve is “anatomically” or truly bicuspid 
in one third of cases and “functionally” bicuspid in two thirds as 
a result of incomplete separation of two cusps in utero. The most 
common pattern, in 80% of cases, is failure of right-left separation, 
which is more likely to be associated with aortic dilation.78 Failure 
of separation of right and noncoronary cusps is more likely to be 
associated with mitral prolapse.78

During a 20-year follow-up, 24% of patients with a bicuspid 
aortic valve demonstrated severe stenosis or regurgitation requir-
ing surgery.69 Events are far more common in those with even mild 
valve thickening at baseline, with surgical rates of 75% at 12 years 
in the presence of thickening compared with only 8% in the 
absence of thickening.69 Because the young are more likely to 
have surgery, the frequency of bicuspid disease is around one 
third of unselected surgical cases.79 However, in detailed patho-
logical examination of surgically excised valves, the proportion 
of bicuspid valves in patients with aortic stenosis having surgery 
ranges from 67% in patients in their 40s80 to 28% in octogenarians 
(Figure 1-6).81-87

Congenital mitral disease is uncommon. Patterns described in 
a series of 49 autopsy cases of congenital mitral stenosis were: 
dysplastic, parachute (single papillary muscle), hypoplastic asso-
ciated with hypoplastic left heart, and supramitral ring. 88

Systemic Inflammatory Conditions
Endocardial involvement is relatively common in systemic lupus 
erythematosus (SLE), particularly in patients with antiphospho-
lipid antibodies.89 However, this involvement is usually subclini-
cal. Symptomatic significant valve disease occurs after recurrent 
valvulitis. Subendothelial deposition of immunoglobulins and 
complement occurs, causing proliferation of blood vessels, 
inflammation, thrombosis, and finally fibrosis.

There may be fusion of the mitral valve commissures leading 
to stenosis, but generalized thickening of the leaflets (30% to 70%) 
with regurgitation (30% to 50%) is more common.89-91 Libman-
Sacks vegetations are usually less than 10â•¯mm in diameter, sessile, 
of mixed echogenicity, and rounded. They may occur anywhere, 
but are seen most commonly at the leaflet edges on the atrial 
surface of the mitral valve and, less frequently, the ventricular side 
of the aortic valve. The right-sided valves are rarely affected. 
Active vegetations have central fibrinoid degeneration with fibro-
sis and inflammatory infiltrate, whereas healed vegetations have 
central fibrosis with little or no inflammation.

FIGURE 1-6  Numbers of cusps by decade of age in patients undergo-
ing aortic valve surgery for aortic stenosis. Excised valves were examined 
in detail by a cardiac pathologist. The proportions with a bicuspid aortic valve 
were, by decade of age: 67% in the 40s; 57% in the 50s; 59% in the 60s;  
42% in the 70s; 28% in the 80s; and 33% in the 90s. (Data from references 81 
through 87.)

Unicuspid
Bicuspid
Trileaflet 

40s 50s 60s
Age decade

70s 80s 90s
0

250

200

150

100

N
um

be
r 

of
 p

at
ie

nt
s

50

TABLE 1-4	 Drugs Causing Valve Dysfunction

AGENT VALVE LESION PREVALENCE
Anorexic Agents AR, MR, TR

Fenfluramine AR 20% women96

12% men
Benfluorex Case reports97

Parkinson Disease Therapy
Pergolide AR, MR, TR 22%98

Cabergoline AR, MR, TR 34%

Migraine Therapy
Ergotamine AR, MR, TR Case reports102

Methysergide AR, MR Case reports102

Other
MDMA AR, MR 28%103

AR, aortic regurgitation; MR, mitral regurgitation; TR, tricuspid regurgitation; MDMA, 
3,4methylenedioxy-N-methylamphetamine or “ecstasy”.
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cause endocardial fibrosis, but reports of this development have 
been anecdotal102 and accurate estimates of incidence do not 
exist. MDMA used recreationally has been shown to induce a high 
incidence of valve lesions.103

Irradiation
Radiation-induced valve disease may be seen after high-dose 
high-volume mediastinal irradiation given typically for Hodgkin 
disease and less commonly for breast cancer. Minor valve  
thickening is seen in 80% of cases and may progress to asymp-
tomatic dysfunction in 11 years and to symptoms after a further 
4 years,104 although the rate of progression is variable. One study 
has suggested that the effect of irradiation may be potentiated 
by chemotherapy,104 but this issue is uncertain. Valve changes 
are more likely to affect the left-sided valves probably because 
of higher mechanical stresses, but the tricuspid and less com-
monly the pulmonic valve may also be involved.105 The aortic 
and mitral valve are affected equally. The aortic valve typically 
shows:
•	 Generalized calcification and immobility similar to symptoms of 

age-related calcific disease
•	 Posterior mitral annular calcification
•	 Thickening extending from the mitral-aortic fibrosa over the base 

of the anterior mitral leaflet.

Etiology and Frequency of Disease  
by Valve
The etiology of valve disease is not always obvious because 
advanced disease with differing etiologies can look similar on 
echocardiography and even on surgical examination.80 Further-
more the frequency of the various etiologies depends on numer-
ous factors, including:
•	 Demographic details (e.g., country, age, socioeconomic class)
•	 Nature of patient group studied (e.g., unselected populations, out-

patients, inpatients, surgical series, autopsies)
•	 Method of diagnosis (clinical examination, echocardiography, 

pathological examination)
•	 Definition of valve disease (all grades or only moderate and severe)

Thus rheumatic disease is the most common cause of valve 
disease in industrially underdeveloped regions, with EMF also 
common in equatorial Africa, whereas age-related calcific aortic 
valve and myxomatous mitral valve diseases are most common 
in industrialized regions. For example, at the Heart Institute of the 
University of São Paulo Medical School, the average age at surgery 
is 49 years, 55% of patients are female, 41% are undergoing reop-
erations,23 and rheumatic disease is the most common etiology 
(Table 1-5).

By contrast, the Euro Heart Survey on Valvular Heart Disease 
recorded the etiology of moderate and severe disease present-
ing mainly in Western and East Europe in hospitals or in medical 
or surgical outpatient clinics.106 The mean age was 65 years 
(SD 14), and age-related valve diseases were most common 
(Table 1-6), notably aortic stenosis and mitral regurgitation  
(Table 1-7).

In a U.S. study of 1797 men and women older than 60 years in 
a long-term health-care facility,106a 22 residents (1.2%) had mitral 
stenosis, 591 (33%) had mitral regurgitation, 301 (17%) had aortic 
stenosis, and 526 (29%) had aortic regurgitation. However, the 
prevalence of valve disease is far lower in population-based 
studies (Table 1-8).5

Although valve disease is more frequently diagnosed in men,5 
no gender differences were found for mitral valve disease  
or aortic regurgitation in the U.S. population-based studies.  
However, there was a trend (P = 0.06) toward a higher prevalence 
of aortic stenosis in men, which became statistically significant 
(P = 0.04) after adjustment for age (odds ratio 1.52).

Drugs
Drug-induced lesions are similar to those found in carcinoid 
disease. However, in carcinoid, right-sided lesions predomi-
nate92,93 because the vasoactive substances are inactivated within 
the lungs. Left-sided valves may be affected in those 5% of cases 
with lung metastases or a patent foramen ovale.92,93 By contrast, 
drug-induced disease affects mainly the left-sided valves. Further-
more leaflet retraction is more extreme in carcinoid than in drug-
induced valve disease, and there may also be fibrosis of the right 
ventricular outflow tract.

Interaction with the 5-HT2B receptor stimulates cardiac fibro-
blast proliferation, leading to fibrous plaques with a pearly white 
appearance on valves and chordae. On echocardiography this 
process produces:94

•	 Valve thickening
•	 Chordal thickening and shortening
•	 Restriction of movement
•	 Failure of coaptation
•	 Regurgitation

The earliest sign of valve involvement is an increase in the 
tenting height of the mitral valve, which is the distance between 
the point of apposition and the plane of the annulus.94 The inci-
dence of valve involvement has been difficult to determine exactly 
because of methodological problems, such as:
•	 Lack of blinding
•	 Lack of controls
•	 Expectation of the reporting echocardiographer
•	 Linkage to compensation claims (anorexic drugs)
•	 Small population sizes
•	 Failure to recognize the specific features of drug-induced valve 

disease
•	 Effect of dose and duration of therapy
•	 Codeterminants of valve disease, including age and hypertension

The U.S. Food and Drug Administration (FDA) approved the 
use of fenfluramine in 1973 as an anorexic agent for short-term 
use—less than 3 months. Fenfluramine is metabolized to norfen-
fluramine which has 5-HT2B activity.6 In 1997 a report suggested 
that a combination of fenfluramine with the noradrenergic 
agonist phentermine, taken for a mean of 11 months, induced 
mitral regurgitation in 92% of cases and aortic regurgitation in 
79%.95 Fenfluramine and its d-isomer dexfenfluramine were with-
drawn that year. A large observational study showed a lower, but 
still clinically significant, prevalence of aortic or mitral valve 
regurgitation in 20% of women and 12% of men undergoing fen-
fluramine therapy.96 Benfluorex has been used outside the United 
States to treat obesity in diabetes with metabolic syndrome since 
1976. It is metabolized to norfenfluramine and causes valve 
lesions similar to those found with fenfluramine.97 The exact inci-
dence is uncertain because only case reports and small case-
matched studies exist. This agent was withdrawn from use in 
Europe in 2009. Phentermine on its own has not been shown to 
cause valve lesions.

Bromocriptine has only weak 5-HT2B effects, but pergolide and 
cabergoline have much stronger effects and cause valve disease 
when used in the relatively large doses necessary for Parkinson 
disease.98 The mean cumulative cabergoline dose associated 
with moderate or severe valve regurgitation in one study was 
4015â•¯mg (standard deviation 3208â•¯mg).99 By comparison, the dose 
was only 2341â•¯mg (SD 2039â•¯mg) in patients with no or only mild 
valve regurgitation. There is controversy over whether valve 
disease can occur with the smaller doses used for microprolacti-
noma, typically with cumulative doses of 200 to 414â•¯mg.100 Studies 
have differed in dose, duration, and design, and there is evidence 
that the expectation of the echocardiographer affects the preva-
lence of abnormalities reported.98 Valve dysfunction appears to 
be rare100 but can occur after relatively large doses used for 
periods in excess of 10 years.101

The ergot alkaloids ergotamine, dihydroergotamine, and 
methysergide and their metabolite methylergonovine may also 



8

C H
1

TABLE 1-5	 Etiology of Valve Disease at Surgery in 
São Paulo23

ETIOLOGY PERCENTAGE OF CASES

Rheumatic disease 65

Mitral prolapse 11

Calcific aortic stenosis 10

Infective endocarditis 9

Congenital lesion 5

Compiled from Bocchi EA, Guimaraes G, Tarasoutshi F, etâ•¯al. Cardiomyopathy, adult valve 
disease and heart failure in South America. Heart 2009;95:181–9.

TABLE 1-6	 Euro Heart Survey: Frequency of Types of 
Valve Disease in 4910 Patients*

VALVE LESION† NO. (FREQUENCY, %)

Aortic stenosis 1197 (43.1)

Mitral regurgitation 877 (31.5)

Aortic regurgitation 369 (13.3)

Mitral stenosis 336 (12.1)

Right-sided disease 42 (1.2)

Multiple valve disease 713 (20)

*Subjects were recruited as inpatients or from medical or surgical outpatient clinics 
between 1 April and 31 July 2001 at participating hospitals mainly in Western and East 
Europe. The mean age was 65 years (SD 14), and 16.8% were aged <50, 50% 50-70, 30% 
70-80, and 8.3% >80 years.
†Aortic stenosis was defined by maximal jet velocity (Vmax) >2.5â•¯m/s, mitral stenosis by an 
orifice area <2.0â•¯cm2, and mitral or aortic regurgitation by the presence of ≥2/4 
regurgitation).
Compiled from Iung B, Baron G, Butchart EG, etâ•¯al. A prospective study of patients with 
valvular heart disease in Europe: the Euro Heart Survey on Valvular Heart Disease. Eur Heart 
J 2003;24:1231–43.

TABLE 1-7	 Etiology of Single Left-Sided Valve Disease in the Euro Heart Survey

AORTIC STENOSIS AORTIC REGURGITATION MITRAL STENOSIS MITRAL REGURGITATION

N 1197 369 336 877

Degenerative (%)* 81.9 50.3 12.5 61.3

Rheumatic (%) 11.2 15.2 85.4 14.2

Endocarditis (%) 0.8 7.5 0.6 3.5

Inflammatory (%) 0.1 4.1 0 0.8

Congenital (%) 5.4 15.2 0.6 4.8

Ischemic (%) 0 0 0 7.3

Other (%) 0.6 7.7 0.9 8.1

*Defined as calcific aortic valve disease, mitral annulus calcification, and mitral prolapse.
Compiled from Iung B, Baron G, Butchart EG, et al. A prospective study of patients with valvular heart disease in Europe: the Euro Heart Survey on Valvular Heart Disease. Eur Heart J 
2003;24:1231–43.

TABLE 1-8	 Prevalence of Valve Disease in Three Pooled Population-Based Studies, Number (%)

Age Range (yr)

18-44 45-54 55-64 65-74 ≥75

Total participants 4351 696 1240 3879 1745

Mitral regurgitation 23 (0.5%) 1 (0.1%) 12 (1.0%) 250 (6.4%) 163 (9.3%)

Mitral stenosis 0 1 (0.1%) 3 (0.2%) 7 (0.2%) 4 (0.2%)

Aortic regurgitation 10 (0.2%) 1 (0.1%) 8 (0.7%) 37 (1.0%) 34 (2%)

Aortic stenosis 1 (0.02%) 1 (0.1%) 2 (0.2%) 50 (1.3%) 48 (2.8%)

Compiled from Nkomo VT, Gardin JM, Skelton TN, etâ•¯al. Burden of valvular heart diseases: a population-based study. Lancet 2006;368:1005–11.

TABLE 1-9	 Causes of Aortic Stenosis

Common Rheumatic disease
Calcific disease
Bicuspid valve

Uncommon Irradiation
Drugs
Congenital lesion, e.g., subaortic membrane

Rare Ochronosis
Hypercholesterolemia in children
Paget disease
Other congenital causes
Unicuspid or quadricuspid valve
Supravalvar stenosis

Aortic Stenosis and Regurgitation
In industrially underdeveloped regions, rheumatic disease 
remains the most common cause of aortic disease. In the West 
the frequency of chronic rheumatic disease fell after the 1950s. 
The proportion of aortic regurgitation of rheumatic origin dropped 
from 62% in 1932 through 1967107 to 29% in 1970 through 1974104 
and 20% in 1985 through 1989.108 In industrially developed regions 
and in the elderly throughout the world, aortic valve disease is 
predominantly the result of calcific disease (Table 1-9). About 
25% of people older than 65 have aortic valve thickening, and 3% 
older than 75 have critical stenosis (regurgitant orifice area [ROA] 
<0.8â•¯cm2).1,87 In the Helsinki Ageing Study, echocardiograms were 
performed in 552 subjects between ages 55 and 86 years. The 
prevalence of at least moderate aortic stenosis (ROA ≤1.2â•¯cm2 and 
velocity ratio ≤0.35) was 4.8% in patients aged 75 to 86, and the 
prevalence of critical stenosis was 2.9%.7 The prevalence of any 
aortic regurgitation was 29%, and that of moderate or severe 
regurgitation was 13%.
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obstruction, which is rarely sufficiently severe to require valve 
surgery. The severity may be overestimated by the difficulty in 
imaging the leaflet tips and by a large atrial wave augmenting the 
estimated mean transmitral gradient.

There are rare congenital causes, of which the most common 
consists of a dysplastic valve (leaflet margins thickened and 
rolled; chordae shortened, thickened, and matted together with 
fibrous tissue; papillary muscles underdeveloped; and interpapil-
lary muscle distance reduced).

Other rare causes are SLE, Whipple disease, Fabry disease, and 
amyloid.88,115-118

Mitral Regurgitation
In industrially underdeveloped regions, rheumatic disease remains 
the most common cause of mitral regurgitation. In industrialized 
countries and in the elderly elsewhere, the etiology is predomi-
nantly functional, secondary to LV dysfunction. Mitral prolapse 
occurs in 2% of cases in Western populations, with significant 
regurgitation in about 9% of patients with prolapse.44,45 In the 

FIGURE 1-7  Effect of age on prevalence of aortic regurgitation. Mild 
regurgitation (1+), represented by the blue bars, was found in 97 (7.4%) of 1316 
men and 160 (7.3%) of 2185 women. Moderate and severe regurgitation (≥2+) 
shown in the red bars was found in 38 (3.0%) men and 55 (2.5%) women. The 
prevalence of mild regurgitation ranged from 4.5% to 16.4% by age (P <0.001) 
and that of moderate or severe regurgitation from 1.6% to 4.55 (P <0.002). 
(Redrawn from Lebowitz NE, Bella JN, Roman MJ, etâ•¯al. Prevalence and correlates of 
aortic regurgitation in American Indians: the Strong Heart Study. J Am Coll Cardiol 
2000;36:461–7.)
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However, the most common etiology of aortic stenosis or regur-
gitation before age 65 years is bicuspid aortic valve disease. This 
entity is found in 0.5% to 0.8% of Western populations71,72 and in 
up to two thirds of all valves excised during valve replacement for 
aortic stenosis (see Congenital Disease and Figure 1-6). These 
statistics partly reflect a higher prevalence of aortic stenosis in 
men. As previously mentioned, there was a trend in the U.S. 
population-based series toward a higher prevalence of aortic ste-
nosis in men that became statistically significant after adjustment 
for age.

There are a number of rare or uncommon causes of aortic ste-
nosis, including irradiation, ochronosis, familial hypercholesterol-
emia, and Paget disease of the bone. Ochronosis is an inherited 
absence of homogentisic oxydase. Homogentisic acid accumu-
lates in connective tissue, including the endocardium, usually 
causing no hemodynamic impairment. However, deposits may 
occasionally cause significant aortic stenosis requiring surgery.109,110

The frequency of aortic regurgitation increases with age (Figure 
1-7).111 Aortic regurgitation of any degree occurred in 29% and 
severe regurgitation in 13% of subjects in the Helsinki Ageing 
Study.7 The incidence of aortic regurgitation also depends on the 
diameter of the aortic root and ascending aorta,111 reflecting that 
it may be functional or may result from a combination of primary 
leaflet disease and aortic dilation. The most common causes of 
aortic dilation are arteriosclerosis and medial necrosis. In one 
study, aortic regurgitation due to syphilitic aortic dilation was 
found in 11% of 258 autopsies between 1932 and 1967.107 However, 
the importance of syphilis declined from 1955. Rare causes of 
aortic regurgitation are listed in Table 1-10.

Acute aortic regurgitation occurs also as a result of endocardi-
tis, dissection, or trauma. Over the last 30 years, infective endo-
carditis has increased in frequency as a cause of aortic 
regurgitation from about 9% to 25% of surgical cases.112,113

Mitral Stenosis
Rheumatic disease is the overwhelming etiology of mitral stenosis 
worldwide (Table 1-11) and causes isolated mitral stenosis in 40% 
of cases. However, the population prevalence of mitral stenosis 
in the United States is only 0.1%,5 and the disorder accounts for 
only 10% of cases in European hospital-based series.112,114 Although 
still predominantly rheumatic, mitral stenosis was labeled as 
degenerative in 12.5% of cases in Europe.106 In elderly patients, 
particularly those with renal failure, heavy annular calcification 
can develop and may extend along the leaflets to cause moderate 

TABLE 1-10	 Causes of Aortic Regurgitation

Common Rheumatic disease
Calcific disease
Aortic dilation

Arteriosclerosis
Marfan syndrome
Bicuspid aortic valve
Syphilis

Bicuspid valve
Endocarditis

Uncommon Aortic dilation
Dissection
Ehlers-Danlos syndrome
Sinus of Valsalva aneurysm

Prolapse
Irradiation
Drugs
Antiphospholipid syndrome

Rare Carcinoid tumor
Trauma

Deceleration injury
Instrumentation

Aortic dilation
Reactive arthritis
Giant cell arteritis
Takayasu arteritis
Wegener granulomatosis
Sarcoidosis
Behçet syndrome

Relapsing polychondritis
Pseudoxanthoma elasticum
Mucopolysaccharidosis types I and IV

TABLE 1-11	 Causes of Mitral Stenosis

Common Rheumatic disease
Calcific disease

Uncommon Irradiation
Systemic lupus erythematosus
Endomyocardial fibrosis
Carcinoid tumor

Rare Congenital lesion
Dysplastic
Parachute (single papillary muscle)
Hypoplastic associated with hypoplastic left heart
Supramitral ring

Whipple disease
Fabry disease
Mucopolysaccharidosis types I and IV
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TABLE 1-12	 Causes of Mitral Regurgitation

Common Secondary (functional)
Coronary disease
Hypertension
Alcohol
Chagas disease
Human immunodeficiency virus

Primary
Rheumatic disease
Prolapse (myxomatous disease)
Endocarditis

Uncommon Secondary (functional)
Idiopathic dilated myopathy
Systolic anterior motion (hypertrophic cardiomyopathy, 

Friedrich ataxia, amyloid)
Primary

Irradiation
Drugs
Systemic disease: systemic lupus erythematosus, 

antiphospholipid syndrome, ankylosing spondylitis, 
rheumatoid arthritis

Trauma: deceleration injury, instrumentation
Endomyocardial fibrosis

Rare Secondary (functional)
African subvalvar aneurysm
Hemochromatosis
Fabry disease
Systemic sclerosis
Pseudoxanthoma elasticum

Primary
Congenital lesion: parachute anomaly, cleft valve, 

leaflet fenestration

TABLE 1-13	 Causes of Tricuspid Stenosis

Rheumatic disease
Pacemaker
Congenital lesion:

Tricuspid atresia
Ebstein anomaly

Carcinoid tumor

TABLE 1-14	 Causes of Tricuspid Regurgitation

Secondary Pulmonary hypertension
Right ventricular dysfunction cardiomyopathy infarction

Primary Rheumatic disease
Myxomatous degeneration
Drugs
Carcinoid tumor
Endocarditis
Trauma
Congenital lesion (e.g., Ebstein anomaly)
Pacemaker
Endomyocardial fibrosis

TABLE 1-15	 Causes of Pulmonic Valve Disease

Secondary (functional) Pulmonary hypertension
Pulmonary artery aneurysm

Primary Congenital lesion
Carcinoid tumor
Endocarditis

TABLE 1-16	 Causes of Multiple Valve Involvement

Rheumatic disease
Myxomatous disease
Endocarditis
Drugs
Carcinoid tumor
Irradiation

United States the population prevalence is 1.7%,5 whereas mitral 
regurgitation represented 32% of a hospital-based European 
survey.106 Other uncommon or rare causes are listed in Table 1-12.

Right-Sided Valve Disease
Right-sided valve disease is uncommon, occurring in 1.2% in the 
Euro Heart Survey.106 It was not mentioned in U.S. population-
based studies.5

TRICUSPID VALVE DISEASE

Tricuspid stenosis is almost always rheumatic and associated  
with left-sided disease (Table 1-13). Tricuspid regurgitation is  
commonly functional, occurring as a result of pulmonary hyper-
tension or right ventricular myopathy or infarction. Tricuspid 
regurgitation associated with pacemaker electrodes is increas-
ingly seen. This is rarely functional and is not solved by removing 
the electrode or changing the pacing mode. The most common 
mechanism is adherence of one or more leaflets to the electrode, 
occasionally leading to fibrous incorporation of the valve. The 
electrode may also perforate the leaflet. Other causes of tricuspid 
regurgitation are listed in Table 1-14.

PULMONIC VALVE DISEASE

Pulmonic regurgitation is commonly functional and occurs as a 
result of pulmonary hypertension. Either stenosis or regurgitation 

occurs in approximately 14% of all congenital cardiac lesions.  
The pulmonic valve is commonly affected in patients with carci-
noid tumors. It is involved with S. aureus endocarditis whether 
community-acquired or as a result of IV drug use. Other causes 
are listed in Table 1-15.

Multiple Valve Disease
Multiple valve involvement is common, occurring in 20% of 
patients in the Euro Heart survey106 (Table 1-16). In rheumatic 
disease, isolated mitral stenosis is most common, but combined 
aortic and mitral involvement is also frequent, with aortic regur-
gitation more likely to occur than stenosis. Tricuspid involvement 
is probably more frequent than thought because significant thick-
ening does not occur in right-sided lesions, which therefore may 
be difficult to detect on echocardiography.

Variation in Care: Challenges  
for the Future
The management of valve disease occurs in four steps, (1) preÂ�
vention, (2) detection, (3) formulation and surveillance, and  
(4) surgery.

Prevention
By far the greatest global challenge is to prevent chronic rheu-
matic disease (Table 1-17), but research is needed in the patho-
genesis and pathology of all valve disease. Developmental biology 
may provide clues about the development of treatment strategies 
for EMF. Lipid lowering has not been successful in reducing the 
rate of progression of calcific aortic stenosis, and alternative strat-
egies, notably to target inflammation and calcification, now need 
to be addressed.
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twice as frequent in men. However, there may also be gender 
differences in care as have already been shown for the investiga-
tion and treatment of coronary disease.127 The elderly are also at 
a disadvantage in this regard, and around a third with aortic 
stenosis are denied surgery inappropriately.128 Development of a 
transcatheter aortic valve implantation program leads to an 
increase in conventional surgical rates129 as clinically inappropri-
ate perceptual barriers to referral, such as age, are lifted.

Patients may be referred to a surgeon at the correct time but 
receive suboptimal surgery, particularly for repairable mitral 
regurgitation, even though guidelines increasingly stress that they 
should be referred early while they are still asymptomatic.130 The 
Euro Heart Survey106 found that 50% of patients with mitral regur-
gitation received a replacement rather than repair, and in the 
United Kingdom, only about two thirds of patients with mitral 
valve prolapse undergo valve repair.64 According to a 2009 UK 
database report, the rates of repair for degenerative mitral valve 
disease varied in different centers from 0 to 98%,64 and 177 (25%) 
asymptomatic patients received replacement mitral valves instead 
of a repair. Similarly, in the United States between 2005 and 2007, 
the mean repair rate for 1088 surgeons was 41%, with a median 
of five mitral valve operations per year.130 Individual surgeons with 
higher volumes have better repair rates,130 and higher-volume 
units have better risk-adjusted in-hospital mortality rates.131 These 
observations have led to recommended minimum procedure 
numbers for individual surgeons and units.132
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•	 Improvement in living conditions
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penicillin133

•	 Development of a vaccine134

•	 Identification of valve involvement by population screening 
echocardiography to give secondary prevention

•	 Agreement on criteria for identifying rheumatic involvement on 
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•	 Research in developmental biology to modify the progression to chronic 
lesions

•	 Reclassification of rheumatic disease as notifiable to facilitate applying 
for funding for research and clinical care



12

C H
1

57.	 Klug D, Lacroix D, Savoye C, et al. Systemic infection related to endocarditis on pace-
maker leads: clinical presentation and management. Circulation. 1997;95:2098–107.

58.	 Friedman ND, Kaye KS, Stout JE, et al. Healthcare-associated bloodstream infections in 
adults: a reason to change the accepted definition of community-acquired infections. 
Ann Intern Med 2002;137:791–7.

59.	 Oliver R, Roberts GJ, Hooper L, et al. Antibiotics for the prophylaxis of bacterial endo-
carditis in dentistry (review). The Cochrane Library 2008;(4):CD003813.

60.	 Grunkemeier GL, Li H-H, Naftel DC, et al. Long-term performance of heart valve pros-
theses. Current Problems in Cardiology 2000;25:73–156.

61.	 Rahimtoola SH. Choice of prosthetic heart valve. J Am Coll Cardiol 2010;55:	
2413–26.

62.	 Chan V, Males T, Lapierre H, et al. Reoperation of left heart valves bioprostheses accord-
ing to age at implantation. Circulation 2011;124:575–80.

63.	 Zilla P, Brink J, Human P, et al. Prosthetic heart valves: catering for the few. Biomaterials 
2008;29:385–406.

64.	 Bridgewater B, Kinsman R, Walton P, et al. Demonstrating quality: the Sixth National 
Adult Cardiac Surgery Database Report. Henley on Thomas UK: Dendrite Clinical 
Systems Ltd; 2009.

65.	 Brown ML, Scaff HV, Lahr BD, et al. Aortic valve replacement in patients aged 50-70 
years: improved outcome with mechanical versus biologic prostheses. J Thorac Car-
diovasc Surg 2008;135:878–84.

66.	 Tadros TM, Klein MD, Shapira OM. Ascending aortic dilatation associated with bicuspid 
aortic valve. Pathophysiology, molecular biology, and clinical implications. Circulation 
2009;119:880–90.

67.	 Tzemos N, Therrien J, Yip J, et al. Outcomes in adults with bicuspid aortic valves. JAMA 
2008;300:1317–25.

68.	 Oliver JM, Alonso-Gonzalez R, Gonzalez AE, et al. Risk of aortic root or ascending aorta 
complications in patients with and without coarctation of the aorta. Am J Cardiol 
2009;104:1001–6.

69.	 Michelena HI, Desjardins VA, Avierinos J-F, et al. Natural history of asymptomatic 
patients with normally functioning or minimally dysfunctional bicuspid aortic valve in 
the community. Circulation 2008;117:2776–84.

70.	 Roberts WC. The congenitally bicuspid aortic valve. A study of 85 autopsy cases. Am J 
Cardiol 1970;26:72–83.

71.	 Nistri S, Basso C, Marzari C, et al. Frequency of bicuspid aortic valve in conscripts by 
echocardiogram. Am J Cardiol 2005;96:718–21.

72.	 Movahed MR, Hepner AD, Ahmadi-Kashani M. Echocardiographic prevalence of bicus-
pid aortic valve in the population. Heart Lung Circ 2006;15:297–9.

73.	 Le Gal G, Bertault V, Bezon E, et al. Heterogeneous geographic distribution of patients 
with aortic valve stenosis: arguments for new aetiological hypothesis. Heart 
2005;91:247–9.

74.	 Garg V, Muth AN, Ransom MK, et al. Mutations in NOTCH1 cause aortic valve disease. 
Nature 2005;437:270–4.

75.	 McBride KL, Garg V. Heredity of bicuspid aortic valve: is family screening indicated? 
Heart 2011;97:1193–5.

76.	 Huntington K, Hunter AGW, Chan K-LA. Prospective study to assess the frequency of 
familial clustering of congenital bicuspid aortic valve. J Am Coll Cardiol 
1997;30:1809–12.

77.	 Cripe L, Andelfinger G, Martin LJ, et al. Bicuspid aortic valve is heritable. J Am Coll 
Cardiol 2004;44:138–43.

78.	 Schaefer BM, Lewin MB, Stout KK, et al. The bicuspid aortic valve: an integrated phe-
notypic classification of leaflet morphology and aortic root shape. Heart 2008;94:	
1634–8.

79.	 Dare AJ, Veinot JP, Edwards WD, et al. New observations on the etiology of aortic valve 
disease: a surgical pathologic study of 236 cases from 1990. Hum Pathol 
1993;24:1330–8.

80.	 Roberts WC, Vowels JT. Comparison of interpretations of valve structure between 
cardiac surgeon and cardiac pathologist among adults having isolated aortic valve 
replacement for aortic stenosis (± aortic regurgitation). Am J Cardiol 2009;103:
1139–45.

81.	 Roberts WC, Ko JM, Filardo G, et al. Valve structure and survival in quadragenarians 
having aortic valve replacement for aortic stenosis (± aortic regurgitation) with versus 
without coronary artery bypass grafting at a single US medical center (1993 to 2005). 
Am J Cardiol 2007;100:1683–90.

82.	 Roberts WC, Ko JM, Filardo G, et al. Valve structure and survival in septuagenarians 
having aortic valve replacement for aortic stenosis (± aortic regurgitation) with versus 
without coronary artery bypass grafting at a single US medical center (1993 to 2005). 
Am J Cardiol 2007;100:1157–65.

83.	 Roberts WC, Ko JM, Filardo G, et al. Valve structure and survival in sexagenarians 
having aortic valve replacement for aortic stenosis (± aortic regurgitation) with versus 
without coronary artery bypass grafting at a single US medical center (1993 to 2005). 
Am J Cardiol 2007;100:1286–92.

84.	 Roberts WC, Ko JM. Frequency by decades of unicuspid, bicuspid, and tricuspid aortic 
valves in adults having isolated aortic valve replacement for aortic stenosis with or 
without associated aortic regurgitation. Circulation 2005;111:920–5.

85.	 Roberts WC, Ko JM, Filardo G, et al. Valve structure and survival in quinqagenarians 
having aortic valve replacement for aortic stenosis (± regurgitation) with versus 
without coronary artery bypass grafting at a single US medical center 1993-2005. Am 
J Cardiol 2007;100:1584–91.

86.	 Roberts WC, Ko JM, Matter GJ. Aortic valve replacement for aortic stenosis in nonage-
narians. Am J Cardiol 2006;989:1251–3.

87.	 Roberts WC, Ko JM, Garner WL, et al. Valve structure and survival in octogenarians 
having aortic valve replacement for aortic stenosis (± regurgitation) with versus 
without coronary artery bypass grafting at a single US medical center 1993-2005. Am 
J Cardiol 2007;100:489–95.

88.	 Ruckman RN, Van Praagh R. Anatomic types of congenital mitral stenosis: Report of 49 
autopsy cases with consideration of diagnosis and surgical implications. Am J Cardiol 
1978;42:592–601.

22.	 Augestad KM, Martyshova K, Martyshov S, et al. Rheumatic fever and rheumatic heart 
disease in Northwest Russia. Tidsskr Nor Laegeforen 1999;119:1456–9.

23.	 Bocchi EA, Guimaraes G, Tarasoutshi F, et al. Cardiomyopathy, adult valve disease and 
heart failure in South America Heart 2009;95:181–9.

24.	 Marijon E, Celermajer DS, Tafflet M et al. Rheumatic heart disease screening by echo-
cardiography. The inadequacy of World Health Organization criteria for optimizing the 
diagnosis of subclinical disease. Circulation 2009;120:663–8.

25.	 Remenyi B, Wilson N, Steer A, et al. World Heart Federation criteria for echocardio-
graphic diagnosis of rheumatic heart disease—an evidence-based guideline. Nat Rev 
Cardiol 2012;9:297–309.

25a.â•‡ Mirabel M, Celermajer DS, Ferreira B, et al. Screening for rheumatic heart disease: 
evaluation of a simplified echocardiography-based approach. Eur Heart J Cardiovasc 
Imaging 2012;13(12):1024–9. doi: 10.1093/ehjci/jes077. Epub 2012 Apr 19. PMID: 
22518053 [PubMed - in process].

26.	 Mayosi BM. Contemporary trends in the epidemiology and management of cardiomy-
opathy and pericarditis in sub-Saharan Africa. Heart 2007;93:1176–83.

27.	 Mocumbi AO, Yacoub S, Yacoub MH. Neglected tropical cardiomyopathies: II Endo-
myocardial fibrosis: Myocardial disease. Heart 2008;94:384–90.

28.	 Zeisberg EM, Tarnavski O, Zeisberg M, et al. Endothelial-to-mesenchymal transition 
contributes to cardiac fibrosis. Nature Med 2007;13:952–61

29.	 Otto CM, Kuusisto J, Reichenbach DD, et al. Characterization of the early lesion of 
“degenerative” valvular aortic stenosis: histologic and immunohistochemical studies. 
Circulation 1994;90:844–53.

30.	 Rajamannan NM, Gersh B, Bonow RO. Calcific aortic stenosis: from bench to the 
bedside—emerging clinical and cellular concepts. Heart 2003;89:801–5.

31.	 Stewart BF, Siscovick D, Lind BK, et al. Clinical factors associated with calcific aortic 
valve disease: Cardiovascular Health Study. J Am Coll Cardiol 1997;29:630–4.

32.	 Aronow WS, Ahn C, Shirani J, et al. Comparison of frequency of new coronary events 
in older subjects with and without valvular aortic sclerosis. Am J Cardiol 2001;88:	
693–5.

33.	 Gotoh T, Kuroda T, Yamasawa M, et al. Correlation between lipoprotein(a) and aortic 
valve sclerosis assessed by echocardiography (the JMS Cardiac Echo and Cohort 
Study). Am J Cardiol 1995;76:928–32.

34.	 Briand M, Lemieux I, Dumesnil JG, et al. Metabolic syndrome negatively influences 
disease progression and prognosis in aortic stenosis. J Am Coll Cardiol 
2006;47:2229–36.

35.	 Katz R, Budoff MJ, Takasu J, et al. Relationship of metabolic syndrome with incident 
aortic valve calcium and aortic valve calcium progression: the Multi-Ethnic Study of 
Atherosclerosis (MESA). Diabetes 2009;58:813–19.

36.	 Novaro GM, Katz R, Aviles RJ, et al. Clinical factors, but not C-reactive protein, predict 
progression of calcific aortic-valve disease: the Cardiovascular Health Study. J Am Coll 
Cardiol 2007;50:1992–8.

37.	 O’Brien KD. Epidemiology and genetics of calcific aortic valve disease. J Investig Med 
2007;55:284–91.

38.	 Cosmi JE, Tunick PA, Rosenzweig BP, et al. The risk of development of aortic stenosis 
in patients with “benign” aortic valve thickening. Arch Int Med 2002;162:2345–7.

39.	 Otto CM, Lind BK, Klitzman DW, et al. Association of aortic valve sclerosis with cardio-
vascular mortality and morbidity in the elderly. N Engl J Med 1999;341:142–7.

40.	 Hsu S-Y, Hsieh I-C, Chang S-H, et al. Aortic valve sclerosis is an echocardiographic 
indicator of significant coronary disease in patients undergoing diagnostic coronary 
angiography. Int J Clin Prac 2004;59:72–7.

41.	 Strauman E, Meyer B, Mistell M, et al. Aortic and mitral valve disease in patients with 
end stage renal failure on long-term haemodialysis. Br Heart J 1992;67:236–9.

42.	 Jeon D, Atar S, Brasch A, et al. Association of mitral valve annulus calcification, aortic 
valve sclerosis and aortic root calcification with abnormal myocardial single photon 
emission tomography in subjects age < 65 years old. J Am Coll Cardiol 2001;38:
1988–93.

43.	 Pellerin D, Brecker S, Veyrat C. Degenerative mitral valve disease with emphasis on 
mitral valve prolapse. Heart 2002;88(Suppl IV):iv20–iv28.

44.	 Freed LA, Levy D, Levine RA et al. Prevalence and clinical outcome of mitral-valve 
prolapse. New Engl J Med 1999;341:1–7.

45.	 Sutton M St J, Weyman AE. Mitral valve prolapse prevalence and complications. Circu-
lation 2002;106:1305–7.

46.	 Marks AR, Choong CY, Sanfilippo AJ, et al. Identification of high-risk and low-	
risk subgroups of patients with mitral-valve prolapse. New Engl J Med 1989;320:	
1031–6.

47.	 Jones EC, Devereux RB, Roman MJ, et al. Prevalence and correlates of mitral regurgita-
tion in a population-based sample (the Strong Heart Study). Am J Cardiol 
2001;87:298–304.

48.	 Ling LH, Enriquez-Sarano M, Seward JB, et al. Clinical outcome of mitral regurgitation 
due to flail leaflet. New Engl J Med 1996;335:1417–23.

49.	 Mocumbi AOH, Ferreira MB. Neglected cardiovascular diseases in Africa. JACC 
2012;55:680–7.

50.	 Lurie AO. Left ventricular aneurysms in the African. Brit Heart J 1960;22:181–8.
51.	 Habib G, Hoen B, Tornon P, et al. Guidelines on the prevention, diagnosis, and treat-

ment of infective endocarditis. Europ Heart J 2009;30:2369–413.
52.	 Cabell Jr CH, Jollis JG, Peterson GE, et al. Changing patient characteristics and the 

effect on mortality in endocarditis. Arch Intern Med. 2002;162:90–4.
53.	 Koegelenberg CF, Doubell AF, Orth H, et al. Infective endocarditis in the Western Cape 

Province of South Africa: a three year prospective study. Quart J Med 2003;96:	
217–25.

54.	 MacMahon SW, Hickey AJ, Wicken DE, et al. Risk of infective endocarditis in mitral 
prolapse with and without precordial systolic murmurs. Am J Cardiol 1987;59:105–8.

55.	 Tleyjeh IM, Abdel-Latif A, Rahbi H, et al. A systematic review of population-based 
studies of infective endocarditis. Chest 2007;132:1025–35.

56.	 Hill EE, Herigers P, Claus P, et al. Infective endocarditis: changing epidemiology and 
predictors of 6-month mortality: a prospective cohort study. Europ Heart J 2007;28:	
196–203.



13

C H
1

E
pide




m
io

l
o

g
y

 o
f

 V
a

lvu


l
ar


 H

eart





 D
isease




114.	 Horstkotte D, Loogen F. The natural history of aortic valve stenosis. Eur Heart J 
1988;9(Suppl E):57–64.

115.	 John RM, Hunter D, Swanton RH. Echocardiographic abnormalities in type IV muco-
polysaccharidosis. Arch Dis Child 1990;65:746–9.

116.	 McAllister HA, Fenoglio JJ. Cardiac involvement in Whipple disease. Circulation 
1975;52:152–6.

117.	 Scalapino JN, Edwards WD, Steckelberg JM, et al. Mitral stenosis associated with val-
vular tophi. Mayo Clin Proc 1984;59:509–12.

118.	 Matula G, Karpman LS, Frank S, Stinson E. Mitral obstruction from staphylococcal 
endocarditis corrected surgically. JAMA 1975;233:58–9.

119.	 Andersen JA, Hansen BF, Lynborg K. Isolated valvular aortic stenosis. Clinico-
pathological findings in an autopsy material of elderly patients. Acta Med Scand 
1975;197:61–4.

119a.â•‡ 2001 Report of the National Confidential Enquiry into Perioperative Deaths. London: 
NCEPOD; 2001. p. 66–9.

120.	 Bonow RO, Carabello BA, Chatterjee K, et al. American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines. 2008 focused update incorpo-
rated 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 Associa-
tion Task Force on Practice Guidelines (Writing Committee to revise the 1998 guide-
lines 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:	
e1–e142.

121.	 Vahanian A, Baumgartner H, Bax J, et al. Guidelines on the management of valvular 
heart disease. Eur Heart J 2007;28:230–68.

122.	 Fink JC, Schmid CH, Selker HP. A decision aid for referring patients with systolic 
murmurs for echocardiography. J Gen Int Med 1994;9:479–84.

123.	 Mangione S, Nieman LZ. Cardiac auscultatory skills of internal medicine and family 
practice trainees. A comparison of diagnostic proficiency. JAMA 1997;278:717–22.

124.	 Taggu W, Topham A, Hart L et al. A cardiac sonographer led follow up clinic for heart 
valve disease. Int J Cardiol. 2009;132:240–3.

125.	 Chambers J, Ray S, Prendergast B, et al. Specialist valve clinics: recommendations from 
the British Heart Valve Society working group on improving quality in the delivery of 
care for patients with heart valve disease. Heart 10.1136/heartjnl-2013-303754.

126.	 Takkenberg JJM, Rajamannan NM, Rosenhek R, et al. The need for a global perspective 
on heart valve disease epidemiology. The SHVD working group on epidemiology of 
heart valve disease founding statement. J Heart Valve Dis 2008;17:135–9.

127.	 Raine RA, Crayford TJB, Chan KL, et al. Gender differences in the investigation and 
treatment of patients with acute myocardial ischaemia and infarction in England. Int 
J Health Mechanics 1999;15:136–46.

128.	 Iung B. Management of the elderly patient with aortic stenosis. Heart 
2008;94:519–24.

129.	 Grant SW, Devbhandari MP, Grayson AD et al. What is the impact of providing a Trans-
catheter Aortic Valve Implantation (TAVI) service on conventional aortic valve surgical 
activity, patient risk factors and outcomes in the first two years? Heart 
2010;96:1633–7.

130.	 Bolling SF, Li S, O’Brien SM, et al. Predictors of mitral valve repair: clinical and surgeon 
factors. Ann Thorac Surg 2010;90:1904–11.

131.	 Gammie JS, O’Brien SM, Griffith BP, et al. Influence of hospital procedural volume on 
care process and mortality for patients undergoing elective surgery for mitral regur-
gitation. Circulation. 2007;115:881–7.

132.	 Bridgewater B, Hooper T, Munsch C, et al. Mitral repair best practice proposed stan-
dards. Heart 2006;92:939–44.

133.	 Arguedas A, Mohs E. Prevention of rheumatic fever in Costa Rica. J Pediatr 
1992;121:569–72.

134.	 Guilherme L, Fae KC, Hiha F, et al. Towards a vaccine against rheumatic fever. Clin Dev 
Immunol 2006;13:125–32.

89.	 Roldan CA, Shively BK, Lau CC, et al. Systemic lupus erythematosus valve disease by 
transesophageal echocardiography and the role of antiphospholipid antibodies. J Am 
Coll Cardiol 1992;20:1127–34.

90.	 Asherson RA, Cervera R. Antiphospholipid antibodies and the heart. Lesson sand pit-
falls for the cardiologist. Circulation 1991;84:920–3.

91.	 Roldan CA. Valvular and coronary heart disease in systemic inflammatory diseases. 
Heart 2008;94:1089–101.

92.	 Fox DJ, Khattar RS. Carcinoid heart disease: presentation, diagnosis, and management. 
Heart 2004;90:1224–8

93.	 Gustaffson BI, Hauso O, Drozdov I, et al. Carcinoid heart disease. Int J Cardiol 
2008;129:318–24.

94.	 Lancellotti P, Livadariu E, Markov M, et al. Cabergoline and the risk of valvular lesions 
in endocrine disease. European Journal of Endocrinology 2008;159:1–5.

95.	 Connolly HM, Crary JL, McGoon MD, et al. Valvular heart disease associated with 
fenfluramine-phentermine. N Engl J Med 1997;337:581–8.

96.	 Dahl CF, Allen MR, Urie PM, et al. Valvular regurgitation and surgery associated with 
fenfluramine use: an analysis of 5743 individuals. BMC Med 2008;6:34.

97.	 Le Ven F, Tribouilloy C, Habib G, et al. Valvular heart disease associated with benfluorex 
therapy: results from the French multicentre registry. Europ J Echo 2011;12:265–71.

98.	 Antonini A, Poewe W. Fibrotic heart-valve reactions to dopamine-agonist treatment in 
Parkinson disease. Lancet Neurol 2007;6:826–9.

99.	 Zanettini R, Antonini A, Gatto G, et al. Valvular heart disease and the use of dopamine 
agonists for parkinson disease. New Engl J Med 2007;356:39–46.

100.	 Sherlock M, Toogood AA, Steeds R. Dopamine agonist therapy for hyperprolactinae-
mia and cardiac valve dysfunction; a lot done but much more to do. Heart 
2009;95:522–3.

101.	 Gu H, Luck S, Carroll P, et al. Cardiac valve disease and low-dose dopamine agonist 
therapy: an artefact of reporting bias? Clin Endocrinol 2011;74:608–10.

102.	 Redfield MM, Nicholson WJ, Edwards WD, et al. Valve disease associated with ergot 
alkaloid use. Echocardiographic and pathologic correlations. Ann Intern Med 
1992;117:50–2.

103.	 Droogmans S, Cosyns B, D’Haenen H, et al. Possible association between 3,4-met
hylenedioxymethamphetamine abuse and valvular heart disease. Am J Cardiol 
2007;100:1442–5.

104.	 Carlson RG, Mayfield WR, Normann S, et al. Radiation-associated valvular disease. 
Chest 1991;99:538–45.

105.	 Veinot JP, Edwards WD. Pathology of radiation-induced heart disease: a surgical and 
autopsy study of 27 cases. Human Pathology 1996;27:766–73.

106.	 Iung B, Baron G, Butchart EG, et al. A prospective study of patients with valvular heart 
disease in Europe: the Euro Heart Survey on Valvular Heart Disease. Europ Heart J 
2003;24:1231–43.

106a.â•‡ Aranow WS, Ahn C, Kronzon I. Prevalence of echocardiographic findings in 554 men 
and in 1,243 women aged > 60 years in a long-term health care facility. Am J Cardiol 
1997;79:379–80.

107.	 Barondess JA, Sande M. Some changing aspects of aortic regurgitation. Arch Intern 
Med 1969;124:600–5.

108.	 Acar J, Michel PL, Dorent R, et al. Evolution des étiologies des valvulopathies operées 
en France sur un période de 20 ans. Arch Mal du Coeur 1992;85:411–5.

109.	 Gould L, Reddy CVR, DePalma D, et al. Cardiac manifestations of ochronosis, J Thorac 
Cardiovasc Surg 1976;72:788–91.

110.	 Hungaishi M, Taguchi J, Ikari Y, et al. Aortic valve stenosis in alkaptonuria. Circulation 
1998;98:1148–9.

111.	 Lebowitz NE, Bella JN, Roman MJ, et al. Prevalence and correlates of aortic regurgita-
tion in American Indians: The Strong Heart Study. J Am Coll Cardiol 2000;36:461–7.

112.	 Olson LJ, Subramanian R, Edwards WD. Surgical pathology of pure aortic insufficiency: 
a study of 225 cases. Mayo Clin Proc 1984;59:835–41.

113.	 Loire R, Mann J. Insuffisance aortic et maladie aortique dégénerative. Ann Cardiol 
Angiol 1990;39:327–31.



14

C H A P T E R  2â•… Three-Dimensional Anatomy of the 
Aortic and Mitral Valves
Wendy Tsang, Benjamin H. Freed, and Roberto M. Lang

MITRAL VALVE ANATOMY,â•‡ 14
Mitral Annulus,â•‡ 14
Mitral Valve Leaflets,â•‡ 14
Mitral Valve Commissures,â•‡ 16
Mitral Valve Chordae,â•‡ 16
Papillary Muscles,â•‡ 16

MITRAL VALVE APPARATUS QUANTIFICATION,â•‡ 16
MECHANISMS OF MITRAL VALVE DYSFUNCTION,â•‡ 16
Degenerative Mitral Valve Disease,â•‡ 16
Ischemic Mitral Regurgitation,â•‡ 17

MITRAL STENOSIS,â•‡ 22

AORTIC VALVE ANATOMY,â•‡ 23
AORTIC VALVE PHYSIOLOGY,â•‡ 24
Left Ventricular Outflow Tract,â•‡ 25

THREE-DIMENSIONAL ASSESSMENT OF THE AORTIC 
VALVE,â•‡ 26

Mitral Valve Anatomy
The mitral valve is a complicated 3D structure composed of mul-
tiple, distinct anatomical components. Optimal interaction of 
these different elements comprising the annulus, commissures, 
leaflets, chordae tendinae, papillary muscles, and left ventricle is 
crucial for its functional integrity.

Mitral Annulus
The mitral annulus is a fibromuscular ring to which the anterior 
and posterior mitral valve leaflets attach. The normal mitral valve 
annulus has a 3D saddle shape with its “lowest points” at the level 
of both commissures. This allows proper leaflet apposition during 
systole and minimizes leaflet stress.2 The annulus can be divided 
into the anterior and posterior annulus based on the insertion of 
the corresponding leaflets. The anterior portion of the annulus 
attaches to the right and left fibrous trigones. The right trigone is 
a fibrous area situated between the membranous septum, the 
mitral valve, the tricuspid valve, and the noncoronary cusp at the 
aortic annulus. The left trigone is a fibrous area located at the nadir 
of the left coronary cusp of the aortic annulus and the left border 
of the aortic-mitral curtain. The aortic-mitral curtain is the fibrous 
tissue between the anterior mitral valve leaflet, the left and non-
coronary cusps of the aortic valve, and the left and right trigone.3

The posterior portion of the annulus is less developed owing 
to the discontinuity of the fibrous skeleton of the heart in this 
region. This difference explains why the posterior portion of the 
mitral annulus is more prone to pathologic dilation and the  
anterior portion is relatively resistant.4 The annulus is a dynamic 
structure that undergoes 3D deformation in its circumference, 
excursion, curvature, shape, and size for proper function, which 
makes it susceptible to ventricular remodeling.5-9

Mitral Valve Leaflets
The mitral valve has an anterior and a posterior leaflet (Figure 
2-1). The atrial, or smooth, surface is free of any attachments 
whereas the ventricular, or rough, surface connects to the papil-
lary muscles via the chordae tendinae. The posterior leaflet, 
which is quadrangular, is attached to approximately three fifths 
of the annular circumference. The anterior leaflet has a semicir-
cular shape and is attached to approximately two fifths of the 
annular circumference.10 Although the posterior leaflet attaches 
to a larger portion of the annular circumference, it is shorter than 
the anterior leaflet.

There are two major terminology classifications for the segmen-
tal anatomy of the mitral leaflets, which help with the description 
of the localization of specific mitral valve lesions. The leaflet 
segmentation scheme proposed by Carpentier11 is the most widely 

Advances in 3D echocardiography technology have ushered its 
use into mainstream clinical practice.1 3D echocardiography 
offers a realistic, multiplanar image of both valves and their 
spatial relationships with adjacent structures, providing anatomic 
and functional insight that has furthered our understanding of 
normal spatial relationships and the anatomic and functional 
abnormalities that develop in patients with valvular heart disease.

Key Points
■	 The mitral valve is a complicated three-dimensional (3D) structure 

made up of multiple, distinct anatomic components including the 
annulus, commissures, leaflets, chordae tendinae, papillary mucscles, 
and left ventricle. Optimal interaction of these different elements is 
crucial for the valve’s functional integrity.

■	 The mitral annulus is a fibromuscular ring to which the anterior and 
posterior mitral valve leaflets attach. The normal mitral valve annulus 
has a 3D saddle shape with its “lowest points” at the level of both 
commissures.

■	 The annulus is a dynamic structure that undergoes 3D deformation in 
its circumference, excursion, curvature, shape, and size for proper 
function, which in turn makes it susceptible to ventricular remodeling.

■	 3D echocardiography provides a considerable amount of mechanistic 
insight into the complex annular alterations that occur in different 
disease processes, such as degenerative and ischemic mitral valve 
disease, and the conformational changes that occur to both the mitral 
and aortic annuli with mitral valve repair.

■	 The leaflet segmentation scheme proposed by Carpentier is the most 
widely used, dividing the posterior leaflet into three scallops with 
three apposing anterior segments.

■	 The aortic valve is a part of the aortic root complex, which is 
composed of the sinuses of Valsalva, the fibrous interleaflet triangles, 
and the valvular leaflets themselves.

■	 Approximately two thirds of the circumference of the lower part of the 
aortic root is connected to the septum, and the remaining third is 
connected via a fibrous continuity known as the aortic-mitral curtain 
to the mitral valve.

■	 The aortic valve leaflets are attached in a semilunar fashion 
throughout the entire length of the aortic root, with the highest point 
of attachment at the level of the sinotubular junction and the lowest  
in the ventricular myocardium below the anatomic ventriculoarterial 
junction.

■	 The surgical definition of aortic annulus describes a semilunar 
crownlike structure demarcated by the hinges of the aortic valve 
leaflets, whereas the imaging definition refers to the virtual or 
projected ring that connects the three most basal insertion points of 
the leaflets.

■	 The aortic annulus and the left ventricular outflow tract are elliptical 
rather than circular structures.

■	 The aortic annulus changes dynamically during the cardiac cycle. It is 
largest in the first third of systole and smallest during isovolumic 
relaxation
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the posterior leaflet is divided into P1, PM1, PM2, and P2 and the 
anterior leaflet is divided into A1 and A2. If a line were drawn 
directly down the center of the mitral valve, then P1, PM1, and A1 
would be grouped together because they all attach to the antero-
lateral papillary muscle, and P2, PM2, and A2 would be grouped 
together because they attach to the posteromedial papillary 
muscle (see Figure 2-2).

A final proposed classification is the modified Carpentier clas-
sification, which is a combination of both the Carpentier and the 
modified Duran nomenclature.13 This classification scheme 
divides A2 and P2 into medial (M) and lateral (L) segments, 

used. In this scheme, the posterior leaflet has two well-defined 
indentations dividing it into three separate sections or “scallops.” 
The anterolateral scallop is defined as P1, the middle scallop as 
P2, and the posteromedial scallop as P3. The anterior leaflet typi-
cally has a smoother surface and is devoid of indentations.  
The segment of the anterior leaflet opposing P1 is designated A1 
(anterior segment), the segment opposite to P2 is A2 (middle 
segment), and the segment opposite to P3 is A3 (posterior 
segment) (Figure 2-2).

The modified Duran nomenclature is based on the chordal 
insertion of the papillary muscles.12 In this classification, 

FIGURE 2-1  Anatomic relationship of the aortic and mitral valves. A, Schematic diagram and B, en face three-dimensional echocardiographic zoom-mode 
image of the mitral valve from the left atrial, or the surgeon’s, perspective depicting typical anatomic relationships. In this view, the aortic valve occupies the 12 
o’clock position. The aortic mitral curtain separates the anterior leaflet from the aortic valve. A1 to A3, Anterior leaflet segments; cor., coronary; P1 to P3, posterior 
leaflet segments. 
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FIGURE 2-2  Classification of mitral valve segmental anatomy. A, The Carpentier system divides the posterior leaflet into three scallops (P1, P2, P3) on the 
basis of leaflet indentation. The anterior leaflet is then divided and classified into three segments on the basis of their relationship to the posterior leaflet (A1, A2, 
A3). B, The Duran system divides the leaflet on the basis of the chordal insertion of the papillary muscles. Thus the anterior leaflet is divided into two segments 
(A1, A2) and the posterior into four segments (P1, PM1, P2, PM2). Segments A1, P1 and PM1 attach to the anterolateral papillary muscle, and segments A2, P2, and 
PM2 to the posteromedial papillary muscle. C, The modified Carpentier system divides A2 and P2 into lateral (A2L, P2L) and medial (A2M, P2M) segments, allowing 
grouping of leaflet segments according to papillary muscle attachment. Thus, segments A1, A2L, P1, and P2L are attached to the anterolateral papillary muscle, and 
A3, A2M, P3, and P2M to the posteromedial papillary muscle. 
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grouping P1, P2L, A1, and A2L because they are attached to the 
anterolateral papillary muscle and P2M, P3, A2M, and A3 because 
they are attached to the posteromedial papillary muscle. This last 
terminology converts the well-known Carpentier leaflet segmen-
tation into anatomically relevant groupings (see Figure 2-2).

Mitral Valve Commissures
During systole, the margins of the two mitral leaflets oppose 
each other for several millimeters to ensure valve competency 
against normal left ventricular (LV) end-systolic pressure.14,15 The 
distinct area where the anterior and posterior leaflets appose 
each other during systole is known as the commissure. Carpen-
tier divides the commissures into anterolateral and posterome-
dial commissures.11 The amount of tissue in the commissures 
varies from several millimeters of leaflet tissue to distinct leaflet 
segments.

Mitral Valve Chordae
The chordae tendinae are responsible for determining the posi-
tion and tension on the anterior and posterior leaflets at LV end-
systole. The chordae are fibrous extensions originating from the 
heads of the papillary muscles and infrequently from the infero-
lateral ventricular wall. They are named according to their inser-
tion site on the mitral leaflets. Marginal or primary chordae insert 
on the free margins of the mitral leaflets and prevent marginal 
prolapse. Intermediate or secondary “strut” chordae insert on the 
ventricular surfaces of the leaflets, preventing billowing while 
reducing tension on the leaflet tissues.16,17 These chords may also 
play a role in determining dynamic ventricular shape and func-
tion through their contribution to ventricle-valve continuity.18,19 
Basal or tertiary chordae insert on the posterior leaflet base and 
mitral annulus. Their specific function is unclear.

Papillary Muscles
The two papillary muscles—the anterolateral and the 
posteromedial—originate from the area between the apical and 
middle thirds of the LV free wall. The anterolateral papillary 
muscle has an anterior head and a posterior head, whereas the 
posteromedial papillary muscle usually has anterior, intermedi-
ate, and posterior heads.20 The anterolateral papillary muscle has 
a dual blood supply from both the left anterior descending and 
left circumflex arteries, and the posteromedial papillary muscle 
receives its single blood supply from the right coronary artery 
when the right coronary is dominant, which is the situation in 90% 
of individuals. When the left coronary is dominant, the postero-
medial papillary muscle is supplied by the left circumflex. 
Because the papillary muscles connect directly to the left ven-
tricle, any geometric alteration of the ventricle can change the 
axial relationship of the chordae and leaflets, resulting in poor 
leaflet coaptation.

Mitral Valve Apparatus Quantification
In addition to its ability to provide detailed and multidimensional 
images of the mitral valve, 3D echocardiography also provides 
accurate and reproducible quantification of mitral valve geome-
try and dynamics throughout the cardiac cycle. With the advent 
of 3D imaging, new parameters of annular, coaptation, leaflet, and 
subvalvular geometry are easily obtained.3,10 These measure-
ments have generated new insights into the mechanics of the 
mitral valve. A detailed description of the most commonly used 
parameters is shown in Figures 2-3 and 2-4.

3D echocardiography provides a considerable amount of 
mechanistic insight into the complex annular alterations that 
occur in different disease processes, such as degenerative and 
ischemic mitral valve diseases and the conformational changes 
that occur to both the mitral and aortic annuli with mitral valve 

repair. These new insights can potentially lead to improved surgi-
cal techniques that could eventually lead to better patient 
outcomes.

Mechanisms of Mitral Valve Dysfunction
Diseases that affect the mitral valve are best described by defin-
ing the etiology of the disease, the specific lesions caused by the 
disease, and the dysfunction it creates on the mitral valve appa-
ratus. This “pathophysiologic triad,” first described by Carpentier 
etâ•¯al21 in the early 1980s, is still extremely useful today in charac-
terizing different types of mitral valve disorders.

Mitral valve disease is due to either primary (direct) or second-
ary (indirect) causes. Examples of diseases that directly affect the 
mitral valve are congenital malformations, rheumatic disease, 
valvular tumors, and degenerative diseases. Diseases that indi-
rectly affect the mitral valve include ischemic and nonischemic 
dilated cardiomyopathy, hypertrophic cardiomyopathy, and myo-
cardial infiltrative diseases.

No matter what the etiology of the mitral valve disease, each 
disease process frequently results in one or more lesions. For 
example, dilated cardiomyopathy can result in mitral annular 
dilation in what is commonly referred to as functional mitral 
regurgitation (MR). Degenerative diseases such as Barlow disease 
and fibroelastic deficiency result in multiple types of lesions, 
including excess myxomatous leaflet tissue, chordal elongation, 
thinning, and rupture. Rheumatic heart disease results in com-
missural fusion, leaflet thickening, and chordal agglutination. 
Myocardial infarction can lead to lesions such as papillary muscle 
displacement, leaflet tethering, and mitral annulus dilation.

These lesions, in turn, lead to mitral valve dysfunction. Instead 
of classifying this dysfunction as simply mitral stenosis (MS) or 
MR, Carpentier11 developed a classification scheme to aid in the 
surgical strategy on the basis of the type of leaflet motion (Table 
2-1). Patients with mitral annular dilation or leaflet perforation 
usually have normal leaflet motion and are categorized as having 
type I dysfunction. Type II dysfunction consists of prolapse (free 
edge of one or both leaflets overriding the plane of the annulus 
during valve closure) and flail (excessive motion of the leaflet 
margin above the plane of the annulus) due to excessive and 
redundant leaflet tissue and chordal rupture, respectively (Figure 
2-5). Leaflet restriction during valve closure due to fusion of 
various components of the mitral valve apparatus is defined as 
type IIIa dysfunction, whereas leaflet restriction during valve 
opening resulting from leaflet tethering, is defined as type IIIb 
dysfunction.

It is important to emphasize that the different components of 
the pathophysiologic triad are not mutually exclusive and can be 
clinically combined in different ways. For example, the typical 
lesions seen in type IIIa dysfunction can also occur in conjunction 
with the lesions of type II dysfunction. Type IIIb dysfunction is the 
result of ventricular remodeling, with the primary lesion being 
leaflet tethering due to papillary muscle displacement as occurs 
in ischemic MR. Associated annular dilation is a common finding 
in patients with chronic degenerative MR, but the classification 
of dysfunction should differentiate the primary lesion causing the 
regurgitation (i.e., chordal rupture) from secondary lesions (i.e., 
annular dilation).

Degenerative Mitral Valve Disease
Mitral valve prolapse is now recognized as the most common 
cause of MR in developed countries.22 It results primarily from two 
distinctive types of degenerative diseases, Barlow disease and 
fibroelastic deficiency (Table 2-2). There is considerable overlap 
between these two entities, and it is difficult to reliably distinguish 
them on the basis of either the gross or histologic appearance of 
the valve. Some valves may represent a forme fruste of Barlow 
disease and demonstrate myxoid infiltration on subsequent his-
tologic examination.6
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commonly present in the sixth decade of life with a relatively 
short history of MR. This entity is the most common form of 
organic mitral valve disease for which mitral valve repair surgery 
is required. There is considerable overlap between these two 
entities and it is difficult to reliably distinguish them based on 
either the gross or histologic appearance of the valve. Some 
valves may represent a forme fruste of Barlow disease and will 
demonstrate myxoid infiltration on subsequent histological 
examination.6

Ischemic Mitral Regurgitation
Ischemic MR is a pathophysiologic outcome of ventricular remod-
eling arising from ischemic heart disease. The adverse changes 
that occur in the ventricle after an ischemic event commonly 
result in type IIIB dysfunction of the mitral valve with leaflet 
restriction during systole.11 Ischemic MR occurs in approximately 
20% to 25% of patients with myocardial infarction even in the era 

BARLOW DISEASE

Barlow disease results from an excess of myxomatous tissue, 
which is an abnormal accumulation of mucopolysaccharides in 
one or both of the leaflets and many or few of the chordae.23 This 
myxoid infiltration results in thick, bulky, redundant, billowing 
leaflets and elongated chordae, which often lead to bileaflet, 
multisegmental prolapse (Figure 2-6). Barlow disease is usually 
diagnosed in young adulthood, and patients are typically moni-
tored for many decades with well-preserved LV size until criteria 
for surgery are met in the fourth or fifth decade of life.

FIBROELASTIC DEFICIENCY

In contrast, fibroelastic deficiency results from acute loss of 
mechanical integrity due to abnormalities of connective tissue 
structure and/or function.23 It usually leads to either a localized 
or unisegmental prolapse due to elongated chordae or flail  
leaflet due to ruptured chordae (see Figure 2-6). Patients most 

FIGURE 2-3  Volumetric reconstruction of the mitral valve. 3D echocardiography–based software provides measurements of mitral annular, leaflet, coapta-
tion line, intervalvular relationships, and subvalvular geometry. A, Anterior; AL, anterolateral; Ao, aortic valve; P, posterior; PM, posteromedial. 
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FIGURE 2-4  Functional anatomy of the mitral annulus during the cardiac cycle. A, Three-dimensional transesophageal echocardiography image of the 
mitral valve with a three-dimensional mitral valve model of the annulus, leaflets, and coaptation line imposed on the image. B, three-dimensional transesophageal 
echocardiographic dataset of the mitral valve with a three-dimensional mitral valve model of the mitral annulus and papillary muscles superimposed on the image. 
C, Results from specialized three-dimensional echocardiographic software tracking mitral annular displacement, height, and area during systole. AP, Anteroposte-
rior; CC, inter-commisural; RR, R-R interval. 
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TABLE 2-1	 Carpentier Functional Classification for Mitral Valve Dysfunction

TYPE 1 TYPE 2 TYPE IIIA TYPE IIIB

Motion of leaflet margin Normal Prolapse or flail Restricted leaflet opening Restricted leaflet closure

Associated disease processes Chronic atrial fibrillation
Bacterial endocarditis

Degenerative disease (Barlow disease or 
fibroelastic deficiency)

Rheumatic disease Myocardial infarction
Dilated cardiomyopathy

Associated lesions Annular dilation
Leaflet perforation

Leaflet thickening
Leaflet billowing
Leaflet elongation
Chordal thickening
Chordal rupture

Commissure fusion
Leaflet thickening
Chordal thickening

Papillary displacement
Chordae tethering
Annular dilation
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from the chordae act to pull the leaflets in the direction of the left 
ventricle. The saddle shape morphology is believed to balance 
these forces by optimizing leaflet curvature, and, thus, minimiz-
ing mitral leaflet stress.2 In the setting of a myocardial infarction 
and resultant LV remodeling, an outward and apical displace-
ment of the posteromedial papillary muscle occurs, which tethers 
the mitral valve leaflets into the left ventricle, restricting their 
ability to coapt effectively at the level of the mitral annulus.29 
Furthermore, the mitral annulus dilates, making leaflet coaptation 
even more difficult (Figures 2-7 and 2-8).30

Although the terms ischemic MR and functional MR have been 
used interchangeably, they have distinctly different meanings. 
Unlike ischemic MR, in which displacement of the posteromedial 
papillary muscle predominates, functional MR is a result of bilat-
eral papillary muscle displacement (symmetric tethering) typi-
cally caused by dilated cardiomyopathy. The direction of the MR 
jet can help in differentiating the two types of valvular dysfunc-
tion. The ischemic MR jet is usually eccentric and directed toward 
the posterior “restricted” leaflet, whereas the functional MR jet is 
commonly directed centrally, toward the roof of the left atrium.

of reperfusion, and these patients have significantly worse out-
comes irrespective of the severity of MR.24 The resultant volume 
overload caused by MR worsens myocardial contractility, which 
in turn worsens LV dysfunction, eventually leading to heart failure 
and death.25-28

MECHANISM OF ISCHEMIC MITRAL REGURGITATION

Classically, ischemic MR was thought to develop as a result of 
posteromedial papillary muscle dysfunction, given this muscle’s 
dependence on a single blood supply. In the last decade, however, 
multiple studies have shown that papillary muscle dysfunction is 
not responsible for ischemic MR. In fact, a wide spectrum of 
geometric distortions secondary to LV remodeling result in this 
type of valve dysfunction.

As mentioned earlier, the mitral valve is dynamic and changes 
from a saddle shape (hyperbolic paraboloid) during systole to a 
flatter configuration during diastole. During systole, competing 
forces act on the mitral valve leaflets. Increased LV pressure acts 
to push the leaflets toward the left atrium while tethering forces 

FIGURE 2-5  Myxomatous disease with mitral valve prolapse. A, Schematic demonstrating anterior leaflet prolapse. B, Imaging from two-dimensional 
transesophageal echocardiography. C, three-dimensional transesophageal echocardiographic image of the mitral valve with anterior leaflet prolapse as viewed 
en face from the left atrium. Leaflet prolapse is diagnosed when the free edge of the leaflet overrides the plane of the mitral annulus during systole. D, Schematic 
demonstrating bileaflet billowing of the mitral valve due to chordae elongation. E, Images of bileaflet mitral valve billowing from two-dimensional transesophageal 
echocardiography and F, three-dimensional transesophageal echocardiography as viewed en face from the left atrium. Leaflet billowing is diagnosed when there 
is systolic excursion of the leaflet body into the left atrium as a result of excess leaflet tissue, with the leaflet free edge remaining below the plane of the mitral 
annulus. G, Schematic demonstrating anterior mitral leaflet prolapse and posterior mitral leaflet flail due to chordal rupture. H, A two-dimensional transesophageal 
echocardiographic example of P2 flail segment. I, Corresponding three-dimensional transesophageal echocardiographic en face image as viewed from the left 
atrium. The dashed black and solid red lines in parts A to H represents the mitral annular plane. 
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3D echocardiography has provided further insights into the 
pathophysiology of both functional MR and ischemic MR (Figure 
2-9). For example, several investigators using 3D echocardiogra-
phy showed that increased sphericity of the left ventricle, rather 
than contractile dysfunction, contributes more significantly to 
bilateral papillary displacement and, in turn, functional MR.31,32 A 
later study has shown that anteroapical myocardial infarctions 
that extend to the inferior apex can also cause ischemic MR.33 
This finding suggests that inferior myocardial infarctions are not 
solely responsible for ischemic MR but that this entity can develop 
even when the myocardium immediately underlying the postero-
medial papillary muscle is not directly involved.

As 3D echocardiography technology continues to develop and 
dynamic visualization of the mitral valve continues to evolve, an 
increasing number of studies have focused on the quantitative 
analysis of the morpho-anatomy of ischemic MR. Currently, the 
three main areas of clinical research are mitral leaflet tethering, 
mitral annular geometric change, and compensatory leaflet 
growth.

MITRAL LEAFLET TETHERING IN ISCHEMIC MITRAL 
REGURGITATION.â•‡ Mitral leaflet tethering is a major contribut-
ing factor to the development of ischemic MR. Two-dimensional 
(2D) echocardiography has been extensively used to calculate 
the mitral valve leaflet tenting area and leaflet tenting length; 
however, studies have shown that the asymmetry of these single-
plane measurements is commonly inaccurate when compared 

TABLE 2-2	 Key Differences Between Barlow Disease and 
Fibroelastic Deficiency

DIFFERENTIATING 
CHARACTERISTICS BARLOW DISEASE

FIBROELASTIC 
DEFICIENCY

Pathology Excess of myxomatous 
tissue

Impaired production of 
connective tissue

Typical age at 
diagnosis

Younger (<40 years) Older (>60 years)

Duration of disease Years to decades Days to months

Physical findings Midsystolic click and 
late systolic murmur

Holosystolic murmur

Leaflet involvement Multisegmental Unisegmental

Leaflet lesions Leaflet billowing and 
thickening

Thin leaflets with a 
thickened involved 
segment

Chordae lesions Chordal thickening and 
elongation

Chordal elongation and 
chordal rupture

Carpentier 
classification

Type II Type II

Type of dysfunction Bileaflet prolapse Prolapse and/or flail

Complexity of valve 
repair

More complex Less complex

FIGURE 2-6  Barlow disease and fibroelastic deficiency. A, En face three-dimensional transesophageal echocardiographic image of a mitral valve as viewed 
from the left atrium, demonstrating bileaflet prolapse in a patient with Barlow disease. B, The corresponding parametric map, in which the color gradations towards 
orange indicate the distance of the leaflet from the mitral annular plane toward the left atrium. C, En face three-dimensional transesophageal echocardiographic 
image of a mitral valve as viewed from the left atrium, demonstrating a flail P2 segment due to fibroelastic deficiency. D, The corresponding parametric map 
demonstrates the abnormal P2 segment. A, anterior; AL, anterolateral; Ao, aortic valve; P, posterior. 
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FIGURE 2-7  Papillary muscle orientation in secondary forms of mitral regurgitation. The papillary muscles in patients with mitral regurgitation (MR) 
secondary to dilated cardiomyopathy (DCM) or ischemia (ISC) are longer than those in patients with normal mitral valves. The increase in papillary muscle length 
is symmetric in patients with dilated cardiomyopathy, but in patients with ischemic mitral regurgitation, the increase in papillary muscle length is asymmetric with 
a greater increase in the posteromedial (PM) than the anteriolateral (AL) papillary muscle. θP and θA are the angles between the left ventricular long-axis and the 
line connecting the mitral annular center (MAC) to the tip of the posteromedial and anterolateral papillary muscles respectively. *P <0.05 
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FIGURE 2-8  Functional anatomy of ischemic mitral regurgitation. Changes in mitral valve dynamics can be obtained from three-dimensional transesopha-
geal echocardiography data using specialized software. Compared with normal mitral valves, patients with ischemic mitral regurgitation have larger, flatter annuli 
with lower displacement, velocity, and pulsatility. Also, there is greater tenting volume owing mostly to increased anterior mitral leaflet area. 
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with intraoperative findings.34 3D echocardiography overcomes 
this limitation by providing more accurate and reproducible mea-
surements (see Figure 2-9).

In studies examining leaflet tethering, patients with severe MR 
were shown to have significantly longer tenting lengths and larger 
volume than control patients.7 Furthermore, the leaflet site where 
peak tenting occurred was different in each subject; this finding 
suggests that different chordae are involved in the disease process.

MITRAL VALVE ANNULUS IN ISCHEMIC MITRAL REGUR-
GITATION.â•‡ Conformational changes of the mitral valve annulus 
also contribute to the development of ischemic MR. Multiple 
studies have shown that the annulus dilates and flattens, becom-
ing essentially adynamic throughout the cardiac cycle.7,29 In addi-
tion, there are more subtle anatomic changes, such as greater 
dilation in the anteroposterior dimension and greater overall dila-
tion and flattening in anterior than in inferior infarcts.7,35 Studies 
of the dynamic changes in mitral valve annular surface area and 

annular longitudinal displacement throughout the cardiac cycle 
have also demonstrated that the mitral annular surface area is 
larger and the annular pulsatility and displacement lower in 
patients with ischemic MR.36 As the mitral annulus enlarges, it 
loses its motility, becoming progressively unable to modify its 
shape throughout the cardiac cycle (see Figure 2-8).

LEAFLET GROWTH IN ISCHEMIC MITRAL REGURGITA-
TION.â•‡ One of the most intriguing findings is that, although leaflet 
tethering and annular geometric changes drive the development 
of ischemic MR, leaflet growth occurs in an attempt to compen-
sate for the decrease in leaflet coaptation.37 In one of the earliest 
studies to examine this phenomenon, Chaput etâ•¯al38 found that 
leaflet area increased by 35% in patients with LV dysfunction. In 
fact, 2 months after a myocardial infarction, area and thickness 
were shown to be significantly larger in tethered leaflets than in 
nontethered leaflets.39 Studies using molecular histopathology 
showed that this leaflet growth might be due to an increase in 
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alpha-smooth muscle actin in tethered leaflets, indicating 
endothelial-mesenchymal transdifferentiation.

A 2012 3D echocardiography study examined the interaction 
between leaflet tethering, annular dilation and flattening, and 
leaflet elongation.40 The researchers measured multiple variables, 
including tenting length and volume, total leaflet area, total 
annular area, coaptation length, and area. They demonstrated 
that mitral leaflet coaptation decreases in proportion with the 
increased displacement of the papillary muscles, despite the pres-
ence of a compensatory increase in total leaflet area (see Figure 
2-7). In addition, the ratio of total leaflet area to total annular area 
required to ensure proper coaptation in midsystole was lower  
in patients with severe MR than in patients with only mild MR. 
Indeed, coaptation area was the strongest determinant of MR 
severity. The question as to why sufficient leaflet growth develops 
in some patients but not in others remains unknown.4

TREATMENT OF ISCHEMIC MITRAL REGURGITATION

The most commonly used surgical technique for ameliorating 
ischemic MR is an undersized complete mitral valve annuloplasty 
ring. By reducing annular size, this procedure attempts to increase 
leaflet coaptation, and, therefore, decrease MR. Unfortunately, 
many patients undergoing ring annuloplasty for ischemic MR 
often have persistent or recurrent MR.41,42 This is because, though 
the annuloplasty ring shifts the posterior annulus and leaflet ante-
riorly, the anterior annulus remains fixed at the aortic root, further 
exacerbating the apical tethering of the chordae.43,44 Recurrence 

FIGURE 2-9  Parametric models of ischemic mitral regurgitation and the normal mitral valve. A to C, From a three-dimensional transesophageal 
echocardiography dataset, three-dimensional morphologic analysis of the mitral valve can be performed. First, the mitral annulus, leaflet shape, and papillary 
muscles are manually traced in multiple parallel planes. D, Then the results are interpolated to create a parametric model, which is a color-coded, three-dimensional, 
surface-rendered image of the mitral valve. This is an example of a parametric mitral valve model from a patient with ischemic cardiomyopathy, depicting a funnel-
shaped deformity (loss of saddle shape), displacement of the coaptation zone, and increase in annulus-to-papillary muscle tethering length (red structure represents 
papillary muscle). E, For comparison, the parametric model of a normal mitral valve. A, Anterior; AL, anterolateral; P, posterior; PM, posteromedial. 
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of MR after ring annuloplasty is associated with continued LV 
remodeling and poor patient outcomes.42

Multiple studies using 3D echocardiography after mitral valve 
ring annuloplasty have shown that although this procedure 
reduces mitral annular size, it also reduces pulsatility and motion 
of the entire valve because of the inherent rigid structure of the 
ring.36 Newer annuloplasty rings are therefore in production that 
better conform to the natural 3D dynamics of the mitral valve 
annulus.45 As well, some surgeons use incomplete mitral annulo-
plasty rings. Quantification of the mitral valve annular height and 
intercommissural diameter by 3D echocardiography is helpful in 
assessing the suitability of different customized prosthesis and/or 
repair strategies aimed at restoring or maintaining the saddle-
shape of the annulus. Despite this, annuloplasty rings, in general, 
do not address the tethering component and may not be com-
pletely sufficient in decreasing MR.

Mitral Stenosis
Although the prevalence of rheumatic mitral valve disease has 
significantly diminished in the United States, it is still a major cause 
of MS and MR worldwide.46 Other causes of MS include congenital, 
inflammatory, infiltrative, and carcinoid heart diseases, but these 
are much less common. These diseases result in lesions such as 
commissure fusion, leaflet thickening, and chordae fusion, which 
lead to mitral valve leaflet restriction primarily during systole.47 
According to the Carpentier classification scheme of mitral valve 
dysfunction, this constitutes a type IIIA dysfunction.11
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3D echocardiography overcomes this limitation by providing 

the narrowest orifice cross-section of the mitral valve funnel 
orifice, thereby achieving a much more accurate assessment of 
the mitral valve area (Figure 2-11). Multiple studies have shown 
the superiority of 3D echocardiography in the examination of 
patients with rheumatic MS.50,52,53 The accuracy of 3D echocar-
diography planimetry has been proven to be superior to that of 
the invasive Gorlin method for measuring mitral valve area.52 
Also, 3D echocardiography planimetry provides a more accurate 
assessment of the mitral valve area before and after valvotomy 
than 2D echocardiography planimetry, 2D echocardiography 
pressure half-time, and the Gorlin method.53

Aortic Valve Anatomy
The aortic valve is a part of the aortic root complex, which is 
composed of the sinuses of Valsalva, the fibrous interleaflet tri-
angles, and the valvular leaflets themselves.54-56 The basal attach-
ments of the aortic valve leaflets delineate the start of the aortic 
root from the left ventricle, while the sinotubular ridge separates 
the aortic root from the ascending aorta. Along the anterior 
margin of the aortic root lies the subpulmonary infundibulum and 
along the posterior margin, the orifice of the mitral valve and the 
muscular interventricular septum. Overall, approximately two 
thirds of the circumference of the lower part of the aortic root is 
connected to the septum and the remaining third is connected 
via a fibrous continuity known as the aortic-mitral curtain to the 
mitral valve (Figure 2-12).

Percutaneous mitral valvuloplasty is the preferred treatment for 
selected patients with MS.48 Appropriate indications for this type 
of treatment depend on accurate measurements of the mitral 
valve area (MVA), and successful outcomes depend on the 
detailed assessment of the valve morphology and the subvalvular 
apparatus. Echocardiography plays an important role by confirm-
ing the diagnosis, evaluating the mitral valve apparatus and its 
associated structures, and assessing the severity of MS.

3D echocardiography has many advantages over 2D echocar-
diography in examining the mitral valve anatomy.49 The echocar-
diographic Wilkins score, which includes leaflet thickening, 
leaflet mobility, valve calcification, and involvement of the subval-
vular apparatus, was developed in order to predict which patients 
would benefit most from balloon mitral valvotomy. With 3D echo-
cardiography and its ability to visualize the mitral valve from both 
the left atrial and left ventricular perspectives, the morphologic 
assessment of the mitral valve becomes more accurate (Figure 
2-10). The interobserver and intraobserver variability of the 3D 
echocardiography Wilkins score has been shown to be far supe-
rior to that of the 2D echocardiography assessment.50

There are several ways to quantitatively measure the severity 
of MS. Planimetry is the best method because it provides a direct 
method for measuring the mitral valve area independent of 
loading conditions and associated cardiac conditions.51 The 
major limitation of 2D-derived planimetry in MS is that there is no 
assurance that the selected view used for planimetry is the small-
est and most perpendicular (en face) view of the mitral valve 
orifice.

FIGURE 2-10  Three-dimensional imaging of mitral stenosis. Three-dimensional transesophageal echocardiography; A, left atrial view and B, left ventricular 
view of a stenotic mitral valve in diastole. C, three-dimensional echocardiography–guided balloon mitral valvotomy in the patient with mitral stenosis. Three-
dimensional transesophageal echocardiographic zoomed postvalvotomy views of the mitral valve from the D, left atrial and E, left ventricular perspectives confirm 
splitting of the commissure. F, 3D transesophageal echocardiographic zoomed postvalvotomy view of the mitral valve from the left ventricular perspective dem-
onstrating not only splitting of the commissures (red arrows) but also a leaflet tear (green arrow). 
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points and a more ringlike shape, which is associated with valvu-
lar stenosis.58

The definition of the aortic annulus with respect to the aortic 
valve leaflet insertion points is more complex as a result of leaflet 
attachment along the entire root. Because of this anatomy, the 
surgical definition of aortic annulus is a semilunar crownlike struc-
ture demarcated by the hinges of the aortic valve leaflets, whereas 
the imaging definition is the virtual or projected ring that con-
nects the three most basal insertion points of the leaflets. It is now 
recognized that the aortic annulus, when defined as the virtual 
ring that connects the three most basal insertion points of the 
leaflets, is not circular but elliptical.59 Normal reported adult 
aortic annular area measurements by planimetry using 3D echo-
cardiography images is 4.0 ± 0.8â•¯cm2.60 In comparison with 2D 
echocardiography measurements, these 3D measurements have 
been shown to have superior reproducibility, with the variability 
originating from suboptimal cut-plane selection.61

Aortic Valve Physiology
With normal function, the aortic leaflets move toward the sinuses 
of Valsalva during LV systole and coapt at the level of the aortic 
annulus during LV diastole to prevent regurgitation. While the 
aortic leaflets are open, they do not occlude the coronary artery 
orifices because the sinuses of Valsalva provide a space behind 
the open leaflets that separates the leaflets from the ostium.56 The 

The aortic valve is composed of three leaflets, which are 
attached in a semilunar fashion throughout the entire length of 
the aortic root with the highest point of attachment at the level of 
the sinotubular junction and the lowest in the ventricular myocar-
dium below the anatomic ventriculoarterial junction. The free 
edge of each cusp curves up from the commissures and is slightly 
thickened at the tip or midpoint, which is also known as the node 
of Arantius. Each leaflet is identified by its relationship to the coro-
nary arteries. Thus, the right and left coronary leaflets lie below 
the takeoffs of the right and left coronary arteries, respectively, 
whereas the noncoronary cusp is not associated with any coro-
nary artery but is adjacent to the interatrial septum. Marked vari-
ability exists for all aspects of the leaflets, including height, width, 
and surface area. The aortic valve area (AVA) is the area between 
the leaflets during LV systole. It must be noted that the shape of 
the area between the leaflets during systole varies and may be 
stellate, circular, triangular, or an intermediate form of these 
variants.57

Beyond defining the start of the aortic root, the insertion sites 
of the aortic valve leaflets also define the sinuses of Valsalva and 
the aortic annulus. The sinuses of Valsalva are areas of expansion 
of the aortic root wall, with the inferior margin located at the 
leaflet insertion points and the superior margin at the sinotubular 
junction. Each sinus is separated from the others at its base by 
the interleaflet triangle.58 Absence of any of these interleaflet tri-
angles results in a loss of the coronet shape of the leaflet insertion 

FIGURE 2-11  Mitral valve area in mitral stenosis. A and B, From a zoomed three-dimensional transesophageal echocardiography acquisition of the mitral 
valve, multiplanar analysis can be used to identify the largest mitral valve orifice area during diastole, which can then be directly traced en face to obtain the mitral 
annular area (C). Each colored line (red, blue, green) represents a cut-plane through the 3D dataset. 

A B C

FIGURE 2-12  Relation of the aortic valve to other cardiac structures. A, Superior view of the heart demonstrating the relationship of the aortic and mitral 
valves and the continuity of the fibrous aortic-mitral curtain. B, Open section of the left ventricular outflow tract, aortic valve, and aortic root, showing the relation-
ship of the aortic valve leaflets with the anterior mitral valve leaflet and the septum. 
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and vice versa.72 Thus, mitral annular contraction may facilitate 
aortic annular expansion, leading to improved blood flow through 
the aortic valve during LV ejection. Conversely, aortic annular 
contraction may facilitate mitral annular expansion, thereby 
improving blood flow through the mitral valve.

3D echocardiography quantification of this coupling has been 
used to examine not only how the mitral valve annulus changes 
after annuloplasty ring repair but also how this geometric altera-
tion affects the annular function of the aortic valve.73 It has been 
shown that after mitral valve repair, the aortic valve annulus has 
reduced pulsatility and motion throughout the cardiac cycle 
because of the rigid structure of the mitral annuloplasty ring. 
These changes in aortic valve geometry are likely due to the 
aortic-mitral curtain. When this coupling was studied in patients 
with isolated aortic stenosis (AS) undergoing surgical aortic valve 
replacement, it was found that this coupling remains abnormal 
after valve replacement, resulting in reduced mitral annular area. 
This phenomenon is also likely due to changes in the aortic-mitral 
curtain.74 Clinically, this valvular coupling is observed by noting 
decreased MR severity following aortic valve replacement.75,76

Left Ventricular Outflow Tract
Like the aortic annulus, the LV outflow tract cross-section is not 
circular but elliptical.20 The 2D echocardiographic parasternal 

sinuses also form vortices during early systole, ensuring that when 
blood flows through the aortic root, at the level of the sinotubular 
junction, the sinotubular ridge directs some blood into the space 
between the leaflets and the wall of the sinuses.62 These vortices 
play a role not only in preventing the leaflets from striking the 
aortic wall during valve opening but also in promoting valve 
closure. Owing to the importance of these eddy flows in the 
sinuses, the curvature of the sinuses of Valsalva is central to 
determining the distribution of stress on the valve leaflets.63 
Although blood flow contributes to the opening and closing of 
the aortic valve, the actual motion of the aortic leaflets does not 
completely parallel the blood flow pattern because the leaflets 
open prior to any forward blood flow into the aorta and close 
prior to cessation of forward blood flow.57,64-67 Overall, 3D echo-
cardiography is improving our knowledge of the interaction 
between the anatomy and physiology of the aortic root. This issue 
is important, given the increasing use of valve-sparing aortic root 
replacement techniques and the development of aortic valve 
repair techniques.68-70

The mitral and aortic valves are anatomically linked through a 
shared fibrous border called the aortic-mitral curtain, suggesting 
that the functions of the aortic and mitral valves are linked or 
coupled (Figure 2-13).71 Indeed, studies of this valvular coupling 
in normal human hearts have demonstrated that the mitral 
annular area is minimal when the aortic projected area is maximal, 

FIGURE 2-13  Functional anatomy of aortic and mitral valve annuli during the cardiac cycle. A, Tracking of the aortic and mitral annuli throughout the 
cardiac cycle using a three-dimensional transesophageal echocardiography data set. The white arrow represents blood flow through the aortic valve. B, When 
viewed from the left atrium, the fibrous continuity linking the aortic and mitral valves can be appreciated. A1 to A3, Anterior leaflet segments; P1 to P3, posterior 
leaflet segments. C, Graph showing that the mitral annular area is smallest during early systole and largest during early diastole. D, In contrast, the projected aortic 
annular area is largest in early systole and smallest in early diastole. IVC, isovolumic contraction; IVR, isovolumic relaxation; ED, end-diastole; ES, end-systole. 
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Three-Dimensional Assessment of the 
Aortic Valve
3D echocardiography has improved the anatomic assessment of 
the aortic valve. Through-plane motion of the aortic annulus 
throughout the cardiac cycle due to active longitudinal excursion 
of the LV base often hampers adequate visualization of the true 
aortic valve opening orifice and morphology throughout the 
cardiac cycle. With 3D echocardiography, irrespective of the 
actual spatial orientation of the aortic root, the true en face cut 
plane of the aortic annulus is contained within the 3D data set. 
Thus, with the use of multiplanar analysis, accurate measure-
ments of the aortic annulus can be easily obtained from 3D data-
sets (Figure 2-15). Moreover, the 3D en face views allow 
comprehensive visualization of the entire aortic valve complex in 
motion. 3D echocardiography also provides additional informa-
tion on the spatial relationship with surrounding structures, such 
as the LV outflow tract and mitral annulus.

With early-generation 3D TEE probes, adequate structural 
assessment of the aortic valve was possible in 81% of patients with 
mixed aortic valve pathology.77 In comparison with 2D echocar-
diography, 3D echocardiography more accurately identifies 
abnormal aortic leaflet morphology, especially bicuspid and 
quadricuspid aortic valves.78-82 As well, 3D echocardiography has 
been proven useful for the assessment of leaflet masses such as 
Lambl excrescences and aortic valve papillary fibroelastomas.83-85

3D echocardiography can accurately quantitate aortic root 
structures. The entire aortic root can be captured in a single 3D 
dataset, and, with the use of multiplanar analysis, accurate pla-
nimetry and dimensions of the aortic valve, the LV outflow tract, 
the sinuses of Valsalva, and the sinotubular junction can be 

FIGURE 2-14  Three-dimensional imaging of the aortic valve. From a 
wide-angle, multi-beat transesophageal echocardiographic acquisition of the 
aortic root, with multiplanar analysis, exact en face images of the left ventricular 
outflow tract (LVOT), the aortic annulus (AoA), the sinus of Valsalva (SOV), and 
the sinotubular junction (STJ) can be obtained. 

LVOT

AoA SOV

STJ

FIGURE 2-15  Three-dimensional functional anatomy of the aortic valve. A, Using specialized software and a data set from three-dimensional trans-
esophageal echocardiography, the aortic valve complex can be tracked throughout the cardiac cycle. In the generated three-dimensional model, the leaflet 
commissures and coaptation point can be visualized. B, Also from the three-dimensional data set, a reconstructed aortic root model can be obtained from which 
areas at the sinotubular junction, sinus of Valsalva, and aortic annulus can be obtained throughout the cardiac cycle. C, En face view of the aortic valve area as 
visualized from the aorta. L, Left; LA, left atrium; LVOT, left ventricular outflow tract; R, right. 
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LVOT
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Aortic valve area
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B C

long-axis view of the aortic valve and root often underestimates 
the area of the LV outflow tract area because it presumes a circu-
lar shape. 3D echocardiography enables multiplane imaging of 
aortic valve (e.g., simultaneous displays of the valve in both long 
and short axis), demonstrating the true morphology of the LV 
outflow tract (Figure 2-14). As well, 3D echocardiography often 
confirms normal and abnormal findings when structures visual-
ized in one plane can be examined in real time by checking a 
second orthogonal plane.
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height, leaflet commissural distances, leaflet intercommissural 
distances, and leaflet coaptation length.

Like the concept of leaflet mobility in classifying MR, aortic 
cusp mobility forms the basis of a functional classification system 
for aortic regurgitation (AR). One of the first classifications of AR 
used to guide surgical repair was described in 1997.86 However, 
this classification system was limited because it did not address 
AR secondary to aortic root pathology or aortic cusp perfora-
tion.69 This classification was refined in 2005 to include assess-
ment of the aortic root (Table 2-3).87 With use of this classification 
system in one study, the needed repair techniques were properly 
predicted in the majority of patients with low rates of reoperation 
for recurrence of AR.88 3D echocardiography can improve the 
classification of AR through its ability to assess leaflet mobility as 
well as to quantify dynamic changes in cusp size and shape 
throughout the cardiac cycle.60,72

Conclusion
The growing scientific literature on 3D echocardiography and its 
increasing utilization in clinical practice is evidence of its rapid 
technologic development.8 However, conventional 3D imaging of 
valves is still limited by its less than optimal frame rates and the 
significant time commitment required to acquire, manipulate, 

obtained. The reason is that multiplanar analysis can be used on 
the 3D data sets to visualize any desired longitudinal or oblique 
plane. It allows exact parallel alignment of the cut plane to the 
structure in question, which is sometimes impossible to obtain in 
the 2D short-axis view and in a heart in a horizontal position or 
with aortic root pathology. In addition, multiplanar analysis 
allows assessment of supravalvular and subvalvular anatomy 
within the 3D volume to evaluate the presence of serial aortic 
outflow tract stenoses. Finally, variation in the aortic cusp dimen-
sions and distance from the projected aortic annulus to the coro-
nary artery ostia can be accurately measured from 3D data sets 
(Figure 2-16).60 Accurate aortic annular dimensions and distances 
from the aortic annulus to the coronary ostium are important 
measurements to obtain before transcatheter aortic valve implan-
tation to avoid complications such as improper valve sizing and 
obstruction of the coronary ostium.

Dynamic quantitation of aortic root structures using 3D echo-
cardiography datasets is also possible. With available software, 
changes in the projected aortic annular area throughout the 
cardiac cycle have been evaluated, demonstrating that it is largest 
in the first third of systole and smallest during isovolumic relax-
ation.72 Other measurements that can be obtained throughout the 
cardiac cycle from specialized software include true aortic 
annular area, sinus of Valsalva area, sinotubular area, leaflet 

FIGURE 2-16  Assessment of aortic cusp anatomy. Images demonstrating measurement of the left coronary artery (LCA; arrows) obtained from A, multislice 
computed tomography with contrast and B, three-dimensional transesophageal echocardiography using wide-angle, multibeat acquisition. Images demonstrating 
measurement of the right coronary artery (RCA; arrows) obtained from C, multislice computed tomography with contrast and D, three-dimensional transesophageal 
echocardiography using wide-angle, multibeat acquisition. (Modified from Otani K, Takeuchi M, Kaku K, et al. Assessment of the aortic root using real-time 3D transesopha-
geal echocardiography. Circ J 2010;74:2649–2657.)
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interpret, and analyze its data sets. Further improvement in tem-
poral and spatial resolution and feasibility of color Doppler 
imaging acquisition in a single cardiac cycle will facilitate the 
seamless integration of 3D echocardiography into the clinical 
workflow.

Additional technologic challenges include (1) the lack of auto-
mation of most analytical programs, (2) the inability to integrate 
quantitative software into the ultrasound equipment and clinical 
reporting systems, (3) the large storage requirements of 3D data-
sets, and (4) the high cost of the equipment. As these issues are 
progressively addressed, it is likely that 3D transthoracic and 
transesophageal methods of echocardiography will become 
invaluable additions to the diagnosis and management of valvular 
heart disease and the overall field of cardiovascular imaging.
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General Concepts and  
Histologic Changes

General Concepts
Fibrocalcific aortic valve disease was once thought to be a degen-
erative disease characterized by the passive accumulation of 
calcium in the valve cusp. Landmark studies over the past decade, 
however, demonstrated that osteoblast and osteoclast markers 
are frequently on cells in valves from patients with this disease, 
and subsets of patients have evidence of bone matrix in the calci-
fied regions of the valve.1 Collectively, these observations suggest 
that aortic valve calcification and expansion of calcified deposits 
constitute an active process similar to that observed in bone. The 
ensuing sections focus on cellular and molecular mechanisms 
regulating the formation and activity of osteoblast-like cells in the 
calcifying aortic valve and propose potential therapeutic strate-
gies to slow or reverse progression of calcific valve disease.

Key Histologic Changes During Initiation and 
Progression of Valve Disease
The normal aortic valve comprises three layers: the fibrosa, spon-
giosa, and ventricularis.2 Importantly, each layer contains valvular 
interstitial cells, which play a critical role in the production, main-
tenance, and repair of each layer (Figure 3-1).3 Both the aortic 

and ventricular sides of the valve are covered by an endothelial 
monolayer (Table 3-1).

Disruption of the aortic valve endothelium is thought to be one 
of the earliest histopathologic changes contributing to the initia-
tion of fibrocalcific aortic valve disease in humans and experi-
mental animals (see Figure 3-1).4 This is typically accompanied 
by infiltration of T lymphocytes and macrophages.4-7 The subse-
quent elaboration of profibrotic and inflammatory cytokines 
elicits increased extracellular matrix production and turnover, 
finally resulting in stiffening and fibrosis of the extracellular 
matrix in the early valve lesions.8 Early valve lesions may also 
exhibit lipid accumulation of extracellular lipid, which is ulti-
mately taken up by macrophages to become foam cells. Calcium 
deposition is commonly observed in early stages of fibrocalcific 
aortic valve disease and frequently co-localizes with areas 
showing inflammatory cell infiltration.4,7

During advanced stages of fibrocalcific valve disease there is 
massive accumulation of lipid and inflammatory cell infiltrate, as 
well as increased production of a disorganized, stiffened extracel-
lular matrix and fragmented elastic lamina.4,5,8 Extensive cusp 
calcification, however, is the hallmark histopathologic change 
associated with hemodynamically significant aortic valve steno-
sis.4 As discussed in more detail later, accumulation of calcium can 
appear either amorphous (i.e., no clear organization/bone struc-
ture) or osteogenic (i.e., evidence of endochondral ossification, 
bone matrix, and hematopoietic marrow compartments).1,4,5,9

Risk Factors Converge on a Pathogenic 
Response to Chronic Injury
Risk factors for development of aortic valve disease are remark-
ably similar to those for atherosclerosis, and include increasing 
age, hypercholesterolemia, hypertension, smoking, and diabe-
tes.10,11 (See Figure 3-2 and Chapter 4.) The observation that the 
phenotypic penetrance of any one risk factor is highly variable 
suggests that there is a complex interplay between the environ-
ment and the genome (i.e., genetic propensity to mount an exces-
sive response to injury) (Table 3-2). In the context of fibrocalcific 
aortic valve stenosis, this pathophysiologic response results in 
massive accumulation of calcium in the valve cusp.

The concept that osteogenic processes are a key pathogenic 
response to injury in fibrocalcific valve disease is supported by 
the following three key lines of evidence: (1) the observation that 
there can be bone matrix in aortic valves excised from humans 
with aortic stenosis, (2) reports that humans and experimental 

Key Points
■	 Initiation and progression of fibrocalcific aortic valve disease is an 

active process.
■	 Calcification in stenotic valves is often associated with increases in 

osteogenic signaling and the presence of osteoblast-like and 
osteoclast-like cells, but can also occur in the absence of bone-related 
cells.

■	 Fibrosis in stenotic valves is associated with increases in transforming 
growth factor-β signaling and matrix remodeling protein activity.

■	 There is a complex interplay between aortic valve interstitial cell 
biology and matrix stiffness and remodeling.

■	 Insights from genetically altered mouse models suggests that 
initiation and progression of fibrocalcific valve disease constitute a 
complex process that will likely require targeting of multiple pathways 
to slow progression of disease.
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FIGURE 3-1  Key histologic and structural characteristics of the valve and changes during initiation and progression of valve disease. Movat’s 
pentachrome staining (A) and polarized light (B) imaging of a normal porcine aortic valve cusp depicting the trilayered structure of the aortic valve. Note that the 
matricellular composition varies throughout the valve. In A, black indicates nuclei and elastic fibers, yellow collagen, blue mucin, bright red fibrin, and dark red muscle. 
C, Schematic depicting the different layers of the aortic valve cusp (layering/orientation is the same as in A and B). D and E, Micrographs depicting disruption of 
the aortic valve endothelium (arrows) in mice fed a western-type diet for 16 weeks (immunohistochemical staining using anti–endothelial nitric oxide synthase 
antibody). 
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TABLE 3-1	 Classification of Aortic Valve Cell Origins and Phenotypes

CELL TYPE ORIGIN FUNCTION

Endothelium Endothelial endocardial cushion Paracrine regulation of VIC function
Maintenance of VIC population through ECM

Circulating endothelial progenitors Repair in response to injury
Maintenance of VIC population through ECM

Quiescent, resident interstitial cells Endothelial endocardial cushion (via ECM) 
or neural crest

Maintenance of valve structure/connective tissue production
Secretion of antiangiogenic factors
Potential osteogenic precursor

Interstitial cells of extravalvular origin Bone marrow/circulating progenitor cells Repair in response to injury
Potential osteogenic precursor

Activated interstitial cells (α-SMA+) Resident or circulating ICs Repair in response to injury (migration, proliferation)
Angiogenic factor secretion with cusp thickening
Robust ECM production/matrix remodeling enzyme expression
Potential osteogenic precursor

ECM, Extracellular matrix; IC, immune complex; SMA, smooth muscle actin; VIC, valve interstitial cell.

Continued
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F, Micrographs depicting cusp thickening in early stages of fibrocalcific aortic valve disease (left) and a massive calcific deposit in an aortic 
valve cusp during later stages of fibrocalcific aortic valve disease (right). Note that calcification and matrix disruption predominantly affect the aortic side of the 
valve. GAGs, Glycosaminoglycans; LV, left ventricle; VECs, vascular endothelial cells; VICs, valve interstitial cells. (A and B from Simionescu DT, Chen J, Jaeggli M, etâ•¯al. 
Form follows function: advances in trilayered structure replication for aortic heart valve tissue engineering. J Healthc Eng 2012;3:179–202; C from Leopold JA. Cellular mecha-
nisms of aortic valve calcification. Circ Cardiovasc Interv 2012;5:605–14; D and E from Matsumoto Y, Adams V, Jacob S, etâ•¯al. Regular exercise training prevents aortic valve 
disease in low-density lipoprotein-receptor-deficient mice. Circulation 2010;121:759–67; F from Freeman RV, Otto CM. Spectrum of calcific aortic valve disease: pathogenesis, 
disease progression, and treatment strategies. Circulation 2005;111:3316–26.)

FIGURE 3-1, cont’d.â•…
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FIGURE 3-2  Schematic working model of the interplay between risk factors for fibrocalcific aortic valve disease and the dysfunctional “response 
to injury” that can increase propensity for development of valvular stenosis. Note that both valvular calcification and fibrosis are likely to play major roles 
in the development of hemodynamically significant aortic valve dysfunction. BMP, Bone morphogenic protein; ROS, reactive oxygen species; VIC, valvular interstitial 
cell. (Modified from Miller JD, Weiss RM, Heistad DD. Calcific aortic valve stenosis: methods, models, and mechanisms. Circ Res 2011;108:1392–412.)
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animals with fibrocalcific aortic valve disease have robust induc-
tion of multiple osteogenic signaling cascades, and (3) reports 
that aortic valve interstitial cells have the capacity to redifferenti-
ate into osteoblast-like cells in vitro.

Clinical Observations in Humans
In 2001, Mohler etâ•¯al1 reported that approximately 20% of aortic 
valves from humans with severe aortic stenosis had evidence  
of bone matrix at the time of valve surgery. Histologically, the 
bone matrix was associated with the presence of cells that 

resembled osteoblasts and osteoclasts (Figure 3-3). These find-
ings were particularly remarkable given the fact that aortic valve 
calcification was typically viewed as a passive, degenerative 
process by clinicians and scientists alike, and they represented 
a paradigm shift in the field of fibrocalcific aortic valve disease.

More recently, the role of fibrosis and matrix remodeling in the 
pathogenesis of aortic valve calcification and dysfunction has 
received a substantial amount of attention. Massive valvular cal-
cification is nearly ubiquitously associated with increases in 
extracellular matrix accumulation and turnover.12-14 While this was 
once thought to be an epiphenomenon, an emerging body of 
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FIGURE 3-3  Histopathologic evidence of osteochondrogenic changes in fibrocalcific aortic valve disease. Panel 1 shows atheromatous (A) and 
chondrocyte-like (C) changes. In contrast, 2 and 3 depict mature bone-like structures (B). 4 and 5 depict massive valvular collagen accumulation/fibrosis (Masson’s 
trichrome stain) and α-smooth muscle actin (immunohistochemistry) as well as areas of neovascularization (arrows). (Modified from Mohler 3rd ER, Gannon F, Reynolds 
C, et al. Bone formation and inflammation in cardiac valves. Circulation 2001;103:1522–8; and Rajamannan NM, Nealis TB, Subramaniam M, etâ•¯al. Calcified rheumatic valve 
neoangiogenesis is associated with vascular endothelial growth factor expression and osteoblast-like bone formation. Circulation 2005;111:3296–301.)
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TABLE 3-2
	 Risk Factors for Development of Fibrocalcific 

Aortic Valve Disease and Their Potential 
Molecular Mediators

RISK FACTOR POTENTIAL MOLECULAR MEDIATORS

Hypertension Angiotensin II
Force/shear-initiated signaling pathways
Reactive oxygen species

Diabetes Hyperglycemia
Receptor for advanced glycation end products (RAGE) 

activation
Angiotensin II
Reactive oxygen species

Hyperlipidemia Low-density lipoprotein
Lipoprotein-related receptor protein 5/6 activation
Local angiotensin II generation
Reactive oxygen species

Smoking Reactive oxygen species

Aging Epigenetics
Reactive oxygen species

experimental data suggests that changes in the extracellular 
matrix of the valve may not only be a major modulator of valve 
interstitial cell function, but may also be sufficient to impair val-
vular dysfunction in advanced fibrocalcific aortic valve disease.

Experimental Models
Although description of cellular and molecular changes in human 
tissue is a critical component in research, empirical testing in 
animal models is an essential step in discerning whether a change 
is a pathophysiologic driver of fibrocalcific aortic valve disease 
or merely an epiphenomenon (Figure 3-4). When one is evaluat-
ing experimental data or deciding which model is useful for a 
particular study design, several important questions must be 
asked (Table 3-3):
•	 Does the model require genetically altered animals, and do the 

mutations relate to the specific question at hand?
•	 What is the underlying stimulus driving calcification (e.g., hyper-

lipidemia, hypertension)?
•	 Are the histopathologic changes relevant to human disease (e.g., 

fibrosis and calcification)?
•	 Do the animals develop hemodynamically significant aortic valve 

dysfunction and stenosis, or only aortic valve sclerosis?
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FIGURE 3-4  Methods to evaluate aortic valve function in mice. A through C, Measurements of aortic valve function using echocardiography in nonhy-
percholesterolemic mice (i.e., “normal” animals). Note that there is no evidence of aortic valve regurgitation on color-flow Doppler imaging, cusp separation distance 
is relatively large (>0.8â•¯mm; arrows), and peak transvalvular velocities are relatively low (<2â•¯m/sec). These data correspond to relatively large aortic valve orifice areas 
measured on cardiac magnetic resonance (CMR) (D), and low transvalvular pressure gradients measured directly with a Millar catheter (E). F through H, In mice 
with aortic stenosis (AS), note that there is again no evidence of aortic valve regurgitation (i.e., normal flow in green on the ventricular side of the valve during 
diastole in F), cusp separation distance is markedly reduced (<0.6â•¯mm; arrows), and peak transvalvular velocity is markedly elevated (>4â•¯m/sec). I, Subsequent 
measurement of aortic valve area using CMR showed clear reductions in aortic valve orifice area and J, dramatic increases in peak transvalvular pressures. K through 
N, The importance of using multiple measurements of valve function in mice; the presence of aortic valve regurgitation (Ao regurg) (K, N) dramatically elevates 
peak transvalvular velocity and gives the appearance of aortic valve dysfunction due to hyperdynamic cardiac function (M). In contrast, aortic valve regurgitation 
does not influence cusp separation distance (arrows) (L). Ao, Aorta; CTRL, control; Hchol, high cholesterol; LV, left ventricle; RV, right ventricle. (From Miller JD, Weiss 
RM, Heistad DD. Calcific aortic valve stenosis: methods, models, and mechanisms. Circ Res 2011;108:1392–412.)
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major role in tonic suppression of BMP signaling (because Smad6-
null mice have evidence of cardiovascular calcification at 2 weeks 
of age24), the role of other inhibitory molecules in the regulation 
of aortic valve calcification (e.g., Smurf1/2) remains poorly 
understood.

Bone morphogenetic protein signaling is also elevated in exper-
imental animal models of fibrocalcific aortic valve disease. 
Importantly, increases in Smad1/5/8 phosphorylation precede 
aortic valve dysfunction in hypercholesterolemic mice,6 suggest-
ing that increases in BMP signaling are not simply an epiphenom-
enon associated with end-stage valve calcification and stenosis.

Wnt/β-Catenin Signaling
A second major osteogenic pathway activated in fibrocalcific 
aortic valve disease is Wnt/β-catenin signaling (Figure 3-6). In 
brief, activation of the canonical signaling pathway involves 
binding of Wnt ligands to a receptor complex that results in activa-
tion and nuclear translocation of β-catenin, which can subse-
quently drive pro-osteogenic gene expression.25,26 Multiple 
components of this pathway have been implicated in calcified 
human and animal aortic valves, including Wnt ligands (Wnt3a, 
Wnt7a),27-30 lipoprotein receptor–related protein (lrp) receptor 
complex components (LRP5/6, frizzled receptors),29,31 and nuclear 
translocation of the β-catenin transcription factor complex.28,30-32

Wnt/β-catenin signaling can be negatively regulated at multiple 
levels, including through inhibition of Wnt binding, inhibition of 

Induction of Osteogenic  
Signaling Cascades
After the observation that osteoblast-like and osteoclast-like cells 
were present in stenotic human valves, a number of subsequent 
studies went on to perform molecular characterization of path-
ways contributing to osteogenic differentiation of cells in the ste-
notic valve. The ensuing sections focus on key pro-osteogenic 
and antiosteogenic mechanisms that have been identified in ste-
notic valves and provide a framework for osteogenic mechanisms 
that may ultimately be viable therapeutic targets for slowing pro-
gression of fibrocalcific aortic valve disease.

Bone Morphogenetic Protein Signaling
Numerous studies have reported increased expression of multiple 
bone morphogenetic protein (BMP) isoforms in diseased human 
valves, including BMP2, BMP4, and BMP6.14-20 In general, BMP 
elaboration is thought to originate from the endothelium on the 
aortic face of the valve21 (Figure 3-5), where shear forces are 
nonlaminar and inhibitors of BMP signaling are disproportionately 
low.15 Binding of BMPs to their receptor complex on aortic valve 
interstitial cells results in Smad1/5/8 phosphorylation and subse-
quent translocation of the Smad complex to the nucleus, where 
it drives pro-osteogenic gene expression through its binding to 
Smad binding elements.22,23 Although Smad6 appears to play a 
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TABLE 3-3	 Echocardiographic and Hemodynamic Changes in Animal Models of Aortic Valve Sclerosis and Stenosis

SPECIES/STRAIN DIET (REFERENCE)
HISTOPATHOLOGIC CHANGES IN 

AORTIC VALVE
HEMODYNAMICALLY 

SIGNIFICANT STENOSIS?
Mice
C57BL/6 HF156 Lipid deposition

Modest calcification
No

ApoE−/− Chow157 Lipid deposition
Calcification
Monocyte/Inflammatory cell infiltration

<2%

HF/HC118,158 Lipid deposition
Fibrosis118,158

Calcification118,158

Monocyte/Inflammatory cell infiltration118,158

<2%

Ldlr−/− HF/HC156,159 Lipid deposition
Calcification
Monocyte/Inflammatory cell infiltration

No

Ldlr−/−/apoB100/100 Chow160 Lipid deposition
Calcification
Monocyte/Inflammatory cell infiltration
Myofibroblast activation

Yes, ~30% of mice

HF/HC6,32 Lipid deposition
Calcification
Fibrosis
Monocyte/Inflammatory cell infiltration
Myofibroblast activation

Yes, >50% of mice

EGFRWa2/Wa2 Chow161 Fibrosis
Calcification
Inflammatory cell infiltration

Yes, but background strain dependent

eNOS−/−: Chow162 Bicuspid aortic valves in ~40% of mice No
  Tricuspid offspring HF/HC Calcification

Fibrosis
No

  Bicuspid offspring HF/HC Calcification
Fibrosis

Yes

Notch1+//− HF/HC108,163 Calcification No

Periostin−/− Chow164 Calcification
Fibrosis

Not known

HF/HC165 Reduced valve thickening and fibrosis No

MGP−/− Chow40 Calcification Not known

Klotho−/− Chow Calcification No

Col1a2Oim/Oim Chow Fibrosis/extracellular matrix disruption No

Twist1Tg/0 Chow Hypercellular, thickened valves No

Sox9Fl/+/Col2a1Cre Chow Calcification
Fibrosis

No

Chm1−/− Chow166 Neoangiogenesis
Lipid deposition
Calcification

Not known

Rabbits
New Zealand White HF/HC31,85,96,167-178 Lipid deposition

Calcification
Inflammatory cell infiltration

<10%
Mostly moderate sclerosis

Chow + hypertension168 Fibrosis
Inflammation

<10%

Watanabe HF/HC31 Lipid deposition
Fibrosis
Calcification
Inflammatory cell infiltration

No

Pigs
Yorkshire Landrace HF/HC21,179 Lipid deposition No

Apo, Apolipoprotein; EGFR, epidermal growth factor receptor; eNOS, endothelial nitric oxide synthetase; HC, high cholesterol; HF, high fat; Ldlr, low-density lipoprotein receptor; MGP, matrix 
G1a protein. Superscript numbers are reference citations.
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FIGURE 3-5  Changes in bone morphogenetic protein signaling in fibrocalcific aortic valve disease. A through G depict changes in levels of phospho-
Smad1/5/8 (P-Smad), a key signal transduction molecule in bone morphogenic protein (BMP) signaling, in calcified and noncalcified regions of human aortic valves. 
H through N depict changes in levels of Noggin (an endogenous inhibitor of BMP signaling) in calcified and noncalcified regions of human aortic valves. Note 
that P-Smad1/5/8 levels are highest where Noggin levels are lowest, suggesting that reductions in endogenous inhibitors of BMP signaling are a key permissive 
step for increases in canonical pathway activation. O through R show P-Smad1/5/8 levels in aortic valves from hypercholesterolemic (HCHOL) mice with severe 
fibrocalcific aortic valve disease. Note that reduction of hyperlipidemia (REV) significantly reduces canonical BMP signaling, suggesting that this pathway is labile 
even in advanced stages of valve disease. (A through N from Ankeny RF, Thourani VH, Weiss D, etâ•¯al. Preferential activation of SMAD1/5/8 on the fibrosa endothelium in 
calcified human aortic valves—association with low BMP antagonists and SMAD6. PLoS One 2011;6:e20969; O through R from Miller JD, Weiss RM, Serrano KM, etâ•¯al. Evidence 
for active regulation of pro-osteogenic signaling in advanced aortic valve disease. Arterioscler Thromb Vasc Biol 2010;30:2482-24862.)
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S depicts canonical BMP signaling, in which binding of 
BMP ligand to its receptor complex results in phosphorylation (P) of Smad1/5/8, 
translocation of the activated Smad complex to the nucleus, and induction of 
osteogenic gene expression. 
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FIGURE 3-5, cont’d.â•‡

β-catenin activation, and proteasomal degradation of β-catenin.25,26 
The role of changes in endogenous inhibitors of the Wnt/β-catenin 
signaling pathway in the pathogenesis of fibrocalcific aortic valve 
disease remains poorly understood.

Transforming Growth Factor-β Signaling
Like BMP signaling, canonical tumor growth factor-β (TGF-β) 
signaling involves phosphorylation of Smad proteins (Smad2/3  
in particular) and translocation of the activated Smad complex  
to the nucleus.22,33 Increases in TGF-β expression, Smad2/3 
phosphorylation, and multiple Smad2/3 target genes have been 
shown in humans and animals with fibrocalcific aortic valve 
disease6,32,34-37 (Figure 3-7).

The role of canonical TGF-β signaling in the initiation and 
progression of calcification in aortic valve disease, however,  
is controversial. The key observation suggesting that TGF-β con-
tributes to calcification in valve disease is that cultured aortic 
valve interstitial cells treated with exogenous TGF-β rapidly form 
calcified nodules via a caspase/apoptosis-dependent mecha-
nism.35,38 There are, however, several observations from in vivo 
model systems suggesting that TGF-β may not accelerate valve 
calcification in fibrocalcific aortic valve disease. First, lipid  
lowering in mice with advanced aortic valve disease reduces 
osteogenic gene expression and does not reduce Smad2/3 phos-
phorylation,32 suggesting that TGF-β is not a primary driver of 
osteogenic gene expression in fibrocalcific aortic valve disease. 

Second, mice that are deficient in one copy of Smad3 (i.e., 
Smad3+/− mice) have a higher bone mineral density than their 
wild-type littermates,39 suggesting that TGF-β may suppress osteo-
genesis in bone. Finally, although canonical TGF-β signaling may 
not promote (or may even inhibit) valve calcification, emerging 
data suggest that TGF-β receptor activation may transactivate 
Wnt/β-catenin signaling,30 which is likely to promote interstitial 
cell osteogenesis. Future studies with experimental manipulation 
of TGF-β signaling in robust, in vivo models of fibrocalcific aortic 
valve disease will be essential to define its role in valve calcifica-
tion and stenosis.

Modulators of Osteogenic Differentiation
There is compelling evidence that the signaling pathways dis-
cussed in the preceding section can induce osteogenesis and 
accumulation of calcification (and perhaps even bone matrix) in 
stenotic valves, but we are only beginning to understand the 
primary events inciting these signaling cascades. Significant 
insights have been gained from genetically altered mouse models 
and in vitro experiments, however, in which deletion or overex-
pression of genes has allowed us to discern between molecular 
mechanisms that initiate and those that modulate osteogenic 
signaling.

Direct Inhibitors of Osteogenic Signaling
Reductions in expression of inhibitors of osteogenic signaling are 
likely to play a significant role in initiation and progression of 
fibrocalcific aortic valve disease. As mentioned previously, 
genetic deletion of Smad6 results in cardiovascular calcification 
in the absence of additional exogenous stressors,24 suggesting 
that tonic suppression of BMP signaling is critical for prevention 
of valvular calcification. It would also appear that tonic BMP 
ligand sequestration/neutralization is important in preventing  
cardiovascular calcification because mice deficient in matrix  
Gla protein (which binds and inactivates BMP2) demonstrate 
spontaneous cardiovascular calcification early in life,40 and mice 
overexpressing matrix Gla protein are protected against 
hypercholesterolemia-induced vascular calcification.41 Although 
matrix Gla protein levels are under transcriptional and transla-
tional regulation, the posttranslational gamma-carboxylation of 
matrix Gla protein is required for binding to BMP2.42-46 Clinically, 
several retrospective studies reported that drugs that inhibit 
gamma-carboxylase (e.g., warfarin) have been associated with 
increased risk of cardiovascular calcification and aortic valve 
stenosis.47-50 Along these lines, administration of warfarin to juve-
nile rats results in significant vascular calcification.51-55 Collec-
tively, tonic suppression of BMP signaling, at both intracellular 
and extracellular levels, appears to be important in prevention of 
cardiovascular calcification.

Angiotensin II
Hypertension is a major risk factor for development of fibrocal-
cific aortic valve disease, and is frequently associated with sys-
temic increases in activity of the renin-angiotensin system (RAS). 
It is often underappreciated, however, that the “local” RAS can 
be a major contributor to rises in tissue levels of angiotensin II. A 
large amount of work has shown that increases in tissue RAS 
activity are major contributors to inflammation, oxidative stress, 
fibrosis, and plaque expansion in atherosclerotic lesions.56-58 In 
stenotic aortic valves, infiltrating macrophages are abundant and 
can be primary sources of greater local RAS activity and concomi-
tant rises in tissue angiotensin II levels6,7,59-61 (Figure 3-8). Interest-
ingly, increases in chymase activity can also convert angiotensin 
I to angiotensin II, and macrophages express high levels of 
chymase.58,59 Retrospective studies suggest that angiotensin-
converting enzyme (ACE) inhibition may slow progression of 
aortic valve disease,62 there are limited experimental data testing 
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Inflammatory Cell Infiltrate and 
Proinflammatory Cytokines
Inflammatory cells such as macrophages,64 neutrophils,65,66 and T 
cells67 are ubiquitous findings in end-stage human aortic valve 
disease and in most animal models of fibrocalcific valve disease. 
Consistent with this finding, elaboration of proinflammatory 
cytokines—for example, tumor necrosis factor-α (TNFα) and 
interleukins IL-6 and IL-1—is also dramatically increased in 

this hypothesis, and the fact that chymase activity is unaffected 
by ACE inhibitors makes it a less appealing target. Preclinical 
experiments in hypercholesterolemic rabbits, however, showed 
that angiotensin 1 receptor blockade attenuates aortic valve  
interstitial cell activation, endothelial disruption, and valvular 
inflammation in early stages of valve disease,63suggesting that 
angiotensin II and angiotensin 1 receptor activation may be 
important factors even in early stage fibrocalcific aortic valve 
disease.

FIGURE 3-6  Changes in Wnt/β-catenin signaling in experimental animal models of fibrocalcific aortic valve disease. A through F are micrographs 
depicting changes in Wnt/β-catenin signaling in control rabbits (CTRL) and in rabbits with hypercholesterolemia-induced aortic valve disease (Chol). More specifi-
cally, A through C show changes in low-density lipoprotein receptor–related protein 5 (Lrp5), a receptor critical for Wnt ligand binding. D through F show changes 
in β-catenin levels. Note that levels of both Lrp5 and β-catenin are dramatically increased by hypercholesterolemia and that these increases occur preferentially 
on the aortic side of the valve. G through J depict changes in β-catenin immunofluorescence in aortic valves from hypercholesterolemic mice. K, Like BMP signal-
ing (shown in Figure 3-5), β-catenin immunofluorescence can be markedly attenuated by a reduction in blood lipids in hypercholesterolemic mice with advanced 
fibrocalcific aortic valve disease. APC, Adenomatous Polyposis Coli tumor suppressor gene; CK1, Casein Kinase 1; CTTNβ, b-catenin protein; DVL, disheveled proteins; 
FZD, Frizzled proteins; GSK3β, glycogen synthetase kinase-3β; HCHOL, high-cholesterol diet; LEF1, lymphoid enhancer binding factor; REV, reversed; TCF4, Transcrip-
tion Factor 4. 
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FIGURE 3-7  Role of tumor growth factor-β (TGF-β) signaling in fibrocalcific aortic valve disease. A through D depict changes in TGF-β levels and 
phospho-Smad2/3 levels in aortic valves from humans with severe fibrocalcific aortic valve disease. Note that phospho-Smad2/3 levels are increased most dramati-
cally in pericalcific regions of the stenotic valve. E and F show changes in calcium (45Ca) accumulation (E) and nodule formation (F) in aortic valve interstitial cells 
treated with exogenous TGF-β1. Note that prolonged exposure to TGF-β1 in cells plated directly on plastic culture plates results in robust calcium accumulation 
and Alizarin red–positive nodule formation. G through J depict changes in phospho-Smad2 levels in aortic valves from mice with severe fibrocalcific aortic valve 
disease. Note that canonical TGF-β signaling is increased in valves from mice with severe fibrocalcific aortic valve disease. In contrast to osteogenic signaling, 
however, reducing blood lipids does not effectively reduce TGF-β signaling in mice with advanced aortic valve dysfunction and stenosis. K depicts canonical TGF-β 
signaling, in which binding of TGF-β ligand to its receptor complex results in phosphorylation (P) of Smad2/3, translocation of the activated Smad complex to the 
nucleus, and induction of fibrogenic and osteogenic gene expression. CTRL, Control; HCHOL, high-cholesterol diet; P, phosphorylation; REV, reversed; TGF-βR, TGF-β 
receptor. (A through D from Osman N, Grande-Allen KJ, Ballinger ML, etâ•¯al. Smad2-dependent glycosaminoglycan elongation in aortic valve interstitial cells enhances binding 
of LDL to proteoglycans. Cardiovasc Pathol 2013;22:146–55; E and F from Jian B, Narula N, Li QY, etâ•¯al. Progression of aortic valve stenosis: TGF-beta1 is present in calcified 
aortic valve cusps and promotes aortic valve interstitial cell calcification via apoptosis. Ann Thorac Surg 2003;75:457–65; G through J from from Miller JD, Weiss RM, Serrano 
KM, etâ•¯al. Evidence for active regulation of pro-osteogenic signaling in advanced aortic valve disease. Arterioscler Thromb Vasc Biol 2010;30:2482–6.)
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FIGURE 3-8  Changes in angiotensin II (ANGII)–related molecules in fibrocalcific aortic valve disease. A and B, Autoradiography imaging of angiotensin-
converting enzyme (ACE) levels in control and stenotic valves, with quantitative measurement of image intensity in B and C. Note that local ACE levels are signifi-
cantly increased in stenotic valves and are associated with dramatic increases in angiotensin type 1 receptor (AT1R) levels. D through G illustrate the effects of 
long-term AT1R inhibition (with olmesartan) on myofibroblast activation in a hypercholesterolemic rabbit model of fibrocalcific aortic valve disease. Note that 
long-term AT1R blockade significantly reduces the number of α-smooth muscle actin–positive myofibroblasts in this model. H depicts potential signaling cascades 
that may be activated following binding of ANGII to AT1R. Note that AT1R activation has the potential to elicit a broad range of responses, including induction of 
cellular inflammation, proliferation, fibrosis, and calcification. AP-1, activator protein-1; NFAT, nuclear factor of activated T-cells; NFκB, nuclear factor κB; STAT, signal 
transducer and activator of transcription. (A through C from Helske S, Lindstedt KA, Laine M, etâ•¯al. Induction of local angiotensin II-producing systems in stenotic aortic 
valves. JACC 2004;44:1859–66; D through G from Arishiro K, Hoshiga M, Negoro N, etâ•¯al. Angiotensin receptor-1 blocker inhibits atherosclerotic changes and endothelial disrup-
tion of the aortic valve in hypercholesterolemic rabbits. JACC 2007;49:1482–9.)

A

D E Ao
Ao

Ao

F

G

Control Stenotic

B C

ANGII

AT1R

DNA

Nucleus

Inflammation
Proliferation
Fibrosis (TGF  )
Calcification?

�

NF�B
AP-1

STAT3 NFAT

H

0

P
os

iti
ve

 a
re

a 
(%

)

Control

P � 0.003
P � 0.008

Vehicle Olmesartan

5.0

7.5

2.5

10.0

0

A
C

E
 a

ct
iv

ity

Control

***

Stenotic

4

8

2

6

0

A
T-

1 
re

ce
pt

or
 le

ve
l

Control

*

Stenotic

4

8

2

6

C H
3



41
that TNFα is the major downstream mediator of IL-1–induced 
inflammation.68

Second, a growing body of work suggests that activation of 
receptors for advanced glycosylation end products (RAGEs) is 
likely to accelerate cardiovascular calcification. Specifically,  
overexpression of S100A12 significantly accelerates vascular  
calcification in hypercholesterolemic mice by what appears to  
be a nicotinamide adenine dinucleotide phosphate (NAD[P]H) 
oxidase–dependent mechanism.73-76 Furthermore, RAGE activa-
tion drives proinflammatory cytokine production and osteogenic 

human and animals with fibrocalcific aortic valve disease.68-72 
Although few studies have examined the role of proinflammatory 
cytokines in the progression of fibrocalcific aortic valve disease, 
three lines of evidence suggest that TNFα may play a central role 
in the initiation and progression of disease.

First, aortic valves from interleukin-1 receptor antagonist  
(IL-1ra)–deficient mice are thickened, accumulate calcium,  
and develop mild aortic valve dysfunction (peak transvalvular 
velocity 2â•¯m/sec)68 (Figure 3-9). Importantly, this phenotype 
is abolished in IL-1ra/TNFα double-knockout mice, suggesting 

FIGURE 3-9  Role of proinflammatory signaling in the pathogenesis of fibrocalcific aortic valve disease. A and B illustrate histopathologic and func-
tional changes in aortic valves from mice that are deficient (Ra−/−) in an endogenous antagonist to interleukin 1 (IL-1ra); WT, wild type mice. Note that increasing 
IL-1β signaling dramatically increases leaflet thickness (A) and peak transvalvular velocity (B). C and D depict changes in RAGE (receptor for advanced glycosylation 
end products) signaling in hypercholesterolemic rabbits (HC) receiving high-doses of vitamin D2 (vitD2) to induce fibrocalcific aortic valve disease. Note that both 
calcium accumulation and induction of osteopontin are associated with increases in RAGE levels in aortic valves from these animals. Furthermore, induction of 
osteogenic signaling by AGE–bovine serum albumin (AGE-BSA) can be markedly attenuated by knockdown of RAGE in aortic valve interstitial cells in vitro. E and 
F show changes in tumor necrosis factor α (TNFα)–induced calcification in valve interstitial cells from control/nonstenotic valves and from calcified stenotic valves 
(CAS). Note that TNFα-induced calcium accumulation is much more dramatic in cells from patients with aortic stenosis, suggesting that genetic and/or epigenetic 
changes are likely to increase the propensity for valve calcification and osteogenesis even after cells are taken out of the body/”fibrocalcific aortic valve disease 
milieu” and cultured. AGE, advanced glycosylation end products; AP-1, activator protein-1; MEKK, mitogen activated protein kinase kinase kinase; Rac1, ras-related 
C3 botulinum toxin substrate 1; Runx2, runt-related transcription factor 2; siRNA, small interfering RNA; STAT, signal transducer and activator of transcription; TAK, 
transforming growth factor-beta activated kinase. (A and B from Isoda K, Matsuki T, Kondo H, etâ•¯al. Deficiency of interleukin-1 receptor antagonist induces aortic valve 
disease in balb/c mice. Arterioscler Thromb Vasc Biol 2010;30:708–15; C and D from Li F, Cai Z, Chen F, etâ•¯al. Pioglitazone attenuates progression of aortic valve calcification 
via down-regulating receptor for advanced glycation end products. Basic Res Cardiol 2012;107:306; E and F from Yu Z, Seya K, Daitoku K, etâ•¯al. Tumor necrosis factor-α acceler-
ates the calcification of human aortic valve interstitial cells obtained from patients with calcific aortic valve stenosis via the BMP2-Dlx5 pathway. J Pharmacol Exp Ther 
2011;337:16–23.)
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gene expression in valve interstitial cells in vitro.77 Although 
mechanisms contributing to increased oxidative stress differ  
dramatically between aorta and aortic valve (see later),5,78 
numerous studies have shown that RAGE activation is strongly 
associated with increases in TNFα,79,80 which may be a point of 
convergence in inflammatory signals driving calcification in 
aortic valve and aorta.

Finally, addition of exogenous TNFα to cultured aortic valve 
interstitial cells amplifies BMP signaling and accelerates calcium 
accumulation in vitro.20 Importantly, TNFα accelerated calcifica-
tion only in cells from patients with fibrocalcific aortic valve 
disease (i.e., not in cells from nonstenotic control valves), suggest-
ing that phenotypic and/or epigenetic changes that occur in vivo 
may persist in cultured interstitial cells in vitro.20 The molecular 
mechanisms whereby TNFα promotes valve interstitial cell calci-
fication are still under investigation, but work in aortic myofibro-
blasts suggests that reactive oxygen species (ROS) generated by 
TNF receptor 1 activation may be integral to the pro-osteogenic 
effects of TNFα.81,82

Oxidative Stress
Although NAD(P)H (nicotinamide adenine dinucleotide phos-
phate) oxidase–derived free radicals have been implicated in the 
pathogenesis of atherosclerosis for many years,83,84 the role of 
oxidative stress in fibrocalcific aortic valve disease—and mecha-
nisms contributing to increased ROS—is only beginning to be 
understood.

Superoxide and hydrogen peroxide levels are dramatically 
increased in stenotic aortic valves5,6,32,78,85 (Figure 3-10). Interest-
ingly, these increases occur almost exclusively in the calcified 
and pericalcific regions of the valve, and unlike atherosclerosis, 
are predominantly the result of uncoupled nitric oxide synthase 
(NOS) and reductions in antioxidant enzyme expression.5,78 
Although NAD(P)H oxidase–derived radicals appear to contrib-
ute to increased ROS levels in a subset of pericalcific regions,85 
global expression of most catalytic subunits of the oxidase are 
significantly reduced in human fibrocalcific aortic valve disease.78

Several observations suggest that ROS may play an important 
role in the pathogenesis of fibrocalcific aortic valve disease. First, 
increases in ROS occur prior to the onset of aortic valve dysfunc-
tion in hypercholesterolemic mice,6 suggesting that elevations in 
ROS are not a consequence of aortic valve dysfunction per se. 
Second, there is a growing body of data demonstrating that ROS 
play a critical role in the transduction of multiple signaling cas-
cades related to osteogenesis86-90 (including TGF-β and BMP sig-
naling). Third, increasing superoxide or hydrogen peroxide levels 
accelerates calcification of valve interstitial cells in vitro.86 Finally, 
administration of α-lipoic acid (an antioxidant that reduces super-
oxide and hydrogen peroxide levels), but not tempol (which 
reduces only superoxide levels), reduces valvular calcification in 
a rabbit model of fibrocalcific aortic valve disease.85

However, other data suggest that ROS are not a primary driver 
of osteogenic signaling in fibrocalcific aortic valve disease. First, 
reduction of blood lipids in mice with severe valvular dysfunction 
and fibrocalcific aortic valve disease reduces BMP signaling, Wnt 
signaling, and valvular calcification, but does not lower ROS 
levels.32 Second, although exogenous ROS do accelerate vascular 
smooth muscle cell calcification in vitro, increased ROS do not 
induce calcification in the absence of osteogenic stimuli.91,92 Col-
lectively, we are only beginning to understand the role of ROS in 
the pathogenesis of fibrocalcific aortic valve disease. Future 
studies examining the role of different ROS-generating systems 
and the role of ROS in different subcellular compartments will be 
critical for development of complementary treatments to slow 
progression of valve disease.

Nitric Oxide Signaling
As with oxidative stress, reductions in nitric oxide (NO) bioavail-
ability and signaling are known to play a major role in vasomotor 

dysfunction and atherosclerosis,93-95 and the role of NO is only 
beginning to be understood in fibrocalcific aortic valve disease.

Although endothelial NOS expression and protein levels are 
significantly reduced in fibrocalcific aortic valve disease,96,97 the 
impact this reduction has on NO signaling is likely to be underes-
timated, given the observations that (1) ROS are increased in 
fibrocalcific aortic valve disease, resulting in formation of per-
oxynitrite (ONOO–),98,99 (2) increases in ROS are known to result 
in oxidation of soluble guanylate cyclase, making it insensitive to 
increases in NO levels,100 and (3) there is strong evidence for 
uncoupled NOS in fibrocalcific aortic valve disease, a condition 
in which ROS are produced instead of NO78 (Figure 3-11). Although 
depletion of tetrahydrobiopterin is known to elicit increases in 
uncoupled NOS,101 it remains unknown whether de novo synthesis 
or salvage pathways that maintain tetrahydrobiopterin levels are 
altered in fibrocalcific aortic valve disease.

Despite the strong association between fibrocalcific aortic valve 
disease and conditions that favor reduced NO signaling, few 
studies have experimentally examined the effects of NO bioavail-
ability on osteogenic signaling and valve calcification. Early work 
suggested that treatment of hypercholesterolemic rabbits with 
statins was associated with increases in endothelial nitric oxide 
synthase (eNOS) levels and slower progression of fibrocalcific 
aortic valve disease.96 Furthermore, subsequent studies demon-
strated that addition of exogenous NO slowed progression of val-
vular interstitial cell calcification in vitro.102 Interestingly, studies 
examining the role of NO in fibrocalcific aortic valve disease in 
vivo have reported that progression of aortic valve dysfunction was 
not accelerated in eNOS-deficient mice with tricuspid aortic valves 
but was in those with bicuspid aortic valves.103 Collectively, there 
are two potential interpretations of these data: (1) reductions in 
NO levels do not play a major role in progression of tricuspid fibro-
calcific aortic valve disease because reducing NO production 
does not accelerate valve disease, or (2) NO production already is 
dramatically reduced in fibrocalcific aortic valve disease, and 
further reducing NOS does not result in significant acceleration of 
valve dysfunction in an already compromised system. Regardless 
of the effects of reducing NO on valve function, the preponderance 
of the evidence suggests that increasing NO is likely to slow initia-
tion and/or progression of fibrocalcific aortic valve disease.

Peroxisome Proliferator-Activated  
Receptor-γ Signaling
During the differentiation of multipotent cells (mesenchymal stem 
cells, aortic valve interstitial cells, etc.), there is a critical “decision 
point” at which cells enter either an osteoblast-like lineage or an 
adipocyte-like lineage.104 This decision is typically governed by 
the balance between runt-related transcription factor 2 (Runx2), 
a master regulator of osteogenesis, and peroxisome proliferator-
activated receptor-γ (PPARγ), a master regulator of adipogene-
sis.104,105 Therefore, it is perhaps not surprising that administration 
of thiazolidinediones (TZDs), which activate PPARγ, significantly 
attenuated aortic valve calcification and dysfunction in hypercho-
lesterolemic rabbits and mice.77,106 Importantly, TZDs inhibit osteo-
genic differentiation in both cardiovascular tissues and in bone. 
Thus, administration of one of these agents at a dose that pre-
dominantly inhibits inflammation or preferentially affects cardio-
vascular calcification may allow administration of this drug class 
without negatively affecting skeletal ossification.

Notch1 Signaling
Several years ago, loss-of-function mutations in Notch1, a signal-
ing protein involved in development, were shown to be strongly 
associated with bicuspid valve formation and severe valve cusp 
calcification in humans.107 This observation formed the impetus 
for a series of studies in experimental animals and in vitro model 
systems examining the role of Notch1 in the initiation and pro-
gression of fibrocalcific aortic valve disease. The findings from 
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FIGURE 3-10  Changes in reactive oxygen species in fibrocalcific aortic valve disease. A1 and A2, Micrographs and quantitation of superoxide levels 
(dihydroethidium fluorescence) in normal and stenotic human aortic valves. B1 and B2, Micrographs and quantitation of hydrogen peroxide levels (CM-H2DCFDA 
fluorescence) in normal and stenotic human aortic valves. As shown in C, reductions in antioxidant enzyme expression are likely to contribute to increases in 
reactive oxygen species in stenotic valves, with these changes being most pronounced in the pericalcific regions of the valve. Furthermore, uncoupled nitric oxide 
synthase (L-NAME [L-NG-nitroarginine methyl ester ]–inhibitable fraction of superoxide production in D and E) and NAD(P)H (nicotinamide adenine dinucleotide 
phosphate) oxidase (immunohistochemical evidence in F) are potential contributors to increased superoxide and hydrogen peroxide levels in calcifying microen-
vironments in stenotic valves. 

these studies can be distilled down to two key points. First, the 
developmental consequences of loss-of-function mutations in 
Notch1 are highly context dependent because deletion of one 
copy of Notch1 in mice (i.e., Notch1+/−) does not result in bicuspid 
valve formation.108 Second, reducing Notch1 levels accelerates 
aortic valve interstitial cell calcification both in vitro and in 
vivo.108,109 Mechanistically, this finding appears to be attributed to 
permissive increases in Runx2 and β-catenin–dependent signal-
ing107 (Figure 3-12).

Matrix-Degrading Enzymes
Multiple matrix remodeling proteins (MMPs) are upregulated in 
human valves with fibrocalcific aortic valve disease, including 
matrix metalloproteinases MMP1,110-112 MMP2,113 MMP3,14 and 
MMP9,114 and cathepsins S,115 K,115 V,115 and G37 (Figure 3-13). There 
are two potential mechanisms whereby elevated matrix-
remodeling proteins may affect valve calcification and stenosis. 
First, matrix remodeling may be an important permissive event 
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G, Changes in superoxide levels (dihydroethidium fluorescence) in a hypercholesterolemic mouse model of fibrocalcific aortic valve 
disease. Note that prolonged hypercholesterolemia can dramatically increase valvular oxidative stress in the valve cusps (arrows), which can be markedly reduced 
by lipid lowering in early stages of valve disease. APO, apocynin; Calc, calcified; DCF, dichlorofluorescein; DPI, diphenyliodonium; Hchol, high-cholesterol; Non-calc, 
noncalcified; NOS, nitric oxide synthase; Nox2, NAD(P)H oxidase catalytic subunit 2; p22Phox, cytochorome-b245 alpha polypeptide; PEG-CAT, polyethylene glycol 
conjugated catalase; SOD, superoxide dismutase. (A to E from Miller JD, Chu Y, Brooks RM, etâ•¯al. Dysregulation of antioxidant mechanisms contributes to increased oxidative 
stress in calcific aortic valvular stenosis in humans. JACC 2008;52:843–50; F from Liberman M, Bassi E, Martinatti MK, etâ•¯al. Oxidant generation predominates around calcifying 
foci and enhances progression of aortic valve calcification. Arterioscler Thromb Vasc Biol 2008;28:463–70; G from Miller JD, Weiss RM, Serrano KM, etâ•¯al. Lowering plasma 
cholesterol levels halts progression of aortic valve disease in mice. Circulation 2009;119:2693–701.)
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FIGURE 3-11  Potential role of nitric oxide signaling in fibrocalcific aortic valve disease. A, Changes in aortic valve cusp thickness in a hypercholester-
olemic rabbit model of fibrocalcific aortic valve disease. Note that prolonged hypercholesterolemia elicits substantial cusp thickening (middle panel), which can 
largely be prevented by lipid lowering with statins (right panel). B, Note that the protective effect of statins is associated with dramatic increases in endothelial 
nitric oxide synthase (eNOS). C through F show evidence that nitric oxide signaling can play a major role in valve interstitial cell calcification. More specifically, 
tumor growth factor-β1 (TGF-β1)–induced nodule formation is dramatically attenuated by nitric oxide donors (C to E) and appears to be due in large part to 
increases in cyclic guanine monophosphate (cGMP) levels (F). ADMA, asymmetric dimethylarginine; BNP, brain natriuretic peptide; CNP, C-type natiuretic peptide; 
DETA-NONOate, Diethylenetriamine NONOate; CTRL, control; GTP, guanosine triphosphate; L-Arg, L-arginine; PDE5A, phosphodiesterase 5A; sGC, soluble guanylate 
cyclase; SNP, sodium nitroprusside. (A to B from Rajamannan NM, Subramaniam M, Stock SR, etâ•¯al. Atorvastatin inhibits calcification and enhances nitric oxide synthase 
production in the hypercholesterolaemic aortic valve. Heart 2005;91:806–10; C to F from Kennedy JA, Hua X, Mishra K, etâ•¯al. Inhibition of calcifying nodule formation in cultured 
porcine aortic valve cells by nitric oxide donors. Eur J Pharmacol 2009;602:28–35.)
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FIGURE 3-12  Role of antiosteogenic pathways in the initiation and progression of fibrocalcific aortic valve disease. Changes in valve calcification 
(micrographs [A to D] and quantitated data [E]) from wild-type (WT) and Notch1-haploinsufficient (Notch1+/−) mice. Boxes in panels A and B are shown under 
higher magnification in panels C and D, respectively. Arrow in panel D denotes positive Von Kossa staining in valves from Notch1+/− mice. Note that deletion of one 
copy of Notch1 is sufficient to significantly increase calcium in the aortic valve (AoV), an effect that is likely due to de-repression of Wnt/β-catenin signaling. Changes 
in macrophage infiltration (micrographs [F to H] and quantitated data [I]) in control rabbits, hypercholesterolemic (HC) rabbits, and hypercholesterolemic rabbits 
treated with pioglitazone (Pio) Arrow in panel G denotes regions of high macrophage infiltration in valves from hypercholesterolemic rabbits. J, Note that increas-
ing peroxisome proliferator–activated receptor gamma (PPARγ) signaling reduces valvular inflammation and is also likely to decrease osteogenesis by promoting 
entry of cells into an adipocyte-like lineage (i.e., instead of an osteoblast-like lineage). BMP, Bone morphogenetic protein; Msx2, msh homeobox 2; Runx2, runt-related 
transcription factor 2; Sp7, a transcription factor. (A through E from Nigam V, Srivastava D. Notch1 represses osteogenic pathways in aortic valve cells. J Mol Cell Cardiol 
2009;47:828–34; F through I from Li F, Cai Z, Chen F, Shi X, etâ•¯al. Pioglitazone attenuates progression of aortic valve calcification via down-regulating receptor for advanced 
glycation end products. Basic Res Cardiol 2012;107:306.)
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and DNA methylation may play a significant role in the pathogen-
esis of valvular calcification and fibrosis.

Histone acetylation, which alters transcription factor binding 
and affinity, is regulated by class I to class IV histone deacety-
lases.119 Class I deacetylases (such as histone deacetylase 3 
[HDAC3]) and class III deacetylases (sirtuin proteins [Sirts]) have 
both been implicated in the regulation of proteins known to drive 
cardiovascular calcification. More specifically, HDAC3 has been 
shown to suppress activity of Runx2 and prevent osteoblastic dif-
ferentiation120 (i.e., exert a protective effect) and Sirt1 tonically 
suppresses vascular inflammation and endothelial cell activa-
tion.121 Importantly, experimental reductions in Sirt1 and Sirt6 have 
been shown to increase histone acetylation, promote genomic 
instability, and increase NFκB binding in the nucleus.122-124 
Although age-related reductions in HDAC3 and/or Sirt1/ or 6 would 
be anticipated to increase cardiovascular calcification, changes 
in these deacetylase isoforms in the stenotic valve are not known.

Histone acetylation is thought to alter gene expression on a 
relatively large-scale basis, but changes in DNA methylation can 

for expansion of amorphous, calcified plaques.5 Second, genera-
tion of collagen fragments can induce inflammation in aortic valve 
interstitial cells, which may increase the propensity of these cells 
to undergo redifferentiation to an osteoblast-like phenotype.116,117 
The procalcific nature of matrix degradation is supported by the 
observation that genetic deletion of cathepsin S in hypercholes-
terolemic mice dramatically reduces valvular and vascular calci-
fication in mice with chronic renal failure.118 Future studies aimed 
at determining the therapeutic efficacy of MMP or cathepsin 
inhibitors will be a critical next step in this area of research.

Epigenetic Regulation of Osteogenic Signaling
Epigenetic modifications are emerging as major regulators of tran-
scription factor binding and gene expression in numerous patho-
physiologic conditions. Although little is known with regard to 
epigenetic regulation of gene expression in fibrocalcific aortic 
valve disease, data from literature on aging and other cardiovas-
cular diseases suggest that alterations in both histone acetylation 

FIGURE 3-13  Matrix-remodeling enzymes in fibrocalcific aortic valve disease. A shows increases in matrix metalloproteinase (MMP) activity in valves 
from humans with aortic valve regurgitation (AR) and aortic valve stenosis (AS) in comparison with control/healthy valves. B shows the associations between 
inflammatory cell infiltrate, calcification, and cathepsin S (catS) levels in wild-type and cathepsin S–deficient mice. C shows potential mechanisms whereby altera-
tions in matrix-remodeling protein activity may influence different aspects of fibrocalcific aortic valve disease. ApoE, Apolipoprotein E; C, control; CRD, chronic renal 
disease; MyoF, cultured myofibroblasts. (A from Fondard O, Detaint D, Iung B, etâ•¯al. Extracellular matrix remodelling in human aortic valve disease: the role of matrix metal-
loproteinases and their tissue inhibitors. Eur Heart J 2005;26:1333–41; B from Aikawa E, Aikawa M, Libby P, etâ•¯al. Arterial and aortic valve calcification abolished by elastolytic 
cathepsin S deficiency in chronic renal disease. Circulation 2009;119:1785–94.)
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upregulated in fibrocalcific aortic valve disease, its localization 
shifts from the subendothelium to the valve interstitium as sever-
ity of fibrocalcific aortic valve disease progresses, and it has been 
suggested that matricellular signals initiated by tenascin-C upreg-
ulate matrix metalloproteinase expression and alkaline phospha-
tase activity in VICs.110,128

Matricrine signaling refers to the ability of the matrix to modu-
late the bioavailability and binding of growth factors through their 
sequestration and localization.8 Examples of this process are the 
regulation of latent TGF-β assembly and storage by fibronectin 
and the binding of TNFα by biglycan.129 Upregulation of these 
extracellular matrix molecules may play a key role in the localiza-
tion of profibrotic and proinflammatory molecules to sites of cal-
cification and injury in the valve.30

The stiffness of the extracellular matrix can also have a pro-
found effect on the differentiation of cells in response to various 
lineage-directing cues.130 Recent reports clearly demonstrate that 
matrix stiffness not only can be an independent determinant of 
cellular differentiation but can also determine whether cells 
undergo apoptosis or osteogenesis following specific stimuli (e.g., 
TGF-β).8,30,34 Collectively, increases in matrix stiffness with pro-
gression of fibrocalcific aortic valve disease are likely to perpetu-
ate osteogenesis, apoptosis, and calcification in an independent 
manner.

Finally, changes in external mechanical forces are ultimately 
transmitted to aortic VICs via the extracellular matrix.8 Hyperten-
sion, which is a major risk factor for development of fibrocalcific 
aortic valve disease, increases myofibroblast activation and 
appears to accelerate differentiate differentiation of cells to an 
osteoblast-like phenotype.81,131-134 Detailed studies of changes in 
VIC biology in experimental models of hypertension (e.g., with or 
without genetic alterations in extracellular matrix proteins) will 
undoubtedly be critical to understanding the role of the extracel-
lular matrix in the integration of physiologic and biochemical 
cues in vivo.

alter expression of genes in a much more discrete manner.125,126 
Evidence that DNA methylation may play a role in regulation of 
aortic valve calcification can be drawn from the field of vascular 
calcification, in which induction of an osteogenic phenotype is 
associated with hypermethylation of the alpha-smooth muscle 
actin promoter and the addition of DNA demethylating agents 
(such as procaine) markedly reduces vascular smooth muscle 
cell calcification in vitro.127 Whether DNA methylation silences 
expression of anticalcific genes in fibrocalcific aortic valve 
disease is unknown but remains an exciting area of future 
investigation.

Fibrosis and Matrix Modulation  
of Calcification
During the initiation and progression of fibrocalcific aortic valve 
disease, there are substantial changes in the composition, orga-
nization, and mechanical properties of the extracellular matrix in 
the aortic valve.8 Although these changes were once thought to 
be simply contributors to increases in aortic valve stiffness and a 
direct mechanical impediment to valve function, a growing body 
of data now suggests that changes in the extracellular matrix can 
have profound effects on aortic valve interstitial cell signaling 
and differentiation (Figure 3-14). The interactions between valve 
interstitial cells and their environment can be functionally 
divided into four categories: matricellular signaling, matricrine 
signaling, mechanical signaling through changes in matrix elas-
ticity, and mechanical signaling secondary to changes in exter-
nal forces.

Matricellular signaling refers to induction of signals within the 
valve interstitial cell (VIC) by direct interactions with extracellu-
lar matrix components.8 One example of this is the interaction 
between VICs and tenascin-C. Although tenascin-C levels are  
low in normal valves, expression of this molecule is markedly 

FIGURE 3-14  Interactions between valve interstitial cells and their surrounding matrix, and potential pathophysiologic stimuli that may promote 
development of fibrocalcific aortic valve disease. MMP, Matrix metalloproteinase; TGF, tumor growth factor; TNF, tumor necrosis factor. (Modified from Chen 
JH, Simmons CA. Cell-matrix interactions in the pathobiology of calcific aortic valve disease: critical roles for matricellular, matricrine, and matrix mechanics cues. Circ Res 
2011;108:1510–24.)
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TGF-β1–induced calcification is strongly associated with caspase 
activation and programmed cell death/apoptosis in vitro, and 
co-treatment of cells with caspase inhibitors can markedly attenu-
ate calcified nodule formation in vitro.36 Although it is unclear 
whether cell death elicits VIC calcification through focal increases 
in the calcium/phosphorous product or via other mechanisms,5 
treatments such as caspase inhibitors and molecules that attenu-
ate cell necrosis may prove to be efficacious treatments to slow 
progression of fibrocalcific aortic valve disease in many patients 
with nonosteogenic valve calcification.

Reduction of Fetuin-A Levels
Fetuin-A is a hepatic glycoprotein that is constitutively secreted 
into the circulation and serves to prevent accumulation of calci-
fication at ectopic sites.138-141 Evidence that fetuin-A is a major 
inhibitor of soft tissue calcification comes from the fetuin-A–defi-
cient mouse, in which massive calcified deposits develop through-
out the body,142 and which shows dramatic increases in intimal 
plaque calcification when crossed with apolipoprotein E (ApoE)–
deficient mice.143 Furthermore, degradation of fetuin-A by matrix 
metalloproteinases significantly reduces its ability to attenuate 
calcium accumulation.144 Clinically, reductions in serum fetuin-A 
levels are strongly associated with vascular and valvular calcifica-
tion,145 and may prove to be a useful biomarker for initiation of 
aggressive risk factor management in patients with early stages of 
valve disease.

Translation of Biological Findings  
to Therapeutic Interventions
In the development of novel therapeutic approaches to slow or 
potentially halt progression of valvular dysfunction in fibrocal-
cific aortic valve disease, it is likely that successful interventions 
will need to target both calcification and fibrosis in the stenotic 
aortic valve. This likelihood may require a multidrug approach, 
but several insights from preclinical and clinical studies are likely 
to help guide the field in the design of successful treatments for 
fibrocalcific aortic valve disease.

First, it would seem intuitive to most that targeting a specific 
risk factor, such as hypercholesterolemia, could slow progression 
of fibrocalcific aortic valve disease. When the risk factor is 
present, as is the case in animals or patients with severe fibrocal-
cific aortic valve disease, aggressive lipid lowering may slow or 
halt progression of valvular dysfunction.6,32,146 It is important to 
note, however, that reducing blood lipids does not induce regres-
sion of valvular dysfunction under such conditions,6,32 a lack that 
may be in part due to the absence of an effect of lipid lowering 
on valve fibrosis.32 Furthermore, several large, randomized 
clinical trials have shown that statins do not effectively slow  
progression of fibrocalcific aortic valve disease in nonhypercho-
lesterolemic patients,147-149 suggesting that the off-target (or “pleio-
tropic”) effects of statins are not sufficient to repress osteogenic 
or fibrogenic signaling in advanced fibrocalcific aortic valve 
disease in vivo. Collectively, these data would suggest that target-
ing a specific risk factor is most likely to be successful in well-
defined subsets of patients (e.g., severely hypercholesterolemic 
patients) or when local activity of a signaling pathway associated 
with a risk factor is markedly upregulated (e.g., angiotensin II 
signaling/ACE activity in valve tissue).

Second, careful consideration of the by-products of treatments 
is critical for predicting success of most therapies. A common 
example can be found in treatments that attempt to reduce oxida-
tive stress. Oxidative stress is a particularly attractive therapeutic 
target for slowing progression of fibrocalcific aortic valve disease 
in humans, because increases in oxidative stress are a nearly 
ubiquitous finding in valves from patients with fibrocalcific aortic 
valve disease,78,85 and preclinical work suggested that reducing 
oxidative stress can slow progression of atherosclerosis.150 When 

Molecular Pathways Contributing  
to Nonosteogenic Calcification
Much of this chapter has focused on ectopic osteogenesis as a 
major contributor to calcification in fibrocalcific aortic valve 
disease, but it is clear from detailed histopathologic studies that 
nonosteogenic mechanisms may also contribute to accrual of 
calcium in the valve5,9 (Figure 3-15). Two mechanisms whereby 
this may occur are accumulation of calcium secondary to cell 
death and reductions in molecules that prevent ectopic calcium 
accumulation.

Cell Death as a Contributor to Nonosteogenic 
Calcification
In general, cell death can occur via apoptosis (in which the inter-
nal and external cell membranes are preserved so that the cell 
and its contents can be cleared by phagocytosis), necrosis (in 
which membrane lysis releases cellular contents and results in 
inflammation), or apoptosis followed by secondary necrosis.135-137

The exact mechanisms whereby cellular death promotes valve 
calcification have yet to be determined experimentally. Several 
key observations, however, lend insight into how this process may 
occur. First, calcified nodules that form following induction of cell 
death typically have a crystalline ultrastructure and lack live  
cells within the core of the calcified mass itself.1 Second, 

FIGURE 3-15  Potential mechanisms contributing to nonosteogenic 
valve calcification. Although mechanisms initiating nonosteogenic calcifica-
tion have yet to be determined empirically, amorphous calcium accumulation 
is a common finding in humans with end-stage fibrocalcific aortic valve 
disease. Clearance of “excess” local calcium by fetuin-A is likely to be an impor-
tant mechanism preventing accumulation of calcium in both early and  
late stages of fibrocalcific aortic valve disease, and it may be a reasonable 
therapeutic target in a subset of patients with nonosteogenic calcification.  
ROS, reactive oxygen species. 
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a superoxide dismutase mimetic was administered in a rabbit 
model of fibrocalcific aortic valve disease, however, progression 
of valve calcification and dysfunction was paradoxically 
increased.85 This result is likely to be due to the fact that superox-
ide dismutase mimetics effectively reduce superoxide radicals 
but, in the process, increase hydrogen peroxide levels (which 
have been shown to accelerate vascular and valvular calcification 
in vitro).85,151 Similarly, overexpression of NOS can effectively slow 
progression of atherosclerosis only when adequate cofactors (e.g., 
tetrahydrobiopterin [BH4]) are available152 because increases in 
epithelial NOS activity when the bioavailability of such cofactors 
is reduced result in increased free radical production as a result 
of uncoupled NOS activity. Prospectively, application of high-
throughput “systems biology” approaches will probably be useful 
in the prediction of downstream/off-target side effects of novel 
therapeutics.

Finally, any treatment aimed at slowing the progression of valve 
calcification must not negatively affect skeletal/bone ossification. 
The vast majority of patients with fibrocalcific aortic valve disease 
are elderly, and emerging data suggest that many patients with 
this disease have lower bone mineral density than age-matched 
patients without valve disease.153-155 Thus, treatments that may 
nondiscriminately reduce osteoblast activity in both cardiovascu-
lar and skeletal systems (e.g., many PPARγ agonists) may slow 
progression of fibrocalcific aortic valve disease but accelerate 
osteoporosis. Development of drugs that drive specific subcom-
ponents of specific signaling cascades (e.g., the anti-inflammatory 
effects of PPARγ agonists) or preferentially activate signaling cas-
cades in specific tissues may overcome such limitations.
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echocardiography and computed tomography (CT). Aortic scle-
rosis appears on echocardiography as thickened leaflets with 
focal, echo-bright nodules but relatively preserved leaflet excur-
sion. Because transvalvular flow remains at near-normal velocity, 
only semiquantitative assessment of aortic sclerosis severity can 
be performed. This problem has hampered research into the 
determinants of calcium and fibrosis progression in the earliest 
stages. In contrast, as valve calcification and fibrosis progress and 
begin to impair leaflet excursion, transvalvular velocity begins to 
increase, making transvalvular velocity a practical, noninvasive 
measure of disease progression. For this reason, clinical investiga-
tions into the determinants of CAVD progression have focused on 
this “echocardiographically amenable” but inherently late stage 
of the disease.

In contrast, CT is well validated as a modality for assessing 
CAVD presence and severity, particularly in the earlier disease 
stage.4-6 Although its clinical role is limited because CT cannot 
assess the hemodynamic sequelae of valve calcification, it 
remains a powerful research tool. With use of the Agatston 
method, which estimates calcium volume and density from voxel 
intensity,7 CT allows quantitative assessment of calcium burden 
in all stages of disease. Moreover, CT is relatively inexpensive and 
easily acquired and has been incorporated into many large epi-
demiologic studies. Modern, high-resolution CT technology may 
also permit assessment of valve morphology. Figure 4-1 shows the 
appearance of aortic stenosis (AS) on both echocardiography 
and CT.

Bicuspid Aortic Valves
Bicuspid aortic valve (BAV) disease—valve dysgenesis marked by 
the presence of two rather than three valve leaflets—is the most 
common congenital heart defect. It is present in 0.5% to 2% of the 
general population, with a 3â•›:â•›1 male predominance. BAV disease 
may result in perturbation in transvalvular flow in absence of 
secondary calcification. However, its association with other vas-
cular structural abnormalities, including thoracic aortic aneurysm 
and aortic coarctation, suggests that largely unidentified genetic 
defects may underlie the pathogenesis of many cases of BAV.

Although valvular interventions are occasionally necessary in 
childhood, adults with BAV are at risk for early valve calcification, 
clinically significant AS, and surgical valve replacement. The 
importance of BAV in CAVD pathogenesis was demonstrated by 
rigorous, pathologic analyses of explanted aortic valves (Figure 
4-2).8,9 In a series of 932 patients undergoing AVR, Roberts etâ•¯al9 
estimated that nearly 50% had a BAV disease and that patients 
with BAV underwent AVR approximately 2 decades earlier than 
those with normal trileaflet valves. BAV was present in about 62% 
of patients undergoing AVR who were aged 50 to 70 years, but in 
only 37% of those older than 70 years. An earlier, small case series 
of 43 patients found a 42% prevalence of BAV among surgically 
resected aortic valves.10

Key Points
■	 Calcific aortic valve disease (CAVD) is a common feature of aging that 

is regulated by active biologic processes.
■	 Early-stage CAVD shares important similarities with atherosclerosis 

and vascular calcification, including cardiovascular risk factors.
■	 Risk factors for CAVD initiation and progression may be age and 

stage specific.
■	 Atherosclerosis risk factors are associated weakly, if at all, with 

progression to late-stage CAVD.
■	 Randomized clinical trials of statin therapy in later-stage CAVD have 

not shown benefit in slowing progression of valve disease or delaying 
need for valve replacement.

■	 The presence of aortic valve calcium is a marker of increased 
cardiovascular risk across a wide range of age and ethnicities.

Calcific aortic valve disease, defined by aortic valve leaflet thick-
ening and calcification, is a common feature of aging, being 
present in nearly 25% of individuals older than 65 years, and in 
more than 40% of individuals more than 75 years of age.1 Because 
of its high prevalence among the elderly, CAVD was initially 
thought to be a degenerative process due to wear and tear of 
fragile leaflets. However, contemporary research has demon-
strated CAVD to be an active biologic process marked by lipopro-
tein deposition, inflammatory cell infiltration, renin-angiotensin 
system activation, and calcium deposition (further discussed in 
Chapter 3).

To date, no lifestyle modifications or medical therapies have 
been shown to slow CAVD initiation or progression, and the main-
stays of therapy remain careful observation and timely proce-
dural intervention with surgical or transcutaneous aortic valve 
replacement (AVR) at the onset of valve-related symptoms.2,3 
CAVD is one of the most common indications for cardiac surgery, 
with approximately 75,000 AVR procedures performed annually 
in the United States.

CAVD is traditionally classified into two functional stages. 
Aortic sclerosis—early-stage disease—is marked by initial 
calcium deposition that is insufficient to impede blood flow 
across the valve. This stage may have an extremely long latent 
period, with slow progression over decades. Aortic stenosis—
later-stage disease—is demarcated by the onset of measurable 
hemodynamic obstruction.

This chapter focuses on the clinical and genetic risk factors for 
valve calcification across the full disease spectrum, incorporating 
data from observational and epidemiologic studies and clinical 
trials. The relationship between valve calcification and nonvalvu-
lar clinical outcomes is also discussed.

Methods of Detection
On a clinical basis, CAVD is often first detected incidentally  
by means of noninvasive imaging techniques, such as  
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that genetic abnormalities may underlie the BAV phenotype and 
early valve calcification.

Clinical Risk Factors
Because of challenges associated with developing practical and 
representative animal models for CAVD, much of our knowledge 
about CAVD risk factors has arisen from observational studies 
using hospital registries and population investigations. Here a 
caveat is in order. Because valve calcium is often subclinical and 
often only incidentally detected, hospital or echocardiography 
laboratory databases may be prone to a selection bias, with over-
representation of individuals with high cardiovascular risk. On 
the other hand, most population-based epidemiologic investiga-
tions were designed to focus on coronary artery disease risk and 
outcomes. Analyses of valve calcium risks have often been post 
hoc and dependent on previously collected coronary risk factor 
data. A shared limitation of both hospital- and population-based 
observational studies is the challenge of inferring causality from 
either cross-sectional or prospective associations.

This limitation aside, observational and epidemiologic studies 
have provided important insights into the risk factors for CAVD in 
varied stages. The earliest of these studies focused on cross-
sectional risk associations in subjects with end-stage CAVD, 
whereas later studies have utilized CT to identify risk associations 
in earlier-stage disease. In general, traditional cardiovascular risk 
factors have shown strong associations with the presence of 
CAVD and incident CAVD but weak associations with CAVD pro-
gression (summarized in Table 4-1). The following discussion 
summarizes the major findings.

Older Age
CAVD primarily affects the elderly, and the prevalence of CAVD 
increases with advancing age. In the Cardiovascular Health Study, 

Early family studies suggested that BAV disease may have a 
genetic basis. Initial reports of familial clustering prompted 
detailed family screening studies, which showed that approxi-
mately 9% of first-degree relatives of patients with BAV also had 
BAV morphology.11,12 From these studies, it was estimated that the 
“heritability factor” for BAV disease was approximately 89%, sug-
gesting a strong genetic basis with low phenotypic penetrance. 
Subsequent linkage analyses identified possible loci at 18q, 5q, 
and 13q, but exact genes were not identified.13

In a landmark study, Garg etâ•¯al14 studied a large family that 
had both highly penetrant BAV disease and other congenital 
heart abnormalities. Using linkage-guided gene sequencing, the 
researchers identified a stop mutation in the NOTCH1 gene. This 
result was further validated in an independent study of a BAV 
disease family, in whom a NOTCH1 frameshift mutation was then 
identified. NOTCH1 is highly expressed in aortic valve develop-
ment and normally suppresses Runx2, a transcription factor that 
regulates osteoblastogenesis. Although mutations in NOTCH1 are 
extremely rare in the population, explaining only a small portion 
of BAV and CAVD, this proof-of-concept discovery demonstrates 

FIGURE 4-1  Aortic valve calcification. Depiction of a patient with severe 
aortic stenosis, showing the appearance of calcium on both echocardiography 
(left) and computed tomography (right). The regions of valvular calcium are 
shown by the white arrows. Mitral annular calcium is also present. 

FIGURE 4-2  Valve morphology among subjects undergoing aortic 
valve replacement, classified by age. (Data from Roberts WC, Ko JM. Fre-
quency by decades of unicuspid, bicuspid, and tricuspid aortic valves in adults 
having isolated aortic valve replacement for aortic stenosis, with or without associ-
ated aortic regurgitation. Circulation 2005;111:920–5.)
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TABLE 4-1

	 General Summary of Strength of Associations 
Seen in Observational and Epidemiologic 
Studies of Clinical Risk Factors and Calcific 
Aortic Valve Disease

CAVD Analyses

CROSS-SECTIONAL INCIDENT PROGRESSION

Age +++ +++ +++

Male gender ++/− ++ 0

Height ++ ++ 0

BMI ++ ++ 0

Hypertension ++ ++ 0

Diabetes +++ +++ 0

Metabolic 
syndrome

++ ++ +

Dyslipidemia ++ ++ 0

Smoking ++ ++ +

Renal dysfunction + 0 0

Inflammatory 
markers

+ 0 0

Phosphorus ++ 0 n/a

Calcium levels 0 0 n/a

Baseline calcium 
score

n/a n/a +++

+, Weak positive association; ++, modest positive association; +++, strong positive 
association; −, weak negative association; 0, no association seen; n/a, insufficient data 
available.



55

C H
4

C
l

in
ica


l

 a
n

d
 G

e
n

et


ic
 R

isk
 Fact




o
r

s f
o

r
 C

a
l

c
if

ic
 V

a
lve


 D

isea


se
Male Gender
Gender influences many aspects of CAVD. Bicuspid aortic valves 
are nearly three times more common among men than women, 
and BAVs account for about 50% of aortic valve replacements. 
If all other factors were equal, these facts would translate into a 
nearly 3/2 maleâ•›:â•›female ratio among subjects undergoing AVR. 
Most studies examining the influence of gender on CAVD have 
not accounted for valve phenotype, but this problem is likely 
not as significant in analyses of earlier-stage CAVD, in which 
trileaflet valves account for the vast majority of cases.

On multivariate analyses, most studies have identified male 
gender to be associated with CAVD in both early-stage and late-
stage disease. In the MESA, which utilized CT to identify early 
subclinical disease, male gender conferred a 1.87-fold (95% con-
fidence interval (CI) 1.31-2.69) higher odds of valve calcium after 
adjustment for traditional cardiovascular risk factors.19 One 
study, however, found a strong independent association between 
aortic sclerosis identified by echocardiography and female 
gender.20

Race/Ethnicity
Few studies have examined the relationship between CAVD and 
race/ethnicity, and the majority of clinical data surrounding CAVD 
is derived from Caucasian populations. One study examining 
interracial differences in BAVs demonstrated a significantly higher 
prevalence of BAVs among Caucasians than among African-
Americans with a single-center cohort (1.1% versus 0.2%; P = 
0.001).21 The MESA used targeted oversampling of ethnic minority 
groups in its recruitment in order to enhance statistical power. In 
the MESA population, the baseline prevalence among the race/
ethnic groups was 14% among white, 7% among Chinese, 11% 
among black, and 12% among Hispanic participants.16 However, 
after baseline cardiovascular risk factors were accounted for, 
there was no significant difference among these race/ethnic 
groups in either cross-sectional or incident analyses.16,19 However, 
on pathologic analysis of explanted stenotic aortic valves, African-
Americans showed greater likelihood of heterotopic ossification 
(bone formation). Whether this is due to delayed surgical inter-
vention from socioeconomic factors or an inherent tendency for 
bone formation is unclear.22

Anthropometry
Studies have accounted for body size in various manners, includ-
ing assessment of height, weight, body mass index (BMI), and 
waist circumference. The relationship between height and CAVD 
appears complex. Within the Cardiovascular Health Study (CHS), 
greater height was associated with prevalent aortic sclerosis,1 but 
short stature was associated with progression to AS.23 Height may 
influence aortic pulse wave dynamics, thus altering shear forces 
across the aortic valve.

Body mass index has been more universally associated with 
CAVD in varied stages. Whether BMI is directly associated with 
CAVD, or whether it is mediated by dysglycemia and/or insulin 
resistance, is uncertain.

Hypertension
Multiple case-control, population, and prospective studies have 
shown an association between hypertension and CAVD. Linefsky 
etâ•¯al24 demonstrated that higher hypertension categories were 
more strongly associated with prevalent disease in the MESA 
population.

Additionally, Iwata etâ•¯al25 provide compelling data associating 
24-hour ambulatory blood pressure with the cross-sectional prev-
alence of aortic sclerosis.25 After adjustment for cardiovascular 
risk factors, 24-hour awake/asleep mean diastolic pressures—but 
not systolic pressures—were associated with aortic sclerosis. This 

CAVD prevalence was 21% in subjects 65 to 74 years old, 38% in 
those 75 to 84 years old, and 52% in those 85 years or older.1 
Longitudinal analyses from the Multi-ethnic Study of Atheroscle-
rosis (MESA) show not only that this increasing prevalence is due 
to accumulation of cases but also that the rate of new (“incident”) 
CAVD also rises substantially with age. For example, the estimated 
CAVD incidence rate is 0.6% per year in subjects 50 to 54 years 
old and 3.5% per year in those 70 to 79 years old (Figure 4-3).15

Multiple studies have used multivariate regression to account 
for potential confounding factors. Nearly universally, age has 
been found to be an independent predictor of CAVD risk through-
out all stages, including prevalent and incident disease as well 
as disease progression. The exact reasons for this strong associa-
tion remain incompletely understood. On the one hand, age 
serves as a surrogate measure for duration of exposure to risk 
factors. On the other hand, longitudinal analyses (in which expo-
sure to risk factors is age independent) suggest that age may be 
a marker of other, unmeasured factors. It is intriguing to consider 
whether biologic mechanisms implicated in the aging process, 
such as mitochondrial uncoupling and oxidative stress or epigen-
etic modification and DNA damage, may play a causal role in 
CAVD pathogenesis.

Age also has been shown to be an important modifier of the 
association between traditional cardiovascular risk factors and 
CAVD. Owens etâ•¯al16 demonstrated that age significantly modified 
the low-density lipoprotein cholesterol (LDL)–associated risk of 
CAVD, with LDL being a risk factor in younger but not older indi-
viduals within the MESA population. Similar findings were seen 
in a cohort of patients with AS undergoing AVR, in which elderly 
subjects had less atherogenic lipid profiles in general.17 In a later 
study, a significant interaction between age and the metabolic 
syndrome was shown in patients with severe AS, such that the 
effect of metabolic syndrome was stronger in younger patients.18 
Overall, these findings suggest weaker influences of traditional 
cardiovascular risk factors in older subjects, which in turn has 
two implications. First, treatment of cardiovascular risk factors to 
prevent CAVD may be most beneficial in younger patients; and 
second, other mechanisms may be important in older individuals, 
in whom the rate of incident CAVD is the highest.

FIGURE 4-3  Incidence rate of new aortic valve calcium (AVC) by age. 
Data over a median follow-up of 2.7 years are shown for the 5142 participants 
in the Multi-Ethnic Study of Atherosclerosis who were free of baseline AVC. (The 
size of the scatter points is weighted for the number at risk in each age category.) 
A marked increase in the AVC incidence rate is seen with advancing age. (From 
Owens DS, Katz R, Takasu J, etâ•¯al. Incidence and progression of aortic valve calcium 
in the Multi-ethnic Study of Atherosclerosis [MESA]. Am J Cardiol 2010;105:701–8.)
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study found an association between lipoprotein(a) [Lp(a)] con-
centrations and the presence of CAVD,1 and Lp(a) has been shown 
to colocalize to regions of calcification.40 These observational 
studies were bolstered by hyperlipidemic animal models,41,42 in 
vitro studies,43,44 and retrospective clinical analyses,45-47 suggest-
ing a beneficial effect of hydroxymethyl glutaryl–coenzyme A 
(HMG-CoA) reductase inhibition with statin therapy in slowing 
the progression of CAVD. Together, these findings, for a time, 
fostered a paradigm of CAVD as an atherosclerosis-like process.

Several randomized clinical trials were launched to test  
the hypothesis that statin therapy would slow progression of 
established CAVD (Table 4-2). The first of these, the Scottish 
Aortic Stenosis and Lipid Lowering Trial, Impact on Regression 
(SALTIRE),48 tested whether 80â•¯mg of atorvastatin daily would 
slow CAVD progression (as measured by aortic valve jet velocity 
and aortic valve calcium score) in 156 patients with established 
AS (mean jet velocity 3.4â•¯m/s). Over a median follow-up of 25 

finding is intriguing, because diastolic flow across the aortic side 
of the valve leaflets and into the coronary arteries creates shear 
forces that may contribute to disease initiation and progression. 
However, this finding has not been validated on a prospective 
basis, and data supporting a role for hypertension in disease 
progression are currently lacking.

Dysglycemia and the Metabolic Syndrome
Insulin resistance, diabetes, and the metabolic syndrome form a 
spectrum of metabolic abnormalities that have been shown to 
associate strongly with coronary atherosclerosis. The Homeo-
static Model of Assessment—Insulin Resistance (HOMA-IR) has 
been associated with incident CAVD in prospective analysis of 
the MESA cohort, but this association was not independent of 
other cardiovascular risks.26

Similarly, overt diabetes has not been a consistent predictor of 
either cross-sectional CAVD or incident CAVD, nor a predictor of 
CAVD progression. Case-control studies have shown mixed 
results,20,27,28 and diabetes was found to be associated with cross-
sectional CAVD and incident CAVD in the MESA population.29,30 
However, this result was not found in either the Cardiovascular 
Heart Study or the Framingham Heart Study.1,23,31 Interestingly, 
patients with diabetes had a lower rate of heterotopic ossification 
on histopathologic evaluation of explanted, severely calcified 
aortic valves of patients undergoing valve replacement.22

Metabolic syndrome is a constellation of clinical conditions 
that are often coexistent, including dysglycemia and insulin resis-
tance, high blood pressure, dyslipidemia, central obesity, and 
microalbuminuria.32-34 Patients with metabolic syndrome have a 
higher prevalence of CAVD30 and are more likely to have incident 
CAVD (Figure 4-4).29 Additionally, metabolic syndrome appears 
to influence the rate of hemodynamic progression of late-stage 
CAVD measured either by transvalvular velocity18 or aortic valve 
area.35 The metabolic syndrome has also been associated with 
faster deterioration of bioprosthetic aortic valves.36,37 Although 
metabolic syndrome is one of the few clinical factors that have 
been shown to be associated with CAVD progression, the mecha-
nisms underlying this association are unclear.

Dyslipidemia
Multiple observational studies have demonstrated significant 
associations between atherogenic dyslipidemia, including both 
total cholesterol and LDL concentrations, and both prevalent and 
incident CAVD.1,19,20,23,31,38,39 However, the risk conferred by dyslip-
idemias appears to be clinically modest. Additionally, at least one 

FIGURE 4-4  Rates of incident aortic valve calcification (AVC) in rela-
tionship to diabetes (DM) and metabolic syndrome (MetS). Data are 
shown for the 5723 participants in the Multi-ethnic Study of Atherosclerosis, 
according to (left) the presence of metabolic syndrome (by criteria of the Third 
Report of the Expert Panel on Detection, Evaluation, and Treatment of High 
Blood Cholesterol in Adults [ATP-III]) or diabetes and (right) the number of 
metabolic syndrome criteria present. (Adapted from Katz R, Budoff MJ, Takasu J, 
etâ•¯al. Relationship of metabolic syndrome with incident aortic valve calcium and 
aortic valve calcium progression: the Multi-Ethnic Study of Atherosclerosis (MESA). 
Diabetes 2009;58:813–9.)
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TABLE 4-2	 Summary of Randomized Control Trials Testing Statin Therapy for Slowing the Progression of Calcific Aortic 
Valve Disease

SALTIRE48 SEAS TRIAL49 ASTRONOMER TRIAL50

AS severity
  Aortic velocity (m/s) 3.7 3.1 3.2
  Aortic valve area (cm2) 1.0 1.3 1.5

Number of subjects 155 1873 269

Mean age (years) 68 67 58

BAV prevalence (%) 3 5 49

Baseline LDL (mg/dL) 135 ± 32 139 ± 35 122 ± 26

Statin tested Atorvastatin 80â•¯mg Simvastatin 40â•¯mg + ezetimibe 10â•¯mg Rosuvastatin 40â•¯mg

Median follow-up (mo) 25 52 42

Valve outcomes assessed 1.	 Aortic velocity
2.	 Valve calcium score

1.	 Aortic valve events
2.	 Aortic velocity

1.	 Aortic valve peak gradient
2.	 Aortic valve area

Results No benefit Reduction in ischemic but not aortic valve events No benefit

AS, aortic stenosis; ASTRONOMER, Aortic Stenosis Progression Observation: Measuring Effects of Rosuvastatin; BAV, bicuspid aortic valve; LDL, low-density lipoprotein cholesterol.
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Whether less severe forms of CKD are associated with CAVD 

has been the study of several investigations. Mills etâ•¯al72 examined 
118 patients with AS and normal renal function (serum creatinine 
<1.5â•¯mg/dL) and found no association between the severity of AS 
and the calcium-phosphate product. Furthermore, Fox etâ•¯al,58 
examining 3047 participants in the Framingham Offspring study, 
found a strong association between the presence of CKD (defined 
as estimated glomerular filtration rate (GFR) <60â•¯mL/min per 
1.73â•¯m2) and mitral annular calcification (odds ratio [OR] 1.6; 95% 
CI 1.03-2.5), but found no association between CKD and CAVD 
(OR 1.1; 95% CI 0.7-1.7) after full adjustments.

An additional investigation of 6785 participants of the MESA 
utilized more robust measures of CKD, including estimated GFR 
and cystatin C concentrations and the presence of microalbumin-
uria.73 The MESA population is generally healthy, and the preva-
lence of CKD (estimated GFR <60â•¯mL/min per 1.73â•¯m2) and CAVD 
were 10% and 13%, respectively. In this population, there were 
trends for associations between aortic valve calcium and both 
CKD (OR 1.23; 95% CI 0.99-1.14), and cystatin C (OR 1.06; 95% CI 
0.99-1.14), but not with microalbuminuria (OR 1.11; 95% CI 
0.89-1.40).

Taken together, these studies suggest that mild CKD is, at most, 
weakly associated with CAVD on a population basis, and thus 
renal dysfunction may only be a significant contributor to CAVD 
pathogenesis in ESRD. However, an intriguing study by Linefsky 
etâ•¯al74 found a significant relationship between phosphorus levels 
and the prevalence of CAVD among 1938 subjects in the Cardio-
vascular Heart Study. These subjects had normal renal function 
on average (estimated GFR 76.6â•¯mL/min/1.73â•¯m2) and 97% had 
phosphorus levels within the normal range. Each 0.5â•¯mg/dL 
increase in serum phosphate concentrations was associated with 
greater adjusted odds of CAVD (OR 1.17; 95% CI 1.04-1.31), as 
shown in Figure 4-5. Significant associations were also seen 
between serum phosphate and aortic annular and mitral annular 
calcification, but no associations were seen with serum calcium, 
parathyroid hormone, or 25-OH vitamin D concentrations. This 
result is intriguing because phosphate uptake via the Pit-1 

months, the rates of AS progression did not differ between the 
treated and untreated groups. A second, much larger trial, the 
Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) study, tested 
whether simvastatin 40â•¯mg plus ezetimibe 10â•¯mg daily would slow 
CAVD progression49 in 1873 patients with mild-to-moderate AS; 
after a median follow-up of 52 months, the between-group rate of 
aortic valve replacement did not differ (28.3% vs. 29.9%; P = 0.97). 
A third trial, the Aortic Stenosis Progression Observation: Measur-
ing Effects of Rosuvastatin (ASTRONOMER),50 randomly assigned 
269 subjects with asymptomatic AS to receive either rosuvastatin 
40â•¯mg daily or placebo. Although this population was notable for 
being younger (mean age 58 years) and having a high prevalence 
of BAV morphology (49%), there was no significant difference 
between the groups in the transvalvular gradients or aortic valve 
areas at a mean follow-up of 3.5 years.

Taken together, these trials have been taken as a repudiation 
of the hypothesis that lipid lowering impacts CAVD progression, 
calling into question the paradigm that CAVD is regulated by an 
atherosclerosis-like process. Several observations are notable. 
First, these were trials of participants with AS, a relatively late 
stage in the spectrum of CAVD. In contrast, observational studies 
demonstrated the strongest statistical associations of dyslipid-
emia with early-stage disease initiation, and it remains uncertain 
whether lipid-lowering therapy, particularly in younger patients,16 
might affect disease progression. Second, statin therapy reduced 
the coronary revascularization rate in the SEAS study (hazard 
ratio [HR] 0.78; 95% CI 0.63-0.97).49 Thus, although statin therapy 
may not impact valve-specific end points in those with late-stage 
CAVD, the overall clinical effect may be beneficial.

Smoking
Cigarette smoking is strongly linked to atherosclerosis, including 
coronary, carotid, and peripheral vascular disease, through 
varied mechanisms such as promotion of inflammation, altera-
tions in lipids, vasomotor dysfunction, increased oxidative stress, 
and induction of a prothrombotic milieu.51 Smoking has been 
linked with cross-sectional and incident CAVD in multiple 
studies.1,19,31,52

Markers of Inflammation
Studies in animal models and of human pathologic specimens 
have demonstrated a clear role for inflammatory cell infiltration 
and oxidative stress in CAVD pathogenesis with induction of 
osteogenic pathways.53-57 However, to date no convincing assoÂ�
ciations have been found between systemic markers of inflamma-
tion and CAVD. C-reactive protein levels have failed to show 
associations with early- or late-stage disease or with disease initia-
tion.19,23,31,58 Moreover, several studies have examined the relation-
ship between CAVD and soluble intercellular adhesion molecule-1 
(sICAM-1), with mixed results.58-60 Thus it seems that future clinical 
studies investigating the role of inflammation in CAVD will need 
more targeted strategies.54

Renal Dysfunction
Chronic kidney disease (CKD) reduces filtration of metabolites, 
minerals, and toxins, is often associated with albuminuria, and 
creates systemic perturbations in blood pressure, red blood cell 
production, and neurohormonal pathways.61 In particular, end-
stage renal disease is associated with hyperphosphatemia, hypo-
calcemia, and a secondary hyperparathyroidism that can cause 
osteopenia and progressive vascular calcifications62,63 and is asso-
ciated with cardiovascular events.64 It has long been observed 
that patients with end-stage renal disease (ESRD) who are under-
going hemodialysis have premature vascular and valvular calcifi-
cation,65-68 and calcium-phosphorus metabolism is an important 
determinant in the rate of progression of CAVD in patients receiv-
ing hemodialysis.69-71

FIGURE 4-5  Probability of aortic sclerosis according to serum phos-
phate concentration among 1938 participants in the Cardiovascular 
Health Study. Solid line indicates fully adjusted cubic spline estimate; dashed 
lines indicate 95% confidence intervals. Higher phosphate concentrations—
even within the normal range—are associated with a significant increase in 
probability of aortic sclerosis (P = 0.01). (Taken from Linefsky et al, J Am Coll 
Cardiol. 2011 Jul 12;58(3):291-7.)
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cardiovascular risk Framingham Risk Score categories, respec-
tively (Figure 4-6). In contrast, renal dysfunction and systemic 
markers of inflammation have demonstrated weaker and vari-
able correlations with CAVD, and their role in the pathogenesis 
of CAVD is uncertain.

Although atherosclerotic risk factors certainly contribute to  
the disease initiation and the presence of early-stage disease, 
there is currently little data to support their role in progression of 
established CAVD. This situation is highlighted by multiple ran-
domized trials showing the failure of statin therapy to impact 
disease progression. Histopathologic analyses have demonstrated 
osteoblastic transformation within calcified valves, and it is 
intriguing to postulate that later-stage disease progression may  
be regulated by factors involved with systemic calcium and  
bone metabolism. However, currently there is scant clinical data 
to support a relationship between these factors and CAVD 
progression.

Genetic Associations with CAVD
Genetic factors may underlie the many, varied facets of CAVD, 
influencing valve morphology, plaque development, and progres-
sive calcification. These factors may range from rare, single-gene 
mendelian mutations producing a large effect (e.g., NOTCH1 
mutations) or more common polymorphisms in multiple genes, 
each with a smaller effect.

The first investigations into the genetic basis of CAVD focused 
on identifying polymorphisms with candidate genes that were 
believed to be in the causal pathways for development of CAVD 
(Table 4-3). These smaller, case-control studies suggested a role 
for genetic variation in apolipoproteins AI and B,91 vitamin D 
receptor,92 estrogen receptor α,93 interleukin-10 (IL-10),94 chemo-
kine receptor 5,94 and paraoxonase 1 (PON1)95 genes. Addition-
ally, transforming growth factor-β (TGF-β) receptor polymorphisms 
were shown to significantly modify the effect of the estrogen 
receptor α polymorphisms.93 In general, these early studies had 
marginal statistical power and lacked validation and replication 
cohorts. This problem is exemplified by several studies of the 
apolipoprotein E (APOE) gene,91,96 with early studies showing 
associations between CAVD and the apo E ε2 allele and the apo 
E ε4 allele that were not validated in a larger (n = 1074) subject 

FIGURE 4-6  Relationship between Framingham risk score in early 
adulthood and the presence of aortic valve calcium (AVC) after a 
median 27-year follow-up. Categories are divided into low (<6%), intermedi-
ate (6% to <20%), and high (≥20%) 10-year risk for coronary artery disease (CAD). 
Higher aggregate risk scores were associated with a greater prevalence of AVC 
(P <0.001 for trend across groups). Error bars represent 95% confidence inter-
vals. (From Thanassoulis G, Massaro JM, Cury R, et al. Associations of long-term and 
early adult atherosclerosis risk factors with aortic and mitral valve calcium. J Am Coll 
Cardiol 2010;55:2491–8.)
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patterns in calcified aortic valves.

Extent of Calcification
There is increasing evidence from preclinical and in vitro studies 
that CAVD is regulated by osteogenic pathways that induce 
biomineralization via distinct paracrine signaling mechanisms.75,76 
Resident fibroblasts have been shown to transdifferentiate down 
an osteoblastic phenotype,77-79 and advanced CAVD may show 
regions of heterotopic ossification.22,78 Several studies have impli-
cated the osteoprotegerin and receptor activator of nuclear factor 
kappa β ligand (RANKL) axis in CAVD,80 and this pathway has 
also been linked to osteoporosis, vascular calcification, and car-
diovascular events.81-84 Osteoprotegerin levels have been shown 
to predict mortality in patients with AS.85 This pathway is intrigu-
ing because of the commercial availability of RANKL inhibitors, 
but to our knowledge, there have been no clinical studies inves-
tigating the role of these novel pathways on the progression of 
CAVD.

A consistent finding among studies that have examined risk 
factors for CAVD progression is that the baseline burden of 
disease—measured either by Agatston calcium scores or valvular 
hemodynamics—is a strong, independent predictor of progres-
sion19,39,86 and outcomes.87 There are two potential explanations 
for this finding. First, baseline disease severity may be a marker 
of the patient’s previous rate of progression, and patients who 
previously experienced rapid progression will continue to do so 
in the future. Second, local, paracrine regulators of calcification 
may be influenced by disease severity (“calcium begets calcium”), 
and patients with high calcium burden have accelerated calcifica-
tion. To date, there have been no efforts to determine which of 
these explanations is more suitable.

An intriguing new approach to studying the relative roles of 
inflammation and calcification in CAVD combines positron emis-
sion tomography (PET) imaging for metabolic imaging with CT 
for anatomic mapping. Both fluorodeoxyglucose F 18 (18F-FDG), 
which correlates with inflammatory activity, and 18F–sodium fluo-
ride (18F-NaF), which correlates with active deposition of calcium, 
localize to the aortic valve in patients with AS, with higher signal 
intensities than seen in controls.88,89 Preliminary data suggest a 
relatively higher rate of 18F-NaF activity than of 18F-FDG activity, 
suggesting a relatively greater role for metabolic processes regu-
lating calcification, in comparison with that of inflammation, in 
the progression of established CAVD. Moreover, these methods 
appear to be reliable and reproducible88,90 and may therefore 
provide novel means of studying the roles of valvular inflamma-
tion and calcification in disease progression.

Summary of Risk Associations
Thus far, the body of evidence suggests strong associations 
between many traditional cardiovascular risk factors and CAVD, 
especially in its early stages. These risk factors include age,  
male gender, hypertension, diabetes, metabolic syndrome, dys-
lipidemia, and smoking. Prospective analyses have suggested 
that these factors may play a causal role in disease development. 
This suggestion is supported by a study by Thanassoulis etâ•¯al,31 
who examined the association between early adult risk factors 
and the presence of aortic valve calcium on later-life CT among 
1323 participants of the Framingham Offspring study.31 After a 
median 27-year follow-up, 39% had aortic valve calcium on CT. 
Risk factors for the subsequent development of valve calcifica-
tion were age (P < 0.0001), male gender (P = 005), total choles-
terol (P < 0.0001), and smoking P = 0.002), whereas higher levels 
of high-density cholesterol (HDL) were associated with a lower 
likelihood of valve calcification (P = 0.002). Framingham Risk 
Score in midlife was a strong predictor of the presence of aortic 
valve calcium, and the prevalences of aortic valve calcium  
were 33.0%, 52.8%, and 61.1% for low, intermediate and high  
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CAVD and Clinical Outcomes
Severe calcific AS is associated with a substantial increase in left 
ventricular afterload and subsequent changes to the left ventricu-
lar myocardium, including hypertrophy, fibrosis, and apoptosis. 
The onset of symptoms with severe AS is associated with an 
overall poor prognosis, with a collection of adverse events includ-
ing angina, congestive heart failure, syncope, and sudden death. 
These events appear to be related—directly or indirectly—to the 
physiologic changes of increased afterload and higher filling pres-
sures. What is more surprising is that early-stage CAVD, prior to 
hemodynamic perturbations, is also associated with an increased 
risk of cardiovascular events.

In a pivotal study, Otto etâ•¯al101 assessed the relationship between 
aortic sclerosis (defined by echocardiography) and clinical  
cardiovascular events among 5621 elderly (age ≥65 years) 
participants in the Cardiovascular Heart Study. After a mean 
5-year follow-up, subjects with aortic sclerosis but no prior coro-
nary heart disease had a 1.42-fold higher risk of death (95% CI 
1.12-1.61), and a 1.66-fold higher risk of cardiovascular death (95% 
CI: 1.12-2.05) than those without aortic sclerosis, after adjustments 
were made for baseline cardiovascular risk factors (Table 4-4). 
Aortic sclerosis did not confer increased mortality among partici-
pants with established coronary disease but the study of this 
small subset (19%) of participants was probably insufficiently 
powered to examine this end point. In two other studies, aortic 
sclerosis was also associated with increased risk for development 

cohort.97 Thus, whether any of the alleles identified in these early 
studies is truly related to CAVD risk is somewhat suspect.

Advances in gene chip technology have facilitated gene  
association studies by using a compendium of reference single-
nucleotide polymorphisms (SNPs). There have been several 
attempts to validate some of these initial candidate gene results 
using SNP-based analyses. A case-control analysis by Gaudreault 
etâ•¯al98 involving 457 patients with severe AS and 3294 control 
subjects. In this study, strong associations were found between 
SNPs in the APOB gene and in SNPs surrounding the IL-10 gene 
locus. The number of SNPs within the parathyroid hormone and 
vitamin D receptor genes failed to reach statistical significance. 
A separate study by Ellis etâ•¯al99 examined genetic associations 
with trileaflet aortic valves in an elderly (mean age 73 ± 7 years) 
cohort of 265 patients and 961 control subjects; they were able 
to identify significant associations between CAVD and SNPs 
within the myosin VIIA (MYO7A), angiotensin II receptor (AGTR1), 
and elastin (ELN) genes.99 However, as with earlier studies, the 
lack of validation and replication cohorts calls into question the 
true strengths of associations, if any, of these candidate SNPs 
with CAVD.

In contrast, a genome-wide association study (GWAS), which 
utilizes gene chips with several hundred thousand SNPs  
throughout the genome, has both the advantage and disadvan-
tage of being an unbiased method of assessing genetic associa-
tions. The first GWAS for the presence of aortic valve calcium, 
using CT-based phenotyping for discovery phase analyses, has 
been reported.100 This study, which included 2245 patients with 
prevalent aortic valve calcium, discovered a strong association 
between genetic variation near the Lp(a) (LPA) gene locus and 
the presence of valvular calcium on CT scans among subjects of 
European descent. LPA is the gene that encodes apolipoprotein(a), 
an apolipoprotein that is covalently linked to an apolipoprotein 
B molecule in Lp(a) particles. Lp(a) levels have been associated 
with the presence of CAVD in population studies,1 and 
apolipoprotein(a) colocalizes to regions of early calcification 
within explanted human aortic valves.40

Additional validation analyses demonstrated that the LPA SNP 
was associated with valve calcium in both Hispanic and black 
subjects, supporting its generalizability to non-Caucasian ethnic 
groups. Moreover, the LPA SNP also was associated with incident 
AS and the need for aortic valve replacement in two prospective 
European cohorts. Further, Mendelian randomization analyses 
suggested a causal role for LPA genotypes acting through Lp(a) 
levels. Thus the LPA genotype appears to strongly influence the 
development and progression of CAVD through its effect on cir-
culating Lp(a) levels and may account for up to 10% of CAVD 
within the general population.

Although these genetic association studies are enticing, much 
of the genetic underpinnings of CAVD remain unexplained and 
are the subject of additional, ongoing investigations.

TABLE 4-3	 Summary of Candidate Gene Association Studies for Calcific Aortic Valve Disease

GENE LOCATION PHENOTYPE CASES RISK VARIANT P VALUE

Vitamin D receptor92 12q12-q14 Severe AS 100 B allele P = 0.001

ApoB91 2p24-p23 Severe AS 62 X+ P = 0.007

ApoE 19q13.2 AS 43 ApoE 2/4+3/4 genotypes P = 0.03

Estrogen receptor α93 6q25.1 AVR 41 PvuII polymorphism P = 0.03

TGF-β receptor193 9q33-q34 AVR 41 AocI polymorphism *

Interleukin-1094 1q31-q32 Ex vivo atomic absorption 187 3 promoter polymorphisms P = 0.03

Chemokine receptor 594 3p21.31 Ex vivo atomic absorption 187 32–base pair deletion P = 0.04†

Paraoxonase 195 7q21-22 Moderate AS 67 Q192R polymorphisms P = 0.03

Apo, apolipoprotein; AS, aortic stenosis; AVR, aortic valve replacement.
*Significantly modified the effect of the estrogen receptor Aocl polymorphisms (odds ratio 4.58; 95% confidence interval 1.68-12.51).
†P value represents significance for effect modification with the interleukin-10 polymorphisms.

TABLE 4-4
	 Relative Risk of Cardiovascular Events 

According to the Presence or Absence  
of Aortic Sclerosis*

Relative Risk (95% Confidence Intervals)

ADJUSTED FOR  
AGE & SEX

ADJUSTED FOR AGE, SEX, 
& ASSOCIATED BASELINE 

FACTORS

Death from any cause 1.42 (1.19-1.70) 1.35 (1.12-1.61)

Cardiovascular death 1.66 (1.23-2.23) 1.52 (1.12-2.05)

Myocardial infarction 1.46 (1.12-1.90) 1.40 (1.07-1.83)

Angina 1.23 (1.00-1.50) 1.17 (0.95-1.43)

Congestive heart failure 1.33 (1.05-1.68) 1.28 (1.01-1.63)

Stroke 1.31 (1.01-1.71) 1.25 (0.96-1.64)

*Among 4271 subjects in the Cardiovascular Health Study without prevalent cardiovascular 
disease.

Adapted from Otto CM, Lind BK, Kitzman DW, etâ•¯al. Association of aortic-valve sclerosis 
with cardiovascular mortality and morbidity in the elderly. N Engl J Med 1999;341:142–7.
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Gaps in Knowledge and Future Studies
Our understanding of the biology of CAVD has been greatly 
enhanced over the past two decades. However, there are cur-
rently no therapeutic interventions to prevent or slow the progres-
sion of CAVD, highlighting the importance of ongoing research. 
Future treatment strategies may be stage specific, with different 
therapies targeting early- and late-stage CAVD. The following is a 
partial list of important topics that remain unanswered:
1.	 Does earlier treatment of cardiovascular risk factors favorably 

affect the progression of CAVD and/or reduce valve-specific 
outcomes?

2.	 What mechanisms underlie later-stage disease progression? What 
is the role of inflammation in this process?

3.	 What factors related to the biology of aging explain the exceed-
ingly strong relationship between age and both incidence and 
progression of CAVD? Will treatment options be age specific?

4.	 What are the genetic bases of BAV?
5.	 Is aortic sclerosis/valve calcium a risk marker warranting more 

aggressive therapies to lower overall risk for cardiovascular 
events?

Conclusions
CAVD is a complex disease of dysregulated mineralization influ-
enced by underlying valve morphology and sharing some features 
with atherosclerosis but also including local induction of osteo-
genic signaling pathways (See Chapter 3). Clinical epidemiologic 
and observational studies have shown a clear link between early-
stage CAVD and traditional cardiovascular risk factors, an associa-
tion that has not been seen with CAVD progression. The paradigm 
of CAVD progression as simply atherosclerosis of the valve is not 
supported by clinical data, and results of randomized trials of 
statin therapy have been uniformly negative about these agents’ 
effectiveness. Therapeutic strategies aimed at preventing or 
slowing CAVD progression have proved elusive, and our current 
understanding of the disease process suggests that therapies may 
be stage and age specific. Cardiovascular risk factor reduction in 
younger subjects with early-stage CAVD (aortic sclerosis) may be 
beneficial, but these strategies do not appear to influence late-
stage disease progression, particularly in older subjects, in whom 
the disease is most common. CAVD remains associated with 
excess cardiovascular morbidity and mortality beyond traditional 
risk factors, with excess cardiovascular mortality even beyond the 
severity of subclinical coronary artery disease. Insights into the 
genetics of CAVD and underlying osteogenic and biomineraliza-
tion processes may offer novel strategies for treatment in the 
future.
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Several follow-up studies attempted to show that aortic  
sclerosis served as a marker of increased risk. Chandra etâ•¯al104 
examined 425 patients who came to the emergency department 
complaining of chest pain and found that patients with aortic 
sclerosis had a higher rate of cardiovascular events (16.8% vs. 
7.1%; P = 0.002) over the ensuing year. However, on multivariate 
analysis, aortic sclerosis was not independently associated with 
clinical events (cardiovascular death or myocardial infarction), 
whereas coronary artery disease, myocardial infarction at index 
admission, C-reactive protein levels, congestive heart failure,  
and age were independent predictors. The investigators con-
cluded that aortic sclerosis served as a marker of increased risk 
because of its associations with coronary artery disease and 
inflammation.

In a later study, Owens etâ•¯al15 looked at the relationship between 
aortic valve calcium on CT and cardiovascular events in the 
MESA cohort, which excluded subjects with baseline coronary 
artery disease. In the relatively young and generally healthy MESA 
cohort, the presence of aortic valve calcium conferred increased 
risk for a combined end point of cardiovascular events (cardio-
vascular death, resuscitated arrest, myocardial infarction, fatal 
and nonfatal strokes) and coronary heart disease events (exclud-
ing strokes), with HRs of 1.50 (95% CI 1.10-2.04) and 1.72 (95% CI 
1.19-2.49), respectively after adjustment for clinical risk factors. 
Coronary artery calcium scores, but not C-reactive protein levels, 
attenuated the risk associated with aortic valve calcium. Thus, 
subclinical atherosclerosis appears to mediate much of the asso-
ciation between aortic valve calcium and cardiovascular events, 
primarily because of the association of valve calcium with risk 
for myocardial infarction. In subset analysis, aortic valve calcium 
remained strongly and independently associated with cardiovas-
cular mortality (HR 2.76; 95% CI 1.44-5.30).

The relationship between subclinical CAVD and stroke is 
intriguing. There is at least a theoretic possibility that calcific 
nodules could be a direct source of embolism, and there have 
been several reports of embolic strokes that were thought to be 
due to embolization from a calcified aortic valve.105-108 However, 
no significant association between subclinical CAVD and clinical 
stroke has been seen on a population level. Rodriguez etâ•¯al,109 
who examined the relationship between annular and valvular 
(aortic or mitral annular) calcium and subclinical brain infarcts 
on magnetic resonance imaging, showed that the presence and 
severity of calcification were associated with the presence of 
subclinical infarcts. When aortic sclerosis was examined as an 
individual marker, no association was seen. Moreover, in the 
Strong Heart Study, involving 2723 American Indians, mitral 
annular calcification but not aortic sclerosis was associated with 
incident stroke.110 Thus, there is no conclusive evidence that 
embolization of calcific nodules from a sclerotic aortic valve is a 
significant cause of clinical stroke, and the relationship may more 
likely be mediated by coincident atherosclerotic disease of the 
thoracic aorta and/or carotid arteries.

Subclinical CAVD is clearly associated with increased cardio-
vascular morbidity and mortality, above and beyond traditional 
cardiovascular risk factors, probably in part because aortic scle-
rosis serves as a marker of subclinical atherosclerosis. There are 
two lingering issues. First, subclinical atherosclerosis does not 
appear to explain all of the excess risk captured by aortic sclero-
sis, and additional mechanisms are likely. Second, it is not known 
whether aortic sclerosis could be used to reclassify a patient’s 
cardiovascular risk or whether more aggressive therapies (e.g., 
statin therapy) would reduce future cardiovascular event risk in 
those with aortic sclerosis.
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left-sided overloading valve lesions.2 AS, the classic pressure over-
load lesion, produces typical concentric LV hypertrophy (LVH) 
with the highest massâ•›:â•›volume (m/v) ratio and the lowest 
radiusâ•›:â•›thickness (r/h) ratio. MR is the prototypical volume over-
load lesion, leading to the lowest massâ•›:â•›volume ratio and the 
highest radiusâ•›:â•›thickness ratio. AR, a combined LV pressure and 
volume overload, causes the greatest amount of LVH with hybrid 
geometry between that of AS and MR.

Hypertrophy versus Remodeling
It has become fashionable to use the term remodeling when dis-
cussing changes in ventricular size and geometry, and most 
remodeling is associated with LVH. However, the two terms are 
not synonymous. Hypertrophy means an increase in mass, 
whereas remodeling indicates a change in geometry and/or 
volume. Thus, a situation in which increased wall thickness is 
accompanied by increased LV mass should be considered con-
centric hypertrophy, whereas one in which increased thickness is 
accompanied by a reduction in volume, leading to no change in 
LV mass,3 should be termed concentric remodeling. Although the 
term remodeling is most often used in the context of LV dilation, 
a distinction should also be made between ventricles that enlarge 
with concomitant wall thinning, in which LV mass could remain 
the same (pure remodeling), and left ventricles that also increase 
their mass (eccentric hypertrophy) (Figure 5-2).

Aortic Stenosis
The normal aortic valve opens slightly, through not entirely under-
stood mechanisms, before pressure in the left ventricle exceeds 
aortic pressure4,5 and then offers almost no resistance to LV 
outflow. As the valve becomes diseased it stiffens and the orifice 
area diminishes. Even when aortic valve area is reduced by half, 
the LV pressure exceeds that of the aorta by only 5 to 10â•¯mmâ•¯Hg. 
However, further reductions in aortic valve area cause progres-
sively greater pressure gradients across the valve. The transvalvu-
lar gradient represents the additional pressure that the left 
ventricle must generate to drive blood past the obstruction to 
outflow. It is generally agreed that this mechanical stress is trans-
duced into a biological response, leading to hypertrophy and/or 
remodeling.

As noted previously, because the development of hypertrophy 
helps normalize afterload, thereby normalizing ejection perfor-
mance, such hypertrophy has been viewed as compensatory. 
According to the paradigm proposed in Figure 5-1, just enough 
hypertrophy should develop to return wall stress to normal. 
Indeed, in some cases this expected course is borne out. However, 
such perfect compensation often fails to occur (Figures 5-3  
and 5-4). Figure 5-3 demonstrates that frequently in patients with 
LV dysfunction, such dysfunction is due to afterload excess, indi-
cating that not enough hypertrophy developed to normalize 

Key Points
■	 Each valve lesion imparts a unique hemodynamic load on the left 

ventricle, wherein aortic stenosis creates a pure pressure overload, 
mitral regurgitation presents a pure volume overload, aortic 
regurgitation causes combined pressure and volume overload, and 
mitral stenosis leads to volume underload and potentially increased 
afterload. In turn, each lesion causes its own type of hypertrophy and 
remodeling.

■	 Individuals respond to similar load in very different ways, presumably 
on the basis of their genetic makeup.

■	 Hypertrophy can accrue not just from increased protein synthesis but 
also from reduced protein degradation.

■	 The terms remodeling and hypertrophy are not synonymous.
■	 In almost all cases hypertrophy is both adaptive and maladaptive.
■	 The transition from hypertrophy to heart failure is not a simplistic 

change in a single system but represents a complex biological cascade 
not yet completely defined.

Each form of valvular heart disease places a unique hemody-
namic load on the left ventricle. The left ventricle is an amazingly 
complex sea of biological processes, but in fact, it can respond 
to these overloads using only three basic mechanisms. They are 
(1) activation of the Frank-Starling mechanism, (2) use of the 
adrenergic (and other) neurohumoral systems, and (3) chamber 
remodeling. This chapter attempts to summarize the response of 
the left ventricle to the load it faces in each of the four major left-
sided valve lesions: aortic stenosis (AS), mitral regurgitation (MR), 
aortic regurgitation (AR), and mitral stenosis (MS).

Background
In 1973, Grossman etâ•¯al1 proposed the schema shown in Figure 
5-1 as the foundation on which the left ventricle responds to val-
vular heart disease.1 In this concept, the increased systolic stress 
(σ) caused by pressure overload induces sarcomere production 
in parallel, increasing myocyte width, and in turn increasing left 
ventricular (LV) wall thickness. Because σ = p × r/2h, where p = 
LV pressure, r = LV radius, and h = thickness, increased pressure 
in the numerator is offset by increased thickness in the denomina-
tor so that stress remains normal. Systolic wall stress is a reason-
able surrogate for LV afterload. Because the ejection fraction 
varies inversely with afterload, the concentric hypertrophy and 
remodeling that occur through this process are thought of as 
initially compensatory because they help maintain LV function.

In the same hypothesis, volume overload increases diastolic 
stress that causes sarcomeres to be laid down in series, lengthen-
ing each myocyte and in turn increasing LV volume. Greater 
volume then allows total stroke volume to increase, helping  
to compensate for the wasted volume lost to regurgitation. 
Because this mechanism is a requisite to normalizing forward 
stroke volume, it too is considered compensatory, at least in part. 
Table 5-1 demonstrates the patterns of remodeling found in the 
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FIGURE 5-1  Effect of pressure and volume overload on development of left ventricular hypertrophy. The diagram shown is a framework for how 
mechanical stress (σ) is transduced into pressure versus volume overload hypertrophy. (From Grossman W, Jones D, McLaurin LP. Wall stress and patterns of hypertrophy 
in the human left ventricle. J Clin Invest 1975;53:332–41.)
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FIGURE 5-2  Schematic representation of the types of hypertrophy 
and remodeling that occur in valvular heart disease. A, Normal. B, Con-
centric left ventricular hypertrophy (LVH). C, Concentric remodeling. D, Eccen-
tric LVH. E, Eccentric remodeling. Wt, weight. 
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FIGURE 5-3  Wall stress and left ventricular systolic function in aortic 
stenosis. Ejection fraction is plotted against mean systolic wall stress (after-
load; σ) for patients with aortic stenosis. As afterload increases from inadequate 
left ventricular hypertrophy, ejection fraction falls. (From Gunther S, Grossman 
W. Determinants of ventricular function in pressure-overload hypertrophy in man. 
Circulation 1979;59:679–88.)
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FIGURE 5-4  Wall stress and left ventricular systolic function in aortic 
stenosis. Fractional shortening (FS) is plotted against left ventricular (LV) sys-
tolic wall stress for patients with aortic stenosis. Some patients, especially 
women, have abnormally low stress and very high shortening fractions, sug-
gesting that more left LV hypertrophy is present than that needed simply to 
normalize stress. (From Carroll JD, Carroll EP, Feldman T, etâ•¯al. Sex-associated differ-
ences in left ventricular function in aortic stenosis of the elderly. Circulation 
1992;86:1099–107.)
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TABLE 5-1	 Hypertrophy in Human Left-Sided Overload 
Valve Lesions*

MASS INDEX (g/m2) r/h m/v

Normal 86 (259) 3.05 (88) 1.25 (225)

Mitral regurgitation 158 (146) 4.03 (64) 0.87 (117)

Aortic regurgitation 230 (148) 3.52 (31) 1.00 (141)

Aortic stenosis 178 (302) 2.35 (93) 1.55 (296)

m/v, ratio of left ventricular mass to volume; r/h, ratio of left ventricular radius to thickness.
From Carabello BA. The relationship of left ventricular geometry and hypertrophy to left 
ventricular function in valvular heart disease. J heart Valve Dis 1995(Suppl 2):S132–8.
*Numbers in parentheses indicate numbers of subjects analyzed.
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stress.6 In fact, the majority of patients with AS have some element 
of afterload excess, indicating a lack of fully compensatory 
hypertrophy.7

The opposite end of the spectrum is shown in Figure 5-4.8 In 
some patients, especially elderly women and children born with 
congenital AS,9 there appears to be excessive hypertrophy. In 
such patients afterload is actually subnormal, leading to higher 
than expected ejection performance, at least at the endocardial 
level. It should be noted that assessment of LV function at  
the endocardial level often overestimates contractility. Ejection  
of blood from the LV cavity during systole is primarily a function 
of wall thickening. The more sarcomeres present in parallel, the 
more thickening occurs with shortening of the sarcomeres. Thus, 
in concentric remodeling and hypertrophy, subnormal shortening 
can still produce a normal ejection fraction.10 Therefore, for accu-
rate assessment of LV function in concentrically altered ventri-
cles, midwall shortening should be evaluated; and when done, 
this evaluation may reveal diminished LV function, although not 
always.

In still other patients yet another response—concentric 
remodeling—develops to AS. In these patients there is no increase 
in LV mass.3 Rather there is a reduction in LV volume together 
with an increase in LV wall thickness, acting to normalize stress 
without actual hypertrophy.

Variability in the Response to  
Pressure Overload
The question arises, why is there such inhomogeneity in the 
hypertrophic response to pressure overload? Is the differing LV 
geometry that occurs a response to different disease characteris-
tics, such as valve area, rate of progression, or body habitus? Or 
is there an inherent difference in response to a similar pressure 
overload? Koide etâ•¯al11 addressed this question by creating a 
model of AS in which a gradually imposed gradient was identical 
in dogs of similar size and weight. The hypertrophy that subse-
quently developed recapitulated that seen in humans. Some 
animals had modest concentric hypertrophy, whereas others had 
severe hypertrophy. Of interest, the group with modest hypertro-
phy had persistently higher wall stress yet far less myocardial 
mass despite this greater stimulus for hypertrophy (Figure 5-5). 
These data suggest a different set point for response to the over-
load for which the stimulus was greater and the response less. It 
is likely that these inherent differences also explain the difference 
in the hypertrophic response noted in humans.

Concentric Hypertrophy and Left  
Ventricular Function
LV ejection is controlled by preload, afterload, and contractility. 
The reduction in the ejection fraction in AS stems from increased 
afterload, decreased contractility, or both.7,12 Increased afterload 
occurs when remodeling fails to offset the greater systolic pres-
sure required of the left ventricle. Whereas concentric LVH has 
long been considered a compensatory mechanism, this issue is 
not clear-cut. In studies of hypertrophy in general, LVH has led to 
increased cardiac mortality, especially in the presence of coro-
nary artery disease.13 Yet genetic maneuvers in mice that prevent 
or diminish the hypertrophic response have led to both increased 
mortality14,15 and, conversely, beneficial effects,16,17 leaving the 
question of the compensatory role of LVH in doubt. In the canine 
model already described, contractility was preserved at both sar-
comere and LV chamber levels in the animals with extreme hyper-
trophy in which wall stress was normalized. In dogs with high 
afterload, contractility was depressed, at least in part owing to 
microtubular hyperpolymerization, which acted as an internal 
stent inhibiting sarcomere shortening.18 Conversely, in a human 
study of AS, the best outcome was in patients without LVH who 

FIGURE 5-5  Heterogeneous response to pressure overload. Left ven-
tricles from two dogs (top) with identical gradients (bottom) demonstrate dif-
ferent degrees of hypertrophy. (From Koide M, Nagatsu M, Zile MR, etâ•¯al. Premorbid 
determinants of left ventricular dysfunction in a novel mode of gradually induced 
pressure overload in the adult canine. Circulation 1997;95:1349–51.)
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underwent concentric remodeling.3 LV mass was not greater, but 
increased relative wall thickness normalized afterload, allowing 
for compensated systolic function. This observation is not univer-
sal, however. In some patients the concentrically hypertrophied 
left ventricle is so reduced in volume that stroke volume is 
decreased. In turn, a small stroke volume reduces the transaortic 
gradient, potentially misleading the clinician into underestimat-
ing disease severity, thereby delaying therapy and leading to 
increased surgical risk.19 In still another study, Duncan etâ•¯al20 
propensity matched 964 pairs of patients with AS undergoing 
aortic valve replacement with and without concentric LVH and/
or remodeling. Patients with concentric LVH had double the oper-
ative risk and double the postoperative morbidity in comparison 
with patients without this pattern.20 It seems likely that intrinsic 
LV biological factors beyond the simple imaged geometry and 
mass of the LV account for these disparate results regarding the 
compensatory versus deleterious effects of LVH. Our future ability 
to understand and detect these factors should give us a better 
understanding of the role of LVH in AS.

When contractile dysfunction does occur, its mechanism is 
probably multifactorial. Concentric LVH clearly results in abnor-
mal coronary blood flow and blood flow reserve.21-23 Normally the 
subendocardium receives about 20% more blood flow than the 
epicardium, but this ratio is reversed in LVH.24

Thus, the myocardial layer with the highest oxygen demand 
receives the least oxygen supply. Further, coronary reserve  
is limited in concentric LVH. Whereas in normal individuals,  
coronary flow can increase by fivefold to eightfold in response  
to increased myocardial energy demands, flow reserve in AS  
is limited to an increase of twofold to threefold.21 Abnormal 
flow reserve and flow distribution lead to subendocardial isch-
emia and contractile dysfunction during periods of stress.24 It is 
also possible, but unproven, that this chronic imbalance could 
cause myocardial hibernation or stunning. The cytoskeletal 



66

C H
5

stored in the left atrium during systole that helps compensate for 
the volume wasted to regurgitation.

However, the large r/h ratio found in this type of remodeling 
(see Table 5-1) does not facilitate and may even impede LV ejec-
tion. The misconception that MR unloads the left ventricle by way 
of the low-impedance pathway for ejection into the left atrium is 
common. Although to some extent this concept must be valid, 
afterload is reduced only in acute MR. Thereafter, as the radius 
term in the Laplace equation increases, afterload returns to 
normal. As remodeling progresses, the enlarging r/h ratio actually 
causes afterload to become abnormally high, impeding rather 
than unloading the left ventricle during ejection.36 If one reexam-
ines Grossman’s hypothesis, it appears that the pressure term in 
the Laplace equation is more effective than the radius term in 
causing LV thickening, because increased systolic stress from 
pressure overload but not from volume overload induces wall 
thickening. Alternatively it may be the lack of isovolumic pressure 
generation that causes this type of remodeling. In MR and ven-
tricular septal defect, ejection from the left ventricle begins almost 
immediately, lacking the isovolumic period before the aortic 
valve opens, and in both cases the relative lack of LV muscle mass 
seems connected with reduced LV function.2,33,36,37

Left Ventricular Function in  
Mitral Regurgitation
Increased preload and normal afterload work in concert with 
initially normal contractility to maintain the LV ejection fraction 
at higher than normal levels. A “normal” ejection fraction in MR 
is about 70%. However, contractility eventually becomes impaired 
in severe prolonged MR, so that by the time ejection fraction falls 
to less than 60%, prognosis is impaired.38,39

Coronary blood flow is normal in MR and thus is not respon-
sible for impaired contractile function.40 Reduced contractility 
stems from loss of sarcomeric contractile elements (Figure 5-7) 
and impaired calcium handling.41,42 The former can be reversed 
by correction of the volume overload or institution of beta-
adrenergic blockade, implying sympathetic overdrive as a cause 
for the abnormal contractile function.43,44 In a small randomized 
clinical trial, beta-blockade was compared with placebo in the 
treatment of patients with asymptomatic MR.45 Beta-blockade pre-
vented the reduction in LV ejection fraction seen in the placebo 
group after several months of therapy, adding further support to 
the concept that adrenergic overdrive is part of the pathophysiol-
ogy of MR. It also raises the possibility that assessment of patho-
logic systems could add to the assessment of cardiac geometry 
and function in defining the proper timing for corrective surgery.

The force-frequency response in MR is impaired, with peak 
force occurring at relatively low heart rates, followed by an early 
descending limb of the force-frequency curve.42 These data 
indicate impaired calcium handling. Forskolin also reverses con-
tractile dysfunction, indicating that abnormal cyclic AMP (ade-
nosine monophosphate) generation is also involved in abnormal 
contractility.42

Mechanisms of Hypertrophy in Aortic 
Stenosis versus Mitral Regurgitation
The contractile proteins of the myocardium are in constant flux, 
turning over every 10 days or so. For hypertrophy to occur, the 
rate of protein synthesis (Ks) must exceed the rate of protein 
degradation (Kd). Obviously, the only way for this to occur is for 
Ks to increase or for Kd to decrease. When an experimental animal 
is infused with a tritiated amino acid such as leucine, the rate of 
incorporation of new protein (Ks) can be determined. When a 
pressure overload is imposed on the canine left ventricle, Ks 
increases by 35% within 6 hours of the onset of the overload 
(Figure 5-8).46 Ks then remains elevated for several days and 

abnormalities noted previously as well as disordered calcium 
handling and apoptosis also probably play a role.25-27 Finally, there 
is the general belief that LVH transitions from a compensatory 
phase to a pathologic one.28 Although certainly plausible, this 
concept, too, has been questioned. Animals destined to have 
contractile dysfunction demonstrated gene expression different 
from that in those who maintained normal function early in the 
course of pressure overload, suggesting that two separate patterns 
of hypertrophy exist rather than one that transitions into another,29 
consistent with the Koide dog model.

It is well recognized that diastolic function is abnormal in con-
centric LVH. Dysfunction accrues from delayed relaxation, 
increased wall thickness, and changes in myocardial structure 
with an increase in stiffness mediated by greater collagen 
content.30,31

In summary, the body of evidence supports the concept that 
concentric LVH is compensatory in the pressure overload of AS. 
However, concentric LVH is also associated with adverse out-
comes, and the differences between compensatory LVH and 
pathologic LVH have yet to be clearly delineated but are not 
explained by magnitude alone.

Mitral Regurgitation
Whereas a variety of cardiac lesions are classified as volume 
overload lesions, most are actually combined pressure and 
volume overload lesions.32,33 In conditions such as AR, anemia, 
and complete heart block, the additional volume pumped by the 
left ventricle is ejected into the aorta, where it increases stroke 
volume, widening pulse pressure and causing an element of sys-
tolic hypertension. Conversely, MR is a pure volume overload 
lesion. The extra volume pumped by the left ventricle in MR is 
ejected into the relatively low-pressure zone of the left atrium, and 
systemic systolic pressure tends to be reduced. Thus, MR is an 
ideal lesion in which to examine volume overload. As noted previ-
ously, the remodeling in MR is eccentric, with a large increase in 
LV radius and little, if any, increase in LV thickness. In fact, LV 
thickness in MR may even be less than normal.

This type of remodeling is beneficial for diastolic filling of the 
left ventricle but may impair systolic emptying. MR is one of the 
few cardiac diseases in which diastolic function is supernormal 
(Figure 5-6).34,35 The thin-walled left ventricle in MR requires less 
filling pressure to fill it to any given filling volume. Thus, the ven-
tricle is equipped to fill rapidly to accept the large blood volume 

FIGURE 5-6  Stress-strain (stiffness) plots. Data are shown for normal 
(control) subjects, for patients with mitral regurgitation (MR) and normal left 
ventricular (LV) function (MR-Nl EF), and for patients with MR and reduced LV 
function (MR-Lo EF) are demonstrated. Patients with MR and normal ejection 
fraction have reduced myocardial stiffness, their curve falling down and to the 
right of normal. (From Corin WJ, Murakami T, Monrad ES, etâ•¯al. Left ventricular 
passive diastolic properties in chronic mitral regurgitation. Circulation 1991;83: 
797–807.)
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FIGURE 5-8  Myosin heavy chain synthesis rates (Ks). Data are shown for 
controls, for subjects with acute pressure overload (POL), and for subjects with 
acute volume overload (VOL). Whereas Ks increased substantially in POL, no 
increase could be detected in VOL. LV, left ventricular. (From Imamura T, McDer-
mott PJ, Kent RL, etâ•¯al. Acute changes in myosin heavy chain synthesis rate in pressure 
versus volume overload. Circ Res 1994;75:418–25.)
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FIGURE 5-9  Myosin heavy chain (MHC) synthesis rate (Ks) and calcu-
lated degradation rate (Kd). A, Data are shown for controls and for dogs 
with mitral regurgitation (MR) at 2 weeks (2W-MR), 4 weeks (4W-MR), and 3 
months (3M-MR) after creation of MR. An increase in Ks was not seen during 
the course of the lesion. Asterisk indicates significant difference (p <0.05) com-
pared to control. B, Calculated total myosin heavy chain weight per left ven-
tricle per day. (From Matsuo T, Carabello BA, Nagatomo Y, etâ•¯al. Mechanisms of 
cardiac hypertrophy in canine volume overload. Am J Physiol 1998;275:H65–74, with 
permission.)
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FIGURE 5-7  Effect of mitral regurgitation on myocardial ultrastructure. Photomicrographs are shown for a normal dog (left), a dog with severe mitral 
regurgitation (MR) (center), and a dog with severe MR that was corrected surgically (right). During severe MR there is a loss of contractile elements that is restored 
after surgery. (From Spinale FG, Ishihara K, Zile M, etâ•¯al. Structural basis for changes in left ventricular function and geometry because of chronic mitral regurgitation and 
after correction of volume overload. J Thorac Cardiovasc Surg 1993;106:1147–57.)

returns to normal once afterload is normalized, strongly support-
ing Grossman’s hypothesis.47 Increased protein synthesis does not 
accrue from increased DNA transcription in this model but rather 
by enhanced message translation, because there is no increase 
in myosin message but there are increases in ribosomal number 
and polysome formation.

Conversely, even when severe MR was imposed on the canine 
left ventricle, no increase in Ks could be detected acutely nor at 
2 weeks, 1 month, or 3 months after creation of MR (Figure 
5-9).46,48 Because eccentric LVH did occur, the lack of an increase 
in Ks implies that hypertrophy ensued by a decrease in Kd, an 
opposite mechanism for hypertrophy development from that of 
pressure overload. A rabbit model of MR produced similar find-
ings.49 In an isolated myocyte study in which load was imposed 
either during systole as it would be in pressure overload or in 
diastole as it would occur in volume overload, different signaling 
pathways were activated, again pointing to potentially differing 
mechanisms for generating pressure versus volume overload 
hypertrophy.50

Aortic Regurgitation: A Hybrid Disease
Although AR has long been lumped together with MR as a volume 
overload lesion, it is clear that AR is really a combined pressure 

and volume overload.32 Here the relatively high systolic pressure 
generated by the high total stroke volume ejected into the aorta 
combined with a large LV radius produces afterload that may be 
as high as that seen in AS, the traditional pressure overload. Not 
surprisingly then, both types of hypertrophy develop in AR. LV 
volume is increased and to a lesser extent so is LV wall thick-
ness.51 Thus, LV mass in AR is the highest of all valve lesions. Of 
interest, the mechanism of hypertrophy in AR also appears to be 
a hybrid of AS and MR, established by an increase in Ks but main-
tained by a decrease in Kd.52
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because this lesion “protects” the left ventricle from the  
consequences of MS.59,60 Although the issue of whether the rheu-
matic process causes a contractile or “myocardial factor” leading 
to impaired myocardial function remains controversial, it does 
not appear to be operative in developed countries, where the 
consequences of rheumatic fever seem milder than in the devel-
oping world. Why then should LV ejection performance be 
reduced in MS? It appears that increased afterload is partly to 
blame. Although MS is not usually thought of as an afterload-
excess lesion, systolic wall stress is increased in many patients 
with MS.59 Increased afterload seems predicated on reduced wall 
thickness and reflexively increased systemic vascular resistance. 
At the same time, impaired LV filling prevents the use of the 
preload reserve to compensate for the afterload excess. These 
abnormalities are reversed after balloon mitral valvotomy.61 It is 
plausible, although far from being proven, that reduced filling 
also impairs the ventricle from receiving the mechanical signals 
necessary for maintaining the mass and geometry needed for 
normalization of wall stress.

Conclusion
Each valve lesion creates its own, unique set of loading conditions 
that lead to LV remodeling and/or hypertrophy. These changes in 
many cases provide compensation for the load presented by the 
lesion, but remarkable differences exist among patients with 
similar types and severities of lesions, suggesting a great deal of 
modulation downstream from the initial mechanical signal. 
Although hypertrophy and remodeling may be compensatory, 
they often are not, instead leading to negative consequences such 
as heart failure and death. Future efforts to understand when and 
why these processes become pathologic are almost certain to 
augment our current armamentarium for deciding when to inter-
vene in valvular heart disease.
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Echocardiography allows evaluation of valve anatomy, etiology 
of disease, severity of stenosis and regurgitation, and conse-
quences of valve disease including left ventricular (LV) hypertro-
phy, dilation, systolic and diastolic function, effects on other 
cardiac chambers, and changes in pulmonary pressures or vas-
cular resistance. In current clinical practice, echocardiography is 
the standard diagnostic approach to the patient with suspected 
or known valvular heart disease. This chapter provides a concise 
overview of echocardiographic evaluation of the patient with 
valvular heart disease; more detailed discussions are available in 
standard echocardiography texts.1,2 The use of echocardiography 

for specific valve lesions is included in subsequent chapters in 
this book, including the role of echocardiography in evaluation 
of patients with endocarditis (see Chapter 25) and prosthetic 
valves (see Chapter 26).

Anatomic Imaging
The first step in evaluation of the patient with valvular heart 
disease is assessment of valve anatomy (Table 6-1). In many 
cases, the specific valve involved is known from the clinical 
history, physical examination, or previous diagnostic studies, but 
in other cases, the exact diagnosis may be unknown or may have 
been incorrectly inferred from clinical data. Thus, a careful exam-
ination of all four valves and screening for other lesions that might 
be mistaken for valvular disease are important aspects of the 
examination. For example, in a patient with a systolic murmur 
referred for suspected valvular aortic stenosis, other diagnostic 
possibilities include a subaortic membrane, mitral regurgitation, 
ventricular septal defect, and hypertrophic cardiomyopathy. An 
appropriate examination includes exclusion (or confirmation) of 
each differential diagnosis, as well as evaluation of the aortic 
valve itself.

Echocardiographic Valve Anatomy
Standard two-dimensional (2D) transthoracic echocardiography 
(TTE) in multiple image planes identifies involved valve and often 
allows precise definition of the etiology of valve disease, on the 
basis of the typical anatomic features of each disease process. 
When TTE image quality is suboptimal, transesophageal echocar-
diography (TEE) may be appropriate. Three-dimensional (3D) 
imaging is increasingly important in evaluation of valve disease, 
particularly for TEE evaluation of myxomatous mitral valve 
disease and for guidance of transcatheter valve interventions.3-5

Mitral stenosis most often is due to rheumatic disease with the 
pathognomonic features commissural fusion, thickening of the 
leaflet tips, and chordal thickening, fusion, and shortening, all of 
which are easily recognized on 2D and 3D imaging (Figures 6-1 
and 6-2). In contrast, the occasional elderly patient with func-
tional mitral stenosis due to extension of mitral annular calcifica-
tion onto the valve leaflets has thin, mobile leaflet tips, with 
calcification and thickening at the leaflet bases. The specific 
anatomic features of the rheumatic mitral valve, including sever-
ity of leaflet calcification, extent of chordal fusion, and asymme-
try in commisural calcification, are important factors in predicting 
prognosis and in decision making for percutaneous or surgical 
intervention, discussed in Chapter 17.

Key Points
■	 Echocardiography provides an accurate diagnosis of the presence and 

cause of valve disease.
■	 Quantitative echocardiographic evaluation of left ventricular size and 

systolic function is a key factor in clinical decision making in adults 
with valvular heart disease.

■	 Aortic stenosis severity is defined by maximum aortic jet velocity, 
mean gradient, and continuity equation valve area.

■	 Mitral stenosis severity is defined by mean gradient and valve area, 
determined by three- or two-dimensional planimetry and by the 
pressure half-time method.

■	 Regurgitant severity is defined by vena contracta width, the 
continuous-wave Doppler velocity signal, and the presence of distal 
flow reversals. In selected cases, calculation of regurgitant volume and 
regurgitant orifice area is recommended.

■	 Other key echocardiographic data include left ventricular diastolic 
function, left atrial enlargement and thrombus formation, pulmonary 
pressure estimates, and evaluation of right heart function.

■	 Aortic dilation associated with aortic valve disease can be diagnosed 
by echocardiography, but other imaging modalities may be needed for 
complete evaluation.

■	 Primary indications for transesophageal imaging include detection of 
left atrial thrombus, evaluation of prosthetic mitral valves, mitral 
valve repair, aortic dilation, and nondiagnostic transthoracic data.

■	 Three-dimensional echocardiography now has a key role in evaluation 
of myxomatous mitral valve disease and for guidance of transcatheter 
valve procedures.

■	 Postoperative echocardiography is recommended in patients with 
prosthetic heart valves to serve as a baseline for long-term follow-up of 
prosthetic valve function.

■	 Transesophageal echocardiography has a higher sensitivity 
than transthoracic echocardiography for detection of 
vegetations and complications of endocarditis.
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dynamics. A bicuspid valve is diagnosed on the basis of the 
typical appearance in systole of two open leaflets with two com-
missures; the closed valve in diastole may mimic a trileaflet valve 
if there is a raphe in one leaflet. Other recognized abnormalities 
of the valve leaflets that correspond to a specific etiology include 
valvular vegetations in endocarditis, redundant leaflets in myxo-
matous disease, and commissural thickening and associated 
mitral valve involvement in rheumatic disease, all of which can 
be recognized on echocardiographic imaging.

With aortic root disease, the specific pattern of root dilation 
and associated features may indicate a specific etiology, such as 
the “water balloon” appearance of the root in Marfan syndrome 
with loss of the normal tapering at the sinotubular junction and 
associated mitral valve abnormalities. In other cases, the pattern 
of root dilation is nonspecific, so incorporation of other clinical 
information is needed to determine the etiology of disease. For 
example, aortic root dilation in a patient with a systemic immune-
mediated process (such as rheumatoid arthritis) is probably  
due to this systemic disease process. In contrast, dilation of the 
ascending aorta in a patient with a bicuspid aortic valve is likely 
related to bicuspid aortic valve disease.6,7

Right-sided valve abnormalities in adults most likely are due to 
residual congenital heart disease (e.g., congenital pulmonic ste-
nosis, Ebstein anomaly of the tricuspid valve) or are secondary  
to left-sided heart disease (e.g., tricuspid annular dilation due to 
pulmonary hypertension in a patient with mitral stenosis). Again, 
2D imaging usually allows determination of the valve anatomy 
and etiology of the valvular lesion, particularly when other 
aspects of the examination and clinical features are incorporated 
in the echocardiographic interpretation.

Although aortic valve stenosis of any cause is characterized by 
thickened, stiff leaflets with reduced systolic opening, calcific 
aortic valve disease is typified by increased echogenicity and 
thickness in the body of the leaflets without evidence of commis-
sural fusion, resulting in a stellate orifice in systole (Figure 6-3). 
It may be difficult to separate calcific changes superimposed on 
a bicuspid aortic valve from calcification of a trileaflet valve, 
although 3D TEE may help with this distinction. Rheumatic aortic 
valve disease is characterized by commissural fusion with 
increased thickening and echogenicity along the leaflet closure 
lines and is invariably associated with rheumatic mitral valve 
disease. Congenital aortic stenosis, seen in young adults, is char-
acterized by a deformed (often unicuspid) valve that “domes” in 
systole with a restrictive orifice.

Evaluation of the etiology of a regurgitant lesion by echocar-
diography is more challenging, given the wide range of abnor-
malities that can lead to valvular incompetence. Mitral 
regurgitation may be due to abnormalities of the mitral annulus, 
leaflets, subvalvular apparatus, papillary muscle, or regional or 
global LV dysfunction (Figure 6-4). Echocardiographic imaging 
allows assessment of each of these valve components, so that 
the etiology of the regurgitant lesion can be discerned in many 
cases, as discussed in detail in Chapters 18 and 19. Selection 
of patients for surgical and percutaneous mitral valve interven-
tions is discussed in Chapters 17, 21 and 22. In adults with sec-
ondary “functional” mitral regurgitation due to ischemic disease 
or dilated cardiomyopathy, imaging allows evaluation of both 
valve anatomy and the left ventricle. Quantitative evaluation of 
regurgitant severity also may be helpful in determining whether 
mitral regurgitation is the cause or consequence of ventricular 
dysfunction.

Aortic regurgitation may be due to abnormalities of the valve 
leaflets (such as a bicuspid valve and endocarditis), inadequate 
support of the valve structures (for example, a subaortic ventricu-
lar septal defect), or aortic root dilation (such as in Marfan syn-
drome or annuloaortic ectasia) (Figure 6-5). Echocardiographic 
imaging provides accurate measurements of aortic root dimen-
sions and allows detailed evaluation of valve anatomy and 

TABLE 6-1	 Echocardiographic Evaluation of the Patient 
with Valvular Heart Disease

2D and 3D Imaging
Valve anatomy and etiology of disease
2D or 3D valve area
Quantitative LV dimensions, volumes, ejection fraction, and mass
Associated chamber enlargement (e.g., left atrium)
Right heart structure and function
Complications of valve disease (i.e., left atrial thrombus)
Aortic sinuses and ascending aortic anatomy and dimensions

Doppler Evaluation of Severity of Valve Disease
Valve Stenosis
Maximum velocity
Mean pressure gradient
Valve area (continuity equation and/or pressure half-time)
Other measures of stenosis severity, if needed

Valve Regurgitation
Vena contracta width
CW Doppler signal
Distal flow reversals
Regurgitant volume and orifice area

Speckle Tracking Strain Imaging
LV strain and strain rate

Other Doppler Data
LV diastolic function
Pulmonary pressures at rest and with exercise

2D, two-dimensional; 3D, three-dimensional; CW, continuous wave; LV, left ventricular. FIGURE 6-1â•… Anatomic findings in mitral stenosis. In the parasternal 
long-axis view (PLAX), commissural fusion with diastolic doming of the mitral 
leaflets is seen, as well as chordal thickening and fusion. In a parasternal short-
axis view (PSAX), at the mitral valve orifice, the area of opening can be deter-
mined by planimetry at the white-black interface of the orifice. The plane of 
the short-axis view is indicated by a dashed line on the long-axis image. Ao, 
Aorta; LV, left ventricle; RV, right ventricle. (From Otto CM. Textbook of clinical 
echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.)
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Bernoulli equation, which includes terms for conversion of poten-
tial to kinetic energy (convective acceleration), the effects of local 
acceleration, and viscous (v) losses:

∆P
Convective

acceleration

/
Local

prox= − +1
2

2 2ρ ρ( ) ( )maxV V dv dt dx

aacceleration

R
Viscous
losses

+ ( )v

where (dv/dt)dx is the time varying velocity at each distance 
along the flow stream; and R is a constant describing the viscous 
losses for that fluid and orifice.

In clinical practice, the terms for acceleration and viscous 
losses are ignored, so that the following equation is used:

∆P prox= −4 2 2( )maxV V

where the constant 4 accounts for the mass density of blood and 
conversion factors for measurement of pressure in mmâ•¯Hg and 
velocity in m/s. When the proximal velocity is low (<1.5â•¯m/s) and 
the jet velocity is high (v1

2≪v2
2), this equation can be further 

simplified as follows:

∆P = 4 2Vmax

Maximum instantaneous gradient is calculated from the maximum 
transvalvular velocity, whereas mean gradient is calculated by 
averaging the instantaneous gradients over the flow period.

The accuracy of the simplified Bernoulli equation in measur-
ing transvalvular pressure gradients has been shown in in vitro 
studies, animal models, and clinical studies of patients with val-
vular disease (Table 6-2). However, accuracy depends on optimal 
data acquisition; specifically, care is needed to obtain a parallel 
intercept angle between the continuous-wave (CW) Doppler 
beam and the direction of blood flow in order to avoid underes-
timation of the velocity and, hence, pressure gradient across the 
valve. The high velocities encountered in aortic and pulmonic 
stenosis mandate the use of CW Doppler echocardiography to 
avoid signal aliasing. A dedicated small dual-crystal CW Doppler 
transducer is recommended. Pulsed or high pulse repetition fre-
quency Doppler echocardiography can be used for evaluation 
of the lower velocities seen in mitral and tricuspid stenosis with 

Transthoracic versus Transesophageal 
Echocardiographic Imaging
TTE provides diagnostic images in the vast majority of patients 
with valvular heart disease and is the standard approach both for 
initial evaluation and for follow-up studies. However, TTE image 
quality may be suboptimal in patients in whom ultrasound access 
is poor because of body habitus, hyperexpanded lungs, or the 
postoperative state. Even when TTE images are adequate, TEE 
provides better image resolution for posterior structures, includ-
ing the mitral valve, left atrium (LA), and atrial appendage. 3D 
TEE imaging provides a “surgical” view of the mitral valve from 
the perspective of the LA, demonstrating the presence, location, 
and severity of prolapse; identification of chordal rupture; and 
evaluation of the valve commissures (Figure 6-6).8,9 TEE or intra-
cardiac echocardiography is essential for excluding left atrial 
thrombus in candidates for balloon mitral valvotomy.

Other indications for TEE in patients with valvular disease 
include assessment of regurgitant severity when TTE images are 
nondiagnostic or when a prosthetic mitral valve is present, moni-
toring of surgical and transcatheter valve repair procedures (see 
Chapters 17 and 22), measurements for valve sizing with trans-
catheter valve procedures (Figures 6-7 and 6-8), and determining 
the exact level of obstruction in a patient with a differential diag-
nosis of valvular or subvalvular obstruction. Rarely, TEE is needed 
for evaluation of stenosis severity when TTE data are not 
diagnostic.

Evaluation of Stenosis Severity

Velocity Data and Pressure Gradients
The fluid dynamics of a stenotic valve are characterized by a 
high-velocity jet in the narrowed orifice; laminar, normal velocity 
flow proximal to the stenosis; and a flow disturbance distal to the 
obstruction.10,11 The pressure gradient across the valve (ΔP) is 
related to the high-velocity jet (Vmax) in the stenosis, the proximal 
velocity (Vprox), and the mass density of blood (ρ), as stated in the 

FIGURE 6-2â•… Mild rheumatic mitral stenosis. A, The parasternal long-axis view shows the typical doming (long arrow) of the anterior mitral leaflet due to 
commissural fusion as well as chordal shortening and fusion (short arrow). Left atrial (LA) enlargement is present. B, The short-axis view allows accurate planimetry 
of the mitral orifice area if care is taken to identify the smallest opening by scanning slowly from apex toward the base. LV, left ventricle. (From Otto CM. Textbook 
of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.)
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FIGURE 6-3â•… Causes of aortic stenosis. A, In a parasternal midsystolic short-axis view, calcific aortic stenosis is characterized by fibrocalcific masses on the 
aortic side of the leaflet that result in increased leaflet stiffness without commissural fusion. Calcific shadowing and reverberations limit image quality. B, With a 
congenital bicuspid valve, the two leaflets (with a raphe in the anterior leaflet) open widely in systole. C, The diagnostic features of rheumatic stenosis are com-
missural fusion and mitral valve involvement, with the characteristic triangular aortic valve opening in systole. D, The unicuspid valve has only one point of attach-
ment (at the 6 o’clock position) with a funnel-shaped valve opening. (From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.)
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TABLE 6-2	 Selected Studies Validating Doppler Pressure Gradients in Valvular Aortic Stenosis*

FIRST AUTHOR (YEAR) N STUDY GROUP/MODEL R RANGE (mmâ•¯Hg) SEE (mmâ•¯Hg)

Callahan (1985) 120 Supravalvular constriction (canines) 0.99 (ΔPmax)
0.98 (ΔPmean)

7-179
N/A

5.2
4.3

Smith (1985) 88 Supravalvular constriction (canines) 0.98 (ΔPmax)
0.98 (ΔPmean)

5-166
5-116

5.3
3.3

Currie (1985) 100 Adults with valvular aortic stenosis 0.92 (ΔPmax)
0.92 (ΔPmean)

2-180
0-112

15
10

Smith (1986) 33 Adults with valvular aortic stenosis 0.85 (ΔPmax) 27-138 –

Simpson (1985) 24 Adults with valvular aortic stenosis 0.98 (ΔPmax) 0-120 –

Burwash (1993) 98 Chronic valvular aortic stenosis (canines) 0.95 (ΔPmax)
0.91 (ΔPmean)

10-128
5-77

8.4
5.3

SEE, standard error of the estimate.
From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.
*Data from Callahan etâ•¯al, Am J Cardiol 1985;56:989–993; Smith etâ•¯al, J Am Coll Cardiol 1985;6:1306–1314; Currie etâ•¯al, Circulation 1985;71:1162–1169; Smith etâ•¯al, Am Heart J 1986;111:245–252; 
Simpson etâ•¯al, Br Heart J 1985;53:636–639; Burwash etâ•¯al, Am J Physiol 1993;265:H1734–H1743.
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FIGURE 6-4â•… Cardiac valve anatomy in the long-axis view. The para-
sternal long-axis view in diastole shows: the closed right and noncoronary 
cusps of the aortic valve; the aortic sinuses, sinotubular junction, and proximal 
ascending aorta; the open anterior and posterior mitral valve leaflets; the basal 
and midventricular segments of the anterior septum and posterior LV wall; the 
RV outflow tract anteriorly; and the coronary sinus in the atrioventricular 
groove. The medial papillary muscle is shown for reference, although slight 
medial angulation is typically needed to visualize this structure in the long-
axis view. 
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FIGURE 6-5â•… Aortic valve anatomy. Detailed view of the aortic valve with 
the aorta opened to show the valve leaflets and the interventricular septum 
(IVS) and anterior mitral leaflet (AML) bisected. The aortic valve consists of three 
leaflets and associated sinuses of Valsalva; the left (L) right (R), and noncoronary 
(N) leaflets and sinuses. Each leaflet-sinus pair forms a cup-shaped unit when 
the valve is closed. The load-bearing section of the leaflet appears linear when 
viewed in long axis but curved in cross-section, consistent with a hemicylindri-
cal shape. The coaptation surfaces of the leaflets thicken toward the center of 
each leaflet with areas of prominent thickening termed the nodes of Arantius. 
Lambl excrescences, filamentous attachments on the ventricular side of the 
nodules of Arantius, are common in older subjects. (From Otto CM. Textbook of 
clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.)
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FIGURE 6-6â•… Three-dimensional images of the mitral valve. A, The surgeon’s view from the left atrial side of the mitral valve with the aortic valve (Ao) at 
the top of the image, showing the anterior leaflet and posterior leaflet (with P1, P2, and P3 scallops) are seen in diastole in the open position with a normal mitral 
valve orifice (MVO). B, In systole, severe prolapse of the anterior leaflet is seen. One bulging section (asterisk) and a flail segment with two small ruptured chords 
are particularly well visualized, which results in severe posteriorly directed mitral regurgitation. This patient also a bileaflet mechanical aortic prosthesis; the open 
leaflets can be seen in the systolic image. (From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.) 
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FIGURE 6-7â•… Measurement of aortic annulus diameter for transcatheter aortic valve implantation. A and B, Biplane echocardiographic imaging identi-
fies the sagittal imaging plane that bisects the largest dimension of the aortic annulus. Biplane transthoracic imaging shows the sagittal (A) and corresponding 
transverse (B) planes. The yellow arrows define the imaging planes for the orthogonal view. The red line shows the appropriate annular measurement in the on-axis 
sagittal plane. C and D, Biplane transesophageal imaging shows the sagittal (C) and corresponding transverse (D) planes. Red arrow in (C) shows the appropriate 
annular measurement in the on-axis sagittal plane. (From Bloomfield GS, Gillam LD, Hahn RT, etâ•¯al. A practical guide to multimodality imaging of transcatheter aortic 
valve replacement. JACC Cardiovasc Imaging 2012;5:441–55.)
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FIGURE 6-8â•… Mitral valve annular dimensions. Accurate assessment of mitral valve annular dimensions is highly relevant to planning of the therapeutic 
strategy. A, The anteroposterior (1) and intercommissural (2) diameters are commonly measured. B, With 2D TTE, the anteroposterior diameter (arrow) is measured 
at the apical three-chamber (3ch) view whereas the inter commissural diameter (arrow) can be measured in the apical two-chamber (2ch) view. Three-dimensional 
(3D) imaging techniques, such as multidetector computed tomography (MDCT) (C) and 3D transesophageal echocardiography (3D TEE) (D), permit correct align-
ment of the orthogonal multiplanar reformation planes to obtain the most accurate cross-sectional visualization of the mitral valve annulus. The maximum and 
minimum diameters can be assessed. These two orthogonal diameters commonly correspond to the intercommissural and anteroposterior diameters, respectively. 
A1 to A3, Anterior mitral valve leaflet scallops; Ao, Aorta; LA, left atrium; LV, left ventricle; P1 to P3, posterior mitral valve leaflet scallops . (From Delgado V, Kapadia S, 
Marsan NA, etâ•¯al. Multimodality imaging before, during, and after percutaneous mitral valve repair. Heart 2011;97:1704–14.)
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Because stroke volume is the product of cross-sectional area 
(CSA) and the velocity-time integral of flow (VTI):

CSA VTI Area VTIProximal Proximal Stenotic orifice Stenotic o× = × rrifice

This equation then is solved for stenotic orifice area as follows:

Area CSA VTI /VTIStenotic orifice Proximal Proximal Stenotic= ×( )   orifice

The continuity equation is used routinely for evaluation of 
aortic valve area,16 with transaortic stroke volume measured in 
the LV outflow tract just proximal to the stenotic valve. The 

the advantage of a better signal-to-noise ratio and clearer defini-
tion of the diastolic deceleration slope than with CW Doppler 
echocardiography. Other potential technical sources of error in 
measuring transvalvular velocities include poor acoustic access 
with an inadequate flow signal, incorrect identification of the 
flow signal (e.g., mistaking the mitral regurgitation signal for 
aortic stenosis), respiratory motion, and measurement variability. 
In addition, physiologic sources of error include beat-to-beat 
variability with irregular rhythms and interim changes in volume 
flow rates leading to changes in velocity and pressure gradient.

For aortic stenosis, the maximum velocity across the stenotic 
valve provides the most important diagnostic and prognostic 
information. As indicated by the Bernoulli equation, there is a 
consistent relationship between maximum velocity and maximum 
pressure gradient. In addition, there is a consistent relationship 
between maximum velocity and mean gradient in native aortic 
valve stenosis, so that maximum velocity, maximum gradient, and 
mean gradient all convey the same information about the degree 
of valve narrowing. Increasingly, clinicians rely on velocity data 
alone in clinical decision making, without the intermediate step 
of converting velocities to pressure gradients.

Valve Area Concept and Measurement
Pressure gradients and velocities depend on the volume flow rate 
across the valve as well as the degree of valve narrowing. Valve 
area (or the size of the stenotic orifice) is a useful measure of 
stenosis severity that, at least in theory, more closely reflects valve 
anatomy independent of the flow rate across the valve. Valve area 
can be calculated from invasive data as discussed in Chapter 7 
or noninvasively from 2D and Doppler echocardiographic data 
using the continuity equation.

IMAGING THE STENOTIC VALVE ORIFICE

The valve orifice in rheumatic mitral stenosis is a relatively planar 
structure with a constant shape and size throughout diastole (see 
Figure 6-2). From a parasternal short-axis view, the orifice can be 
imaged, with care taken to identify the minimum orifice area by 
scanning from the apex toward the base, using low gain settings, 
and tracing the inner border of the black-white interface.12 Mea-
surement of 2D mitral valve area has been well validated in com-
parison with direct measurement at surgery and with invasive 
valve area calculations (Table 6-3). Planimetry of the stenotic 
mitral valve orifice from a 3D volumetric data set or image ensures 
that the minimal orifice area at the leaflet tips is correctly mea-
sured; 3D measurements show improved reliability with less expe-
rienced sonographers (Figure 6-9).13

The anatomy of valvular aortic stenosis is variable and more 
complex than mitral stenosis. A congenitally unicuspid valve  
may have a relatively symmetric orifice that can be imaged in a 
single tomographic plane and is well seen on 3D imaging. 
Although the opening of a bicuspid valve often is clearly seen 
early in the disease course, superimposed calcific changes result 
in shadowing and reverberations, making planimetry of the ste-
notic valve orifice problematic, although 3D imaging may be 
helpful when calcification is not severe. The orifice of a calcified 
trileaflet valve may be quite complex with a nonplanar stellate 
shape. Although not routine clinical practice, 3D TEE imaging is 
helpful for planimetry of aortic valve area, in selected patients 
(Figure 6-10).14,15

CONTINUITY EQUATION

Valve area is calculated with use of the continuity equation 
(Figure 6-11), which is based on the principle of conservation of 
mass, specifically that the stroke volumes proximal to (SVProximal) 
and in (SVStenotic orifice) the stenotic orifice are equal:

SV SVProximal Stenotic orifice=

FIGURE 6-9â•… Three-dimensional measurement of mitral valve area. A 
full-volume image of the mitral valve was acquired in a patient with mitral 
stenosis and asymmetric fusion of the commissures. For measurement of the 
mitral valve area, offline analysis of the three-dimensional (3D) volume used 
three orthogonal planes (x, y, and z, shown in red, green, and blue to align an 
image plane at the tips of the stenotic valve. The resulting tomographic image 
at the minimal orifice area in diastole (lower left) was traced to determine mitral 
valve area (A1). (From Otto CM. Textbook of clinical echocardiography. 5th ed. Phila-
delphia: Elsevier/Saunders; 2013.)

FIGURE 6-10â•… Measurement of aortic valve area by 3D transesopha-
geal echocardiography. The tip of the aortic valve was obtained as the 
smallest possible area (A1, A2). The shape and area of the aortic valve changed 
(from A1 to B1) as the green plane moved slightly from the tip to the base (from 
A2 to B2). Dotted lines indicate aortic valve area at each level. Ao, Ascending 
aorta; LA, left atrium; LV, left ventricle; RA, right atrium. (From Saitoh T, Shiota M, 
Izumo M, etâ•¯al. Comparison of left ventricular outflow geometry and aortic valve 
area in patients with aortic stenosis by 2-dimensional versus 3-dimensional echo-
cardiography. Am J Cardio 2012;109:1626–31.)

A B

C D

LA
LA

LA
LA

LV
LV

LV

LV

RA

RA

RV

RV

Ao

Ao



77

C H
6

E
chocardio











g

raphic






 E

v
a

lu
atio




n
 o

f
 Va


lv

u
l

ar


 H
eart





 D

isea


se

high-velocity aortic jet signal is recorded with CW Doppler from 
the window yielding the highest velocity signal.

Continuity equation valve area calculations have been vali-
dated in comparison with invasive measures of valve area in  
both animal models and clinical studies, and the utility of this 
measurement in patient management is clear (Table 6-4). In an 
experienced laboratory, with meticulous attention to technical 
details, the reproducibility of continuity equation valve area mea-
surements is 5% to 8%, so an interim change of more than 0.15â•¯cm2 
is clinically significant.1 Although detailed imaging of aortic valve 
anatomy suggests that the outflow tract is not strictly circular, and 
thus, measuring its area may not be the ideal approach for select-
ing the size of a transcatheter prosthetic valve, this simple mea-
surement still provides a reasonable approximation for valve area 
calculations.

PRESSURE HALF-TIME

In contrast to stenosis of a semilunar valve, where ventricular 
ejection drives blood across the narrowed orifice, resulting in a 
characteristic ejection-type velocity curve, the time course of the 
decline in velocity (or pressure gradient) across a narrowed atrio-
ventricular valve is a passive process, largely dependent on the 
area of the stenotic valve. This rate of pressure decline across the 
stenotic valve is independent of heart rate and volume flow rate 

and is inversely related to valve area. The rate of pressure decline 
typically is measured as the pressure half-time (T½) defined as 
the time interval between the maximum initial gradient and the 
point at which this gradient has declined to half the initial value 
(Figure 6-12). Although this method was initially described as 
using invasive pressure measurement, it now is used noninva-
sively, with the pressure half-time measured from the Doppler 
velocity curve as the time from the maximum velocity to the 
maximum velocity divided by the square root of 2 (given the 
quadratic relationship between velocity and pressure) (see  
Table 6-3). A normal pressure half-time is 40 to 60â•¯msec, with 
progressively longer half-times indicating more severe stenosis. 
For the stenotic native mitral valve, an empiric constant of 220 is 
used to convert the half-time (in milliseconds) to mitral valve area 
(MVA in cm2):

MVA /T= 220 1
2

The pressure half-time concept also can be applied to the ste-
notic tricuspid valve and to prosthetic valves, although it is prefer-
able to report only the half-time itself because the empiric 
constant has not been as well validated in these situations.

A major assumption of the pressure half-time method is that 
valve area is the predominant factor affecting ventricular diastolic 
filling. Although this assumption is appropriate in clinically stable 
patients with severe mitral stenosis, caution is needed in other 

TABLE 6-3	 Selected Studies of Mitral Valve Area Determination*

FIRST AUTHOR 
(YEAR) COMPARISON N STUDY GROUP R RANGE (cm2) SEE (cm2)

Gorlin (1951) MVA by Gorlin vs direct at autopsy or surgery 11 MS 0.89 0.5-1.5 0.15

Libanoff (1968) T½ at rest vs exercise 20 Mitral valve disease 0.98 20-340â•¯ms 21â•¯ms

Henry (1975) 2D TTE vs direct measurement at surgery 20 Patients with MS undergoing 
surgery

0.92 0.5-3.5 —

Holen (1977) MVA by Doppler vs Gorlin 10 MS 0.98 0.6-3.4 0.18

Hatle (1979) T½ vs Gorlin MVA 32 MS 0.74 0.4-3.5 —

Smith (1986) 2D echo vs Gorlin 37 MS alone 0.83 0.4-2.3 0.26
35 Prior commissurotomy 0.58 0.28

T½ MVA vs Gorlin (37) MS alone 0.85 0.22
(35) Prior commissurotomy 0.90 0.14

Come (1988) T½ MVA vs Gorlin 37 Pre-BMV 0.51 0.6-1.3 —
Post-BMV 0.47 1.2-3.8 —

Gorlin vs Gorlin Repeat catheterization 0.74 0.4-1.4 —

Thomas (1988) Predicted vs actual T½ 18 Pre-BMV
Post-BMV

0.93-0.96
0.52-0.66

Chen (1989) T½ MVA vs Gorlin 18 Pre-BMV 0.81 0.4-1.2 0.11
Immediately post-BMV 0.84 1.3-2.6 0.20
24-48â•¯hrs post-BMV 0.72 1.3-2.6 0.49

Faletra (1996) 2D TTE vs direct measurement 30 MS undergoing surgical MVR 0.95 0.6-2.0 0.06
T½ vs direct measurement 30 0.80 0.09
Continuity equation vs direct measurement 30 0.87 0.09
Flow area vs direct measurement 30 0.54 0.10

Bland Altman Mean 
Difference

Dreyfus (2011) 80 MS
MVA by 3D TEE vs. 2D TTE 0.79 0.45-2.20 0.0004 ± 0.21â•¯cm2

Schlosshan 
(2011)

43 MS 0.5-2.5 Mean difference
3D MVA on TEE vs. 2D MVA 0.87 −0.16 ± 0.22â•¯cm2

3D MVA on TEE vs. T½ MVA 0.73 −0.23 ± 0.28â•¯cm2

3D MVA on TEE vs continuity equation MVA 0.83 0.05 ± 0.22â•¯cm2

From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.
*Data from Gorlin etâ•¯al, Am Heart J 1951;41:1–29; Libanoff etâ•¯al, Circulation 1968;38:144–150; Henry etâ•¯al, Circulation 1975;51:827–831; Holen etâ•¯al, Acta Med Scand 1977;201:83–88; Hatle etâ•¯al, 
Circulation 1979;60:1096–1104; Smith etâ•¯al, Circulation 1986;73:100–107; Come etâ•¯al, Am J Cardiol 1988;61:817–825; Thomas etâ•¯al, Circulation 1988;78:980–993; Chen etâ•¯al, J Am Coll Cardiol 
1989;13:1309–1313; Faletra etâ•¯al, J Am Coll Cardiol 1996;28:1190–1197; Dreyfus etâ•¯al, Eur J Echocardiogr 2011;12:750–755; Schlosshan etâ•¯al, JACC Cardiovasc Imaging 2011;4:580–588.

2D, two-dimensional; 3D, three-dimensional; Gorlin, Gorlin formula valve area; BMV, balloon mitral valvotomy; MS, mitral stenosis; MVA, mitral valve area; SEE, standard error of the estimate 
T½, pressure half-time; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.
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FIGURE 6-11â•… Continuity equation for aortic valve area (AVA). Calculation requires measurement of left ventricular outflow tract (LVOT) diameter from a 
parasternal long-axis view (upper left) for circular cross-sectional area (CSA) calculation, pulsed Doppler recording of the LVOT velocity-time integral (VTI) from an 
apical approach (upper right) and CW Doppler recording of the aortic stenosis (AS) velocity-time integral (VTIAS jet) from whichever window gives the highest-velocity 
signal (lower left). Ao, Aorta; LA, left atrium; SV, stroke volume. (From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.)

LVOT
diameter
2.6 cm

AVA � (VTILVOT � CSALVOT)/VTIAS jet

CSALVOT � VTILVOT � AVA � VTIAS jet

SVLVOT � SVAS jet

SVLVOT

SVASJet

LVOT velocity
0.7 m/s

LV

LA

A B

C D

Ao

4.2 m/s

clinical situations. For example, when mitral stenosis is not severe, 
the time course of the pressure decline between the LA and LV 
in diastole is determined by the diastolic compliance of the two 
chambers, the initial (or opening) gradient across the valve, and 
atrial contractile function in addition to the effect of the restrictive 
mitral orifice. Similarly, in the patient undergoing balloon mitral 
valvotomy, changing ventricular and atrial compliances in the 
immediate postprocedure period can lead to inaccuracies. 
Another potential concern is coexisting aortic regurgitation, 
because LV diastolic filling is due to both antegrade transmitral 
and retrograde transaortic flows, although this theoretic concern 
does not appear to significantly affect the accuracy of the pres-
sure half-time in the clinical setting.

Other Measures of Stenosis Severity
Several other echocardiographic measures of stenosis severity 
have been proposed for aortic stenosis, including valve resis-
tance, stroke work loss, and valve impedance. These proposed 
measures have not gained wide acceptance, although studies  
are ongoing to determine whether any might provide better pre-
diction of symptom onset and long-term clinical outcome than 
standard measures of maximum velocity, mean gradient, and 
valve area.11,16

A simplified version of the continuity equation is the velocity 
ratio—the dimensionless ratio of the maximum velocity proximal 
to a stenosis (LV outflow velocity; LVOT) to the maximum velocity 
in the stenotic aortic orifice (AS-Vmax):

Velocity ratio
V

AS
LVOT=
−Vmax

A normal velocity ratio is slightly less than 1, with smaller ratios 
indicating more severe stenosis. For example, a velocity ratio of 
0.25 implies that the valve opening is reduced to one-fourth its 
normal size. In one sense, the velocity ratio is a simplification of 
the continuity equation, with elimination of the term for cross-
sectional area of the proximal flow stream. In another sense, the 
velocity ratio is a more robust descriptor of stenosis severity. 
Normal valve area is a function of body size, so stenotic valve 
areas need to be interpreted in the context of patient size, specifi-
cally by indexing valve area to body surface area. The velocity 
ratio has the advantage that is already “indexed” to body size. 
Normal intracardiac velocities are similar in people of all ages 
and sizes; differences in stroke volume relate to differences in the 
cross-sectional area of flow rather than to flow velocities. Being 
concerned with velocities alone, the velocity ratio assumes that 
the proximal cross-sectional area is “normal” for that patient and 
thus the resulting descriptor of stenosis severity is already indexed 
for body size.

Stenosis Severity with Changes in Flow Rate
The velocity and pressure gradients across a stenotic valve 
increase and decrease in parallel with changes in transvalvular 
volume flow rate as predicted by the mathematical relationship 
between velocity and flow rate. When anatomic valve area is 
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TABLE 6-4	 Selected Studies of Aortic Valve Area Determination*

FIRST AUTHOR 
(YEAR) COMPARISON N STUDY GROUP R† RANGE (cm2) SEE (cm2)†

Hakki (1981) Simplified vs original Gorlin 60 Aortic stenosis 0.96 0.2-2.0 0.10

Zoghbi (1986) Cont eq vs Gorlin 39 Aortic stenosis 0.95 0.4-2.0 0.15

Otto (1988) Cont eq vs Gorlin 103 Aortic stenosis 0.87 0.2-3.7 0.34

Oh (1988) Cont eq vs Gorlin 100 Aortic stenosis 0.83 0.2-1.8 0.19

Danielson (1989) Cont eq vs Gorlin 100 Aortic stenosis 0.96 0.4-2.0 —

Cannon (1985) Gorlin vs videotape of valve 
opening

42 Porcine valves in pulsatile flow 
model

0.87 0.6-2.5 0.28

New formula vs actual orifice area 42 Porcine valves in pulsatile flow 
model

0.98 0.6-2.5 0.11

Segal (1987) Cont eq vs actual valve area In vitro pulsatile flow with 
orifice plates

0.99 0.05-0.5 0.016

Gorlin vs actual valve area 0.87 0.047

Cannon (1988) Gorlin vs known valve area 135 Prosthetic aortic valves 0.39 0.6-2.3 —

Nishimura (1988) Cont eq vs Gorlin 55 Pre-BAV 0.72 0.2-0.9 0.10
Post-BAV 0.61 0.5-1.3 0.17

Desnoyers (1988) Cont eq vs Gorlin 42 Pre-BAV 0.74 0.3-1.3 —

Tribouilloy (1994) TEE vs cont eq 54 Aortic stenosis 0.96 0.3-2.0 0.11
TEE vs Gorlin 0.90 0.12

Kim (1997) TEE vs Gorlin 81 Aortic stenosis 0.89 0.4-2.0 0.04

Bland-Altman Mean Difference
Goland (2007) 3D TEE vs 2D TTE AVA 33 Aortic stenosis 0.99 0.45-1.98 0.00(−0.15 to 0.15)â•¯cm2

3D TEE vs Gorlin AVA 15 0.86 0..4-1.4 0.01 (−0.20 to 0.22)â•¯cm2

de la Morena (2010) 3D TEE AVA vs
2D TTE AVA

59 Aortic stenosis 0.72† 0.30-1.3 0.04 (−0.37 to 0.45)â•¯cm2

Furukawa (2012) 3D TEE AVA vs
2D TEE AVA

25 Aortic stenosis 0.95 0.40-1.10 −0.14 (range −0.41 to 0.12)â•¯cm2

From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.
*Data from Hakki etâ•¯al, Circulation 1981;63:1050–1055; Zoghbi etâ•¯al, Circulation 1986;73:452–459; Otto etâ•¯al, Arch Intern Med 1988;148:2553–2560; Oh etâ•¯al, J Am Coll Cardiol 1988;11:1227–1234; 
Danielson etâ•¯al, Am J Cardiol 1989;63:1107–1111; Cannon etâ•¯al, Circulation 1985;71:1170–1178; Segal etâ•¯al, J Am Coll Cardiol 1987;9:1294–1305; Cannon etâ•¯al, Am J Cardiol 1988;62:113–116; 
Nishimura etâ•¯al, Circulation 1988;78:791–799; Desnoyers etâ•¯al, Am J Cardiol 1988;62:1078–1084; Tribouilloy etâ•¯al, Am Heart J 1994;128:526–532; Kim etâ•¯al, Am J Cardiol 1997;79:436–441. Goland 
etâ•¯al, Heart 2007;93:801–807; de la Morena etâ•¯al, Eur J Echocardiogr. 2010;11:9–13. Furukawa etâ•¯al, J Cardiol. 2012;59:337–343.
†If not stated in the publication, statistics were calculated from the raw data provided in tables. A blank indicates that data for this calculation were not available.

2D, Two-dimensional; 3D, three-dimensional; AVA, aortic valve area; BAV, balloon aortic valvuloplasty; cont eq, continuity equation; Gorlin, Gorlin formula for AVA; TEE, transesophageal 
echocardiography; TTE, transthoracic echocardiography.

fixed, for example, with rheumatic mitral stenosis, increases in 
flow rate result in expected increases in pressure gradient, with 
little change in calculated effective valve area because opening 
of the fused commissures is constant at all flow rates. In contrast, 
a calcified aortic valve is “stiff” and the degree of leaflet opening 
depends on the applied force, or volume flow rate in the clinical 
setting. In fact, the degree of change in stenosis severity relative 
to a change in volume flow rate can provide a useful index of 
disease severity. For example in adults with concurrent aortic 
stenosis and reduced LV ejection fraction, the change in valve 
area with changes in flow rate helps distinguish patients with only 
moderate valve obstruction from those with severe aortic stenosis 
resulting in LV dysfunction. This evaluation typically is performed 
with a low-dose dobutamine stress test, measuring the maximum 
velocity, mean gradient, stroke volume, and valve area at each 
stage of the protocol (Figure 6-13).17-19

Evaluation of Valvular Regurgitation
Echocardiographic assessment of valvular regurgitation includes 
integration of data from imaging of the valve and ventricle, as well 
as Doppler measures of regurgitant severity. No single Doppler 
method provides a definitive measure of regurgitant severity, nor 
can findings with this modality be interpreted in the absence of 
evaluation of LV size and function. The standard examination in 

a patient with valvular disease includes vena contracta measure-
ment on color-flow imaging, CW Doppler velocity curves, evalua-
tion for distal flow reversals, and transvalvular volume flow 
velocity data. Quantitative measures of regurgitant severity, 
including regurgitant orifice area and regurgitant volume, are 
increasingly utilized, particularly when regurgitation is moderate 
on qualitative evaluation or when the cause of LV dilation is not 
clear.20-22

Qualitative Measures of Regurgitation Severity
Color-flow imaging provides a 2D display of blood flow direction 
and velocity superimposed on the 2D image. Doppler color-flow 
imaging can also be displayed on 3D images, although the frame 
rate is quite low, limiting clinical utility of this modality. The 
physics of color-flow Doppler imaging are complex and numerous 
factors affect the final display, but the color-flow image provides 
an intuitive and appealing real-time display of blood flow patterns 
in the heart. Color-flow Doppler imaging has high sensitivity 
(nearly 100%) and specificity (nearly 100%) for identification of 
valvular regurgitation based on identification of the flow distur-
bance in the receiving chamber, exceeding the detection rates for 
auscultation and angiography. With a meticulous examination, a 
small degree of valvular regurgitation is seen in many normal 
individuals; tricuspid regurgitation is detectable in 80% to 90% of 
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FIGURE 6-12â•… Mitral pressure half-time valve area measurement. Top, 
Schematic diagram showing the relationship between left ventricular (LV) and 
left atrial (LA) pressures. Bottom, The transmitral velocity curve recorded with 
Doppler ultrasound. The shape of the pressure gradient is reflected in the 
Doppler velocity curve. The pressure half-time (T½) is the same whether mea-
sured from the pressure data or from the velocity data. Mitral valve area (MVA) 
is calculated using an empiric constant as 220/T½, where valve area is in cm2 
and T½ is in milliseconds (ms). ΔPmax, maximum pressure difference; Vmax, 
maximum velocity. (From Otto CM. Textbook of clinical echocardiography. 5th ed. 
Philadelphia: Elsevier/Saunders; 2013.)
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normal individuals, pulmonic regurgitation in 70% to 80%, mitral 
regurgitation in 70% to 80%, and aortic regurgitation in 5% to 10%, 
with an increasing frequency of detectable regurgitation with age. 
Physiologic or “normal” regurgitation is characterized by a small 
volume of backflow with only a small area of flow disturbance 
seen on color-flow imaging and a weak CW Doppler signal.

Pathologic regurgitation is associated with a larger area of flow 
disturbance on color-flow imaging. Although it is tempting to 
interpret the size of the flow disturbance as synonymous with the 
severity of regurgitation, the color-flow display is affected by 
numerous factors other than regurgitant severity and is not recom-
mended as a measure of regurgitant severity. However, the origin 
and direction of the regurgitant jet may be helpful in determining 
the anatomic mechanism of regurgitation, particularly with mitral 
valve disease (Figure 6-14).

VENA CONTRACTA

Color-flow Doppler evaluation of regurgitation severity focuses on 
the geometry of the regurgitant signal as is passes through the 
narrowed orifice (Figure 6-15). The narrowest segment of the flow 
stream, the vena contracta, typically occurs just beyond the regur-
gitant orifice. The size of the vena contracta does not depend on 
flow rate or pressure and is less sensitive to instrument setting 
than the downstream size of the jet.

For aortic regurgitation, vena contracta width is measured as 
the smallest flow diameter, immediately beyond the flow conver-
gence region, in the parasternal long-axis view. An aortic regur-
gitant vena contracta width greater than 6â•¯mm indicates severe 
aortic regurgitation, and a width smaller than 3â•¯mm indicates 
mild regurgitation.22,23 For mitral regurgitation, the vena contracta 
also is best imaged in the parasternal long-axis view, taking 

advantage of the axial resolution at this depth. However, identifi-
cation of the vena contracta is most reliable when both the proxi-
mal convergence zone and the distal expansion of the jet can be 
seen, with the vena contracta as the narrow segment joining these 
two regions. Thus, a mitral regurgitant vena contracta often is 
better visualized in an apical four-chamber or long-axis view. 
Vena contracta width should not be measured in a two-chamber 
view because this is a tangential plane through the flow signal. A 
mitral regurgitant vena contracta jet width greater than 7â•¯mm 
indicates severe regurgitation, and a width less than 3â•¯mm indi-
cates mild regurgitation.22

CONTINUOUS-WAVE DOPPLER DATA

Two types of data are inherent in the CW Doppler spectral record-
ing of a regurgitant jet velocity curve. First, the signal strength, 
especially relative to antegrade flow, is directly related to the 
volume of regurgitation. Although acoustic attenuation and 
instrumentation variability make quantitation of signal strength 
problematic, qualitative assessment is a simple and useful clinical 
measure.

Second, the time-velocity curve reflects the time course of the 
instantaneous pressure difference across the regurgitant valve. 
For each instantaneous velocity, the pressure difference across 
the valve is 4v2 (as stated in the Bernoulli equation), so inferences 
about intracardiac pressures and the time course of pressure 
changes can be derived from the Doppler data.

For aortic regurgitation, the rate of pressure decline between 
the aorta and LV in diastole relates to chronicity of disease and 
LV compensation, as illustrated in Figure 6-16. In addition, the 
end-diastolic velocity across the regurgitant aortic valve corre-
sponds to the end-diastolic pressure gradient, which, when sub-
tracted from the cuff diastolic blood pressure, provides an 
approximation of LV end-diastolic pressure, although wide mea-
surement variability limits the clinical utility of this estimate.

The mitral regurgitant signal is characterized by a high 
maximum velocity, reflecting the high LV systolic pressure and 
low left atrial pressure in compensated disease. Typically, this 
high velocity persists through most of systole. However, when left 
atrial pressure rises in late systole (e.g., a v wave) because of 
severe and/or acute mitral regurgitation, the velocity curve shows 
a steep decline in velocity in late systole, the Doppler “v wave.” 
On the right side of the heart, the tricuspid regurgitant jet velocity 
corresponds to the difference between right ventricular and right 
atrial pressures in systole, so that right ventricular (and pulmo-
nary systolic) pressure can be calculated from the maximum tri-
cuspid regurgitant jet, on the basis of the Bernoulli equation. As 
for mitral regurgitation, severe or acute tricuspid regurgitation 
may result in a right atrial v wave, seen as a late systolic rapid 
decline in the velocity curve.

The pulmonic regurgitant jet velocity is related to the diastolic 
pressure difference between the pulmonary artery and right ven-
tricle and, given that the normal pressure difference is low, is 
typically low. When pulmonary hypertension is present, pulmonic 
regurgitant velocities are increased with the early-diastolic veloc-
ity in combination with an estimate of right atrial pressure, allow-
ing calculation of diastolic pulmonary pressure.

DISTAL FLOW REVERSALS

When atrioventricular valve regurgitation is severe, the backflow 
across the valve not only fills the atrium but extends into the veins, 
resulting in reversal of the normal flow pattern in systole. Severe 
tricuspid regurgitation results in retrograde systolic flow in the 
venae cavae and hepatic veins, which can be demonstrated from 
the subcostal view using pulsed Doppler recordings. Severe mitral 
regurgitation results in systolic flow reversal in the pulmonary 
veins. Examination of all four pulmonary veins on TEE is espe-
cially helpful with an eccentric regurgitant jet because the  
pattern of systolic flow reversal may not be uniform. However, 
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FIGURE 6-13â•… Low-output, low-gradient aortic stenosis. Changes in aortic valve opening and Doppler flows with dobutamine stress echocardiography for 
low-output, low-gradient aortic stenosis (AS). Left, The baseline data show a hypothetical patient with an ejection fraction (EF) of 35% and limited aortic valve 
systolic opening, an aortic jet (AS-jet) velocity of 3.5â•¯m/s, and an aortic valve area (AVA) of 0.9â•¯cm2. Middle, If true severe AS is present, as EF increases from 35% to 
45% with stress, transaortic flow rate increases but aortic opening is fixed, resulting in a marked increase in aortic velocity (and pressure gradient) with no change 
in valve area. Right, in a patient with the same baseline data but “pseudo–severe AS,” the increase in EF and transaortic stroke volume with stress “push” the aortic 
leaflets to open more, so there is a smaller increase in aortic velocity in association with an increase in AVA. Current diagnostic testing relies on Doppler data with 
dobutamine stress testing because direct imaging of valve anatomy is not adequate for visualization of the exact systolic orifice. HR, heart rate in beats/min; SV, 
stroke volume; VTI, velocity-time integral. (From Otto CM, Owens DS. Stress testing for structural heart disease. In: Gillam LD, Otto CM, editors. Advanced approaches in 
echocardiography. Philadelphia: Elsevier/Saunders; 2012.)
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FIGURE 6-14â•… Anteriorly directed mitral regurgitation (MR) on transesophageal echocardiography (TEE). Left, The long-axis TEE view shows a partial 
flail posterior mitral leaflet (arrow). Right, The anteriorly directed jet seen on color Doppler imaging (right) confirms that MR is due to isolated posterior leaflet 
dysfunction, and the width of the jet as it crosses the mitral valve, the vena contracta, is consistent with severe regurgitation. The proximal isovelocity surface area 
(PISA) on the ventricular side of the valve is shown. Ao, Aorta; LA, left atrium; LV, left ventricle. (From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: 
Elsevier/Saunders; 2013.)
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vessels as blood flows back into the ventricular chamber across 
the incompetent valve. The distance that holodiastolic flow  
reversal extends down the aorta correlates with regurgitant sever-
ity; this finding in the proximal abdominal aorta indicates severe 
aortic regurgitation, whereas holodiastolic flow reversal in the 
descending thoracic aorta is seen with both moderate and severe 
regurgitation (Figure 6-17). When signal-to-noise ratio is adequate 
and wall filters are set at a low velocity, this approach is a simple 
and reliable method for qualitative evaluation of regurgitant sever-
ity. False-negative results are due to poor examination technique 
or limited acoustic access. False-positive results are due to other 
sources of diastolic runoff in the aorta, such as a patent ductus 

other physiologic factors affect atrial inflow patterns, including 
respiratory phase, cardiac rhythm, atrial and venous compli-
ances, ventricular diastolic filling, and patient age. The presence 
and severity of venous systolic flow reversal is a useful adjunct in 
the evaluation of atrioventricular valve regurgitant severity, but its 
presence is not a pathognomonic finding and should not be relied 
on when the patient is not in normal sinus rhythm.

For the semilunar valves (aortic and pulmonic), severe regurgi-
tation results in diastolic flow reversal in the associated great 

FIGURE 6-15â•… Fluid dynamics of a regurgitant jet. Left, The 
proximal isovelocity surface area (PISA) region—also referred to as 
proximal flow convergence (PFC) region at right—vena contracta 
(VC), and distal jet. Right, The effective regurgitant orifice area is the 
orifice area defined by the narrowest regurgitant flow stream and 
typically occurs distal to the anatomic orifice defined by the valve 
leaflets. (From Otto CM. Textbook of clinical echocardiography. 5th ed. 
Philadelphia: Elsevier/Saunders; 2013; adapted from Roberts BJ, Grayburn 
P. Color flow imaging of the vena contracta in mitral regurgitation: techni-
cal considerations. J Am Soc Echocardiogr 2003;16:1002–6.)
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FIGURE 6-16â•… Transvalvular pressure-velocity relationships. Left ven-
tricular (LV) and central aortic (Ao) pressures and the corresponding Doppler 
velocity curve are shown for chronic (green lines) and acute (blue lines) aortic 
regurgitation (AR). The shape of the velocity curve is related to the instanta-
neous pressure differences across the valve, as stated in the Bernoulli equation. 
With acute aortic regurgitation, aortic pressure falls more rapidly and ventricu-
lar diastolic pressure rises more rapidly, resulting in a steeper deceleration slope 
on the Doppler curve. (From Otto CM. Textbook of clinical echocardiography. 5th 
ed. Philadelphia: Saunders/Elsevier; 2013.)

P
re

ss
ur

e 
(m

m
 H

g)
V

el
oc

ity
 (

m
/s

)

LV

AR

Aortic
outflow

Ao

0

100

FIGURE 6-17â•… Doppler findings with acute severe aortic regurgitation. 
CW Doppler recording shows a dense signal with a steep deceleration slope 
(top). Holodiastolic flow reversal is seen in the descending thoracic aorta 
recorded from a suprasternal notch window with pulsed wave (PW) Doppler 
imaging (bottom). (From Otto CM. Textbook of clinical echocardiography. 5th ed. 
Philadelphia: Saunders/Elsevier; 2013.)
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arteriosus, or misinterpretation of the normal early diastolic flow 
reversal.

Regurgitant Volume and Orifice Area
Regurgitant stroke volume (RSV) and regurgitant fraction (RF)—
the absolute and relative amount of backflow across the valve—
and regurgitant orifice area (ROA)—the cross-sectional area  
of the flow stream—all can be calculated from imaging and 
Doppler data (Table 6-5). Methods for these calculations include: 
(1) the proximal isovelocity surface area (PISA) approach,  
(2) measurement of volume flow rate across the regurgitant valve 
compared with that for a normal valve, and (3) 2D or 3D imaging 
for measurement of total LV stroke volume with Doppler measure-
ment of forward stroke volume.

PROXIMAL FLOW CONVERGENCE

Blood flow accelerates on the upstream side of a regurgitant 
valve, resulting in successively higher velocities as flow approaches 
the regurgitant orifice, which can be seen on color-flow Doppler 
imaging (Figure 6-18). Color-flow imaging utilizes pulsed Doppler 
technology, so signal aliasing occurs when velocity exceeds a 
value determined by instrument settings and depth. Aliasing is 
displayed as a change in color from blue to red (or vice versa), 
with the color change occurring at a specific velocity. Thus, visu-
alization of the hemisphere of flow acceleration proximal to a 
regurgitant orifice represents an isovelocity surface area where 
flow is equal to the aliasing velocity (v) on the color-flow image. 
By definition, the instantaneous flow rate (Q) at this site (e.g., 
regurgitant flow rate) is the cross-sectional area of flow times 

TABLE 6-5	 Validation of Quantitative Evaluation of Regurgitant Severity Using Doppler Echocardiography*

FIRST AUTHOR 
(YEAR) METHOD

STANDARD OF 
REFERENCE N R SEE

Color Jet Area
Spain (1989) Color jet area Angio LV, TD-CO 15â•¯pts with MR 0.62 (RF) —
Tribouilloy (1992) Regurgitant jet width at 

origin
Angio LV, TD-CO 31â•¯pts with MR 0.85 (RSV) —

Enriquez-Sarano (1993) Color jet area Doppler SV at two sites 80â•¯pts with MR 0.69 (RF) 4.4â•¯cm2

Vena Contracta
Tribouilloy (2000) Vena contracta width Doppler ROA and RSV 79â•¯pts with AR 0.89 (ROA)

0.90 (RSV)
0.08â•¯cm2

18â•¯mL
Hall (1997) Vena contracta width Doppler ROA and RSV 80â•¯pts with MR 0.86 (RSV)

0.85 (ROA)
0.15â•¯cm2

20â•¯mL

PISA
Recusani (1991) PISA (hemispherical) Rotometer In vitro, constant flow 0.94-0.99 (flow rate) 1-1.6â•¯L/min
Utsunomiya (1991) PISA (hemispherical) Actual flow rate 

stopwatch and 
cylinder

In vitro, pulsatile flow 0.99 (flow rate) 0.53â•¯L/min

Vandervoort (1993) PISA Actual flow rate In vitro, steady flow 0.98-0.99 (flow rate) —
Giesler (1993) PISA Angio LV, Fick CO 16â•¯pts with MR 0.88 (RSV) 17â•¯mL
Chen (1993) PISA Doppler SV at two sites 46â•¯pts with MR 0.94 (RSV) 18â•¯mL

CW Doppler
Teague (1986) AR half-time Angio LV, Fick CO 32â•¯pts with AR −0.88 (RF) 11%
Masuyama (1986) AR half-time Angio LV, ID-CO 20â•¯pts with AR −0.89 (RF) —

Volume Flow at Two Sites
Ascah (1985) Transmitral vs transaortic SV EM-flow 30 flow rates in 

canine model
0.83 (RF) —

Kitabatake (1985) Transaortic vs transpulmonic 
SV

Angio LV, TD-CO 20â•¯pts with AR 0.94 (RF) —

Rokey (1986) Transmitral vs transaortic SV Angio LV, TD-CO 19â•¯pts with MR and 6 
with AR

0.91 (RF) 7%

Distal Flow Reversals
Boughner (1975) Diastolic flow reversal in 

descending Ao
Angio LV, Fick CO 15â•¯pts with AR 0.91 (RF) —

Touche (1985) Diastolic flow reversal in 
descending Ao

Angio LV, TD-CO 30â•¯pts with AR 0.92 (RF) 8.8%

Bland Altman Mean 
Difference

Marsan 2009 3DE vena contracta CMR 64â•¯pts with 
functional MR

0.94 −0.08 ( −7.7 to 7.6 )â•¯mL/beat

Zeng 2011 3DE vena contracta Quantitative Doppler 49â•¯pts with MR r2=0.86 SEE = 0.02â•¯cm2

Perez de Isla 2012 3DE vena contracta CMR 32â•¯pts with AR 0.88 —

From Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/Saunders; 2013.
* Data from Boughner etâ•¯al, Circulation 1975;52:874–879; Touche etâ•¯al, Circulation 1985;72:819–824; Ascah etâ•¯al, Circulation 1985;72:377–383; Kitabatake etâ•¯al, Circulation 1985;72:523–529; 
Rokey etâ•¯al, J Am Coll Cardiol 1986;7:1273–1278; Teague etâ•¯al, J Am Coll Cardiol 1986;8:592–599; Masuyama etâ•¯al, Circulation 1986;73:460–466; Spain etâ•¯al, J Am Coll Cardiol 1989;13:585–590; 
Tribouilloy etâ•¯al, Circulation 1992;85:1248–1253; Enriquez-Sarano etâ•¯al, J Am Coll Cardiol 1993;21:1211–1219; Rescusani etâ•¯al, Circulation 1991;83:594–604; Utsunomiya etâ•¯al, J Am Soc 
Echocardiogr 1991;4:338–348; Vandervoort etâ•¯al, J Am Coll Cardiol 1993;22:535–541; Giesler etâ•¯al, Am J Cardiol 1993;71:217–224; Chen etâ•¯al, J Am Coll Cardiol 1993;21:374–383; Tribouilloy CM 
etâ•¯al. Circulation 2000;102:558–564; Hall SA etâ•¯al. Circulation 1997;95: 636–642. Marsan etâ•¯al, JACC Cardiovasc Imaging 2009;2:1245–1252; Zeng etâ•¯al, Circ Cardiovasc Imaging 2011;4:506–513; 
Perez de Isla etâ•¯al, Int J Cardiol 2011 Dec 20 [epub ahead of print].

3DE, Three-dimensional echocardiography; angio, angiography; Ao, aorta; AR, aortic regurgitation; CMR, cardiac magnetic resonance imaging; CO, cardiac output; EM-flow, volume flow rate 
measured by electromagnetic flowmeter; ROA, regurgitant orifice area; Fick CO, Fick cardiac output; ID, indicator dilation; LV, left ventricle; MR, mitral regurgitation; PISA, proximal isovelocity 
surface area method; pts, patients; RF, regurgitant fraction; RSV, regurgitant stroke volume; SEE, standard error of the estimate; SV, stroke volume; TD, thermodilution.
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FIGURE 6-18â•… Proximal isovelocity surface area (PISA) method for cal-
culation of regurgitant volume (RVol) and regurgitant orifice area 
(ROA). In the apical view that best demonstrated a PISA on color-flow Doppler 
imaging, the baseline was shifted in the direction of MR to obtain an aliasing 
velocity between 30 and 40â•¯cm/s. A narrow sector width and a shallow depth 
were used to optimize scan line density and frame rate. PISA radius (r) was 
measured from the aliasing velocity (Valiasing) to the level of the valve orifice. The 
regurgitant jet was recorded with CW Doppler for measurement of maximum 
velocity (VMR) and the velocity-time integral (VTIMR). For mitral regurgitant (MR) 
jets, which are not pansystolic, only the Doppler signal that represents mitral 
regurgitation is traced. HR, Heart rate. (From Cawley PJ, Hamilton-Craig C, Owens 
DS, etâ•¯al. Prospective comparison of valve regurgitation quantitation by cardiac 
magnetic resonance imaging and transthoracic echocardiography. Circ Cardiovasc 
Imaging 2013;6:48–57.)

A

PISA flow rate � 2�r2 � VAliasing

MR PISA radius � 0.78 cm
Alias velocity � � 0.31 m/sec

2.0

6.0

m/s

ROA � PISA flow rate � VMR

RVol � ROA � VTIMR

B

velocity. The area of flow can be calculated as the area of a 
hemisphere (with radius r), so that:

Q r v= 2 2π

Based on the continuity equation principle, this flow rate then 
can be used to calculate an instantaneous regurgitant orifice 
area, in conjunction with the maximal CW Doppler velocity (V) 
through the regurgitant orifice20:

ROA  Q/V=

In the clinical setting this approach is most useful for evaluation 
of mitral regurgitation because imaging of proximal acceleration 
is more difficult for aortic regurgitation.20 The PISA method also 
can be used to estimate regurgitant stroke volume by multiplying 
orifice area by the velocity time integral of the mitral regurgitant 
jet (VTIMR):

RSV ROA VTIMR= ×

The PISA approach is most accurate for holosystolic flow with 
a constant regurgitant orifice area. However, many causes of 
mitral regurgitation are associated with a dynamic orifice area, 
as seen with late systolic mitral regurgitation due to mitral valve 
prolapse. In this situation, PISA-based calculations may overesti-
mate regurgitant severity. Even so, clinical outcome studies have 
shown the prognostic value of these measurements both in adults 
with functional mitral regurgitation and in those with mitral valve 
prolapse. A mitral regurgitant orifice area greater than 0.4â•¯cm2 
corresponds to severe regurgitation, and an area smaller than 
0.2â•¯cm2 indicates mild regurgitation.22

Another approach to calculation of regurgitant volume is mea-
surement of transvalvular flow at two intracardiac sites using 2D 
and pulsed Doppler echocardiography (Figure 6-19). Regurgitant 
stroke volume is equal to the total stroke volume (TSV) antegrade 
across the regurgitant valve minus the forward stroke volume (the 
amount of blood delivered to the body) across a normal valve. 
For aortic regurgitation (AR), total stroke volume is measured in 
the LV outflow tract (LVOT) and forward stroke volume across the 
mitral or pulmonic (PA) annulus:

RSV CSA VTI CSA VTIAR LVOT LVOT PA PA= × − ×( ) ( )

For mitral regurgitation (MR), total stroke volume is measured 
across the mitral annulus (MA), and forward stroke volume across 
the LVOT or pulmonic valve:

RSV CSA VTI CSA VTIMR MA MA LVOT LVOT= × − ×( ) ( )

Regurgitant fraction then is the ratio of regurgitant stroke volume 
to total stroke volume:

RF RSV/TSV=

The validity of this method has been demonstrated in animal 
and clinical studies of valvular but is challenging in the clinical 
setting with considerable physiologic and measurement variabil-
ity. Echocardiographic quantitation of aortic regurgitant severity 
shows more interobersever variability than cardiac magnetic 
resonance (CMR) imaging (Figure 6-20). Reproducibility for quan-
titation of mitral regurgitation is similar for echocardiography 
compared to CMR imaging.24 Given the potential error of this 
approach, and the complexity of data acquisition and measure-
ment, most laboratories perform these calculations only in 
selected cases.

A third approach to quantitation of mitral regurgitation is to use 
the 2D biplane or 3D volumetric LV stroke volume, instead of 
transmitral flow, for total stroke volume. Then, regurgitant volume 
and orifice area are calculated with use of the forward stroke 
volume measured by pulsed Doppler velocity recording in the LV 
outflow tract. This approach utilizes measurements performed as 
part of a routine examination and avoids the measurement vari-
ability inherent in determination of mitral annulus diameter. 
However, LV volumes often are underestimated on 2D imaging, 
so this approach may underestimate regurgitant severity.

Integration of Regurgitant Parameters
A stepwise approach to the use of Doppler measures of regurgi-
tant severity is recommended by the American Society of  
Echocardiography.22 For both mitral regurgitation and aortic 
regurgitation, the initial step is measurement of vena contracta 
diameter. With mitral regurgitation and a small (<0.3â•¯cm) or very 
large (>0.7â•¯cm) vena contracta diameter, further evaluation is not 
typically needed, particularly if the CW Doppler signal confirms 
mild or severe regurgitation (Figure 6-21). For a vena contracta 
diameter of 0.3 to 0.7â•¯cm, regurgitant severity may be further 
quantitated by the PISA or volume flow method. With aortic regur-
gitation, the combination of vena contracta diameter, CW Doppler 
signal strength, and holodiastolic flow reversal in the aorta is 
usually adequate, with further quantitation only if regurgitant 
severity remains uncertain (Figure 6-22).

Evaluation of Left Ventricular Geometry 
and Function
Evaluation of the LV response to pressure and/or volume overload 
is a critical step in echocardiographic examination of the patient 
with left-sided valvular heart disease.

Volumes and Ejection Fraction
Quantitative evaluation of LV volumes and ejection fraction is 
recommended in all patients with valvular heart disease.25,26 The 
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practice. On serial studies, side-by-side comparisons of image 
planes and measurement sites are needed to ensure consistency 
in recording and measurement techniques on serial examina-
tions. With any measurement approach, end-diastolic dimensions 
may change if there are differences in preload due to volume 
status or medications. End-systolic dimensions are less depen-
dent on preload but may be affected by afterload.

Quantitative 2D measurements also include LV end-diastolic 
volume (EDV) and end-systolic volume (ESV) with calculation of 
the ejection fraction (EF):

EF EDV ESV /EDV= −( )

LV volumes are calculated using the apical biplane method 
from 2D images acquired in apical four-chamber and two-
chamber views with tracing of endocardial borders at end-diastole 
and end-systole, as follows:

V / a b L/i i
I

= ×
=
∑( ) ( )π 4 20

1

20

where a and b represent the minor axis dimensions in two image 
planes at each of 20 intervals (i) perpendicular to the long axis 
of the ventricle, from apex to the base, with a length (L). Accurate 

simplest quantitative measures of LV size are 2D-guided M-mode 
recordings at the midventricular level (see Table 6-2) for end-
diastolic dimension (EDD) and end-systolic dimension (ESD). 
The American College of Cardiology/American Heart Association 
and European Society of Cardiology guidelines for the manage-
ment of valvular heart disease recommend ventricular dimension 
values for clinical decision making because our evidence base 
currently depends on studies using these measurements.25,26 
Using both long- and short-axis views from a parasternal window, 
the 2D image is used to ensure that the M-mode beam is centered 
in the LV chamber and is perpendicular to the long axis of the LV. 
The advantages of M-mode measurements, compared with mea-
surements from 2D images, are dependence on the axial resolu-
tion of the ultrasound system (rather than the less accurate lateral 
resolution) and a much higher temporal resolution, allowing 
better identification of endocardial borders. The disadvantages 
of M-mode data are that an oblique orientation of the M-mode 
beam or incorrect identification of endocardial borders leads to 
measurement errors; in this situation, 2D measurements should 
be used instead.27

2D imaging–guided LV diameter measurements are reasonably 
reproducible when performed by experienced laboratories using 
careful recording and measurement techniques, and are fre-
quently substituted for M-mode measurements in clinical 

FIGURE 6-19â•… Quantitation of mitral regurgitation (MR) severity based on volume flow across two valves. Left ventricular (LV) outflow tract (LVOT) 
diameter was measured at the aortic valve leaflet insertion points in midsystole to calculate a circular cross-sectional area (CSA). LVOT velocity-time integral (VTI) 
was recorded from the apical window, with the sample volume just on the LV side of the aortic valve. Mitral annulus (MA) diameter (D) was measured from the 
apical four-chamber view during early diastole (E wave). From an apical window, the Doppler sample volume was positioned at the mitral annulus, and modal 
velocity was traced for the VTI. Stroke volume (SV) at each site was used to calculate regurgitant volume (RVol) for aortic regurgitation (AR) and MR as shown. Total 
stroke volume also was calculated from two-dimensional LV volumes (LV-SV2D). (From Cawley PJ, Hamilton-Craig C, Owens DS, etâ•¯al. Prospective comparison of valve 
regurgitation quantitation by cardiac magnetic resonance imaging and transthoracic echocardiography. Circ Cardiovasc Imaging 2013;6:48–57.)

SVLVOT � CSALVOT � VTILVOT

SVMA � CSAMA � VTIMA

RVolAR � [CSALVOT � VTILVOT] • [CSAMA � VTIMA]

RVolMR � [CSAMA � VTIMA] • [CSALVOT � VTILVOT]

OR

RVolMR � LV • SV2D • [CSALVOT � VTILVOT]

LVOT diameter

Mitral annulus

LVOT VTI

Mitral VTI.60

m/s

1.2

3.2 cm

3.3 cm

22.1 cm

12.8 cm

m/s
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FIGURE 6-20â•… Measurement variability for echocardiographic ECHO and cardiac magnetic resonance (CMR) imaging quantitation of aortic regur-
gitation (AR) severity. Linear regression (top) and Bland-Altman plots (bottom) for aortic regurgitation (AR) volume measurement variability with echocardiog-
raphy (left) and cardiac magnetic resonance imaging (right). In the top panels, dashed line indicates line of identity, and solid line, linear regression line. In the bottom 
panels, dashed line is mean difference. (From Cawley PJ, Hamilton-Craig C, Owens DS, etâ•¯al. Prospective comparison of valve regurgitation quantitation by cardiac magnetic 
resonance imaging and transthoracic echocardiography. Circ Cardiovasc Imaging 2013;6:48–57.)
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FIGURE 6-21â•… Approach to quantitation of mitral regurgitation (MR) severity. Other quantitative measures may be needed in some patients with a vena 
contracta width ≥0.7â•¯cm2. Evaluation of systolic flow reversal in the pulmonary veins provides useful additional information in patients with sinus rhythm. Trans-
esophageal echocardiography (TEE) is often needed for complete evaluation of MR severity in patients with moderate to severe disease. CWD, continuous-wave 
Doppler; PISA, proximal isovelocity surface area; ROA, regurgitant orifice area; RV, regurgitant volume. (From Otto CM. Textbook of clinical echocardiography. 5th ed. 
Philadelphia: Elsevier/Saunders; 2013.)
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FIGURE 6-22â•… Approach to echocardiographic quantitation of 
aortic regurgitation (AR) severity. In some cases, quantitation 
using pulsed and CW Doppler (CWD) techniques may be helpful when 
vena contracta width is >0.6â•¯cm. LVOT, left ventricular outflow tract; 
ROA, regurgitant orifice area; RV, regurgitant volume. (From Otto CM. 
Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/
Saunders; 2013.)

>0.6 cm <0.3 cm

AR color-flow imaging

Vena contracta

Abdominal aorta

Severe
AR

Mild
AR

CWD pressure
half-time

Pulsed Doppler
RV and ROA

Appears to be
>mild AR

Holodiastolic
flow reversal Non-diagnostic

Central jet
Jet width <25% 
    of LVOT
CWD not intense

LV volume measurements on 2D imaging depend on correct 
image plane orientation and inclusion of the true long axis of the 
ventricle in the image (see Table 6-2). Use of a cutout in the bed 
to allow positioning of the transducer on the apex with the patient 
in a steep left lateral decubitus position helps avoid inadvertent 
foreshortening of the apex. Accuracy also depends on correct 
identification of endocardial borders. Manual tracing of borders 
by an experienced observer is currently used for calculation of 
volumes from 2D images, but automated border detection or 
newer approaches such as speckle tracking may become stan-
dard in the future. During image acquisition, care is taken to 
optimize endocardial definition based on patient positioning, 
transducer frequency and focusing, subtle adjustments in trans-
ducer position and orientation, preprocessing and postprocess-
ing curves, and gray-scale and gain settings. Harmonic imaging 
markedly improves endocardial definition in most patients and 
should be used whenever possible for assessment of ventricular 
function. Contrast echocardiography to opacify the LV chamber 
is recommended for quantitation of LV function whenever endo-
cardial definition is suboptimal.

3D image acquisition is now possible at many centers and 
allows more reproducible automated calculation of LV volumes, 
based on 3D endocardial borders, rather than the use of geomet-
ric assumptions as with the apical biplane 2D method (Figure 
6-23). Unfortunately, there is little data on the utility of either 2D 
or 3D volume measurements for optimizing timing of intervention 
in patients with valvular heart disease. Despite this knowledge 
gap, 3D echocardiographic measurement of LV volumes should 
be acquired when possible.8 It is hoped that future clinical studies 
on disease progression and clinical outcome in adults with 
chronic valve regurgitation will incorporate the more robust mea-
sures of LV volumes instead of linear chamber dimensions, in 
studies.

Mechanics
LV mechanics can be evaluated by echocardiography using 
Doppler tissue imaging or speckle tracking strain imaging (Figure 
6-24). Speckle tracking strain imaging measurements allow evalu-
ation of global longitudinal strain, which reflects myocardial con-
tractile function.28-30 In addition, regional differences in the degree 
and timing of myocardial function can be quantitated and graphi-
cally displayed. Changes in LV mechanics may precede overt 
evidence of LV dilation or systolic dysfunction and might provide 
more sensitive markers for optimizing the timing of intervention 
in patients with chronic valve disease.

Diastolic Function
LV diastolic function is reflected in the Doppler velocity patterns 
of ventricular inflow, myocardial tissue velocities, and left atrial 
filling curves (see Figure 6-24).31,32 LV diastolic inflow is recorded 
from the transthoracic approach in the apical four-chamber view 
with the sample volume positioned at the mitral leaflet tips in 
diastole. The normal pattern of LV diastolic filling in young, 
healthy individuals consists of a short isovolumic relaxation time, 
a high early diastolic filling velocity (E-velocity), a steep early 
diastolic deceleration slope, and a smaller late diastolic filling 
velocity following atrial contraction (A-velocity) with a high ratio 
of early to late diastolic filling velocities (E/A ratio).

LV tissue-Doppler imaging (TDI) velocities are recorded with 
the sample volume positioned in the basal septum, adjacent to 

FIGURE 6-23â•… Three-dimensional (3D) left ventricular (LV) volumes. LV 
volumes are derived from a 3D volume acquisition with three orthogonal 
planes corresponding to four-chamber, two-chamber, and short-axis views 
shown along with the 3D volume rendered from semiautomated border 
tracing. Bottom, The LV volume curve is shown at the bottom starting with the 
largest volume at end-diastole (EDV) and the smallest (end-systolic) volume 
(ESV) at the nadir of the curve. EF, ejection fraction; SV, stroke volume. (From 
Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier/
Saunders; 2013.)

EDV � 214.9 ml
ESV � 84.3 ml

Volume(s)

EF � 60.8%
SV � 130.5 ml

Calculation(s)

194
Volume (ml)

Time (sec)

138

82

166

110

1.51.31.10.90.70.50.30.1
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a high A′ velocity. An elevated ratio of the mitral E-velocity to 
tissue Doppler imaging E′ velocity indicates elevated filling pres-
sures. The pulmonary venous inflow curve shows a reduced sys-
tolic filling and increased diastolic filling curve, with increases in 
the velocity and duration of the atrial reversal velocity curve.

Between these two extremes, diastolic dysfunction may cause 
a “pseudonormal” pattern in which the LV filling curve appears 
normal yet the pulmonary vein flow pattern shows reduced dia-
stolic filling and an increased atrial reversal velocity. A pseudo-
normal pattern can be identified from the presence of a reduced 
E′/A′ ratio on tissue Doppler imaging.

Unfortunately, although the Doppler velocity curves accurately 
portray LV diastolic filling, evaluation of LV diastolic function by 
echocardiography is limited by the numerous technical and 
physiologic factors other than the diastolic properties of the ven-
tricle that affect diastolic filling. First, these parameters of LV 
diastolic filling reflect abnormal transmitral flow dynamics in 
patients with mitral stenosis or mitral regurgitation, not LV dia-
stolic function. In adults with aortic valve disease, LV diastolic 
filling is affected by technical factors such as sample volume 
position and intercept angle; normal physiologic variations, 
including respiration, heart rate, age, and PR interval; and other 
physiologic variables such as preload, coexisting mitral regurgi-
tation, LV systolic function, and atrial contractile function.32 Pul-
monary vein flow is affected by age, left atrial size, left atrial 
pressure, atrial contractile function, and cardiac rhythm in 

the mitral annulus, in the apical four-chamber view. The normal 
tissue Doppler imaging velocity curves shows an early (E′) and 
late diastolic (A′) velocity toward the transducer, similar to the 
mitral inflow velocity curve but with lower peak velocities.

Pulmonary vein flow is recorded from the apical four-chamber 
view on TTE with the sample volume positioned in the right infe-
rior pulmonary vein. Higher-quality pulmonary vein flow signals 
can be obtained from the TEE approach with the sample volume 
positioned in the left superior pulmonary vein. Normal pulmo-
nary vein flow patterns show systolic and diastolic flow into the 
atrium with diastolic flow (D) exceeding systolic flow (S) in 
young normal individuals. A small flow reversal following atrial 
contraction (a-reversal) is also seen.

With diastolic dysfunction due to impaired LV relaxation, the 
E-velocity is reduced and the A-velocity is increased, resulting in 
a low E/A ratio. In addition, the isovolumic relaxation time is 
prolonged and the deceleration slope is reduced. Tissue Doppler 
imaging also shows an E′ velocity less than the A′ velocity. Pul-
monary vein flow shows a reduced diastolic filling velocity, promi-
nent systolic filling velocity, and increased atrial reversal.

With diastolic dysfunction due to decreased compliance of the 
left ventricle, the pattern of LV diastolic filling is characterized by 
an increased E-velocity and a reduced A-velocity, resulting in a 
high E/A ratio, in conjunction with a reduced isovolumic relax-
ation time and an increased early diastolic deceleration slope. 
Tissue Doppler imaging shows a low E′ velocity (<0.10â•¯m/s) and 

FIGURE 6-24â•… Longitudinal left ventricular mechanics in asymptomatic severe aortic stenosis. A, Continuous-wave Doppler signal across the stenotic 
aortic valve shows a peak and a mean gradient of 80 and 44â•¯mmâ•¯Hg, respectively. B, Pulsed-wave tissue Doppler imaging from the septal corner of the mitral 
valve annulus shows a reduced peak early diastolic longitudinal relaxation velocity (5â•¯cm/s). C and D, Longitudinal strain obtained by speckle tracking (2D Strain, 
GE Healthcare, Milwaukee, Wisconsin) shows attenuated peak longitudinal strain from apical (green curve), mid (yellow curve), and basal (blue curve) positions of the 
lateral wall of the left ventricle (peak strain values <10%). Dotted white line in D also shows a reduced global longitudinal strain, averaged from the septum and 
lateral wall of the left ventricle (global strain = 12%). Aa, Peak late diastolic annular velocity; Ea, peak early diastolic annular velocity; Sa, peak systolic velocity during 
ejection. (From Dal-Bianco JP, Khandheria BK, Mookadam F, etâ•¯al. Management of asymptomatic severe aortic stenosis. J Am Coll Cardiol 2008;52:1279–92.)
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underestimation of jet velocity (and hence pulmonary artery pres-
sures). When a clear maximum regurgitant jet velocity cannot be 
identified, or only an incomplete waveform is obtained, pulmo-
nary pressures cannot be reliable determined with this method. 
Instead, indirect evidence for pulmonary hypertension (e.g., mid-
systolic notching and short time to peak velocity in the pulmonary 
artery velocity wave, abnormal septal motion) or another method 
must be used. In patients with mitral stenosis, assessment of the 
rise in pulmonary pressures with exercise provides insight into 
the relationship between hemodynamic severity and clinical 
symptoms. Exercise Doppler echocardiographic data also may be 
useful in determining the optimal timing of intervention in patients 
with mitral stenosis in order to prevent the development of irre-
versible pulmonary hypertension (see Chapter 17).

Right Heart Structure and Function
Qualitative evaluation of right ventricular size and systolic func-
tion on 2D echocardiography is an important component of the 
examination in patients with valvular heart disease.34 The right 
ventricle is imaged in the parasternal short-axis and right ven-
tricular inflow views, and in apical and subcostal four-chamber 
views. Right ventricular size is described as normal or mildly, 
moderately, or severely enlarged on the basis of integration of 
data from these views. Similarly, right ventricular systolic function 
is graded on a scale from normal to severely reduced. The pattern 
of ventricular septal motion also is helpful in diagnosis of right 
ventricular pressure or volume overload. In addition to qualitative 
evaluation of the right ventricle, at least one quantitative measure-
ment is recommended both for size and systolic function. A 
normal basal diastolic chamber dimension in the four-chamber 
view is 4.2â•¯cm or less, and the normal tissue Doppler imaging 
systolic velocity is at least 10â•¯cm/s. Right ventricular longitudinal 
shortening or the tricuspid annular plane systolic excursion 
(TAPSE) is another simple measure of systolic function. The tri-
cuspid annular plane systolic excursion is measured from an 
apical M-mode recording as the difference between the diastolic 
and systolic positions of the annulus, with normal being at least 
1.6â•¯cm. When right heart valve disease is present and quantitative 
evaluation of right ventricular function is needed, CMR imaging 
may be considered.

Aortic Anatomy and Dilation
Aortic dilation often accompanies aortic valve disease. On echo-
cardiography, the aortic annulus, sinuses, and proximal ascend-
ing aorta are well visualized in parasternal views. Additional 
views of the ascending aorta can often be obtained from a higher 
intercostal space, the aortic arch can be imaged from a supraster-
nal notch approach, and portions of the descending thoracic and 
proximal abdominal aorta are seen on apical and subcostal 
views, respectively.

Basic measurements on echocardiography include the 
maximum end-diastolic diameter of the aortic root, typically at 
the sinus level, measured from a 2D long-axis image. If this mea-
surement is abnormal, or if there is effacement of the sinotubular 
junction, measurements are taken at multiple sites in the aortic 
root. The American Society of Echocardiography recommends 
calculation of an expected aortic root size on the basis of age  
and body size.35,36 Additional imaging with chest computed 
tomography or CMR imaging may be helpful when aortic involve-
ment is suspected or known.
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addition to LV and left atrial compliance, LV diastolic relaxation, 
and the gradient from the pulmonary veins to the left ventricle. 
Thus, evaluation of diastolic function in an individual patient 
must take into consideration whether technical or physiologic 
factors may affect the findings. With knowledge of these poten-
tial limitations, clinically useful information about LV diastolic 
function can be derived from the Doppler patterns of LV inflow 
and pulmonary vein flow in patients with valvular heart disease.

Other Echocardiographic Data
Echocardiographic evaluation of the patient with valvular heart 
disease also includes assessment of other parameters, depending 
on the specific valve involved and the severity of valve disease. 
For example, in a patient with mitral stenosis, measurement of left 
atrial size and estimation of pulmonary pressures are important 
components of the examination. In a patient with severe aortic 
stenosis and heart failure symptoms despite normal LV systolic 
function, evaluation of diastolic ventricular function may be 
needed.

Left Atrial Enlargement and  
Thrombus Formation
Left atrial size can be assessed on 2D transthoracic imaging from 
parasternal, apical, and subcostal views. Methods for calculation 
of left atrial volume based on planimetry of atrial area in two 
views have been validated and provide quantitative measures of 
atrial size, but in most clinical situations, a single anterior-posterior 
diameter, in conjunction with 2D visual estimates of atrial size, 
provides adequate information for patient management.

The specificity of identification of a left atrial thrombus on 
transthoracic imaging is high (95%-99%), but sensitivity is low 
(about 60%) owing to poor image quality at the depth of the left 
atrium and difficulty in visualizing the atrial appendage. TEE 
provides high-quality images of the left atrium and atrial append-
age, resulting in very high sensitivity (nearly 100%) and specificity 
(nearly 100%) for detection of atrial thrombus. Thus, when atrial 
thrombus is suspected clinically, TEE is necessary for reliable 
exclusion of this potential diagnosis.

Determination of Pulmonary Pressures
Pulmonary pressure is estimated on the basis of measurement of 
tricuspid regurgitant jet velocity in combination with an estimate 
of right atrial pressure.33 A small degree of tricuspid regurgitation 
is present in most normal individuals, with an even higher preva-
lence in patients with valvular disease. Because the velocity of 
the regurgitant jet relates to the pressure difference across the 
valve, and not to the volume of regurgitation, this degree of tri-
cuspid regurgitation, although not hemodynamically significant, 
allows recording of jet velocity and calculation of pulmonary 
pressures.

The velocity in the tricuspid regurgitant jet (TRjet) reflects the 
difference between right ventricular and right atrial systolic pres-
sures, as stated in the Bernoulli equation. Addition of right atrial 
pressure (RAP) to this pressure difference yields right ventricular 
systolic pressure, which in the absence of pulmonic stenosis, 
equals pulmonary artery systolic pressure (PAsystolic):

PA TR RAPsystolic jet= +4 2( )

Right atrial pressure is estimated from the appearance of the 
inferior vena cava at its entrance into the right atrium as imaged 
from a subcostal view during normal respiration. Because this 
method depends on normal intrathoracic pressure changes  
with respiration, it is not applicable in the mechanically venti-
lated patient. Examination of the tricuspid regurgitant jet from 
parasternal and apical windows with careful transducer anguÂ�
lation to record the highest-velocity signal is essential to avoid  



90

C H
6

4.	 Bloomfield GS, Gillam LD, Hahn RT, et al. A practical guide to multimodality imaging of 
transcatheter aortic valve replacement. JACC Cardiovasc Imaging 2012;5(4):441–55.

5.	 Delgado V, Kapadia S, Marsan NA, et al. Multimodality imaging before, during, and after 
percutaneous mitral valve repair. Heart 2011;97(20):1704–14.

6.	 Schaefer BM, Lewin MB, Stout KK, et al. Usefulness of bicuspid aortic valve phenotype 
to predict elastic properties of the ascending aorta. Am J Cardiol 2007;99(5):686–90.

7.	 Fedak PW, Verma S, David TE, et al. Clinical and pathophysiological implications of a 
bicuspid aortic valve. Circulation 2002;106(8):900–4.

8.	 Lang RM, Badano LP, Tsang W, et al. EAE/ASE recommendations for image acquisition 
and display using three-dimensional echocardiography. J Am Soc Echocardiogr 
2012;25(1):3–46.

9.	 Levine RA. Dynamic mitral regurgitation–more than meets the eye. N Engl J Med 
2004;351(16):1681–4.

10.	 Garcia D, Kadem L, Savery D, et al. Analytical modeling of the instantaneous maximal 
transvalvular pressure gradient in aortic stenosis. J Biomech 2006;39(16):3036–44.

11.	 Baumgartner H, Hung J, Bermejo J, et al. Echocardiographic assessment of valve 	
stenosis: EAE/ASE recommendations for clinical practice. Eur J Echocardiogr 2009;	
10(1):1–25.

12.	 Iung B, Vahanian A. Echocardiography in the patient undergoing catheter balloon mitral 
valvotomy: patient selection, hemodynamic results, complications and long term 
outcome. In: Otto CM, editor. The Practice of Clinical Echocardiography. 3rd ed. Phila-
delphia: Elsevier-Saunders; 2012. p. 389–407.

13.	 Xie MX, Wang XF, Cheng TO, et al. Comparison of accuracy of mitral valve area in mitral 
stenosis by real-time, three-dimensional echocardiography versus two-dimensional 
echocardiography versus Doppler pressure half-time. Am J Cardiol 2005;95(12):	
1496–9.

14.	 Goland S, Trento A, Iida K, et al. Assessment of aortic stenosis by three-dimensional 
echocardiography: an accurate and novel approach. Heart 2007;93(7):801–7.

15.	 Saitoh T, Shiota M, Izumo M, et al. Comparison of left ventricular outflow geometry and 
aortic valve area in patients with aortic stenosis by 2-dimensional versus 3-dimensional 
echocardiography. Am J Cardiol 2012;109(11):1626–31.

16.	 Rosenhek R. Aortic stenosis: disease severity, progression, timing of intervention and 
role in monitoring transcatheter valve implanation. In: Otto CM, editor. The Practice of 
Clinical Echocardiography. 4th ed. Philadelphia: Elsevier/Saunders; 2012. p. 425–49.

17.	 Awtry E, Davidoff R. Low-flow/low-gradient aortic stenosis. Circulation 2011;124(23):	
e739–41.

18.	 Pibarot P, Dumesnil JG. Low-flow, low-gradient aortic stenosis with normal and 
depressed left ventricular ejection fraction. J Am Coll Cardiol 2012;60(19):1845–53.

19.	 Owens DS, Otto CM. Stress testing for structural heart disease. In: Gillam LD, Otto CM, 
editors. Advanced Appoaches in Echocardiography. Philadelphia: Elsevier-Saunders; 
2012. p. 171–98.

20.	 Hung J. Mitral valve anatomy, quantification of mitral regurgitation and timing of surgi-
cal intervention for mitral regurgitation. In: Otto CM, editor. The Practice of Clinical 
Echocardiography. 4th ed. Philadelphia: Elsevier-Saunders; 2012. p. 330–50.

21.	 Evangelista A, Tornos P. Aortic valve regurgitation: quantitation of disease severity and 
timing of surgical intervention. In: Otto CM, editor. The Practice of Clinical Echocardiog-
raphy. 4th ed. Philadelphia: Elsevier-Saunders; 2012. p. 367–88.

22.	 Zoghbi WA, Enriquez-Sarano M, Foster E, et al. Recommendations for evaluation of the 
severity of native valvular regurgitation with two-dimensional and Doppler echocar-
diography. J Am Soc Echocardiogr 2003;16(7):777–802.

23.	 Tribouilloy CM, Enriquez-Sarano M, Bailey KR, et al. Quantification of tricuspid regurgita-
tion by measuring the width of the vena contracta with Doppler color flow imaging: a 
clinical study. J Am Coll Cardiol 2000;36(2):472–8.

24.	 Cawley PJ, Hamilton-Craig C, Owens DS, et al. Prospective comparison of valve regurgi-
tation quantitation by cardiac magnetic resonance imaging and transthoracic echocar-
diography. Circ Cardiovasc Imaging 2013;6(1):48–57.

25.	 Bonow RO, Carabello BA, Kanu C, et al. 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): 
developed in collaboration with the Society of Cardiovascular Anesthesiologists: 
endorsed by the Society for Cardiovascular Angiography and Interventions and the 
Society of Thoracic Surgeons. Circulation 2006;114(5):e84–231.

26.	 Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management of valvular heart 
disease (version 2012). Eur Heart J 2012;33(19):2451–96.

27.	 Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber quantification: a 
report from the American Society of Echocardiography’s Guidelines and Standards 
Committee and the Chamber Quantification Writing Group, developed in conjunction 
with the European Association of Echocardiography, a branch of the European Society 
of Cardiology. J Am Soc Echocardiogr 2005;18(12):1440–63.

28.	 Marwick TH. Strain and strain rate imaging. In: Gillam LD, Otto CM, editors. Advanced 
Approaches in Echocardiography. Philadelphia: Elsevier-Saunders; 2012. p. 84–102.

29.	 Smiseth OA, Edvardsen T. Myocardial mechanics: velocity, strain, strain rate, cardiac 
synchrony and twist. In: Otto CM, editor. The Practice of Clinical Echocardiography. 4th 
ed. Philadephia: Elsevier-Saunders; 2012. p. 177–96.

30.	 Dal-Bianco JP, Khandheria BK, Mookadam F, et al. Management of asymptomatic severe 
aortic stenosis. J Am Coll Cardiol 2008;52(16):1279–92.

31.	 Redfield MM, Jacobsen SJ, Burnett Jr JC, et al. Burden of systolic and diastolic ventricular 
dysfunction in the community: appreciating the scope of the heart failure epidemic. 
JAMA 2003;289(2):194–202.

32.	 Plana JC, Desai MY, Klein AL. Assessment of diastolic function by echocardiography. In: 
Otto CM, editor. The Practice of Clinical Echocardiography. 4th ed. Philadephia: Elsevier-
Saunders; 2012. p. 197–217.

33.	 Milan A, Magnino C, Veglio F. Echocardiographic indexes for the non-invasive evaluation 
of pulmonary hemodynamics. J Am Soc Echocardiogr 2010;23(3):225–39.

34.	 Rudski LG, Lai WW, Afilalo J, et al. Guidelines for the echocardiographic assessment of 
the right heart in adults: a report from the American Society of Echocardiography 
endorsed by the European Association of Echocardiography, a registered branch of the 
European Society of Cardiology, and the Canadian Society of Echocardiography. J Am 
Soc Echocardiogr 2010;23(7):685–713.

35.	 Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber quantification: a 
report from the American Society of Echocardiography’s Guidelines and Standards 
Committee and the Chamber Quantification Writing Group, developed in conjunction 
with the European Association of Echocardiography, a branch of the European Society 
of Cardiology. J Am Soc Echocardiogr 2005;18(12):1440–63.

36.	 Roman MJ, Devereux RB, Kramer-Fox R, et al. Two-dimensional echocardiographic 
aortic root dimensions in normal children and adults. Am J Cardiol 1989;64:507–12.



91

C H A P T E R  7â•… Evaluation of Valvular Heart 
Disease by Cardiac Catheterization 
and Angiocardiography
David M. Shavelle

BASIC PRINCIPLES,â•‡ 91
Pressures,  91
Pressure-Volume Loops,  92

EVALUATION OF LEFT VENTRICULAR SYSTOLIC 
FUNCTION,â•‡ 92

Angiocardiography,  92
Cardiac Output,  93

EVALUATION OF STENOSIS SEVERITY,â•‡ 94
Measurement of Pressure Gradients,  94
Aortic Valve,  95

Pulmonic Valve,  99
Mitral Valve,  100
Tricuspid Valve,  101

EVALUATION OF VALVULAR REGURGITATION,â•‡ 102
Aortic Regurgitation,  102
Mitral Regurgitation,  103
Tricuspid Regurgitation,  103
Pulmonic Regurgitation,  104

OTHER CATHETERIZATION DATA,â•‡ 104
Pulmonary Artery Pressures And Resistance,  104
Systemic Vascular Resistance,  104
Left Ventricular Diastolic Function,  104
Coronary Angiography,  105

Basic Principles
Cardiac catheterization and angiocardiography continue to play 
an important role in the management of patients with valvular 
heart disease.1 Although in the majority of patients, information 
obtained from the history, physical examination, and noninvasive 
imaging studies (electrocardiogram, chest radiograph, and echo-
cardiogram) is sufficient to establish the correct diagnosis and 
allow appropriate clinical decision making, including referral for 
percutaneous or surgical intervention, cardiac catheterization 
and angiocardiography are often required in select patients with 
valvular heart disease. They include patients (1) who require 
coronary angiography prior to surgical intervention, (2) who have 
complex multivalve disease for which data from echocardiogra-
phy and cardiac catheterization must be integrated, (3) who have 
suboptimal echocardiographic imaging results (large body 
habitus, obesity, chronic lung disease), (4) in whom discrepan-
cies exist between the clinical information and findings from 
echocardiography, (5) in whom the diagnosis remains uncertain 
despite echocardiography and additional no-invasive imaging 
studies, (6) with low-gradient aortic stenosis (AS) when the 
administration of dobutamine can differentiate between true and 
“pseudo”–aortic stenosis, and (7) being evaluated for transcuta-
neous aortic valve implantation.

Various protocols can be used in the cardiac catheterization 
laboratory to evaluate patients with valvular heart disease (Table 
7-1). The fundamental basis of each approach relies on the 
premise that obtaining accurate and detailed measurements 
during the procedure is essential so that the subsequently derived 
data remain accurate. Pressure and cardiac output measurements 
should be performed prior to angiocardiography. A number of 
potential sources of error can be present during the cardiac cath-
eterization laboratory procedure (Table 7-2). The specific methods 
and techniques used during a cardiac catheterization procedure 
are selected to provide answers to specific clinical questions. The 
significance of the hemodynamic findings must be integrated 
with the complete set of clinical data, including information from 
the history, physical examination, electrocardiogram, chest radio-
graph, and echocardiogram.

Pressures
Direct measurement of left ventricular (LV) pressures throughout 
the entire cardiac cycle provide valuable data on LV systolic 

Key Points
■	 Cardiac catheterization and angiocardiography is useful in 

patients:
■	 Who require coronary angiography prior to surgical intervention
■	 With complex multivalve disease when data from echocardiography 

and cardiac catheterization must be integrated
■	 With suboptimal echocardiographic imaging (large body habitus, 

obesity, chronic lung disease)
■	 In whom discrepancies exist between the clinical information and 

findings from echocardiography
■	 In whom the diagnosis remains uncertain despite echocardiography 

and additional noninvasive imaging  
studies

■	 With low-gradient aortic stenosis when the administration of 
dobutamine can differentiate between true and “pseudo”–aortic 
stenosis

■	 Being considered for transcutaneous aortic valve implantation
■	 Accurate and detailed measurements are essential in patients with 

valvular heart disease so that the subsequently derived data (valve 
area, valve area index) remain accurate.

■	 Evaluation of left ventricular systolic function includes 
ventriculography, measurement of cardiac output, and  
measurement of left ventricular pressures throughout the  
cardiac cycle.

■	 The principles of evaluating the severity of stenosis of each of the 
cardiac valves are similar and involve:
■	 Measurement of the pressure gradient
■	 Analysis of the pressure waveforms
■	 Measurement of cardiac output
■	 Calculation of the valve area
■	 Occasionally, angiocardiography of the chamber upstream to the 

site of stenosis
■	 The pressure gradient between the left ventricle and the aorta in 

aortic stenosis is described by three invasive measurements: the  
mean gradient, the peak-to-peak gradient, and the maximum gradient. 
The mean and maximum gradients are used to evaluate stenosis 
severity.

■	 True severe aortic stenosis and a low gradient can be differentiated 
from pseudo-aortic stenosis on the basis of the hemodynamic 
response during a dobutamine infusion. True severe aortic stenosis  
is present when dobutamine increases cardiac output >50% above 
baseline, the mean aortic valve gradient is >30 mm Hg and the aortic 
valve area remains ≤1.0â•¯cm2.

■	 Angiographic evaluation of regurgitant severity is based on injection 
of contrast agent into the chamber downstream of the affected valve 
with imaging of contrast agent reflux into the chamber receiving the 
regurgitant volume.
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TABLE 7-1	 Protocol for Evaluation of Valvular Heart Disease at Cardiac Catheterization

PRESSURE MEASUREMENTS CARDIAC OUTPUT ANGIOCARDIOGRAPHY CALCULATED VALUES

Right heart (including pulmonary capillary 
wedge pressure)

Left ventricle
Left atrium (for mitral stenosis evaluation)
Aorta
Transvalvular gradients—simultaneous 

pressure recordings on both sides of 
stenotic valve

Thermodilution and Fick 
methods (simultaneous with 
transvalvular gradient)

Left ventricle—end-diastolic volume, 
end-systolic volume, stroke volume, 
ejection fraction

Aortic root—for evaluation of 
ascending aorta and aortic 
regurgitation

Coronary—for assessment of 
coexisting coronary artery disease

Valve areas—Gorlin and Gorlin 
formula, Hakki formula

Use transvalvular volume flow rate
Pulmonary vascular resistance—

baseline and following 
vasodilator challenge

Systemic vascular resistance
Regurgitant volume and fraction

TABLE 7-2â•… Potential Sources of Error in Evaluation of Valvular Heart Disease at Catheterization

PRESSURE DATA

Cardiac Output

ANGIOGRAPHY
VALVE AREA 

CALCULATIONSFICK METHOD THERMODILUTION METHOD

Frequency response
Side-hole vs. end-hole catheters
Catheter whip and impact artifacts
Signal damping
Calibration and zero
Recorder sweep speed and scale
Peripheral amplification

Measurement of O2 
consumption

Timing of arterial and 
venous O2 samples

Site of arterial and venous 
sampling

Uneven mixing of injectate within 
right atrium (tricuspid regurgitation)

Poor accuracy at low outputs 
(extrapolation of curve)

Geometric assumptions
Endocardial border 

identification
Catheter positioning
Cardiac rhythm

Transvalvular volume 
flow rate

Pressure measurements
Empirical constant

function, although the effect of concurrent valvular disease must 
also be taken into account. The rate of rise of LV pressure (dP/dt) 
during isovolumic contraction provides a relatively load-
independent measure of LV systolic function, which is particu-
larly useful in patients with altered loading conditions due to 
valvular disease.

Pressure-Volume Loops
The relationship between LV pressure and volume throughout  
the cardiac cycle can be examined in detail by graphing instan-
taneous pressure (on the vertical axis) against volume (on the 
horizontal axis). LV stroke volume is the distance on the horizon-
tal axis between end-diastole and end-systole, whereas LV stroke 
work (the integral of pressure times volume over the cardiac 
cycle) is the area enclosed by the pressure-volume loop. When 
pressure-volume loops are recorded under different loading con-
ditions, the slope of the end-systolic pressure-volume relationship, 
termed elastance or Emax, provides a load-independent measure 
of LV systolic function.2,3

Valvular heart disease characterized by pressure overload of 
the left ventricle results in a taller pressure-volume loop that is 
shifted upwards, reflecting the higher ventricular systolic pres-
sures and greater LV stroke work. Volume overload of the left 
ventricle also increases stroke work, resulting in a larger loop that 
is shifted upwards and to the right. However, despite these shifts 
in the pressure-volume loop, the slope of the end-systolic pressure-
volume relationship remains normal in patients with valvular 
disease and compensated ventricular systolic function. A reduced 
slope indicates impaired contractility superimposed on the pres-
sure and/or volume overload state.

In practice, measurement of pressure-volume loops is techni-
cally demanding and often not required for clinical decision 
making. Ventricular pressures must be recorded with high-fidelity 
catheters, and volumes must be determined at multiple points in 
the cardiac cycle using either contrast or radionuclide angiogra-
phy or experimental approaches such as a conductance catheter.4 
Thus, although this approach provides insight into the patho-
physiology of disease and provides essential information in 
research studies, it is rarely used in the routine clinical manage-
ment of patients with valvular heart disease.5

Evaluation of Left Ventricular  
Systolic Function
Evaluation of LV systolic function includes ventriculography, mea-
surement of cardiac output, and measurement of LV pressures 
throughout the cardiac cycle. Contractility is defined as the intrin-
sic ability of the myocardium to shorten, independent of loading 
conditions. However, measurement of LV contractility in the clini-
cal setting is problematic. The reason is that most conventional 
measures of LV systolic function depend on both ventricular 
preload and afterload, as well as myocardial contractility. 
Increased preload, defined as LV end-diastolic volume or pres-
sure, increases myocardial shortening as described by the Frank-
Starling relationship. In contrast, afterload, defined as the 
resistance or impedance to LV ejection, is inversely related to 
myocardial shortening. Loading conditions are frequently altered 
in patients with valvular heart disease. For example, with AS, 
afterload is increased and with aortic regurgitation, both after-
load and preload are increased. These alterations complicate the 
assessment of LV systolic function.

Angiocardiography
LV end-diastolic volume (EDV) and end-systolic volume (ESV) 
can be calculated by tracing the respective endocardial boundar-
ies on angiographic images and applying a validated geometric 
formula for volume calculation. Stroke volume (SV) is calculated 
as follows:

SV EDV ESV= −

and ejection fraction (EF) as:

EF
SV

EDV
=

The stroke volume (cardiac output divided by heart rate) cal-
culated by angiocardiography represents the total amount of 
blood ejected by the ventricle, whether that blood is ejected 
forward into the aorta or backward into the left atrium across an 
incompetent mitral valve. Thus, angiographic stroke volume is 
termed “total” stroke volume.
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However, ventricular mass calculations are limited by the inac-
curacy in measuring LV wall thickness from the angiographic 
image and thus are not widely used clinically.20,21

LV angiography also allows qualitative and quantitative assess-
ment of wall motion in patients with valvular heart disease and 
concurrent coronary artery disease.22,23

Cardiac Output
Cardiac output can be calculated during cardiac catheterization 
by the dilution of a known concentration of an indicator (e.g., dye, 
oxygen, or cold saline) as it passes through the vascular bed. This 
concept is illustrated by the injection of a known volume and 
concentration of dye (typically indocyanine green) into the 
venous circulation. From the rate at which this dye appears in the 
arterial circulation, the volume of blood the dye was diluted in 
(i.e., the cardiac output) can be calculated. Although indicator 
dilution dye curves provide accurate measurement of cardiac 
output, the procedure is time consuming and depends on meticu-
lous technique, and other methods are now more commonly used.

FICK TECHNIQUE

Oxygen serves as the “indicator” for cardiac output calculations 
in the Fick method. The Fick principle states that the uptake or 
release of oxygen by a tissue is the product of the amount of 
oxygen delivered to the tissue times the difference in oxygen 
content between the blood entering and the blood leaving the 
tissue.24 Thus, for the uptake of oxygen by the lungs:

Oxygen uptake
Pulmonary blood flow

O content O contentPV PA

=
−( 2 2 ))

If the amount of oxygen consumed by the patient (oxygen 
uptake), and the oxygen content of pulmonary arterial (PA) and 
pulmonary venous (PV) blood are measured, this equation can 
be solved for pulmonary blood flow, as follows:

Pulmonary blood flow
O consumption

O content O contentPV PA

=
−

2

2 2( ))

In the absence of an intracardiac shunt, pulmonary and sys-
temic blood flows are equal, so this method provides a measure 
of systemic (or forward) cardiac output, which can be calculated 
as follows:

Cardiac output
O consumption

O content O contenarterial

=
−

2

2 2[( ) ( tt venous) ]

where O2 consumption is measured in mL O2/min and O2 content 
as mL O2/100â•¯mL blood (often referred to as “volume percent”).

To ensure that the sample of venous blood represents total 
venous return with adequate mixing of the sample, a pulmonary 
artery blood sample is used for mixed systemic venous oxygen 
content in this equation (in the absence of an intracardiac shunt). 
Although pulmonary venous blood provides the most accurate 
sample of oxygenated blood, the arterial sample is obtained from 
a systemic artery or the left ventricle. When an intracardiac shunt 
is present, separate calculations for systemic and pulmonary 
blood flows (using the appropriate arterial and venous oxygen 
contents) allow determination of the shunt ratio.

In clinical practice, oxygen consumption is usually measured 
by the polarographic O2 method or by the paramagnetic method. 
Collection of expired air using the Douglas bag method is rarely 
used. The polarographic method uses a hood or face mask with 
the rate of air flow through the servo unit controlled by an oxygen 
sensor cell to maintain a constant fractional content of oxygen. 
Oxygen consumption (VO2) then is calculated from the fractional 
content of oxygen and flow rates of air entering and exiting  
the patient mask, assuming a respiratory quotient of 1.0. The 

The geometric formulas for angiographic calculation of volume 
(V) typically assume a prolate ellipsoid shape of the left ventricle. 
Endocardial border tracings from two orthogonal views of the 
ventricle (right and left anterior oblique projections) are used to 
measure the area (A) and length (L) of the ventricle with the 
minor axis diameter (D) calculated for each view as:

D A L= ( )/4 π

V L D Dc a b= × ×( / )( )π 6

where Da and Db are the minor axis dimensions in the two orthog-
onal views.

In the clinical setting, a single-plane right anterior oblique 
angiogram using the modified for mula of Dodge and Sandler6 
also provides acceptable results:

	 V A L  OR V LDc c= =( )/( ) ( / )( )8 3 62 2π π

Although both angiography and echocardiography depend 
on manual border tracing, a slight, but consistent, overestima-
tion of LV volumes by angiography is due to filling of the ven-
tricular trabeculations by contrast agent so that the traced 
endocardial border represents the outer edge of the myocardial 
trabeculations, in contrast to echocardiography, in which ultra-
sound is reflected from the inner edge of the myocardial tra-
beculations so that the volume tends to be underestimated 
slightly.7-9 In addition, the volume occupied by the papillary 
muscles (which are excluded from the endocardial border 
tracing) needs to be taken into account. Regression equations 
have been derived in an attempt to correct for the overestima-
tion of volume on angiography resulting from these two factors, 
such as the following:10-12

V  Vc= +0 81 1 9. .

where Vc is the calculated volume and V is the corrected volume.
With careful angiographic technique, tracing of endocardial 

borders by an experienced observer, and use of appropriate cor-
rection factors, ventricular volumes derived from angiography 
correlate well with directly measured volumes and with echocar-
diographic volumes.13-16 A biplane imaging approach, using 
borders traced from both the right and left anterior oblique radio-
graphic projections,17,18 provides accurate results with a mean 
difference for measurement variability of 6 to 10â•¯mL for end-
systolic and 7 to 20â•¯mL for end-diastolic volumes.19

Technical factors important in the performance of ventricular 
angiography include the need for complete opacification of the 
ventricle with clear definition of the endocardial borders at both 
end-diastole and end-systole. This goal can be achieved with a 6 
French side-hole pigtail catheter, a power contrast injector, and 
use of an injection rate and volume appropriate to the type of 
catheter, ventricular chamber size, and hemodynamics. A non-
ionic contrast agent is optimal in patients with valvular disease 
to avoid myocardial depression and/or hemodynamic changes. 
Correct positioning of the catheter in the midventricle is needed 
to completely opacify the chamber, to prevent movement of the 
catheter during the contract injection, and to minimize the risk of 
arrhythmias. Optimal catheter positioning also avoids artifactual 
mitral regurgitation due to entrapment of the catheter in the mitral 
valve apparatus. In addition, a correction factor for the effect of 
magnification must be determined by filming a calibrated grid at 
the estimated level of the ventricle. Other factors that affect the 
accuracy and reproducibility of angiographic volumes are image 
quality, the experience of the individual tracing the endocardial 
borders, heart rate and rhythm, and the potential cardiodepres-
sant effect of the contrast agent.

Methods for determining LV mass by angiographic techniques 
have been described, with LV mass calculated on the basis of the 
thickness (h) of the anterior wall (assuming a symmetric thick-
ness around the ventricle), ventricular diameter in anterior-
posterior (DAP) and lateral (Dlat) views, long-axis length (L), and 
ventricular volume (V), as follows:
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and pulmonic) or diastole (atrioventricular valves—tricuspid and 
mitral). In the setting of disease, restriction to leaflet opening 
(stenosis) occurs and blood flow across the valve is hindered. 
Resistance to blood flow results in a pressure drop or gradient 
across the valve. The principles of evaluating the severity of  
stenosis of each of the cardiac valves are similar and involve:  
(1) measurement of the pressure gradient, (2) analysis of the 
pressure waveforms, (3) measurement of cardiac output, (4) cal-
culation of the valve area and, occasionally, (5) angiocardiogra-
phy of the chamber upstream of the site of stenosis.

BASIC PRINCIPLES

Pressure gradients are most accurately measured with use of  
two transducers that allow for simultaneous measurement of  
the upstream and downstream pressures. A systematic approach 
to the review of pressure waveforms includes assessment of:  
(1) cardiac rhythm, (2) pressure scale and pressure per division, 
(3) recording speed (i.e., paper speed), (4) pressure values across 
the valve, (5) pressures in all adjacent cardiac chambers (Table 
7-3), (6) the rate and shape of the upslope and downslope of 
pressure waveforms, and (6) recording artifacts. Both technical 
and physiologic factors can affect the measured pressure gradi-
ents (see Table 7-2).

paramagnetic method measures both oxygen and carbon dioxide 
in expired air, allowing calculation of the respiratory quotient for 
each patient. In recent years, there has been a trend to estimate 
oxygen consumption with the use of derived equations.25 However, 
use of these derived equations is inaccurate, especially in patients 
with increased body mass index.26

The arteriovenous oxygen difference is calculated from mea-
surement of oxygen content in simultaneously drawn samples of 
arterial and mixed venous blood collected midway during the 
oxygen consumption measurement. Oxygen content is typically 
calculated as oxygen saturation multiplied by the theoretic 
oxygen capacity, which is estimated from the patient’s hemoglo-
bin (Hgb) level as follows:

O content Hgb g dL  mL O g of Hgb  saturation2 21 36 10= × × ×( / ) . ( / ) %

For accurate cardiac output calculations, it is important that the 
arterial and venous oxygen samples are collected from the correct 
sites with prompt processing of the samples and that oxygen 
consumption and content measurements are simultaneous. Even 
with careful technique, the average error in measuring oxygen 
consumption is approximately 6%27 and the error in measurement 
of the arteriovenous oxygen difference is approximately 5%,28 
resulting in an error in cardiac output measurement of about 10% 
by the Fick method.29 Measurements are more inaccurate if physi-
ologic changes that affect cardiac output, such as heart rate and 
loading conditions, occur during the analysis period. Use of an 
assumed, rather than measured, oxygen consumption also leads 
to significant error because there is wide variation in the normal 
rate of oxygen consumption in adults.30,31 Fick cardiac outputs 
tend to be more accurate for low outputs, and thermodilution 
outputs are more accurate at high flow rates.

THERMODILUTION METHOD

Measurement of cardiac output by the thermodilution method is 
widely used in the evaluation of patients with valvular heart 
disease. With the thermodilution method, a known volume of 
cold saline is injected into the right atrium while a thermistor in 
the pulmonary artery continuously records temperature (Figure 
7-4). Cardiac output is then calculated from the known tempera-
ture (T) and volume (V) of the injectate, and the integral of 
temperature over time (ΔT/dt) in the pulmonary artery.32,33

Cardiac output
Constant V T Tinjectate blood injectate=

× −[ ( )]

(∆TT dt/ )

where the constant incorporates factors for the specific gravity 
and specific heat of blood and the injectate (1.08 if the injectate 
is 5% dextrose). In addition, an empirical correction factor (mul-
tiplication by 0.825) is needed for the effect of warming of the 
injectate as it passes through the catheter.34,35

As with the Fick method, the thermodilution method measures 
the “forward” cardiac output, specifically the output of the right 
heart. Advantages of the thermodilution method include ease 
and repeatability of use, thus allowing multiple measurements 
over short time intervals with a reasonable accuracy (a reproduc-
ibility of about 5%-10% with proper technique).36 Disadvantages 
include relatively poor accuracy at low cardiac outputs37 and 
dependence on careful attention to technique, in particular the 
avoidance of warming of the injectate. Because this method 
depends on even mixing of the injectate with the right atrial (RA) 
blood, thermodilution output measurements are inaccurate when 
significant tricuspid regurgitation is present. Significant tricuspid 
regurgitation results in a prolonged decay in the temperature-
over-time curve.

Evaluation of Stenosis Severity

Measurement of Pressure Gradients
Normal cardiac valves offer little to no resistance to blood flow 
when the valve is open in either systole (semilunar valves—aortic 

TABLE 7-3	 Normal Values at Cardiac Catheterization 
(Supine, Resting Adults) 

ANGIOGRAPHIC LEFT  
VENTRICULAR VOLUMES MEAN ± 1 SD

End-diastolic volume 70 ± 20â•¯mL/m2

End-systolic volume 24 ± 0â•¯mL/m2

Ejection fraction 0.67 ± 0.08

LV mass 92 ± 16â•¯g/m2

CARDIAC OUTPUT MEAN ± 1 SD

Rest 3.0â•¯L/min/m2

Exercise 18.0â•¯L/min/m2

O2 consumption (resting) 126 ± 26â•¯mL/min/m2

Arterial O2 saturation 95%

Venous O2 saturation 75%

Arteriovenous oxygen difference 40â•¯mL/L (volume %)

PRESSURES (mmâ•¯Hg)
SYSTOLIC/
DIASTOLIC MEAN

Right atrium a3-6, v1-4 1-5

Right ventricle 20-30/2-7

Pulmonary artery 16-30/4-13 9-18

Pulmonary wedge 4-14/v 6-16 5-12

Left atrial a4-14, v6-16 6-11

Left ventricular 90-140/6-12

Aorta 90-140/70-90 70-110

VASCULAR RESISTANCE MEAN ± 1 SD INDEXED TO BSA

Pulmonary resistance 67 ± 30 123 ± 54
â•… Wood units (mmâ•¯Hg-L−1-min) 0.8-1.1 ± 0.3-0.5

Systemic resistance  
(dynes-s-cm−5)

1170 ± 270 2130 ± 450

VALVE AREAS (cm2)90 OVERALL MALE FEMALE

Aortic 4.6 ± 1.1 4.8 ± 1.3 3.7 ± 1.0

Mitral 7.8 ± 1.9 8.3 ± 2.0 6.7 ± 1.3

Tricuspid 10.6 ± 2.6 11.5 ± 2.5 8.8 ± 1.7

Pulmonic 4.7 ± 1.2 4.9 ± 1.3 4.3 ± 1.0
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Second, the shape of the waveform adjacent to the valve and 
that of a more distal waveform may affect the apparent transval-
vular gradient. This is most evident in comparison of central 
aortic and peripheral arterial (e.g., femoral artery) pressures. 
Because of summation of the transmitted and reflected pressure 
waveforms, the femoral artery pressure curve is narrower with a 
higher peak than the central aortic pressure curve, a phenome-
non known as “peripheral amplification.” Simultaneously mea-
sured central aortic and LV pressures are used whenever possible 
for calculation of transaortic pressure gradients, but if only a 
femoral pressure is available, realignment of timing and correc-
tion of the peripheral amplification are needed.

The third physiologic issue that may affect the measured trans-
valvular gradient is the phenomenon of pressure recovery that 
occurs distal to a site of stenosis. Pressure recovery is especially 
important with AS.38-40 As the high-velocity jet flows through the 
stenotic orifice, it decelerates and expands distal to the valve. The 
associated turbulence results in an increase in aortic pressure 
(“pressure recovery”) such that the pressure difference between 
the left ventricle and the distal ascending aorta is less than the 
pressure difference between the left ventricle and the stenotic 
orifice itself. Although pressure recovery may account for some 
of the observed discrepancies between Doppler and catheter-
based data and conceivably could lead to underestimation of 
stenosis severity, the magnitude of this effect in the clinical setting 
appears to be small (approximately 5-10â•¯mmâ•¯Hg) and is unlikely 
to affect clinical decision making. Pressure recovery is greatest 
when stenosis severity is mild and aortic root dimension is small, 
and is least with severe stenosis and poststenotic dilation. Poten-
tial underestimation of stenosis severity due to pressure recovery 
can be avoided by recording pressures immediately adjacent to 
the valve on the downstream side of the stenosis.

Several other factors may also affect recorded pressure gradi-
ents. Transaortic pressure gradient may be affected by the pres-
ence of the catheter itself in the stenotic orifice. The catheter may 
increase the transvalvular pressure gradient either by further 
decreasing the cross-sectional flow area or by inducing aortic 
regurgitation.41 Other physiologic variables that may affect the 
pressure gradient are the effect of atrial contraction, cardiac 
arrhythmias, and the compliance of the receiving chamber when 
regurgitation is present. Irregular heart rhythms affect measured 
pressure gradients in valvular stenosis because of the varying 
volume flow rates across the valve, necessitating averaging of 
several beats for clinical interpretation.

Aortic Valve
The most commonly encountered valvular heart disease condi-
tion in the cardiac catheterization laboratory in recent years is 
AS. With the widespread use of echocardiography, the diagnosis 
and severity of AS are frequently known prior to referral of the 
patient to the cardiac catheterization laboratory. With more 
elderly patients being offered treatment for AS with minimally 
invasive options (e.g., transcatheter aortic valve implantation), the 
number of patients with AS referred for invasive hemodynamics 
will continue to rise. The cardiac catheterization procedure there-
fore usually involves confirming the findings of echocardiogra-
phy. Occasionally, however, the diagnosis and/or severity of 
stenosis remains in question, and cardiac catheterization is 
requested to further clarify the situation. In this setting, it is essen-
tial to obtain complete, accurate, and reliable data during the 
procedure. Patients with low-output and/or low-gradient AS rep-
resent a unique and challenging subset and are discussed 
separately.

PRESSURE GRADIENTS

All pressures should be measured prior to contrast ventriculogra-
phy and angiography. A variety of catheters and techniques can 
be used to the cross the aortic valve in a retrograde manner to 
measure the pressure gradient. A 0.038-inch standard straight 

TECHNICAL FACTORS

Technical factors can significantly affect the accuracy of the 
reported transvalvular gradients. The frequency response of the 
pressure measurement system significantly affects the recorded 
pressure waveform. Although micromanometer-tipped catheters 
have an optimal frequency response (at least 20 cycles/second) 
for intracardiac pressure recording, these catheters are expensive 
and require meticulous technique. In the clinical setting, the fluid-
filled catheters and strain-gauge external transducers that are 
commonly used have a frequency response of only 10 to 20 
cycles/second. The frequency response can be optimized by use 
of stiff wide-bore catheters, a short length of connecting tubing, 
and a low-density liquid.

External pressure transducers are subject to a phenomenon 
called “ring-down,” which results from the conversion of pressure 
energy to an electrical signal, similar to the sound resulting from 
striking a bell. The use of a fluid-filled catheter between the 
chamber of interest and the transducer amplifies this phenome-
non, leading to apparent fluctuations in the recorded pressure 
signal. This phenomenon, called “underdamping,” is character-
ized by a waveform consisting of diminishing harmonic oscilla-
tions of the underlying pressure signal. To counter this effect, the 
recording system is damped just enough to avoid excessive oscil-
lations while maintaining the frequency response of the system. 
“Overdamping” must also be avoided as it can lead to underesti-
mation of pressure gradients. Damping can typically be opti-
mized by using short, stiff tubing to connect the catheter to the 
pressure transducer, minimizing the number of connections in 
the system, and using a contrast agent (instead of saline) to fill 
the catheter.

Pressure recording systems must be zeroed and calibrated 
both before and after data collection. Calibration is optimally 
performed with the use of a known input pressure, such as with 
a mercury manometer, but many systems now include an elec-
tronic calibration that is usually adequate. The zero and the ref-
erence standard need to be rechecked periodically during and 
at completion of the study to avoid erroneous data interpreta-
tions. When two catheters are used to measure pressures simul-
taneously on both sides of a stenotic valve, the calibrations are 
checked together, and if possible, data are re-recorded after the 
transducers are switched to the other catheters to avoid any sys-
tematic bias.

Pressures are recorded at a fast sweep speed to allow accurate 
time measurements and to display the waveform in enough detail 
to allow analysis of the degree of damping and the subtleties of 
the pressure waveform. The vertical axis is adjusted, depending 
on the pressures being recorded, to utilize the full height of the 
recording while including the pressure waveforms of interest on 
the scale. For example, left atrial (LA) and LV pressures across a 
stenotic mitral valve might be recorded on a 0 to 25â•¯mmâ•¯Hg scale, 
whereas severe AS might require a 0 to 200â•¯mmâ•¯Hg scale.

PHYSIOLOGIC FACTORS

The exact locations of the pressures recorded upstream and 
downstream of a stenotic valve can significantly affect the mea-
sured transvalvular gradient, and occurs for several reasons. First, 
the timing of the pressure waveform is different closer to the valve 
from that at a greater distance from the valve, so that realignment 
of the waveforms may be needed for accurate gradient calcula-
tions. For example, the femoral artery pressure upstroke is delayed 
in comparison with the central aortic pressure as predicted by 
the velocity of pressure propagation between these two sites. If a 
femoral artery waveform is used in place of central aortic pres-
sure to calculate the aortic transvalvular gradient, this timing 
difference needs to be taken into account. Similarly, if the dia-
stolic pressure curve uses the the pulmonary capillary wedge 
pressure in place of directly measured LA pressure in a patient 
with mitral stenosis, failure to consider timing differences may 
lead to erroneous mitral gradient calculations.
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maximum gradient occurs early during ventricular ejection, 
before the peak LV pressure.

In the absence of AS, there occasionally may be a small, early 
gradient between the left ventricle and aorta that is referred to as 
an “impulse” gradient (Figure 7-2).45 This gradient can be detected 
only with high-fidelity micromanometer-tipped catheters and may 
be present during high-flow states such as exercise.46

Five invasive methods can be used to measure pressure gradi-
ents between the left ventricle and the aorta. The single-catheter 
“pullback technique” is not recommended because spontaneous 
changes in cardiac cycle length, especially in the setting of atrial 
and/or ventricular arrhythmias, result in significant variations in 
the measured gradient.47 Simultaneous measurement of the proxi-
mal aortic and the LV pressures using two transducers yields the 
most accurate data. The first method is the most commonly used 
and involves a single arterial puncture with placement of a 6 
French sheath within the femoral artery and advancement of a 6 
French double-lumen catheter (Langston dual-lumen catheter, 
Vascular Solutions, Minneapolis, MN) into the left ventricle. This 
catheter provides simultaneous measurement of the aortic and LV 
pressures through ports within these locations.48 Following mea-
surement of the gradient, contrast agent can be injected through 
the LV port of the catheter to perform a left ventriculogram.

The second method requires two arterial punctures with one 
catheter positioned within the left ventricle and a second cathe-
ter (from the second arterial puncture site) located within the 
ascending aorta. The third method uses femoral venous access 
to allow transseptal puncture with subsequent positioning of a 
catheter that is advanced from the left atrium into the left ventri-
cle and a second catheter (from an arterial puncture) positioned 
into the ascending aorta. The fourth method uses a single arterial 
puncture with placement of a standard, short 6 French sheath 
within the femoral artery and advancement of a 4 or 5 French 
pigtail catheter (through the 6 French sheath) into the left ven-
tricle. The femoral artery pressure is measured via the side-arm 
of the sheath and is used as a surrogate to the central aortic pres-
sure. By nature of its peripheral location, the femoral artery pres-
sure is delayed and higher than the central aortic pressure. When 
this delay is accounted for by realignment of the pressures, the 
mean LV-to-aortic gradient is underestimated by approximately 
10â•¯mmâ•¯Hg. Without realignment, the mean gradient is overesti-
mated by approximately 9â•¯mmâ•¯Hg (Figures 7-3 and 7-4).49 There-
fore, to obtain accurate data, the central aortic pressure should 

wire in combination with a pigtail catheter, Judkins right, or 
Amplatz left coronary catheter is commonly used.42 Occasionally, 
a catheter specifically designed to cross the aortic valve, called 
a Feldman catheter, may be required.43 When the straight wire 
cannot be passed across the valve, supravalvular angiography 
may be useful to localize the position and orientation of the valve 
orifice. The position and movement of calcium within the valve 
leaflets may also suggest the location of the valve orifice. Although 
hydrophilic straight wires can also be used to cross the aortic 
valve, the hydrophilic wire coating may increase the risk for valve 
leaflet perforation. Probing the aortic valve orifice with the wire 
should be done in less than 2-minute increments, with the wire 
removed and the catheter carefully flushed prior to reinsertion 
and another attempt to cross the valve. Although the risk of ret-
rograde passage of a catheter across a narrowed and diseased 
aortic valve is small, one study has found that 3% of patients 
undergoing cardiac catheterization experienced a clinically sig-
nificant neurologic event and 22% had magnetic resonance 
imaging evidence of an acute cerebral embolic event.44 In the 
setting of severe aortic valve calcification or critical AS, or when 
coexisting mitral stenosis is present, transseptal puncture should 
be considered.

The pressure gradient between the left ventricle and the aorta 
can be described by three invasive measurements: (1) the mean 
gradient, (2) the peak-to-peak gradient, and (3) the maximum 
gradient (Figure 7-1). The mean gradient represents the area 
under the LV-aortic pressure curve and corresponds to the mean 
gradient measured by echocardiography. The peak-to-peak gradi-
ent has no true physiologic meaning and represents the differ-
ence between maximum aortic and the maximum LV pressures. 
Note that these maximum pressures do not occur at the same 
time and that the peak-to-peak gradient is not the same as the 
maximum gradient. Although the peak-to-peak gradient is easily 
measured with computer-assisted software, it is not useful in clas-
sifying the severity of AS. The maximum gradient represents the 
maximum difference that can be measured between the left ven-
tricle and aorta during systole and corresponds to the maximum 
instantaneous gradient measured by echocardiography. The 

FIGURE 7-1â•… Transaortic pressure gradient. The gradient between the 
left ventricle (LV) and the aorta (Ao) in aortic stenosis can be described by three 
invasive measures. The mean gradient (beat #3) represents the area under the 
left ventricular–aortic pressure curve. The peak-to-peak (P-P) gradient (beat #2) 
is the difference between the maximum aortic pressure and the maximum left 
ventricular systolic pressure. The maximum (Max) gradient (beat #2) is the 
maximum difference that can be measured between the left ventricle and 
aorta during systole. 
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FIGURE 7-2â•… Simultaneous aortic (Ao) and left ventricular pressure 
(LV) measured at rest (top) and at exercise (bottom). A small early systolic 
gradient between the left ventricle and aorta is present during exercise; it is 
referred to as an impulse gradient. (From Pasipoularides A. Clinical assessment of 
ventricular ejection dynamics with and without outflow obstruction. J Am Coll 
Cardiol 1990;15:859–82.)
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FIGURE 7-3â•… Comparison of central aortic and femoral artery pressure 
waveforms in aortic stenosis. Sequential recording of the left ventricular 
(LV) pressure and simultaneous ascending aortic (Ao) (left panel) and femoral 
artery (FA) pressures (middle panel). The femoral artery pressure is delayed and 
higher than the aortic pressure (middle panel). The mean aortic and mean 
femoral artery pressures are similar (right panel). (From Folland ED, Parisi AF, 
Carbone C. Is peripheral arterial pressure a satisfactory substitute for ascending 
aortic pressure when measuring aortic valve gradients? J Am Coll Cardiol 
1984;4:1207–12.)
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FIGURE 7-4â•… Left ventricular, aortic, and femoral pressures. Simultane-
ous measurement of the left ventricular (blue), aortic (yellow) and femoral artery 
(red) pressures in a patients with moderate aortic stenosis. Measurements were 
made with three transducers and catheters placed within the left ventricle 
(yellow) and aorta (red). The femoral arterial pressure was measured using the 
side arm of a the arterial sheath. The femoral arterial pressure (red) is higher 
(single arrow) than the aortic pressure (yellow) and is delayed in comparison 
with the aortic pressure (double arrows). 
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French catheter), which is the same wire used to measure frac-
tional flow reserve. In this small series of 4 patients, correlation 
with traditional methods to measure the aortic valve gradient was 
excellent. Using this method in a larger series of 18 patients with 
AS, Bae etâ•¯al52 also found high correlation with traditional 
methods to measure the aortic valve gradient with an average 
procedure time of 36 minutes.

In the setting of critical AS, the presence of a catheter posi-
tioned across the aortic valve can influence the pressure gradient, 
as initially described by Carabello53 in 1987. In the setting of an 
aortic valve area less than 0.6â•¯cm2, Carabello observed an 
increase of 10â•¯mmâ•¯Hg in the peripheral arterial pressure when the 
catheter was withdrawn from the left ventricle across the aortic 
valve. This rise was believed to be related to the catheter’s further 
narrowing the orifice of the severely narrowed valve.

ANALYSIS OF PRESSURE WAVEFORMS

In the absence of AS, the slope and magnitude of the aortic and 
LV systolic pressures are similar and rise together to a midsystolic 
peak. With AS, the pressure in the aorta rises slowly and achieves 
a late systolic peak (Figure 7-5). In an attempt to reduce wall 
stress, the left ventricle responds to the pressure overload of AS 
by developing hypertrophy. LV hypertrophy limits the ability of 
the left ventricle to fill at a normal pressure, resulting in a higher 
end-diastolic pressure.

VALVE AREA

GENERAL CONCEPTS.â•‡ In their classic 1951 article, Gorlin and 
Gorlin54 described data derived from hydraulic systems that were 
used to determine the orifice of various cardiac valves. The cal-
culated valve area from the formula was validated by directly 
measuring the valve orifice from autopsy or surgical specimens 
in 11 patients. The formula states that the area of a valve (cm2) is 
equal to the flow across the valve (mL/sec) divided by the product 
of two constants and the square root of the pressure difference 
(mmâ•¯Hg) across the valve. The first constant (C) is an empirical 
constant that accounts for energy loss and issues related to orifice 
contraction. For the aortic, pulmonic, and tricuspid valve, C is 
assumed to be 1.0. For the mitral valve, the researchers initially 
assumed C to be 0.7; this value was revised in 1972 to 0.85.55 The 
second constant is equal to the square root of twice the gravity 

be measured, and the use of the femoral artery pressure as a 
“surrogate” to the central aortic pressure should be avoided. The 
fifth method uses a single arterial puncture with placement of a 
long (55 or 90â•¯cm) 6 French sheath into the ascending aorta with 
a smaller 4 or 5 French sheath advanced through the long sheath 
into the left ventricle.50 The side-arm of the long sheath is used to 
measure the central aortic pressure.

An additional, novel method has been introduced to simultane-
ously measure both aortic and LV pressures. Bertog etâ•¯al51 
described performing a single arterial puncture with placement 
of a 4 French catheter into the ascending aorta. LV pressure is 
measured using a 0.014-inch pressure wire (placed through the 4 

FIGURE 7-5â•… Hemodynamics in critical aortic stenosis. Simultaneous left 
ventricular (blue) and aortic (red) pressures measured with two catheters in a 
patient with critical aortic stenosis. The mean and maximum gradients are 68 
and 90â•¯mmâ•¯Hg, respectively. The aortic valve area is 0.48â•¯cm2. The aortic 
upstroke (arrowhead) is delayed. The left ventricular end-diastolic pressure 
(arrow) is elevated at 38â•¯mmâ•¯Hg. 
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FIGURE 7-6â•… Confirmation of mean pressure gradient in aortic steno-
sis. Simultaneous left ventricular (LV; blue) and aortic (Ao; red) pressure tracings 
in a patient with severe aortic stenosis. The systolic ejection period (SEP) begins 
with the opening of the aortic valve (orange arrow) and ends with closure of 
the aortic valve (orange arrowhead). The shaded area represents the mean 
gradient throughout systole. To confirm the computer-measured pressure gra-
dients, a grid-based system can be used. Eight vertical lines are drawn at equal 
spaces throughout systole. Each line is measured to determine the gradient at 
that time period. For example, the sixth line from the left (black arrow) shows 
a gradient of 32â•¯mmâ•¯Hg. Summing all of the values together and dividing by 
8 (8 lines were drawn) yields manual confirmation of the mean gradient. 
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TABLE 7-4	 Valve Area Calculation Worksheet for Aortic and Mitral Valves

Aortic valve area (valve constant = 1) 1.	 Determine the average gradient for 5 cardiac beats if in sinus rhythm and 10 cardiac beats if in atrial fibrillation
2.	 Determine the mean systolic ejection period (SEP) for 5 cardiac beats
3.	 Heart rate = beats/min
4.	 Cardiac output = mL/min

5.	 Valve area
cardiac output heart rate systolic ejection pe= ×( rriod

44.3 mean gradient
)

×

Mitral valve area (valve constant = 37.7) 1.	 Determine the average gradient for 5 cardiac beats if in sinus rhythm and 10 cardiac beats if in atrial fibrillation
2.	 Determine the mean diastolic filling period (DFP) for 5 cardiac beats
3.	 Heart rate = beats/min
4.	 Cardiac output = mL/min

5.	 Valve area
cardiac output heart rate diastolic filling pe= ×( rriod

37.7 mean gradient
)

acceleration factor (980â•¯cm/sec−1) and is 44.3. The formula is as 
follows:

Valve area
Flow across valve

 C P

Valve area
CO SEP  H

=

=

44 3.

/( ) (

∆

RR

 C P

)

.44 3 ∆

where ΔP is the mean pressure gradient, CO is cardiac output, 
SEP is the systolic ejection period, and HR is heart rate.

A simplified formula for calculating valve areas was proposed 
in 1981 by Hakki etâ•¯al.56 The Hakki equation for valve area uses 
cardiac output (liters/min) divided by the square root of the pres-
sure difference across the valve, as follows:

Valve area
CO

Pmean

=
∆

For the aortic valve, either the mean or the peak-to-peak pres-
sure gradient can be used; for the mitral valve, the mean pressure 
gradient should be used. In a series of 100 patients with mitral 
stenosis or AS, the correlation coefficient for the simplified Hakki 
equation in comparison with the Gorlin formula was 0.94 or 0.96, 
respectively.56

MEASUREMENT OF AORTIC VALVE AREA.â•‡ Worksheets can 
be useful to organize the measured and derived data when one 
is determining the aortic valve area (Table 7-4). Simultaneous 
aortic and LV pressures are measured using one of the techniques 
already discussed. Traditionally, gradients were measured from 
the printout using handheld planimeter devices. Currently, 
however, computer-based monitoring systems can accurately 
determine the mean, maximum, and peak-to-peak gradients. 
Manual confirmation of the computer-measured gradients can be 
performed with a grid-based system (Figure 7-6). If sinus rhythm 
is present, 5 cardiac beats should be used to determine the gra-
dients. If atrial fibrillation or other arrhythmias are present, 10 
cardiac beats should be used for accurate results. The cardiac 
output is measured by both thermodilution and Fick methods. 
The systolic ejection period (SEP) is measured from the opening 
of the aortic valve (LV pressure exceeds aortic pressure) to the 
closing of the aortic valve (LV pressures falls below aortic pres-
sure) in units of seconds per beat. The SEP should also be mea-
sured for 5 beats, and an average taken. Aortic valve area is 
reported using the cardiac output as measured by both the Fick 
and thermodilution methods. The aortic valve area index is cal-
culated as the aortic valve area divided by the body surface area. 
Both the aortic valve area and the aortic valve index should be 
used as indicators of AS severity (see Chapter 11).

LIMITATIONS.â•‡ There are often discrepancies among the 
aortic valve area, aortic valve index, and transvalvular  
gradients measured by cardiac catheterization and Doppler-
echocardiography. When these discrepancies are systemati-
cally evaluated, the aortic valve area tends to be higher when 
measured with cardiac catheterization than with Doppler-
echocardiography.57-59 These discrepancies are due to the 

pressure recovery phenomenon,60,61 changes in hemodynamics 
(transaortic flow rate and heart rate) between the time of the 
studies,62 and suboptimal echocardiographic recording of the 
aortic jet velocity. In the setting of coexisting aortic regurgitation, 
the valve area calculated by the Gorlin equation can provide only 
a minimum value for the aortic valve area.

LOW-GRADIENT AORTIC STENOSIS

Up to 30% of patients with a calculated aortic valve area in  
the severe range have low-gradient AS.63 These patients can be 
further characterized as having: (1) normal-flow, low-gradient AS 
or (2) low-flow, low-gradient AS (Figure 7-7). Although the major-
ity of patients with low-flow, low-gradient AS have decreased 
systolic function, as many as 35% have an ejection fraction higher 
than 50%.64 The reasons for a low stroke volume in the setting of 
normal LV function include high aortic impedance and a small 
LV cavity; low stroke volume itself may be an early marker for 
intrinsic myocardial dysfunction.65

The Gorlin equation is flow dependent, particularly when the 
cardiac output is less than 4 liters/min. Differentiating true, severe 
AS from mild AS with a coexisting cardiomyopathy (so-called 
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pseudo–aortic stenosis) is clinically important because the former 
group of patients derive benefit from aortic valve replacement.66

The widely accepted definition of low-gradient AS is a mean 
aortic valve gradient lower than 40â•¯mmâ•¯Hg in the setting of an 
ejection fraction less than 40%.67 For patients with pseudo–aortic 
stenosis, medications that increase cardiac output usually 
increase the calculated aortic valve area. In contrast, for patients 
with true, severe AS, an increase in cardiac output does not result 
in a significant increase in the calculated aortic valve area. Intra-
venous dobutamine can be used in the cardiac catheterization 
laboratory to differentiate true AS from pseudo–aortic stenosis. A 
standard protocol involves obtaining baseline measurements of 
cardiac output, heart rate, and simultaneous LV and aortic pres-
sures and initiating dobutamine by continuous infusion at 5â•¯µg/
kg/min.68 The dose is then increased by 3 to 10â•¯µg/kg/min every 
5 minutes until a maximum dose of 40â•¯µg/kg/min is achieved, the 
mean gradient increases to more than 40â•¯mmâ•¯Hg, cardiac output 
increases by 50%, heart rate increases to more than 140 beats per 
minute (bpm), or intolerable symptoms or side effects (arrhyth-
mias) occur. Patients with true, severe AS can be identified 

FIGURE 7-7â•… Classification of low-output aortic stenosis. Low-output 
aortic stenosis can be further classified as either (1) normal flow, low gradient 
or (2) low flow, low gradient. The stroke volume index is ≤35â•¯mL/m2 in patients 
with low-flow, low-gradient aortic stenosis. The ejection fraction is normal in 
those with normal-flow, low-gradient aortic stenosis. In those with low-flow, 
low-gradient aortic stenosis, the ejection fraction is usually <40%, but it can be 
>50% in up to 35% of patients. 

Low-output aortic stenosis

Normal flow
Low gradient

Stroke volume index (ml/m2) ≤35 >35
Gradient (mm Hg) <40 <40
Ejection fraction Usually <40% Normal

35% with EF >50%

Low flow
Low gradient

FIGURE 7-8â•… Dobutamine challenge. Hemodynamic tracings from three patients with aortic stenosis receiving intravenous dobutamine: with measurement 
of left ventricular (LV), aortic (Ao) and left atrial (LA) pressures, showing changes in the systolic transaortic gradient (blue shaded area). A, Cardiac output and aortic 
valve gradient increased in response to dobutamine, and the aortic valve area (AVA) remained 0.8â•¯cm2. This patient was found at the time of valve surgery to have 
severe aortic stenosis. B, Dobutamine infusion resulted in increases in cardiac output and aortic valve gradient. Final aortic valve area was 0.7â•¯cm2. The patient was 
found at the time of valve surgery to only have mild aortic stenosis. C, Dobutamine infusion did not change cardiac output, and the mean aortic valve gradient 
decreased from 37 to 26â•¯mmâ•¯Hg. Dobutamine was stopped because of hypotension. This patient was found at the time of valve surgery to have severe aortic 
stenosis. (From Nishimura RA, Grantham JA, Connolly HM, etâ•¯al. Low-output, low-gradient aortic stenosis in patients with depressed left ventricular systolic function: the 
clinical utility of the dobutamine challenge in the catheterization laboratory. Circulation 2002;106:809–13.)
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following dobutamine infusion as those with: (1) mean aortic 
valve gradient greater than 30â•¯mmâ•¯Hg and (2) an aortic valve area 
that remains 1.0â•¯cm2 or less (Figure 7-8).69 In patients with pseudo–
aortic stenosis (1) cardiac output increases and (2) mean aortic 
valve gradient remains less than 30â•¯mmâ•¯Hg; these findings indi-
cate a component of a primary cardiomyopathy and mild to mod-
erate AS. Occasionally, dobutamine does not increase the stroke 
volume or cardiac output, signifying poor contractile reserve.

AORTIC VALVE RESISTANCE

Aortic valve resistance has been proposed as another measure to 
assess the severity of AS.70,71 Aortic valve resistance is calculated 
as the mean pressure gradient divided by the flow rate ratio and 
is expressed in units of dyne-seconds-cm−5, as follows:

Aortic valve resistance
P

CO HR SEP
mean=
×

1 33.
( / )

∆

A cutoff value of 300 dyne-seconds-cm−5 is commonly used to 
identify patients with severe AS.72 It was previously believed that 
calculated aortic valve resistance was less flow dependent than 
the Gorlin formula-derived aortic valve area. However, in vitro 
and clinical studies now suggest that aortic valve resistance is 
flow dependent and is not superior to aortic valve area for the 
assessment of AS.73,74

ANGIOCARDIOGRAPHY

Left ventriculography should be routinely performed in patients 
with AS because it provides assessment of LV systolic function, 
the anatomy of the aortic valve, and coexisting mitral regurgita-
tion. The aortic valve should be assessed for calcification, leaflet 
morphology (bicuspid), and leaflet mobility. A bicuspid aortic 
valve may show systolic doming of the leaflets.

Pulmonic Valve
Most cases of valvular pulmonic stenosis are congenital in origin. 
Adults commonly present with dyspnea and exertional fatigue 
secondary to the inability to increase cardiac output sufficiently 
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In clinical practice, the pulmonary capillary wedge pressure 
is often used as a surrogate of the LA pressure to assess the 
severity of mitral stenosis (Figure 7-10). If an accurate pulmonary 
capillary wedge pressure has been obtained, the mean pulmo-
nary capillary wedge pressure should be less than the mean 
pulmonary artery pressure and the saturation of blood should 
be greater than 95%. After systematic study, Lange etâ•¯al77 found 
that the pulmonary capillary wedge pressure overestimates the 
LA pressure by 1.7 ± 0.6â•¯mmâ•¯Hg. Conditions in which the pulmo-
nary capillary wedge pressure overestimates the LA pressure 
include acute respiratory failure, chronic obstructive pulmo-
nary disease, pulmonary hypertension, pulmonary venoocclu-
sive disease, and impaired LA compliance (prior mitral valve 
replacement).78

PRESSURE WAVEFORM ANALYSIS

Atrial fibrillation may be present in patients with long-standing 
mitral stenosis and results in loss of the a wave in the LA (and 
pulmonary capillary wedge) pressure tracing. Left atrial v waves, 
which are frequently prominent, are thought to be the result of 
reduced compliance of the LA (Figure 7-11). The presence of v 
waves may also indicate coexisting mitral regurgitation.

VALVE AREA

The normal mitral valve area is more than 4.0 to 6.0â•¯cm2. When 
the mitral valve area is reduced to 1.0â•¯cm2, a significant diastolic 
gradient at rest is present. At this severity of mitral stenosis, 
increases in cardiac output result in a significant elevation in LA 
pressure and pulmonary edema. Increases in heart rate preferen-
tially shorten diastole more than systole and therefore limit the 
time available for flow across the mitral valve.

The Gorlin equation for the mitral valve is as follows:

Valve area
CO DFP  HR

 C Pmean

= /( ) ( )

.44 3 ∆
where Δ Pmean is the mean pressure gradient, DFP is the diastolic 
filling period, and C is an empirical constant that is 0.85.

A worksheet to determine the mitral valve area is shown in 
Table 7-4. LA (or pulmonary capillary wedge) and LV pressures 
are measured simultaneously. Manual confirmation of the 
computer-measured gradients can be performed using the grid-
based system as discussed in the assessment of AS. If sinus 
rhythm is present, 5 cardiac beats should be used to determine 
the mean gradient. If atrial fibrillation is present, 10 cardiac beats 

during exercise. Patients are frequently diagnosed by Doppler 
ultrasound and echocardiography, and cardiac catheterization is 
usually performed only prior to balloon valvotomy.

PRESSURE GRADIENT

The severity of valvular pulmonic stenosis is evaluated on the 
basis of the peak-to-peak gradient between the right ventricle and 
pulmonary artery. A peak-to-peak gradient larger than 30â•¯mmâ•¯Hg 
is considered hemodynamically significant and warrants consid-
eration for balloon valvotomy. Unlike in the assessment of AS, the 
gradient between the right ventricle and pulmonary artery can be 
measured by pullback technique using an end-hole catheter. 
Using the peak-to-peak gradient, the severity of pulmonic stenosis 
is classified as mild (25-49â•¯mmâ•¯Hg), moderate (50-79â•¯mmâ•¯Hg), or 
severe (≥80â•¯mmâ•¯Hg).75

PRESSURE WAVEFORM ANALYSIS

Pressure waveform analysis in valvular pulmonic stenosis is 
notable for showing an elevated right ventricular (RV) systolic 
pressure, the gradient across the pulmonic valve, and a pulmo-
nary artery pressure that rises slowly to achieve a late systolic 
peak (Figure 7-9).

VALVE AREA

The normal pulmonary valve orifice is greater than 2.0â•¯cm2/m2, 
and in the absence of disease, there is no gradient across the 
valve.76 However, the concept of valve area is not used in the 
evaluation of pulmonic stenosis, and decisions regarding therapy 
are based on the peak-to-peak gradient.

ANGIOCARDIOGRAPHY

Right ventriculography in a left lateral projection displays the 
pulmonic valve, the right ventricle, and the proximal portion of 
the main pulmonary artery in a relatively straight line. With val-
vular pulmonic stenosis, the valve appears thickened and “domes” 
during systole. RV function and the presence and severity of tri-
cuspid regurgitation should also be assessed. A right anterior 
oblique projection with 25 to 30 degrees of cranial angulation 
allows visualization of the right ventricle and also profiles the 
pulmonic valve.

Mitral Valve
Patients with mitral stenosis are usually referred to the cardiac 
catheterization laboratory for evaluation of disease severity prior 
to percutaneous mitral balloon valvotomy or mitral valve replace-
ment. Complete assessment consists of right and left heart cath-
eterization, simultaneous measurement of LA (or pulmonary 
capillary wedge) and LV pressures, and measurement of cardiac 
output.

PRESSURE GRADIENT

Transseptal puncture is required for accurate assessment of LA 
pressure. A transseptal sheath is placed into the left atrium, and 
simultaneous measurements of LA and LV pressure are per-
formed. This can be done using the side-arm of the transseptal 
sheath to measure LA pressure; LV pressure can be measured by 
insertion of an undersized pigtail catheter through the transseptal 
sheath into the left ventricle. The mean and maximum pressure 
gradients should be recorded at various paper speeds and scales. 
The optimal paper speed and pressure scale are usually 100â•¯mm/s 
and 0-40â•¯mmâ•¯Hg, respectively. Mean gradients are measured by 
averaging the instantaneous gradients over the flow period using 
carefully recorded and correctly aligned tracings of the LA and 
LV pressure curves.

FIGURE 7-9â•… Pulmonic stenosis. Simultaneous measurement of right ven-
tricular (RV; blue) and pulmonary artery (PA; red) pressures in a patient with 
severe pulmonic stenosis. The upstroke of the pulmonary artery tracing is 
delayed (arrow), consistent with severe pulmonic stenosis. The maximum gradi-
ent is 65â•¯mmâ•¯Hg. 
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is required for accurate results. The cardiac output is measured 
by both the thermodilution and Fick methods. The diastolic filling 
period (DFP) is measured from the opening of the mitral valve 
(LA pressure exceeds LV pressure) to the closing of the mitral 
valve (LA pressure falls below LV pressure) in units of seconds 
per beat. The DFP should also be measured for 5 beats, and an 
average taken. Mitral valve area using cardiac output as measured 
by both the Fick and thermodilution methods is reported.

Tricuspid Valve
Prior to technologic advances in echocardiography, cardiac cath-
eterization was used to confirm the presence and severity of tri-
cuspid stenosis. Simultaneous recordings of the RA and RV 
diastolic pressures were needed for accurate assessment because 
the pressure gradients are small and there is considerable respira-
tory variation in the pressure waveforms.

PRESSURE GRADIENT

The gradient between the right atrium and right ventricle should 
be measured simultaneously with two catheters. This can be 
accomplished with a long 6 French sheath advanced into the right 
atrium and an end-hole (multipurpose) catheter placed through 
the sheath and into the right ventricle. Alternatively, a double-
lumen catheter (Langston dual-lumen catheter) can also be used. 
A mean gradient of 2â•¯mmâ•¯Hg or greater throughout diastole indi-
cates tricuspid stenosis.79

PRESSURE WAVEFORM ANALYSIS

Characteristic findings in tricuspid stenosis include a prominent 
a wave and blunting or or absence of the y descent in the RA 
pressure waveform.

VALVE AREA

The Gorlin formula can be employed to determine the tricuspid 
valve area using a constant of 1.0. Significant tricuspid stenosis is 
present when the valve area is less than 1.3â•¯cm2.

ANGIOCARDIOGRAPHY

Right ventriculography performed in a right anterior oblique pro-
jection may be useful in the evaluation of tricuspid stenosis. The 
tricuspid valve may be calcified with decreased mobility, and 
associated tricuspid regurgitation is frequently present.80

FIGURE 7-10â•… Severe mitral stenosis. Example of a good-quality pulmo-
nary capillary wedge pressure tracing that mirrors the left atrial pressure tracing 
in a patient with severe mitral stenosis. Upper panel, Simultaneous pulmonary 
capillary wedge pressure (blue) and left ventricular pressure (purple) tracings. 
The vertical dotted line marks the beginning of the P wave in the electrocardio-
gram. The a wave in the pulmonary capillary wedge pressure tracing (arrow) 
occurs approximately 120 msec after the P wave. Lower panel, Simultaneous left 
atrial (blue) and left ventricular pressure (purple) tracings in the same patient 
with severe mitral stenosis. Note that the gradient (blue shaded area) is higher 
when the pulmonary capillary wedge pressure tracing is used instead of the 
left atrial pressure. The a wave in the left atrial pressure tracing occurs 80 msec 
after the P wave. 
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FIGURE 7-11â•… Left atrial pressure in mitral stenosis. Simultaneous left 
atrial (LA, obtained from transeptal puncture) and left ventricular (LV) pressures 
in a patient with critical mitral stenosis. The mean and maximum gradients are 
23 and 54â•¯mmâ•¯Hg, respectively. The v waves (arrow) are prominent and 
approach 52â•¯mmâ•¯Hg. 
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and ventricular pressures at end-diastole. Thus, the rate of equal-
ization of aortic and LV diastolic pressures relates to regurgitant 
severity. This concept serves as the basis for using the diastolic 
slope of the Doppler velocity curve as a measure of regurgitant 
severity (see Chapter 6). This approach is limited because chronic 
aortic regurgitation results in compensatory changes in LV dia-
stolic compliance such that the LV end-diastolic pressure may 
remain low even with severe regurgitation. Thus, interpretation of 
the pressure waveforms must take disease chronicity, as well as 
severity, into account.

This combination of systolic and diastolic pressure abnormali-
ties leads to the most characteristic hemodynamic feature of 
chronic aortic regurgitation, that is, an increased pulse pressure. 
Because systolic pressure is increased and end-diastolic pressure 
is decreased, the pulse pressure is increased. However, the mag-
nitude of the increase in pulse pressure only modestly correlates 
with regurgitation severity.81 Even so, this simple measure of regur-
gitant severity should be integrated with other imaging and hemo-
dynamic data in patient evaluation.

ANGIOCARDIOGRAPHY

For angiocrdiographic evaluation of aortic regurgitation, a con-
trast agent is injected into the aortic root and regurgitation is 
graded on a semiquantitative 1+ to 4+ scale as shown in Table 
7-5.82,83 Angiographic grading of regurgitation severity has several 
limitations.84 First, interobserver variability in grading of regurgi-
tant severity can be considerable unless there is strict adherence 
to the definitions outlined in Table 7-5. Although mild regurgita-
tion is distinct from severe regurgitation, intermediate grades are 
often difficult to estimate and differentiate. Second, technical 
factors may lead to an erroneous interpretation. The volume and 
rate of contrast injection must provide complete opacification of 
the upstream chamber. The catheter should be positioned close 
to the valve but should not interfere with valve closing. The angio-
cardiogram should be recorded from an angle and with an image 
size that include both the upstream and downstream chambers 
without overlapping the structures. For aortic regurgitation, a 
45-degree left anterior oblique view with 10% to 15% cranial angu-
lation results in an image perpendicular to the valve plane and 
allows accurate assessment of the degree of reflux from the aortic 
root into the left ventricle. Third, physiologic factors, including 
heart rate, cardiac rhythm, preload, and afterload, affect the 
severity of regurgitation so that images recorded under conditions 

Evaluation of Valvular Regurgitation
Valvular regurgitation is evaluated by cardiac catheterization with 
direct measurement of intracardiac pressures and analyais of 
pressure waveforms, semiquantitative evaluation of regurgitant 
severity by angiocardiography, and calculation of regurgitant frac-
tion. Inspection of the pressure waveforms on both sides of the 
regurgitant valve allows determination of the severity and chro-
nicity of the regurgitant lesion. Angiographic evaluation of regur-
gitant severity is based on injection of contrast agent into the 
chamber downstream of the affected valve with imaging of con-
trast reflux into the chamber receiving the regurgitant volume. 
The regurgitant fraction is calculated as the difference between 
the angiographic (total) and forward (Fick or thermodilution 
method) stroke volume.

Aortic Regurgitation
PRESSURE WAVEFORM ANALYSIS

Aortic regurgitation results in a systolic pressure gradient across 
the aortic valve (even in the absence of coexisting stenosis) 
because of the high volume flow rate. This pressure gradient 
occurs predominantly in early systole. Although the magnitude 
of the systolic pressure gradient is related to volume flow rate, 
pressure gradients in isolated severe aortic regurgitation are 
usually small, with mean gradients ranging from 5 to 20â•¯mmâ•¯Hg. 
Higher pressure gradients indicate associated AS or another 
cause of LV outflow obstruction.

In diastole, central aortic pressure falls more rapidly than 
normal, owing to the diastolic runoff into the left ventricle, so that 
aortic end-diastolic pressure is lower than normal (Figure 7-12). 
Conversely, LV diastolic pressure rises more rapidly than normal 
because of rapid ventricular filling retrograde across the incom-
petent aortic valve as well as antegrade across the mitral valve. 
With acute severe aortic regurgitation, the fall in aortic and rise 
in ventricular diastolic pressures result in equalization of aortic 

FIGURE 7-12â•… Hemodynamics in severe aortic regurgitation. Simulta-
neous aortic and left ventricular pressures in a patient with mild aortic stenosis 
and severe aortic regurgitation. Note that the pulse pressure is wide (approxi-
mately 100â•¯mmâ•¯Hg) and the aortic diastolic pressure (arrow) is low. 
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TABLE 7-5	 Angiographic Grading of 
Regurgitation Severity

AORTIC REGURGITATION MITRAL REGURGITATION

1+ Contrast refluxes from the aorta 
into the left ventricle (LV) but 
clears on each beat

Contrast refluxes into the left 
atrium but clears on each 
beat

2+ Contrast refluxes into the LV with a 
gradually increasing density of 
contrast in the LV that never 
equals contrast intensity in the 
aorta

Left atrial contrast density 
gradually increases but never 
equals LV density

3+ Contrast refluxes into the LV with a 
gradually increasing density such 
that LV and aortic densities are 
equal after several beats

The densities of contrast in the 
atrium and ventricle equalize 
after several beats

4+ Contrast fills the LV rapidly, 
resulting in equivalent 
radiographic densities in the LV 
and aorta on the first beat

The left atrium becomes as 
dense as the LV on the first 
beat, and contrast is seen 
refluxing into the pulmonary 
veins

Modified from Sellers RD, Levy MJ, Aplatz K, Lillehei CW. Left retrograde cardioangiography 
in acquired cardiac disease: technic, indications and interpretations in 700 cases. Am J 
Cardiol 1964;14:437–447.
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descending aortic shadow is superimposed on the LA in this view, 
so contrast agent in the descending aorta may be mistaken for 
mitral regurgitation. A left ventriculogram should be performed 
with a sufficient amount of contrast agent to completely opacify 
the LV. Mitral regurgitation is graded on the same semiquantitative 
scale (1+ to 4+) as used for aortic regurgitation (see Table 7-5).

REGURGITANT FRACTION

Regurgitant fraction for mitral regurgitation is calculated in the 
same manner as for aortic regurgitation.

Tricuspid Regurgitation
PRESSURE WAVEFORM ANALYSIS

Severe tricuspid regurgitation results in elevation in the RA pres-
sure, a prominent RA v wave (or c–v wave) and a prominent and 
sharp y descent (Figure 7-14). The prominent v or c-v wave causes 
“ventricularization” of the RA pressure waveform. The RV end-
diastolic pressure is elevated. Kussmaul’s sign, which is the lack 
of a decrease or even a small rise in mean RA pressure with 
inspiration, may be present.87 Elevated pulmonary artery pres-
sures (>60â•¯mmâ•¯Hg) suggest that the cause of tricuspid regurgita-
tion is secondary (i.e., RV dilation resulting from pulmonary 
hypertension).

ANGIOCARDIOGRAPHY

As with mitral regurgitation, a 30-degree right anterior oblique 
view on angiocardiography separates the right ventricle and the 
right atrium in a plane perpendicular to the tricuspid valve 
annulus. The presence of a catheter across the tricuspid valve 
may cause a small amount (usually negligible) of tricuspid regur-
gitation. The presence of ventricular tachycardia during right ven-
triculography precludes assessment of tricuspid regurgitation. An 
angled pigtail catheter placed into the body of the right ventricle 
usually provides adequate imaging. Tricuspid regurgitation is 

disparate from the patient’s baseline hemodynamic state may not 
accurately reflect disease severity.

REGURGITANT FRACTION

Regurgitant volume and fraction can be calculated at cardiac 
catheterization on the basis of measurement of the amount of 
blood ejected by the left ventricle (total stroke volume) and the 
amount of blood delivered to the body (forward stroke volume). 
Total SV is calculated from the left ventriculogram as the differ-
ence between the end-diastolic and end-systolic LV volumes. The 
forward SV is calculated by dividing the measured cardiac output 
(by either Fick or thermodilution method) by the heart rate. The 
regurgitant SV is calculated as follows:

Regurgitant SV Total SV Forward SV= −

The regurgitation fraction is the regurgitant SV divided by the 
total SV. A regurgitation fraction less than 20% indicates mild, of 
20% to 40% moderate, of 40% to 60% moderately severe, and more 
than 60% severe regurgitation. Although this method has the 
potential to provide a quantitative measure of regurgitant severity, 
it is rarely used in clinical practice now that reliable noninvasive 
measures of regurgitation severity are available.

Regurgitation volume index is calculated by dividing the regur-
gitant volume by the body surface area and is another measure 
of regurgitation severity. A regurgitation volume index lower than 
700â•¯mL/min/m2 indicates mild, of 700 to 1700â•¯mL/min/m2 moder-
ate, of 1700 to 3000â•¯mL/min/m2 severe, and more than 3000â•¯mL/
min/m2 very severe regurgitation.

Mitral Regurgitation
PRESSURE WAVEFORM ANALYSIS

Mitral regurgitation results in an increase in LA pressure, which 
peaks in late systole and is represented by the v wave. The height 
of the v wave relates to regurgitation severity, although other 
factors, such as LA size and compliance, also play a role. The LA 
pressure curve is variably transmitted to the pulmonary capillary 
wedge pressure tracing, again in relation to the modulating effects 
of the size and compliance of the pulmonary vascular bed. For 
example, a patient with a prosthetic mitral valve and mild mitral 
regurgitation may show a prominent v wave owing to a noncom-
pliant pulmonary vascular bed. In contrast, a patient with chronic 
severe mitral regurgitation may have no v wave because of com-
pensatory changes in the left atrium and pulmonary vasculature. 
Thus, although a v wave is often considered the hallmark of mitral 
regurgitation, its presence is not sensitive for the diagnosis, nor is 
the absolute value a reliable predictor of regurgitation severity.85

LA pressure is not routinely measured in patients with mitral 
regurgitation, and information from the pulmonary artery and 
pulmonary capillary wedge pressure tracings is therefore used. A 
large v wave may result in a bifid appearance to the pulmonary 
artery pressure tracing. A large v wave in the pulmonary capillary 
wedge pressure tracing may occasionally give the appearance of 
a pulmonary artery pressure tracing (Figure 7-13).86

The rate of rise of LV pressure during “isovolumic” contraction 
(dP/dt) provides a measure of LV systolic function in patients with 
mitral regurgitation. Normally dP/dt is higher than 1000â•¯mmâ•¯Hg/
sec, and lower values reflect progressively more severe impair-
ment of LV contractility. Peak LV systolic pressure is typically 
normal in patients with mitral regurgitation, although severe 
regurgitation associated with decreased forward cardiac output 
may lead to decreased LV systolic pressure and subsequent 
hypotension.

ANGIOCARDIOGRAPHY

A 30-degree right anterior oblique view separates the LV and the 
LA in a plane perpendicular to the mitral valve annulus. The 

FIGURE 7-13â•… Acute severe mitral regurgitation. Electrocardiogram 
(ECG), aortic (Aorta), pulmonary artery (PA) pressure (left), and pulmonary capil-
lary wedge (wedge) pressure (right) tracings in a patient with acute severe 
mitral regurgitation. A prominent v wave is present in both the pulmonary 
artery and wedge pressure tracings. The pulmonary artery pressure is bifid 
because of the presence of both the pulmonary artery systolic wave (S) and 
the v wave. The large v wave can cause the wedge tracing to be confused with 
a pulmonary artery tracing. (From Sharkey SW. Beyond the wedge: clinical physiol-
ogy and the Swan-Ganz catheter. Am J Med 1987;83:111–22.)
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Other Catheterization Data
In addition to evaluation of valvular and ventricular function, 
cardiac catheterization provides data that allows calculation of 
pulmonary and systemic vascular resistance. Cardiac catheteriza-
tion also allows direct measurement of LV end-diastolic pressure, 
which may be essential for management of the decompensated 
patient.

Pulmonary Artery Pressures and Resistance
Direct measurement of pulmonary artery pressures at catheter-
ization is needed when noninvasive data are nondiagnostic  
or are discordant with other clinical data. In AS, pulmonary 
artery pressures should be measured before the catheter crosses 
the aortic valve because an average increase in mean pulmo-
nary pressure of 4â•¯mmâ•¯Hg (range up to 19â•¯mmâ•¯Hg) has been 
reported when a catheter is lying across the valve.88 There is a 
slight increase in normal pulmonary artery pressures with 
maximal exercise in young adults, from a resting pulmonary 
artery systolic pressure of 15 to 20â•¯mmâ•¯Hg to a maximum of 25 
to 35â•¯mmâ•¯Hg.

Pulmonary artery pressure depends not only on the resistance 
to flow imposed by the pulmonary vascular bed but also on the 
volume flow rate and the pulmonary venous (or LA) pressure. 
The rise in pulmonary pressure that occurs “passively” second-
ary to an elevated LA pressure (e.g., in mitral stenosis) reverses 
when LA pressure is lowered. Similarly, high pulmonary pres-
sures due to a high volume flow rate revert toward normal with 
a reduction in the flow rate. Thus, it is important to calculate 
pulmonary vascular resistance (PVR), which takes volume flow 
rate and the pressure drop across the circuit into account, as 
follows:

PVR
PA LA

pulmonary blood flow
mean mean= −( )

where PAmean is mean pressure in pulmonary artery and LAmean is 
mean pressure in left atrium. When pressures are measured in 
mmâ•¯Hg and blood flow in L/min, this equation results in Wood 
units of resistance, which can be converted to dynes-sec-cm−5 by 
multiplying by 80.

Although pulmonary vascular resistance describes the compo-
nent of pulmonary hypertension that is due to the pulmonary 
vasculature, some of the increase in vascular resistance may be 
reversible after relief of the initiating cause and some may repre-
sent an irreversible increase. The degree of reversibility of an 
elevated pulmonary vascular resistance often is difficult to predict 
in patients with valvular heart disease.

Systemic Vascular Resistance
Systemic vascular resistance, in dyne-sec-cm−5, can be calculated 
as follows:

Systemic vascular resistance Ao RA cardiac outpmean mean= −[( )/ uut]× 80

where Aomean is mean pressure in the aorta. In patients with 
valvular regurgitation, an elevated systemic vascular resistance 
may contribute to the total load imposed on the left ventricle  
and thus can lead to increased LV wall stress and clinical 
symptoms.

Left Ventricular Diastolic Function
The most widely used clinical measure of LV diastolic function is 
the LV end-diastolic pressure, which is measured directly at 
cardiac catheterization. In situations in which second measure-
ments are needed, an indwelling pulmonary artery catheter is 
used, with the assumption that the pulmonary artery wedge pres-
sure reflects the pressure in the left atrium, which in turn reflects 
LV end-diastolic pressure.

FIGURE 7-14â•… Severe tricuspid regurgitation. Right atrial (top) and right 
ventricular (bottom) pressure tracings in a patient with severe tricuspid regur-
gitation. The right atrial pressure is elevated, and there is a prominent v wave 
that reaches 34â•¯mmâ•¯Hg. The right ventricular end-diastolic pressure is also 
elevated, at 21â•¯mmâ•¯Hg. 
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graded on the same semiquantitative scale (1+ to 4+) as discussed 
previously (see Table 7-5).

REGURGITANT FRACTION

Calculation of the regurgitant fraction for right heart valves is 
problematic owing to the difficulties in calculating RV volumes 
from angiographic data.

Pulmonic Regurgitation
Pulmonic regurgitation is infrequently evaluated in the cardiac 
catheterization laboratory and is usually the result of repaired 
tetralogy of Fallot or severe pulmonary hypertension. Pulmonic 
regurgitation results in a diminished diastolic pulmonary artery 
pressure and an increased diastolic RV pressure, with the rate of 
pressure equalization related to the severity and chronicity of 
disease. Angiocardiography is rarely performed because the 
catheter used to perform it crosses the pulmonic valve and may 
cause artifactual regurgitation.
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Although LV end-diastolic pressure is typically normal at rest 
in patients with chronic valvular disease, significant elevations 
can occur with acute regurgitation or in the decompensated 
patient with chronic regurgitation. For example, in the patient 
with acute aortic regurgitation, severe elevation in LV end-diastolic 
pressure is seen because of the acute volume overload imposed 
on the LV, which has not had time to dilate. Similarly, a superim-
posed systemic disease (e.g., fever, anemia, sepsis) in a patient 
with LV diastolic dysfunction (e.g., in the patient with compensa-
tory hypertrophy secondary to AS) may result in acute decom-
pensation with significant elevation in LV diastolic pressure. 
Other measures of diastolic function, such as the time constant 
of relaxation, can also be measured at catheterization but require 
special recording and analysis of data and are rarely performed 
in the clinical setting.

Coronary Angiography
Coronary angiography is often needed in patients with valvular 
heart disease either as part of the preoperative evaluation or to 
evaluate for other potential causes of clinical symptoms.89 Current 
guidelines suggest that coronary angiography should be per-
formed prior to valve surgery in patients with chest pain, objective 
evidence of ischemia, or a prior history of coronary artery disease, 
in men 35 years or older, in premenopausal woman aged 35 years 
and older with coronary risk factors, and in postmenopausal 
woman.89
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Indications for, relative utility of, and appropriate use criteria of 
CT and CMR for the evaluation of patients with valvular heart 
disease are listed in Tables 8-1 to 8-3.

Principles and Instrumentation

Cardiac Magnetic Resonance
Magnetic resonance imaging is without doubt one of the most 
sophisticated and versatile noninvasive diagnostic tools. With the 
use of electrocardiogram (ECG)–gated acquisition coupled to 
dedicated surface coils, high-resolution static and moving images 
of the heart and cardiovascular system may be obtained. A pow-
erful helium-cooled superconductor generates a high-strength 
magnetic field in which nuclei with unpaired numbers of protons 
and electrons are forced to behave like small magnets, aligning 
their poles in the direction of the magnetic field (T1 or longitudi-
nal relaxation) and precess at a frequency proportional to the 
magnetic field strength (T2 or transverse relaxation). The most 
common magnetic field strength used for cardiac applications is 
1.5 Tesla (1500 times the earth’s magnetic field strength).

To generate images, surface coils emit sequences of radio 
signal pulses that excite the nuclei to briefly flip out of alignment, 
while receiving coils measure the magnetic signals produced by 
the nuclei as they return to their baseline state of relaxation. The 
magnitude of the signals received depends on the magnetic field 
strength, the concentration of odd nuclei (primarily the hydrogen 
ion [H+]), and the T1 and the T2 relaxation times, which are 
tissue-specific. Paramagnetic contrast agents, such as gadolinium 
compounds, specifically alter the T1 and T2 times and are used 
to highlight the blood pool and areas of fibrosis or edema, where 
they gradually accumulate. Field magnetic gradients permit iden-
tification of the spatial location of each signal being received, 
allowing acquisition of images in any location and plane within 
the center of the magnet. Different pulse sequences are designed 
to acquire images that are preferentially based on the distribution 
of tissue. Cardiac images may be acquired from a single heartbeat 
and displayed in near-real time or derived from a series of con-
secutive heartbeats acquired during a 20- to 40-second breath-
hold or respiratory gating. The spatial and temporal resolution of 
CMR images depends on the magnitude of the magnetic field and 
the acquisition time. Therefore, real-time imaging is done at low 
resolution and is limited to specific applications or to patients 

Key Points
■	 Echocardiography is the modality of choice for the evaluation of the 

heart valves, providing both anatomic and functional information 
with high temporal and spatial resolution. Cardiac computed 
tomography (CT) and cardiac magnetic resonance (CMR) may be 
useful, however, in patients with suboptimal acoustic windows and in 
those in whom more detailed information of the cardiac and vascular 
anatomy is needed.

■	 CMR may be useful in patients with valvular heart disease when 
symptoms are out of proportion to the echocardiographic findings, 
particularly patients with regurgitant valve lesions.

■	 CMR may be useful for the assessment of ventricular function and 
viability, such as in patients with functional mitral or tricuspid 
regurgitation.

■	 CT should be considered to evaluate the extent of aortic valve 
calcification in patients with left ventricular dysfunction and 
suspected low-gradient severe aortic stenosis (AS), and is critical for 
the evaluation of the aortic root anatomy and the femoral arteries in 
patients being considered for transcatheter aortic valve implantation 
(TAVI).

■	 CT is useful to visualize the motion of mechanical disk valves and the 
presence of thrombus, pannus, or infection in patients with suspected 
prosthetic dysfunction.

■	 CT may be used as an alternative to invasive coronary angiography in 
patients undergoing valve surgery who are at low to intermediate risk 
for coronary artery disease (CAD), such as those with mitral valve 
myxomatous degeneration or congenital valve anomalies, but has low 
specificity and should be avoided in groups with high prevalence of 
CAD, such as elderly patients with degenerative AS.

■	 CT may also be useful in patients at high risk for complications from 
invasive angiography, such as those with aortic valve endocarditis and 
large vegetations, and in patients with mechanical valves.

Cardiac magnetic resonance (CMR) and computed tomography 
(CT) imaging provide complementary information about valve 
anatomy and hemodynamic function that could be relevant  
for management decisions in selected patients. In addition, 
patients undergoing CMR and CT for a variety of indications are 
often incidentally found to have unsuspected valve disease. This 
chapter reviews the principles and use of these imaging tech-
niques as applied to the evaluation of the cardiac valves. 
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A typical CMR study performed for the evaluation of valvular 
disease may include 30 to 60 acquisitions obtained from different 
imaging planes and using varying pulse sequences. Thus, a com-
plete study may take 30 to 90 minutes, making the examination 
of clinically unstable patients difficult.

Cardiac Computed Tomography
Electron-beam computed tomography (EBCT) and multidetector 
computed tomography (MDCT) allow ECG-gated images to be 
obtained with sufficient temporal and spatial resolution to visual-
ize the beating heart. The most common applications of cardiac 
CT are evaluation of coronary calcification and detection of coro-
nary stenosis. Both EBCT and MDCT systems basically contain an 
X-ray source and a detector array of crystals that receive the X-rays 
after traveling through the body and convert photons into electri-
cal impulses. Unlike plain fluoroscopy, in CT imaging the x-ray 
data need to be collected for a minimum of 180 degrees. From 
the precise spatial and temporal location of each x-ray photon 
detected, a three-dimensional (3D) data set is reconstructed using 
filtered back-projection. In addition, CT imaging requires ECG-
gated temporal registration to match data collected at the same 
time during the cardiac cycle, given the continuous motion of  
the heart.

With EBCT, a rapidly rotating electron beam generates x-rays, 
which are electronically steered to sweep over tungsten targets 
arranged in a stationary semicircular array under the patient 
table. Even though this system has the advantage of high temporal 
resolution (33 to 50â•¯ms) for each slice acquisition because of the 
lack of rotating parts, it has limited speed to cover the z-axis 
(moving from one slice to the next) and has limited x-ray power, 
producing poor-quality images in large patients. MDCT imaging 
involves a rotating x-ray source that emits a fan-shaped beam of 
x-rays that passes through the body and is detected by a moving 
detector array panel set at the opposite end of a doughnut-shaped 
gantry. Coverage in the z-axis is obtained by moving the table 
through the gantry during image acquisition in a “spiral” or 
“helical” movement. The superior spatial resolution and x-ray 
power have established MDCT as the preferred CT technology for 
cardiac imaging. Nevertheless, temporal resolution is limited 
because of the weight of the moving components (100 to 250â•¯ms 
for single-source and 50 to 100â•¯ms for the newer dual-source scan-
ners). Moreover, radiation exposure may be considerable (8 to 
25â•¯mSv), and the use of intravenous iodine contrast material is 

who have severe heart rate variability and/or are unable to comply 
with breath-holding.

A particularly useful CMR application called phase-contrast 
velocity–encoded mapping may be applied to interrogate flow 
across the cardiac valves. After excitation, moving targets produce 
a signal that is proportional to the velocity at which they travel 
through an imaging plane. Flow may be calculated as the product 
of area times velocity within a conduit, and pressure gradients 
across valves may be estimated, as in echocardiography, with use 
of the Bernoulli equation.

TABLE 8-2	 CT and CMR Methods for Evaluating Stenotic 
and Regurgitant Lesions

VALVULAR  
LESION MODALITY METHOD

Stenosis CT Calcium scoring
CT Stenotic orifice planimetry
CMR Stenotic orifice planimetry
CMR PC-VENC pressure gradients
CMR PC-VENC continuity valve area
CMR PC-VENC pressure half-time (mitral)

Regurgitation CT Regurgitant orifice planimetry
CT Regurgitant volume (LV-RV stroke volume 

difference)
CMR PC-VENC aortic regurgitant volume
CMR Regurgitant volume (LV-RV stroke volume 

difference)
CMR Regurgitant volume (Ao-PA stroke volume 

difference)
CMR Regurgitant volume (Ao–mitral valve inflow 

stroke volume difference)
CMR Vena contracta
CMR Flow acceleration radius
CMR Signal void area

Ao, aortic; CT, computed tomography; CMR, cardiac magnetic resonance; LV, left 
ventricular; PA, pulmonary artery; PC-VENC, phase-contrast velocity–encoding; RV, right 
ventricular.

TABLE 8-3	 Criteria for Appropriate Use of CMR in 
Patients with Valvular Heart Disease

INDICATION

APPROPRIATENESS  
CRITERIA  

(MEDIAN SCORE)

Assessment of complex congenital heart disease, 
including anomalies of coronary circulation, 
great vessels, and cardiac chambers and valves

Procedures may include LV/RV mass and volumes, 
CMR angiography, quantification of valvular 
disease, and contrast enhancement

A (9)

Quantification of LV function
Discordant information that is clinically significant 

from prior tests

A (8)

Characterization of native and prosthetic cardiac 
valves, including planimetry of stenotic disease 
and quantification of regurgitant disease

Patients with technically limited images from 
echocardiogram or transesophageal 
echocardiography

A (8)

A, appropriate; CMR, cardiac magnetic resonance; LV, left ventricular; RV, right ventricular.
From Hendel RC, Patel MR, Kramer CM, etâ•¯al. ACCF/ACR/SCCT/SCMR/ASNC/NASCI/SCAI/SIR 
2006 appropriateness criteria for cardiac computed tomography and cardiac magnetic 
resonance imaging. J Am Coll Cardiol 2006;48:1475–97.

TABLE 8-1

	 Comparison of Echocardiography, CT, and 
CMR for Characterizing Cardiovascular 
Structural and Functional Parameters in 
Valvular Disease*

PARAMETER ECHO CT CMR

Leaflet mobility ++++ ++ +++

Valvular calcification ++ ++++ +

Annular geometry ++ ++++ +++

Annular calcification ++ ++++ +

Stenotic orifice area ++++ +++ ++

Transvalvular pressure gradients ++++ − +++

Regurgitant jet morphology ++++ − +++

Regurgitant volume +++ + ++++

Aortic root morphology +++ ++++ ++++

LV dimensions +++ ++++ ++++

LV function +++ +++ ++++

RV dimensions ++ +++ ++++

RV function ++ +++ ++++

LV contractile reserve ++++ − +++

Myocardial viability +++ + ++++

Coronary anatomy + ++++ ++

CT, computed tomography; CMR, cardiac magnetic resonance; Echo, echocardiography; 
LV, left ventricular; RV, right ventricular.

*Ratings: −, unable; +, very limited; ++, marginal; +++, adequate; ++++, excellent.
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In many patients with valvular disease, in particular those with 
AS, diastolic dysfunction is an important contributor to symptoms 
and prognosis. CMR has been used to evaluate diastolic filling on 
the basis of regional myocardial diastolic velocities and strain.19 
In addition, the 3D pattern of LV filling and pulmonary venous 
flow has been evaluated with phase-contrast velocity–encoded 
data.20,21 In patients with LV hypertrophy due to AS, CMR-
determined early filling and atrial contraction velocities have 
been shown to correlate with Doppler echocardiographic mea-
surements and have shown a higher atrial contribution to ven-
tricular filling in the patients than in control subjects.22

The Right Ventricle
CMR is the most reliable way to assess regional and global RV 
function quantitatively.23,24 Furthermore, CMR may give an unre-
stricted view of the RV outflow tract. The end-diastolic and end-
systolic velocities are calculated by the manual drawing of 
endocardial contours at end-diastole and end-systole, respec-
tively, on cine loops, oriented in the axial plane or along the short 
axis of the left ventricle. Ejection fraction and RV mass are deter-
mined in a fashion similar to that used in the left ventricle. Several 
studies have validated CMR volume measurements of dimensions 
and function of the right ventricle using quantitative catheteriza-
tion, postmortem, and radionuclide techniques.25-28 Thus, this 
approach offers the potential for more reliable evaluation of RV 
size and function in patients with valvular disease than with 
echocardiography. Assessment of RV volumes and function is 
important in patients with severe tricuspid or pulmonary regurgi-
tation, including assessment after repair of tetralogy of Fallot.29 In 
these patients, RV function is an important determinant of long-
term prognosis after surgical correction.30

CT may also be used to evaluate RV volumes and ejection frac-
tion. In order to visualize the RV endocardium, the contrast injec-
tion protocol is modified, with use of a biphasic or triphasic 
contrast injection, depending on what additional information is 
sought in the study. CT may be useful to evaluate RV size and 
function in patients with poor acoustic transthoracic echocar-
diography (TTE) windows and in those with contraindications to 
CMR, such as implanted left-ventricular assist devices.31

Valvular Stenosis
The use of CMR is well established for detecting the presence of 
and quantifying the severity of valve stenosis (Table 8-4). Cine 
gradient-echo CMR can identify valvular stenosis or regurgitation 
because areas of turbulent flow create a signal void in the high-
intensity blood pool (Video 8-1).32 This signal void may allow 
identification of the site of obstruction, for example, differentiat-
ing subvalvular from valvular stenosis.33

The quantitative assessment of stenotic valves with CMR pri-
marily involves (1) evaluating the valve area using direct planim-
etry and (2) determining peak and average velocities across the 
valve to estimate pressure gradients with the modified Bernoulli 
equation, as follows:

∆P V= 4 2
max

where ΔP is pressure and V is velocity. To obtain the maximal 
velocity, the plane of interrogation must be set perpendicular to 
the direction of flow, and then several phase-contrast sections are 
obtained near the vena contracta of the jet to identify the 
maximum velocity. The velocity-encoding gradient needs to be 
adjusted often to encompass the predicted velocity range. As in 
Doppler echocardiography, aliasing occurs if the measured veloc-
ity exceeds the interrogation range. There is good agreement 
between CMR-determined aortic valve pressure gradients and 
other reference techniques, with reported accuracy rates of 85% 
and interobserver reproducibility of 93%. Calculation of continu-
ity equation aortic valve orifice area, using phase-contrast veloc-
ity mapping, have also been found to be reliable, with a reported 

required, limiting the utility of this method for routine cardiac 
valve evaluation. In selected patients, however, CT may provide 
very useful information, such as the extent of valvular calcifica-
tion and dimensions of stenotic orifices.

A typical CT study has one to three data sets (noncontrast, 
contrast-enhanced, and postcontrast) acquired over a 5- to 
15-second period each. Each set contains data acquired over 
multiple sequential cardiac cycles. Each cardiac cycle corre-
sponds to a different series of craniocaudal axial images. Thus, 
significant changes in heart rate may produce misregistration 
artifacts that may be relevant to accurate visualization of the 
cardiac valve anatomy.

Ventricular Volumes, Mass, and Function

The Left Ventricle
In patients with chronic valvular disease, changes in left ventricu-
lar (LV) size, mass, and function are critical for establishing the 
timing of surgical intervention. CMR is a superior method for 
quantifying LV volumes, ejection fraction, and mass. Cine (bright-
blood) ECG-gated two-dimensional images may be obtained in 
any of the conventional two-chamber, three-chamber, or four-
chamber long-axis or cross-sectional short-axis planes. For the 
purpose of quantification, a stack of 10 to 20 contiguous 5- to 
10-mm-thick short-axis images are acquired from the base to the 
apex of the left ventricle, during breath-holding.1 These images 
may be then traced offline in a dedicated computer workstation. 
Volumetric quantification is based on the Simpson rule, for which 
the volume of the left ventricle equals the sum of the 10 to 20 
cross-sectional discs. LV mass is calculated by subtracting the 
endocardially from the epicardially traced volumes and multiply-
ing by a muscle weight–specific constant. CMR yields more accu-
rate values than angiographic or echocardiographic planar 
imaging methods, especially when the ventricular shape deviates 
from the normal geometric model, because in the latter methods, 
fewer images are used and most of the data are interpolated.2,3 In 
addition, CMR is superior for visualization of the true LV apex, 
which is often outside the acoustic echocardiographic windows. 
Several studies have validated CMR measurements of LV volumes, 
mass, and function using quantitative reference techniques, such 
as indicator dilution, radionuclide angiography, and studies of 
postmortem examination.4-6

CMR is the best method for longitudinal follow-up of LV mass 
and volumes to determine the effect of therapeutic interventions 
owing to its excellent interstudy reproducibility with an intertest 
variability less than 5%.7-10 CMR has been used to evaluate sequen-
tial changes in LV and right ventricular (RV) geometry in response 
to chronic mitral regurgitation.11 CMR is been used increasingly 
in clinical trials, allowing reduction in the sample size required 
to detect a difference between treatment arms.12-14

CMR is also useful for calculating LV wall stress using measure-
ments of wall thickness and chamber dimensions in conjunction 
with cuff blood pressures and a carotid pulse tracing. Increased 
wall stress in patients with chronic valvular regurgitation has 
been shown to predict adverse events and deterioration of LV 
function.15

CT also allows accurate quantification of LV volumes, ejection 
fraction, and mass.16,17 In fact, early studies suggested that EBCT 
was a reference standard for evaluation of other methods of cal-
culating LV volumes in patients with valvular heart disease.18 The 
main advantage of CT is its isotropic, submillimeter spatial resolu-
tion, which allows easy, direct 3D volumetric assessment, in many 
cases with the use of automated border detection algorithms. 
However, the limited temporal resolution of CT may result in 
overestimation of the true end-systolic volume, particularly in 
patients with elevated heart rate. Moreover, the rapid infusion of 
contrast material and use of beta-blockers may result in slightly 
larger LV volumes and reduced ejection fractions.
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accuracy of 81% in comparison with that for the Doppler-derived 
continuity equation and the Gorlin formula.34

Stenotic lesions of the semilunar valves lead to concentric 
hypertrophy and/or ventricular dilation. Poststenotic dilation of 
the pulmonary trunk or the ascending aorta may be present as 
well. These hemodynamic sequelae can be detected by both CMR 
and CT. CT may also detect pulmonary vein dilation and intersti-
tial and alveolar lung edema, which are all signs of increased left 
atrial pressure and left-sided heart failure. Similarly, dilation of the 
right heart chambers and superior and inferior vena cava, pleu-
ropericardial effusions, and ascites are suggestive of pulmonary 
hypertension and/or RV heart failure.

Aortic Stenosis
Echocardiography remains the most useful modality for the evalu-
ation of AS. However, in many patients, the transvalvular gradient 
determined by continuous-wave Doppler echocardiography may 
underestimate stenosis severity because of an inadequate Doppler 
angle of interrogation or reduced cardiac output. The continuity-
equation aortic valve area (AVA) may also be inaccurate owing to 
inadequate measurements of LV outflow tract dimensions or incor-
rect sampling of pulsed Doppler velocities.35 Direct planimetry 
(Figure 8-1) of the aortic orifice is another method for determina-
tion of stenosis severity, but the accuracy is limited by TTE and 
even by transesophageal echocardiography (TEE) because of the 
acoustic shadowing produced by heavy leaflet calcification.

TABLE 8-4	 Criteria for Appropriate Use of CT in Patients 
with Valvular Heart Disease

INDICATION
APPROPRIATENESS CRITERIA 
(MEDIAN SCORE, 1-9)

Assessment of complex adult 
congenital heart disease

A (8)

Characterization of native cardiac valves U (6)
â•… Suspicion of clinically significant 

valvular dysfunction
â•… Inadequate images from other 

noninvasive methods

Characterization of prosthetic cardiac 
valves

A (8)

â•… Suspicion of clinically significant 
valvular dysfunction

â•… Inadequate images from other 
noninvasive methods

Coronary evaluation before 
noncoronary cardiac surgery:

â•… Low probability of CAD A (8)
â•… Intermediate probability of CAD A (7)
â•… High probability of CAD I (3)

A, appropriate; CAD, coronary artery disease; I, inappropriate; U, uncertain.
Modified from Taylor AJ, Cerqueira M, Hodgson JM, etâ•¯al. ACCF/SCCT/ACR/AHA/ASE/ASNC/
NASCI/SCAI/SCMR 2010 Appropriate Use Criteria for Cardiac Computed Tomography. 
Circulation 2010;122:e525–55.

FIGURE 8-1â•… Calcific aortic stenosis. 
Short-axis cardiac computed tomography 
images obtained in a patient with stenosis of 
a trileaflet aortic valve (A, B) and cardiac mag-
netic resonance image obtained in a patient 
with bicuspid aortic valve (C, D), showing the 
method for determination of aortic valve area 
(AVA) by planimetry. 

A B

AVA = 0.7 cm2

AVA = 0.6 cm2

C D



111

C H
8

E
V

A
LU

A
T

IO
N

 O
F

 V
A

LV
U

L
A

R
 H

E
A

R
T

 D
ISE

A
SE

 B
Y

 C
A

R
D

IA
C

 M
A

G
N

E
T

IC
 R

E
S

O
N

A
N

C
E

and expected high perioperative mortality.42 Transcatheter aortic 
valve implantation (TAVI) constitutes a new alternative for high-
risk surgical candidates.43 Before valve implantation, patients 
require an extensive workup to assess the anatomy of the aortic 
root and of the coronary and peripheral arteries, which is relevant 
for valve sizing and for positioning and access planning (Figure 
8-2). CT can noninvasively provide relevant information about the 
anatomy of the aortic root.44 The aortic annulus diameters and 
location of coronary ostia can be assessed reliably with ECG 
gating. In a 2010 study,45 TTE was unable to identify the anatomy 
of the aortic valve in 20% of patients with severe AS because of 
extensive calcification. In contrast, CT was able to provide direct 
visualization of the aortic valve and thus could correctly identify 
the valve anatomy in 98%. This information is important before 
the procedure because TAVI is currently not recommended for 
bicuspid valves owing to the potential risk of an unfavorable 
deployment. CT allows detailed analysis of the quantification and 
localization of aortic valve calcification. Studies have shown a 
strong linear correlation between the degree of aortic regurgita-
tion (AR) immediately after TAVI and the severity of existing cal-
cification in the aortic root46 and at the valve commissures.47 
Bulky calcification at the edge of native valvular leaflets has also 
been related to increased risk of coronary occlusion when the 
new prosthetic valve is displaced over the coronary ostium.48

Severe calcification, tortuosity, and small diameter (<6â•¯mm) of 
the iliac arteries constitute contraindications to the transfemoral 
approach. CT provides an accurate diagnostic technique for eval-
uating these parameters (Figure 8-3).

Mitral Stenosis
CMR can easily demonstrate the thickened leaflets and reduced 
diastolic opening of the valve in patients with mitral stenosis. The 

In a study in which 40 consecutive patients underwent cardiac 
catheterization, TEE, and CMR,36 AVA was determined by direct 
planimetry on CMR and TEE, and calculated pressure gradients 
from cardiac catheterization and Doppler echocardiography 
were also compared. By CMR mean AVA was 0.91 ± 0.25â•¯cm2, by 
TEE AVA was 0.89 ± 0.28â•¯cm2, and by catheterization, AVA was 
0.64 ± 0.26â•¯cm2. The correlation between CMR-derived and TEE-
derived AVA values was r = 0.96, significantly higher than the 
correlations between TEE and catheterization and between CMR 
and catheterization.

Calcific AS of a trileaflet valve or congenitally bicuspid valve is 
invariably accompanied by calcification. Severe calcification is 
associated with a faster rate of stenosis progression and higher 
rates of cardiac events. Echocardiography may detect the pres-
ence of calcification but has limited ability to quantify its severity. 
Aortic valve calcification can be accurately quantified with CT. 
Studies have shown excellent interscan reproducibility (>90%).37-39 
The amount of calcification is directly correlated with stenosis 
severity, although the relationship is nonlinear. The incremental 
value of the information derived from the aortic valve calcium 
score may be particularly useful to evaluate stenosis severity  
in patients with low cardiac output and reduced transvalvular 
gradients.

Contrast-enhanced CT can precisely evaluate valve morphol-
ogy and accurately differentiate trileaflet from bicuspid valves. 
Planimetric determinations of the AVA have shown excellent cor-
relation with echocardiographic measurements.40,41

Transcatheter Aortic Valve Implantation
Surgical valve replacement is the procedure of choice for treating 
severe AS. However, as many as 30% of patients with AS are not 
referred for surgery or are turned down because of comorbidities 

FIGURE 8-2â•… Aortic annulus size and shape. Short-axis (A, C) and long-axis (B, D) zoomed, volume-rendered cardiac computed tomography images of a 
stenotic aortic valve displayed at end-diastole (A, B) and end-systole (C, D) obtained from a patient evaluated for transcatheter aortic valve implantation (TAVI). 
Measurement of the annular diameter and area are obtained to determine the new valve size. 

A B

C D
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FIGURE 8-3â•… CT aortography in a candidate for trans-
catheter aortic valve implantation (TAVI). Volume-
rendered (A) images show the aortic luminal anatomy. 
Maximum intensity projection (MIP) computed tomography 
images (B) show extensive aortic and iliac calcifications. 

A B

FIGURE 8-4â•… Rheumatic mitral stenosis. Long-axis cardiac computed 
tomography image from a patient with rheumatic mitral stenosis showing 
thickened and mildly calcified leaflets (arrow). A, anterior; Ao, aorta, F, foot; 
H, head; LA, left atrium; LV, left ventricle; P, posterior. 

LA

Ao

LV

maximal extent of leaflet opening determined by CMR correlates 
with stenosis severity.49

In-plane as well as through-plane velocity mapping by CMR 
has been used to measure the transmitral peak velocity in mitral 
stenosis. Compared with Doppler echocardiography, an accu-
racy rate of 87% has been reported, with an interobserver repro-
ducibility rate of 96%.50,51 CMR-determined peak early filling (r = 
0.99) and atrial contraction (r = 0.99) velocities and estimated 
mitral valve area by the pressure half-time method (r = 0.94) 
have been validated against those obtained with Doppler 
echocardiography.52

The presence of calcium in the mitral annulus is associated 
with systemic atherosclerosis and has negative prognostic impli-
cations. The amount of mitral annular calcium can also be quanti-
fied with CT, although reproducibility appears to be somewhat 
lower than that for the aortic valve. In rheumatic mitral stenosis, 
calcification can extend to the leaflets, commissures, subvalvular 
apparatus, or even the left atrial wall (Figure 8-4). CT has been 
reported to be useful in evaluating mitral valve morphology in 
patients undergoing balloon mitral commissurotomy.53

Mitral stenosis is often accompanied by marked atrial enlarge-
ment involving the appendage. The presence or absence of 
thrombus can be determined after contrast agent administration 
with very high sensitivity although lower specificity, because slow 
flow may often impair contrast agent opacification in the left atrial 
appendage. Planimetry of the mitral opening by CT provides 
accurate assessment of stenosis severity.54

Pulmonic and Tricuspid Valve Stenosis
Thickened tricuspid valve leaflets in patients with rheumatic or 
carcinoid heart disease can be recognized on both CMR and CT 
imaging.55 CMR can assess 3D morphology in patients with pul-
monary stenosis and congenital heart disease without exposure 
to x-rays. The morphology of the RV outflow tract may vary sig-
nificantly in these patients.56 CMR has been proposed as a method 
to determine which patients may be candidates for percutaneous 
pulmonary valve replacement. Moreover, pulmonic valvuloplasty 

and valve replacement may be performed under CMR guidance, 
reducing the need for radiation exposure.

Valvular Regurgitation
CMR evaluation of patients with regurgitant valve disease includes 
(1) anatomic assessment of valves, great vessels, and the cardiac 
chamber, (2) estimation of ventricular volumes and function, and 
(3) quantification of valvular regurgitant volume and fraction. 
Numerous studies have documented the accuracy and reliability 
of these methods.57-61

Regurgitant jets may be visualized in cine images as a region 
of signal void. This is achieved by dephasing of the spins caused 
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stroke volumes, and regurgitant fraction as the ratio of LV to RV 
stroke volumes. The use of CMR for calculation of regurgitant 
volume using the latter approach has been demonstrated for iso-
lated mitral and aortic regurgitation.68

Most commonly, mitral regurgitant volume is measured as the 
difference between total LV stroke volume and phase-contrast 
velocity–determined forward stroke volume across the aortic 
valve. CMR has been shown to measure regurgitant fractions with 
90% accuracy in comparison with radionuclide ventriculogra-
phy69 and echocardiography.70 Alternatively, the difference 
between aortic and pulmonic phase-contrast velocity-encoded 
flow can be used to quantify the severity of either aortic or pul-
monic regurgitation.71

The evaluation of regurgitant lesions by CT is limited by the fact 
that its acquisition is not dynamic, so regurgitant flow cannot be 
visualized or quantified. However, in isolated regurgitant lesions, 
the regurgitant volume (and fraction) can be derived from the 
difference between the left and right stroke volumes.72 Significant 
regurgitation of any valve eventually causes ipsilateral ventricular 
dilation, often accompanied by eccentric hypertrophy.

Aortic Regurgitation
Aortic regurgitant volume is usually determined from the phase-
contrast velocity–encoded diastolic regurgitant flow velocities at 
the aortic root (Figure 8-6). Phase-contrast velocity–encoded 
CMR of the ascending and descending aorta has been used to 
identify patients with severe AR. Like the Doppler method, CMR 
identifies severe AR as the presence of holodiastolic flow rever-
sal.73 However, this method has several limitations. Normally, 3% 
to 15% of the forward aortic flow is reversed during diastole into 
the coronary arteries.74 In addition, the normal movement of the 
imaging plane from a position between the aortic valve and the 
coronary ostia to a position 2â•¯cm distal to the sinotubular junction 
may lead to a 30% to 70% underestimation of regurgitant volume.75 
Nevertheless this method has been validated in several studies, 
revealing accuracy of 90%, an interstudy reproducibility rate of 
95%, and an interobserver reproducibility rate of 94%.76 This tech-
nique has been used to demonstrate the beneficial effects of 
vasodilator therapy in chronic AR.77

CT may be useful in evaluating the mechanism leading to AR. 
In degenerative valve disease there is increased leaflet thickness 
and calcification, and the area of lack of coaptation may be visu-
alized in diastolic phase reconstructions centrally or at the com-
missures, often providing accurate visualization of the anatomic 
regurgitant orifice (Figure 8-7). Direct planimetry of the AR orifice 
by CT has been shown to correlate with the degree of AR severity 
measured by echocardiography.78 Planimetric assessment is 

FIGURE 8-5â•… Aortic regurgitation. Cine cardiac magnetic resonance mid-
diastolic image obtained in a patient with moderate to severe aortic regurgita-
tion. Notice the proximal acceleration zone and the vena contracta at the 
regurgitant orifice (arrow). Ao, aorta, LA, left atrium; LV, left ventricle. 

LA

Ao

LV

FIGURE 8-6â•… Measurement of aortic regurgitant severity by cardiac magnetic resonance (CMR). Magnitude (A) and phase-contrast velocity–encoded 
flow (B) CMR images obtained at the aortic root in a patient with severe aortic regurgitation. The areas under the curves shown in C represent the forward (yellow) 
and regurgitant (blue) flows. DFmean, diastolic mean flow velocity. 

A B C

Forward stroke volume = 138 ml

Area =
12.4 cm2

DFmean = 130 ml/s

Regurgitant volume = 65 ml

by turbulence. The presence of a signal void provides accurate 
identification of the presence of aortic or mitral regurgitation with 
sensitivity greater than 93% and specificity greater than 89% in 
comparison with Doppler flow imaging or angiography.62 Further, 
as with color Doppler flow imaging, the 3D spatial distribution of 
the signal void is related to regurgitant severity, allowing separa-
tion of mild from severe degrees of regurgitation.63 However, the 
magnitude of signal void depends on multiple imaging parame-
ters, such as echo time and flip angle used on the acquisition 
sequence. Moreover, turbulence may actually decrease in the 
presence of severe regurgitation, when the flow becomes laminar. 
Thus, direct semiquantitative assessment of regurgitant lesion 
severity on the basis of jet visualization alone is limited.

In many patients, the acceleration of flow proximal to the regur-
gitant orifice may be visualized by CMR as an area of signal loss 
(Figure 8-5). As with the Doppler echocardiography proximal 
isovelocity surface area method, the diameter and persistence of 
the detected proximal convergence zone is a marker of regurgi-
tant flow severity.64,65

CMR ventricular volumes may be used for quantification of 
valvular regurgitation. In the absence of valvular regurgitation, 
the difference between LV and RV stroke volumes is less than 
5%.66,67 In the presence of single valvular regurgitation, regurgitant 
volume may be calculated as the difference between LV and RV 
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Mitral Regurgitation
Mitral regurgitant volume may be determined by CMR as the dif-
ference between (1) forward stroke volumes across the mitral 
annulus and the aortic annulus, (2) LV and RV stroke volumes, or 
(3) LV stroke volume and forward aortic stroke volume. The esti-
mation of forward volume flow through the mitral annulus has 
shown accuracy of 90% but may be unreliable in patients with 
eccentric jets and atrial fibrillation problems. Accordingly, the 
quantitative assessment of mitral regurgitant volume is most com-
monly calculated as the difference between the LV stroke volume, 
as determined by planimetry, and the forward flow in the ascend-
ing aorta. The accuracy for this technique has been reported as 
91%, and the interobserver reproducibility as 90%.

CMR is particularly useful for the evaluation of patients with 
ischemic mitral regurgitation. CMR studies have shown a strong 
relationship among LV end-systolic volume, interpapillary muscle 
distance, distance between anterior mitral annulus to medial and 
lateral papillary muscle, and functional ischemic mitral regurgita-
tion.79,80 Mitral systolic tenting area and scarring of the anterolat-
eral region (Figure 8-8) have been shown to be independent 
predictors of mitral regurgitation severity.81

In patients with mitral valve prolapse, CT can demonstrate the 
presence of leaflet thickening or the degree and location of pro-
lapse (Figure 8-9). In patients with mitral regurgitation due to 
annular enlargement, dimensions of the annulus can be accu-
rately quantified, and a central area of insufficient leaflet coapta-
tion may be observed. Although quantifying severity of mitral 
regurgitation may be difficult, one study suggested that planime-
try of the regurgitant orifice by CT correlates well with echocar-
diographic grading of mitral regurgitation severity.82

Pulmonic and Tricuspid Valve Regurgitation
Management decisions in patients with right-side regurgitant 
lesions are usually more difficult than in patients with mitral  
and/or AR. Although previously the right-side lesions were always 
considered benign, we now know that many patients with tricus-
pid and pulmonic valve disease experience severe RV dysfunc-
tion and irreversible heart failure. Evaluation of RV function is 
notoriously difficult. RV volume and ejection fraction measure-
ments are less reproducible than LV measurements. Geometric 
assumptions are usually erroneous because the geometry of the 
RV is distorted with chronic pressure and/or volume overload. 
CMR provides accurate determination of RV volumes and ejection 
fraction because volume determinations do not require any  
specific geometric assumptions. The accuracy rates for velocity 
mapping of pulmonary regurgitant volume and regurgitant  
fraction by CMR have been reported to be 78% and 76%,  

feasible in patients with degenerative AR and in those with AR 
secondary to aortic root dilation but is difficult to perform in 
patients with eccentric regurgitant jets, such as those with bicus-
pid valves. The aortic regurgitant volume cannot be accurately 
established by CT, because this modality cannot visualize flow. 
However, in cases of severe regurgitation, CT may demonstrate 
LV dilation and/or a significant difference between the LV and RV 
stroke volumes.

Evaluation of the Aorta
In AR due to enlargement of the aortic root, the regurgitant orifice 
is typically located centrally. Other causes of AR that can be 
detected include interposition of an intimal flap in dissection, 
valve distortion or perforation in endocarditis, and leaflet pro-
lapse, often observed in dissection and Marfan syndrome. CMR 
also allows evaluation of the thickness and compliance of the 
aortic root. It is increasingly being recognized that many patients 
with AR may have an aortopathy because CMR shows edema of 
the aortic wall.

The thoracic aorta and main branches may be imaged by CMR 
using either ECG-gated static spin-echo (black-blood), gradient-
echo (cine bright-blood), or contrast-enhanced magnetic reso-
nance angiography (MRA). Each technique has several potential 
advantages and disadvantages. Spin-echo and gradient-echo 
images are acquired in multiple two-dimensional planes, whereas 
contrast-enhanced MRA involves a 3D reconstruction, which 
allows reorientation and measurements in any direction and 
plane. MRA may, however, result in overestimation of the aortic 
root size because of cardiac motion artifacts. This technique pro-
vides the measurement of the lumen, whereas the others provide 
the external diameter, including the aortic wall.

CT is accepted as the most accurate method for obtaining mea-
surements of the aorta, owing to its high isotropic spatial resolu-
tion. With the use of ECG gating, motion artifacts are virtually 
eliminated. One important disadvantage, however, is the required 
radiation exposure, a consideration for younger patients undergo-
ing serial follow-up examinations.

Measurements of the thoracic aorta are typically performed  
at multiple levels, including the annulus, sinus of Valsalva,  
sinotubular junction, mid-ascending (pulmonary artery bifurca-
tion) arch, and midthoracic levels. Measurements are typically 
done from outside to outside edge, at end-diastole, and in oblique 
planes perpendicular to the long axial orientation of each 
segment. Off-line digital measurements performed in computer 
workstations with 3D reconstruction capability have helped  
eliminate the overestimation that often occurred when measure-
ments were performed from plain films in a straight axial 
orientation.

FIGURE 8-7â•… Aortic valve images. 
End-diastolic Long-axis (A) cardiac computed 
tomography imaging shows a dilated proximal 
ascending aorta with the regurgitant valve 
orifice seen at the junction of the long axis (red 
line) and a short axis plane (yellow line) placed 
at the valve leaflet tips. In the short axis view 
(B), the central gap indicates the area of 
incomplete leaflet coaptation exactly centered 
in the valve in boht the vertical long axis (red 
line) and horizonal long axis (green line) image 
planes. 

A B
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correlates well with TTE–continuity equation valve area determi-
nations.90 Finally, heterografts and homografts can be evaluated 
completely by CT, including the distal anastomosis and the 
patency of the coronary arteries if these were reimplanted.

Infective Endocarditis
The diagnosis of infective endocarditis relies on the visualization 
of vegetations, for which TTE and TEE are usually superior to CT 
because vegetations are often mobile and thus require imaging 
at high temporal resolution. However, CT can be particularly 
useful in the demonstration of paravalvular abscesses as fluid-
filled collections (Figure 8-11).91 In a study of 19 consecutive 
patients who underwent aortic valve replacement for endocardi-
tis, the sensitivity, specificity, positive predictive value, and nega-
tive predictive value of CT for detecting aortic valve vegetations 
is suboptinal at 71.4%, 100%, 100%, and 55.5%, respectively. On 
the other hand, the sensitivity, specificity, positive predictive 
value, and negative predictive value of CT for depicting aortic 
valve pseudoaneurysms is excellent at 100%, 87.5%, 91.7%, and 
100%, respectively.92 Aortic valve vegetations and complications 
of endocarditis may be recognized on CMR in some patients.93,94

Coronary Artery Disease in Patients 
with Valvular Heart Disease
The most common primary indication for CT is the assessment 
of the coronary arteries. CT coronary angiography is accurate for 
excluding the diagnosis of coronary artery disease, with slightly 

respectively.83 CT is unreliable for evaluation of tricuspid regurgi-
tation. Nevertheless, dilation and contrast opacification of the 
inferior vena cava and hepatic veins may be seen in patients with 
severe tricuspid regurgitation.84

Prosthetic Valves
At a magnetic field strength of 1.5 Tesla, all valvular prostheses, 
except some ball-and-cage models, can be safely imaged.85 Most 
prosthetic valves are visible on bright-blood CMR as areas of 
signal loss (see Figure 8-8). The extent of the artifact depends on 
the type of prosthesis, magnetic field strength, and type of 
sequence used. The assessment of mechanical valve prosthesis 
dysfunction may be limited, and intravalvular or perivalvular 
prosthetic valve regurgitation may be easily hidden by the signal 
loss around the prosthesis. CMR has shown good agreement with 
TEE in separating pathologic from physiologic paravalvular and 
intravalvular prosthetic valve regurgitation.86 Measurement of 
prosthetic valve gradients and evaluation of flow profiles with 
phase-contrast velocity–encoded CMR also have been reported.87

Many of the aforementioned features of native valvular heart 
disease apply also to the evaluation of cardiac prostheses.  
Several studies suggest that CT can help assess mechanism of 
dysfunction in mechanical prosthetic heart valve disorders, 
including pannus and thrombus formation as well as opening and 
closing angles (Figure 8-10).88,89 CT also allows visualization of 
bioprosthetic aortic valve leaflets and provides morphologic  
and functional information regarding the mechanism underlying 
dysfunction of bioprosthetic valves. One study demonstrated  
that direct planimetric assessment of prosthetic valve orifice  

FIGURE 8-8â•… Ischemic mitral regurgita-
tion. Left ventricular short-axis (A) and 
two-chamber (B) cardiac magnetic reso-
nance images show near-transmural delayed 
enhancement in the inferolateral segments 
(arrows) in a patient with mitral regurgitation 
and previous myocardial infarction. LA, left 
atrium; LV, left ventricle. 

A B

LV LV

LA

FIGURE 8-9â•… Mitral valve prolapse. Four-
chamber (A) and short-axis (B) cardiac com-
puted tomography images demonstrating 
thickened leaflets (arrows) in a patient with 
myxomatous mitral valve disease. LA, left 
atrium; LV, left ventricle; R, right; RA, right 
atrium; RV, right ventricle. 
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FIGURE 8-10â•… Mitral mechanical prosthetic valve. Cine cardiac computed tomography images show a normal bileaflet mechanical mitral prosthesis in the 
closed position at end-systole (A) and open (B) position with the leaflet positions showing full motion of the leaflet occluders. In a patient with a malfunctioning 
mechanical aortic prosthesis valve closure is normal at end-diastole (C) but the systolic image (D) shows a “frozen” disk (arrow). 

A B

C D

FIGURE 8-11â•… Prosthetic valve endocarditis. Long-axis cine cardiac computed tomography images obtained from two different patients with bioprosthetic 
valves with a large vegetation (arrow, A) and an abscess cavity (arrow, B). LV, left ventricle. 

A B
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LV

lower diagnostic yield in patients with AS because of the fre-
quent coexistence of both aortic and coronary calcifications.95,96 
These studies have demonstrated high negative predictive value 
but low positive predictive value for the CT detection of signifi-
cant coronary stenosis. Thus, patients who have been referred 
for surgical repair of valvular lesions and in whom absence of 
significant coronary stenosis is demonstrated by CT may safely 

avoid invasive coronary angiography. On the other hand, patients 
who seem to have more than a mild degree of luminal stenosis  
or extensive calcifications need to undergo confirmatory cathe-
terization. In a study that enrolled 133 consecutive patients 
undergoing noncoronary cardiovascular surgery, CT was diag-
nostic in 108 (81%). In this study, patients in whom CT was non-
diagnostic had significantly higher Agatston calcium scores 
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(1089, range 505-2305) than those with diagnostic CT (Agatston 
calcium score 10, range 0-218; P <0.001). Among patients with 
diagnostic evaluations, 93 of 108 had no significant CAD.97 
For this reason, it is prudent to consider CT for this application 
only in selected patients with low or intermediate pretest prob-
ability of having obstructive coronary artery disease. (Figure 
8-12; Table 8-3), such as younger patients with mitral valve 
disease. In patients with aortic valve endocarditis and highly 
mobile vegetations, CT offers an alternative to invasive coronary 
angiography.

Summary
CMR and CT imaging are useful and complementary methods for 
the evaluation of valvular disease. However, the limitations of 
these techniques need to be considered in selection of patients 
who may derive a benefit. In CMR, choosing the correct value for 
the velocity-encoding gradient is important because the range 
must be appropriate to encompass the expected peak velocities. 
If the value is set too low, the peak gradient may be underesti-
mated. Conversely, when the value is set too high, sensitivity for 
slow flow is reduced. Selecting the correct plane of interrogation 
is important, because the maximal velocity is detected at a spe-
cific spatial location and in a plane perpendicular to the direction 
of flow. High spatial and temporal resolutions are important to 
localize the peak velocity. Improved spatial resolution can be 
achieved by decreasing the field of view or increasing the acquisi-
tion matrix. Temporal resolution is much lower than in Doppler 
echocardiography; thus, peak velocities may occasionally be 
underestimated by CMR. CMR, however, has the advantage of not 
being limited to specific acoustic windows for interrogation, 
which is the main limitation of Doppler echocardiography. CMR 
and CT are superior to echocardiography for the assessment of 
ventricular function and aortic dimensions. CT is also emerging 
as an important tool for the evaluation and guidance of transcath-
eter valve procedures, given its ability to provide detailed informa-
tion about the cardiac and vascular anatomy.
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Key Points
■	 Patients with valvular heart disease are best cared for in the context of 

a multidisciplinary Heart Valve Clinic.
■	 Many adverse outcomes in adults with valvular heart disease are due 

to sequelae of the disease process, including atrial fibrillation, embolic 
events, left ventricular (LV) dysfunction, pulmonary hypertension, 
and endocarditis.

■	 Medical therapy in adults with valvular heart disease focuses on 
prevention and treatment of complications because there are no 
specific therapies to prevent progression of the valve disease itself.

■	 Endocarditis prophylaxis guidelines recommend antibiotics therapy 
before dental procedures, or other procedures associated with 
bacteremia, in adults with prosthetic valves but not in patients with 
native valve disease.

■	 Periodic evaluation of disease severity and the LV response to chronic 
volume and/or pressure overload allows optimal timing of surgical and 
percutaneous interventions.

■	 General health maintenance is important, including evaluation and 
treatment of coronary disease risk factors, regular exercise, standard 
immunizations, and optimal dental care.

■	 Management of concurrent cardiovascular disease follows standard 
approaches with modification, as needed, based on the potential 
confounding effects of valve hemodynamics.

■	 In patients with valvular disease undergoing noncardiac surgery, 
management focuses on an accurate assessment of disease severity 
and symptom status, with appropriate hemodynamic monitoring and 
optimization of loading conditions in the perioperative period.

■	 Evaluation of coronary anatomy usually is needed before valve surgery 
because of the high prevalence of coronary disease  
and improved surgical outcomes with concurrent coronary 
revascularization.

•	 Provide patient education regarding the disease process, expected 
outcomes, and potential medical or surgical therapies
These goals are best met with an interdisciplinary health-care 

team structured as a Heart Valve Clinic. Valvular heart disease is 
relatively uncommon in comparison with other cardiac condi-
tions, such as coronary disease, heart failure, and AF, so general 
cardiologists often have little experience in managing the complex 
care that patients with valvular heart disease need. Data from the 
Euro Heart Surveys shows that many patients are not treated 
according to current guidelines—some patients are inappropri-
ately denied interventions that would improve survival and quality 
of life; others undergo intervention earlier in the disease course 
than necessary.1 In addition, optimal decision making requires 
input from cardiologists with expertise in valve disease, interven-
tional cardiologists, imaging specialists, and cardiovascular sur-
geons. The European Society of Cardiology has published a 
position paper on the need for Heart Valve Clinics with specific 
recommendations for goals (Table 9-1), patient population, clinic 
structure (Figure 9-1), and the tasks for each member of the Heart 
Valve Clinic team.2

Diagnosis of Valve Disease
Valvular heart disease may first be diagnosed in the setting of an 
acute medical event, such as heart failure, pulmonary edema, AF, 
or infective endocarditis. More often, the diagnosis of valvular 
heart disease is initially suspected prior to the onset of overt 
symptoms on the basis of the physical examination finding of a 
cardiac murmur, during screening of relatives in a family with a 
history of a genetic disorder, or because of abnormal findings on 
an electrocardiograph, chest radiograph, or echocardiogram 
requested for unrelated reasons. Worldwide, many patients are 
first diagnosed with valvular heart disease when a cardiac 
murmur is heard during an episode of acute rheumatic fever.

In patients with a cardiac murmur, the first step is clinical 
assessment based on the history and physical examination.3,4 If 
clinical evaluation indicates a high likelihood of significant val-
vular disease, the next step is echocardiography to confirm the 
diagnosis and evaluate valve anatomy and function.5,6 A con-
densed version of indications for echocardiography in patients 
with suspected or known valve disease is shown in Table 9-2.7

In a patient with cardiac or respiratory symptoms and a cardiac 
murmur on auscultation, it is prudent to obtain an echocardio-
gram to evaluate for possible valvular disease. When symptoms 
are present, it is difficult to reliably exclude significant valvular 

The Heart Valve Clinic
In patients with valvular heart disease, the basic principles of 
management are to:
•	 Obtain an accurate diagnosis of the specific valvular lesion and 

quantitative disease severity using Doppler echocardiography and 
other advanced imaging modalities

•	 Prevent complications of the disease process, such as endocardi-
tis, atrial fibrillation (AF), and embolic events

•	 Periodically reevaluate ventricular size and function to identify 
early ventricular dysfunction and optimize the timing of surgical 
or percutaneous intervention

•	 Provide optimal management of associated conditions
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murmurs, defined as audible systolic murmurs in the absence of 
structural heart disease, are most common in younger patients 
and those with high-output states. Thus, a flow murmur is a normal 
finding in pregnancy, being appreciated in more than 80% of 
pregnant women.5,6 Flow murmurs also are likely in patients who 
are anemic or febrile. Typically a flow murmur is systolic, of low 
intensity (grade 1 to 2) and loudest at the base with little radiation, 
ends before the second heart sound, and has a crescendo-
decrescendo or “ejection” shape with an early systolic peak. Flow 
murmurs are related to rapid ejection into the aorta or pulmonary 
artery in patients with normal valve function, high flow rates, and 
good transmission of sound to the chest wall.4,14 The yield of 
echocardiography is very low in asymptomatic patients with a 
typical flow murmur on examination, no history of cardiac prob-
lems, and no cardiac symptoms on careful questioning.

In contrast, echocardiographic examination usually is appro-
priate in asymptomatic patients with a diastolic or continuous 
murmur, a systolic murmur of grade 3 or higher, an ejection click 
or midsystolic click, a holosystolic (rather than ejection) murmur, 
or an atypical pattern of radiation, even if the patient is asymp-
tomatic. To some extent, the loudness of the murmur correlates 
with disease severity but is not reliable for decision making in an 
individual patient.15,16 Echocardiography allows differentiation of 
valve disease from a flow murmur, identification of the specific 
valve involved, definition of the etiology of valve disease, and 
quantitation of the hemodynamic severity of the lesion along with 
LV size and function. On the basis of these data, the expected 
prognosis, need for preventive measures, and timing of subse-
quent examinations (if any) can be determined.

In older adults, distinguishing a benign from a pathologic 
murmur is more difficult than in younger patients, because many 
older patients have some degree of aortic valve sclerosis or 	
mild MR that can be appreciated on auscultation, and many also 
have mild symptoms that may or may not be related to heart 
disease.10,17-19 In this setting, a baseline echocardiogram may be 
prudent. The finding of aortic sclerosis is associated with an 
increased risk of adverse cardiovascular events, and some 
patients have progressive valve obstruction. A soft mitral regurgi-
tant murmur is most likely associated with mild to moderate 
regurgitation due to mitral annular calcification, but establishing 
the diagnosis with a baseline echocardiogram and excluding 

FIGURE 9-1  Functioning of the 
advanced heart valve clinic. CMR, 
cardiac magnetic resonance; CT, com-
puted tomography; Echo, echocardiog-
raphy; VHD, valvular heart disease. (From 
Lancellotti P, Rosenhek R, Pibarot P, etâ•¯al. ESC 
Working Group on Valvular Heart Disease 
Position Paper—heart valve clinics: organi-
zation, structure, and experiences. Eur Heart 
J 2013;Jan 4. [Epub ahead of print])
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disease with physical examination because findings may be 
subtle.8 For example, some patients with severe aortic stenosis 
(AS) have only a grade 2 or 3 murmur on examination and the 
carotid upstroke may appear normal because of coexisting 
atherosclerosis.9-11 Diagnosis may be even more difficult in other 
situations. For example, only 50% of patients with acute mitral 
regurgitation (MR) have an audible murmur.12

In asymptomatic patients with a murmur on physical examina-
tion, those with a benign flow murmur should be distinguished 
from those with a pathologic murmur.13 Although there are no 
absolutely reliable criteria for making this distinction, a reason-
able estimate of the pretest likelihood of disease can be derived 
from the history and physical examination findings. Flow 

TABLE 9-1	 Specific Aims of the Heart Valve Clinic

•	 To improve the outcome of patients with valvular heart disease (VHD)
•	 To ensure optimal communication and coordination among all 

health-care professionals involved in the management of the patient 
with VHD

•	 To perform or coordinate relevant diagnostic tests to obtain a complete 
evaluation of the severity of VHD and its implications for symptomatic 
status, cardiac function, and risk of future adverse events

•	 To ensure rational utilization of diagnostic tests according to the 
recommendations of international guidelines

•	 To standardize and centralize the collection and interpretation of the 
results of these tests and provide all health-care professionals involved in 
management of the patient with complete and accurate information 
concerning the diagnosis and prognosis of VHD

•	 To optimize patient education concerning compliance with medical 
therapy and prompt reporting of symptoms relating to VHD

•	 To assist the general cardiologist with regard to prescription of 
appropriate pharmacologic treatment and determination of the most 
appropriate timing for clinical evaluation, imaging, exercise testing, and 
follow-up before and after valve procedures

•	 To assist the general cardiologist in the determination of the optimal 
timing and mode of intervention

•	 To enhance adherence to international guidelines for the evaluation and 
management of patients with VHD

From Lancellotti P, Rosenhek R, Pibarot P, etâ•¯al; ESC Working Group on Valvular Heart 
Disease Position Paper—heart valve clinics: organization, structure, and experiences. Eur 
Heart J 2013;Jan 4.
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TABLE 9-2
	 Indications for Echocardiography in 

Adults with Suspected or Known Valvular 
Heart Disease

Suspected Valvular Disease
•	 Cardiac murmur in a patient with cardiorespiratory symptoms
•	 Murmur suggestive of structural heart disease, even if asymptomatic:

•	 Diastolic murmur
•	 Continuous murmur
•	 Holosystolic or late systolic murmur
•	 Murmur associated with an ejection click or radiation to neck or back
•	 Grade 3 or louder midpeaking systolic murmur

Native Valve Disease
•	 Stenosis:

•	 Initial diagnosis and assessment of hemodynamic severity
•	 Assessment of left and right ventricular size, function, and 

hemodynamics
•	 Reevaluation for changing signs or symptoms
•	 Assessment of changes in valve or ventricular function during 

pregnancy
•	 Periodic reevaluation as shown in Table 9-10
•	 Assessment of pulmonary pressures with exercise in patients with 

mitral stenosis when there is a discrepancy between symptoms and 
resting hemodynamics

•	 TEE before balloon mitral valvotomy in patients with mitral stenosis
•	 Regurgitation:

•	 Initial diagnosis and assessment of hemodynamic severity
•	 Initial evaluation of left and right ventricular size, function, and 

hemodynamics
•	 Assessment of aortic regurgitation when aortic root enlargement is 

present
•	 Reevaluation with a change in symptoms
•	 Periodic reevaluation even in asymptomatic patients, as in Table 9-10
•	 Reassessment of valve and ventricular function during pregnancy

•	 Mitral valve prolapse:
•	 Assessment of leaflet morphology, hemodynamic severity, and 

ventricular compensation
•	 Infective endocarditis*:

•	 Detection of valvular vegetations with or without positive blood 
culture results

•	 Characterization of hemodynamic severity with known endocarditis
•	 Detection of complications, such as abscesses, fistulas, and shunts
•	 Reevaluation in high-risk patients (virulent organism, clinical 

deterioration, persistent or recurrent fever, new murmur, persistent 
bacteremia)

Interventions for Valvular Disease
•	 Selection of alternate therapies for mitral valve disease (balloon mitral 

valvotomy, surgical valve repair vs. replacement)*
•	 Monitoring interventional techniques in the catheterization laboratory 

(3D TEE, ICE, or TTE)
•	 Intraoperative TEE for valve repair surgery
•	 Intraoperative TEE for stentless bioprosthetic, homograft, or autograft 

valve replacement surgery
•	 Intraoperative TEE for valve surgery of infective endocarditis

Prosthetic Valves
•	 Baseline postoperative study (at hospital discharge or 6-8 weeks)
•	 Annual evaluation of bioprosthetic valves after 5 years of implantation
•	 Changing clinical signs and symptoms or suspected prosthetic valve 

dysfunction*
•	 Prosthetic valve endocarditis:

•	 Detection of endocarditis and characterization of valve and ventricular 
function

•	 Detection of endocarditis complications and reevaluation in complex 
endocarditis*

•	 Persistent fever without bacteremia or a new murmur*
•	 Bacteremia without known source*

ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; TTE, 
transthoracic echocardiography; 3D, three dimensional.
* Transesophageal echocardiography usually required.
Summarized and updated from Bonow RO, Carabello BA, Chatterjee K, etâ•¯al. 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) developed in collaboration with the Society of 
Cardiovascular Anesthesiologists endorsed by the Society for Cardiovascular Angiography 
and Interventions and the Society of Thoracic Surgeons. J Am Coll Cardiol 2006;48:e1–148.

other causes of MR, such as ischemic disease and mitral valve 
prolapse, is appropriate.

Although echocardiography is the primary diagnostic modality 
used for evaluation of valve disease, cardiac magnetic resonance 
(CMR) imaging and computed tomography (CT) are useful in 
some cases, as discussed in Chapter 8. Diagnostic cardiac cath-
eterization continues to be useful in selected patients, particularly 
when echocardiographic data are nondiagnostic or discrepant 
with other clinical data, as discussed in Chapter 7.

Preventive Measures

Diagnosis and Prevention of Rheumatic Fever
Rheumatic fever is a multiorgan inflammatory disease that occurs 
10 days to 3 weeks after group A streptococcal pharyngitis. The 
clinical diagnosis is based on the conjunction of an antecedent 
streptococcal throat infection and classic manifestations of the 
disease, including carditis, polyarthritis, chorea, erythema mar-
ginatum, and subcutaneous nodules.20-22 Clinical guidelines for 
the diagnosis of rheumatic fever allow greater specificity because 
many of the manifestations of rheumatic fever are seen in other 
conditions as well (Table 9-3). Some studies show that strict 
adherence to these guidelines may result in underdiagnoses,23 
and additional echocardiographic criteria have been suggested. 
Although these guidelines are helpful in the initial diagnosis of 
rheumatic fever, exceptions do occur, so consideration of the 
diagnosis is of central importance in the recognition of this 
disease. Poststreptococcal reactive arthritis has some overlap in 
symptoms and signs with acute rheumatic fever but has no cardiac 
involvement.24,25

The carditis associated with rheumatic fever is a pancarditis; 
there may be involvement of the pericardium, myocardium, and 
valvular tissue. Rheumatic disease preferentially affects the mitral 
valve, with MR being characteristic of the acute episode and 
mitral stenosis (MS) characteristic of the long-term effect of the 
disease process.26 It has been suggested that echocardiography 
can improve the early diagnosis of rheumatic fever by detection 
of valvular regurgitation.27 However, a slight degree of MR is 
common in normal individuals so it is not a specific finding.

TABLE 9-3	 Updated Jones Criteria for the Diagnosis of 
Initial Attacks of Rheumatic Fever

Major Criteria
•	 Carditis (may involve endocardium, myocardium, and pericardium)
•	 Polyarthritis (most frequent manifestation, usually migratory)
•	 Chorea (documentation of recent Group A streptococcal infection may 

be difficult)
•	 Erythema marginatum (distinctive, evanescent rash on trunk and 

proximal extremities)
•	 Subcutaneous nodules (firm, painless nodules on extensor surfaces of 

elbows, knees, and wrists)

Minor Criteria
•	 Clinical findings (arthralgia, fever)
•	 Laboratory findings (elevation of erythrocyte sedimentation rate or 

C-reactive protein)
•	 Electrocardiography (prolonged PR interval)

Evidence of Antecedent Group A Streptococcal Infection
•	 Positive throat culture or rapid streptococci antigen test result
•	 Elevated or rising streptococcal antibody titer

High Probability of Rheumatic Fever
Evidence of preceding Group A Streptococcal infection
PLUS
2 major criteria OR 1 major and 2 minor criteria

Modified from Guidelines for the diagnosis of rheumatic fever: Jones Criteria, 1992 update 
(in Circulation 1993;87:302–7) as updated in Ferrieri P. Jones Criteria Working Group. 
Proceedings of the Jones Criteria workshop. Circulation 2002;106:2521–153.
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leaflets secondary to high-velocity and turbulent blood flow pat-
terns (see Chapter 25). About 50% of patients with endocarditis 
have underlying native valve disease, and endocarditis may pre-
cipitate the diagnosis of valve disease in a previously asymptom-
atic patient.

Prevention of bacterial endocarditis is based on short-term anti-
biotic therapy at times of anticipated bacteremia in patients at the 
highest risk of endocarditis. The American Heart Association has 
published revised guidelines for groups of patients at highest risk 
(Table 9-5), procedures likely to cause significant bacteremia 
(Table 9-6), and appropriate antibiotic regimens for dental proce-
dures (Table 9-7).28 Prophylaxis for other procedures should 
include antibiotics active against the organisms most likely to be 
present, as detailed in these guidelines. Antibiotics also are rec-
ommended at the time of surgical implantation of prosthetic 
cardiac valves or other intracardiac material.

On the basis of a careful review of the published literature 	
and expert opinion, current guidelines no longer recommend 
endocarditis prophylaxis for patients with native valvular heart 
disease.28 The key elements underlying the current recommenda-
tions are: (1) the recognition that bacteremia due to normal daily 
activities, like tooth brushing, flossing, and chewing, is much 

Primary prevention of rheumatic fever is based on treatment of 
streptococcal pharyngitis with appropriate antibiotics for a suffi-
cient time.21 Patients with a history of rheumatic fever are at high 
risk for recurrent disease, leading to repeated episodes of valvu-
litis and increased damage to the valvular apparatus. Because 
recurrent streptococcal infections may be asymptomatic, second-
ary prevention is based on the use of continuous antibiotic 
therapy (Table 9-4). The risk of recurrent disease is related to the 
number of previous episodes, time interval since the last episode, 
the risk of exposure to streptococcal infections (contact with 
children or crowded situations), and patient age. A longer dura-
tion of secondary prevention is recommended in patients with 
evidence of carditis or persistent valvular disease than in those 
with no evidence of valvular damage.

Prevention of Infective Endocarditis
Infective endocarditis occurs when bacteremia results in bacte-
rial adherence and proliferation at sites of platelet and fibrin depo-
sition on disrupted endothelial surfaces. Patients with native 	
and prosthetic heart valve disease are at increased risk for infec-
tive endocarditis because of endothelial disruption on the valve 

TABLE 9-4	 Recommendations for Prevention of Rheumatic Fever

Primary Prevention (Treatment of Group A Streptococcal Tonsillopharyngitis)

ADULTS CHILDREN (≤27â•¯KG)

PENICILLINS

Oral penicillin V* (phenoxymethyl penicillin) 500â•¯mg two to three times daily for 10 days 250â•¯mg two to three times daily for 10 days
or

IM penicillin, single dose Benzathine penicillin G 1.2â•¯million units IM once Benzathine penicillin G 600,000â•¯U IM once
or

Amoxicillin 50â•¯mg/kg orally once daily (maximum  
1000â•¯mg/day)

50â•¯mg/kg per day orally (maximum 1000â•¯mg/day)  
for 10 days

or

FOR INDIVIDUALS ALLERGIC TO PENICILLIN

Narrow-spectrum cephalosporin* Variable oral dose for 10 days Variable oral dose for 10 days

Azithromycin 12â•¯mg/kg once daily (maximum 500â•¯mg/day) 
orally for 5 days

12â•¯mg/kg orally once daily for 5 days

or

Clarithromycin 15â•¯mg/kg per day divided bid (maximum 
250â•¯bid) orally for 10 days

15â•¯mg/kg per day divided bid (maximum 250â•¯bid) 
orally for 10 days

or

Clindamycin 20â•¯mg/kg/day (maximum 1.8â•¯gm/day) orally in 
three equally divided doses for 10 days

20â•¯mg/kg per day orally in three equally divided 
doses for 10 days

Secondary Prevention (of Recurrent Rheumatic Fever)

ADULTS CHILDREN (≤27â•¯KG)

Penicillin G benzathine 1.2 million U intramuscularly every 4 weeks
(every 3 weeks in high-risk situations)

600,000 units every 4 weeks
(every 3 weeks in high-risk situations)

Penicillin V 250â•¯mg orally twice daily 250â•¯mg orally twice daily

Sulfadiazine 1000â•¯mg orally daily 500â•¯mg orally once daily

For Patients Allergic to Penicillin and Sulfadiazine

Macrolide or azalide Variable Variaible

DURATION OF SECONDARY PROPHYLAXIS

Rheumatic fever with carditis and residual valve disease (including after valve 
surgery)

10 years or until age 40 years (whichever is longer); sometimes lifelong

Rheumatic fever with carditis but no residual valve disease 10 years or until age 21 years (whichever is longer)

Rheumatic fever without carditis 5 years or until age 21 years (whichever is longer)

*To be avoided in those with immediate (Type I) hypersensitivity to a penicillin.
From Gerber MA, Baltimore RS, Eaton CB, etâ•¯al. Prevention of rheumatic fever and diagnosis and treatment of acute streptococcal pharyngitis: a scientific statement from the American Heart 
Association Rheumatic Fever, Endocarditis, and Kawasaki Disease Committee of the Council on Cardiovascular Disease in the Young, the Interdisciplinary Council on Functional Genomics 
and Translational Biology, and the Interdisciplinary Council on Quality of Care and Outcomes Research. Circulation 2009;119:1541–51. Copyright © 2009 Lippincott Williams & Wilkins.
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more frequent than bacteremia related to dental procedures, (2) 
there are no controlled studies showing that short-term antibiotic 
therapy at the time of anticipated bacteremia prevents endocar-
ditis, and estimates of total benefit are exceedingly small, (3) the 
risk of an adverse reaction to the antibiotic outweighs any poten-
tial benefit, and (4) the most important factor in reducing daily 
bacteremia is maintaining optimal oral health and hygiene, 
including regular dental care.29,30 Analysis of large data sets from 
the United Kingdom and United States showed that the current 
recommendations have resulted in an approximately 80% 
decrease in the use of antibiotic prophylaxis with no evidence of 
an increase in endocarditis cases.31,32

Prevention of Embolic Events
Prevention of embolic events in patients with valvular heart 
disease, particularly those with prosthetic valves, MS, or AF, is a 
key component of optimal medical therapy7,33-38 (Table 9-8). While 
anticoagulation in patients with prosthetic valves is discussed in 
Chapter 26, this section discusses anticoagulation in adults with 
native valve disease. A systemic embolic event can have devastat-
ing consequences and may occur even in previously asymptom-
atic patients. Systemic embolism is usually due to left atrial (LA) 
thrombus formation in patients with low blood flow in a dilated 
LA chamber, with or without concurrent AF (Figure 9-2).39-44 
Embolic events due to calcific debris from the aortic or mitral 
valves are much less common but may occur when a catheter is 
passed across the aortic valve.45-47

CHOICE OF ANTITHROMBOTIC THERAPY

Therapy for prevention of embolic events in patients with valvular 
heart disease typically includes antiplatelet agents or long-term 
warfarin anticoagulation. There is little data on the use of newer 
anticoagulants, such as direct thrombin inhibitors and anti-Xa 
agents, for prevention of embolic events in patients with valve 
disease. In patients with mechanical prosthetic valves, these 
newer agents should not be used because of (1) a higher inci-
dence of thromboembolic events in several case reports involving 
such patients and (2) early termination of RE-ALIGN (Random-
ized, phase II study to evaluate the safety and pharmacokinetics 
of oral dabigatran etexilate in patients after heart valve replace-
ment) owing to a higher rate of valve thrombosis, stroke, and 
myocardial infarction in subjects randomly assigned to dabiga-
tran compared to those receiving warfarin.48-50 These findings 
prompted a U.S. Food and Drug Administration (FDA) “black 
box” warning on the package insert for dabigatran against its use 

TABLE 9-5
	 Cardiac Conditions for which Endocarditis 

Prophylaxis for Dental Procedures  
Is Reasonable

•	 Prosthetic cardiac valve or prosthetic material used for cardiac valve 
repair*

•	 Previous infective endocarditis
•	 Congenital heart disease (CHD)†:

•	 Unrepaired cyanotic CHD, including palliative shunts and conduits
•	 Completely repaired CHD with prosthetic material or device, whether 

placed by surgery or catheter intervention, during the first 6 months 
after the procedure‡

•	 Repaired CHD with residual defects at the site or adjacent to the site of 
a prosthetic patch or prosthetic device (which inhibits 
endothelialization)

•	 Cardiac transplant recipients in whom valve disease develops

* Prophylaxis is not needed for patients with only coronary artery stents.
† Except for the conditions listed here, antibiotic prophylaxis is no longer recommended 
for any form of CHD.
‡ Prophylaxis is reasonable because endothelialization of prosthetic material occurs within 
6 months after the procedure.
Modified from Wilson W, Taubert KA, Gewitz M, etâ•¯al. Prevention of infective endocarditis: 
guidelines from the American Heart Association. Circulation 2007;116:1736–54.

TABLE 9-6	 Dental or Surgical Procedures for which 
Endocarditis Prophylaxis Is Recommended*

Prophylaxis Recommended for Patients Meeting Criteria in  
Table 9-5
•	 All dental procedures that involve manipulation of gingival tissue or the 

periapical region of teeth or perforation of the oral mucosa (Class IIa, 
LOE C)

•	 Invasive procedures of the respiratory tract that involve incision or 
biopsy, including tonsillectomy and adenoidectomy (Class IIa, LOE C)

•	 Infections of the GI or GU tract, including an antibiotic active against 
enterococci (Class IIb, LOE B)

•	 Elective cystoscopy or other urinary tract manipulation only in patients 
with an enterococcal urinary tract infection or colonization, using an 
agent active against enterococci (Class IIb, LOE B)

•	 Procedures on infected skin or musculoskeletal tissue including agents 
active against staphylococci and b-hemolytic streptococci (Class IIb,  
LOE C)

Prophylaxis Recommended for ALL Patients
•	 Surgical placement of prosthetic heart valves or prosthetic intravascular 

or intracardiac material, (Class I, LOE B) using a first-generation 
cephalosporin (Class I, LOE A) or vancomycin at centers with high 
prevalence of methicillin-resistant Staphylococcus epidermidis (Class IIb, 
LOE C). Prophylaxis should begin immediately before surgery and should 
be continued for less than 48 hours (Class IIa, LOE B).

Prophylaxis Solely to Prevent Endocarditis NOT Needed
Minor Dental Procedures
•	 Routine anesthetic injections through noninfected tissue
•	 Dental radiographs
•	 Placement, removal, or adjustment of prosthodontic or orthodontic 

appliances
•	 Placement of orthodontic brackets
•	 Shedding of deciduous teeth
•	 Bleeding from trauma to the lips and/or oral mucosa

Respiratory Procedure
•	 Bronchoscopy without incision of the respiratory tract mucosa

GU and GI Procedures
•	 All GI and GU procedures, including diagnostic 

esophagogastroduodenoscopy and colonoscopy
•	 Vaginal delivery and hysterectomy

Skin and Musculoskeletal Procedures
•	 Tattooing
•	 Body piercing

GI, gastrointestinal; GU, genitourinary; LOE, level of evidence.
* ACC/AHA classification of recommendations (I, IIa, IIb) and level of evidence (A, B, C) are 
used (see Appendix A).
Summarized from Wilson W, Taubert KA, Gewitz M, etâ•¯al. Prevention of infective 
endocarditis: guidelines from the American Heart Association. Circulation 2007;116:1736–54.

in patients with mechanical heart valves.51 In addition, patients 
with AF associated with rheumatic mitral valve disease are at 
much higher risk for embolic events than those without valve 
disease, so the current expert clinical consensus is to use warfa-
rin in patients with rheumatic mitral valve disease and indications 
for anticoagulation. However, the choice of warfarin or newer 
agents in patients with AF and aortic valve disease or nonrheu-
matic mitral valve disease is less clear, and most experts believe 
that these patients should be treated by following the same guide-
lines as in patients without valve disease, particularly if valve 
disease is only mild or moderate in severity.52,53

ANTICOAGULATION CLINICS

Warfarin therapy is monitored by means of the international nor-
malized ratio (INR), because it provides a consistent measure of 
the degree of anticoagulation. Management by hospital-based 
anticoagulation clinics results in lower complication rates than 
standard care (Figure 9-3).54,55 Anticoagulation clinics also are 
cost effective because they are associated with lower rates of 
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TABLE 9-8	 Recommendations for Anticoagulation in 
Patients with Native Valvular Heart Disease

VALVE LESION RECOMMENDATION

Mitral valve disease with AF Warfarin, INR 2.0-3.0

Rheumatic mitral valve stenosis:
  Paroxysmal, persistent or 

permanent AF
Warfarin, INR 2.0-3.0

  Previous embolic event or LA 
thrombus (even with NSR)

Warfarin, INR 2.0-3.0

  Recurrent systemic emboli 
despite adequate 
anticoagulation

Add aspirin 80-100â•¯mg qd OR
dipyridamole 400â•¯mg qd OR
ticlopidine 250â•¯mg bid

Mitral valve prolapse:
  TIAs Long-term (75-325â•¯mg qd) aspirin
  AF and age <65 years with no 

other risk factors
Long-term (75-325â•¯mg qd) aspirin

  AF plus at least 1 other risk factor 
(age > 65 years, hypertension, 
MR murmur, or history of HF)

Warfarin, INR 2.0-3.0

  CVA with AF, MR, or LA thrombus Warfarin, INR 2.0-3.0

Infective endocarditis:
  Native valve or tissue prosthesis Anticoagulation therapy 

contraindicated
  Mechanical valve Continue or restart anticoagulation 

(heparin or warfarin) when 
neurologic condition allows

Nonbacterial thrombotic 
endocarditis:*

  With systemic emboli Heparin anticoagulation
  Debilitating disease with aseptic 

vegetations on 
echocardiography

Heparin anticoagulation

AF, atrial fibrillation; HF, Heart failure; CVA, cerebrovascular accident; INR, international 
normalized ratio; LA, left atrial; MR, mitral regurgitation; NSR, normal sinus rhythm; TIA, 
transient ischemic attack.
*This recommendation is not based on guidelines but is based on review of references  
7, 33-37, and 115.

FIGURE 9-2  Left atrial spontaneous contrast. Transesophageal imaging 
in a patient with rheumatic mitral stenosis shows diffuse mobile echodensities 
in the left atrium consistent with blood flow stasis. Arrow indicates the left atrial 
appendage with a possible thrombus. LA, left atrium; LV, left ventricle. (From 
Otto CM. Textbook of clinical echocardiography. 5th ed. Philadelphia: Elsevier, 2013.)

LA

LV

TABLE 9-7	 American Heart Association Recommendations for Endocarditis Prophylaxis for Dental Procedures

SITUATION AGENT

Regimen: Single Dose 30 to 60 Min Before 
Procedure

ADULTS CHILDREN

Oral Amoxicillin 2â•¯g 50â•¯mg/kg

Unable to take oral medications Ampicillin
OR

2â•¯g IM or IV 50â•¯mg/kg IM or IV

Cefazolin or ceftriaxone 1â•¯g IM or IV 50â•¯mg/kg IM or IV

Allergic to penicillins or ampicillin—oral Cephalexin*† 2â•¯g 50â•¯mg/kg
OR
Clindamycin 600â•¯mg 20â•¯mg/kg
OR
Azithromycin or clarithromycin 500â•¯mg 15â•¯mg/kg

Allergic to penicillins or ampicillin and unable to take 
oral medications

Cefazolin or ceftriaxone† 1â•¯g IM or IV 50â•¯mg/kg IM or IV
OR
Clindamycin 600â•¯mg IM or IV 20â•¯mg/kg IM or IV

IM, intramuscularly; IV, intravenously.
*Or other first- or second-generation oral cephalosporin in equivalent adult or pediatric dosage.
†Cephalosporins should not be used in individuals with anaphylaxis, angioedema, or urticaria penicillin or ampicillin.
From Wilson W, Taubert KA, Gewitz M, etâ•¯al. Prevention of infective endocarditis: guidelines from the American Heart Association. Circulation 2007;116:1736–54.

bleeding and hemorrhagic complications.56-76 Long-term manage-
ment is equally effective with periodic direct patient contact and 
with telephone encounters.57,77,78 The typical anticoagulation 
clinic is staffed by pharmacists with special expertise in antico-
agulation management, who use written policies and procedures 
developed in collaboration with the responsible physicians.

Another option is self-management of anticoagulation by 	
the patient using a small home monitoring device that uses a 

finger-stick blood sample. In randomized trials, conventional 
therapy and home management showed similar rates of antico-
agulation control, with an INR in the therapeutic range about two 
thirds of the time in both groups, although the rate of major com-
plications was lower in the home management group.79,80 A meta-
analysis of 14 randomized studies of home monitoring of warfarin 
therapy demonstrated lower rates of thromboembolic events, 	
all-cause mortality, and major hemorrhage.81 Investigators in all 
of these studies emphasize that home monitoring is appropriate 
only in selected patients and requires careful education and 
supervision.82
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At the initiation of therapy, a target INR and acceptable range 
are defined by the referring physician for each patient on the basis 
of published guidelines and clinical factors unique to that patient. 
The pharmacist interviews each patient with specific attention to 
current medications, diet, lifestyle, and any other factors that 	
may affect long-term anticoagulation therapy. In addition, patient 
education about anticoagulation, possible dietary and drug inter-
actions, recognition of complications of therapy, and the need for 
careful monitoring of the INR is provided verbally and through 
the use of a variety of media (such as pamphlets, recorded pre-
sentations, and computer-based material).

Typically, the INR is measured weekly (or more frequently) at 
the initiation of therapy with a typical interval of 4 weeks for 
patients on a stable therapeutic regimen. At each visit, the timing 
of the next INR measurement is determined on the basis of the 
current INR and any trends over the past several visits. In addition, 
further patient education and counseling are provided as needed. 
The pharmacist monitors concurrent medical therapy for any 
potential drug interaction, and the patient or physician can 
contact the pharmacist before starting new prescription or non-
prescription medications either to avoid possible interactions by 
choosing an alternate agent or to alert the pharmacist of the need 
for more frequent INR determinations if an effect is likely (Figures 
9-4 and 9-5).

Minor bleeding complications may be managed by the antico-
agulation clinic in consultation with the physician, depending on 
the specific protocol at each institution. If major bleeding epi-
sodes or thromboembolic events occur, the patient is triaged 
promptly for acute medical care. The anticoagulation clinic also 
manages changes in therapy necessitated by surgical or invasive 
procedures, according to policies developed in conjunction with 
the referring physician.

ANTICOAGULATION WITH NATIVE VALVE DISEASE

Paroxysmal, persistent, or permanent AF should be treated with 
anticoagulation, as stated in current guidelines, when aortic valve 
or nonrheumatic mitral valve disease is present.52 The risk of atrial 
thrombus and embolism is particularly high for AF in adults with 

FIGURE 9-3  Effect of pharmacist-led clinical care 
versus usual care on thromboembolic events. Data from 
a metaanalysis of 24 studies with 728,377 patients show the 
relative benefit of a pharmacist-led anticoagulation clinic 
versus standard care in terms of the incidence of thromboem-
bolic events. Patients in these studies were receiving warfarin 
anticoagulation for a variety of indications, including atrial 
fibrillation and a mechanical heart valve. Diamonds indicate the 
summary risk ratios and 95% confidence intervals (CIs).The sizes 
of the squares are proportional to the reciprocals of the vari-
ance of the studies. (From Saokaew S, Permsuwan U, Chaiyaku-
napruk N, etâ•¯al. Effectiveness of pharmacist-participated warfarin 
therapy management: a systematic review and meta-analysis. J 
Thromb Haemost 2010;8:2418–27.)
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MS; in these patients warfarin anticoagulation to maintain an INR 
of 2.0 to 3.0 is recommended. Warfarin anticoagulation also is 
recommended in patients with a previous embolic event or a LA 
thrombus, even with normal sinus rhythm (Figure 9-6).7,83-85 Some 
data support the use of warfarin anticoagulation in patients with 
MS and normal sinus rhythm with a LA dimension greater than 
55â•¯mm as well as in those with prominent spontaneous contrast 
on echocardiography, because of the high risk of atrial thrombus 
formation even in the absence of AF,86-89 but this clinical decision 
is also influenced by the severity of stenosis and the presence of 
comorbid conditions.

FIGURE 9-4  Stroke risk with mechanical valves. Incidence of ischemic 
and hemorrhagic stroke in patients with mechanical heart valves according to 
international normalized ratio (INR) category. (From Cannegieter SC, Rosendaal 
FR, Wintzen AR, etâ•¯al. optimal oral anticoagulant therapy in patients with mechani-
cal heart valves. N Engl J Med 1995;333:11–7.)
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In patients with infective endocarditis, anticoagulation should 
be avoided in general, given an increased risk of hemorrhagic 
transformation of embolic stroke in such patients and the lack of 
evidence of benefit.94-97 The major exception to the avoidance 
of anticoagulation in endocarditis is the presence of a mechani-
cal valve. In this situation, most studies suggest, long-term antico-
agulation should be continued, unless the patient experiences a 
stroke.98-100 The choice of intravenous (IV) heparin rather than 
warfarin therapy, so that anticoagulation can be promptly stopped 
in the event of a stroke, is controversial and depends on the 	
specific clinical circumstances of each case. If warfarin is used, 
close monitoring is needed because many antibiotics affect its 
metabolism.

General Health Maintenance
Adults with mild to moderate asymptomatic valve disease should 
be encouraged to maintain normal body weight and to remain 
physically fit with regular dynamic physical activity. There are no 
restrictions on participation in competitive sports for asymptom-
atic patients with valve disease who are in normal sinus rhythm, 
have normal LV size and systolic function, and have normal pul-
monary pressures at rest and with exercise. Even those with 
severe asymptomatic valve disease should also be encouraged to 
participate in regular low-level aerobic activity, although they 
should avoid participation in competitive sports and strenuous 
activity, as summarized in Table 9-9.101 Recommendations regard-
ing competitive sports are more problematic in patients with mod-
erate disease and should be individualized according to the 
presence of LV dilation or dysfunction and the patient’s hemody-
namic response to exercise. Patients undergoing long-term anti-
coagulation for AF or a prosthetic valve should avoid sports with 
the potential for bodily contact or falls.

Both pneumococcal and annual influenza vaccinations are 
recommended for all adults older than 65 years and are especially 
important in patients with valvular disease, in whom the increased 
hemodynamic demands of an acute infection may lead to cardiac 
decompensation. In younger patients with valve disease, routine 
immunization is indicated only if conditions associated with 
immunocompromise are also present.

Patients with heart valve disease should undergo assessment 
of risk factors for coronary artery disease and aggressive risk 
factor modification as appropriate. Because aortic valve sclerosis 
is associated with an increased risk of myocardial infarction and 
cardiac death, the finding of aortic sclerosis on echocardiogra-
phy should prompt a careful evaluation and initiation of treat-
ment for known cardiac risk factors (see Chapter 4).102,103 In 
addition, many patients with valvular disease need eventual sur-
gical intervention, and both surgical mortality and morbidity 
rates are markedly increased when coronary disease compli-
cates valvular heart disease. The negative impact of coexisting 
coronary disease is particularly striking for patients with MR, 
with coronary disease conferring an fourfold increase in surgical 
mortality104 and a 5-year survival half that of patients without 
coronary disease.105 In AS, concurrent coronary disease is associ-
ated with an approximate doubling of surgical mortality.104,106-109

Monitoring Disease Progression
Periodic noninvasive monitoring is essential for optimal timing of 
interventions in patients with valve dysfunction. Disease progres-
sion may be evident as changes in valve anatomy or motion; an 
increase in the severity of valve stenosis or regurgitation; LV dila-
tion, hypertrophy, or dysfunction in response to pressure and/or 
volume overload; or secondary effects of the valvular lesion, such 
as pulmonary hypertension or AF. The frequency of periodic 
evaluations is tailored to each case, depending on the severity of 
the lesion at the initial evaluation, the known natural history of 
the disease, indications for surgical intervention, and other clini-
cal factors in each patient. Clearly, there is no simple set of rules 

FIGURE 9-5  Risk of adverse events in patients with a mechanical 
valve. International normalized ratio (INR)–specific incidence of all adverse 
events (all episodes of thromboembolism, all major bleeding episodes, and 
unclassified stroke). The dotted lines indicate the 95% confidence interval. (From 
Cannegieter SC, Rosendaal FR, Wintzen AR, etâ•¯al. Optimal oral anticoagulant 
therapy in patients with mechanical heart valves. N Engl J Med 1995;333:11–17.)
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FIGURE 9-6  Left atrial thrombus. In this 45-year-old woman with severe 
mitral stenosis referred for balloon valvotomy, transesophageal biplane 
orthogonal images of the left atrial (LA) appendage show an irregular mass 
(arrow) consistent with atrial thrombus. (From Otto CM Textbook of Clinical Echo-
cardiography. 5th ed. Philadelphia: Elsevier, 2013.)

LA

LA

In the absence of AF, anticoagulation is not indicated for 
patients with aortic valve disease or asymptomatic mitral valve 
prolapse because of the low risk of embolic events with these 
lesions. Although elderly patients with mitral annular calcifica-
tion appear to be at higher risk for embolic events, there is no 
evidence that anticoagulation is beneficial unless they have con-
current AF.90-93 If patients with mitral prolapse have unexplained 
transient ischemic attacks, treatment with aspirin is recom-
mended. Long-term warfarin anticoagulation is indicated in the 
patient with mitral valve prolapse, with or without a documented 
systemic embolic event, who is in AF and has at least one other 
risk factor (age >65 years, MR, or LA thrombus).

In younger patients (<65 years) with mitral prolapse and AF, 
aspirin therapy is recommended unless there is a history of 
stroke, hypertension, MR, or LA thrombus—situations in which 
warfarin is appropriate. However, some clinicians would also 
consider warfarin therapy in the patient with mitral prolapse who 
has had a stroke and show excessive leaflet thickening (>5â•¯mm) 
or redundancy (even without AF or other risk factors) and in the 
patient with persistent transient ischemic attacks despite aspirin 
therapy.7
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TABLE 9-9
	 Recommendations for Participation in 

Competitive Sports for Adults with 
Asymptomatic Valvular Heart Disease*

Patients with Following Conditions Should Not Participate in Any 
Competitive Sports
•	 Severe MS
•	 MS of any degree with an exercise PA pressure >50â•¯mm Hg
•	 Severe MR with pulmonary hypertension, LV dilation (EDD 60â•¯mm or 

greater) or LV systolic dysfunction
•	 Severe AS
•	 Severe AR and LV dilation (EDD >65â•¯mm)

Avoid Sports with Risk of Bodily Contact
•	 All patients with valvular heart disease on long-term anticoagulation

Can Participate in All Competitive Sports
•	 Mild MS in NSR and an exercise PA pressure <50â•¯mm Hg
•	 Mild to moderate MR in NSR with normal LV size and function
•	 Mild AS (with annual evaluation of AS severity)
•	 Mild to moderate AR with normal LV size

AS, aortic stenosis; AR, aortic regurgitation; EDD, end-diastolic dimension; LV, left 
ventricular; MR, mitral regurgitation; MS, mitral stenosis; NSR, normal sinus rhythm; 
PA, pulmonary artery.
* Recommendations in patients with moderate asymptomatic valve disease are 
individualized according to the type and level of activity and objective measures of the 
patient’s exercise response.
Summarized from Bonow RO, Cheitlin MD, Crawford JH, etâ•¯al. Task Force 3: valvular heart 
disease. J Am Coll Cardiol 2005;45:1334–40.

that defines the optimal or most cost-effective frequency of evalu-
ation. However, on the basis of our current understanding of the 
natural history of valve disease, a framework for periodic evalu-
ation can be devised (Table 9-10). First, an initial complete diag-
nostic echocardiographic study is performed to define disease 
severity, LV size and systolic function, pulmonary pressures, and 
any associated abnormalities. Next, a basic frequency of repeat 
examinations is suggested for each valve lesion, depending on 
the severity of valve disease and, for valve regurgitation, the LV 
response to chronic volume overload.

However, the specific timing of repeat studies may need to be 
modified according to interim changes in symptoms or physical 
examination findings, new-onset AF, evidence of progressive LV 
dilation or early contractile dysfunction, or evidence of increasing 
pulmonary pressures. For example, an apparent increase in ven-
tricular dimensions in a patient with chronic regurgitation prompts 
a repeat evaluation at a shorter interval to distinguish a pathologic 
change from normal physiologic or measurement variation. Simi-
larly, a change in symptom status in a patient with myxomatous 
mitral valve disease warrants reevaluation because a sudden 
change in regurgitant severity due to chordal rupture may have 
occurred. In addition, more frequent examinations are warranted 
when quantitative parameters are approaching the values defined 
as optimal for timing of surgical intervention.

In other clinical situations, reevaluation may be indicated to 
assess hemodynamics under changing physiologic conditions 
(such as during pregnancy), to guide a surgical or interven-
tional procedure, or to assess results and complications after an 
intervention. In patients with comorbid diseases, such as those 
undergoing noncardiac surgery, a repeat echocardiographic 
examination may be needed to assist in medical and/or surgical 
management.

Medical Therapy of Valvular  
Heart Disease

Primary Treatment
Ideally, the treatment of patients with primary disease of the valve 
leaflets should be directed toward the underlying disease process 

TABLE 9-10	 Framework for Periodic Echocardiography 
in Patients with Valvular Heart  
Disease

Step 1: Initial Diagnostic Study
A comprehensive baseline echocardiographic and Doppler examination. 

Transesophageal imaging should be considered if transthoracic images 
are nondiagnostic.

Step 2: Basic Frequency of Examination
The basic frequency of echocardiographic examination, given in the 

following table, provides a starting point for each patient that will be 
modified as appropriate in Steps 3 and 4.

VALVE LESION SEVERITY
BASIC 

FREQUENCY

Aortic stenosis Mild (Vmax <3.0â•¯m/s) 3-5 years
Moderate (Vmax 3-4â•¯m/s) 1-2 years
Severe (Vmax >4.0â•¯m/s) Annually

Aortic regurgitation Mild 2-3 years
Moderate, normal LV size 1-2 years
Severe, normal LV size Annually
Severe, LV dilation 6-12 months

Mitral stenosis Mild (MVA >2.0â•¯cm2) 2-3 years
Moderate (MVA 1-2â•¯cm2) Annually
Severe (MVA <1.0â•¯cm2) 6-12 months

Mitral regurgitation Mild 2-3 years
Moderate 1-2 years
Severe, normal LV size Annually
Severe, change in LV size or function 6 months

Step 3: Modifiers of Examination Frequency
Modifiers that Increase Frequency
Interim change in symptoms or physical examination findings
New-onset atrial fibrillation
Evidence for progressive LV dilation and/or early contractile  

dysfunction
Evidence for increasing pulmonary pressures

Modifiers that Decrease Frequency
Stable findings over 2-3 examination intervals

Step 4: Special Situations
Preoperative evaluation before noncardiac surgery
Pregnancy
Monitoring interventional procedures
Assessment of complications and hemodynamic results after an 

intervention
Intraoperative transesophageal monitoring

LV, left ventricular; MVA, mitral valve area; Vmax, maximal velocity across the valve.

affecting valve anatomy and function. Worldwide, primary pre-
vention of rheumatic heart disease would have a dramatic impact 
on the incidence of valve dysfunction. In patients with rheumatic 
heart disease, prevention of recurrent episodes of rheumatic fever 
is critical for preventing further valve damage and progressive 
disease. However, currently no specific therapies are available to 
prevent or reverse the primary disease processes in other types 
of valve disease.

The recognition that calcific valve disease is an active disease 
process with similarities to atherosclerosis led to the hypothesis 
that disease progression might be prevented by lipid-lowering 
therapy (see Chapters 3 and 4). However, well-designed random-
ized prospective trials of lipid-lowering therapy in adults with 
mild to moderate calcific aortic valve disease have shown no 
effect on disease progression or the need for valve replacement 
(see Chapter 11).110-112 It is to be hoped that further research will 
lead to targeted therapy to prevent disease progression in adults 
with calcific valve disease.
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earlier surgical or percutaneous intervention might prevent atrial 
enlargement and eventual AF. Surgical intervention for MR soon 
after the onset of AF (within 3 months) is more likely to restore 
sinus rhythm than surgical intervention in patients with AF of 
longer duration but is not uniformly successful.133,134 In patients 
with MS, AF usually recurs or persists after intervention.

Prevention of Pulmonary Hypertension
The chronic elevation in LA pressure associated with mitral valve 
disease results in a passive increase in pulmonary pressures that 
resolves when LA pressure decreases after surgical or percutane-
ous intervention. However, reactive changes in the pulmonary 
vasculature may become superimposed on this passive rise in 
pressure with secondary histologic changes, leading to irrevers-
ible pulmonary hypertension. Intervention prior to the onset of 
irreversible changes is desirable to avoid long-term complications 
of right heart failure. In some patients, an excessive rise in pul-
monary pressures with exercise may be the first clue that interven-
tion is needed to prevent further irreversible changes in the 
pulmonary vasculature.135

In adults with aortic valve disease, pulmonary hypertension is 
a risk factor for operative mortality and long-term survival.136 Pre-
liminary studies suggest that phosphodiesterase type 5 inhibitors 
might be beneficial in reducing systemic and pulmonary vascular 
resistance in patients with AS.137

Medical Treatment of Symptomatic Disease
Although the goal in management of patients with valvular 
disease is to avoid symptoms and the need for medical therapy 
by optimizing the timing of surgical intervention, some patients 
have persistent symptoms after surgery, have symptoms only in 
response to a superimposed hemodynamic stress (such as preg-
nancy), or are not candidates for surgical intervention. In these 
situations, medical therapy is based primarily on adjustment of 
loading conditions and control of heart rate and rhythm.

Patients with pulmonary congestion are treated with diuretics 
to decrease LA and pulmonary venous pressures whether ele-
vated LA pressures are due to LV dysfunction, MR, or MS. However, 
when MS is present, care is needed to ensure that LA pressures 
allow adequate LV diastolic filling across the narrowed valve. In 
patients with AS, diuretics should be used cautiously because 
pulmonary congestion often is due to diastolic dysfunction rather 
than volume overload. The further decrease in ventricular dia-
stolic volume induced by diuretics may worsen symptoms as mid-
cavity ventricular obstruction develops in the small, hypertrophied, 
hyperdynamic left ventricle.

Afterload reduction is most beneficial for treatment of heart 
failure symptoms in patients with acute aortic or mitral 	
regurgitation. With acute regurgitation, a continuous intrave-
nous infusion of nitroprusside may be used. Intraaortic balloon 
counterpulsation provides effective afterload reduction while 
maintaining coronary diastolic perfusion pressures in patients 
with acute MR. However, an intraaortic balloon is contraindi-
cated in patients with aortic regurgitation (AR), because the 
increase in aortic diastolic pressure results in more severe valve 
regurgitation. In symptomatic patients with chronic regurgita-
tion, standard therapy for heart failure is reasonable, including 
afterload reduction, only if surgery is not an option or if heart 
failure occurs in the setting of a reversible hemodynamic 	
stress. In patients with MS, afterload reduction is not helpful 
because the ventricle typically is small with normal systolic 
function.

In the past, there was concern that afterload reduction in adults 
with severe AS might result in a precipitous fall in blood pressure 
due to peripheral vasodilation, because only a fixed stroke 
volume can be pumped though the rigid orifice.138,139 However, 
other studies suggest that cautious use of afterload reduction is 
well tolerated and may be beneficial.140,141 Most likely the benefit 

Prevention of Left Ventricular  
Contractile Dysfunction
As discussed in Chapter 5, the basic response of the left ventricle 
to the chronic volume overload imposed by aortic or mitral regur-
gitation is an increase in chamber size. Initially, LV systolic function 
is normal; however, with long-standing disease, contractile dys-
function may supervene and may not improve after intervention 
to correct the regurgitant lesion. Most patients demonstrate symp-
toms that prompt consideration of valve surgery, but in a subset of 
patients, LV dysfunction occurs prior to symptom onset.113,114 Thus, 
a major focus of the medical management of patients with chronic 
valvular regurgitation is periodic noninvasive evaluation to 
monitor LV size and systolic function. The rationale for sequential 
monitoring is that surgical intervention can be performed just 
before (or soon after) the onset of contractile dysfunction.

A more elusive goal in the medical therapy of patients with 
chronic regurgitation is to prevent or delay progressive LV dilation 
and contractile dysfunction, thus delaying the need for surgical 
intervention. Afterload reduction therapy improves acute hemo-
dynamics, but clinical studies have yielded variable results on the 
potential benefit of afterload reduction to prevent progressive LV 
dilation in response to chronic aortic or mitral regurgitation (see 
Chapters 12 and 18). There currently are no Class I indications for 
afterload reduction therapy in nonhypertensive adults with 
chronic asymptomatic aortic or mitral regurgitation.7,38,115,116 
However, adults with chronic regurgitation and elevated blood 
pressure, which is common in this patient group, should receive 
appropriate antihypertensive therapy. Instead of altering systemic 
vascular resistance, another approach to therapy is to prevent 
adverse effects on the LV myocardium. A pilot study of beta-
blocker therapy in patients with MR showed a favorable trend in 
prevention of LV systolic dysfunction by this therapy in compari-
son with the placebo.117 These data may stimulate larger prospec-
tive trials of therapy directed toward preserving LV function in 
adults with valve dysfunction.118

In patients with asymptomatic valvular AS, the development of 
LV contractile dysfunction is uncommon, occurring in less than 
1%,119 so the timing of surgical intervention is based on symptom 
onset rather than on changes in LV geometry or function.120 There 
are no known medical therapies to prevent or modify the develop-
ment of LV hypertrophy in adults with AS, and it is not clear that 
preventing this adaptive response would improve outcome. 
However, speckle tracking echocardiographic strain imaging has 
shown that subclinical changes in LV longitudinal shortening 
occur early in the disease process.121 There also has been consid-
erable interest in the changes in diastolic ventricular dysfunction 
that occur in patients with AS.122-124 It has been hypothesized that 
surgical intervention prior to the development of irreversible 
changes in the myocardium might improve long-term clinical 
outcome.125-128 Again, however, no medical therapy is known to 
prevent early systolic or diastolic dysfunction in patients with 
pressure overload hypertrophy.

Prevention of Left Atrial Enlargement  
and Atrial Fibrillation
Progressive LA enlargement and AF typically complicate the clini-
cal course of mitral valve disease. Both MR and MS are associated 
with LA dilation due to the pressure and/or volume overload of 
the left atrium.129-131 AF occurs frequently, particularly in older 
patients and in patients with severe and long-standing disease. 
Atrial enlargement and fibrillation occasionally complicate aortic 
valve disease, typically late in the disease course, and may 
worsen hemodynamics substantially as a result of the loss of the 
atrial contribution to ventricular filling.132

Medically, there is no specific therapy to prevent these compli-
cations of the disease process, although it has been proposed that 
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disease, and coronary flow patterns are affected by valve 
hemodynamics.154-156 Thus, direct imaging of coronary anatomy, 
usually by coronary angiography but alternatively with high-
resolution CT, may be needed. If the cause of symptoms remains 
unclear after consideration of the severity of valve and coronary 
disease, it may be appropriate to consider a percutaneous coro-
nary intervention. If symptoms resolve, continued treatment of 
coronary disease is reasonable; persistence of symptoms suggests 
that the cause is the valve disease. Standard approaches to per-
cutaneous and medical therapy of coronary disease are appropri-
ate in adults with valvular heart disease.

Aortic Disease
Aortic valve dysfunction may be due to or associated with 
abnormalities of the aortic root. In adults with a bicuspid valve, 
dilation of the aortic sinuses or ascending aorta is common, 
and patients with a bicuspid aortic valve have an increased 	
risk of aortic dissection (see Chapter 13). In adults with a 
primary abnormality of the aorta, such as Marfan syndrome, AR 
may be the result of aortic dilation with relatively normal valve 
anatomy. Tomographic imaging using a wide field of view, 
either cardiac CT or CMR, is typically needed in addition to 
echocardiography for evaluation and monitoring of the location 
and degree of aortic dilation, because echocardiography cannot 
reliably evaluate the entire length of the aorta. When aortic dila-
tion is present, the severity of aortic involvement may be the 
primary driver for repeat imaging and for the timing of surgical 
intervention.157

Arrhythmias
In patients with mitral valve disease and AF, restoration and main-
tenance of sinus rhythm is of high priority both to prevent atrial 
thrombus formation (as discussed previously) and to preserve the 
atrial contribution to LV diastolic filling. Approaches to restoring 
and maintaining sinus rhythm are no different in these patients 
from those in patients without valve disease, other than the 
increased awareness of embolic risk and need for appropriate 
anticoagulation (see Table 9-3).52 There is growing interest in 

of afterload reduction is a greater degree of leaflet motion and 
increase in functional valve area, when cardiac output is 
increased.142,143 Particularly when there is coexisting LV dysfunc-
tion, the decrease in systemic vascular resistance may lead to 
improved LV contractility and an increase in LV output as a result 
of greater opening of the valve leaflets.144

Management of Concurrent 
Cardiovascular Conditions

Hypertension
Concurrent hypertension is common in adults, with prevalence 
close to 50% after age 65 years. Thus, many patients with valve 
disease also have hypertension, which should be treated accord-
ing to established guidelines. Treatment of hypertension is well 
tolerated in patients with mitral valve disease so modification in 
therapy is rarely needed because of the valve lesions.

Treatment of hypertension in patients with aortic valve disease 
is especially important to reduce total ventricular afterload, which 
includes both the load imposed by the valve lesions and the 
systemic vascular resistance. With AR, two factors are important 
in treatment of hypertension. First, severe AR is characterized by 
a wide pulse pressure; overtreatment of systolic pressure that is 
high due to large total stroke volume may result in excessively low 
diastolic pressure. In theory, the low pressure could compromise 
diastolic coronary blood flow. Second, therapy that lowers heart 
rate may result in a higher systolic blood pressure as a result of 
an even larger stroke volume with a longer diastolic filling period. 
Thus, if a beta-blocker is used, additional therapy with an 
afterload-reducing agent may be needed.

In patients with AS, treatment of hypertension should follow 
standard approaches, except that therapy should be initiated at 
low doses and slowly titrated to the therapeutic dose to avoid 
hypotension. Diuretics should be avoided, particularly in elderly 
women with AS, who typically have a small hypertrophied ven-
tricle, because any decrease in preload would reduce forward 
cardiac output. Despite concerns in the past that systemic vaso-
dilation might result in hypotension because of lack of a compen-
satory increase in stroke volume across the narrowed valve as 
systemic resistance decreases, angiotensin-converting enzyme 
inhibitor therapy is well tolerated in adults with moderate AS.145 
Afterload reduction therapy has been proposed as having poten-
tial, but unproven, benefit for preservation of ventricular systolic 
and diastolic function in AS.146,147 The presence of hypertension 
may affect the accuracy of measures of AS severity, so blood pres-
sure should be controlled before assessment of valve disease 
severity.148-151

Coronary Artery Disease
Coronary artery disease also is common in adults with heart valve 
disease as expected on the basis of age, sex, and clinical risk 
factors in this patient group.152 In most patients undergoing valve 
surgery, coronary angiography is needed because concurrent 
coronary artery bypass grafting is recommended when significant 
disease is present. Similarly, the timing of valve intervention may 
be affected by the presence and severity of coronary disease, 
particularly when a patient with asymptomatic AS is referred for 
valve surgery (Table 9-11).

In adults with asymptomatic valve disease, prevention of coro-
nary disease based on risk factor evaluation and modification is 
essential. When symptoms occur, particularly angina, it may be 
difficult to distinguish whether symptoms are due to coronary or 
valve disease.153 The resting electrocardiogram (ECG) often 
shows LV hypertrophy and ST changes due to valve disease. Both 
exercise and pharmacologic stress testing are less accurate for 
detection of coronary stenoses when valve disease is present 
because exercise duration may be limited by valve, not coronary, 

TABLE 9-11
	 Indications for Evaluation of Coronary 

Anatomy in Adults with Valvular  
Heart Disease

Prior to Surgical or Percutaneous Valve Procedures in Patients 
with:
•	 Chest pain
•	 Objective evidence of ischemia
•	 Decreased left ventricular (LV) systolic function
•	 History of coronary disease
•	 Coronary risk factors (including age):*

•	 Men ≥35 years
•	 Postmenopausal women
•	 Women ≥35 years with coronary risk factors

Mild to Moderate Valve Disease in Patients with:
•	 Progressive angina
•	 Objective evidence of ischemia
•	 Decreased LV systolic function
•	 Heart failure

*Patients undergoing balloon mitral valvotomy do not need coronary angiography solely 
on the basis of coronary disease risk factors.
Summarized from Class I indications in Bonow RO, Carabello BA, Chatterjee K, etâ•¯al. 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) developed in collaboration with the Society of 
Cardiovascular Anesthesiologists endorsed by the Society for Cardiovascular Angiography 
and Interventions and the Society of Thoracic Surgeons. J Am Coll Cardiol 2006;48:e1–148.
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Noncardiac Surgery in Patients  
with Valve Disease
Most adults with valvular heart disease can safely undergo non-
cardiac surgery, particularly when they have only mild or moder-
ate disease.166 The key principles in management of patients 
with valvular heart disease undergoing noncardiac surgery are as 
follows:
•	 Accurate assessment of the severity of valve disease
•	 Determination of symptom status
•	 Hemodynamic monitoring in the perioperative period
•	 Optimization of loading conditions

Most adverse outcomes of noncardiac surgery in adults with 
valve disease are due to failure to recognize the presence of valve 
disease preoperatively.167 When valve disease is suspected from 
history or physical examination findings, echocardiography is 
appropriate to identify and define the severity of any valve lesions.

In asymptomatic patients, valve regurgitation, even if severe, is 
generally well tolerated during noncardiac surgery. However, 
patients with moderate to severe left-sided valve obstruction are 
at higher risk because an elevated preload results in pulmonary 
edema and a low preload results in hypotension due to a low 
cardiac output. Such patients also tolerate peripheral vasodilation 
poorly because of the inability to increase stroke volume when 
systemic vascular resistance falls. In asymptomatic patients with 
stenotic lesions, invasive hemodynamic monitoring is often 
helpful, beginning in the preoperative setting, to allow optimiza-
tion of loading conditions, and continuing for 48 to 72 hours 
postoperatively, during the period of major changes in volume 
status. Intraoperative echocardiography and participation of an 
experienced cardiac anesthesiologist also are recommended. 
When left-sided valve obstruction is very severe, relief of stenosis 
prior to noncardiac surgery may be considered, depending on the 
urgency of the noncardiac surgery and whether a percutaneous 
approach to relief of valve obstruction is possible.168

Symptoms due to valve disease are an indication for a correc-
tive valve procedure. Thus, elective noncardiac surgery should be 
deferred until after treatment of the valve lesion whenever pos-
sible. With urgent surgery, symptomatic valve regurgitation is 
managed with the use standard heart failure regimens based on 
hemodynamic parameters. Symptomatic severe left-sided valve 
obstruction can sometimes be managed with the combination of 
invasive hemodynamic monitoring, intraoperative echocardiog-
raphy, and an experienced cardiac anesthesiologist. However, in 
the patient with MS, balloon mitral valvotomy should be consid-
ered if valve anatomy is suitable and there is no LA thrombus. In 
the patient with severe symptomatic AS who needs an urgent 
noncardiac surgical procedure, balloon mitral valvotomy or per-
cutaneous valve implantation may be considered. Management 
of women with valve disease during pregnancy is discussed in 
Chapter 27.

Patient Education
Patient education is the key to compliance with periodic nonÂ�
invasive monitoring, prevention of complications, and the 	
early recognition of symptoms in patients with valvular heart 
disease. Each patient should understand the expected long-term 	
prognosis, potential complications, typical symptoms, the ratio-
nale for sequential monitoring, and the indications for surgical 
intervention. Appropriate education avoids needless concern and 
prompts early reporting of symptoms, allowing optimal timing of 
surgical intervention. Increasingly, patients are actively involved 
in decisions about timing of surgery and choice of intervention.

Patients also should be knowledgeable about the risk of infec-
tive endocarditis and the importance of maintaining optimal oral 
hygiene, including regular dental care. Education about the clini-
cal presentation of endocarditis and the importance of obtaining 
blood cultures before antibiotics are started allows the patient to 

concurrent procedures, such as the maze procedure, to restore 
sinus rhythm at the time of surgical intervention for mitral valve 
disease.158,159 AF ablation is unlikely to be successful when signifi-
cant valve disease is present unless the hemodynamic abnormal-
ity also is corrected. Often the onset of AF is the first sign of 
hemodynamic decompensation in patients with chronic slowly 
progressive valve diseases.

When sinus rhythm cannot be maintained, ventricular rate is 
controlled with standard approaches. Rate control is especially 
important in patients with MS because a shortened diastolic filling 
time may result in a symptomatic decrease in forward cardiac 
output.160,161

Even when sinus rhythm is present, heart rate control may be 
needed in patients with valve disease. For example, the increased 
heart rate (and shortened diastolic filling time) associated with 
pregnancy in a patient with MS leads to inadequate ventricular 
filling and a reduced cardiac output. Slowing the heart rate with 
a beta-blocker improves diastolic filling and restores a normal 
cardiac output.162,163 Another example is the elderly patient with 
AS. Bradycardia may develop in such a patient, as a result of 
either calcification of the conduction system with heart block or 
sick sinus syndrome, which further reduces the total cardiac 
output across the stenotic valve, leading to cardiac symptoms. 
Symptoms due to bradycardia resolve after placement of a pace-
maker, possibly allowing deferral of aortic valve surgery.

There is an increased risk of sudden death in patients with 
significant LV dilation or dysfunction due to chronic AR,164 which 
is prevented by aortic valve replacement. Mitral valve prolapse 
also is associated with an increased risk of sudden death, but use 
of antiarrhythmic therapy or placement of an automated implanted 
defibrillator is based on standard indications for these proce-
dures, not on the presence of valve disease alone.165

Heart Failure
Heart failure due to valve stenosis or regurgitation is an indication 
for surgical or transcatheter intervention with either aortic or 
mitral valve disease. When severe valve disease is present, it is 
likely that heart failure is due to the valve lesion. For example, 
severe AR results in LV dilation and systolic dysfunction. With 
prompt valve replacement, ventricular size and function return to 
normal.

However, when only mild to moderate valve disease is present 
and there is evidence of heart failure, evaluation for other causes 
is appropriate. The combination of moderate to severe AS and 
moderate to severe LV dysfunction is a particular clinical chal-
lenge because it can be difficult to distinguish whether AS 
resulted in ventricular dysfunction or whether the poor ventricu-
lar function contributes to reduced aortic valve opening (see 
Chapter 11).

When heart failure is not due to valve dysfunction, standard 
approaches to medical therapy and continued sequential moni-
toring of valve disease are reasonable. In the patient with AS, 
therapy may need to be started at low doses and titrated upwards 
slowly to avoid hypotension due to an abrupt change in systemic 
vascular resistance. Evaluation of volume status should include 
consideration of the effects of valve dysfunction on ventricular 
filling as well as standard parameters. For example, in the patient 
with MS, the left ventricle may still be underfilled when central 
venous and pulmonary venous pressures are elevated.

Heart failure also may be the cause of valve dysfunction. For 
example, primary ventricular dilation and dysfunction result in 
secondary (or functional) MR due to distortion of the normal 
mitral annular-ventricular geometry, even when the mitral valve 
is structurally normal. Primary MR and secondary MR are distin-
guished by the relative time courses of ventricular and valvular 
dysfunction, valve anatomy, and the absence of other causes for 
myocardial dysfunction. In patients with secondary MR, treat-
ment of ventricular dysfunction may result in a decrease in regur-
gitant severity (see Chapter 19).
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calcific aortic stenosis. Am Heart J 1981;101(1):32–7.

46.	 Pleet AB, Massey EW, Vengrow ME. TIA, stroke, and the bicuspid aortic valve. Neurology 
1981;31(12):1540–2.

47.	 Chambers J, Bach D, Dumesnil J, et al. Crossing the aortic valve in severe aortic stenosis: 
no longer acceptable? J Heart Valve Dis 2004;13(3):344–6.

48.	 Chu JW, Chen VH, Bunton R. Thrombosis of a mechanical heart valve despite dabiga-
tran. Ann Intern Med 2012;157(4):304.

49.	 Price J, Hynes M, Labinaz M, et al. Mechanical valve thrombosis with dabigatran. J Am 
Coll Cardiol 2012;60(17):1710–11.

50.	 Stewart RA, Astell H, Young L, et al. Thrombosis on a mechanical aortic valve whilst 
anti-coagulated with dabigatran. Heart Lung Circ 2012;21(1):53–5.

make sure primary care physicians consider the possibility of 
endocarditis with a febrile illness. The patient with a prosthetic 
valve should be aware of situations in which endocarditis prophy-
laxis is needed and the specific antibiotic regimen to be used.

Patients undergoing long-term anticoagulation need both edu-
cation and a reliable and available source for consultation regard-
ing warfarin dose, interactions with other medications, and 
prompt evaluation of any complications.

All patients with valvular heart disease should be evaluated for 
risk factors for coronary artery disease and should receive educa-
tion and appropriate therapy for coronary risk factor reduction.

Because the risk of pregnancy in patients with valve dysfunc-
tion ranges from normal to very high, this risk should be esti-
mated and discussed with the patient (see Chapter 27). In patients 
with very high-risk valve lesions, surgical correction prior to a 
planned pregnancy should be considered. In women undergoing 
long-term anticoagulation, the issue of warfarin versus heparin 
anticoagulation during pregnancy should be addressed. In addi-
tion, contraception options should be reviewed with all women 
with valvular disease.

In patients with inherited forms of valve disease, such as Marfan 
syndrome, the physician should make every effort to ensure that 
other family members are screened for the disease. With the 
greater understanding of the genetic basis of myxomatous mitral 
valve disease and bicuspid aortic valve, screening of family 
members also may be appropriate for patients with these condi-
tions, particularly if there is a family history of sudden death or 
aortic dissection.
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factors, a concept termed “case mix.”5-9 It is possible to reduce or 
eliminate outcome variability due to case mix through a number 
of methods, including randomization, which should balance  
both known and unknown risk factors. However, this is possible 
only in randomized controlled trials, which have their own  
shortcomings, such as the “generalizability” of the outcomes. 
Therefore, we have come to rely on registries when comparing 
outcomes among various treatments or providers. The use of 
covariate matching or propensity score matching techniques, 
which balance known risk factors, can be used to balance patient 
variables. However, in the majority of observational studies, risk 
adjustment has been used to account for case mix.10,11 With the 
use of statistical modeling techniques, most commonly multivari-
able regression analysis, the association between individual risk 
factors, known as predictor variables or covariates, and outcomes 
can be determined.12 Once the impact of each risk factor is deter-
mined from a given population sample, it becomes possible to 
estimate the probability of the outcome for patients having par-
ticular combinations of these risk factors.

Although risk models have been utilized for many years, their 
broader applicability and critical importance became more  
fully appreciated after the aforementioned 1986 release of unad-
justed hospital outcome data by HCFA. Soon after this release, 
The Society of Thoracic Surgeons (STS) established an Ad Hoc 
Committee on Risk Factors for Coronary Artery Bypass Surgery.13 
Subsequently, a committee began work on the development of 
The STS National Cardiac Database, which was formally estab-
lished in 1989.14 Subsequently, risk models have been utilized to 
adjust cardiac surgery outcomes for preoperative patient charac-
teristics and disease severity.15 Many other clinical databases have 
been established to assess outcomes not only in cardiac surgery 
but also in cardiology and other fields. Many of them have devel-
oped risk models based on those registries. There is significant 
variability among these models, which are accounted for by the 
population studied, the period of the data collection, and the 
statistical techniques used to develop the model. This chapter 
examines the intricacies of how these factors bear on the assess-
ment of risk in patients with valvular heart disease.

How Risk Algorithms Are Constructed
Risk scores are predicted probabilities calculated from a multi-
variable logistic regression model calibrated on data from within 
a fixed time. It is, of course, a given that no risk adjustment 
model is better than the data on which it is based. Administrative 
databases, such as the CMS Medicare Provider Analysis and 
Review (MEDPAR) file, provide a readily available source of data 
on millions of patients. However, the file is based on claims data 
used for administrative billing purposes and does not capture 
key clinical data fields, such as ejection fraction, that may play a 
significant role in clinical outcomes. Hence, the first key compo-
nent in constructing a robust risk model is the use of a clinical 
database with as complete and accurate data as possible. The 

Background
Outcomes data from medical procedures are commonly used to 
compare treatments or providers. Early databases were originally 
used to assess outcomes from cardiac surgical procedures, most 
commonly coronary artery bypass grafting (CABG). These regis-
tries were first constructed in the United States from administra-
tive data from the U.S. Health Care Financing Administration 
(HCFA), the precursor to the current Center for Medicare and 
Medicaid Services (CMS). Although the purpose of publishing 
these database registries was to assess outcomes in various clini-
cal programs, providers correctly argued that such data did not 
account for various patient-specific factors that may impact out-
comes.1,2 This objection led directly to the development of a 
number of high-quality clinical databases and risk models to 
account for these patient-specific factors, especially in cardiac 
surgery.3,4

Because patient outcomes may be influenced by severity of 
illness, treatment effectiveness, and chance, such comparisons 
must account for differences in the prevalence of patient risk 

Key Points
■	 Risk scores are predicted probabilities calculated from a multivariable 

logistic regression model calibrated on data from within a fixed time.
■	 Risk algorithms are accurate only for the population and in the time 

frame in which they are developed and validated. Risk algorithms 
cannot reliably be applied to populations and treatments other than 
those in which they were developed.

■	 Risk adjustment loses accuracy at the extremes of the population 
studied when there are too few patients upon which to build a 
statistically valid model. This accounts for some of the overestimation 
of risk seen with many models.

■	 Risk algorithms cannot account for variables not collected or 
analyzed.

■	 Unless the factors upon which the risk algorithm is formulated are 
based on complete and accurate data, it is likely that an inaccurate 
predictor will result.

■	 Risk adjustment allows for a more meaningful analysis of hospitals or 
therapies for comparative safety and/or effectiveness of treatment. 
Public reporting of surgical outcomes in the United States is by 
risk-adjusted results, in which the observed outcome divided by the 
expected outcome is based on known patient risk factors.

■	 Current risk predictive models developed for surgical aortic 
valve replacement are inaccurate, are not applicable, and yield 
misinformation if applied to evaluation of candidates for transcatheter 
aortic valve implantation (TAVI). Patients being assessed for TAVI are 
at the extremes of risk, where the current risk models fail because 
there are too few patients at the higher extremes of risk to yield robust 
discrimination of risk. The risk models were neither developed nor 
validated for TAVI and are therefore highly likely to be invalid for it. 
They do not take into account variables that may play a significant 
role in risk, including porcelain aorta, previous radiation therapy, 
liver disease, and frailty.
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“user-friendliness” in order to facilitate complete and accurate 
collection and ensure that the tool is routinely employed in deci-
sion making. Indeed, one risk algorithm for aortic stenosis, the 
Age, Creatinine, Ejection Fraction (ACEF) score, provides reason-
able prediction using only the three factors in its name: age, 
serum creatinine level, and ejection fraction.27

Uses of Risk Algorithms
Profiling risk in patients undergoing medical procedures serves 
many purposes.28 First, it allows outcomes prediction for indi-
vidual patients so that both patient and caregiver can be better 
informed in making decisions regarding the advisability and risks 
of a specific medical procedure. Second, patients undergoing 
medical procedures frequently have comorbidities that cause 
varying levels of risk and therefore may adversely affect the out-
comes of a procedure. When different modalities of treatment or 
different caregivers are compared, risk adjustment allows for a 
balanced analysis of outcomes by accounting for the risk factor 
variation among different patient cohorts. This correction allows 
for a “more level playing field” of outcomes assessment; also, this 
achievement of an “apples-to-apples” comparison is one of the 
advantages of clinical outcomes databases over administrative 
databases, which have limited ability to adjust risk.

Risk adjustment, therefore, allows for a more meaningful analy-
sis of hospitals or therapies for comparative safety and/or effec-
tiveness of treatment. One could, for example, compare two 
standard procedures (e.g., CABG surgery and percutaneous coro-
nary intervention) or a new procedure with an existing standard 
(e.g., TAVI and surgical AVR) for outcomes comparisons in differ-
ent centers. Public reporting of surgical outcomes in the United 
States is by risk adjusted results, in which the observed outcome 
divided by the expected outcome is based on known patient risk 
factors. This approach creates an observed-to-expected ratio 
(O/E) that is a multiplier of the observed mortality. An O/E ratio 
of less than 1 is indicative of a better-than-expected outcome, 
whereas a ratio greater than 1 means the outcome is worse than 
expected on the basis of the patient’s existing comorbidities or 
risk factors. Without the risk adjustment that takes into account 
these patient specific factors that may adversely affect outcomes, 
meaningful comparison is not possible.

What Can Be Predicted?
The earliest and most common use of risk prediction was for 
evaluating early mortality after isolated CABG. Because the pro-
cedure was performed commonly and outcomes were publicly 
reported, risk prediction for an “apples-to-apples” comparison 
among surgical centers performing CABG became common. 
“Early mortality,” as defined by the STS, includes all deaths occur-
ring before 30 days whether in or out of the hospital and any death 
occurring in the hospital at any time. Other risk prediction models 
for early mortality include only in-hospital mortality, which misses 
approximately 10% of the early deaths. The advantage of report-
ing in-hospital mortality is that the data are more easily collected 
and probably more accurate. The disadvantage, however, is that 
very ill postoperative patients who are quite likely to die are fre-
quently discharged to long-term acute care or skilled nursing 
facilities less than 30 days after surgery and are therefore not 
counted. In a 2012 analysis of EuroSCORE II outcome data, for 
example, in which hospital mortality is around 4%, adding 30-day 
mortality increases the reported mortality by about 0.6%, and 
adding 90-day mortality increases it further by about 0.9%.29 
When one is comparing various risk predictors, it is important to 
be sure that the same data definitions are being used by each 
model.

Risk prediction models for early mortality after cardiac surgery 
have been expanded to use for other procedures. In addition 
isolated CABG (c-index 0.78), risk prediction is available for iso-
lated surgical AVR, isolated mitral valve repair or replacement, 

second key factor is to use statisticians with sufficient experience 
in risk modeling because different multivariable equations can 
be developed from the same data.15

Three techniques have been used for construction of cardiac 
surgery risk models. Bayesian models were initially used for the 
STS database to account for the significant amount of missing 
data. As data completeness improved, logistic regression models 
were used; The most common statistical technique used cur-
rently, logistic regression is employed not only by the STS but also 
by the models constructed by New York State,16 the Veterans 
Administration,17 and the Northern New England Cardiovascular 
Disease Study Group.18 Other models, such as the Parsonnet 
score19 and the European System for Cardiac Operative Risk Evalu-
ation (EuroSCORE),20 use simple additive scores with weights 
derived from logistic regression models. There is some evidence 
that logistic regression models perform better.21

For development of a risk model, the study population is usually 
divided into a development or training sample and a validation 
or test sample. For the STS Isolated Valve Risk model, the study 
population was randomly divided into a 60% development sample 
and a 40% validation sample. The development sample was then 
used to identify predictor variables and estimate model coeffi-
cients. Data from the validation sample were used to assess 
model fit, discrimination, and calibration.22 Discrimination refers 
to the model’s ability to separate two groups studied, for example, 
survivors and nonsurvivors. An area under the receiver operating 
characteristic curve (AUROC) is calculated using the c-index, 
with ranges between 0.5 and 1.0. The higher the value of the 
c-index, the better the discrimination, whereas values closer to 
0.5 indicate that the model’s ability to discriminate is no better 
than random chance or the “flip of a coin.”23 In most risk predic-
tion models used for cardiac surgery, the AUROC ranges between 
0.75 and 0.80.

Limitations of Risk Algorithms
In the employment of risk adjustment, important limitations have 
to be taken into account in order that valid information and not 
“misinformation” is obtained from the “correction.”24 First, risk 
algorithms are accurate only for the population and in the time 
frame in which they are developed and validated. Second, risk 
adjustment loses accuracy at the extremes of the population 
studied, where there are too few patients upon which to build a 
statistically valid model. This “tail of the bell-shaped curve” is 
where high-risk patients with aortic stenosis “reside,” accounting 
for some of the overestimation of risk seen with many models.25,26 
Third, risk algorithms cannot reliably be applied directly to popu-
lations and treatments other than those in which they were devel-
oped. The implication is that although both surgical aortic valve 
replacement (AVR) and transcatheter aortic valve implantation 
(TAVI) are used in treating patients with aortic stenosis, AVR risk 
algorithms are based on “surgical” AVR outcomes and therefore 
may not to be directly applicable to TAVI.

Fourth, risk algorithms cannot account for variables not col-
lected or analyzed. This lack of accounting has one of two causes: 
(1) the occurrence of the factor or condition is so infrequent that 
its impact cannot be measured (e.g., porcelain aorta) or (2) the 
factor either may have not been previously known to be a factor 
that was causal or cannot be accurately measured or quantified. 
The role of frailty and its impact on outcomes of treatment is a 
case in point. Fifth, all risk predictors fall prey to the phenomenon 
“garbage in equals garbage out.” Unless the factors upon which 
the algorithm is formulated are based on complete and accurate 
data, an inaccurate predictor will result. A corollary is that the risk 
predictor must be “user friendly.” The greater number of variables 
collected in formulation of the risk algorithm, the more accurate 
the prediction of risk; however, the more burdensome the collec-
tion of data required, the less complete and accurate will be the 
information. So there must be a balance between including all 
information that is likely to be a factor in causing risk and 
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all cardiac procedures and now has 18 covariates predictive of 
surgical aortic valve mortality. Whether the accuracy of the EuroÂ�
SCORE II model has been improved is a subject of debate. Pooling 
contemporaneous multi-institutional data, Grant et al37 found that 
EuroSCORE II performed well overall in the United Kingdom and 
was an acceptable contemporary generic cardiac surgery risk 
model. However, they also found that the model was poorly  
calibrated for isolated CABG surgery and in both the highest-risk 
and lowest-risk patients. These investigators recommended that 
regular revalidation of EuroSCORE II will be needed to identify 
calibration drift or clinical inconsistencies, which commonly 
emerge in clinical prediction models. Chalmers et al38 applied the 
model to a 5500-patient cohort and concluded that EuroSCORE II 
is globally better calibrated than the EuroSCORE and found better 
overall discrimination, with a c-index of 0.79 (old model 0.77)  
and its best performance in mitral (0.87) and coronary (0.79) 
surgery; Euro SCORE II was weakest in isolated AVR (c-index 
0.69), only marginally better than the old model (0.67).38 A third 
study also found better performance of the EuroSCORE II model39 
(Table 10-2).

The STS Predicted Risk of Mortality (PROM) has generally cor-
related better with clinical outcomes. The model was developed 
in a later era (2002-2006) in the United States with use of data 
from 67,000 patients undergoing only isolated AVR.22 Twenty-four 
covariates for mortality have been identified. At least two series 
have found the STS Predicted Risk of Mortality to be a better 
predictor of early mortality than the Logistic EuroSCORE, espe-
cially in the higher-risk patients undergoing AVR.40,41 However, 
there still is the tendency for the STS instrument to under predict 
risk. The STS Predicted Risk of Mortality has now been updated 
from version 2.61 to version 2.73. The updated version includes 
multiple potential risk factors not previously collected, such as 
previous radiation exposure, liver disease, and frailty as mea-
sured by gait speed. As with all risk algorithms, calibration drift 
occurs as the original data set becomes dated, and the algorithm 
will need to be updated once sufficient numbers of patients are 
available for the new version that has in addition captured the 
new possible predictors.

Many other risk prediction models have been constructed but 
are not widely used. The Ambler Score was developed from a 
national database from the Society of Cardiothoracic Surgeons of 
Great Britain and Ireland on 32,839 patients who underwent heart 
valve surgery between April 1995 and March 2003.42 This risk 
predictor has largely been supplanted by the Logistic EuroSCORE 
and STS Predicted Risk of Mortality.

The Northern New England risk model was derived from  
eight Northern New England Medical Centers in the period 

CABG combined with AVR, and CABG with mitral valve repair or 
replacement. The weighting of the various risk factors is recali-
brated with each new version of the STS Adult Cardiac Database 
according to the most recent data uploaded by the 1,005 cardiac 
surgery programs in the United States that participate in the data-
base. Rankin et al30 have published a risk prediction for multiple 
valve operations, including aortic and mitral valve operation, 
mitral and tricuspid and aortic valve operation, and mitral and 
tricuspid operation, that has acceptable discrimination (c-index 
0.711 to 0.727).30 In addition to early mortality, the STS risk predic-
tion algorithm has been demonstrated to be predictive of long-
term survival for isolated CABG, with survival at 1,3,5 and 10 
years having similar AUROC values to the value of 30-day sur-
vival (0.794).31 A composite score of mortality and major morbid-
ity after surgical AVR has also been published.32 The STS AVR 
composite score is based solely on outcomes, including risk-
standardized mortality and any-or-none risk-standardized mor-
bidity (occurrence of sternal infection, reoperation, stroke, renal 
failure, or prolonged ventilation). The STS online risk calculator 
is capable of calculating major morbidity in addition to mortality 
after surgical AVR.33

Available Risk Algorithms for  
Aortic Stenosis
At least 12 risk algorithms have been constructed in various popu-
lations and differing periods to predict outcomes after surgical 
AVR (Table 10-1). The two most widely used are the Logistic 
EuroSCORE and the STS Predicted Risk of Mortality.28,34,35 The 
Logistic EuroSCORE was developed in 1995 as an additive score 
(Additive EuroSCORE) and later converted to a logistic regression 
model. It was derived from a data set from eight European coun-
tries and was based on a population sample of almost 15,000 
patients undergoing all types of cardiac operations. There were 
12 covariates identified that were predictive of early mortality. The 
benefit of the Logistic EuroSCORE is its user-friendliness, in that 
it requires only 18 data fields for the calculation. The shortcoming 
for use in the United States is that the algorithm is calculated on 
a relatively small sample size from nearly 20 years ago in a popula-
tion outside the country. These factors make the applicability of 
the risk model to the current patients undergoing surgical AVR, 
especially in the United States, quite questionable. The Logistic 
EuroSCORE has been repeatedly demonstrated to over-predict 
actual risk in the assessment of patients for whom surgery poses 
a high risk.25,26 This problem is due to factors mentioned previ-
ously, including too few patients at high risk to be accurately 
analyzed and the fact that they underwent surgery in an earlier 
time. In order to address some of these shortcomings, the Logistic 
EuroSCORE has been updated as the EuroSCORE II.36

This updated risk predictor was derived from more than 22,000 
patients operated on in 2010 in 43 countries worldwide. It includes 

TABLE 10-1
	 Risk Algorithms in Various Populations and 

Differing Time Periods to Predict Outcomes 
after Surgical Aortic Valve Replacement

Society of Thoracic Surgeons Predicted Risk of Mortality v2.73
Logistic EuroSCORE
EuroSCORE (Additive)
Ambler (United Kingdom)
Northern New England
New York State
Providence Health System
Veterans Affairs Risk Score
Age, Creatinine, Ejection Fraction (ACEF) Score
Australian AVR Score
EuroSCORE II
German Aortic Valve Score

AVR, aortic valve replacement.

TABLE 10-2	 Comparison of Logistic EuroSCORE, 
STS PROM, and EuroSCORE II

LOGISTIC 
EUROSCORE

SOCIETY OF 
THORACIC 
SURGEONS 

PREDICTED RISK 
OF MORTALITY 

(STS PROM) EUROSCORE II

Year of population 
analysis

1995 2002-2006 May-July 2010

Place Europe (8 
countries)

United States 43 countries 
worldwide

Number of 
operations

14,799 67,292 22,381

Type of operations All cardiac Aortic valve only All cardiac

Covariates for 
aortic valve 
mortality

12 24 18

C H
10
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undergoing surgical AVR or TAVI in Germany in 2008. Using mul-
tiple logistic regression, Kötting et al55 identified 15 risk factors 
influencing in-hospital mortality. Among the most important 
factors determined to predict risk were age, body mass index, 
renal disease, urgent status, and left ventricular function. The  
risk model had a high degree of discrimination, with an AUROC 
of 0.808.

This is the first attempt to develop a risk algorithm that can be 
applied with some degree of accuracy in patients who are cur-
rently undergoing all types of aortic valve procedures. It is the 
first step in a long journey of risk prediction in TAVI. The model 
does, however, have many limitations, including the fact that it 
was developed on the basis of patients treated in 2008 and may 
already be not applicable to current treatment because the field 
of TAVI is evolving so rapidly with new devices and techniques 
continuously introduced (see Chapter 15). Second, patients 
undergoing TAVI constituted only 5.1% (573/11,147) of the study 
population, limiting the specific application to transcatheter valve 
risk prediction. Also, TAVI was performed in only 25 of the 81 
participating institutions, again limiting the “generalizability” of 
the score. It should also be noted that the model was developed 
for interhospital comparisons only and therefore can predict only 
overall outcomes in German hospitals. Comparisons can be made 
of overall program outcomes between various centers, but the 
German Aortic Valve Score cannot be used to discriminate among 
different procedures, approaches, or devices. With this risk score, 
one cannot as yet determine whether an individual patient should 
undergo surgical AVR or TAVI or whether a specific device or 
approach is preferable.

Another limitation of the German Aortic Valve Score is the 
methodology by which the risk model was constructed. As 
detailed previously, most risk models are developed with use of 
a portion of the overall analyzed population, usually 50% to 60% 
of the study population to construct a weighted risk model and 
then the remaining sample to validate it. Because of the small 
sample size of TAVI procedures in the study, this validation was 
not done, so the model needs to be validated externally in other 
populations.

Because the German Aortic Valve score model includes overall 
outcomes of surgical AVR and TAVI, its value lies in comparing 
the overall outcomes of a program and not necessarily surgical 
AVR or TAVI outcomes per se. Indeed, it is also likely that different 
factors constitute different risk profiles for different procedures. 
For example, frailty may be weighted more when when consider-
ing surgical AVR compared to TAVI. The risks may not be the 
same for the different approaches for TAVI, because severe lung 
disease may be a significant factor impacting outcomes with the 
transapical approach but not the transfemoral approach.

It should also be noted that this model is based on in-hospital 
mortality, which is lower than the 30-day definition of mortality 
used by the STS algorithm. It is likely that TAVI-specific risk algo-
rithms will soon be developed that predict both short- and long-
term results and outcomes other than mortality. The linkage of 
clinical databases, which capture early outcomes, with adminis-
trative databases, which capture long-term outcomes, will allow 
the development of models predictive of long-term survival. The 
current TAVI trials in intermediate-risk patients have a primary 
endpoint of death and stroke at 2 years. One can envision the 
eventual construction of risk models that will predict composite 
outcomes including mortality, stroke, and functional quality of 
life. The current STS model predicts not only 30-day mortality but 
also, individually and as a composite, six components of major 
morbidity including stroke.

A true TAVI-specific risk model needs to be developed, and at 
least two efforts are under way. The European registries of the 
SAPIEN Valve (Edwards Lifesciences, Irvine, California), the U.S. 
Placement of AoRTic TraNscathetER Valve (PARTNER) Trial, and 
data obtained in Continued Access patients are being collated 
and analyzed to develop a TAVI-specific algorithm, and the STS/
American College of Cardiology Transcatheter Valve Therapy 

January 1991 through December 2001. In this model, 8943 patients 
undergoing heart valve surgery were analyzed, and 11 variables 
in the aortic model were found to be predictive of adverse  
outcomes.43 They included older age, lower body surface area, 
prior cardiac operation, elevated serum creatinine level, prior 
stroke, New York Heart Association (NYHA) functional class IV, 
heart failure, atrial fibrillation, acuity, year of surgery, and con-
comitant CABG.

In efforts to simplify risk prediction, two additional algorithms 
have been developed. The Age, Creatinine, Ejection Fraction 
score, previously mentioned, analyzed 29,659 consecutive 
patients who underwent elective cardiac operations in 14 Italian 
institutions from 2004 to 2009.44,45 Using only three variables, age 
serum creatinine and ejection fraction, Ranucci et al44,45 found 
that for all deciles of risk distribution, the Logistic EuroSCORE 
significantly overestimated mortality risk and that the Age, Creati-
nine, Ejection Fraction score slightly overestimated the mortality 
risk in very-low-risk patients and significantly underestimated the 
mortality risk in very-high-risk patients, correctly estimating the 
risk in 7 of 10 deciles. The accuracy of the Age, Creatinine, Ejec-
tion Fraction score was acceptable (AUROC 0.702) and at least 
comparable to the Logistic EuroSCORE calculation.

Another algorithm specific for patients undergoing surgical 
AVR has been developed in Australia.46 The Australian AVR score 
is based on 3544 AVR procedures performed between 2001 and 
2008. It contains the following predictors: age, NYHA functional 
class, left main disease, infective endocarditis, cerebrovascular 
disease, renal dysfunction, previous cardiac surgery, and esti-
mated ejection fraction. The final model (AVR-Score) obtained an 
average AUROC of 0.78 for early mortality

Risk Algorithms in Transcatheter Aortic 
Valve Implantation
An intense interest has developed in predictive modeling for the 
management of patients with aortic stenosis because of the intro-
duction of TAVI. This has unfortunately led to the overuse and, 
indeed, frank abuse of the risk algorithms for applications for 
which they were not developed nor originally intended.47 Overen-
thusiastic supporters of TAVI have touted the benefits of the 
catheter-based procedure because of the observed early mortal-
ity, which is better than the expected mortality based on the 
predictive model. In point of fact, these better outcomes are illu-
sory because of misuse of risk prediction algorithms. This abuse 
has been particularly prevalent with use of the Logistic EuroÂ�
SCORE to estimate risk and report outcomes in patients undergo-
ing TAVI. The reasons that current risk predictive models 
developed for surgical AVR are inaccurate, are not applicable, 
and in fact yield misinformation in the evaluation of candidates 
for TAVI have already been detailed. Among the factors leading 
to inaccuracy include the fact that the patients being assessed for 
TAVI are at the extremes of risk, where the current risk models 
fail because there are too few patients at the higher extremes of 
risk to be able to have robust discrimination of risk. Furthermore, 
the risk predictors are being used for procedures in which the risk 
models were neither developed nor validated and therefore are 
highly likely to be invalid. They also do not take into account 
variables that may play significant roles in risk, including porce-
lain aorta, previous radiation therapy, liver disease, and frailty. 
These factors were not considered either because the data were 
not collected or there were too few occurrences of the factor to 
accurately incorporate it into the risk modeling. There are many 
studies attesting to the inaccuracies of the Logistic EuroSCORE in 
both CABG and AVR populations,36,48-55 and its use in TAVI further 
compounds the inaccuracy.

In order to help address some of the inadequacies of the current 
risk prediction models in adults undergoing aortic valve proce-
dures, the German Aortic Valve Registry (GARY) has developed 
the German Aortic Valve Score.56 It is based on 11,794 patients 
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coronary artery bypass surgery. Interact Cardiovasc Thorac Surg 2009;8:40–4.
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Heart 1998;79:350–5.
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does it predict operative risk? Heart 2006;92:1817–20.

53.	 Bode C, Kelm M. EUROSCORE: still gold standard or less? Clin Res Cardiol 2009;98:	
353–4.
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for prediction of mortality related to aortic valve procedures in adults. Eur J Cardiotho-
rac Surg 2013;43:971–7.

(STS/ACC TVT) Registry in the United States now has sufficient 
patients enrolled for a risk algorithm to be developed. Validation 
of a TAVI-specific risk algorithm between these two populations 
is planned.

Summary
Analysis of adult patients with aortic stenosis undergoing proce-
dures is a rich area of outcomes and comparative effectiveness 
research. Although a single universal risk prediction model based 
on the minimal number of important risk factors and widely appli-
cable to all patients undergoing treatment of valvular heart 
disease is desirable, the realities are that multiple algorithms will 
exist and will have to be continuously updated as calibration drift 
occurs and as treatment strategies, patient selection, procedures, 
and procedure performance evolve.
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Pathophysiology
The primary determinant of disease severity in patients with val-
vular aortic stenosis (AS) is the degree of obstruction to left ven-
tricular (LV) outflow. In addition, valve obstruction leads to 
secondary effects on the left ventricle, peripheral vasculature, 
and coronary artery blood flow that impact both the clinical 
presentation of disease and subsequent outcome. The pathophys-
iologic mechanisms involved in the initiation and progression of 
the disease process are described in Chapters 3 and 4.

Valvular Hemodynamics
PRESSURE GRADIENTS

Obstruction at the aortic valve level results in an increased ante-
grade velocity across the narrowed valve corresponding to the 
systolic pressure gradient between the left ventricle and aorta. For 
any given transvalvular volume flow rate, both antegrade velocity 
and transaortic pressure gradient rise with increasing degrees of 
valvular narrowing. However, for any given valve area, the mag-
nitude of increase in jet velocity and pressure gradient varies with 
the volume flow rate across the valve. Thus, patients with severe 
stenosis and a low stroke volume have only a moderate increase 
in antegrade velocity and systolic pressure gradient, whereas 
those with moderate stenosis and a high transaortic flow rate have 
a high jet velocity and systolic pressure gradient.

The rate of rise and fall of the antegrade velocity and the timing 
of the pressure gradient across the valve are also related to 
disease severity. With mild stenosis, the maximum velocity and 
maximum pressure difference across the valve occur in early 
systole, prior to the peak volume flow rate across the valve, at a 
time point corresponding to the maximum rate of flow accelera-
tion.1,2 As stenosis becomes more severe, the maximum velocity 
and pressure difference occur later in systole, eventually coincid-
ing with the maximum volume flow rate across the valve. In addi-
tion to stenosis severity, the shape of the velocity curve and timing 
of the pressure gradient may be affected by other factors that alter 
LV or aortic pressure, such as coexisting aortic regurgitation (AR) 
and increased systemic vascular resistance.

The antegrade (or jet) velocity across the aortic valve is usually 
described in terms of the maximum instantaneous velocity. The 
maximum instantaneous velocity relates to the maximum instan-
taneous pressure gradient across the valve as stated in the Ber-
noulli equation. Although theoretically more complicated, the 
relationship can be simplified for most clinical applications  
so that the pressure gradient is equal to the velocity squared 
multiplied by 4 (i.e., “simplified Bernoulli equation”).3-6 At cardiac 
catheterization, the difference between peak LV and peak  
aortic pressures (the peak-to-peak gradient) is often reported. 
Because the peak LV and aortic pressures usually are not simul-
taneous, the difference between these two pressures is not  
a physiologic measurement and does not correspond to the 
maximum or any other instantaneous velocity obtained with 
Doppler echocardiography.

Mean transaortic pressure gradients can be derived from 
Doppler echocardiographic data or invasive pressure recordings 
by averaging the instantaneous pressure gradients over the  
systolic ejection period. In adults with valvular AS, maximum  
and mean pressure gradients are linearly related, with a close 
correlation.7,8 The predictive value of mean gradient is also well 
established for both invasive and noninvasive assessment and 
this measurement should be included in diagnostic reports.

The phenomenon of pressure recovery distal to the stenotic 
valve contributes to some of the confusion surrounding com-
parisons of invasive and noninvasive transaortic gradients, 
because Doppler velocities reflect the pressure drop in the 
orifice itself, whereas catheter pressure data may include pres-
sure recovery distal to the orifice, depending on the exact loca-
tion of the catheter relative to the stenotic orifice.9-11 The 
geometry of the flow obstruction in AS with its abrupt widening 
from the stenotic orifice to a comparatively large ascending 
aorta causes extensive turbulence with dissipation of kinetic 
energy into heat. This pattern precludes the occurrence of pres-
sure recovery with clinically relevant magnitude in the majority 
of patients. Only in the case of a small aorta with a favorable 

Key Points
■	 Aortic stenosis is the most frequent reason for valve interventions in 

North America and Europe.
■	 Echocardiography is the key diagnostic tool for diagnosis, 

quantification of stenosis severity, and assessment of secondary 
changes.

■	 Aortic stenosis is a progressive disease and the possibility of rapid 
hemodynamic progression needs to be considered.

■	 Patients with symptoms (dyspnea, angina, dizziness/syncope with 
exertion) require urgent surgery.

■	 A watchful waiting approach is generally safe in asymptomatic 
patients under the condition of regular echocardiographic and clinical 
examinations.

■	 Risk stratification is useful in asymptomatic patients, in that it allows 
identification of patients who may benefit from early elective surgery.

■	 Key elements in risk stratification include leaflet calcification, rate of 
hemodynamic progression, the absolute degree of stenosis severity, 
and exercise testing in physically active patients.

■	 There is no established medical therapy for aortic stenosis.
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change in valve area when there is fixed severe stenosis.37 The 
test, of course, requires that there is indeed contractile reserve.

In addition to flow-related changes in geometric orifice area, it 
has been suggested that effective orifice area may increase with 
flow even without changes in anatomic area.39 At normal flow 
rates, the kinetic energy of the fluid crossing the obstruction is 
sufficient to break down the vortex structures generated down-
stream from the stenosis and thus enables the formation of a large 
and well-established flow jet. However, at low flow rates, the 
reduction in kinetic energy may predispose to the formation of 
vortices, which tend then to squeeze the flow jet and thus the vena 
contracta, resulting in a smaller effective orifice.39 The phenom-
enon is certainly less important in the presence of very small 
orifices but may become clinically relevant in moderately severe 
“low-flow AS.” These findings once more emphasize that clinical 
judgment should not rely only on the absolute number of calcu-
lated valve area but should take into account all available hemo-
dynamic and morphologic information.40

OTHER INDICES OF STENOSIS SEVERITY

Some investigators have explored the concept of valve resistance 
as a measure of AS severity.31,41,42 Because valve resistance is 
calculated as the simple ratio of pressure gradient to flow across 
the valve, the underlying assumption of this approach is that there 
is a linear relationship between pressure gradient and transvalvu-
lar flow rate. This assumption is inconsistent with the Bernoulli 
equation, which assumes a quadratic relationship between pres-
sure gradient and flow rate. Some disagreement persists as to the 
exact relationship between pressure and flow across a stenotic 
valve, but in fact, careful fluid dynamic studies support the 
concept of a quadratic relationship.43 Although experimental 
studies suggest that valve resistance provides better discrimina-
tion of the extent of valve stiffness for valves 100 to 200 times 
stiffer than normal, disease progression and symptoms occur in 
the clinical setting in the range of valve stiffness from 20 to 100 
times normal, a range where valve area provides better quantita-
tion of disease severity.44 Valve resistance has also been proposed 
for the evaluation of low-flow, low-gradient AS, with the argument 
that it is less flow dependent.41 However, this concept cannot be 
supported by fluid dynamics theory, nor can it be supported 
experimentally or by clinical observation.11,29,43,45 The studies 
examining the issue demonstrated that valve resistance certainly 
has no advantages over valve area with regard to flow depen-
dence. The fact that valve resistance may indeed obscure actual 
changes in valve area, because the resistance may change only 
slightly when valve area increases with increasing flow rate, 
makes it even less useful for the evaluation of AS. As a matter of 
fact, an increase in flow must necessarily result in an increase in 
resistance unless it is compensated by a concomitant increase in 
effective valve area.11,45 In addition, the calculation of valve “resis-
tance” has no clear advantages over jet velocities, pressure gradi-
ents, and valve areas in predicting clinical outcome.46,47

The fluid dynamics of AS are more complex than those of 
mitral stenosis, in that the pressure gradient and volume flow rate 
across the valve depend on the force of LV contraction as well as 
the characteristics of the valve itself. Thus, another approach to 
describing AS severity is to estimate the total work performed by 
the ventricle in opening the aortic valve. In concept, total LV 
stroke work is calculated as the integral of flow times pressure. 
Effective stroke work (aortic pressure times flow) then is sub-
tracted to yield the stroke work “lost” across the valve.48,49 
Although LV stroke work loss does correlate with other measures 
of stenosis severity, it also varies with flow rate (even when nor-
malized for stroke volume), is an unfamiliar concept for most 
physicians, and offers no obvious clinical advantages. In addi-
tion, the calculation of stroke work loss accounts mainly for the 
potential energy components of total work, whereas kinetic 
energy losses, which are more difficult to estimate, may be even 
more important in valvular AS.29

ratio of orifice to cross-sectional aortic area—in this setting the 
occurrence of turbulences is reduced—will pressure recovery 
reach a magnitude that causes clinically relevant differences 
between Doppler gradient (pressure drop from ventricle to vena 
contracta) and net pressure gradient (drop from ventricular to 
distal, recovered pressure).9,11 In the clinical setting, this becomes 
likely when the aortic root diameter is smaller than 3â•¯cm.11,12 In 
case of significant pressure recovery, the Doppler gradient over-
estimates the pathophysiologic consequence of a stenosis. In 
this case less proximal pressure and, consequently, workload 
are required to maintain an adequate peripheral pressure than 
in a clinical setting with the same Doppler gradient but no pres-
sure recovery.

VALVE AREA

Aortic valve area, defined as the extent of aortic valve opening in 
systole, provides a clinically useful measure of stenosis severity 
that is less dependent on volume flow rate than pressure gradi-
ents. Valve area can be calculated from Doppler data using the 
continuity equation based on the principle that the volume flow 
rates are equal just proximal to and in the stenotic orifice13-16 (see 
Chapter 6). Valve area also can be calculated at cardiac catheter-
ization, using the Gorlin equation, on the basis of measurement 
of transaortic volume flow rate and mean systolic pressure gradi-
ent across the valve17-21 (see Chapter 7).

Although less flow dependent than pressure gradients, aortic 
valve area also varies with transaortic volume flow rate, espe-
cially in patients with calcific stenosis.22-25 The unfused commis-
sures allow variation in the degree of valve opening, depending 
on the interaction between the stiffness of the cusps and the force 
directed against the valve in systole.21,26-31 The variable opening of 
stiff aortic valve leaflets is not surprising, given the common echo-
cardiographic observation in patients with dilated cardiomyopa-
thy that changes in flow rate are associated with changes in the 
extent of aortic cusp opening, even in the absence of leaflet 
thickening. With aortic valve stenosis, the increase in LV outflow 
velocity with exercise may result in an increase in the extent of 
valve opening if the leaflets still have some flexibility. Initial con-
cerns, that the observed increase was related to the mathematical 
assumptions of the calculations or to changes in the fluid dynam-
ics across the valve, have been resolved by direct observation of 
valve opening,32 so that most investigators now concur that leaflet 
opening varies with flow rate. With disease progression, the 
gradual increase in the degree of leaflet thickening and calcifica-
tion eventually reaches a point at which valve area is fixed over 
the physiologic range of force that can be generated by the left 
ventricle.

The time course of valve opening, or the rate of change in valve 
area during a single cardiac cycle, reflects valve stiffness, inertia, 
and elasticity.33 Stenotic aortic valves open and close more slowly 
than normal valves34 and the rate of change in valve area during 
systole is a predictor of clinical outcome.35

Flow dependence of valve area becomes particularly important 
in the presence of low cardiac output most frequently due to LV 
dysfunction. Reduced opening forces may then cause a mildly or 
moderately stenotic valve to open to a valve area of only less than 
1â•¯cm2. The term “pseudosevere stenosis” has been proposed for 
this condition.36,37 Transvalvular gradient is typically low (mean 
gradient < 30-40â•¯mm Hg) in this situation (low-flow, low-gradient 
AS). Although many patients with reduced LV function in a  
late stage of severe AS (afterload mismatch, see section titled  
Left Ventricular Pressure Overload) maintain a surprisingly high 
gradient (>40â•¯mm Hg mean gradient),38 some of them may also 
present with low gradients just because of severe flow reduction. 
Low-dose dobutamine can be used during echocardiography to 
stimulate myocardial contraction and increase flow rate. With 
increasing flow, one would assume that valve area increases with 
little change in gradient in the presence of pseudosevere stenosis 
and that primarily velocity and gradient should increase with less 
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symptomatic patients with isolated AS, mild pulmonary hyperten-
sion was present in 35%, moderate in 50%, and severe (systolic 
pressure >50â•¯mmâ•¯Hg) in 15%.61 In addition, a higher prevalence 
of moderate to severe pulmonary hypertension (seen in as high 
as 71% of patients) has been noted in some surgical series.62 The 
degree of pulmonary hypertension correlates with LV end-
diastolic pressure but not with the severity of AS or the LV EF.61 
The presence of pulmonary hypertension is a risk factor for 
cardiac surgery,63 but pulmonary pressure usually returns to 
normal after valve replacement for AS, even when it was severely 
elevated.62,64

Coronary Blood Flow
Abnormalities in coronary blood flow, even in the absence of 
significant coronary atherosclerosis, contribute to the clinical pre-
sentation and long-term outcome of patients with valvular AS. 
Although coronary artery size, and thus blood flow, is increased 
in patients with AS, the increase in coronary artery size often is 
inadequate for the increase in muscle mass and, in addition, coro-
nary flow reserve is limited.65-68 Coronary flow reserve is most 
impaired in the subendocardium, with the severity of impairment 
related to AS severity.69 After aortic valve replacement, coronary 
flow reserve improves in conjunction with regression of LV hyper-
trophy.70 LV hypertrophy also is associated with decreased capil-
lary density and increased diffusion distances.71 Other factors that 
may impact coronary blood flow in patients with AS are a 
decreased diastolic perfusion time, impaired early diastolic relax-
ation, and increased diastolic wall stresses, all leading to a reduc-
tion in subendocardial blood flow.72

Transthoracic echocardiographic evaluation of phasic coro-
nary blood flow in adults with AS shows reversal of early systolic 
flow and delayed forward flow in diastole, both of which resolve 
after aortic valve replacement.73 These findings were further elu-
cidated in both transthoracic and transesophageal echocardio-
graphic studies showing that systolic coronary flow decreases in 
inverse relationship to the increase in LV wall stress, whereas 
diastolic flow increases in direct relationship to the transaortic 
pressure gradient, with these changes being particularly marked 
in symptomatic patients.74,75 Coronary flow, measured by an intra-
coronary Doppler flow catheter, also shows retrograde systolic 
flow at rest, which correlates with the peak transaortic pressure 
gradient.76 With stress induced by pacing and/or dobutamine, 
retrograde systolic flow increases, total systolic flow decreases, 
and forward diastolic flow increases in patients with AS; in normal 
control subjects, both systolic and diastolic flow increase propor-
tionately.76 These data suggest that an inadequate increase in total 
coronary blood flow in response to stress may contribute to the 
clinical presentation of AS, specifically the symptom of angina in 
patients with normal coronary arteries.

Further imbalance in myocardial oxygen demand and supply 
occurs late in the disease course as LV wall stress (and oxygen 
demands) increase out of proportion to the increase in coronary 
blood flow.77 Angina, in the absence of coexisting coronary artery 
disease (CAD), is associated with an increased LV wall stress as 
a result of inadequate hypertrophy in conjunction with increased 
ventricular systolic pressures.71 This increase in wall stress leads 
to an increase in myocardial oxygen consumption. The combina-
tion of increased myocardial oxygen demand and limited coro-
nary blood flow leads to myocardial ischemia and symptoms of 
coronary regurgitation.

Exercise Physiology
Even asymptomatic patients with AS have a slight decrease in 
exercise tolerance in comparison with normative age standards. 
The hemodynamic response to exercise is characterized by a 
normal increase in heart rate to age-predicted maximums, but 
only a 50% increase in cardiac output. The increase in cardiac 
output is mediated by an increase in heart rate as stroke volume 

Because aortic valve hemodynamics depend on aortic valve 
anatomy, LV mechanics, and the characteristics of the vascular 
system downstream from the valve, a complete description of AS 
severity would include all three of these components. Obviously, 
this type of descriptor is conceptually complex and may be dif-
ficult to derive in the clinical setting. A step toward an integrated 
descriptor of AS severity is the concept of ventricular-vascular 
coupling with the inclusion of components to describe the effect 
of the abnormal valve in the system.50 Results of preliminary 
studies in this area are of interest but are not yet clinically 
applicable.

Left Ventricular Pressure Overload
The basic response of the left ventricle to the chronic and gradu-
ally progressive pressure overload of valvular AS is concentric 
hypertrophy. However, not all patients demonstrate hypertrophy, 
even with severe stenosis, and there are significant gender differ-
ences in the degree and pattern of hypertrophy.51-54 In pathophysi-
ologic terms, LV hypertrophy occurs as a mechanism to maintain 
normal wall stress as LV pressure rises through an increase in wall 
thickness (see Chapter 5). Typically, contractility is normal and 
ejection fraction (EF) is preserved until late in the disease course. 
However, even when contractility is normal, LV systolic perfor-
mance may appear to be impaired in patients with severe outflow 
obstruction for at least three reasons. First, EF may decline owing 
to the excessive increase in afterload, often termed “afterload 
mismatch.” Second, ventricular preload may be shifted to the left 
on the Starling curve because of a small, hypertrophied, noncom-
pliant ventricle. Third, the temporal sequence of myocardial con-
traction is often asynchronous in pressure overload hypertrophy, 
with an “uncoordinated” ventricular contraction. The resultant 
fall in the peak rate of circumferential shortening correlates with 
an increase in systolic wall stress.55 This pattern of discordant 
contraction, and the apparent decrease in ventricular function, 
resolves after relief of AS.

When LV mass measurements are normalized for body size and 
gender, hypertrophy is seen in 54% of men and 81% of women 
with AS.52 The pattern of hypertrophy in women with AS is char-
acterized by a small ventricular chamber with increased wall 
thickness, normal or hypercontractile systolic function, and early 
diastolic dysfunction.51-54,56 In men with AS, the more common 
pattern is a normal or only mildly increased wall thickness and 
impaired systolic function.

Diastolic dysfunction occurs early in the disease course of AS57 
in association with an increase in the total collagen volume of 
the myocardium and an increase in the orthogonal collagen fiber 
network.58 As for ventricular hypertrophy, significant gender dif-
ferences in diastolic function are seen. Specifically, men have a 
higher constant of myocardial stiffness in association with a 
greater degree of endocardial fibrosis and an abnormal myocar-
dial collagen pattern.56 Age also affects the severity of diastolic 
dysfunction, with more severe LV hypertrophy and diastolic dys-
function seen in elderly patients (>65 years).59

The Peripheral and Pulmonary Vasculature
In patients with AS, the need to correct for peripheral amplifica-
tion if femoral artery, rather than central aortic, pressures are 
used for invasive calculation of valve area has long been appreci-
ated.60 However, there is little data on the influence of systemic 
factors on valve or ventricular function in these patients. Although 
LV afterload is predominantly affected by the severity of obstruc-
tion at the valvular level, both factors internal to the left ventricle 
and characteristics of the systemic vascular circuit also contribute 
to total afterload.50 To date, few studies have evaluated the impact 
of systemic vascular resistance (or impedance), wave reflections, 
or aortic elastance on the hemodynamics of valvular AS.

Prospective follow-up shows that pulmonary hypertension  
is common in patients with isolated AS.47 In a series of 388 
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mediate peripheral vasodilation. In the setting of a restricted 
aortic orifice, cardiac output fails to rise, so blood pressure falls 
and the patient losses consciousness.

Physical Examination
The key features in the physical examination of patients with 
suspected AS are palpation of the carotid pulse contour and 
amplitude; auscultation of the location, loudness, timing, and 
radiation of the systolic murmur; assessment of the splitting of the 
second heart sound; and examination for signs of heart failure.92,93

The timing and amplitude of the carotid pulse contour reflect 
central aortic pressure. As AS becomes more severe, the peak 
aortic pressure occurs later in systole (pulsus tardus) and the 
pulse amplitude is decreased (pulsus parvus). Both the timing 
and amplitude of the carotid pulse correlate with AS severity.94,95 
However, the pulse contour is affected by factors other than ste-
nosis severity, particularly in adult patients.96 The pulse amplitude 
may be diminished with a reduced cardiac output and only mild 
to moderate stenosis, as a result of the low volume flow rate into 
the aorta, although the timing of the impulse is typically normal 
in this situation. Conversely, the pulse amplitude and timing may 
appear to be normal with coexisting atherosclerosis because the 
stiff vessels lead to a rapid and excessive rise in aortic pressure 
even when severe stenosis is present. Thus, a slow-rising, low-
amplitude carotid pulse has a relatively high specificity for the 
diagnosis of severe valvular obstruction. However, the sensitivity 
of this finding is poor, and severe stenosis cannot be excluded in 
adults with an apparently normal carotid upstroke.

The systolic murmur of AS is most often loudest at the base, 
over the right second intercostal space. In general, the loudness 
of the murmur correlates with jet velocity or pressure gradi-
ent.95,97,98 The presence of systolic thrill in the aortic region (i.e., 
a grade IV murmur) is highly specific for severe valvular obstruc-
tion. Conversely, severe stenosis is unlikely with a grade I murmur. 
Unfortunately, there is considerable overlap in disease severity 
with the intermediate grades of murmur (II-III), so further evalua-
tion is needed, depending on the clinical setting.87,95 Besides the 
systolic pressure gradient across the valve, the loudness of the 
murmur is modulated by the volume flow rate across the valve, 
transmission of the murmur to the chest wall, and the direction 
of the turbulent jet. Thus, even with severe stenosis, the murmur 
may be soft if cardiac output is low or if obesity or lung disease 
diminishes its transmission to the chest wall.

The murmur of AS radiates to the carotid arteries in the majority 
of patients as the turbulent jet is directed superiorly into the 
ascending aorta, allowing transmission of sound through the 
aorta to the carotids. In a minority of patients, the murmur radi-
ates to the apex, a pattern referred to as the Gallavardin 
phenomenon.99

The murmur of AS has a crescendo-decrescendo pattern of 
amplitude, corresponding the shape of the pressure difference 
between the left ventricle and aorta during the ejection period. 
As stenosis becomes more severe, the maximum instantaneous 
gradient occurs later in systole, so a late-peaking murmur is appre-
ciated on auscultation. Conditions that are associated with a high 
transaortic volume flow rate, such as AR, may lead to early 
peaking of the murmur. Thus, although a late-peaking murmur  
is quite specific for the presence of severe stenosis, its sensitivity 
is low.

The second heart sound in severe AS typically is single; the 
aortic component is inaudible owing to the impaired motion of 
the thickened valve leaflets. Earlier in the disease course, the 
second heart sound may show reversed splitting with respiration 
as a result of a prolonged LV ejection time.

An S4 gallop may be appreciated in many patients with AS, 
reflecting a greater atrial contribution to ventricular filling.100 
Other physical examination findings in AS patients depend on 
whether hemodynamic decompensation has occurred, leading to 
typical signs of heart failure.

is unchanged or decreases slightly with upright exercise.23,24,29,30,48,78 
Although total stoke volume does not increase, there is a rise in 
the maximum instantaneous and mean systolic flow rates across 
the aortic valve because the systolic ejection period shortens  
as a result of the increase in heart rate. Transaortic velocity, 
maximum gradient, and mean gradient increase as the flow rate 
rises, although the extent of increase often is less than predicted 
by the resting valve area.23,24,30,31,79

Measures of LV diastolic function are also abnormal with exer-
cise in adults with AS. Micromanometer pressure recordings dem-
onstrate that resting diastolic pressures are higher, diastolic 
pressures increase further with exercise, and both the rate of 
diastolic pressure decay and the isovolumic contraction interval 
fail to decrease with exercise, in comparison with observations 
in normal control subjects.80

With exercise, valve area enlarges, on average, by 0.2â•¯cm2, 
accounting for the smaller increase in jet velocity and gradient 
than expected for resting valve area.23,24,30 The increase in valve 
area with exercise allows ejection of a relatively normal stroke 
volume across the valve and an appropriate increase in cardiac 
output. As the disease becomes more severe and the leaflets 
become more rigid and stiff, the degree of valve opening is pro-
gressively limited, resulting in a drop in transaortic stroke volume 
and a failure of cardiac output to increase adequately with 
exercise.24,29

The increase in valve stiffness at adequate cardiac output 
results in a higher increase in gradient with exercise, which has 
been shown to be a predictor of outcome.81

Clinical Presentation

Clinical History
Valvular AS is a gradually progressive disease in which patients 
remain asymptomatic for many years.82-86 Typically AS is first diag-
nosed from the finding of a systolic murmur on auscultation. 
Because the increase in hemodynamic severity occurs slowly, 
many patients do not recognize early symptoms, emphasizing the 
importance of patient education in medical management, includ-
ing a discussion of the classic symptoms of AS (e.g., heart failure, 
angina, and syncope). In addition, the clinician must carefully 
question the patient to elicit symptoms, specifically asking the 
patient to compare current activity levels with activities at a set 
point in the past. In particular, older patients often unconsciously 
tend to avoid activities that may cause symptoms and then still 
describe themselves as asymptomatic.

The most common initial symptom of valvular AS is decreased 
exercise tolerance due to exertional dyspnea or fatigue.47,87 The 
mechanism of this symptom most often is an elevated LV end-
diastolic pressure due to a noncompliant, hypertrophied ventri-
cle.88 Exercise intolerance may also be due to LV systolic 
dysfunction or coexisting CAD in some patients. Over time, exer-
tional dyspnea may progress to frank heart failure, with symptoms 
seen at rest in patients with long-standing severe valvular obstruc-
tion. Some patients present with the sudden onset of heart failure 
or pulmonary edema, often in relation to an acute infectious 
process, anemia, or other hemodynamic stress or to new-onset 
atrial fibrillation.

Exertional angina also is a common initial symptom in adults 
with valvular AS; it is due to an increase in oxygen demand by 
the hypertrophied myocardium, even in the absence of coexist-
ing epicardial CAD.47,87 As mentioned, angina may be precipitated 
by other hemodynamic stresses, such as pregnancy, anemia, and 
febrile disease.

The third classic symptom of AS is exertional lightheadedness 
or syncope. Several potential mechanisms of syncope in AS have 
been proposed, including ventricular arrhythmias and LV systolic 
dysfunction, but there is most support for an acute drop in blood 
pressure due to an inappropriate LV baroreceptor response.89-91 
The elevated ventricular pressure activates baroreceptors, which 
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Chest Radiography and Electrocardiography
The chest radiograph may be entirely normal in patients with 
valvular AS, although dilation of the ascending aorta may be 
appreciated in some cases, even early in the disease course. Such 
aortic dilation has previously been called “poststenotic.” However, 
it is not related to hemodynamic severity and appears to be 
caused by intrinsic abnormalities of the aortic wall rather than by 
the stenosis itself, particularly in patients with bicuspid valves.101 
The cardiac silhouette typically is normal because LV hypertro-
phy due to an increased wall thickness with a normal chamber 
dimension is not evident on a standard chest film. Calcification 
of the aortic valve rarely is evident on chest radiography but may 
be seen with fluoroscopy in a high percentage of patients with 
severe valvular obstruction.102 Mitral annular calcification, which 
often accompanies degenerative aortic valve disease, may also 
be seen. With long-standing disease, LV dilation and signs of heart 
failure are present. Radiographic evidence of pulmonary hyper-
tension may also be evident late in the disease course.

The classic electrocardiographic finding in AS is LV hypertro-
phy. However, many adults and children with severe AS do not 
have electrocardiographic criteria for LV hypertrophy.103,104 Other 
nonspecific electrocardiographic changes in adults with AS are 
left atrial enlargement, left axis deviation, and left bundle branch 
block. Although early studies suggested that T wave changes cor-
relate with the degree of AS, this finding has not been reliable in 
clinical practice.105,106

Electrocardiographic changes with exercise, specifically ST 
depression, are common in adults with AS. Significant (>1â•¯mm) 
flat or downsloping ST depression is observed in about two thirds 
of patients, even with only mild to moderate valve obstruction. 
Even when their resting electrocardiography findings are normal, 
half of patients with AS have ST depression with exercise. The 
presence or severity of ST changes with exercise in adults with 
AS does not correlate with the presence or absence of epicardial 
CAD.47

Echocardiography
The standard echocardiographic evaluation of a patient with 
known or suspected AS includes assessment of stenosis severity, 
degree of coexisting AR and LV size and function, estimation of 
pulmonary pressures, and identification of any other cardiac 
abnormalities.47 With an experienced examiner, diagnostic data 
are obtained on transthoracic examination in nearly all patients. 
The most clinically useful measures of stenosis severity are 
maximum aortic jet velocity, mean pressure gradient (highly flow 
dependent), and continuity equation valve area (less flow depen-
dent) (Table 11-1). For details see also Chapter 6. Despite several 
potential limitations, the validity and accuracy of Doppler mea-
sures of AS severity for clinical purposes are well established both 
in comparison with catheterization data5,6,107-111 and in terms of 
clinical outcome.8,47 Nevertheless, it has to be emphasized that in 
clinical practice, careful consideration of all three measurements 
in conjunction with other findings, such as valve morphology and 
LV function, should be the basis for the final judgment of stenosis 
severity that will guide clinical management.

Current guidelines define severe AS as a peak velocity higher 
than 4â•¯m/s, a mean gradient greater than 40â•¯mm Hg, and AVA less 
than 1.0â•¯cm2,112,113 but it has to be noted that discrepant findings 
regarding these criteria are common in patients with the disease 
(Table 11-2). Most frequently, a patient has a small AVA (<1.0â•¯cm2) 
but nevertheless lower values for peak velocity (<4.0â•¯m/s) and 
gradient (<30-40â•¯mm Hg). Low-flow, low-gradient AS in the pres-
ence of LV dysfunction as one reason for this finding has already 
been discussed. The most challenging group, however, remains 
patients with small valve area and low gradients in the presence 
of preserved EF.

The entity of severe paradoxical low-flow, low-gradient AS with 
preserved EF has been described,114 with a stroke volume index 

of 35â•¯mL/m2 or less being defined as a “low flow.” This situation 
may be observed in the presence of severe LV hypertrophy with 
a small LV cavity. Prior to diagnosis of severe paradoxical low-flow 
AS, it is essential to rule out potential underestimation of flow 
and, consequently, of valve area by the continuity equation (see 
previous discussion). Furthermore, it must be noted that currently 
used cutoff values for valve area and gradient are not entirely 
consistent. A mean gradient of 40â•¯mm Hg requires, at normal flow 
rates, a valve area closer to 0.8â•¯cm2 than 1.0â•¯cm2. Finally, the 
patient with small stature may also have a small valve area but 
low gradient without having severe AS. In the initial retrospective 
study of this entity, a worse outcome was described in patients 
with paradoxical low-flow AS who were managed conservatively 
than in those undergoing aortic valve replacement.114 In contrast, 
an analysis of data from the prospective Simvastatin and Ezeti-
mibe in Aortic Stenosis (SEAS) cohort described an outcome that 
was comparable to that for patients with moderate AS.115 The 
populations of these studies differed markedly, however, perhaps 
explaining the differences in the results. Although it is premature 
to draw final conclusions with regard to the management of 
patients with low-flow, low-gradient AS with preserved EF, deci-
sions need to be individualized and explanations other than the 
presence of severe AS must be carefully excluded when a small 
valve area and low gradients are found despite normal LV EF.116

Coexisting AR is present in 70% to 80% of adults with predomi-
nant AS.7,47

LV chamber dimensions and volumes, wall thickness, mass, EF, 
and diastolic dysfunction are calculated by means of standard 
techniques. LV meridional and circumferential wall stress can be 
calculated from echocardiographic data in conjunction with a 
cuff blood pressure measurement, as described in Chapter 6. 
Although useful in clinical research studies, wall stress calcula-
tions are rarely performed routinely because these measurements 
are tedious to perform, and their clinical utility has not yet been 
convincingly demonstrated.

Other important information derived from the echocardio-
graphic examination includes left atrial size, pulmonary artery 
systolic pressure, right ventricular size and systolic function, and 
mitral valve anatomy and function. Mitral annular calcification is 
seen about 50% of adults with AS,47 and about 90% of patients 
have mild coexisting mitral regurgitation, with a smaller number 
having moderate mitral regurgitation. In patients with rheumatic 
disease, evaluation of the severity of mitral stenosis and/or regur-
gitation is also needed for clinical decision making.

Stress Testing
Exercise testing can be safely performed in patients with minimal 
or no symptoms.29,47,117 The study should be promptly stopped if 
there is any decline in blood pressure, symptom onset, or the 
occurrence of significant arrhythmias.

Exercise testing may be used to clarify symptom status in 
patients with equivocal symptoms, denial of apparent symptoms, 
or a decrease in exercise tolerance as perceived by other family 
members. A normal exercise test result indicates a very low likeli-
hood of symptom development or other complications within the 
following 6 to 12 months.118-120 Symptoms on exercise indicate a 
high likelihood of symptom development or complications within 
12 months in physically active patients, particularly those younger 
than 70 years.120 Shortness of breath during exercise in patients 
with little physical activity in daily life, however, particularly the 
elderly, may be a nonspecific finding. Abnormal blood pressure 
response and/or ST segment depression has a low positive predic-
tive value.120

Stress testing is also indicated to objectively measure the exer-
cise capacity and to define the parameters of a safe exercise 
program in the asymptomatic patient. Although patients with AS 
should not participate in competitive sports or extremely vigorous 
activities, they usually tolerate moderate levels of recreational 
activity well.121,122
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TABLE 11-2	 Classification of Aortic Stenosis Severity

LEFT VENTRICULAR FUNCTION 
(EJECTION FRACTION)

PEAK AORTIC JET 
VELOCITY (m/s)

MEAN GRADIENT 
(mm HG)

AORTIC VALVE AREA 
(cm2)

“Classic” aortic stenosis:
â•… Mild Normal 2.5-3.0 <25 >1.5
â•… Moderate Normal 3.0-4.0 25-50 1.0-1.5
â•… Severe Normal ≥4.0 ≥40 ≤1.0
â•… Very severe Normal ≥5.0 (≥5.5) ≥60 <0.9

Severe aortic stenosis despite reduced LV EF Reduced ≥4.0 ≥40 ≤1.0

Low-flow, low-gradient aortic stenosis Reduced ≤4.0 ≤40 ≤1.0

“Paradoxical” low-flow, low-gradient aortic stenosis Normal* ≤4.0 ≤40 ≤1.0

*In the presence of reduced stroke volume: An indexed stroke volume (SVi) ≤ 35â•¯ml/m2 has been proposed as a cutoff value.

Exercise electrocardiography is not helpful for the detection of 
coexisting CAD in patients with valvular AS. Although the increase 
in mean pressure gradient as assessed by exercise echocardiog-
raphy has been reported to predict outcome and provide informa-
tion beyond a regular exercise test,81,123 more data are required to 
validate this finding and support its use in clinical practice.

Echocardiographic evaluation of the change in valve area with 
changes in flow rate in response to intravenous infusion of dobu-
tamine may be helpful in the subgroup of patients with AS and 
significant LV systolic dysfunction who present with low gradient 
but small valve area.37,124-130 For a description of the hemodynamic 
principles, see the earlier discussion Valvular Hemodynamics. 
More data are required to confirm that the distinction between 
truly severe and pseudosevere AS by dobutamine stress echocar-
diography is clinically useful and should guide clinical manage-
ment, but contractile reserve—defined as a stroke volume increase 
of 20% or more—has been shown to be a potent predictor of 
outcome.126 However, contractile reserve, surprisingly, has not 
been found to be an independent predictor of postoperative LV 
function.131 In several studies, patients without contractile reserve 
prior to surgery had a higher perioperative mortality, but those who 
survived aortic valve replacement were found to have an increase 
in EF similar to that in those with contractile reserve131 and to have 
a significantly better 5-year survival than patients managed con-
servatively.132 Measuring the degree of aortic valve calcification by 
multislice computed tomography (CT) may be useful for the evalu-
ation of AS severity, especially in difficult cases, such as patients 
with reduced EF and those without contractile reserve.133

Cardiac Catheterization
Aortic stenosis severity is routinely quantified using Doppler echo-
cardiography. Invasive measurement of the transaortic gradient 
and calculation of valve area using the Gorlin formula is needed 
only in cases in which echocardiographic data are nondiagnostic 
or inconclusive (see Chapter 7).

Coronary angiography may be indicated to ascertain whether 
anginal symptoms are due to coexisting coronary disease in 
patients with mild or moderate AS. This procedure is routinely 
performed before aortic valve surgery unless the pretest likeli-
hood of disease is extremely low, as, for example, in a young 
woman with congenital AS. Coronary CT angiography may be 
useful for the preoperative evaluation of patients at low risk of 
coronary disease when all major coronary branches can be prop-
erly visualized.

Disease Course

Clinical Outcome
ASYMPTOMATIC PATIENTS

In adults with valvular AS, obstruction to LV outflow develops 
gradually over many years.83,85,86 In many patients, AS is 

coincidentally diagnosed when echocardiography is performed 
for other reasons or after the finding of a systolic murmur on 
examination, while they are still asymptomatic. Asymptomatic 
patients are found across the whole spectrum of AS severity, 
including a significant number with severe AS. In some patients 
a substantial decrease in valve area and an increase in transaortic 
velocity occur prior to symptom onset. The occurrence of symp-
toms clearly presents a turning point in the natural history of the 
disease (Table 11-3).

Patients with congenital AS may become symptomatic in early 
childhood or adolescence; in particular, patients with unicuspid 
valves tend to present with early symptoms. Later, at young adult 
age—typically between 20 and 30 years—these patients may also 
present with symptoms due to restenosis after a surgical valvot-
omy in childhood.134,135 In the patient with congenital bicuspid 
stenotic aortic valve, surgery is typically performed between ages 
50 and 70 years.136-138 In the adult patient with degenerative calcific 
valve disease, symptom onset may already have occurred at age 
50 but typically occurs in the elderly, between 70 and 90 years.138 
Rheumatic AS becomes symptomatic over a wider age range, 
with patients most often presenting between age 20 and 50 years.

In the absence of overt symptoms, clinical outcome with AS is 
excellent (Figure 11-1). However, some investigators suggest that 
irreversible changes of the ventricular myocardium occur even 
prior to symptom onset.139

With conservative follow-up of asymptomatic patients with AS, 
the risk of sudden death is one of the major concerns. In three 
studies that included significant numbers of patients with nonse-
vere stenosis, no sudden death was reported. Otto et al47 followed 
up 123 patients with an average peak velocity of 3.6 ± 0.6â•¯m/s for 
30 months. The two other series, with 51140 and 37 patients,141 had 
follow-up periods of 1.5 and 2.0 years, respectively. Only two 
studies reported the outcome of larger cohorts of patients with 
exclusively severe stenosis, as defined by a peak aortic jet velocity 
4.0â•¯m/s or higher. Pellikka et al142 observed 2 sudden deaths 
among 113 patients during a mean follow-up of 20 months. Both 
patients, however, had experienced symptoms at least 3 months 
before death. In a later published study, which is the largest to 
date, 11 sudden deaths were observed among 622 patients who 
had been followed up for a mean of 5.4 years.143 However, as the 
investigators state, medical follow-up was limited in about half of 
the patients. It thus remained unclear in this study whether these 
patients had eventually experienced symptoms in the months 
prior to death. Rosenhek et al144 reported 1 sudden death that was 
not preceded by any symptoms among 104 patients followed for 
27 months on average. Even in a later report on 116 patients with 
very severe AS (peak velocity ≥ 5.0â•¯m/s), only 1 sudden death was 
observed during a median follow-up of 3.4 years.145 Thus, sudden 
death may indeed occur even in the absence of preceding symp-
toms in patients with AS but appears to be a very uncommon 
event, with a rate of probably less than 1% per year during the 
asymptomatic phase of the disease. Finally, it has to be consid-
ered that sudden death has been reported even after successful 
valve replacement in patients with AS, at an incidence of about 
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aortic jet velocity over the whole spectrum of disease, with event 
rates being lowest in patients with mild stenosis, followed by 
those with moderate and then severe stenosis.47,144,148 The rate of 
symptom onset is about 8% per year in those with a jet velocity 
less than 3.0â•¯m/s, 17% per year in those with a jet velocity of 3.0 
to 4.0â•¯m/s, and 40% per year in those with a jet velocity more than 
4.0â•¯m/s (Figure 11-3).

Significant calcification, age, and the presence of CAD indi-
cated higher event rates in patients with mild to moderate AS.148

In addition, the rate of increase in aortic jet velocity over time 
is a strong predictor of clinical outcome.47,144,148-150 In severe asymp-
tomatic AS, the rate of symptom onset is higher in patients older 
than 50 years and in those with significant valve calcification, 
suggesting that calcific disease progresses more rapidly than 
rheumatic aortic valve stenosis.144,151 Among 126 patients with 
asymptomatic severe AS, it was shown that the presence of a 

0.3%, so the risk cannot be entirely eliminated by surgical 
treatment.146,147

Overall, a watchful waiting strategy, which consists of regularly 
following up patients as long as they are asymptomatic and refer-
ring them for surgery once they become symptomatic, results in 
a good survival that is not statistically different from that of an 
age- and gender-matched control population (Figure 11-2).144

RISK STRATIFICATION IN ASYMPTOMATIC PATIENTS

In initially asymptomatic patients, the rate of symptom onset 
ranges from less than 1% to 15% per year. Predictors of symptom 
onset include older age, male gender, AS severity, and functional 
status. One of the most important predictors of outcome in 
patients with AS is the degree of stenosis severity. The necessity 
for subsequent aortic valve surgery is directly related to peak 

TABLE 11-3	 Event-Free Survival of Asymptomatic Patients with Aortic Stenosis

FIRST AUTHOR YR ENTRY CRITERIA N AGE (YEARS)
FOLLOW-UP 

(MONTHS) AS SEVERITY EVENT-FREE SURVIVAL

Kelly140 1988 Vmax ≥3 5â•¯m/s 51 63 ± 19 15 ± 10 ΔP 68 ± 19â•¯mmâ•¯Hg 60% at 2 yrs

Pellikka142 1990 Vmax ≥4.0â•¯m/s 143 72 (40-94) 20 Vmax 4.4 (4-6.4) m/s 62% at 2 yrs

Kennedy243 1991 Moderate AS at catheterization 66 67 ± 10 35 AVA 0.9 2 ± 0.13â•¯cm2 59% at 4 yrs

Otto47 1997 Abnormal valve with Vmax >2.6â•¯m/s 123 63 ± 16 30 Vmax <3.0â•¯m/s 84% at 2 yrs
Vmax 3-4â•¯m/s 66% at 2 yrs
Vmax >4â•¯m/s 21% at 2 yrs

Rosenhek144 2000 Vmax ≥4.0â•¯m/s 128 60 ± 18 22 ± 18 Vmax 5.0 ± 0.7â•¯m/s 67% at 1â•¯yr
56% at 2 yrs
33% at 4 yrs

Rosenhek148 2004 Abnormal valve with Vmax 2.5-3.9â•¯m/s 176 58 ± 19 48 ± 19 Vmax 3.1 ± 0.4â•¯m/s 95% at 1â•¯yr
75% at 2 yrs
60% at 5 yrs

Pellikka143 2005 Vmax ≥4.0â•¯m/s 622 72 ± 11 65 ± 48 Vmax 4.4 ± 0.4â•¯m/s 82% at 1â•¯yr
67% at 2â•¯yrs
33% at 5â•¯yrs

Rossebø180 2008 Vmax 2.5 to 4.0â•¯m/s 1873 68 ± 9 52 (median) Vmax 3.1 ± 0.55â•¯m/s Approx. 65% at 5â•¯yrs

Lancellotti155 2010 AVAi ≤0.6â•¯cm2/m2 163 70 ± 10 20 ± 19 ≤0.6â•¯cm2/m2 50% at 2â•¯yrs
44% at 4â•¯yrs

Kang189 2010 Vmax ≥4.5â•¯m/s 95 63 ± 12 58 (median) 4.9 ± 0 4â•¯m/s 71±5% at 2â•¯yrs
47±5% at 4â•¯yrs
28±6% at 6â•¯yrs

Rosenhek145 2010 Vmax ≥5.0â•¯m/s 116 67 ± 15 41 (median) Vmax 5.0-5.5â•¯m/s 43% at 2â•¯yrs
Vmax ≥5.5â•¯m/s 25% at 2â•¯yrs

AS, aortic stenosis; AVA, aortic valve area; AVAi, indexed aortic valve area; ΔP, pressure gradient; Vmax, maximum aortic jet velocity.

FIGURE 11-1â•… Event-free survival with aortic 
valve disease. Survival curves are shown for hemo-
dynamically severe aortic stenosis and combined 
lesions (triangles and blue lines) as well as aortic regur-
gitation (circles and red lines) in severely symptomatic 
(solid lines) and asymptomatic or mildly sympÂ�tomatic 
(dashed lines) patients. Event free survival at 5 years, 
and the number of remaining subjects, are shown at 
the end of each line. (From Turina J, Hess O, Sepulcri F, 
Krayenbuehl HP. Spontaneous course of aortic valve 
disease. Eur Heart J 1987;8:471–83.)
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moderately to severely calcified aortic valve was associated with 
a significantly increased event rate, and 80% of these 126 patients 
experienced symptoms warranting aortic valve replacement or 
died within 4 years (Figure 11-4).144 The combination of a calcified 
aortic valve with a rapid hemodynamic progression, defined as 
an increase in peak aortic jet velocity of more than 0.3â•¯m/s within 
1 year, identified a patient group at particularly high risk, with  
an event rate of 79% within 2 years (Figure 11-5).144 The echocar-
diographic determination of aortic valve calcification has the 
advantage of being fast and easily obtainable at the moment of 
the echocardiographic exam. Although it is a semiquantitative 

FIGURE 11-2â•… Asymptomatic severe aortic stenosis. Kaplan-Meier esti-
mates of overall survival among 126 patients with asymptomatic but severe 
aortic stenosis, as compared with age- and sex-matched persons in the general 
population. This analysis included perioperative and postoperative deaths 
among patients who required valve replacement during follow-up. The vertical 
bars indicate standard errors. (From Rosenhek R, Binder T, Porenta G, Lang I, Christ 
G, Schemper M, etâ•¯al. Predictors of outcome in severe, asymptomatic aortic stenosis. 
N Engl J Med 2000;343:611–7.)
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123 initially asymptomatic adults with valvular aortic stenosis, defined by 
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M, etâ•¯al. Predictors of outcome in severe, asymptomatic aortic stenosis. N Engl J Med 
2000;343:611–7.)
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FIGURE 11-5â•… Effect of change in aortic velocity on clinical outcome. 
Kaplan-Meier estimates of event-free survival among 34 patients with moder-
ate or severe calcification of the aortic valve and a rapid increase in aortic jet 
velocity (at least 0.3â•¯m/s within 1 year). In this analysis, follow-up started with 
the visit at which the rapid increase was identified. The vertical bars indicate 
standard errors. (From Rosenhek R, Binder T, Porenta G, etâ•¯al. Predictors of outcome 
in severe, asymptomatic aortic stenosis. N Engl J Med 2000; 343: 611–7.)
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exercise response, an exercise-induced increase in mean trans-
valvular gradient of more than 20â•¯mm Hg was described as an 
independent risk predictor, suggesting that exercise stress echo-
cardiography may provide prognostic information additional  
to that obtained from standard exercise testing and resting echo-
cardiography.123 Using receiver operating characteristic curve 
analysis in 163 patients with moderate to severe AS, Lancellotti  
et al155 identified a peak aortic jet velocity of 4.4â•¯m/s or higher, an 
LV longitudinal myocardial deformation of 15.9% or less, a 
valvular-arterial impedance of 4.9â•¯mm Hg/mL/m2 or greater, and 
an indexed left atrial area of 12.2â•¯cm2/m2 or more as associated 
in an integrative way with events. In patients with severe AS, 
impaired multidirectional LV strain and strain rate are present 
even with preserved LV EF, but a significant improvement occurs 
after aortic valve replacement.157 Significantly higher event-free 
survival rates were described for patients with appropriate and 
inappropriate LV mass, respectively, being 78% and 56% at 1 year, 
68% and 29% at 3 years, and 56% and 10% at 5 years (all P < 0.01) 
(Figure 11-9).158 However, in patients with calcific AS who have a 

FIGURE 11-6â•… Outcomes with very severe aortic stenosis. Kaplan-Meier 
event-free survival estimates for patients with a maximum aortic valve jet 
velocity (Vmax) between 4.0 and 5.0â•¯m/s (yellow line; n = 82), between 5. 0 and 
5.5â•¯m/s (blue line; n = 72), and ≥5.5â•¯m/s (green line; n = 44). (From Rosenhek R, 
Zilberszac R, Schemper M, Czerny M, Mundigler G, Graf S, etâ•¯al. Natural history of 
very severe aortic stenosis. Circulation 2010;121:151–6.)
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FIGURE 11-7â•… Relationship between brain natriuretic peptide (BNP) 
levels and outcome in aortic stenosis. Kaplan-Meier estimates of symptom-
free survival for patients with severe aortic stenosis and a a baseline BNP 
<130â•¯pg/mL (n = 25) versus ≥130â•¯pg/mL (n = 18). (From Bergler-Klein J, Klaar U, 
Heger M, Rosenhek R, Mundigler G, Gabriel H, Binder T, etâ•¯al. Natriuretic peptides 
predict symptom-free survival and postoperative outcome in severe aortic stenosis. 
Circulation 2004;109:2302–8.)
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FIGURE 11-8â•… Exercise change in pressure gradient and clinical 
outcome. Event-free survival curves according to exercise-induced changes 
in mean transaortic pressure gradient (MPG diff) in 69 consecutive patients with 
severe aortic stenosis. (From Lancellotti P, Lebois F, Simon M, Tombeux C, Chauvel 
C, Pierard LA. Prognostic importance of quantitative exercise Doppler echocardiog-
raphy in asymptomatic valvular aortic stenosis. Circulation 2005;112:I377–82).
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method, the differentiation between no or mild and moderate to 
severe calcification can be easily made. The finding that aortic 
valve calcification is associated with a poor outcome was also 
confirmed by a study that assessed the degree of aortic valve 
calcification by electron-beam tomography.152 Patients with very 
severe AS are also at an increased risk of experiencing a rapid 
symptom onset. Event-free survival rates at 3 years were found to 
49%, 33%, and 11% for patients with peak aortic jet velocities 
between 4.0 and 5.0â•¯m/s, between 5.0 and 5.5â•¯m/s, and more than 
5.5â•¯m/s, respectively (Figure 11-6).145 Most patients with an aortic 
jet velocity higher than 5.0â•¯m/s are already symptomatic at pre-
sentation, and those who are still asymptomatic have a high likeli-
hood of a rapid symptom onset, in particular when their peak 
aortic jet velocity exceeds 5.5â•¯m/s. These findings strongly support 
the need to define the entity of “very severe” AS.

Monin et al153 have proposed a risk score for the identification 
of patients with AS at high risk of adverse events that includes 
both information on stenosis severity and brain natriuretic pepÂ�
tide (BNP) levels as follows:

Score peak velocity m/s ln of BNP
if female

= × + ×
+
[ ( ) ] ( . )

. (
2 1 5

1 5   sex)

BNP was previously demonstrated to predict symptom onset and 
operative outcome in several other studies154-156 (Figure 11-7).

Lancellotti et al81 assessed the value of exercise Doppler echo-
cardiographic measurements in 69 patients with severe asymp-
tomatic AS. In this study, an exercise-induced increase in mean 
transaortic gradient of 18â•¯mm Hg or more (Figure 11-8), an abnor-
mal exercise test result, and an aortic valve area less than 
0.75â•¯cm2 were significant predictors of subsequent events in mul-
tivariate analysis, and all had an incremental value when they 
occurred together. In 135 asymptomatic AS patients with a normal 
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series, one study projected that the average time from symptom 
onset to death is 2 years for patients with exertional syncope, 3 
years for those with heart failure symptoms, and 5 years for those 
with angina.85 Later series of adults who refused surgical interven-
tion indicate survival rates with severe symptomatic AS of only 
15% to 50% at 5 years.82,134,161,162 Recently the poor outcome of 
inoperable patients with symptomatic severe AS has been con-
firmed in cohort B of the U.S. Placement of AoRTic TraNscathetER 
Valve (PARTNER) trial, with a mortality of 50% at 1 year.163 More 
intense symptoms are associated with worse outcome.

This finding emphasizes the importance of patient education, 
the need for periodic clinical evaluation, and the importance of 
intervention for any symptom due to AS.

In adults with symptomatic AS, predictors of survival are trans-
aortic velocity or gradient, functional status, LV systolic function, 
comorbid disease, and gender.162 In a patient with symptoms due 
to severe AS, prognosis is better in the presence of a high gradient 
(or jet velocity), because a low gradient and low transaortic veloc-
ity in the setting of severe valve narrowing is the reflection of a 
reduced cardiac output.

Not surprisingly, BNP levels predict survival in this group of 
patients.164 Often these patients have symptoms with minimal 
exertion or at rest and many have recurrent hospital admissions 
for decompensated heart failure. Medical therapy may enable 
alleviation of episodes of acute decompensation, for example, the 
use of diuretics for acute pulmonary edema, but does not prevent 
recurrent episodes of decompensation or prolong life.

Patients with paradoxical low-flow, low-gradient AS and pre-
served EF may present with severe symptoms, although the inter-
pretation of symptoms may be difficult because of the common 
coexistence of hypertension. It has been shown that such patients 
have a reduced longitudinal LV function, a higher degree of inter-
stitial fibrosis in biopsy samples, and more late enhancement on 
magnetic resonance imaging.165

AORTIC SCLEROSIS AND MILD TO MODERATE  
AORTIC STENOSIS

The presence of aortic valve sclerosis is associated with a signifi-
cantly increased cardiovascular and all-cause mortality in the 
absence of hemodynamic obstruction to blood flow.166 Also, mild 

normal LV EF, the severity of stenosis is the most important cor-
relate of symptomatic deterioration, and tissue Doppler imaging 
measurements of LV systolic and diastolic function and LV mass 
provide limited predictive information after for the severity of 
stenosis is accounted for.159

Interestingly, there is a wide range of hemodynamic severity at 
symptom onset in adults with valvular AS.47,134,160,161 In the Balloon 
Valvuloplasty Registry study, symptomatic patients had aortic jet 
velocities ranging from 2.3 to 6.6 (mean 4.4 ± 0.8) m/s, mean 
transaortic pressure gradients ranging from 13 to 120 (mean 48 ± 
18) mm Hg, and aortic valve areas ranging from 0.1 to 1.4 (mean 
0.6 ± 0.2) cm2.7 In this study, there may have been bias toward 
overestimation of disease severity at symptom onset because 
some patients may have been symptomatic for several months or 
years prior to study entry. However, a prospective study of initially 
asymptomatic adults with valvular AS also found a wide range of 
hemodynamic severity at symptom onset, with an average jet 
velocity of 4.6 ± 0.8â•¯m/s, a mean transaortic gradient of 49 ± 
18â•¯mm Hg, and a mean valve area of 0.93 ± 0.31â•¯cm2.47 The range 
of hemodynamic severity at symptom onset is similar if indexed 
to body surface area, indicating that these differences between 
patients are not due simply to differences in body size. Other 
clinical series also show a substantial overlap in hemodynamic 
severity between symptomatic and asymptomatic patients.134,161

These clinical observations support the hypothesis that 
symptom onset is due to the interaction of valve stiffness, LV 
ejection force, and the metabolic requirements in each individ-
ual. Symptoms typically occur initially with conditions that 
increase total tissue oxygen demands, such as exertion, preg-
nancy, febrile illness, and anemia, as a result of the inability of 
the heart to increase cardiac output across the narrowed valve. 
Thus, the specific degree of valve narrowing associated with 
clinical symptoms shows considerable individual variability. In 
addition, concurrent conditions such as AR and CAD also modify 
the specific extent of hemodynamic perturbation associated 
with symptoms.

SYMPTOMATIC PATIENTS

Once definite symptoms of AS are present, outcome is very poor 
without surgical intervention. Using data from earlier autopsy 

FIGURE 11-9â•… LV Mass and clinical outcome in 
aortic stenosis. Event-free survival curves in 
patients with appropriate (yellow line; n = 88) or inap-
propriately high (blue line; n = 121) left ventricular (LV) 
mass. (From Cioffi G, Faggiano P, Vizzardi E, Tarantini L, 
Cramariuc D, Gerdts E, de Simone G. Prognostic effect of 
inappropriately high left ventricular mass in asymptom-
atic severe aortic stenosis. Heart 2011;97:301–7.)
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TABLE 11-4	 Hemodynamic Progression of Valvular Aortic Stenosis

FIRST AUTHOR YEAR TYPE OF STUDY
CLINICAL STATUS 

AT ENTRY N
MEAN FOLLOW-UP 

(yrs)

INCREASE IN 
MEAN ΔP 

(mm Hg/yr)
INCREASE IN 
VMAX (m/s/yr)

DECREASE IN 
AVA (cm2/yr)

Echocardiographic Studies
Otto170 1989 Prospective Asymptomatic 42 1.7 8 (−7 to 23) 0.36 ± 0.31 0.1
Roger173 1990 Retrospective AS on echo 112 2.1 0.23 ± 0.37
Faggiano141 1992 Prospective AS on echo 45 1.5 0.4 ± 0.3 0.1 ± 0.13
Peter172 1993 Retrospective AS on echo 49 2.7 7.2
Brener169 1995 Retrospective AS on echo 394 6.3 0.14
Otto47 1997 Prospective Asymptomatic 123 2.5 7 ± 7 0.32 ± 0.34 0.12 ± 0.19
Bahler150 1999 Retrospective AS on echo 91 1.8 2.8 0.2 0.04
Palta171 2000 Retrospective AS on echo 170 1.9 0.10 ± 0.27
Rosenhek144 2000 Prospective Vmax >4.0m/s 128 1.8 Slow

Rapid
0.14 ± 0.18
0.45 ± 0.38

Rosenhek148 2004 Retrospective Vmax 2.5 to 3.9â•¯m/s 176 3.8 0.24 ± 0.30

Echocardiographic Intervention Studies
Novaro177 2001 Retrospective AVA 1.0 to 1.8â•¯cm2 174 1.7 Statin therapy

No statin
0.06 ± 0.16
0.11 ± 0.18

Bellamy175 2002 Retrospective AVA <2.0â•¯cm2 156 3.7 Statin therapy
No statin

0.04 ± 0.15
0.09 ± 0.17

Rosenhek178 2004 Retrospective Vmax >2.5â•¯m/s 211 2.0 Statin therapy
No statin

0.1 ± 041
0.39 ± 0.42

Cowell176 2005 Prospective Vmax >2.5â•¯m/s 134 2.1 Statin therapy
No statin

0.2 ± 0.21
0.2 ± 0.21

0.08 ± 0.11
0.08 ± 0.11

Moura179 2007 Prospective AVA 1.0 to 1.5â•¯cm2 121 1.4 Statin therapy
No statin

0.4 ± 0.38
0.24 ± 0.30

0.05 ± 0.12
0.1 ± 0.09

Chan181 2010 Prospective Vmax 2.5 to 4.0â•¯m/s 269 3.5 Statin therapy
No statin

0.08 ± 0.21
0.07 ± 0.15

AS, aortic stenosis; AVA, aortic valve area; ΔP, pressure gradient; echo, echocardiography; Vmax, maximum aortic jet velocity.

FIGURE 11-10â•… Hemodynamic progression rates. Rates of hemodynamic 
progression expressed as increases in peak aortic jet velocity among patients 
with mild to moderate aortic stenosis. Valve calc, calcified aortic valve leaflets; 
CAD, coronary artery disease. (From Rosenhek R, Klaar U, Schemper M, Scholten C, 
Heger M, Gabriel H, Binder T, etâ•¯al. Mild and moderate aortic stenosis: natural history 
and risk stratification by echocardiography. Eur Heart J 2004;25:199–205.)
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to moderate AS is not a benign disease, being associated with 
increased cardiovascular and noncardiac deaths.47,148 Thus aortic 
sclerosis and mild to moderate AS are markers of a poor overall 
prognosis.

In addition the prognosis of patients with the disease is influ-
enced by hemodynamic progression of the disease. The Cardio-
vascular Health Study showed that aortic sclerosis progresses to 
significant AS within five years in about 9% of patients.167 The 
interval between observation of aortic valve “sclerosis” on echo-
cardiography and clinical evidence of severe stenosis may be as 
short as five years.168 In addition, the progression to severe, hemo-
dynamically significant stenosis is common and may be more 
rapid than previously assumed.148

Hemodynamic Progression
Understanding the progressive nature of AS and awareness of 
progression rates are fundamental to appropriate patient man-
agement and individualization of follow-up intervals in patients 
who have mild or moderate AS. Studies have aimed to define 
hemodynamic progression of AS during the phase prior to 
symptom onset, to predict prognosis, to identify predictors of 
rapid disease progression, and to improve our understanding of 
the relationship between hemodynamic severity and symptom 
onset.35,141,144,148,150,169-173 Intervention studies, designed to assess 
the effects of statin therapy in halting or delaying the progression 
of AS, provide additional information on hemodynamic progres-
sion174-178 (Table 11-4). Overall, these studies showed an average 
rate of increase in aortic jet maximum velocity between 0.2 and 
0.4â•¯m/s/year, and mean pressure gradient of about 8â•¯mm Hg per 
year, with a decrease in valve area of 0.15â•¯cm2 per year. However, 
there is marked individual variability in the rate of hemodynamic 
progression. Factors predicting rapid hemodynamic progression 
are the presence of a calcified aortic valve, CAD, and age (Figure 
11-10).148 Although Doppler echocardiographic studies have the 
advantage of larger patient numbers and potentially less 

selection bias (a repeat echocardiographic study is likely to be 
requested more often than a repeat cardiac catheterization), 
many of these studies are retrospective, the data having been 
extracted from ongoing clinical databases. Thus, patients with 
rapid progression, those demonstrating symptoms, or those 
requiring surgical intervention may be overrepresented. Con-
versely, repeat studies may not have been performed in clinically 
stable patients. The results of more recently published studies 
may avoid some of these biases.47,144,176,179-181
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Surgical Intervention and  
Postoperative Outcome

Timing of Surgical Intervention
SYMPTOM ONSET

Surgical intervention for AS is indicated at symptom onset in 
adults because of the dramatic improvement in survival with 
surgical in comparison with medical therapy and the high likeli-
hood of symptom relief after valve replacement. Surgery can be 
deferred in asymptomatic adults, in whom survival and clinical 
outcome are excellent without surgical intervention.144 The only 
clinical difficulty with this approach is defining at what point the 
patient can be considered symptomatic.

Symptom onset in adults is so gradual that many patients fail 
to recognize early symptoms and first appear for medical atten-
tion with a syncopal episode, frank heart failure, or unstable 
angina. Surgical intervention clearly is needed in these patients. 
In contrast, patients followed up prospectively who are educated 
about the possible symptoms tend to present with a history of 
gradually decreasing exercise tolerance and increasing exer-
tional dyspnea that is elicited only by focused and detailed ques-
tions. Physical examination typically shows severe AS but fails  
to reveal evidence of hemodynamic decompensation. Thus, it 
often is unclear whether these patients are truly symptomatic or 
whether these nonspecific symptoms are due to age, intercurrent 
illness, or comorbid conditions.

In general, if severe AS is present even mild symptoms should 
be considered to be due to AS, and the patient referred promptly 
for surgical intervention. Support for this approach includes 
natural history studies showing the high rate of symptom onset 
and death with Doppler echocardiographic evidence of severe 
stenosis, so that even if surgery is deferred initially, the patient is 
likely to experience more severe symptoms requiring surgical 
intervention within a relatively short time.47,185,186 Additional 
support for surgical intervention for mild symptoms is the growing 
evidence that systolic dysfunction may be irreversible in some 
patients with AS and that nearly all patients have significant dia-
stolic dysfunction that persists for several years after valve replace-
ment. Some investigators suggest that even earlier intervention is 
needed (e.g., in the asymptomatic patient) to prevent the second-
ary LV changes of this disease process.139

Another clinical difficulty in the timing of surgical intervention 
in AS is determining whether symptoms are caused by AS when 
obstruction is not severe. In the patient with symptoms, such as 
angina, but only mild valve obstruction, it is clear that AS is not 
the cause of the symptoms. However, when symptoms are present 
and stenosis appears “moderate,” the relationship between the 
valve obstruction and symptoms is less clear, especially in light 
of the observation that there is substantial overlap in hemody-
namic severity between symptomatic and asymptomatic patients. 
There is no simple method to establish a cause-and-effect rela-
tionship between valve obstruction and symptoms in these cases. 
A careful history and search for alternate causes of symptoms 
may resolve the issue. If not, exercise testing for objective evalu-
ation of exercise tolerance, hemodynamic response, and symp-
toms may be helpful.

SURGERY IN ASYMPTOMATIC PATIENTS

Although there is consensus now that surgery is indicated in 
symptomatic AS even if symptoms are mild,112,113 the management 
of asymptomatic AS remains a matter of controversy.187,188 Kang 
et al189 recently reported a better outcome for 102 patients with 
asymptomatic AS with a peak aortic jet velocity of more than 
4.5â•¯m/s who underwent elective aortic valve replacement than for 
patients who were initially followed up conservatively. However, 
this study was nonrandomized and the mortality in the group of 

As the disease progresses, growing obstruction to LV outflow 
is most often reflected by a decrease in valve area and increases 
in jet velocity and pressure gradient. However, if there is a concur-
rent decrease in transaortic volume flow rate, a decrease in valve 
area alone may be seen, with no change in jet velocity or trans-
aortic gradient. This situation may occur secondary to comorbid 
disease, such as increasing mitral regurgitation or myocardial 
infarction, but may also be due to a decrease in LV function late 
in the disease course. On the other hand, increases in jet velocity 
and pressure gradient with no change in valve area may be 
observed if transaortic stroke volume is increased as a result of 
hyperdynamic states (e.g., anemia, fever, pregnancy) or increas-
ing AR.

In general, the rate of hemodynamic progression is fairly linear. 
However, episodes of more abrupt progression preceding the 
appearance of symptoms have been observed. Such abrupt pro-
gression might appear at the point at which leaflet stiffness 
exceeds the capacity of ventricular ejection force to adequately 
open the valve.

Coexisting Coronary Artery Disease
About 50% of adults undergoing valve replacement for AS have 
significant CAD. The concurrence of valvular AS and CAD com-
plicates both the diagnosis and management in individual patients 
and the interpretation of outcome studies.

Only between 20% and 60% of patients with AS and symptoms 
of angina have coronary disease, whereas 0 to 54% (mean 16%) 
of those without angina also have significant CAD.182 In the patient 
with previously asymptomatic AS, it is difficult to ascertain 
whether the onset of angina is due to the severe valvular stenosis 
or whether angina is due to coexisting CAD. Alcalai et al183 
described a series of 38 consecutive symptomatic patients with 
significant AS and CAD who underwent percutaneous coronary 
intervention (surgery was not performed because of patient pref-
erence, high surgical risk, and cardiologist recommendation).
After the intervention, 35 of these patients reported relief of their 
symptoms.

On a general basis, even though the symptoms might not 
always be unequivocally attributable to AS, aortic valve replace-
ment should not be deferred in symptomatic patients because of 
the unfavorable natural history of severe symptomatic AS. When 
stenosis severity is intermediate, decision making is more diffi-
cult, especially given that symptoms can occur with a relatively 
wide range of stenosis severity. Often, coronary angiography is 
needed to clarify the contribution of coronary disease to symp-
toms in these patients. The decision should incorporate coronary 
morphology, severity of AS, and expected progression rates.

In clinical studies of the natural history of AS, it rarely is pos-
sible to separate outcomes due to coexisting coronary disease 
from those due to valvular obstruction, given the high rate of 
concordance of these diseases. Of the four cardiac deaths in a 
prospective study of 123 adults with asymptomatic AS, two were 
due to coexisting CAD and the other two patients had severe AS 
but refused aortic valve replacement.47

Coronary angiography is routinely performed prior to planned 
surgical intervention. The operative mortality for patients with AS 
and coexisting CAD ranges from 1.1% to 4.8% if coronary artery 
bypass grafting is performed at the time of valve replacement but 
may be as high as 4% to 13.2% if no revascularization is performed 
in the setting of significant coronary disease, most likely because 
of inadequate myocardial perfusion immediately after cardiopul-
monary bypass and in the early postoperative period.139,184 Nonin-
vasive tests are generally of limited use in the preoperative 
assessment. Especially older patients with calcific AS, who often 
have a significant risk profile and a high rate of associated CAD, 
should systematically undergo preoperative coronary angiogra-
phy. Ruling out the presence of CAD with CT angiography might 
be an option in younger patients at low risk for the presence  
of CAD.
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asymptomatic phase and preclude a later optimal surgical 
outcome.192 Because it appears nevertheless unlikely from current 
data that the potential benefit of valve replacement in asymptom-
atic patients can outweigh the risk of surgery and the long-term 
risk of prosthesis-related complications in all patients, surgery  
for severe AS can certainly not be recommended in general 
before symptom onset. However, risk stratification should be con-
sidered to identify patients who are likely to benefit from elective 
surgery.188

Risk stratification has been discussed previously (see Clinical 
Outcome). It has to be noted that in all the studies that identified 
predictors of outcome in asymptomatic AS, the vast majority of 
events was symptom development that required valve replace-
ment. Thus, these variables have primarily been shown to predict 
a shorter time to symptom onset but not mortality. No study could 
so far demonstrate that elective surgery in asymptomatic patients 
based on such risk factors has significant impact on survival. For 
this reason, current guidelines are rather cautious with recom-
mendations.112,113 Because patients with peak aortic jet velocity 
above 5.5â•¯m/s145 and those with moderate to severe calcification 
of the valve and rapid increase in transvalvular velocity (≥0.3m/s 
within 1 year)144 are in particular likely to experience symptoms 
and rapid deterioration very soon, the revised European Guide-
lines recommend that surgery should be considered (class IIaC; 
see Table 11-5).

Stress testing as a predictor of outcome has also been dis-
cussed previously. Patients with normal exercise capacity can be 

patients initially managed conservatively was unexpectedly high; 
it was 24% at 6 years and the majority of deaths indeed occurred 
in patients who had eventually demonstrated symptoms but nev-
ertheless did not undergo surgery. Another study that proposed 
elective surgery in asymptomatic AS actually demonstrated that 
patients who underwent surgery while still asymptomatic had 
identical operative and long-term outcomes as those for patients 
who underwent surgery when they became symptomatic.190 
However, these data have not confirmed a better outcome with 
an early elective surgery strategy.

There is consensus that the very rare asymptomatic patient 
with AS and impaired LV systolic function that cannot be 
explained by other causes should be referred for surgery. Despite 
the data showing overall good outcome for all other truly asymp-
tomatic patients and the low risk of sudden death during the 
asymptomatic phase of the disease, many physicians are reluc-
tant to follow up these patients for several reasons. There is the 
previously discussed difficulty to clearly distinguish between 
asymptomatic and mildly symptomatic status and the fact that 
patients frequently do not present immediately when symptoms 
develop. Furthermore, operative risk significantly increases with 
symptoms and their severity. A large surgical registry reports an 
operative mortality of less than 2% for patients in New York Heart 
Association (NYHA) functional class I or II heart failure, com-
pared with 3.7% and 7% for patients in NYHA classes III and IV, 
respectively.191 In addition, there remains concern that severe 
myocardial hypertrophy and fibrosis may develop during the 

TABLE 11-5	 Indications for Aortic Valve Replacement in Aortic Stenosis as Recommended by Current Practice Guidelines

INDICATION CLASS EVIDENCE LEVEL ACC/AHA GUIDELINES244 ESC GUIDELINES113

I B Symptomatic patient with severe AS Symptomatic patient with severe AS
C Patient with severe AS and EF <0.50 Patient with severe AS and EF <0.50
C Patient with severe AS undergoing CABG or surgery on 

the aorta or other heart valves
Patient with severe AS undergoing CABG or surgery on 

the aorta or other heart valves
C Asymptomatic patient developing symptoms during 

exercise test

IIa C Patient with moderate AS undergoing CABG or surgery 
on the aorta or other heart valves

Patient with moderate AS undergoing CABG or surgery 
on the aorta or other heart valves

C Asymptomatic patient with severe AS and fall of blood 
pressure below baseline during exercise test

C Asymptomatic patients, with normal EF and none of 
the above-mentioned exercise test abnormalities, if 
the surgical risk is low and one or more of the 
following findings is present:
•	 Very severe AS defined by a peak transvalvular 

velocity >5.5â•¯m/s
or
•	 Severe valve calcification and a rate of peak 

transvalvular velocity progression ≥0.3â•¯m/s per year
C AS with low gradient (<40â•¯mm Hg) with LV dysfunction 

and contractile reserve
C Symptomatic patients with low-flow, low-gradient 

(<40â•¯mm Hg) AS with normal EF only after careful 
confirmation of severe AS

IIb C Asymptomatic patient with severe AS and abnormal 
response to exercise (e.g., development of symptoms 
or asymptomatic hypotension)

Asymptomatic patients with severe AS, normal EF and 
none of the above-mentioned exercise test 
abnormalities, if surgical risk is low and one or more 
of the following findings is present:

Markedly elevated natriuretic peptide levels confirmed 
by repeated measurements without other 
explanations

Increase of mean pressure gradient with exercise by 
>20â•¯mm Hg

Excessive LV hypertrophy in the absence of 
hypertension

AS with low gradient (<40â•¯mm Hg) and LV dysfunction 
without contractile reserve

C Asymptomatic patient with severe AS and high 
likelihood of rapid progression (age, calcification, and 
CAD) or if surgery might be delayed at the time of 
symptom onset)

C Patient with mild AS undergoing CABG when there is 
evidence, such as moderate to severe calcification, 
that progression may be rapid

C Asymptomatic patient with extremely severe AS  
(valve area <0.6â•¯cm2, mean gradient >60â•¯mm Hg, 
jet velocity >5.0â•¯m/s) when expected operative 
mortality ≤1%

ACC, American College of Cardiology; AHA, American Heart Association; AS, aortic stenosis; CABG, coronary artery bypass graft surgery; CAD, coronary artery disease; EF, ejection fraction; 
ESC, European Society of Cardiology; LV, left ventricle.
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considered at low risk and safely followed up. Symptom develop-
ment during exercise test indicates surgery, particularly in physi-
cally active patients (class I in Europe, IIb in United States). 
However, it has to be kept in mind that breathlessness on exercise 
may be difficult to interpret in patients normally engaging in only 
low physical activity, particularly the elderly, making decisions 
more difficult. Asymptomatic patients with drops in blood pres-
sure below baseline during exercise testing should also be con-
sidered for surgery by consensus.

Arrhythmias upon exercise, excessive LV hypertrophy, marked 
increase in mean gradient during exercise, and elevated neuro-
hormones are more controversial and/or clear cutoffs for clinical 
decision making are poorly defined. Therefore, these risk factors 
are ranked rather low (IIbC).112,113

BNP levels are particularly helpful when they are normal or 
only slightly elevated, indicating a good short-term outcome. 
However, the positive predictive value of this measurement needs 
to be viewed cautiously because of its nonspecificity and the fact 
that several cutoff values were proposed in different studies to 
indicate a poor outcome.154,193,194 Nevertheless, markedly elevated 
BNP without any other explanation must prompt further evalua-
tion. Furthermore, high plasma levels of neurohormones have 
been reported to be associated with high operative mortality and 
worse postoperative outcome with regard to LV function and 
symptomatic status.154 Finally, neurohormone measurements may 
help to better distinguish between asymptomatic and early symp-
tomatic state or to relate shortness of breath to AS in a patient 
with an additional pulmonary cause of this symptom.

Recommendations for surgery according to current U.S.112 and 
European113 guidelines are summarized in Table 11-5 as well as in 
Figures 11-11 and 11-12.

INTERVENTION IN THE ELDERLY

The assessment of the interventional risk is particularly important 
in elderly patients. Objective parameters to assess interventional 
risk and thus to predict the risk of surgery and to identify high-risk 
patients who would benefit from percutaneous procedures are 
needed.195 In that regard, reliable risk scores that predict surgical 
mortality would be helpful. The EuroSCORE, still widely used in 
Europe, was not developed for this specific patient group, has 
major limitations, and frequently overestimates the 30-day mor-
tality.196 Although surgical mortality is higher in elderly patients, 
they also experience significantly prolonged life expectancy after 
valve replacement. When intervention is being considered in 
elderly patients, it is helpful to consult age-adjusted life tables so 
that expected survival after surgery (as for age-matched adults 
without AS) can be compared with the expected survival without 
surgical intervention.195 Also, in octogenarians, survival after 
aortic valve replacement is favorable even with concomitant 
bypass surgery, and more than half of patients survive more than 
6 years after surgery, with a median survival between 6 and 7 
years—similar to the life expectancy in the general population.197 
Patients with severe AS who are no longer considered suitable for 
conventional surgery have a significantly improved outcome with 
transfemoral transcatheter aortic valve implantation (TAVI) than 
with standard therapy (2-year all-cause mortality 43.3% vs. 68.0%, 
respectively) (Figure 11-13).198 TAVI has also become an accepted 
therapy for patients with severe AS for whom surgery poses a 
high risk. In a randomized controlled trial comparing TAVI and 
conventional valve replacement, noninferiority was proven for 
TAVI (2-year all-cause mortality 33.9% and 35.0%, respectively) 
(Figure 11-14),199 although there were important differences in 

FIGURE 11-11â•… Algorithm representing the management strategy for patients with severe aortic stenosis from the American College of Cardiology/
American Heart Association Guidelines. Preoperative coronary angiography should be performed routinely as determined by age, symptoms, and coronary 
risk factors. Cardiac catheterization and angiography may also be helpful when there is discordance between clinical and echocardiographic findings. AVA, aortic 
valve area; BP, blood pressure; CABG, coronary artery bypass graft surgery; echo, echocardiography; LV, left ventricular; Vmax, maximal velocity across aortic valve as 
determined by Doppler echocardiography.
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Severe ASa

Symptoms

Yes

Contraindiction
for AVRc

No

YesNo

YesNo YesNoYesNo

YesNo

Physically active

Exercise test

AVR TAVI Med Rx

Short life
expectancy

AVR or TAVIc
Re-evaluate in

6 months

Symptoms or fall in blood
pressure below baseline

Presence of risk factorsb and low/intermediate
individual surgical risk

YesNo YesNo

LVEF <50%

High risk for
AVRc

FIGURE 11-12â•… Algorithm representing the 
management strategy for patients with severe 
aortic stenosis (AS) from the European Society 
of Cardiology (ESC) Guidelines. AVR, aortic valve 
replacement; LVEF, left ventricular ejection fraction; 
Med Rx, medical therapy; TAVI, transcatheter aortic 
valve implantation. (From Vahanian A, Alfieri O, 
Andreotti F, Antunes MJ, Barón-Esquivias G, Baumgart-
ner H, etâ•¯al. Guidelines on the management of valvular 
heart disease [version 2012]: the Joint Task Force on the 
Management of Valvular Heart Disease of the European 
Society of Cardiology (ESC) and the European Associa-
tion for Cardio-Thoracic Surgery [EACTS]. Eur Heart J 
2012;424:S1–44.)
aSeverity definition
bRisk factors
cHeart team decision

FIGURE 11-13â•… Transcatheter aortic valve replacement in inoperable 
patients with severe symptomatic aortic stenosis. Kaplan-Meier survival 
estimates for symptomatic patients with severe aortic stenosis who were not 
suitable candidates for surgery and who received standard therapy (n = 179) 
or transcatheter aortic valve implantation (TAVI) (n = 179). CI, confidence interval 
(From Makkar RR, Fontana GP, Jilaihawi H, Kapadia S, Pichard AD, Douglas PS, etâ•¯al. 
Transcatheter aortic-valve replacement for inoperable severe aortic stenosis.  
N Engl J Med 2012;366:1696–704.)

0 6 24

Standard therapy

TAVI

Hazard ratio, 0.56 (95% CI, 0.43–0.73)
P <0.001

68.0

43.3

12 18

179

Months since randomization

No. at risk:
TAVI 

179
138
121

124
85

110
62

83
42Standard

therapy

0

100

50
40
30
20
10

90
80
70
60

D
ea

th
 fr

om
 a

ny
 c

au
se

 (
%

)

FIGURE 11-14â•… Transcatheter aortic valve implantation versus surgi-
cal aortic valve replacement in high-risk patients. Kaplan-Meier survival 
estimates for high-risk patients with severe aortic stenosis receiving surgical 
aortic valve replacement therapy (Surgery) (n = 351) or transcatheter aortic valve 
implantation (TAVI) (n = 348). CI, confidence interval. (From Kodali SK, Williams 
MR, Smith CR, Svensson LG, Webb JG, Makkar RR,etâ•¯al. Two-year outcomes after 
transcatheter or surgical aortic-valve replacement. N Engl J Med 2012;366:1686–95.)

0 6 36

Surgery

TAVI

Hazard ratio, 0.90 (95% CI, 0.71–1.15)
P = 0.41

12 3018 24

348

Month

No. at risk:
TAVI

351
298
252

260
236

234
217

172
165

70
65

31
32Surgery

0

60

50

40

30

20

10

D
ea

th
 fr

om
 a

ny
 c

au
se

 (
%

)



155

C H
11

A
o

rt


ic
 Sten




o
sis

periprocedural risks, with more frequent vascular complications 
in the TAVI group (11.0% vs. 3.2%; P <0.001) and more frequent 
major bleeding and new-onset atrial fibrillation in those undergo-
ing surgery.200 AR is more frequent after TAVI,200 and long-term 
outcome data are still missing. Therefore, TAVI must still be 
restricted to use in patients with high surgical risk. The choice 
between TAVI and surgical valve replacement in this group 
remains challenging and should be made by a cardiac team 
including cardiologists and surgeons.

Despite convincing data on the benefits of aortic valve interven-
tion in the elderly, the rate of referral of elderly patients for aortic 
valve intervention is low, with studies estimating that only about 
33% appropriate candidates are referred for surgical interven-
tion.201 Inappropriate reasons are often used to justify deferring 
valve surgery in such patients, such as older age, poor LV func-
tion, and response to medical therapy, indicating that improved 
education of primary care physicians about the benefits of inter-
vention in this age group is needed.201 Another reason for not 
referring elderly patients for surgery is frequent comorbidities.

AORTIC VALVE REPLACEMENT AT THE TIME OF 
CORONARY ARTERY BYPASS SURGERY

Given that many patients with AS also have significant CAD, it is 
not surprising that in some cases surgical intervention is required 
for coronary disease prior to the development of severe valvular 
obstruction. Subsequent progression of stenosis severity then 
leads to the need for aortic valve surgery at a later date in many 
of these patients. Unfortunately, the operative mortality for aortic 
valve replacement in patients with previous cardiac surgery is 
very high, ranging from 14% to 30%, although long-term outcome 
is more promising, with an approximate 5-year survival rate of 
75%.202,203

One study with a long interval (9 years) between the two surgi-
cal procedures reported that there was no evidence of AS at the 
time of the initial procedure.202 However, in a study with a shorter 
interval (6 years) between procedures, it was noted that evidence 
of mild to moderate AS was present at the first procedure in many 
patients.204 These observations have generated controversy about 
the role of aortic valve replacement for mild to moderate AS in 
patients undergoing coronary bypass procedures. The rationale 
for not replacing the aortic valve is based on the hypothesis that 
disease progression is slow and does not occur in all patients, so 
valve surgery may never be needed or can be deferred to a much 
later date. The rationale for “prophylactic” replacement of the 
aortic valve is that disease progression is inevitable so a second 
surgical intervention will be needed at a predictable point, 
depending on baseline stenosis severity. Later studies on the 
natural history of mild to moderate AS support the latter of these 
two rationales and suggest that “prophylactic” valve replacement 
be considered when the aortic valve is anatomically abnormal 
and the antegrade velocity is increased. The rate of hemody-
namic progression in specific subgroups appears to be quite pre-
dictable, even though there is some variability in the individual 
rate of progression.47,141

Of asymptomatic patients with an anatomically abnormal 
aortic valve and an aortic jet velocity higher than 4.0â•¯m/s, almost 
80% need aortic valve replacement within 2 years, suggesting 
that valve surgery at the time of coronary artery surgery is appro-
priate to prevent early reoperation. Of asymptomatic patients 
with a jet velocity between 3 and 4â•¯m/s, the rate of valve replace-
ment still is high, with about 40% requiring valve surgery by 2 
years and nearly 80% needing surgery within 5 years. In this 
latter group, the decision about “prophylactic” valve replacement 
should be individualized, depending on the jet velocity within 
this range, the extent of valve calcification on two-dimensional 
echocardiography and on fluoroscopy, and other clinical factors, 
such as age, comorbid disease, and patient preference. When 
aortic sclerosis is present but the jet velocity is less than 3.0â•¯m/s, 
it is appropriate to defer valvular intervention because the rate of 

symptom development is considerably slower, being only 16% at 
2 years.

This approach will be refined as additional data on the natural 
history of mild-moderate AS become available and also will be 
modified as improved surgical procedures for AS are developed. 
The major reasons to postpone valve replacement in a patient 
already undergoing cardiac surgery include the increased opera-
tive risk, the complications and inconvenience of long-term anti-
coagulation, suboptimal prosthetic valve hemodynamics, and the 
risk of prosthetic valve dysfunction or infection, so improvements 
in any of these factors might tip the balance toward earlier inter-
vention. Conversely, the use of minimally invasive surgical 
approaches might argue against performing valve surgery until it 
is absolutely necessary, because the coronary and valve proce-
dures are performed from different approaches. In any case, a 
history of aortic valve disease or a pathologic murmur on auscul-
tation mandates a careful evaluation of valve anatomy and func-
tion in the patient undergoing coronary artery surgery. When 
Doppler echocardiography shows moderate or severe disease, 
concurrent aortic valve surgery should be considered.

AORTIC STENOSIS WITH LEFT  
VENTRICULAR DYSFUNCTION

LV systolic dysfunction is a risk factor for operative mortality; valve 
replacement for AS carries a threefold higher mortality in elderly 
patients with an EF less than 20% than for those with an EF higher 
than 60% (15% versus 6%, respectively).205 However, clinical 
outcome is even worse without surgical intervention with a 
12-month survival of only 20% to 50% in adults with AS and severely 
reduced LV function.162 When LV systolic dysfunction is due to 
increased afterload with normal myocardial contractility, systolic 
function is expected to improve after relief of outflow obstruction. 
Even with superimposed myocardial dysfunction, ventricular 
ejection performance should improve because of the afterload-
reducing effect of valve replacement.206 In a series of 154 patients 
with severe AS and an EF of 35% or less, operative mortality was 
only 9%. Even though more than 50% of these patients underwent 
concurrent coronary artery bypass grafting, most had a better EF 
and decreased symptoms after surgical intervention.38

In patients with severe AS, a low gradient, and LV dysfunction, 
dobutamine stress echocardiography has been suggested as an 
approach to distinguish those with contractile reserve from those 
unlikely to benefit from surgical intervention.125 Although this 
approach may be useful in some cases, caution is warranted 
because there are not sufficient outcome studies addressing 
whether this approach should be used to deny surgical interven-
tion to any of these patients. In one study, patients with a small 
aortic valve area and a low transvalvular mean gradient (<30â•¯mm 
Hg) had poor outcomes with surgical therapy, with an operative 
mortality of 21% and a 3-year survival of only 62%, compared with 
68% for patients with AS, LV dysfunction, and a mean gradient of 
30â•¯mm Hg or higher.207 However, those who survived surgery had 
improved functional status, and EF improved by about 10 EF units. 
In a nonrandomized comparison of medical and surgical therapy 
for low-gradient AS, survival was 78% at 4 years in the surgical 
group compared with 15% in the medical group.208 A multicenter 
registry of patients with low-flow, low-gradient AS reported that 
patients without contractile reserve had a markedly worse 
outcome than those with contractile reserve. However, survival 
was better with valve replacement even in the absence of contrac-
tile reserve (Figure 11-15).126 More importantly, survivors showed 
similar improvement in LV function regardless of the presence of 
contractile reserve.131 Thus, although the surgical risk is high, the 
dismal outcome with medical therapy gives weight to the consid-
eration of surgical intervention for patients with low-flow, low-
gradient severe AS even without contractile reserve. In particular, 
5-year survival in patients with low-flow, low-gradient AS without 
contractile reserve was higher in AVR patients undergoing aortic 
valve replacement than in medically managed patients (54 ± 7% 
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a diagnosis of severe AS. Furthermore, it remains unclear how to 
exclude pseudo–severe AS, and the severity of valve calcification 
may currently be the only clue in this context.133 How to identify 
those patients who definitely have severe AS and who are most 
likely to benefit from surgery still needs to be better defined.116

Operative Mortality and Long-Term Survival
Currently, the operative mortality for aortic valve replacement for 
AS is low, and long-term outcomes after aortic valve surgery are 
excellent. Nevertheless an increased operative mortality can be 
expected in elderly patients and in the presence of comorbidity.191 
The topic is discussed in further detail in Chapter 14.

Changes in Left Ventricular Hypertrophy 
Geometry and Function
POSTOPERATIVE INTRACAVITARY OBSTRUCTION

In a subset of patients with AS, dynamic midventricular outflow 
obstruction occurs in the early postoperative period. Intracavi-
tary obstruction is most likely in the presence of a small hyper-
trophied left ventricle with preserved systolic function. After valve 
replacement, the acute decrease in LV afterload results in hyper-
dynamic ventricular function with midcavity obstruction. These 
patients do not have asymmetric septal hypertrophy, and systolic 
anterior motion of the mitral valve is only rarely seen. The late-
peaking systolic velocity curve may have maximum velocities 
ranging from 1.8 to 6.8â•¯m/s, corresponding to maximum gradients 
of 13 to 185â•¯mm Hg.209-211 The mean gradients corresponding to 
these maximum velocities are lower than those seen with valvular 
obstruction, given the late-peaking shape of the velocity curve 
with low velocities in early and mid systole.

Dynamic outflow obstruction is more likely in the early post-
operative period, being recognized in as many as 50% of patients 
immediately postoperatively and in about 14% of patients when 
echocardiography is performed within 10 days of surgery, aver-
aging about 25% of patients overall.209-211 In patients without 
evidence for obstruction at rest, an intracavitary gradient can  
be induced in an additional 13% with use of a nitroprusside  
and/or dobutamine infusion to decrease afterload and increase 
contractility.210

Dynamic intracavitary obstruction should be recognized 
because patients with such obstruction often have significant 
hypotension and dyspnea due to an impaired outflow from the 
small, hyperdynamic left ventricle. Prevention and treatment 
depend on maintaining an adequate preload and increasing 
(rather than further decreasing) afterload. Some studies show no 
differences in 1-year survival rates,210 whereas other studies 
suggest that excessive ventricular hypertrophy, specifically in 
women, is associated with a higher postoperative mortality.212

LEFT VENTRICULAR SYSTOLIC FUNCTION

LV ejection performance improves after aortic valve replacement 
as a result of the favorable effects of valve surgery on afterload. 
A small increase in EF is observed even in patients with a normal 
preoperative EF, and dramatic increases in EF may be seen in 
patients with impaired systolic function at baseline.213,214

Of patients in whom preoperative ventricular function was 
normal, about 90% have preserved systolic function postopera-
tively.215 Ventricular ejection performance predictably improves 
after relief of AS if the cause of impaired ventricular function was 
increased afterload due to valvular obstruction. Intraoperative 
transesophageal echocardiographic studies suggest that end-
systolic wall stress decreases within 30 minutes of aortic valve 
replacement.216 Even when preoperative LV function is severely 
impaired, with an EF less than 35%, an improvement of LV func-
tion can even be expected in the majority of patients.207 However, 
the extent of improvement is minimal if irreversible changes in 

vs. 13 ± 7%, respectively; P = 0.001) despite an operative mortality 
of 22% (Figure 11-16).132

The controversial issue of paradoxical low-flow, low-gradient 
AS with preserved EF was already discussed (see Echocardiogra-
phy). Before severe AS is considered in this subset, other reasons 
for the findings, such as underestimation of transaortic flow by 
Doppler echocardiography, inconsistency of grading criteria,  
and small body size, must be carefully excluded. Because such 
patients are typically elderly with hypertension and other comor-
bidities, the evaluation remains difficult even after confirmation 
of hemodynamic data. LV hypertrophy and fibrosis as well as 
symptoms or elevation of neurohormones may rather (or partially) 
be due to hypertensive heart disease and so may not help confirm 

FIGURE 11-15â•… Outcomes for patients with low-flow low-gradient 
aortic stenosis. Kaplan-Meier survival estimates for 136 consecutive patients 
with low-flow low-gradient aortic stenosis. Group I (n = 92) represents patients 
with contractile reserve determined by low-dose dobutamine echocardiogra-
phy, Group II represents the group of patients with absence of contractile 
reserve (n = 44). Survival estimates are represented according to contractile 
reserve and treatment strategy (aortic valve replacement versus medical treat-
ment). (From Monin JL, Quere JP, Monchi M, Petit H, Baleynaud S, Chauvel C, etâ•¯al. 
Low-gradient aortic stenosis: operative risk stratification and predictors for long-
term outcome: a multicenter study using dobutamine stress hemodynamics. Circu-
lation 2003;22;108:319–24.)
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FIGURE 11-16â•… Effect of aortic valve replacement on outcome in low-
flow low-gradient aortic stenosis. Prognostic impact of aortic valve 
replacement in patients with low-flow, low-gradient aortic stenosis in whom 
dobutamine stress echocardiography demonstrated absence of contractile 
reserve (n = 81). Kaplan-Meier survival estimates according to whether aortic 
valve replacement (AVR) was performed or patients received medical manage-
ment. (From Tribouilloy C, Levy F, Rusinaru D, Petit-Eisenmann H, Baleynaud S, Jobic 
Y, etâ•¯al. Outcome after aortic valve replacement for low-flow/low-gradient aortic 
stenosis without contractile reserve on dobutamine stress echocardiography. J Am 
Coll Cardiol 2009;53:1865–73.)
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supervene, surgical intervention is needed to improve outcome 
and relieve symptoms. Pharmacologic therapy alone is appropri-
ate only in those symptomatic patients who are not surgical can-
didates because of comorbid conditions or who refuse surgical 
intervention.

Noninvasive Follow-Up
Echocardiographic evaluation is indicated at the time of diagno-
sis to ensure that valvular stenosis is present, to quantitate disease 
severity, and to evaluate any coexisting lesions. Many patients 
with an aortic outflow murmur have either no obstruction or only 
minimal sclerotic changes of the valve leaflets with only a minor 
increase in antegrade velocity. Because some of these patients 
may progress to having AS, routine repeat examinations at 
extended intervals are recommendable.

Once the initial diagnosis of AS has been confirmed, the fre-
quency of noninvasive follow-up is tailored to disease severity 
and other clinical factors for the individual patient. Because the 
timing of surgical intervention is based on symptom onset, it is 
essential to follow up the patient’s functional status. Patient edu-
cation aimed at recognizing and promptly reporting the typical 
symptoms of AS is fundamental in severe but also in mild to 
moderate AS, because rapid progression and symptomatic dete-
rioration are not infrequent. Further risk stratification should con-
sider the extent of aortic valve calcification and hemodynamic 
progression.

Repeat echocardiographic examination is indicated for any 
change in clinical status and prior to any major noncardiac surgi-
cal procedures or events (such as pregnancy). In the absence of 
new symptoms, routine evaluation every 6 to 12 months is appro-
priate for patients with moderate or severe stenosis (aortic jet 
velocity > 3.0â•¯m/s). With mild AS (jet velocity 2.0 to 3.0â•¯m/s), evalu-
ation every 2 to 3 years is reasonable, in the absence of any 
change in clinical status or physical examination findings. The 
objective of the follow-up visit is best summarized as, “Listen to 
the Patient, Look at the Valve.”223

Management of Arterial Hypertension
Approximately 40% of patients with AS have concomitant hyper-
tension.47,148 Patients with AS are a population at high risk for 
cardiovascular events,148,166 so hypertension is a risk factor that 
needs to be adjusted. Additionally, the presence of arterial hyper-
tension results in an increased LV wall stress.

Hypertension must be treated cautiously in patients with AS, 
and negative inotropic drugs such as beta-blockers should be 
avoided. There is also a concern that use of vasodilators may lead 
to a reduction of the coronary perfusion pressure. Classically, the 
use of angiotensin-converting enzyme (ACE) inhibitors in AS was 
considered to be contraindicated.224

Although it was not designed to assess the safety of ACE inhibi-
tor use in patients with AS, the findings of a retrospective study 
indicate that a significant number of patients with AS seen in daily 
clinical practice receive treatment with ACE inhibitors because of 
concomitant arterial hypertension (102 of 211 patients).178 The 
observation, that about 30% of patients with documented AS 
receive ACE inhibitors, is also shared by O’Brien etâ•¯al.225 The initia-
tion of ACE inhibitor therapy was shown to be safe and well toler-
ated in a group of 13 patients with mild to moderate AS and 
preserved LV function.225

In the Symptomatic Cardiac Obstruction–Pilot Study of Enala-
pril in Aortic Stenosis (SCOPE-AS), symptomatic patients with 
severe AS and normal LV function who were not candidates for 
surgery were randomly allocated to treatment with enalapril or 
placebo.226 ACE inhibitors were well tolerated in these patients, 
although those with reduced LV function were prone to develop-
ment of hypotension.

Finally, Jimenez-Candil et al227 designed an elegant drug with-
drawal study involving 20 patients with moderate to severe AS 

the myocardium are present, for example, in patients with previ-
ous myocardial infarction or cardiomyopathy.

Nevertheless, despite pathophysiologic arguments that ven-
tricular function should improve after surgery for AS, it is prefer-
able to operate before the onset of ventricular dysfunction.139 
Although most patients with AS who are followed up prospec-
tively have definite symptoms before there is any evidence of 
ventricular dysfunction, the onset of LV systolic dysfunction rarely 
coincides with symptom onset.

REGRESSION OF LEFT VENTRICULAR HYPERTROPHY

LV hypertrophy gradually resolves after surgery for AS.56,217 
However, in most patients, some degree of LV hypertrophy persists 
indefinitely after aortic valve replacement and might be a marker 
of irreversible myocardial damage.218 The pathophysiology of per-
sistent hypertrophy is probably multifactorial, with both perma-
nent structural changes in the myocardium and the persistent, 
although less severe, outflow obstruction imposed by the pros-
thetic valve. Myocardial fibrosis has been found to be associated 
with an unfavorable postoperative outcome and in one study was 
found to be irreversible in a postoperative follow-up of 9 months.192

PERSISTENT POSTOPERATIVE  
DIASTOLIC DYSFUNCTION

The muscular component of LV hypertrophy resolves more 
rapidly than the fibrous component, so early on and up to 2 years 
after valve replacement, the proportion of fibrous tissue in the 
myocardium increases in comparison with the amount of myo-
cardium. This relative increase in fibrous tissue is associated with 
an increase in myocardial stiffness early after valve replacement 
and a decrease in early diastolic relaxation rate, concurrent with 
a reduction in the degree of LV hypertrophy.56,219

The interstitial fibrosis component of ventricular hypertrophy 
regresses slowly, so the balance between muscular and nonmus-
cular tissue does not normalize for several years after surgery. The 
prolonged persistence of diastolic dysfunction after surgery for AS 
has significant clinical implications in terms of exercise capacity 
and functional status.220 As surgical approaches to AS improve in 
the future, the question whether surgery should be performed 
earlier in the disease course to prevent diastolic dysfunction will 
have to be addressed.

Exercise Capacity and Functional Status
After aortic valve replacement, in the absence of coexisting LV 
dysfunction or uncorrected CAD, nearly all patients have resolu-
tion of symptoms of angina, syncope, dizziness, or overt heart 
failure. Most patients also report an improvement in functional 
class, with all 6-month survivors assigned to NYHA functional 
class I or II in a series of patients older than 80 years.221 Improve-
ment in symptomatic status can also generally be expected to 
occur in the majority of patients with depressed preoperative LV 
function.207,208

In a prospective study of 34 patients undergoing valve replace-
ment for AS, although LV systolic function improved and LV 
mass decreased, there was no objective improvement in tread-
mill exercise performance at 8 and 20 months after surgery, a 
finding that might be attributable to persistent diastolic dysfunc-
tion.214 Preoperative peak systolic strain rate has been suggested 
to predict reverse remodeling, with a cutoff value of greater than 
2/s predicting favorable symptomatic recovery after aortic valve 
replacement.222

Medical Therapy
In the asymptomatic patient with valvular AS, medical therapy is 
directed toward prevention of complications, patient education, 
and prompt recognition of symptom onset. Once symptoms 
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conditions both during the procedure and in the postoperative 
period. It is especially important to continue postoperative moni-
toring until fluid shifts have stabilized.

With the use of this approach, adults with AS have undergone 
noncardiac surgery with an acceptable mortality and morbid-
ity,236 and women with AS have undergone successful pregnancy 
with delivery of a normal infant at a low maternal mortality and 
morbidity.146,231,232 The development of a second, superimposed 
hemodynamic stress, such as a febrile illness, during pregnancy 
in a woman with AS may tip the balance toward hemodynamic 
instability. In our experience these patients can be managed with 
monitoring in the intensive care unit, but surgical intervention 
during pregnancy may be needed in extreme cases.135,237

Prevention of Disease Progression
The similarities between AS and atherosclerosis in terms of asso-
ciated clinical factors, histopathologic changes, and clinical out-
comes indicate that calcific AS is an active disease process that 
may be amenable to medical therapy. It has been hypothesized 
that therapies directed at associated factors such as hyperlipid-
emia, inflammation, and calcification might slow or prevent 
disease progression. Although experimental and several retro-
spective studies appeared to support the concept that statins 
might slow AS progression,174,175,177,178 this concept was not con-
firmed in randomized controlled trials.176,180,181 The major differ-
ence between the retrospective and prospective studies was that 
patients who actually had hyperlipidemia were excluded because 
it was judged to be unethical to deprive them of statin therapy.238 
The currently available data therefore support an aggressive 
control of hyperlipidemia (using statins as a first-line therapy) in 
all patients with aortic sclerosis and stenosis. However, no data 
are available to support lipid-lowering therapies in patients with 
AS who have normal cholesterol levels. Because patients with AS 
and even patients with aortic sclerosis are known to have 
increased cardiovascular morbidity and mortality,166 statin therapy 
might ultimately be beneficial. Shah et al239 demonstrated that 
patients with known CAD and a sclerotic aortic valve who were 
not receiving statin therapy had a 2.4-fold higher risk for the 
occurrence of myocardial infarction than patients with a normal 
aortic valve. These investigators also showed that this risk might 
be attenuated by statin therapy.

An association of ACE with low-density lipoprotein was shown 
in sclerotic and stenotic but not in normal human aortic valves in 
one study.240 Furthermore, in a retrospective study, O’Brien et al241 
found an association between the use of ACE inhibitors and a 
lower rate of aortic valve calcium accumulation, as determined by 
electron-beam CT scans. However, another retrospective study 
found no effect of ACE inhibitors on echocardiographically deter-
mined hemodynamic progression.178 A large retrospective study 
has suggested that ACE and angiotensin-receptor blocker therapy 
may improve the survival in patients with AS.242 Although experi-
mental work proposes a positive modulation of the LV response 
to AS by renin angiotensin system blockade as a possible mecha-
nism, a randomized prospective trial would be required to confirm 
this hypothesis.
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(e g., using an epidural anesthetic for vaginal delivery). Invasive 
hemodynamic monitoring is required to optimize loading 
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Etiology
Pure aortic regurgitation (AR) has multiple causes involving 
abnormalities of the aortic valve leaflets, aortic root, or both 
(Table 12-1). The most frequent causes are congenital abnormali-
ties of the aortic valve (most notably bicuspid valves [Figure 12-1] 
but also unicuspid, tricuspid, and quadricuspid valves), rheu-
matic disease, infective endocarditis, calcific degeneration, and 
myxomatous degeneration. Other common causes of AR repre-
sent diseases of the aorta without direct involvement of the aortic 
valve, as in ascending aorta dilation secondary to atherosclerosis 
or systemic hypertension, idiopathic annuloaortic ectasia, aortic 
dissection, and Marfan syndrome.1,2 Less common causes of AR 
include traumatic injuries to the aortic valve, aortitis occurring in 
ankylosing spondylitis, syphilitic infection, rheumatoid arthritis, 
osteogenesis imperfecta, giant cell aortitis, Takayasu disease, 
Ehlers-Danlos syndrome and Reiter syndrome. AR can also occur 
in cases of discrete subaortic stenosis and ventricular septal 
defect with prolapse of an aortic cusp, in ruptured aneurysms of 
the sinuses of Valsalva, and in cases of fenestrated aortic cusps.3 
AR has also been described as a complication of balloon aortic 
valvuloplasty and transcatheter aortic valve implantation,4,5 and 
anorectic drugs and dopamine agonist have also been reported 
to cause AR.6,7 However, in many cases of AR the precise etiology 
is unclear. In a pathologic study of a surgical series of excised 
aortic valves, up to 34% cases of pure AR were considered of 
unclear etiology.2 In the Euro Heart Survey on Valvular Disease, 

AR represented 13.3% of patients with single native left-sided 
disease: 15.2% of cases were considered of congenital origin, and 
the same percentage was observed for rheumatic origin.8

The majority of these lesions produce chronic AR, with slow, 
insidious left ventricular (LV) dilation and a prolonged asymp-
tomatic phase. Other lesions, in particular infective endocarditis, 
aortic dissection, and trauma more often produce acute severe 
AR with sudden elevation of LV filling pressures, pulmonary 
edema, and reduction in cardiac output.

Acute Aortic Regurgitation

Pathophysiology
In acute severe AR the sudden large regurgitant volume is imposed 
on a left ventricle of normal size that has not had time to adjust 
to the volume overload. Thus, the acute increase in diastolic flow 
into the nondilated left ventricle leads to a marked elevation in 
end-diastolic pressure owing to a rightward shift along the normal 
LV diastolic pressure-volume curve. In severe cases, the increased 
ventricular pressures during the diastolic filling period in conjunc-
tion with the decrease in the aortic diastolic pressure leads to a 
rapid equalization of aortic and LV pressures at end-diastole9 
(Figure 12-2).

With acute regurgitation, forward cardiac output is decreased 
because the total stroke volume of the nondilated ventricle now 
includes both regurgitant and forward stroke volumes. Compen-
satory tachycardia may partially correct this decline in forward 
stroke volume, but it is often insufficient to maintain cardiac 
output, and hence patients may be in cardiogenic shock. Pulmo-
nary edema results from the markedly elevated LV end-diastolic 
pressure and concomitant elevation of pulmonary venous pres-
sure. In addition, coronary flow reserve is acutely diminished, 
possibly leading to subendocardial ischemia. As the LV end-
diastolic pressure approaches the diastolic aortic and coronary 
artery pressures, myocardial perfusion pressure in the subendo-
cardium is diminished, whereas myocardial oxygen demand is 
increased by the effects of greater afterload and tachycardia.10

Diagnosis
Many of the characteristic physical findings in chronic volume 
overload are modified or absent when valvular regurgitation is 
acute. Therefore, the severity of AR can be underestimated. 
Because of the acute hemodynamic deterioration, patients with 
acute AR are often tachycardic and tachypneic and have pulmo-
nary edema. However, LV size may be normal on physical exami-
nation, and chest radiography may not demonstrate cardiomegaly. 
In addition, pulse pressure may not be increased because systolic 
pressure is reduced in relation to the decrease in forward stroke 
volume and because diastolic pressure equilibrates with the ele-
vated LV diastolic pressure. In the absence of a widened pulse 
pressure, the characteristic peripheral signs of AR are absent. 
Although a diastolic murmur is usually present, it can be soft and 

Key Points
■	 The majority of causes of aortic regurgitation produce chronic volume 

overload with slow indolent left ventricular dilation and a prolonged 
asymptomatic phase.

■	 Severe acute aortic regurgitation manifests as hypotension and 
tachycardia, and many of the characteristic clinical findings of volume 
overload are absent.

■	 In chronic aortic regurgitation excessive preload and excessive 
afterload may overcome the ability of the left ventricle to compensate 
via hypertrophy and recruitment of preload reserve, leading to left 
ventricular systolic dysfunction. This may occur in the absence of 
symptoms.

■	 Left ventricular systolic function (ejection fraction) and end-systolic 
dimension or volume are the most important predictors of survival and 
functional recovery after aortic valve replacement.

■	 Indications for aortic valve replacement include development of 
(1) symptoms, (2) left ventricular systolic dysfunction, (3) excessive 
left ventricular dilation, and/or (4) severe dilation of the aortic root or 
ascending aorta.

■	 In patients with aortic regurgitation due to enlargement of 
the ascending aorta or aortic root, the natural history of the 
disease and thus the timing and choice of surgical intervention 
are often based on the degree and rate of aortic dilation rather 
than on the left ventricular response to it.
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diastolic half-time (<300â•¯ms) (see Figure 12-2), a short mitral 
deceleration time (<150â•¯ms), and premature closure of the mitral 
valve (Figure 12-3).

Transesophageal echocardiography is indicated when aortic 
dissection (Figure 12-4), acute endocarditis (Figure 12-5), or 
trauma is suspected or when the mechanism of acute AR is uncer-
tain. Computed tomography (CT) or cardiac magnetic resonance 
imaging (CMR) can be used in some settings if it will lead to a 
more rapid diagnosis than can be achieved by transesophageal 
echocardiography.12-14

Management
Death due to pulmonary edema, ventricular arrhythmias, electro-
mechanical dissociation, or circulatory collapse is common in 
acute, severe AR. Thus, patients require emergency or urgent 
surgery for correction of the underlying disease process and relief 
of the acute volume overload. Intraaortic balloon counterpulsa-
tion is contraindicated. In patients with acute AR due to an 
ascending aortic dissection, prompt surgical intervention is 
needed, including a composite replacement of the aorta along 
with aortic valve or a valve-sparing reimplantation technique.15-17 
Patients with severe acute AR due to infective endocarditis need 
immediate initiation of antibiotics and aggressive medical treat-
ment. If the hemodynamic situation does not immediately 
improve, emergency valve replacement may be life saving. If the 
clinical situation stabilizes, surgery can be postponed for a few 
days with the patient under strict medical supervision in order to 
allow antibiotic treatment to become effective before surgical 
correction.18-20

Chronic Aortic Regurgitation

Pathophysiology
The left ventricle responds to the volume load of chronic AR with 
a series of compensatory mechanisms, including an increase in 

TABLE 12-1	 Causes of Aortic Regurgitation

Leaflet abnormalities Rheumatic disease
Aortic valve sclerosis and calcification
Congenital abnormalities (bicuspid, 

unicuspid, and quadricuspid valves, and 
AR associated with discrete subaortic 
stenosis and ventricular septal defect)

Infective endocarditis
Myxomatous valve disease
Complicating balloon valvuloplasty and 

transcatheter aortic valve implantation
Rare causes (drugs, leaflet fenestration, 

irradiation, nonbacterial endocarditis, 
trauma)

Aortic root abnormalities Chronic hypertension
Marfan syndrome
Annuloaortic ectasia
Aortic dissection
Ehlers-Danlos syndrome
Osteogenesis imperfecta
Atherosclerotic aneurysm
Syphilitic aortitis
Other systemic inflammatory disorders 

(giant cell aortitis, Takayasu disease, Reiter 
syndrome)

Combined valve and aortic 
root abnormalities

Bicuspid aortic valve
Ankylosing spondylitis

FIGURE 12-1â•… Role of echocardiography in the diagnosis of aortic regurgitation etiology. A, Transthoracic parasternal short-axis view showing a bicuspid 
aortic valve. B, Myxomatous aortic valve with a prolapse of the right coronary cusp (arrow). C, Rheumatic valvular disease with mitral and aortic involvement. 
D, Transesophageal echocardiography showing a central regurgitant orifice secondary to an annuloaortic ectasia defined by color Doppler (green triangular area) 
during diastole. Ao, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle. 
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short because the rapidly rising LV diastolic pressure reduces the 
aortic-ventricular pressure gradient. The murmur is thus often 
poorly heard.11

Echocardiography is indispensable in confirming the presence 
and severity of AR, assessing its cause, and determining whether 
there is a rapid equilibration of aortic and LV diastolic pressure. 
Evidence for rapid pressure equilibration includes a short AR 
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total stroke volume corresponding to the severity of regurgitation. 
This increase in total stroke volume is achieved by progressive 
ventricular dilation, with increased end-diastolic and end-systolic 
volumes. The greater diastolic volume permits the ventricle to 
eject a large total stroke volume, thus keeping forward stroke 
volume in the normal range. This is accomplished through 
rearrangeÂ�ment of myocardial fibers with the addition of new sar-
comeres and development of eccentric LV hypertrophy.24 As a 
result, preload at the sarcomere level remains normal or near 
normal and the ventricle retains its preload reserve. The enhanced 
total stroke volume is achieved through normal performance of 
each contractile unit along the enlarged circumference.25 Thus LV 
ejection performance is normal, and ejection phase indices such 
as ejection fraction (EF) and fractional shortening remain in the 
normal range. However, the enlarged chamber size and the asso-
ciated increase in systolic wall stress also result in a stimulus for 
further hypertrophy.26

Despite an increase in end-systolic dimension and pressure 
early in the course of the disease, end-systolic wall stress is 
maintained in the normal range by a compensatory increase in 
wall thickness. Thus, patients with compensated chronic AR 
have substantial increases in LV mass as well as LV volumes, and 
EF and end-systolic elastance tend to be normal. As the disease 
progresses, recruitment of preload reserve and compensatory 
hypertrophy permit the left ventricle to maintain normal ejection 
performance despite the elevated afterload.22,27,28 The majority 
of patients remain asymptomatic during this compensated 
phase, which may last for decades. During this compensated 
phase, ejection phase indices of LV systolic function at rest  
are normal. It is recognized, however, that other indices of LV 

FIGURE 12-2â•… Continuous-wave Doppler curves. A, Chronic severe aortic regurgitation. B, Acute severe aortic regurgitation. Note the steeper deceleration 
slope in the acute case, which is due to the equalization of left ventricular and aortic diastolic pressures. 

A B

FIGURE 12-3â•… Transthoracic parasternal long-axis view echocardio-
gram in a patient with acute aortic regurgitation due to infective 
endocarditis. The M-mode images show early closure of the mitral valve. 

FIGURE 12-4â•… Acute aortic regurgitation in a patient with ascending aorta dissection. A, Transesophageal echocardiography shows an intimal flap 
prolapsing through the aortic valve (arrow). B, Severe aortic regurgitation is observed by color Doppler (green area corresponds to regurgitant jet). Ao, aorta; 
LA, left atrium; LV, left ventricle. 
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end-diastolic volume, an increase in chamber compliance that 
accommodates the increased volume without a rise in filling pres-
sures, and a combination of eccentric and concentric hypertro-
phy. The central hemodynamic feature of chronic AR is combined 
volume and pressure overload of the left ventricle.21-23 Because 
total LV stroke volume equals forward plus regurgitant stroke 
volumes, normal cardiac output is maintained by an increase in 
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symptoms are doubtful or equivocal, exercise testing may be 
valuable in assessing functional capacity. In more advanced 
cases, with severe LV dysfunction, patients can have symptoms 
of overt heart failure, including dyspnea at rest, orthopnea, and 
pulmonary edema. The acute onset of heart failure symptoms can 
occur in patients with chronic disease as a result of an acute 
increase in the severity of regurgitation, for example, in patients 
with infective endocarditis or aortic dissection.

In some patients, an uncomfortable awareness of the heartbeat, 
or palpitations, related to the increased pulse pressure, is the 
earliest complaint that leads to the diagnosis of AR.

Angina may occur, even in the absence of atherosclerotic coro-
nary artery disease, because of a decreased myocardial perfu-
sion pressure, increased myocardial oxygen demand, and a 
decreased ratio of coronary artery size to myocardial mass. 
Syncope or sudden death, although rare, can occur in AR. Sudden 
death has been reported in association with extreme degrees of 
LV dilation.66

PHYSICAL EXAMINATION

In patients with mild or moderate AR, the only finding on physical 
examination may be the diastolic murmur, but in many patients 
there is also a systolic outflow murmur related to the increased 
stroke volume, and often the systolic murmur is more apparent 
than the diastolic murmur. Most cases of severe AR are detectable 
through physical examination with the combination of cardiac 
murmur, widened pulse pressure on blood pressure measure-
ment, and peripheral findings related to this widened pulse pres-
sure (Table 12-4). Classically in severe AR systolic arterial pressure 
is elevated and diastolic pressure is abnormally low, but the blood 
pressure may remain normal in many patients with severe AR.67 
The apical impulse is diffuse and hyperdynamic and is displaced 
laterally and inferiorly because of the LV dilation. The carotid 
pulse is bounding with a more rapid rate of pressure rise in early 
systole as well as an increase in the amplitude of the systolic 
pressure curve. A bisferiens carotid pulse may be present.68 In 
very severe cases, the head may bob forward with each heart beat 
(De Musset sign). The classic peripheral signs of AR are present 
only in cases of severe and chronic regurgitation and reflect the 
increased pulse pressure. They include the water-hammer or col-
lapsing pulse (Corrigan pulse),69 systolic pulsation of the finger-
nail bed on gentle pressure (Quincke pulse),70 and a systolic and 
diastolic bruit over the femoral arteries on gentle compression by 
the stethoscope (Duroziez sign), a manifestation of the reversal 
of flow in the descending aorta.

A short midsystolic murmur related to the increased ejection 
rate and stroke volume may be audible at the base of the heart 
and transmitted to the carotid vessels. The aortic regurgitant 
murmur is one of high frequency that begins immediately after 
S2, continues to S1, and has a decrescendo intensity. With valve 
leaflet abnormalities, the murmur is best heard along the left 

function may not be normal. It is further recognized that the 
transition to LV dysfunction represents a continuum and that no 
single hemodynamic measurement represents the absolute 
boundary between normal LV systolic function and LV systolic 
dysfunction.

In a large subset of patients, the balance among afterload 
excess, preload reserve, and hypertrophy cannot be maintained 
indefinitely. Preload reserve may be exhausted and/or the hyper-
trophic response may be inadequate,29 so that further increases 
in afterload result in a reduction in EF, first into the low-normal 
range and then below normal. Impaired contractility may also 
contribute to this process. Dyspnea often develops at this point in 
the natural history. In addition, diminished coronary blood flow 
reserve in the hypertrophied myocardium may result in exer-
tional angina.30 However, this transition may be more insidious, 
and it is possible for patients to remain asymptomatic even after 
severe LV dysfunction has developed.

LV systolic dysfunction (defined as an EF below normal at rest) 
is initially a reversible phenomenon related predominantly to 
afterload excess, and full recovery of LV size and function is pos-
sible with aortic valve replacement (AVR).31-42 With time, during 
which the left ventricle develops progressive chamber enlarge-
ment and a more spherical geometry, depressed myocardial con-
tractility predominates over excessive loading as the cause of 
progressive dysfunction. This process can progress to the extent 
that the full benefit of surgical correction of the regurgitant lesion, 
in terms of recovery of LV function and improved survival, can 
no longer be achieved. A number of studies have identified LV 
systolic function and end-systolic size as the most important 
determinants of survival and postoperative recovery of LV func-
tion in patients undergoing valve replacement for chronic AR.43-64 
Studies of predictors of surgical outcome are listed in Table 12-2.

Among patients undergoing valve replacement for chronic AR 
with preoperative LV systolic dysfunction, several factors are asso-
ciated with worse functional and survival results after the opera-
tion. They are listed in Table 12-3.

Clinical Presentation
CLINICAL HISTORY

Many patients with AR are diagnosed before symptom onset, on 
the basis of the finding of a diastolic murmur on physical exami-
nation, the discovery of an enlarged cardiac silhouette on chest 
radiography, or evidence of LV hypertrophy on electrocardiogra-
phy. The most common initial symptom in patients with chronic 
severe AR is exertional dyspnea, most likely due to an elevated 
LV end-diastolic pressure with exercise.65 Because chronic AR has 
a slowly progressive course, the gradual decrease in exercise 
capacity may not be recognized as abnormal by the patient, and 
therefore very careful questioning is often needed to elicit evi-
dence of a subtle decrease in functional status. In cases in which 

FIGURE 12-5â•… Transesophageal echocardiography in a patient with infective endocarditis. A, Eversion of the left coronary cusp (large arrow) and vegeta-
tions in the left and right coronary sigmoids (small arrows). B, Jet of severe aortic regurgitation defined by color Doppler (green area). Ao, aorta; LA, left atrium; 
LV, left ventricle. 
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TABLE 12-2	 Preoperative Predictors of Surgical Outcome in Aortic Regurgitation

STUDY (AUTHOR[S], 
YEAR)

STUDY 
DESIGN

NUMBER OF 
PATIENTS

OUTCOME 
ASSESSED FINDINGS

Cunha etâ•¯al, 198046 Retrospective 86 Survival High-risk group identified by preoperative echocardiographic LV FS <0.30
Mortality also significantly associated with preoperative ESD
Among patients with FS <0.30, mortality higher in NYHA FC III-IV than in 

FC I-II

Forman etâ•¯al, 198047 Retrospective 90 Survival High-risk group identified by preoperative angiographic LV EF <0.50

Henry etâ•¯al, 198053 Prospective 50 Survival High-risk group identified by preoperative echocardiographic LV FS <0.25 
and/or ESD >55â•¯mm

Greves etâ•¯al, 198148 Retrospective 45 Survival High-risk group identified by preoperative angiographic LV EF <0.45 and/
or CI <2.5â•¯L/mm

Among patients with EF <0.45, mortality higher in NYHA FC III-IV than in 
FC I-II

Kumpuris etâ•¯al, 198254 Prospective 43 Survival, heart failure, 
LV function

Persistent LV dilation after AVR predicted by preoperative 
echocardiographic LV ESD, RTR mean, and end-systolic wall stress

All deaths occurred in patients with persistent LV dilation

Fioretti etâ•¯al, 1983 55 Retrospective 47 LV function Persistent LV dysfunction predicted by preoperative EDD ≥75â•¯mm and/or 
ESD ≥55â•¯mm

Gaasch etâ•¯al, 198349 Prospective 32 Symptoms, LV 
function

Persistent LV dilation after AVR predicted by echocardiographic LV ESD  
>2.6â•¯cm/m2 and RTR >3.8.

Trend toward worse survival in patients with persistent LV dilation

Stone etâ•¯al, 198456 Prospective 113 LV function Normal LV function after AVR predicted by preoperative LV FS g >0.26, 
ESD <55â•¯mm, and EDD <80â•¯mm

No preoperative variable predicted postoperative LV function

Bonow etâ•¯al, 1985, 
198841,50

Prospective 80 Survival, LV function Postoperative survival and LV function predicted by preoperative LV EF, FS, 
ESD

High-risk group identified by subnormal EF at rest
Among patients with subnormal EF, poor exercise tolerance and 

prolonged duration of LV dysfunction identified the highest-risk group

Daniel etâ•¯al, 198557 Retrospective 84 Survival, symptoms, 
LV function

Outcome after AVR predicted by preoperative LV FS and ESD
Survival at 2.5 years was 90.5% with FS >0.25 and ESD ≤55â•¯mm but only 

70% with ESD >55â•¯mm and FS ≤25%

Cormier etâ•¯al, 198658 Prospective 73 Survival High-risk group identified by preoperative LV EF <0.40 and ESD ≥55â•¯mm

Sheiban etâ•¯al, 198659 Retrospective 84 Survival High-risk group identified by preoperative LV EF <0.50 and ESD >55â•¯mm

Carabello etâ•¯al, 198739 Retrospective 14 LV function Postoperative LV EF predicted by preoperative ESD, FS, EDD, and RTR

Taniguchi etâ•¯al, 198740 Retrospective 62 Survival High-risk group identified by preoperative ESV >200â•¯mL/m2 and/or EF 
<0.40

Michel etâ•¯al, 199552 Retrospective 286 LV function Postoperative LV dysfunction predicted by preoperative LV EF, FS, ESD, and 
EDD

Klodas etâ•¯al, 1996,60 
199761

Retrospective 289 Survival High-risk group identified by symptom severity and preoperative EF <0.50

Turina etâ•¯al, 199862 Retrospective 192 Survival High-risk group identified by symptom severity, low EF, and elevated 
end-diastolic volume

Tornos etâ•¯al, 200663 Prospective 170 Survival High risk identified by symptom severity, low EF, and elevated EDD and 
ESD

AVR, aortic valve replacement; CI, cardiac index; EDD, end-diastolic dimension; EF, ejection fraction; ESD, end-systolic dimension; ESV, end-systolic volume; FS, fractional shortening; LV, left 
ventricular; NYHA FC, New York Heart Association functional class; R/TR, radius/thickness ratio.
Modified from Bonow R, Carabello BA, Chatterjee K, etâ•¯al. 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. Circulation 2006;114:e84–231.

sternal border in the third or fourth intercostal space, whereas 
with aortic root disease, a selective radiation along the right 
sternal border is common.71 However, the diastolic murmur is 
often not appreciated on physical examination. In comparison 
with Doppler echocardiography and aortic angiography, the sen-
sitivity of auscultation for detection of AR is 37% to 73%, and the 
specificity is 85% to 92%.72-74 The loudness of the murmur corre-
lates with disease severity to some extent.75 Another classic 
finding in patients with severe chronic AR is the Austin Flint 
murmur, a low-pitched middiastolic rumble that mimics the 
murmur of mitral stenosis.76 Comparisons of Doppler echocardio-
graphic findings with physical findings suggest that this diastolic 
murmur is related to the severity of AR, with a jet directed toward 

TABLE 12-3

	 Factors Predictive of Reduced Postoperative 
Survival and Recovery of Left Ventricular 
(LV) Function in Patients with Aortic 
Regurgitation and Preoperative LV  
Systolic Dysfunction

Severity of preoperative symptoms or reduced exercise tolerance

Severity of depression of LV ejection fraction

Duration of preoperative LV systolic dysfunction

From Bonow R, Carabello BA, Chatterjee K, etâ•¯al. 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. Circulation 
2006;114:e84–231.
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ECHOCARDIOGRAPHY

After the history and physical examination, echocardiography  
is the most important examination in patients with AR. Echocar-
diography is used to diagnose and estimate the severity of regur-
gitation using color Doppler flow imaging (vena contracta of 
regurgitant jet) (Figure 12-6) and pulsed-wave tissue Doppler 
imaging (holodiastolic flow reversal in the descending thoracic 
and abdominal aorta)91,92 (Figure 12-7). These indices are influ-
enced by loading conditions and the compliance of the ascending 
aorta and the left ventricle. Quantitative Doppler echocardiogra-
phy, using the continuity equation or analysis of proximal isove-
locity surface area, is less sensitive to loading conditions93 and 
provides measures of regurgitant volume, regurgitant fraction, 
and effective regurgitant orifice. The criteria for defining severe 
AR are shown in Table 12-5.

Echocardiography is also performed to identify the mecha-
nisms of regurgitation, describe the valve anatomy, and deter-
mine the feasibility of valve repair. An important role of 
echocardiography is to provide precise and reproducible mea-
sures of LV dimensions, volumes, and systolic performance, and 
therefore it is the cornerstone for clinical decision making and 
serial follow-up in patients with chronic AR (Figure 12-8). Index-
ing for body surface area (BSA) is especially recommended in 
women and in men of small body size.61,94 Although LV EF is the 
fundamental parameter for evaluating LV contractility, new 
parameters obtained by tissue Doppler imaging and strain rate 
imaging may be useful in patients with borderline EF measure-
ments. Two studies have shown peak systolic wave velocity less 

the anterior mitral leaflet or LV free wall causing vibrations appre-
ciated on auscultation as a low-pitched diastolic rumble.77-79

The physical findings in acute AR differ from those in chronic 
regurgitation, in parallel with the different hemodynamics of 
acute and chronic disease (see Table 12-4).

ELECTROCARDIOGRAM AND CHEST RADIOGRAPHY

The electrocardiogram (ECG) findings in patients with AR include 
voltage criteria for LV hypertrophy and associated repolarization 
abnormalities. A strain pattern on the resting ECG correlates 
strongly with abnormal LV dimensions, mass, and wall stress.80-82 
However, some cases of severe AR and pathologic LV hypertro-
phy do not meet ECG criteria for LV hypertrophy.83 When the ECG 
is normal at rest, flat and/or downsloping ST depression may 
develop with exercise, even in the absence of coronary artery 
disease, and is associated with an increased LV systolic dimen-
sion.84 Ventricular ectopic beats and nonsustained ventricular 
arrhythmias are also relatively common in AR, and have a signifi-
cant correlation with LV hypertrophy and function.85

The chest radiograph shows an enlarged silhouette due to LV 
dilation. Aortic root enlargement is also frequently present as a 
result of primary diseases of the aorta or of dilation secondary  
to the increased flow. Both evidence of LV hypertrophy on ECG 
and cardiac size on radiography have been shown to be predic-
tors of outcome after valve replacement.86-90 However, neither the 
ECG nor the chest radiograph offers sufficiently precise data to 
be useful in clinical decision making or sequential follow-up of 
patients with AR.

TABLE 12-4	 Chronic Compensated, Chronic Decompensated, and Acute Aortic Regurgitation

CHARACTERISTICS CHRONIC COMPENSATED CHRONIC DECOMPENSATED ACUTE

Etiology Valvular or aortic root abnormalities Valvular or aortic root abnormalities Dissection, endocarditis, trauma

Physiology
â•… LV volume Increased (ESD <55â•¯mm) Increased (ESD >55â•¯mm) Normal
â•… Ejection fraction Normal (>55%) Normal or decreased Normal or decreased
â•… LV EDP Normal Normal or increased Increased

Physical examination
â•… Diastolic murmur High-pitched, decrescendo, holodiastolic High-pitched, decrescendo, holodiastolic Low-pitched, harsh, early diastolic
â•… Pulse pressure Wide Wide Normal
â•… LV impulse Enlarged Enlarged Normal
â•… Peripheral signs of AR Present Present Absent

Clinical presentation Asymptomatic Gradual onset of symptoms, typically exertional Sudden onset, pulmonary edema, 
and hypotension

AR, aortic regurgitation; EDP, end-diastolic pressure; ESD, end-systolic dimension; LV, left ventricular.
From Otto CM, Aortic regurgitation. In: Otto CM, editor. Valvular heart disease. 2nd ed. Philadelphia: Saunders, 2004.

FIGURE 12-6â•… Assessing severity of aortic regurgitation. A, Parasternal long-axis view Doppler echocardiogram showing the vena contracta of the regur-
gitant flow in a patient with severe aortic regurgitation. B, Color M-mode echocardiogram in the same patient, showing the width of the regurgitant jet. 
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of the valve and ascending aorta, especially when aortic pathol-
ogy is suspected or a valve-sparing intervention is considered.97 
Studies have also demonstrated the feasibility and accuracy of 
three-dimensional transthoracic echocardiography (3D TTE) in 
quantifying AR.98

OTHER IMAGING MODALITIES

CARDIAC MAGNETIC RESONANCE.â•‡ In patients with indeter-
minant echocardiographic findings, CMR is a reliable tool for 
assessment of the severity of AR.98a,99 Magnetic resonance phase-
contrast sequences perpendicular to the aortic valve allow accu-
rate antegrade and retrograde blood flow measurements in the 
ascending aorta,100 so that the severity of AR by calculation of 
regurgitant volume, peak velocity, and regurgitant fraction can  
be assessed.101,102 Additionally, cine CMR sequences, such as 
steady-state free precession techniques, permit visualization of 
the aortic valve in a chosen plane with excellent image quality. 
Cine CMR also aids in determination of the morphology of the 
valve, and valve area can be measured by planimetry methods101-

106 (Figure 12-10). Moreover, with the use of serial short axis slices 
of the left ventricle, it is possible to calculate LV volumes, mass, 
and EF very accurately. Several studies have shown that CMR is 
an excellent technique to monitor LV volumes and EF with a high 
degree of interobserver reproducibility (r = 0.96-0.99).107 Finally, 

than 9â•¯cm/s at the mitral annulus to be a predictor of complica-
tions and to be related to LV contractile reserve.95,96 Serial echo-
cardiographic evaluations of LV size and function should take into 
account the potential of confounding factors, such as interval 
changes in instrumentation, variability in recording and measur-
ing the data, variability in loading condition, and physiologic 
variability. When a change is detected, it is prudent to repeat the 
examination to confirm the magnitude and direction of the 
change. Good-quality echocardiograms and data confirmation 
are essential before surgery can be recommended to asymptom-
atic patients. Echocardiography should also image the aorta at 
four different levels: annulus, sinuses of Valsalva, sinotubular 
junction, and ascending aorta (Figure 12-9). Transesophageal 
echocardiography may be performed to better define the anatomy 

FIGURE 12-7â•… Assessing severity of aortic regurgitation. Pulsed Doppler 
echocardiogram in the abdominal aorta showing pandiastolic regurgitant flow 
(arrows). 

TABLE 12-5	 Criteria for the Definition of Severe 
Aortic Regurgitation

Specific signs Central jet, width ≥ 65% of left ventricular 
outflow tract

Vena contracta > 0.6â•¯cm

Supportive signs Pressure half-time < 200 ms
Holodiastolic aortic flow reversal in descending 

aorta
Moderate or greater LV enlargement

Quantitative parameters Regurgitant volume ≥ 60â•¯mL/beat
Regurgitant fraction ≥ 50%
Effective regurgitant orifice area ≥ 0.30â•¯cm2

Modified from Zoghbi WA, Enriquez-Sarano M, Foster E etâ•¯al. Recommendations for 
evaluation of the severity of native valvular regurgitation with two-dimensional and 
Doppler echocardiography. J Am Soc Echocardiogr 2003;16:777–8.

FIGURE 12-8â•… Left ventricular dilation in aortic regurgitation. A, Transthoracic parasternal long-axis view echocardiogram showing enlargement of left 
ventricular parameters in a patient with severe chronic aortic regurgitation. B, Apical four-chamber view of the same patient showing a spherical enlargement of 
the left ventricle. 

FIGURE 12-9â•… Parasternal long-axis view echocardiogram in a patient 
with aortic regurgitation. There is enlargement of the aortic root and 
ascending aorta. From left to right, lines identify the aortic diameter at the level 
of sinuses of Valsalva, sinotubular junction, and ascending aorta. LV, left 
ventricle. 

LV
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systolic LV dysfunction. On exercise electrocardiography, the 
finding of at least 1.0â•¯mm of ST segment depression is associated 
with lower resting and exercise EFs, higher wall stress, and greater 
end-systolic dimension in comparison with no ST segment 
changes with exercise.115,116

Echocardiography can be used to measure the incremental 
change in LV dimensions and EF with exercise in patients with 
AR.117 Measurements of the change in EF with exercise echocar-
diography reflect contractile reserve and may be more predictive 
of clinical outcome than resting EF,118 although the main limita-
tion is measurement accuracy of EF during exercise. Similarly, an 
increase in radionuclide EF with exercise of at least 5 EF units 
correlates with preserved LV systolic function, whereas any 
decrease or increase of less than 5 units indicates an elevated 
end-systolic wall stress, increased end-systolic dimension, and 
impaired systolic function.112 At present the role of exercise testing 
must be individualized. It may be helpful when there is a discrep-
ancy between the clinical presentation and the resting echocar-
diographic findings. However, clinical decisions should not be 
based solely on changes in EF with exercise, nor on data from 
stress echocardiography, because these indices have not been 
adequately validated in large-scale prospective, randomized 
studies focusing on patient outcomes.

Natural History
There is no information regarding the natural history of mild  
AR. There is also little information in the literature regarding  
the progression from mild to moderate or severe regurgitation.  
It has been postulated that decreased aortic distensibility  
with age contributes to progressive AR as a result of the increase 
in LV afterload.119 Doppler echocardiography measures of jet 
width and regurgitant orifice area suggest that there is 

the use of contrast agents (gadolinium-DTPA) and different mag-
netic resonance angiography sequences or three-dimensional 
whole chest steady-state free precession sequences (without con-
trast agent) enables determination of the aortic root and ascend-
ing aortic anatomy and diameters.

Therefore, CMR is a useful technique to obtain a global evalu-
ation of patients with AR, to determine the evolution of the regur-
gitation and its impact on LV volume and function, and to choose 
the optimum time for surgery.108

CARDIAC COMPUTED TOMOGRAPHY.â•‡ The utility of 64-slice 
multidetector CT has been investigated in patients with AR. Aortic 
root and LV parameters determined by CT correlate well with 
corresponding measurements by transthoracic echocardiogra-
phy.109 Direct planimetry of the aortic valve anatomic regurgitant 
orifice accurately detects and quantifies AR.110 CT coronary angi-
ography is also useful for the detection of coronary artery disease 
in patients with AR.111

RADIONUCLIDE VENTRICULOGRAPHY.â•‡ Radionuclide ven-
triculography can provide accurate measurements of LV volumes 
and function and can also be used as an alternative to echocar-
diography in patients with suboptimal echocardiograms or in 
patients showing discrepancies between clinical and echocardio-
graphic data.112

EXERCISE TESTING

Exercise stress testing and stress echocardiography are useful for 
assessing functional capacity and symptomatic responses in 
patients with equivocal symptoms and to assist the early detec-
tion of latent systolic failure.113,114 Exercise testing is also useful in 
patients with AR before participation in athletic activities.114 
Several investigators have suggested that exercise testing, with or 
without concurrent imaging, may help identify patients with early 

FIGURE 12-10â•… Cardiac magnetic resonance imaging showing a bicuspid aortic valve with aortic regurgitation and ascending aorta dilation. 
A, Fast single-shot steady-state free precession (SSFP) image in a coronal view. B, Retrospectively reconstructed magnitude image from a phase-contrast sequence 
showing a bicuspid aortic valve. C, Balanced SSFP image. Oblique axial left ventricle inflow/outflow view, showing grade 2 aortic regurgitation. D, Flow-versus-time 
plot for the ascending aorta. Antegrade flow calculated at 140â•¯mL/beat, retrograde flow 40â•¯mL/beat, and aortic regurgitant fraction 33%. 
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TABLE 12-6	 Studies of the Natural History of Asymptomatic Patients With Aortic Regurgitation

STUDY 
(AUTHOR[S], 
YEAR)

NUMBER OF 
PATIENTS

MEAN 
FOLLOW-UP, Y

PROGRESSION TO 
SYMPTOMS, DEATH, 
OR LV DYSFUNCTION 

(RATE/YEAR, %)

Progression to 
Asymptomatic LV 

Dysfunction MORTALITY 
(NO. OF 

PATIENTS) COMMENTS(N)
RATE PER YEAR 

(%)

Bonow etâ•¯al, 
1983, 199166,123

104 8.0 3.8 4 0.5 2 Outcome predicted by LV ESD, EDD, 
change in EF with exercise, and 
rate of change in ESD and EF at 
rest with time

Scognamiglio 
etâ•¯al, 1986*124

30 4.7 2.1 3 2.1 0 3 patients in whom asymptomatic 
LV dysfunction developed initially 
had lower PAP/ESV ratios and trend 
toward higher LV ESD and EDD 
and lower FS

Siemienczuk 
etâ•¯al, 1989125

50 3.7 4.0 1 0.5 0 Patients included those receiving 
placebo and medical dropouts in a 
randomized drug trial, as well as 
some patients with NYHA FC II 
symptoms; outcome predicted by 
LV ESV, EDV, change in EF with 
exercise, and end-systolic wall 
stress

Scognamiglio 
etâ•¯al, 1994*126

74 6.0 5.7 15 3.4 0 All patients received digoxin as part 
of a randomized trial

Tornos etâ•¯al, 
1995127

101 4.6 3.0 6 1.3 0 Outcome predicted by pulse 
pressure, LV ESD, EDD, and EF at 
rest

Ishii etâ•¯al, 1996128 27 14.2 3.6 — — 0 Development of symptoms 
predicted by systolic BP, LV ESD, 
EDD, mass index, and wall 
thickness

LV function not reported in all 
patients

Borer etâ•¯al, 
1998129

104 7.3 6.2 7 0.9 4 20% of patients in NYHA FC II; 
outcome predicted by initial FC II 
symptoms, change in LV EF with 
exercise, LV ESD, and LV FS

Tarasoutchi etâ•¯al, 
2003130

72 10 4.7 1 0.1 0 Development of symptoms 
predicted by LV ESD and EDD

LV function not reported in all 
patients

Evangelista etâ•¯al, 
200567

31 7 3.6 — — 1 Placebo control group in 7-year 
vasodilator clinical trial

Average 593 6.6 4.3 37 1.2 (0.18%/yr)

BP, blood pressure; EDD, end-diastolic dimension; EDV, end-diastolic volume; EF, ejection fraction; ESD, end-systolic dimension; ESV, end-systolic volume; FC, functional class; FS, fractional 
shortening; LV, left ventricular; NYHA, New York Heart Association; PAP, pulmonary artery pressure.
*Two studies by same authors involved separate patient groups.
From Bonow R, Carabello BA, Chatterjee K, etâ•¯al. 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. Circulation 2006;114:e84–231.

progressive enlargement of the regurgitant orifice over time.120 
One echocardiographic study showed that the severity of regur-
gitation increased in 30% of patients who had undergone at least 
two echocardiographic studies, in association with increases in 
severity of LV dilation, the greatest increases in LV volumes and 
mass being observed in those with severe AR.121

PATIENTS WITH NORMAL LEFT VENTRICULAR 
SYSTOLIC FUNCTION

The data regarding the natural history of asymptomatic patients 
with severe AR and normal LV systolic function was analyzed by 
the American College of Cardiology/American Heart Association 
(ACC/AHA) Task Force on Practice Guidelines for the manage-
ment of valvular heart disease,122 which reviewed nine published 
series involving a total of 593 such patients66,123-130 (Table 12-6). 

These studies consistently show that patients can remain asymp-
tomatic with preserved LV function for a long time. The rate of 
progression to symptoms and/or LV dysfunction averaged 4.3% 
per year. Sudden death occurred in 7 of the 593 patients, for an 
average mortality rate of less than 0.2% per year. The information 
available also shows that the rate of development of LV dysfunc-
tion, defined as EF at rest below normal, occurs at a rate of 1.2% 
per year.

Despite the low likelihood of the development of asymptomatic 
LV dysfunction in patients with severe AR, it should be empha-
sized that more than one fourth of patients in these series devel-
oped LV dysfunction before the onset of warning symptoms. 
Thus, in the serial evaluation of patients, quantitative assessment 
of LV function is indispensable. The natural history studies have 
also defined predictors of unfavorable outcomes. These variables  
are age, LV end-systolic dimension or volume, and LV EF during 
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improvement in hemodynamic parameters with enalapril and 
quinapril, particularly when this effect was accompanied by a 
drop in blood pressure.139,145 A clinical trial using nifedipine, enala-
pril, or no treatment in asymptomatic patients with severe AR and 
normal LV function did not, however, demonstrate any significant 
benefit of such therapy; vasodilators did not delay the need for 
AVR after an extended follow-up period and did not result in a 
reduction in regurgitant volume or a beneficial effect on LV size 
or function (Figure 12-11).67 If vasodilator therapy is used in 
asymptomatic patients with severe AR, the goal should be to 
reduce systolic blood pressure, and drug dosage should be 
increased until a measurable decrease in blood pressure is 
achieved. The role of angiotensin-converting enzyme (ACE) 
inhibitors in chronic AR has been reassessed; in a retrospective 
analysis of 2266 patients with moderate to severe AR, treatment 
with angiotensin-converting enzyme inhibitors was associated 
with significantly lower all-cause and cardiovascular mortality.146 
This observation requires further confirmation in prospectively 
designed clinical trials.

ROLE OF BETA-BLOCKERS

In chronic AR, treatment with beta-adrenergic blockers has been 
controversial, because lowering heart rate may increase the 
regurgitant volume. A retrospective observational study reported 
that beta-blocker therapy was associated with better survival in 
patients with chronic AR, mainly in the subgroup with higher 
heart rates.147 However, this was not an asymptomatic population; 
70% had heart failure, 25% had atrial fibrillation, and many had 
LV systolic dysfunction (the mean EF was 54%). Thus, these data 
do not necessarily pertain to the long-term management of 
asymptomatic patients with preserved LV systolic function.

PREVENTION OF ENDOCARDITIS

Patients with AR should be instructed in the importance of good 
oral hygiene and regular dental cleaning and examinations. 
Patients should also be instructed on early reporting of unex-
plained fever lasting for more than 1 week and on the importance 
of refraining from self-medication with antibiotics in the case of 
fever. According to the 2007 American Heart Association guide-
lines on endocarditis prevention, antibiotic prophylaxis before 
dental work or other invasive procedures is no longer recom-
mended in patients with AR or other forms of native valve disease; 
antibiotic prophylaxis is recommended only in those patients 
with AR who have a previous history of endocarditis.148

exercise.66,125,126,129 In two multivariate analyses only age and end-
systolic dimensions were independent predictors of outcome on 
the initial study, as were the rate of increase in end-systolic dimen-
sion and decrease in resting EF in longitudinal studies.66,130 During 
a mean follow-up period of 8 years, in patients with initial end-
systolic dimensions greater than 50â•¯mm, the likelihood of death, 
symptoms, and/or LV dysfunction was 19% per year. In those with 
initial end-systolic dimensions of 40 to 50â•¯mm, the likelihood was 
6% per year, and in those with dimensions less than 40â•¯mm, it was 
zero.

A tenth study of asymptomatic patients with normal LV systolic 
function, published after the 2006 ACC/AHA guidelines, reported 
a higher clinical event rate and also a higher mortality rate.131 This 
study, in which quantitative measurement of severity of AR was 
obtained with Doppler echocardiography, reported that patients 
with severe AR (using the definitions shown in Table 12-5) had a 
much higher mortality risk and a higher likelihood of AVR than 
patients with less severe AR. The measures of AR severity were 
stronger predictors of outcome than LV EF or any of the measures 
of LV dilation. Importantly, the annual mortality rate in this tenth 
study of patients with initially normal EFs was 2.2%,131 tenfold 
higher than the average 0.2% per year mortality rate found in the 
previous nine studies.122,131a This higher mortality rate may be 
explained by the older age of the patients in the last study (60 
years), which is more than 20 years higher than the average age 
in the other studies (39 years). This difference suggests that severe 
AR in older patients, who have stiffer arteries and stiffer left ven-
tricles, may be more poorly tolerated than in younger patients.131a

PATIENTS WITH LEFT VENTRICULAR  
SYSTOLIC DYSFUNCTION

There are very limited data in asymptomatic patients with 
depressed LV function, but it has been estimated that the average 
rate of symptom onset in such patients is more than 25% per 
year.132-134 Symptoms due to AR are a strong predictor of clinical 
outcome.135 The data developed in the presurgical era indicate 
that patients with dyspnea, angina, or overt heart failure have a 
poor outcome with medical therapy, with mortality rates higher 
than 10% in those with angina and higher than 20% in those with 
heart failure.90,136,137

Medical Management
The aims of medical management in patients with significant AR 
are to carefully follow the clinical course in order to identify the 
best timing for surgical indication and to prevent complications.

ROLE OF VASODILATOR THERAPY

Vasodilator therapy has been designed to reduce regurgitant 
volume overload, LV volumes, and wall stress. These effects could 
theoretically be beneficial in AR through preservation of LV func-
tion and reduction in LV mass. Vasodilators are useful in patients 
with severe AR and symptoms and/or LV dysfunction who are 
considered poor candidates for surgery because of severe comor-
bidities. Vasodilators are also useful for improving the hemody-
namic profile in patients with severe heart failure symptoms 
before AVR. The most controversial effect of vasodilators is their 
use in the absence of systemic hypertension to alter the natural 
history in asymptomatic patients with AR and preserved LV sys-
tolic function and to prolong the compensated phase of the 
disease. If vasodilator therapy successfully delays decompensa-
tion of the left ventricle, surgery can be postponed. Several 
studies with small numbers of patients and short-term follow-up 
periods found different beneficial effects of vasodilators on hemo-
dynamic and echocardiographic parameters of LV function.138-145 
Regarding long-term effects, only one study reported that long-
acting nifedipine therapy produced a reduction in LV dimensions 
and an increase in EF,126 and two studies demonstrated 

FIGURE 12-11â•… Progression to aortic valve replacement in initially 
asymptomatic patients with aortic regurgitation. Patients were ran-
domly assigned to treatment with enalapril, nifedipine, or placebo (Control). 
(From Evangelista A, Tornos P, Sambola A, etâ•¯al. Long-term vasodilator therapy in 
patients with severe aortic regurgitation. N Engl J Med 2005;353:1342–9.)
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experiences symptoms, every effort should be made to clearly 
relate the symptoms to the AR. Especially when the symptoms are 
mild, such as New York Heart Association (NYHA) functional 
class II dyspnea, clinical judgment is necessary, and in this setting 
the role of exercise testing is valuable. However, in patients with 
LV dilation and progressive enlargement in chamber size or 
decline in EF on serial studies, the beginning of mild symptoms 
is a clear indication for valve replacement.

In symptomatic patients with decreased LV systolic function 
(subnormal EF), surgery is clearly indicated. Several studies have 
shown that the long-term outcome is excellent if such patients 
undergo AVR when asymptomatic or only mildly symptomatic or 
with mild LV dysfunction41,50,61,63 (Figure 12-14). Therefore, every 
effort should be made to refer patients to surgery at this stage. 
Postoperative survival and the likelihood of recovery of systolic 
function is worse in patients with preoperative NYHA functional 
class IV symptoms160 or with extremely enlarged ventricles 
(>55â•¯mm at end-systole) and/or very poor EF (<30%)63,161 (see 
Table 12-3). However, even in those very ill patients, AVR with 
subsequent medical treatment is a better alternative than long-
term medical therapy alone or cardiac transplantation. Recent 
data demonstrating a significant decrease in operative mortality 
in patients with AR and severe LV dysfunction reinforce this 
opinion (see Table 12-6).64

Surgery should also be considered in asymptomatic patients 
with severe AR and impaired LV function at rest, defined as 
resting EF less than 50%, and/or extreme degrees of LV dilation 
(end-diastolic diameter ≥70-75â•¯mm and end-systolic diameter 
≥50-55â•¯mm).162-168 In these patients, the likelihood that symptoms 
will develop in the short term is high, perioperative mortality is 
very low, and the postoperative long-term results are excellent. 
Good-quality echocardiograms and data confirmation with 
repeated measurements are necessary before surgery is recom-
mended to asymptomatic patients.

In patients with AR undergoing other cardiac operations,  
such as coronary bypass surgery and mitral valve surgery, the 
decision to replace the aortic valve should be individualized 
according to the severity of AR, age, and overall clinical situation. 
If the AR is severe, replacement of the aortic valve is almost 
always indicated,122 whereas AVR can be postponed when the AR 
is mild.

Concomitant Aortic Root Disease
In patients with AR secondary to enlargement of the ascending 
aorta or aortic root, the natural history of the disease and thus 
the timing and choice of surgical intervention are often based  
on the extent and rate of aortic or aortic root dilation rather than 
the LV response to AR. These considerations are particularly 
important in patients with Marfan syndrome, patients with bicus-
pid aortic valves, and patients with annuloaortic ectasia. When 
the severity of AR is mild or moderate in such patients, manage-
ment decisions may depend on treating the underlying aortic and 
aortic root disease. In those with severe AR, decisions may need 
to be based on both conditions.

In patients with Marfan syndrome, beta-blockers slow the pro-
gression of aortic dilation.169 Enalapril has also been used to 
delay aortic dilation in patients with Marfan syndrome.170 Animal 
models of Marfan syndrome have shown a beneficial effect of the 
angiotensin-receptor blocker losartan in normalizing the aortic 
root growth and aortic wall architecture,171 and a clinical trial 
comparing the effects of atenolol and losartan is currently under-
way.172,173 Whether the same beneficial effect of beta-blockers or 
other drugs occurs in patients with bicuspid aortic valves and 
aortic dilation is unknown.

The rationale for an aggressive surgical approach in patients 
with aortic dilation and only mild AR is better defined in patients 
with Marfan syndrome than in patients with bicuspid aortic valves 
or annuloaortic ectasia.152 Aortic root dilation greater than 55â•¯mm 
should be considered a surgical indication irrespective of the 

Serial Evaluations
The aim of serial evaluation of asymptomatic patients with 
chronic AR is to detect the onset of clinical symptoms and to 
objectively assess changes in LV function and size that can occur 
in the absence of symptoms, in order to determine the optimal 
time for surgery. Patients with mild to moderate AR can be seen 
on a yearly basis, and echocardiography performed every 2 years. 
The patient who has severe AR when first seen and in whom the 
chronic nature of the regurgitation is uncertain should be reevalu-
ated within 2 to 3 months in order to be certain that the patient 
is stable and that a subacute process with rapid progression is not 
under way. Once the chronicity and stability of the regurgitation 
has been established, the frequency of the clinical reevaluation 
and interval between echocardiographic examinations depend 
on the severity of the regurgitation, the extent of LV dilation, and 
the level of systolic function at rest.

Patients with severe AR, normal EF at rest (>50%), and moder-
ate LV dilation (end-diastolic dimension 60 to 65â•¯mm) may be 
seen every 6 months. During every visit a careful clinical history 
should be obtained. An exercise test is useful in case of equivocal 
symptoms. Echocardiographic measurements should also be 
obtained yearly or whenever there is a suspected change in  
the clinical situation. In patients with more severe dilation,  
with end-diastolic dimensions approaching 70â•¯mm, it is wise to 
recommend clinical evaluations and echocardiographic mea-
surements every 6 months, or even more frequently if a progres-
sive dilation or decline in EF is detected. In those patients stress 
echocardiography can be used to detect earlier signs of LV dys-
function.113,114 Brain natriuretic peptide (BNP) measurements have 
been used as a biomarkers for the monitoring of the disease149,150; 
and Pizarro etâ•¯al, 151 in a prospective evaluation of a cohort of 
294 asymptomatic patients with chronic severe AR and normal 
EF (>55%), determined that a brain natriuretic peptide value 
higher than 130â•¯pg/mL could identify a subgroup of patients at 
higher risk for development of symptoms, LV dysfunction, or 
death during follow-up.

CMR or radionuclide ventriculography can be used in the serial 
assessment as an alternative to echocardiography, particularly in 
patients with technically suboptimal echocardiograms.

In patients with aortic root dilation, serial echocardiograms 
should include accurate measurements of the aorta. Indexing  
for body surface area could be recommended, especially in 
patients of small body size and in women.152,153 CMR and CT are 
also good alternatives for following the severity of aortic dilation, 
mainly if dilation occurs in the upper part of the sinotubular 
junction.

Indications for Surgery
The surgical management in AR usually requires AVR. In highly 
selected patients and in surgical centers of excellence, there is 
growing experience in aortic valve repair.154-156 Some surgical 
groups use the pulmonic autograft procedure (the Ross proce-
dure) in younger patients.157,158 The indications for surgery on the 
aortic valve are the same irrespective of the surgical technique 
used.

The goals of operation are to improve outcome, to diminish 
symptoms, to prevent the development of postoperative heart 
failure and cardiac death, and to avoid aortic complications in 
patients who present with aortic aneurysms. Several investigators 
have identified preoperative predictors of patient outcome and LV 
function after valve replacement for chronic AR.39-41,43,46,48-50,52-60,62,63 
The most consistent of these measures have been the functional 
class, EF and end-systolic dimension. On the basis of robust 
observational evidence, the recommended indications for surgi-
cal intervention for severe AR are similar in both the ACC/AHA 
and the European guidelines (Figures 12-12 and 12-13).122,159

Symptom onset is an indication for surgery irrespective of LV 
function. When the LV systolic function is normal and the patient 
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FIGURE 12-12â•… Management strategy for patients with chronic severe aortic regurgitation. Preoperative coronary angiography should be performed 
routinely as determined by age, symptoms, and coronary risk factors. Cardiac catheterization and angiography may also be helpful when there is discordance 
between clinical echocardiographic findings and. “Stable” refers to stable echocardiographic measurements. In some centers, serial follow-up evaluations (eval) 
may be performed with radionuclide ventriculography or cardiac magnetic resonance rather than echocardiography (echo) to assess left ventricular (LV) volume 
and systolic function. AVR, aortic valve replacement; class, New York Heart Association functional class; DD, end-diastolic dimension; EF, ejection fraction; 
CMR, cardiac magnetic resonance; RVG, radionuclide ventriculography; SD, end-systolic dimension. (From Bonow R, Carabello BA, Chatterjee K, etâ•¯al. 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. Circulation 2006;114:e84–231.)
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ascending aorta.122 In borderline cases, the decision to replace the 
ascending aorta also relies on perioperative surgical findings as 
regards the thickness of the aortic valve and the status of the rest 
of the aorta. In the European Guidelines, the recommendations 
also consider that lower thresholds of aortic diameters can be 
used to indicate surgery if valve repair can be performed by 
experienced surgeons.159
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The bicuspid aortic valve (BAV) is one of the most common 
congenital heart disorders, affecting approximately 1% of the 
population and occurring either in isolation or in association with 
complex congenital heart defects. BAV disease may be sporadic, 
inherited as an autosomal dominant condition with incomplete 
penetrance, or associated with aortic aneurysm syndromes. BAV 
disease often leads to aortic stenosis and regurgitation at variable 
intervals and is associated with an increased risk for infective 
endocarditis. Aortopathy may accompany BAV disease, leading 

to ascending aortic enlargement, aneurysm formation, and aortic 
dissection. In the majority of people with a BAV, complications 
from the valve and/or ascending aorta develop during their life-
times, so lifelong surveillance of the aortic valve and aorta is 
required, along with surgical intervention for many of them. Dis-
coveries in gene expression and signaling pathways, advances in 
imaging, and improvements in aortic and valve surgery have dra-
matically improved the understanding and management of BAV 
and associated aortic disease, as summarized in this chapter.

History of the Bicuspid Aortic Valve
The BAV has been long recognized as an important cause of 
valvular heart disease. Leonardo da Vinci sketched the bicuspid 
variant of the aortic valve more than 400 years ago.1 The clinical 
and valvular sequelae of the BAV were realized more than 150 
years ago.1,2 Osler’s landmark report of 18 cases of BAV in 1886 
emphasized the frequent complication of infective endocarditis 
in this lesion.1,2 The fact that aortic stenosis occurred in BAV as 
a result of a primary valve pathology rather than rheumatic 
disease was realized in the 1950s.1,2 Autopsy studies established 
BAV as the most common congenital anomaly of the heart. The 
association of congenital BAV with diseases of the aorta was 
first recorded by Abbott3 in 1927. In 1984, Larson and Edwards4 
highlighted the relationship between the BAV and aortic root 
disease, noting a ninefold greater risk of aortic dissection in 
patients with BAV.4

Widespread performance of cardiac imaging has clarified the 
prevalence of BAV in the general population. Discoveries in 
molecular genetics and vascular biology have begun to elucidate 
basic mechanisms of BAV and the aortopathy associated with it.

Embryology
The semilunar valves originate from the mesenchymal outgrowths 
(cardiac cushions) along the ventricular outflow tract of the 
primary heart tube. Endocardial cushion formation has been 
studied in many different species, and several molecular signaling 
pathways have been implicated in the development of the atrio-
ventricular and outflow tract regions, including transforming 
growth factor-beta (TGF-β), Ras, Wnt/B-catenin, vascular endo-
thelial growth factor (VEGF), and NOTCH signaling.5,6

Key Points
■	 The bicuspid valve is one of the most common congenital heart 

conditions affecting about 1% of the population.
■	 Familial occurrence of a bicuspid aortic valve is noted in 9% of 

first-degree relatives. Familial aortic aneurysm with or without a 
bicuspid aortic valve may occur in certain families.

■	 Bicuspid aortic valve may accompany other congenital cardiovascular 
defects. Individuals with bicuspid valve and coarctation of the aorta 
are at increased risk of aortic complications.

■	 When transthoracic echocardiography is not diagnostic, 
transesophageal echocardiography, cardiac magnetic resonance 
imaging, or cardiac computed tomography may be useful in 
diagnosing bicuspid aortic valve disease.

■	 Approximately 50% of severe aortic stenosis in adults is related to the 
bicuspid aortic valve.

■	 Ascending aortic dilation occurs frequently in bicuspid 
aortic valve disease, even in the absence of aortic stenosis or 
regurgitation.

■	 The aortopathy of bicuspid aortic valve disease is associated with 
cystic medial degeneration, alternations in signaling pathways and 
matrix metalloproteinase activity, and apoptosis, placing the patient 
with bicuspid aortic valve (BAV) at increased risk for aortic aneurysm 
and aortic dissection.

■	 Abnormal aortic systolic blood flow patterns and aortic wall stress 
may contribute to the aortopathy in bicuspid aortic valve disease.

■	 Most patients with bicuspid aortic valves will require surgical therapy 
on the valve and/or aorta during their lifetime.

■	 After bicuspid aortic valve replacement, the patient remains at 
risk for late ascending aortic complications including aneurysm 
formation and dissection. Surveillance of the aortic valve late 
after bicuspid aortic valve replacement is necessary.
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tract endocardial cushions that may rely on a nitric oxide–
dependent epithelial-to-mesenchymal transformation.9 In inbred 
Syrian hamsters, fused right and left coronary leaflet BAVs are due 
to an extrafusion of the septal and parietal outflow tract ridges 
likely caused by a distorted behavior of neural crest cells.9

The GATA family of zinc finger proteins may be important in 
cardiac development. Gata5 expression is restricted to endocar-
dial cushions, and targeted inactivation of Gata5 in mice leads to 
development of BAV, involving several signaling pathways (includ-
ing Notch).13 The ubiquitin fusion degradation 1–like gene is 
expressed in the developing embryonic outflow tract and is 
downregulated in BAV tissue.14

NOTCH1 encodes for a transmembrane protein that activates a 
signaling pathway important in cardiac embryogenesis, including 
the aortic and pulmonary valve and aorta. NOTCH1 mutations 
(9q34.3) have been found in a small number of families with BAV 
and ascending aortic aneurysms.5

Anatomy, Pathology, and  
Classification Schemes
The anatomy of the BAV includes unequal cusp size (due to fusion 
of two cusps leading to one larger cusp), a raphe (usually in the 
center of the larger of the two cusps), and smooth cusp margins 
(Figure 13-2). The raphe or fibrous ridge is the site of congenital 
fusion of the two components of the conjoined cusps and is iden-
tifiable in most cases.15 There is a wide spectrum of BAV, from 
completely missing one commissure—leading to two cusps, 
sinuses, and commissures only—to an underdevelopment of one 
or two commissures and the adjacent cusps, which occurs in the 
majority of cases with one or two raphes.16 Fusion may occur 
between any of the leaflets, most commonly between the right 
and left coronary leaflets (70% to 86%), although also between 
the right and noncoronary leaflets (12%), and least commonly 
between the left and noncoronary leaflets (3%).1 With right and 
left coronary leaflet fusion, the leaflets are oriented right and left 
and the true commissures are oriented in an anterior and poste-
rior manner.17 The coronary arteries tend to arise from the front 

The pathogenesis of BAV is unknown. In a Syrian hamster 
model of BAV, fusion of the right and the left valve cushions 
appears to be a key factor, and BAV is not the consequence of 
improper development of the conotruncal ridges, conotruncal 
malseptation, or valve cushion agenesis.7 Anomalous behavior of 
cells derived from the neural crest has been implicated as a pos-
sible etiology because BAV is often associated with congenital 
malformations of the aortic arch and other neural crest-derived 
systems.1,8,9 A primary molecular abnormality of the extracellular 
matrix may trigger abnormal valvulogenesis, given that matrix 
proteins help direct cell differentiation and cusp formation during 
valvulogenesis.10 Endothelial nitric oxide (eNOS) signaling may 
be important in BAV pathogenesis and possibly in the associated 
aortic disease.11,12

Different molecular and biologic pathways may be responsible 
for leaflet orientation among animal species with BAV (Figure 
13-1). In knockout mice, fused right and noncoronary leaflet  
BAVs result from a defective development of the cardiac outflow 

FIGURE 13-1  Aortic valve morphology in animal models of bicuspid 
aortic valve. Trileaflet aortic valves (TAVs) (A to D) and bicuspid aortic valves 
(BAVs) (E to H) in endothelium nitric oxide synthase knockout (eNOS−/–) mice 
(A, B, E, F) and inbred hamsters (C, D, G, H). Scanning electron micrographs, 
cranial (A, E) and frontal (C, G) views. In C and G, the specimens were opened 
through the noncoronary aortic sinus to show the anterior aspect of the valve. 
Transverse sections stained with Mallory trichrome (B, F), Masson-Goldner 
trichrome (H), and orcein-picrofuchsin (D) stains. The arrows point to the coro-
nary arteries. In the mouse BAVs, R indicates the right aortic sinus supporting 
the fused right and noncoronary leaflets. Bars = 200â•¯µm (A, B, E, F) and 
400â•¯µm (C, D, G, H). A, Aortic sinus supporting the fused right and left coro-
nary leaflets; L, left aortic sinus; N, noncoronary sinus; PA, pulmonary artery; R, 
right aortic sinus. (Reproduced with permission from Fernandez B, Duran AC, 
Fernandez-Gallego T, etâ•¯al. Bicuspid aortic valves with different spatial orientations 
of the leaflets are distinct etiological entities. J Am Coll Cardiol 2009;54:2312–18.)
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FIGURE 13-2  Bicuspid aortic valve anatomy. Intraoperative picture of a 
bicuspid aortic valve type 1 (left-right cusp fusion) with one completely devel-
oped noncoronary cusp, two completely developed commissures (small 
arrows), and one raphe between the underdeveloped left and right coronary 
cusps extending to the corresponding malformed commissures (large arrow), 
with hemodynamic signs of regurgitation due to prolapse of the conjoint 
cusps. (Reproduced with permission from Sievers HH, Schmidtke C. A classification 
system for the bicuspid aortic valve from 304 surgical specimens. J Thorac Cardio-
vasc Surg 2007;133:1226–33.)
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Calcium deposition and the development of fibrosis of the BAV 
increases with age and is largely confined to the raphe and base 
of the cusp2,24 (Figure 13-4). The calcification process occurring 
in patients with BAV is similar to that in those with trileaflet aortic 
valve but occurs at an accelerated rate and includes lipid deposi-
tion, neoangiogenesis, and inflammatory cell infiltration.1,25 BAVs 
demonstrate folding or wrinkling of the valve tissue, increased 
doming of the leaflets during the cardiac cycle, and abnormal 
currents of turbulence, even when the leaflets are not stenotic.26 
These factors may increase susceptibility to BAV degeneration. As 
a result of multiple mechanisms, most patients with BAV require 
valve surgery during their lifetimes.24,27

Prevalence
The prevalence of BAV is approximately 1% of the population with 
a male/female ratio of between 2:1 and 3:1.1,2,28-31 (Table 13-1). In 
the largest reported necropsy series involving 21,417 consecutive 
cases, 293 subjects were noted to have BAV, for a prevalence rate 
of 1.37%.31

Echocardiography screening has improved understanding of 
the prevalence of BAV in the general population. In an 

of the cusps, in which a raphe is present. BAVs without any redun-
dant tissue tend to develop stenosis, whereas valves with more 
redundant tissue usually develop valvular incompetence.1

Various classification schemes have been used to characterize 
the BAV16,18 (Figure 13-3). A review of echocardiograms of 1135 
children with BAV revealed that in 70% of cases, right coronary 
and left coronary leaflet fusion was the most common morpho-
logic variant (pattern A).19 Pattern B, or the fusion of the right 
coronary and noncoronary leaflet, was more likely to be associ-
ated with aortic stenosis or regurgitation in this pediatric series. 
Pattern C (fusion of the left coronary and noncoronary cusps) was 
the least common morphologic variant. In a surgical pathology 
study of 542 cases of BAV, 86% were noted to have pattern A, 12% 
pattern B, and 3% pattern C.15

The valve orientation of a BAV may be predictive of clinical 
outcomes.19,20 Fusion of the right and noncoronary valve leaflets 
has been associated with more rapid progression of aortic steno-
sis and regurgitation than fusion of the right and left coronary 
leaflets,20 although later population studies did not demonstrate 
an association of leaflet orientation with valvular degenera-
tion.21,22 In addition, leaflet orientation in BAV may also be predic-
tive of aortic elastic properties.23

FIGURE 13-3  Classification schemes of bicuspid aortic valves. A, Scheme offered by Sabet etâ•¯al. Top, Relative positions of raphe and conjoined cusp in 315 
bicuspid aortic valves. Bottom, Relative cusp sizes in 524 valves (data not available in 18 of 542 cases). L, Left; P, posterior; R, right. B, Classification from Roberts,2 
based on 85 autopsy cases. C, Angelini etâ•¯al (Angelini A, Ho SY, Anderson RH, etâ•¯al. The morphology of the normal aortic valve as compared with the aortic valve 
having two leaflets. J Thorac Cardiovasc Surg 1989;98:362-367.) The positions of the raphe and cusps, the relative sizes of cusps, as well as the number of sinuses 
and interleaflet triangles as described from the left ventricular outflow were main but not uniform determinants for classifying bicuspid aortic valves. (From Sievers 
HH, Schmidtke C. A classification system for the bicuspid aortic valve from 304 surgical specimens. J Thorac Cardiovasc Surg 2007;133:1226–33.)
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member had aortic valve disease, 24% of relatives had evidence 
of aortic valve disease, likely secondary to a BAV.40 Echocardio-
graphic studies in families of patients with BAV report the preva-
lence of BAV in first-degree relatives of an individual with BAV to 
be about 9%.41,42 With the use of variance component analysis, the 
heritability (h2) of BAV was calculated to be 89%.42 The inheri-
tance of BAV is consistent with an autosomal dominant pattern 
with reduced penetrance.41,42 Diverse genes with dissimilar inheri-
tance patterns in families are considered responsible.42

The specific gene loci or products, whether structural proteins 
or ones with vital roles in cardiac development, that are respon-
sible for the development of BAVs have yet to be discovered. 
Nongenetic factors also play an important role in this develop-
ment.43 In animal models with BAV, potential mechanisms and 
pathways have been reported in eNOS, NKX2.5, and NOTCH 
signaling.5

Human studies have demonstrated the genetic influences on 
left-sided outflow lesions, including hypoplastic left heart syn-
drome (HLHS) and BAV.5 An increased prevalence of BAV in 
probands and family members of patients with HLHS is recog-
nized, and linkage analysis demonstrates that some cases of 
HLHS and BAV are genetically related.44,45 In a study evaluating 
the first-degree relatives of pediatric patients with left ventricular 
outflow tract obstruction, 20% of families had another individual 
with a cardiac anomaly, most commonly a BAV.46 DiGeorge 
and velocardiofacial syndromes, involving deletions within chro-
mosome 22q11.2, have been associated with concomitant BAV. 
Gene network analysis techniques have identified AXIN1-PDIA2 
and endoglin haplotypes associated with BAV.47 Anderson 
syndrome, due to a mutation in KCNJ2 and associated with 
abnormal potassium signaling, is associated with an increased 
prevalence of BAV.48

NOTCH1 mutations have been found in a small number of 
families with nonsyndromic BAV or with BAV and ascending 
aortic aneurysms5 (see later section Familial Bicuspid Aortic 
Valve and Ascending Aortic Aneurysm). Because of the familial 
nature of BAV, screening of first-degree relatives for BAV has been 
recommended in the 2008 American College of Cardiology/
American Heart Association (ACC/AHA) guidelines for the man-
agement of adults with congenital heart disease.49

Associated Cardiovascular Lesions
In most instances, BAV is an isolated cardiovascular finding. 
However, BAV may coexist with a number of other congenital 
cardiovascular defects or syndromes (Table 13-2). The presence 
of a BAV may account for significant morbidity associated with 
these syndromes and should trigger an evaluation for related 
cardiovascular disorders. Conversely, the presence of any of the 
lesions discussed here should also prompt further search for the 
presence of BAV.

Coarctation of the Aorta
Coarctation of the aorta (CoA) can be either “simple” (isolated 
defect) or “complex” (associated with other intracardiac or extra-
cardiac defects). A BAV occurs in 25-75% of complex aortic coarc-
tation. The BAV accompanying CoA has been described as 
“equally bicuspid” with two symmetric sinuses of Valsalva.1 Mor-
phologic analysis of the BAV has demonstrated an increased fre-
quency of fusion of the left and right coronary cusps in the 
presence of CoA.50 Identification of BAV in patients with coarcta-
tion is vital because its presence confers a substantially increased 
risk for aortic aneurysm and dissection3,25,51,52 (Figure 13-5). In 
addition, valvular complications from the BAV such as aortic 
stenosis and regurgitation are more prevalent in subjects with 
both CoA and BAV.51

Individuals with BAV require long-term follow-up not only of 
the coarctation repair but also of the BAV and ascending aorta.51-53 
In one large series of patients with surgical coarctation repair, 41% 

echocardiography study of 817 asymptomatic children, a BAV was 
found in 4 of the 817 children (0.5%), 3 of 4 being found in males.29 
In an echocardiography study of 1075 neonates, the prevalence 
of BAV was 4.6 per 1000 live births (7.1 per 1000 males and 1.9 per 
1000 females).32 Of 20,946 military recruits in Italy, the prevalence 
of BAV was 0.8%.33 This may be an underestimation, as only those 
with an abnormal history, physical examination, or ECG under-
went screening echocardiograms.33

Certain patients have a much higher prevalence of BAV than 
the general population, including approximately 50% of patients 
with coarctation of the aorta1 and 30% of females with Turner 
syndrome.34,35

Genetics
Case reports describing the familial clustering of BAV and reports 
of BAVs in monozygotic twins underscored the genetic predispo-
sition for BAV.36-39 In a study of 41 families with surgically proven 
BAV in one member, 15% of the families were noted to have more 
than one member with BAV.39 In families in which more than one 

FIGURE 13-4  Pathologic specimen of a bicuspid aortic valve with cal-
cification of the leaflets. Probes are present in the coronary arteries. (Photo-
graph courtesy Dr. Jeffrey Saffitz.)

TABLE 13-1	 Prevalence of Bicuspid Aortic Valve (BAV) in 
Reported Necropsy Studies

AUTHOR(S) YEAR
STUDY 

POPULATION (N)
BAV PREVALENCE 

(%)

Olser 1886 800 1.2

Lewis and Grant 1923 215 1.39

Wauchope 1928 9,966 0.5

Grant et al 1928 1,350 0.89

Gross 1937 5,000 0.56

Roberts 1970 1,440 0.9

Larson and Edwards 1984 21,417 1.37

Datta et al 1988 8,800 0.59

Pauperio et al 1999 2,000 0.65

Adapted from Basso C, Boschello M, Perrone C, etâ•¯al. An echocardiographic survey of 
primary school children for bicuspid aortic valve. Am J Cardiol 2004;93:661–3. See the 
paper by Basso et al for the full citations for the studies listed in this table.
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of those who needed reoperation did so primarily for valvular 
indications.53 Such patients should undergo meticulous follow-up 
with routine echocardiographic and radiographic assessment.

Turner Syndrome
Turner syndrome is characterized by complete or partial absence 
of one X chromosome. About 50% of cases are due to the 45,XO 
karyotype, and the remainder are due to 45,XO/XX mosaicism or 
other X chromosomal abnormalities.35 Cardiovascular defects 
occur in up to 75% of patients with Turner syndrome.54 BAV is 
present in about 30% of cases,35,54,55 and associated defects 
include ascending aortic dilation, aortic coarctation, pseudoco-
arctation and elongated aortic arch.54-56

In patients with Turner syndrome, BAV is most commonly due 
to fusion of right and left coronary cusps. The presence of BAV is 
associated with larger aortic dimensions at the annulus, sinuses, 
sinotubular junction, and ascending aorta.35 Patients with Turner 
syndrome may have a shortened life expectancy, death most com-
monly occurring from cardiovascular causes.1,56 Because patients 
with Turner syndrome have short stature, ascending aortic dimen-
sions may be significantly dilated relative to body surface area. 
Because of the small stature of such patients, prophylactic aortic 
surgery is recommended at smaller aortic dimensions, and the 
aortic size should be indexed to body surface area.56,57 Screening 
for BAV and other cardiovascular abnormalities as well as serial 
echocardiographic and radiographic follow-up evaluations is nec-
essary in patients with Turner syndrome.

Associated Congenital Heart Malformations
Other congenital heart diseases and syndromes commonly asso-
ciated with BAV are listed in Table 13-2.1

Coronary Artery Anomalies
Congenital coronary anomalies have been described in associa-
tion with BAV, with left coronary artery dominance in 24% to 

TABLE 13-2	 Bicuspid Aortic Valve (BAV) and Associated 
Cardiovascular Conditions

CONDITION
INCIDENCE OF 

BAV (%) COMMENTS

Coarctation of the aorta 
(CoA)

50 BAV confers increased risk 
of aortic complications

Turner syndrome 30 Most frequent cardiac 
abnormality

Right-left cusp fusion most 
common

Supravalvular aortic 
stenosis

30 Usually part of William 
syndrome

BAV associated with higher 
risk of reoperation

Subvalvular aortic 
stenosis

23 May result in significant 
aortic regurgitation

Patent ductus arteriosus Unknown Usually diagnosed in 
childhood/infancy

Sinus of Valsalva 
aneurysm

15-20 Frequently asymptomatic
Most commonly involves 

right coronary sinus

Ventricular septal defect 30 May result in significant 
aortic regurgitation

Shone complex 60-85 Series of left-sided 
obstructive lesions 
(supravalvular mitral ring, 
parachute mitral valve, 
subaortic stenosis, CoA)

Ascending aortic 
dilation

Common BAV is one of the most 
common associates of a 
dilated ascending aorta

Aortic aneurysm 
syndromes:

  Loeys-Dietz syndrome 2.5-17 TGFBR1 or TGFBR2 mutations
  Familial thoracic aortic 

aneurysm syndrome
3 ACTA2 mutations

FIGURE 13-5  Cardiac magnetic resonance imaging (CMR) and computed tomography (CT) of the aorta in patients with a bicuspid aortic valve 
and coarctation of the aorta (CoA). A, CMR of ascending aortic aneurysm in patient with unrepaired mild CoA who died suddenly from an aortic wall rupture. 
B, Three-dimensional image on multidetector CT scan of posterior sinus of Valsalva aneurysm in patient with stented CoA. (From Oliver JM, Alonso-Gonzalez R, 
Gonzalez AE, etâ•¯al. Risk of aortic root or ascending aorta complications in patients with bicuspid aortic valve with and without coarctation of the aorta. Am J Cardiol 
2009;104:1001–6.)
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The leaflets of a BAV are often thickened and calcified out of 
proportion to the patient’s age. Prominent systolic doming of the 
leaflets and eccentric valve closure are often noted on the para-
sternal long-axis view1,18 (Figure 13-6C and 6E). It is noteworthy 
that up to 25% of BAVs may not demonstrate eccentric closure, 
and conversely, trileaflet valves may infrequently have eccentric 
closure. The presence of leaflet redundancy on parasternal  
and apical long-axis views should suggest the presence of a  
BAV. Unexplained eccentric jets of AR may also suggest an under-
lying BAV.

Valvular calcification is a function of age, increasing signifi-
cantly after age 40 years. It is important to note that significant 
calcification may limit the degree of systolic doming and addition-
ally give the appearance of a stenotic trileaflet valve on short-axis 
views.

When poor acoustic windows or technical limitations prohibit 
adequate leaflet visualization, the opening pattern of the valve 
may aid in the diagnosis. The BAV tends to open from the center 
and separate at the commissures in a curvilinear fashion, like a 
rope going slack from the center,62 whereas the leaflets of a 
normal aortic valve maintain a straighter shape in diastole, pivot-
ing from their point of annular insertion.

In the diagnosis of BAV, TTE has a sensitivity of 78% to 92% and 
a specificity of 96%,18,63 but the accuracy depends on image 
quality, valve calcification, and the experience of the interpreter. 
Heavy calcification limits the ability to discern leaflet number 
accurately. A prominent raphe may often give the appearance of 
a third coaptation line, suggesting a trileaflet valve. Conversely, 
the aortic valve may appear bicuspid when one of the cusps is 
diminutive.62 Ascending aortic enlargement should trigger a 
careful evaluation for a BAV54,64 (Figure 13-7). Because aortic dila-
tion is frequently largest in the ascending aorta, the entire aspect 
of the aortic root and proximal ascending aorta should be imaged 
to insure accurate assessment of the aortic dimensions.1,57,65

VALVULAR COMPLICATIONS

Once BAV is detected, the echocardiogram should include a 
formal assessment for valvular complications. Aortic stenosis 
tends to occur at a younger age than trileaflet valve, particularly 
when the aortic cusps are asymmetric or there is fusion of the 
right and left cusps.24 Because of the eccentric nature of the sys-
tolic jet, interrogation of the jet via the right parasternal window 
may yield the highest gradients. Patients with BAV often have 
larger LV outflow tracts. Therefore, use of the continuity equation 
may yield larger calculated valve areas, potentially underestimat-
ing the hemodynamic severity. The use of serial gradients and 
velocity time integral ratios may more accurately reflect the hemo-
dynamic burden in these patients.66

AR may be the main clinical manifestation of BAV in the ado-
lescent or young adult. The jets of BAV AR may be highly eccen-
tric, making severity more difficult to assess. Multiple mechanisms 
may lead to AR in BAV (see Aortic Regurgitation).

57%.1,14,58 Additionally, patients with BAV have shorter left main 
coronary arteries than patients with a trileaflet aortic valve.58 
Isolated congenital coronary artery anomalies have also been 
reported with BAV.1,59 These features should lead one to consider 
evaluation of the coronary anatomy prior to elective valve surgery 
with either catheter-based or computed tomography (CT) coro-
nary angiography to prevent coronary injury and provide for 
adequate intraoperative myocardial protection.

Clinical Presentation and Imaging

Physical Examination
The clinical examination of the patient with BAV is variable and 
depends on the function of the valve and any associated lesions. 
The majority of young patients with isolated BAV are asymptom-
atic and are diagnosed incidentally when a systolic ejection 
sound or murmur is noted or on echocardiography. A functionally 
normal BAV has an ejection sound or “click” and is often followed 
by an early peaking systolic flow murmur. The ejection sound is 
a reflection of the sudden cephalad movement of the dome-
shaped bicuspid valve in systole and generally correlates with 
valve leaflet mobility.1

In the setting of progressive aortic stenosis, the ejection 
murmur becomes harsher and later peaking. It is accompanied 
by a displaced and sustained left ventricular (LV) impulse and 
decreased arterial pulses. The ejection sound diminishes as the 
valve cusps become more immobile. In the setting of an incom-
petent BAV, the findings vary with the severity of lesion. An ejec-
tion sound typically is present with mild to moderate aortic 
regurgitation (AR) and absent when regurgitation is severe.1,60 
With significant AR, a typical early diastolic decrescendo murmur 
is best heard at the left lower sternal border. When the murmur 
of AR is heard loudest at the right midsternal border, concern 
should arise about the presence of a dilated ascending aorta 
complicating the BAV.

Give the frequent association of BAV with other cardiovascular 
lesions, routine physical examination should include auscultation 
for the presence of ventricular septal defect (VSD) and CoA, 
including a careful vascular examination.

Chest Radiography
The chest radiograph may provide significant clues as to the pres-
ence of BAV and any sequelae related to valvular complications 
or associated vascular lesions. However, the findings may be 
entirely unremarkable. Aortic valve calcification may be detected 
on the plain film and is best seen on the lateral projection.61 A 
complete or partial ring with or without a calcified central raphe 
characterizes the distinctive pattern of calcification of the BAV. In 
general, LV size remains normal unless advanced heart failure is 
present.60,61 In the setting of chronically regurgitant BAV, an 
enlarged cardiac silhouette may be noted. The chest radiograph 
is notoriously inadequate to detect dilation of the aortic root. On 
occasion, a dilated aortic shadow may be present. When aortic 
coarctation is associated with BAV, rib notching and convexity of 
the proximal descending aorta are often seen.60

Transthoracic Echocardiography
In light of the clinical significance of BAV, echocardiographic 
identification and characterization are imperative. A number of 
distinct features of the BAV seen on transthoracic echocardiog-
raphy (TTE) assist in making this diagnosis1,18 (Table 13-3). Care 
must be taken to assess the valve in both systole and diastole 
(see Chapter 6). In patients with a prominent raphe, the valve 
may appear trileaflet in diastole, but the distinct elliptical or 
“football-shaped” orifice is visualized in systole, indicating that 
the raphe is not a functional commissure (Figure 13-6A and 6B).

TABLE 13-3	 Echocardiographic Features of the Bicuspid 
Aortic Valve

Systolic doming

Eccentric valve closure

Leaflet redundancy

Presence of raphe (often calcified)

Elliptical (“football”-shaped) systolic orifice

Distinct opening pattern: opens from the center and separates at the 
commissures in a curvilinear fashion

Eccentric jets of aortic regurgitation

Dilated ascending aorta
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FIGURE 13-6  Transthoracic echocardiography of bicuspid aortic valve. A, Short-axis view of the bicuspid aortic valve in diastole, demonstrating asym-
metrical sinuses and a raphe (arrow). B, Bicuspid aortic valve in systole with elliptical opening pattern. C, Long axis view showing prominent systolic doming of 
the aortic valve leaflets (arrow). D, Dilated ascending aorta (arrow), E, Eccentric closure of the aortic valve (arrow denotes coaptation point). 
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FIGURE 13-7  Aortic root aneurysm complicating a “functionally normal” bicuspid aortic valve. A, Transthoracic echocardiogram of a 4.9-cm ascending 
aorta (line denotes ascending aortic aneurysm). B, Corresponding computed tomography (CT) scan of the aortic root aneurysm. 
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98%, 88%, 95%, and 96% for TTE.71 CT has been shown to accu-
rately identify BAV and assess aortic valve area via planimetry 
when compared with CMR, TEE, and TTE.72,73 CMR correlates well 
with both echocardiographic and invasive catheter-based tech-
niques for evaluation of stenotic and regurgitant valvular lesions.72 
CMR may also accurately assess BAV morphology on the basis of 
the orientation of leaflets and raphes.74

CT angiography and CMR are also important diagnostic modali-
ties in the assessment of associated vascular complications and 
congenital lesions, many of which are suboptimally visualized 
and defined by standard echocardiography. Routine CMR or CT 
follow-up is warranted in the presence of aortic root aneurysm 
and coarctation.

Disease Course and Outcomes
Complications will develop in the majority of patients with BAV 
during their lifetimes,1,21,22,24 including aortic valve dysfunction, 

ASSOCIATED LESIONS

When a BAV is present, the echocardiographic examination 
should include a routine evaluation for the presence of coexisting 
cardiovascular lesions (see Table 13-2). Care should be taken to 
assess for the presence of VSD, aortic coarctation, and aortic root 
and ascending aortic pathology (sinus of Valsalva aneurysm, 
supravalvular aortic stenosis, aneurysm, aortic dissection), and 
LV outflow tract abnormalities. The standard examination should 
include an interrogation of the distal aortic arch via suprasternal 
notch views to assess for the presence of coarctation.

Transesophageal Echocardiography
In a subset of patients the morphology of the aortic valve cannot 
be accurately determined by transthoracic echocardiogram. 
Transesophageal echocardiography (TEE) is useful in such cases 
for diagnosis of BAV. Multiplane TEE is highly accurate at detect-
ing BAV, with reported sensitivity of 87% and specificity of 91%67 
(Figure 13-8). The sensitivity of TEE approaches 100% when little 
valvular calcification is present. In the presence of moderate to 
severe valvular calcification, sensitivity is lower.68

TEE also provides vital information in patients with BAV with 
coexisting cardiovascular malformations, including aortic abnor-
malities (ascending aortic aneurysm and dissection, sinus of Val-
salva aneurysm, supravalvular stenosis), outflow tract defects 
(subvalvular stenosis, membranous VSD), and valvular complica-
tions (aortic stenosis, regurgitation, and endocarditis).

Other Imaging Approaches
Cardiovascular magnetic resonance (CMR) and CT imaging rep-
resent vital noninvasive modalities in addition to standard echo-
cardiography in the diagnosis and management of BAV. CT has a 
high sensitivity (94%) and specificity (100%) for detecting BAVs.69 
CMR is also highly accurate in diagnosing BAV, with a sensitivity 
of 100% and specificity of 95%70 (Figure 13-9).

In a study comparing CT, CMR, and TTE in patients undergoing 
valve surgery, both CT and CMR were highly accurate for identify-
ing aortic valve morphology.71 Sensitivities, specificities, and posi-
tive and negative predictive values for aortic valve morphology 
assessment (trileaflet versus bicuspid) were: 97%, 95%, 98%, and 
94% for CT angiography; 98%, 96%, 98%, and 95% for CMR; and 

FIGURE 13-8  Transesophageal echocardiogram of a bicuspid aortic 
valve with a raphe. 

FIGURE 13-9  Cardiac magnetic resonance angiography demonstrating a bicuspid aortic valve. A, Short-axis view; B, sagittal view. 
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TABLE 13-4	 Late Outcomes in Adults with Bicuspid Aortic Valve (BAV) Disease

PATIENTS WITH BAV AND NO 
SIGNIFICANT AORTIC VALVE 

DYSFUNCTION (N = 212)*

PATIENTS WITH BAV WITH  
A SPECTRUM OF VALVE  

FUNCTION (N = 642)†

Mean follow-up, yrs (range) 15 ± 6 (0.4-25) 9 ± 5 (2-26)

Mean age at baseline, yrs 32 ± 20 35 ± 16

Outcomes:
  Overall survival 90 ± 3% at 20 yrs 96 ± 1% at 10 yrs
  Cardiac deaths 6.6% 3 ± 1%
  Aortic valve or ascending aorta surgery 27 ± 4% 22 ± 2%
  Cardiovascular medical events 33 ± 5% Not available
  Aortic dissection 0 2 ± 1%
  Hospital admission for heart failure 7 ± 2% 2 ± 1%
  Endocarditis 2% 2%

Predictors of outcomes
Predictors of cardiac events (medical and surgical) Age ≥50 yrs

Valve degeneration
Age >30 yrs

Moderate or severe AS or AR

AS, aortic stenosis; AR, aortic regurgitation.
Adapted with permission from Siu SA, Silversides CK. Bicuspid aortic valve disease. J Am Coll Cardiol 2010;55:2789–2800.
*Data from Michelena HI, Desjardins VA, Avierinos JF, etâ•¯al. Natural history of asymptomatic patients with normally functioning or minimally dysfunctional bicuspid aortic valve in the 
community. Circulation 2008;117:2776–84. Cardiovascular medical events = cardiac death, congestive heart failure, new cardiovascular symptoms (dyspnea, syncope, anginal pain), stroke, and 
endocarditis. Surgical events = aortic valve surgery (aortic valve replacement, repair, or valvotomy) and surgery of the thoracic aorta (for aneurysms, dissection, or coarctation).
†Data from Tzemos N, Therrien J, Yip J, etâ•¯al. Outcomes in adults with bicuspid aortic valves. JAMA 2008;300:1317–25. Primary cardiac events = surgery on the aortic valve or ascending aorta, 
percutaneous aortic valvotomy, aortic complications (dissection or aneurysm development), congestive heart failure requiring hospital admission or cardiac death.

FIGURE 13-10  Survival in asymptomatic adults with bicuspid aortic 
valve with no significant aortic valve dysfunction. Blue line represents 
subjects with bicuspid aortic valve disease compared with an age- and sex-
matched control population (yellow line). The numbers at the bottom indicate 
the patients at risk for each interval. The survival (+SE) is indicated 20 years after 
diagnosis. (From Michelena HI, Desjardins VA, Avierinos JF, etâ•¯al. Natural history of 
asymptomatic patients with normally functioning or minimally dysfunctional 
bicuspid aortic valve in the community. Circulation 2008;117:2776–84.)
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FIGURE 13-11  Frequency of adverse cardiac events in adults with 
bicuspid aortic valve disease stratified according to risk profile. Risk 
factors included: age >30 years, moderate or severe aortic regurgitation, and 
moderate or severe aortic stenosis. (From Tzemos N, Therrien J, Yip J, etâ•¯al. Out-
comes in adults with bicuspid aortic valves. JAMA 2008;300:1317–25 [original 
content]; and Siu SA, Silversides CK. Bicuspid aortic valve disease. J Am Coll Cardiol 
2010;55:2789–2800.)
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endocarditis, and aortic aneurysm or dissection. For some 
patients the BAV functions nearly normally for much of their lives, 
whereas for others, a valve disorder or aortic complication occurs 
early in life21,22 (Table 13-4). In a population-based study of 212 
initially asymptomatic patients with minimally dysfunctional BAV, 
survival values were 97% ± 1% and 90% ± 3%, 10 and 20 years after 
diagnosis, respectively, and were identical to expected survival 
values in the age- and sex-matched population (Figure 13-10).21 
However, the 20-year rate for surgical events (aortic valve or 
aorta) was 27% ± 4% and the rate for any cardiovascular event 
was 42% ± 5%.21 As expected, cardiac events were more common 
in those with increasing age (>30 years) and moderate to severe 
valvular dysfunction.

In another study of the natural history of BAV, survival rates in 
a cohort of 642 adults in a referral-based population were not 
significantly different from those in the general population (see 
Table 13-4).22 Vascular risk factors such as hypertension, cigarette 

smoking, and hyperlipidemia were associated with worse out-
comes among patients with BAV.21 The age of the patient and 
presence of valvular dysfunction and aortic aneurysm also pre-
dicted adverse clinical outcomes21,22,75 (Figure 13-11).

Aortic Stenosis
The reported incidence of aortic stenosis complicating BAV in 
autopsy series has ranged from 15% to 75%.2,28 Surgical pathology 
series report the incidence of aortic stenosis for BAV as between 
5% and 50%24,76-78 (see Figure 13-4). In a series of 932 adults with 
isolated nonrheumatic aortic stenosis, the incidence of BAVs 
leading to aortic valve replacement (AVR) depended on the age 
of the patient.76 Among the 7% of patients undergoing AVR who 
were younger than 50 years, approximately two thirds had BAV 
and the other third had a unicuspid aortic valve. Of the 40% of 
patients undergoing AVR between 50 and 70 years old, two thirds 
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regurgitation and may be the presenting symptom in patients with 
previously undiagnosed BAV.1,86

Aortic valve replacement for BAV regurgitation occurs much 
earlier in life (typically at 20 to 50 years of age) than for BAV 
stenosis. Population studies report AVR for AR in 3% to 6% of 
patients with BAV.21,22 In surgical series of patients undergoing 
AVR because of AR, 15% to 20% are due to BAV-related AR.15

Infective Endocarditis
The bicuspid aortic valve, whether related to abnormal leaflet 
structure and function or turbulent flow across the leaflets, is at 
risk for infective endocarditis. Staphylococcus and Streptococcus 
are the most common microorganisms. Older pathologic studies 
reported more than one third of aortic valve specimens with 
endocarditis were BAVs.30 Although the exact incidence and 
prevalence are unknown, selected case series reported a 10% to 
30% incidence of endocarditis in patients with BAV.28 The true 
incidence is likely to be less, and more contemporary estimates 
place the population risk for endocarditis closer to 3%.27 Later 
population studies report an endocarditis incidence of 2% to 3% 
among patients with BAV.21,22

In children, the BAV is one of the most common underlying 
valve lesions associated with endocarditis. Acute endocarditis 
may be the initial diagnosis of BAV in previously asymptomatic 
patients. Endocarditis accounts for up to 60% of cases of severe 
AR in patients with BAV, most commonly occurring from cusp 
perforation.24 BAV endocarditis has a very high complication rate, 
requiring surgical correction more often than TAV endocarditis.87 
An increased frequency of periannular complications (perivalvu-
lar abscess) has been reported in BAV endocarditis than in TAV 
endocarditis.88,89 Whether this complication in BAV endocarditis 
is related to the underlying aortopathy is unknown.

The overall risk of infective endocarditis in BAV is difficult to 
quantify. Of 642 patients with BAV in one study, endocarditis 
occurred in 13 patients (2%) over a 9-year follow-up.22 In an 
Olmsted County population study, endocarditis occurred in 4 of 
212 patients (1.9%) with BAV over a 20-year interval.21 The lifetime 
risk for development of endocarditis in patients with congenital 
aortic stenosis has been estimated at 271 in 100,000 patient-years, 
whereas the risk in the general population is 5 per 100,000 patient-
years.90 The highest-risk population (patients who have under-
gone replacement of infected prosthetic valves) have an estimated 
risk of 2160 per 100,000 patient-years.90 The ACC/AHA guidelines 
for the prevention of endocarditis no longer endorse preproce-
dural antibiotic prophylaxis in the setting of isolated BAV, instead 
recommending a focus on improved dental care and oral health 
in patients predisposed to the development of infective 
endocarditis.91

Pregnancy
In general, severe left heart obstruction (symptomatic or not)  
is poorly tolerated in pregnancy (see Chapter 27). Likewise, 
severely regurgitant left-sided valve lesions with New York Heart 

had BAV and one third had TAV. Among the 53% of patients older 
than 70 years, 40% had BAV.76 Among octogenarians and nonage-
narians undergoing AVR, 22% and 18%, respectively were found 
to have BAV.79

Progression of BAV stenosis is age-related, with fibrosis begin-
ning in the second decade and calcification progressing signifi-
cantly after the fourth decade.1,24 The morphology of the BAV as 
well as traditional risk factors for atherosclerotic disease and 
gender may play a role in the progression of aortic stenosis in 
BAV.1,21

The valve orientation may be predictive of subsequent valvular 
pathology. In children and adolescents, fusion of the right and 
noncoronary cusps (right-left morphology) have been found to be 
highly correlated with both aortic stenosis and regurgitation, 
whereas fusion of the right and left cusps (anteroposterior mor-
phology) correlated strongly with presence of aortic coarcta-
tion.20,24 Interestingly, in adults, fusion of right and left coronary 
cusps may predispose to more rapid progression of aortic steno-
sis.24,80 This discrepancy may be due in part to selection bias, in 
that fewer children with fusion of right and noncoronary cusps 
reach adulthood without prior surgical correction. However, two 
later population studies of BAV did not demonstrate any effect of 
valve leaflet orientation on subsequent valve degeneration.21,22

Traditional risk factors for atherosclerosis may play a role in the 
progression of aortic stenosis in patients with BAV.21 Valvular cal-
cification, once thought to be a function solely of aging, shares 
the histologic features of atherosclerotic lesions, namely lipid 
deposits, neoangiogenesis, and inflammatory cells.81 Cigarette 
smoking and hypercholesterolemia are risk factors for progres-
sion to severe aortic stenosis.81,82 Currently there are no studies 
demonstrating that pharmacologic therapy, with statins or other 
drugs, alters the natural history of BAV aortic stenosis. The Aortic 
Stenosis Progression Observation: Measuring Effects of Rosuvas-
tatin (ASTRONOMER) study, in which patients with aortic stenosis 
underwent statin therapy, did not find any improvement in trile-
aflet or bicuspid aortic valve stenosis with such therapy.83 However, 
a nonrandomized, uncontrolled study using a catheterization 
laboratory database observed that patients with BAV who were 
receiving statin therapy had smaller aortic dimensions than 
patients who were not not.84

Stenosis of a bicuspid aortic valve progresses more rapidly than 
that of a trileaflet valve. Patients with BAV generally undergo 
surgery for aortic stenosis 5 to 10 years earlier than those with 
trileaflet valves. Early observational studies showed that one third 
of initially asymptomatic patients with BAV experience significant 
valvular deterioration during 2 to 11 years of follow-up.1,85 Approxi-
mately one quarter of patients with BAV without significant valvu-
lar stenosis at initial presentation have progressive disease and 
have undergone valve replacement at 20-year follow-up.21 Age 
greater than 50 years and valve degeneration at diagnosis were 
independent predictors of subsequent aortic valve surgery.

Aortic Regurgitation
Isolated AR in patients with BAV is less common than aortic ste-
nosis, affecting 2% to 10% of patients.1 Isolated AR may be more 
common in the child or adolescent. In adults, AR may coexist 
with stenosis but is often only mild to moderate in severity. While 
BAV is more common in men than women, isolated AR due to 
BAV has an even greater male predominance.15 BAV is considered 
to be the most common cause of primary aortic valve regurgita-
tion in the developed world.21

Multiple mechanisms may lead to AR in BAV disease (Table 
13-5). It may be a result of leaflet fibrosis with retraction of the 
commissural margins of the leaflets, cusp prolapse, aneurysmal 
root enlargement, aortic dissection, or valvular destruction from 
endocarditis. Additionally, the presence of a VSD, subaortic mem-
brane, or sinus of Valsalva aneurysm may lead to AR. Prior balloon 
aortic valvuloplasty in childhood BAV aortic stenosis may lead to 
AR. Endocarditis accounts for up to 60% of cases of severe BAV 

TABLE 13-5	 Mechanisms of Aortic Regurgitation in 
Bicuspid Aortic Valve Disease

Leaflet fibrosis
Cusp prolapse
Endocarditis
Aortic root dilation
Aortic dissection
Coexisting congenital defects (ventricular septal defect, subaortic 

membrane, sinus of Valsalva aneurysm)
Prior balloon valvotomy
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beneficial but can result in low birth weight, therefore requiring 
close monitoring of fetal development. Cesarean section may be 
warranted in women with significantly dilated aortas.57 Unfortu-
nately, outcome data are lacking in this area. The presence of CoA 
may further raise peripartal risk for dissection. In later series, 
maternal outcomes were satisfactory, with only one dissection 
reported in a patient with Turner syndrome.97,98 Nevertheless, pre-
pregnancy counseling in addition to thorough evaluation of the 
coarctation (repaired or not) is warranted.

Associated Abnormalities  
of the Aortic Wall

Hemodynamics and Flow
The BAV is associated with various disorders of the thoracic aorta, 
including aortic coarctation and aortic dissection.1,54 Aortic root 
dilation has been recognized to be a frequent complication of the 
BAV, even in the absence of aortic stenosis and regurgitation. The 
aortic wall abnormality complicating the BAV may occur indepen-
dently of any hemodynamically significant valvular stenosis or 
regurgitation.1,54 However, the relative role of intrinsic aortic wall 
defects and hemodynamic stress on aortic dilation in BAV has 
been debated.26,99 Hemodynamic factors may contribute to the 
ascending aortic pathology in patients with BAV.26,99-102 It is recog-
nized that the BAV exhibits abnormal leaflet folding and wrin-
kling and increased leaflet doming, resulting in turbulence in the 
absence of any valve stenosis.99 In a computer simulation model, 
the BAV is intrinsically stenotic, with turbulent flow even in the 
absence of a transvalvular gradient.26,99 Evidence of markedly 
abnormal helical flow has been demonstrated in the ascending 
aorta of patients with BAV, including those without aortic aneu-
rysm and aortic stenosis100,102 (Figure 13-12). Increased mid-
ascending aortic wall shear stress related to asymmetric and 
higher-flow velocity has been demonstrated in BAV than in 
normal trileaflet valve102 (Figure 13-13). Leaflet orientation also 
influenced areas of maximum aortic wall stress.102 In these models 
of BAV disease, the orientation of the BAV openings with respect 
to the plane of aortic curvature results in different jet shapes and 
different distributions of wall stress on the aorta.101,102 An asym-
metric spatial pattern of extracellular matrix protein expression 
and smooth muscle cell changes in the convexity, in comparison 
with the concavity of the dilated ascending aorta, in patients with 
BAV has been demonstrated.99,103 Abnormal patterns of systolic 

FIGURE 13-12  Four-dimensional flow cardiac magnetic resonance imaging (CMR) of the ascending thoracic aorta during peak systole. A, Normal 
systolic flow in a patient with a trileaflet aortic valve and normal thoracic aorta dimensions. Four-dimensional flow CMR data in an oblique-sagittal orientation with 
three-dimensional streamlines (color-coded for velocity during peak systole. Left, From right side of thoracic aorta; right, from left side of thoracic aorta. Note the 
smooth trajectory and the absence of substantial secondary flow features. B, Right-handed nested helical flow in a patient with normal aortic dimensions and a 
bicuspid aortic involving right-left leaflet fusion. Streamline analysis shows greater than 180-degree curvature of peak systolic streamlines in a right-handed twist 
around the slower central helical flow. Left, From right side of ascending thoracic aorta; right, from left side of ascending thoracic aorta. (From Hope MD, Hope TA, 
Meadows AK, etâ•¯al. Bicuspid aortic valve: four-dimensional MR evaluation of ascending aortic systolic flow patterns. Radiology 2010;255:53–61.)
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Association (NYHA) functional class III or IV symptoms are asso-
ciated with significant peripartal risk.92

In the presence of severe congenital aortic stenosis, clinical 
deterioration and cardiovascular complications have been found 
in one study to occur in 10% to 30% of pregnancies, accompanied 
by a high rate of therapeutic abortions, but with a relatively low 
complication rate among women with only mild to moderate 
aortic stenosis.93 Later studies report an overall mortality rate less 
than 1%.14 Despite the low to moderate complication rate during 
pregnancy, up to 40% of mothers with severe aortic stenosis 
required surgical intervention during short-term follow-up.93 
Sudden clinical deterioration during pregnancy, including wors-
ening heart failure, angina, and arrhythmias, require prompt 
intervention and are associated with increases in both maternal 
and fetal risk. Therefore, in women at high risk (severe valvular 
stenosis or NYHA class III/IV symptoms), pregnancy should be 
proscribed until surgical correction is achieved.91 Interventions 
during pregnancy in the form of balloon aortic valvuloplasty  
and valve replacement have been reported. Cardiac surgery 
requiring cardiopulmonary bypass during pregnancy carries a 
significant risk to the fetus. Pregnancy may also accelerate the 
need for postpartum surgery in women with significant aortic 
stenosis.14

Women with mild to moderate aortic stenosis or NYHA class I/
II symptoms with AR generally tolerate pregnancy well. Parents 
should be counseled regarding the risk of congenital cardiac 
defects in their offspring (6% to 7 %).94

Pregnancy may predispose to increased risk for aortic pathol-
ogy as a result of hormone-induced histologic changes in the 
aortic wall coupled with the hemodynamic stress of pregnancy. 
The presence of BAV and its concomitant risk for aortic pathology 
may put some women at risk for aortic complications during 
pregnancy. In a series of 50 women with aortic dissection during 
pregnancy, 5 women had BAVs.95 However, the absolute risk of 
aortic dissection for women with BAV is very low.96 There is very 
little information about the absolute risk of pregnancy in patients 
with BAV with aortic dilation to guide the patient or physician.14 
Surgery before pregnancy is recommended when the aortic diam-
eter is 5â•¯cm or greater.49 In the guidelines for adults with congeni-
tal heart disease, it has been recommended that women with BAV 
and aortic diameters larger than 4.5â•¯cm be “counseled about the 
high risk of pregnancy.”14,49 For those woman with aortic dimen-
sion larger than 4â•¯cm or increase in aortic root size during preg-
nancy, close monitoring is recommended, especially during and 
up to 3 months after pregnancy. Use of beta-blockers may be 
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rupture)51,52 (see Figure 13-5). Moreover, the aortic abnormalities 
were not confined to the ascending aorta, suggesting that the 
aortopathy involves the thoracic aorta more diffusely.51

Aortic Dissection
BAV disease is a well-recognized risk factor for aortic dissection, 
independent of hypertension and aortic coarctation. In both 
autopsy and clinical series of aortic dissection, between 7% and 
15% of patients also have BAV.1,4,24,105 Aortic dissection occurs 5 to 
10 times more commonly in patients with BAV than in those with 
trileaflet valve.4 Among 416 patients with BAV from Olmsted 
County, Minnesota, the age-adjusted risk for aortic dissection was 
8.4 for patients with a BAV in comparison with the general popula-
tion.75 Age greater than 50 years and ascending aortic aneurysm 
larger than 4.5â•¯cm were risk factors for aortic dissection.

Two studies of individuals younger than 40 years who sustained 
an aortic dissection found that 9% to 28% had BAV.54,106 In the 
International Registry of Aortic Dissection (IRAD), BAV was 
present in 9% of the 68 patients younger than 40 years compared 
with only 1% of older patients,106 with an average ascending aortic 
diameter at the time of dissection of 5.4 ± 1.8â•¯cm.106 In the Yale 
experience of 70 ascending aortic aneurysms associated with 
BAV, 6 patients (8.6%) suffered aortic dissection or rupture in 
follow-up, with the average size of the ascending aorta at the time 
of dissection measuring 5.2â•¯cm.107 Aortic dissection occurs at a 
younger age in patients with BAV, and that average age at the time 
of dissection was 54 years with a BAV but 62 years for patients 
with trileaflet aortic valve.108

Despite the association of BAV and aortic dissection, the abso-
lute risk of aortic dissection for the patient with BAV is low and 
depends on many factors, most significantly the size of the aortic 
root or ascending aorta and the age of the patient.21,22,75 In the 
series from Olmsted County, Minnesota, no aortic dissections 
occurred among 212 patients monitored for 20 years.21 In a report 
from Toronto, 5 of 642 patients with BAV suffered aortic dissection 
during 9-year follow-up.22 Only 2 of 416 patients with BAV suffered 
aortic dissection over a 16-year follow in another Olmsted County 
study; the incidence was 3.1 cases (95% confidence interval [CI], 
2.1-33.5) per 10,000 patient-years.75 Incidences for patients older 
than 50 years and bearers of aortic aneurysms at baseline were 
17.4 (95% CI, 2.9-53.6) and 44.9 (95% CI 7.5-138.5) cases per 10,000 
patient-years, respectively.75

When aortic dissection occurs in the presence of BAV, the valve 
is usually functionally normal.24 Aortic dissection may also occur 
with BAV stenosis or regurgitation and may occur late AVR.109 BAV 
has also been associated with spontaneous cervicocephalic arte-
rial dissection, extending the association of arterial medial abnor-
malities to the cervical arteries.110

Aortic Medial Disease and Ascending  
Aortic Dilation
The aortic wall abnormalities that complicate BAV have led many 
to theorize the presence of a common underlying developmental 
defect involving the aortic valve and aortic wall in patients with 
BAV, which includes cystic medial degeneration.1,3,36 Hemody-
namic factors may also be important in pathogenesis.26,99,100 To 
investigate whether aortic wall structural abnormalities underlie 
the aortopathy of BAV disease, any study must demonstrate the 
presence of a pathologic or clinical correlate of aortic wall fragil-
ity.111 Noninvasive imaging studies and histopathologic examina-
tions using tissue samples have been performed to address these 
issues.

Echocardiograms have demonstrated significantly greater 
aortic root and ascending aortic diameters compared in patients 
with functionally normal BAVs than in control subjects111-114 (see 
Figure 13-6D and 13-7). The degree of aortic enlargement is 
greater in those with AR than in those with stenotic or functionally 

flow and abnormal distribution of wall stress may underlie vascu-
lar remodeling and aneurysm formation in certain patients with 
BAV.26,99-102

The term “post-stenotic” dilation has often been used for an 
enlarged aortic root associated with aortic valve disease (espe-
cially AS). However, an alternative explanation underlies this 
process.54,64 Few patients with trileaflet aortic valve disease have 
an enlarged aortic root or ascending aorta. In contrast, the BAV 
is commonly associated with a dilated proximal aorta and must 
be considered one of the most common etiologies of aortic root 
enlargement.54,64 In a survey of aortic root size in severe AS, 
patients with severe BAV stenosis had significantly larger aortic 
root and ascending aortic diameters than those with stenosis of 
a trileaflet valve.104 Thus, the notion of “post-stenotic” dilation 
should be dispelled.

Coarctation of the Aorta
Approximately 50% of patients with CoA also have BAV.3,24,34,51 
Aortic coarctation is associated with an increased risk of dissec-
tion. In the presurgical era, aortic dissection was the cause of 
death in 19% to 27% of patients with CoA, but was the cause of 
death in 50% of patients with CoA and coexistant BAV.3 Impor-
tantly, in one study of patients with BAV and coarctation of the 
aorta, aortic dissection occurred in approximately 50% of 
patients.61 In another series of 235 patients with aortic coarctation, 
the presence of BAV was the strongest clinical predictor of sub-
sequent aortic wall complications (ascending aortic aneurysm, 
descending aortic aneurysm, aortic dissection, and aortic 

FIGURE 13-13  Flow velocity vectors and aortic wall shear stress with 
two types of bicuspid aortic valve (BAV) and a normal trileaflet aortic 
valve. A, Vectors of the velocity field plotted in a longitudinal section at time 
t = 0.098â•¯s (early systole). On each of the selected points, a vector with length 
proportional to the magnitude of the velocity field and with the same direction 
of the field is plotted. The three valve models are presented: a, type 1 BAV 
(anteroposterior commissures); b, type 2 BAV (laterolateral commissures; c, trile-
aflet aortic valve. Greater flow asymmetry is seen in a, then in b, whereas c 
shows no flow asymmetry. B, Aortic wall shear stress is plotted (in dyne/cm2). 
The three valve models are presented: a, type 1 BAV; b, type 2 BAV; c, trileaflet 
aortic valve. The precise localization of maximum shear stress for BAV configu-
rations (corresponding to the red area) is similarly plotted at the convexity of 
the mid-ascending aorta. (From Viscardi F, Vergara C, Antiga L, etâ•¯al. Comparative 
finite element model analysis of ascending aortic flow in bicuspid and tricuspid 
aortic valve. Artif Organs 2010;34:1114–20.)
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In a population study of BAV, 15% of patients had ascending 
aortic diameters greater than 40â•¯mm, and in those who under-
went repeated measurements longitudinally, the prevalence of 
aortic dilation (>40â•¯mm) increased to 40%.21 In a cohort study, 32 
of 416 (7.7%) patients with BAV had an ascending aortic aneurysm 
(mean size 48 ± 6â•¯mm) at a mean age of 55 ± 17 years.75 Of 304 
patient undergoing BAV operations at a single tertiary referral 
institution, 90 (30%) had ascending aortic aneurysms of at least 
5â•¯cm.16 Another large tertiary center reported that proactive aortic 
repair of a dilated aorta (≥4.5â•¯cm) accounted for 20% of all opera-
tions on patients with BAV.120

Leaflet orientation in the BAV may play a role in the various 
aortic root shapes/phenotypes in the patient with BAV.119,121 Right-
left coronary leaflet fusion was associated with larger aortic root 
diameters than right-noncoronary BAVs in one study, whereas 
right-noncoronary leaflet fusion was associated with larger 
ascending aortic diameter.119 This finding may be related to differ-
ing orientation of the eccentric flow jets among cusp fusion phe-
notypes.121 Other studies have not demonstrated a relationship 

normal BAVs.112 Distinct types of aortic enlargement may be 
present in the patient with BAV115 (Figure 13-14). Differing from 
the aortic enlargement pattern in Marfan syndrome (which typi-
cally involves the sinuses of Valsalva), the enlargement in BAV 
may arise in the sinuses, the proximal ascending aorta, or the 
mid-ascending aorta.113,114 In some patients, the aortic arch is also 
enlarged.115 In patients with BAV, aortic root dilation is more prev-
alent in older age groups, and the aortic dimension is usually 
largest in the mid-ascending aorta.54,115

Depending on the definition of dilation, about 50% of patients 
with BAV younger than 30 years and about 90% of those older 
than 80 years have aortic dilation.116 Even young children with 
BAV have enlarged aortas.115,117-119 The dilation is most pronounced 
in the tubular portion of the ascending aorta, is larger than normal 
at all measured levels, and is independent of any functional 
abnormality of the BAV.117 In a series of 333 children with BAV 
(mean age 13.5 years, range 0-30 years), the aortic root was 
dilated (z score >2) in 22% of patients and the ascending aorta 
was dilated in 49%.119

FIGURE 13-14  Types of aortopathy in bicuspid aortic valve disease. Type 1: involvement of the aortic root; Type 1a: enlargement of the sinuses of Valsalva 
and tubular aortic segment; Type 1b: sinotubular junction is effaced and tubular aorta is dilated. Type 2: Involvement of the tubular aorta. Type 3: Involvement 
of tubular portion of ascending aorta and transverse aortic arch. Type 4: Diffuse aortic enlargement (aortic root, ascending aorta, proximal arch). White double 
arrows indicate dilated aortic segments. White arrowheads indicate the sinotubular junction (STJ), which is preserved/dilated in types 1a and 1b. Yellow arrowheads 
indicate normal sinuses in types 2 and 3. (From Kari FA, Fazel SS, Mitchell RS, etâ•¯al. Bicuspid aortic valve configuration and aortopathy pattern might represent different 
pathophysiologic substrates. J Thorac Cardiovasc Surg 2012 144(2):516–7; and Fazel SS, Mallidi HR, Lee RS, etâ•¯al. The aortopathy of bicuspid aortic valve disease has distinctive 
patterns and usually involves the transverse aortic arch. J Thorac Cardiovasc Surg 2008;135:901–907.e2.)

2 3 4

1a 1bSTJ preserved STJ dilated
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between cusp orientation and aortic dilation115 or between cusp 
orientation and type of aortic dilation.116

In an echocardiographic investigation, 20% of these patients in 
whom a dilated aortic root was discovered were also found to 
have BAV.121a Variables related to the presence of BAV included 
age less than 65 years, aortic stenosis, and normotension.122

Thus, careful assessment of the entire thoracic aorta is impor-
tant in the evaluation of each patient with BAV.1,57,65 In many, this 
assessment involves imaging with CT or CMR to better visualize 
the ascending aorta57 (see Figures 13-7 and 13-14). These data 
support the view that BAV and aortic root dilation may reflect a 
common developmental defect.1,36

Noninvasive evaluation of aortic wall elastic properties using 
CMR has demonstrated reduced aortic elasticity and aortic root 
distensibility in patients with BAV but without stenosis.122 
Measures of aortic wall strain, including aortic wall distension 
and recoil, differ in patients with BAV and those with trileaflet 
valves, and this finding has been demonstrated in nondilated 
aortas.123 The elastic tissues properties of the aorta in BAV may 
be related to cusp orientation. Compared with those with right-
left leaflet orientation, patients with anterior-posterior leaflet ori-
entation had larger aortic diameters, higher aortic stiffness 
indices, and lower distensibility.23 Relatives of patients with BAV 
have also been demonstrated to exhibit abnormal aortic elastic 
properties.124

The rate of aortic growth among patients with BAV is variable, 
with reports from about 0.2 to 1.0â•¯mm/year.125 The patient’s age, 
underlying valve disease, location of the dilation, original size of 
the aorta, and other factors all play a role in the rate of progres-
sion of dilation. In a study of children with BAV, more than one 
third were found to have significant aortic enlargement during 
follow-up.126 Elevated aortic valve gradients or right-noncoronary 
commissural fusion were associated with accelerated growth.126 
In one study of children with BAV, the mean rate of ascending 
aortic growth was 1.2â•¯mm/year, but the rate of growth must be 
correlated with age, body surface area, and linear growth rate.127 
In a report of 333 pediatric patients with BAV, 221 underwent 
serial echocardiographic examinations.119 The ascending aortic 
diameter z score demonstrated only a minimal change (0.063 SD 
per year) during a 6-year median follow-up. Only 3 patients 
required aortic surgery for aortic dilation (>4.9â•¯cm). In this 
study, dilation of the ascending aorta occurred more rapidly in 
right-noncoronary leaflet fusion BAV than in right-left leaflet 
fusion BAV.119

In a retrospective study of adult patients with BAV evaluated by 
echocardiogram, the mean rate of aortic diameter dilation was 
0.5â•¯mm/year at the sinuses of Valsalva and 0.9â•¯mm/year at the 
ascending aorta.128 The prevalence of aortic root dilation also 
increased during the study. Other studies have reported the 
growth of the ascending aorta in adults with BAV to be from 
0.2â•¯mm/year129 to 0.86â•¯mm/year.130

In a series of 384 patients with BAV without aortic aneurysm at 
the time of initial study, 49 (13%) had an aortic aneurysm (>45â•¯mm) 
at a mean interval of 14 ± 6 years after diagnosis.75 The 25-year 
risk for development of an aneurysm (>45â•¯mm) was 26% in this 
BAV population.75

One group of investigators have reported that BAV aortic aneu-
rysms grow faster than aneurysms associated with TAV and even 
more so when aortic stenosis is present.107 Others have not been 
able to demonstrate any difference in aortic aneurysm growth 
between patients with BAV and those with TAV.131

Pathophysiology and Molecular Biology of 
Bicuspid Aortic Valve Aortopathy
The histologic abnormality underlying aortic root complications 
in BAV is cystic medial degeneration, which has been demon-
strated in the aortic walls of patients with BAV even without sig-
nificant aneurysm formation.131-133

The pulmonary autograft has been noted in one study to dilate 
in some patients with BAV in whom the aortic root was dilated 
before performance of the Ross procedure.132 Because the pulmo-
nary trunk and aorta have a common embryologic origin, the 
trunk has been theorized to be similarly affected. Cystic medial 
degeneration in both the aorta and pulmonary trunk has been 
demonstrated to be much more severe in patients with BAV than 
in patients with TAV. Although other investigators have not 
reported late autograft dilation after Ross procedure for BAV 
disease,134 concerns have been raised about the appropriateness 
of the Ross procedure for patients with BAV disease and ascend-
ing aortic enlargement.132,135

Cystic medial degeneration has been demonstrated in multiple 
types of congenital heart disease, including BAV.136,137 In many 
patients with BAV requiring surgery, moderate or severe medial 
degeneration is present.136 When the para-coarctation aorta of 
patients with coarctation of the aorta and BAV was evaluated 
histologically, the medial abnormalities proximal and distal to the 
coarctation were identical, implying that the abnormalities were 
not hemodynamically mediated.136 The type of valve lesion 
present (stenosis versus regurgitation) may predict underlying 
cystic medial degeneration. In a series of patients with BAV under-
going AVR and aneurysm (>4.5â•¯cm) resection, almost half of 
patients with pure AR had cystic medial degeneration, whereas 
only the minority of those with aortic stenosis had these changes 
(Figure 13-15).137

Apoptosis is a mechanism that may underlie aortic medial layer 
smooth muscle cell loss, leading to aneurysm formation in 
patients with BAV.138-142 Massive focal apoptosis has been observed 
in the medial layers of patients with BAV, whether or not aortic 
dilation was present.138 In comparison with TAV-associated 
aneurysms, BAV-associated aneurysms exhibit a distinct pattern 
of medial destruction, elastic fragmentation, and increased 
apoptosis.139

Differences or imbalances in the proteolytic matrix metallo-
proteinases (MMP) and their endogenous inhibitors are observed 
to be slightly different in the ascending aortic aneurysms of 
patients with BAVs and of those with TAVs.131,140-144 Elevated 
MMP-2 expression has been demonstrated in the BAV aorta, 
whereas MMP-9 activity is normal.140,145 Differing cusp morphol-
ogy of BAVs has also been associated with unique ratios of MMPs 
and their endogenous inhibitors.144 Altered tissue expression of 
members of the protein kinase C signaling pathways and 
decreased expression of metallotheionein in smooth muscle 
cells has been demonstrated in patients with BAV.146,147 It has 
been theorized that the abnormal elastic properties, dilation and 
fragmentation of elastic components within the aortic walls of 
patients with BAV may be associated with the greater expression 
of matrix-degrading proteins.142

Fibrillin-1 content is lower in BAV aortas (and pulmonary arter-
ies) than in TAV aortas.140 In the mouse model of Marfan syndrome 
(fibrillin-1–deficient mouse), abnormal fibrillin-1 is associated 
with increased MMP levels, matrix fragmentation, and reduced 
structural integrity of the aorta.148 In BAV disease, the abnormal 
fibrillin content may be related to greater degradation by tissue 
enzymes or to a defect in smooth muscle protein secretion.140 
Matrix proteins have been examined in aortic aneurysms in 
patients with BAV and those with Marfan syndrome.141 Reduced 
extracellular deposition and altered quantity of matrix proteins 
are associated with a similar degree of increased apoptosis in 
vascular smooth muscle cells from BAV aneurysms and aneu-
rysms in Marfan syndrome.141 These studies suggest that the extra-
cellular matrix proteolytic cascade within the aortas of patients 
with BAV and ascending aortic aneurysm differs from that in 
patients with TAV and aneurysm.

Abnormalities in TGF-β signaling pathways have been impli-
cated as underlying aneurysm syndromes, including Marfan syn-
drome and Loeys-Dietz syndrome.149 Higher TGF-β levels and 
greater TGB-β signaling have been demonstrated in the aortic 
walls of patients with BAV aortic aneurysms,150 and abnormalities 
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rate of 15-year freedom from these aortic complications was 89% 
in this population.

In a series of 1449 patients with BAV who underwent AVR 
between 1993 and 2003, only 3 patients (0.2%) had late aortic 
events after valve operation if their aortic diameter had been 
smaller than 4.5â•¯cm at the time of valve surgery.120

in TGF-β signaling have been hypothesized to play a role in BAV 
aneurysm disease.149,150 Defective TGF-β splicing of fibronectin 
messenger RNA, which potentially could contribute to defective 
vascular repair, has been demonstrated in patients with BAV.151

Late Aortic Complications Following 
Bicuspid Aortic Valve Replacement
The aortic root and ascending aorta may continue to dilate after 
valve surgery for BAV.109,152 Thus, it is important to continue to 
survey the aortic root and ascending aorta in patients with BAV 
after aortic valve surgery. In comparison with patients with TAV, 
those with BAV have a higher number of aortic complications 
years after AVR, including aortic dissection, late aneurysm forma-
tion, and sudden death.109,152,153 Additionally, late echocardiogra-
phy surveillance demonstrates significantly larger ascending 
aortas in patients with BAV.109

Borger et al153 reported on a 10-year follow-up in 201 patients 
who underwent AVR for BAV without ascending aortic aneurysm 
replacement.153 Ascending aortic size was less than 4.0â•¯cm in 57%, 
4.0 to 4.4â•¯cm in 32%, and 4.5 to 4.9â•¯cm in 11% of patients. All aortas 
larger than 5.0â•¯cm were replaced at the primary operation, which 
occurred in 17% of all the patients with BAV. During follow-up, 18 
patients (9%) required late ascending aortic replacement, with a 
mean aortic diameter of 58 ± 9â•¯mm. The rates of freedom from 
ascending aortic complications, including late aneurysm repair, 
dissection, and sudden death, were 78% ± 6%, 81% ± 6%, and 43% 
± 15% in the three aortic size groups, respectively (Figure 13-16).153

Other researchers have reported a much lower risk of aortic 
complications after AVR for BAV disease.154,155 In a series of 1286 
patients (mean age 58 ± 14 years) undergoing AVR for BAV steno-
sis or regurgitation who were followed up for a median of 12 years 
(range 0 to 38), there were 13 aortic dissections (1%), 11 ascending 
aortic replacements (1%), and 127 cases of progressive ascending 
aortic dilation (>5â•¯cm or >1â•¯cm from time of AVR) (10%).155 The 

FIGURE 13-15  Bicuspid aortic morphology and aortic wall pathology. Photograph of an operatively excised unicommissural unicuspid stenotic (and 
regurgitant) aortic valve (A) and histologic section of the histologically normal aorta (B) in a 41-year-old woman. Photograph of operatively excised congenitally 
bicuspid stenotic aortic valve (C) and histologic section of ascending aorta (D) in a 77-year-old man showing 1+/4+ loss of medial elastic fibers. E, Photograph of 
operatively excised purely regurgitant congenitally bicuspid aortic valve and portion of resected aorta in a 54-year-old man. F, Histologic section of ascending 
aorta (maximal diameter = 6.7â•¯cm) shows a 3+/4+ loss of medial elastic fibers. (Figures B, D, and F are Movat stain preparations, ×100). (From Roberts WC, Voiwel TJ, 
Ko J, etâ•¯al. Comparison of the structure of the aortic valve and ascending aorta in adults having aortic valve replacement for aortic stenosis versus for pure aortic regurgitation 
and resection of the ascending aorta for aneurysm. Circulation 2011;123:886–903.)
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FIGURE 13-16  Kaplan-Meier curves for freedom from ascending 
aortic complications for the three groups of patients with bicuspid 
aortic valves undergoing valve replacement surgery. Patients with an 
ascending aortic diameter of 4.5â•¯cm or greater had a significantly increased  
risk of future aortic complications (aneurysm, dissection, or sudden death)  
(P < 0.001). (From Borger MA, Preston M, Ivanov J, etâ•¯al. Should the ascending aorta 
be replaced more frequently in patients with bicuspid aortic valve disease? J Thorac 
Cardiovasc Surg 2004;128:677–83.)
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Familial Bicuspid Aortic Valve and 
Ascending Aortic Aneurysms
The BAV may be hereditary or familial, and studies demonstrate 
the occurrence of a BAV in approximately 9% of first-degree rela-
tives of individuals with the disease.41,42 Aneurysms associated 
with BAV may also be familial.57,159,160 A comprehensive evaluation 
of multiple pedigrees segregating BAV with ascending aortic 
aneurysm revealed a high incidence of individuals with ascend-
ing aneurysm alone, suggesting that BAV and ascending aortic 
aneurysm are both primary manifestations of a single gene defect 
with variable expression. Potential loci at 5q, 13q, 15q, and 18q 
have also been reported for BAV and aortic aneurysm.159,160 Abnor-
mal aortic elastic properties have been demonstrated in relatives 
of patients with BAV disease, even without overt aortic dilation.124 
Aortic dimensions in patients with BAV may be independently 
influenced by both genetics and BAV.161

In a prospective evaluation of 13 families with BAV and ascend-
ing aortic aneurysm, almost half of families had at least two 
family members with both BAV and thoracic aortic aneurysm, 
often in successive generations.1,159 Either partial penetrance 
(BAV alone) or complete nonpenetrance was observed in obli-
gate carriers. Importantly, thoracic aortic aneurysm may occur  
in these families independent of BAV. The aortic dilation was 
maximal above the sinotubular junction in most patients. Aortic 
dissection was observed in 7 of 13 families and occurred in indi-
viduals with or without BAV. These data are consistent with con-
sideration of BAV as an autosomal dominant disorder with 
variable expressivity and incomplete penetrance.159 Careful eval-
uation of the aortic valve and ascending aorta is important for 
first-degree relatives of the patient with BAV and ascending 
aortic aneurysm.54,57,159

NOTCH1 mutations have been found in a small number of 
families with BAV or BAV with ascending aortic aneurysm.5,162 In 
the families with NOTCH1 mutations, the BAV is stenotic and 
calcified. However, most families with BAV and aortic aneurysm 
do not have associated calcific aortic stenosis, raising the possi-
bility of alternative genetic explanations for the majority with BAV 
and associated aortic aneurysm.163

The BAV may also be present in syndromes associated with 
aortic or vascular disease. Patients with Turner syndrome have an 
increased prevalence of ascending aortic aneurysm and BAV. 
Loeys-Dietz syndrome, which is due to mutations in TGFBR1 and 
TGFBR2, has the characteristic triad consisting of craniofacial 
defects (hypertelorism, bifid uvula, craniosynostosis), arterial tor-
tuosity, and aortic aneurysms and dissections.164 BAV has been 
reported in 2.5% to 17% of patients with Loeys-Dietz syndrome or 
TGFBR2 mutations.165 Familial thoracic aortic aneurysm (FTAA) 
syndrome, due to ACTA2 mutations, is associated with patent 
ductus arteriosus, cerebral aneurysms, livedo reticularis, prema-
ture coronary artery disease, and moyamoya (a progressive cere-
brovascular disease typically with bilateral stenosis of the arteries 
around the circle of Willis).57,166 BAV has been reported in about 
3% of cases of FTAA due to ACTA2 mutations.166 An increased 
frequency of intracranial aneurysms was reported in a small case-
control study of BAV, but this finding has not been verified in 
larger population studies.167

Therefore, in the assessment of the patient with BAV and aortic 
aneurysm, it is important to perform a detailed family history and 
careful physical examination to evaluate for an underlying disor-
der or aneurysm syndrome.

Surgical Treatment of the Bicuspid 
Aortic Valve and Ascending Aorta
The indications for replacement of a BAV with stenosis or regur-
gitation are well established.91 However, patients undergoing 

A series of 153 patients with BAV (mean age 54 ± 10.5 years) 
with BAV stenosis and concomitant ascending aortic dilation of 
40 to 50â•¯mm who underwent isolated AVR were followed up for a 
mean of 11.5 ± 3.2 years to evaluate for late aortic complications.156 
Ascending aortic surgery for progressive aneurysm was required 
in 5 patients (3%). No documented late aortic dissection or 
rupture occurred, and the rates of freedom from aortic events at 
10 and 15 years postoperatively were 95% and 93%, respectively. 
A separate subgroup of 21 patients with BAV (mean age 41 ± 7 
years) with predominant aortic root dilation (mean diameter 44 ± 
3â•¯mm) who underwent AVR for AR had a much higher rate of 
aortic complications. Five adverse aortic events (24% of patients) 
occurred after a mean follow-up of 10.3 ± 4.6 years, including 
aortic root replacement, aortic dissection, and sudden death.156 
Patients with predominantly aortic regurgitation and BAV may 
have a different prognosis related to aortic disease, and this dif-
ference may be explained by a greater degree of aortic medial 
degeneration.157

The potential fate of the aorta has implications for the manage-
ment of the aortic root and ascending aorta in patients with BAV 
undergoing valve surgery and for the timing of prophylactic root 
replacement.1,109,120,152,153,155,157 Current AHA/ACC guidelines for the 
management of the aortic root in BAV disease are listed in Table 
13-6.91 Because concomitant aortic surgery increases the opera-
tive risk of AVR, many factors must be considered before the 
decision is made to resect the ascending aorta at the time of aortic 
valve surgery.157,158

TABLE 13-6	 ACC/AHA Guidelines for Managing Bicuspid 
Aortic Valve with Dilated Ascending Aorta

Class I
1.	 Patients with known bicuspid aortic valves should undergo an initial 

transthoracic echocardiogram to assess the diameters of the aortic root 
and ascending aorta. (Level of Evidence: B)

2.	 Cardiac magnetic resonance imaging or cardiac computed tomography 
is indicated in patients with bicuspid aortic valves when morphology of 
the aortic root or ascending aorta cannot be assessed accurately by 
echocardiography. (Level of Evidence: C)

3.	 Patients with bicuspid aortic valves and dilation of the aortic root or 
ascending aorta (diameter greater than 4.0â•¯cm*) should undergo serial 
evaluation of aortic root/ascending aorta size and morphology by 
echocardiography, cardiac magnetic resonance, or computed 
tomography on a yearly basis. (Level of Evidence: C)

4.	 Surgery to repair the aortic root or replace the ascending aorta is 
indicated in patients with bicuspid aortic valves if the diameter of the 
aortic root or ascending aorta is greater than 5.0â•¯cm* or if the rate of 
increase in diameter is 0.5â•¯cm per year or more. (Level of Evidence: C)

5.	 In patients with bicuspid valves undergoing aortic valve replacement 
because of severe aortic stenosis or aortic regurgitation, repair of the 
aortic root or replacement of the ascending aorta is indicated if the 
diameter of the aortic root or ascending aorta is greater than 4.5â•¯cm.* 
(Level of Evidence: C)

Class IIa
1.	 It is reasonable to give β-adrenergic blocking agents to patients with 

bicuspid valves and dilated aortic roots (diameter greater than 4.0â•¯cm*) 
who are not candidates for surgical correction and who do not have 
moderate to severe aortic regurgitation. (Level of Evidence: C)

2.	 Cardiac magnetic resonance imaging or cardiac computed tomography 
is reasonable in patients with bicuspid aortic valves when aortic root 
dilation is detected by echocardiography to further quantify severity  
of dilation and involvement of the ascending aorta. (Level of  
Evidence: B)

From Bonow RO, Carabello B, Chatterjee K, etâ•¯al. 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). J Am Coll Cardiol 2006:48:e1-e148.
*Consider lower threshold values for patients of small stature of either gender.
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dysfunction, risk of infective endocarditis, and the possibility of 
aortic aneurysm formation and risk of aortic dissection (when 
appropriate). The importance of good dental hygiene should be 
emphasized.

Because BAV may be familial, one should strongly consider 
screening all first-degree relatives of the patient with BAV for the 
disease. This issue is especially important when an ascending 
aortic aneurysm or aortic dissection complicates the BAV. The 
patient with BAV should undergo serial clinical and imaging 
assessments over his or her lifetime for detection of complications 
from the valve and aortic root/ascending aorta and appropriate 
timing of surgical intervention. The frequency of imaging depends 
on the size of the aorta at initial assessment: an aorta smaller than 
40â•¯mm should be reimaged approximately every 2 years, and the 
aorta 40â•¯mm or larger should be reimaged yearly or more often 
as progression of aortic dilation warrants, or whenever there is a 
change in clinical symptoms or findings.49,57,59 CT or CMR is indi-
cated in patients with BAV when morphology of the aortic root 
or ascending aorta cannot be assessed accurately by echocar-
diography and to evaluate further the dilated aorta visualized on 
echocardiography.57,91 Because the aortic valve lesion may poten-
tially respond favorably to “risk factor modification,” the patient 
with BAV should follow a sensible diet, avoid cigarette smoking, 
and treat hypertension and hyperlipidemia. There are no data to 
date demonstrating that pharmacologic therapy to lower choles-
terol alters the natural history of BAV stenosis.

BAV is associated with abnormal aortic elastic properties and 
risk for aneurysm formation. Patients should be counseled about 
this possibility and, in many instances, given guidelines to avoid 
strenuous isometric activities, such as weightlifting and other 
competitive athletics.180 Patients with BAV aortic aneurysm may 
participate only in low static or low dynamic sports and should 
not participate in sports with potential for bodily collision.180 
Although prophylactic β-adrenergic blockade is often recom-
mended when aortic root dilation is present, there is no long-term 
data on its use in the treatment of bicuspid valve aortic root 
enlargement.54,57,91 The ACC/AHA guidelines propose beta-blocker 
therapy for patients with BAV and dilated aortic roots (>4.0â•¯cm) 
who are not candidates for surgical correction and who do not 
have moderate to severe AR (NYHA functional class IIa; level of 
evidence C).91

The TGF-β signaling pathway may be involved in BAV aortic 
disease.149 Angiotensin-receptor blocker (ARB) therapy has been 
demonstrated to reduce plasma levels of free TGF-β, diminish 
tissue expression of TGF-β–responsive genes, and decrease levels 
of intracellular mediators within the TGF-β signaling cascade.181 
Data regarding the use of ARB therapy in BAV disease are lacking. 
The BAV Study (Beta Blockers and Angiotensin Receptor Blockers 
in Bicuspid Aortic Valve Disease Aortopathy [BAV Study 
NCT01202721]) will compare the rate of ascending aortic growth 
in patients with BAV by CMR over 60 months in patients randomly 
allocated to receive ARB (telmisartan) therapy, beta-blocker 
(atenolol) therapy, or placebo. Whether therapy such as ARB, 
which is aimed at blocking TGF-β, or novel agents affecting other 
pathways will affect the aneurysm disease in patients with BAV is 
as yet unknown.

In carefully followed adults with BAV, the survival rates were 
not significantly different from those in the general popula-
tion.21,22,75 However, timely surgical treatment of valve lesions and 
aortic aneurysm is critical to the longevity of the patient with BAV. 
Finally, even after surgical replacement of the BAV, the patient is 
at risk for future aortic dilation, aneurysm formation, and dissec-
tion and must undergo long-term imaging surveillance.
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AVR for BAV are often young, making the decision to implant a 
mechanical or a bioprosthetic valve more complex.1,91 Valve 
repair for the regurgitant BAV may be performed in carefully 
selected cases, but durability of the repair remains a concern.167-

169 In a large series of BAV repair for AR, the rate of 10-year 
freedom from reoperation for BAV repair is about 80% for valve-
alone procedures and about 90% for combined valve-aorta pro-
cedures.170 The decision as to when to perform prophylactic 
aortic root replacement is also complex.1,109,152,153,157,158 Although 
experienced centers report a very low operative risk,170 large 
databases report that aortic root replacement increases the risk 
ratio by 2.78 in comparison with isolated AVR.171 It is recom-
mended that patients with BAV with ascending aortic aneurysms 
exceeding 4.5â•¯cm undergo simultaneous aortic replacement at 
the time of AVR.57,91,153,170 Outstanding long-term results from 
experienced centers have been reported using this strategy.170 In 
patients with BAVs and normal valve function, aortic aneurysm 
resection is recommended if the aorta exceeds 5â•¯cm or is associ-
ated with rapid growth.57,91 Gender and body surface area may 
also be important factors in the timing of ascending aortic 
surgery,57,170,172 and some authorities advocate using an aortic 
cross-sectional area/height ratio higher than 10â•¯cm/m2 to indi-
cate when surgery is required for patients with BAV.57,170,172

For patients who require simultaneous valve repair or replace-
ment and ascending aortic replacement for BAV, multiple surgi-
cal options are available, and the procedure chosen should be 
tailored to the specific patient, aortic valve lesion, and aortic 
characteristics.170,173-175 Surgical options include: (1) valve replace-
ment (or repair) and separate supracoronary graft replacement 
of the ascending aorta, leaving the sinuses intact, (2) aortic valve 
and root replacement with a composite valve-graft conduit and 
coronary reimplantation, (3) valve-sparing root replacement, 
and (4) reduction aortoplasty.1,86 When the aortic sinuses are not 
significantly dilated, separate AVR and ascending aortic grafting 
have satisfactory long-term outcome and low risk of significant 
late sinus dilation.171 Reduction aortoplasty is controversial in the 
management of BAV and aortic dilation because of concerns 
about risk for recurrent dilation and is not recommended.86 Five 
percent of patients undergoing ascending aortic aortoplasty 
required reoperation for progressive dilation a mean of 10 years 
after initial surgery in one series.175 The Ross procedure (pulmo-
nary autograft) is an alternative to prosthetic valve replacement 
in BAV disease.134 Initial reports of late autograft dilation after 
this procedure raised concerns about its appropriateness for 
adult patients, especially those with significant annular or aortic 
dilation.1,86,134,176,177 Other studies have not reported a relationship 
between BAV and pulmonary autograft failure.134 A dilated aortic 
annulus, mismatch in annular diameters, and AR are all associ-
ated with late pulmonary autograft failure.178

BAV has been considered an exclusion criterion for trials of 
transcatheter aortic valve replacement (TAVR) because of con-
cerns about the risks of paravalvular regurgitation, poor valve 
seating, and aortic characteristics. Initial experience of TAVR in 
a small series of selected patients with BAV demonstrated accept-
able outcomes.179 Because 20% of cases of aortic stenosis in 
patients older than 80 years are due to BAV, and because it may 
be difficult to correctly identify the leaflet morphology in severe 
aortic stenosis, outcomes of TAVR in BAV will be an important 
area of investigation.79

Recommendations for Management
There are significant relationships between BAV and its valvular 
lesions as well as an intrinsic aortopathy that may lead to signifi-
cant morbidity and mortality. The long-term management of  
the patient with BAV involves several important steps. First, a 
patient must be correctly identified as having this lesion by echo-
cardiogram or other imaging modality. Once recognized, the 
patient must be educated about the potential for progressive valve 
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The past decade has shown historic change in the surgical 
approach to patients with aortic valve disease. During this time, 
transcatheter aortic valve implantation (TAVI) was developed 
and tested, leading to a new treatment option approved by the 
U.S. Food and Drug Administration (FDA) for patients who previ-
ously would have been managed by medical therapy or for 
patients for whom conventional aortic valve replacement (AVR)
poses a very high risk (Society of Thoracic Surgeons [STS]  
predicted risk of mortality [PROM] ≥8).1,2 Additional testing is 
ongoing in randomized clinical trials to determine the proper use 
of TAVI in patients for whom AVR poses an intermediate surgical 

risk (STS score ≥4).3,4 Also, late freedom from structural valve 
deterioration (SVD) is now available for patients receiving stented 
bovine pericardial valves and stented porcine valves. The field 
has been influenced by new valve guidelines regarding the choice 
of bioprosthetic versus mechanical valve with an emphasis on the 
patient’s role in decision making as well as expanded indications 
for treatment of aortic aneurysm in patients with a bicuspid aortic 
valve (BAV).

The impact of these changes has led to the most dramatic 
change in the clinical practice of aortic valve surgery in decades. 
Figure 14-1 demonstrates, by year, the changing pattern of valve 
replacement choices. The graph shows a striking shift in choice 
of prosthesis. In 2001, 63.6% of aortic valve replacements were 
bioprostheses, a figure that steadily rose to 81.8% in 2011. The rate 
of mechanical valve use dropped by more than half, from 30.8% 
to 14%. The rage of homograft replacement fell from 2.9% to 0.5%, 
and the Ross procedure has nearly vanished, dropping in rate 
from 1.0% to 0.1%, a tenfold decrease.

This chapter explores the data that led to the change in valve 
prosthesis choice, and review the surgical techniques that are 
appropriate in a variety of clinical settings.

Aortic Valve Replacement/Repair

Tissue Valves: Stented
The valve most commonly used to replace the aortic valve is a 
stented bioprosthetic valve, either bovine pericardium or porcine 
(Figures 14-2 and 14-3). The advantages to such a valve are: (1) 
ease of implantation and the rare occurrence of clinically signifi-
cant patient prosthesis mismatch due to improving valve hemo-
dynamics, (2) no lifelong need for anticoagulation with warfarin 
(unless the patient requires it for a different reason), (3) a rela-
tively straightforward future reoperation for SVD, if necessary, 
and (4) the potential for a valve-in-valve procedure using a trans-
catheter heart valve for SVD. The most important disadvantage to 
tissue valves is the occurrence of SVD, which is primarily age 
dependent.

The technical aspects of AVR with a stented bioprosthetic valve 
are straightforward. The aortic valve can be exposed through a 
variety of aortotomies, including a hockey-stick, transverse, and 
oblique incisions. The aortic valve is excised and the annulus is 
extensively débrided of calcific plaques with care taken in the 
area of the conduction system (below the commissure between 
the noncoronary and right coronary cusps). Calcific extensions 
on the anterior leaflet of the mitral valve are reÂ�moved. With 

Key Points
■	 Aortic valve replacement (AVR) has become increasingly safe even 

though an older population of patients is now being treated, with the 
best outcomes achieved at high-volume centers.

■	 More stented bioprosthetic valves are being used than mechanical 
valves, homografts, and pulmonary autografts combined, reflecting 
advances in valve technology.

■	 Aortic root replacement with a composite valve-graft (Bentall 
procedure) is the gold standard operation for aortic root aneurysm; 
however, the valve-sparing aortic root replacement (David or Yacoub 
procedures) is a good option for patients who want to avoid the 
long-term oral anticoagulation required with mechanical valves and 
structural valve deterioration associated with bioprosthetic valves in 
younger patients.

■	 A complete primary median sternotomy is the standard approach for 
aortic valve and aortic root replacement, but minimally invasive 
approaches, including the upper hemisternotomy and right anterior 
thoracotomy, can be performed with equivalent safety and better 
outcomes.

■	 Sutureless valves combine the advantages of a surgical AVR procedure 
(control of aortic atheroemboli, resection of diseased native valve) 
with transcatheter technology (decreased procedure time, improved 
valve hemodynamic function).

■	 Porcelain aorta, which can prevent safe central cannulation and aortic 
cross-clamping, can be managed with peripheral cannulation and 
hypothermic circulatory arrest.

■	 Aortic regurgitation from acute type A aortic dissections is life-
threatening and is commonly managed with valve resuspension, with 
aortic root replacement being reserved for patients with intrinsic root 
pathology.

■	 Reoperative aortic valve and aortic root surgery can be performed 
safely through utilization of preoperative imaging, advanced 
techniques for myocardial protection, and safe management of 
existing bypass grafts.
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has an ascending aortic diameter greater than 4.5â•¯cm, then aortic 
replacement should be undertaken.9 When this operation is per-
formed with a bioprosthetic valve, current-generation stented 
valve must be sewn into a separate vascular graft, adding a few 
minutes to the procedure. With a stentless porcine valve, that step 
is not required because the porcine valve is packaged as a com-
plete root.

Mechanical Valves
Mechanical valves have the advantages of long-term durability 
and a long track record with designs that have been durable for 
decades.10,11 The major disadvantages are: (1) the need for lifelong 
anticoagulation, currently with warfarin, (2) a higher risk of 
thromboembolism than with bioprosthetic valves, and (3) audible 
clicking in some patients with several of the mechanical valve 
types that may be troublesome.

A newer model of mechanical valve, the On-X prosthetic heart 
valve (On-X Life Technologies, Inc., Austin, Texas), first implanted 
in 1996, has been shown to have low adverse clinical event rates, 
including 0.6% thromboembolism per patient-year, 0.4% bleeding 

FIGURE 14-1  Trend in valve choice in aortic valve replacement in the Society of Thoracic Surgeons National Database. Bioprosthetic valves are 
most commonly implanted in the current era. Mechanical valves, homografts, and pulmonary autografts are all declining in use over time. AVR, Aortic valve 
replacement. 
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FIGURE 14-2  Aortic valve replacement. A, Calcified native aortic valve. B, Stented bovine pericardial valve. (Reprinted from Stelzer P, Adams DH. Surgical 
approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 
2009. p. 187–208.)
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adequate débridement of annular calcification, perivalvular leak 
is rare, and with current-generation bioprostheses, clinically sig-
nificant patient-prosthesis mismatch is uncommon.

Bioprosthetic Valves: Stentless
In the 1990s, “stentless” bioprosthetic valves made from porcine 
aortic valves became available. The advantages of this type of 
valve versus stented bioprosthetic valves were thought to be:  
(1) avoiding anticoagulation with a low risk for stroke and  
(2) improved hemodynamics compared to stented and mechani-
cal valves.5-7 The disadvantages to stentless valves were: (1) more 
complex operation requiring either a “mini-root” with reimplanta-
tion of the coronary ostia (Figure 14-4) or subcoronary implanta-
tion (Figure 14-5) and (2) data indicating concerns about freedom 
from SVD.8

Some surgeons use stentless porcine valves primarily in patients 
with BAVs with aneurysms. In this case, the aortic valve, root, and 
a portion of the tubular ascending aorta are replaced. Current 
American College of Cardiology/American Heart Association 
(ACC/AHA) indicate that if a patient with a BAV requires AVR and 
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Aortic Homografts
The first successful orthotopic placement of an aortic homograft 
was performed in 1962 by Donald Ross.14 Much like the procedure 
for stentless bioprosthetic valves, the operation is more complex 
than straightforward implantation of a stented tissue valve, 
because a mini-root may be performed (Figure 14-6) or the  
valve may be sewn in the subcoronary position, as with aortic 
homografts.

The perceived advantages to the homograft were: (1) freedom 
from anticoagulation and a low risk for thromboembolic events 
typical for bioprosthetic valves, (2) perception that the durability 
may be higher than that for stented or stentless tissue valves, and 
(3) belief that homografts are more resistant to reinfection. As to 
the last advantage, in the setting of endocarditis, most surgeons 
consider the homograft the valve of choice, although the data for 
this belief is not very robust. The disadvantages to a homograft 
are: (1) the increased complexity of implantation, (2) difficulty of 
reoperation in many patients because of calcification that devel-
ops in the wall,15 and (3) a higher rate of SVD than originally 
hoped.15,16

Ross Procedure
Donald Ross also developed the Ross procedure using the pul-
monic valve and root autograft with homograft replacement of 
the patient’s own pulmonic valve (Figure 14-7). The perceived 
advantages of this technique were freedom from anticoagulation 

rate per patient-year, and 0% thrombosis rate when used in the 
aortic position.12 An ongoing clinical trial (Prospective Random-
ized On-X Anticoagulation Clinical Trial [PROACT]) is studying 
the safety of lower doses of warfarin in patients with high-risk  
for thromboembolism and antiplatelet drugs only (aspirin/
clopidogrel) in patients with low-risk for thromboembolism.13

FIGURE 14-3  Stented porcine valve. The heterologous porcine tissue leaf-
lets are attached to the supporting frame with an incorporated sewing ring. 
(Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve disease. In: 
Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s 
heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208).

FIGURE 14-4  Stentless porcine root for aortic root replacement. The 
porcine root completely replaces the native aortic root, and coronaries are 
reimplanted. (Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve 
disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to 
Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)

FIGURE 14-5  Stentless porcine root (inset) implanted with a modified 
subcoronary technique. A, Proximal interrupted suture line in a circular plan 
at or below annulus. B, Distal, continuous polypropylene suture line attaching 
residual aortic wall to native aortic wall, running below the coronary ostia and 
preserving the porcine noncoronary sinus. C, Aortotomy closed showing rela-
tionship of distal suture line to coronary ostia. (Reprinted from Stelzer P, Adams 
DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Val-
vular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: 
Elsevier Science; 2009. p. 187–208.)
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and decreased risk of stroke. Also, in children, unlike with homo-
grafts and bioprosthetic valves, the tissue continues to grow with 
the patient. The disadvantages are: (1) much more complex oper-
ation than other procedures that simply replace the pathologic 
aortic valve, (2) the potential for dysfunction of two valves, the 
pulmonic homograft and the autograft, (3) the development of 
late aneurysms requiring reoperation, and (4) the potential for 
injury to the first septal perforator when mobilizing the pulmonary 
autograft.17

Guidelines for Valve Choice
Choosing a valve according to the patient’s age is controversial. 
Findings of two major randomized clinical trials have not been 
consistent regarding difference in long-term survival between  
bioprosthetic and mechanical valves.18,19 Although both trials 
compared first-generation porcine valves and single-tilting disk 
Bjork-Shiley valves (neither valve is currently in use), the Veterans 
Affairs Cooperative Study19 showed improved 15-year survival 
with mechanical valves than with bioprosthetic valves, but the 
Edinburgh Heart Valve Trial18 showed no difference in 20-year 
survival. Regarding age threshold for valve choice, both the  
U.S.9 and European20 guidelines recommend bioprosthetic valves 
for patients 65 years and older when only age is considered  
(Table 14-1). The European guidelines, however, have a class I 
recommendation for mechanical valve in patients younger than 
40 years and a class IIa recommendation for patients younger 
than 60 years, recognizing that in patients between 60 and 65 
years, other factors impact valve choice.20 Guidelines for mechani-
cal valves show that requirement for anticoagulation due to a 
mechanical valve in another position and a condition associated 
with high risk of thromboembolism are factors favoring the use 
of mechanical valves (Table 14-2). On the other hand, contraindi-
cation to anticoagulation and planned pregnancy favors the use 

FIGURE 14-6  Aortic homograft. The root replacement configuration 
using the cryopreserved aortic homograft with reimplantation of coronary 
ostia is shown. (Reprinted from Stelzer P, Adams DH. Surgical approach to aortic 
valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion 
to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009.  
p. 187–208.)

FIGURE 14-7  Ross procedure. Incision lines are illustrated (dotted lines) for 
aortic (transverse and distal) and pulmonary roots. The distal pulmonary inci-
sion is made first to allow inspection of the valve and to enable accurate 
placement of the proximal incision below the annulus. (Reprinted from Stelzer P, 
Adams DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, 
editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. 
Philadelphia: Elsevier Science; 2009. p. 187–208.)
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of bioprosthetic valves (Table 14-3). Both guidelines acknowledge 
patient preference after informed consent, balancing the risk of 
long-term anticoagulation required for mechanical valves and the 
risk of SVD requiring re-intervention that is associated with bio-
prosthetic valves.

Long-term follow-up of commonly used bioprosthetic valves  
for the aortic position show good durability to more than 15 years 
in several large series (Table 14-4). Freedom from SVD for  
stented bovine pericardial valves has been reported to be 82.3% 
at 15 years for the Carpentier-Edwards bovine pericardial valve 
(Edwards Lifesciences Corporation, Irvine, California)21 and 
62.3% at 20 years for the Mitroflow aortic pericardial heart valve 
(Sorin Group, Milan).22 For stented porcine valves, the freedom 
from SVD has been reported to be 63.4% at 20 years for the 
Hancock II valve (Medtronic, Inc., Minneapolis, Minnesota)23 and 
the freedom from reoperation for SVD to be 61.1% for the Biocor 
valve (St. Jude Medical, Inc., St. Paul, Minnesota).24 All of these 

TABLE 14-1â•… Age Thresholds for Valve Choice

ACC/AHA 2006 
GUIDELINES

ESC/EACTS 2012 
GUIDELINES

Mechanical valve <65 years (class IIaC) <60 years (class IIaC)

<40 years (class IC)

Bioprosthetic valve ≥65 years (class IIaC)
<65 years (class IIaC)*

>65 years (class IIaC)

*A bioprosthesis is reasonable for aortic valve replacement (AVR) in patients less than 65 
years of age who elect to receive this valve for lifestyle considerations after detailed 
discussions of the risks of anticoagulation versus the likelihood that a second AVR may be 
necessary in the future.

ACC/AHA, American College of Cardiology/American Heart Association; ESC/EACTS, 
European Society of Cardiology/European Association of Cardio-Thoracic Surgery.
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TABLE 14-2â•… Guidelines Favoring Mechanical Valves

ACC/AHA 2006 
GUIDELINES

ESC/EACTS 2012 
GUIDELINES

Patient already undergoing 
anticoagulation for 
mechanical prosthesis in 
another position

Class IC Class IC

Patient preference Class IIaC Class IC

Accelerated risk of structural 
valve deterioration (Age <40 
years, hyperparathyroidism)

None Class IC

Patient already undergoing 
anticoagulation due to high 
risk of thromboembolism 
(atrial fibrillation, venous 
thromboembolism, 
thrombophilia, severe left 
ventricular dysfunction)

Class IIaC Class IIbC

Reasonable life expectancy 
(>10 years) and high risk for 
future “repeat” aortic valve 
replacement

None Class IIac

ACC/AHA, American College of Cardiology/American Heart Association; ESC/EACTS, 
European Society of Cardiology/European Association of Cardio-Thoracic Surgery.

TABLE 14-3â•… Guidelines Favoring Bioprosthetic Valves

ACC/AHA 2006 
GUIDELINES

ESC/EACTS 2012 
GUIDELINES

Anticoagulation 
contraindicated

Class IC Class IC

Patient preference Class IIaC Class IC

Reoperation of 
mechanical valve 
thrombosis despite 
good long-term 
anticoagulation

None Class IC

Woman of child-bearing 
age contemplating 
pregnancy

Class IIbC Class IIaC

Low risk for future 
“repeat” aortic valve 
replacement

None Class IIaC

ACC/AHA, American College of Cardiology/American Heart Association; ESC/EACTS, 
European Society of Cardiology/European Association of Cardio-Thoracic Surgery.

TABLE 14-4â•… Structural Valve Deterioration of Bioprosthetic Valves

AUTHOR 
(YEAR)

Mean Follow-Up
Number of 

Valves

TIME OF 
SVD 

ESTIMATE 
(YR)

AGE 
(YR)

Actuarial Freedom from 
Reoperation for Structural 

Valve Deterioration (%)

VALVEAVR MVR AVR MVR AVR MVR

Yankah etâ•¯al 
(2008)22

— — 1513 — 20 >65 71.8 ± 6.0 — Mitroflow aortic pericardial 
bioprosthesis (Sorin 
Group)

>70 84.8 ± 0.7 —

Mykén etâ•¯al 
(2009)24

6.0 ± 4.5 6.2 ± 5.6 1518 194 20 ≤50 37.7 ± 8.6 57.6 ± 1.5 Biocor porcine 
bioprosthesis (St. Jude 
Medical, Inc.)

51-60 60.7 ± 10.3 80.0 ± 1.9
61-70 81.0 ± 5.1 86.3 ± 0.7
71-80 97.8 ± 1.2 100 (>70â•¯yr)
>80 100 100 (>70â•¯yr)

David etâ•¯al 
(2009)25

12.2 — 1134 — 20 <60 32.6 ± 6.2 — Hancock II aortic porcine 
bioprosthesis 
(Medtronic, Inc.)

60-70 89.8 ± 3.2 —
>70 100 —

McClure etâ•¯al 
(2010)21

6.0 ± 3.6 — 1000 — 15 <65 34.7 (CI 6-67) — Carpentier-Edwards 
pericardial aortic 
bioprosthesis (Edwards 
Lifesciences Corporation)

65-75 89.4 (CI 63-97) —
>75 99.5 (CI 97-99.9) —

AVR, Aortic valve replacement; CI, 95% confidence interval; MVR, mitral valve replacement.

series stratified their results by patient age, which is the major 
determinant of durability, and found that 20-year freedom from 
reoperation for SVD in patients 70 years and older to be between 
84.8% (Mitroflow)22 and 100% (Hancock II).25

Controversy exists for valve choice in younger patients who 
would like to avoid the risk of complications associated with the 
use of long-term warfarin therapy required for mechanical valves. 
Even in patients as young as 45 years, freedom from SVD was 
about 85% at 10 years and 55% at 15 years with the Carpentier-
Edwards pericardial valve in a study from the Cleveland Clinic.26 
Also in a review of very young patients (mean age 22.7 ± 6.8 yrs), 
freedom from all bioprosthetic valve-related compÂ�lications was 
85.8% at 8 years.27 El Oakley et al28 calculated that for a 50-year-old 
patient, the risk of valve-related morbidity over the projected life 
expectancy of the patient was 108% with a mechanical valve, 

compared with 48% with a bioprosthesis. Different types of bio-
prosthetic valves also have been compared, and results may not 
be uniform. Rahimtoola29 compared reports of SVD with the use 
of bovine pericardial valves and porcine valves and found a much 
lower rate of SVD with pericardial valves.

For young patients who eventually develop SVD requiring inter-
vention in the future, repeat AVR may not be mandatory. The 
possibility of TAVI for failed bioprosthetic valves (valve-in-valve 
procedure) has the potential of making AVR with a bioprosthetic 
valve more attractive to the patient (see Chapter 15). The feasibil-
ity of the valve-in-valve procedure has been demonstrated in 
single-center series.30-33 Procedural success was 100% in one 
series of 23 patients, and another report of 47 patients noted one 
intraoperative death.30,34 An international registry of 202 patients 
demonstrated 30-day mortality after valve-in-valve procedure of 
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a pericardial patch (Figure 14-11). A reduction annuloplasty may 
also be required in cases of annuloaortic ectasia. The simplest 
technique is the commissural plication (Figure 14-12). This tech-
nique achieves narrowing of the interleaflet triangle below the 
commissure and reduces the diameter of the aortic root, thereby 
increasing coaptation of the cusp surfaces. Novel techniques uti-
lizing an external aortic annulus ring for the purpose of downsiz-
ing the aortic annulus have been described, but these rings are 
not currently commercially available in the United States.40

Repair of the BAV can be performed with similar techniques of 
cusp repair and reduction annuloplasty. The goal of BAV repair 
is to restore a competent BAV rather than to create a tricuspid 

8.4% and 1-year survival of 85.8%.35 Procedural concerns, however, 
included device malposition in 15.3% of patients, coronary ostial 
obstruction in 3.5%, and relatively high mean gradients, 15.9 ± 
8.6â•¯mmâ•¯Hg.

Reintervention for failed bioprosthetic valves can, therefore, be 
performed as either an open surgical procedure or a transcathe-
ter procedure. The safety of reoperative AVR is discussed later. 
Although currently considered an “off-label” use of transcatheter 
heart valves, the valve-in-valve procedure for failed bioprosthetic 
valves offers a potential application for future transcatheter tech-
nology. Safer future reinterventions may justify use of biopros-
thetic valves in younger patients. Ultimately, the patient makes the 
decision after discussion with the surgeon and cardiologist about 
the risks and benefits as well as the perceived future of TAVI 
versus standard reoperation valve surgery.

Aortic Valve Repair
Aortic valve repair can be performed in selected patients with 
aortic regurgitation (AR). Unfortunately, valve repair in patients 
with aortic stenosis (AS) involving leaflet decalcification is not a 
feasible treatment option and has been associated with early 
postoperative AR due to leaflet scarring and late restenosis due 
to recalcification. As with mitral valve repair, the benefit of aortic 
valve repair over AVR is avoidance of prosthetic valve-related 
complications such as thromboembolism and infective endocar-
ditis. Data on aortic valve repair durability are limited to experi-
enced centers, but 10-year freedom from reoperation can be as 
high as 93% in tricuspid aortic valves.36-38 The durability of BAV 
repair, however, is less than that of tricuspid aortic valves, and 
repair for these patients with BAV remains controversial. No 
guidelines exist for aortic valve repair.

Repair of a normal, but regurgitant tricuspid aortic valve uses 
a combination of cusp repair and annuloplasty. Typically, one or 
more cusps are redundant which causes cusp prolapse. Central 
free margin plication at the nodulus of Arantius effectively short-
ens the cusp, resulting in a higher zone of coaptation with the 
other cusps (Figure 14-8).39 An alternative method of cusp short-
ening is free margin resuspension with a continuous over-and-
over suture from commissure to commissure (Figure 14-9). This 
technique is also useful for closing cusp fenestrations, which are 
typically located near the commissures, where cusp stress is 
highest. The least common technique of cusp repair is cusp  
extension with pericardium in cases of inadequate cusp tissue 
(Figure 14-10). Occasionally, leaflet perforations such as those 
that occur after healed endocarditis can be simply repaired with 

FIGURE 14-8  Free margin plication. After the prolapsing leaflets are iden-
tified, the free margin is plicated at the nodulus of Arantius with a simple, 
interrupted 5-0 polypropylene stitch. Shortening the free margin brings the 
leaflet coaptation surface higher in the aortic root. (From Schafers HJ, Langer F, 
Glombitza P, etâ•¯al. Aortic valve reconstruction in myxomatous degeneration of 
aortic valves: are fenestrations a risk factor for repair failure? J Thorac Cardiovasc 
Surg 2010;139:660–4.)

FIGURE 14-9  Leaflet shortening. A and B, Continuous over-and-over suture from commissure to commissure is one method of shortening leaflets; 6-0 
expanded polytetrafluoroethylene (GORE-TEX) is suggested for this maneuver, with the knots placed outside the aorta. (Reprinted from Stelzer P, Adams DH. Surgical 
approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 
2009. p. 187–208.)
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aortic valve. In cases with equal-size cusps and commissure ori-
ented at 180 degrees to each other, repair can be performed 
readily as with a tricuspid aortic valve. However, in the more 
common type of BAV involving a conjoint (fused) cusp (Figure 
14-13), the raphe may be sclerosed and immobile, requiring addi-
tional techniques. In these cases, a triangular resection of the 
raphe can be performed with reapproximation of the edges to 
create a shortened and pliable cusp (Figure 14-14). When tissue 
the conjoint cusp is inadequate, the raphe can be released from 
the commissure and shaved to improve cusp mobility. Judgment 
must be used in cases with severely sclerosed valves, because 
the durability of a repair of a diseased BAV may be less than even 
that of a bioprosthetic valve.

Risks of Aortic Valve Replacement
The risks of surgery can be quantitatively estimated by several 
models (see Chapter 10), including The STS Predicted Risk of 
Mortality (STS PROM),41 European System for Cardiac Operative 
Risk Evaluation (EuroSCORE) II,42 and Ambler scores.43 In addi-
tion to operative mortality, the STS PROM score provides an esti-
mate of important complications such as prolonged hospitalization, 
stroke, respiratory failure, mediastinitis, renal failure, and reop-
eration. These risk calculators are important for surgical decision 
making and require informed consent from the patient prior to 
the planned operation.

Data from the STS indicates that the operative mortality for 
patients 70 years of age or older who underwent isolated AVR or 
AVR with coronary artery bypass grafting surgery (CABG) 
between 1994 and 2003 fell from 10% to less than 6%.44 In the most 
recent analysis using the STS database on 108,687 patients from 
1997 to 2006 with a mean age of 68 years undergoing isolated 
AVR, the in-hospital mortality was 2.6% with an observed stroke 

FIGURE 14-10  Leaflet extension. When the aortic valve leaflet is retracted 
or shortened, the cusp can be extended using pericardium. The pericardium 
is sewn from commissure to commissure, along the free margin of the leaflet, 
thereby enlarging the coaptation surface. (Reprinted from Stelzer P, Adams DH. 
Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular 
heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia:  
Elsevier Science; 2009. p. 187–208.)

FIGURE 14-11  Repair of healed endocarditis. A simple leaflet perforation (A) can be repaired with an autologous pericardial patch (B). (Reprinted from Stelzer 
P, Adams DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: 
Elsevier Science; 2009. p. 187–208.)

BA

FIGURE 14-12  Aortic commissuroplasty. The wide interleaflet triangle (A) is narrowed with sutures that plicate this area to increase coaptation. B, View from 
inside the aorta; C, External view. (Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: 
a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)
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Patients undergoing AVR (n = 351, mean age 85 years) had a 
30-day mortality of 6.5%, setting a new benchmark for operative 
outcomes in a high-risk cohort of patients treated at centers of 
excellence. Moreover, comparative results showed that early and 
late strokes and transient ischemic attacks were significantly 
lower in the AVR group than the TAVI group (30 days, 2.4%  
vs. 5.5%, respectively, P = 0.04; 1 year, 4.3% vs. 8.3%, respectively, 
P = 0.04).2

Aortic Root Surgery

Indications
Indications for aortic root replacement include aneurysms of the 
ascending aorta, aortic valve endocarditis with annular abscess, 
and acute type A aortic dissection. The most common indication 
is aneurysm of the aortic root or ascending aorta. The size thresh-
old for aneurysm repair depends on whether the aneurysm is the 
primary indication for surgery or whether it coexists in a patient 
already requiring cardiac surgery.

Primary aneurysms of the aortic root are secondary to either 
genetically mediated disorders or acquired disorders. The 
acquired disorders include degenerative thoracic aortic aneu-
rysm, chronic aortic dissection, intramural hematoma, penetrat-
ing atherosclerotic ulcer, mycotic aneurysm, and pseudoaneurysm. 
Size threshold for surgical repair in this group of patients is 5.5â•¯cm 
for both the aortic root and ascending aorta according to class I 
recommendations by the 2010 ACC/AHA Guidelines for the Diag-
nosis and management of Patients with Thoracic Aortic Disease 
developed by a multigroup-sponsored task force.51 The geneÂ�
tically mediated disorders include Marfan syndrome, vascular 
Ehlers-Danlos syndrome, Turner syndrome, BAV, familial thoracic 
aortic aneurysm and dissection, and Loeys-Dietz syndrome. 
These disorders are associated with a greater risk of rupture, dis-
section, and death, in particular Loeys-Dietz syndrome. Size 
threshold for operative intervention in this group of patients is 
5.0â•¯cm according to the same guidelines.51 This recommendation 
is consistent with a size threshold of 5.0â•¯cm in patients with BAV 
in the 2006 ACC/AHA Guidelines for for the Management of 
Patients with Valvular Heart Disease.9 Surgical repair may be 
considered in patients with Loeys-Dietz syndrome and aortic 
diameters as small as 4.2â•¯cm, depending on imaging modality.51

When aortic root aneurysm or aneurysm of the ascending aorta 
coexists in a patient already requiring cardiac surgery, the thresh-
old for concomitant aortic replacement is an aortic diameter of 
4.5â•¯cm (class IC in the thoracic aortic disease guidelines).51 In the 
most common clinical scenario involving patients with BAV 
requiring aortic valve surgery, the size threshold is similarly 
4.5â•¯cm (class IC in the valvular heart disease guidelines).9 The 

FIGURE 14-13  Bicuspid valve. The most common configuration is really a 
fusion of two leaflets (most often right and left coronary leaflets) with a rudi-
mentary commissure of raphe where the normal commissure would be. 
(Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve disease. In: 
Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s 
heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)

Fused cusp

Non-coronary cusp

FIGURE 14-14  Resection of leaflet prolapse. A, The redundant central portion of the larger (fused) leaflet is resected and B, is closed primarily to restore 
normal coaptation level. (Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion 
to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)
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rate of 1.3% and length of stay of 7.8 days for the year 2006.45 
Among patients 80 to 85 years of age, 30-day mortality was 4.9% 
with an observed stroke rate of 2.0%.45

Experience at centers of excellence within the last 5 years have 
demonstrated significantly improved operative mortality, less 
than 1%, after isolated AVR.46-50 The incidence of perioperative 
stroke in these contemporary series ranged from 0% to 1.9%, and 
the length of stay was as short as 5 days.47 Di Eusanio et al49 
reported a 3-year survival rate, comparable to the life expectancy  
of an age- and gender-matched 2006 population (82% vs. 81%;  
P = 0.157).49 Overall, the reported patient survival rates at 1 and 
3 years in these series were 94% to 97% and 88% to 94%, 
respectively.

In the prospective, randomized, multicenter Placement of 
Aortic Transcatheter Valves (PARTNER) trial comparing high-risk 
patients (mean STS score 11.8%) receiving TAVI or AVR for severe, 
symptomatic AS, outcomes for both procedures were excellent.2 
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Similarly, the modified Bentall procedure using a bioprosthetic 
valve has been shown to have excellent outcomes. In 2007, the 
Mount Sinai group reported 12 years of experience with 275 
patients.59 The results showed an operative mortality of 6.2% with 
75% overall survival at 5 years. The rates of stroke and significant 

rationale for prophylactic repair at a smaller size is to prevent 
future aneurysmal degeneration requiring later reoperative 
cardiac surgery.23

These guidelines are predicated on an operative risk for aortic 
root replacement of less than 5%. Currently, no risk model is avail-
able to predict the risk of operative mortality for aortic root 
replacement. However, results from two national registries dem-
onstrate that elective aortic root replacement is associated with 
an operative mortality of 4.5% to 5.8%.52,53 The United Kingdom 
registry (1962 patients undergoing any first-time aortic root 
replacement from 1986 to 2004) identified concomitant CABG 
(odds ratio [OR] 3.38), nonelective surgery (OR 3.20), left ven-
tricular ejection fraction less than 50% (OR 2.63), valve size less 
than 23â•¯mm (OR 1.97), hospital volume 8 cases or fewer per year 
(OR 1.53), and age more than 70 years (OR 1.20) as independent 
risk factors for early death.53 The STS database (13,358 patients 
undergoing either elective aortic root replacement or AVR/
ascending aortic procedure from 2004 to 2007) demonstrated a 
58% difference in operative mortality between high-volume and 
low-volume centers, with the most pronounced difference in 
centers performing fewer than 30 cases per year (P = 0.001).52 
Moreover, when complicating factors such as reoperative cardiac 
surgery, emergency operations for aortic dissections, and complex 
infective endocarditis are involved, differences between out-
comes of procedures performed in high-volume and low-volume 
centers may be even more pronounced.

Aortic Root Replacement with Composite 
Valve-Graft (Modified Bentall Procedure)
The replacement of the entire aortic root, including both the 
aortic wall and the aortic valve, was first described in 1968  
by Bentall and De Bono.54 In this procedure, a mechanical valve 
was attached to the end of a Dacron tube graft to construct  
a composite valve-graft. The composite valve-graft was then 
implanted inside the native aortic root at the level of the aortic 
annulus. Holes were made in the side of the Dacron graft, and the 
two coronary ostia were reattached to the graft by sewing of the 
graft to the aortic wall around the ostia. The distal end of the graft 
was sewn inside the distal aorta, and the native aortic wall was 
completely closed over the Dacron graft. The “classic” Bentall 
procedure was performed to control bleeding from the coronary 
artery suture lines and porous graft material used in that era; 
however, long-term follow-up showed that this procedure was 
prone to pseudoaneurysm formation. This classic Bentall proce-
dure is no longer performed in modern-day practice.

Current technique of aortic root replacement with comÂ�
posite valve-graft is a modification of the Bentall procedure 
(Figure 14-15).55 In this modification, the composite valve-graft 
is implanted at the aortic annulus in a similar fashion; howÂ�
ever, coronary reconstruction is performed by reattaching the  
coronary ostia as “buttons” rather than using the classic “inclu-
sion” technique. Other, less common techniques of coronary 
reconstruction include creation of a Dacron bypass graft to the 
coronary ostia (Cabrol technique, Figure 14-16),56 interposition 
of a saphenous vein graft to the coronary ostia (Kay-Zubiate tech-
nique, Figure 14-17),57 and traditional CABG to the epicardial 
arteries. These advanced techniques for coronary reconstruction 
are typically used during reoperative aortic root surgery in which 
the coronary arteries are “frozen” and cannot be mobilized from 
the surrounding scar tissue.

The modified Bentall procedure using a mechanical valve has 
been used extensively in young patients with Marfan syndrome. 
In 2002, the Johns Hopkins group reported 24 years of experience 
with this operation in 271 patients with Marfan syndrome.58 The 
results show an operative mortality of 0% with 84% actual overall 
survival at 24 years. Actuarial rates of 20-year freedom from 
thromboembolism, endocarditis, and reoperation were 93%, 90%, 
and 74%, respectively.

FIGURE 14-15  Modified Bentall procedure. The current configuration of 
freestanding complete aortic root replacement with a mechanical valved 
conduit, with coronary buttons reimplanted into the conduit. (Reprinted from 
Stelzer P, Adams DH. Surgical approach to aortic valve disease. In: Otto CM, Bonow 
RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease.  
3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)

FIGURE 14-16  Cabrol technique for coronary reconstruction. In cases 
in which the coronary arteries cannot be safely mobilized for reimplantation in 
the conduit, coronary reconstruction can be accomplished by sewing a syn-
thetic polyester (Dacron) tube graft from coronary os to os, followed by a 
side-to-side anastomosis to the conduit. 
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FIGURE 14-17  Kay-Zubiate technique. An alternative technique for coronary reconstruction during aortic root replacement is performed with use of saphe-
nous vein as interposition grafts between the aortic graft and native origins of the coronary arteries. (Reprinted with permission from Weldon, SC, Conners, JP, Martz, 
MN. Use of saphenous vein to extend and relocate coronary arteries: clinical experience during extensive reconstructive operations of the aortic root. Arch Surg 
2003;114:1330–5.)

FIGURE 14-18  Bio-Bentall procedure. The biological valve is first attached 
to the conduit, and then the composite is attached to the aortic root. Coronary 
arteries are reimplanted into the graft. (Reprinted from Stelzer P, Adams DH. Surgi-
cal approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart 
disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier 
Science; 2009. p. 187–208.)

hemorrhage were 0.85 and 0.3 per 100 patient-years, respectively. 
Only one patient required a reoperation. Impregnated Dacron 
grafts cannot be stored with bioprosthetic valves; therefore, com-
posite valve-grafts are not typically premanufactured. Construc-
tion of a composite valve-graft at the time of operation allows for 
greater versatility in bioprosthetic valve type and size while 
adding little time to the operation (Figure 14-18).

Overall, the modified Bentall procedure with replacement of 
both the ascending aorta and aortic valve is the gold standard 
operation for aortic root replacement. The technique is reproduc-
ible and safe. Proven durability of more than 20 years is the 
benchmark for the many alternative techniques.

Valve-Sparing Aortic Root Replacement (David 
and Yacoub Procedures)

Aortic root replacement with preservation of the native aortic 
valve was first described in the early 1990s by Sir Magdi Yacoub 
and Tirone David. Both the remodeling technique (Yacoub pro-
cedure) and the reimplantation technique (David procedure) 
have the common advantage of sparing the native aortic valve, 
thereby eliminating the need for a prosthetic valve and preserving 
the flow characteristics of a normal aortic valve. Theoretical dis-
advantages of the valve-sparing aortic root replacement include 
abnormal eddy currents within the neoroot, which can increase 
stress during leaflet closure and contribute to abnormal coronary 
flow reserve.60 The possibility of leaflet trauma on the Dacron 
graft may be mitigated by recreating pseudo-sinuses with the 
Dacron graft.61
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Aortic Root Enlargement
The aortic root can be enlarged by dividing the annulus and 
augmenting the root with a patch. The most common technique 
involves enlarging the posterior annulus of the aortic root at the 
noncoronary cusp as described by Nicks et al65 (posterior root 
enlargement; Figure 14-21). The division of the aortic root can be 
extended through the aortic annulus into the anterior leaflet of 
the mitral valve as described by Manougian etâ•¯al.66 Both proce-
dures require repair of the defect with a patch of bovine pericar-
dium, autologous pericardium, or synthetic graft, which effectively 
enlarges the aortic annulus. The latter procedure allows for place-
ment of a larger patch but also requires repair of the dome of the 
left atrium and the anterior leaflet of the mitral valve.66 Anterior 
annulus enlargement (Konno procedure)67 is more commonly 
used in a pediatric patient when the left ventricular outflow tract 
itself requires enlargement for subvalvular stenosis. This tech-
nique enlarges the anterior aortic annulus just to the left of the 
right coronary os, through the ventricular septum, into the right 
ventricular outflow tract. The resulting defect is closed with a 
pericardial or synthetic patch. Both posterior and anterior aortic 
root enlargement techniques allow for implantation of a larger 
aortic prosthesis.

The indication for a root enlargement procedure is the pres-
ence of a small aortic annulus that would accommodate an  
aortic prosthesis that is too small relative to patient size, resulting 
in patient-prosthesis mismatch (PPM). The concept of PPM can 
be quantified using the indexed effective orifice area (EOAi). 
Current guidelines published by the Association Society of Echo-
cardiography defines PPM as absent if EOAi is 0.85â•¯cm2/m2 or 
higher, moderate if it is lower than 0.85â•¯cm2/m2 but higher than 
0.60â•¯cm2/m2, and severe if it is 0.60â•¯cm2/m2 or lower.68 More-
over, the guidelines suggest that PPM should not be considered 
unless corroborated by additional echocardiographic evidence, 
such as aortic jet velocity higher than 3â•¯m/s, acceleration time 
less than 100 msec, and dimensionless velocity index less  
than 0.25.

Successful preservation of the native aortic valve is more likely 
in patients with normal or near-normal leaflets. Thinning of the 
cusps secondary to severely enlarged roots can cause stress fen-
estrations toward the commissures. When more than one cusp is 
involved, repair is not advised.25 Valves with AR are typically 
secondary to cusp prolapse and can be repaired with techniques 
described earlier in this chapter. Preventing leaflet prolapse 
during the procedure has been shown to improve durability.36 
Results of the valve-sparing aortic root replacement have been 
reported for both procedures, and long-term follow-up has shown 
that reintervention rates are lower with the David procedure than 
with the Yacoub procedure.62

YACOUB PROCEDURE

The remodeling technique for valve-sparing aortic root replace-
ment (Yacoub procedure) involves resection of the sinus tissue 
and construction of neo-sinuses using a tailored Dacron graft 
(Figure 14-19). The coronary arteries are reimplanted in their cor-
responding neo-sinuses as buttons, as in the modified Bentall 
procedure. In this procedure, however, the aortic annulus is not 
supported by the Dacron graft and is best suited for patients 
without annular dilation or a predisposition to future annular 
dilation.

DAVID PROCEDURE

The reimplantation technique for valve-sparing aortic root replace-
ment (David technique) involves resection of the sinus tissue and 
reimplantation of the native aortic valve within a Dacron graft 
(Figure 14-20). The coronary arteries are reconstructed as coro-
nary buttons for the corresponding neo-sinus. Because the 
annulus is enclosed with the Dacron graft, the size of the annulus 
can be reduced, and further dilation prevented. Several modifica-
tions of the David procedure have been described, with newer 
modifications attempting to construct bulging neo-sinuses to 
mimic the natural aortic root.63,64

FIGURE 14-19  Yacoub procedure. A, The sinuses are cut out, and the commissures are carefully suspended to maintain root height. B, The sinuses are effec-
tively replaced with tailored “tongues” of vascular graft, with the longest parts of the graft placed at the depth of each sinus. (Reprinted from Stelzer P, Adams DH. 
Surgical approach to aortic valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier 
Science; 2009. p. 187–208.)
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FIGURE 14-20  David procedure. Aneurysmal root (A) is resected (B), including sinuses of Valsalva, with coronary “buttons” mobilized away. C, Subannular 
sutures (six to eight) are placed. Commissural posts are drawn up inside the valve, and the annular sutures are passed through the proximal end of the graft.  
D, Annular sutures are tied gently. Then the valve is reimplanted with continuous 5-0 polypropylene suture inside the graft. Aortic continuity is reestablished with 
another graft of a size appropriate to the desired sinotubular junction and proximal arch. (Reprinted from Stelzer P, Adams DH. Surgical approach to aortic valve disease. 
In: Otto CM, Bonow RO, editors. Valvular heart disease: a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: Elsevier Science; 2009. p. 187–208.)

A

B

C

D

FIGURE 14-21  Root enlargement. A, Incision in the non-
coronary sinus is carried down into the anterior mitral leaflet.  
B, A patch of pericardium is used to expand the leaflet, annulus, 
and aortic wall to allow implantation of a larger aortic valve. 
(Reprinted from Stelzer P, Adams DH. Surgical approach to aortic 
valve disease. In: Otto CM, Bonow RO, editors. Valvular heart disease: 
a companion to Braunwald’s heart disease. 3rd ed. Philadelphia: 
Elsevier Science; 2009. p. 187–208.)A B
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enlargement, or progression of AR) are ideal candidates for aortic 
root replacement. To avoid future aortic root surgery, some 
centers favor an aggressive approach to aortic root replacement 
for acute type A aortic dissection.78

In patients with normal aortic sinuses, an AVR can be per-
formed when the aortic valve has intrinsic pathology such as 
sclerosis, calcifications, or stenosis. The technique of AVR with a 
separate supracoronary graft has limited utility in acute type A 
aortic dissection because of the combined disadvantage of retain-
ing abnormal aortic sinus tissue and exposing the patient to risks 
of a prosthetic valve.

The use of intraoperative transesophageal echocardiogram is 
mandatory in the evaluation of the aortic root in order to assist 
the surgeon with management of the aortic root. The conservative 
approach using valve resuspension is expeditious and effectively 
addresses acute AR during an emergency operation. Neverthe-
less, patients undergoing valve resuspension have a 20% to 25% 
risk of late aortic root enlargement or significant AR requiring 
reoperation79 and should be carefully monitored during long-term 
follow-up.

Aortic Valve Replacement after Coronary 
Artery Bypass Grafting Surgery
AS and coronary artery disease (CAD) frequently coexist because 
of common pathophysiology.80 A significant subset of patients 
with AS requiring AVR has had previous CABG (43% in the 
PARTNER Trial).2 Often AS is recognized at the time of the index 
CABG, and currently guidelines recommend AVR at the time of 
CABG in patients with AS that is severe (class I) or moderate (class 
IIa).9 Moreover, a class IIb guideline recommendation exists for 
concomitant AVR in patients who have mild AS but who are at 
risk for rapid progression, such as those with moderate to severe 
valve calcification.9

Reoperative cardiac surgery can be complicated by injury to 
cardiovascular structures during sternal reentry, in particular, 
injury to patent bypass grafts in patients with previous CABG. AVR 
after prior CABG was previously associated with an operative 
mortality as high as 14%.81 However, current series show that 
operative mortality is approximately 3.8% even in patients with 
patent bypass grafts.82 Reoperative cardiac surgery has therefore 
become safer with appropriate perioperative planning and is not 
a contraindication to AVR.

The management of a patent internal mammary artery graft 
during AVR after CABG requires attention to preoperative plan-
ning and operative management. Some surgeons consider the 
presence of a patent internal mammary artery graft crossing the 
midline and directly adherent to the sternum to be a high-risk 
factor, because injury to the internal mammary artery graft during 
reoperation is associated with increased operative mortality. 
Routine preoperative high-resolution computed tomography is 
indispensable in identifying patients with cardiovascular struc-
tures at risk for injury during sternal reentry.83 Exposure of periph-
eral vessels (axillary or femoral) for cardiopulmonary bypass and 
institution of cardiopulmonary bypass prior to sternal reentry are 
useful strategies when injury to underlying structures is immi-
nent.84 Injury to the internal mammary artery graft is, neverthe-
less, associated with an operative mortality in current large series 
of 12% to 17.9%.83,84

Myocardial protection in patients with a patent left internal 
mammary artery grafts to the left anterior descending coronary 
artery poses another challenge during AVR. The traditional strat-
egy of clamping the left internal mammary artery graft during 
cardioplegic arrest of the heart can risk injury to the graft itself 
during the initial identification and exposure. The alternative 
strategy, of leaving the left internal mammary artery graft 
unclamped, can safely be performed by including moderate sys-
temic hypothermia and delivery of retrograde cardioplegia during 
cardioplegic arrest. This alternative strategy has been associated 

The significance of PPM remains controversial in terms of both 
incidence and clinical relevance. Pibarot et al69 have shown that 
PPM is seen in up to 70% of AVRs, but other studies have reported 
a prevalence of severe PPM of less than 1%.70 Several large studies 
have provided evidence that PPM has a significant negative 
impact on postoperative survival,71-74 although other studies have 
suggested that PPM has no impact on short-term or long-term 
mortality.75,76

The prevention of PPM by means of aortic root enlargement 
during AVR has declined as a result of improved hemodynamics 
of both mechanical and bioprosthetic valves. An alternative strat-
egy to prevent PPM includes aortic root replacement (described 
previously). The possibility of a valve-in-valve procedure for failed 
bioprostheses is another consideration when one is performing 
AVR in a small aortic root. The patient with a small bioprosthetic 
valve, such as those 19 or 21â•¯mm, may not be a candidate for a 
future valve-in-valve procedure because the rigid stent of the 
bioprosthetic valve limits the size of the intended transcatheter 
heart valve.

Special Challenges

Aortic Dissection
Acute type A aortic dissections are associated with significant AR 
in approximately one half of patients which is typically caused by 
prolapse of detached commissures from the aortic wall.77 The 
intraoperative management of the aortic valve and root remains 
controversial. Correction of the AR can be performed with resus-
pension of the aortic valve via suture fixation of the commissure 
to the aortic adventitia (Figure 14-22). Reattachment of the dis-
sected layers can be supplemented with biological glue, felt, or 
fabric graft reinforcement.

Alternatively, an aortic root replacement with composite valve-
graft or a valve-sparing technique can be employed. Patients with 
intrinsic root abnormality (such as patients with Marfan syn-
drome, preexisting annuloartic ectasia prone to future root 

FIGURE 14-22  Aortic valve resuspension. When an aortic dissection 
extends into the aortic root, valve competency can be restored by resuspen-
sion of the commissures to aortic adventitia using polytetrafluoroethylene 
(Teflon) felt pledgeted sutures. The dissected layers can then by reapproxi-
mated with surgical adhesives or fabrics. (Reprinted with permission from Arom 
KV, Grover FL. Adult cardiac surgery during the first 50 years of the Southern Thoracic 
Surgical Association. Ann Thorac Surg 2003;76:S17–46.)
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to AS or AR. Reoperation may also be required because of aneu-
rysm of the unresected native aorta or because of a pseudoaneu-
rysm of the replaced root at the anastomotic lines. Common 
clinical scenarios include patients with failed pulmonary auto-
grafts (Ross procedure) and failed aortic homografts. The chal-
lenge in reoperative aortic root replacement is the management 
of the native coronary arteries as they arise from the replaced 
root. Unlike in primary operations, the coronary arteries can be 
difficult to mobilize from the surrounding scar tissue, resulting in 
the inability to fashion a reliable coronary button for reimplanta-
tion (“frozen button”). Alternative techniques to manage frozen 
buttons include construction of a Dacron tube connecting the 
ostia of both coronary arteries (see Figure 14-16, Cabrol tech-
nique) and construction of an interposition vein graft (see Figure 
14-17; Kay-Zubiate technique).56,57 If the coronary arteries cannot 
be reconstructed, then ligation with standard CABG is a less desir-
able but viable option.

In some circumstances after failed aortic root replacement, 
only the aortic valve requires replacement. This option is attrac-
tive because the coronary arteries can be left in place without the 
need for complex reconstruction. The outcomes after reoperative 
aortic root replacements are understandably less favorable than 
those after primary aortic root replacements but are acceptable. 
The largest series of repeat aortic root replacement demonstrated 
an operative mortality of 7%.89 Factors associated with poor 
outcome include age, chronic obstructive pulmonary disease, 
and ejection fraction less than 30%.89 The option of a valve-in-
valve procedure using a transcatheter heart valve may be an 
acceptable option for failed aortic root replacement with SVD, 
although it does not address the often coexisting ascending aortic 
pathology.

Porcelain Aorta
Porcelain aorta is the presence of concentric calcification of the 
entire ascending aorta (Figure 14-24). During standard AVR, the 
ascending aorta is typically cannulated and cross-clamped. 
Therefore, the presence of porcelain aorta prevents standard 
approaches to AVR. Alternative sites of cannulation for cardiopul-
monary can easily be used, the most common peripheral site 

with comparable operative mortality and avoids the risk of injury 
to the graft.85,86

Second Aortic Valve Replacement Procedure
SVD of bioprosthetic valves is the most common indication for 
repeat AVR. Other indications are prosthetic valve endocarditis, 
pannus formation, and valve thrombosis with either bioprosthetic 
or mechanical valves. Increasing use of bioprosthetic valves in 
younger populations may lead to future need for interventions 
secondary to SVD. Fortunately, repeat AVR remains a safe proce-
dure, with an operative mortality of 5%.87

A special concern with repeat AVR involves the management 
of new ascending aortic aneurysms after previous AVR. Preopera-
tively, the use of contrast-enhanced imaging to determine the 
relationship of the aneurysm to the sternum can significantly 
change the operative technique. For patients with an aneurysm 
adherent to the sternum, cardiopulmonary bypass via peripheral 
cannulation should be instituted prior to sternal reentry. The use 
of the axillary artery for arterial cannulation is preferred over the 
femoral artery in these cases because of the lower risk of stroke 
and operative mortality.88 This technique can allow for temporary 
decompression of the aneurysm by inducing low pump flows to 
allow for safe division of the sternum. In addition, rapid institution 
of cardiopulmonary bypass with hypothermia can avert major 
neurologic injury if catastrophic arterial injury to the aneurysm 
occurs during reentry.

A patent saphenous vein bypass graft arising from new ascend-
ing aortic aneurysm is managed according to the amount of 
disease present in the graft. For a vein graft with no significant 
atherosclerotic disease, a patch of aorta containing the proximal 
anastomoses can be reimplanted on the Dacron graft (Figure 
14-23). Alternatively, a new saphenous vein graft can be used to 
replace part or all of the old diseased graft with construction of 
a separate proximal anastomosis.

Failed Aortic Root Replacements
Patients who have had previous aortic root replacements, particu-
larly younger patients, may require reoperation for SVD leading 

FIGURE 14-23  Aneurysm after bypass grafting. A, Patent grafts arise from a new ascending aneurysm. B, The right coronary graft is extended with a new 
segment of saphenous vein. The left-sided grafts are reimplanted as a single island of native aorta. 
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replacement in standard fashion. Results of these approaches are 
shown in Table 14-5.

Another surgical approach to porcelain aorta is the apico-aortic 
conduit (or aortic valve bypass).90 In this approach, a left thora-
cotomy is performed and the ascending aorta is avoided  
altogether. A valved-conduit is then constructed from the left 

being the right axillary artery. The porcelain aorta cannot be 
clamped; therefore, hypothermic circulatory arrest must be uti-
lized in order to open the ascending aorta in a bloodless fashion. 
During hypothermic circulatory arrest, three procedures can be 
performed. The first procedure is to open the aorta (without 
cross-clamping) and complete the entire valve replacement 
during hypothermic circulatory arrest. The second is to perform 
an aortic endarterectomy, clamp the decalcified ascending  
aorta, resume cardiopulmonary bypass, and perform the valve 
replacement in the standard fashion. The third is to replace the 
ascending aorta during hypothermic circulatory arrest with a 
synthetic graft (typically Dacron), clamp the synthetic graft, 
resume cardiopulmonary bypass, and complete the valve 

FIGURE 14-24  Porcelain aorta. A, Radiographic appearance of calcified aortic wall at catheterization. A dense strip of calcification can be seen in both the 
greater and lesser curvatures in this left anterior oblique aortogram. B, Artist’s conception of the calcified wall seen in cutaway view with close-up (inset). 

A B

TABLE 14-5â•… Results of Hypothermic Circulatory Arrest 
for Patient with Porcelain Aorta

AUTHOR 
(YEAR)* METHOD(S) (n)

STROKE 
(%)

MORTALITY 
(%)

Gillinov 
etâ•¯al 
(2000)

Inspect and cross-clamp  
(n = 6)

0 0

AVR, HCA (n = 24) 17 12
AVR, aortic endarterectomy, 

HCA (n = 16)
12 19

AVR, aortic replacement, 
HCA (n = 12)

0 25

Aranki 
etâ•¯al 
(2005)

AVR, HCA (n = 13) 15 0
AVR, aortic endarterectomy, 

HCA (n = 13)
7.6 0

AVR, aortic replacement, 
HCA (n = 44)

11.3 6.8

AVR, Aortic valve replacement; HCA, hypothermic circulatory arrest.
*Data from Gillinov AM, Lytle BW, Hoang V, et al. The atherosclerotic aorta at aortic valve 
replacement: surgical strategies and results. J Thorac Cardiovasc Surg 2000;120:957-65, and 
Aranki SF, Nathan M, Shekar P, et al. Hypothermic circulatory arrest enables aortic valve 
replacement in patients with unclampable aorta. Ann Thorac Surg 2005;80:1679–87.

FIGURE 14-25  Apico-aortic conduit. A valved-conduit is attached to 
the left ventricular apex and the descending thoracic aorta via a left thora-
cotomy (Arrows indicate direction of blood flow). 
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longer in partial sternotomy).92 Benefits of the partial sternotomy 
approach included a shorter in-hospital stay (weighted mean dif-
ference [WMD] 0.9 days), less ventilator time (WMD 2.1 hours), 
and less blood loss within 24 hours (WMD 79â•¯mL).92

RIGHT ANTERIOR THORACOTOMY

The right anterior thoracotomy is performed through a horiÂ�
zontal skin incision measuring 4 to 7â•¯cm lateral to the sternum 
(Figure 14-27). The chest cavity is entered in either the second or 
third interspace, often with division of the right internal thoracic 
vessels. Cannulation for cardiopulmonary bypass and cardiople-
gic arrest is performed peripherally. The aortic valve is ade-
quately visualized, but specialized long-handled instruments 
are required to complete the valve replacement. Less data regard-
ing outcomes of this approach are available; however, single-
center series have demonstrated outcomes comparable to those 
of the complete sternotomy.93

AVR with Sutureless Prosthetic Valve
A sutureless valve is a bioprosthetic valve mounted on a metallic 
frame similar to a transcatheter heart valve. The first sutureless 
valve was implanted in a human in 2005 (Figure 14-28).94 Suture-
less valves are implanted with use of cardiopulmonary bypass 
and cardioplegic arrest after complete excision of the native 
aortic valve. Benefits of sutureless valve include rapid deployment 
and implantation under direct vision. Initial results show that 
these technical benefits can translate into shorter aortic cross-
clamp times95,96 and facilitate minimally invasive approaches 
(Figure 14-29).97 Whether sutureless valves will be comparable in 
hemodynamics to standard bioprosthetic valves, including low 
transvalvular gradients and absence of perivalvular regurgitation, 
remains to be proven (Table 14-6).97-99 As with all new valve tech-
nology, the long-term durability of sutureless valves has not been 
proven, except for those incorporating existing valve design 
(Figure 14-30). As of this writing, the Sorin Perceval S, Medtronic 

ventricular apex to the descending thoracic aorta (Figure 14-25). 
The stenosed native aortic valve is left in place, and blood is 
passed extra-anatomically through the valved-conduit. Outcomes 
of the apico-aortic conduit are limited but have demonstrated 13% 
perioperative mortality in a high-risk cohort (average age 81 
years, 16% with porcelain aorta).91 A disadvantage of this proce-
dure is that the procedure cannot be performed in patients with 
significant AR or with a severely calcified descending aorta.

Current Controversies

Minimally Invasive Approaches
The complete median sternotomy is the standard approach for 
AVR. Minimally invasive approaches to AVR include any incision 
that does not involve a complete median sternotomy. The upper 
hemisternotomy and the right anterior thoracotomy are the two 
most common minimally invasive approaches. Cosmesis has 
been the driving factor associated with the development of mini-
mally invasive approaches, but the approaches have not been 
shown to compromise safety or outcomes.92

UPPER HEMISTERNOTOMY

The upper hemisternotomy is performed through a vertical skin 
incision measuring 5 to 8â•¯cm below the angle of Louis (Figure 
14-26). The sternotomy is extended into the right third or fourth 
interspace. Cannulation for cardiopulmonary bypass and car-
dioplegic arrest can be performed through the incision or through 
peripheral sites. Exposure of the aortic valve is comparable to the 
complete sternotomy and does not require the use of special 
instruments. In a meta-analysis of 26 studies comparing AVR 
through a partial sternotomy (n = 2054) and AVR through a full 
sternotomy (n = 2532), no significant difference in operative mor-
tality was found between the two groups (OR 0.71, 95% CI 0.49-
1.02) despite a longer mean cross-clamp time (8-minute longer in 
partial sternotomy) and cardiopulmonary bypass time (12-minute 

FIGURE 14-26  Upper hemisternotomy. Through a vertical skin incision 
(dashed line), the upper sternotomy is divided and extended into either the 
third or fourth interspace, typically to the right. 

FIGURE 14-27  Right anterior thoracotomy. Through a horizontal skin 
incision (dashed line), the right pleural cavity is entered through either the 
second or third interspace, directly lateral to the sternal border. 
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to AVR because of the excellent results with AVR in patients with 
advanced age.9 Operative mortality in previous single-center 
series have ranged from 2.4% to 11.6% in the octogenarian group. 
In the largest sample of patients, involving 2945 octogenarians, 
the 2006 STS database reported a 4.7% mortality risk after isolated 
AVR in patients 80 to 90 years of age.45 Results from the PARTNER 
trial have established a benchmark for AVR in elderly patients.2 
In the group randomly assigned to AVR, 351 patients had an 
average age of 84 years with an STS PROM score of 12%. Observed 
30-day mortality was 6.5%, giving an impressive observed-to-
expected ratio of 0.54.

3f Enable, and Edwards Intuity have CE mark and are commer-
cially available only in Europe.

Aortic Valve Replacement in the Elderly
Increased life expectancy has led to the growing elderly popula-
tion frequently presenting with AS.100 Age has been perceived as 
a major deterrent to AVR, despite well-published reports on the 
success of isolated AVR in elderly patients.46,47,49,50,101 The 2006 
ACC/AHA guidelines state that age itself is not a contraindication 

FIGURE 14-28  Medtronic 3F Enable aortic bioprosthesis. This suture-
less valve (Medtronic, Inc., Minneapolis, Minnesota) incorporates equine peri-
cardial leaflets on a nitinol frame. 

FIGURE 14-29  Sorin PERCEVAL S valve. This sutureless valve (Sorin Group, 
Milan) incorporates bovine pericardial leaflets on a nitinol frame. 

TABLE 14-6â•… Sutureless Aortic Valves

MEDTRONIC 3F ENABLE SORIN PERCEVAL S EDWARDS INTUITY

Leaflet material Equine pericardium Bovine pericardium Bovine pericardium

Metal frame Nitinol Nitinol Stainless steel

Metal at inflow Yes Yes Yes

Metal at outflow Yes Yes No

Sizes (mm) 19, 21, 23, 25, 27, 29 21, 23, 25 19, 21, 23, 25, 27

Initial clinical experience (Author, year) Martens etâ•¯al (2011)98 Folliguet etâ•¯al (2012)97 Kocher et al (2013)98

Patients (n) 140 208 146

Minimally invasive approach (%) 20 22 30

Cross-clamp time (minutes)* 37 30 41

Operative mortality (%) 3.6 2.4 2.1

Mean gradient (mm Hg) 9.0 10.4 8.8

Significant perivalvular regurgitation (%) 2.1 4 1.4

Implantation of permanent pacemaker (%) 7 7 7

CE Mark obtained 2009 2011 2012

U.S. Food and Drug Administration investigational device exemption trial No No Yes

*Isolated aortic valve replacement.
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4.	 Medtronic Cardiovascular. Safety and efficacy study of the Medtronic CoreValve® 

system in the treatment of severe, symptomatic aortic stenosis in intermediate risk 
subjects who need aortic valve replacement (SURTAVI). <http://clinicaltrials.gov/show/
NCT01586910> NLM Identifier: NCT01586910.

5.	 Ali A, Halstead JC, Cafferty F, et al. Early clinical and hemodynamic outcomes after 
stented and stentless aortic valve replacement: results from a randomized controlled 
trial. Ann Thorac Surg 2007;83:2162–8.

6.	 Cohen G, Christakis GT, Joyner CD, et al. Are stentless valves hemodynamically superior 
to stented valves? A prospective randomized trial. Ann Thorac Surg 2002;73:767–75; 
discussion 775–768.

7.	 Cohen G, Zagorski B, Christakis GT, et al. Are stentless valves hemodynamically supe-
rior to stented valves? Long-term follow-up of a randomized trial comparing 
Carpentier-Edwards pericardial valve with the Toronto stentless porcine valve. J Thorac 
Cardiovasc Surg 2010;139:848–59.

8.	 Desai ND, Merin O, Cohen GN, et al. Long-term results of aortic valve replacement with 
the St. Jude Toronto stentless porcine valve. Ann Thorac Surg 2004;78:2076–83; discus-
sion 2076–83.

9.	 Bonow RO, Carabello BA, Kanu C, et al. 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): developed in collaboration with the Society of Cardiovascular Anesthesiolo-
gists: endorsed by the Society for Cardiovascular Angiography and Interventions and 
the Society of Thoracic Surgeons. Circulation 2006;114:e84–231.

10.	 Lehmann S, Walther T, Leontyev S, et al. Eight-year follow-up after prospectively ran-
domized implantation of different mechanical aortic valves. Clin Res Cardiol 
2008;97:376–82.

11.	 Bryan AJ, Rogers CA, Bayliss K, et al. Prospective randomized comparison of Carbo-
Medics and St. Jude Medical bileaflet mechanical heart valve prostheses: ten-year 
follow-up. J Thorac Cardiovasc Surg 2007;133:614–22.

12.	 Chambers JB, Pomar JL, Mestres CA, et al. Clinical event rates with the On-X bileaflet 
mechanical heart valve: a multicenter experience with follow-up to 12 years. J Thorac 
Cardiovasc Surg 2013;145:420–4.

13.	 Medical Carbon Research Institute, LLC. Prospective randomized On-X Anticoagula-
tion Clinical Trial (PROACT). <http://clinicaltrials.gov/show/NCT00291525> NLM Identi-
fier: NCT00291525.

14.	 Ross DN. Homograft replacement of the aortic valve. Lancet 1962;2:487.
15.	 Sales VL, McCarthy PM, Carr JC, et al. Near-complete obstruction of an aortic homo-

graft. Circulation 2012;125:e392–4.
16.	 Nowicki ER, Pettersson GB, Smedira NG, et al. Aortic allograft valve reoperation: surgi-

cal challenges and patient risks. Ann Thorac Surg 2008;86:761–8.
17.	 Ross D. The Ross operation. J Card Surg 2002;17:188–93.
18.	 Oxenham H, Bloomfield P, Wheatley DJ, et al. Twenty year comparison of a Bjork-Shiley 

mechanical heart valve with porcine bioprostheses. Heart 2003;89:715–21.
19.	 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 Veter-
ans Affairs randomized trial. J Am Coll Cardiol 2000;36:1152–8.

20.	 Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management of valvular 
heart disease (version 2012). Eur Heart J 2012;33:2451–96.

21.	 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;89:1410–6.

22.	 Yankah CA, Pasic M, Musci M, et al. Aortic valve replacement with the Mitroflow peri-
cardial bioprosthesis: durability results up to 21 years. J Thorac Cardiovasc Surg 
2008;136:688–96.

23.	 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;128:677–83.

24.	 Mykén PS, Bech-Hansen O. A 20-year experience of 1712 patients with the Biocor 
porcine bioprosthesis.J Thorac Cardiovasc Surg 2009;137:76–81.

25.	 David TE, Armstrong S, Maganti M, et al. Long-term results of aortic valve-sparing 
operations in patients with Marfan syndrome. J Thorac Cardiovasc Surg 2009;138:859–
64; discussion 863–854.

26.	 Banbury MK, Cosgrove 3rd DM, White JA, et al. Age and valve size effect on the long-
term durability of the Carpentier-Edwards aortic pericardial bioprosthesis. Ann Thorac 
Surg 2001;72:753–7.

27.	 Berrebi AJ, Carpentier SM, Phan KP, et al. Results of up to 9 years of high-temperature-
fixed valvular bioprostheses in a young population. Ann Thorac Surg 2001;71(Suppl):	
S353–5.

28.	 El Oakley R, Kleine P, Bach DS. Choice of prosthetic heart valve in today’s practice. 
Circulation 2008;117:253–6.

29.	 Rahimtoola SH. Choice of prosthetic heart valve in adults an update. J Am Coll Cardiol 
2010;55:2413–26.

30.	 Bapat V, Attia R, Redwood S, et al. Use of transcatheter heart valves for a valve-in-valve 
implantation in patients with degenerated aortic bioprosthesis: technical consider-
ations and results. J Thorac Cardiovasc Surg 2012;144:1372–9; discussion 1379–80.

31.	 Eggebrecht H, Schafer U, Treede H, et al. Valve-in-valve transcatheter aortic valve 
implantation for degenerated bioprosthetic heart valves. JACC Cardiovasc Interv 
2011;4:1218–27.

32.	 Webb JG, Wood DA, Ye J, et al. Transcatheter valve-in-valve implantation for failed 
bioprosthetic heart valves. Circulation 2010;121:1848–57.

33.	 Khawaja MZ, Haworth P, Ghuran A, et al. Transcatheter aortic valve implantation for 
stenosed and regurgitant aortic valve bioprostheses CoreValve for failed bioprosthetic 
aortic valve replacements. J Am Coll Cardiol 2010;55:97–101.

34.	 Eggebrecht H, Schafer U, Treede H, et al. Valve-in-valve transcatheter aortic valve 
implantation for degenerated bioprosthetic heart valves. JACC Cardiovasc Interv 
2011;4:1218–27.

Recovery is an equally important factor for patients with 
advanced age and a deterrent to AVR in the elderly. Despite 
improvement in patient survival, patients with advanced age 
undergoing cardiac surgery are at greater risk for prolonged 
recovery and poor functional outcome. Compared with patients 
less than 80 years, octogenarians are more likely to have a pro-
longed hospital stay after cardiac surgery, and approximately 50% 
of octogenarian are discharged to home directly from the hospi-
tal.47,102 Functional outcome and quality of life in patients with 
advanced age after cardiac surgery has not been well-studied. 
Frailty scoring (see Chapter 10) may emerge as a tool to predict 
poor functional outcome for octogenarians.9,103 The identification 
of frail patients may allow better patient selection for less invasive 
procedures, including TAVI.

Conclusion
Surgery of the aortic valve can now be accomplished with greater 
safety and efficacy in the majority of patients. In patients with 
higher operative risks, TAVI is already a proven acceptable alter-
native to AVR. The choice of valve prosthesis is guided by patient 
preference, life expectancy, and comorbidities relevant to SVD 
and anticoagulation. Aortic valve repair in the young patient with 
AR avoids the risks associated with valve prostheses, but long-
term durability is unknown. Aortic root surgery similarly can be 
performed with replacement of both the aortic valve and aortic 
wall, but valve-sparing techniques may offer the advantage of 
durability equivalent to that of normal native aortic valves with 
avoidance of prosthetic valve-related complications. Reoperative 
aortic valve and aortic root surgery, like isolated AVR, can be 
performed safely with best outcomes at high-volume centers.
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The outlook for patients with symptomatic valvular aortic stenosis 
(AS) is grave, with death rates of 51% at 1 year and 68% at 2 years 
in one series of patients who were deemed not to be surgical 
candidates and were treated with standard medical therapy 
(including balloon aortic valvuloplasty).1

Definitive therapy of valvular AS requires relief of obstruction 
to left ventricular ejection. Currently, open surgical aortic valve 
replacement (or repair in rare instances) (AVR) is the most com-
monly used modality and offers excellent long-term results.2 
However, given the aging of the population, the frequency of 
patients presenting for reoperation, and medical advances that 
have allowed patients with comorbidities to survive and present 
with valvular AS, a significant number of patients are deemed to 
have excessive risk for traditional surgery.3 Percutaneous tech-
niques, therefore, were developed initially to offer relief of obstruc-
tion to left ventricular ejection in patients who were not candidates 
for surgery.

Initial results with balloon aortic valvuloplasty were disappoint-
ing, with neither hemodynamic nor clinical improvement over the 
long term.4 The need for alternative treatment options, including 
transcatheter aortic valve implantation (TAVI), is demonstrated 
by the Euro Heart Survey on Valvular Heart Disease, in which up 
to one third of patients with symptomatic AS were denied tradi-
tional surgery.3,5

Interest in TAVI started with work of Andersen etâ•¯al6 in animals, 
followed by the work of a number of groups. Cribier etâ•¯al7 are 
credited with the first implantation in humans. Webb etâ•¯al8 popu-
larized the retrograde arterial approach (initially from the femoral 
artery), which is now the standard for TAVI. These pioneers led 
the development of percutaneous techniques for aortic valve 
implantation and have begun a new era in the therapy of patients 
with valvular AS.

TAVI is the only intervention for AS shown to prolong life in a 
randomized trial.1,9 In many experienced centers this procedure 
is now the standard of care for extremely high-risk or “inoperable” 
patients, and it is a valid alternative to surgery for many high-risk 
but “operable” patients. More than 100,000 TAVI procedures have 
been performed to date. In this chapter we present our current 
views on the valve designs, findings from randomized trials and 
registries, and implantation techniques for TAVI.

Percutaneous Aortic Valve Designs
Two types of aortic valves for percutaneous implantation have 
been used in a significant number of patients: balloon-expandable 
and self-expanding (Figure 15-1).

Balloon-Expandable Percutaneous Aortic Valves
Balloon-expandable prostheses for which there is extensive pub-
lished data for human implantation include the first-generation 

Key Points
■	 The outlook for patients with symptomatic valvular aortic stenosis is 

grave, with death rates of 50.7% at 1 year and 68% at 2 years in a 
series of high-risk patients deemed not to be surgical candidates and 
treated with standard medical (including balloon aortic valvuloplasty) 
therapy.

■	 Two types of aortic valves for percutaneous transcatheter aortic valve 
implantation (TAVI) have been used in a significant number of 
patients: balloon-expandable and self-expanding. Many new valve 
technologies are in development. 

■	 Data from randomized trials indicate that TAVI is superior to medical 
therapy in patients who cannot undergo surgery, and it is not inferior 
to surgical aortic valve replacement in high-risk surgical patients with 
aortic stenosis.

■	 TAVI is technically feasible in most patients with aortic stenosis. The 
larger question is when should TAVI be offered? Evaluation should 
identify patients in whom a significant improvement in quality and 
duration of life is likely and avoid unnecessary intervention in 
patients in whom the procedure can be performed but benefit is 
unlikely. For this reason evaluation of neurocognitive functioning, 
frailty, functional status, mobility, and social support is important in 
patient selection.

■	 Transthoracic and transesophageal echocardiography, cardiac 
computed tomography, and invasive angiography are all used to 
perform anatomic evaluations specific to TAVI.

■	 Evaluation of appropriate candidates for TAVI requires a 
noncompetitive team approach involving interventional cardiologists 
with expertise in structural heart disease, cardiac and vascular 
surgeons, anesthesiologists, imaging specialists, and specialized 
nurses. The proper equipment and a minimum volume of TAVI 
procedures performed per operator are required.

■	 Randomized trials and large registries of TAVI indicate procedural 
success rates of more than 95%, 30-day survival of more than 90%, 
meaningful improvement in quality of life, and acceptable 
complication rates (procedure-related stroke <2%, vascular access site 
complications <5%, permanent pacemaker rates <5%).

■	 Experience with TAVI within failed bioprostheses 
(valve-in-valve procedures) has been reported. Critical issues in 
achieving a successful valve-in-valve procedure include an 
understanding of the manufacturer sizing and labeling of surgical 
bioprostheses and correct positioning of the valve in valve. Early 
experience suggests that TAVI will be an important option for 
treatment of patients with failed bioprostheses.

■	 More than 100,000 TAVI procedures have been performed to 
date. Alternatives to TAVI include surgical aortic valve 
replacement, balloon aortic valvuloplasty (with or without 
external beam radiation), and apical-to-aortic conduits.
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to its length also extends superiorly to anchor in the supracoro-
nary aorta.

“Next-Generation” Valves
The ACURATE TA (Symetis Inc., Ecublens, Switzerland) (Figure 
15-3) is a nitinol-based valve that incorporate features that facili-
tate positioning and anatomic orientation in relation to the native 
valve commissures and coronaries. The valve is currently 
implanted only transapically. The system received CE Mark 
approval on September 30, 2011, on the basis of studies conducted 
at 6 sites in Germany enrolling 90 high-risk patients with severe 
AS.10 The mean logistic EuroSCORE (European System for Cardiac 
Operative Risk Evaluation) was 20.4 ± 8.7% and the Society of 
Thoracic Surgeons (STS) risk score was 8.4 ± 6.4%. All patients 
had New York Heart Association (NYHA) functional class III or 
IV heart failure symptoms, the average age was 84 ± 4 years, and 
69% were female. The procedural success rate was 94.4% (n = 85), 
with 2 patients requiring a valve-in-valve procedure and 3 patients 
requiring conversion to open surgery.

Thirty-day data included a 92.2% survival rate, a stroke rate of 
3.3%, and a myocardial infarction (MI) rate of 2.2%.

In an effort to reduce delivery catheter diameter, improve ease 
of positioning and sealing, or facilitate repositioning or removal, 
a number of newer transcatheter valves (see Figure 15-3) are in 
early clinical evaluation. Mostly nitinol based, the valves offer the 
following advantages:
•	 Lotus valve (Boston Scientific Inc., Natick, Massachusetts) is 

designed to expand laterally as longitudinal nitinol wires are 
retracted

Cribier-Edwards valve and the modified second-generation 
SAPIEN (SAPIEN and SAPIEN XT) series of valves (both from 
Edwards Lifesciences Corporation, Irvine, California) (see  
Figure 15-1).

On September 5, 2007, Edwards Lifesciences announced that it 
had received CE Mark approval for European commercial sales 
of its Edwards SAPIEN transcatheter aortic heart valve technology 
with the RetroFlex transfemoral delivery system. On March 5, 
2008, Edwards announced that the first three human implants of 
a next-generation SAPIEN XT Edwards transcatheter aortic heart 
valve had been performed at St. Paul’s Hospital in Vancouver, 
British Columbia, Canada.

This state-of-the-art Edwards SAPIEN XT transcatheter heart 
valve is a balloon-expandable cobalt chromium alloy tubular 
frame within which are sewn bovine pericardium leaflets. The 
inflow of the frame is covered with a fabric cuff to provide an 
annular seal (see Figure 15-1). For transarterial implantation, the 
transcatheter valve is compressed onto a low-profile NovaFlex 
(Edwards Lifesciences) delivery catheter (Figure 15-2) and intro-
duced through a sheath placed in the femoral artery. Alternatively 
a sheath can be placed surgically in the left ventricular apex  
or ascending aorta. The SAPIEN XT valve is balloon-expanded 
within the diseased native valve, displacing the diseased native 
leaflets. A low-profile (16F to 19F) SAPIEN XT/NovaFlex trans-
femoral system is in widespread clinical use in many countries. 
The first Placement of AoRTic TraNscathetER Valve (PARTNER I) 
trial (see The PARTNER Trial) used the earlier SAPIEN valve, 
which requires the use of larger-diameter (22F to 24F) sheaths; 
this is the current system used clinically in the United States (see 
Figure 15-2).

Self-Expanding Valves
The self-expanding valve with the most published human implan-
tation data is the CoreValve ReValving System (Medtronic, Inc, 
Minneapolis, Minnesota) (see Figure 15-1). Currently, 23-, 26-, 29-, 
and 31-mm devices allow treatment of patients with annulus diam-
eters from 20 to 29â•¯mm. The CoreValve technology features a 
multilevel frame with porcine pericardial leaflets. The term 
“frame” is used rather than “stent” because by engineering defini-
tion, a stent exhibits the same radial force at every point of its 
peripheral circumference; the CoreValve frame exhibits three 
entirely different radial and hoop strength levels at different parts 
of its peripheral circumference.

The CoreValve is compressed within an Accutrak delivery cath-
eter (Medtronic) (see Figure 15-2) and introduced through an 18F 
sheath into the common femoral or subclavian artery. Once the 
CoreValve is positioned correctly within the diseased native 
valve, the delivery catheter is withdrawn, releasing the valve. The 
multistage frame is anchored within the aortic annulus, but owing 

FIGURE 15-1  Current widely available transcatheter valves. A, The 
Edwards SAPIEN THV balloon-expandable valve (Edwards Lifesciences Corpora-
tion, Irvine, California) incorporates a stainless steel frame, bovine pericardial 
leaflets, and a fabric sealing cuff. B, The SAPIEN XT THV (Edwards Lifesciences) 
utilizes a cobalt chromium alloy frame and is compatible with lower-profile 
delivery catheters. C, The Medtronic CoreValve (Medtronic, Inc, Minneapolis, 
Minnesota) incorporates a self-expandable frame, porcine pericardial leaflets, 
and a pericardial seal. (From Webb JG, Wood DA. Current status of transcatheter 
aortic valve replacement. J Am Coll Cardiol 2012;60:483–92.)

A B C

FIGURE 15-2  Valve delivery catheters. A, Top, the RetroFlex 1 delivery 
system for the Edwards SAPIEN THV (Edwards Lifesciences Corporation, Irvine, 
California) as used in the PARTNER 1 (Placement of AoRTic TraNscathetER Valve 
1) trials (8-mm diameter). Middle, the RetroFlex 3 system (Edwards Lifesciences). 
Bottom, the NovaFlex/SAPIEN XT system (6-mm diameter; Edwards Life-
sciences). B, The Accutrak delivery system with the Medtronic CoreValve (6-mm 
diameter, also with a tapered nose cone; Medtronic, Inc, Minneapolis, Minne-
sota). The prosthesis is enclosed within an outer sheath. (From Webb JG, Wood 
DA. Current status of transcatheter aortic valve replacement. J Am Coll Cardiol 
2012;60:483–92.)

A

B



221

C H
15

T
ra


n

s
catheter











 A

o
rtic




 V
a

lve


 Imp


l
a

n
tati




o
nwho had undergone TAVI were in NYHA class II or lower, versus 

42.0% of those treated with standard therapy) and 6-minute walk 
test. The rate of major stroke was numerically (but not statisti-
cally) higher with TAVI, whereas those of vascular complications 
and major bleeding were significantly higher (see Table 15-1). The 
SAPIEN valve demonstrated good hemodynamic performance.

In the 2-year follow-up of PARTNER part B, mortality remained 
lower in the TAVI group that in the standard therapy group (43.3% 
versus 68%), and the TAVI group had lower mortality between 
years 1 and 2 (18.2% mortality in patients alive at 1 year in the 
TAVI group versus 35.1% mortality in patients alive at 1 year in the 
standard therapy group).1 It was noted that TAVI did not improve 
mortality in patients with an STS risk score higher than 14.9% 
upon entry into the trial. Rates of all strokes were higher in the 
TAVI group (13.8% versus 5.5%), the excess driven primarily by 
hemorrhagic events.

PARTNER part A compared transfemoral and transapical TAVI 
with surgical AVR.11 One-year data showed the non-inferiority of 
TAVI (death from all causes 24.2% with TAVI versus 26.8% with 
standard surgery). Of the 699 patients undergoing random alloca-
tion, 42 did not undergo the assigned procedure (4 in the TAVI 
group and 38 in the surgical group). Rates of major strokes were 
numerically (but not significantly) higher in the TAVI group. Sub-
group analysis indicated that women and patients who had not 
undergone previous coronary artery bypass grafting (CABG) 
may benefit more from TAVI than from standard surgical AVR.

The 2-year follow-up of PARTNER part A showed that the rates 
of death from any cause were not different between TAVI and 
surgical AVR (33.9% versus 35%), and the rate of stroke remained 
numerically (but not statistically significantly) higher in the TAVI 
group.12 Multivariate predictors of mortality in the TAVI group 
included a higher body mass index (BMI) and higher preproce-
dure transvalvular gradient predicting lower risk, and reduced 

•	 Direct Flow valve (Direct Flow Medical Inc., Santa Rosa, California) 
has a tubular fabric frame that is inflated with a rapidly setting 
polymerizing agent

•	 ACURATE TA, already described, and Portico (St. Jude Medical, 
Inc., St. Paul, Minnesota) valves extend from the annulus to the 
supracoronary aorta to assist in coaxial alignment and fixation 
(like CoreValve)

•	 Engager (Medtronic) and JenaValve (JenaValve Technology, 
Munich) valves incorporate features that facilitate positioning and 
anatomic orientation in relation to the native valve commissures 
and coronaries.
Experience with these newer valve technologies is limited. 

Whether clinical outcomes will be equivalent or superior to those 
of currently available TAVI systems is unknown.

Randomized TAVI Trials

The PARTNER Trial
The main 1- and 2-year results of the PARTNER trial1,9,11,12 are pre-
sented in Table 15-1. The following points deserve emphasis when 
one considers the results of the trial. The trial used early-
generation TAVI systems (SAPIEN 23-mm and 26-mm valves with 
22F and 24F femoral delivery catheters) in centers with minimal 
operator experience with TAVI.

PARTNER part B compared transfemoral TAVI with standard 
therapy (including balloon aortic valvuloplasty).9 At 1-year 
follow-up, the rates of death were 50.7% in the standard therapy 
group and 30.7% in the TAVI group; only five patients needed to 
be treated with TAVI to prevent one death at 1 year. TAVI was 
associated with a significant reduction in symptoms at 1 year as 
assessed by NYHA functional class (74.8% of surviving patients 

FIGURE 15-3  Valves undergoing early evaluation. A, Lotus (Boston Scientific Inc., Natick, Massachusetts); B, Direct Flow (Direct Flow Medical Inc., Santa 
Rosa, California); C, HLT (Bracco Inc., Princeton, New Jersey); D, Portico (St. Jude Medical Inc., St. Paul, Minnesota), E, Engager (Medtronic, Inc, Minneapolis, Min-
nesota); F, JenaValve (JenaValve Technology, Munich); G, ACURATE TA(Symetis Inc., Ecublens, Switzerland); and H, Inovare (Braile Biomedica Inc., São José do Rio 
Preto, Brazil). (From Webb JG, Wood DA. Current status of transcatheter aortic valve replacement. J Am Coll Cardiol 2012;60:483–92.)
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TABLE 15-1	 Design and Results of the PARTNER and STACCATO Trials

TRIAL AND 
DESCRIPTION INCLUSION CRITERIA EXCLUSION CRITERIA

BASELINE 
DEMOGRAPHICS RESULTS

PARTNER Part B: TAVI vs. 
standard therapy in 
“nonoperable” patients

Cardiac symptoms (NYHA II, 
III, or IV)

Severe AS (AVA <0.8â•¯cm2 plus 
mean gradient ≥40â•¯mm Hg 
or peak jet velocity 
≥4.0â•¯m/s

Not suitable candidates for 
traditional surgical AVR

Bicuspid or noncalcified 
aortic valve

Acute MI
CAD requiring 

revascularization
LVEF <20%
Aortic annulus diameter 
<18â•¯mm or >25â•¯mm

Severe (4+) aortic or mitral 
regurgitation

Stroke or TIA within past 6 
months

Severe renal insufficiency

Mean age 83 years
46% male
Mean STS score 11.6%
NYHA III or IV 93%
CAD 71%, COPD 47% 

(O2-dependent 23%), 
extensively calcified 
aorta (15%), chest wall 
deformity or deleterious 
effects of chest wall 
irradiation (13%), frailty 
according to prespecified 
criteria (23%)

1-year follow-up:
Primary end point: all-cause 

mortality:
30.7% TAVI
50.7% standard therapy
(P <0.001)

Co-primary end point: composite 
of all-cause mortality or repeat 
hospitalization:
42.5% TAVI
71.6% standard therapy
(P <0.001)

Major strokes:
7.8% TAVI
3.9% standard therapy
(P = 0.18)

Composite of all-cause mortality 
or stroke:
33.0% TAVI
51.3% standard therapy
(P <0.001)

2-year follow-up:
All-cause mortality:

43.3% TAVI
68.0% standard therapy
(P <0.001)

PARTNER Part A: TAVI vs. 
surgical AVR in high-risk 
patients

Cardiac symptoms (NYHA II, 
III, or IV)

Severe AS (AVA <0.8â•¯cm2 plus 
mean gradient ≥40â•¯mmâ•¯Hg 
or peak jet velocity 
≥4.0â•¯m/s

Candidates for traditional 
surgical AVR but deemed 
to be at high risk

STS score ≥10%

Bicuspid or noncalcified 
aortic valve

Acute MI
CAD requiring 

revascularization
LVEF <20%
Aortic annulus diameter 
<18â•¯mm or >25â•¯mm

Severe (4+) aortic or mitral 
regurgitation

Stroke or TIA within past 6 
months

Severe renal insufficiency

Mean age 84 years
57% male
Mean STS score 11.8%,
NYHA III or IV 94%,
CAD 76%, COPD 43% (O2 

dependent 8%), frailty 
according to prespecified 
criteria (17%)

1-year follow-up:
Primary end point: all-cause 

mortality:
24.2% TAVI
26.8% surgical AVR
(P = 0.44); (P = 0.001 for 

noninferiority)
Major strokes:

5.1% TAVI
2.4% surgical AVR
(P = 0.18)

Composite of all-cause mortality 
or stroke:
26.5% TAVI
28.0% surgical AVR
(P = 0.68)

2-year follow-up:
All-cause mortality:

33.9% TAVI
35.0% surgical AVR
(P = 0.78)

STACCATO Trial: 
Transapical TAVI vs. 
surgical AVR in 
“operable” elderly 
patients

Severe AS (AVA <1â•¯cm2)
Initially age >69 years; after 

11 patients enrolled, age 
cutoff increased to >74 
years

Surgical and apical TAVI 
candidates

Expected survival >1 year 
after successful treatment

CAD requiring 
revascularization

Previous MI, cardiac surgery, 
or PCI within 12 months

Need for emergency surgery
Unstable cardiac condition 

(assist device or inotropic 
agents)

Stroke within 1 month
Reduced pulmonary function
Renal failure requiring 

hemodialysis

Of 525 patients screened, 
34 patients received 
apical TAVI and 36 
patients surgical AVR

Study terminated early 
(planned enrollment was 
200 patients) on advice 
of the data safety 
monitoring board

Composite of 30-day all-cause 
mortality, major stroke, or renal 
failure:
14.7% apical TAVI
2.8% surgical AVR
(P = 0.07)

AS, Aortic stenosis; AVA, aortic valve area; AVR, aortic valve replacement; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; 
MI, myocardial infarction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; STS, Society of Thoracic Surgeons; TAVI, transcatheter aortic valve implantation; TIA, 
transient ischemic attack.
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procedures) between March 2010 and July 2011.14 The average age 
was 81 years, the mean logistic EuroSCORE was more than 19, 
and the patients were frail. At 30 days, the rate of major adverse 
cardiac and cerebrovascular events (MACCEs) was 8.3%; total 
mortality was 4.5% (cardiac mortality 3.4%), major strokes 
occurred in 2.9% of patients, major bleeding in 9.7%, and life 
threatening or disabling bleeds in 4%. At 6 months, all-cause 
mortality was 12.8% (cardiovascular mortality 8.4%). In patients 
with a EuroSCORE exceeding 20, the 6-month death rate was 
17.3%.

Canadian Registry
We have contributed data to a Canadian registry of TAVI14,15 per-
formed with the Edwards SAPIEN series of valves. In 396 patients 
treated between January 2005 and June 2009, data for up to 4 
years (median 3 years) are available. Mortality was approximately 
50% at 4 years, with similar rates in patients undergoing trans-
femoral and transapical procedures. Strokes led to approximately 
8% of deaths, but major causes were pulmonary or renal. The 
30-day stroke rate (including the first patients treated in Canada 
at our center) was 2.3%. The rate of heart block requiring pace-
maker implantation was 4.9% at 30 days.

United Kingdom Transcatheter Aortic Valve 
Implantation Registry
The United Kingdom Transcatheter Aortic Valve Implantation (UK 
TAVI) registry reported data on 1600 patients treated between 
January 2007 and December 2009 and followed up to December 
31, 2010.16 Baseline demographics of the patients are presented in 
Table 15-2, main outcomes in Table 15-3, and the predictors of 
outcomes in Table 15-4.

Approximately 50% of patients received CoreValves and the 
remainder SAPIEN valves. The SAPIEN is approved in Europe for 
implantation via the transfemoral and transapical approaches, 
whereas the CoreValve is generally inserted via the transfemoral 
or subclavian route. In the registry, the CoreValve was inserted 
transfemorally in more than 85% of patients, and the SAPIEN 

renal function and prior vascular surgery or stent predicting 
higher risk. Prior CABG was protective in the surgical group, 
whereas higher STS score, liver disease, or more than mild mitral 
regurgitation was detrimental. Stroke and major bleeding raised 
mortality in both groups.

The STACCATO Trial
The STACCATO trial was a prospective, randomized trial of trans-
apical transcatheter aortic valve implantation versus surgical 
aortic valve replacement in operable elderly patients with aortic 
stenosis. In the STACCATO trial, the composite of 30-day all-cause 
mortality, major stroke, or renal failure was numerically (but not 
significantly) higher in the transapical TAVI than traditional surgi-
cal group.13 On the basis of historic primary event rates of 13.5% 
with traditional surgery and 2.5% in a nonrandomized TAVI group, 
a planned enrollment of 200 patients was proposed (randomized 
1â•›:â•›1 to standard surgery or TAVI at three hospitals in Denmark). 
The trial was stopped by the data safety monitoring board after 
70 patients had received valves. Five patients suffered primary 
events in the TAVI group (1 death of a patient on the waiting list, 
2 major strokes, 1 renal failure requiring dialysis,1 left main occlu-
sion; there were a total of 3 deaths) and 1 patient in the traditional 
surgical group had a primary event (major stroke). Average aortic 
valve area (AVA) increased equally in the two groups (from 
approximately 0.6â•¯cm2 to 1.3â•¯cm2). Four patients (13%) in the TAVI 
arm had moderate or severe aortic regurgitation, but no patient 
in the traditional surgery arm had more that minimal aortic regur-
gitation. The investigators acknowledge the limitation that the low 
number of patients enrolled raises the possibility that the play of 
chance accounts for the results. They also acknowledge that the 
study used older-generation valves for TAVI for which limited 
valve sizes were available.

Findings from TAVI Registries

ADVANCE Registry
The ADVANCE registry enrolled 1015 patients undergoing  
CoreValve implantation in experienced centers (at least 40 prior 

TABLE 15-2	 Demographics of Patients in the United Kingdom Transcatheter Aortic Valve Implantation Registry*

VARIABLES
ALL PATIENTS 

(N = 870)
TRANSFEMORAL 
ROUTE (N = 599)

OTHER ROUTES  
(N = 271) P VALUE

MEDTRONIC 
COREVALVE  

(N = 452)

EDWARDS 
SAPIEN  

(N = 410) P VALUE

Male gender 456/870 (52.4) 311/599 (51.9) 145/271 (53.5) 0.66 235/452 (52.0) 217/410 (52.9) 0.78

Age, years 81.9 ± 7.1 81.7 ± 7.4 82.3 ± 6.6 0.32 81.3 ± 7.4 82.6 ± 6.7 0.007

Aortic valve peak gradient 80.9 ± 27.2 82.1 ± 27.8 77.9 ± 25.7 0.05 83.4 ± 28.5 77.5 ± 25.0 0.003

Left ventricular ejection fraction:
  ≥50% 553/865 (64.0) 382/597 (64.0) 171/268 (63.8) 288/452 (63.7) 262/406 (64.5)
  30%-49% 238/865 (27.0) 166/597 (28.0) 72/268 (26.9) 0.85 123/452 (27.2) 112/406 (7.9) 0.82
  <30% 74/865 (9.0) 49/597 (8.0) 25/268 (9.3) 41/452 (9.1) 32/406 (7.9)

NYHA functional class:
  I/II 199/866 (23.0) 156/597 (26.1) 43/269 (16.0) 0.001 118/452 (26.1) 80/406 (19.7) 0.03
  III/IV 667/866 (77.0) 441/597 (73.9) 226/269 (84.0) 334/452 (73.9) 326/406 (80.3)

Coronary artery disease 394/828 (47.6) 249/574 (43.4) 145/254 (57.1) <0.001 194/436 (44.5) 198/384 (51.6) 0.04

Any previous cardiac surgery 259/853 (30.4) 160/586 (27.3) 99/267 (37.1) 0.004 129/439 (29.4) 126/406 (31.0) 0.60

Peripheral vascular disease 241/832 (29.0) 110/563 (19.5) 131/269 (48.7) <0.001 109/423 (25.8) 130/401 (32.4) 0.04

Diabetes mellitus 196/861 (22.8) 137/595 (23.0) 59/266 (22.2) 0.79 101/450 (22.4) 92/403 (22.8) 0.89

Chronic obstructive pulmonary disease 239/834 (28.7) 158/574 (27.5) 81/260 (31.2) 0.28 120/438 (27.4) 115/388 (29.6) 0.48

Creatinine >200â•¯mmol/L 55/863 (6.7) 32/588 (5.4) 25/265 (9.4) 0.03 28/444 (6.3) 28/401 (7.0) 0.69

Logistic EuroSCORE 18.5 (11.7-27.9) 17.1 (11.0-25.5) 21.4 (14.4-33.6) <0.001 18.1 (11.1-27.9) 18.5 (12.4-27.7) 0.34

NYHA, New York Heart Association; EuroSCORE, European System for Cardiac Operative Risk Evaluation.
From Moat NE, Ludman P, de Belder MA, etâ•¯al. Long-term outcomes after transcatheter aortic valve implantation in high-risk patients with severe aortic stenosis: the U.K. TAVI (United 
Kingdom Transcatheter Aortic Valve Implantation) Registry. J Am Coll Cardiol 2011;58:2130–8.
*Values are n/N (%), mean ± SD, or median (interquartile range).
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TABLE 15-3	 Outcomes of Patients by Implantation Route and Valve Type in the United Kingdom Transcatheter Aortic Valve 
Implantation Registry

VARIABLES
ALL PATIENTS 

(N = 870)
TRANSFEMORAL 
ROUTE (N = 599)

OTHER ROUTES 
(N = 271) P VALUE

MEDTRONIC 
COREVALVE  

(N = 452)
EDWARDS  
(N = 410) P VALUE

Procedural success 846/870 (97.2) 583/599 (97.3) 263/271 (97.1) 0.82 444/452 (98.2) 402/410 (98.1) 0.84

All-cause mortality at end of follow-up 249/870 (28.6) 153/599 (25.5) 96/271 (35.4) 0.003 122/452 (27.0) 122/410 (29.8) 0.37

30-day mortality (% dead) 62/870 (7.1) 33/599 (5.5) 29/271 (10.7) 0.006 26/452 (5.8) 35/410 (8.5) 0.11

1-year mortality (% dead) 186/870 (26.3) 111/599 (18.5) 75/271 (27.7) 0.002 93/452 (21.7) 89/410 (20.6) 0.68

2-year mortality (% dead) 229/870 (26.3) 135/599 (22.5) 94/271 (36.7) <0.001 108/452 (23.9) 116/410 (28.3) 0.14

Major adverse cardiovascular and 
cerebrovascular events in hospital

90/870 (10.3) 56/599 (9.4) 34/271 (12.6) 0.15 42/452 (9.3) 48/410 (11.7) 0.25

Stroke, in hospital 35/864 (4.1) 24/594 (4.0) 11/270 (4.1) 0.98 18/448 (4.0) 17/408 (4.2) 0.91

Myocardial infarction 11/864 (1.3) 6/594 (1.0) 5/270 (1.9) 0.31 5/447 (1.1) 6/409 (1.5) 0.65

Aortic regurgitation moderate/severe 115/849 (13.6) 91/585 (15.6) 24/264 (9.1) 0.01 76/439 (17.3) 39/405 (9.6) 0.001

Surgical conversion 6/850 (0.7) 0/592 (0) 6/268 (2.2) 0.001* 0/450 (0) 6/402 (1.5) 0.01*

Major vascular complication 55/869 (6.3) 50/598 (8.4) 5/271 (1.9) <0.001 28/451 (6.2) 26/410 (6.3) 0.94

Repeat procedure 7/870 (0.8) 7/599 (1.2) 0/271 (0) 0.11* 7/452 (1.6) 0/410 (0) 0.02*

Pacemaker 141/867 (16.3) 110/451 (24.4) 30/408 (7.4) <0.001

Values are n/N (%).
From Moat NE, Ludman P, de Belder MA, etâ•¯al. Long-term outcomes after transcatheter aortic valve implantation in high-risk patients with severe aortic stenosis: the U.K. TAVI (United 
Kingdom Transcatheter Aortic Valve Implantation) Registry. J Am Coll Cardiol 2011;58:2130–8.
*Fisher exact test.

TABLE 15-4	 Predictors of Mortality at One Year of Patients the United Kingdom Transcatheter Aortic Valve 
Implantation Registry

VARIABLES ALIVE (N = 684) DEAD (N = 186)

Univariate Model Multivariate Model

RESULT P VALUE RESULT P VALUE

Valve:
  Edwards SAPIEN 321/680 (47.2) 89/182 (48.9) 1.00
  Medtronic CoreValve 359/680 (52.8) 93/182 (51.1) 0.95 (0.70-1.29) 0.75

Route:
  Other 196/684 (28.7) 75/186 (40.3) 1.00
  Transfemoral 488/684 (71.3) 111/186 (59.7) 0.65 (0.48-0.88) 0.006 0.73 (0.52-1.04) 0.08

Aortic regurgitation moderate/severe 83/674 (12.3) 32/175 (18.3) 1.49 (1.00-2.21) 0.048 1.66 (1.10-2.51) 0.016

Major vascular complication 39/684 (5.7) 16/185 (8.7) 1.42 (0.82-2.45) 0.21

Permanent pacemaker 108/683 (15.8) 33/184 (17.9) 1.21 (0.83-1.77) 0.32

Male gender 355/684 (59.9) 101/186 (54.3) 1.19 (0.88-1.61) 0.25

Age, years 81.8 ± 7.3 82.3 ± 6.4 1.01 (0.99-1.03) 0.52

Aortic valve gradient 81.1 ± 27.1 79.9 ± 27.8 0.996 (0.990-1.002) 0.20

Left ventricular ejection fraction:
  ≥50% 459/680 (67.5) 94/185 (50.8) 1.00 1.00
  30%-49% 169/680 (24.9) 69/185 (37.3) 1.93 (1.40-2.66) <0.001 1.49 (1.03-2.16) 0.03
  30% 52/680 (7.6) 22/185 (11.9) 1.89 (1.16-3.07) 0.01 1.65 (0.98-2.79) 0.06

NYHA class:
  I/II 160/680 (23.5) 39/186 (21.0) 1.00
  III/IV 520/680 (76.5) 147/186 (79.0) 1.14 (0.79-1.63) 0.50

Coronary artery disease 301/653 (46.1) 93/175 (53.1) 1.38 (1.01-1.87) 0.04 1.23 (0.88-1.73) 0.23

Any previous cardiac surgery 202/667 (30.3) 57/186 (30.7) 1.04 (0.75-1.43) 0.83

Peripheral vascular disease 179/654 (27.4) 62/178 (34.8) 1.28 (0.91-1.75) 0.16

Diabetes mellitus 146/675 (21.6) 50/136 (26.9) 1.36 (0.98-1.89) 0.07

Chronic obstructive pulmonary disease 176/654 (26.9) 63/180 (35.0) 1.40 (1.02-1.93) 0.04 1.41 (1.00-1.98) 0.05

Creatinine >200â•¯mmol/L 38/668 (5.7) 19/185 (10.3) 1.84 (1.14-2.97) 0.012 1.55 (0.90-2.68) 0.11

NYHA, New York Heart Association. 
Values are n/N (%), mean ± SD, or hazard ratio (95% confidence interval). 
From Moat NE, Ludman P, de Belder MA, etâ•¯al. Long-term outcomes after transcatheter aortic valve implantation in high-risk patients with severe aortic stenosis: the U.K. TAVI (United 
Kingdom Transcatheter Aortic Valve Implantation) Registry. J Am Coll Cardiol 2011;58:2130–8.
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valves were inserted equally via the transfemoral and transapical 
routes.

The results showed no difference in 30-day or 12-month mortal-
ity between the two patient groups (CoreValve and SAPIEN) 
receiving valves via the transfemoral route and no significant dif-
ferences in terms of stroke, myocardial infarction, or major 
access-site complications.

The 30-day and 12-month mortality rates were significantly 
higher in patients receiving a SAPIEN valve via the transapical 
route than in patients undergoing TAVI with either valve via the 
transfemoral route. In the CoreValve subclavian access group, the 
30-day mortality was similar to, but the 12-month mortality higher 
than, that in the CoreValve transfemoral access group.

The FRench Aortic National CoreValve and 
Edwards (FRANCE 2) Registry
Data from all patients undergoing TAVI in France (and one center 
in Monaco) since 2010 contribute to the FRANCE 2 registry.17 
SAPIEN and CoreValve prostheses were used. All patients had 
severe AS with NYHA functional class II, III, or IV symptoms and 
were not candidates for surgical AVR because of coexisting ill-
nesses. Severe AS was defined as an AVA less than 0.8â•¯cm2, a 
mean aortic valve gradient of 40â•¯mmâ•¯Hg or more, or a peak aortic 
jet velocity of 4.0â•¯m/s or more. Most centers had performed more 
than five procedures prior to enrolling patients, and centers that 
had not performed five procedures were proctored until they 
gained sufficient experience. At each center, a multidisciplinary 
team determined eligibility for TAVI (with a clinical evaluation, 
echocardiography, angiographic assessment, and multidetector 

CT [MDCT]). The transfemoral approach was used if feasible. 
SAPIEN devices were implanted by the transfemoral or transapi-
cal route, and CoreValve devices by the transfemoral or subcla-
vian route. The characteristics of the patients at baseline are 
presented in Table 15-5. Characteristics of the patients according 
to TAVI approach are presented in Table 15-6. The outcomes 
according to TAVI approach and device are presented in Tables 
15-7 and 15-8, respectively, and the main results are presented in 
Figure 15-4.

Of the 3195 TAVIs that were performed, 80.4% were percutane-
ous and 19.6% were surgical (17.6% transapical approach, 1.8% 
transaortic or transcarotid approach). A SAPIEN device was used 
in 66.9% of patients and a CoreValve device in 33.1%. Mortality 
was 9.7% at 30 days. On multivariate analysis, the independent 
predictors of 1-year mortality were increased logistic EuroSCORE, 
NYHA functional class III or IV, the use of a transapical approach, 
and post-TAVI periprosthetic regurgitation grade of 2 or more (on 
a scale of 0 to 4).

Patient Selection
TAVI is technically feasible in most patients with AS. A larger 
question, we believe, is when TAVI should be offered. The answer 
has been expressed multiple ways, including: “Treat patients 
dying from AS, not diagnosed with AS;” “Avoid patients who could 
be classified as PARTNER Cohort C;” and “Avoid extreme comor-
bidities that overwhelm the benefit of TAVI and render the inter-
vention futile.”18 Increasingly, evaluation is directed at identifying 
patients in whom a significant improvement in quality and dura-
tion of life is likely and avoiding unnecessary intervention in 

TABLE 15-5	 FRANCE 2 Registry Patient Characteristics at Baseline According to Valve Type

CHARACTERISTIC ALL PATIENTS (N = 3195)
THOSE RECEIVING EDWARDS 

SAPIEN (N = 2107)
THOSE RECEIVING MEDTRONIC 

COREVALVE (N = 1043)

Age, year 82.7 ± 7.2 82.9 ± 7.2 82.3 ± 7.2

Male gender, no. (%) 1630 (51.0) 981 (46.6) 626 (60.0)

Society of Thoracic Surgeons Score, % 14.4 ± 11.9 15.6 ± 12.4 14.2 ± 11.2

Logistic EuroSCORE, % 21.9 ± 14.3 22.2 ± 14.3 21.3 ± 14.3

New York Heart Association functional class III or IV, 
no./total no. (%)

2376/3132 (75.9) 1565/2072 (75.5) 788/1035 (76.1)

Clinical history, no./total no. (%):
  Coronary artery disease 1483/3093 (47.9) 997/2046 (48.7) 474/1025 (46.2)
  Previous myocardial infarction 508/3093 (16.4) 347/2046 (17.0) 158/1025 (15.4)
  Previous coronary artery bypass graft 564/3093 (18.2) 373/2046 (18.2) 188/1025 (18.3)
  Cerebrovascular disease 308/3093 (10.0) 205/2046 (10.0) 101/1025 (9.9)
  Aortic abdominal aneurysm 148/3093 (10.0) 98/2046 (4.8) 50/1025 (4.9)
  Peripheral vascular disease 643/3093 (20.8) 447/2046 (21.8) 191/1025 (18.6)
  Chronic obstructive pulmonary disease 790/3093 (25.5) 518/2046 (25.3) 269/1025 (26.2)
  Renal dialysis 82/3093 (2.7) 47/2046 (2.3) 32/1025 (3.1)
  Atrial fibrillation 820/3083 (26.6) 514/2038 (25.2) 303/1024 (29.6)
  Permanent pacemaker 447/3135 (14.3) 280/2073 (13.5) 160/1034 (15.5)
  Pulmonary hypertension 478/2435 (19.6) 324/1635 (19.8) 151/787 (19.2)

Echocardiographic findings
  Aortic valve area, cm2 0.7 ± 0.2 0.7 ± 0.2 0.7 ± 0.2
  Mean aortic valve gradient, mmâ•¯Hg 48.1 ± 16.5 48.6 ± 16.5 47.1 ± 16.4
  Left ventricular ejection fraction, % 53.2 ± 14.1 53.8 ± 14.0 52.0 ± 14.0
  Moderate or severe mitral regurgitation, no./total 

no. (%)
58/2966 (2.0) 37/1974 (1.9) 21/972 (2.2)

Previous surgical aortic-valve replacement, no./total 
no. (%)

49/3093 (1.6) 18/2046 (0.9) 31/1025 (3.0)

Life expectancy <1 year, no./total no. (%) 102/3093 (3.3) 40/2046 (2.0) 41/1025 (4.0)

Patient’s decision to undergo transcatheter aortic 
valve implantation, no./total no. (%)

499/3165 (15.8) 358/2096 (17.1) 136/1039 (13.1)

From Gilard M, Eltchaninoff H, Iung B, etâ•¯al. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl J Med 2012;366:1705–15.
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TABLE 15-6	 FRANCE 2 Registry Patient Characteristics at Baseline According to TAVI Approach

CHARACTERISTIC ALL PATIENTS (N = 2361)
TRANSAPICAL APPROACH 

(N = 567)
SUBCLAVIAN APPROACH 

(N = 184) P VALUE

Age, years 83.0 ± 7.2 81.5 ± 7.4 82.2 ± 6.7 <0.001

Male gender, no. (%) 1120 (47.4) 332 (58.6) 131 (71.2) <0.001

Logistic EuroSCORE (%) 21.2 ± (14.7) 24.8 ± 14.7 20.3 ± 15.2 <0.001

Society of Thoracic Surgeons Score (%) 14.5 ± 11.9 15.1 ± 13.8 16.6 ± 13.4 0.15

NYHA functional class III or IV, no./total no. (%) 1808/2323 (77.8) 388/554 (70.0) 130/182 (71.4) <0.001

Clinical history, no./total no. (%):
  Coronary artery disease 1018/2293 (44.4) 325/547 (59.4) 104/178 (58.4) <0.001
  Previous myocardial infarction 333/2293 (14.5) 137/547 (25.0) 33/178 (18.5) <0.001
  Previous coronary artery bypass graft 348/2293 (15.2) 164/547 (30.0) 43/178 (24.2) <0.001
  Previous balloon aortic valvuloplasty 389/2293 (17.0) 106/547 (19.4) 39/178 (21.9) 0.13
  Cerebrovascular disease 219/2293 (9.6) 60/547 (11.0) 20/178 (11.2) 0.50
  Aortic abdominal aneurysm 59/2293 (2.6) 54/547 (9.9) 28/178 (15.7) <0.001
  Peripheral vascular disease 286/2293 (12.5) 263/547 (48.1) 74/178 (41.6) <0.001
  Chronic obstructive pulmonary disease 580/2293 (25.3) 124/547 (22.7) 63/178 (35.4) 0.003
  Renal dialysis 60/2293 (2.6) 17/547 (3.1) 4/178 (2.2) 0.80
  Atrial fibrillation 638/2287 (27.9) 114/544 (21.0) 56/178 (31.5) 0.002
  Pulmonary hypertension 364/1820 (20.0) 72/429 (16.8) 31/132 (23.5) 0.16
  Severe aortic calcification 127/2314 (5.5) 10/556 (1.8) 21/177 (11.9) <0.001
  Harmful chest wall irradiation 144/2320 (6.2) 29/553 (5.2) 3/177 (1.7) 0.02
  Chest wall deformity 62/2326 (2.7) 6/557 (1.1) 6/179 (3.4) 0.06
  Previous surgical aortic valve replacement 37/2293 (1.6) 8/547 (1.5) 4/178 (2.2) 0.72

Life expectancy <1 year, no./total no. (%) 64/2293 (2.8) 8/547 (1.5) 8/178 (4.5) 0.06

Patient’s decision to undergo TAVI, no./total no. (%) 356/2349 (15.2) 82/559 (14.7) 23/182 (12.6) 0.64

NYHA, New York Heart Association.
From Gilard M, Eltchaninoff H, Iung B, etâ•¯al. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl J Med 2012;366:1705–15.

TABLE 15-7	 FRANCE 2 Registry Outcomes According to TAVI Approach and Device

OUTCOME
ALL PATIENTS 

(N = 3195)

Approach
Valve

TRANSFEMORAL 
(N = 2361)

TRANSAPICAL 
(N = 567)

SUBCLAVIAN 
(N = 184) P VALUE

EDWARDS 
SAPIEN  

(N = 2107)

MEDTRONIC 
COREVALVE 

(N = 1043)

Procedural success, no. (%) 3095 (96.9) 2293 (97.1) 544 (95.9) 178 (96.7) 0.35 2044 (97.0) 1018 (97.6)

Hospital stay, days 11.1 ± 8.0 10.5 ± 8.1 13.3 ± 7.8 11.6 ± 6.0 <0.001 10.9 ± 7.5 11.3 ± 8.9

Death, no. (%):
  At 30 days:
    From any cause 293 (9.7) 190 (8.5) 77 (13.9) 19 (10.1) <0.001 195 (9.6) 91 (9.4)
    From cardiovascular cause 212 (7.0) 132 (5.9) 59 (10.8) 15 (8.7) 0.73 141 (7.0) 64 (6.7)
  At 6 months:
    From any cause 474 (18.6) 321 (17.2) 110 (22.4) 32 (23.3) 0.002 312 (18.1) 155 (19.6)
    From cardiovascular cause 301 (11.7) 197 (10.5) 77 (15.7) 18 (12.1) 0.81 201 (11.5) 93 (11.7)
  At 1 year:
    From any cause 528 (24.0) 355 (21.7) 129 (32.3) 33 (25.1) <0.001 352 (24.0) 168 (23.7)
    From cardiovascular cause 324 (14.3) 212 (12.7) 84 (19.8) 19 (14.4) 0.79 217 (14.2) 100 (14.3)

From Gilard M, Eltchaninoff H, Iung B, etâ•¯al. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl J Med 2012;366:1705–15.

patients in whom the procedure can be performed but benefit is 
unlikely. For this reason, evaluation of neurocognitive function-
ing, frailty, functional status, mobility, and social support is 
increasingly being recognized as important in patient selection.

Although we evaluate each patient individually and we do not 
have (or advocate) a strict cutoff for TAVI candidacy, the following 
points merit consideration. In the PARTNER IB cohort, patients 
with an STS score higher than 14.9% did no better with TAVI than 
with standard medical therapy.1,9 In the FRANCE 2 and other 
registries, similar themes have emerged: higher logistic EuroS-
CORE, NYHA functional class III or IV symptoms, the use of a 
transapical approach, and periprosthetic regurgitation grade of 2 
or more (on a scale of 0 to 4) are independent predictors of mor-
tality after TAVI.14,17 As noted previously, multivariate predictors of 
higher mortality in the TAVI group at 2 years in PARTNER part A 

included a lower body mass index, lower preprocedure transval-
vular gradient, reduced renal function, and prior vascular surgery 
or stent.12 In PARTNER B, multivariate risk predictors of death at 
2 years were lower body mass index, prior stroke, and chronic 
obstructive pulmonary disease (COPD) requiring supplemental 
oxygen.

Both the logistic EuroSCORE and the STS score incorporate 
many comorbidities, so before a patient is offered TAVI, they 
should be calculated and considered along with NYHA functional 
class, the preprocedure transvalvular gradient, renal function, 
prior vascular surgery or stent, prior stroke, COPD requiring sup-
plemental oxygen, and whether TAVI can be performed trans-
femorally. TAVI should be offered to patients who are likely to 
benefit and in whom standard AVR would pose equivalent or 
greater risk.



TABLE 15-8	 FRANCE 2 Registry Complications According to TAVI Approach and Device 

COMPLICATION
ALL PATIENTS 

(N = 3195)

Approach
Device

TRANSFEMORAL 
(N = 2361)

TRANSPICAL 
(N = 567)

SUBCLAVIAN 
(N = 184) P VALUE

EDWARDS 
SAPIEN  

(N = 2107)

MEDTRONIC 
COREVALVE 

(N = 1043)

Periprosthetic regurgitation at 
30 days, no./total no. (%):

  Grade 0 724/1915 (37.8) 483/1418 (34.1) 173/334 (51.8) 37/112 (33.0) 515/1256 (41.0) 203/642 (31.6)
  Grade 1 875/1915 (45.7) 671/1418 (47.3) 131/334 (39.2) 58/112 (51.8) 567/1256 (45.1) 301/642 (46.9)
  Grade 2 301/1915 (15.7) 251/1418 (17.7) 30/334 (9.0) 15/112 (13.4) 169/1256 (13.5) 128/642 (19.9)
  Grade 3 15/1915 (0.8) 13/1418 (0.9) 0 2/112 (1.8) 5/1256 (0.4) 10/642 (1.6)

Complications at 1 year, no. (%):
  Stroke
    Major 72 (2.3) 51 (2.2) 12 (2.1) 5 (2.7) 0.88 41 (1.9) 27 (2.6)
    Minor 59 (1.8) 36 (1.5) 13 (2.3) 8 (4.3) 0.07 41 (1.9) 18 (1.7)
  Myocardial infarction 37 (1.2) 20 (0.8) 10 (1.8) 6 (3.3) 0.004 16 (0.8) 20 (1.9)
  Bleeding:
    Life-threatening 39 (1.2) 29 (1.2) 8 (1.4) 1 (0.5) 0.76 32 (1.5) 6 (0.6)
    Major 144 (4.5) 26 (1.5) 19 (3.4) 6 (3.3) <0.001 42 (2.0) 16 (1.5)
    Minor 236 (7.4) 161 (6.8) 54 (9.5) 13 (7.1) 0.08 166 (7.9) 70 (6.7)
  Vascular complication:
    Major 150 (4.7) 129 (5.5) 11 (1.9) 8 (4.3) 0.002 57 (2.7) 47 (4.5)
    Minor 160 (5.0) 139 (5.9) 9 (1.6) 12 (6.5) <0.001 60 (2.8) 49 (4.7)
  New pacemaker 497 (15.6) 359 (15.2) 77 (13.6) 47 (25.5) <0.001 243 (11.5) 252 (24.2)
  Valve migration 40 (1.3) 28 (1.2) 8 (1.4) 2 (1.1) 0.91 23 (1.1) 17 (1.6)

From Gilard M, Eltchaninoff H, Iung B, etâ•¯al. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl J Med 2012;366:1705–15.

FIGURE 15-4  Time-to-event curves for the primary end point and other selected end points in the FRANCE 2 Registry. A, Rate of death from any 
cause (the primary end point) and from cardiovascular causes. B, Rates of death from any cause according to the TAVI access route: transapical (TA) transfemoral 
(TF), or subclavian (SC). C, Rates of death from any cause according to the logistic EuroSCORE (with a score >20% indicating very high surgical risk). D, Rates of 
death from any cause according to New York Heart Association (NYHA) functional class. Event rates were calculated with the use of Kaplan-Meier methods and 
were compared by means of the log-rank test. Deaths from unknown causes were assumed to be from cardiovascular causes. CI, confidence interval. (From Gilard 
M, Eltchaninoff H, Iung B, etâ•¯al. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl J Med 2012;366:1705–15.).
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Current TAVI “State of the Art”
Around 100,000 TAVI procedures have been performed in more 
than 40 countries, yet TAVI remains a procedure in constant evo-
lution. We advocate surgical AVR as the standard of care for most 
patients with symptomatic severe AS. We consider TAVI the pro-
cedure of choice for patients for whom surgical risk is prohibitive 
(PARTNER part B patients) and AVR is indicated. TAVI is  
an increasingly reasonable alternative for selected “operable” 
patients in whom the high risk of either mortality or of morbidity 
is high (PARTNER part A patients).

Work is ongoing and continues to be needed in patient evalu-
ation. TAVI is technically feasible in the majority of patients, but 
the onus is on the physicians to identify patients in whom a  
significant improvement is quality of life will occur after the  
procedure. We believe this identification requires a noncompeti-
tive team approach involving interventional cardiologists with 
expertise in structural heart disease, cardiac and vascular sur-
geons, anesthesiologists, imaging specialists, and specialized 
nurses. The proper equipment and a minimum volume of TAVI 
procedures performed are required for optimal outcomes.3 
Although controversial, the data on procedural volumes indicate 
to us that with transfemoral SAPIEN and CoreValve implants, 
centers should aim for a minimum of 50 procedures per year  
per operator for optimal outcome.3,22 Improved success with 
transapical TAVI with experience and volume has also been 
suggested.23

This improvement will require establishment of centers of 
excellence for TAVI. With this infrastructure we believe proce-
dural success of more than 95%, 30-day survival more than 90%, 
meaningful improvement in quality of life and acceptable compli-
cation rates (including procedure related stroke <2%, vascular 
access site complications <5%, permanent pacemaker rates <5% 
with higher pacemaker rates expected with CoreValve than with 
SAPIEN) can be achieved in properly selected patients.14,21

Transthoracic echocardiography (TTE), transesophageal echo-
cardiography (TEE),19 MDCT,20 and invasive angiography are all 
used to perform anatomic evaluations specific to TAVI. TTE, TEE 
or MDCT is commonly used to measure the dimensions of the 
aortic annulus, which determines valve size (Figures 15-5, 15-6, 
and 15-7). Arterial access is generally assessed with invasive angi-
ography or contrast MDCT.21 The aorta can be evaluated with 
invasive angiography or contrast MDCT to assess technical issues 
related to the delivery and implantation of the specific valve type, 
the aortic root and valvular calcification, and the risk of coronary 
obstruction.21

FIGURE 15-5  Measurement of the aortic annulus diameter at the 
cusp insertion on transthoracic echocardiography. The annulus mea-
sures 22â•¯mm, and the left ventricular outflow tract (LVOT) measures 20â•¯mm. 
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FIGURE 15-6  Transesophageal measurement of the aortic annulus diameter using xPlane imaging. The annulus measures 2.62â•¯cm, as indicated by 
plus signs and dotted line on xPlane images obtained with the Philips iE33 xMATRIX Multimedia system (Philips Healthcare, Andover, Massachusetts). 
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Valve-in-Valve Procedures
Experience with implantation of transcatheter valves within failed 
bioprostheses (valve-in-valve procedures) has been reported.24 
Factors that make this a potentially preferable option include  
a higher risk of reoperation in many patients and the rigid frame 
of most bioprostheses, which facilitates transcatheter valve posi-
tioning and paravalvular sealing while reducing the risk of atrio-
ventricular block, annular rupture, and coronary obstruction. 
However, not all bioprostheses have radiopaque stents; some are 
stentless, and all (with perhaps higher risk in prostheses with 
externally mounted leaflets) have the potential for coronary ostial 
obstruction if diseased bioprosthetic leaflets are in close proxim-
ity to the coronary ostia. Small-diameter surgical bioprostheses 
may not allow for optimal expansion of current transcatheter 
implants. Durability data are limited owing to a relative low 
number of procedures reported with adequate follow-up.

Critically important issues in a achieving a successful valve-in-
valve procedure include understanding the manufacturer sizing 
and labeling of surgical bioprostheses (Figure 15-8) and correct 
positioning of the valve in valve (Figures 15-9 and 15-10). We 
believe early experience suggests that TAVI will be an important 
option for treatment of patients with failed bioprostheses.25-27

Alternatives to TAVI

Surgical Aortic Valve Replacement
Surgical AVR should be considered in all patients regardless of 
age. One-, two-, and five-year survival rates among selected 
patients older than 80 years undergoing surgical AVR have  
been reported as 87%, 78%, and 68%, respectively.28 We advocate 
assessment of all patients considered for TAVI by a multidisci-
plinary team that includes cardiovascular surgeons to make sure 
that surgical AVR is one of the options considered.

Balloon Aortic Valvuloplasty
Historically, suggested indications for balloon aortic valvulo-
plasty have included hemodynamically significant AS and any of 
the following: as a bridge to surgical AVR in hemodynamically 
unstable patients; increased perioperative risk (STS score >15); 
anticipated survival less than 3 years; age in the late 80s or 90s 
and patient preference for an aortic valvuloplasty over surgical 
AVR; severe comorbidities such as porcelain aorta, severe lung 

disease, and others for which the surgeon prefers not to operate; 
and severe neuromuscular or arthritic conditions that would limit 
the patient’s ability to undergo postoperative rehabilitation.29 In 
general, we now perform TAVI in the majority of patients with 
these conditions.

Currently we reserve balloon aortic valvuloplasty for the rare 
hemodynamically unstable patient as a bridge to a decision to 
provide more definitive therapy of the AS, for the patient with a 
predicted survival from noncardiac causes measured in weeks to 
a few months, and for the patient who has a contraindication to 
TAVI in whom we believe that relief of the aortic obstruction will 
improve quality of life, such as a patient with severe AS and a 
metastatic gastrointestinal malignancy who requires a palliative 
abdominal operative procedure for symptom relief that can be 
safely performed only if the AS gradient is reduced.

FIGURE 15-7  The effect of aortic annular eccentricity and transcatheter valve oversizing on valve expansion and eccentricity. This effect is dem-
onstrated by matched multidector computed tomography scans obtained before and after transcatheter aortic valve implantation of an Edwards SAPIEN THV 
(Edwards Lifesciences Corporation, Irvine, California). A, At baseline, the aortic annulus is eccentric (29%) with a mean diameter of 20.5â•¯mm (17.0â•¯mm × 24.1â•¯mm) 
and an area of 3.45â•¯cm2. B, Following implantation of a 23-mm transcatheter valve, imaging shows a circular implant (23.2â•¯mm × 23.5â•¯mm, eccentricity 1.3%). 
C, Even though it is oversized relative to the annular area by 20%, the valve is fully expanded with an expansion ratio of 103.6% (area of THV, 4.30â•¯cm2). (From Willson 
AB, Webb JG, LaBounty TM, etâ•¯al. 3-dimensional aortic annular assessment by multidetector computed tomography predicts moderate or severe paravalvular regurgitation 
after transcatheter aortic valve replacement: a multicenter retrospective analysis. J Am Coll Cardiol 2012;59:1287–94.)

A B C

FIGURE 15-8  Schematic diagram of stented bioprosthetic valves. 
Valve leaflet (A), stent frame (B), and external sewing ring (C). The internal, 
outer, and external diameters all represent different dimensions of surgical 
bioprostheses. (From Gurvitch R, Cheung A, Ye J, etâ•¯al. Transcatheter valve-in-valve 
implantation for failed surgical bioprosthetic valves. J Am Coll Cardiol 2011;58: 
2196–209.)
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FIGURE 15-9  In vitro demonstration of a transcatheter valve (Edwards SAPIEN) implanted within a Carpentier-Edwards pericardial valve. A, 
Incorrect positioning: The transcatheter valve (Edwards SAPIEN, Edward Lifesciences Corporation, Irvine, California) is implanted too high within the outflow tract 
of the surgical valve (Carpentier-Edwards valve, Edward Lifesciences). This error may result in splaying of the surgical valve posts and transcatheter valve emboliza-
tion. B, Correct valve positioning: The transcatheter valve (arrow) is implanted so that it overlaps the surgical valve sewing ring, allowing better anchoring and a 
more secure position. (From Webb JG, Wood DA, Ye J, etâ•¯al. Transcatheter valve-in-valve implantation for failed bioprosthetic heart valves. Circulation 2010;121:1848–57.)

A B

FIGURE 15-10  Fluoroscopic positioning for valve-in-valve implantation for bioprosthetic aortic valve failure. The importance of knowing the radio-
graphic appearance of the surgical valve treated. A, Carpentier-Edwards Pericardial Valve (Edwards Lifesciences Corporation, Irvine, California). The wire frame within 
the valve posts is visible, although the rigid sewing ring below it required for valve-in-valve fixation is radiolucent in this model. B, Positioning of the Edwards 
SAPIEN valve (Edwards Lifesciences Corporation) just below the lowest radiopaque portion (arrow indicates lowest portion of the SAPIEN valve). C, Mitroflow Aortic 
Pericardial Heart Valve (Sorin Group, Milan). D, Positioning the Edwards SAPIEN just below the lowest radiopaque portion. E, Medtronic Mosaic valve (Medtronic, 
Inc, Minneapolis, Minnesota): The radiopaque markers are near the top of the surgical stent posts (black arrows); hence the valve is positioned completely below 
these markers (white arrow). F, Deployed Edwards SAPIEN valve. The “waist” at the lower part of the implanted valve demonstrates the narrowest location of the 
surgical valve (white arrow). In the procedure shown here, the SAPIEN valve remained slightly underexpanded, and the residual mean gradient was 30â•¯mmâ•¯Hg. 
(From Gurvitch R, Cheung A, Ye J, etâ•¯al. Transcatheter valve-in-valve implantation for failed surgical bioprosthetic valves. J Am Coll Cardiol 2011;58:2196–209.)

A C E

B D F



231

C H
15

T
ra


n

s
catheter











 A

o
rtic




 V
a

lve


 Imp


l
a

n
tati




o
n

Balloon Aortic Valvuloplasty Followed by 
External-Beam Irradiation
Balloon aortic valvuloplasty for calcific AS has been largely  
abandoned because of high restenosis rates.30 Radiation 
therapy has been used for preventing restenosis after vascular 
interventions.31,32 A 20-patient study evaluating external-beam 
irradiation to prevent restenosis after balloon aortic valvulo-
plasty in elderly patients (age 89 ± 4 years) with calcific AS has 
been reported (RADAR pilot trial).33 Total radiation doses of 
12 to 18 Gy were delivered in fractions over 3 to 5 days after 
balloon aortic valvuloplasty. There were no complications 
related to external-beam irradiation. Twelve patients survived to 
1 year (60%). One patient underwent surgical AVR; no patient 
had a second balloon aortic valvuloplasty. Four of the survivors 
had restenosis (defined as loss of >50% of the initial increase 
in AVA).

Apical-to-Aortic Conduit
Several small series have reported on the use of a valved  
conduit between the left ventricular apex and the aorta for  
treatment of patients in whom a standard surgical AVR was 
contraindicated.

In one series conducted from 2002 through 2005, 13 patients 
(mean age, 75 ± 8.7 years; 8 men) with severe calcific AS under-
went insertion of an apical aortic valved conduit because of a 
porcelain aorta (n = 4), previous coronary bypass grafting (n = 
6), or both (n = 3).34 An off-pump technique was used in 9 
patients; a mini-extracorporeal circulation system was used in 4 
patients. Mean intensive care unit stay was 2 ± 2.7 days, and 
mean hospital stay was 12 ± 8 days. The 30-day mortality was 
15%. Mortality later than 30 days postoperatively was 23% 
(follow-up from 6 to 33 months). The remaining 8 patients are 
reported to have NYHA class I or II symptoms at follow-up. Echo-
cardiography shows a low gradient over the valved conduit in 
survivors.

Another series reported results from procedures performed 
between 1995 and 2003.35 Thirteen patients (mean age 71 years) 
underwent insertion of an apical aortic conduit for severe symp-
tomatic AS (mean valve area 0.65 ± 0.02â•¯cm2). Indications for 
apical aortic conduit were heavily calcified ascending aorta 
and aortic root, patent retrosternal mammary grafts, calcified 
ascending aorta and aortic root plus patent retrosternal 
mammary graft, retrosternal colonic interposition, and multiple 
previous sternotomies. The procedures were performed with 
use of cardiopulmonary bypass through a left thoracotomy (n = 
10), median sternotomy (n = 2), or bilateral thoracotomy (n = 1). 
Hearts were kept beating (n = 5) or fibrillated (n = 7). Circula-
tory arrest was used in one patient. Three patients (23%) died 
in the hospital; the mean hospital stay was 26 days. At a mean 
follow-up of 2.1 years, four (31%) late deaths have been 
reported.
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Valvular Heart Disease in the Era of 
Transcatheter Valve Procedures
In population-based studies the overall age-adjusted prevalence 
of valvular disease has been estimated to be 2.5% of the popula-
tion. The prevalence according to the type of valvular disease is 
1.7% for mitral regurgitation, 0.5% for aortic regurgitation, 0.4% for 
aortic stenosis, and 0.1% for mitral stenosis. Importantly, and rel-
evant to this chapter, the prevalence of valvular heart disease 
increases significantly with age, from less than 2% in persons 
younger than 65 years, to 8.5% of those between 65 and 75 years, 
to 13.2% of those older than 75 years.1

Although rheumatic heart disease remains common in devel-
oping countries, where its prevalence is estimated at 2% to 3%, 
the etiology and epidemiology of valvular heart disease have 
shifted in industrialized countries from rheumatic heart disease, 
a disease of the young, to calcific valve disease, a disease of the 
elderly.2,3 The decrease in the prevalence of rheumatic heart 
disease has been outweighed by an increase in age-related valve 
diseases.2,4,5 Calcific valve disease is characterized by the forma-
tion of cartilaginous deposits in the mitral valves and bone forma-
tion in the calcified aortic valves;6 the main characteristic of this 
valvular pathology is an increase in its prevalence with age (see 
Chapters 3 and 4). In addition to aortic stenosis, mitral regurgita-
tion is increasingly common in the elderly due to age-related 
degenerative changes of the valve leaflets or due to secondary 
mitral regurgitation with ischemic or myocardial disease..7 Fur-
thermore, given the increase in life expectancy, the burden of 
valvular disease in the elderly is expected to rise.

Over the past decade, valvular procedures have increased not 
only in number (accounting now for more than 20% of all cardiac 
surgeries) but also in complexity. A third of patients referred for 
the management of valvular disease have previously undergone 
open heart surgery.5

Comorbidities and frailty in the elderly significantly raise surgi-
cal morbidity and mortality,8 so alternatives to surgery have been 
developed to provide less invasive forms of therapy in this aging 
population. Guidelines from Europe9 and the United States10 for 
the management of valvular heart disease now include recom-
mendations for transcatheter valve procedures. The high level of 
interest in transcatheter valve procedures is apparent from the 
number of new publications and reviews that address this topic.11,12

Tables 16-1 and 16-2 summarize the established mechanical 
interventions used in advanced valvular heart disease.

Key Points
■	 In industrialized countries the etiology of valvular heart disease has 

shifted from rheumatic heart disease, a disease of the young, to calcific 
valve disease, a disease of the elderly.

■	 Comorbidities and frailty in the elderly significantly increase surgical 
morbidity and mortality, so alternatives to surgery have been 
developed to provide less invasive forms of therapy in this aging 
population.

■	 The interventional field has moved forward not only in the invention 
of new devices, but also because of breakthroughs, refinements, and 
implementation of imaging guidance that enable the interventionalist 
to perform these new treatments.

■	 The choice of imaging guidance is based on specific differences 
between modalities as well as other variables, including cost, clinical 
scenario, operator expertise, and complexity of procedure.

■	 Fluoroscopy and cineangiography have traditionally been used in the 
catheterization laboratory to guide coronary interventional 
procedures; today they are the central guidance tools for noncoronary 
interventions.

■	 Computed tomography is being used in both aortic and mitral 
transcatheter-based interventions. It provides a comprehensive 
anatomic assessment of the aortic valve complex and, to a lesser 
degree, of the mitral valve apparatus, aiding the selection of the most 
appropriate procedural approach, decreasing complications, and 
improving outcomes.

■	 Cardiac magnetic resonance is a comprehensive noninvasive imaging 
tool capable of evaluating all aspects of valvular heart disease. Its 
main advantages include direct quantification of regurgitant lesions, 
accurate assessment of ventricular size, mass, and function, and 
visualization of myocardial scar.

■	 Intracardiac echocardiography provides procedural guidance for 
valvular interventions, although it has several limitations including, 
its current two-dimensional character, restricted location of the 
imaging catheter, and lack of standardization of imaging protocols. 
On the other hand, its very high spatial and temporal resolutions of 
valve structures is a major strength.

■	 Because of its universal availability, portability, and capability 
to provide high quality, reliable physiologic and morphologic 
information, echocardiography has been embraced with 
enthusiasm in the catheterization laboratory to provide 
guidance for transcatheter valve procedures.
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TABLE 16-1	 Established Mechanical Interventions in Valvular Heart Disease

LESION VALVE REPLACEMENT VALVE REPAIR PERCUTANEOUS INTERVENTION

Aortic stenosis Yes +++ Yes + Yes ++

Aortic regurgitation Yes +++ Yes + No

Bicuspid aortic valve Yes +++ Yes ++ No

Mitral stenosis Yes ++ Yes + Yes +++

Degenerative mitral regurgitation Yes ++ Yes +++ Yes ++

Functional mitral regurgitation Yes +++ Yes +++ Yes ++

Pulmonic stenosis Yes +++ Yes +++ Yes +++

Pulmonic regurgitation Yes +++ Yes +++ Yes ++

Tricuspid stenosis Yes +++ Yes ++ Yes ++

Tricuspid regurgitation Yes ++ Yes +++ No

Multiple valve disease Yes +++ Yes ++ No

Prosthetic stenosis Yes +++ No Yes +

Prosthetic regurgitation Yes +++ No Yes +

Paraprosthetic leak Yes ++ Yes ++ Yes +++

Infective endocarditis Yes +++ Yes ++ No

Yes, Used; No, not used; +++, favored use; ++, common use; +, occasional use.

TABLE 16-2	 Transcatheter Valve Procedures

TRANSCATHETER VALVE PROCEDURES VALVE DISEASE

Balloon valvuloplasty Aortic stenosis
Mitral stenosis
Pulmonic stenosis
Tricuspid stenosis
Bioprosthesis stenosis

Transcatheter valve implantation Aortic stenosis
Pulmonic stenosis
Mitral valve disease (experimental)
Tricuspid valve disease (experimental)

Transcatheter transapical valve implantation Aortic stenosis

Leaflet repair:
MitraClip (Abbott Laboratories, Abbott Park, Illinois)
Mobius (Edwards Lifesciences Corporation, Irvine, California)

Mitral regurgitation

Coronary sinus annuloplasty: experimental
Monarch Annuloplasty System (Edwards Lifesciences, Irvine, California)
CARILLON Mitral Control System (Cardiac Dimensions, Inc., Kirkland, Washington)
PTMA (Viacor, Wilmington, Massachussetts)

Mitral regurgitation

Direct annuloplasty: experimental
QuantumCor (QuantumCor, Inc., Lake Forest, California)
Accucinch (Guided Delivery Systems, Inc., Santa Clara, California)
Percutaneous restrictive ring annuloplasty-Cardioband (Valtech Cardio Ltd., Tel Aviv, Israel)

Mitral regurgitation

Ventricular remodelling (experimental):
iCoapsys Repair System (Myocor, Inc., Maple Grove, Minnesota)

Mitral regurgitation

Percutaneous transcatheter repair of paravalvular regurgitation Paraprosthetic leak

Valve-in-valve implantation Prosthetic valve dysfunction
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TABLE 16-3	 Value of Imaging Modalities in Valvular Heart Disease Interventions

PREPROCEDURE 
PLANNING

INTRAPROCEDURE 
GUIDANCE

ASSESSMENT 
OF RESULTS

LONG-TERM  
FOLLOW-UP

Fluoroscopy and angiography 0 +++ +++ 0

Computed tomography +++ 0 0 ++

Cardiac magnetic resonance + 0 0 +

Intracardiac echocardiography 0 + ++ 0

Transthoracic echocardiography +++ + + +++

Transesophageal echocardiography ++ +++ +++ +++
0, No value; +, little value; ++, moderate value; +++, best value.

TABLE 16-4	 Role and Relative Value of Different Cardiac Imaging Modalities on Common Transcatheter Valve Procedures

VALVULAR INTERVENTION
FLUOROSCOPY 
ANGIOGRAPHY

COMPUTED 
TOMOGRAPHY

MAGNETIC 
RESONANCE ICE TTE TEE

Aortic balloon valvuloplasty ++++ ++++ + + +++ ++

Transcatheter aortic valve implantation ++++ ++++ + ++ +++ ++++

Balloon mitral valvotomy ++++ + + ++ +++ ++++

Edge-to-edge transcatheter mitral valve repair +++ + + + +++ ++++

Pulmonic valve balloon valvuloplasty ++++ +++ +++ ++ ++++ ++

Transcatheter pulmonic valve replacement ++++ +++ +++ ++ +++ ++

Transcatheter periprosthetic leak repair +++ ++++ + ++ ++ ++++
+, Little value, ++, mild value; +++, moderate value; ++++, most value.
ICE, intracardiac echocadiography; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

Approaches to Imaging Guidance
The interventional field has moved forward not only in the  
invention of new devices but also because of breakthroughs, 
refinements, and implementation of imaging guidance that enable 
the interventionalist to perform these new treatments.13

Cardiovascular imaging, including fluoroscopy and angiogra-
phy, computed tomography (CT), cardiac magnetic resonance 
(CMR) imaging, and echocardiography, have played a central role 
in the development of transcatheter valve procedures.14 Peripro-
cedural imaging for patient selection and procedural planning 
and guidance are critical for the success of a structural heart 
disease program and constitute one of the cornerstones for the 
new paradigm in the management of valvular heart disease by a 
multidisciplinary heart team.15,16

Fluoroscopy, angiography, and two-dimensional echocardiog-
raphy maintain a central role in procedural guidance. Novel 
three-dimensional (3D) imaging modalities are gaining impor-
tance; these include CT, CMR, 3D echocardiography, and rota-
tional angiography.17,18

The choice of imaging guidance modality is based on specific 
differences between imaging systems as well as other variables, 
such as cost, clinical scenario, operator expertise, and complex-
ity of procedure.19

The roles and relative values of different cardiac imaging 
modalities in common transcatheter valve procedures are out-
lined on Tables 16-3 And 16-4.

Fluoroscopy and Angiography
Fluoroscopy and cineangiography have traditionally been used 
in the catheterization laboratory to guide coronary interventional 
procedures; today they are the central guidance tools for 

noncoronary interventions.14 Because only radiopaque objects 
are visible with these modalities, radiopaque dye has to be 
injected to visualize chambers, great vessels, and outlines of 
valves; nevertheless, fluoroscopy is an integral part of all cardiac 
catheterization laboratories, and all of the catheters and devices 
are radiopaque, having been engineered for their use and deploy-
ment in the catheterization laboratory.

The major advantages of image guidance with fluoroscopy and 
cineangiography are well exemplified in patients undergoing 
transcatheter aortic valve replacement, as illustrated in Figure 
16-1. The major disadvantages of fluoroscopy and cineangiogra-
phy include radiation exposure, lack of visualization of the myo-
cardium and valvular tissue, and the need to inject radiopaque 
and potentially nephrotoxic contrast agents.

New radiography-based imaging techniques under develop-
ment, referred to as three-dimensional rotational angiography 
and C-arm CT, hold great promise for improving current device 
implantation and the understanding of cardiovascular anatomy. 
A variety of anatomic targets, from the aortic root and pulmonary 
arteries (for percutaneous aortic and pulmonic valve implanta-
tion) to general visualization and assessment of the whole heart, 
are being explored20,21 (Figure 16-2A). Fluoroscopy has been 
fused to 3D transesophageal echocardiography (TEE), providing 
simultaneous imaging with both techniques and allowing for 
similar anatomic perspective (Figure 16-2B).

Multidetector Computed Tomography
Multidetector CT (MDCT) provides 3D volumetric data sets, allow-
ing multiplane reconstructions of the heart and great vessels. It 
plays an important role in preprocedural screening for and plan-
ning of several transcatheter valve interventions, thereby improv-
ing procedural outcomes and minimizing procedure-related 
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FIGURE 16-1â•… Fluoroscopy and angiography in guidance of transcatheter aortic valve implantation. Both fluoroscopy and angiography are extensively 
used during this procedure. The gantry position is critically important to provide a view for valve deployment. A shows such a view, in which the undeployed 
stent-valve is perpendicular to a line drawn at the base of all three aortic sinuses. B, Aortography to document that the undeployed valve is approximately 50/50 
below and above the valve plane. C, Balloon inflation with stent expansion and deployment of a SAPIEN valve (Edwards Lifesciences Corporation, Irvine, California). 
D, Immediately after deployment, a well-expanded stent-valve with the calcified aortic cusps pushed to the side can be seen. 

A B

C D
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the peripheral vasculature for percutaneous femoral access 
(Figure 16-5).

MDCT is being used in both aortic and mitral transcatheter-
based interventions. It provides a comprehensive anatomic 
assessment of the aortic valve complex and, to a lesser degree, 
of the mitral valve apparatus, helping in selection of the most 
appropriate procedural approach, decreasing complications, and 
improving outcomes.

Cardiac Magnetic Resonance
Cardiac magnetic resonance (CMR) is a comprehensive noninva-
sive tool capable of evaluating all aspects of valvular heart 
disease. Its main advantages include direct quantification of 
regurgitant lesions, accurate assessment of ventricular size mass 
and function, and visualization of myocardial scar.30 A system 
for x-ray fused with magnetic resonance imaging, has been  
developed and validated; this will be of value to guide catheter 
procedures with high spatial precision.31 Interventional magnetic 
resonance imaging to guide procedures is evolving slowly, 
however, because it requires considerable capital investment and 
special compatible instruments.14 Patients are imaged in the CMR 
imaging suite and then transported to fluoroscopic laboratories 
capable of some type of image fusion.

CMR has been used to guide transcatheter valve implantation 
in the aortic valve position in experimental animals. CMR enables 
assessment of cardiovascular anatomy and function. During and 
after implantation, the position and function of the prosthetic 
valve is easy to determine. In addition, CMR provides immediate 
post-intervention physiologic parameters of cardiac function and 
proximal coronary artery perfusion.32

Use of CMR to assess the aortic valve area and aortic root 
dimensions has been compared with a multimodality imaging 
approach including Doppler ultrasonography, 2-dimensional (2D) 
transthoracic echocardiography (TTE), 3D TTE and TEE, and 
catheterization. CMR and TEE provided similar assessments of the 
aortic valve annulus dimensions, especially at the limits of the 
TAVI range.33

Intracardiac Echocardiography
Intracardiac echocardiography (ICE) has been used for septal 
defect closure but also may be used for some valvular 
interventions.34-39 As seen in Figure 16-6, all four cardiac valves 
can be assessed with ICE, and the clarity of the structures is as 
good as and sometimes better than that with TEE. Yet because of 
the 2D aspect of ICE images, it is generally not used for interven-
tional treatments such as MitraClip insertion (Abbott Laborato-
ries, Abbott Park, Illinois) and TAVI. The tip of the ICE catheter 
must be placed in a location to allow accurate Doppler assess-
ment of valvular lesions, both stenotic and regurgitant. ICE is 
expected to improve and to be better integrated into the proce-
dure room. Unlike with TEE there is no potential compromise of 
the airway or need for general anesthesia for long interventions 
with ICE. Currently ICE can be quite useful for performing trans-
septal puncture, which is often needed for mitral interventions 
such as balloon valvuloplasty and MitraClip therapy. On the other 
hand, the 2D format of ICE images may make guiding transseptal 
puncture to a certain location on the septum difficult. Figure 16-7 
shows how ICE complements fluoroscopy for standard transseptal 
puncture.

Transthoracic and Transesophageal 
Echocardiography
Echocardiography is widely recognized as the preferred imaging 
tool for the evaluation and management of patients with ste-
notic,40 regurgitant,41 and prosthetic valves.42 The development 

complications.22,23 In patients being considered for percutaneous 
transcatheter aortic valve implantation (TAVI), MDCT can provide 
detailed information on the shape and size of the aortic annulus 
and the relation between the annulus and the ostia of the coro-
nary arteries24-26 (Figures 16-3 and 16-4).

Aortic valve calcification as assessed by MDCT has been shown 
to be well correlated to aortic valve area (AVA) and may be a 
useful adjunct for the evaluation of the severity of aortic stenosis 
severity, especially in difficult cases such as patients with low 
ejection fraction (EF).27

As described later, MDCT enables an accurate sizing of the 
aortic valve annulus and constitutes a valuable imaging tool to 
evaluate prosthesis location and deployment for TAVI. MDCT also 
facilitates the understanding of the underlying mechanisms of 
postprocedural aortic regurgitation.28 In addition, preprocedural 
MDCT can be used to predict optimal angiographic deployment 
projections for implantation of transcatheter valves.29

In patients being considered for TAVI, MDCT is used as  
the “gold standard” for determining of the appropriateness of  

FIGURE 16-2â•… Next-generation image guidance systems for valvular 
interventions. Innovations in image guidance of valvular heart disease inter-
ventions are developing new technologies that are integrated in the procedure 
room. A, A three-dimensional (3D) reconstruction from a rotational angio-
graphic acquisition with the flat x-ray detector making a 180-degree arc around 
the patient. Like a computed tomography scan, it can be segmented to show 
chambers and valves and can be used for fluoroscopic registration with image 
overlay. B, The combination of 3D transesophageal echocardiographic imaging 
with fluoroscopy is being used here to guide a MitraClip implantation (Abbott 
Laboratories, Abbott Park, Illinois). The radiographic and 3D ultrasound images 
are registered to provide a similar perspective. 

A

B

C-arm view Biplane view

Live x-ray
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FIGURE 16-3â•… Cardiac computed tomography before and after transcatheter aortic valve implantation. CT images illustrating short- and long-axis 
views and three-dimensional (3D) volumetric reconstructions before (A to C)and after (D to F) transcatheter aortic valve implantation. In short-axis views, A illus-
trates the traced aortic valve area, and D the deployed valve (arrow). In long-axis views, B shows the aortic annular dimension, and E the deployed prosthesis in 
relation to the left main coronary artery (arrow). The 3D volumetric reconstructions panel C illustrate the stenotic aortic valve seen in short axis (C) and the stent 
of the deployed valve (F). AO, Aorta; LA, left atrium; LVOT, left ventricular outflow tract. (Images courtesy Dr. Robert Quaife, University of Colorado Denver.)
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of real-time 3D echocardiography has resulted in improved  
spatial resolution on images and enhanced visualization of the 
morphologic features of the cardiac valves.43,44 Because of 
its universal availability, portability, and capacity to provide  
high-quality, reliable physiologic and morphologic information, 
echocardiography has been embraced with enthusiasm in the 
catheterization laboratory to provide guidance for transcatheter 
interventions for structural heart disease.45-50

In addition to helping with patient selection, procedure guid-
ance, and prevention and recognition of procedure complica-
tions, echocardiography can enable a clearer understanding of 
the hemodynamic and physiologic consequences of the devices 
being deployed.51

Both transthoracic and transesophageal echocardiography 
play a role in the management of patients undergoing transÂ�
catheter valve interventions, and all modalities of ultrasound, 
including 2D, 3D, and Doppler techniques, are being used in 
interventional suites and in the hybrid operating rooms dealing 
with valvular heart disease transcatheter interventions. Figure 
16-8 illustrates the use of 3D TEE for TAVI guidance.

Transcatheter Treatment of Valve Disease 
Because of the aging of the population, with the consequent 
greater complexity of and higher surgical risk of potential candi-
dates, surgical valve replacement and valve repair, traditionally 
the only viable options to treat advanced valvular heart disease, 
are being supplemented by newly developed transcatheter valve 
procedures52-54 (see Tables 16-1 and 16-2).

Cardiac imaging has played an important role in the develop-
ment and implementation of these new procedures; in the next 

section we discuss the most common transcatheter valve proce-
dures with emphasis on the central role cardiac imaging plays in 
their clinical use.

Transcatheter Balloon Valve Procedures

Balloon Aortic Valvuloplasty
Percutaneous balloon aortic valvuloplasty was first described by 
Cribier etâ•¯al55 in 1986. The procedure was carried out in three 
elderly patients with acquired severe aortic stenosis. Transvalvu-
lar systolic pressure gradient was considerably decreased at the 
end of the procedures, during which there were no complica-
tions. Cardiac imaging, in the form angiography and echocardiog-
raphy, confirmed increased valve opening. The initial enthusiasm 
for this technique56-62 was tempered by the recognition that the 
hemodynamic and clinical improvement was short lived. During 
follow-up, Doppler echocardiographic results demonstrated a 
trend toward the preprocedural severity of the aortic stenosis. 
Progression of restenosis assessed by Doppler echocardiography 
was accelerated in the patients who subsequently died or under-
went repeat balloon valvuloplasty or aortic valve replacement 
(AVR).63 Restenosis after balloon aortic valvuloplasty is common, 
occurring in as many as 50% or more of patients during the first 
year; histologic changes in restenosed valves differ from those 
seen in calcific aortic stenosis, with granulation tissue, fibrosis, 
and ossification being present.64 An encouraging factor was the 
demonstration that AVR could be performed with a low mortality 
rate, excellent palliation of symptoms, and prolongation of sur-
vival in selected high-risk patients with a history of previous 
balloon aortic valvuloplasty.65 One center has reported that repeat 
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FIGURE 16-4â•… Cardiac computed tomography key measurements for transcatheter aortic valve implantation. A and B illustrate the two orthogonal 
measurements of the aortic annulus that are used for prosthesis sizing (LVOT1 and LVOT2). In A, the blue bar corresponds to a annular dimension of 21â•¯mm; in B, 
the annular dimension is 21.5â•¯mm. C, The aortic valve area measured in short axis. D, The area at the level of the aortic annulus is depicted as a blue ellipse. The 
maximal and minimal orthogonal diameters at this level are also noted (black lines). E, Blue bars represent the distance from the aortic valve plane to the orifice of 
the left main trunk, 12.8â•¯mm, and the left coronary leaflet length, 12.6â•¯mm. F, The distance from the valve to the right coronary ostium (RCA) is measured at 11.4â•¯mm 
(blue bar). (Images courtesy Dr Robert Quaife, University of Colorado Denver.)
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FIGURE 16-5â•… Digital angiography and computed tomography angiography for assessment of vascular access before transcatheter aortic valve 
implantation. This procedure involves large delivery catheters and requires assessment of potential vascular access routes. Different modalities are used, including 
digital angiography (A), fluoroscopy with rigid guide wire to assess whether straightening of the vessel is needed (B), CT angiography with multiplanar reformat-
ting to allow coaxial assessment of vessel diameter (C), and CT angiography three-dimensional reconstruction to assess tortuosity (D). 
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FIGURE 16-6â•… Visualization of all valves on intracardiac echocardiography (ICE). ICE provides detailed visual assessment of all valves, including valve 
leaflets and subvalvular apparatus. A, Normal aortic valve. B, Congenital pulmonic valve stenosis with doming (arrow). C, Rheumatic mitral stenosis with extensive 
chordae thickening and shortening (arrows). D, Normal tricuspid valve. Catheter positions in A through C were various locations within the right ventricle; in 
D, catheter was in the right atrium. 

A

C D

B

FIGURE 16-7â•… Imaging guidance of transseptal puncture with intracardiac echocardiography (ICE). The safety and precision of transseptal catheteriza-
tion have been greatly improved by the use of ultrasound, including ICE. A shows a fluoroscopic image of the transseptal needle extending past the tip of the 
dilator of the transseptal sheath. B shows the corresponding ICE image that reveals the tenting of the septum but no crossing of the needle into the left atrium. 
With this knowledge from imaging, the operator can safely push with more force to complete the puncture. 

A B

balloon valvuloplasty is a viable treatment strategy in patients 
who have severe calcific aortic stenosis and are not candidates 
for surgery, because it provides a median survival rate of approxi-
mately 3 years and maintains clinical improvement,66 although 
this is not the experience at most centers.

Aortic balloon valvuloplasty has enjoyed a revival thanks  
to the interest in and development of TAVI. As discussed later, 
balloon valvuloplasty is used during TAVI to facilitate the passage 
of the crimped aortic valve through the narrow aortic valve 

orifice. Aortic balloon valvuloplasty can also be used to improve 
hemodynamics in some patients who are not surgical candidates 
and have severe AS, and a proportion of these patients improve 
to a point at which AVR can be performed. Use of balloon  
valvuloplasty as a bridge to TAVI will provide further options  
to high-risk patients who cannot be “bridged” to conventional 
AVR.67-70

The key uses of imaging for aortic balloon valvuloplasty are 
summarized on Table 16-5.
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balloon catheters across the stenotic mitral valve.80 In addition to 
guiding the manipulation of catheters, real-time TEE is useful for 
confirming the efficacy of valvotomy and for detecting and man-
aging complications. Severe mitral regurgitation is a relatively 
infrequent complication of Inoue balloon valvotomy; it results 
from disruption of valve integrity (Figure 16-10), including chordal 
rupture and leaflet tearing.81 TEE facilitates careful balloon posi-
tioning so as to avoid chordal rupture. The additional value of 3D 
echocardiography in patients with mitral valve stenosis undergo-
ing balloon valvuloplasty is now well recognized.82,83 The 3D TEE 
method enables a better description of the mitral valvular 
anatomy, especially after BMV.84

The key uses of imaging for BMV are summarized in Table 16-6 
and Figure 16-11.

Pulmonic Valve Balloon Valvuloplasty
Since the initial 1982 description by Pepine etâ•¯al85 of successful 
percutaneous balloon valvuloplasty for pulmonic valve stenosis 
in the adult, this procedure has essentially superseded surgical 
pulmonic valve replacement as the treatment of choice for this 
condition.86

Mullins etâ•¯al87 evaluated the efficacy, technique, and follow-up 
results for balloon dilation angioplasty in 63 patients with valvular 
pulmonic stenosis (ages 3 months to 76 years). The pressure  
gradient across the pulmonic valve was determined with right  
ventricular and main pulmonary artery catheters and simultane-
ously by continuous-wave Doppler echocardiography. There was 
excellent linear correlation between the simultaneous catheter 
pressure gradient and the pressure gradient estimated by Doppler 
echocardiography. These data confirmed that balloon dilation 
angioplasty for valvular pulmonic stenosis is safe and effective. 
Patients with congenital pulmonic stenosis who present in late 

Balloon Mitral Valvotomy
In 1984 Inoue etâ•¯al71 reported a new balloon catheter technique 
that allows mitral commissurotomy without thoracotomy. The 
procedure was successful in five of the six patients with mitral 
stenosis so treated. Two-dimensional echocardiography showed 
a marked to moderate degree of dilation of the mitral orifice  
in each patient. Balloon mitral valvotomy (BMV) was rapidly 
accepted, refined, and expanded as an effective nonsurgical pro-
cedure to treat patients with mitral stenosis, including those with 
pliable valves, those with previous commissurotomy, and even 
those with mitral calcification.72

In patients with rheumatic mitral stenosis, transcatheter mitral 
valve balloon valvotomy has virtually replaced surgery as the 
preferred method to improve mitral valve area.73-77

The central role of echocardiography in patient selection for 
BMV was initially described by Wilkins etâ•¯al.78 The appearance of 
the mitral valve on the predilation echocardiogram was scored 
for leaflet mobility, leaflet thickening, subvalvular thickening, and 
calcification. A high score, indicating advanced leaflet deformity, 
on predilation imaging had a suboptimal outcome, whereas a low 
score (a mobile valve with limited thickening) was associated 
with an optimal outcome. In addition, the presence of commis-
sural calcium has been found to be a strong predictor of outcome 
after percutaneous mitral balloon valvotomy. Patients with evi-
dence of calcium in a commissure have a lower survival rate and 
a higher rate of later mitral valve replacement.79

BMV can be performed with fluoroscopic guidance alone with 
the self-centering Inoue balloon catheter (Figure 16-9); however, 
even an experienced operator can be misled by radiographic 
tissue landmarks. The addition of real-time TEE during BMV facili-
tates the success and safety of this procedure by guiding the 
transseptal puncture and assisting with navigation of the dilating 

FIGURE 16-8â•… Real-time three-dimensional transesophageal echocardiography guidance for transcatheter aortic valve implantation. A to D, The 
use of volume rendition mode three-dimensional (3D) transesophageal echocardiography guidance of the implantation procedure. A, The dotted line represents 
a 3D “measurement on glass” of the aortic annulus. B, The measurement on glass of the circumference of the aortic annulus C, The crimped prosthesis (arrows) is 
being centered to the aortic annulus (asterisks). D, The deployed prosthesis is delineated by the arrows. E to H, The multiplane reconstruction mode being used 
in this case to delineate the distance from the left main trunk (LMT, black arrow) to the aortic leaflets. E, The green line marks the distance (D2) from the base of the 
left coronary cusp to the LMT. In G, the line (D1) marks the same distance in an orthogonal plane. F illustrates the 3D short-axis view of the aortic valve depicting 
the right (R), left (L), and noncoronary (N) cusps. H shows the three orthogonal planes used to obtain these views. Ao, Aorta; LA, left atrium; LVOT, left ventricular 
outflow tract. 

A

Volume rendition Multiplane reconstruction
3D TEE in TAVR

B

C

D

E

F

G

H

LA

LALA

LA

*

*

LVOT

LVOT

LVOT

LVOT

Ao

Ao

Ao

Ao

LMT

N

R

L

N

R

L

LVOT
Ao

D2
D1



242

C H
16

TABLE 16-5	 Aortic Balloon Valvuloplasty

TASK IMAGING

Patient Selection
Severe calcific aortic 

stenosis
Echocardiography: aortic valve area (AVA)  
< 1â•¯cm2, mean gradient 40â•¯mmâ•¯Hg, peak 
velocity 4â•¯m/sec

Procedural Guidance
Crossing the aortic valve Fluoroscopy
Balloon positioning and 

inflation
Fluoroscopy and angiography
Two-dimensional (2D) and 3D 

echocardiography

Evaluation of Results
Increase aortic valve area Echocardiography: improved AVA by 

planimetry or continuity equation
Fracture calcium deposits Echocardiography: improved leaflet mobility
Late restenosis (several 

months)
Echocardiography: serial AVA measurements

Early restenosis Fluoroscopy: insufficient balloon inflation

Evaluation of Potential 
Complications
Cardiac perforation and 

tamponade
2D echocardiography and Doppler 

hemodynamics
Leaflet damage resulting in 

aortic regurgitation
2D and 3D echocardiography, color Doppler, 

aortography
Left ventricular failure and 

low cardiac output
2D and 3D echocardiography

FIGURE 16-9â•… Fluoroscopic Guidance of balloon mitral valvotomy. Fluoroscopy can be the main imaging modality to guide the performance of the pro-
cedure using the Inoue balloon catheter. A, Crossing of the catheter from the left atrium into the left ventricle is often straightforward. B, Inflation of the balloon 
first occurs in the distal balloon, allowing the catheter to be pulled back to engage the valve orifice. C, Further inflation enlarges the proximal part of the balloon, 
which “locks” the mitral valve orifice, and the stenotic orifice accentuates a “dog-balloon” appearance. D, The final full inflation straightens the midportion of the 
balloon, providing the force to split the fused commissures. 

A B

C D

TABLE 16-6	 Mitral Balloon Valvotomy

TASK IMAGING

Patient Selection
Severe mitral stenosis Mitral valve area (MVA) <1cm2

Mean gradient >10â•¯mmâ•¯Hg
Pulmonic pressure >50â•¯mmâ•¯Hg

Suitable valve •	 Valve score: leaflet mobility, leaflet 
thickening, subvalvar thickening, and 
leaflet calcification

•	 Absence of significant mitral regurgitation
•	 Absence of left atrial thrombus
•	 Absence of commissural calcium

Procedural Guidance
Septal puncture catheter 

navigation
Fluoroscopy
Two-dimensional (2D) and 3D 

transesophageal echocardiography (TEE)
Balloon positioning and 

inflation
2D and 3D TEE

Evaluation of Results
Increased mitral valve area 2D and 3D echocardiography of MVA
Decreased gradient Doppler mean gradient
Commissural splitting 2D and 3D echocardiography

Evaluation of Potential 
Complications
Cardiac perforation and 

tamponade
2D echocardiography and Doppler 

hemodynamics
Severe mitral regurgitation Color Doppler
Embolism 2D 3D echocardiography
Large interatrial shunt Color Doppler
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FIGURE 16-10â•… Complication during balloon mitral valvotomy. Transesophageal echocardiographic images in a patient with mitral stenosis (A and B) who 
underwent BMV and in whom the balloon dilation caused anterior mitral leaflet rupture. D and E, A cleft has occurred along the middle of the anterior leaflet. 
Trace mitral regurgitation seen before the procedure (C) changed to severe mitral regurgitation after balloon dilation (F). 
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FIGURE 16-11â•… Balloon mitral valvotomy. Real-time three-dimensional transesophageal echocardiographic images obtained before, during, and after 
balloon mitral valvotomy in a patient with mitral stenosis. A and B illustrate the stenotic mitral orifice as seen from the left atrium (A) and from the left ventricle 
(B) immediately prior to the procedure. C and D, obtained immediately after the procedure, show the commissure splitting and the larger mitral valve orifice. 
E to H, obtained during the procedure, illustrate the catheter approximating the narrow mitral orifice (E), the catheter being advanced through the mitral orifice 
(F), the catheter being aligned with the long axis of the left ventricle (LV) (G), and the balloon after inflation (H). AL, anterior leaflet; AO, aorta; LA, left atrium; 
LAA, left atrial appendix; PL, posterior leaflet. 
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TABLE 16-7
	 Transcatheter Aortic Valve Implantation: 

SAPIEN* Valve—Transarterial Retrograde 
Approach

TASK IMAGING

Patient Selection
Severe aortic stenosis Echocardiography: aortic valve area ≤0.8â•¯cm2, 

mean gradient ≥40â•¯mmâ•¯Hg, peak aortic valve 
velocity ≥4â•¯m/sec

Aortic annulus size TTE, TEE, CT: >17â•¯mm and <26â•¯mm
Femoral artery size CT angiography: >7â•¯mm

Valve Size Selection •	 Echocardiography: aortic annulus size
•	 CT: aortic annulus size and annulus-to-LMT 

distance
•	 CT angiography and descending 

aortography: femoral artery size

Procedural Guidance
Crossing the aortic valve Fluoroscopy, 2D and 3D echocardiography
Balloon valvuloplasty Fluoroscopy, angiography, 2D and 3D 

echocardiography
Valve implantation •	 CT 3D reconstruction: to select best 

fluoroscopy plane
•	 Aortography: for plane selection
•	 Fluoroscopy: placement of prosthesis at mid 

valve level
•	 TEE: placement of prosthesis at mid valve 

level

Recognition of 
Complications

•	 Right or left ventricular perforation: 
echocardiographic effusion-tamponade

•	 Prosthesis misplacement/embolization: 
fluoroscopy, TEE

•	 Aortic regurgitation: TEE color Doppler, 
aortography

•	 Annular dissection: TEE, aortography
•	 Arterial perforation: descending aortography
•	 LMT obstruction: coronary arteriography, TEE
•	 Aortic dissection: TEE
•	 Mitral regurgitation from prosthesis 

impingement: TEE
•	 Thrombus formation: TEE

Evaluation of Results •	 Correct valve placement and stability: 
fluoroscopy, TEE

•	 Origin and severity of aortic regurgitation: 
TEE, color Doppler, aortography

•	 Transvalvular gradients: TEE, spectral Doppler

2D, Two-dimensional; CT, computed tomography; Doppler, Doppler echocardiography; 
LMT, left main trunk; TEE, transesophageal echocardiography; TTE, transthoracic 
echocardiography.
*Edwards Lifesciences Corporation, Irvine, California.

may be candidates for the transapical approach. Arteriography 
and CT angiography are now routinely used for this purpose, as 
illustrated in Figure 16-5.

The inclusion criteria for TAVI require echocardiographic dem-
onstration of severe calcific trileaflet aortic stenosis with a valve 
area of less than 0.8â•¯cm2, a mean transvalvular gradient of at least 
40â•¯mmâ•¯Hg, and a peak transaortic velocity of 4â•¯m/sec or more 
(see Chapter 15).96 Exclusion criteria, which are mainly evaluated 
by echocardiography, include a bicuspid or noncalcified aortic 
valve, a left ventricular ejection fraction of less than 20%, an aortic 
annulus diameter of less than 18â•¯mm or more than 25â•¯mm, and 
severe (>3+) mitral or aortic regurgitation.96 Patients with left ven-
tricular dysfunction who are thought to have a low-gradient, 
(mean aortic valve gradient <40â•¯mmâ•¯Hg) severe aortic stenosis 
may undergo dobutamine stress echocardiography; if the mean 
transaortic gradient becomes higher than 40â•¯mmâ•¯Hg with dobu-
tamine, they may be considered for TAVI.

At this time there is only a very limited choice of valve sizes for 
TAVI, so determination of the correct replacement valve requires 

adolescence or adult life can now be treated with percutaneous 
balloon valvuloplasty with excellent short-term and long-term 
results that are similar to those in young children.88

TTE is the imaging modality of choice in the diagnosis, evalu-
ation, and follow-up of patients with pulmonic stenosis (PS). Val-
vular PS is usually diagnosed by 2D imaging, and Doppler 
echocardiography allows for the quantification of severity of the 
valvular lesion.88 CT and CMR provide complementary anatomic 
characterization of the pulmonic annulus and valve prior to per-
cutaneous balloon valvuloplasty.

Imaging guidance during pulmonic balloon valvuloplasty 
usually entails the use of fluoroscopy and cineangiography. Echo-
cardiography can be of assistance in the detection and manage-
ment of the rare complications from pulmonic balloon 
valvuloplasty, such as valve and annulus disruption, injury to the 
pulmonary artery, and tricuspid valve injury.

Bioprosthetic Valve Balloon Valvuloplasty
Dejam etâ•¯al89 reported on a patient with prosthetic aortic valve 
stenosis who was treated with valvuloplasty using intracardiac 
and fluoroscopic guidance and in whom recurrence was treated 
with repeat valvuloplasty with promising intermediate-term 
outcome. Yunoki etâ•¯al90 reported the successful use of percutane-
ous transcatheter balloon valvuloplasty in a patient with biopros-
thetic tricuspid valve stenosis. However, these are isolated reports 
and the effectiveness of this approach is yet to be proven in a 
large number of patients.91 Fluoroscopy and sometimes TEE are 
the imaging tools favored for guidance in these procedures.

Transcatheter Valve Implantation
Although the incidence of severe mitral or aortic valve disease in 
the elderly is relatively high, many patients who are potential 
candidates for valve repair or replacement are undiagnosed, are 
not referred for surgery, or are too sick or unwilling to undergo 
the required surgery. In addition, the management of patients 
with previous surgery for congenital heart disease with postop-
erative right ventricular (RV) outflow tract dysfunction is difficult 
and complex. As a response, transcatheter heart valves for the 
aortic, pulmonic, and mitral positions have been developed and 
are in clinical use in many countries or in clinical trials through-
out the United States.92,93

Transcatheter Aortic Valve Implantation
In 2002, Cribier etâ•¯al94 described the first human implantation of 
a transcatheter aortic valve bioprosthesis; it was performed in a 
57-year-old man with calcific aortic stenosis, cardiogenic shock, 
subacute leg ischemia, and other associated noncardiac diseases. 
Since then there has been an explosion of interest in the percu-
taneous deployment of aortic valve prostheses; standardized end 
point definitions for TAVI clinical trials have been published,95 
and large clinical trials have demonstrated its efficacy.96-98 In addi-
tion transfemoral and transapical TAVI approaches have been 
reported.99-103

A central theme in the successful clinical implementation of 
transcatheter valve procedures has been the development of 
“heart teams” composed of multiple cardiovascular specialists, 
including cardiac imagers, interventionalists, cardiac anesthesi-
ologists, cardiovascular surgeons, and support personnel.

In this section we describe the most important aspects of TAVI 
cardiovascular imaging for patient evaluation and selection, pros-
thetic choice and sizing, procedural guidance, recognition and 
management of complications, and evaluation of results (Table 
16-7; Figures 16-12 and 16-13).

One of the initial steps in identification of candidates for TAVI 
is the evaluation of vascular access.104 This is critical because the 
delivery catheters are rather large and require a target artery of 
acceptable size. Patients without adequate peripheral arteries 
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FIGURE 16-12â•… Key points for the preprocedure and postprocedure transesophageal echocardiographic assessment of patients undergoing 
transcatheter aortic valve implantation. The key points to consider during the preprocedure evaluation include demonstration of the presence of three aortic 
leaflets as seen in A; and evaluation of the calcium burden (in this case small), visualization of the left main trunk (LMT), and characterization and sizing of the 
aortic annulus (blue arrow), sinus of Valsalva (asterisks), and sinotubular junction (STJ, orange arrows), as illustrated in B. C and D, Immediately after implantation, the 
key points to consider include stent position and stability (red arrows), proper leaflet motility, normal LMT flow, and presence and severity of aortic regurgitation. 
Ao, Aorta; L, left coronary cusp; LA, left atrium; LVOT, left ventricular outflow tract; N, noncoronary cusp; R, right coronary cusp. 
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FIGURE 16-13â•… Transesophageal echocardiographic guidance for transcatheter aortic valve implantation. Imaging guidance by TEE for the implanta-
tion procedure includes A, preprocedural evaluation of the aortic annular dimension (red asterisks), sinus of Valsalva (SV), and sinotubular junction (orange asterisks). 
In images obtained during the procedure, B depicts the guide wire (blue arrows) being advanced through the stenotic aortic valve; C shows the the balloon inflated, 
extending from the left ventricular outflow tract (LVOT) to the aorta; D shows the crimped prosthesis (red arrows) being positioned in the center of the aortic 
annulus (dotted green line); and E illustrates the deployed (red arrows) aortic prosthesis (AVR). F, a color Doppler image obtained immediately after deployment, 
illustrates mild central prosthetic aortic regurgitation. 
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FIGURE 16-14â•… Radiographic guidance for implantation of a Melody Valve (Medtronic, Inc, Minneapolis, Minnesota). Transcatheter implantation of 
the pulmonic valve is carried out using fluoroscopy and angiography. A, Degenerated bioprosthesis in the pulmonary position is shown before and B, after 
angiography demonstrating severe regurgitation. C, After placement of a Melody valve D, angiography shows a competent valve with no regurgitation. (Images 
courtesy Drs. Joseph Kay and Thomas Fagan, University of Colorado Denver.)
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precise understanding of the shape and size of the aortic valve 
complex105 and the most accurate measure of the aortic annulus. 
Both echocardiography (transthoracic and transesophageal) and 
CT are currently used for this purpose.106-110

In addition to the aortic valve annulus size, a successful  
TAVI procedure depends on diminishing the chances of coro-
nary ostia occlusion by accurately measuring the aortic leaflets  
length and aortic annulus–to–left coronary ostium distance.  
Both echocardiography111 and CT28 are being used for this 
purpose.

During the TAVI procedure, catheter and device navigation 
and valve deployment are guided mainly with fluoroscopy and 
cineangiography (see Figure 16-1). TEE plays a secondary role 
during catheter navigation and device deployment, but a central 
role in the immediate postdeployment period. The key points  
at this time are the demonstration of a well-placed and stable 
prosthesis, appropriate function of the three leaflets, and absence 
of significant prosthetic and periprosthetic regurgitation (see 
Figure 16-12). Another important facet of the echocardiographic 
evaluation during and after aortic valve implantation is the search 
for and recognition of potential complications,112 as summarized 
in Table 16-7.

Transcatheter Pulmonic Valve Implantation
In 2000, Bonhoeffer reported the first case of transcatheter pul-
monic valve implantation in a 12-year-old boy with stenosis and 
regurgitation of a prosthetic conduit from the right ventricle to the 
pulmonary artery. In 2002 and 2005, the same group reported 
their expanded experience and concluded that transcatheter pul-
monic valve implantation is feasible, has low risk, and results in 
quantifiable improvement in CMR-defined ventricular parameters 
and pulmonary regurgitation as well as in subjective and objec-
tive improvement in exercise capacity.113,114 Since then about 1500 
valves have been implanted worldwide, several groups have 
reported their experiences,115-121 and this procedure is becoming 
the preferred therapeutic option for patients with RV outflow 
stenosis or regurgitation dysfunction after previous surgery or 
stent placement.

In such patients, echocardiography is the main imaging tech-
nique to evaluate for the presence and severity of both RV outflow 
obstruction and pulmonic regurgitation. CMR is better suited for 
the evaluation of RV and outflow tract size and RV systolic func-
tion. Intraprocedure guidance is usually done with fluoroscopy 
and cineangiography (Figure 16-14).
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TABLE 16-8	 Transcatheter Edge-to-Edge Mitral 
Valve Repair

TASK IMAGING

Patient Selection
Moderate or severe MR Quantitative echocardiography129:

1.	 Color-flow jet may be central and 
large (>6â•¯cm2 or >30% of the left 
atrial area as measured in all apical 
four-chamber or a long-axis view) 
or smaller if eccentric, encircling 
the left atrium.

2.	 Pulmonary vein flow may show 
systolic blunting or systolic flow 
reversal.

3.	 Vena contracta width >0.3â•¯cm 
measured in the parasternal 
long-axis view.

4.	 Regurgitant volume of >45â•¯mL/
beat.

5.	 Regurgitant fraction >40%.
6.	 Regurgitant orifice area >0.30â•¯cm.

Degenerative MR 2D TEE: Flail gap and flail width
Functional MR 2D TEE: Tethering height and 

coaptation length

Procedural Guidance
Transseptal puncture Fluoroscopy, 2D and 3D TEE

Superior and posterior puncture 
points

Advancing the clip delivery  
system

2D and 3D TEE

Positioning and orienting  
the clip

2D and 3D TEE

Grasping the leaflets 2D and 3D TEE

Recognizing Complications
Right, left ventricular perforation
Partial clip detachment

Echocardiography effusion-
tamponade

Echocardiography, fluoroscopy

Evaluation of Results
MR reduction 2D, 3D TEE, color Doppler
Stable and adequately  

placed clip
2D, 3D TEE

2D, Two dimensional; Doppler, Doppler echocardiography; MR, mitral regurgitation; TEE, 
transesophageal echocardiography.

scarring, or calcification, reoperation is associated with increased 
morbidity and mortality. Transthoracic and real-time 3D TEE is 
key for characterizing the number of defects, defect location, size, 
and shape140-142 (Figures 16-17 and 16-18). MDCT can further char-
acterize the size, location, and shape of the leak.143 Paramitral 
defects are usually approached with an antegrade transseptal 
approach guided by fluoroscopy and real-time 3D TEE. Closure 
devices such as vascular plugs, guide wires, and catheters are 
clearly visible on fluoroscopy, so fluoroscopic guidance may be 
used extensively (Figure 16-19). Retrograde transaortic cannula-
tion and transapical access with retrograde cannulation are 
potential alternative approaches. For oblong or crescentic defects, 
the simultaneous or sequential deployment of two smaller devices, 
as opposed to one large device, results in a higher rate of proce-
dural success and safety because the risk of impingement on the 
prosthetic leaflets is minimized. Most paraaortic defects are 
approached in a retrograde manner and closed with a single 
device.139

With detailed imaging guidance, meticulous anatomic assess-
ment, and careful planning, and procedural execution, success-
ful closure rates of 90% or more can be attained, as reported in 

Transcatheter Mitral Valve Implantation
As of today transcatheter implantation of mitral valves has not 
reached clinical applications. Several groups have demonstrated 
the potential of this approach in experimental animals,122-124 and 
it is likely that in the near future it will be applied in clinical trials. 
Echocardiography and 3D TTE in particular are likely to play a 
central role in patient selection and device deployment in patients 
undergoing the procedure.

Transcatheter Procedures for  
Mitral Regurgitation

Edge-to-Edge Mitral Valve Repair
Surgical repair of the mitral valve consisting of anchoring the  
free edge of a prolapsing leaflet to the corresponding free edge 
of the facing leaflet—the edge-to-edge technique—was described 
by Maisano etâ•¯al125 in 1998. on the basis of this concept, a percu-
taneous approach for edge-to-edge mitral valve report was devel-
oped, and the results of a multicenter trial (Everest Phase I clinical 
trial) involving 27 patients was reported by Feldman etâ•¯al126 in 
2005. General anesthesia, fluoroscopy, and echocardiographic 
guidance are used. A guide is positioned in the left atrium. A clip 
(MitraClip) is centered over the mitral orifice, passed into the left 
ventricle, and pulled back to grasp the mitral leaflets. After veri-
fication that mitral regurgitation (MR) is reduced, the clip is 
released.126 In 2009 Feldman etâ•¯al127 reported on the safety and 
midterm durability of this procedure in the initial EVEREST cohort 
of the Percutaneous repair with the MitraClip system; this trial, 
involving 107 patients, demonstrated that percutaneous edge-to-
edge mitral repair can be accomplished with low rates of morbid-
ity and mortality and with acute reduction in MR severity to less 
than 2+ in the majority of patients, and with sustained freedom 
from death, surgery, and recurrent MR in a substantial proportion 
of patients.127

From an imaging perspective, this trial was commendable in 
that it used a core echocardiography laboratory.128 On reporting 
on the use of echocardiography for the MitraClip device, Foster 
etâ•¯al128 concluded that quantitative assessment of MR is feasible 
in a multicenter trial, and percutaneous mitral repair with the 
MitraClip produces a sustained decrease in MR severity to moder-
ate or less for at least 6 months. Echocardiography plays a central 
role in procedural guidance and evaluation of results. TEE is 
used as the primary imaging modality to guide this procedure 
and is essential to its success. A streamlined approach to echo-
cardiographic guidance, using predetermined standardized 
views and a common anatomically based vocabulary, shortens 
the procedure time and allows for efficient percutaneous repair.129 
Table 16-8 summarizes, and Figures 16-15 and 16-16 illustrate the 
key uses of imaging in percutaneous edge-to-edge mitral valve 
repair.

Other Procedures
Other transcatheter procedures for the treatment of mitral regur-
gitation being investigated include coronary sinus annulo-
plasty,130-136 direct annuloplasty,137 and ventricular remodeling.138 
None of these procedures has reached clinical utilization so they 
are not detailed here.

Transcatheter Repair of  
Paravalvular Regurgitation
Of the approximately 60,000 prosthetic valve replacements done 
in the United States every year, paravalvular regurgitation devel-
ops in 5% to 17%.139 Affected patients frequently have hemolysis 
or heart failure, and because of underlying tissue friability, 
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FIGURE 16-15â•… Transesophageal echocardiographic guidance of edge-to-edge mitral valve repair. Transesophageal echocardiography (TEE) in a 
patient with severe secondary mitral regurgitation undergoing edge-to-edge mitral valve repair. A to C, Preprocedure images illustrate the presence of severe 
mitral regurgitation (C) in a structurally normal mitral valve as seen from the left atrium (LA) (A) and from the left ventricle (LV) (B). D and E, Postprocedure images 
showing the clip in place (green asterisk), creating a double-orifice (red asterisks) mitral valve. F, The presence of only mild mitral regurgitation at the end of the 
procedure. G to L illustrate the complementary role that two-dimensional and three-dimensional TEE plays during the deployment of the mitral clip. G, The 
“tenting” that occurs during the septal puncture (arrow). A precise postero-superior puncture site is required to provide maneuverability of the delivery catheter 
in the left atrium. The white dotted line marks an appropriate 40-mm distance from the puncture site to the mitral valve plane. H, The delivery catheter is advanced 
into the left atrium and toward the mitral valve orifice. I, The clip with extended arms (double-headed arrow) is oriented perpendicularly to the line of coaptation 
of the mitral valve (doted green line). J, The clip (green asterisk) is advanced through the mitral valve (arrows) into the inflow tract of the left ventricle. K and L are 
simultaneously obtained orthogonal biplane views of the mitral valve. K represents the left ventricular outflow view, and L the bicommissural view. These views 
are ideal for guiding leaflet grasping (red arrows) during the clip procedure. AL, anterior leaflet of the mitral valve; Ao, aorta; AoV, aortic valve; LAA, left atrial 
appendage. 
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a series of 115 patients by Sorajja etâ•¯al.144 Table 16-9 summarizes 
the imaging aspects of transcatheter repair of paravalvular 
regurgitation.

Transcatheter Valve-in-Valve 
Implantation
Because of a lower risk of thrombotic and bleeding events and 
the desire to avoid anticoagulation, bioprosthetic heart valves are 
often favored over more durable mechanical valves. With time, 
however, bioprosthetic valves tend to deteriorate and eventually 
fail. The significant risks carried by reoperations have led to the 
development of alternative percutaneous prosthetic “valve-in-
valve” implantation. In single-center145 and multicenter146 trials, 
this alternative been found to be a reproducible option for the 

management of bioprosthetic valve failure. Several reports have 
documented the validity of this approach for bioprostheses in 
pulmonic,147 tricuspid,148 mitral,149-151 and aortic152 positions. The 
majority of these reports describe using the Edwards SAPIEN 
valve (Edwards Lifesciences Corporation, Irvine, California), and 
the imaging guidance is commonly based on fluoroscopy, angi-
ography, and TEE.

Summary
The landscape of valvular heart disease is significantly changing 
as a consequence of the aging of the affected patients and the 
resulting switch in management to less invasive procedures. No 
longer is rheumatic heart disease, a disease of the young, the 
main valvular pathology requiring a mechanical solution. In 
industrialized countries, calcific valvular disease, a disease of the 
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FIGURE 16-16â•… Placement of a MitraClip (Abbott Laboratories, Abbott Park, Illinois) with fluoroscopic imaging. Placement of the MitraClip uses both 
echocardiography and fluoroscopy for guidance. Four steps in the procedure are shown in these fluoroscopic images. A, Clip-on-clip delivery system exiting the 
guiding catheter in the left atrium; B, Clip opened in the left ventricle and ready for leaflet grasping; C, Leaflets grasped and clip still attached if repositioning 
needed; D, Release of clip. 
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FIGURE 16-17â•… Real-time three-dimensional transesophageal echocardiographic orientation of prosthetic mitral valve paravalvular plug loca-
tion. Real-time image of a bileaflet mitral valve mechanical prosthesis with a plug (red asterisk) to remedy paraprosthetic leak. Localization of the leak is facilitated 
by first determining in what quadrant the leak is (in this case, posterolateral). The red dotted arrows are perpendicular to each other, and by using the anatomic 
landmarks of the aorta, left atrial appendage, and interatrial septum, one can deduce what are anterior, posterior, lateral, and medial, and from this knowledge 
create the four quadrants described. One can then fine-tune the location by using the circumference of the suture ring as the face of a clock (in this case, the plug 
is at 5 o’clock). LAA, left atrial appendage. 
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FIGURE 16-18â•… Real-time three-dimensional transesophageal echocardiographic guidance of paraprosthetic leak closure in a patient with two 
prior plugs. A to C, Preprocedure images. In A and C, the presence of a significant residual paraprosthetic leak is indicated by the arrow. The location of the leak 
is unclear on the two-dimensional color Doppler image (A), whereas it is distinctly localized in the posterolateral quadrant at 7 o’clock on the three-dimensional 
(3D) color image (C). In B, the location of prior plugs (1 and 2) at 9 o’clock and 11 o’clock are clearly determined. D to F, Postprocedure panels. D and F, The absence 
of significant residual paravalvular regurgitation. E, The three plugs in place (1, 2, and 3). G to I illustrate the use of 3D transesophageal echocardiography for 
intraprocedure guidance of the paraprosthetic leak closure. G, The delivery catheter (C) has been advanced through the septal puncture into the left atrium. 
H, The catheter has been advanced into the paravalvular leak orifice. I, The third (3) plug has been deployed. AoV, aortic valve; IAS, interatrial septum; LA, left atrium; 
LV, left ventricle; Red asterisk, left atrial appendage. 
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FIGURE 16-19â•… Closure of paravalvular leak using transapical access and fluoroscopic guidance. Patients undergoing transcatheter closure of parapros-
thetic leaks often have high surgical risks and have undergone multiple prior operations, as shown here. A, Transapical approach to a mitral paravalvular leak was 
used, and the guide wire crossing from left ventricle to left atrium is clearly outside the valve ring (arrow). B, A cranial gantry angulation helped deploy two vascular 
plugs in an area with marked calcification (arrow) likely to have contributed to partial valve dehiscence. D, Completion left ventricular angiography shows no 
contrast agent regurgitating into the left atrium (arrow). 

A B C

TABLE 16-9	 Transcatheter Repair of Paravalvular Regurgitation

TASK IMAGING

Patient Selection
Mitral Paravalvular Defects
Size: <25% of circumference
Leak severity: mild, moderate, severe
Shape: crescentic, oblong, serpiginous tracks
Number: single, multiple
Location: use anatomic land marks; relation to tilting or hemi-discs or 

bioprosthetic leaflets

TEE
Color Doppler: assessment of leak severity, valvular vs. paravalvular leak
3D TEE particularly helpful for detailed anatomic characterization of defects
Multislice computed tomography

Aortic Paravalvular Defects
Size: usually small
Leak severity: mild, moderate, severe
Shape: usually round
Number: usually single
Location: use anatomic land marks; relation to tilting or hemi-discs or 

bioprosthetic leaflets

Consider TTE or ICE for anterior leaks
TEE for posterior leaks
Color Doppler: assessment of leak severity, valvular vs. paravalvular leak
Paravalvular leak severity difficult to assess by color Doppler; Consider 

aortogram

Procedural Guidance
Mitral Paravalvular Defects
Antegrade transseptal approach Fluoroscopy, biplane recommended
Retrograde transapical approach TEE
Retrograde transaortic approach 3D TEE recommended

Aortic Paravalvular Defects
Retrograde approach TTE (anterior defects)

Fluoroscopy (all defects)
ICE ( anterior defects, ICE catheter placed in right ventricular outflow tract)
TEE (posterior defects)

Recognition of Complications
Obstruction of mechanical tilting-disk valve
Device tilting after deployment, blocking the prosthetic leaflet
Device embolization
Coronary artery obstruction
Thromboembolism, stroke

Fluoroscopy
2D and 3D TEE
Aortography
Coronary angiography

Evaluation of Results
Determine therapeutic end point before initiating procedure:

For heart failure: substantial reduction of leak required
For hemolysis: no residual leak required

Color Doppler
Pulsed Doppler of pulmonary veins
Aortography

2D, Two-dimensional; Doppler, Doppler echocardiography; ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; TTE, transtracheal echocardiography;
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elderly, causes most of the severe forms of valvular pathology. The 
development of transcatheter procedures to effectively treat 
advanced valvular heart disease has changed the way patients 
with valvular heart disease are being treated. Cardiac imaging 
plays a central role in patient selection, procedural guidance, 
recognition and management of complications, and evaluation of 
results and follow-up of patients undergoing transcatheter valve 
procedures.
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Despite the decrease in the incidence of rheumatic heart disease, 
MS remains prevalent, even in industrialized countries. The main 
purpose of investigation of MS is to determine the optimal timing 
of intervention as well as the most appropriate treatment—percu-
taneous technique or surgery. The treatment of this disease has 
been reoriented with the development of balloon mitral valvot-
omy. Large series reporting long-term follow-up after the proce-
dure have contributed to improvement in the level of evidence of 
decision making for interventions in MS, as attested by contem-
porary guidelines.

Pathophysiology

Mechanisms of Valve Obstruction
Unlike other heart valve diseases, mitral stenosis (MS) remains, 
in most cases, a consequence of rheumatic fever.1 The main 
mechanism of stenosis is commissural fusion. Posterior leaflet 
thickening and restriction are almost constant but have limited 
hemodynamic consequences. Thickening and rigidity of the ante-
rior leaflet and/or the subvalvular apparatus can also contribute 
to stenosis (Figure 17-1).2 Commissural fusion explains why the 
area of the mitral orifice is relatively constant in severe stenosis, 
whereas it may vary according to flow conditions once commis-
sures have been opened after balloon mitral valvotomy (BMV).3

Degenerative mitral annular calcification occurs frequently in 
the elderly. It has few or no hemodynamic consequences in most 

patients, but obstruction may appear over time.4 Significant ste-
nosis seldom occurs and is related to restriction of both leaflets 
due to extensive calcification, without commissural fusion.

Other etiologies are rare. Congenital MS is mainly the conse-
quence of abnormalities of the subvalvular apparatus. Inflamma-
tory diseases (e.g., systemic lupus erythematosus), infiltrative 
diseases, carcinoid heart disease, and drug-induced valve dis-
eases are characterized by a predominance of leaflet thickening 
and restriction but seldom with fusion of commissures.

The predominance of rheumatic etiology explains why the 
prevalence of MS has decreased in industrialized countries.1 
However, it still accounts for approximately 10% of native valve 
diseases and affects young immigrants or old patients.5 Con-
versely, the prevalence of rheumatic heart disease remains sus-
tained in developing countries, being estimated as between 1 and 
7 per 1000 in children according to clinical data, and 10 times 
higher with systematic echocardiographic screening.6,7

Hemodynamic Consequences of Mitral Stenosis
MITRAL GRADIENT

The first consequence of MS is the increase in diastolic mitral 
pressure gradient, which depends on mitral valve area but also 
on other factors such as transvalvular flow and heart rate.8 For a 
given valve area, mean mitral gradient increases when cardiac 
output increases or when tachycardia reduces the length of the 
diastolic filling period. Atrial contraction contributes to the 
increase of transmitral flow in end-diastole and, therefore, of 
mitral gradient. Severe MS may thus be associated with low mitral 
gradient in patients with low cardiac output, in particular those 
who are in chronic atrial fibrillation.

LEFT ATRIUM

Mitral gradient causes an increase in left atrial pressure. Chronic 
left atrial pressure overload leads to enlargement of the left 
atrium, according to the severity and chronicity of MS, although 
it is subject to important interpatient variability. Atrial enlarge-
ment favors the occurrence of atrial fibrillation.

The other consequences of MS are blood stasis in the left atrium 
and, upstream, the decrease in systolic pulmonary vein flow. The 
severity of blood stasis can be assessed with the use of Doppler 
echocardiography from the intensity of left atrial spontaneous 
echo contrast and the decrease in flow velocities in the left  
atrial appendage in patients in sinus rhythm. Blood stasis and left  
atrial appendage flow velocities are considerably impaired when 

Key Points
■	 Despite the decrease in the incidence of rheumatic heart diseases, 

mitral stenosis (MS) remains prevalent in industrialized countries. It 
is frequent and underdiagnosed in developing countries.

■	 Clinical assessment is paramount to detect MS in asymptomatic 
patients and to evaluate symptoms.

■	 Planimetry using two-dimensional echocardiography is the reference 
measurement for valve area.

■	 Intervention is needed in symptomatic patients who have MS with a 
valve area <1.5â•¯cm2.

■	 Balloon mitral valvotomy can be considered in selected asymptomatic 
patients who have MS with a valve area <1.5â•¯cm2, in particular those 
who have a high risk for thromboembolism.

■	 The choice between balloon mitral valvotomy and surgery should be 
individualized and based not only on valve anatomy but also on other 
clinical and echocardiographic characteristics.

■	 Balloon mitral valvotomy and surgery are complementary techniques, 
which should be used at different times of the evolution of MS.
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annular dilation secondary to right ventricular enlargement. 
Although pulmonary hypertension presumably is the cause of 
right heart dysfunction, there is a poor correlation between pul-
monary pressures and right ventricular failure in patients with MS.

LEFT VENTRICLE

Left ventricular size is generally normal or moderately reduced  
in MS.

The main consequence of MS in the left ventricle is impaired 
diastolic filling. In comparison with normal subjects, patients with 
MS have a prolongation of early diastolic filling and an increased 
contribution of left atrial contraction. This finding explains why 
hemodynamics are severely impaired when atrial fibrillation 
occurs with loss of atrial contraction. Left ventricular filling may 
also be impaired by abnormal septal motion due to RV pressure 
or volume overload.

Although left ventricular contractility typically is normal in iso-
lated MS, forward stroke volume may be reduced because of low 
filling volumes across the stenotic mitral valve. In addition, left 
ventricular ejection fraction is impaired in 5% to 10% of patients 
with MS in the absence of another cause, in particular other valve 
or coronary artery disease.15 This impairment does not seem to 
be explained by abnormal loading conditions because left ven-
tricular dysfunction generally persists after the relief of MS.

Early diastolic filling is prolonged with the slow rate of increase 
in ventricular volumes. Atrial fibrillation further alters diastolic 
filling through loss of effective atrial contraction.

Exercise Physiology
Hemodynamic changes during exercise provide additional 
insights into the multiple factors interacting with the severity of 
the stenosis to determine its repercussions. The increase in trans-
mitral gradient at exercise is the consequence of the shortening 
of the diastolic filling period, and it causes an upstream increase 
in pulmonary artery pressure. However, changes in mitral gradi-
ent and pulmonary artery pressure are highly variable for a given 
degree of stenosis.16 This heterogeneity may be explained by dif-
ferences in the evolution of stroke volume during exercise and by 
differences in atrioventricular compliance.17,18

An increase in stroke volume at exercise, as also occurs in 
normal patients, is associated with an increase in mitral valve 
area during exercise in patients who have a moderate impairment 
of valve anatomy. Conversely, in patients with a severe impair-
ment of valve anatomy, stroke volume does not increase or even 
decreases during exercise. Net atrioventricular compliance is  
the strongest determinant of left atrial and pulmonary artery  
pressures at rest, stronger than valve area, gradient, and pulmo-
nary vascular resistance.19 A low net compliance is mainly the 

atrial fibrillation occurs, thereby increasing the risk of thrombo-
sis. The left atrial appendage is the most common location of left 
atrial thrombus.9

Thrombus formation may also be favored by local abnormali-
ties of hemostasis, in particular the increase in fibrinopeptide A 
and thrombin–antithrombin III complex.10

PULMONARY CIRCULATION

A constant mechanism of pulmonary hypertension in MS is the 
passive rise in pulmonary artery pressure following the increase 
in left atrial pressure. In addition, pulmonary hypertension can 
be worsened in certain patients by an increase in pulmonary 
vascular resistance, which determines a gradient larger than 
10â•¯mmâ•¯Hg between diastolic pulmonary pressure and left atrial 
pressure. Increased pulmonary vascular resistance involves vaso-
constriction and structural changes of the pulmonary arterial wall 
and explains the possibility of persistent pulmonary hypertension 
after intervention in MS.11

Vasoconstriction seems to involve endothelium-dependent vas-
cular tone regulation, as shown by the decrease in pulmonary 
vascular resistance after inhaled nitric oxide and the probable 
synthesis of endothelin-1 in the pulmonary circulation.11,12

The sequence of histologic changes in pulmonary hypertension 
due to MS is characterized initially by medial thickening in mus-
cular arteries and arterioles, followed by intimal thickening.13 
These changes are likely to be reversible with a decrease in pul-
monary pressures. More severe pulmonary hypertension is asso-
ciated with fibrinoid necrosis and arteritis, loss of smooth muscle 
cell nuclei, fibrin deposition in the arterial wall, and the presence 
of inflammatory cells. The pathologic hallmark of end-stage, irre-
versible pulmonary hypertension is the plexiform lesion, which 
consists of aneurysmal dilation of the arterial wall with a plexus 
of glomus-like, thin-walled channels branching to join with adja-
cent capillaries. Nonspecific parenchymal changes in severe pul-
monary hypertension include pulmonary hemosiderosis and 
cholesterol granuloma formation.

In a multivariate analysis comprising 744 patients with severe 
MS, factors associated with pulmonary vascular bed gradient 
were mitral gradient, left ventricular end-diastolic pressure, mitral 
valve area, and a history of chronic pulmonary disease.14 These 
numerous factors explain the wide range in pulmonary pressures 
for any given degree of MS.

RIGHT HEART

Chronic pulmonary hypertension leads to right ventricular hyper-
trophy, right ventricular dilation, and right heart failure. This 
process may be exacerbated by significant tricuspid regurgitation 
due either to rheumatic involvement of the tricuspid valve or to 

FIGURE 17-1  Severe mitral stenosis. Transthoracic echocardiography: parasternal long-axis (left panel) and short-axis (right panel) views. Valve 
area is 0.4â•¯cm2. Leaflet tips are thickened but anterior leaflet is pliable. Subvalvular apparatus is severely impaired with shortened and fused chordae. Both leaflets 
are moderately thickened with a pliable anterior leaflet on the long-axis view and fusion of both commissures on the short-axis view. There is a dense nodule of 
the internal commissure. 
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Auscultation is also the first means of detecting arrhythmias, 
which should be confirmed by electrocardiogram.

Clinical signs of left-sided heart failure, in particular pulmonary 
rales, are present in patients with severe symptoms. Signs of right 
heart failure are observed in patients with severe and, often, long-
standing disease, including hepatomegaly, which may be expan-
sive in cases of severe tricuspid regurgitation; peripheral edema; 
and jugular distention, which is the most specific sign. “Mitral 
facies” is characterized by patchy flushing of the cheeks and has 
become rare because it is encountered in patients with long-
standing untreated MS.

Chest Radiography and Electrocardiography
The first abnormality of the cardiac silhouette on chest radiogra-
phy is left atrial enlargement, characterized by left atrial double 
density and prominence of the left atrial appendage. Pulmonary 
hypertension causes dilation of the pulmonary artery trunk and 
branches. Heart size is normal at this stage. Severe chronic MS 
leads to right ventricular and right atrial enlargement and cardio-
megaly. Pulmonary vascular redistribution and, later, interstitial 
edema are radiographic signs of elevated left atrial pressure 
(Figure 17-3), which are often seen even in patients with moderate 
symptoms and without clinical signs of heart failure. Alveolar 
edema is a sign of acute hemodynamic decompensation. Trans-
verse chest radiograph is useful to diagnose right ventricular 
enlargement, mild pleural effusion, and mitral valve calcification, 
which is detected by fluoroscopy with a higher sensitivity.

Left atrial enlargement is the only electrocardiographic abnor-
mality at an early stage. Right atrial and right ventricular enlarge-
ments with right axis deviation and right bundle branch block are 
observed in more advanced diseases with severe and/or long-
standing pulmonary hypertension. Electrocardiography plays a 

consequence of a low compliance of the left atrium and is also 
associated, even more than at rest, with a higher pulmonary 
artery pressure at exercise and more severe symptoms.18

Clinical Presentation

History
Dyspnea, the most frequent symptom of MS, also has a prognostic 
value. It may be difficult to assess given the progressive course of 
the disease. Patients frequently adapt their level of activity to their 
functional capacity and do not complain of dyspnea despite 
objective effort limitation. This fact underlines the need for a 
careful discussion with the patient and relatives, taking into 
account the patient’s lifestyle and comparing the evolution of 
activity levels over time. Paroxysmal dyspnea should always be 
looked for because it could be triggered not only by paroxysmal 
atrial fibrillation, but also by emotional stress, sexual intercourse, 
or fever, even in patients with few or no symptoms at exercise. 
Paroxysmal cough or hemoptysis occurs more seldom but should 
be sought particularly in the young during effort.

Patients sometimes complain more of fatigue rather than of 
dyspnea, in particular older patients and/or those who have 
advanced heart disease with chronic atrial fibrillation. Asthenia 
and abdominal pain are suspicious for right heart failure. It is now 
unusual to observe hoarseness due to compression of the left 
recurrent laryngeal nerve by the enlarged left atrium.

Complications, such as atrial fibrillation, or embolic events may 
reveal MS in previously asymptomatic patients. Pregnancy is a 
common cause of decompensation of a previously well-tolerated 
MS, because the increases in cardiac output and tachycardia 
cause sharp increases in mitral gradient and pulmonary artery 
pressure during the second trimester.

The search for comorbidity is important in elderly patients, who 
account for a growing proportion of patients with MS in devel-
oped countries.20,21

Physical Examination
Auscultation reveals a loud first heart sound, an opening snap in 
early diastole just after the second heart sound, followed by a 
holodiastolic rumbling murmur that decreases in intensity with 
time and increases in end-diastole in patients in sinus rhythm 
(Figure 17-2). The murmur is often difficult to identify because it 
is localized and of low acoustic frequency. Thus, careful ausculta-
tion is needed, using the bell of the stethoscope in different points 
around the apex with the patient in the left lateral decubitus 
position.

The loudness of the murmur depends on the intensity of the 
transmitral gradient. A loud murmur with a thrill suggests severe 
stenosis. Conversely, a low-intensity murmur does not exclude 
severe stenosis in patients with low cardiac output. The duration 
of the interval between the second aortic sound and the opening 
snap is shortened in severe stenosis because increased left atrial 
pressure causes earlier opening of the mitral valve.8 The intensity 
of the first sound and the opening snap may be diminished in 
cases of extensive calcification that limits leaflet motion.

Auscultation should also search for a holosystolic murmur at 
the apex, which suggests combined mitral regurgitation (MR) and 
MS. The holosystolic murmur of tricuspid regurgitation is usually 
located at the xiphoid but may be heard near the apex when the 
right ventricle is enlarged. It is differentiated from a murmur of 
MR by its respiratory variation. It is of importance to pay attention 
even to low-intensity midsystolic murmur attesting to associated 
aortic stenosis, the severity of which tends to be underestimated 
in combined MS and MR.

A diastolic murmur at the left sternal border is more likely  
to be the consequence of aortic rather than pulmonic regurÂ�
gitation. The second pulmonary sound is louder in pulmonary 
hypertension.

FIGURE 17-2  Correspondence between hemodynamics and ausculta-
tion of mitral stenosis. The diastolic rumbling murmur corresponds to the 
pressure gradient between the left atrium and left ventricle (in gray). Murmur 
intensity decreases progressively and is reinforced in end-diastole with atrial 
contraction. Intensity of the first heart sound (S1) is increased. The interval 
between the second heart sound (S2) and the opening snap (OS) decreases as 
mitral stenosis becomes more severe. Black arrowhead indicates mitral valve 
closure and gray arrowhead indicates mitral valve opening. Ao, Aortic pressure; 
LA, left atrial pressure; LV, left ventricular pressure. 
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The pressure half-time method is generally easier to perform 
and is therefore widely used. However, it may be misleading in 
cases of aortic regurgitation, in abnormal compliance of cardiac 
chambers, and immediately after balloon mitral valvotomy.23 The 
most important discrepancies with planimetry are observed in 
patients older than 60 years and in those in atrial fibrillation.27

The use of the continuity equation to assess valve area is not 
valid in cases of associated significant mitral or aortic regurgita-
tion. The method’s accuracy and reproducibility are limited given 
the number of measurements involved.23

The proximal isovelocity surface area is technically demanding 
and requires multiple measurements. Its accuracy can be 
improved with the use of M-mode echocardiography.28

Mean mitral gradient, as assessed by pulsed or continuous 
wave Doppler echocardiography, is not a reliable means to assess 
the severity of MS because it is highly dependent on flow condi-
tions. However, the gradient value should be consistent with the 
valve area value, and it has prognostic value after balloon mitral 
valvotomy.

The consistency of results of planimetry, pressure half-time 
method, and gradient should always be checked, with the limita-
tions of the different measurements kept in mind.23,29,30 The conti-
nuity equation and proximal isovelocity surface area are not used 
routinely but may be useful when other methods lead to uncertain 
or discordant findings.

Mitral valve area is considered significant when valve area is 
less than 1.5â•¯cm2 and severe when it is 1â•¯cm2.23,29,30 A valve area 
of 1.5â•¯cm2 corresponds to the value above which hemodynamics 
are not affected at rest. The interpretation of valve area should 
take body size into account, even if no definite value indexed on 
body surface area is advised in guidelines (Table 17-1).

Mitral valve resistance has been proposed as an alternative 
measurement of the severity of valve obstruction.23,31 Although it 
is a good predictor of pulmonary artery pressure, mitral valve 
resistance has not superceded valve area as the marker of MS 
severity.

ASSESSMENT OF VALVE MORPHOLOGY

The analysis of the morphology of valve leaflets and subvalvular 
apparatus using two-dimensional echocardiography is a key 
feature of diagnosis of MS and has important implications for the 
potential of progression and, in particular, the choice of the most 
appropriate intervention when needed.23

Echocardiographic evaluation assesses leaflet thickening (sig-
nificant if greater than or equal to 5â•¯mm), leaflet mobility on the 
long-axis parasternal view, and calcification, which is best con-
firmed by fluoroscopic examination. The parasternal short-axis 
view is paramount not only for planimetry, but also to evaluate 
the homogeneity of the impairment of the mitral orifice, with 

major role in the detection of atrial arrhythmias; that is, frequent 
atrial premature beats and transient or persistent atrial fibrillation 
or, less frequently, atrial flutter or atrial tachycardia.

Echocardiography
Echocardiography is the cornerstone in the evaluation of sus-
pected or known MS and is used to confirm the diagnosis, evalu-
ate the severity and consequences of valve lesions, and assess 
valve anatomy and associated diseases.22 Echocardiographic 
techniques are detailed in Chapter 6.

The diagnostic features are leaflet thickening and decreased 
mobility, commissural fusion, and involvement of the subvalvular 
apparatus.

ASSESSMENT OF SEVERITY

A parasternal short-axis view enables planimetry to be performed, 
which is the reference measurement of mitral valve area.23 Its 
advantage is that it is the only direct measurement of valve area, 
thereby being independent of loading conditions and associated 
heart diseases. However, technical expertise is needed to scan 
the mitral valve apparatus to position the measurement plan on 
the leaflet tip. Positioning the measurement plan can be facili-
tated with the use of three-dimensional (3D) echocardiography, 
which improves reproducibility in this setting, particularly when 
performed by less experienced echocardiographers.24-26 Planim-
etry is also useful during balloon mitral valvotomy to monitor the 
procedure and immediately after balloon mitral valvotomy, when 
it is the most reliable technique. However, planimetry may be 
difficult, even not feasible, in the case of an irregular and heavily 
calcified orifice or in patients with poor echogenicity.

Besides planimetry, the parasternal short-axis view assesses 
commissural fusion. This assessment is of particular importance 
to differentiate rheumatic MS from MS of other etiologies, in par-
ticular degenerative MS, in which commissures are not fused, and 
to determine the feasibility of balloon or surgical valvotomy. The 
assessment of commissural opening is also an additional indica-
tion of the efficacy of balloon mitral valvotomy during and after 
the procedure as well as during late follow-up. The assessment of 
commissural opening is more accurate with 3D than with two-
dimensional (2D) echocardiography.26

TABLE 17-1

	 Classification of Mitral Stenosis Severity: 
European Association of Echocardiography/
American Society of Echocardiography 
Recommendations for Clinical Practice

MILD

Significant

MODERATE SEVERE

Specific findings: >1.5 1.0-1.5 <1.0
  Valve area (cm2)

Supportive findings:
  Mean gradient (mmâ•¯Hg)* <5 5-10 >10
  Systolic pulmonary artery pressure 

(mmâ•¯Hg)
<30 30-50 >50

Adapted from Baumgartner H, Hung J, Bermejo J, et al. Echocardiographic assessment of 
valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr 
2009;22:1-23.
*At heart rates between 60 and 80 beats/min and in sinus rhythm.

FIGURE 17-3  Chest radiograph in a patient with mitral stenosis. Left 
atrium and pulmonary trunk are enlarged. There is marked pulmonary conges-
tion with interstitial pulmonary edema and left pleural effusion. 
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CONSEQUENCES OF MITRAL STENOSIS

The quantitation of left atrial enlargement using time-motion mea-
surement is the most widely used but lacks accuracy. The estima-
tion of left atrial area or, better, volume using two-dimensional 
echocardiography is preferred (Figure 17-5).43,44

Systolic pulmonary artery pressure is estimated from the veloc-
ity of Doppler echocardiograph measurement of tricuspid flow. 
Diastolic and mean pulmonary artery pressures can be derived 
from pulmonary flow.

FIGURE 17-4  Mitral stenosis with calcification of the external commissure. Left panel, Two-dimensional echocardiography, parasternal short-axis view. 
Right panel, Three-dimensional echocardiography, view from the left atrium. 

TABLE 17-2	 Assessment of Mitral Valve Anatomy According to the Wilkins Score*

GRADE MOBILITY THICKENING CALCIFICATION SUBVALVULAR THICKENING

1 Highly mobile valve with only leaflet 
tips restricted

Leaflets near normal in thickness 
(4-5â•¯mm)

A single area of increased 
echocardiographic brightness

Minimal thickening just below the 
mitral leaflets

2 Leaflet mid and base portions have 
normal mobility

Mid-leaflets normal, considerable 
thickening of margins (5-8â•¯mm)

Scattered areas of brightness 
confined to leaflet margins

Thickening of chordal structures 
extending to one of the chordal 
length

3 Valve continues to move forward in 
diastole, mainly from the base

Thickening extending through 
the entire leaflet (5-8â•¯mm)

Brightness extending into the 
mid-portions of the leaflets

Thickening extended to distal third of 
the chords

4 No or minimal forward movement 
of the leaflets in diastole

Considerable thickening of all 
leaflet tissue (>8-10â•¯mm)

Extensive brightness throughout 
much of the leaflet tissue

Extensive thickening and shortening 
of all chordal structures extending 
down to the papillary muscles

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;60:299–308.
*The total score is the sum of the four items and ranges between 4 and 16.

TABLE 17-3	 Assessment of Mitral Valve Anatomy 
According to the Cormier Score

ECHOCARDIOGRAPHIC 
GROUP MITRAL VALVE ANATOMY

1 Pliable noncalcified anterior mitral leaflet and 
mild subvalvular disease (i.e., thin chordae 
≥10â•¯mm long)

2 Pliable noncalcified anterior mitral leaflet and 
severe subvalvular disease (i.e., thickened 
chordae <10â•¯mm long)

3 Calcification of mitral valve of any extent, as 
assessed by fluoroscopy, whatever the state 
of subvalvular apparatus

Data from Cormier B, Vahanian A, Michel PL, et al. Evaluation by two-dimensional  
and Doppler echocardiography of the results of percutaneous mitral valvuloplasty.  
Arch Mal Coeur Vaiss 1989;82:185-191; and Vahanian A, Michel PL, Cormier B, et al.  
Results of percutaneous mitral commissurotomy in 200 patients. Am J Cardiol 
1989;63:847–52.

focus on commissural areas (Figure 17-4). Long-axis parasternal 
and apical views enable impairment of subvalvular apparatus 
(thickening and/or shortening of chordae) to be assessed, 
although it tends to be underestimated in comparison with ana-
tomic findings.

The severity of valvular and subvalvular involvement usually is 
described by a combined score. The Wilkins score grades each 
of the following components of mitral apparatus from 1 to 4: 
leaflet mobility, thickness, calcification, and impairment of sub-
valvular apparatus (Table 17-2).32 The final scores range from 4 to 
16. An alternative approach, described by Cormier et al,33,34 is to 
assess the whole mitral valve anatomy according to the best surgi-
cal alternative, which leads to classification in one of three groups 
(Table 17-3).

These two scoring systems share limitations related to the lack 
of a detailed location of calcification and leaflet thickening, par-
ticularly particular in relation to commissural areas, which are 
likely to influence the results of balloon mitral valvotomy.35-39 In 
addition, they both tend to underestimate the weight of subvalvu-
lar apparatus impairment.40 Other scoring systems include a more 
detailed approach, some of which aim to achieve a better predic-
tion of the results of balloon mitral valvotomy.23,41 However, in 
addition to concerns related to their reproducibility, they still lack 
validation in large prospective series and so are not widely used 
in current practice. Thus, no comparative evaluation of different 
scoring systems enables a particular one to be recommended.42 
In addition, it is unlikely that a single scoring system could 
combine reproducibility and accurate prediction of the results of 
mitral valvotomy. It is advised that the echocardiographer use a 
method with which he or she is familiar and include the assess-
ment of valve morphology among other clinical and echocardio-
graphic findings.
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Functional tricuspid regurgitation is caused by enlargement  

of right cavities secondary to pulmonary hypertension without 
rheumatic lesions of the valve. The quantitation of tricuspid 
regurgitation is less well established than that of left-sided heart 
valve regurgitation and is highly dependent on loading condi-
tions. The diameter of the tricuspid annulus seems to be a better 
marker of the persistence of severe tricuspid regurgitation after 
the treatment of MS.45,46 However, further standardization of 
its measurement is needed. Rheumatic tricuspid disease is  
less frequent. It is characterized by thickening and decreased 
mobility of tricuspid leaflets and may combine stenosis and 
regurgitation.

THROMBOEMBOLIC RISK

Transesophageal echocardiography (TEE) has a much higher 
sensitivity than transthoracic echocardiography to detect left 
atrial thrombus, in particular that located in the left atrial  
appendage. TEE is therefore mandatory before BMV. TEE is  
also useful to assess left atrial spontaneous echo contrast,  
which is a strong predictor of thromboembolic risk in patients 
with MS.47

Stress Testing
Semisupine bicycle ergometry enables hemodynamic changes 
to be sequentially assessed for increasing workload, in particular 
mean mitral gradient and estimated systolic pulmonary artery 
pressure (Figure 17-6). It is useful in patients whose symptoms 
are equivocal or are discordant with the severity of MS. However, 
thresholds of mitral gradient and pulmonary artery pressure,  
as stated in guidelines to consider intervention in asymptom-
atic patients, rely on low levels of evidence and are frequently 
achieved in practice.23

Dobutamine stress echocardiography, although less physio-
logic than exercise echocardiography, increases mean gradient 
and systolic pulmonary artery pressure.23 It has been shown to 
have a prognostic value in one study.48

MITRAL REGURGITATION

The quantitation of associated MR should combine different semi-
quantitative and quantitative measurements and check their  
consistency. An accurate evaluation using quantitative methods 
is of particular importance for moderate regurgitation because  
it may have important implications in the choice of the type of 
intervention.45

ASSOCIATED LESIONS

Rheumatic aortic valve disease is frequently associated with MS. 
Decreased stroke volume due to MS may lead to underestimation 
of aortic stenosis because of a low gradient. Valve area should be 
quantitated with the continuity equation and/or planimetry of the 
aortic valve.

FIGURE 17-5  Left atrial volume measurement. Apical four-chamber 
view of the left atrium with traced contour to determine left atrial area and 
volume. Left atrial area is 37â•¯cm2, and volume is 151â•¯mL. 

FIGURE 17-6  Exercise echocardiography in mitral stenosis. Monitoring of mitral gradient (upper panel) and pulmonary artery pressure (lower panel) at rest 
and at (from left to right) 20, 40, 60, and 80 watts with bicycle exercise in a semisupine position. Mean G, Mean mitral gradient; SPAP, systolic pulmonary artery pres-
sure. (Courtesy Dr Brochet.)

Mean G 5 15 20 21 29 mmHG

SPAP 36 46 50 57 77 mmHG
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later series reported 44% survival at 5 years in patients refusing 
intervention.60 Survival is highly influenced by the evolutionary 
stage of the disease, in particular symptoms and atrial fibrillation. 
Asymptomatic patients have a 20-year survival exceeding 80%, 
but approximately half of them become symptomatic after 10 
years.58 Clinical deterioration is sudden in approximately half of 
patients.

The leading cause of death is heart failure, in about 60% of 
patients, followed by thromboembolic complications in about 
20%.58

Complications
Atrial fibrillation is a frequent complication of MS and it is largely 
related to left atrial enlargement. However, its frequency is only 
partly related to the severity of stenosis.61 As in the general popula-
tion, the frequency of atrial fibrillation is also strongly dependent 
on patient age.20

The use of systematic Holter electrocardiogram (ECG) monitor-
ing in one study showed that half of patients with MS in sinus 
rhythm had atrial arrhythmias although 95% were asymptomatic; 
14% of them presented embolic complications. The three predic-
tive factors of atrial arrhythmias were age, left atrial diameter, and 
valve calcification.62

Atrial fibrillation considerably worsens the consequences of 
MS. The lack of atrial contraction and the shortening of the dia-
stolic filling period further impair hemodynamics and may cause 
acute decompensation such as pulmonary edema. The other con-
sequence is the increase in blood stasis in the left atrium, which 
increases the thromboembolic risk. The Framingham Heart 
Study62a estimated a 17-fold increase in the risk of stroke in patients 
with atrial fibrillation and MS, compared with a 5-fold increase in 
risk for atrial fibrillation in the absence of mitral valve disease.

Annual linearized risk of thromboembolism in atrial fibrillation 
without anticoagulant therapy has been estimated to 3.6% for 
moderate MS and 5.7% for severe MS. The corresponding figures 
in patients in sinus rhythm were estimated to be 0.25% for moder-
ate MS and 0.85% for severe MS.60 In cases of atrial fibrillation, 
most embolic complications originate from left atrial thrombosis, 
which is located in the left atrial appendage. Embolic events  
are cerebral in location in 60% to 70% of cases, leave sequelae in 
30% to 45% of cases, and are prone to recurrence.63 Left atrial 
spontaneous echo contrast as assessed by TEE plays a particu-
larly important role in risk stratification for thromboembolic risk 
in MS.64

Medical Therapy
The goals of medical therapy are to prevent rheumatic fever, to 
improve symptoms, and to decrease the thromboembolic risk. 
Medical therapy should be considered in conjunction with a close 
follow-up, enabling a timely intervention when needed.

Prevention of Rheumatic Fever
Primary prevention relies on adapted antibiotic treatment of 
streptococcal pharyngitis. Secondary prevention is based on the 
use of continuous antibiotic therapy.65 Although painful, intramus-
cular injection of benzathine penicillin every 3 weeks has the 
advantage of a better compliance than daily oral treatment, in 
particular in young patients and in developing countries. Antibi-
otic prophylaxis of rheumatic fever treatment is advised for up to 
25 years in patients with rheumatic carditis (see Chapter 9). Once 
rheumatic valve disease has occurred, no medical treatment has 
been shown to be able to slow the progression of MS.

The prevention of infective endocarditis has been recently 
reoriented toward reduced indications for antibiotic prophylaxis, 
which is no longer advised in native heart valve diseases. On the 
other hand, the importance of general hygiene measures is 
stressed, particularly dental and cutaneous hygiene.66,67

Other Noninvasive Investigations
Preliminary reports suggest that cardiac magnetic resonance  
and multislice computed tomography are reliable alternate tech-
niques for performing planimetry of the mitral valve.49,50 Although 
the availability of such techniques is limited, they may be helpful 
when echocardiographic imaging is of poor quality.

Cardiac Catheterization
There is now little interest in the use of right and left heart cardiac 
catheterization to calculate mitral valve area using the Gorlin 
formula. The validity of the Gorlin formula is questionable when 
cardiac output is decreased and immediately after balloon mitral 
valvotomy.51 Thus, invasive evaluation of the severity of MS is 
justified in only cases in which echocardiography results are 
inconclusive.23,29,30

Cardiac catheterization remains, however, the only technique 
for calculating pulmonary vascular resistance, which may be 
useful to assess the risk of surgery in patients with severe pulmo-
nary hypertension. In current practice, the main indication for 
invasive investigations is the assessment of associated coronary 
disease with coronary angiography. Monitoring of the results of 
balloon mitral valvotomy now relies mainly on per-procedure 
echocardiography, in particular when the Inoue stepwise tech-
nique is used.

Natural History

Onset and Progression of Valvular Lesions
The development of MS takes many years following acute rheu-
matic fever. It is difficult to evaluate the course of the disease 
because rheumatic fever is not always diagnosed, is often subject 
to recurrences, and is subject to highly variable evolution accord-
ing to the country considered. A majority of patients with initial 
rheumatic carditis eventually have chronic rheumatic valve 
disease. A prospective study using echocardiography identified 
three risk factors for progression toward chronic rheumatic valve 
disease: the severity of carditis, recurrences of acute rheumatic 
fever, and mother’s low educational level.52 The course of the 
disease is particularly rapid in countries where rheumatic fever 
is endemic, leading to severe MS in young adults, adolescents, 
and even children. Conversely, MS frequently occurs in adults 
older than 50 years in western countries. This is illustrated by 
series of balloon mitral valvotomy, in which mean patient age is 
around 30 years in Asia and North Africa but between 40 and 60 
years in series from Europe and the United States.53

The progression of MS has been evaluated in series involving 
serial hemodynamic or echocardiographic evaluations.54-56 They 
are subject to bias because all of them were retrospective and 
included a limited number of patients. They reported an average 
decrease of 0.01â•¯cm2/year, although this figure reflects a mix 
between patients in whom valve area remains stable, accounting 
for between one and two thirds, and patients experiencing pro-
gression with an annual decrease in valve area ranging between 
0.1 and 0.3â•¯cm2. Impairment of valve anatomy (Wilkins score ≥8) 
and a peak mitral gradient of 10â•¯mmâ•¯Hg or greater were identified 
as predictors of a more rapid progression of MS.55 A nonrandom-
ized study suggested that the use of statin drugs may slow the 
progression of MS.57

Clinical Outcome without Intervention
As in other valve diseases, studies on the natural history of MS 
are frequently old, retrospective, and subject to inclusion bias. 
Despite these limitations, which may explain differences in esti-
mations, there is an agreement on the poor prognosis of MS when 
patients become symptomatic, with 10-year survival rates ranging 
from 34% to 61% and 20-year rates between 14% and 21%.58,59 A 
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In asymptomatic patients with significant MS in whom interven-

tion is not planned, systematic clinical and echocardiographic 
follow-up is performed yearly. In patients with moderate MS, 
follow-up intervals can be longer, in particular as regards echo-
cardiography, which may be performed at 2- or 3-year intervals.

The patient should be educated to identify interim changes  
in symptoms, which should lead to a prompt visit. Women  
should be informed of the risks inherent to pregnancy. Appropri-
ate contraception is indicated, and balloon mitral valvotomy  
can be offered to patients who desire pregnancy and have MS 
and a valve area less than 1.5â•¯cm2, even without symptoms (see 
Chapter 27).

Follow-up should be adapted to circumstances that raise the 
risk of complications, such as pregnancy and infections. Repeated 
monthly echocardiographic examination intervals are useful 
during the second and third trimesters of pregnancy to monitor 
mean gradient and pulmonary artery pressure.72

Follow-up after successful balloon mitral valvotomy is the same 
as in asymptomatic patients. Its periodicity can be adapted 
through the use of a simple scoring system to estimate the prob-
ability of long-term event-free survival according to baseline 
patient characteristics and the results of balloon mitral valvot-
omy.73 The intervals should be shorter when restenosis occurs.

Closed Surgical Commissurotomy
The initial surgical approach for the relief of MS, introduced in 
1948, was “closed” commissurotomy–that is, dilation of the ste-
notic valve via the left atrium, without direct visualization of the 
valve. This procedure does not visualize the valve but also does 
not require cardiopulmonary bypass. The valve is dilated by the 
surgeon’s finger or with a transventricular dilator inserted through 
the left atrial appendage and across the mitral valve. Disadvan-
tages of this procedure are the risk of embolic events due to dis-
lodging atrial thrombi, incomplete relief of MS, and induction of 
excessive MR due to tearing of the leaflets rather than opening of 
the fused commissures.

Closed mitral commissurotomy results in excellent relief of MS 
symptoms with an operative mortality averaging 3% to 4%.74-77 
Most patients have significant improvement in symptoms after 
closed mitral commissurotomy and have an average increase of 
1.0â•¯cm2 in valve area.74 Extensive calcification of the valve is asso-
ciated with suboptimal hemodynamic results and poor clinical 
outcome.

Long-term outcome after closed commissurotomy is quite 
good, with 31% to 50% of patients requiring reoperation within 15 
years of the initial procedure, and 76% within 20 years.74-77 Recur-
rent symptoms most often are due to incomplete relief of MS at 
the initial procedure or a combination of worsened MR and resid-
ual MS, with restenosis after an initially successful procedure 
being the least common indication for reoperation.78

Predictors of late death after closed commissurotomy are age, 
male gender, and the presence of atrial fibrillation. Multivariate 
predictors of the need for subsequent valve replacement are func-
tional class, mitral valve calcification and subvalvular fusion, and 
the adequacy of the initial surgical procedure.

This operation is effective and easily accessible, features that 
explain its widespread use until very recently in developing 
countries.

Open Surgical Commissurotomy
Open mitral commissurotomy is usually performed via a median 
sternotomy with the patient on full cardiopulmonary bypass. The 
mitral valve apparatus is directly visualized from the left atrium, 
with careful sharp dissection of the fused commissures under 
direct vision. In addition, the degree of valve opening can be 
further improved by release of fused chordae or correction of 
chordal shortening. If needed, an annuloplasty ring can be used 
to decrease the severity of coexisting MR.

Treatment of Symptoms
The occurrence of dyspnea in a patient with MS should first lead 
to consideration of intervention. Medical treatment of symptom-
atic MS relies on diuretics to relieve congestion and beta-blockers 
to lengthen the diastolic filling period.

Beta-blockers are particularly useful in pregnant women, 
enabling a dramatic decrease in mean gradient and pulmonary 
artery pressure in most cases. However, beta-blockers do not 
seem to improve exercise tolerance in MS.68,69

In patients with MS and atrial fibrillation, restoration of sinus 
rhythm is superior to rate control as regards indices of functional 
capacity and quality of life.70 When atrial fibrillation cannot be 
converted in sinus rhythm, rate control is obtained using digitalis 
and/or beta-blockers.

Prevention of Thromboembolism
Unlike in patients with nonvalvular atrial fibrillation, there are no 
randomized trials on the efficacy of anticoagulant therapy in 
patients with MS with or without atrial arrhythmias. Permanent or 
paroxysmal atrial fibrillation is a class I indication for oral antico-
agulation, regardless of stenosis severity, in American College of 
Cardiology/American Heart Association (ACC/AHA) as well as 
European Society of Cardiology/European Association for Cardio-
Thoracic Surgery (ESC/EACTS) guidelines.29,30 In a retrospective 
study, oral anticoagulation decreased the annual risk of thrombo-
embolism in patients with MS and atrial fibrillation from 5.7% to 
1.0% for severe MS and from 3.6% to 0.9% for moderate MS.60

In patients with MS in sinus rhythm, the annual risk of throm-
boembolism decreased from 0.85% to 0.10% for severe MS and 
from 0.25% to 0.10% for moderate MS.60 Given the risk of bleeding 
inherent to oral anticoagulation, the analysis of risk and benefits 
does not support systematic anticoagulant therapy in patients 
with MS in sinus rhythm. Anticoagulant therapy using vitamin K 
antagonists is advised in selected patients with MS in sinus rhythm 
who are at high risk for thromboembolic events according to the 
following criteria. Prior embolism and left atrial thrombus are 
class I recommendations for oral anticoagulation in ACC/AHA 
and ESC/EACTS guidelines. Dense spontaneous echo contrast 
and enlargement of the left atrium are class IIa recommendations 
in ESC/EACTS guidelines and class IIb recommendations in ACC/
AHA guidelines. Target international normalized ratio is 2.5 (i.e., 
a range between 2.0 and 3.0). Aspirin or other antiplatelet drugs 
alone are not valid alternatives to decrease thromboembolic risk 
in patients with MS. Newer anticoagulants, such as dabigatran, 
rivaroxaban, and apixaban, cannot be recommended at present 
because patients with MS were excluded from trials comparing 
these drugs with warfarin for the prevention of embolism in atrial 
fibrillation.

A randomized trial found benefit in a combination of an  
antiplatelet drug with low-dose oral anticoagulation over  
conventional anticoagulation, but this finding requires further 
confirmation.71

Pharmacologic or electric cardioversion should be attempted 
in patients with nonsevere MS who have persistent atrial fibrilla-
tion. In patients with severe MS, cardioversion should be post-
poned after the intervention on the mitral valve, in most cases, 
because restoration of sinus rhythm is unlikely to be sustained in 
the absence of intervention.30

Modalities of Follow-Up
Follow-up timing should be adapted to the severity of MS, symp-
toms, and potential complications.

Clinical follow-up should search for symptoms and clinical 
signs of examination suggesting complications, in particular tran-
sient ischemic attacks, which may not be spontaneously reported 
by the patient. Auscultation may signal an increase in the severity 
of MS or arrhythmia.
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The assessment of anatomy also aims at establishing indica-

tions and prognostic considerations. It is critical to ensure that 
there are no anatomic contraindications to the technique. The 
first of these is the presence of left atrial thrombosis, which must 
be excluded by systematic performance of TEE a few days before 
the procedure. The second is the degree of MR. The third, the 
coexistence of another valve disease in the aorta or tricuspid 
valve, should be looked for.

For prognostic considerations, echocardiographic assessment 
allows the classification of patients into anatomic groups with a 
view to predicting the results. Most investigators use the Wilkins 
score,32 whereas others, such as Cormier et al,33,34 use a more 
general assessment of valve anatomy.23,84 Controversy exists 
regarding the most effective echocardiography scoring system in 
the prediction of results of balloon mitral valvotomy. In fact, none 
of the scores available today has been shown to be superior to 
the others, and all echocardiographic classifications have the 
same limitations regarding the weight given the estimation of each 
lesion, their reproducibility, and the lack of assessment of local-
ized changes in specific portions of the valve apparatus (leaflets, 
commissures), which may increase the risk of severe MR.23 Other 
scores taking into account the uneven distribution of the anatomic 
deformities of the leaflets or the commissural area are promising, 
but their exact value needs to be validated in large series.41,85

Experience of the Medical and Surgical Teams
The incidence of technical failures and complications, particu-
larly those related to transseptal catheterization, is clearly related 
to the operator’s experience.86 In addition to improvements in 
the management of the interventional procedure, experience 
improves the selection of patients by means of clinical evaluation 
and echocardiographic assessment.87,88

Even though the considerable simplification resulting from the 
use of the Inoue balloon may lead to a false sense of security 
during application of the technique, balloon mitral valvotomy 
clearly should be restricted to teams that have extensive experi-
ence with transseptal catheterization and are able to perform  
an adequate number of procedures. The interventionists who 
perform balloon mitral valvotomy must also be able to perform 
emergency pericardiocentesis. Immediate surgical backup does 
not seem to be necessary.

Technique
The transvenous or antegrade approach is the most widely used. 
Transseptal catheterization, which allows access to the left atrium, 
is the first step in the procedure and one of the most crucial. The 
retrograde technique without transseptal catheterization, whereby 
the balloon is introduced through the femoral artery, is currently 
very seldom used.89

The Inoue technique (Figure 17-7), the first to be developed, is 
now almost exclusively used. The Inoue balloon, which is made 
of nylon and rubber micromesh, is self-positioning and pressure 
extensible. The balloon has three distinct parts, each with a spe-
cific elasticity, which can be inflated sequentially. The Inoue 
balloon comes in four sizes, ranging from 24 to 30â•¯mm, and each 
is pressure dependent, so that its diameter can be varied by up 
to 4â•¯mm as required by circumstances. Balloon size is usually 
chosen according to the patient characteristics of height and body 
surface area.90 The use of a stepwise dilation technique under 
echocardiographic guidance is recommended (Figure 17-8). The 
first inflation is performed to the minimum diameter of the balloon 
chosen. The balloon is then deflated and withdrawn into the left 
atrium. If MR has not increased and valve area is insufficient, the 
balloon is readvanced across the mitral valve, and inflation is 
repeated with the balloon diameter increased by 1 to 2â•¯mm.

The other techniques, such as the double-balloon technique 
and its variant the multitrack balloons, are very seldom used  
in developing countries, where economic constraints lead to 

Compared with closed commissurotomy, the advantages of the 
open procedure are the abilities to visualize the valve structure 
in detail and to perform a more directed surgical repair. The left 
atrium also can be evaluated more fully, allowing detection and 
removal of left atrial thrombus. As with the closed approach, the 
best hemodynamic results and long-term outcome are seen in 
patients with little valve calcification, flexible and mobile leaflets, 
and only minimal MR.

With appropriate patient selection and in experienced hands, 
open commissurotomy is feasible in 80% to 90% of referred sub-
jects with an operative mortality of about 1%.79 The hemodynamic 
results of open commissurotomy are at least equivalent to those 
of the closed technique, with valve area increasing by about 
1.0â•¯cm2 on average. Long-term outcome after open surgical com-
missurotomy has been excellent, with survival rates of 80% to 90% 
at 10 years and around 40% at 20 years.79,80

Mitral Valve Replacement
Valve replacement uses mostly mechanical valves because of 
their greater durability in the mitral position and because most 
patients require long-term anticoagulation for atrial fibrillation.

Most studies reporting the operative mortality for mitral valve 
replacement include patients with both MS and regurgitation. 
Operative mortality ranges between 3% and 10% and correlates 
with age, functional class, pulmonary hypertension, and pres-
ence of coronary artery disease.81,82

Long-term outcome after valve replacement for MS depends on 
the durability, hemodynamics, and complications of the pros-
thetic valve; the risks of chronic anticoagulation; any residual 
anatomic or hemodynamic abnormalities secondary to MS, such 
as pulmonary hypertension, left atrial enlargement, atrial fibrilla-
tion, and right ventricular enlargement and dysfunction; and 
involvement of other valves by the rheumatic process.

Balloon Mitral Valvotomy
Balloon mitral valvotomy acts similarly to surgical commissurot-
omy by splitting the closed commissures.83 Although the term 
“commissurotomy” may be appropriate, “valvotomy” is most often 
used for percutaneous balloon procedures. Sometimes the frac-
turing of calcification may play a role in specific circumstances.

Patient Selection
The application of balloon mitral valvotomy depends on three 
major factors: the patient’s clinical condition, valve anatomy, and 
the experience of the medical and surgical teams of the institu-
tion concerned.

Evaluation of patient’s clinical condition must take into account 
the degree of functional disability, the presence of contraindica-
tions to transseptal catheterization, and the alternative risk of 
surgery as a function of the underlying cardiac and noncardiac 
status. Exercise testing is recommended to show symptoms in 
asymptomatic patients or in those with doubtful symptoms.

Contraindications to transseptal catheterization include sus-
pected left atrial thrombosis severe hemorrhagic disorder, and 
severe cardiothoracic deformity. Increased surgical risk could be 
of cardiac origin (previous surgical commissurotomy or aortic 
valve replacement) or extracardiac origin (comorbidity such as 
respiratory insufficiency, old age).

The first step in the evaluation of valve anatomy is to establish 
the severity of MS. The performance of balloon mitral valvotomy 
is usually restricted to patients with moderate to severe MS 
(valve area <1.5â•¯cm2).29,30 However, to define a threshold of valve 
area above which balloon mitral valvotomy should not be per-
formed is somewhat arbitrary because, in addition to measuring 
valve area, one must take into account body surface area, func-
tional disability, and pulmonary pressures at rest and with 
exercise.
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reuse of the balloons.91 The metallic commissurotome is not 
largely used.92

In experienced teams, the use of TEE or intracardiac echoÂ�
cardiography is limited to the rare cases in which difficulty is 
encountered during transseptal catheterization or in particularly 
high-risk circumstances, such as severe cardiothoracic deformity 
or pregnancy. 93,94

Monitoring of the Procedure and Assessment  
of Immediate Results
Two methods are used to assess immediate results in the catheter-
ization laboratory: hemodynamics and echocardiography. 
Although echocardiography may be difficult to perform in the 
catheterization laboratory for logistic reasons, it provides essen-
tial information on the efficacy of the procedure and also enables 
early detection of complications. The evaluation of the results 
necessitates a combined analysis of the following:23

•	 Commissural opening shown by parasternal short-axis echocardio-
graphic view; this can be done with two-dimensional transthoracic 
echocardiography or the newer three-dimensional real-time 
echocardiography.

•	 Measurement of valve area using planimetry, because pressure 
half-time measurement is not adequate in the acute setting.

•	 Measurement of the mean gradient.
•	 Evaluation of the presence and degree of MR assessed in several 

views with special attention to MR originating in the commissural 
areas.
The following criteria have been proposed for the desired  

end point of the procedure: (1) mitral valve area greater than 
1â•¯cm2/m2 of body surface area, (2) complete opening of at least 
one commissure, or (3) appearance or increment of regurgita-
tion greater than a grade one classification in a four-grade 
system.90 Tailoring the strategy to the individual circumstances is 
important; clinical factors as well as anatomic factors and the 

FIGURE 17-7  Balloon valvotomy. Fluoroscopic images recorded during a balloon mitral valvotomy using an Inoue balloon. A, The distal balloon 
has been inflated to secure the position at the valvular level. B, The proximal segment also has been inflated. C, The dilating segment is briefly inflated. 

A

C

B

FIGURE 17-8  Algorithm for decision making during balloon valvot-
omy. The stepwise dilation technique using the Inoue balloon is modified 
according to echocardiographic findings after each balloon inflation. +, Incom-
plete split; ++, complete split; *, stop in cases of severely diseased valve or 
age >65 years. (From Topol E. Textbook of interventional cardiology. 5th ed. 
Philadelphia: WB Saunders; 2008.)
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of the degree of regurgitation may be made with the use of angi-
ography or color-flow Doppler imaging. Transesophageal exami-
nation is recommended in cases of severe MR to determine the 
mechanisms involved (Figure 17-10). The most sensitive method 
for the assessment of shunting is color-flow Doppler imaging, 
especially when TEE is used, which shows the severity of the 
defect and detects shunting in a more sensitive way than the 
assessment of hemodynamics.

Immediate Results
The technique of balloon mitral valvotomy has now been evalu-
ated in several thousand patients with different clinical condi-
tions and valve anatomy.

cumulative data of periprocedural monitoring should be taken 
into account. For example, balloon size, increments of size, and 
expected final valve area are smaller in elderly patients; in 
patients with very tight MS or extensive valve and subvalvular 
disease; and in patients with nodular calcification.

Immediately after the procedure, the most accurate evaluation 
of valve area is provided by planimetry using echocardiography 
(Figure 17-9).23 To allow for the slight loss in valve area that 
occurs during the first 24 hours, echocardiography should be 
performed 1 or 2 days after balloon mitral valvotomy, when cal-
culation of the valve area may be done using planimetry, the 
pressure half-time method, or the continuity equation. Despite its 
dependence on flow conditions, mean mitral gradient should be 
assessed because it has a prognostic value. The final assessment 

FIGURE 17-9  Evaluation of the immediate results of balloon mitral valvotomy. Upper panel, Two-dimensional echocardiography (parasternal short-axis 
view) shows opening of both commissures and an increase in valve area from 0.86â•¯cm2 (left panel) to 2.02â•¯cm2 (right panel). Lower panel, Doppler echocardiography 
of transmitral flow shows a decrease in mean mitral gradient from 9 to 4â•¯mmâ•¯Hg. 

FIGURE 17-10  Severe mitral regurgitation due to anterior leaflet tear following balloon mitral valvotomy. Left panel, Transesophageal two-dimensional 
echocardiography shows a leaflet tear (arrow). Right panel, Color-flow Doppler imaging shows severe mitral regurgitation originating from leaflet tear (arrow). 
AC, Anterior commissure; PC, posterior commissure. (Courtesy Dr. Cormier.)
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TABLE 17-4	 Immediate Results of Balloon Mitral Valvotomy (BMV): Increase in Mitral Valve Area

PATIENTS (n) AGE (YEARS)

Mitral Valve Area (cm2)

TECHNIQUEBEFORE BMV AFTER BMV

Arora et al95 4850 27 0.7 1.9 Inoue or double-balloon or metallic 
commissurotome

Chen and Cheng96 4832 37 1.1 2.1 Inoue balloon

Iung et al21 2773 47 1.0 1.9 Inoue, single-, or double-balloon

Neumayer et al97 1123 57 1.1 1.8 Inoue balloon

Palacios et al98 879 55 0.9 1.9 Inoue or double-balloon

Ben-Farhat et al99 654 33 1.0 2.1 Inoue or double-balloon

Hernandez et al100 561 53 1.0 1.8 Inoue balloon

Meneveau et al101 532 54 1.0 1.7 Double- or Inoue ballon

Fawzy et al102 520 31 0.9 2.0 Inoue balloon

Eltchaninoff et al103 500 34 0.9 2.1 Metallic commissurotome

Stefanadis et al89 441 44 1.0 2.1 Modified single-, double-, or Inoue ballon 
(Retrograde)

Kang et al104 (randomized comparison) 152 42 0.9 1.8 Inoue balloon
150 40 0.9 1.9 Double-balloon

TABLE 17-5	 Severe Complications of Balloon Mitral Valvotomy

n AGE (YEARS)
IN-HOSPITAL 

DEATH (%)
TAMPONADE 

(%)
EMBOLIC EVENTS 

(%)
SEVERE MITRAL 

REGURGITATION (%)

Arora et al95 (1987-2000) 4850 27 0.2 0.2 0.1 1.4

Chen and Cheng*96 (1985-1994) 4832 37 0.1 0.8 0.5 1.4

Iung et al21 (1986-2001) 2773 47 0.4 0.2 0.4 4.1

Neumayer et al97 (1989-2000) 1123 57 0.4 0.9 0.9 6.0

National Heart, Lung, and Blood Institute Registry*86 
(1987-1989)

738 54

  n < 25 2 6 4 4
  25 ≤ n < 100 1 4 2 3
  n ≥ 100 0.3 2 1 3

Palacios et al98 (1986-2000) 879 55 0.6 1.0 1.8 9.4

Ben-Farhat et al99 (1987-1998) 654 33 0.5 0.6 1.5 4.6

Hernandez et al100 (1989-1995) 620 53 0.5 0.6 — 4.0

Meneveau et al101 (1986-1996) 532 54 0.2 1.1 — 3.9

Fawzy et al102 (1989-2004) 520 31 0 0.7 0.5 1.6

Stefanadis et al*89 (1988-1996) 441 44 0.2 0 0 3.4

*Multicenter series Larger study size (n) was associated with lower complication rates.

EFFICACY

The results shown in Table 17-4 demonstrate that balloon mitral 
valvotomy usually provides an increase of more than 100% in 
valve area.21,89,95-104 Overall good immediate results, defined as a 
final valve area greater than 1.5â•¯cm2 without MR more severe than 
grade 2 in a four-grade system, are observed in more than 80% of 
cases and in patients with diverse characteristics.53

The improvement in valve function results in an immediate 
decrease in left atrial pressure and a slight increase in cardiac 
index. Gradual decreases in pulmonary arterial pressure and pul-
monary vascular resistance are seen. High pulmonary vascular 
resistance continues to decrease in the absence of restenosis.105

Balloon mitral valvotomy has a beneficial effect on exercise 
capacity.106 In addition, studies have shown that this technique 
improves left atrial and left atrial appendage pump function and 
decreases left atrial stiffness.

FAILURES

The failure rates range from 1% to 17%.21,86,89,95-102,104 Most failures 
occur in the early part of the investigators’ experience. Others are 
due to unfavorable anatomy.

RISKS

Procedural mortality ranges from 0 to 3% (Table 17-5).21,86,89,95-102,104 
The main causes of death are left ventricular perforation and the 
poor general condition of the patient. The incidence of hemoperi-
cardium varies from 0.5% to 12%. Pericardial hemorrhage may be 
related to transseptal catheterization or to apex perforation by the 
guidewires or the balloon itself when using the double-balloon 
technique. Embolism is encountered in 0.5% to 5% of cases.

The frequency of severe MR ranges from 2% to 19%. Surgical 
findings have shown that it is mostly related to non-commissural 

C H
17



267

good results in theoretically unsuitable cases has been demon-
strated in experimental studies and confirmed clinically.

Long-Term Results
Data from follow-up of up to 20 years can now be analyzed. In 
clinical terms the overall long-term results of balloon mitral val-
votomy are good (Table 17-6).73,89,98-101,116-120 Late outcome after 
balloon mitral valvotomy differs according to the quality of the 
immediate results and depends on patient characteristics (Figures 
17-11 and 17-12).

When the immediate results are unsatisfactory, patients experi-
ence only transient or no functional improvement, and delayed 
surgery is usually performed when the extracardiac conditions 
allow.

Conversely, if balloon mitral valvotomy is initially successful, 
then survival rates are excellent, functional improvement occurs 
in the majority of cases, and the need for secondary surgery is 
infrequent. When clinical deterioration occurs in these patients, 
it is late and mainly related to mitral restenosis. Determining the 
incidence of restenosis with echocardiography is compromised 
by the absence of a uniform definition. It has generally been 
defined as a loss of more than 50% of the initial gain with a valve 
area becoming less than 1.5â•¯cm2. After a successful procedure, 
the incidence of restenosis is usually low, ranging from 2% to 40% 
at time intervals of 3 to 9 years (Figure 17-13).100,117,119 The possibility 
of repeating balloon mitral valvotomy in cases of recurrent MS is 
one of the potential advantages of this nonsurgical procedure. 
Repeated balloon mitral valvotomy can be proposed if recurrent 
stenosis leads to symptoms, occurs several years after an initially 
successful procedure, and the predominant mechanism of reste-
nosis is commissural refusion.38,121-125 At the moment, results of 
only a small number of series on repeat balloon mitral valvotomy 
are available; these show good immediate and mid-term out-
comes in patients with favorable characteristics. Although the 
results are less favorable in patients presenting with worse char-
acteristics, repeat balloon mitral valvotomy has a palliative role 
in patients who are not surgical candidates.121,123 These prelimi-
nary results are encouraging; however, defining the exact role of 
repeat balloon mitral valvotomy must await the results of larger 
series with longer follow-up.

leaflet tearing, which could be associated with chordal 
rupture.88,100,107-110 The development of severe MR depends more 
on the distribution of the morphologic changes of the valve than 
on their severity.41,111 Severe MR may be well tolerated, but more 
often it is not, and scheduled surgery is necessary. In most cases, 
valve replacement is required because of the severity of the 
underlying valve disease. Conservative surgery has been success-
fully performed in selected young patients with less severe valve 
deformity.107

The frequency of atrial septal defect after balloon mitral val-
votomy varies from 10% to 90%, depending on the technique used 
for its detection.112 The shunt with this defect is usually small and 
without clinical consequences.

Although urgent surgery (within 24 hours) is seldom needed for 
complications, it may be required for massive hemopericardium 
resulting from left ventricular perforation intractable to treatment 
by pericardiocentesis or, less frequently, for severe MR with poor 
hemodynamic tolerance.88,108-110

PREDICTORS OF IMMEDIATE RESULTS

The prediction of results is multifactorial.88,113-115 Several studies 
have shown that, in addition to morphologic factors, preoperative 
variables, such as age, history of surgical commissurotomy, func-
tional class, small mitral valve area, presence of MR before 
balloon mitral valvotomy, atrial fibrillation, high pulmonary artery 
pressure, and presence of severe tricuspid regurgitation, as well 
as procedural factors, such as balloon type and size, are all inde-
pendent predictors of the immediate results.

Two multivariate models derived from large series and vali-
dated on different populations show that older age, higher New 
York Heart Association (NYHA) functional class, impaired valve 
anatomy as assessed by echocardiography, and smaller mitral 
valve area are the most important predictive factors of poor imme-
diate results of balloon mitral valvotomy.88,115 The sensitivity of 
predictive models is high but the specificity is low.88 Low specific-
ity indicates insufficient prediction of poor immediate results, 
which is particularly true for the prediction of severe MR. This low 
specificity is related to the intrinsic limitations of the prediction 
of immediate results, that is to say, to the possibility of good results 
in patients who are at high risk for poor results. The possibility of 

TABLE 17-6	 Late Results after Balloon Mitral Valvotomy

n AGE (YEARS)
MAXIMUM FOLLOW-UP 

(YEARS)
EVENT-FREE 

SURVIVAL (%) PREDICTIVE FACTORS OF EVENT-FREE SURVIVAL

Bouleti et al73 1024 49 20 30† Age, sex, NYHA class, rhythm, anatomy, MVA post, 
gradient post

Palacios et al98 879 55 12 33† Age, NYHA IV, prior comm., anatomy, MR, MR post,  
PAP post

Dean et al116 (NHLBI registry) 736 54 4 60* NYHA class, MVA post, PAP post, gradient decrease

Ben Farhat et al99 654 34 10 72† Anatomy, LA pressure post, gradient post, MR post

Song et al117 402 44 9 90* Age, MVA post, commissural opening, MR post

Hernandez et al100 561 53 7 69† MVA post, MR post

Meneveau et al101 532 54 7.5 52† Age, anatomy, CTI, gradient post, PAP post

Fawzy et al‡118 547 31 19 28† Anatomy, rhythm

Stefanadis et al89 441 44 9 75† NYHA class, anatomy, MVA post

Wang et al119 310 53 6 80 Age, anatomy, NYHA class, gradient post

Cohen et al172 146 59 5 51* Anatomy, MVA post, LVED pressure post

Orrange et al120 132 44 7 65* MVA post, capillary wedge pressure post

CTI, cardiothoracic index; LVED, left ventricular end-diastolic; MR, mitral regurgitation; MVA, mitral valve area; NYHA, New York Heart Association; NHLBI, National Heart, Lung, and Blood 
Institute; PAP, pulmonary artery pressure; post, after balloon mitral valvotomy.
*Survival without intervention
†Survival without intervention and in New York Heart Association class I or II.
‡Patients with good immediate results.
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valvotomy reduces the incidence of atrial fibrillation, even if its 
favorable influence on predictors of atrial fibrillation, such as 
atrial size and degree of obstruction, seems to indicate that  
this is indeed the case.133-136 If atrial fibrillation after successful 
balloon mitral valvotomy is of recent onset, and in the absence 
of severe left atrial enlargement, electric shock cardioversion is 
recommended.70

Several randomized studies have compared surgical commis-
surotomy with balloon mitral valvotomy, mostly in patients with 
favorable characteristics. They consistently showed that balloon 
mitral valvotomy is at least comparable to surgical commissur-
otomy as regards short- and mid-term follow-up up to 15 years.137-140 
A nonrandomized series comparing balloon mitral valvotomy 

The degree of MR generally remains stable or slightly decreases 
during follow-up. Atrial septal defects are likely to close over time 
in the majority of cases because of reduction in the interatrial 
pressure gradient. The persistence of shunts is related to their 
magnitude or to unsatisfactory relief of the valve obstruction. 
They very seldom require treatment on their own. Finally, clinical 
series of surgical commissurotomy and balloon commissurotomy 
suggest that intervention reduces markers of the risk of embolism, 
such as intensity of left atrial echocardiographic contrast, size, 
and function.126-130 Two nonrandomized comparative series sug-
gested that the incidence of thromboembolic events in MS  
was lower after balloon mitral valvotomy than with medical man-
agement.131,132 No direct evidence exists that balloon mitral 

FIGURE 17-11  Functional results after 
balloon valvotomy for mitral stenosis. 
Good functional results (survival considering 
cardiovascular-related deaths with no need for 
mitral surgery or repeat dilation and in New York 
Heart Association functional class I or II) after balloon 
mitral valvotomy in 1024 patients. (From Bouleti C, 
Iung B, Laouénan C, et al. Late results of percutaneous 
mitral commissurotomy up to 20 years: development 
and validation of a risk score predicting late functional 
results from a series of 912 patients. Circulation 
2012;125:2119–27.)
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the sole treatment when there is an absolute contraindication to 
surgery, or as a “bridge” to surgery in other cases.154 In this context 
dramatic improvement has been observed in young patients; 
however, the outcome is very bad in elderly patients presenting 
with “end-stage” disease who should be treated conservatively.

In elderly patients, balloon mitral valvotomy results in moder-
ate but significant improvement in valve function at an acceptable 
risk, although subsequent functional deterioration is frequent.155-158 
Therefore, balloon mitral valvotomy is a valid, if only a palliative, 
treatment for these patients, in particular when the alternative of 
surgery carries a high risk because of age, comorbidities, and the 
evolutionary stage of the disease.

During pregnancy, symptomatic MS carries a high risk of mater-
nal and fetal complications in the absence of intervention159 (see 
Chapter 27). Surgery with the use of extracorporeal circulation is 
harmful for the fetus, carrying 20% to 30% mortality rates. Balloon 
mitral valvotomy can be performed safely during pregnancy; the 
procedure is effective and results in normal delivery in most 
cases.160 As regards radiation exposure, balloon mitral valvotomy 
is safe for the fetus, provided that protection is given by a shield 
that completely surrounds the patient’s abdomen and that the 
procedure is performed after the 20th week.161 Preliminary series 
have shown a satisfactory development of the infants over 5 to 10 
years of follow-up. Nevertheless, it must be borne in mind that, in 
addition to radiation, balloon mitral valvotomy carries the poten-
tial risk of related hypotension and the ever-present risk of com-
plications that require urgent surgery. These data, which now 
represent several hundreds of cases, suggest that balloon mitral 
valvotomy can be a useful technique in the treatment of pregnant 
patients with MS and refractory heart failure despite medical 
treatment.72

Treatment Strategy
An image of the current practice can be derived from the Euro 
Heart Survey on Valvular Heart Disease, which was performed 
prospectively in 92 centers throughout Europe during a 4-month 
period in 2001.5 It showed that balloon mitral valvotomy is now 
used in more than a third of cases of MS, the other patients being 
treated by valve replacement mostly using mechanical prosthe-
ses. Thus, in current practice, percutaneous intervention has 
almost replaced surgical commissurotomy. This development is 
due to the good results of the interventional techniques and also 
to the fact that most surgeons have lost experience with the con-
servative techniques in the treatment of MS owing to the limited 
number of cases performed.

Intervention should be performed only in patients with signifi-
cant MS (valve area <1.5â•¯cm2) because before this threshold the 
risks probably outweigh the benefits, and patients with less severe 
MS can usually be managed well with medical treatment.29,30 
There may be rare cases in which the procedure may be offered 
to patients with slightly larger valve areas if they have a large 
stature, are highly symptomatic, and have favorable presenting 
characteristics.

Surgery is the only alternative when balloon mitral valvotomy 
is contraindicated. The most important contraindication being 
left atrial thrombosis, the recommendation is self-evident if the 
thrombus is free-floating or is situated in the left atrial cavity;  
this also applies when it is located on the interatrial septum.  
Small series have suggested that balloon mitral valvotomy can  
be performed when the thrombus is located in the left atrial 
appendage; however, it has not been shown to our satisfaction 
that the Inoue technique with transesophageal guidance pre-
cludes a risk of embolism.162 Thrombus in this location is consid-
ered a contraindication to the technique under the current 
guidelines. If the patient is clinically stable, as is the case for most 
patients with MS, vitamin K antagonists can be given for 2 to 6 
months; and if a new transesophageal examination shows that 
the thrombus has disappeared, balloon mitral valvotomy can be 
attempted.29,30,163

with mitral surgery showed no difference in overall survival but 
a lower event-free survival after balloon mitral valvotomy in 
patients who had unfavorable valve anatomy or were in atrial 
fibrillation.141

PREDICTORS OF LONG-TERM RESULTS

Prediction of long-term results is multifactorial.73,98,101,110,116,135,138,142 
It is based on clinical variables such as age; valve anatomy as 
assessed by different echocardiographic scores or the presence 
of valve calcification; factors related to the evolutional stage of 
the disease, that is, a higher New York Heart Association class 
before balloon mitral valvotomy; history of previous commissur-
otomy; severe tricuspid regurgitation; cardiomegaly; atrial fibril-
lation; high pulmonary vascular resistances; and the results of the 
procedure (see Table 17-6). Among the results of the procedure, 
moderate MR is not consistently identified as predictive of poor 
late outcome.143,144 On the other hand, postprocedural valve area 
and gradients are strong independent determinants of late func-
tional results. Mitral gradient should therefore systematically be 
taken into account in conjunction with valve area in the assess-
ment of the results of balloon mitral valvotomy.73

The quality of the late results is generally considered indepen-
dent of the technique used.

The identification of these predictors provides important infor-
mation for patient selection and is relevant to follow-up: patients 
who have good immediate results but who are at high risk for 
further events must be carefully followed to detect deterioration 
and allow for timely intervention. A score combining seven vari-
ables enables risk stratification to be easily performed, which is 
useful for patient information and planning follow-up (Table 17-7; 
Figure 17-14).73

Applications of Balloon Mitral Valvotomy  
in Special Patient Groups
AFTER SURGICAL COMMISSUROTOMY

Patients who have undergone surgical commissurotomy are of 
interest because in western countries recurrent MS is becoming 
more frequent than primary MS, and reoperation in this context 
is associated with a higher risk of morbidity and mortality and 
requires valve replacement in most cases.145-147 Balloon mitral val-
votomy is feasible in this setting and significantly improves valve 
function. On the whole, the results are good, even if slightly less 
satisfactory than those obtained in patients without previous com-
missurotomy; this difference probably can be attributed to less 
favorable characteristics observed in patients previously sub-
jected to operation. These encouraging preliminary data suggest 
that balloon mitral valvotomy may well postpone reoperation in 
selected patients with restenosis after commissurotomy. The indi-
cations for balloon mitral valvotomy in this subgroup of patients 
are similar to those for “primary balloon mitral valvotomy,” but 
echocardiographic examination must exclude any patients in 
whom restenosis is due mainly to valve rigidity without significant 
commissural refusion (Figure 17-15). The latter mechanism could 
be responsible for the exceptional cases of MS that develop in 
patients who have undergone mitral ring annuloplasty for correc-
tion of MR.

PATIENTS FOR WHOM SURGERY POSES HIGH RISK

Preliminary series have suggested that balloon mitral valvotomy 
can be performed safely and effectively in patients with severe 
pulmonary hypertension.148,149

In Western countries, patients with MS are older and may have 
concomitant noncardiac disease, which may also increase the 
risk of surgery.4,21,25,150,151 Balloon mitral valvotomy can be per-
formed as a life-saving procedure in critically ill patients,152,153 as 
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valvotomy is preferable in order to postpone the inevitable subse-
quent surgical treatment of both valves. This is particularly the 
case for associated aortic regurgitation, which worsens slowly 
over time.164 Combined severe tricuspid stenosis and tricuspid 
regurgitation with clinical signs of heart failure is an indication 
for surgery on both valves. The existence of tricuspid regurgita-
tion is not a contraindication to the procedure even though it 
represents a negative prognostic factor.165 Less frequently, coro-
nary disease may favor surgical therapy. In such patients, valve 
replacement is preferred in most cases, although open commis-
surotomy may be performed by experienced teams in young 

Other contraindications to balloon mitral valvotomy are as 
follows (Table 17-8):29-30

•	 MR more than mild; balloon mitral valvotomy can, however, be 
considered in selected patients with moderate MR if the surgical 
risk is high or even prohibitive.

•	 Severe calcification.
•	 Absence of commissural fusion.
•	 Combined MS and severe aortic disease, in which surgery is obvi-

ously indicated in the absence of contraindications.
On the other hand, the coexistence of moderate aortic valve 

disease and severe MS is another situation in which balloon mitral 

FIGURE 17-14  Prediction of long-term success after balloon mitral valvotomy. Assessment of the performance of a 13-point score predicting good late 
functional results of balloon mitral valvotomy (survival with no cardiovascular death or intervention, and in New York Heart Association functional class I or II). The 
13-point additive score is calculated from Table 17-7. Observed rates with their 95% confidence intervals (red, score 0-2; blue, score 3-5; green, score 6-13) and cor-
responding predicted rates (black lines). (From Bouleti C, Iung B, Laouénan C, et al. Late results of percutaneous mitral commissurotomy up to 20 years: development and 
validation of a risk score predicting late functional results from a series of 912 patients. Circulation 2012;125:2119-27.)
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TABLE 17-8	 Contraindications to Balloon 
Mitral Valvotomy

Mitral valve area >1.5â•¯cm2

Left atrial thrombus
More than mild mitral regurgitation
Severe or bicommissural calcification
Absence of commissural fusion
Severe concomitant aortic valve disease OR severe combined tricuspid 

stenosis and regurgitation
Concomitant coronary artery disease requiring bypass surgery

From Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management of valvular 
heart disease (version 2012). Eur Heart J 2012;33:2451–396.

TABLE 17-9	 Recommendations for Balloon Mitral Valvotomy in Symptomatic Patients with Mitral Stenosis

ACC/AHA GUIDELINES29 ESC/EACTS GUIDELINES30

Symptomatic patients (NYHA functional class II, III, or IV) with moderate  
or severe mitral stenosis* and valve morphology favorable for  
percutaneous balloon valvotomy in the absence of left atrial  
thrombus and of moderate to severe mitral regurgitation	 (IA)

Patients with moderate or severe mitral stenosis* who have a  
nonpliable calcified valve, are in NYHA functional class III-IV, and  
are either not candidates for surgery or would be at high risk  
with surgery	 (IIaC)

Symptomatic patients (NYHA functional class II, III, or IV), with mitral  
valve area >1.5â•¯cm2 if there is evidence of hemodynamically 
significant mitral stenosis based on pulmonary artery systolic  
pressure >60â•¯mmâ•¯Hg, pulmonary artery wedge pressure 
≥25â•¯mmâ•¯Hg, or mean mitral valve gradient >15â•¯mmâ•¯Hg 
during exercise	 (IIbC)

As an alternative to surgery for patients with moderate or severe  
mitral stenosis* who have a nonpliable calcified valve and are in  
NYHA functional class III-IV	 (IIbC)

Patients with mitral stenosis and valve area <1.5â•¯cm2:
  Symptomatic patients with favorable characteristics† for 

percutaneous mitral commissurotomy	 (IB)
  Symptomatic patients with contraindications to or high risk 

with surgery	 (IC)
  As initial treatment in symptomatic patients with unfavorable 

anatomy but without unfavorable clinical characteristics†	 (IIaC)

ACC, American College of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; EACTS, European Association for Cardio-Thoracic Surgery; NYHA, New York 
Heart Association.
*See Table 17-1. Numbers in parentheses indicate level of recommendation (I, IIa, or IIb) and level of evidence (A, B, or C). See appendix for definitions.
†Unfavorable characteristics for percutaneous mitral commissurotomy can be defined by the presence of several of the following characteristics:

•	 Clinical characteristics: old age, history of commissurotomy, NYHA class IV, permanent atrial fibrillation, severe pulmonary hypertension.
•	 Anatomic characteristics: echocardiography score >8, Cormier score 3 (calcification of mitral valve of any extent, as assessed by fluoroscopy), very small mitral valve area, severe 

tricuspid regurgitation.

patients who are in sinus rhythm and have no or mild calcification 
and mild to moderate MR.

Regarding indications, balloon mitral valvotomy is clearly rec-
ommended in cases in which surgery is contraindicated or for 
“ideal candidates.” Balloon mitral valvotomy is the only solution 
when surgery is contraindicated. It is also preferable to surgery, 
at least as a first attempt, in patients with an increased risk with 
surgery.

Surgery may pose higher risks in patients with cardiac condi-
tions such as restenosis after surgical commissurotomy, previous 
aortic valve replacement, or severe pulmonary hypertension. 
Balloon mitral valvotomy can be performed as a lifesaving pro-
cedure in critically ill patients, as the sole treatment in cases of 
absolute contraindication to surgery, or as a bridge to surgery in 
other cases. It can also be performed in elderly patients as a pal-
liative procedure or in pregnant patients who remain symptom-
atic despite medical treatment.

In symptomatic patients with favorable characteristics, such as 
young patients with good anatomy—that is, pliable valves and 
moderate subvalvular disease (echocardiographic score ≤8), 
who are often seen in countries where rheumatic fever is still 
present, results of balloon mitral valvotomy are generally excel-
lent (Table 17-9; Figures 17-16 and 17-17).152,153,166 In addition, if 

TABLE 17-7

	 Predictive Factors of Poor Late Functional 
Results after Good Immediate Results of 
Balloon Mitral Valvotomy:* Multivariable 
Analysis and Definition of a 13-Point 
Predictive Score

From Bouleti C, Iung B, Laouenan C, et al. Late results of percutaneous mitral 
commissurotomy up to 20 years: development and validation of a risk score predicting late 
functional results from a series of 912 patients. Circulation 2012;125:2119–27.

CI, Confidence interval; MVA, mitral valve area; NYHA, New York Heart Association.

*Valve area ≥1.5â•¯cm2 with no regurgitation > grade 2/4.
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FIGURE 17-16  American College of Cardiology/American Heart Association guidelines for balloon mitral valvotomy in symptomatic patients 
with mitral stenosis. 2D, Two-dimensional; BMV, balloon mitral valvotomy; CXR, chest radiograph; ECG, electrocardiogram; echo, echocardiography; LA, left atrial; 
MR, mitral regurgitation; MVA, mitral valve area; MVG, mean valve gradient; MVR, mitral valve replacement; NYHA, New York Heart Association; PAP, pulmonary artery 
pressure; PASP, pulmonary artery systolic pressure; PAWP, pulmonary artery wedge pressure; PH, pulmonary hypertension. (From Bonow RO, Carabello BA, Chatterjee 
K, et al. Focused update incorporated into the ACC/AHA 2006 guidelines for the management of patients with valvular heart disease. Circulation 2008;118:e523–661.)
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FIGURE 17-17  European Society of Cardiology guidelines for balloon mitral valvotomy in patients with mitral stenosis. BMV, Balloon mitral val-
votomy; CI, contraindication; MS, mitral stenosis. (From Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management of valvular heart disease [version 2012]. Eur 
Heart J 2012; 33:2451–96.) *For the definitions of favorable and unfavorable characteristics, see Table 17-10.
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TABLE 17-10	 Recommendations for Balloon Mitral Valvotomy in Asymptomatic Patients with Mitral Stenosis

ACC/AHA GUIDELINES29 ESC/EACTS GUIDELINES30

Asymptomatic patients with moderate or severe mitral stenosis*  
and valve morphology favorable for balloon mitral valvotomy who  
have pulmonary hypertension (pulmonary artery systolic pressure 
>50â•¯mmâ•¯Hg at rest or >60â•¯mmâ•¯Hg with exercise) in the absence 
of left atrial thrombus and of moderate to severe mitral  
regurgitation	 (IC)

Asymptomatic patients with moderate or severe mitral stenosis*  
and valve morphology favorable for balloon mitral valvotomy  
who have new onset of atrial fibrillation in the absence  
of left atrial thrombus and of moderate to severe mitral  
regurgitation	 (IIbC)

Asymptomatic patients with mitral stenosis with valve area <1.5â•¯cm2, 
without unfavorable characteristics† for percutaneous mitral 
commissurotomy and:

High thromboembolic risk (previous history of embolism, dense  
spontaneous echocardiographic contrast in the left atrium, recent  
or paroxysmal atrial fibrillation)	 (IIaC)

AND/OR
High risk of hemodynamic decompensation (systolic pulmonary  

artery pressure >50â•¯mmâ•¯Hg at rest, need for major noncardiac 
surgery, desire for pregnancy)	 (IIaC)

ACC, American College of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; EACTS, European Association for Cardio-Thoracic Surgery; NYHA, New York 
Heart Association.
*See Table 17-1. Numbers in parentheses indicate level of recommendation (I, IIa or IIb) and level of evidence (A, B or C). See appendix for definitions.
†Unfavorable characteristics for percutaneous mitral commissurotomy can be defined by the presence of several of the following characteristics:

•	 Clinical characteristics: old age, history of commissurotomy, NYHA functional class IV, permanent atrial fibrillation, severe pulmonary hypertension.
•	 Anatomic characteristics: echocardiography score >8, Cormier score 3 (calcification of mitral valve of any extent, as assessed by fluoroscopy), very small mitral valve area, severe 

tricuspid regurgitation.

FIGURE 17-18  American College of Cardiology/American Heart Asso-
ciation guidelines for balloon mitral valvotomy in asymptomatic 
patients with mitral stenosis. 2D, Two-dimensional; AF, atrial fibrillation; 
BMV, balloon mitral valvotomy; CXR, chest radiograph; Doppler, Doppler echo-
cardiography; ECG, electrocardiography; echo, echocardiography; LA, left atrial; 
MR, mitral regurgitation; MVA, mitral valve area; PASP, pulmonary artery systolic 
pressure; PAWP, pulmonary artery wedge pressure. (From Bonow RO, Carabello 
BA, Chatterjee K, et al. Focused update incorporated into the ACC/AHA 2006 guide-
lines for the management of patients with valvular heart disease. Circulation 
2008;118:e523–661.)
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restenosis occurs, patients treated with balloon mitral valvotomy 
could undergo repeat balloon mitral valvotomy or surgery 
without the difficulties and inherent risk resulting from the  
pericardial adhesions and chest wall scarring that often occur 
with surgery. Balloon mitral valvotomy would thus appear to be 
the procedure of choice for these patients in whom we may 
expect to further delay surgery, enabling, for example, pregnancy 
to occur.

Controversy remains as regards the performance of balloon 
mitral valvotomy in asymptomatic patients and in those with unfa-
vorable anatomy.

The level of evidence for performing balloon mitral val-
votomy in asymptomatic patients is low because no randomized 
comparison between the results of balloon mitral valvotomy and 
medical therapy for such patients has been performed (Table 
17-10, Figures 17-17 and 17-18). For these patients, the goal is not 
to prolong life or to decrease symptoms, but rather to prevent 
thromboembolism.131,132 Truly asymptomatic patients, however, 
are not usually candidates for the procedure because of the small 
but definite risk inherent in the technique. For truly asymptomatic 
patients, balloon mitral valvotomy may be considered in selected 
cases such as the following: patients at high risk of thromboem-
bolism (previous history of embolism or heavy spontaneous echo  
contrast in the left atrium); recurrent atrial arrhythmias; and pul-
monary hypertension. A comparative nonrandomized study sug-
gested that asymptomatic patients benefit from balloon mitral 
valvotomy in particular when they are in atrial fibrillation or have 
prior embolic events.167 Balloon mitral valvotomy can also be 
performed when systolic pulmonary pressure is higher than 
50â•¯mmâ•¯Hg at rest. In the U.S. guidelines, the procedure can be 
recommended if systolic pulmonary pressure exceeds 60â•¯mmâ•¯Hg 
with exercise.29 However, this latter threshold should be refined 
by the increasing experience gained in exercise echocarÂ�
diography. The European guidelines do not fix a threshold for 
systolic pulmonary pressure with exercise but recommend per-
forming balloon mitral valvotomy if symptoms appear during 
exercise.30 Finally, balloon mitral valvotomy can be considered 
for asymptomatic patients requiring major extracardiac surgery 
or to allow for pregnancy.

In asymptomatic patients, balloon mitral valvotomy should  
be performed only by experienced interventionists and when  
valve anatomy is favorable, in which case a safe and successful  
procedure can be expected. In the future, balloon mitral valvot-
omy could be combined with percutaneous closure of the left 
atrial appendage or catheter ablation of atrial fibrillation to further 
reduce the embolic risk.168,169
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32.	 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 mecha-
nism of dilatation. Br Heart J 1988;60:299–308.
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Vaiss 1989;82:185–91.
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omy in 200 patients. Am J Cardiol 1989;63:847–52.
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Coll Cardiol 1993;21:390–7.

36.	 Cannan CR, Nishimura RA, Reeder GS, et al. Echocardiographic assessment of commis-
sural calcium: a simple predictor of outcome after percutaneous mitral balloon val-
votomy. J Am Coll Cardiol 1997;29:175–80.

37.	 Sutaria N, Shaw TR, Prendergast B, et al. Transoesophageal echocardiographic assess-
ment of mitral valve commissural morphology predicts outcome after balloon mitral 
valvotomy. Heart 2006;92:52–7.

38.	 Turgeman Y, Atar S, Suleiman K, et al. Feasibility, safety, and morphologic predictors 
of outcome of repeat percutaneous balloon mitral commissurotomy. Am J Cardiol 
2005;95:989–91.
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predict outcome after percutaneous balloon mitral valvuloplasty? Echocardiography 
2009;26:119–27.
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1929–36.
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Much remains to be done in refining the indications for balloon 
mitral valvotomy in patients with unfavorable anatomy.170,171 For 
this group, some authorities favor immediate surgery because of 
the less satisfying results of balloon mitral valvotomy, whereas 
others prefer balloon mitral valvotomy as an initial treatment for 
selected candidates and reserve surgery for cases in which this 
treatment fails.

Among patients with less favorable valve anatomy, the com-
parison between the results of balloon mitral valvotomy and of 
surgery is also difficult. Unfortunately, no randomized study has 
been performed examining this issue. Indications in this sub-
group of patients must take into account their heterogeneity with 
respect to anatomy and clinical status. An individualistic 
approach is favored that allows for the multifactorial nature of 
prediction. Current opinion is that surgery can be considered the 
treatment of choice in patients with bicommissural or heavy cal-
cification. On the other hand, balloon mitral valvotomy can be 
attempted as a first step in patients with extensive lesions of the 
subvalvular apparatus or moderate or unicommissural calcifica-
tion, the more so because their clinical status argues in favor of 
this approach, such as in young patients with the expectation of 
further delaying valve replacement, with its inherent mortality 
and morbidity. Surgery should be considered reasonably early 
after unsatisfactory results or secondary deterioration.29,30 The 
use of scoring systems derived from multivariate models is 
helpful for decision making based on a multifactorial approach 
(see Figure 17-14).73,115 The development of new anatomic scores 
using, in particular, three-dimensional imaging is theoretically 
promising but limited in practice by issues linked to complexity 
and reproducibility.

In conclusion, the good results that have been obtained with 
balloon mitral valvotomy in large populations with long-term 
follow-up enable us to say that, currently, this technique has an 
important place in the treatment of MS and has virtually replaced 
surgical commissurotomy. In the treatment of MS, balloon mitral 
valvotomy and valve replacement must be regarded not as rivals 
but as complementary techniques, each applicable at the appro-
priate stage of the disease.
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Mitral valve prolapse is a common disorder that has been recog-
nized as a specific condition since the 1960s, when Barlow and 
Bosman1 used cineangiography to delineate the cause of systolic 
clicks and murmurs. Previously, myxomatous change in mitral 
valve tissue had been recognized pathologically. However, it was 
only with the arrival of two-dimensional (2D) echocardiography 
in the 1970s and subsequently that the natural history and patho-
physiology of the condition and its complications became mani-
fest. Mitral valve prolapse (MVP), a term originally coined by 
Criley etâ•¯al,2 is now recognized as the major cause of mitral regur-
gitation (MR) in developed countries and a cause of premature 
mortality and considerable morbidity if not diagnosed and appro-
priately managed.3,4 In this chapter, we outline the pathogenesis 
of myxomatous mitral valve disease, its natural history and clini-
cal manifestations, and the current approach to diagnosis and 
management of the disease and its complications.

Definition
One of the difficulties in diagnosing and managing patients with 
MVP is appropriate patient classification. Myxomatous mitral 
valve disease and MVP are conditions that occur together but are 
not necessarily synonymous (Figure 18-1).5,6 Understanding the 
interplay between these entities is essential. Myxomatous mitral 
valve disease is a pathologic condition in which the mitral valve 
leaflets and chordae are thickened, there is hooding of the leaf-
lets, and abnormal accumulations of mucopolysaccharides are 

seen in chordae and leaflets.3,7 The valve abnormalities and espe-
cially the chordal elongation produce prolapse of the leaflets 
recognized echocardiographically that, in some cases, leads to 
MR.8 A systolic click and murmur are characteristic clinical find-
ings.9 This condition is associated with complications in a sub-
stantial minority of patients affected and may eventually lead to 
the need for valve surgery.10-12 However, myxomatous mitral valve 
disease may exist in a preclinical phase without any overt echo-
cardiographic or clinical manifestations. Barlow disease defines 
the situation of significant and diffuse myxomatous degeneration 
leading to bileaflet redundancy and broad bileaflet prolapse.

Observation of superior displacement of part of a mitral valve 
leaflet in systole on 2D echocardiography is common even in 
normal people. Before the refinement of echocardiographic cri-
teria, prolapse was diagnosed in a substantial portion of the  
population.13 Even with stricter echocardiographic criteria for 
diagnosis, superior displacement of the mitral valve leaflets is 
seen in the absence of leaflet thickening or MR in some normal 
people. This form of prolapse appears to arise in many instances 
from a disproportion between mitral leaflet size and left ventricu-
lar (LV) size. For example, it can be seen in patients with a small 
left ventricle and may subsequently disappear with volume 
loading.14-16 It can also be seen in patients with an atrial septal 
defect, and may disappear on closure of the septal defect.17,18 This 
subtle type of prolapse is not a precursor of myxomatous changes 
in the mitral valve and appears to have a very benign prognosis.

Anatomy of the Normal and 
Myxomatous Mitral Valve
A basic knowledge of the anatomy of the normal mitral valve is 
important to understanding and recognizing the variable presen-
tation of myxomatous mitral valve disease.19,20 The mitral valve 
consists of anterior and posterior leaflets attached at their bases 
to a fibrous or fibromuscular ring, the mitral annulus (Figure 18-2). 
The leaflets in turn are attached to the two papillary muscles 
(anterolateral and posteromedial) by chordae tendineae, one of 
whose functions is to prevent eversion or prolapse of the leaflets 
in systole.

The anterior leaflet is generally larger than the posterior leaflet 
and is triangular. The anterior area leaflet has two distinct por-
tions, a thin translucent area at the base and a more opaque 
thicker area at the free edge (the rough zone) where coaptation 
with the posterior leaflet occurs. The posterior leaflet is smaller, 
has a longer attachment to the annulus, and is generally seg-
mented by clefts at the free edge into three segments or scallops. 
The anterior and posterior leaflets meet at the two commissures 
(posteromedial and anterolateral) and are fused there by a rim 
of valve tissue of variable (<1â•¯cm) width. Carpentier21 has provided 
a surgical classification of mitral valve anatomy that is widely 
used. In this classification, the mitral valve has six segments, three 

Key Points
■	 Mitral valve prolapse (MVP) occurs in 2.4% of the population and is 

the leading cause of mitral regurgitation in developed countries.
■	 Tensile strength is seriously compromised in myxomatous chordae 

despite an increase in thickness and extensibility. Myxomatous 
chordae fail at 25% of the load that it takes to rupture a normal chord.

■	 On two-dimensional echocardiography, MVP is diagnosed when 
either or both of the mitral leaflets are displaced 2â•¯mm or more in 
systole above a line connecting the annular hinge points in the 
parasternal or apical long-axis view.

■	 Mitral regurgitation from MVP is often eccentric in nature, and the 
color display may underestimate the true severity. It is important to 
examine the left atrium in multiple views, including off-axis views, to 
fully define the jet. Transesophageal imaging is helpful in this 
situation to characterize the jet.

■	 Although MVP is equally prevalent in men and women, men are much 
more likely to experience significant complications. Risk factors for 
development of progressively severe mitral regurgitation include male 
gender, hypertension, increased body mass index, and increasing age. 
Echocardiographic factors associated with increased risk of severe 
mitral regurgitation include redundant thickened leaflets, prolapse 
involving the posterior leaflet, and increased left ventricular size.
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mitral valve replacement techniques). Of note, the secondary 
chords that attach to the anterior leaflet are more prominent than 
those attaching to the posterior leaflet. The tertiary chords arise 
directly from the ventricular trabeculae and attach to the poste-
rior leaflet annulus. Additional chordae are attached at the com-
missures and at each cleft of the posterior mitral leaflet. The 
chordae to the posterior leaflet are inserted into each of the scal-
lops, explaining why chordal rupture may lead to prolapse or flail 
of an individual scallop. On average, 25 major chordal trunks 
attach the leaflets to the papillary muscles, equally divided 
between anterior and posterior; an additional 100 smaller chords 
also attach to the leaflets.23

The coaptation area of the two leaflets is much greater than 
that of the mitral orifice, and that of the anterior leaflet may be 
sufficient in itself to cover the entire orifice in systole. Mitral valve 
repair takes advantage of this property when resection of a pro-
lapsing portion of the posterior leaflet is necessary: The anterior 
leaflet provides most of the coverage of the mitral orifice without 
allowing significant leakage. In many instances, the posterior 
leaflet provides an anchor or keystone against which the anterior 
leaflet abuts to maintain a stable and competent coaptation 
surface. Prolapse of the posterior leaflet may cause the anterior 
leaflet to prolapse because of the loss of this keystone function 
in the absence of any major pathologic change in the anterior 
leaflet or its chordae.

Myxomatous disease of the mitral valve may affect one or both 
leaflets and may affect many or only some of the chordae. Pro-
lapse or flail of the posterior leaflet is the most common indica-
tion for surgical intervention. In one study of more than 1000 
patients undergoing surgery for myxomatous MR, more than 50% 
had evidence of chordal rupture to the posterior leaflet.24 The 
middle scallop (P2) is the segment most commonly affected, fol-
lowed by the lateral and then the medial scallop.

Etiology and Pathology of Mitral  
Valve Prolapse
MVP is a degenerative condition of the mitral valve that usually 
becomes evident in adulthood and is associated with a number 
of connective tissue disorders. Each of these disorders is related 
to mutations in extracellular matrix genes, thus suggesting a role 

in the anterior leaflet (A1, A2, and A3) and three in the posterior 
leaflet (P1, P2, and P3). The posterior leaflet segments consist of 
the naturally occurring scallops (P1, lateral; P2, middle; and P3, 
medial); the anterior segments constitute the areas adjoining each 
of the three posterior scallops (Figure 18-3).21,22

Normal chordae vary widely in number and appearance, and 
each papillary muscle provides chordae to both leaflets. Primary 
chordae are attached to the valve at the leaflet edge and serve to 
halt valve-edge prolapse. Secondary chordae attach the papillary 
muscle to the ventricular surface of the leaflets at the region of 
coaptation. Their role is to anchor the leaflets, and they are inte-
gral to optimal ventricular function (highlighting the idea of val-
vuloventricular synergy and providing a rationale for valve-sparing 

FIGURE 18-1  Interaction of myxomatous disease of the mitral valve, 
which is diagnosed on pathologic examination, and mitral valve pro-
lapse, which is diagnosed on an echocardiogram. A, Myxomatous 
disease can exist in a preclinical state before the onset of prolapse. B, Mitral 
valve prolapse may occur on echocardiography as a benign condition without 
myxomatous change mainly due to valve-ventricle disproportion. C, Myxoma-
tous valve disease is a major cause of mitral valve prolapse. D, A subset of 
patients with myxomatous disease and MVP have high-risk clinical and echo-
cardiographic features that make them more prone to the development of 
complications (E), such as severe mitral regurgitation requiring surgery and 
endocarditis. 
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FIGURE 18-2  Normal mitral valve. The thin translucent leaflets and 
chordae and papillary muscles are visualized from the atrial side (top) and the 
ventricular side (bottom). The two leaflets (Ant, anterior) and the three scallops 
of the posterior leaflet (P1, P2, and P3) are shown. AoV, Aortic valve. 
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FIGURE 18-3  Mitral valve as viewed from the left ventricle. Angles 
correspond to the transesophageal echocardiography planes that cut the 
mitral valve as demonstrated. The exact location of the plane depends on the 
height of the probe in the esophagus and the extent of anteflexion or retro-
flexion. Ao, Aorta; LAA, left atrial appendage; P, posterior; P1, P2, P3, the three 
scallops of the posterior leaflet. 
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reduced collagen staining.36 The increased extracellular matrix 
gives the tissue a blue color on hematoxylin and eosin staining 
and was the original basis for the “myxomatous” label. The 
increased proteoglycans in the fibrosa are postulated to interfere 
with tensile strength. An inflammatory infiltrate is not seen in 

for abnormalities of structural proteins in the pathogenesis of 
MVP.19,25-29 MVP is seen in patients suffering with the Ehlers-Danlos 
syndrome and osteogenesis imperfecta, both of which are associ-
ated with mutations in collagen. Patients with the Marfan syn-
drome have a mutation in the fbn1 gene encoding fibrillin, a major 
component of elastin, and also display MVP. In a related pathway, 
mutations in transforming growth factor-β (TGF-β) signaling may 
be responsible for the progression of Marfan syndrome and also 
result in the Loeys-Dietz syndrome, which is associated with a 
number of phenotypes, including MVP. Whether abrogation of the 
TGF-β pathway using angiotensin receptor blockade, as shown in 
Loeys-Dietz mice with aortic pathology, can slow the progression 
of MVP in humans is unknown but is an interesting concept. 
Ultimately, however, the majority of MVP cases are idiopathic in 
nature, and although characteristic abnormalities on both gross 
pathologic and histologic examinations are evident, the precise 
mechanism of disease remains to be determined.

Pathologically, myxoid degeneration of valve tissue is distinc-
tive.30 Grossly, there is enlargement and thickening of the leaflets 
and chords, interchordal hooding of the leaflets, and annular 
dilation with elongated and frequently ruptured chordae (Figure 
18-4). The tissue has a spongy texture, and valve thickening is in 
large part due to the deposition of proteoglycans and collagen. 
The redundancy of leaflet tissue is often substantial, and fibrin 
deposits and even microthrombi may be evident in the folds at 
the base of the leaflets.31-33 In addition to these microthrombi, 
platelet activation at the site of roughened endothelium in the 
valve has also been postulated as a source of emboli.32 The 
increased motion of valves and chords often leads to fibrosis of 
both valve tissue and endocardium at points of contact in the 
atrium and ventricles. These fibrosed areas have been postulated 
by some to be a source of increased arrhythmogenicity.34

The mitral valve has three layers histologically: the atrialis, a 
layer of collagen and elastic tissue that forms the atrial aspect of 
the leaflet; the spongiosa, a middle layer that contains structural 
proteins and proteoglycans; and the fibrosa, or ventricularis, that 
consists predominantly of collagen and is on the ventricular side 
of the leaflet (Figure 18-5).35 In myxomatous disease, the spon-
giosa shows an accumulation of proteoglycans and glycosamino-
glycans that extends into the chords and the fibrosa and has 

FIGURE 18-4  Gross appearance of myxomatous valve and chordae 
illustrating the thickening and spongy appearance of the leaflets and 
chordae. 

FIGURE 18-5  Histologic appearance of a mitral valve leaflet. The spongiosa is thicker in mitral valve prolapse than in the normal valve with a greater 
concentration of glycosaminoglycans (GAGs), some of which extend into the fibrosa. (Courtesy Rene Rodriguez, MD, Department of Cardiovascular Pathology, Cleveland 
Clinic.)
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factors such as tissue strain and location suggests that glycosami-
noglycan synthesis or degradation is responsive to local environ-
mental conditions.50 A neural network that is impaired or damaged 
in the myxomatous process has also been described in valves.51 
This impairment too, could potentially be involved in aligning 
appropriate glycosaminoglycan production with a sensed physi-
ologic stimulus such as tension or compression. In addition to 
changes in glycosaminoglycans, an increase in matrix metallo-
proteinases and other degradative enzymes is reported in myxo-
matous mitral valve disease.37 These enzymes appear to be 
produced by cells within the valve tissue, are capable of structural 
protein degradation, and may play a role in the structural abnor-
malities in this disease or may occur in response to the alterations 
caused by the disease.

Genetic Factors
Myxoid degeneration of the mitral valve is often familial, although 
the severity of expression varies considerably within a given 
family, suggesting that environmental influences are also impor-
tant.52,53 The inheritance is considered to be autosomal dominant 
with variable penetrance that is influenced by both age and 
gender. It is uncommon in our experience at Cleveland Clinic to 
perform surgery for myxoid MR on more than one member of an 
affected family despite the familial nature of the disease. Work 
from Devereux’s group suggested that although MVP occurs with 
frequency in the families of those affected, the severity of the 
lesion is very variable within the same kindred.53,54 In one study, 
probands with thickened leaflets were more likely to have family 
members with MVP (53%) than those without significant leaflet 
thickening (27%). In multiple studies, heterogeneity of findings in 
relatives of probands is seen. Thus, leaflet thickening or involve-
ment of one or both leaflets may vary in family members, suggest-
ing that phenotypic expression is affected by many other factors 
rather than a specific genotype.53

At least three separate loci for the MVP trait have been identi-
fied in extended families with multiple affected members. These 
include a locus identified in 1999 in France (MMVP1), which was 
mapped to chromosome 16p11.2-p12.1.55 A further locus, MMVP2, 
was identified in 2003 by Freed et al56 on chromosome 11p15.4. A 
third locus (MMVP3) on chromosome 13 (13q31.3-q32.1) was 
reported by Nesta et al57 in a family of 43 members, of whom 9 
had conventional diagnostic criteria for MVP. Prolapse configura-
tion was not uniform in those affected, and both thickened and 
nonthickened prolapsing leaflets were seen; prolapse involved 
the posterior leaflet in some and both leaflets in others. The pro-
teins coded by the three reported MVP loci are unknown as yet 
because these studies were performed with linkage analysis.58 
However, the locus on chromosome 13 has genes of potential 
interest that involve cell growth and differentiation.

The occurrence of myxomatous MVP in association with other 
inherited connective tissue disorders raised the question whether 
proteins involved in these disorders might underlie idiopathic 
myxomatous degeneration. So far, however, the genes encoding 
the primary collagens in valve tissue have not been linked to 
autosomal dominant MVP.59,60 Multiple single-nucleotide polymor-
phisms were detected at a higher frequency in people with idio-
pathic myxoid degeneration than in a control population, but 
their significance remains unclear.61,62 In a rare related condition, 
X-linked myxomatous valvular dystrophy, in which all of the 
valves are thickened, mutations in filamin A, a gene that previ-
ously was identified only as a cause of neurologic and skeletal 
disorders, have been implicated.63

MVP is not confined to humans. Specific breeds of dog, includ-
ing the Cavalier King Charles Spaniel and the dachshund, have 
a high prevalence of prolapse that may lead to severe MR and 
congestive heart failure later in life.64,65 The disease is associated 
with dysmorphic leaflets and is inherited, suggesting a strong 
genetic linkage, although the specific genetic determinants 
remain to be elucidated. An experimental murine model of 

myxomatous tissue, but myofibroblasts are modulated to a more 
activated format.37

The myxomatous mitral valve has been classified into two 
types on the basis of its surgical appearance by Carpentier’s 
group.38 One type, called Barlow disease, is seen in younger 
patients with marked redundancy of the tissue and prolapse that 
may involve multiple segments and is more difficult to repair.31,39 
This type is also seen in connective tissue disorders such as 
Marfan syndrome. Fibroelastic deficiency, the other type, is seen 
in older patients in whom myxomatous changes are confined to 
a single segment, typically the posterior middle scallop (P2). The 
rest of the valve does not appear myxomatous. There is consider-
able overlap between these groups, and in our and others’ experi-
ence it has proved difficult to differentiate the groups reproducibly 
on either the gross or histologic appearance of the valve.38

At a mechanical level, considerable abnormality is noted in 
myxomatous valve disease, which in part explains the patho-
physiology. Fragmentation and irregularity of both collagen and 
elastin have been reported.40-42 When myxomatous valve tissue 
obtained at the time of mitral valve surgery is subjected to formal 
stress/strain analysis, the leaflets are more extensible and less stiff 
than normal but have relatively minor reductions in tensile 
strength.43 Tensile strength is seriously compromised in the 
chordae despite the increase in thickness and extensibility. Myxo-
matous chordae fail at 25% of the load that it takes to rupture a 
normal chord.44 They exhibit areas of thickening due to glycos-
aminoglycans deposition and fibrous sheath formation.45 The 
poor load-bearing qualities of these chordae suggest that the col-
lagen in the fibrous sheath does not add any tensile strength.46

Biochemically, alterations in myxomatous tissue have also 
been noted. The major abnormalities relate not only to the 
increased amounts of glycosaminoglycans but also to the types 
produced. Glycosaminoglycans have multiple roles, including 
imparting specific qualities to connective tissue and modifying 
the structure of collagen. Glycosaminoglycans are incorporated 
with proteins as proteoglycans, which have also inherent specific 
properties.47 These properties may in turn be further modified by 
combination with other proteoglycans. In myxomatous chordae, 
the amount of glycosaminoglycans is twice the normal amount, 
without any change in cellularity, suggesting that this increase 
occurs because of either greater production or reduced degrada-
tion or a combination. Thus far, mutations in proteoglycans have 
not been identified in association with MVP, but it is possible that 
improper processing of these proteins leads to degenerative valve 
disease (as shown in Adamts9 protease-deficient mice).48

As in the mechanical findings, the degree of biochemical 
abnormality in myxomatous tissue is more marked in chordal 
tissue than in the leaflets.47 Although the individual glycosamino-
glycans in valve and chordal tissue are similar, their proportions 
differ substantially. These proportions are further altered in myxo-
matous tissue, as is the chain length of the glycosaminoglycans 
themselves. In myxomatous chordae, there is an excess of hyal-
uronan and chondroitin-6-sulfate. Hyaluronan and chondroitin-6-
sulfate are constituents of the proteoglycan versican. Versican is 
a large proteoglycan that in combination with hyaluronan is 
thought to increase hydration and sponginess of connective 
tissue. These properties are ideal to withstand compressive forces 
such as those that occur at the coaptation surface. In addition, 
myxomatous chordae have decreased amounts of 4-sulfated gly-
cosaminoglycans commonly seen in the small proteoglycan 
decorin. Decorin is important in collagen fibrillogenesis, and its 
reduction may further explain the decrease in the tensile strength 
encountered in these chordae.49

Interestingly, the proportions of glycosaminoglycans seen in 
myxomatous chordae more closely resemble those in normal 
leaflets than those in normal chordae. It is unclear why this 
finding occurs, whether it is genetically determined or whether 
local environmental factors in the valve itself play a role. The 
finding that glycosaminoglycan production is modulated in a cell 
culture model of valve tissue by alterations in environmental 

C H
18

M
y

x
omato







u
s M

itra



l

 V
a

lve


 D
isea


se



282
predictor, with sudden death, infective endocarditis, or a cerebral 
ischemic event occurring in 10% of the 97 patients with this 
finding, whereas only 1 of 140 patients without redundancy expe-
rienced such an event.12 In another study of 456 patients reported 
in the late 1980s, the population was classified as having classic 
MVP on the basis of leaflet thickening and redundancy or non-
classic MVP on the basis of the absence of these features. Com-
plications were more common in the classic group. These 
included endocarditis in 3.5% of the classic group versus 0% of 
the nonclassic group, significant MR in 12% and 0%, respectively, 
and the need for mitral valve surgery in 7% and 1%, respectively. 
The incidence of stroke was significant, being 6% to 7% in both 
groups.

The age of onset of MVP is variable. One study failed to detect 
MVP in neonates, even in offspring of affected parents.73 It appears 
to be relatively uncommon in pediatric populations except in the 
setting of a primary disorder of connective tissue such as Marfan 
syndrome.74 Symptomatic presentation is most common in midlife, 
and surgical intervention for severe MR is most likely in the sixth 
or seventh decade.21,75 In one study, the average time from detec-
tion of a murmur to symptomatic presentation was 24 years.76 
Once symptoms occurred, surgical intervention was required 
within 1 year and the mean age at surgery was 60 years. Thus, by 
inference, it appears that the mean age at which the murmur was 
detected was 35 years.

Given the asymptomatic nature of MVP for many years, the 
earliest clinical abnormalities go undetected. Even in those who 
may be anticipated to have a likelihood of early detection, such 
as physicians or executives who have yearly physical examina-
tions, detection of a murmur or click may occur only in middle 
age. This fact suggests that, at least in many people, the change 
in valve function sufficient to be clinically evident does occur 
relatively late and is not due solely to a failure in detection. Thus, 
in the Framingham study, a systolic murmur was heard in only 
23% of patients with classic MVP, 10% of those with nonclassic 
prolapse, and 4% of those without prolapse, whereas a click was 
heard in 11%, 8%, and 1.5%, respectively, of these groups.

It was estimated, in the earlier era of echocardiographic diag-
nosis of MVP, that approximately 4% of men and 1.5% of women 
in Australia77 with the condition would eventually require surgery, 
whereas the estimates for the United States were 5% and 1.5%, 
respectively.78 Given the surfeit of diagnoses of MVP in this era, 
the likelihood is that with a stricter definition of prolapse a greater 
proportion of these patients will eventually need surgery. Thus, a 
later estimate of the need for mitral valve surgery by age 70 is 11% 
in men with mitral prolapse and 6% for women.79

Despite the risk of complications, MVP appears to have an 
excellent prognosis. When patients with severe MR from MVP 
undergo repair surgery at an appropriate time, there is consider-
able evidence that their survival is as good as, if not better than, 
that of a control population without MVP.75,80,81 This is not neces-
sarily true if a mitral valve replacement is performed or if MR has 
led to LV dysfunction.82-84 The excellent prognosis in reported 
series of MVP may reflect a lower than expected rate of coronary 
artery disease in these series either by design (exclusion of 
patients with both coronary disease and mitral repair in surgical 
series) or by chance. In the Framingham study, subjects with MVP 
showed a trend toward a lower prevalence of coronary disease. 
In one surgical series in which patients who had coronary artery 
disease and myxomatous disease were compared with those who 
had ischemic heart disease alone, survival rates were impaired 
equally in both groups and depended on severity of ischemic 
heart disease and LV dysfunction.85 Failure to appropriately inter-
vene surgically in MVP with severe MR does lead to impairment 
of survival, however, illustrating the importance of careful 
follow-up of such patients at regular intervals.86 Referral to surgery 
before the onset of symptoms or of LV dilation or dysfunction is 
now indicated by the most recent American College of Cardiology 
(ACC)/American Heart Association (AHA) guidelines if the likeli-
hood of successful repair is greater than 90%.87

Marfan syndrome–associated MVP has been described in which 
TGF-β signaling is increased as a result of fibrillin-1 deficiency.66 
Interestingly, the mitral valve changes progressed over time. 
Abnormal signaling involving the TGF-β system has also been 
postulated as a mechanism of abnormality in X-linked valve dys-
trophy.67 Although these animal models provide very useful 
insights into mechanism of disease, the pathophysiologic mecha-
nisms operating in human idiopathic MVP appear to differ from 
those in both Marfan syndrome and the X-linked disorder.26,68

Epidemiology and Natural History
The currently accepted prevalence of MVP in the community is 
based on the Framingham Heart Study.69 In that population-based 
study, the echocardiograms of 3491 individuals (1845 men and 
1646 women) were reviewed. The mean age of the population was 
55 years. MVP was determined on long-axis views of the valve 
and was seen in 84 subjects or 2.4% of the population. Classic 
prolapse, in which leaflet thickness greater than 5â•¯mm and leaflet 
prolapse are present, was seen in 1.3% of those studied; nonclas-
sic prolapse, in which leaflet displacement alone was apparent, 
occurred in 1.1%. There was no significant gender difference in 
prevalence, unlike in earlier studies without a strict echocardio-
graphic definition, in which women predominated. Prevalence 
was 2% to 3% in each decade of age from 30 to 80. The subjects 
with MVP had a greater likelihood of MR than those without pro-
lapse, with more regurgitation being evident in the group with 
classic prolapse, who had, on average, mild regurgitation. Those 
with nonclassic prolapse had, on average, trace MR. Other com-
plications, such as atrial fibrillation, congestive heart failure, cere-
brovascular disease, and syncope, were no more common in the 
MVP group than in the rest of the population studied. MVP has 
been detected in many population groups of different ethnic and 
racial backgrounds.70 In one Canadian study, the prevalences 
were similar in Caucasian, Indian, and Chinese populations.71

When MVP is suspected clinically and confirmed by echocar-
diography, long-term follow-up suggests a more complicated 
course than that experienced by subjects detected by community 
screening as in the Framingham study. A Mayo Clinic study identi-
fied 833 asymptomatic patients with MVP between 1989 and 1998 
in Olmsted County, of whom about two thirds presented with a 
murmur, and in one third MVP was detected on an echocardio-
gram performed for another reason.72 The mean age of this 
cohort was 47 years. Those presenting with a murmur tended to 
have more severe MR and a larger left atrium, and were less likely 
to have atrial fibrillation at the outset. Ten-year mortality for the 
total cohort was 19% but was not statistically greater than 
expected. Cardiovascular mortality at 10 years was 9%. Predictors 
of cardiovascular mortality were moderate or more severe MR 
and LV ejection fraction less than 50%. Site of prolapse, presence 
of flail, and LV size did not influence mortality. Cardiovascular 
morbid events in follow-up occurred in 171 patients. These 
included heart failure in 60, new-onset atrial fibrillation in 51, 
ischemic neurologic events in 38, peripheral thromboembolism 
in 11, endocarditis in 4, and mitral valve surgery in 65 patients. 
Ten-year cardiovascular morbidity was 30% and was predicted by 
age 50 or older, left atrial size 40â•¯mm or greater, MR of any sever-
ity but higher odds ratio for more severe MR, flail leaflet, and 
baseline atrial fibrillation. Gender, location of prolapse, LV size, 
and valve thickening did not independently predict cardiovascu-
lar morbidity.

Prior studies of patients with MVP also suggested high-risk fea-
tures detected clinically and on an echocardiogram. In a cohort 
of 237 asymptomatic or minimally symptomatic patients with 
MVP studied in the 1980s at the Mayo Clinic who were followed 
for an average of 6 years, the survival at 8 years was predicted to 
be 88%, no different from that of a control population. Factors 
indicative of worse outcome included an end-diastolic LV dimen-
sion greater than 6â•¯cm, which was an indicator of a need for mitral 
valve surgery. Valve redundancy was another strong negative 
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body mass index and waist-to-hip ratio, than those without pro-
lapse.69 Lower weight and lower blood pressure in patients with 
MVP have been described in other studies.90 Older studies sug-
gested a higher incidence of skeletal abnormalities associated 
with MVP, such as straight back and asthenic build.90,104

Echocardiographic Diagnosis
A 2D echocardiogram is required for precise diagnosis of MVP 
and to determine the presence of MR and other findings that 
affect prognosis and risk of complications (Figure 18-6). Prolapse 
was detected initially on echocardiography by M-mode echocar-
diography. The characteristic appearance of late systolic ham-
mocking of the mitral leaflets was used to make the diagnosis. 
However, apart from demonstrative purposes, M-mode echocar-
diography has little role in the current diagnosis of prolapse. 
Usually a transthoracic echocardiogram is adequate for simple 
diagnostic purposes, although both transesophageal echocar-
diography (TEE) and three-dimensional (3D) echocardiography 
may provide specific information that is not available from the 
transthoracic window. In fact, 3D echocardiography has been 
most successfully applied to the evaluation of the mitral valve 
apparatus, providing greater insight into its pathologies as well as 
the likelihood of and operative plans for successful repair. Stress 
echocardiography provides powerful additional diagnostic and 
prognostic information in selected individuals.

Diagnosis and Clinical Features

Symptoms
Most patients presenting with MVP for the first time are asymp-
tomatic, and the diagnosis is made on the basis of the character-
istic physical findings or because an echocardiogram is being 
performed for another reason. Nevertheless, patients with MVP 
may present with specific symptoms referable to the valve. These 
include shortness of breath and even heart failure when signifi-
cant MR is already present. Sudden onset of shortness of breath 
and heart failure requiring immediate treatment may result from 
acute chordal rupture or from valve leaflet perforation or valve 
disruption in endocarditis.88 Patients with MVP may experience 
chest pain that is atypical for angina.89 The mechanism by which 
this pain occurs is unknown. Palpitations are common in patients 
with MVP, even in those with little or no MR.90 Most frequently the 
palpitations consist of ventricular extrasystoles that may be mul-
tifocal or clustered. Atrial extrasystoles are also common.91 
However, in a blinded study of Holter monitor recordings from 
patients with MVP and from control subjects, no difference in 
frequency or complexity of rhythm disturbance was noted.92 Nev-
ertheless, once MR is present, arrhythmia is common and is more 
frequent in women and with advancing age.91 Atrial fibrillation 
and atrial flutter are common later in the course of MVP, when 
significant MR has been established for some time and atrial 
enlargement has ensued.93 Rarely, MVP manifests initially as ven-
tricular tachycardia or sudden death.34,94,95 MVP may also manifest 
as subacute bacterial endocarditis96,97 with fever and systemic 
illness or with a stroke or transient ischemic attack.98,99

Cardiac Physical Findings
MVP is reliably diagnosed by both physical examination and 2D 
echocardiography. Classic physical findings for MVP include a 
dynamic midsystolic to late systolic click followed by a high-
pitched systolic murmur heard at the cardiac apex. With more 
advanced MR, the murmur may extend throughout systole, and 
with severe MR or associated LV dysfunction, a third sound may 
be heard and the click may be inaudible, but the murmur is 
usually loud.100,101 The click is thought to result from stretching of 
redundant valve and chordal tissue. A click may occur without 
any murmur when the leaflets are redundant but not regurgitant. 
In addition, systolic clicks may arise from other pathologic condi-
tions, including bicuspid aortic valve, atrial myxoma, and pericar-
ditis. A click, therefore, is sensitive but not very specific for the 
diagnosis of MVP, although a midsystolic click with late systolic 
murmur is highly likely to represent myxomatous degeneration of 
the mitral valve. Provocative maneuvers such as the Valsalva 
maneuver, squatting, and leg raises may improve the diagnostic 
likelihood of MVP by illustrating that the click moves within 
systole in response to volume and loading changes.102 A reduction 
in end-diastolic volume, such as that occurring with the Valsalva 
maneuver or standing, causes the click to occur earlier, whereas 
an increase in end-diastolic volume such as that occurring with 
squatting or decreasing contractility or increasing afterload 
(hand-grip) moves the click later in systole. The murmur may 
radiate on the basis of the direction of the regurgitant leak and 
the leaflet that is prolapsing. Thus, with anterior leaflet prolapse 
and a posteriorly directed jet, the murmur may be appreciated 
very well at the back.

Noncardiac Physical Findings
Secondary causes of MVP such as Marfan syndrome have specific 
skeletal and morphologic findings that aid in their identification. 
These are not seen routinely in idiopathic MVP, which, in con-
trast, has no specific features other than the cardiac manifesta-
tions that render the diagnosis likely.103 Patients with MVP in the 
Framingham study were significantly leaner, according to lower 

FIGURE 18-6  A, Parasternal long-axis view of prolapse of the posterior mitral 
leaflet into the left atrium (LA) (arrow). B, The anteriorly directed regurgitant 
jet of mitral regurgitation away from the prolapsing leaflet is demonstrated.  
Ao, aorta; LV, left ventricle. 
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mitral valve annulus.108 These are especially evident when MR 
is present. Thickening of the leaflets to 5â•¯ mm or more is consid-
ered “classic” for MVP and is predictive of subsequent complica-
tions (Figure 18-8).109 Mitral valve thickening is measured in 
diastole from the leading edge to the trailing edge of the thick-
est area of the midportion of the leaflet and not as the dimen-
sion of maximal area of focal leaflet thickening.69 In many 
instances, the leaflets and chordae are very thickened and 
redundant.12,110 It is also common to identify tricuspid valve 
prolapse in patients with MVP.111 Tricuspid valve prolapse may 
occur in up to 40% of all patients with MVP, whereas aortic valve 
prolapse is much less prevalent and occurs in 1% to 2% of 
patients with MVP.87 The thickness of the leaflets changes much 
more than normally from systole to diastole in MVP on echocar-
diography.112 This finding has been attributed to inherent 
increased thickening of the valve structures that has been dem-
onstrated pathologically and also to increased redundancy of 
the leaflet tissue. Apical four-chamber views are not useful in 
detecting mild MVP, but once the diagnosis has been made, this 
imaging window is very helpful in defining the precise leaflet 
involvement and the severity of MR. In addition, prolapse of the 
lateral scallop of the posterior leaflet may be evident only on 
this view.

On 2D echocardiography, MVP is diagnosed when either or 
both of the leaflets are displaced 2â•¯mm or more in systole above 
a line connecting the annular hinge points in the parasternal  
or apical long-axis view.105-107 Displacement of the leaflets above 
this line in other imaging windows, specifically the apical four-
chamber window, should not be considered abnormal. In an 
earlier era, however, prolapse identified on the apical four-
chamber view was considered to be diagnostic of true MVP, 
leading to an epidemic of diagnosis in 38% of teenage girls.13 Using 
3D echocardiography, Levine et al105-107 demonstrated in the late 
1980s that the mitral annulus was not planar, but rather had a 
complex saddle-shaped structure in which the anterior and pos-
terior portions of the annulus are higher than the lateral portions 
(Figure 18-7). Thus, in the anteroposterior axis, the annulus is 
concave upward, whereas in the mediolateral axis, the annulus 
is concave downward. The result is that in the apical four-chamber 
plane, even normal leaflets may appear to break the annular 
plane. Levine et al105 went on to show that prolapse identified only 
on the apical four-chamber view did not exhibit the other features 
of pathologic MVP, such as chamber enlargement and leaflet 
thickening, and should not be considered abnormal.

Myxomatous changes in the mitral valve leaflets may lead to 
thickening of leaflets and chordae and to enlargement of the 

FIGURE 18-7  Diagrams of saddle-shaped mitral valve annulus. The diagrams of the imaging planes indicate how apparent prolapse may occur on an 
apical cross-sectional image in the absence of any prolapse in a long-axis cross-section. Ao, Aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
(From Levine RA, Triulzi MO, Harrigan P, etâ•¯al. The relationship of mitral annular shape to the diagnosis of mitral valve prolapse. Circulation 1987;75:756–67.)
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associated with myxomatous changes in other valves, and tends 
to have more dynamic changes in severity of MR.110 The leaflet 
involved in prolapse is determined not only by the apparent 
displacement of the leaflet but also by the direction of the jet 
or jets when regurgitation is present. Thus, anterior leaflet pro-
lapse is associated with excess motion of the anterior leaflet and 
a posteriorly directed jet of MR. Posterior leaflet prolapse gener-
ally causes an anteriorly directed jet of MR. In bileaflet prolapse, 
two jets of regurgitation may be identified, or if the prolapse of 
the leaflets is symmetric, there may be one central jet. In the 
identification of bileaflet prolapse, jet direction is particularly 
important. As detailed in the section on anatomy, apparent  
prolapse of the anterior leaflet can occur with severe posterior 
leaflet prolapse owing to loss of the anchoring effect of the  
posterior leaflet. Unlike in true bileaflet prolapse, in which two 
jets or a central jet is evident, only an anteriorly directed jet is 
seen, and repair is as likely as with isolated posterior leaflet 
prolapse.118

LOCALIZATION OF PROLAPSE AND FLAIL  
BY ECHOCARDIOGRAPHY

In identifying the site of prolapse by echocardiography, first, the 
2D appearance should be assessed and then the origin and direc-
tion of the accompanying jet of MR should be analyzed. In the 
2D assessment, the long-axis views are paramount when the diag-
nosis is suspected rather than established. In more severe pro-
lapse in the patient in whom the diagnosis is not in doubt but an 
assessment of the severity of the lesion is needed, additional 
views need to be taken into account, including the short-axis 
view of the valve on which the prolapsing or flail segment or 
segments may be apparent as a masslike lesion and may even 
simulate an infective vegetation.119 Off-axis views and the four-
chamber view may help determine which leaflet is prolapsing or 
whether both are. Lateral scallop involvement of the posterior 
leaflet may be particularly challenging to decipher. The regurgi-
tant jet may appear to be directed anteriorly in some views but 
posteriorly in others, which is understandable because the lateral 
scallop is quite anteriorly located (see Figure 18-3). A short-axis 
view of the valve may be particularly helpful in identifying the 
excess motion of the lateral scallop in this situation and the 
origin of the regurgitant jet.

TEE is particularly useful in determining the precise site of 
prolapse and seems to be superior to transthoracic imaging in 
many instances.120 Figure 18-3 demonstrates the portions of the 
MV that are interrogated at each imaging angle; it should be noted 
that at each angle, a number of parallel planes can be visualized, 
depending on the depth of the TEE probe in the esophagus and 
the extent of anteflexion or retroflexion of the probe. The key 
imaging planes on TEE are the midesophageal view at 40 to 60 
degrees on multiplane imaging and the orthogonal view at 130 to 
150 degrees. At 40 to 60 degrees, the imaging plane is parallel to 
a line between the commissures and is helpful in determining 
whether the prolapse involves the medial (to the left) or lateral 
(to the right) scallop. The orthogonal view at 130 to 150 degrees 
is most useful in identifying prolapse of the middle scallop or 
segment, because this imaging plane bisects that scallop. Short-
axis views of the mitral valve may also be acquired by TEE in the 
short-axis transgastric view. 3D TEE is also quite helpful in defin-
ing the location of prolapse, as long as the image is of satisfactory 
quality (Figure 18-9).

When the mitral valve has been examined systematically in a 
segmental approach and the results are compared with the surgi-
cal findings, TEE is 96% accurate according to one study.23 In 
another study of myxomatous mitral valve disease, localization 
of the abnormality to the posterior leaflet was 78% sensitive and 
92% specific, with sensitivity being lowest when the medial 
scallop was affected.121 Commissural prolapse is often difficult to 
detect because it may lead to prolapse of a portion of both leaflets 
with a large prolapsing mass that may simulate a vegetation. 

In a substantial number of patients, there is echocardiographic 
evidence of chordal disruption.113,114 In this instance, a portion of 
one or the other, or rarely both, leaflets may exhibit motion inde-
pendent of normal leaflet tissue. Chordal rupture in this situation 
may either be partial or complete and usually leads to impaired 
coaptation over a substantial portion of the valve surface, giving 
rise to severe MR. This is not invariably the case, however. Coap-
tation may be maintained despite a flail segment if the other 
leaflet is large. Prolapsing and flail leaflets are usually reliably 
identified on transthoracic echocardiography, but TEE has been 
shown in multiple studies to improve the ability to detect a flail 
segment.115-117

CLASSIFICATION OF PROLAPSE  
ON ECHOCARDIOGRAPHY

MVP is classified on the basis of the leaflet involvement as 
involving the anterior leaflet, the posterior leaflet, or both. This 
classification has prognostic value in determining the likelihood 
of repair and may have some independent value in defining  
the nature of the disease itself. Unileaflet prolapse especially 
involving the posterior leaflet is more common than bileaflet 
prolapse and appears to be more likely to result in flail. Bileaflet 
prolapse tends to occur at a younger age, is more likely to be 

FIGURE 18-8  Parasternal long-axis echocardiogram of bileaflet pro-
lapse in systole (A) and diastole (B). Significant thickening and redundancy 
of the leaflets in diastole can be seen, consistent with “classic” mitral valve 
prolapse. 
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ASSESSMENT OF MITRAL REGURGITATION

MR is one of the major complications of MVP, and it is essential 
that an echocardiographic evaluation include a full assessment 
with quantification, when feasible, of the severity of the lesion. 
MR assessment is is discussed in detail elsewhere (see Chapter 
6), so only important pitfalls in assessment specific to myxoma-
tous mitral valve disease are summarized here.
1.	 MR from a prolapsing mitral valve is often eccentric in nature, and 

the color display may underestimate the true severity.123 It is impor-
tant to examine the left atrium in multiple views, including off-axis 
views, to fully define the jet. TEE is helpful to image the jet in this 
situation.

2.	 In quantifying MR with the proximal isovelocity surface area tech-
nique, care must be taken to account for the effects of wall con-
straint on the proximal isovelocity surface area, which is 
particularly common with a large flail segment (Figure 18-10).124 
Wall constraint of the proximal convergence area leads to the loss 
of a true hemispheric proximal convergence zone and measure-
ment of a spuriously large radius. These factors lead to a gross 
overestimation of the regurgitant volume and the regurgitant 
orifice. Correction factors are available but are somewhat difficult 
to use because they involve calculating and allowing for the true 
angle made by the convergence area.125 Fortunately, when con-
straint is present, the MR is usually already severe, and quantita-
tion, although inaccurate, does not misrepresent the appropriate 
grading of MR as severe.

3.	 The duration of regurgitation is inconstant in myxomatous MR 
more so than in MR from other etiologies.126 Thus, MR may be 
severe when it occurs but is confined to the latter half of systole 
rather than being holosystolic. In determination of the effects of 
MR on LV size and function (an important consideration in appro-
priately timing surgical intervention), not only the severity of the 
MR but also its duration is important.127 Color M-mode echocar-
diography may be very helpful in determining the true duration  
of the regurgitation as may the continuous wave Doppler 

Recognition is enhanced by a short-axis view of the valve on 
which the commissures are evident and by 3D echocardiography 
(discussed later).122 In addition, the regurgitant jet is often very 
eccentric in origin in standard views and is seen to originate at 
the affected commissure in short-axis views.

FIGURE 18-9  Three-dimensional echocardiogram of the mitral valve. 
Left atrial view demonstrates prolapse of the P2 scallop of the posterior leaflet. 
A, anterior leaflet; LAA, left atrial appendage; P, posterior scallop. 
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FIGURE 18-10  Flail posterior mitral valve leaflet on transesophageal echocardiography (A) and severe mitral regurgitation seen on color-flow 
Doppler imaging (B). The proximal convergence area is constrained by the wall and is no longer a true hemisphere. Proximal isovelocity surface area measure-
ment of regurgitant orifice area from this image would overestimate the true area because of the change in the geometry of the convergence area. 
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user-friendly artificial chordae, the likelihood of durable repair in 
this situation has also improved substantially.134

Given the importance of defining the likelihood of repair when 
one is helping a patient determine the optimal timing for surgical 
intervention, TEE should be used if the transthoracic images are 
suboptimal or fail to adequately define the mechanism of MR. 
Furthermore, because 3D TEE (see later) provides a better assess-
ment of valvular pathology and may direct certain patients with 
complex disease to a referral center for surgical repair, 3D imaging 
should be performed in all patients if possible.

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

Improvements in real-time 3D echocardiography, whether 
acquired from the transthoracic windows or by the transesopha-
geal approach, have led to a rapid evolution of the ability to image 
complex structures and in particular the myxomatous mitral 
valve. In a number of institutions, including ours, 3D TEE is a 
standard part of the evaluation of MV pathology because it has 
been repeatedly shown to be more accurate in identifying patho-
logic changes than 2D imaging alone. In a study of 112 patients 
with myxomatous mitral valve disease who were undergoing 
mitral valve repair, Pepi et al135 compared 3D TEE, 2D TEE, and 
both 3D and 2D transthoracic echocardiography in the localiza-
tion of the site of prolapse, using the surgical findings as the “gold 
standard.” 3D TEE was significantly more accurate, at 96%, than 
the other techniques. 3D transthoracic echocardiography and 2D 
TEE were similarly accurate, at 90% and 87%, respectively, with 
2D transthoracic echocardiography being the least accurate, at 
77%. Multiple areas of prolapse were more likely to be detected 
by the 3D approach, as were commissural lesions. Similarly, 
Grewal et al136 demonstrated that, in comparison with surgical 
evaluation, 3D TEE was superior to 2D TEE in the diagnosis of 
disease involving the P1, A2, and A3 segments as well as of bile-
aflet disease. It is also possible to measure the regurgitant orifice 
directly in myxomatous mitral valves with 3D TEE. However, this 
measurement requires considerable off-line processing, which 
makes it of limited clinical feasibility.137

There is a significant discrepancy between the national rate of 
mitral valve repair (60% to 70%) and the rate in high-volume surgi-
cal centers (>90%). It is possible that much of this discrepancy is 
due to an incomplete diagnosis, and surgeons without significant 
mitral valve experience who encounter more complicated disease 
at the time of surgery than that suggested by 2D echocardiogra-
phy forfeit the option of valve repair and simply replace the valve. 
Therefore, a thorough evaluation including 3D TEE may result in 
the more frequent referral of patients with complex prolapse to 
centers with adequate surgical experience to undertake a mitral 
valve repair successfully.

Other Diagnostic Techniques
ELECTROCARDIOGRAPHY

Electrocardiographic changes, particularly flattening or inver-
sion of the T wave in the inferior leads, have been identified  
in patients with MVP.10 QT prolongation is uncommon but has 
been reported in individual patients with prolapse. Patients with 
MVP may demonstrate abnormal electrocardiographic responses 
to exercise, and false-positive ST segment depression has been 
reported in 10% to 60% of patients studied.10 An imaging study 
in addition to the electrocardiogram is likely to be more specific 
when coronary disease is being evaluated in these patients  
and is a useful screening tool in intermediate-risk patients.138 
An increase in ventricular ectopy with salvoes of ventricular  
premature beats may also occur with exercise, particularly in the 
cool-down phase.10 Ventricular ectopy is usually worsened by 
concomitant MR and frequently improves but may not normalize 
after successful valve surgery. The cause and significance of the 
electrocardiographic changes and ectopy have been debated for 

echocardiography profile of the MR jet (Figure 18-11). Dynamic 
changes in the apparent severity of the lesion may involve the 
duration as well as the severity. The severity of MR is especially 
dynamic in prolapsing mitral valves, probably as a result of the 
effects of loading and geometry on the chordae and leaflets. 
Patients who are asymptomatic at rest and with apparently moder-
ate MR may exhibit marked symptoms with exercise as a result of 
increases in both the severity and the duration of the regurgita-
tion.128,129 Stress echocardiography is very helpful in situations in 
which there is a discrepancy between the symptoms and apparent 
severity of MR at rest in myxomatous disease, and an increase in 
severity of MR with exercise may have predictive value in deter-
mining the need for earlier surgical intervention.130

ECHOCARDIOGRAPHY IN DEFINING  
LIKELIHOOD OF REPAIR

Myxomatous mitral valve disease is associated with excess tissue, 
which usually allows the possibility of repair in centers experi-
enced in the necessary surgical techniques. The current ACC/
AHA guidelines stipulate that surgical intervention should be 
predicated on the likelihood of repair as defined by the valve 
lesion and the center at which the surgery is to take place.87 Surgi-
cal intervention is indicated earlier if repair appears likely because 
the short-term and long-term morbidity and mortality associated 
with repair are much more favorable than those associated with 
mitral valve replacement. It is increasingly possible to repair even 
complex myxomatous disease lesions that historically would have 
required valve replacement.131-133 In experienced centers, it is now 
possible to repair a posterior leaflet prolapse or flail in more than 
90% of instances.21 Extensive calcification of the leaflet that pre-
cludes leaflet resection is the usual reason that a posterior leaflet 
lesion is not reparable. This situation too is usually evident echo-
cardiographically, at least to an experienced reader. Currently, 
bileaflet prolapse lesions can usually be repaired in experienced 
centers.

Anterior leaflet prolapse, anterior leaflet flail, and flail of both 
leaflets have been the most difficult lesions to repair. It is difficult 
to resect diseased areas from the anterior leaflet because of its 
sail-like configuration and the absence of true segmentation. 
Anterior leaflet repair has therefore required chordal transfer 
techniques, and durability has not been as good as for repair of 
posterior leaflet lesions. With the advent of more physiologic and 

FIGURE 18-11  Color M-mode echocardiography of mitral regurgita-
tion. This asymptomatic patient with bileaflet prolapse has a large regurgitant 
orifice area but normal left atrial and ventricular sizes. The regurgitant jet is 
confined to the second half of systole (between arrows) so that the total 
volume of regurgitation is much lower than would have been anticipated on 
the basis of the regurgitant orifice area. 
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Management of the  
Asymptomatic Patient
Patients with MVP, mild or no MR, and mild or no symptoms are 
managed expectantly with the assurance that their prognosis is 
excellent. Table 18-1 details the current ACC/AHA guidelines for 
echocardiography in these patients. Those who exhibit high-risk 
features on an echocardiogram, such as leaflet thickening, should 
be followed up more closely with a yearly echocardiogram. 
Those in whom no high-risk features are present may be followed 
up less frequently. Patients with mild prolapse and atypical chest 
pain should undergo a stress echocardiogram or stress nuclear 
study if the pretest probability of coronary artery disease is in the 
intermediate range. Stress electrocardiography in the setting of 
MVP is associated with a high incidence of false-positive ST 
depression and is best avoided when the diagnosis of ischemia is 
required. In patients with palpitations, Holter monitoring is useful 
to detect the precise cause of arrhythmia, although a serious 
rhythm disturbance is rare.

Good health measures, such as avoidance of caffeine and 
alcohol and an exercise program, along with reassurance often 
suffice in reducing or eliminating symptoms. In more refractory 
instances, symptomatic relief of atypical chest pain and palpita-
tions may be afforded by the empiric use of small doses of beta-
blockers. Exercise is encouraged in patients with MVP. Competitive 
exercise should be avoided by those with moderate LV enlarge-
ment, LV dysfunction, uncontrolled tachyarrhythmias, long QT 
interval, unexplained syncope, prior resuscitation from cardiac 
arrest, or aortic root enlargement.149 Heavy weightlifting should 
also be avoided in those with MVP because it, theoretically at 
least, may lead to further chordal extension by increasing LV wall 
stress and thus worsening prolapse and MR. This prohibition gen-
erally remains in force even after successful surgical repair, given 
the residual abnormality of leaflet and chordal tissue. Pregnancy 
is not contraindicated in MVP on the basis of the diagnosis 
alone.87

Patients with severe MR and normal LV size and function but 
without clinical symptoms present a controversial scenario. 

years, with autonomic abnormalities being postulated as a cause 
by some.139

ANGIOGRAPHY

Although an LV angiogram is no longer used to make the diagno-
sis of MVP, certain characteristic findings are often evident. The 
right anterior oblique projection is best for posterior leaflet pro-
lapse, whereas the left anterior oblique projection is optimal for 
anterior leaflet prolapse. The mitral leaflets are seen to be dis-
placed beyond their point of attachment to the annulus. Other 
abnormalities may be evident, such as MR, annular calcification, 
and impaired motion of the basal portion of the left ventricle.140

Other Imaging Techniques
Nuclear scintigraphy may be of value in excluding coronary 
artery disease in those patients with chest pain. Echocardiogra-
phy is usually adequate to assess LV function, but when another 
assessment of ejection fraction is required, a gated blood pool 
scan is usually the methodology of choice. Cardiac magnetic 
resonance and computed tomography at present have limited 
value in comparison with echocardiography in defining valve 
morphology and hemodynamics and are not routinely used in the 
evaluation of MVP.

Mitral Valve Prolapse Syndrome
MVP has been associated with numerous symptoms, such as 
atypical chest pain, fatigue, orthostatic hypotension, shortness  
of breath on exertion, palpitations, syncope, panic attack, and 
anxiety.139 Asthenic build, low blood pressure, and electrocarÂ�
diographic evidence of repolarization abnormalities have all  
been characterized as the MVP syndrome. In the era before the  
rationalization of the echocardiographic diagnosis of MVP, during 
which the apparent prevalence of MVP in the community was 
high, it is understandable that many of these manifestations 
appeared to be clustered with the diagnosis of MVP, which in turn 
gave a convenient and not too grave a diagnosis to account  
for them. Many studies indicated abnormalities in catechol-
amines, adrenergic activity, and autonomic function in the patient 
population.141-143 Echocardiography was performed in many 
patients presenting with nonspecific symptoms as a screening tool 
to identify a possible cause of the symptoms. This selection bias 
amplified the association of MVP with many other disorders.

Newer studies have suggested that with a more appropriate 
diagnosis of MVP based on long-axis views there is little, if any, 
association between true MVP and this cluster of symptoms and 
clinical findings.144 Thus, in the Framingham Heart Study, patients 
with MVP did not have a higher risk for development of psychiat-
ric abnormalities or electrocardiographic changes or for experi-
encing atypical chest pain, panic disorder, or dyspnea than the 
general population.145,146 Furthermore, studies that included 
asymptomatic patients with MVP failed to detect abnormal auto-
nomic or neuroendocrine function at rest or with tilt testing.147 
Whether there are subgroups of patients with MVP who have true 
autonomic abnormalities remains to be determined. A polymor-
phism at the 1166 position of the angiotensin II receptor has been 
detected more commonly in patients with MVP than in control 
subjects and appears to be associated with postural hypotension 
and enhanced vasomotor response.148

Patients with MVP syndrome are managed symptomatically 
and with counseling on the benign nature of the condition. If 
there is concern about a true abnormality at the valve or if this 
issue is in doubt, echocardiography should be performed after an 
interval, usually of 1 year. Beta-blockade in small doses may be 
helpful in treating symptomatic palpitations or atypical chest 
pain. If anxiety disorder or panic disorder appears to be the 
underlying problem, referral to a specialist clinic is often 
beneficial.

TABLE 18-1

	 American College of Cardiography/American 
Heart Association Guidelines for 
Echocardiography in Asymptomatic Mitral 
Valve Prolapse

Class I

Echocardiography is indicated for the diagnosis of MVP and assessment of 
MR, leaflet morphology, and ventricular compensation in asymptomatic 
patients with physical signs of MVP. (Level of Evidence: B)

Class IIa
1.â•‡ Echocardiography can effectively exclude MVP in asymptomatic 

patients who have been diagnosed without clinical evidence to 
support the diagnosis. (Level of Evidence: C)

2.â•‡ Echocardiography can be effective for risk stratification in asymptomatic 
patients with physical signs of MVP or known MVP. (Level of  
Evidence: C)

Class III
1.â•‡ Echocardiography is not indicated to exclude MVP in asymptomatic 

patients with ill-defined symptoms in the absence of a constellation of 
clinical symptoms or physical findings suggestive of MVP or a positive 
family history. (Level of Evidence: B)

2.â•‡ Routine repetition of echocardiography is not indicated for the 
asymptomatic patient who has MVP and no MR or MVP and mild MR 
with no changes in clinical signs or symptoms. (Level of Evidence: C)

From Bonow RO, Carabello B, Chatterjee K, etâ•¯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. J am Coll Cardiol 2008;52:e1–142.

MR, Mitral regurgitation; MVP, mitral valve prolapse.
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with myxomatous disease undergoing valve surgery, men out-
number women by a factor of 2â•›:â•›1 or 3â•›:â•›1.21 Similarly, men are more 
prone to endocarditis. The reasons that men are more likely to 
present with a complicated course are unknown. It has been 
postulated that LV wall stress is higher in men and, thus, greater 
tension is exerted on valve tissue and chordae, thus leading to a 
higher risk of leaflet and chord rupture.156 Other clinical factors 
associated with a higher risk of complications include higher 
blood pressure and higher body mass index.

The echocardiographic findings in multiple studies that have 
been associated with a complicated course include impaired LV 
function, more severe MR, and leaflet thickness greater than 
5â•¯mm (see Table 18-2). The last is associated with a greater than 
tenfold increase in risk of sudden death, infective endocarditis, 
or cerebrovascular event.

Infective Endocarditis
Patients with MVP have a threefold to eightfold higher risk for 
development of endocarditis, although the absolute risk, at 
approximately 0.2% per year, is relatively low.155,157,158 Nevertheless, 
endocarditis is a cause of significant morbidity and mortality 
when it occurs and may bring forward the time at which surgical 
intervention is required because of an increase in severity of MR. 
Furthermore, the destruction of the valve tissue in severe cases 
of endocarditis may preclude successful repair. Risk factors for 
development of endocarditis include male gender, age more than 
45 years, the presence of a systolic murmur, and thickening and 
redundancy of the leaflets.12,97,109,155,158 Vortices produced by the 
turbulent jet of MR and the redundant thickened valve tissue are 
thought to increase the likelihood that a bacteremia of a suitable 
organism will infect the valve. Patients without MR do not appear 
to have an increased risk of endocarditis. The risk in those with 
prolapse and a systolic murmur has been estimated to be 0.05% 
per year.159 The new guidelines suggest that the risk of bacteremia 
is as likely with everyday dental hygiene, such as flossing and 
cleaning, as with specific dental procedures and that specific 
prophylaxis therefore is probably not useful. When endocarditis 
occurs in MVP, it is treated as for other endocarditis of etiologies, 

Although patients without symptoms were previously thought to 
have a benign prognosis, later studies have shown the opposite. 
Enriquez-Sarano et al150 demonstrated a significantly lower rate of 
survival than expected (58% vs. 78% at 5 years, P = 0.03) for 
patients with severe MR without surgery. Similarly, Kang et al151 
studied 447 patients with severe MR, 161 of whom underwent 
surgery and the remainder of whom were followed up for develop-
ment of symptoms or LV dysfunction (at which time they were 
referred for surgery). Those patients who underwent early surgery 
had a significantly better survival at 7 years than those in the 
“watchful waiting” group (99% vs. 85%, P = 0.007). It should be 
emphasized that operative mortality was 0% and that 94% of 
patients had successful mitral valve repair, important facts to 
consider when one is weighing the benefits of early surgery and 
those of conservative waiting. At our institution, given the level of 
surgical experience and likelihood of successful repair, we gener-
ally recommend early repair for patients with severe but asymp-
tomatic MR who are reasonable candidates for open-heart surgery, 
with a high likelihood of repair.

Previously, the decision about endocarditis prophylaxis was 
complicated and somewhat obscure in patients with MVP and 
was predicated on the presence of MR on either clinical or echo-
cardiographic grounds.152,153 However, the latest AHA endocarditis 
prophylaxis guidelines have substantially clarified and simplified 
this decision. The AHA no longer recommends the use of antibi-
otic prophylaxis for patients with any form of MVP unless a prior 
episode of endocarditis has been documented or unless surgical 
repair or replacement of the valve has taken place.154

Complications of Mitral Valve Prolapse
Although in many respects a benign condition, MVP is associated 
with significant complications. These include endocarditis, 
sudden cardiac death, cerebrovascular events, and MR of a sever-
ity to necessitate surgery. Both clinical and echocardiographic 
parameters are useful in identifying patients at increased risk for 
these complications (Table 18-2). Although MVP is equally preva-
lent in men and women, men are much more likely to experience 
significant complications.155 In most surgical series of patients 

TABLE 18-2	 Use of Echocardiography for Risk Stratification in MV Prolapse

STUDY (YEAR) N FEATURES EXAMINED OUTCOME P <

Chandraratna etâ•¯al (1984)189 86 MV leaflets >5â•¯mm ↑ Cardiovascular abnormalities (60% vs. 6%; Marfan syndrome, tricuspid 
valve prolapse, MR, dilated ascending aorta)

0.001

Nishimura etâ•¯al (1985)12 237 MV leaflet ≥5â•¯mm ↑ Sum of sudden death, endocarditis, and cerebral embolus 0.02
Left ventricular internal diameter 
≥60â•¯mm

↑ MVR (26% vs. 3.1%) 0.001

Marks etâ•¯al (1989)109 456 MV leaflet ≥5â•¯mm ↑ Endocarditis (3.5% vs. 0%) 0.02
↑ Moderate-severe MR (11.9% vs. 0%) 0.001
↑ MVR (6.6% vs. 0.7%) 0.02
↑ Stroke (7.5% vs. 5.8%) NS

Takamoto etâ•¯al (1991)190 142 MV leaflet 3â•¯mm or greater, 
redundant, low echo destiny

↑ Ruptured chordae (48% vs. 5%)

Babuty etâ•¯al (1994)191 58 Undefined MV thickening No relation to complex ventricular arrhythmias NS

Zuppiroli etâ•¯al (1994)91 119 MV leaflet greater than 5â•¯mm ↑ Complex ventricular arrhythmias 0.001

Avierinos etâ•¯al (2002)72 833 Risk factors for: ↑ Cardiovascular mortality
  Moderate-severe MR HR 3.0, CI 1.5-5.8 0.002
  Ejection fraction <50% HR 3.8, CI 1.6-8.1 0.003
Risk factors for: ↑ Cardiovascular morbidity (sum of heart failure, new atrial fibrillation, 

ischemic neurologic events, peripheral embolic events, endocarditis, MVR)
  Left atrial size ≥40â•¯mm HR 2.7, CI 1.9-3.8 0.001
  Slight MR HR 3.6, CI 2.0-7.0 0.001
  Moderate-severe MR HR 9.1, CI 4.9-18.3 0.001
  Flail HR 2.6, CI 1.5-2.6 0.002

Adapted and expanded from Bonow RO, Carabello B, Chatterjee K, 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. J Am Coll Cardiol 2008;52:e1–142.

CI, 95% Confidence interval; HR, hazard ratio; MR, mitral regurgitation; MV, mitral valve; MVR, mitral valve surgery; N, number of patients NS, not significant; ↑, increase in.
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Risk factors for sudden death include significant MR,168 redun-
dant valve tissue,12 and decreased LV systolic function.173 Autopsy 
studies of sudden death victims in this population have indicated 
more severe myxomatous changes in the valve.174 Other autopsy 
series suggest an excess of women, particularly in younger age 
groups.34,94,175 MVP is a very rare cause of sudden death in com-
petitive athletes.176 The risk of sudden cardiac death is reported 
to be increased when the mitral valve is flail, with the mechanism 
presumably being the addition of severe MR to the increased 
susceptibility of myxomatous disease itself.173,177 Sudden death 
rates of up to 2% per year were reported in this setting, which is 
five times higher than rates estimated in patients with uncompli-
cated MVP, but the group studied in the report tended to be older 
(mean age 67 years173). Predictors of risk include atrial fibrillation, 
worsening functional class, and lower ejection fraction. Early 
surgical intervention appears to offer protection from the risk of 
sudden death in this older patient population with severe MR.86,178

In patients with symptomatic ventricular arrhythmia and signifi-
cant MR in whom the valve is likely to be repaired, surgical 
intervention will probably improve but not eradicate symptoms 
completely and is the best initial approach. Implantable cardiac 
defibrillators are indicated in survivors of a sudden death episode. 
Patients with impaired LV function, those with frequent episodes 
of nonsustained ventricular tachycardia, and those with sustained 
ventricular tachycardia are best referred to an electrophysiologist 
for assessment with electrophysiologic testing as needed. In those 
with normal LV function, symptomatic improvement may result 
from beta-blockade. In the rare patient with very frequent 

on the basis of the susceptibility of the organism. Surgical repair, 
if feasible, is indicated when a hemodynamically severe regurgi-
tant leak ensues, if bacteriologic cure proves impossible with 
antibiotics alone, or if embolization from a vegetation has 
occurred or appears to be likely. As discussed earlier, a flail 
portion of valve in MVP can simulate a vegetation and is a 
common source of a false-positive diagnosis of endocarditis. 
Awareness of this possibility and the use of more advanced 
imaging techniques such as TEE, in addition to repeated cultures 
and the involvement of an infectious disease specialist, usually 
help resolve the clinical problem. Because MR is frequently 
severe in patients with such findings anyway, surgical interven-
tion is often warranted, and the final diagnosis is made on the 
basis of the pathologic findings.

Cerebrovascular Ischemic Events
An increased incidence of cerebrovascular events has been 
reported in MVP, especially in younger patients.160-162 Multiple 
potential mechanisms for thromboembolism exist, including 
platelet and fibrin aggregates on the valve,31 abnormal platelet 
aggregation,163 other detritus such as calcium on the valve in 
older patients, onset of atrial arrhythmias especially in older 
patients with more severe MR, and left atrial enlargement. The 
earlier studies suggesting an increased risk of cerebral thrombo-
embolism in young patients with MVP have been challenged. In 
a study of 213 consecutive patients 45 years or younger with 
ischemic stroke or a transient ischemic attack identified over  
a 10-year period, Gilon et al164 found that only 1.9% had MVP, 
compared with 2.7% of control subjects. A study from the Mayo 
Clinic also indicated that the relative risk for stroke in younger 
patients with uncomplicated MVP was not increased, although 
the risk in patients with prolapse generally was increased by a 
factor of 2.165 In a later study from the Mayo Clinic, of 777 patients 
with MVP followed up from 1989 to 1998, prolapse doubled the 
likelihood of a cerebral ischemic event. However, most of the 
events occurred in patients older than 50 and were predicted by 
advancing age, leaflet thickening, atrial fibrillation at follow-up, 
and cardiovascular surgery.166 Thus, MVP, especially when 
complicated by other comorbidities, may increase the risk of 
cerebral embolism, but the risk is low in young people with 
uncomplicated MVP.

The greater risk imposed by altered platelet aggregation and 
fibrin or platelet aggregates has also been questioned. Platelet 
aggregates are uncommon in pathologic studies, and platelet acti-
vation studies have suggested that the severity of MR may be more 
important than myxomatous disease itself in causing activa-
tion.163,167 Table 18-3 details the current ACC/AHA guidelines for 
the management of patients with MVP who have symptoms of 
transient ischemic attacks or stroke. Aspirin is usually considered 
the first line of therapy unless there is evidence for or substantial 
risk of thrombus generation within the heart, in which case full 
anticoagulation with warfarin is indicated.

Sudden Cardiac Death and  
Ventricular Arrhythmia
Sudden cardiac death occurs at a yearly rate of 40 per 10,000 in 
those with MVP, a rate that is low but still at least twice as high 
as that in the general population.168 The presumed cause of this 
increased risk is ventricular arrhythmia,7,34,169 although severe 
valve disruption due to acute chordal tear has been implicated in 
case reports.170 Multiple electrical abnormalities have been 
reported in MVP, including increased QT dispersion and ventricu-
lar arrhythmia that may be accentuated by volume loading from 
MR.171,172 In fact, MR may be more important in the genesis of 
ventricular arrhythmia than MVP itself.172 The true significance 
of these findings and their relationship to sudden death are 
unknown.

TABLE 18-3

	 American College of Cardiology/American 
Heart Association Guidelines for 
Antithrombotic Therapy in Mitral  
Valve Prolapse

Class I
1.â•‡ Aspirin therapy (75-325â•¯mg/day) is recommended for symptomatic 

patients with MVP who experience cerebral transient ischemic attacks. 
(Level of Evidence: C)

2.â•‡ In patients with MVP and atrial fibrillation, warfarin therapy is 
recommended for patients aged older than 65 or those with 
hypertension, MR murmur, or a history of heart failure. (Level of 
Evidence: C)

3.â•‡ Aspirin therapy (75-325â•¯mg/day) is recommended for patients with MVP 
and atrial fibrillation who are younger than 65 years old and have no 
history of MR, hypertension, or heart failure. (Level of Evidence: C)

4.â•‡ In patients with MVP and a history of stroke, warfarin therapy is 
recommended for patients with MR, atrial fibrillation, or left atrial 
thrombus. (Level of Evidence: C)

Class IIa
1.â•‡ In patients with MVP and a history of stroke, who do not have MR, atrial 

fibrillation, or left arterial thrombus, warfarin therapy is reasonable for 
patients with echocardiographic evidence of thickening (≥5â•¯mm) and/
or redundancy of the valve leaflets. (Level of Evidence: C)

2.â•‡ In patients with MVP and a history of stroke, aspirin therapy is 
reasonable for patients who do not have MR, atrial fibrillation, left atrial 
thrombus, or echocardiographic evidence of thickening (≥5â•¯mm) or 
redundancy of the valve leaflets. (Level of Evidence: C)

3.â•‡ Warfarin therapy is reasonable for patients with MVP with transient 
ischemic attacks despite aspirin therapy. (Level of Evidence: C)

4.â•‡ Aspirin therapy (75-325â•¯mg/day) can be beneficial for patients with MVP 
and a history of stroke who have contraindications to anticoagulants. 
(Level of Evidence: B)

Class IIb
Aspirin therapy (75-325â•¯mg/day) may be considered for patients in sinus 

rhythm with echocardiographic evidence of high-risk MVP. (Level of 
Evidence: C)

From Bonow RO, Carabello B, Chatterjee K, etâ•¯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. J Am Coll Cardiol 2008;52:e1–142.

MR, Mitral regurgitation; MVP, mitral valve prolapse.
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but when it is not feasible, a mechanical valve may need to be 
implanted to forestall obstruction from bioprosthetic struts.

Residual mitral stenosis is exceedingly rare after mitral valve 
repair performed in an experienced center, given the excess 
tissue present in myxomatous disease. Endocarditis is also rare 
after mitral valve repair, although endocarditis prophylaxis is indi-
cated by the newest AHA guidelines.154 When endocarditis occurs, 
medical management is usually successful if the leaflets alone are 
involved, whereas surgical débridement is required if the annulo-
plasty is involved.187 In a study of 1072 patients, the risk of reopera-
tion in myxomatous mitral valve disease was 7% in the first 10 
years after initial surgery.21 Risk factors for reoperation include 
more complex anatomy, chordal transfer procedures, and inad-
equate early results. In approximately 50% of patients requiring 
reoperation, progression of the degenerative or myxomatous 
process was the major factor, but these patients accounted for 
only 1.5% of the initial operative cohort. Occasionally such 
patients present abruptly with chordal rupture and a flail segment, 
which may manifest as severe heart failure or rarely as intravas-
cular hemolysis.188

Conclusions and Future Perspectives
Myxomatous mitral valve disease with MVP has been recognized 
as a clinical entity since its first descriptions using phonocardiog-
raphy and ventriculography in the mid 1960s. Theories about its 
prevalence, cause, and significance have varied widely over that 
time. During the last two decades there has been growing con-
sensus based on considerable data regarding its prevalence, 
natural history, risk for complications, and effective treatment of 
MR by valve repair. We still have major knowledge gaps with 
regard to the pathogenesis of the condition and the molecular 
basis by which it occurs. We are still unable to detect true myxo-
matous mitral valve disease in its preclinical state, and affected 
patients are not identified until the onset of significant valve 
changes heralded by clinical manifestations or echocardiogra-
phy. We hope that, as the understanding of the molecular and 
genetic nature of the condition increases, more precise diagnos-
tic tools will become available that will allow early detection in 
those at risk and more precise stratification of those most likely 
to experience complications. Furthermore, with knowledge of the 
aberrant molecular pathways leading to disease, it may then be 
possible to intervene prophylactically to lessen the likelihood of 
complications or, in the most attractive scenario, to forestall com-
plications and the need for surgical intervention.
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MVP is the etiology of the MR. Therefore, the threshold to inter-
vene surgically is lowered in these patients when severe MR is 
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ing of the ventricle.184 Systolic anterior motion is less common with 
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severe outflow obstruction may require subsequent reoperation 
for correction. Repair with a sliding annuloplasty is often possible, 
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Epidemiology
Secondary mitral regurgitation (MR) is the most common valve 
disease. A population-based study combined the echocardio-
graphic data from three separate studies funded by the National 
Institutes of Health (NIH) that examined young (Coronary Artery 
Revascularisation in Diabetes [CARDIA]), middle-aged (Athero-
sclerosis Risk in Communities [ARIC]) and older adults (Cardio-
vascular Health Study [CHS]) to determine the incidence of 
moderate to severe valvular disease. Their findings in approxi-
mately 12,000 adults demonstrated that valve disease was equally 
common among men and women and among blacks and whites, 
and that it increased in frequency with age. MR was the most 
common significant valve disease, with an incidence less than 1% 
before age 55 years but increasing each decade and reaching 
more than 9% after age 75 years.1 The incidence of MR was similar 
among the residents of Olmsted County.1 Patients with MR had 
larger ventricles without hypertrophy. This analysis did not dif-
ferentiate between primary and secondary MR. However, a later 
meta-analysis attempted to examine the prevalence of MR in the 
U.S. population and categorize the type of MR according to  
Carpentier’s classification (see Chapter 21). Although there were 
a number of limitations to the methodology, the analysis estimated 
that MR affected 2 to 2.5 million people in the United States in the 
year 2000. The largest group could be classified as having Car-
pentier type IIIb, with restricted motion due to left ventricular (LV) 

dysfunction, either ischemic or nonischemic.2 The investigators 
of the meta-analysis estimated the prevalence of MR due to isch-
emic cardiomyopathy at 7500 to 9000 per million, and of MR due 
to LV dysfunction at 16,250 per million. The high number of indi-
viduals affected by secondary MR warrants an in-depth under-
standing of its pathophysiology, diagnosis, and management.

Pathophysiology
The mitral apparatus consists of the leaflets, annulus, chordae 
tendineae, papillary muscles, and supporting LV myocardium.3 In 
contrast to organic mitral valve disease, most secondary MR is 
best thought of as a ventricular, rather than valvular, process. 
Mitral valve competency relies on a balance between the forces 
that close the valve and tethering forces that prevent the valve 
from prolapsing into the left atrium (Figure 19-1). The papillary 
muscles normally help counterbalance the force of LV contrac-
tion on the mitral valve by exerting force parallel to LV contrac-
tion and perpendicular to the mitral leaflets, thus preventing 
mitral valve prolapse. In secondary MR, altered geometry and 
reduced contractility, either global or regional, result in mitral 
valve incompetence.

Secondary Mitral Regurgitation in the Presence 
of Coronary Artery Disease
“Ischemic MR” may occur in the setting of acute myocardial 
infarction (MI) associated with a significant wall motion abnor-
mality, acute MI with papillary muscle rupture, chronic ischemic 
heart disease with normal LV function, or end-stage ischemic 
heart disease with LV dilation and dysfunction. The mechanism 
of MR varies in each of these conditions. MR due to primary 
valvular pathology with coexisting coronary artery disease (CAD) 
is best considered separately from secondary MR in the setting of 
ischemic heart disease, the latter of which is the subject of this 
discussion.

The pathophysiology of ischemic MR varies with the distribu-
tion of CAD. In patients with disease of the right coronary artery 
and inferior infarction, the focal wall motion abnormality affect-
ing the basal inferior wall leads to MR, often with preserved ejec-
tion fraction (EF). Papillary muscle infarction and rupture are 
most likely in patients with occlusion of the left circumflex or right 
coronary artery and affect the posteromedial papillary muscle. In 
anterior MI due to occlusion of the left anterior descending artery, 
MR is usually a result of spherical remodeling with overall reduced 
LV contractility.

Reduced contractility with dilation of the inferior wall in isola-
tion or in association with global LV dilation results in lateral 
displacement of the papillary muscle and a longer distance from 
the papillary muscle tips to the mitral annulus. Consequently, 
altered tension on the chordae tendineae results in incomplete 

Key Points
■	 Secondary mitral regurgitation is the most common valve disease, 

with coronary artery disease accounting for approximately a third of 
cases.

■	 In contrast to primary mitral valve disease, secondary mitral 
regurgitation is best thought of as a ventricular process that alters the 
normal balance between the forces that close the valve and tethering 
forces that prevent the valve from prolapsing into the left atrium.

■	 Secondary MR is MR not due to primary valvular leaflet pathology. 
Secondary MR may be divided into MR due to ischemic heart disease 
(ischemic MR) and MR due to other causes (functional MR).

■	 Atrial enlargement with associated annular dilation may be 
responsible for mitral regurgitation in some patients with atrial 
fibrillation but is usually not severe.

■	 Criteria for grading the severity of secondary mitral regurgitation may 
differ from criteria for severity of primary mitral regurgitation.

■	 The primary treatment of secondary mitral regurgitation is targeted 
at treating the underlying ventricular dysfunction, including 
pharmacologic therapy, cardiac resynchronization therapy, and 
treatment of contributing ischemia.

■	 There are limited indications for surgery in the treatment of secondary 
mitral regurgitation.

■	 Percutaneous therapy for secondary mitral regurgitation is under 
investigation.
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more dramatic alterations in the papillary muscle geometry 
(Figure 19-2).

Occasionally, active ischemia may cause “flash” pulmonary 
edema for which MR may be a contributing factor. However, isch-
emic MR need not imply the presence of active ischemia.8 It 
usually reflects the consequences of chronic CAD, essentially 
postinfarction MR remodeling. In fact, many patients with isch-
emic MR are not found to have reversible ischemia, and con-
versely, persistent moderate or severe MR can occur in 77% of 
patients who have already undergone revascularization with 
coronary artery bypass grafting surgery (CABG), in whom pre-
sumably the ischemic substrate was addressed.9

Papillary muscle rupture is a different entity from other causes 
of ischemic MR. Infarction of the papillary muscle can occur in 
the setting of a relatively small MI, usually with infarction of the 
posteromedial papillary muscle because it receives blood from a 
single artery. The magnitude of MR depends on the site of papil-
lary muscle rupture. Rupture of the head of the papillary muscle 
results in MR of a similar degree to that encountered with chordal 
rupture. Rupture of the body of the papillary muscle results in 
acute loss of support of half of the anterior leaflet and half of the 
posterior leaflet; the resultant MR is torrential and often immedi-
ately fatal.10

DYNAMIC CHANGES

MR severity is usually assessed by physical examination or echo-
cardiography in the resting state. However, in the setting of  
coronary heart disease, exercise, labile hypertension, or other 
stressors may provoke dynamic changes in LV wall motion or 
otherwise result in further alterations of LV function and geom-
etry. Dynamic changes in LV size and function may result in 
exercise-induced worsening of MR, thus contributing to heart 
failure symptoms. Addressing this question, Pierard and Lancel-
lotti8 looked at two groups of patients with LV dysfunction: one 
with and one without a history of acute pulmonary edema. The 
two groups were matched for resting MR severity, LV size, and  
EF. Despite similar heart rates and blood pressure responses to 
exercise, those patients with a history of acute pulmonary edema 
were more likely to have significant exercise-induced increases 
in MR volume, regurgitant orifice area (ROA), and pulmonary 
pressure.8 The unmasking of significant MR with exercise may 
explain the clinical conundrum of patients who experience 
dyspnea on exertion that seems out of proportion to their resting 
LV function, resting MR grade, or degree of stress-induced 
ischemia.

FIGURE 19-1  Principles of mitral valve tethering in ischemic mitral 
regurgitation. Basic principles of tethering mechanism for ischemic mitral 
regurgitation (MR) and balance of apposed closing and tethering forces acting 
on the leaflets. Augmented tethering force created by papillary muscle dis-
placement apically displaces the leaflets and causes MR. LV, Left ventricular. 

Normal
tethering force

Augmented
tethering force

Normal
closing
force

Normal
closing
force

Normal LV dilation

FIGURE 19-2  Ischemic mitral regurgitation in inferior versus anterior 
myocardial infarction. Potential mechanism for higher incidence of ischemic 
mitral regurgitation in inferior versus anterior myocardial infarction (MI), despite 
the lower level of global left ventricular (LV) remodeling in patients with inferior 
MI. LV remodeling in anterior MI may involve a broader region of the LV without 
causing major alterations in the mitral valve complex. In contrast, LV remodel-
ing in response to inferior MI may involve less area but may cause major altera-
tions in the mitral valve complex. 

Normal Anterior MI Inferior MI

mitral leaflet closure. The term “papillary muscle dysfunction” 
may be misleading because it implies that an isolated reduction 
in the contractility of the papillary muscle is responsible for the 
MR. Rather than suffering from reduced contractility, the papillary 
muscle becomes tethered as a result of changes in the supporting 
LV wall and lateral displacement of the papillary muscle.4 This 
process was elegantly shown by Kaul etâ•¯al,5 who demonstrated 
that hypoperfusion of the papillary muscle without an effect on 
other LV segments did not result in MR. However, global ischemia 
resulting in LV dilation and dysfunction with normal papillary 
muscle perfusion did cause incomplete mitral valve closure and 
MR.5 Thus the papillary muscle is better thought of as a functional 
unit, composed of the papillary muscle and the subtending LV 
wall foundation.

Alterations in LV geometry, chiefly increased sphericity, change 
the position of the papillary muscle and the direction of tension 
exerted on the mitral leaflets. The normal papillary muscle  
position allows them to exert vertical tension on the chordae  
and leaflets, preventing prolapse. However, when the papillary 
muscles are laterally displaced due to LV dilation, the direction 
of force on the mitral leaflets is altered and inhibits proper closure. 
The leaflets become tethered and the zone of coaptation reduced. 
This is seen on echocardiography as tenting of the mitral valve. 
In the VALsartan In Acute myocardial iNfarcTion (VALIANT) 
study, tenting area, coaptation depth, annular dilation, and left 
atrial (LA) size were associated with the extent of baseline MR, 
but the degree of tenting after MI was the only variable that inde-
pendently and significantly predicted progression of MR. A tenting 
area greater than 4â•¯cm2 was associated with the highest risk of 
MR progression after MI.6

In the setting of acute inferior MI, typically caused by right 
coronary artery or left circumflex CAD, a resultant inferior wall 
motion abnormality leads to tethering of the posteromedial  
papillary muscle and a loss of support for the medial aspects of 
the anterior and posterior mitral leaflets. On echocardiography 
the posterior leaflet appears to have restricted motion toward the 
annulus, and the anterior leaflet appears to override the poste-
rior leaflet without rising above the annular plane. This appear-
ance has been termed pseudoprolapse.7 The altered leaflet 
coaptation leads to a posteriorly directed jet and may result in 
silent MR.

The extent of infarction may not necessarily correlate with the 
degree of MR. For the reasons described previously, patients with 
inferior MI may be more vulnerable to MR than those with ante-
rior MI. Although anterior MI may affect a larger area of myocar-
dium, the LV remodeling from inferior MI may involve a smaller 
area of myocardium with less global LV dilation but may cause 
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Further observations on the depth of coaptation in functional 

MR were extended to include more robust measures based on 
two-dimensional (2D) and three-dimensional (3D) echocardiog-
raphy, including tenting area and tenting volume, respectively. Yiu 
et al18 examined patients with both ischemic and dilated cardio-
myopathy and found that tenting area measured in the paraster-
nal long-axis view on 2D echocardiography was related to 
posterior and apical displacement of the papillary muscles and 
correlated with ROA. The tenting area (cm2) values were 6.66 ± 
0.9, 7.46 ± 0.9, and 8.86 ± 1.5 in patients with ROA (mm2) values 
of less than 10, 10 through 19, and more than 20.18 In another study 
by Karaca etâ•¯al,19 tenting area was the best parameter to predict 
severe functional MR (ROA >20â•¯mm2) at a cutoff level of 3.4â•¯cm2 
with 82% sensitivity and 77% specificity.19 In a sheep model of 
pacing-induced dilated cardiomyopathy, the 3D tenting volume 
correlated best with the MR severity and was predicted by the 
severity of annular dilation rather than subvalvular remodeling.20 
A clinical study of 37 patients with functional MR used 3D echo-
cardiography to measure maximal and minimal tenting volumes 
during systole as well as tenting areas on 2D apical long-axis, 
two-chamber, and four-chamber views. The best predictor of ROA 
was the tenting volume, measured at end-systole (minimum). 
These researchers defined the optimal cut-point for minimal 
tenting volume as 3.90â•¯mL or larger, which identified significant 
functional MR (ROA >20â•¯mm2) with a sensitivity of 86% and a 
specificity of 100%.21

Annular dilation and shape also contribute to functional MR in 
patients with dilated cardiomyopathy. As the annulus dilates, the 
amount of leaflet tissue required to effectively occlude the annulus 
during systole increases occurring at the expense of coaptation 
zone area; in other words, the valve is closed but not sealed. 
Annular dilation exceeding a critical value eventually results in 
noncoaptation and MR. Using 2D echocardiography, Boltwood  
et al22 demonstrated that mitral annular area was significantly 
larger in patients with dilated cardiomyopathy with MR than in 
those without MR and that the total leaflet area, derived mathe-
matically, was significantly greater. LA size and mitral annular 
area were the major determinants of leaflet area and mitral regur-
gitant severity, whereas LV size was less important.22 These find-
ings suggest that the leaflet area relative to annular area in systole 
determines the extent of MR. This concept was supported by a 
study using 3D echocardiography in 44 patients with MR related 
to bilateral papillary muscle displacement. The investigators 
showed that the area of leaflet coaptation was significantly lower 
in patients with hemodynamically significant functional MR than 
in those without. They defined coaptation area as the difference 
between the leaflet area at the onset of systole and that in mid-
systole. Coaptation length was measured at three sites: medial, 
middle, and lateral. The annular and the leaflet areas were greater 
in those with significant functional MR (cm/m2) (annular: 6.8 ± 
1.6 vs. 5.4 ± 0.9; leaflet: 9.2 ± 1.9 vs. 8.3 ± 1.6). The ratio of leaflet 
area to annular area and the coaptation length were also lower 
in the presence of significant MR.23

In addition to the specific anatomic properties in dilated car-
diomyopathy, mechanical factors are important, specifically the 
force and coordination of LV contraction. The closing force on 
the leaflets, or transmitral pressure, is related to LV systolic  
pressure, which varies during systole. Schwammenthal et al24 
examined the instantaneous regurgitant orifice using M-mode 
echocardiography to measure the proximal flow convergence 
divided by instantaneous velocity. They demonstrated that in 
dilated cardiomyopathy there was a decrease in ROA through-
out systole with an increase during LV relaxation, compared 
with a relatively constant ROA in rheumatic MR and an increase 
in ROA during systole in mitral valve prolapse.24 Using an in vitro 
model, He et al12 demonstrated the contributions of papillary 
muscle position, apical displacement of the papillary muscles, 
annular dilation, and the driving pressure.12 Apical and postero-
medial displacement of the papillary muscles increased both 
leaflet tethering and MR, as did annular dilation, whereas higher 

Conversely, evaluation of MR during intraoperative transesoph-
ageal echocardiography (TEE) may underestimate true MR sever-
ity because sedation and inotropic agents can temporarily reduce 
LV size, improve LV function, and reduce papillary muscle tether-
ing, thus complicating surgical decisions about procedures to 
reduce MR at the time of CABG. Thus, MR is best evaluated under 
normal loading conditions in the preoperative setting.11

Functional Mitral Regurgitation in the Absence 
of Coronary Artery Disease
MR is common in patients with all forms of nonischemic cardio-
myopathy, including dilated cardiomyopathy, restrictive cardio-
myopathy, and hypertrophic cardiomyopathy (HCM). The 
mechanism and the severity of MR vary widely as does the impact 
on the clinical status of the patient and prognostic significance.

The pathophysiology and mechanism for functional MR depend 
primarily on the geometry of the left ventricle and the left atrium 
as well as of the mitral annulus. Other contributing factors are the 
force of LV contraction and the degree of coordination of LV 
contraction.

DILATED CARDIOMYOPATHY

In patients with dilated cardiomyopathy, the mitral annulus is 
dilated and the papillary muscles are abnormally splayed. The 
papillary muscle architecture results from spherical remodeling 
of the ventricle. The chordae are stretched and the leaflets 
become tethered such that the point of coaptation lies within the 
LV chamber rather than in its normal position closer to the mitral 
annulus. There is a smaller total area of coaptation, which leads 
to valvular incompetence. In addition, the reduced closing force 
on the mitral leaflets due to diminished contractility contributes 
to the smaller area of coaptation. Thus, the extent of mitral closure 
depends on the balance between the tethering forces due to 
chordal stretch and the closing forces during systole.12

In 1972, on the basis of the work of early investigators,13-15 
Roberts and Perloff10 formulated a postulate for the mechanism 
of MR in patients with dilated cardiomyopathy. The papillary 
muscles are located in the middle to apical third of the ventricle. 
In the normal elliptically shaped left ventricle, the contraction of 
the papillary muscles exerts a vertical force on the leaflets, which 
brings them together during isovolumic contraction and prevents 
them from prolapsing into the left atrium during ejection. As the 
ventricle becomes more spherical owing to remodeling, the pap-
illary muscles migrate laterally and can no longer exert vertical 
force during systole, leading to reduced apposition of the leaflets 
with subsequent incompetence. As MR leads to further LV dila-
tion, there was early recognition that “MR begets MR.” In an 
experimental model of dilated cardiomyopathy created through 
sequential coronary microsphere embolization, progressive MR 
was observed.16 The first parameter to change prior to the onset 
of MR was the sphericity of the left ventricle measured at end-
systole. Increases in LV volume and mitral annular diameter 
ensued and were associated with worsening of the MR. The coap-
tation depth, measured as distance from the mitral annulus to 
the tips of the leaflets, was increased at the onset of MR and did 
not increase further over time. In additional experiments, the 
investigators observed that MR occurred only in dogs with 
increases in sphericity.17 In clinical studies, the primary depen-
dence of MR severity on LV sphericity is less certain. In a study 
of 128 patients with LV dysfunction (LVEF <50%), including 
patients with both ischemic and nonischemic etiologies, there 
was a correlation of ROA and sphericity. However, in multivari-
able analysis that included measures of mitral valve deformation, 
this index was no longer significant.18 A later study confined to 
patients with nonischemic cardiomyopathy also showed that 
sphericity correlated with MR but was not an independent predic-
tor of severity.19
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diffuse thickening of the anterior leaflet that restricted the SAM, 
preventing the sharp right-angled bend.32

The geometric relationships of the papillary muscles to the LV 
outflow tract may be important in predicting outcomes after 
septal ablation. Delling et al33 measured echocardiographic 
dimensions that reflected the malposition of the anterior leaflet 
(anterior-to-posterior leaflet coaptation position ratio) and the 
distance between the papillary muscle and anterior septum rela-
tive to the left ventricular internal diameter as well as the anterior 
position of coaptation relative to the septum (coaptation-to- 
septum distance). The patients who demonstrated persistent SAM 
after alcohol septal ablation had more severe anterior malposition 
at baseline and were more likely to have persistent obstruction.

There are numerous reported cases of ruptured chordae ten-
dineae contributing to MR in patients with HCM. A surgical case 
series demonstrated that in the majority of patients with MR due 
to chordal rupture, the posterior leaflet was affected. At surgery, 
the leaflet tissue appeared normal, unlike in patients with degen-
erative mitral valve disease. The investigators in this series 
hypothesized that the cause was related to increased stress on 
the posterior leaflet, which is perpendicular to flow during 
systole.34

In summary, although the predominant cause of MR in patients 
with HCM is functional, being related to altered geometry and 
SAM of the anterior leaflet, anatomic abnormalities can include 
elongation and fibrosis of the leaflets as well as chordal rupture.

RESTRICTIVE CARDIOMYOPATHY

Restrictive cardiomyopathy is the least well-defined form of car-
diomyopathy. The primary defect is the impairment in LV filling, 
which has a diverse set of etiologies. The ventricles are normal in 
size, and systolic function is generally preserved until late in the 
course of disease. The wall thickness may be increased in infiltra-
tive disease (amyloid heart disease) or in storage diseases such 
as Fabry disease. However, in most genetic forms of restrictive 
cardiomyopathy, the wall thickness is normal. Endocardial pro-
cesses, such as hypereosinophilic syndrome and endocmyocar-
dial fibrosis, cause scarring that can impact the papillary muscles 
and chordae tendineae.

The mechanisms for MR in these patients are as diverse as the 
underlying etiologies. In amyloid heart disease, there may be 
primary valvular involvement due to amyloid deposition. However, 
functional MR may be associated with severe LA enlargement and 
annular dilation. In Fabry disease, mild MR is frequent but it is 
rarely hemodynamically significant.35 In Loeffler endocarditis 
associated with hypereosinophilic syndrome, MR due to scarring 
and fibrosis of the chordae tendineae is common, occurring  
in almost 50% of patients. MR contributes to congestive heart 
failure, and valve surgery may be required.36,37 However, because 
even bioprosthetic valve replacement may be complicated by 
thrombosis in this setting, long-term anticoagulation should be 
considered.36

Severe MR may mimic restrictive cardiomyopathy because 
there is often an increased mitral E velocity and severe LA enlarge-
ment. However, an abnormal mitral valve and LV dilation are 
consistent with primary MR, whereas an apparently normal valve 
with a small left ventricle would suggest restrictive cardiomyopa-
thy with secondary MR.

ATRIAL FUNCTIONAL MITRAL REGURGITATION

It is well known that patients with hemodynamically significant 
primary MR are at risk for development of atrial fibrillation and 
that the occurrence of atrial fibrillation is associated with poor 
prognosis.38 However, it has only been recently recognized that 
atrial fibrillation can lead to MR in patients with anatomically 
normal mitral valves.39 In an observational cohort study of patients 
undergoing ablation for atrial fibrillation, the investigators studied 
53 patients with normal mitral valves and normal LV function who 

driving pressures reduced ROA and decreased MR. The severity 
of MR in their model varied during systole as in the clinical 
observation described earlier. Delayed closure of the mitral 
valve due to increased tethering caused early systolic MR. In 
mid-systole, the closing forces were maximal, and the regurgi-
tant orifice size was at a minimum. As LV pressure fell, there  
was an increase in MR in late systole. An additional clinical 
study demonstrated that mitral annular area decreased during 
systole, but this change had a smaller contribution to the 
decrease in regurgitant orifice than the progressive rise in trans-
mitral pressure.25

Intraventricular dyssynchrony due to conduction defects has 
become an important therapeutic target of the use of biventricu-
lar pacing for cardiac resynchronization therapy (CRT). CRT has 
been shown to reduce MR in clinical trials.26 LV dyssynchrony 
may contribute to MR through a number of different mechanisms, 
including uncoordinated contraction of the papillary muscles 
with alteration in the timing of tethering forces exerted on the 
leaflets and reduced closing forces on the leaflets. However, the 
role of dyssynchrony is likely overridden by factors related to 
mitral deformation, as demonstrated in a clinical study using 
tissue Doppler imaging to derive the standard deviation of the 
time to peak systolic contraction as a measure of dyssynchrony. 
In this study, dyssynchrony contributed only weakly to MR sever-
ity after correction for tenting area and LV sphericity, and only in 
patients with nonischemic cardiomyopathy.27 While dyssyn-
chrony may only contribute a small part to the development of 
MR, improvement in synchrony with CRT may indeed relate to 
improved MR severity. For example, one study showed that reduc-
tion in MR with CRT was related to improved timing of coordi-
nated contraction of the papillary muscles.28 Another demonstrated 
that the improvements in total MR were related to reductions in 
LV end-systolic volumes and mitral valve tenting area. However, 
the reduction in early systolic MR was related to end-systolic 
volume and global dyssynchrony, whereas the reduction in late 
systolic MR was related to tenting area and dyssynchrony.29

In summary, altered geometry and reduced contractility con-
tribute to MR in patients with nonischemic dilated cardiomyopa-
thy. Therapeutic interventions can target one or more of the 
perturbations that lead to the incompetence of the mitral valve.

HYPERTROPHIC CARDIOMYOPATHY

In the obstructive form of HCM, late systolic MR is associated with 
the systolic anterior motion of the anterior mitral leaflet (SAM) 
and is coincident with the onset of LV outflow tract obstruction.10 
In 1969, Wigle et al30 performed a clinical study that demonstrated 
that MR was reduced when the outflow tract obstruction was 
eliminated or reduced through the administration of angiotensin 
or through surgery as long as there were no primary abnormali-
ties of the mitral valve. Conversely, MR worsened with pharmaco-
logic interventions that increased the severity of obstruction, such 
as isoproterenol and amyl nitrite.

Jiang et al31 further elucidated the mechanism of MR in HCM, 
demonstrating the following geometric contributions: anterior 
and inward displacement of the papillary muscles, anterior dis-
placement of the anterior leaflet, and elongation of the anterior 
mitral leaflet. The displacement of the papillary muscles was 
believed to reduce the support of the central portions of the leaf-
lets, causing them to slacken and to be subject to greater anterior 
drag. In a pathologic study of 43 mitral valve specimens from 
patients with HCM and basal outflow tract obstruction, 19 had 
enlarged, elongated mitral valves. The echocardiograms of these 
patients showed that their valves were situated more posteriorly 
and that they had greater systolic excursion of the anterior leaflet, 
which showed a more sharp-angled bend and localized contact 
of the tip with the septum. The echocardiograms of the patients 
with normal-sized leaflets showed more anteriorly situated valves 
with septal contact involving a greater portion of the valve. Those 
with normal-sized anterior leaflets were more likely to have 
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echocardiographic examination include: confirmation that the 
anatomy of the mitral valve is normal or near normal, evaluation 
of the mechanism for MR, and determination of the severity of 
MR. In the majority of cases, transthoracic echocardiography is 
adequate. However there are patients in whom TEE may be 
required to exclude the presence of specific valvular pathology. 
Although the valve may show evidence of nonspecific thickening 
and areas of calcification, especially in older patients, the valvu-
lar pathology is not the primary issue causing MR.

The Carpentier classification is the most widely adopted 
approach to the pathology of the mitral valve (see Chapter 21).43 
Atrial functional MR associated with atrial fibrillation is classified 
as type I, in which leaflet motion is normal and MR is due primar-
ily to annular dilation. Type II MR involves excessive motion of 
the valve like that seen in degenerative MR. In type III, the leaflets 
are restricted. With use of this classification system, the majority 
of patients with secondary MR, either ischemic or nonischemic, 
are classified as having type IIIB, in which the leaflet motion is 
restricted predominantly in systole. In both ischemic and nonisch-
emic MR, the mechanism is LV remodeling. Echocardiography 
demonstrates the apical displacement and/or splaying of the pap-
illary muscles, their restricted systolic motion and the annular 
dilation to differing degrees.

The tethering may be asymmetric, affecting only one leaflet, or 
symmetric, affecting both leaflets.45 In asymmetric tethering, the 

had moderate to severe MR and compared them with a matched 
cohort of patients with grade mild or less MR. These patients 
represented approximately 7% of the cohort referred for ablation 
in whom preprocedural echocardiograms had been obtained. 
Patients with moderate or severe MR were older, more likely to be 
in persistent atrial fibrillation, and had a higher incidence of 
hypertension. They had greater LA volumes and larger annular 
dimensions. Mitral annular dimension was the strongest predictor 
of significant MR with an odds ratio of 8.4 per cm of annular size. 
The strongest evidence that atrial fibrillation caused MR was pro-
vided at follow-up. Only 18% of patients who maintained sinus 
rhythm still had moderate to severe MR, compared with 82% of 
those with recurrence of atrial fibrillation. Only the patients who 
maintained sinus rhythm had a significant reduction in annular 
dimension, suggesting that the primary cause of atrial functional 
MR is annular dilation.

This concept is not universally accepted. An earlier study  
compared patients with atrial fibrillation alone and patients  
with ischemic or dilated cardiomyopathy. Despite similar annular 
dimensions and annular areas in the two groups, the degree of 
MR, as measured by regurgitant fraction (RF), in those with atrial 
fibrillation was very modest (RF = 3%) compared to those with 
cardiomyopathy (RF = 36%). The investigators concluded that 
papillary muscle tethering due to LV dilation was the major cause 
of MR and that annular dilation did not have an important role.40 
One important difference in the studies is the method of measur-
ing MR. In the study of patients undergoing ablation, MR severity 
was determined by the ratio of jet area to LA area, which is less 
rigorous that the measurements of RF used in the other study.

Although the observation that atrial fibrillation with secondary 
atrial enlargement and annular dilation can lead to MR is proba-
bly valid, it occurs in less than 10% of patients and the degree of 
MR is usually not severe. Hemodynamically significant tricuspid 
regurgitation is more common, probably because the fibrous skel-
eton of the tricuspid annulus is less developed than that of the 
mitral valve.41

Diagnosis

General
MR may be suspected from history and physical examination. 
Dyspnea is the predominant symptom associated with MR. 
However, in most patients with secondary MR, symptoms related 
to the underlying condition predominate; dyspnea and fatigue 
may result from ischemia or from nonischemic cardiomyopathy 
rather than the MR per se. In addition, the typical holosystolic 
murmur of MR may be absent. In acute MR associated with isch-
emia or infarction, the murmur is often early systolic and may be 
high pitched or “cooing” in quality. In a small Thrombolysis In 
Myocardial Infarction (TIMI) substudy in the post-MI setting, a 
murmur was appreciated in only 50% of cases in which MR was 
clearly present on contrast-enhanced left ventriculography.42 
Even with moderate to severe MR, only two thirds of patients had 
appreciable murmurs.43,44 When the MR is directed posteriorly, as 
occurs with an inferior wall motion abnormality and tethering of 
the posterior leaflet, the murmur may radiate to the back and may 
be missed on routine precordial examination.

Even the chronic MR associated with reduced LV function may 
be undetectable on physical examination. When LA pressures are 
severely elevated, the duration of MR is brief and the murmur 
ends in mid-systole, mimicking an ejection murmur.

Findings on chest radiographs are nonspecific and may include 
cardiomegaly with evidence of LV and LA enlargement as well as 
pulmonary vascular congestion.

Echocardiography
Echocardiography is the predominant modality for detection  
and evaluation of secondary MR (Table 19-1). The aims of the 

TABLE 19-1
	 Comprehensive Echocardiographic 

Assessment of Secondary Mitral 
Regurgitation

Left Ventricular (LV) Size and Function
LV volume at end-systole and end-diastole
Sphericity index
LV ejection fraction
LV regional wall motion

Mitral Regurgitation Quantification
Regurgitant fraction and volume (volumetric method)
Regurgitant fraction and volume (proximal isovelocity surface area 

method—ideally using three-dimensional [3D] imaging to account for 
noncircular orifice)

Number of jets
Jet direction

Mitral Valve Morphology
Tenting area or volume:
  In parasternal long-axis or apical four-chamber view
  Use of 3D echocardiography to calculate tenting volume
Coaptation depth
Maximal annular diameter (measure in midsystole in apical four-chamber 

view)

Tethering
Presence/absence
Symmetric vs. asymmetric
Degree of tethering (measure posterior leaflet tethering angle > or < 45 

degrees in apical four-chamber view)

Secondary Findings
Atrial volumes
Pulmonary artery pressure
Secondary tricuspid regurgitation
Associated right ventricular dilation and dysfunction

Dynamic Assessment
Reassessment under various loading conditions (sedation, blood pressure 

fluctuation)
Assessment of mitral regurgitation severity with exercise
Contractile reserve to identify hibernating or stunned myocardium
Reassessment after cardiac resynchronization therapy or cardiac 

resynchronization therapy optimization
Atrioventricular optimization
Ventriculoventricular optimization

Adapted from Ray S. The echocardiographic assessment of functional mitral regurgitation. 
Eur J Echocardiogr 2010;11:i11–7.
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the mechanism for MR.50,51 The ESE has recommended different 
thresholds: An ROA ≥40â•¯mm2 or a regurgitant volume ≥60â•¯mL 
indicates severe organic MR. In ischemic MR, an ROA ≥20â•¯mm2 
or a regurgitant volume ≥30â•¯mL identifies a subset of patients at 
increased risk of cardiovascular events.46 The rationale for tai-
lored thresholds is based on differences in the physiologic impact 
of a given mitral regurgitant volume depending on the function 
and total stroke volume of the left ventricle, as well as factors 
influencing the specific quantitative measures. Many factors 
affect the accuracy of quantitative measures of MR severity, 
including the jet direction, the timing of MR, the driving pressure, 
and the shape of the regurgitant orifices.

As previously mentioned, the color-flow Doppler imaging char-
acteristics of the jet vary with the extent and pattern of tethering. 
Eccentric jets associated with asymmetric tethering entrain the 
LA wall (Coanda effect), tend to have smaller total area, and 
represent a smaller percentage of the total LA area.52 When the 
MR is acute, such as that which occurs during active ischemia, 
the high LA pressure will result in rapid equilibration and the 
color-flow jet will be brief and of relatively low velocity. The  
corresponding continuous wave (CW) Doppler echocardiogra-
phy signal will show rapid late systolic deceleration, so-called 
Doppler V wave or cutoff sign. Additionally the color-flow jet may 

TABLE 19-2
	 Echocardiographic Findings in Mitral 

Regurgitation due to Asymmetric versus 
Symmetric Tethering

ASYMMETRIC SYMMETRIC

Etiology Inferior myocardial 
infarction (MI)

Large anterior or multiple MIs
Nonischemic cardiomyopathy

Tethering Posterior leaflet Both leaflets

Tenting Increased Markedly increased

Annulus Mild to no dilation Dilated, flattened

Left ventricular 
remodeling

Inferior wall alone Global dilation with increased 
sphericity

Mitral regurgitation 
jet direction

Posterior Usually central

Adapted from Ray S. The echocardiographic assessment of functional mitral regurgitation. 
Eur J Echocardiogr 2010;11:i11–7.

FIGURE 19-3  Restricted mitral valve motion in dilated cardiomyopa-
thy. A, End-systolic frame from four-chamber view of patient with dilated 
cardiomyopathy demonstrating mitral valve tenting due to restricted systolic 
motion of both leaflets. B, The color-flow Doppler imaging jet of severe mitral 
regurgitation is predominantly central in association with bilateral leaflet 
restriction. 

A

B

posterior leaflet is most commonly affected, usually in the setting 
of an inferior MI that caused focal remodeling. The annulus may 
or may not be significantly dilated but there is increased tenting. 
There is also pseudo-prolapse of the anterior leaflet.7 The jet is 
directed posteriorly. When the tethering is symmetric, both leaf-
lets are apically displaced and there is a markedly increased 
tenting area. The annulus is dilated and loses its normal saddle 
shape. The ventricle is dilated with global remodeling and greater 
sphericity. The jet direction is usually central when the tethering 
is symmetric (Table 19-2) (Figures 19-3 and 19-4).

In ischemic MR the extent of remodeling and its impact on the 
mitral apparatus can be evaluated by echocardiography in order 
to predict the likelihood of successful mitral valve surgery. The 
European Society of Echocardiography (ESE) has recommended 
the measurement of a number of anatomic parameters, which are 
illustrated in Figure 19-5.46 The echocardiographic measurement 
values that predict an unfavorable result are listed in Table 19-3.47

One particular challenge with respect to grading secondary 
MR is its dynamic nature, which causes it to vary from one occa-
sion to another. Factors influencing MR severity include loading 
conditions, rhythm, exercise, and ischemia. At the time of the 
echocardiogram, the blood pressure should be noted and, 
ideally, a patient’s medications should be recorded. If the patient 
is in a paced rhythm, specific pacing parameters should be con-
sidered, including the use of biventricular pacing with specific 
atrioventricular and ventriculoventricular intervals. An exces-
sively long atrioventricular delay may lead to presystolic MR. 
Exercise testing can be used to evaluate for the presence of isch-
emia and the impact of exercise on MR severity, although inter-
pretation of color-flow Doppler imaging may be challenging.48 An 
increase in the ROA with exercise in patients who have systolic 
heart failure has been associated with poor exercise tolerance in 
comparison with patients who have stable MR. During TEE, MR 
jets may have diminished area and penetration, leading to an 
underestimation of MR severity in comparison with findings on 
transthoracic echocardiography. This phenomenon can be par-
ticularly troublesome during intraoperative TEE, when a decision 
to repair the valve is at stake. Altering the loading conditions 
pharmacologically may be helpful to making a decision. In one 
study of 30 patients with ischemic MR referred for CABG, preload 
was adjusted with fluids to a pulmonary capillary wedge pressure 
of 15â•¯mmâ•¯Hg, and phenylephrine dose was titrated to achieve a 
systolic blood pressure of 160â•¯mmâ•¯Hg. The jet on color-flow on 
Doppler imaging, the ROA, and the regurgitant volume increased 
to levels observed on the preoperative echocardiogram.11

The American Society of Echocardiography (ASE) recommen-
dations for grading severity of MR do not distinguish between 
functional and organic MR.49 However, there is growing evidence 
of fundamental differences between these two categories of MR, 
suggesting that thresholds for MR severity should be specific to 
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As previously mentioned, the MR is maximal in early systole, 
diminishes in mid-systole, when the regurgitant orifice is at its 
smallest, and then increases again in late systole. The correspond-
ing CW signal may have a mid-systolic “dropout” that corresponds 
to the smaller volume of red blood cells available to reflect the 
ultrasound signal (Figures 19-6 and 19-7). The variation in regur-
gitant orifice was elegantly demonstrated in a study comparing 
the measurement of regurgitant volume on cardiac magnetic 
resonance imaging with proximal isovelocity surface area (PISA) 
measurements on echocardiography. In functional MR, the PISA 
measurement significantly underestimated mitral regurgitant 
volume, especially when a single-point measure at mid-systole 
was used. The regurgitant volume was more accurately repre-
sented when a method that integrated flow over the entire cardiac 
cycle was used because of the concave shape of the ROA curve 
over the course of the cardiac cycle (see Figure 19-6).53 This 
complicated method has not been adapted for clinical use and 
could be superseded by 3D methods.

Further confounding the measurement of functional MR sever-
ity is the shape of the regurgitant orifice. In functional MR, the 
orifice is more likely to be elliptical rather than circular as is 
common in degenerative MR. The shape of the orifice affects the 
use of the vena contracta measurement to estimate MR severity 
as well as the application of the PISA formula for measurement of 
ROA. The elliptical shape of the orifice causes significant differ-
ences in the measurement of the vena contracta between the 

be relatively unimpressive in patients with chronic severe LV dys-
function associated with low systolic blood pressure and high LA 
pressure. The low driving pressure results in a lower-velocity 
color-flow jet, which is also reflected in the lower peak velocity 
of the CW signal, often less than 4â•¯m/sec.

FIGURE 19-4  Restricted posterior mitral leaflet motion with severe mitral regurgitation in a patient who has had an inferior myocardial infarc-
tion. A, End-diastolic frame from parasternal short-axis (PSAX) view. There is thinning of the inferior wall (arrow). B, End-systolic frame from PSAX view. There is 
no contraction of the inferior wall (arrow). C, End-systolic frame from the apical long-axis view demonstrating bulging of the inferoposterior wall. The posterior 
leaflet is restricted, and there is overshoot of the anterior leaflet (arrow). D, Posteriorly directed jet of mitral regurgitation. 

A

C

B

D

TABLE 19-3
	 Unfavorable Echocardiographic 

Characteristics for Mitral Valve Repair in 
Ischemic and Functional Mitral Regurgitation

Mitral Valve Deformation
Coaptation distance ≥1â•¯cm
Tenting area >2.5-3â•¯cm2

Complex jets
Posterolateral angle >45 degrees

Local Left Ventricular Remodeling
Interpapillary muscle distance >20â•¯mm
Posterior papillary–fibrosa distance >40â•¯mm
Lateral wall motion abnormality

Global Left Ventricular Remodeling
End-diastolic dimension >65â•¯mm; end-systolic dimension >51â•¯mm 

(end-systolic volume >140â•¯mL)
Systolic sphericity index >0.7

Adapted with permission from Lancellotti P, Marwick T, Pierard LA. How to manage 
ischaemic mitral regurgitation. Heart 2008;94:1497–502.
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ROA is calculated by dividing by the peak velocity of the MR  
CW jet. However, as mentioned previously, this formula may be 
invalidated by the elliptical shape of the orifice with its corre-
spondingly “sausage-shaped” flow convergence zone (Figure 
19-9). In these cases, the PISA method may underestimate func-
tional MR severity. In a study comparing ROA measured on 3D 
echocardiography and that measured on 2D echocardiography, 
this underestimation was most marked when the ratio of long-axis 
length to short-axis length of the orifice was greater than or equal 
to 1.5.56 In functional MR, the use of emerging methods using 
3D PISA for estimation of ROA should be considered.57,58 An alter-
native PISA method has been proposed that corrects for the 
obtuse angle formed by the tented leaflets and appears to more 
accurate.59

There are three echocardiographic methods to estimate the 
regurgitant volume and to derive regurgitant fraction. Each 
method has advantages and disadvantages. If the ROA is under-
estimated by the PISA formula, the regurgitant volume derived by 
the product of the ROA and the velocity-time integral (VTI) of  
the mitral regurgitant jet on CW Doppler echocardiography will 
underestimate regurgitant volume.57 When 3D measurements of 
ROA are used, the regurgitant volume is close to that derived with 
cardiac magnetic resonance imaging. The regurgitant volume can 
also be derived by subtracting the forward stroke volume from 
the total LV stroke volume. LV stroke volume is calculated through 
the use of the biplane method of disks or with 3D measurements 
of LV end-diastolic and end-systolic volumes. Forward stroke 
volume is calculated with use of the LV outflow tract area and  
the LV outflow tract VTI. High-quality 2D imaging is necessary for 

FIGURE 19-5  Echocardiographic parameters in ischemic mitral regurgitation that predict the success of mitral valve repair. A, Global left ventricular 
(LV) remodeling: Top, LV internal diameter in diastole (arrow); middle, LV volumes by method of disks; bottom, sphericity index (SI = L/1; L, major axis; 1, minor axis). 
B, Local LV remodeling: Top, apical displacement of the posteromedial papillary muscle (arrow); middle, second-order chordae (arrow); bottom, interpapillary muscle 
distance (arrow). C, Mitral valve deformation: Top, systolic tenting area (TA); middle, coaptation distance (CD); bottom, posterolateral angle (PLA), posterolateral length 
(PLL). (Reproduced with permission from Lancellotti P, Moura L, Pierard LA, etâ•¯al. European Association of Echocardiography recommendations for the assessment of valvular 
regurgitation. Part 2: mitral and tricuspid regurgitation [native valve disease]. Eur J Echocardiogr 2010;11:307–32.)
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four-chamber and two-chamber views. The measurement in the 
parasternal long-axis view, which is considered standard, is closer 
to that of the four-chamber view, whereas the two-chamber view 
has a much larger vena contracta (Figure 19-8). Another factor 
influencing the accuracy of vena contracta measurements is the 
presence of multiple jets, which cannot be handled simply by 
adding multiple vena contracta widths. If the regurgitant orifice is 
not centrally located, off-axis views may be required. In func-
tional MR, up to 35% of jets may be medial or lateral along the 
coaptation line.54 Ideally, when measuring the vena contracta, the 
sonographer should use the zoom mode to maximize frame rate 
and minimize the measurement error. The Nyquist limit should 
be adjusted to visualize the color-flow Doppler imaging signal so 
the zone of proximal flow convergence is on the LV side of the 
valve, the narrowest portion of the jet at the valve (anatomic 
orifice), and the vena contracta just beyond the valve within the 
left atrium (physiologic orifice). The physiologic orifice is slightly 
smaller than the anatomic orifice and thus the vena contracta 
should be measured at this point.55 The ESE guidelines recom-
mend using the average of measurements in the two- and four-
chamber views (biplane measurement) with a cut point of more 
than 8â•¯mm for severe functional MR, whereas the ASE guidelines 
recommend the use of the parasternal long-axis view with a cut 
point of 7â•¯mm for severe MR.

The PISA formula for estimation of the ROA is based on a  
circular orifice, rendering the shape of the proximal flow conÂ�
vergence zone a hemisphere. In most cases of primary degenera-
tive MR, the MR flow can be calculated with use of the formula 
for a hemisphere, which is multiplied by the aliasing velocity. The 
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1.5â•¯m/sec and may be helpful in patients with normal LV func-
tion.62 In the patient with LV dysfunction, restrictive mitral inflow 
patterns may mimic severe MR. However, an A wave dominant 
mitral inflow pattern virtually excludes severe MR.

The left ventricle is usually dilated and EF usually reduced in 
patients with hemodynamically significant functional MR. One 
exception is the patient with isolated inferior wall remodeling and 
severe tethering of the posterior leaflet who may have near normal 
LV size and systolic function. The left atrium is enlarged unless 
the MR is acute, such as in a patient with acute inferior infarction 
or myocarditis. LV and LA volumes should be measured and 
recorded.

In summary, the echocardiographer faces many challenges  
in grading functional MR even when employing an integrative 
approach that incorporates both qualitative and quantitative 
parameters. There is a tendency to underestimate the severity of 
functional MR, which leads to potential minimization of its clini-
cal impact.

accurate application of this method, and LV foreshortening often 
leads to underestimation of LV stroke volume. The third method 
is to calculate the difference between forward stroke volume and 
transmitral flow. An additional pitfall associated with this tech-
nique relates to inaccuracy in the measurement of the mitral 
annular area.49 If this combined Doppler method is used, it may 
be most accurate to measure the annular area with 3D planimetry 
or to calculate an elliptical area based on the anterior-posterior 
(parasternal long-axis view) and commissure-commissure (para-
sternal short-axis view) diameters.60 However, this method for 
measuring transmitral flow requires further study. A dimension-
less index, consisting of the mitral VTI divided by the LV outflow 
tract VTI, has been studied in patients with primary MR but not 
in those with functional MR.61

Pulsed Doppler echocardiography patterns of pulmonary 
venous flow patterns can aid in grading MR severity. They are 
most helpful if there is systolic dominance consistent with normal 
filling pressures and mild MR or when there is systolic flow rever-
sal suggesting severe MR. Blunted systolic flow in the pulmonary 
vein flow is a nonspecific finding that could be due to hemody-
namically significant MR but could also represent elevated pres-
sures in the absence of important MR and is often seen in patients 
with LV dysfunction. With eccentric jets of MR, there may be 
selective entrainment of one or more pulmonary veins lying in 
the path of flow. Because only the right upper pulmonary vein 
can be reliably sampled on transthoracic imaging, TEE may be 
needed to demonstrate this phenomenon.

The mitral inflow pattern is usually E dominant in the pres-
ence of significant MR with an increased peak E velocity up to 

FIGURE 19-6  Variation in the proximal isovelocity surface area 
during systole in functional mitral regurgitation. Illustration demonstrat-
ing the variation of the proximal isovelocity surface area (PISA, represented by 
yellow half-circles )due to the variation of regurgitant orifice area (ROA) during 
systole. In early (left) and late (right) systole, closing forces are relatively low and 
so the ROA and PISA are relatively large. In mid-systole at the point of peak 
regurgitant velocity (center), the closing forces are maximal, forcing the leaflet 
tips closer together and reducing the ROA and PISA. (Reproduced with permis-
sion from Ray S. The echocardiographic assessment of functional mitral regurgita-
tion. Eur J Echocardiogr 2010;11:i11–7.)

FIGURE 19-7  Mitral regurgitant jet contour in functional mitral 
regurgitation vs. hypertrophic obstructive cardiomyopathy. A, Con-
tinuous wave Doppler echocardiography tracing from a patient with functional 
mitral regurgitation (MR) in the setting of dilated cardiomyopathy. There is 
diminished signal in mid-systole, consistent with reduced regurgitation in mid-
systole. There is a diminished rate of rise in velocity; the estimated dP/dt was 
565â•¯mmâ•¯Hg/sec. B, Continuous wave Doppler echocardiography tracing from 
a patient with functional MR in the setting of hypertrophic obstructive cardio-
myopathy. The MR peaks in late systole and the high peak transmitral gradient, 
144â•¯mmâ•¯Hg, is consistent with dynamic outflow tract obstruction, given the 
patient’s systolic blood pressure, which was 115â•¯mmâ•¯Hg. 
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Prognosis

In the Setting of Coronary Artery Disease
MR is often thought to be a bystander consequence of ischemic 
heart disease, and its clinical importance is overlooked. Evidence 
suggests that the MR itself may further compound the symptoms 
of ischemic heart disease and may contribute to the downward 
spiral of heart failure. Not only is MR in ischemic heart disease 
common (occurring in up to 20% of patients with acute MI and in 
50% of patients with acute MI and heart failure), the presence of 
MR increases mortality twofold in the setting of MI, in chronic 
heart failure, and even after coronary revascularization, and even 
a mild degree of MR in the setting of ischemic heart disease 
affects survival negatively.50,63-66 The prognostic significance is 
highlighted in Figure 19-10.67 Finally, the degree of MR that is 
considered prognostically significant in ischemic heart disease  
is less than for primary MR; an ROA of just 0.2â•¯cm2 (unlike the 
value of 0.4â•¯cm2 in organic MR) predicted adverse outcomes.

FIGURE 19-8  Vena contracta width dependency on imaging plane. 
Parasternal short-axis (PSAX) view at the mitral valve level with superimposed 
color-flow imaging demonstrating the variation in width of the vena con-
tracta if measured from the four-chamber (4C) view (red), the parasternal 
long-axis (PLAX) view (yellow), and the two-chamber (2C) view (light green). 
The vena contracta width would be smallest in the PLAX view and greatest 
in the two-chamber view. 

PLAX 4C

2C

FIGURE 19-9  Proposed isovelocity surface area (ISVS) model in func-
tional mitral regurgitation. Top, Short-axis left ventricular cross-section. 
Short-axis view demonstrating near parallel alignment of the two-chamber 
view with the long axis of the mitral commissures/orifice and perpendicular 
alignment of the four-chamber view across the commissures. Bottom, A, Sche-
matic of ISVS. B, End-on view of model. C, Superior view of ISVS. Note that 
the true crescent orifice shape seen in the top is shown schematically as 
straight to simplify the illustration. AL, Anterior leaflet; Ao, aorta; PL, posterior 
leaflet; RV, right ventricle; VC, vena contracta. (Reproduced with permission from 
Rifkin RD, Sharma S. An alternative isovelocity surface model for quantitation of 
effective regurgitant orifice area in mitral regurgitation with an elongated orifice 
application to functional mitral regurgitation. JACC Cardiovasc Imaging 2010;3: 
1091–103.)
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FIGURE 19-10  Survival in patients with ischemic mitral regurgitation 
(MR). A, Decreased survival after myocardial infarction (MI) with increasing MR. 
Regurgitant orifice area (ROA) of 20â•¯mm2 demarcates mild from moderate MR. 
Numbers below reflect the number of patients remaining in each group at 
various time points. B, Decreased survival after cardiogenic shock with increas-
ing MR for comparable LV ejection fraction (LVEF). (A reprinted with permission 
from Grigioni F, Enriquez-Sarano M, Zehr KJ, etâ•¯al. Ischemic mitral regurgitation: 
long-term outcome and prognostic implications with quantitative Doppler assess-
ment. Circulation 2001;103:1759–64. Copyright 2001, American Heart Association, 
Inc; B reprinted with permission from Picard MH, Davidoff R, Sleeper LA, etâ•¯al. Echo-
cardiographic predictors of survival and response to early revascularization in car-
diogenic shock. Circulation 2003;107:279–84. Copyright 2003, American Heart 
Association, Inc.)
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Biventricular pacing can induce reverse remodeling and reduced 
LV volumes, thereby reducing tethering. CRT has been shown to 
reduce early systolic and mid-systolic MR. (Different determinants 
of the improvement of early and late systolic MR contributed after 
CRT.29) CRT can increase the closing force of contraction, as can 
be evidenced by higher dP/dt and more prolonged duration of 
peak transmitral closing pressures in systole.74 Because delayed 
posterolateral wall contraction is characteristic of left bundle 
branch block, CRT may also reduce discoordinate papillary 
muscle contraction, thereby reducing MR. Finally, improvement 
in atrioventricular electrical and mechanical delay may reduce 
presystolic MR.

In the InSync trial, implantation of the cardiac resynchroniza-
tion therapy defibrillator (CRT-D) (InSync ICD, Medtronic Inc., 
Minneapolis, Minnesota) in patients with ischemic and nonisch-
emic HF, those with clinically significant MR at baseline had the 
following 12-month results with respect to MR grade: 67% had an 
improvement of MR grade; 28% had no change; and 5% had a 
worsening in MR grade. For patients with no significant MR at 
baseline, development of new or worsened MR was also very 
infrequent (5%).75 The Multicenter Automatic Defibrillator Implan-
tation with Cardiac Resynchronization Therapy (MADIT-CRT) 
trial also demonstrated that CRT improved MR, but the effect was 
more modest owing to the smaller number of patients with signifi-
cant MR in the trial (only 15% had more than mild MR).76

As a corollary, the very presence of significant MR at baseline 
does not necessarily portend a worse response to CRT. In the 
InSync trial, event-free survival in patients with clinically signifi-
cant MR was similar to that in patients without significant MR.75 
In fact, patients with severe MR at baseline may actually exhibit 
more reverse remodeling in response to CRT.77 However, other 
studies have shown that patients with severe MR at baseline have 
less reverse remodeling after CRT—the latter CRT nonresponse 
may be more common in patients with an ischemic etiology of 
HF in whom leads may be placed in areas of nonviable or scarred 
myocardium.78

However, persistence or worsening of significant MR after 
CRT does portend a worse prognosis. Patients with this finding 
exhibit less reverse remodeling and have higher clinical event 
rates.79,80

Importantly, the frequency of response to CRT in terms of both 
reverse remodeling and MR reduction is two to three times higher 
in nonischemic than in ischemic etiologies of heart failure. Aki-
nesis with scarring of the inferior wall is a common problem in 
ischemic MR, and CRT has been shown to be less beneficial  
in patients with scarring.81,82 Even among patients with early CRT 
response, at 6 months, those with an ischemic etiology are less 
likely to sustain an initial favorable response to CRT at 12 months, 
likely as a result of progression of ischemic disease.83

Reperfusion and Percutaneous 
Revascularization
In the setting of acute inferior or posterior MI, reperfusion with 
thrombolytic therapy dramatically reduces MR immediately and 
at 30 days. The patients with the most advanced posterobasal  
wall motion abnormalities are more likely to have significant MR, 
and it has been found that reperfusion with thrombolysis likely 
reduces MR by improving posterobasal wall motion.84,85 In the 
SHould we emergently revascularize Occluded Coronaries for 
cardiogenic shocK (SHOCK) trial, moderate or severe MR was seen 
in 39% of the patients. The presence of 2+ to 4+ grade MR increased 
the odds of death more than sixfold. Degree of MR was the only 
echocardiographic variable other than LVEF that independently 
predicted death. Despite their much higher mortality, patients with 
moderate to severe MR still demonstrated a survival benefit with 
early revascularization. This effect may have been due to early 
revascularization itself and also in part to the aggressive use of 
intra-aortic balloon counterpulsation in 86% of the patients.86,87

In the Absence of Coronary Artery Disease
Several studies have analyzed the impact of functional MR on 
prognosis in patients with nonischemic cardiomyopathy. In a 
chart review of more than 1400 patients with severe LV systolic 
dysfunction defined as a LVEF less than 35%, predictors of poor 
outcome included increasing MR and tricuspid regurgitation 
grade, cancer, CAD, and absence of an implantable cardiac defi-
brillator. The relative risk of death was 1.84 in patients with severe 
MR. Survival was inversely related to MR grade (none to mild, 1004 
days; moderate, 795 days; severe, 47 days; P <0.0001).68 In the 
Beta-blocker Evaluation of Survival Trial (BEST), approximately 
40% of patients had nonischemic cardiomyopathy. A substudy of 
336 patients with complete echocardiograms showed that three 
variables predicted the combined end point of death, hospitaliza-
tion for heart failure (HF), and transplant: LV end-diastolic volume 
index ≥120â•¯mL/m2, mitral deceleration time ≤150 milliseconds, 
and the MR vena contracta width ≥0.4â•¯cm.69 In another study of 
patients with severe MR and LV systolic dysfunction, the right 
ventricular systolic function as measured by tricuspid annular 
plane systolic excursion (TAPSE) was a strong predictor of prog-
nosis.70 In a European study of 1256 patients with HF due to dilated 
cardiomyopathy, 27% had no functional MR, 49% had mild to 
moderate functional MR, and 24% had severe functional MR. 
There was a strong independent association between severe func-
tional MR and prognosis (hazard ratio [HR] 2.0) after adjustment 
for LVEF and restrictive filling pattern. The independent associa-
tion of severe functional MR with prognosis was seen in both 
ischemic and nonischemic cardiomyopathy.71

Treatment

Medical
Medical therapy can be aimed at reducing MR in the short term 
and inducing LV reverse remodeling over the long term. Patients 
with dynamic outflow tract obstruction/HCM aside, acute treat-
ment with inotropic agents or inodilators (e.g., dobutamine, mil-
rinone) can improve contractility, raise LV systolic pressure,  
and reduce LV volume, thus increasing the closing forces and 
reducing the tethering forces, resulting in reduced MR severity. 
Agents to reduce afterload, preload, or a combination of the  
two (e.g., diuretics, nitrates, vasodilators) work to reduce LV  
size, improve papillary muscle geometry, and reduce tethering 
forces, thus improving MR. Hydralazine, nitroprusside, and 
angiotensin-converting enzyme (ACE) inhibitors have been 
shown to improve forward cardiac output in patients with severe 
MR.72,73 For long-term therapy, diuretics, ACE inhibitors, aldoste-
rone blockers, and beta-blockers along with other afterload-
reducing agents lead to a complex process of reverse remodeling 
in which fibrosis, dilation, and LV dysfunction are stabilized or 
improved. Vasodilators such as ACE inhibitors are indicated for 
chronic MR in the setting of LV dysfunction. In the absence of 
heart failure, LV dysfunction, or symptoms, there is no evidence 
that vasodilators are useful for treatment of the MR.

Intra-aortic Balloon Pump
Intra-aortic balloon pump treatment may be useful in acute severe 
MR because it reduces afterload, preload, and ischemia. Because 
of the complications that can result from its prolonged use, 
however, there are few data for its use in the treatment of MR  
in the absence of papillary muscle rupture or other post-MI com-
plications such as ventricular septal defect and cardiogenic 
shock.

Cardiac Resynchronization Therapy
CRT has been shown to reduce MR in a substantial number  
of patients with ischemic and nonischemic functional MR.26 
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trial tested whether CABG is superior to medical therapy alone; 
ultimately no difference was found in the primary end point of 
death or hospitalization. In STICH Hypothesis 1, patients were 
randomly assigned to surgery, and the decision to repair the 
mitral valve at the time of CABG was left to the discretion of the 
surgeon. Adjusted for baseline prognostic variables, observa-
tional data from the STICH Hypothesis I group showed a 59% 
lower hazard (HR 0.41, 95% confidence interval [CI] 0.22-0.77; P 
= 0.006) of death among the patients who received CABG plus 
mitral valve repair than in those who underwent CABG alone. A 
reduced hazard of death was also found in patients who received 
CABG plus mitral valve repair than in those undergoing medical 
therapy alone, but only after adjustment for baseline prognostic 
variables.97 Because the decision for mitral valve repair was not 
randomized, these findings leave room for doubt.97 A random-
ized trial to address the question of adding mitral valve repair 
to CABG for moderate MR is now under way, though this trial is 
not limited to patients with low EF (ClinicalTrials.gov; identifier: 
NCT00806988).

The second hypothesis of the STICH trial tested whether adding 
surgical ventricular reconstruction (SVR), a procedure that 
reduces LV volume, to CABG would have better outcomes than 
CABG alone. Although LV volume was reduced by 19% in the 
CABG plus SVR arm, compared with 6% in the CABG alone arm, 
there was no difference in the primary end point of death or 
hospitalization.96 It is not yet known what effect the CABG plus 
SVR approach has on papillary muscle tethering or MR.

Other authorities have advocated resection of akinetic seg-
ments at the time of CABG to better restore LV geometry, external 
compression to prevent outward expansion of akinetic segments, 
and LV wrapping among other techniques to address the problem 
of papillary muscle tethering and altered LV geometry. However, 
data from robust randomized controlled trials for these proce-
dures are lacking. All of these ancillary surgical procedures add 

In contrast, delayed reperfusion or revascularization is less ben-
eficial in chronic ischemic MR. Studies have shown persistence 
of MR after revascularization in up to 77% of patients with chronic 
CAD.9

Surgical Techniques
Surgical techniques include procedures on the valve itself, such 
as restrictive annuloplasty, mitral valve repair, mitral valve replace-
ment, and procedures that primarily address LV dilation or dys-
function and may thus improve MR. Mitral annuloplasty with 
undersized rings is best suited for patients in whom remodeling 
has led to annular dilation as the primary mechanism of MR. 
Although an immediate salutary effect may be apparent, recurrent 
MR is a significant problem, affecting at least 30% of patients.88 
Lack of efficacy and durable response may be due to the nature 
of the MR itself. If the primary problem is papillary muscle tether-
ing, annuloplasty will not be corrective. Annuloplasty may even 
exacerbate posteromedial papillary muscle tethering because the 
posterior annulus is pushed further anteriorly by the ring but the 
position of the posteromedial papillary muscle itself is unchanged 
(Figure 19-11). The posterior mitral valve leaflet becomes further 
restricted and fixed in some cases. Unless reverse remodeling 
also occurs in response to improved perfusion with concomitant 
CABG, thus allowing the papillary muscle to become less tethered, 
recurrent MR will remain a challenging problem.89-93

The data from examination of the role of mitral valve repair 
at the time of CABG have been conflicting.94 If the role of mitral 
valve repair with CABG is unclear, the indication for mitral valve 
repair along with CABG in patients with severely reduced EF 
(<30%) is even murkier. A desire to address the problem of LV 
remodeling at the time of CABG in patients with EF values of 
35% or less formed the basis of the Surgical Treatment for Isch-
emic Heart Failure (STICH) trial.95,96 The first hypothesis of the 
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before annuloplasty

After annuloplasty
for ischemic MR
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A
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augmented
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Additional
augmentation
in tethering

No additional
augmentation
in tethering

No major
displacement

Anterior
displacement

Pre-op.

B

Late after surgeryEarly after surgery

FIGURE 19-11â•‡ Potential mechanism of 
persistent or recurrent mitral regurgita-
tion (MR) after annuloplasty for isch-
emic MR. A, Left ventricular (LV) remodeling 
with outward displacement of papillary 
muscles similarly increases tethering angles 
between anterior leaflet or posterior leaflet 
(PML) and the annular line (middle). Although 
surgical annuloplasty may not displace the 
anterior annulus fixed at the aortic root, this 
procedure hoists the posterior annulus ante-
riorly, which may specifically augment poste-
rior leaflet tethering with recurrent MR (right). 
B, Serial changes in posterior leaflet tether-
ing in a patient with severe aortic regurgita-
tion, LV dysfunction, and functional MR. 
Preoperatively, leaflet coaptation (yellow 
arrow) is more anterior than the posterior 
annulus (pink arrow). Early after surgery with 
aortic valve replacememt and mitral annulo-
plasty, mitral leaflet coaptation is barely more 
anterior than the posterior annulus; there 
was no MR then. Late after surgery, the LV 
dilates and mitral coaptation is more poste-
rior than the posterior annulus, indicating 
increased tethering as the basis for recurrent 
MR. (Diagram by Yutaka Otsuji of University of 
Occupational and Environment Health, Japan. 
Reprinted from Beeri R, Otsuji Y, Schwammen-
thal E, et al. Ischemic mitral regurgitation. In: 
Otto CM, Bonow RO, editors. Valvular heart 
disease: a companion to Braunwald’s heart 
disease. 3rd ed. Philadelphia: Elsevier Science; 
2009. p. 260–73.)
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TABLE 19-4
	 European Society of Cardiology Guidelines 

for Surgery in Chronic Ischemic Mitral 
Regurgitation

Class IC
Patients with severe MR and LVEF >30% undergoing CABG

Class IIaC
Patients with moderate MR undergoing CABG if repair is feasible
Symptomatic patients with severe MR, LVEF <30%, option for CABG, and 

evidence of viability

Class IIbC
Patients with severe MR, LVEF >30%, no option for CABG, MR refractory to 

medical therapy, and low comorbidity

From Vahanian A, Alfieri O, Andreotti F, etâ•¯al. Guidelines on the management of valvular 
heart disease (version 2012). Joint Task Force on the Management of Valvular Heart Disease 
of the European Society of Cardiology and the European Association for Cardio-Thoracic 
Surgery. Eur Heart J 2012;33:2451–96.
CABG, Coronary artery bypass grafting surgery; LVEF, left ventricular ejection fraction; 
MR, mitral regurgitation.

to operative and ischemic time. The choice of procedure also 
depends on a very clear understanding of the mechanism of MR. 
Given the neutral outcome of the STICH trial, recommending 
extensive ancillary SVR procedures at the time of CABG without 
more data is difficult.

Percutaneous Edge-to-Edge Repair
The MitraClip (Medtronic, Inc.) is an investigational device cur-
rently in clinical trials for MR. This percutaneously placed device 
clips the central portion of the anterior and posterior leaflets 
together, creating a double-orifice valve (see Chapter 22). Its role 
in secondary MR is still under active investigation. In the pivotal 
trial comparing percutaneous mitral repair with surgery, approxi-
mately 30% of the patients enrolled had functional MR.98 There-
fore the numbers of patients were too small for conclusions to be 
drawn regarding efficacy of the device in this subset of patients. 
Because the technique requires adequate leaflet approximation 
to enable the clip to appose the anterior and posterior leaflets, it 
may be best studied in selected patients with ischemic MR, a 
narrow coaptation depth, and less leaflet tethering. In a feasibility 
study that involved 69 patients with functional MR in whom 
surgery was deemed to be high risk because of critical illness and 
advanced age, device success could be achieved in 92% and 
improvement in MR grade to 2+ or lower achieved in 83%. Median 
follow-up was almost 1 year.99 In another feasibility study, 51 
patients thought to be “nonresponders” to CRT with moderate to 
severe secondary MR underwent MitraClip treatment. Clip place-
ment was feasible in all patients, and 73% of patients had an acute 
improvement in New York Heart Association functional class at 
discharge that was judged to be durable at follow-up. For the 
secondary MR population, longer follow-up and randomized trials 
using MitraClip therapy are needed.100

Treatment Guidelines for Secondary  
Mitral Regurgitation
The 2006 American College of Cardiology (ACC)/American Heart 
Association (AHA) guidelines for the management of valvular 
heart disease are scant with regard to the management of second-
ary MR.101 There is one specific recommendation (Class IIb) that 
mitral valve repair may be considered for patients with chronic 
severe secondary MR due to severe LV dysfunction (EF <0.30) 
who have persistent New York Heart Association functional class 
III to IV symptoms despite optimal therapy for heart failure, includ-
ing biventricular pacing (level of evidence: C).101 The 2012 guide-
lines from the European Society of Cardiology (ESC) contain 
specific guidelines for surgical indications in patients with isch-
emic cardiomyopathy (Table 19-4).102 In patients without CAD, the 

ESC guidelines recommend medical therapy as the first line of 
therapy as well as CRT when indicated.
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The optimal timing for surgery for severe mitral regurgitation (MR) 
has been controversial.1-6 In the symptomatic patient with severe 
MR, relief of volume overload by mitral valve repair or replacement 
improves symptoms and functional status.7 Thus, the primary indi-
cation for operation in a patient with severe MR has been the 
presence of severe symptoms. However, the natural history of 
severe MR is not benign, and surgical correction of MR in asymp-
tomatic patients may improve survival and reduce risk of compli-
cations such as heart failure and atrial fibrillation. In the past, 
clinicians have been reluctant to subject asymptomatic patients 
with MR to operation owing to an in-hospital operative mortality 
and morbidity as well as potential long-term complications of a 
valve prosthesis. In current practice, however, severe MR due to 
degenerative disease can be repaired in more than 90% of patients 
with very low operative risk (<1% to 2%).

It is well known that chronic volume overload may lead to 
irreversible left ventricular (LV) systolic dysfunction, and this sys-
tolic dysfunction can develop before the onset of symptoms.8-10 

Once systolic dysfunction occurs, the outcome becomes poorer, 
whether or not operation is performed. Conventional measure-
ments of LV function do not reliably predict the onset of LV dys-
function, owing to changes in load on the ventricle imposed by 
the MR.8,9,11,12 It is important, therefore, to identify and correct 
severe MR before irreversible LV dysfunction occurs.1,2

There have been advances in our knowledge, diagnosis, and 
treatment of MR. The pathophysiology of the volume overload on 
the left ventricle and its eventual outcome on LV function is now 
better understood.6,13 The natural history of severe MR has been 
clarified and elucidated by multiple centers.14-16 Echocardiogra-
phy can now accurately assess the valve morphology and severity 
of the regurgitation noninvasively in most patients as well as 
determine the effect of the volume overload on the left ventricle. 
Current operative interventions have resulted in a much lower 
operative mortality and better long-term outcome than was pos-
sible several decades ago, with clear benefits of mitral valve 
repair over valve replacement.2,3,5,17,18 All of these advances 
have provided an incentive to change the indication for timing  
of operation in patients with MR, setting the paradigm of early 
operation before the onset LV dysfunction. This chapter outlines  
these advances and provide recommendations regarding optimal 
timing of surgery for MR.

Recent Advances

Pathophysiology
The diagnosis of severe MR is made when 50% of the total stroke 
volume is diverted to regurgitant flow.13 Several general stages 
describe the hemodynamic response to the excessive volume 
overload of MR in terms of intrinsic LV myocardial as well as 
circulatory responses (Table 20-1). These stages are (1) an acute 
volume overload stage, (2) a chronic compensated volume over-
loaded stage, and (3) the decompensated stage of MR with irre-
versible LV dysfunction.1,6,8,13,19,20

ACUTE VOLUME OVERLOAD STAGE

In patients with acute MR, an acute volume load is placed on the 
left atrium and an unconditioned left ventricle, resulting in an 
immediate increase in left atrial (LA) pressure that is reflected 
back to the pulmonary circulation. This process causes symptoms 
of severe shortness of breath and many times leads to pulmonary 
congestion. As blood is directed back into the left atrium, there 
is less forward stroke volume, and thus, systemic cardiac output 
falls.

The short-term LV response to volume overload is an increase 
in LV volume from a lengthening of sarcomeres along their normal 
length tension curve so that total stroke volume increases via the 

Key Points
■	 Irreversible left ventricular (LV) dysfunction may occur with the 

long-standing volume overload of mitral regurgitation (MR) and leads 
to a poor prognosis.

■	 Predictors of outcome in patients with MR include symptoms, LV 
function, and severity of MR. Left atrial size and natriuretic peptide 
levels may also predict outcome in patients with MR.

■	 Mitral valve repair is preferred over mitral valve replacement because 
of a lower operative mortality and better long-term outcome.

■	 The important clinical predictors of late mortality and heart failure 
following operation are older age, elevated serum creatinine, elevated 
systolic blood pressure, presence of coronary artery disease, and 
advanced functional class.

■	 The important echocardiographic predictors of late mortality 
following operation are LV ejection fraction (EF) and end-systolic 
dimension. Mitral valve operation is indicated for patients with severe 
MR due to a primary valvular abnormality when LV dysfunction is 
present on echocardiography (EF ≤60% or end-systolic dimension 
≥40â•¯mm).

■	 Operation for severe MR should ideally be performed before the onset 
of LV dysfunction, because residual LV dysfunction may occur even 
with “normal” preoperative systolic function.

■	 Patients with severe MR in whom severe symptoms have already 
developed (New York Heart Association functional class III or IV) 
despite normal LV function will benefit from mitral valve operation.

■	 In institutions with surgical expertise in mitral valve repair, it is 
reasonable to proceed with operation in the asymptomatic patient 
with severe MR and normal LV systolic function

■	 Patients with severe acute MR should undergo early operation, despite 
hemodynamic stabilization.
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the ventricle is a decreased contractile state, with reduced myo-
fiber content and interstitial fibrosis. The cumulative effects of 
prolonged oxidative stress with secondary lipofuscin accumula-
tion and cardiomyocyte myofibrillar degeneration further account 
for LV contractile dysfunction.23 As this process continues, irre-
versible LV dysfunction occurs, leading to the decompensated 
stage of MR. Once irreversible LV dysfunction is present, the prog-
nosis is poor.

TRANSITION STAGE (FROM COMPENSATED  
TO DECOMPENSATED STAGE)

Development of symptoms is an unreliable guide to the transition 
from the compensated to the uncompensated stage. By the time 
significant symptoms of dyspnea occur, there may already be 
significant irreversible dysfunction. The usual ejection phase 
indices of LV contractility may not reflect deterioration of LV 
systolic function, owing to the dependence of these indices on 
the load imposed on the left ventricle. Preload, afterload, and wall 
stress are abnormal and variable in patients with MR, and indices 
such as ejection fraction (EF) and fractional shortening may 
remain normal despite progressive decrease in contractile func-
tion of the left ventricle. Therefore, other parameters, such as 
preload-corrected EF, end-systolic wall stress normalized for end-
systolic volume index, mass normalization of LV elastance, and 
end-systolic wall stress normalization of EF, have all been pro-
posed as possible indices of a deterioration in intrinsic LV func-
tion.9,12,20,22,24,25 However, although studies of these indices have 
been able to identify patients who are already in the decompen-
sated stage, none has been shown to determine when the transi-
tion stage begins. Indeed, as discussed later, the outcome of 
patients with MR depends largely on the severity of valve leakage, 
and in current practice, criteria for optimal timing of intervention 
rely mainly on quantitative measurements of the severity of mitral 
valve leakage rather than indices of LV function, size, or wall 
stress. The goal of optimal timing is to intervene before the decom-
pensated stage of irreversible LV dysfunction occurs.

Natural History
Prior reports on the natural history of MR have been highly vari-
able, for a multitude of reasons, including the small populations 
of patients studied, selection bias and multiple etiologies of valve 
disease, presence of other concomitant cardiovascular disease, 
as well as incomplete hemodynamic data. Also, many of these 
studies did not compare outcome in patients with MR with 
expected survival in patients without heart disease.

The natural history of severe MR in the modern era is now well 
documented,2,14,18,26,27 on the basis of studies of patients followed 
up with flail posterior leaflet (a surrogate for severe MR) (Figure 
20-1). In an initial study by Ling etâ•¯al,14 of patients who were fol-
lowed up for more than 10 years, mortality rate was higher (6.3% 
yearly) than the expected survival rate (see Figure ON20-1 on 
website). Twenty percent of patients receiving medical manage-
ment died; 69% of the deaths were from cardiac causes. High 
morbidity was also noted, with 10-year incidences of atrial fibril-
lation of 30% and of heart failure 63%. Once heart failure devel-
oped, the prognosis was worse, with a 5-year survival of less than 
20%. At 10 years, 90% of patients with a flail posterior leaflet had 
either died or undergone surgical repair because of the develop-
ment of symptoms.14 These high event rates were confirmed in a 
multicenter study, linearized event rates/year for those receiving 
nonsurgical management being 5.4% for atrial fibrillation, 8.0% for 
heart failure, and 2.6% for death27 (Figure 20-2). Sudden death is 
a frequent catastrophic event, responsible for approximately one 
fourth of deaths in patients receiving medical treatment.28

The natural history of predominantly asymptomatic patients 
with moderately severe MR and normal LV function has been 
controversial. Rosen etâ•¯al15 in 1994 reported a benign prognosis, 
with no deaths and no progression to subnormal LV function, 

Starling mechanism.8 Fractional shortening of the left ventricle 
increases and end-systolic volume decreases as the result of the 
low resistance runoff into the low-pressure left atrium. There is 
thus a decrease in the integrated systolic wall tension. If forward 
cardiac output can be maintained by these compensatory mecha-
nisms, and if LA pressure is lowered by therapy, an evolution from 
the acute to the chronic compensated stage of MR occurs.6,8,13,19,20

CHRONIC COMPENSATED STAGE

The major compensatory mechanism that occurs in this chronic 
steady state of MR is LV enlargement. LV dilation occurs from 
rearrangement of sarcomeres, added in series and parallel.19 The 
individual sarcomeres are not extended beyond their optimal 
contractile length and, thus, the stretch (or preload) on the indi-
vidual sarcomere is normalized. The increase in LV cavity size 
allows a greater LV volume as a result of the MR while maintaining 
normal diastolic pressures.

Wall stress on the left ventricle depends on LV pressure, 
volume, and wall thickness. The initial unloading of the left ven-
tricle by the low-resistance runoff into the left atrium is countered 
by an increase in LV size during this compensatory stage, return-
ing systolic wall stress to normal levels.6,13 In this chronic com-
pensated stage of MR, appropriate LV adaptation occurs by 
dilation with adequate forward cardiac output and maintenance 
of normal filling pressures. Patients remain asymptomatic during 
this state, and the normalized preload and wall stress help the left 
ventricle maintain normal contractility. Patients may remain in 
this chronic compensated stage for years to decades following 
the onset of MR.6,8,11,13,19

DECOMPENSATED STAGE WITH IRREVERSIBLE LEFT 
VENTRICULAR DYSFUNCTION

In patients with severe MR, there will eventually be progressive 
LV enlargement beyond that of a compensated stage.6,8,13,19-22 This 
progressive LV enlargement is due to increasing severity of MR, 
continued compensatory chamber enlargement, or a combina-
tion of both. Mitral valve competence is highly dependent on the 
integrated function of the entire mitral valve apparatus—the 
mitral annulus, papillary muscle orientation, chordae, and leaf-
lets. Progressive LV enlargement itself can cause increasing 
degrees of MR from altered LV geometry and annular dilation; 
thus the saying “MR begets MR.” In degenerative MR, disruption 
of supporting structures such as rupture of chordae tendineae 
may occur, further increasing the severity of MR. As disease pro-
gresses, systolic wall stress on the left ventricle is increased as a 
result of increased circumferential stress from a larger LV minor 
axis as the left ventricle assumes a more spherical shape.8,11,12,20,22 
An increase in end-diastolic stress occurs from further stretching 
of the myocytes beyond their normal contractile length, leading 
to an increase in end-diastolic pressure as the ventricle overfills. 
The effect of the continued abnormally elevated wall stresses on 

TABLE 20-1	 Stages of Mitral Regurgitation

ACUTE

Chronic

COMPENSATED DECOMPENSATED

Symptoms ↑↑ – ↑↑↑

Left ventricular size ↑ ↑↑ ↑↑↑

Ejection fraction (%) >70 >60 ≤60

End-systolic 
dimension (mm)

<40 <40 ≥40

Wall stress ? N ↑↑

Preload (myofiber) ↑ N ↑↑↑
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FIGURE ON20-1â•… Observed and expected long-term survival with 
medical treatment in 229 patients with mitral regurgitation due to a 
flail mitral valve leaflet. Survival in the patients with a flail mitral valve was 
lower than expected. (From Ling LH, Enriquez-Sarano M, Seward JB, etâ•¯al. Clinical 
outcome of mitral regurgitation due to flail leaflet. N Engl J Med 1996;335:1417–23.)
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EF was 60% or greater. Ten-year survival was 61% in patients with 
an EF greater than 60%, compared with 40% for patients with an 
EF less than 60% (Figure 20-4).14

More data on the natural history of asymptomatic patients with 
MR has been accumulated on the basis of the ability not only to 
measure LV function but also to quantify the degree of MR.29 After 
stratification by quantitative Doppler echocardiography, 456 
patients with asymptomatic primary MR were prospectively fol-
lowed. Five years after the diagnosis, 22% of patients had died 
(14% from cardiac causes) and one third of patients suffered a 
cardiac event, defined as death from cardiac cause, heart failure, 
or new atrial fibrillation. Independent determinants of survival 
were age, presence of diabetes, but also the regurgitant orifice 
area (ROA), which provides a quantitative measure of severity of 
MR. Those patients with an ROA of at least 40â•¯mm2 had a 5-year 
survival rate lower than expected on the basis of U.S. census data 
(58% versus 78%). In comparison with patients with an ROA of 
less than 20â•¯mm2, those with an ROA of at least 40â•¯mm2 had a 

after 5 years of follow-up. However, in this report, there was a 10% 
average annual risk for development of symptoms leading to 
surgery. In addition, the patients in this study most likely had less 
severe MR than those in other studies, given the smaller LV size 
and lack of quantitative measurements.5 In a subset of patients 
from a multicenter study who were completely asymptomatic with 
normal LV function, the 5-year combined incidence of atrial fibril-
lation, heart failure, or cardiovascular death was 42% ± 8%.27

Predictors of Outcome
The outcome of patients with severe MR is highly dependent on 
initial symptoms and LV function. In the study reported by Ling 
etâ•¯al,14 patients with New York Heart Association (NYHA) func-
tional class III or IV symptoms who did not undergo an operation 
had considerable mortality (34% yearly) (Figure 20-3). Even those 
patients with NYHA functional class I or II symptoms had a mor-
tality of 4.1% per year. Those patients with an EF of less than 60% 
also had a substantial mortality in comparison with those whose 

FIGURE 20-1â•… Incidence of atrial fibrillation (AF), heart failure (HF), 
mitral valve surgery, and surgery or death. In 229 patients with isolated 
mitral regurgitation due to flail mitral valve leaflet between 1980 and 1989, 
there was a high event rate at 10-year follow-up. (From Ling LH, Enriquez-Sarano 
M, Seward JB, etâ•¯al. Clinical outcome of mitral regurgitation due to flail leaflet. N Engl 
J Med 1996;335:1417–23.)
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FIGURE 20-2â•… Long-term outcomes for patients with mitral regurgita-
tion due to a flail mitral valve receiving medical treatment in a multi-
center study. Note the high 8-year event rate, similar to the outcome seen in 
Figure 20-1. AFib, Atrial fibrillation; CVD, cardiovascular death; HF, heart failure; 
MV, mitral valve. (From Grigioni F, Tribouilloy C, Avierinos JF, etâ•¯al. Outcomes in mitral 
regurgitation due to flail leaflets a multicenter European study. JACC Cardiovasc 
Imaging 2008:1:133–41.)
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FIGURE 20-3â•… Overall long-term survival with medical treatment in 
patients with flail mitral valve leaflet. Patients are subdivided according 
to New York Heart Association functional class. (From Ling LH, Enriquez-Sarano 
M, Seward JB,etâ•¯al. Clinical outcome of mitral regurgitation due to flail leaflet. N Engl 
J Med 1996;335:1417–23.)
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FIGURE 20-4â•… Long-term survival with medical treatment in 229 
patients with flail mitral valve leaflet. Patients are subdivided according 
to ejection fraction (EF) value. (From Ling LH, Enriquez-Sarano M, Seward JB, etâ•¯al. 
Clinical outcome of mitral regurgitation due to flail leaflet. N Engl J Med 1996; 
335:1417–23.)
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with MR managed medically (Figure 20-7; see also Figure ON20-
2). Compared with patients with LA volume less than 40â•¯mL/m2, 
those with LA volume greater than 60â•¯mL/m2 have increased 
mortality and rate of cardiac events31,32 Among patients with 
marked LA dilation, mortality and cardiac event rates are lower 
in those treated surgically compared to those maintained on 
medical management (Figure 20-8; see also Figure ON20-3).

There has been interest in the use of measurements of natri-
uretic peptides for predicting outcome in patients with MR.33-35 
Brain natriuretic peptide (BNP) activation in MR increases  
with the severity of MR35. BNP Levels of brain natriuretic peptide 
are independently predictive of heart failure and mortality in 
patients with MR33-35 (Figure 20-9; see also Figures ON20-4 and 
ON20-5).

Advances in Surgical Intervention
Determination of optimal timing of valve operation requires 
knowledge of the risks and benefits of the operation itself. There 
have been significant changes in the surgical treatment of MR, 
with substantial effect on the operative mortality and long-term 
outcome (Figure 20-10). In North America, the most common 
cause of MR is primary degenerative valve disease, and the most 
common pathophysiologic mechanism is leaflet prolapse. More 
than 95% of patients with leaflet prolapse can undergo surgery 

higher risk of death from any cause, of death from cardiac causes, 
and of cardiac deaths (Figures 20-5 and 20-6). This finding has 
been confirmed in a study of 286 patients with asymptomatic 
severe MR who were monitored medically. The ROA as well as 
the baseline grade of pulmonary hypertension were independent 
predictors of heart failure or need for surgery.30

Overall, the presence of severe MR portends a poor prognosis, 
even in the asymptomatic patient with preserved EF. This insight 
into the natural history of patients with MR has important implica-
tions regarding timing of operation. Data show very clearly that 
patients with a regurgitant volume of at least 60â•¯mL/beat or an 
ROA of at least 40â•¯mm2 have a poor outcome with medical man-
agement alone. In addition, close follow-up of patients with inter-
mediate grades of MR (ROA 20 to 39â•¯mm2) is essential. Although 
these patients with less severe MR have low risk of death and 
cardiac events during the first 12 to 18 months after diagnosis, the 
rates of death and other complications increase substantially 
thereafter.29

LA enlargement is the end result of the pathophysiologic 
response to MR. LA enlargement strongly predicts survival and 
other cardiac events (heart failure, atrial fibrillation) in patients 

FIGURE 20-5â•… Kaplan-Meier estimates of the mean (± SE) rates of 
cardiac events among patients with asymptomatic mitral regurgita-
tion receiving medical management. Patients are subdivided according to 
the regurgitant orifice area (ROA). Cardiac events were defined as death from 
cardiac causes, heart failure, or new atrial fibrillation. Values in parentheses are 
survival rates at 5 years. (From Enriquez-Sarano M, Avierinos J-F, Messika-Zeitoun 
D, etâ•¯al. Quantitative determinants of the outcome of asymptomatic mitral regurgi-
tation. N Engl J Med 2005;352:875–83.)
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FIGURE 20-6â•… Kaplan-Meier estimates of the mean (± SE) rates of 
death from cardiac causes among patients with asymptomatic mitral 
regurgitation receiving medical management. Patients are subdivided 
according to the regurgitant orifice area (ROA). Values in parentheses are survival 
rates at 5 years. (From Enriquez-Sarano M, Avierinos J-F, Messika-Zeitoun D, etâ•¯al. 
Quantitative determinants of the outcome of asymptomatic mitral regurgitation. N 
Engl J Med 2005;352:875–83.)
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FIGURE 20-7â•… Cardiac events after diagnosis of severe mitral regurgi-
tation. Patients are subdivided according to left atrial (LA) volume. (From Le 
Tourneau T, Messika-Zeitoun D, Russo A, etâ•¯al. Impact of left atrial volume on clinical 
outcome in organic mitral regurgitation. J Am Coll Cardiol 2010;56:570–8.)
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FIGURE 20-8â•… Cardiac events after diagnosis of mitral regurgitation 
in patients with markedly enlarged left atrium. Patients receiving medical 
management are compared to those treated surgically. (From Le Tourneau T, 
Messika-Zeitoun D, Russo A, etâ•¯al. Impact of left atrial volume on clinical outcome in 
organic mitral regurgitation. J Am Coll Cardiol 2010;56:570–8.)
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FIGURE ON20-2â•… Mortality associated with left atrial (LA) enlargement, stratified by regurgitant (REG) volume. (From Le Tourneau T, Messika-Zeitoun 
D, Russo A, etâ•¯al. Impact of left atrial volume on clinical outcome in organic mitral regurgitation. J Am Coll Cardiol 2010;56:570–8.)
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FIGURE ON20-3â•… Mortality after diagnosis of mitral regurgitation in patients with markedly enlarged left atrium who underwent medical treat-
ment and surgical management. (From Le Tourneau T, Messika-Zeitoun D, Russo A, etâ•¯al. Impact of left atrial volume on clinical outcome in organic mitral regurgitation. 
J Am Coll Cardio. 2010;56:570–8.)
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cardiographic variables for the prediction of heart failure, left ventricular systolic dysfunction, or death. AV, atrial volume; BNP, brain natriuretic peptide; 
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replacement extends to patients who undergo reoperation for late 
failure of initial repair.36

There have also been improvements in outcome for patients 
who cannot undergo mitral valve repair but require mitral valve 
replacement. Studies have shown that preservation of the chordal 
apparatus at the time of valve insertion results in a smaller post-
operative chamber size, prevents the postoperative increase in 
systolic stress, and maintains normal ejection performance.38-41 
Thus, the preservation of the chordal apparatus has a lower risk 
of LV dysfunction following mitral valve operation than the resec-
tion of supporting mitral valve structures.38-41

Predictors of Surgical Outcome
EARLY MORTALITY

The factors that have been shown to influence early mortality 
following mitral valve operation are the patient’s age and NYHA 
functional class.42 Operative mortality continues to improve each 
decade and is related to surgical expertise.5,6,27

with low operative risk and high feasibility of repair (see Figure 
ON20-6), with a durability that approaches that of prosthetic 
replacement. In our clinic, operative risk for valve repair in 
patients 75 years or younger is less than 1%. Linearized risk of 
reoperation after repair of posterior leaflet prolapse is approxi-
mately 0.5% per year, and rates of reintervention after repair  
of anterior or bileaflet prolapse are similarly low (1.6% and 0.9% 
per year, respectively). Indeed, the durability of mitral repair for 
all subsets of patients with leaflet prolapse in the current era 
(0.74% per year overall) is similar to that following mitral valve 
replacement.36

Mitral valve repair is preferred over prosthetic replacement 
because of low operative mortality and elimination of device-
related complications such as ventricular rupture, thrombus for-
mation, or mechanical malfunction.5,18 With valve repair, the 
chordal apparatus is preserved, and studies in patients undergo-
ing valve replacement show that the preservation of mitral valve 
attachments preserves LV geometry and systolic function.37 Also, 
valve repair has a much lower rate of late complications than 
prosthetic replacement. The survival advantage of repair over 

FIGURE 20-9â•… Survival free of heart failure or left ventricular systolic dysfunction (LVDSD) according to initial brain natriuretic peptide (BNP) 
levels. Left, derivation set of patients; Right, validation set of patients. CI, confidence interval; HR, hazard ratio. (From Pizarro R, Bazzino OO, Oberti PF, etâ•¯al. Prospective 
validation of the prognostic usefulness of brain natriuretic peptide in asymptomatic patients with chronic severe mitral regurgitation. J Am Coll Cardiol 2009;54:1099–106.)
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FIGURE ON20-6â•… Trends in feasibility of mitral valve repair. Trends in feasibility of mitral valve repair throughout four periods (1980-1983, 1984-1987, 1988-
1991, 1992-1195) for patients in three age ranges. Left, Trends in valve repair for all causes of mitral regurgitation (MR). Right, Trends in valve repair for degenerative 
MR. The probability value applies to the time trends for patients in all age groups. (From Detaint D, Sundt TM, Nkomo VT, etâ•¯al. Surgical correction of mitral regurgitation 
in the elderly: outcomes and recent improvements. Circulation 2006;114:265–72.)
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been put forward to explain this observation, including acute 
increase in LV afterload and myocardial injury during operation 
as a result of global ischemia and reperfusion.

An echocardiographic and hemodynamic study of LV function 
immediately after mitral valve repair demonstrated that indexes 
of global systolic function decreased significantly from preopera-
tive values (P <0.001), primarily because of an increase in LV 
end-systolic size.47,48 At the same time, hemodynamic parameters, 
including cardiac output and forward stroke volume, were main-
tained after surgery, suggesting preservation of cardiac pump 
function. Indeed, control patients in the investigation, who were 
undergoing coronary artery bypass grafting and had cardioplegic 
arrest for intervals similar to or longer than those in patients 
undergoing MV repair, exhibited no change in postoperative LV 
systolic function and hemodynamic parameters except for 
increased heart rate. The best explanation for these data is that 
immediately after correction of MR, the LV undergoes volumetric 
adjustments to ensure constant forward stroke volume at the 
expense of decreased EF. With time, there is reverse remodeling 
with decrease in LV end-diastolic dimension and appropriate 
increase in EF to maintain stroke volume.

An important issue for clinicians and their patients is the extent 
to which LV function and reverse remodeling occurs late after 
correction of MR. In a retrospective study from our clinic, 
Enriquez-Sarano etâ•¯al43 reported that in 217 patients with organic 
mitral valve disease, average EF 1 year after correction of MR was 
52%, compared with 62% preoperatively (P < 0.001), and this 
decline was due to decreased LV end-diastolic dimension and 
minimal change in LV end-systolic dimension. Suri etâ•¯al48 extended 
these studies and reported that after an early decrease, the EF in 
patients undergoing mitral valve repair or replacement improved 
steadily throughout the follow-up period, which extended to 10 
years. Predictors of recovery of EF included larger preoperative 
EF, smaller LV chamber size, mitral valve repair rather than 
replacement, and surgery during the 1990s versus operation in an 
earlier era. Taken together, these findings further support the 
advantage of early repair of severe MR, before there is an impor-
tant drop in EF. Indeed, in this study the most important thresh-
olds predicting recovery of normal LV EF were preoperative EF 
65% or larger and LV systolic dimension less than 36â•¯mm.

Despite the limitations of the EF, this measurement has emerged 
as the best predictor for determining postoperative LV systolic 
dysfunction as well as the onset of heart failure and/or mortality 
(Figure 20-12).2,3,18,42-46 Patients with a preoperative EF of less than 
60% have a higher incidence of postoperative LV dysfunction as 
well as an increased incidence of poor outcome.2,42,43 Even those 
with EF between 50% and 60% had a poorer outcome than patients 
with EF greater than 60%.

LV end-systolic volume (or dimension) has been another useful 
parameter that has emerged in the predicting of adverse outcome 
following mitral valve operation.9,11,12 The end-systolic dimension 
incorporates both the increased preload of the heart and the 
intrinsic contractility, because ejection will cease when the ven-
tricle can no longer contract against its afterload. The end-systolic 
dimension is also a direct single measurement rather than a cal-
culated value and therefore has excellent reproducibility if prop-
erly obtained by echocardiography. A LV end-systolic dimension 
greater than 40â•¯mm independently predicts overall mortality  
and cardiac mortality in patients with MR undergoing conserva-
tive management (Figure 20-13). After adjustment for age, sex, 
comorbidity, and EF, each 1â•¯mm increment in LV end-systolic 
dimension is associated with a 7% increase in overall mortality 
and a 13% increase in cardiac mortality (Figure 20-14; see also 
Figure ON20-9). There is also an excess mortality in patients with 
end-systolic dimension greater than 40â•¯mm after surgery16 (see 
Figure ON20-10).

In patients with severe MR, women have a higher mortality than 
men, perhaps in relation to the smaller body size of women.49 
Normalization of the LV end-systolic dimension to body surface 
area may be indicated in those patients with a small body size, 

LATE OUTCOME

The major cause of death after surgical correction of MR is con-
tinued heart failure.2,11,19,42-44 The important clinical predictors of 
late mortality and heart failure following operation are older age, 
elevated serum creatinine, elevated systolic blood pressure, pres-
ence of coronary artery disease, and advanced functional class42,43 
(Figure 20-11). Echocardiographic parameters that predict late 
mortality after operation are EF and end-systolic dimension.5,16

As would be expected, postoperative LV dysfunction, as assessed 
by EF, remains a major predictor of poor outcome.2,11,19,42-44 A 
decreased EF postoperatively is highly associated with future 
mortality and the onset of heart failure. Thus, it is essential to 
attempt to determine factors associated with postoperative LV 
dysfunction.

PREDICTION OF POSTOPERATIVE LEFT  
VENTRICULAR DYSFUNCTION

A multitude of studies have attempted to predict residual postop-
erative LV systolic dysfunction.9,12,20,22,24,25 The ejection phase 
indices of LV function (EF and fractional shortening) were not 
thought to be of benefit in evaluating intrinsic contractility of the 
left ventricle or patient outcome because of the changes in load 
on the ventricle from the severe MR (see Figure ON20-7). Thus, 
other parameters had been identified, such as preload-corrected 
EF, end-systolic volume index normalized to wall stress, and dia-
stolic volume mass normalization of LV elastance. Despite the 
elegant pathophysiologic theoretical models underlying these 
parameters, these studies showed only that all these parameters 
demonstrated when it was “too late” for operation (see Figure 
ON20-8).9,12,20,22,24,25 The “cutoff” values from each study predicted 
when patients had a high risk of severe heart failure or death fol-
lowing operation but did not predict the optimal timing of opera-
tion. It must be noted that these prior studies might not be 
applicable to surgical outcomes today, because they included 
small number of patients, mixed valve disease, conservative 
selection bias, as well as the use of valve replacement with or 
without chordal sparing.9,12,20,22,24,25

Later studies have looked at the determinants of residual post-
operative LV dysfunction in the era of mitral valve repair.2,3,18,42-46 
Overall, EF drops by approximately 10% in patients with degenera-
tive MR, on average from 58% to 50%.42,43 Several theories have 

FIGURE 20-11â•… Overall postoperative survival following operation for 
severe mitral regurgitation. Patients in New York Heart Association (NYHA) 
functional classes I and II are compared to patients in NYHA functional class III 
and IV. (From Tribouilloy CM, Enriquez-Sarano M, Schaff HV, etâ•¯al. Impact of preop-
erative symptoms on survival after surgical correction of organic mitral regurgita-
tion: rationale for optimizing surgical indications. Circulation 1999;99:400–5.)
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FIGURE ON20-7â•… The effect of preoperative ejection fraction on 
outcome after mitral valve surgery. The preoperative ejection fraction (is 
shown according to patients who did well following operation (blue circles) 
versus patients who either died or had severe heart failure following operation 
(red triangles). Note the very small number of patients in this initial study, which 
was performed prior to the use of mitral valve repair. (From Carabello BA, Nolan 
SP, McGuire LB. Assessment of preoperative left ventricular function in patients with 
mitral regurgitation: value of the end-systolic wall stress–end-systolic volume ratio. 
Circulation 1981;64:1212–7.)
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FIGURE ON20-8â•… End-systolic wall stress/end-systolic volume index 
ratio (ESWS/ESVI) for normal subjects (blue circles) and two groups of 
patients who underwent mitral valve operation. The patients who did 
well following surgery are represented by green circles and those who either 
died or remained in severe heart failure by red triangles. The patients who did 
poorly had a lower ESWS/ESVI ratio. (From Carabello BA, Nolan SP, McGuire LB. 
Assessment of preoperative left ventricular function in patients with mitral regurgita-
tion: value of the end-systolic wall stress-end-systolic volume ratio. Circulation 
1981;64:1212–7.)
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FIGURE ON20-9â•… Overall survival of patients with organic mitral 
regurgitation. Patients are subdivided according to left ventricular end-
systolic diameter (LVESD). (From Tribouilloy C, Grigioni F, Aviernos JF, etâ•¯al. Survival 
implication of left ventricular end-systolic diameter in mitral regurgitation due to flail 
leaflets: a long-term follow-up multicenter study. J Am Coll Cardiol2009;54:1961–8.)
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Effect of Surgical Correction on Outcome
From the foregoing discussion, it is clear that hemodynamically 
severe MR does not have a benign course. A strategy of initial 
medical treatment and delayed surgical intervention for symp-
tomatic patients is accompanied by excess morbidity and mortal-
ity (Figure 20-16).5,18,27,30 Several lines of investigation indicate that 
earlier referral for correction of severe MR improves the outlook 
for these patients.

In a further analysis of 221 patients with flail mitral valve leaf-
lets, patients were stratified according to the timing of surgery.18 
Sixty-three patients who had mitral valve surgery within 1 month 
of diagnosis were categorized as having early surgery. Among  
the remaining 158 patients designated as the “conservatively” 
managed group, 80 had later surgery. Because this was an obser-
vational, nonrandomized study, some patient characteristics 
other than timing of surgery were different in the two groups. 
Patients having early surgery were younger and more likely to 
have symptoms and atrial fibrillation, but there was no difference 

and an LV end-systolic dimension greater than 22â•¯mm/m2 is asso-
ciated with excess mortality.16

Thus, the combination of end-systolic dimension and EF has 
been valuable in identifying patients who have already reached 
the irreversible stage of LV dysfunction.11,21,43 In those patients with 
an EF value less than 60% or an end-systolic dimension greater 
than 40â•¯mm, irreversible LV dysfunction is assumed to be present.1

“UNEXPECTED LEFT VENTRICULAR DYSFUNCTION”

The criteria of EF less than 60% and end-systolic dimension 
greater than 40â•¯mm determine when the patient has reached the 
stage of irreversible LV dysfunction.1,43 However, it does not deter-
mine when the transition to LV dysfunction begins to occur. Thus, 
“unexpected LV dysfunction,” which is defined as a depressed EF 
after the correction of MR, may occur even before these param-
eters are reached (Figure 20-15). It is important to recognize that 
the “cutoff criteria” are measurements of when the decompen-
sated stage of LV dysfunction is reached. Ideally, operation should 
be performed before this end stage occurs.5,6,13

FIGURE 20-12â•… Late survival of patients undergoing operation for 
severe mitral regurgitation. Patients are subdivided according to the pre-
operative echocardiographic ejection fraction (EF) value. Numbers of patients 
at risk for each EF and time interval are shown indicated under the graph. (From 
Enriquez-Sarano M, Tajik AJ, Schaff HV, etâ•¯al. Echocardiographic prediction of sur-
vival after surgical correction of organic mitral regurgitation. Circulation 1994;90: 
830–7.)
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FIGURE 20-13â•… The association between the left ventricular end-
systolic dimension (LVESD) and risk of death with conservative man-
agement for patients with primary mitral regurgitation. The hazard line 
(solid line) and 95% confidence limits (blue lines) were estimated in a Cox mul-
tivariate model with left ventricular end-systolic dimension represented as a 
spline function. (From Tribouilloy C, Grigioni F, Aviernos JF, etâ•¯al. Survival implication 
of left ventricular end-systolic diameter in mitral regurgitation due to flail leaflets: a 
long-term follow-up multicenter study. J Am Coll Cardiol 2009:21:1961–8.)
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FIGURE 20-15â•… Correlation between postoperative and preoperative 
ejection fraction (EF). Although a linear correlation can be seen between 
the preoperative and postoperative EF values, there remain a number of 
patients in whom the postoperative EF is less than 60% despite a preoperative 
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more favorable risk profile. However, multivariate analysis as well 
as a propensity-matched analysis in these studies suggested that 
early surgery is an independent predictor of better survival, along 
with greater freedom from heart failure and new-onset atrial fibril-
lation (Figure 20-19; see also Figure ON20-12).27

An analysis of the causes of death also strongly indicated that 
the beneficial effect of correction of the MR was due to improved 
postoperative cardiovascular physiology and not simply patient 
selection.27 In the study of patients with flail mitral valve leaflets, a 
high percentage of all deaths was attributable to cardiovascular 
causes. However, there were only 6 cardiovascular deaths during 
follow-up among patients having early surgery compared with 35 
in the conservatively managed group. The mortality rate was 11% 

in EF between the groups. Patients in the early surgery group 
had better overall survival rate than those managed conserva-
tively (10-year survival 79% vs. 65%; P = 0.028) (Figure 20-17). 
The beneficial effect of early surgery was observed in asymptom-
atic and minimally symptomatic patients as well as those with 
more serious heart failure. Other investigators have confirmed 
the advantage of early surgery over conventional therapy in 
patients with severe asymptomatic MR (Figure 20-18; see also 
Figure ON20-11).30

A clear weakness among observational studies comparing the 
outcomes of early surgery and conservative management is the 
potential for selection bias. The improved outcome of patients 
undergoing early surgery might theoretically be attributable to the 

FIGURE 20-16â•… Postoperative survival compared with expected sur-
vival in 409 patients undergoing mitral valve operation. Survival was 
75% at 5 years, 58% at 10 years, and 44% at 12 years. Numbers across the bottom 
represent the numbers of patients at risk for each time interval and the percent-
age of the expected survival for specific intervals. (From Enriquez-Sarano M, Tajik 
AJ, Schaff HV, etâ•¯al. Echocardiographic prediction of survival after surgical correction 
of organic mitral regurgitation. Circulation 1994;90:830–7.)
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FIGURE 20-17â•… The outcomes for 221 patients with flail leaflets under-
going operation. The group undergoing early surgery (Early surg), defined as 
mitral valve surgery within 1 month after diagnosis, comprised 63 patients. The 
conservative therapy group (Cons Rx) contained 158 patients initially treated 
conservatively (80 of whom who underwent operation later). Overall 10-year 
survival is shown, with long-term survival being better in patients who under-
went the strategy of early surgery. (From Ling LH, Enriquez-Sarano M, Seward JB, 
etâ•¯al. Early surgery in patients with mitral regurgitation due to flail leaflets: a long-
term outcome study. Circulation 1997;96:1819–25.)
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FIGURE 20-19â•… Independent associations between mitral valve (MV) 
surgical treatment and outcome in 394 patients with flail leaflets. 
Time-dependent analysis shows favorable associations between MV surgery 
and outcome in patients with degenerative mitral regurgitation due to flail 
leaflet (after adjustment for age, New York Heart Association functional class, 
and left ventricular ejection fraction). The results support the rationale for 
considering MV surgery early in the course of the disease. Cases of periopera-
tive (i.e., within 30 days) atrial fibrillation (AFib) (n = 24) were excluded from the 
analysis. Point estimates of hazard ratios (HRs) are graphically depicted as circles, 
with their 95% confidence intervals shown as lines. CVD, Cardiovascular death; 
HF, heart failure. (From Grigioni F, Tribouilloy C, Avierinos JF, etâ•¯al. Outcomes in mitral 
regurgitation due to flail leaflets a multicenter European study. JACC Cardiovasc 
Imaging 2008;1:133–41.)
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FIGURE ON20-11â•… The occurrence of cardiac death in the conventional treatment group (CONV) during follow-up. HF, heart failure; Pt, patients. (From 
Kang D-H, Kim JH, Rim JH, etâ•¯al. Comparison of early surgery versus conventional treatment in asymptomatic severe mitral regurgitation. Circulation 2009;119:797–804.)
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FIGURE ON20-12â•… Independent associations between therapeutic strategy and outcome in 102 asymptomatic patients with left ventricular ejec-
tion fraction (EF) greater than 60%. Time-dependent analysis in asymptomatic patients with normal ventricular function (after adjustment for age) shows 
favorable associations between prompt surgery (vs. no or delayed surgery) and heart failure (HF) and the combined end point of HF and cardiovascular death 
(CVD) (only the outcome of CVD failed to reach statistical significance). Mitral valve repair in asymptomatic patients with normal ventricular function seems to 
prevent cardiac death. Prompt surgery was defined as an operation performed less than 12 months after echocardiography (delayed surgery as >12 months). Point 
estimates of hazard ratios (HRs) are graphically depicted as circles, and their 95% confidence intervals as lines. (From Grigioni F, Tribouilloy C, Avierinos JF, etâ•¯al. Outcomes 
in mitral regurgitation due to flail leaflets a multicenter European study. JACC Cardiovasc Imaging 2008;1:133–41.)
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There may be a subset of patients who present with lesser 

degrees of acute MR. They have mild pulmonary congestion that 
responds initially to medical therapy. These patients may be the 
subset who have either a rupture of secondary chordae or a 
partial papillary muscle rupture associated with myocardial 
infarction. In these patients, early operation is still warranted 
because they have a high likelihood of acute deterioration during 
medical observation.51,52

Chronic Mitral Regurgitation

Etiology of Mitral Regurgitation
It is important to determine the etiology of chronic MR when one 
is considering timing of operation (Figure 20-20). Different surgi-
cal techniques are performed on the basis of valve morphology 
and underlying etiologies, and the performance of these different 
surgical techniques has important implications such as when a 
particular operation should be performed (see Chapter 21). The 
competent mitral valve depends on the coordinated function of 
all the components of the mitral valve apparatus: valve leaflets, 
annulus, papillary muscles, chordae tendineae, and the LV myo-
cardium (see Chapter 2). The maintenance of the chordal-annular-
subvalvular continuity and the mitral geometric relationships are 
important in the preservation of overall LV function. Under normal 
conditions, mitral valve competence is maintained during systole 
by both passive and active function of the mitral annulus and 
cusps, subvalvular apparatus, and ventricular wall. The posterior 
annulus is a muscular structure that shortens at end-systole with 
a sphincter-like contraction, thus narrowing the annulus and pro-
moting leaflet coaptation. The papillary muscle–to-annular dis-
tance during normal posterolateral LV segmental contraction 
facilitates the closing motion of normal mitral valve leaflets, per-
mitting their free edges to move centrally. Prolapse into the left 
atrium is prevented early in systole by papillary muscle contrac-
tion and shortening, which produce tension along the chordae 
and subsequently draw the free edges apically.

MR occurs when there is either an abnormality of the mitral 
valve leaflets, chordal apparatus, and papillary muscle structures 
or a functional and structural abnormality of the underlying  
supporting LV myocardium. A clinically relevant categorization 
for the etiology of chronic MR is to divide it into two categories: 
primary valvular abnormality and secondary MR caused by 
abnormality of supporting structures (Table 20-2).

In the United States, the most common cause of primary valvu-
lar abnormality causing severe MR is degenerative mitral valve 
disease. In degenerative mitral valve disease there is myxoma-
tous degeneration of the mitral valve leaflets and elongated and 
redundant chordal apparatus (see Chapter 18). The thickened 
redundant leaflets prolapse into the left atrium, causing mal-
coaptation of leaflet edges and subsequent MR. Rupture of the 
chordae structures is not uncommon in degenerative mitral valve 
disease, especially in older men, which causes abrupt increases 
in severity of MR due to unsupported segments of the mitral leaf-
lets. Other etiologies for primary valvular MR include rheumatic 
disease, senile calcific disease, and rare causes such as drug-
induced mitral valve disease, healed infective endocarditis, and 
MR associated with systemic disease. It is important to be able to 
differentiate among these etiologies, because there is a higher 
chance of successful repair with degenerative MR, than with 
other etiologies of primary MR.

MR can also result from abnormalities of the underlying sup-
porting structures (see Chapter 19). Ischemic MR occurs when 
myocardial ischemia or infarction interrupts the normal mechan-
ics of contraction of the annulus, posterolateral myocardium, and 
shortening of the papillary muscle.53-58 This disruption of the 
normal contraction sequence results in loss of cusp coaptation. 
Hypokinesia of the myocardial segments adjacent to the posterior 
annulus may disrupt annular contraction and early leaflet coapta-
tion, and may even result in acute dilation during systole. Although 

± 2% at 5 years and 21% ± 5% at 10 years for patients having early 
correction of MR compared to 14% ± 4% at 5 years for conserva-
tively managed patients (P = 0.025), and in multivariate analysis, 
early surgery was associated with decreased cardiovascular mor-
tality (adjusted risk ratio, 0.18; P = 0.002). Similar data in patients 
with flail leaflets were reported by Ling et al18: the mortality rate 
was 11% ± 4% at 5 years and 21% ± 8% at 10 years for patients having 
early correction of MR compared to 22% ± 3% at five years and 35% 
± 5% at 10 years for conservatively managed patients (P = 0.028).

Acute Mitral Regurgitation

Etiology and Presentation
Acute MR is usually due to an acute structural problem of the 
mitral valve apparatus—infection causing destruction of the 
mitral valve leaflets or chordae, spontaneous chordal rupture, or 
papillary muscle rupture from a myocardial infarction. In acute 
severe MR, a sudden volume overload is imposed on an unpre-
pared left atrium and left ventricle, with a severe increase in LA 
pressure and a reduction in forward stroke volume and cardiac 
output.8,11 Pulmonary edema usually occurs, sometimes even 
accompanied by cardiogenic shock. If the volume overload is not 
tolerated, urgent operation must be performed.

Clinical Evaluation
Acute severe MR must be considered in any patient presenting 
with hemodynamic compromise. In patients with acute severe 
MR, the physical examination itself may be misleading. The sys-
tolic murmur of MR may be soft, early in systole, and may even 
be absent because there is rapid equilibration of LA and LV  
pressures. Transthoracic echocardiography is useful to demon-
strate a hyperdynamic left ventricle, which rules out a myocardial 
or pericardial etiology for the hemodynamic compromise. 
However, owing to problems with obtaining high-resolution 
imaging in a critically ill patient, transthoracic echocardiography 
may not be able to demonstrate a structural abnormality of the 
mitral valve. Transesophageal echocardiography should be per-
formed to accurately assess the etiology and severity of MR. The 
structural abnormality causing the MR should be visualized, such 
as leaflet perforation, chordal rupture, or rupture of the papillary 
muscle. The presence of other abnormalities, such as vegetations 
and regional wall motion abnormalities, is useful to determine the 
etiology of the MR.

Visualization of an unsupported segment of the mitral appara-
tus coupled with an eccentric jet of MR on color-flow imaging in 
this clinical setting is all that is required to confirm acute severe 
MR. Cardiac catheterization is no longer required for diagnosis, 
and left ventriculography can be potentially harmful. A limited 
coronary angiogram should be performed prior to operation if the 
patient is hemodynamically stable.

Treatment
Medical therapy has a limited role in patients with acute severe 
MR causing hemodynamic compromise, mainly to stabilize the 
patient in preparation for operation. Intravenous diuretics are 
used to decrease pulmonary congestion, and afterload reduction 
with drugs such as nitroprusside will improve forward cardiac 
output and reduce filling pressures.50 Antibiotics should be given 
if infective endocarditis is suspected. An intraaortic balloon pump 
can stabilize hemodynamics to a greater degree than medical 
therapy. The intra-aortic balloon should be placed if the patient is 
stable enough to go to the catheterization laboratory for preopera-
tive coronary angiography. However, the ultimate goal is to 
proceed to operation as soon as possible for mitral valve repair or 
replacement.51 The operative mortality for severe MR due to papil-
lary muscle rupture is less than 10%, and the 5-year survival for 
patients surviving more than 30 days after surgery is 79% ± 4%.52
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Functional MR is due to progressive dilation of the left ventricle 
in the presence of a normal mitral valve apparatus.59,60 The LV 
dilation leads to a circle of volume overload within an already 
dilated left ventricle, progression of annular dilation, increased 
LV wall tension, and loss of coaptation of mitral leaflets. Myocar-
dial thinning and dilation, blunting of the aortomitral angle, wid-
ening of the intrapapillary muscle distance, increased leaflet 
tethering, and decreased leaflet closing forces all lead to altered 
forces generated by the papillary muscles. These morphologic 
changes combine to cause loss of the zone of coaptation and the 
central jet of MR.

Clinical Evaluation
The clinical evaluation of a patient with chronic MR requires a 
comprehensive history and physical examination as well as prop-
erly selected noninvasive and invasive testing. Two-dimensional 
and Doppler echocardiography are used to determine the etiol-
ogy of MR and the LV response to MR as well as to evaluate the 
severity of MR. Direct visualization of mitral valve leaflets, chordal 
structure, and papillary muscle can help differentiate primary 
valvular abnormality (e.g., degenerative mitral valve disease or 
rheumatic mitral valve disease) from abnormalities of the sup-
porting structures. A critical feature that must be assessed by 
echocardiography is feasibility of valve repair, which depends on 
the etiology of the MR.61 The determination whether a valve can 
be repaired or replaced has significant implications for timing of 
operation. It is the degenerative mitral valve that has the highest 
chance of mitral repair. In diseases that produce calcification, 
fibrosis, and chordal shortening, such as rheumatic disease and 
calcific senile disease, and in MR associated with systemic dis-
eases, there is a very low likelihood of valve repair. For patients 
with degenerative mitral valve disease, the overall morphology of 
the mitral valve leaflets, the primary abnormality causing the 
regurgitation, as well as surrounding structures such as the mitral 
annulus determine whether or not a valve can be successfully 
repaired.

In ischemic MR, there is tethering of the posterior leaflet and 
an akinetic posterolateral segment of the myocardium. This 
results in “tenting” of the mitral coaptation point and a posteriorly 
directed jet. The degree of tenting of the posterior leaflet on 
echocardiography may predict the outcome of a restrictive annu-
loplasty alone.62 In functional MR related to LV dilation, there is 
usually a central jet of MR due to asymmetric loss of coaptation 
of the anterior and posterior leaflet.

It is important to take into consideration LV and LA size in the 
assessment of patients with MR, both of which can be accurately 
assessed by two-dimensional echocardiography. Measurement of 
LV systolic and diastolic dimensions on two-dimensional directed 
M-mode echocardiography is the most reproducible measure-
ment of LV size in the absence of regional wall motion abnormali-
ties.1 LA dimension or volume is also an important part of the 
assessment of the patient with MR. Despite any quantitative 

rupture of the head of the papillary muscle produces severe regur-
gitation in the acute setting, ischemic MR requires a chronically 
infarcted fibrotic and shortened papillary muscle in conjunction 
with an akinetic adjacent scar of the LV wall.53-58 Overall, there is 
a restricted cusp motion due to leaflet tethering and tenting. The 
tenting may also occur in combination with annular dilation from 
dysfunction of the base of the heart. Because of the influence of 
cardiac loading conditions on LV geometry, the degree of MR 
depends on changes in load imposed on the left ventricle.

FIGURE 20-20â•… Artist’s representation of the normal and abnormal 
mitral valve. A, Different etiologies of mitral regurgitation compared to the 
normal valve. Type I, normal; Type II, degenerative mitral regurgitation; Type IIIa, 
ischemic mitral regurgitation; Type III b, functional mitral regurgitation due to 
left ventricular dilation. B, A1 to A3, segments of anterior mitral valve leaflet; P1 
to P3, segments of posterior mitral valve leaflet. 
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TABLE 20-2	 Categorization of Etiology of Mitral 
Regurgitation

Primary Valvular Causes
Degenerative
Rheumatic
Infective
Other:

Systemic disease
Drug-induced
Senile calcific

Abnormal Supporting Structures
Ischemic mitral regurgitation
Functional mitral regurgitation
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assessed by exercise echocardiography or radionuclide angiog-
raphy may be of further benefit in determining timing of opera-
tion. Exercise-induced pulmonary hypertension (pulmonary 
artery systolic pressure >60â•¯mm Hg) has been found to be an 
independent predictor of symptoms in patients with asymptom-
atic MR.64

Primary Valvular Mitral Regurgitation: 
Indications for Operation
The optimal timing for surgery in the patient with primary valvular 
MR depends on multiple factors.1,6,13 These include the patient’s 
symptoms, the severity of MR, and the response of the left ven-
tricle to the volume overload. In addition, a major determinant for 
timing of operation is the available surgical expertise. The ability 
to repair rather than replace the valve may have a substantial 
influence on whether or not early surgery should be considered.1 
Although the number of patients undergoing mitral valve repair 
for MR has been rising over the past two decades in the United 
States and Canada, this technique is still underutilized. Of 47,000 
patients undergoing isolated primary mitral valve operations in 
the United States in a 7-year period, the rate of repair increased 
from 51% in 2000 to only 69% in 200765 (Figure 20-22). In contrast, 
data from surgical centers that are experienced in mitral valve 
repair show that the frequency of repair is 95% or higher in 
patients with severe isolated MR due to degenerative disease.5 
There is a high variation in the number of mitral valve operations 
among all surgical centers, which also correlates with the rate of 
successful repair (see Figure ON20-13).65 Because MV repair 
results in a lower operative mortality (1% to 2% vs. 6%), better 
preservation of LV function, and overall better survival than 
replacement, cardiologists are encouraged to refer candidates for 
mitral valve repair to these experienced surgical centers.1

The following indications for operation are based on the Ameri-
can College of Cardiology (ACC)/American Heart Association 
(AHA) guidelines for management of patients with valvular heart 
disease (Figure 20-23).1

SYMPTOMATIC PATIENTS: NORMAL LEFT 
VENTRICULAR FUNCTION

It is well documented that patients with severe MR who already 
have severe symptoms (NYHA class III or IV) despite normal LV 
function will benefit from mitral valve operation.66 Normal LV 
function is defined as an EF greater than 60% and end-systolic 
dimension less than 40â•¯mm on echocardiography.1 In patients 

assessment of MR severity, a normal LV size precludes the possi-
bility of surgically significant chronic MR. More sophisticated 
analyses of wall stress, preload-corrected EF, and LV elastance 
have been studied but do not add to the simple measurements of 
LV dimensions and EF. Noninvasive measurements of myocardial 
strain or LV torsion have promise for detection of early LV dysfunc-
tion23,63 (Figure 20-21).

The comprehensive two-dimensional and Doppler echocardio-
graphic examinations must also include a systematic approach to 
determining severity of MR. A comprehensive evaluation using 
multiple parameters is needed to fully assess the severity of MR. 
Because decisions for timing of operation for MR are based on 
the severity of MR, especially in the asymptomatic patient, it is of 
value to be able to quantitate the degree of MR. Measurement of 
regurgitant volume and ROA can now be obtained using proximal 
isovelocity surface area measurements, and these parameters 
should be a part of all echocardiographic examinations in which 
MR is a key element. Pulmonary pressure is an important param-
eter to obtain in all patients.

There may be situations in which a discrepancy is found 
between the severity of MR on history and physical examination 
and that on echocardiography. Right heart catheterization may 
be helpful in these instances by determining the pulmonary  
pressure, LA pressure, and the absence or presence of a large v 
wave on the pulmonary artery wedge pressure. Although a ven-
triculogram is not necessary in most patients with MR, left ven-
triculography can be useful in further aiding the decision 
whether the severity of MR is enough to warrant intervention 
when the physical findings do not correlate with the echocardio-
graphic findings.

Exercise testing may be of benefit to evaluate a select subset of 
patients with MR. It is particularly useful in patients in whom the 
presence or absence of symptoms is unclear. Oxygen consump-
tion testing may be performed, which can determine not only 
whether a limited exercise tolerance is present but whether or not 
the limitation is due to deconditioning or a cardiac etiology. With 
a cardiac etiology, there should be a plateau of the myocardial 
oxygen consumption at peak exercise concomitant with symp-
toms. The LV response or pulmonary response to exercise as 

FIGURE 20-21â•… Evaluation of left ventricular torsion in patients with 
mitral regurgitation (MR). The average plots of all subjects for torsional 
velocity versus time are shown. The blue line refers to MR patients and the red 
line refers to control patients. Error bars are shown at 10% time point intervals 
and each represents one standard error. Arrow indicates the start of 
untwisting—that is, the point where the curve crosses the x-axis. Note that in 
patients with MR, there is delayed onset of the untwisting beyond aortic valve 
closure (AVC), peaking of untwisting after mitral valve opening (MVO), such that 
rapid untwisting persists during early filling, and ongoing untwisting during 
peak early filling velocities. AVO, aortic valve opening. (From Borg AN, Harrison 
JL, Argyle RA, Ray SG. Left ventricular torsion in primary chronic mitral regurgitation. 
Heart 2008;94:597–603.)
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FIGURE ON20-13â•… Spread of number of mitral valve operations for 
individual surgical centers from the Society of Thoracic Surgeons 
database. IQR, Interquartile range. (From Gammie JS, Sheng S, Griffith BP, etâ•¯al. 
Trends in mitral valve surgery in the United States: results from the Society of Thoracic 
Surgeons Adult Cardiac Database. Ann Thorac Surg 2009;87:1431–9.)
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replaced, although valve repair is preferable, given the better 
effect on LV function.

SYMPTOMATIC PATIENTS: SEVERE LEFT  
VENTRICULAR DYSFUNCTION

There is a subset of patients presenting with severe MR that is  
“end stage,” in whom LV function has significantly deteriorated 
(EF <30%, end-systolic dimension >55â•¯mm). If a primary valvular 
abnormality is causing the MR, a concomitant myocardial process 
is almost always contributing to the severe LV dysfunction. None-
theless, a careful assessment of valve morphology and quantita-
tion of the severity of MR are important in this distinction, because 
surgery may still be contemplated. Even though the operative risk 
is increased and persistent LV dysfunction will be present post-
operatively, operation may be performed to improve symptoms 
and prevent progressive LV deterioration. In this subset of patients, 
it is of great importance to ensure that the chordal apparatus can 
be preserved to prevent acute LV dilation; thus, these highest-risk 
patients are best treated with mitral valve repair.

ASYMPTOMATIC PATIENTS: NORMAL LEFT 
VENTRICULAR FUNCTION

It is the management of asymptomatic patients with severe MR 
due to a primary valvular abnormality who maintain normal sys-
tolic function that has been most controversial.1,2,4,11,19,67 If such 
patients are followed up until they reach the “cutoff” values 
already described (EF <60%, end-systolic dimension >40â•¯mm), 
the patient has already entered into the decompensation stage of 
LV dysfunction.11,19,67 Their postoperative survival is already 
reduced, and they have a high incidence of postoperative LV 
systolic dysfunction and eventual recurrent heart failure.42,43 Thus, 

with small body size, an end-systolic dimension greater than 
22â•¯mm/m2 may be used. 16,33 The benefit in terms of relief of symp-
toms and prolongation of life occurs irrespective of whether the 
valve can be repaired or replaced. The occurrence of severe 
symptoms indicates an inadequate ability of the left ventricle to 
respond to the volume overload, and once symptoms occur, there 
is a progressive downhill course with medical treatment alone.

Even patients with mild symptoms (NYHA class II) should be 
considered for operation. These patients with mild symptoms 
may be having a gradual insidious onset of symptoms but will 
note a decrease in exercise tolerance with time. The mildly symp-
tomatic patients are most likely entering the transition phase to 
LV decompensation, because even mild symptoms indicate that 
the LV compensatory mechanisms are becoming overwhelmed 
by the volume overload. Therefore, patients with any symptoms 
(NYHA classes II, III, and IV), preserved LV function, and severe 
MR due to a primary valvular abnormality should be considered 
for operation.1

SYMPTOMATIC OR ASYMPTOMATIC PATIENTS:  
LEFT VENTRICULAR DYSFUNCTION

Mitral valve operation is indicated for patients with severe MR due 
to a primary valvular abnormality when LV dysfunction is dem-
onstrated on echocardiography (EF ≤60% or end-systolic dimen-
sion ≥40â•¯mm).1 This applies to patients who are symptomatic but 
also to those who are asymptomatic. The latter patients have 
already progressed to the stage of irreversible LV dysfunction 
from the long-standing volume overload. Although it would have 
been ideal to have operated on such patients before they reached 
this stage, operation will likely prevent further deterioration in LV 
function and improve long-term outlook. Operation should be 
considered irrespective of whether the valve can be repaired or 

FIGURE 20-23â•… Management strategy for patients with chronic severe mitral regurgitation. Mitral valve repair may be performed in asymptomatic 
patients with normal left ventricular (LV) function if performed by an experienced surgical team and the likelihood of successful mitral valve repair is higher than 
90%. New York Heart Association functional classes are shown. AF, Atrial fibrillation; echo, echocardiography; EF, ejection fraction; ESD, end-systolic dimension; HT, 
hypertension; MV, mitral valve; MVR, mitral valve replacement. (From Bonow RO, Carabello B, Chatterjee K, etâ•¯al. 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]. Circulation 2006;114:e84–231.)
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Preoperative atrial fibrillation is an independent predictor of 
reduced long-term survival after mitral valve surgery for chronic 
severe MR.72-74 Predictors of postoperative atrial fibrillation are an 
enlarged left atrium and a prolonged duration of preoperative 
atrial fibrillation; in one study, persistent atrial fibrillation after 
surgery occurred in 80% of patients who had preoperative atrial 
fibrillation for 3 months or longer but in no patient who had pre-
operative atrial fibrillation for less than 3 months.72

To prevent the adverse long-term sequelae of atrial fibrillation, 
the onset of this condition is an indication for operation in the 
patient with severe MR and a valve suitable for repair.1 In patients 
presenting for mitral valve operation with chronic atrial fibrilla-
tion, a concomitant maze procedure or pulmonary vein isolation 
should be considered.75-77

GUIDELINE ADHERENCE FOR OPERATION

Despite the poor natural history of untreated severe MR and the 
excellent results of operation, it is not uncommon that eligible 
patients do not undergo surgery. In one study using the American 
College of Cardiology/American Heart Association guidelines,1 
one or more accepted indications for operation were present in 
nearly three of every four patients from a large tertiary referral 
center who did not undergo surgery.78 Those unoperated patients 
had a high mortality rate, even though their perioperative mortal-
ity risk was no greater than that of a concomitant group of patients 
who were sent for surgery. This study highlights the necessity of a 
comprehensive and knowledgeable team for evaluation of patients 
with severe valve disease. Although there has been a trend toward 
earlier operation, before the onset of severe symptoms, almost 
50% of mitral valve procedures are still being performed in patients 
with NYHA class III or IV symptoms (Figure 20-25).65

Ischemic Mitral Regurgitation:  
Indications for Operation
Many patients with ischemic heart disease have ischemic MR, 
and the presence of ischemic MR has subsequently been shown 
to have a significant impact on prognosis (see Figure ON20-15).79-81 
Some degree of ischemic MR is detected in as many as 40% of 
individuals suffering from acute myocardial infarction.79,80 Those 
who have even mild degrees of ischemic MR after infarction have 
a cardiovascular risk two to four times higher than those without 

there has been impetus to operate before the onset of LV dysfunc-
tion to prevent the sequelae of chronic severe MR.

There are no randomized data on which to base a recommen-
dation of this approach to all patients. However, in experienced 
centers, there is a move to operate on patients who maintain 
normal systolic function if the likelihood of successful valve 
repair is high. This change in paradigm for early operation is 
based on multiple advances in our understanding of these patients 
with MR, as has been discussed previously. If severe MR is truly 
present, the natural history studies have uniformly indicated a 
high likelihood of development of symptoms and/or LV dysfunc-
tion over the course of 6 to 10 years.14,27,30,68 The greater utilization 
of artificial chordae for repair of the anterior or severe bileaflet 
prolapse has resulted in a higher success rate for mitral valve 
repair.69,70 Early repair can now be performed with a mortality less 
than 1% in experienced centers65 and a chance of successful 
repair higher than 90%. The long-term outcome for the asymptom-
atic patient who undergoes early operation is excellent, with an 
overall survival comparable to that of an age-matched, control-
matched population (see Figure ON20-14).2,3

For operation to be recommended in these patients, they must 
have several features. First, it is important to document severe MR. 
Thus, correlation of the physical examination and the diagnostic 
modalities is essential, and quantitative Doppler echocardio-
graphic assessment is helpful. It is also important to correlate the 
severity of MR with the effect on the left ventricle and left atrium. 
Patients with severe MR by necessity have LV and LA enlarge-
ment. Finally, the feasibility of mitral valve repair is determined 
by the morphology of the mitral valve and the surgical expertise 
available.

Thus, in institutions with a surgical expertise in mitral valve 
repair, it is reasonable to proceed with operation in the asymp-
tomatic patient with severe MR and normal systolic function.1 This 
decision must be individualized for each patient, however, and 
the operative risk, patient lifestyle, and patient preference must 
be taken into consideration. These “early operations” should be 
performed only in experienced centers in which the the mortality 
is less than 1% and the likelihood of repair exceeds 90%.5,70

There is still controversy in regard to the optimal approach in 
this patient population. Not all institutions have surgical expertise 
in mitral valve repair. If a mitral repair cannot be done with a high 
likelihood of success, early operation in the asymptomatic patient 
with preserved LV function may not be warranted. Several series 
have shown a good outcome for patients with “watchful waiting,” 
in which patients with MR were monitored medically until they 
reached the criterion of LV dysfunction (EF <60%).4,15 When these 
guidelines were followed, no patients experienced residual LV 
dysfunction following operation, but a substantial proportion 
eventually required operation. Nearly 50% of all patients had 
symptoms of either LV dysfunction or atrial fibrillation by 8 years 
(Figure 20-24). Adherence to this more conservative approach 
does require meticulous and continuous follow-up of the patient, 
which may not be possible for every patient and care facility. In 
addition, there is always “unexpected LV dysfunction” which con-
tinues to occur even when patients undergo operation with a 
normal EF and a small end-systolic dimension. Thus, if this con-
servative approach is undertaken, the patient and physician must 
be willing to continue with frequent follow-up visits, with the 
understanding that the development of irreversible LV dysfunc-
tion cannot be predicted.

Other factors that may influence the decision to proceed with 
earlier operation include marked enlargement of the left atrium 
(>60â•¯mL/m2),32 elevated BNP level,33,34 and pulmonary hyperten-
sion (pulmonary artery systolic pressure >50â•¯mm Hg).16,30,64

ATRIAL FIBRILLATION

In patients with MR due to degenerative disease, there is a high 
risk for development of atrial fibrillation, which is independently 
associated with high risk of cardiac death or heart failure.71 

FIGURE 20-24â•… Kaplan-Meier event-free survival for patients with 
asymptomatic severe degenerative mitral regurgitation managed 
according to a watchful waiting strategy. AFib, atrial fibrillation; LV, left 
ventricular; PHT, pulmonary hypertension. (From Rosenheck R, Rader F, Klaar U, 
etâ•¯al. Outcome of watchful waiting in asymptomatic severe mitral regurgitation. 
Circulation 2006;113:2238–44.)
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FIGURE ON20-14â•… Survival of patients with a preoperative echocar-
diographic ejection fraction greater than 60% undergoing mitral 
valve operation for severe mitral regurgitation. Survival was comparable 
to that of the reference population. (From Enriquez-Sarano M, Tajik AJ, Schaff HV, 
etâ•¯al. Echocardiographic prediction of survival after surgical correction of organic 
mitral regurgitation Circulation 1994;90:830–7.)
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The surgical approach to ischemic MR remains controver-
sial.86,95,98,99 Most would agree that the finding of severe MR on 
echocardiography or angiography constitutes the need for mitral 
intervention at the time of bypass operation. Patients in whom 
there is only mild ischemic MR would probably not benefit from 
any operative intervention. However, there is debate regarding the 
management of patients with moderate degrees of ischemic MR, 
not only in the optimal treatment but when “mild” becomes “mod-
erate.” Prior studies that have evaluated the outcomes of the dif-
ferent approaches to ischemic MR have all been retrospective, 
with significant selection bias. Prospective randomized trials are 
under way that we hope will provide guidance for treatment of 
this subset of patients in the future.

Functional Mitral Regurgitation:  
Indications for Operation
Functional MR is due to progressive dilation of the annular-
ventricular apparatus with altered LV geometry and a resultant 
loss of leaflet coaptation. The severity of MR in patients with 
severe LV dysfunction is highly dependent on the load on the 
heart. Thus, with aggressive medical therapy to decrease LV 
volume and annular dilation, a significant decrease in dynamic 
MR can occur. However, some patients continue to have severe 
MR despite optimal medical therapy.

In these patients with severe functional MR, there is a signifi-
cant decrease in the efficiency of LV contraction and work 
expended by the left ventricle because the work used to generate 
regurgitant flow does not contribute to effective forward cardiac 
output. Some authorities believe that eliminating reversal of flow 
alleviates the excess of work placed on the left ventricle. With 
mitral valve repair to change the detrimental alterations in the 
annular-ventricular unit, both valve competency and LV function 
may be restored.59,60,100

Valve repair appears to be relatively safe in this patient popula-
tion at high risk for operation, which consists of patients with 
severe functional MR, NYHA class II to IV symptoms, EF less  
than 35%, and a dilated left ventricle.59,100 Several studies have 
shown an overall operative mortality of 1.5% to 5%, along with 
improvement in NYHA class for each patient. There were also 

ischemic MR, both within the first 2 weeks and over the long term 
after myocardial infarction. Those patients with ischemic MR 
have greater degrees of heart failure and more likely to experi-
ence recurrent myocardial infarction than those without ischemic 
MR.79,80 The more severe the MR, the poorer the survival (Figure 
20-26).79 In patients coming to coronary artery bypass grafting, 
one out of 10 have some degree of ischemic MR, and these 
patients have a higher operative mortality and lower long-term 
survival than patients without MR.

Revascularization alone can result in improvement of the isch-
emic MR in selected patients, because MR arises when ischemia 
or infarction interrupts the normal interaction between the mitral 
annulus, subvalvular apparatus, and LV wall.82,83 It is difficult to 
determine whether revascularization alone will influence the 
severity of MR in an individual patient. The presence of viable 
myocardium and absence of dyssynchrony may help identify 
which patients will experience improvement with revasculariza-
tion alone.84,85 In addition, changes in load will significantly influ-
ence the severity of MR with ischemic MR, particularly when the 
patient is undergoing cardiopulmonary bypass. The late survival 
after bypass alone in the patient with ischemic MR has been 
reported to be between 60% and 94% at 3 years and 52% and 81% 
at 5 years.83,86-88 In patients with only mild ischemic MR, 3-year 
survival is reported to be between 84% and 94%. In patients with 
moderate MR, the 3-year survival varies from 61% to 84% following 
bypass alone, with only a modest improvement in NYHA func-
tional status and angina severity score.83,86-88

In the past, it was believed that the addition of mitral valve 
repair or replacement to bypass operation doubled the operative 
risk. However, later series have shown a lower operative mortality 
when mitral valve operation is added to coronary bypass grafting. 
It is still unclear whether mitral valve repair has become the pre-
ferred method to treat MR with concomitant coronary artery 
bypass grafting.37,86,89-91 Residual regurgitation of moderate or even 
mild degree appears to affect late survival negatively.92 Newer 
surgical techniques, such as posterior leaflet extension93 and 
chordal cutting,94 may enhance the long-term outcome of valve 
repair.95 A survival advantage for combined procedures over iso-
lated bypass operation in selected patient, has been reported by 
some investigators.90,96,97 Others have not found a survival benefit 
when mitral repair was added to bypass operation (see Figures 
ON20-16 and ON20-17).37,98 Overall survival after combined coro-
nary bypass grafting and mitral valve surgery in patients with EF 
less than 45% is mostly influenced by factors related to patient 
condition at the time of surgery rather than to whether repair or 
replacement was performed.91

FIGURE 20-25â•… New York Heart Association functional class in patients 
undergoing mitral valve surgery for the years 2000 to 2007. (From 
Gammie JS, Sheng S, Griffith BP, etâ•¯al. Trends in mitral valve surgery in the United 
States: results from the Society of Thoracic Surgeons Adult Cardiac Database. Ann 
Thorac Surg 2009;87:1431–9.)

0

R
ep

ai
re

d 
(%

)

Year

2000 2001 2002 2003

I & II III & IV

2004 2005 2006 2007

40

50

20

10

30

60

FIGURE 20-26â•… Survival of patients after the diagnosis of ischemic 
mitral regurgitation. Patients are subdivided according to the degree of 
mitral regurgitation as graded by the regurgitant orifice area (ROA). (From Gri-
gioni F, Enriquez-Sarano M, Zehr KJ, etâ•¯al. Ischemic mitral regurgitation: long-term 
outcome and prognostic implications with quantitative Doppler assessment. Circu-
lation 2001;103:1759–64.)
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FIGURE ON20-16â•… Comparison of mitral valve repair (MVRp) and 
mitral valve replacement (MVR) with respect to overall survival. This 
figure represents data from 370 patients with ischemic mitral regurgitation who 
underwent mitral valve surgery. (From Magne J, Girerd N, Sénéchal M, etâ•¯al. Mitral 
repair versus replacement for ischemic mitral regurgitation. Circulation 2009;120: 
S104–11.)
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FIGURE ON20-17â•… The prevalence of persistent mitral regurgitation 
(MR) at pre-discharge echocardiographic examination in patients with 
mitral valve repair (MVRp) and mitral valve replacement (MVR). (From 
Magne J, Girerd N, Sénéchal M, etâ•¯al. Mitral repair versus replacement for ischemic 
mitral regurgitation. Circulation 2009;120:S104–11.)
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FIGURE ON20-15â•… Survival of patients following myocardial infarc-
tion (MI) with and without ischemic mitral regurgitation (MR). (From 
Grigioni F, Enriquez-Sarano M, Zehr KJ, etâ•¯al. Ischemic mitral regurgitation: long-term 
outcome and prognostic implications with quantitative Doppler assessment. Circu-
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improvements in EF, cardiac output, and end-diastolic volumes 
with a reduction in sphericity index and regurgitant fraction, all 
changes consistent with reverse remodeling.

However, these data have not been replicated in other centers.101 
Thus, the optimal indication and therapy for patients with func-
tional MR remains unknown. Until more data are available, 
aggressive medical therapy, including the use of biventricular 
pacing, should be considered the first line of care for patients with 
severe LV dysfunction and functional MR. We reserve operation 
for patients with significant functional MR who remain symptom-
atic despite optimal medical treatment.
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The normal mitral valve is located in the left atrioventricular 
groove and allows unidirectional flow of oxygenated blood from 
the left atrium into the left ventricle in a near frictionless fashion 
during diastole.1 The valve is a complex three-dimensional assem-
bly of independent anatomical components: the annulus, the leaf-
lets and commissures, the chordae tendineae, the papillary 
muscles, and the left ventricle (see Chapter 2). During systole, a 
coordinated interaction of these anatomic components seals the 
valve against left ventricular (LV) pressure. Although even a 
normal competent valve may present a physiologically trivial 
amount of reversed flow into the left atrium, more than a trace of 
mitral regurgitation (MR) is considered pathologic.2 According to 
the natural history of the disease, although mild to moderate MR 
might be well tolerated indefinitely, severe MR eventually leads to 
LV remodeling, heart failure, and ultimately death (see Chapter 
20).3 In this context, the natural history of MR depends intimately 
on its etiology, the severity of LV volume overload as well as its 
contractile performance, and the appearance of overlapping clini-
cal conditions secondary to reversal of flow, such as atrial fibrilla-
tion and pulmonary hypertension.4

Primary degenerative mitral valve disease is the most prevalent 
cause of isolated severe MR in the United States.5 Distinct patho-
logic features of the disease include mitral valve billowing (intact 
valve coaptation) and prolapse (deficient valve coaptation) due 
to myxomatous degeneration of the mitral leaflets, chordal elon-
gation or rupture, or papillary muscle elongation or rupture.6 In 
the setting of severe MR, even in the absence of symptoms, mitral 
valve repair is currently the gold standard procedure for patients 
who require surgery for degenerative MR.7 In this particular subset 
of patients, mitral valve repair has become feasible and safe, and 
repair techniques have been proven to have an excellent durabil-
ity, especially when performed in high-volume institutions.8 In this 
regard, the latest guidelines for the management of patients with 
valvular heart disease suggest targeted referral to “reference 
centers” with experienced surgeons to ensure a repair rate greater 
than 90% and a mortality rate equal to or less than 1%.9 Although 
these new standards have triggered a more liberal referral of 
asymptomatic patients, mitral valve repair is still underutilized in 
the United States.10 Simple lesions such as posterior leaflet pro-
lapse are associated with very high mitral valve repair rates in 
many centers,11,12 but the overall repair rate for more complex 
scenarios, as defined by leaflet involvement (e.g., isolated anterior 
leaflet or bileaflet prolapse), lesion complexity (e.g., significant 
annular calcification, significant excess tissue), or patient comor-
bidities (e.g., older age, reoperations),â•¯remains uncertain and 
seems to be well below guidelines’ recommendations.13,14 A data 
analysis from the Society of Thoracic Surgeons (STS) observed 
an average mitral valve repair rate of only 70%.15 The following 

Key Points
■	 The mitral valve is a complex three-dimensional assembly of 

independent anatomic components including the annulus, the  
leaflets and commissures, the chordae tendineae, the papillary 
muscles, and the left ventricle. The presence of abnormalities 
(etiologic implications) in any of these components (lesions) may 
cause the alteration in closure (dysfunction) against left ventricular 
(LV) pressure and, consequently, mitral regurgitation (MR) or 
stenosis.

■	 Degenerative disease is the most prevalent cause of MR in Western 
countries. In the setting of severe MR, surgery is the only definitive 
treatment and mitral valve repair is currently the “gold standard.” 
However, mitral valve repair is underutilized in patients with complex 
lesions.

■	 During the last decade, several variables have been identified as 
significantly affecting the natural history of MR caused by mitral valve 
prolapse, including the presence of LV dysfunction with an ejection 
fraction less than 60%, New York Heart Association functional class 
III or IV, regurgitant orifice area 40â•¯mm2 or larger, LV end-systolic 
dimension greater than 40â•¯mm, left atrial index 60â•¯mL/m2 or less, left 
atrial dimension greater than 55â•¯mm, the presence of pulmonary 
hypertension at rest or during exercise, and the presence of atrial 
fibrillation.

■	 Recent data have demonstrated that it is possible to repair practically 
all prolapsing degenerative mitral valves with a low operative risk 
(mortality risk <1%) and the absence of residual MR with procedures 
performed in high-volume reference centers. This finding is crucial 
because of the increasing number of asymptomatic patients referred 
for surgery.

■	 Although mitral valve replacement should be rare in patients 
with degenerative disease, it is fairly prevalent in patients with 
rheumatic disease and might be considered as a viable option  
in selected patients with ischemic MR. In this last scenario,  
mitral valve replacement might provide a good alternative  
because prosthetic valve function is not affected by degree of LV 
dysfunction, although there is the risk of complications related to  
the prosthesis.

■	 If the decision to proceed with mitral valve replacement is made, a 
chordal sparing approach should be employed to preserve chordal-
ventricular-annular continuity, which is important to preserve 
long-term LV shape and performance.

■	 Currently, there is a significant trend toward the use of bioprostheses. 
In middle-aged patients, a mechanical prosthesis is reasonable 
according to the desire of the informed patient if there are no 
contraindications to anticoagulation and if there is a clear risk of 
accelerated structural valve deterioration. On the other hand, 
bioprostheses should be recommended when good-quality 
anticoagulation is unlikely (compliance problems or contraindication), 
for reoperation for mechanical thrombosis despite excellent 
anticoagulant control, in women contemplating pregnancy, and  
in patients wishing to avoid anticoagulation.
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shape with two lower points at the level of both trigones and one 
peak at the midpoint of the anterior leaflet. This peak point is 
always above the midpoint of the posterior leaflet, allowing 
bulging during systole to accommodate the aortic root and opti-
mize stress distribution over both leaflets. The overall circumfer-
ence of the annulus may decrease by as much as 20% during 
systole (less eccentricity), promoting central leaflet coaptation.17 
Reduction in annular size begins with atrial contraction and 
reaches its maximum halfway through the systolic cycle.

Mitral Leaflets and Commissures
The mitral valve has two leaflets (anterior and posterior) with 
similar surface areas and thicknesses (≈1â•¯mm) but significantly 
different shapes. The anterior leaflet is taller and has a shorter 
base than the posterior leaflet, extends vertically, and is anchored 
to one third of the annular circumference between the right and 
left fibrous trigones.18 The posterior leaflet is broader based, has 
a shorter height than the anterior leaflet, lies transverse to the 
mitral valve orifice, and, together with the commissures, is fixed 
to the remaining two thirds of the annulus. The posterior leaflet 
is closely related to the LV wall base, the point of greatest systolic 
stress. It is important to emphasize that the different orientation 
of the two leaflets ensures a competent closure line of the mitral 
valve during systole, located in the posterior one third of the valve 
orifice, which naturally prevents systolic anterior motion.19 Addi-
tionally, both leaflets present two zones from its base to the free 
border or margin: the atrial or membranous zone (smooth and 
translucent) and the coaptation zone (rough, nodular, and thicker 
due to the attachment and fusion of chordae tendineae). As a 
surgical reference, the leaflets of the mitral valve can be “seg-
mented” by location of the clefts or indentations in the posterior 
leaflet. If one counts both commissures as individual segments, 
a total of eight segments can be identified. Unlike the anterior 
leaflet, the posterior leaflet has two clefts in its free margin that 
allow full opening during LV filling and that, in turn, demarcate 
three segments or scallops. The middle scallop of the posterior 
leaflet is designated P2 and adjacent medial and lateral scallops 
are designated as P1 and P3, respectively. The corresponding 
areas of the anterior leaflet are designated by opposition to the 
segments in the posterior leaflet as A1, A2, and A3 (Figure 21-1).

section is a review of the surgical anatomy of the mitral valve as 
well as an updated summary of causes, consequences, and surgi-
cal treatment of mitral valve disease. We focus on mitral valve 
repair for primary forms of MR such as annular dilation and mitral 
valve prolapse, controversies on mitral valve repair versus mitral 
valve replacement for patients with secondary MR (see next 
section), and, finally, on mitral valve replacement for those etiolo-
gies of MR not as amenable to mitral valve repair, such as rheu-
matic mitral valve disease.

Surgical Anatomy of the Mitral Valve
As previously noted, the normal mitral valve is a dynamic complex 
of independent anatomic structures. The presence of abnormali-
ties in any of these components (lesions) may cause the alteration 
in closure (dysfunction) against LV pressure and, consequently, 
MR. Structural abnormalities of the mitral valve are referred to as 
primary mitral valve disease, whereas valve dysfunction second-
ary to perturbations in LV geometry is termed ischemic MR in 
ischemic cardiomyopathy and functional MR in dilated cardiomy-
opathy (see Chapter 19).

Mitral Annulus
The mitral annulus is a discontinuous fibromuscular D-shaped 
ring located in the left atrioventricular groove (between the left 
ventricle and the left atrium) that serves as an anchor and hinge 
point for the mitral valve leaflets. The mitral annulus might be 
subjectively divided into anterior and posterior segments accord-
ing to the attachments of the anterior and posterior mitral leaflets. 
In addition, it can also be segmented by location into septal and 
lateral components. The anterior part of the mitral annulus is in 
continuity with the fibrous skeleton of the heart, and is limited by 
the right and left fibrous trigones and the aortic mitral curtain 
(continuity at the level of the left and noncoronary aortic valve 
cusps). In contrast, the posterior part of the mitral annulus lacks 
a fibrous skeleton and is more prone to dilation and calcifica-
tion.16 The resultant changes in annular dimensions lead to a more 
circular annulus, compared with its normal “kidney bean” shape, 
which in turn compromises the coaptation of the mitral leaflets. 
The normal mitral annulus also has a three-dimensional saddle 

FIGURE 21-1  Anatomy of the mitral valve and mitral apparatus. Left, Anatomic view of the cardiac valves in systole with the left and right atrium cropped 
away and the great vessels transected. The mitral valve apparatus consists of the mitral leaflets, mitral annulus, chordae tendineae, the papillary muscles, and the 
left ventricle. Right, Normal function of the mitral apparatus brings both leaflets together in systole and creates the coaptation zone. AC, Anterior commissure; A1, 
A2, A3, segments of the anterior leaflet; CT, chordae tendineae; HB, His bundle; L, left coronary cusp; LA, left atrium; NC, noncoronary cusp; P1, P2, P3, segments of 
the posterior leaflet; PC, posterior commissure; PM, papillary muscle; LV, left ventricle; R, right coronary cusp. 
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The triad emphasizes the importance of distinguishing between 
the medical conditions causing MR (etiology), identifying the 
resulting lesions, and finally how these lesions affect leaflet 
motion (dysfunction). Nowadays, besides promoting mutual 
understanding among surgeons and specialists in cardiac 
imaging, the triad also represents an organized and very consis-
tent way to elucidate the most appropriate techniques to achieve 
a successful repair.

Dysfunction
The differentiation of valve dysfunctions (I, II, and III) is based on 
the position of the leaflet margins with respect to the mitral 
annular plane (Figure 21-2). Type I dysfunction implies normal 
leaflet motion, and the most common cause of significant MR is 
the perforation of one of the leaflets (e.g., endocarditis) or severe 
annular dilation with a central regurgitant jet (e.g., primary atrial 
fibrillation) (Figure 21-3A). Type II dysfunction denotes excess 
leaflet motion generally secondary to chordal elongation or 
rupture or to myxomatous degeneration of the leaflets (regurgi-
tant jet directed to the opposite site of the prolapsing leaflet). Type 
III dysfunction designates restricted leaflet motion and results 
typically from retraction of the subvalvular apparatus (IIIA, rheu-
matic valve disease or other inflammatory scenarios that lead to 
scarring and calcification) or from papillary muscle displacement 
(leaflet tethering) due to LV remodeling or dilation (IIIB, ischemic 
or dilated cardiomyopathy).

Etiology and Lesions
Worldwide, rheumatic disease remains the most common cause 
of MR, but it has ceased to be the leading cause in developed 
countries.25 Ischemic disease, currently responsible for 20% of 
cases of MR, may lose importance as a result of the ever more 
aggressive percutaneous treatment of coronary artery disease. 
Thus, degenerative disease is today the most frequent cause of 
MR in western countries.26

Degenerative mitral valve disease is characterized by a wide 
spectrum of lesions,27 varying from a simple chordal rupture 
leading to prolapse of an isolated segment (frequently P2) in an 
otherwise normal valve, to multiple segment prolapse of both 
leaflets in a valve with significant excess tissue (Figure 21-3A 
and B).28 This range of lesions gives rise to two opposing enti-
ties: fibroelastic deficiency and Barlow disease.29 Fibroelastic 
deficiency occurs in older patients (generally more than 
60-years-old) with a short history of severe holosystolic murmur. 
As the term fibroelastic implies, this disease is a condition asso-
ciated with a deficit of the protein fibrillin that often leads to 
weakening, elongation, and ultimately rupture of chordae ten-
dineae.30 Chordal rupture of P2 is considered the most common 
lesion in patients with fibroelastic deficiency. The mitral leaflets 
are usually thin and translucent, although the prolapsing scallop 
might have a myxomatous aspect if the disease has been present 
for a long time. Distinguishing fibroelastic deficiency from other 
entities within the spectrum of degenerative mitral valve disease 
requires an exhaustive analysis of those segments immediately 
contiguous to the prolapsing one, which are generally normal in 
size, height, and tissue properties. Finally, the annular size in 
patients with this condition is often less than 32â•¯mm. In contrast, 
at the opposite end of the spectrum of degenerative disease is 
Barlow disease.31 Affected patients are younger, usually less 
than 60 years old, and present with a long history of holosystolic 
murmur that has been monitored by the referring cardiologist 
for many years. In this context, patients with Barlow disease 
have a more diffuse and complex redundancy of the leaflets. 
The most common lesions are excess leaflet tissue, leaflet thick-
ening and distension, with diffuse chordal elongation, thicken-
ing, and/or rupture.32 In these patients, the annular size exceeds 
36â•¯mm, and it is not uncommon to find varying degrees of 
annular calcification (often involving the anterior papillary 

In addition to the anterior and posterior leaflet scallops or seg-
ments, the mitral valve has two triangular segments that establish 
continuity between the two leaflets, also known as commissures. 
These distinct areas of leaflet tissue are supported by chordal fans 
and are critical to achieving a good surface of coaptation at the 
junctions of the two leaflets. For their identification, the vertical 
axis of the papillary muscles and their corresponding chordae 
tendineae is used as a reference point, thus obtaining an anterior 
commissure and a posterior commissure.

The Chordae Tendineae
The chordate tendineae are filament-like structures of connective 
fibrous tissue that join the LV surface and free border of the mitral 
leaflets to the papillary muscles and, by default, the posterior wall 
of the left ventricle. They create a suspension system that allows 
full opening of the leaflets during diastole and prevents the excur-
sion of the leaflets above the annular plane during systole.20 A 
total of about 25 primary chordae begin in the papillary muscles 
and progressively subdivide to insert into the leaflets. Chordae 
tendineae are classified according to their insertion point between 
the free border and the base of the mitral leaflets. Primary or 
marginal chordae attach along the margin (every 3 to 5â•¯mm) of 
the leaflets and are critical to prevent leaflet prolapse and to align 
the rough zone of the anterior and posterior leaflets during systole. 
Secondary or intermediate chordae, which are inserted in the 
ventricular side of the body of the leaflets, relieve excess tension 
during systole.21 Tertiary or basal chordae are only found on the 
posterior leaflet and connect its base and the posterior annulus 
to the papillary muscles, providing additional linkage to the 
ventricle.

Papillary Muscles and the Left Ventricle
The mitral valve leaflets are attached by the chordae tendineae 
to the papillary muscles, which are considered an extension of 
the left ventricle. The papillary muscles vary in the number of 
heads and exact position in the ventricle, but generally two orga-
nized groups can be identified. Each papillary muscle is desig-
nated according to the relationship to the valve commissures, and 
each provides a fan chord to its corresponding commissure as 
well as to both the anterior and posterior leaflets. The anterior 
papillary muscle has a single body, is larger, and is irrigated by 
the first obtuse marginal branch of the circumflex artery and the 
first diagonal branch of the anterior descending artery. The pos-
terior papillary muscle has two bodies, is smaller, and is irrigated 
only by the posterior descending artery, a branch of the right 
coronary artery, in 90% of cases and by the circumflex artery in 
the other 10%. This arrangement explains the relative vulnerabil-
ity of the posterior papillary muscle to ischemia, and subsequent 
involvement in localized remodeling in the setting of ischemic 
MR.22 The left ventricle supports the entire mitral apparatus, 
owing to its continuation with the papillary muscles, and thus LV 
dimensional changes in the setting of volume overload and 
remodeling, whether ischemic or not, can lead to leaflet tethering 
and MR.23

The Pathophysiologic Triad of Mitral 
Valve Regurgitation
MR is defined as the existence of blood flow in systole from the 
left ventricle into the left atrium. The presence of minimal struc-
tural lesions might cause MR by reducing mitral leaflet coapta-
tion. Therefore, the exhaustive interrogation (identification, 
localization, and magnitude) for mitral lesions is essential to 
determining the chances of successful valve repair and proceed-
ing with a tailored therapeutic plan for each patient. Three 
decades ago, Carpentier described a systematic analytic approach 
to patients with MR known as the “pathophysiologic triad of MR.”24 
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muscles.35 In the presence of ischemic MR, the mitral leaflets are 
tethered, and their coaptation point is below the mitral annulus 
(see Figure 21-3D). When restricted leaflet movement occurs prin-
cipally in systole, the pattern is asymmetric and is mainly observed 
in patients with posterior infarction and posterior leaflet restric-
tion (eccentric regurgitant jet)36 (Figure 21-5). In contrast, in 
patients with dilated cardiomyopathy or anterior and posterior 
infarctions, both leaflets have a restrictive deficit, giving rise to a 
symmetric pattern (central jet).37 In order to understand ischemic 
MR and its surgical approach, it is critical to understand the 
mechanism (secondary classification) and the dynamics of the 
disease (possible progression).38 The analysis of the mechanism 
of MR, which is even more critical, answers prognostic questions 
such as How tethered and angulated are the leaflets? Is there a 
pseudoprolapse? Is the regurgitation jet eccentric or central? 
What are the ventricular dimensions? How reversible is the isch-
emic insult?39

Mitral Valve Surgery
MR predisposes the left ventricle to a volume overload in order to 
compensate for the volume lost to regurgitation. Although mild to 

muscle) as well as fibrosis of the subvalvular apparatus33 
(Figure 21-4).

Rheumatic disease is still the main cause of mitral disease in 
underdeveloped or developing countries (see Chapter 17). A sys-
temic exudative inflammatory reaction involves the connective 
tissue of skin, joints, and heart.25 Cardiac involvement has been 
described as a pancarditis with characteristic implication of the 
left-sided valves. Severe edema and cellular infiltration (severe 
leaflet thickening extending toward the commissures) is followed 
by the formation of rheumatic nodules along the free borders of 
the leaflets. In addition, all the components of the subvalvular 
apparatus are also affected, leading to chordal thickening and 
retraction and chordal and commissural fusion. The annulus then 
dilates in a very asymmetric fashion predominantly along the P3 
segment (see Figure 21-3C). It is important to highlight that the 
anterior leaflet is generally less affected than the posterior leaflet, 
which is often retracted. Owing to the complexity of lesions, 
rheumatic mitral disease is not as amenable to valve repair.34

Ischemic MR is a consequence of myocardial ischemia and 
remodeling. In this context, ischemic MR can manifest acutely 
after papillary muscle rupture (primary) or secondary to LV 
remodeling and apical and inferior displacement of the papillary 

FIGURE 21-2  Pathophysiologic triad approach to mitral valve regurgitation, composed of leaflet dysfunction, ventricular and atrial views, and 
etiology. 
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have adopted nonsternotomy, also known as video-assisted 
approaches, including right thoracotomy and robotic surgery43-45 
(Table 21-1). Although the safety and efficacy of minimally inva-
sive cardiac surgery have been established in several high-volume 
specialized centers, potential issues have been raised, including 
a higher incidence of certain complications, such as postopera-
tive stroke.46 Moreover, one of the issues implies the compromise 
of repair rates because minimally invasive cardiac surgery has 
been shown to be most predictably effective when utilized in 
simple pathology rather than in complex valve surgery. Finally, it 
is important to emphasize that to date there have been no clearly 
demonstrable clinical benefits of minimally invasive access other 
than cosmetic advantages.

The most important goal for patients with MR as well as for the 
physicians involved in their perioperative care is to achieve, when 
possible, not only a repair of the mitral valve but a good and 
durable one, as emphasized in the newest guidelines from the 
European Society of Cardiology and the European Association 
for Cardio-Thoracic Surgery.47 In this regard, achieving a compe-
tent and symmetric line of closure, a good surface of coaptation, 
and an effective preservation of leaflet mobility is key to providing 
the patient with a competent and durable repair. In ideal condi-
tions, these axioms could be met in the presence of either simple 
or complex lesions regardless of the preferred surgical approach. 
However, in the real world, complex mitral valve repair still 
remains challenging in patients undergoing median sternotomy 
in most centers and certainly is unpredictable when attempted 
with minimally invasive strategies. This issue is crucial when 
referring young asymptomatic patients, in whom durability of 
repair is critical and the occurrence of stroke is particularly 

moderate MR might be well tolerated for long periods, severe MR 
is fatal at a determined stage. Severe MR can be mainly divided 
into three clinical stages—acute, chronic compensated, and 
chronic decompensated—each of which requires different man-
agement and has different surgical triggers. In this regard, severe 
MR is a mechanical problem with surgery as the only definitive 
solution, either mitral valve repair or mitral valve replacement. 
Although the lack of randomized trials comparing mitral valve 
repair with replacement has led to controversy, particularly in the 
setting of secondary MR, repair is favored over replacement for 
multiple reasons, especially in patients with degenerative mitral 
valve disease40 (Figure 21-6). The reasons include a likely lower 
perioperative risk and improved event-free survival in the major-
ity of operated patients, freedom from the various complications 
of prosthetic heart valves (Figure 21-7), and better postoperative 
LV function.41

Surgical Approach
Several surgical approaches for access to the mitral valve have 
been described. Although the earliest mitral valve procedures 
were performed through a right thoracotomy, the mitral valve has 
traditionally been exposed through a median sternotomy. Nowa-
days, median sternotomy remains as the gold standard and it is 
still the most popular approach.42 Central cannulation and direct 
aortic clamping enable mitral surgery with generous exposure 
and excellent results. Some groups have significantly transformed 
the incision to a lower hemisternotomy, thus limiting the length 
of the incision to 7 to 9â•¯cm. However, in an effort to reduce inva-
siveness and the potential operative morbidity, cardiac surgeons 

FIGURE 21-3  Valve lesions in mitral valve regurgitation. A, Severe annular dilation leading to type I dysfunction. B, Severe myxomatous changes with 
redundant, thick, and bulky segments in a patient with Barlow disease and type II dysfunction. C, Rheumaticâ•¯mitralâ•¯valveâ•¯disease with classic “fish-mouth” appear-
ance and type IIIA dysfunction. D, Ischemic mitral valve disease due to severe tethering of P3 leading to type IIIB dysfunction. 
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FIGURE 21-4  Most typical clinical and surgical differences between fibroelastic deficiency and Barlow disease. 2D, two-dimensional; 3D, three-
dimensional; MR, mitral regurgitation; P2, middle segment of posterior leaflet. 
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Leaflet tissue Thin, translucent  Thickened, diffuse excess tissue 

Segmental distribution Usually single segment ( P2 ) Multisegmental 
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FIGURE 21-5  Mechanism of ischemic mitral valve regurgitation. Left, Normal mitral valve and subvalvular apparatus. Right, Ischemic mitral valve with 
pronounced posterior restriction in P3 after an episode of ventricular ischemia. LV, Left ventricle; P2, P3, segments of posterior leaflet. 
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FIGURE 21-6  Probability of survival (death from any cause) among patients having mitral valve repair versus replacement for posterior leaflet 
prolapse (A) and bileaflet prolapse (B). (From Suri RM, Schaff HV, Dearani JA, etâ•¯al: Survival advantage and improved durability of mitral repair for leaflet prolapse 
subsets in the current era. Ann Thorac Surg 2006;82:819-826.)
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FIGURE 21-7  A, Incidence of first ischemic stroke and B, thromboembolism after surgery for mitral regurgitation. (From Russo A, Grigioni F, Avierinos 
JF, etâ•¯al: Thromboembolic complications after surgical correction of mitral regurgitation incidence, predictors, and clinical implications. J Am Coll Cardiol 2008;51:1203-1211.)
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TABLE 21-1	 Technical Variations and Limitations According to Surgical Approach

SURGICAL APPROACH STERNOTOMY VIDEO-ASSISTED APPROACHES

Incisions Median sternotomy or lower hemisternotomy  
(7 to 9â•¯cm)

Several 2- to 3-cm intercostal ports and an additional 
4- to 6-cm working port for nonrobotic approaches

Arterial perfusion Antegrade (aorta) Retrograde (right femoral artery)

Venous drainage Central Peripheral

Aortic clamping Clamp, site detected by direct palpation and 
verified by epi-aortic ultrasound

Endoscopic clamp or balloon

Myocardial protection Direct Indirect by rapid injection

Visualization of field Direct and wide for all members of the team Limited to the endoscopic device

Annuloplasty devices As desired Flexible posterior bands

Annuloplasty sutures Braided polyester Braided polyester, running polypropylene, nitinol clips

Repair techniques As desired Predilection for nonresectional techniques

Ventilation Two-lung ventilation Single-lung ventilation, potential rib spreading
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be performed (Figure 21-8B). Reattachment of the leaflet to the 
annulus will reduce the leaflet height several millimeters, depend-
ing on the depth of suture bites. Therefore, the leaflet height 
before suturing should ideally be about 15â•¯mm in all segments. If 
the leaflet is taller than 2â•¯cm, a horizontal wedge excision is made 
at the base of the appropriate segment to further reduce its height 
before reattachment. The margins of the reconstructed posterior 
leaflet are then examined to ensure all segments are adequately 
supported. Any gaps in support, or any areas supported by 
thinned-out chordae (even in the absence of prolapse), are rein-
forced by transposition of previously detached secondary 
chordae, or artificial PTFE neochords.

After posterior leaflet repair, annular remodeling needs to be 
addressed, because annular dilation is the most commonly asso-
ciated lesion in the setting of leaflet prolapse. Annuloplasty 
sutures are generally placed around the annulus prior to leaflet 
height/prolapse correction. Annular sizing is performed by mea-
suring the intercommissural distance and the surface area of the 
anterior leaflet. Sutures are passed through the annuloplasty ring, 
and the ring is tied down securely.

Correction of anterior leaflet dysfunction is usually addressed 
after a remodeling ring is placed. The anatomic disposition of the 
anterior leaflet does not allow aggressive resection of the leaflet 
margins. Therefore, surgical strategy to fix opposing anterior 
leaflet prolapse includes minimal (limited to the rough area of 
the leaflet) or no resection. After saline testing with moderate 
pressurization of the left ventricle, correction of the anterior 
leaflet prolapse using one or a combination of the following tech-
niques might be performed: (1) chordal transfer of basal chords, 
secondary chords, or small segment of posterior leaflet with 
attached chords (flip technique;) (2) neochordoplasty with PTFE 
sutures; (3) PTFE loop or loop-in-loop technique to correct mul-
tiple prolapsing segments; or (4)) limited triangular resection of 
a prolapsing segment. Finally, commissural prolapse (often seen 
in patients with Barlow disease) might be achieved by placing 

devastating. As technology advances and training for surgical 
subspecialties develops, minimally invasive techniques may be 
applied to a wider spectrum of lesions. However, at this time, the 
use of these strategies to attempt mitral valve repair seems 
restricted to selected, high-volume, specialized centers and 
reserved for selected patients without complex pathology.

Mitral Valve Repair
As mentioned previously, degenerative mitral valve disease is 
defined by a wide spectrum of lesions and therefore requires a 
wide variety of surgical techniques to be repaired.48 After a sys-
tematic valve analysis and identification of the lesions, mitral 
valve repair should be performed following a sequential approach 
as follows: (1) repair of the posterior leaflet, (2) ring annuloplasty 
using preferably a complete semirigid remodeling ring, and (3) 
repair of any residualâ•¯prolapseâ•¯of the anterior leaflet or commis-
sures after inspection of the line of closure during saline testing.49

If posterior leaflet prolapse is due to fibroelastic disease, it is 
most commonly treated by a triangular (Figure 21-8A) or limited 
resection of the segment affected. The prolapsing segment is sub-
sequently removed, and direct suturing of the leaflet remnants 
and edges restores leaflet continuity. Occasionally, to relieve 
leaflet tension, annular plication techniques might be applied. In 
the setting of very limited or normal leaflet tissue, it may be prefer-
able to avoid leaflet resection and proceed with a chordal transfer 
or surgical techniques using polytetrafluoroethylene (PTFE) 
(loop technique, loop-in-loop technique, or single neochordo-
plasty) (Figure 21-8C). If a more extensive leaflet resection is 
needed, it is usually performed where the prolapse is greatest or 
the leaflet is tallest. This resection is typically 1â•¯cm or less wide 
(additional excess tissue can be removed later). If the height is 
more than 15â•¯mm in any residual leaflet segment, a sliding leaflet-
plasty (including secondary chordal cutting) to reduce the resid-
ual leaflet height to 12 to 15â•¯mm across the posterior leaflet may 

FIGURE 21-8  Currently most commonly applied surgical 
approaches to posterior leaflet prolapse. A, Triangular resection; 
B, quadrangular resection and sliding leaflet plasty; C, neochordoplasty 
with polytetrafluoroethylene sutures. Dashed lines represent the area of 
leaflet to be excised. 
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approximately 10â•¯mm on echocardiography because part of the 
ink is within the coaptation zone). Also, there should be no more 
than 1â•¯cm of anterior leaflet beyond the ink line, as presence of 
more would signify a risk for systolic anterior motion.51

Current practice guidelines separate recommendations for 
surgery not according to the etiology of MR but rather according 
to the severity of MR and the severity of symptoms. Most patients 
with severe ischemic MR have symptoms of heart failure. Thus, 
according to current guidelines, patients with severe, symptom-
atic MR have a class I indication for mitral valve surgery if the LV 
ejection fraction is more than 30% and or the end-systolic LV 
dimension is 55â•¯mm or smaller. In these patients, the valvular 
apparatus is examined systematically to assess tissue pliability 
and identify leaflet restriction, with P1 as a reference point. The 
mitral annulus is also examined to assess the severity of annular 
dilation, which is very common. If mitral valve repair is the pro-
cedure of choice, restrictive remodeling annuloplasty should be 
the technique52 (Figure 21-9). Because leaflet restriction in isch-
emic MR results in less leaflet tissue available for coaptation, it 
is necessary to downsize a complete remodeling ring by one  
or two sizes or to use a true-sized Carpentier-McCarthy-Adams 
IMR Etlogix ring53 (Edwards Lifesciences Corporation, Irvine, 
California) to ensure an adequate surface of coaptation after 

one or two vertical mattress sutures (Carpentier’s “magic” suture) 
to fix opposing segments of A1/P1 or A3/P3, advancing the com-
missures. As a useful alternative, PTFE neochords may be placed 
to support opposing segments at the commissures, with one arm 
of the suture passed through opposing anterior and posterior 
leaflet segments.50

An optimal mitral valve repair should meet the following 
criteria:
•	 The valve is competent on saline testing
•	 There is a good surface of coaptation
•	 The line of closure where the anterior leaflet occupies 80% or more 

of the valve area is symmetric
•	 There is no residual billowing
•	 There is no tendency to systolic anterior motion
Evaluation for all these points may require two different intraop-
erative tests, the saline test and the ink test. The saline test is 
performed by filling the ventricle with saline. Examination of the 
valve confirms the absence of prolapse, billowing and incompe-
tence, a symmetric closure line, and an anterior leaflet that occu-
pies most of the valve orifice. The ink test is performed by drawing 
a line on the valve closure line during maximum saline insuffla-
tions. The coaptation zone beyond the ink is examined and 
should be at least 6â•¯mm in length (this will transform to 

FIGURE 21-9  Surgical approach 
to ischemic mitral regurgitation. 
A, Typical findings with leaflet restriction 
predominantly in the P2-P3 region.  
B, Sizing of the annulus with a Carpentier-
Edwards sizer is based primarily on the 
surface area and height of the anterior 
leaflet. One places 2-0 braided sutures 
into the mitral annulus, taking advantage 
of the full curve of the needle, with the 
angle directed toward the ventricle to 
ensure passage through the annulus. C, 
The sutures in the annulus at the position 
of the anterior commissure and trigone 
are placed last, taking advantage of previ-
ously placed sutures to expose this area. 
D, After placement of a full-remodeling 
Carpentier-McCarthy-Adams IMR Etlogix 
ring (Edwards Lifesciences Corporation, 
Irvine, California), the surface of coapta-
tion is restored (below the plane of the 
annulus). (Modified with permission from 
Carpentier A, Adams A, Filsoufi F: Carpentier’s 
reconstructive valve surgery. Philadelphia: 
Saunders Elsevier; 2010.)
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in general have potentiated a greater awareness of the lifetime 
risk of using anticoagulation. Furthermore, historical variables 
once considered strong reasons to implant a mechanical valve, 
including the presence of atrial fibrillation (availability of more 
advanced intraoperative antiarrhythmic procedures) and dialysis-
dependent renal failure (poor long-term survival with either 
choice may favor the use of bioprostheses), are no longer valid.9

Although the choice of prosthesis in elderly patients or young 
patients seem to be clear-cut, it is important to emphasize that 
there are no current data suggesting any significant difference in 
survival benefit between mechanical and bioprosthetic valves in 
middle-aged patients. Indeed, after a thorough discussion about 
the potential risks of reoperation in comparison with lifelong 
risks of thromboembolic and hemorrhagic complications, either 
choice seems reasonable for patients in this age range.9,61 Accord-
ing to the latest update of the guidelines on the management  
of valvular heart disease, mechanical prostheses are reasonable 
according to the desire of the informed patient if there are no 
contraindications to anticoagulation. Additionally, mechanical 
valves are preferred if there is risk of accelerated structural  
valve deterioration, or if the patient is already undergoing antico-
agulation because he or she has a mechanical prosthesis in 
another position. On the other hand, bioprostheses should be 
recommended when good-quality anticoagulation is unlikely 
(compliance problems or contraindication), for reoperation for 
mechanical thrombosis despite excellent anticoagulant control, 
in women contemplating pregnancy, and in patients wishing to 
avoid anticoagulation.

Outcomes of Mitral Valve Repair
Contemporary data show low mortality rates after mitral valve 
repair regardless of the etiology.60 In patients with degenerative 
mitral valve disease, the rate of long-term freedom from reopera-
tion is very low,62 although a return of moderate to severe MR has 
been reported in later series to occur at a rate of 1% to 4% per 
year48,63-65 (Figure 21-10). The failure to use an annuloplasty ring, 
chordal shortening techniques (which are now uncommon), the 
presence of anterior leaflet pathology, and, of course, the unavail-
ability of pliable leaflet tissue are all associated with higher repair 
failure rates13,66 (Table 21-2). In the following section we analyze 
the outcomes of mitral valve repair according to the etiology 
encountered.

Degenerative Mitral Valve Disease
As mentioned previously, contemporary series of mitral valve 
procedures in many high-volume valve surgery centers for degen-
erative disease have reported valve replacement rates of 5% to 
15% in higher-risk groups, such as elderly patients,67 and for more 
complex pathology, including anterior leaflet involvement.68 
However, the latest reports have demonstrated that it is possible 
to repair practically all prolapsing degenerative mitral valves with 
a low operative risk (mortality less than 1%) and the absence of 
residual MR in high-volume reference centers (Table 21-3). As a 
growing number of asymptomatic patients with degenerative 
mitral valve disease are referred for surgery,69 it seems mandatory 
that surgeons can reasonably ensure a repair at minimal risk with 
good long-term results. This goal has been proved to be feasible 
by specialized valve teams that include cardiologists, anesthesi-
ologists, intensivists, and surgeons.48

The use of a systematic surgical strategy (same surgical 
approach and strategies) and a wide spectrum of surgical tech-
nique to attempt repair in all valves should lead to achieve very 
high repair rates in experienced hands. Subscribing to a tech-
nique70,71 (for instance the use of PTFE) or philosophy (resect or 
respect) might endanger repair rates because specific techniques 
and philosophies are not applicable to the full spectrum of lesions 
potentially encountered. In addition, repairing certain valves  
(calcified annulus, advanced Barlow disease, re-repairs) might 

annuloplasty.54 This ring combines the principles of undersizing 
with the specific asymmetric deformation (severe tethering along 
P3) observed in type IIIb ischemic MR. In cases of severe leaflet 
tethering and moderate to severe LV dilation, restrictive annulo-
plasty and combined coronary artery bypass graft (CABG) 
surgery alone may not provide durable results. Hence, several 
adjunctive techniques as well as alternative procedures have 
been advocated, including division of secondary chords,55 poste-
rior leaflet extension with a pericardial patch, repositioning of 
the papillary muscles, and mitral valve replacement with chordal 
sparing.56

Rheumatic mitral valve disease is characterized mainly by 
mitral stenosis secondary to fibrotic restrictions of the subvalvular 
apparatus. Nonetheless, there are still some patients who present 
with MR due to varying degrees of restriction, chordal thickening, 
and commissural fusion. On many occasions, if the valve is 
severely calcified and there is freezing of the chordal structures, 
mitral valve repair is extremely complex and often fruitless. If 
there is mitral stenosis due to isolated commissural fusion or a 
more preserved subvalvular apparatus, as occurs in younger 
patients, mitral valve repair becomes feasible.57 Techniques for 
rheumatic repair include commissurotomy and commissural 
reconstruction, calcium débridement, chordal fenestration and 
cutting, and patch extension of both leaflets with glutaraldehyde-
fixed pericardium (this technique usually requires leaflet resus-
pension with PTFE neochords).

Mitral Valve Replacement
Although mitral valve replacement should be uncommon in 
patients with degenerative mitral disease if patients are appropri-
ately referred to experienced surgeons, it still remains fairly preva-
lent in patients with complex lesions. This situation is inversely 
proportional in patients with rheumatic disease, in whom replace-
ment rates are as high as 50% in reference centers. In patients with 
chronic ischemic MR, the best approach, mitral valve replace-
ment or mitral valve repair with annuloplasty, remains debatable. 
This is in part due to the fact that prosthetic valve function is not 
affected by worsening LV function if there is further negative 
remodeling.58 Recent studies have suggested better echocardio-
graphic outcomes in patients undergoing mitral valve replace-
ment, with no significant difference in mortality at 2.5 years.59 
Obviously, these data need longer follow-up to analyze the occur-
rence of classic complications of valve replacement, such as 
structural valve degeneration, nonstructural dysfunction, valve 
thrombosis, embolism, bleeding events, and endocarditis. If the 
decision to proceed with mitral valve replacement is made, a 
chordal sparing approach should be employed. The posterior 
leaflet with chords, and often all or portions of the anterior leaflet 
with chords are incorporated into the sutures used to secure the 
replacement valve prosthesis. This technique preserves chordal-
ventricular-annular continuity, which is important to preserving 
long-term LV shape and performance.

Guidelines recommend that patient preference be considered 
in the decision to use a mechanical valve or a bioprosthetic valve 
in patients younger than 65 years,9 and in real practice, more and 
more patients are selecting bioprostheses regardless of age 
because of their desire not to commit to a lifetime of warfarin 
therapy. Currently there is an important trend toward favoring the 
use of bioprostheses in the United States, where between 1999 
and 2008, the implantation of mechanical valves among Medicare 
beneficiaries declined from 53% to 21%, and the implantation of 
bioprostheses increased from 22% to 34%.60 This phenomenon 
has occurred despite the lack of data suggesting a significant dif-
ference in long-term survival associated with a specific type of 
prosthesis. However, two tenets may play an important role in 
decision making when it comes to choosing the type of prosthe-
sis. First, patients older than 65 years, who gain most benefit from 
biologic prostheses, represent a growing proportion of patients 
undergoing valve surgery. Second, cardiologists and physicians 
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atrial fibrillation.74-78 After surgery, patients who had severe symp-
toms before surgery continue to have increased mortality despite 
symptom relief (especially those with an LV ejection fraction 
<50%), whereas in those who had no or few preoperative symp-
toms, restoration of life expectancy can be achieved.79,80

Durability of mitral valve repair, defined as freedom from mod-
erate or greater degree of MR, has been reported to be between 
90% and 95% at 5 years in high-volume centers, with a recurrent 
MR rate of 1% to 1.5% a year (see Figure 21-10). If durability rates 
are stratified by leaflet involvement, those patients with isolated 
anterior leaflet prolapse have lower durability, ranging between 
75% and 85% at 5 years.40,81 This fact might have a potential etio-
logic explanation. Patients with isolated anterior leaflet prolapse 
usually present with fibroelastic disease and have thin leaflets 
with limited tissue availability. After repair, the coaptation height 
is not as robust as it is in patients with a minimal degree of myxo-
matous degeneration, potentially affecting the durability of the 
repair.

require long cross-clamp times, and one must be willing to take 
as long as necessary to repair achieve a successful repair.  
Moreover, no patient should leave the operating room with more 
than trivial MR as shown by post-bypass transesophageal echo-
cardiography. If there is still even mild MR, surgeons should 
resume bypass and perfect the repair, as such a repair usually 
requires chordal adjustments or closure of clefts, which will take 
limited time.72

Postoperative mortality has been shown to be affected by age, 
with an averaged risk of about 1% for patients younger than 65 
years, 2% for those aged 65 to 80 years, and 4% to 5% for those 
older than 80 years.73 Preoperative factors that significantly affect 
survival in patients with MR include the presence of LV dysfunc-
tion (ejection fraction <60%), New York Heart Association func-
tional class III or IV, regurgitant orifice area of 40â•¯mm2 or more, 
a LV end-systolic dimension greater than 40â•¯mm, a left atrial  
index of 60â•¯mL/m2 or higher, a left atrial dimension greater than 
55â•¯mm, pulmonary hypertension at rest or with exercise, and 

FIGURE 21-10  Freedom from moderate to more severe mitral regurgitation after mitral valve repair for degenerative mitral valve disease. (A 
from David TE, Ivanov J, Armstrong S, etâ•¯al: A comparison of outcomes of mitral valve repair for degenerative disease with posterior, anterior, and bileaflet prolapse. J Thorac 
Cardiovasc Surg 2005;130:1242-1249; B from Gillinov AM, Mihaljevic T, Blackstone EH, etâ•¯al: Should patients with severe degenerative mitral regurgitation delay surgery until 
symptoms develop? Ann Thorac Surg 2010;90:481-488; C from Flameng W, Herijgers P, Bogaerts K: Recurrence of mitral valve regurgitation after mitral valve repair in degenera-
tive valve disease. Circulation 2003;107:1609-1613; D from Castillo JG, Anyanwu AC, Fuster V, Adams DH: A near 100% repair rate for mitral valve prolapse is achievable in a refer-
ence center: implications for future guidelines. J Thorac Cardiovasc Surg 2012;144:308-312.)
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considered more beneficial than valve replacement,82 especially 
in patients with degenerative disease, the best approach for 
chronic ischemic MR remains debatable,83 and as a consequence 
only a small number of patients are referred for surgery. Postop-
erative improvement in functional class and LV dimensions have 
been demonstrated in patients who undergo restrictive annulo-
plasty,84 but the lack of a firm evidence of survival benefit still 
precludes surgical referral in many cardiology practices.85 In addi-
tion, significant rates (between 15% and 25%) of recurrent MR as 
early as 6 months after surgery have triggered a search for alterna-
tive therapies, including mitral valve replacement and percutane-
ous approaches.86 This search has been further supported by later 
studies that reported a possible induction of mitral stenosis after 
restrictive annuloplasty.87

The presence of immediate residual MR in the early postÂ�
operative period after restrictive annuloplasty is likely related  
to a progressive leaflet tethering in both symmetric and asym-
metric patterns.88 On the other hand, the recurrence of MR is 
likely secondary to negative LV remodeling and worsening  
sphericity. In this scenario, mitral valve replacement might 
provide a good alternative since prosthetic valve function is  
not affected by changes in severity of LV dysfunction but with 
an increased risk of complications (see section on mitral valve 
replacement).89 It is important to highlight that in the setting 
of ischemic MR, even the presence of mild MR after surgery 
must be taken into consideration (mild MR is associated with 
reduced postoperative survival), as opposed to what occurs in 
other etiologies such as degenerative mitral valve disease, in 
which this can be obviated by valve replacement instead of 
repair.84

Current evidence demonstrates that CABG surgery alone does 
not correct ischemic MR.90 One of the initial publications on isch-
emic MR found that 40% of patients with moderate MR who under-
went CABG surgery alone were left with moderate or severe (3+ 
to 4+) residual ischemic MR.91 The results of the Randomized 
Ischemic Mitral Evaluation (RIME) trial, published in 2012, dem-
onstrated a significantly better outcome if annuloplasty was 
added to CABG in patients with moderate MR and an ejection 
fraction higher than 30%.92 Consequently, a ring-remodeling annu-
loplasty with complete, rigid, or semirigid rings should be strongly 
recommended in patients with ischemic MR, because the use of 
flexible rings or annuloplasty bands has been associated with 
recurrent moderate or greater MR rates of 29% and 30%, respec-
tively, as early as 18 months after surgery.58 These failure rates in 
mitral valve repair, potentially related to the asymmetric tethering 

TABLE 21-2	 Probability of Mitral Valve Repair According to Echocardiographic Findings and Medical Center

ETIOLOGY
DYSFUNCTION 

LEVEL CALCIFICATION LESIONS

Probability of Repair

<50 CASES/YEAR ≥50 CASES/YEAR

Fibroelastic deficiency II None/annular Posterior localized prolapse Certain Certain
None/annular Anterior prolapse Possible Certain

Barlow’s disease II None/annular Posterior localized prolapse Certain Certain
None/annular Multisegmental prolapse Possible Certain
Leaflets Multisegmental prolapse Unlikely Possible
None/annular Anterior prolapse Unlikely Possible

Endocarditis I None Perforation Possible Certain
II None Prolapse Possible Certain

None Destructive lesions Unlikely Possible

Rheumatic IIIA Annular Pliable anterior leaflet Possible Certain
Leaflets Stiff anterior leaflet Unlikely Unlikely

Secondary I None Annular dilation Certain Certain
IIIB None Tethering Unlikely Possible

None Predictors of failed repair Unlikely Unlikely

TABLE 21-3
	 Contemporary Results of Mitral Valve Repair 

for Degenerative Mitral Valve Prolapse in a 
Reference Center

Study period 2002 to 2010

Number of patients 744

Exclusions None

Age (range, years) 58 ± 13 (12-90)

Isolated posterior prolapse 556 (75%)

Isolated anterior prolapse 42 (6%)

Bileaflet 146 (19%)

Previous sternotomy 44 (5.9%)

Previous mitral surgery 18 (2.4%)

Median sternotomy 724 (97%)

Mitral valve repair 743 (99.9%)

Mitral valve replacement 1 (0.1%)

Adjuvant tricuspid repair 465 (62.5%)

In-hospital mortality 6 (0.8%)

No major complications 690 (92.7%)

Major stroke 4 (0.5%)

Minor stroke 8 (1.1%)

Respiratory failure 38 (5.1%)

Length of stay (interquartile range, days) 6 (5-8)

Predischarge TTE: No MR 697 (94.5%)

Predischarge TTE: 1+ MR 41 (4.5%)

MR, Mitral regurgitation; TTE, Transthoracic echocardiogram.

Ischemic Mitral Regurgitation
The increasing life expectancy of the general population, together 
with the improved survival rates after myocardial infarction, is 
expected to contribute to even a higher prevalence of ischemic 
MR in a near future. Although mitral valve repair is generally 
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survival rates of 28% and 31% (P = 0.57) for patients with mechani-
cal and bioprosthetic valves, respectively.100

Valve dysfunction is often divided into structural (inevitable 
degeneration inherent to the valve, mostly seen in biological pros-
theses) and nonstructural (any abnormality not inherent to the 
valve, such as pannus formation, paravalvular leaks, or a technical 
error, but excluding endocarditis and thromboembolic complica-
tions). Structural valve degeneration is considered the most 
common nonfatal complication in patients having bioprosthetic 
valves. Although there has been a clear improvement in durability 
with each “generation” of valves, freedom from structural degen-
eration remains 70% to 80% at 10 years, although it decreases 
rapidly after, with ranges between 40% and 50% at 15 years.98 As 
mentioned before, even though renal failure might predispose to 
an accelerated calcification of bioprosthetic valves, the lower life 
expectancy of patients in renal failure with either type of valve 
have probably biased observational studies, and no difference has 
been observed. Although structural degeneration is barely seen 
in mechanical valves, nonstructural dysfunction is almost exclu-
sively seen in mechanical valves. In this regard, rotating the valve 
(sewing the ring to a position where the leaflet opening is not 
impinged) is believed to reduce the risk of this complication.

Valve thrombosis is believed to be more common in mechani-
cal valves, especially in the mitral position (<0.2% per year for 
mechanical valves versus <0.1% per year for biological valves). 
Large randomized trials have observed a probability of valve 
thrombosis between 1% and 2% up to 15 years after surgery 
regardless the type of valve.99 Patients with mechanical valves are 
obviously at a higher risk of presenting with embolic events. Major 
embolism occurs in approximately 9% of patients with prosthetic 
valves. If stratified by type of prosthesis, the incidence of systemic 
embolism at 15 years has been reported to be 18% and 22% (P = 
0.96) for mechanical valves and bioprostheses, respectively.99 
Further long-term results have demonstrated an incidence of all 
embolism at 20 years of 53% for mechanical valves versus and 
incidence of 32% for bioprostheses (P = 0.13). Moreover, it also 
seems reasonable that hemorrhagic events are more likely to 
occur in patients who receive mechanical valves and consequent 
anticoagulation. However, as with thromboembolic complica-
tions, this likelihood is highly dependent on adherence to antico-
agulation and patient comorbidities.

Prosthetic valve endocarditis (see Chapter 25) may occur years 
after surgery or early during the perioperative course (field  
contamination, wound infection, or indwelling catheters and  
cannulas). In the latter case, the most frequent causative  
agents are Staphylococcus aureus, Staphylococcus epidermidis, 

of the mitral valve towards P2 and P3, have been improved with 
restrictive asymmetric rings, the rate of freedom from recurrent 
MR of 2+ severity or greater being 95% at 15 months and 89% at 
25 months.53,54,93 Echocardiographic factors associated with repair 
failure are listed in Table 21-2.

Later publications have demonstrated better midterm (2.5 
years) echocardiographic outcomes with mitral valve replace-
ment in terms of freedom from mild to moderate MR and similar 
results when the variable analyzed was freedom from moderate 
to severe MR, supporting the use of mitral valve replacement as 
a viable option.59 In terms of survival benefit, unadjusted survival 
is generally lower in patients undergoing mitral valve replace-
ment.94 However, in high-risk patients with multiple comorbidi-
ties, survival has been observed to be similar regardless the type 
of procedure.95

Outcomes of Mitral Valve Replacement
Disparities in reporting morbidity and mortality after cardiac 
valve interventions led to the publication of consensus guide-
lines by the American Association for Thoracic Surgery and the 
STS in order to provide clear definitions of perioperative mortal-
ity, survival, structural and nonstructural valve dysfunction, 
valve thrombosis, embolism, hemorrhagic events, endocarditis, 
and freedom from reoperation.96 In this section we analyze the 
most relevant and updated series on mitral valve replacement 
according to the most frequent complications after valve replace-
ment. Among these, despite the generous number of observa-
tional studies comparing clinical outcomes of mechanical valves 
and bioprostheses, only a very limited number of studies have 
been randomized.

The latest executive summary from the STS national database 
reported an unadjusted in-hospital mortality between 4% and 6% 
in patients undergoing isolated mitral valve replacement. If con-
comitant CABG was performed, in-hospital mortality increased 
up to 13%.97 Of course these are not absolute numbers, and several 
experiences from high-volume centers have observed operative 
mortalities lower than 1%. Currently, there are no data suggesting 
that the choice of mechanical or bioprosthetic valve has a signifi-
cant impact on operative mortality. Mortality and long-term sur-
vival after valve replacement have been significantly linked to 
demographic variables such as age or to comorbidities, including 
the presence of coronary artery disease and LV dysfunction.98 
Randomized trials failed to show any difference in long-term  
survival (Figure 21-11) between bioprosthetic and mechanical 
valves.99 The Edinburgh Heart Valve Trial reported 20-year 

FIGURE 21-11  Outcomes after mechanical versus bioprosthetic mitral valve replacment. A, Mortality after mitral valve replacement. B, Valve related 
complications after mitral valve replacement. (A adapted from Hammermeister K, Sethi GK, Henderson WG, etâ•¯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;36:1152-1158; B adapted from Grunkemeier GL, Li HH, Naftel 
DC, etâ•¯al: Long-term performance of heart valve prostheses. Curr Probl Cardiol 2000;25:73-154.)
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Mitral regurgitation (MR) is a diverse disease that results from 
dysfunction of any of the portions of the complex mitral valve 
apparatus, including the leaflets, chords, annulus, and left ven-
tricle. It is convenient to classify MR on the basis of two broad 
categories of dysfunction, namely primary (organic or degenera-
tive) disease, which primarily affects the leaflets (e.g., fibromus-
cular dysplasia, mitral valve prolapse, rheumatic disease), and 
secondary (ischemic or functional) diseases, which spare the 
leaflets (e.g., diseases of the atrium and ventricle, including isch-
emic dysfunction and dilated cardiomyopathy) (see Chapters 18 
and 19). More recently, it has been appreciated that even in sec-
ondary functional or ischemic MR, there may be changes that 
affect the leaflets.1 Finally, some diseases such as ischemic MR 
may affect more than one portion of the valve apparatus. For 
example, both leaflet tethering and annular dilation may be 
present and may contribute to MR.2

Patients with severe MR have decreased survival,3 whether 
symptomatic4 or not,5 and surgery is often recommended. 
However, some studies have demonstrated that asymptomatic 
patients with severe MR and preserved left ventricular (LV) func-
tion can be safely monitored with a “watchful waiting” approach 
until the development of symptoms, LV dysfunction, pulmonary 
hypertension, or atrial fibrillation without a morbidity penalty at 
the time of surgery.6 For these reasons, current guidelines recom-
mend surgery for symptomatic patients and asymptomatic 
patients with abnormal LV function.7 Surgery may also be consid-
ered for asymptomatic patients with normal LV function when 
there is a high likelihood of successful repair.

Rationale for Transcatheter Therapy
Surgery to repair or replace the mitral valve in patients with severe 
MR appears to improve survival in observational studies.8 
However, the risks of surgery, particularly in consideration of 
morbidity and patient preference, have stimulated attempts to 
develop less invasive solutions.9 Surgery is associated with mor-
tality rates of 1% to 5% and additional morbidity rates of 10% to 
20%, the morbidity including stroke, reoperation, renal failure, 
and prolonged ventilation.10 Furthermore, in one study of 
Medicare-age patients, more than 20% required rehospitalization 
in the first 30 days after surgery.11

The risks of surgery are particularly high in patients who are 
elderly or have LV dysfunction.10,12 In one study of more than 
30,000 patients undergoing mitral valve replacement, the mortal-
ity increased from 4.1% in those younger than 50 years to 17.0% 
in octogenarians (Figure 22-1). Similarly, significant morbidity 
(stroke, prolonged ventilation, renal failure, reoperation, sternal 
infection) occurred in more than a third of octogenarians. Predic-
tors of risk in addition to age in this study included hemodynamic 
instability, severe symptoms, renal failure, and prior coronary 
artery bypass grafting surgery (CABG).12

In patients with LV dysfunction and secondary MR, whether 
ischemic or functional, survival with or without surgery is not as 
good as in patients with preserved LV function and primary MR 
etiology.4 Whether the increased mortality is a consequence of 
the preexisting LV dysfunction and whether the MR contributes 
to the reduced survival remain a controversial issues. In vitro 
studies have demonstrated progressive adverse LV remodeling in 
sheep even after successful MR repair.13 Other studies have not 
shown benefit with annuloplasty repair of MR in dilated cardio-
myopathy14 or at the time of revascularization with CABG.15 In 
both ischemic and nonischemic functional MR, age and comor-
bidities are the most important predictors of survival.16

Thus, the major reason for surgery in most patients with isch-
emic MR is to provide symptomatic improvement and in those 
with primary MR to forestall the development of LV dysfunction. 
For this reason, it is essential to also discuss the efficacy of surgery 
in terms of MR reduction. In relatively young patients (mean  
age 55 to 60 years) with primary MR, long-term freedom from 
repeat surgery is well documented.17,18 However, recurrent 3+ and 
4+ MR may occur in up to 30% of patients within 15 years.17,18 
Recurrent MR is even more frequent in patients with ischemic MR, 
providing a potential target for the development of transcatheter 
therapies.19

Classification of Percutaneous  
Repair Therapies
In keeping with the earlier discussion of the complexity of the 
mitral valve apparatus, it is useful to consider the percutaneous 
approaches according to the major structural abnormality that 
they address.20 Unlike the extensive toolbox available to the mitral 

Key Points
■	 The risks of surgery in patients with severe mitral regurgitation, 

particularly with consideration of morbidity and patient preference, 
have stimulated attempts to develop less invasive solutions. The risks 
of surgery are particularly high in patients who are elderly and have 
left ventricular dysfunction and/or medical comorbidities.

■	 Unlike the extensive toolbox available to the mitral surgeon, 
transcatheter approaches are much more limited and often able to 
address only a single major element of the dysfunctional valve that 
contributes to mitral regurgitation (MR).

■	 The MitraClip is a device that clips the middle scallops of the anterior 
and posterior leaflets, analogous to the surgical Alfieri procedure. It is 
an approved device in Europe and remains investigational in the 
United States. A series of trials with this device confirmed feasibility 
(EVEREST I), and a randomized trial provided safety and efficacy 
data in comparison with surgical repair in (EVEREST II).

■	 The MitraClip is undergoing further investigation in patients for 
whom surgery poses a high risk in a new randomized trial (COAPT) 
that will compare outcomes of the use of the device and outcomes of 
medical therapy.

■	 Other investigations are under way to test efficacy of other 
nonsurgical devices, including mitral annuloplasty devices, left 
ventricular remodeling devices (to reduce severity of MR in patients 
with dilated left ventricles), and transcatheter mitral valve 
replacements.
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Leaflet and Chordal Technology
MITRACLIP

The major technology in this category, MitraClip (Abbott Vascu-
lar), was also the first transcatheter mitral valve repair technology 
to receive CE Mark approval (Figure 22-2). This system has its roots 
in the Alfieri stich operation, in which the middle scallops of the 
posterior and anterior leaflets (P2 and A2, respectively) are 
sutured together to create a double-orifice mitral valve. This opera-
tion, though usually performed with adjunctive ring annuloplasty, 
has proved effective and durable in a wide variety of pathologies 
and even in selected patients without annuloplasty.21,22

The concept of a percutaneous replicate of an Alfieri stich was 
initially conceived by St. Goar and subsequently developed as 
MitraClip by Evalve, Inc. (which was later acquired by Abbott 
Vascular).23 A series of trials with this device confirmed its feasibil-
ity (Endovascular Valve Edge-to-Edge Repair Study [EVEREST] I), 
and its safety and efficacy were compared with those of surgical 
repair in a randomized trial (EVEREST II), providing a wealth of 
data on this technology as described later.24,25

The procedure is performed with standard catheterization tech-
niques utilizing a transseptal approach from the right femoral 
vein.26 The clip delivery system is introduced through a 24F sheath 
into the left atrium, where it can be guided using a series of 
turning knobs under transesophageal (both two- and three-
dimensional) echocardiography guidance through the mitral 
valve into the left ventricle. A properly aligned and oriented clip 
can be placed on the P2 and A2 segments of leaflets, grasping 
them from the ventricular side to create leaflet opposition. Once 
leaflet insertion is confirmed by echocardiography, the clip can 
be released. If a suboptimal grasp occurs, the leaflet can be 
released, allowing repositioning prior to a second grasp attempt. 
Additionally, a second or more clips can be placed as needed for 
optimal MR reduction (Figure 22-3).26

In the 2â•›:â•›1 randomized EVEREST II trial, 184 patients were des-
ignated to receive MitraClip therapy and 95 to undergo surgical 
repair or replacement. These patients were almost a decade older 
(mean age 67 years) than in usual surgical series and had more 
comorbidities. Major adverse events at 30 days were significantly 
less frequent with MitraClip therapy (9.6% versus 57% with surgery; 

surgeon, transcatheter approaches are much more limited and 
often able to address only a single major element of the dysfunc-
tional valve that contributes to MR. The remainder of this chapter 
addresses these transcatheter approaches with an emphasis on 
devices that have been approved in some part of the world, those 
that have entered first-in-human or phase 1 clinical investigation, 
and those with published data (either clinical or preclinical). 
Some devices that have been evaluated in vivo without success 
or are no longer under development are discussed only as they 
relate to other current approaches. Table 22-1 lists the devices 
along with their manufacturers, state of development, and any 
available published reports.

FIGURE 22-1  Mortality by age for low-, medium-, and high-risk 
categories of patients undergoing mitral valve replacement. (From 
Mehta RH, Eagle KA, Coombs LP, et al: Influence of age on outcomes in patients 
undergoing mitral valve replacement. Ann Thorac Surg 2002;74:1459-1467.)
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FIGURE 22-2  The MitraClip leaflet coaptation system. This device (Abbott Vascular, Inc.) creates a bridge between the P2 and A2 segments of the mitral 
valve similar to the Alfieri stitch operation (A) utilizing a clip delivery system (B) and the MitraClip (C). D and E, Side view and left atrial view of the clip delivery 
system as it is advanced through the mitral valve in the open position prior to grasping of the leaflets. F, The final result is illustrated after the clip has been released 
and the delivery system removed. 

D

A

E

B

F

C

C H
22



343

TABLE 22-1	 Devices for Transcatheter Mitral Valve Therapy

ANATOMIC TARGET DEVICE NAME MANUFACTURER DEVELOPMENT STATUS REFERENCE(S)

Leaflet/Chordal
MitraClip Abbott Vascular, Abbott Park, Illinois CE Mark

Phase III (US)
24-32

NeoChord DS1000 System Neochord, Inc., Eden Prairie, Minnesota Phase 1 (outside US) 33
Mitra-Spacer Cardiosolutions, Inc., West Bridgewater, 

Massachusetts
Phase 1 (outside US) 34

MitraFlex TransCardiac Therapeutics, LLC, Atlanta, Georgia Preclinical —

Indirect Annuloplasty
CARILLON XE2 Mitral Contour 

System
Cardiac Dimensions, Inc., Kirkland, Wisconsin CE Mark 37,38

Kardium MR Kardium, Inc., Richmond, British Columbia, 
Canada

Preclinical —

Cerclage annuloplasty National Heart, Lung, and Blood Institute, 
Bethesda, Maryland

Preclinical 42

Direct or Left Ventricular 
Annuloplasty

Mitralign Percutaneous 
Annuloplasty System

Mitralign, Inc., Tewksbury, Massachusetts Phase 1 (outside US) 44

GDS Accucinch System Guided Delivery Systems, Santa Clara, California Phase 1 (outside US) 47
Boa RF Catheter QuantumCor, Inc., Laguna Niguel, California Preclinical —
Cardioband Valtech Cardio, Or Yehuda, Israel Preclinical —
Millipede system Millipede LLC, Ann Arbor, Michigan Preclinical —

Hybrid Surgical
Adjustable Annuloplasty Ring Mitral Solutions, Fort Lauderdale, Florida Phase 1 —
Dynaplasty ring MiCardia Corporation, Irvine, California Phase 1 —

LV Remodeling
The Basal Annuloplasty of the 

Cardia Externally (BACE)
Mardil Medical, Minneapolis, Minnesota Phase 1 —

Tendyne Repair Tendyne Holdings, Inc., Baltimore Preclinical —

Replacement
Endovalve Micro Interventional Devices, Inc., Langhorne, 

Pennsylvania
Preclinical 48

CardiAQ CardiAQ Valve Technologies, Inc., Irvine, 
California

Preclinical —

Lutter Universitatsklinikum, Kiel, Germany Preclinical 62,63
Tiara Neovasc, Inc., Richmond, British Columbia, 

Canada
Preclinical —

Ventor Embracer Medtronic, Inc., Minneapolis, Minnesota Preclinical —
PCS Mitral Valve Percutaneous Cardiovascular Solutions, Pty, Ltd, 

Newcastle, New South Wales, Australia
Preclinical —

P < 0.0001), although much of the difference could be attributed 
to the greater need for blood transfusions with surgery27 (Figure 
22-4). The freedom from the combined outcome of death, mitral 
valve surgery, and MR severity greater than 2+ at 12 months was 
higher with surgery (73%) than with MitraClip therapy (55%; P = 
0.0007). Importantly, in patients with acute MitraClip therapy 
success, the result appears durable with a very low rate of later 
mitral valve surgery (Figure 22-5).

Subsequent analyses of this rich database have demonstrated 
persistent reductions in MR grade, improvement in New York 
Heart Association (NYHA) functional class, and reduction in LV 
dimensions27 with MitraClip therapy. Other studies have demon-
strated a lack of mitral stenosis, no effect of initial rhythm on 
results, and benefit in higher-risk subjects.28-30

In the EVEREST II High-Risk Study, 78 patients with an esti-
mated surgical mortality rate of 12% or higher (mean 14%) were 
treated with MitraClip, with an actual 30-day mortality of 8%. 
Survival at 12 months was 76% and significantly better than that 
of a concurrently screened comparison group, the majority of 
whom (86%) were treated medically. Patients treated with Mitra-
Clip had improved MR grade at 12 months (78% ≤2+), LV dimen-
sions, New York Heart Association functional class, and quality 
of life, and a reduced need for hospitalization.30 Similar benefit 
was demonstrated in another series of extreme-risk patients.31 In 

addition, a group of European investigators have demonstrated 
the feasibility of MitraClip therapy in a group of 51 severely symp-
tomatic patients with secondary ischemic or functional MR that 
failed to respond to cardiac resynchronization therapy.32

The future of MitraClip therapy and its role in the management 
of patients with MR remains unclear in the United States because 
of its investigational status. The EVEREST II trial failed to demon-
strate efficacy equivalent to that of surgery for a diverse group of 
patients with varied risk and etiology. The EVEREST High-Risk 
Registry and experience outside the United States point to a more 
appropriate role in high-risk patients with secondary functional 
and ischemic MR. A new randomized trial (Clinical Outcomes 
Assessment of the MitraClip Percutaneous Therapy for High Surgi-
cal Risk Patients [COAPT]) is under way to compare the device 
with medical therapy in these patients.

OTHER DEVICES

Other devices discussed in this category are NeoChord, Mitra-
Spacer, and MitraFlex (Figure 22-6). The NeoChord DS1000 system 
is a transapically inserted tool that can capture a flail leaflet 
segment and pierce it with a semidull needle to attach a standard 
polytetrafluoroethylene (PTFE) artificial chord, which is then 
anchored to the apical entry site with a pledgeted suture. A 
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FIGURE 22-4  Primary safety and efficacy endpoints for EVEREST II. Rates of major adverse events at 30 days were reduced by MitraClip (Abbott Vascular) 
from 57.0% to 9.6% (P <0.0001). The rates of clinical success at 12 months for patients with immediate procedural success were similar, although by intent-to-treat 
(ITT) analysis of all patients (yellow arrows), effectiveness was better with surgery (73%) than with MitraClip (55%; pâ•¯=â•¯0.007). EVEREST, Endovascular Valve Edge-to-
Edge Repair Study; NI, non-inferiority; SUP, superiority. (From Feldman T, Foster E, Glower D, et al. Percutaneous repair or surgery for mitral regurgitation. N Engl J Med. 
2011;364:1395-1406.)
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FIGURE 22-5  The freedom from mitral valve (MV) surgery or reoperation after MitraClip implantation for patients in the randomized EVEREST 
II. Note that patients with good results at 90 days after MitraClip (Abbott Vascular) appear to have a durable outcome to 2 years. EVEREST, Endovascular Valve 
Edge-to-Edge Repair Study. (From Feldman T, Foster E, Glower D, et al: Percutaneous repair or surgery for mitral regurgitation. N Engl J Med 2011;364:1395-1406.)
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stent anchors with a shortening bridge between them that pulled 
the anchors together over several weeks with the intent to cinch 
the vein and shorten the circumference of the mitral valve in its 
posterior portion (Figure 22-7). The device was initially implanted 
in 59 of 72 patients, with a modest reduction in MR grade at 12 
months: among 22 patients with matched echocardiograms at 
baseline and 12 months, 50% achieved ≥1 grade reduction in MR 
severity. More concerning, however, was a high incidence of 
major adverse cardiovascular events, which included tampon-
ade, early and late myocardial infarction, and nine deaths (at 
least one of which appeared to be device-related).35 The combina-
tion of modest efficacy and safety concerns caused the manufac-
turer to abandon subsequent development.

In another approach, the Viacor Percutaneous Transvenous 
Mitral Annuloplasty (Viacor, Inc., Wilmington, Massachusetts) 
involved a nitinol rod placed in the coronary sinus to push on 
the P2 segment of the annulus to reduce the septal-lateral dimen-
sion and improve leaflet coaptation (see Figure 22-7). This device 
had the advantage of not requiring permanent implantation until 
efficacy could be determined in vivo, but it suffered from the 
same limitations as the MONARC: only mild efficacy, the poten-
tial risk for myocardial infarction, and the additional risk for 
rupture of the great cardiac vein.36 This approach was also 
abandoned.

One coronary sinus approach has met with sufficient success 
and promise to obtain CE Mark, and a U.S. investigational device 
exemption (IDE) trial is planned. The CARILLON XE2 Mitral 
Contour System (Cardiac Dimensions, Inc.) uses novel anchors 
placed permanently in the coronary sinus that are pulled toward 
each other with a cinching device to reduce the mitral annular 
dimension by traction (see Figure 22-7). Early evaluation in the 

first-in-human case has been reported,33 and the device is cur-
rently undergoing a phase 1 evaluation in Europe in the Transapi-
cal Artificial Chordae Tendineae (TACT) trial.

Mitra-Spacer (Cardiosolutions, Inc.) is an occluder device that 
is anchored in the LV apex via transseptal or transapical inser-
tion with an anchor fixed outside the heart. The tethered 
“balloon-like” spacer floats in the mitral inflow pathway, provid-
ing a space occluder around which the mitral leaflets coalesce. 
This device has entered outside US first-in-human evaluation and 
has been deployed in four patients, with a reported reduction  
of one to two MR grades.34 The MitraFlex device (Transcardiac 
Therapeutics) is designed as a transapically inserted thorascopic 
device to implant artificial chordae tendineae and is in preclini-
cal development.

Indirect Annuloplasty
The venous anatomy of the heart is of particular interest for 
treating MR because of the ease of access (from the right inter-
nal jugular vein) and the location of the great cardiac vein in 
proximity to the posterior mitral annulus. Some of the first 
attempts to treat MR without surgery did so by mimicking surgi-
cal ring annuloplasty through placement of devices in the coro-
nary sinus, so-called indirect or percutaneous coronary sinus 
annuloplasty. The goal of this approach is to remodel the poste-
rior annulus cinching the great cardiac vein or pushing in on  
the posterior annulus from the vein in order to improve leaflet 
coaptation.

Two early attempts to do this highlight some of the difficulties 
encountered with this approach. The MONARC annuloplasty 
system (Edward Lifesciences, Irvine, California) consisted of two 

FIGURE 22-6  Additional leaflet repair technology. Neochord insertion of a transapically-anchored PTFE chord (NeoChord, Inc., Eden Praire, MN). 
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achievable with surgery. Whether this level of efficacy will result 
in sufficient symptomatic improvement and LV remodeling to 
justify the procedure requires further study. The limited efficacy is 
related to the location of the coronary sinus relative to the annulus 
(up to 10â•¯mm more cranial), great individual anatomic variability, 
and the limited benefit of partial annular remodeling.39,40 Possibly, 
some “super-responders” may be able to be identified on the basis 
of anatomic considerations before the procedure.

The risks of this approach must also be considered. In addition 
to the risk for damage to the cardiac venous system, devices in 
this location can compress the left circumflex or diagonal coro-
nary arteries, which traverse between the coronary sinus and the 
mitral annulus in most patients.41

In this regard, one novel indirect approach to reduce the septal-
lateral dimension that deserves further consideration is the 

Amadeus study demonstrated feasibility, with implantation in 30 
of 48 patients and modest improvement in quantitative measures 
of MR with a small risk of coronary compromise (15%) and death 
(1 patient).37 More recently, a redesigned device was tested in the 
Transcatheter Implantation of Carillon Mitral Annuloplasty Device 
(TITAN) trial.38 Among 65 enrolled subjects with secondary MR 
(62% ischemic), the device was implanted successfully in 36 
patients with a mean age of 62 years, mean ejection fraction 29%, 
with predominantly New York Heart Association functional class 
III symptoms, and with 2+ (30%), 3+ (55%), or 4+ (15%) grade MR. 
Quantitative measures of MR were better at 6 and 12 months than 
in 17 patients who were enrolled in the trial and did not receive 
implants.

In general, indirect annuloplasty devices may be able to provide 
modest MR reduction in selected patients, but likely less than is 

FIGURE 22-7  Several indirect annuloplasty devices. A, Edwards MONARC annuloplasty system (Edwards Lifesciences LLC, Irvine, California; Edwards and 
Edwards Lifesciences are trademarks of Edwards Lifesciences Corporation.). B, CARILLON XE2 Mitral Contour System (Cardiac Dimension, Inc., Kirkland, WA) coronary 
sinus cinching device. C, Viacor, Inc. (Wilmington, Massachusetts) coronary sinus device. Three-dimensional transesophageal echocardiograms before (D) and (E) 
after use of the Viacor device in a patient, in whom the device has pushed on the P2 segment to remodel the annulus and improve leaflet coaptation. Cerclage 
technique, shown in a schematic (F) and an angiogram with superimposed magnetic resonance images (G). AV, aortic valve; PV, pulmonary valve. (F and G from 
Kim JH, Kocaturk O, Ozturk C, et al. Mitral Cerclage annuloplasty, a novel transcatheter treatment for secondary mitral valve regurgitation: initial results in swine. J Am Coll 
Cardiol 2009;54:638–51.)
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catheter is advanced to the left ventricle and used to deliver 
pledgeted anchors through the posterior annulus that can be 
pulled together to shorten (plicate) the annulus up to 17â•¯mm (with 
two implants) (see Figure 22-8). In 16 patients treated in a phase 
1 trial, septal-lateral dimension could be reduced up to 8â•¯mm.44 
A CE Mark trial is planned.

The Accucinch (Guided Delivery Systems) device utilizes a 
similar catheter approach to place up to 12 anchors along the 
ventricular surface of the posterior mitral annulus. A cable 
running through the anchors is tensioned to create posterior pla-
cation. In a later development, the anchors have been placed in 
the ventricular myocardium just below the valve plane (percuta-
neous ventriculoplasty). This device has been characterized as 
more of a ventricular remodeling approach rather than one that 
is truly annular.

In addition to these devices that have entered clinical invesÂ�
tigation, a preclinical device that deserves mention is the  
QuantumCor Device (QuantumCor Inc.). This technology uses 
low-radiofrequency energy delivered via a transseptal catheter 
(Boa RF Catheter) to shrink the collagen within the mitral annulus. 

Cerclage annuloplasty technique. This approach attempts to 
create a more complete circumferential annuloplasty by placing 
a suture from the coronary sinus through a septal perforator vein 
into the right atrium or ventricle, where it is snared and tensioned 
with the proximal end from the right atrium to create a closed 
pursestring.42 The procedure is guided by cardiac magnetic reso-
nance and also uses a novel rigid protection device to avoid coro-
nary compression.

Direct Annuloplasty and Hybrid Techniques
In part because of the limitations of the coronary sinus  
devices just described, other attempts to more directly remodel 
the mitral annulus have been developed (Figure 22-8). These 
include both transcatheter devices and hybrid devices that 
require surgical implantation with subsequent transcatheter 
adjustment.

The Mitralign Percutaneous Annuloplasty System (Mitralign, 
Inc.) was originally based on the surgical techniques of Paneth’s 
posterior suture plicaton.43 In this procedure, a transaortic 

FIGURE 22-8  Devices that directly remodel a portion of either the posterior annulus or the left ventricular wall near the annulus. A, The Bident 
(Mitralign Inc., Tewksbury, MA) direct annuloplasty system and the result in an animal annulus (B); C, the Boa radiofrequency collagen remodeling catheter is 
illustrated based on the QuantumCor device; D, the results of heat remodeling of an animal’s annulus in vitro. 
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Left Ventricular Remodeling Techniques
The basis for devices to treat MR by affecting the shape of  
the left ventricle arises from the pathophysiology of secondary 
ischemic or functional MR. Changes in the inferior and lateral 
left ventricle due to infarction can lead to tethering or tenting of 
the posterior leaflet, allowing anterior leaflet override as the 
mechanism of MR.1,2 Similarly, failure of leaflet coaptation due 
to global LV enlargement causing annular distension is the major 
mechanism for MR in dilated cardiomyopathy.45 Although ring 
annuloplasty can often ameliorate MR caused by LV distortion, 
procedures that specifically address the underlying LV pathology 
may also be beneficial.

The Coapsys annuloplasty system (Myocor Inc., Maple Grove, 
Minnesota) was originally developed as an adjunct to surgical 
revascularization (Figure 22-10). This device has two extracardiac 
epicardial pads connected by a flexible, transventricular subval-
vular chord that can be shortened intraoperatively. In the Ran-
domized Evaluation of a Surgical Treatment for Off-Pump Repair 
of the Mitral Valve (RESTORE-MV) Trial, 165 patients were ran-
domly assigned to undergo CABG with or without Coapsys ven-
tricular reshaping.46 Patients treated with the device had greater 
reductions in LV end-diastolic dimension, lower MR grades, and 
better survival at 2 years. Despite the benefit and proof of concept 
demonstrated in this trial as well as early success with a percuta-
neous prototype (iCoapsys), the company ran out of funding and 
ceased operations.

Other companies are continuing to develop approaches to LV 
remodeling. The VenTouch System (Mardil Medical, Inc., Plym-
outh, MN) is a surgically implanted targeted ventricular reshaping 
therapy placed externally around the heart to treat functional MR 

In animals, a 20% to 25% reduction in anterior-posterior dimen-
sion was achieved with a durability to 6 months (see Figure 22-8). 
A first-in-human validation study during open-heart surgery is 
planned.

Two devices that are under development represent a hybrid of 
surgical and transcatheter approaches. Both the Adjustable Annu-
loplasty Ring (Mitral Solutions) and the enCor Dynaplasty ring 
(MiCardia Corporation) are surgically implanted annuloplasty 
rings (Figure 22-9). The former can be adjusted (circumferentially 
reduced) with a mechanical catheter attachment. Similarly, the 
enCor ring is placed surgically and can be reshaped with radio-
frequency energy supplied via removable leads passed externally 
from the left atrium through the incision for connection to an 
activation generator. This latter device has CE Mark and a U.S. 
investigational device exemption trial is under way. A subcutane-
ous version that may allow late activation and shape changing on 
an outpatient basis as well as a transcatheter version are under 
development (see Figure 22-9). These devices may improve surgi-
cal annuloplasty outcomes by allowing for fine tuning of the ring 
size and shape under more physiologic conditions (e.g., not 
during cardiopulmonary bypass) or at a future time if further MR 
or ventricular enlargement develops.

Finally, two devices are under development that attempt to 
further mimic surgical ring annuloplasty with a transcatheter 
approach. The Millipede nitinol ring (MC3, Inc.) is envisioned as 
a self-expanding, catheter-delivered device. The Cardioband 
(Valtech Cardio) is an adjustable, catheter-delivered, sutureless 
device that is inserted transseptally or transatrially and anchored 
on the atrial side of the annulus with the potential for subsequent 
adjustment (see Figure 22-9). Both are undergoing preclinical 
development.

FIGURE 22-9  Additional annuloplasty devices. Several systems more directly mimic surgical ring annuloplasty either by direct insertion (top) or by requiring 
initial surgical implantation with subsequent size modification (bottom). A, Cardioband (Valtech Cardio, Or Yehuda, Israel); B and C, Dynaplasty ring (MiCardia Corp., 
Irvine, CA). 

A

B C

C H
22



349

associated with repair, but the rate of freedom from reoperation 
was twofold higher with replacement. Importantly, only 15% of 
these patients had MR with an ischemic etiology. In a comparison 
of 397 patients with ischemic MR undergoing repair and 85 
patients undergoing replacement, Gillinov et al50 did not find a 
survival benefit for repair in patients with the most complex and 
severe conditions.

In the absence of a randomized comparison of repair and 
replacement, historical comparisons are limited by the use of 
older prostheses and the lack of chordal sparing techniques.51,52 
For this reason, a randomized trial comparing repair and replace-
ment with complete subvalvular preservation in severe ischemic 
MR, sponsored by the National Heart, Lung, and Blood Institute, 
is now under way (clinicaltrials.gov, NCT00807040). Finally, both 
surgical15,18,19 and transcatheter24,25,27,32 valve repairs are character-
ized by higher rates of MR recurrence than are seen after valve 
replacement.

For these reasons, several companies are working to develop 
percutaneous or minimally invasive transcatheter methods to 
replace the mitral valve with a prosthesis (Figure 22-11). These 
devices will likely first be used in elderly and other patients at high 
surgical risk for whom the benefits of repair are unproven and the 
risks of surgery are high. In this regard, early experience utilizing 
transcatheter aortic valve implantation (TAVI) devices in previ-
ously implanted and now degenerating surgical bioprostheses  

(see Figure 22-10). In a preliminary report of 11 patients treated in 
India, MR grade was reduced acutely from grade 3.3 to 0.6.47 Pre-
clinical work with a transcatheter approach to approximate the 
papillary muscles is also in development (Tendyne Repair, 
Tendyne Holdings, Inc.).

Transcatheter Mitral Valve Replacement
The rationale for transcatheter mitral valve replacement has as its 
basis several lessons learned from surgical valve replacement.48 
Surgical valve replacement is the most effective method to reli-
ably reduce MR. This is particularly apparent in comparisons  
with transcatheter repairs, which do not appear to reduce MR to 
the same extent as surgical repairs. Despite its proven efficacy, 
the risks of surgery may include significant morbidity and mortal-
ity related to the incision and the need for cardiopulmonary 
bypass.10-12

One of the most touted advantages of surgical repair over 
replacement is the improved survival related to better LV remodel-
ing.8 However, this and other observational comparisons may be 
confounded by differences in patient baseline characteristics and 
comorbid conditions. In one study utilizing propensity scoring, 
322 patients undergoing mitral valve repair were matched with an 
equal number of patients undergoing valve replacement.49 During 
a median follow-up of 3.4 years, a modest survival benefit was 

FIGURE 22-10  Two devices that directly alter left ventricular shape. A and B, Coapsys (Myocor Inc, Maple Glen, Minnesota), which is no longer in develop-
ment, achieved the shape change with an external band and internal connection, delivered surgically (Coapsys) or percutaneously (iCoapsys). A also shows the 
iCoapsys, a percutaneous version. C, The VenTouch System (Mardil Medical, Inc, Plymouth, MN). 
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Seven of the 8 animals died because of paravalvular leaks, sub-
optimal positioning, or failure of fixation.62 A subsequent bovine 
pericardial design with a ventricular tethering fixation system 
reduced embolization, but malpositioning and failure of ventricu-
lar fixation resulted in death in 6 of 8 animals.63

CardiAQ Valve Technologies, Inc., is developing a transseptally 
inserted stent device with a foreshortening frame and anchor 
barbs. The device sits in the left atrium to a significant degree 
above the annulus, a characteristic that has hampered the experi-
mental evaluation. Nonetheless, investigators reported on its use 
in 82 pigs with acute and subchronic MR, with delivery system 
failure in 36% and unsuccessful implant positions in 21% of the 
remaining completed procedures.64

Micro Interventional Devices, Inc., is developing the Endovalve 
prosthesis. This foldable (nonstent) nitinol prosthesis with propri-
etary gripper technology was initially developed for insertion via 
a minimally invasive right minithoracotomy. Novel features of this 
device included cabling to contract, reposition, and release the 
prosthesis as well as a sewn fabric skirt to provide perivalvular 
sealing. Initial in vivo sheep implants demonstrated fixation, valve 
function, and lack of LV outflow tract obstruction and MR. 
However, fixation was judged to be suboptimal, and the Endo-
valve prosthesis has now been redesigned for transapical inser-
tion utilizing active annular fixation with proprietary Permaseal 
anchoring technology.

Finally, several self-expanding bovine pericardial prostheses 
for transapical delivery are also under development: Tiara, 
(Neovasc Inc.) and Ventor Embracer (Medtronic, Inc.). Both these 
devices and the Endovalve transapical prosthesis will benefit 
from the growing experience with transapical TAVI65 and 

and rings has confirmed the feasibility of this approach (Table 
22-2). Balloon-expandable prostheses have been implanted in 
degenÂ�erating bioprostheses53-58 and previous surgical annulo-
plasty rings,59-61 predominantly via a transapical approach. 
However, the feasibility of transseptal delivery54,60,61 and trans-
atrial54,56 delivery has also been demonstrated. Complications, 
including valve embolization, bleeding, and death, have been 
reported, but the early results have been generally favorable with 
excellent reduction in MR grade and low residual transmitral 
gradients (see Table 22-2).

Despite these early demonstrations of the feasibility of trans-
catheter mitral valve-in-valve implantation, it is likely that de  
novo placement of such devices in native valves will be more 
challenging. The devices will need to be larger than most aortic 
devices, and fixation to the diseased mitral apparatus will be 
hampered by the greater valve complexity, the lack of calcium, 
the potential need for orientation, and the noncircular annular 
shape. Paravalvular leaks, already demonstrated to reduce sur-
vival after TAVI, will likely be even less well tolerated in the mitral 
valve, with the higher driving pressures and more common devel-
opment of hemolysis. Finally, all such devices will need to pre-
serve the subvalvular apparatus and not create LV outflow tract 
obstruction. Most current designs utilize a stent-based bioprosthe-
sis that is self-expanding and inserted transseptally (CardiAQ) or 
transapically (Ventor, Tiara) (see Figure 22-11). Devices that do 
not rely on radial force for fixation in the annulus may be advanta-
geous to reduce the risk for outflow tract obstruction (Endovalve, 
Lutter).

The Lutter group published their initial experience with a trans-
apical, off-pump, porcine self-expanding stent prosthesis in pigs. 

FIGURE 22-11  Transcatheter mitral valve replacement. Transcatheter mitral valve replacement remains mostly in pre-clinical development. Prototypes are: 
A, Ventor Embracer (Medtronic, Inc., Minneapolis, MN); B and C, Tiara transcatheter mitral valve (Neovasc, Richmond BC, Canada); D, Lutter valve (Courtesy of 
Georg Lutter, MD); E, CardiAQ valve (Irvine, CA). 
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paravalvular leak closure.66 Furthermore, several companies are 
developing transapical closure devices to simplify insertion of 
both aortic and mitral prostheses via catheters.

Both transseptal and transapical insertion of mitral valve 
replacement prostheses may be an attractive future option for 
patients for whom surgery poses a high risk. The potential advan-
tages of this approach include the avoidance of both the surgical 
incision and the effects of cardiopulmonary bypass. Such devices 
could be fully sparing of the subvalvular apparatus and provide 
MR reduction that is equivalent to that achieved with surgical 
valve replacement.

Conclusions
The complexity of the mitral valve apparatus and the myriad 
causes of MR have caused the field of transcatheter mitral valve 
repair and replacement to develop more slowly than treatments 
for other valve diseases. The release of devices to treat MR in 
Europe and aortic stenosis throughout the world has reenergized 
the development of new transcatheter valve therapies. Fueled by 
the ever-growing prevalence of heart failure in the aging U.S. 
population67—most of these older patients with heart failure have 
significant MR—and aided by the ingenuity of physicians and 
engineers, transcatheter mitral valve therapies will probably also 
become an available option for such patients.
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Mitral Valve Disease in the  
Twenty-First Century
Although the prevalence of rheumatic mitral valve (MV) disease 
remains high worldwide,1 early treatment of rheumatic fever has 
altered etiologic patterns in industrialized countries, resulting in 
a higher prevalence of degenerative and ischemic etiologies (see 
Chapter 1). As patients age, the prevalence of valve disease 
increases, with a disproportionate representation of those with 
mitral valve involvement;3 this change is in part due to the pro-
longed survival of patients with severe heart failure and ischemic 
MR. Therefore the population of patients who present for mitral 
valve surgery has altered considerably over the past few decades.

A tremendous body of literature has evolved, describing more 
and more complex techniques of MV repair and replacement. 
Knowledge of these techniques, the preoperative and postopera-
tive echocardiographic assessment, and the ability to effectively 

communicate findings to the surgeon are essential in ensuring 
successful surgical planning.

This chapter describes the intraoperative milieu, the major 
objectives of the echocardiographic examinations performed 
before and after cardiopulmonary bypass, the published guide-
lines for intraoperative MV assessment, and the impact of intra-
operative transesophageal echocardiography (TEE) on the 
success of MV surgery.

Anatomic Background

The Mitral Valve Complex
Understanding the components and function of the MV complex 
is essential to the proper interpretation of preoperative and post-
operative echocardiographic anatomy.

The MV complex consists primarily of the anterior and poste-
rior leaflets but also includes a number of anatomic entities that 
are in close proximity to the valve, and all components of the 
valve must act in a coordinated fashion to ensure proper valve 
function4 (see Chapter 2).

The mitral annulus effectively separates the left atrium (LA) 
and left ventricle (LV) and provides support for the anterior and 
posterior leaflets5 (Figure 23-1). Anteriorly, the annulus is inter-
rupted by the aortic-mitral fibrous continuity, with thickened 
tissue at the right and left fibrous trigones. From the trigones 
emanates the fibrous tissue of the annulus that encircles the 
orifice of the valve, but it is rarely continuous; it is deficient in 
some areas and curtain-like in others. The annulus is not a static 
structure; it changes size during the cardiac cycle to facilitate 
filling and minimize regurgitation.6 The annulus is saddle-shaped, 
with the low points at the commissures and the high points at the 
mid-portions of the leaflets. This shape facilitates valve closure 
and may minimize leaflet stress.7

Whereas the echocardiographer readily identifies the annulus 
as the hinge point at the base of the leaflets, the surgical identifi-
cation is the level of the visible transition between the LA myo-
cardium and the denser white leaflet (Figure 23-2).

The mitral leaflets are in fact a single structure that becomes 
confluent at the lateral and medial commissures. The anterior 
leaflet, though longer, covers approximately one third of the 
annular circumference, and the posterior leaflet covers the 
remaining two thirds. The posterior leaflet has three scallops:  
P1, or lateral; P2, or central; and P3, or medial, with the central 
scallop usually the largest.8 Although the anterior leaflet lacks 
distinctive scallops, the nomenclature is such that the portions 
opposite the corresponding posterior segments are named A1, A2, 
and A3 (Figure 23-3).9

Each leaflet consists of a smooth zone and a rough zone. The 
rough zone is involved in coaptation and is subtended by primary 
(marginal, first-order) chordae that insert into the leaflet edges, 
and secondary (basal, second-order) chordae that insert into the 

Key Points
■	 Mitral regurgitation (MR) and mitral stenosis (MS) may be the result 

of abnormalities of the mitral valvular complex; leaflets, annulus, 
chordae, papillary muscles, as well as the left atrium and ventricle.

■	 Intraoperative echocardiography is a vital diagnostic technique for 
mitral valve (MV) surgery and is recommended for all valve repair 
procedures.

■	 The alterations in loading conditions from general anesthesia and 
positive pressure ventilation have dramatic effects on indices of MR 
and MS severity. The high-flow state after the use of cardiopulmonary 
bypass may falsely raise pressure gradients across prosthetic mitral 
valves.

■	 There are numerous options for MV repair, which have different 
effects on the appearance on post-bypass transesophageal 
echocardiography (TEE). Each prosthetic valve type (mechanical, 
biological) has unique echocardiographic patterns.

■	 Epicardial echocardiography may be employed by the surgeon to 
evaluate the MV in its dynamic state if questions still exist about the 
mechanism of MV dysfunction after sternotomy.

■	 Residual MR after MV repair portends a poor prognosis. Location 
(central, eccentric) and mechanism of MR (undercorrection of 
annulus, residual leaflet abnormalities, repair breakdown, ring 
dehiscence, and systolic anterior motion [SAM]) are just as important 
as the degree of regurgitation.

■	 Common prosthetic valves abnormalities are impairment of leaflet 
opening and closing (thrombus, pannus, calcification, entrapment by 
subvalvular tissue) and paravalvular regurgitation. Native mitral 
tissue left after valve replacement has the potential to create SAM. 
Small paravalvular leaks after valve replacement usually resolve after 
heparin reversal.
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FIGURE 23-1  Photomicrograph of the posterior mitral annulus. Note 
that the posterior mitral annulus separates the musculature of the left ventricle 
from that of the left atrium, where it forms a hinge point with base of the 
posterior mitral leaflet. (Wilcox, BR, Cook AC, Anderson RH, Surgical anatomy of 
the valves of the heart. New York: Cambridge University Press; 2004. p. 55, with 
permission)

Posterior mitral
annulus

Posterior mitral
leaflet Atrial

myocardium

Ventricular
myocardium

FIGURE 23-2  Surgical exposure of the mitral valve. The surgeon has 
placed sutures in the posterior annulus, which is identified as the transition 
between the pink atrial myocardium and the white leaflet (arrows). PML, Poste-
rior mitral leaflet. 

PML

FIGURE 23-3  Anatomic view of the cardiac valves from 
the perspective of the base of the heart with the left and 
right atria “cut away” and the great vessels transected. 
Note the close anatomic relationships of all four cardiac valves. 
In particular the aortic valve is adjacent to the mitral valve along 
the midsegment of the anterior mitral valve leaflet. The pul-
monic valve is slightly superior to the aortic valve, and the aortic 
and pulmonic valve planes are nearly perpendicular to each 
other. The three scallops of the posterior mitral leaflet are lateral 
(P1), central (P2), and medial (P3) with the corresponding seg-
ments for the anterior leaflet (A1, A2, A3) shown. Asterisk indicates 
the mitral-aortic curtain. L, Left; LAD, left anterior descending 
artery; R, right. 
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ventricular surface of the rough zone (Figure 23-4). During systole, 
the rough zones are in contact over a distance of approximately 
1â•¯cm. The excess valvular tissue relative to orifice size offers some 
functional reserve, thus ensuring proper coaptation and prevent-
ing regurgitation.

Some especially large second-order chordae, known as strut 
chords, attach to the rough zone of the anterior leaflet and main-
tain direct continuity among the valve, the papillary muscles, and 
the ventricular myocardium. Cutting these strut chords during 
surgical procedures may lead to LV dysfunction.10,11 Tertiary 
chordae insert into the basal portion of the posterior leaflet only 
and are of uncertain significance. The remainder of each leaflet 
is made up of a smooth zone that is devoid of chordae.

The lateral and medial papillary muscles provide a continuum 
between the ventricular myocardium and the valve and are criti-
cal in supporting proper valve closure. Each papillary muscle 
supplies chordae to both leaflets.

Finally, LV shape and myocardial function are also key compo-
nents in normal MV function. Disturbances in LV function or 
shape, such as chronic myocardial ischemia, may lead to valvular 
tethering and mitral regurgitation.12

Nomenclature
One of the keys to successful communication between the echo-
cardiographer and the surgeon is make sure they speak the same 
“language.” The same structure may be named differently depend-
ing on the anatomical terms of reference used.13 For example, the 
lateral and medial commissures are sometimes referred to as 
anterior or left and posterior or right commissures, respectively.

The anterior leaflet is intimately associated with the aortic 
mitral curtain and thus is sometimes referred to as the aortic 
leaflet. The posterior leaflet may be referred to as the mural 
leaflet, owing to its proximity to the LV wall. The classification 
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must take effects of decreased afterload into account when quan-
tifying the degree of mitral regurgitation. As well, positive pres-
sure ventilation and cardiopulmonary bypass have numerous 
hemodynamic effects with the potential to alter echocardio-
graphic findings.

Once the surgical procedure commences, electrocautery is 
used, which causes interference with quality of two-dimensional 
(2D) echocardiography, spectral Doppler echocardiography,  
and especially color-flow Doppler imaging data. Electrocautery 
also creates stitching artifacts during multiple beat acquisitions 
on three-dimensional (3D) transesophageal echocardiography 
(TEE).

The electrocardiogram is distorted, preventing appropriate trig-
gering of cine loop recording from the QRS complex; instead, the 
echocardiography instrument should be set to store data for a set 
length of time, such as 2 seconds, rather than a set number of 
beats.

Pre-Bypass Assessment

Presurgical Preparation
The variety and acuity of diagnoses seen in patients coming to 
the operating room for treatment of valve disease has increased 
considerably as surgical options have expanded over the past  
few decades.15 In addition to regurgitant or stenotic lesions, 
mixed stenosis and regurgitation and “repeat” surgery for pros-
thetic valve dysfunction or after a prior valve repair procedure 
are increasingly common. Ideally the echocardiographer and 
surgeon should discuss the nature of the mitral disease and the 
planned operative approach, including any ancillary procedures, 
such as a maze procedure for atrial fibrillation. Remaining uncer-
tainties after preoperative evaluation should be defined, with a 
plan for their resolution. Knowledge of preoperative data is 
crucial. Along with clinical data, the preoperative transthoracic 
echocardiography (TTE) data should be reviewed, and if possi-
ble, the actual images should be examined to assess data quality. 
Cardiac catheterization findings, computed tomography images, 
and cardiac magnetic resonance imaging data also should be 
reviewed when available. The preoperative evaluation helps 
define the information needed from the intraoperative examina-
tion. If, as often occurs, previously undiagnosed pathology is 
discovered on echocardiography, this information should be 
promptly shared with the surgeon. In some cases, the referring 
cardiologist may be consulted if findings are substantially 

FIGURE 23-4  Mitral valve anatomy. The posterior leaflet has been sec-
tioned at its midpoint. The commissures and the clear and rough zones of the 
anterior mitral leaflet are shown. The anterolateral (single white arrow) and the 
posteromedial (double arrow) papillary muscles both give cords to both leaflets. 
(Image courtesy Dr. Dennis Reichenbach.)

Clear zone

Rough zone

Commisure Commisure

FIGURE 23-5  Transesophageal echocardiography views of the mitral valve. A, Short-axis drawing of the mitral valve illustrating how it is transected 
by midesophageal views. Rotating through multiplane angles from 0 degrees to 180 degrees moves the imaging plane axially through the entire mitral valve.  
B, Anatomy of mitral valve. C, The surgeon’s view of the mitral valve. A1, Lateral third of the anterior leaflet; A2, central third of the anterior leaflet; A3, medial third 
of the anterior leaflet; ME, midesophageal; P1, lateral scallop of the posterior leaflet; P2, central scallop of the posterior leaflet; P3, medial scallop of the posterior 
leaflet. (From Shanewise JS, Cheung AT, Aronson S, etâ•¯al. ASE/SCA guidelines for performing a comprehensive intraoperative multiplane transesophageal echocardiography 
examination: recommendations of the American Society of Echocardiography Council for Intraoperative Echocardiography and the Society of Cardiovascular Anesthesiolo-
gists Task Force for Certification in Perioperative Transesophageal Echocardiography. J Am Soc Echocardiogr 1999;12:884–900.)
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endorsed by the American Society of Echocardiography and 
Society of Cardiovascular Anesthesiologists is illustrated in Figure 
23-5. From left to right (or lateral to medial), the posterior leaflet 
is divided into scallops P1, P2, P3, and corresponding segments 
of the non-scalloped anterior leaflet into A1, A2, A3. Deviant clefts 
may be found in up to 30% of posterior leaflet specimens.14

The Intraoperative Milieu
The intraoperative setting can be daunting, even to experienced 
practitioners who do not spend the bulk of their clinical time in 
the operating room. Numerous factors constrain optimal image 
acquisition, including bright lights and noise. Time may be limited 
because several different physicians and nurses have responsibili-
ties in surgical preparation and the surgical procedure. If feasible, 
the echocardiographer should request that room lighting be 
dimmed, or at a minimum should request that any overhead surgi-
cal lighting be directed away from the echocardiographic system 
screen.

Most general anesthetic medications diminish vascular tone 
and decrease contractility. In addition patients are often taking 
preoperative vasodilator medications such as angiotensin-
converting enzyme (ACE) inhibitors. The echocardiographer 
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different from expected or a major alteration in surgical approach 
is needed.

Systematic Examination
A comprehensive baseline intraoperative TEE examination is rec-
ommended to confirm or refute the mechanism and severity of 
the MV abnormality, assess valve reparability, and provide com-
parison images for the postoperative evaluation.

The baseline TEE examination includes 2D, spectral, and color-
flow Doppler with quantitation of mitral stenosis and regurgitation 
using standard approaches (see Chapter 6). 3D imaging if avail-
able, enhances the understanding of abnormal mitral function.,16 

Secondary effects on other structures, specifically the left-sided 
chambers and the tricuspid valve, may help determine the chro-
nicity of the process. A number of lesions are often associated 
with MV disease, both primarily and secondarily (Table 23-1), that 
may require correction at the time of mitral surgery.

TWO-DIMENSIONAL IMAGING

On 2D imaging, the general condition of the leaflets is assessed, 
with the degree of thickness, mobility, and calcification, and sub-
valvular disease noted.17 The LA is assessed for the presence of 
thrombus and ruptured chordae. The presence of masses should 
alert the echocardiographer to the likelihood of endocarditis, 
with the possibility of para-annular extension, leaflet perforation, 
and the involvement of other valves (see Chapter 25). Although 
uncommon, involvement of the mitral-aortic intravalvular fibrosa 
(MAIVF) with pseudoaneurysm formation may result from 
primary mitral rather than aortic endocarditis.18

Next, a systematic examination of the MV is performed using 
schemata such as described by Shanewise et al19 and Foster et al9 
(Figures 23-5 and 23-6, Table 23-2), which provide a “roadmap” 
for recognizing where the pathologic aspects of the valve lie. 
Basic views of the MV leaflets are obtained from a high TEE posi-
tion (Figure 23-7). Once each view is obtained, slight movements 
of the probe—withdrawal and advancement, rotation left and 
right, and flexion and extension—are used to completely examine 
each leaflet segment. At this stage of the examination, color-flow 
Doppler imaging may be used, but more to help clarify the mecha-
nism of MR (Figures 23-8 and 23-9). The subvalvular apparatus is 
best seen with transgastric views, which allow visualization of 
cordal thickening, redundancy, or frank rupture along with the 
orientation of the papillary muscles. On the basis of these images, 
the Carpentier classification can be used to define the mecha-
nism and etiology of MR, which may be helpful in the planning 
of the surgical approach2 (Table 23-3; Figure 23-10).

Measurement of annular diameter may help define the etiology 
of MR and guide the surgeon in selection of a prosthesis or  

TABLE 23-1	 Perioperative Implications of Lesions Associated with Mitral Valve Disease

SECONDARY CONDITION PREOPERATIVE SIGNIFICANCE POSTOPERATIVE SIGNIFICANCE

Pulmonary hypertension May indicate left ventricular failure, left ventricular 
outflow tract obstruction, aortic valve disease, severe 
mitral regurgitation

Aortic valve surgery may be needed
Pharmacologic therapy may be needed

Right heart failure Often secondary to elevated left-sided filing pressures Aggressive pharmacologic support may be 
needed

Tricuspid regurgitation Often secondary to elevated left-sided filling pressures, 
consideration for reparative procedure at time of 
mitral surgery

Must be differentiated from primary tricuspid 
valve disease

Mitral leaflet systolic anterior motion Consideration for reparative procedure; i.e., 
myomectomy

Aggressive pharmacologic manipulation may be 
needed; may necessitate valve replacement

Rheumatic valvular disease May have aortic stenosis, aortic regurgitation, tricuspid 
stenosis/regurgitation necessitating intervention

Aortic regurgitation may confound mitral valve area 
calculation by pressure half time method

Reassessment of native valves, or of repaired/
replaced valves after mitral valve surgery, 
required

annuloplasty ring. The saddle shape of the annulus is demon-
strated with 3D reconstructions (see Figure 2-3). The low points 
of the “saddle” are at the commissures, seen in the bicommissural 
view, and the high points in the anterior-posterior axis, seen in 
the midesophageal long-axis view.

On the basis of comparison with cardiac computed tomogÂ�
raphy, the best approach for annular measurement is the 
commissure-to-commissure peak systolic diameter in the TEE 
bicommissural view the and anterior-to-posterior diameter in the 
long-axis view.19a The annulus is also assessed for the degree of 
calcification, which may be predictive of paravalvular leaks20 and 
perioperative vascular events.21

Examination of global and segmental LV function is also 
needed in evaluation of the mechanism of MR. Secondary MR is 
due to either global or regional LV systolic dysfunction or to 
altered LV geometry. However, chronic primary MR also leads to 
LV dilation with the potential for progressive LV dysfunction22 (see 
Chapter 5), which may complicate the perioperative management 
of MV surgery.

EPICARDIAL ECHOCARDIOGRAPHY

If TEE images are suboptimal, the surgeon can employ the tech-
nique of epicardial echocardiography both before and after car-
diopulmonary bypass.23 A transthoracic probe is placed inside a 
sterile sheath, which is then placed directly on the heart. Most 
standard transthoracic views can be obtained, with excellent 
resolution.

DOPPLER ECHOCARDIOGRAPHY QUANTIFICATION

Ideally, any method for intraoperative assessment of MR severity 
should be easy to perform, reliable, and independent of the etiol-
ogy of the MR and loading conditions. The time for intraoperative 
assessment is limited, thereby making more complex calcula-
tions, such as the proximal isovelocity surface area (PISA) 
approach and its derivatives, prohibitive. The presence of rhythm 
disturbances and the ubiquitous use of electrocautery confound 
any quantitative measurements.

No single tool is optimal for the intraoperative assessment of 
MR. Variations in etiology (ischemic versus nonischemic) and 
chronicity, secondary effect on chamber size and compliance, 
and acute changes in loading conditions influence the size and 
direction of the jet. Thus before any attempt at quantification is 
made, supportive information such as the history, physical find-
ings, preoperative hemodynamics, and the secondary effects on 
chamber size and function must be reviewed. Intraoperative find-
ings must be interpreted in conjunction with the preoperative 
echocardiographic data and with consideration of the clinical 
conditions during the intraoperative study. For example, a patient 
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FIGURE 23-6  Effect of changes in transesophageal echocardiography probe position. Effect of flexion or withdrawal and retroflexion or advancement 
of the transesophageal probe tip on the imaging plane in relation to the mitral valve at a transducer rotational angle of 0 degrees. A1, A2, A3, Anterior leaflet sec-
tions; Ao, aorta; LAA, left atrial appendage; P1, P2, P3, posterior leaflet sections. (From Foster GP, Isselbacher EM, Rose GA, etâ•¯al. Accurate localization of mitral regurgitant 
defects using multiplane transesophageal echocardiography. Ann Thorac Surg 1998;65:1025–31.)
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TABLE 23-2	 Recommended Intraoperative Transesophageal Echocardiography (TEE) Examination

Two-Dimensional TEE

WINDOW VIEW

APPROXIMATE 
MULTIPLANE 

ANGLE 
(DEGREES) STRUCTURES IMAGING SPECIFICS COMMENTS

SPECTRAL 
DOPPLER COLOR DOPPLER

Mid-
esophageal

Four-chamber 0-20 A2, P2 Flexion and slight 
withdrawal to 
image A1 and  
P1; retroflexion and 
slight advancement 
to image A3 and P3

Good for initial 
assessment of 
leaflet 
structure, 
mobility

Mitral inflow with 
pulsed or 
continuous wave 
as appropriate, 
for calculation of 
mean gradient, 
aortic valve area

Initial assessment of 
MR; flexion and 
retroflexion of 
probe may pick up 
jet not initially 
seen

Mitral 
commissural

50-80 P3, A2, P1 Low points of 
annulus, make 
annular 
measurement at 
peak systole

In P2 flail/prolapse, P2 
seen coming up 
“behind” A2

Ultrasound 
plane 
intersects 
coaptation 
zone twice; 
don’t mistake 
for leaflet 
perforation or 
cleft

If MR present, two 
jets often seen

Two-chamber 80-100 A1, A2, A3, P3 Left atrial appendage 
usually seen lateral 
to mitral annulus

Anterior mitral 
leaflet seen in 
its entirety

Posterior jets of MR 
seen

Long-axis 110-140 A2, P2
High points of 

annulus, make 
annular 
measurement 
at peak systole

Measure leaflet 
length

Aortic valve and LVOT 
seen

May measure 
mitral inflow 
here

Optimal view for 
vena contracta 
measurement

Check for AR 
following repair, 
replacement of MV

Continued
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Two-Dimensional TEE

WINDOW VIEW

APPROXIMATE 
MULTIPLANE 

ANGLE 
(DEGREES) STRUCTURES IMAGING SPECIFICS COMMENTS

SPECTRAL 
DOPPLER COLOR DOPPLER

Transgastric Basal 
short-axis

0-20 The zone of 
coaptation 
from posterior 
(A3, P3) 
through 
middle (A2, 
P2) to anterior 
(A1, P1)

From midpapillary 
view of LV, flex and 
slightly withdraw 
probe

Difficult to 
avoid oblique 
cut

NA May help in 
localizing jet

Two-chamber 80-100 Long axis of 
papillary 
muscles, 
chordae, 
leaflet 
attachments

Papillary muscles 
often not in same 
plane, may have to 
rotate probe to see 
both

Useful in 
rheumatic 
disease to 
assess 
subvalvular 
involvement

Leaflet 
tethering 
appreciated

NA Not as good as 
esophageal views

Long axis 90-120° Images 
subvalvular 
apparatus, 
LVOT, AoV

Important to align 
LVOT and AV with 
cursor when 
looking for LVOT 
gradient

Probe flexion may be 
required

SAM may be 
seen

Gradient across 
LVOT, useful with 
SAM

In LVOT obstruction 
by SAM, 
acceleration of CD 
seen

Deep 
transgastric

0-20° Images LVOT, AV Advance and flex 
probe

Important to align 
LVOT and AoV with 
cursor when 
looking for LVOT 
gradient

SAM may be 
seen

Gradient across 
LVOT, useful with 
SAM

In LVOT obstruction 
by SAM, 
acceleration of CD 
seen

Three-Dimensional TEE

VIEW MODE STRUCTURES IMAGING SPECIFICS COMMENTS
SPECTRAL 
DOPPLER COLOR DOPPLER

“En face” 3D zoom mode 
based on the 
midesophageal 
four-chamber 
view

Anterior and 
posterior 
mitral leaflets, 
commissures

Use 3D rotate so that 
aortic valve is en 
face and at  
12 o’clock

Using rotation may 
view atrial and 
ventricular aspects 
of the MV

Replicates 
surgeon’s 
view of the 
MV

Improved 
localizing of 
flail/prolapse/
cleft of 
specific 
segments*

May see 
ruptured 
chordae from 
atrial aspect

NA NA

Full-volume 
3D data set

Mitral valvular 
complex

Multiple beat 
acquisition

Use of various 
cropping modes to 
view structures of 
interest

Interrelationship 
between the 
MV, the 
papillary 
muscles, the 
myocardial 
walls, and the 
LVOT

NA NA

3D color Full-volume 3D 
or live 3D

Multiple beat 
acquisition

Size and location of 
jet accurately 
measured

Size and 
location of jet 
accurately 
measured

NA Shape, size, and 
complexity of MR 
jet

Vena contracta 
shape

2D, Two-dimensional; 3D, three-dimensional; A1, A2, A3, segments of anterior leaflet; AR, aortic regurgitation; AoV, aortic valve; CD, color Doppler; LV, left ventricular; OT, outflow tract; MR, 
mitral regurgitation; MV, mitral valve; NA, not applicable; P1, P2, P3, segments of posterior leaflet; SAM, mitral systolic anterior motion of the mitral valve.
*Mahmood F, Hess PE, Matyal R, etâ•¯al. Echocardiographic anatomy of the mitral valve—a critical appraisal of two-dimensional imaging protocols with a three-dimensional perspective.  
J Cardiothorac Vasc Anesth 2012;26:777–84.

TABLE 23-2	 Recommended Intraoperative Transesophageal Echocardiography (TEE) Examination—cont’d
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to a great degree by (1) the depressive effects of general anesthetic 
on myocardial contractility and vascular tone and (2) the effects 
of positive pressure ventilation on systemic venous return in both 
open heart and closed chest procedures.24 For these reasons, the 
degree of intraoperative MR is often significantly less than seen 
on preoperative transthoracic studies.25 Sometimes this finding 
creates uncertainty as to the proper surgical course of action.

who is acutely ischemic during the preoperative examination may 
have significantly less MR after anesthesia induction.

LOADING CONDITIONS

The most important confounding variables in the intraoperative 
assessment of MR are the loading conditions, which are affected 

FIGURE 23-7  Basic transesophageal echocardiography views of the MV. A, Four-chamber view; B, bicommissural view; C, midesophageal two-chamber 
view; D, midesophageal long-axis view; E, transgastric short-axis view; F, transgastric two-chamber view. A1, A2, A3, Anterior leaflet sections; AML, anterior mitral 
leaflet; LA, left atrium; L-COM, anterior commissure; LV, left ventricle; M-COM, posterior commissure, P1, P2, P3, posterior leaflet sections. 
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FIGURE 23-8  Anteriorly directed mitral regurgitant jet. The 46-year-old patient presented with increasing shortness of breath over several years and an 
acute increase in dyspnea over the last week. A, A four-chamber view (left) demonstrates normal coaptation, but a color-flow Doppler image (right) shows an 
anteriorly directed jet of mitral regurgitation (MR) (arrow), indicative of either posterior leaflet prolapse or anterior leaflet restriction. B, The bicommissural view 
shows a flail P3 scallop with numerous ruptured chordae (arrows). C, A vena contracta of 0.71â•¯cm, indicative of severe MR. D, Surgical exposure revealed involve-
ment of the P3 scallop. A2, Anterior section; P1, P2, posterior leaflet sections. 
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FIGURE 23-9  Ischemic mitral regurgitation (MR). In this patient with previous inferior wall infarction, A demonstrates tethering of the posterior mitral leaflet 
(arrow) in the four-chamber view. B, Color-flow Doppler image shows a posterior directed jet of MR. C, In another patient with a dilated cardiomyopathy and 
symmetric tethering, a central jet of MR is shown. D, MVQ (mitral valve quantification) illustrates the bileaflet tethering (arrows). (With permission, Stefan Lombaard) 
A, anterior; AL, antero-lateral; P, posterior; PM, postero-medial. 
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FIGURE 23-10  Carpentier’s classification of mitral regurgitation (MR) 
based on leaflet motion. Leaflet motion is classified as normal (Type I), exces-
sive (Type II) or restricted (Type III). In type I (A and B) the leaflet motion is 
normal and the jet tends to be central. The cause of MR is usually annular dilata-
tion (A) or leaflet perforation (B). In type II (C and D) there is excessive leaflet 
motion and the jet is directed away from the diseased leaflet. In type III lesions 
(E and F) the leaflet motion is restricted. Type III lesions are further subdivided 
into IIIA and IIIB. The jet can be directed towards the affected leaflet, or it can 
be central if both leaflets are equally affected. (Modified from Perrino AC, Reeves 
ST. The practice of perioperative transesophageal echocardiography. Philadelphia: 
Lippincott William & Wilkins; 2003.)
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C D
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A number of strategies have been proposed to replicate find-
ings in the preoperative state. In a prospective study of patients 
with at least moderate MR from a variety of etiologies, TEE was 
performed at three stages: with conscious sedation prior to induc-
tion of anesthesia, after induction, and after use of phenylephrine 
to bring the blood pressure back to pre-induction levels.25a Blood 
pressure dropped significantly after induction and was driven 

over baseline with phenylephrine. Compared with pre-induction 
findings, there were decreases in measurements of vena con-
tracta, regurgitant orifice area (ROA), and regurgitant volume 
(RV), although the decreases were not statistically significant. 
Phenylephrine resulted in the return of regurgitant parameters to 
baseline, with a significant increase in MR severity compared to 
post-induction values, regardless of the underlying etiology, likely 
as a result of the combination of increased blood pressure, 
changes in preload, and possible myocardial ischemia.

In another study of patients with ischemic MR, both phenyleph-
rine and fluids were used to restore pre-induction hemodynamics. 
Again, parameters of MR severity dropped after anesthesia induc-
tion, though not significantly. With loading, blood pressure, ROA, 
and regurgitant volume superseded baseline measurements.25b

However, these effects are not seen uniformly in all patients. In 
a diverse group of patients with MR, MR severity remained less 
than baseline values in 20% of patients despite the use of vasoac-
tive agents to bring blood pressure back to baseline.25c

These studies, in combination with clinical experience, empha-
size that intraoperative Doppler estimation of MR is complex. 
Measures of MR severity are affected by the degree of blood pres-
sure drop, changes in preload and afterload, LV contractility, LV 
dyssynchrony,26 mitral closing force,12 the etiology of mitral 
disease, other concurrent valve lesions, and the possible induc-
tion of myocardial ischemia. The use of pharmacologic manipula-
tion to reestablish baseline conditions is to some extent artificial, 
and the significance of increased MR severity with “overdriving” 
of loading parameters is uncertain. It is axiomatic that a high-
quality preoperative echocardiogram performed without general 
anesthesia should be readily available for review in the operating 
room. Decisions based on the patient’s clinical course and symp-
toms, degree of LV dilation and systolic dysfunction, and quantita-
tion of MR on the preoperative study should rarely be overruled 
simply on the basis of differences in the quantitative parameters 
of MR severity on intraoperative TEE.

COLOR DOPPLER IMAGING

The MR jet as defined by color Doppler imaging is complex.27 The 
size of the jet as it fans out into the LA is of limited quantitative 
value because of numerous technical and physiologic factors.28 
The direction of the jet gives useful information about the mecha-
nism of the MR (Figure 23-11), and the presence of multiple jets 
may be indicative of leaflet perforation (Figure 23-12). However, 
eccentric jets appear smaller than central jets because they flatten 
out against the wall of the receiving chamber. Physiologic factors 
affect the size of the jet in the LA, for example, the driving pres-
sure across the valve or changes in LA compliance related to 
chronicity of regurgitation. In addition, instrument settings, such 
as color gain and pulse repetition frequency, affect jet size inde-
pendently of ROA.

TABLE 23-3	 Common Causes of Mitral Regurgitation 
(MR) Seen in the Operating Room

Structural MR Mitral valve prolapse
Rheumatic disease
Congenital valve disease
Mitral valve endocarditis

Secondary MR Ischemic heart disease
Nonischemic dilated cardiomyopathy

MR associated with obstruction 
of left ventricular outflow tract

Hypertrophic cardiomyopathy (HCM)
Underfilled/hyperdynamic left ventricle 

(rare without HCM)
After mitral valve repair (usually in the 

setting of underfilling/hyperdynamic 
states)
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FIGURE 23-11  Mitral valve endocarditis. A, The anterior mitral leaflet has a large vegetation (arrow) and is flail. B, A posteriorly directed jet of MR can be 
seen. C, The resected valve has numerous torn chordae. 

A B C

Anterior mitral leaflet

FIGURE 23-12  Anterior mitral leaflet perforation. A, In a midesophageal long-axis view, the arrowhead indicates the normal point of coaptation, whereas 
the arrow indicates another regurgitant orifice. B, Color Doppler applied to A. Two jets of mitral regurgitation (double arrow) can be seen—a normal central jet 
and another jet that appears to be through a leaflet perforation. C, Three-dimensional transesophageal echocardiography confirms the presence of a perforation 
(arrow) in the anterior mitral leaflet (AML). 

A B C

AML
AML

VENA CONTRACTA

The vena contracta (see Figure 6-15) is defined as the narrowest 
central flow region of a jet that occurs at, or just downstream to, 
the orifice of a regurgitant valve.29 The vena contracta is charac-
terized by high-velocity, laminar flow and is slightly smaller than 
the anatomic regurgitant orifice because of boundary effects. 
The vena contracta measurement is easily obtained in the oper-
ating room and can be used to assess regurgitation severity. The 
vena contracta is measured as the narrow neck between the 
proximal flow convergence area and expansion of the jet in 
the receiving chamber. Vena contracta measurements correlate 
with invasive measures of MR regardless of etiology of regurgita-
tion and compare favorably with more complex measures such 
as regurgitant volume and ROA.30,31 However, the following 
caveats apply:
1.	 The technical aspects of image acquisition must be adhered to, 

with the Nyquist limit set at 50-60â•¯cm/sec, the use of zoom mode, 
and a narrow color sector width.

2.	 Measurements are made in the midesophageal long-axis plane to 
avoid overestimation.

3.	 The method can be applied to central and eccentric jets but is not 
validated for multiple jets.

4.	 Vena contracta measurement is predicated on the assumption that 
the regurgitant orifice is circular, which may not be the case in 
secondary MR, leading to erroneous measurements.32

Current guidelines recommend that vena contracta widths 
between 3 and 7â•¯mm need confirmation by more quantitative 
methods when feasible.33 These include other Doppler imaging–
based techniques, such as proximal isovelocity surface area and 
volumetric methods based on calculations of stroke volume 
through the mitral and aortic annuli.27,33 However, these methods 
can be challenging with intraoperative TEE.

SPECTRAL DOPPLER IMAGING

Continuous wave Doppler echocardiography is used to examine 
the temporal characteristics of the MR jet, and jet density; dense, 
early peaking and triangular jets are more indicative of significant 
MR (Figure 23-13).

Pulsed wave Doppler echocardiography interrogation of the 
pulmonary veins is easy to perform. The presence of systolic 
reversal has high specificity but low sensitivity for severe MR; 
systolic blunting may indicate moderate MR but is often present 
with other causes of elevated LA pressure.

Mitral inflow velocities are measured with either pulsed wave 
or continuous wave Doppler echocardiography to assess for 
mitral stenosis (see Chapter 6).

THREE-DIMENSIONAL TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

With the availability of real-time methods of imaging that make 
3D TEE use in the operating room practical,16,34,35 it is not surpris-
ing that there has been a surge in interest in using 3D TEE in that 
setting. Because the number and complexity of mitral procedures 
is high, it is fortuitous that the MV is the easiest valve to image by 
3D TEE (see Fig 2-1 and 2-2). Potential benefits include better 
assessment of the pathologic components of the valve that need 
to be addressed surgically, evaluation of MV repair and replace-
ment, and localization of postprocedural leaks.36 Some of the 
basic tenets of MR quantification have been challenged with the 
use of 3D TEE by color Doppler imaging.32,37

Grewal et al38 compared 2D TEE and 3D TEE in the setting of 
MV surgery and found that the two methods were equally reliable 
in diagnosing the etiology, but that 3D TEE had greater sensitivity 
and specificity for disease involving the P1 segment of the 
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CARPENTIER TYPE I (NORMAL LEAFLET MOTION)

Mitral regurgitation with normal leaflet motion (see Figure 23-10) 
often is repaired with a patch in the presence of leaflet perfora-
tion, or ring annuloplasty with or without coronary artery bypass 
grafting (CABG) in patients with dilated cardiomyopathy.

CARPENTIER TYPE II (EXCESSIVE LEAFLET MOTION)

Excessive leaflet motion, as in mitral valve prolapse, is often 
repairable, most frequently with resection of redundant posterior 
leaflet segment(s) and the placement of an annuloplasty ring 
(Figure 23-14). Altering leaflet lengths and annular diameter may 
change the distance between the coaptation point and the inter-
ventricular septum and therefore has the potential to produce 
postoperative systolic anterior motion (SAM) of the mitral valve. 
The pathophysiology of SAM is complex, but is believed to involve 
both drag (ejected blood pushing the redundant anterior leaflet 
into the LV outflow tract) and push (the anterior leaflet causing 
turbulence in the LV outflow tract, creating a Venturi effect and 
pulling the leaflet towards the septum).49 LV outflow obstruction 
and the refractory MR that ensue portend a poor long-term 
outcome.50 Systolic anterior motion is associated with factors that 
either (1) push the coaptation point closer to the septum, such as 
a small LV outflow tract dimension, excessive posterior leaflet 
length, a bulging septum,51 or overcorrection of the annulus or 
(2) pull the coaptation point into the LV outflow tract, such as a 
large anterior leaflet.52 Maslow et al53 stress the importance of the 
pre-bypass examination and emphasize the significance of small 
anterior-to-posterior leaflet ratio and coaptation point-to-septal 
distance. There are surgical modifications that may be used to 
decrease the likelihood of SAM; these include posterior leaflet 
reduction with a sliding annuloplasty,54 anterior leaflet shorten-
ing,55,56 sizing of the annuloplasty ring to the anterior leaflet,57 and 
LV outflow tract myomectomy51 (see Chapter 21). Patients present-
ing with Barlow disease and bileaflet prolapse (see Fig 2-1) are 
usually not candidates for repair.

Correction of anterior leaflet prolapse is more complex because 
of its association with the rigid mitral-aortic curtain (see Figure 
23-3). Options include placing synthetic chordae and edge-to-
edge plication of both anterior and posterior leaflets.58

If excessive leaflet motion is the result of endocarditis, valve 
replacement is usually indicated (see Figure 23-12).

FIGURE 23-13  Continuous wave Doppler echocardiography of mitral 
regurgitation. The velocity profile is very dense, indicative of significant 
mitral regurgitation. 

Vel 454 cm/s
PG 82 mmHg

posterior leaflet or the A3 segment of the anterior leaflet and for 
bileaflet disease. Similarly, Ben Zekry et al39 reported that both 
2D and 3D methods of TEE were highly accurate in diagnosing 
mitral disease, but that 3D TEE could localize the lesion more 
predictably. Both studies acknowledge the limitations inherent in 
such comparisons. Importantly, surgical observation is consid-
ered the “gold standard” although it is performed with the heart 
in a flaccid state.

In an elegant study, Maffessanti et al40 evaluated a large group 
of patients with Carpentier type II disease and found not only 
improved localization of leaflet abnormalities with 3D TEE, but 
greater ability to define annular shape before and after surgical 
repair.

Numerous other studies report high accuracy with 3D TEE in 
the evaluation of mitral pathology41-45 and mitral annular dimen-
sions before and after surgery.46 Mukherjee etâ•¯al,47 however, 
found no statistically significant difference between 2D TEE and 
3D TEE for imaging complex mitral disease involving multiple 
segments.

3D TEE has enhanced both our understanding of mitral leaflet 
and annular mechanics and our ability to define complex lesions 
both before and after bypass (see Figure 6-6). The valve can be 
imaged from the LA and LV sides. MV quantification software may 
improve our ability to fully define MV lesions and may help the 
surgeon better plan the procedure—what to resect, the shape of 
annular ring to choose, and prediction of the effect of remodeling 
procedures such as papillary muscle repositioning.48 Optimal use 
of 3D imaging requires considerable expertise; however, as prac-
titioners become more experienced, its use in the operating room 
will undoubtedly increase.

Reparability
Numerous techniques of MV repair exist and are in constant 
evolution (see Chapter 21). The reparability of a given valve 
depends on both the lesion (Tables 23-4 and 23-5) and the skill 
of the surgeon. The echocardiographer must present the informa-
tion needed to make the appropriate surgical decision.

TABLE 23-4
	 Transthoracic Echocardiographic 

Characteristics Unfavorable for Mitral Valve 
Repair in Secondary Mitral Regurgitation

Mitral valve deformation

Coaptation distance ≥1â•¯cm

Tenting area >2.5-3â•¯cm2

Complex jets

Posterolateral angle >45 degrees

Local left ventricular (LV) remodelling

Interpapillary muscle distance >20â•¯mm

Posterior papillary-fibrosa distance >40â•¯mm

Lateral wall motion abnormality

Global LV remodelling

End-diastolic diameter >65â•¯mm, end-systolic diameter >51â•¯mm 
(end-systolic volume >140â•¯mL)

Systolic sphericity index >0.7

From Lancellotti, P, Moura, L, Pierard, LA, etâ•¯al. European Association of Echocardiography 
recommendations for the assessment of valvular regurgitation. Part 2: mitral and tricuspid 
regurgitation (native valve disease). Eur J Echocardiogr 2010;11:307–32.
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inappropriate because of excessive regurgitation, ring annulo-
plasty may be feasible.

The probability of successful MV repair in secondary and 
primary mitral regurgitation based on echocardiography findings 
is presented in Tables 23-4 and 23-5.

Prosthetic Valves
Problems with prosthetic valves may be detected prior to chest 
closure (perivalvular regurgitation from valve dehiscence, “stuck” 
leaflets), and such problems should be rectified before the patient 
leaves the operating room (as discussed later).

Patients with prosthetic mitral valves may return later for 
replacement of these valves (see Table 23-7). The pattern of pre-
sentation depends on the type of prosthesis. Tissue valves become 
fibrotic and calcified over time. Leaflet degeneration may lead to 
regurgitation, whereas calcification often results in stenosis. 
Abnormalities of leaflet motion in mechanical valves may be due 
to pannus or thrombus formation and may lead to varying degrees 
of stenosis and regurgitation. Endocarditis is a concern for both 
kinds of valves and may lead to emboli, leaflet dysfunction, and 
paravalvular infectious complications resulting in valve dehis-
cence and fistula formation.

On echocardiographic imaging, the issue of distal shadowing 
is more of a concern for mechanical than for tissue prosthetic 
valves. With TTE, the LA and the MR jet may be obscured, whereas 
with TEE, the LV and LV outflow tract are not well visualized. For 
this reason, the two techniques are complementary, and both 
typically are needed in patient evaluation.

A complete intraoperative evaluation requires careful scanning 
of the prosthetic mitral valve from both the stomach and esopha-
gus, and from different angles of interrogation (see Table 23-8). 
The appearance of the valve leaflets and whether tissue leaflet 

Rarely, papillary muscle rupture complicates myocardial infarc-
tion, usually involving the inferoposterior wall. The flail segment 
may or may not be visualized in the LA. Surgical treatment is 
usually valve replacement.

CARPENTIER TYPE IIIB (RESTRICTED SYSTOLIC 
LEAFLET MOTION)

Leaflet tethering (symmetric or asymmetric) often occurs in the 
setting of ischemic heart disease (Table 23-6). The greater the 
degree of leaflet restriction, the less likely a surgical repair will be 
successful.12 Magne et al59 found that the most robust predictor of 
residual MR after ring annuloplasty for ischemic MR was a poste-
rior leaflet angle greater than 45 degrees. Because the abnormality 
is not in the valve leaflets but in the LV and subvalvular apparatus, 
novel restorative approaches are being slowly introduced into the 
therapeutic realm.48,60 In the presence of leaflet restriction and 
concavity toward the left atrium, some investigators have advo-
cated cutting specific second-order chordae in order to improve 
coaptation and move the coaptation point away from the ventricu-
lar apex.61,62 However, adverse effects on LV systolic function may 
result from interruption of the valvular-ventricular continuity.63

CARPENTIER TYPE IIIA (RESTRICTED SYSTOLIC AND 
DIASTOLIC LEAFLET MOTION)

Adults with rheumatic MV disease usually present for valve 
replacement, especially if there is coexistent mitral stenosis.64,65 
These are commonly individuals who have extensive distortion 
of the valve apparatus, often with extensive chordal involvement, 
and for whom balloon valvuloplasty has been rejected as likely 
unsuccessful.17 However, when valve thickening and chordal 
fusion are not as prominent but valvuloplasty is judged as 

TABLE 23-5	 Probability of Successful Mitral Valve Repair in Primary Mitral Regurgitation Based on 
Echocardiography Findings

ETIOLOGY DYSFUNCTION (CARPENTIER CLASS) CALCIFICATION
MITRAL ANNULUS 

DILATION
PROBABILITY 

OF REPAIR

Degenerative II: Localized prolapse (leaflet P2 and/or A2) No/localized Mild/moderate Feasible

Ischemic/secondary I or IIIb No Moderate Feasible

Barlow disease II: Extensive prolapse (≥3 scallops, posterior 
commissure)

Localized (annulus) Moderate Difficult

Rheumatic IIIa but pliable anterior leaflet Localized Moderate Difficult

Severe Barlow disease II: Extensive prolapse (>3 scallops, anterior 
commissure)

Extensive (annulus + leaflets) Severe Unlikely

Endocarditis II: Prolapse but destructive lesions No No/mild Unlikely

Rheumatic IIIa but stiff anterior leaflet Extensive (annulus + leaflets) Moderate/severe Unlikely

Ischemic/secondary IIIb but severe valvular deformation No No or severe Unlikely

From Lancellotti, P, Moura, L, Pierard, LA, etâ•¯al. European Association of Echocardiography recommendations for the assessment of valvular regurgitation. Part 2: mitral and tricuspid 
regurgitation (native valve disease). Eur J Echocardiogr 2010;11:307–32.

TABLE 23-6	 Characteristics of Mitral Regurgitation Due to Symmetric and Asymmetric Tethering

ASYMMETRIC SYMMETRIC

Etiology Inferoposterior myocardial infarction Multiple myocardial infarctions or nonischemic cardiomyopathy

Tethering Marked posterior tethering of the posterior leaflet Both leaflets are tethered and displaced apically

Tenting Increased Markedly increased

Annulus May be dilated Dilated, flattened, and decreased systolic contraction

Remodeling Localized to inferoposterior wall Global dilation with increased sphericity

Mitral regurgitation jet Posteriorly directed, eccentric Usually central

From Ray S. The echocardiographic assessment of secondary mitral regurgitation. Eur J Echocardiogr 2010;11:i11–7.
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FIGURE 23-14  Repair of posterior leaflet prolapse. A, The mitral leaflets are only mildly thickened with prolapse of P2 seen in the midesophageal long-axis 
view. B, Color-flow Doppler imaging shows an anteriorly directed jet of mitral regurgitation. C, Real-time three-dimensional (3D) echocardiography of the mitral 
valve from the surgeons’ view (inset) shows the P2 prolapse with a torn cord (arrows). D, A 3D reconstruction of the mitral valve shows P2 prolapse (red) and the 
coaptation defect. E, At surgery, the affected P2 segment is grasped by the surgeon. F, After its excision, P1 and P3 are sutured together (arrows). The annuloplasty 
ring has been sized to the anterior leaflet (G), and subsequently sutured in place (H). AL, lateral commissure; Ao, aortic valve; PM, medial commissure; MVQ, mitral 
valve quantification (Courtesy Kris Natrajan, MD.)
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TABLE 23-7	 Early and Late Complications of 
Prosthetic Valves

Patient prosthesis mismatch

Geometric mismatch

Dehiscence

Primary failure

Thrombosis and thromboembolism

Pannus formation

Pseudoaneurysm formation

Endocarditis

Hemolysis

Reproduced from Zoghbi, WA, Chambers, JB, Dumesnil, JG, etâ•¯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.

FIGURE 23-15  Dehiscence of a mechanical mitral valve. A, The normal appearance of a bileaflet mechanical prosthesis is demonstrated, with several 
“cleaning” jets, which are designed to keep the edges of the leaflets clean. B, In a patient with valve dehiscence (arrow), rocking motion is seen with (C) a large jet 
of paravalvular mitral regurgitation. D, At surgery, the dehisced portion of the mitral sewing ring can be seen (arrow). 

A B

C D

Valve ring Valve ringValve ring Valve ring

Sewing ring

LV

motion is excessive or restricted are noted. Spectral Doppler 
imaging is used to obtain the mean pressure gradient and pres-
sure half-time, and color-flow Doppler echocardiography to deter-
mine the severity of MR and the relationship of the jet to the 
sewing ring (Figures 23-15 and 23-16). 3D TEE may be helpful in 
the evaluation and percutaneous closure of mitral paravalvular 
leaks66 (see Chapter 16).

Tricuspid Regurgitation
Tricuspid regurgitation is commonly seen secondary to the right 
ventricular and tricuspid annular dilation that often accompany 

MV disease. The pathophysiology of secondary TR is complex 
(Figure 23-17), and in some instances, lesser degrees of TR in rela-
tively healthy patients might regress after mitral surgery alone. 
However, with TR of moderate or greater severity, consideration 
should be given to annular reduction. This approach is justified 
by the reduced rate of TR progression, the reverse remodeling of 

TABLE 23-8
	 Echocardiographic and Doppler Parameters 

in the Evaluation of Prosthetic Mitral Valve 
Function (Stenosis or Regurgitation)

Doppler echocardiography of 
the valve

Peak early velocity
Mean gradient
Heart rate at the time of examination
Pressure half-time
Doppler valve index*: VTIPrMV/VTILVOT

Regurgitant orifice area*
Presence, location, and severity of 

regurgitation†

Other pertinent 
echocardiographic and 
Doppler imaging parameters

Left ventricular size and function
Left atrial size‡

Right ventricular size and function
Estimation of pulmonary artery pressure

Reproduced from Zoghbi, WA, Chambers, JB, Dumesnil, JG, etâ•¯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.
*These indices are used when further information is needed about valve function. 
Regurgitant orifice area is calculated by means of the continuity equation.
†Often needs transesophageal echocardiographic evaluation because of acoustic 
shadowing.
‡May be difficult in the presence of shadowing or reverberation from the valve.

LVOT, Left ventricular outflow tract; PrMV, prosthetic mitral valve; VTI, velocity time integral.
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remodeling. The echocardiographer must recognize both condi-
tions requiring immediate attention in the operating room as well 
as situations in which late failure is predictable.

Following MV repair and prior to removal of the cross-clamps, 
the surgeon distends the ventricle with saline to address gross 
inadequacies of the repair.

The postprocedural evaluation begins in earnest after separa-
tion from cardiopulmonary bypass is complete. At this point the 
echocardiographer should have a complete understanding of 
what the surgeon did and what problems can be anticipated. This 
is a time of rapid hemodynamic change, so the final opinion on 
the result should await restoration of baseline conditions. The 
components of the post–cardiopulmonary bypass examination 
are outlined in Table 23-9.

Left and right ventricular function should be carefully assessed, 
especially if coronary bypass with or without a ventricular remod-
eling procedure has been performed. Right ventricular dysfunc-
tion may be the result of persistent severe MR, intracoronary air 
emboli, or inadequate ventricular protection during the period of 
aortic cross-clamping. Any ancillary procedures, such as tricus-
pid annuloplasty, must be carefully evaluated.

The detection of residual MR is the most important component 
of the postoperative examination. As with the pre-bypass evalua-
tion, multiple views of the MV, including off-axis views, must be 
examined to determine the presence or absence of residual MR. 
Severity is assessed with use of the same criteria as for native 
valves on the baseline study. Normal loading conditions must be 
established prior to the final determination.

Residual MR may be secondary to several factors. If the annulus 
has not been downsized appropriately, residual central MR may 
occur. If the MR is eccentric, the valve must be reexamined to 
determine whether there are persistent coaptation abnormalities. 
If the residual jet occurs outside the zone of coaptation, the suture 
used to close the post excision leaflet defect may have broken 
down. If the MR jet lies outside the annuloplasty ring, the ring may 
have become detached from the native annulus. It is important to 
realize that the direction of the postoperative jet is often different 
from that seen preoperatively.76

If the postoperative regurgitation is graded as greater than mild 
or if it results from a significant technical breakdown, the patient 
should be returned to cardiopulmonary bypass and the valve 
repaired again or an MV replacement performed.77 Only in excep-
tional circumstances, such as patient instability, should a second 
session of bypass be denied.

The presence of an adequate length of coaptation is essential 
for MV repair success. The concept of adequate coaptation length 
index has been proposed as a predictor of repair failure even in 
the presence of minimal post-bypass MR.78 However, cutoff values 
have not yet been proposed.

the dysfunctional right ventricle, and better outcomes.67-70 Severe 
tethering, increased age, and severe TR preoperatively are predic-
tive of a high likelihood of residual TR after annuloplasty71 (Figure 
23-18). The risk of underestimating TR in the anesthetized patient, 
which is theoretically an issue because of a change in right ven-
tricular loading conditions, must be considered in clinical deci-
sion making.

In patients whose tricuspid valve disease is due to disease of 
the leaflets, there is a higher likelihood of valve replacement.

Post-Bypass Evaluation

Native Valve Assessment
MV repair in properly selected patients has excellent long-term 
durability. However, residual regurgitation after MV repair por-
tends a poor long-term prognosis.59,72

In a 2009 editorial, Anyanwu and Adams73 broadly categorized 
the causes of MV repair failure as resulting either from technical 
inadequacies such as inappropriate annular ring selection or from 
progression of underlying disease with global74 or localized75 LV 

FIGURE 23-16  Annular ring dehiscence. The patient presented with worsening symptoms after mitral valve annuloplasty. A, In a midesophageal long-axis 
view, dehiscence of the annuloplasty ring (red arrows) from the posterior native annulus (white arrow) is shown. B, Color-flow Doppler imaging shows severe mitral 
regurgitation. C, The posterior defect is demonstrated (red arrow) with three-dimensional transesophageal echocardiography with the black arrow indicting the 
annuloplasty ring. 

A B C

FIGURE 23-17  Pathogenesis of tricuspid regurgitation in mitral valve 
disease. DCM, dilated cardiomyopathy; MR, mitral regurgitation; MS, mitral 
stenosis; RHD, rheumatic heart disease; RV, right ventricular; TV, tricuspid valve. 
(From Shiran A, Sagie A. Tricuspid regurgitation in mitral valve disease: incidence, 
prognostic implications, mechanism, and management. J Am Coll Cardiol 2009;53: 
401–8.)
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FIGURE 23-18  Combined mitral and tricuspid disease. A, Bileaflet mitral valve prolapse is present. B, Examination of the tricuspid valve revealed a flail 
anterior leaflet (arrow), with severe tricuspid regurgitation. (C). Both valves were replaced. AML, Anterior mitral leaflet; PML, posterior mitral leaflet. 

A B C

AML PML

TABLE 23-9	 Post–Cardiopulmonary Bypass Examination of the Mitral Valve

STRUCTURE/SUBJECT 
OF INTEREST PARTICULARS OF EXAMINATION VIEWS FOCUS

Mitral Valve Repair
LV Regional and global function, 

volume status
Midesophageal two- and four-

chamber, midesophageal long-axis, 
transgastric long- and short-axis

Adequate contractility important for valve 
closure; hypovolemia/hypercontractility 
predispose to SAM

Examine LV restraint, papillary repositioning 
if performed

Right ventricle Regional and global function Midesophageal four-chamber, 
transgastric long- and short-axis

New dysfunction may indicate right 
coronary artery air, significant residual MR

MV competence Define residual jets for severity, 
direction

Assess coaptation length, residual 
prolapse, flail, tethering

Views as outlined in Figure 23-7
Color-flow Doppler with appropriate 

technical settings
PW Doppler of pulmonary veins

Small central jets usually acceptable
Eccentric jets may indicate breakdown of 

valve repair

MV gradients Excessive gradients may indicate 
undersized annuloplasty ring

PW and CW Doppler of mitral inflow Gradients may be present due to high flow 
state of after cardiopulmonary bypass81,82

Annulus Assess for seating, MR outside the 
annuloplasty ring

Views as outlined in Figure 23-7 Regurgitation outside the ring always 
abnormal, may indicate separation from 
native annulus, poor valve seating

LVOT LVOT obstruction Midesophageal four-chamber and 
long-axis, deep transgastric, 
transgastric long-axis with 
color-flow and CW Doppler

Abnormal flow acceleration may be 
indicative of LVOT obstruction

Look for SAM

Surrounding structures Aortic valve, circumflex artery, AV 
nodal artery*

Check aortic valve competence, 
circumflex territory, heart block

Prosthetic Valve Replacement
Mechanical valve Evaluate proper bileaflet motion

Color-flow Doppler, PW and CW 
Doppler gradients

Scan valve from midesophageal 
position

Leaflet best viewed at about 0-20 
degrees if valve placement 
anatomic, 50-70 degrees if 
anti-anatomic

Small “washing jets” acceptable
Paravalvular MR, if small, often disappears 

after heparin reversed

LVOT obstruction Midesophageal four-chamber and 
long axis, deep transgastric, 
transgastric long axis with color 
and CW Doppler

Preserved anterior leaflet may result in SAM

Tissue valve Evaluate leaflet motion
Color-flow Doppler gradients

Small central MR often present

LVOT obstruction Midesophageal 4 chamber and long 
axis, deep transgastric, transgastric 
long axis with color and CW 
Doppler

Preserved anterior leaflet may result in SAM
Prosthetic struts may protrude into LVOT, 

infrequently a cause of LVOT obstruction

AV, atrioventricular; CW, Continuous wave; Doppler, Doppler echocardiography/imaging; LV, left ventricle/ventricular; MR, mitral regurgitation; MV, mitral valve; OT, outflow tract; PW, 
pulsed-wave; SAM, systolic anterior motion of the mitral valve.
*Berdajs D, Schurr UP, Wagner A, etâ•¯al. Incidence and pathophysiology of atrioventricular block following mitral valve replacement and ring annuloplasty. Eur J Cardio-Thorac Surg 
2008;34:55–61.
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Color-flow Doppler evidence of MR is seen with most pros-
thetic valves. With a tissue prosthesis there is often a small jet  
of central MR, and a bileaflet mechanical prosthesis has small 
intravalvular “cleaning” jets (see Figure 23-15A). Echocardio-
graphic interrogation at multiple angles will help determine 
whether the jets are “physiologic” or pathologic.

Abnormally large intravalvular jets may result if valve closure 
is impeded by retained mitral tissue.83 Return to cardiopulmonary 
bypass is usually needed, so that rotation of the valve within the 
sewing ring or excision of the redundant tissue may be performed. 
Paravalvular jets are always abnormal (see Figure 23-15B-D) and 
are due to inadequate seating to the native annulus, especially  
in the presence of mitral annular calcification. Small paravalvular 
leaks often disappear after heparin reversal, but larger leaks 
should be addressed in the operating room prior to decannula-
tion. 3D TEE may help pinpoint their location (Figure 23-21).

SAM can compound mitral valve replacement if native anterior 
leaflet preservation is undertaken and can occur after both bio-
prosthetic and mechanical valve replacement (Figure 23-22).

Assessment of Proximate Structures
There are a number of vulnerable anatomic structures proximate 
to the mitral annulus. Sutures placed in the MV sewing ring may 
entrap the left and noncoronary leaflets of the aortic valve. In an 
elegant study, Veronesi et al84 demonstrated that even in the 
absence of injury, ring annuloplasty of the MV can alter the 
dynamics of flow through the aortic valve.

The circumflex artery is also vulnerable as it passes posterior 
to the MV annulus (Figure 23-23).85,86 Appropriate 2D TEE and 
Doppler echocardiography examinations should be performed to 
rule out injury to these structures.87

Guidelines and Outcome
The American Heart Association (AHA)/American College of Car-
diology (ACC)/American Society of Echocardiography (ASE) 
guidelines recommend the use of intraoperative TEE (class I rec-
ommendation) for all surgical valve repair and complex valve 
replacement procedures.88 The latest updates from the American 
Society of Anesthesiologists/Society of Cardiovascular Anesthe-
sia89 and European Association of Echocardiography/European 
Association of Cardiothoracic Anesthesiologists90 strongly recom-
mend the use of intraoperative TEE in all adult patients undergo-
ing cardiac surgery.

The impact of intraoperative TEE on surgical outcomes in val-
vular heart disease has never been studied in prospective, ran-
domized fashion, nor is it likely ever to be. Several questions arise. 

Mitral Valve Systolic Anterior Motion
SAM after MV repair is often first suspected from the presence of 
color-flow Doppler aliasing in the LV outflow tract with residual 
MR, evident on both four-chamber and long-axis views (Figure 
23-19). The late-peaking high-velocity (“dagger”) appearance on 
continuous wave Doppler echocardiography can often be dem-
onstrated in the transgastric long-axis and deep transgastric 
views and may allow calculation of gradient across the outflow 
tract, although one must keep in mind that the gradient may be 
underestimated because of a nonparallel angle between the 
Doppler beam and the high-velocity jet. SAM is less of a problem 
in ischemic MR because the outflow tract is usually large.

The presence of decreased preload and afterload along with 
increased heart rate and contractility is known to predispose to 
SAM and should be addressed through manipulations of vascular 
tone, volume, and inotropy. If MR cannot be ameliorated, cardio-
pulmonary bypass should be reinitiated and the valve repaired 
again or replaced. Patients who have intraoperative SAM that 
resolves with medical management in the operating room should 
be closely monitored for late recurrence.50,79

It is crucial that assessment be made in a timely fashion so that 
problems can be rectified before systemic heparin anticoagula-
tion is reversed and the bypass cannulae are removed.

Prosthetic Valve Assessment
Following replacement, the prosthetic valve should be imaged by 
2D, spectral, and color-flow Doppler echocardiography. This 
process is more straightforward for tissue prostheses. For mechan-
ical valves, scanning from 0 to 180 degrees in the midesophageal 
position enables the optimal angle for leaflet assessment to be 
found. Both leaflets should move in an unrestricted fashion 
(Figure 23-20).

Pressure gradients across a newly placed prosthetic valve are 
often higher than expected. Assessing pressure gradients after 
cardiopulmonary bypass may be confounded by several factors: 
increased post-bypass cardiac output and anemia, pressure 
recovery, complex flow patterns of prosthetic valves, and use of 
the simplified Bernoulli equation (Pressure gradient = 4v2), which 
does not take into account high velocities through the LV outflow 
tract.80 Any increased gradient takes on significance if there is 
obvious valvular dysfunction. The posts of a tissue prosthesis 
have the potential to obstruct the LV outflow tract, especially if it 
is small and the valve has a high profile.

Later in follow-up, the presence of high gradients as defined in 
the literature81,82 should prompt examination for pathologic valve 
obstruction or patient prosthesis mismatch (see Chapter 26).

FIGURE 23-19  Systolic anterior motion (SAM) after mitral valve repair. A, Following P2 excision and ring annuloplasty (double arrow), SAM developed 
secondary to hypovolemia (single arrow). B, Color-flow Doppler imaging showed mitral regurgitation (MR) (purple arrow) and left ventricular outflow tract obstruc-
tion manifest as color Doppler aliasing (white arrow). C, Deep transgastric imaging allowed parallel alignment of continuous wave Doppler echocardiography beam 
with the outflow tract, showing evidence of obstruction. Both MR and outflow obstruction resolved with measures to increase blood volume and a decrease in 
inotropic support. 
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FIGURE 23-20  Prosthetic mitral valve orientation. A to C, When the bileaflet prosthetic valve occluders are aligned parallel to the position of the native 
valve leaflets, midesophageal images at 0 degrees and in a long axis plane show both leaflets opening normally in diastole (A) and closing in systole (B). D to F, 
When the prosthetic occluders are aligned perpendicular to the normal leaflet alignment (“anti-anatomic”), the transesophageal echocardiography image plane 
must be rotated to about 65 degrees to show normal occluder motion in diastole (D) and systole (E). The arrow in A indicates a reverberation or “comet tail “artifact 
originating from the sewing ring. 
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FIGURE 23-21  Paravalvular regurgitation. In a patient with rheumatic mitral valve (MV) disease and a heavily calcified annulus, a mechanical MV was placed. 
A and B, Following separation from cardiopulmonary bypass, two-dimensional transesophageal echocardiography revealed a paravalvular leak in what appeared 
to be the vicinity of the native anterior commissure. C, Three-dimensional color-flow Doppler imaging confirmed a large jet at the lateral commissure (black arrow), 
and extending around to the native A1-A2 region. Cardiopulmonary bypass was reinstituted, the position of the leak was confirmed, and reinforcement sutures 
were successfully placed. Double arrow indicates the medial commissure. 
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FIGURE 23-22  Subaortic obstruction. Following prosthetic tissue mitral valve replacement and subvalvular preservation, native anterior leaflet tissue can be 
seen obstructing the left ventricular outflow tract (A; arrow) with color-flow Doppler aliasing in the left ventricular outflow tract indicative of flow acceleration. 
(B). C, Cardiopulmonary bypass was reinstituted and when the native anterior leaflet was excised (shown here), the left ventricular outflow gradient resolved. 

A B C

What is the additive value of pre-bypass TEE in clarifying MV 
pathology? What is the impact of post-bypass TEE on the rates of 
immediate and late reoperation, and does it result in improved 
outcomes?

In an extensive meta-analysis, Michelena et al91 examined 
whether the use of intraoperative TEE in valvular heart disease 
had beneficial effects on patient outcome (Table 23-10). The avail-
ability of images obtained before surgery, before and after 

cardiopulmonary bypass, and during follow-up was a prerequisite 
for inclusion in the study. In 11% of patients, pre-bypass findings 
altered management. The most common finding was an undiag-
nosed patent foramen ovale; the actual number of patients with 
MV disease in whom intraoperative TEE findings refuted preop-
erative TTE findings was not stated. Post-bypass TEE resulted in 
a second bypass session in only 4% of patients, in the majority of 
whom there were residual valvular problems.

TABLE 23-10	 Studies Addressing the Specific Impact of Intraoperative Transesophageal Echocardiography in Surgery for 
Valvular Heart Disease

STUDY DESIGN YEAR
NO. OF 

PATIENTS VALVE SURGERY (%)
PRE-CPB 

IMPACT* (%) POST-CPB FINDINGS
SECOND CPB 
SESSION (%)

Sheikh et al92 Prospective
Nonconsecutive

1985-1988 154 MV surgery (60) (repair [26])
Aortic surgery (40) (repair 

[11])

9 Residual regurgitation 6.0 All mitral 
surgery

Grimm & 
Stewart93

Retrospective
Nonconsecutive

1984-1996 4066 Mitral repair (75)
Aortic repair (12)
Tricuspid repair (13)

NS Inadequate repair
Residual regurgitation

7.0 Total
5.0 Mitral
1.8 Aortic†

0.2 Tricuspid

Mishra et al94 Prospective
Nonconsecutive

1993-1997 1356 Mitral (62) (repair or MVR)
AVR (38)

13 Inadequate repair 2.0 All mitral 
repair

Click et al95 Prospective
Nonconsecutive

1993-1997 2369 Mitral repair (36)
MVR (18)
AVR (30) Aortic repair (5)
Other (11)

14 Inadequate repair
Perivalvular leak
LVOT obstruction

2.0 All mitral 
repair

Nowrangi et al96 Retrospective
Nonconsecutive

1993-1996 383 AVR for aortic stenosis (100) 7 New RWMA 0.0

Shapira et al97 Retrospective
Nonconsecutive

1999-2003 352 MVR (47)
AVR (43)
TVR (10)

29 Perivalvular leak
Immobilized leaflet
Coronary obstruction

4.0 Total
2.0 MVR
1.7 AVR
0.3 TVR

Bajzer et al98 Prospective
Nonconsecutive

1990s 335 Tricuspid surgery (100)
(repair or replacement)

6 Failed repair 4.0

Eltzschig et al99 Retrospective
Nonconsecutive

1990-2005 6525 MVR or repair (28)
AVR or repair (25)
Both (6)
CABG + aortic (21)
CABG + mitral (20)

9 Inadequate mitral or aortic 
repair/ replacement

New RWMA

3.0 Total
1.2 MVR or repair
0.6 AVR or repair
0.2 Both
0.3 CABG + aortic
0.7 CABG + mitral

Summary 1984-2005 15,540 Mitral surgery (56)
Aortic surgery (36)
Tricuspid surgery (8)

11 (n = 11,474) Abnormal valve result 
most common

4.0

From Michelena HI, Abel MD, Suri RM, etâ•¯al. Intraoperative echocardiography in valvular heart disease: an evidence-based appraisal. Mayo Clin Proc 2010;85:646–55. AVR, Aortic valve 
replacement; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; IOTEE, intraoperative transesophageal echocardiography; LVOT, left ventricular outflow tract; MVR, mitral 
valve replacement; NS, not specified; RWMA, regional wall motion abnormality; TVR, tricuspid valve replacement.
*Pre-CPB findings that altered the planned surgery.
†This represented 14% of all aortic repairs, compared with 7% of all mitral repairs requiring a second pump run.
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FIGURE 23-23  Para-annular anatomy. In this bicommissural view, the 
circumflex artery can be seen adjacent to the mitral annulus (red arrow). The 
blue arrow indicates the coronary sinus. LA, Left atrium; LAA, left atrial 
appendage. 
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Two questions remain. First, if pre-bypass findings contradict 
preoperative TTE findings, should the surgical plan be changed? 
The answer is yes, but only if it can be demonstrated that the new 
finding was not the result of changes in loading conditions, but 
something that could reasonably have been missed on preopera-
tive TTE, such as leaflet perforation. Second, if post-bypass 
imaging identifies abnormalities, should the finding prompt a 
second bypass session to allow correction? Clearly a gross techni-
cal failure of repair or an obvious abnormality of a prosthetic 
valve (i.e., stuck leaflet, large paravalvular leak, persistent SAM 
after medical optimization) should be addressed in the operating 
room, but more subtle degrees of MR in the adequately loaded 
patient present a greater challenge. Evidence seems to support an 
aggressive strategy to correct anything more serious than trivial 
MR, but this approach is not uniformly accepted.77

Outcomes following the use of 3D TEE in MV surgery have not 
been studied, and it is unlikely that a head-to-head comparison 
of outcomes with 3D TEE and 2D TEE will be forthcoming.

Conclusion
Decision making in MV surgery is a complex task that must incor-
porate precise imaging with knowledge of current surgical tech-
niques and outcomes. Recognizing what constitutes an acceptable 
result or a surgical failure is the most important aspect of intra-
operative echocardiography. Ongoing developments in 3D tech-
nology as well as a better understanding of the pathophysiology 
of MV disease make this an exciting area of clinical practice and 
research.
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Pathophysiology of Right-Sided  
Valve Disease

Primary versus Secondary Right-Sided  
Valve Disease
Differentiation of primary valve abnormalities from valve dysfunc-
tion secondary to pulmonary hypertension or primary right heart 
disease is an important first step in the evaluation of patients with 
tricuspid or pulmonic valve disease. Primary anatomic abnor-
malities of the tricuspid and pulmonic valves are often congenital 
and are usually diagnosed in childhood. In adults, right-sided 
valve disease is more commonly secondary to pulmonary hyper-
tension, which in turn is often due to left-sided heart disease.

Response of the Right Heart to Pressure  
and/or Volume Overload
In the setting of chronic tricuspid or pulmonic regurgitation, the 
right ventricle dilates in response to chronic volume overload, 
which is visualized on echocardiography predominantly as 
enlargement in the short axis rather than in the longitudinal axis 
dimension.1,2 Right ventricular volume overload is also associated 
with abnormal or “paradoxic” ventricular septal motion, because 
the septum moves toward the center of the right ventricle in 
systole and moves rapidly posteriorly in diastole—a pattern oppo-
site of normal.3-5 The reversed curvature of the septum is most 
marked in end-diastole, in contrast to pressure overload in which 
the maximum reversed curvature is more evident and occurs 
early in diastole.6

In chronic right ventricular volume overload, right ventricular 
systolic dysfunction occurs earlier in the disease course than is 
typical for left-sided volume overload conditions.7,8 As with left-
sided valve disease, right ventricular volume and systolic function 
typically improve after intervention for valvular regurgitation 
unless an irreversible decline in contractility has occurred.

The response of the right ventricle to chronic pressure over-
load, such as pulmonary hypertension or pulmonic stenosis, also 
differs from that of the left ventricle. Although the initial response 
is an increase in wall thickness, ventricular dilation may occur 
and depends on the acuteness and severity of the pressure over-
load state. With a gradual increase in right ventricular pressure, 
right ventricular size and systolic function may remain normal 
with a compensatory increase in right ventricular wall thickness.9 
After intervention, such as relief of pulmonic stenosis, an improve-
ment in right ventricular hypertrophy and systolic function is 
expected because of the decreased right ventricular afterload. 
Although few studies have analyzed the extent of improvement in 
right ventricular function after relief of pulmonic stenosis, the 
improvement in right ventricular dimensions and systolic function 
in most patients after lung transplantation supports the concept 
that systolic function improves with decreased afterload.10,11

In contrast, with an acute increase in right ventricular pressure, 
for example with acute pulmonary embolism, decreased right 
ventricular systolic function and clinical right heart failure may 
be seen with mean pulmonary pressures of only 20 to 40â•¯mmâ•›Hg.12 
Acute or subacute right ventricular pressure overload often results 
in right ventricular dilation with secondary annular dilation and 
tricuspid regurgitation. This combination superimposes a volume 
overload state, engendering a vicious circle of right ventricular 
dilation and worsening tricuspid regurgitation.

Key Points
■	 Tricuspid regurgitation is most frequently “functional,” not related to 

primary tricuspid leaflet pathology but rather secondary to another 
disease process causing right ventricular dilation, distortion of the 
subvalvular apparatus, tricuspid annular dilation or a combination of 
these.

■	 Severe tricuspid regurgitation due to a flail leaflet is associated with 
adverse outcomes favoring early surgical repair.

■	 Tricuspid regurgitation negatively impacts clinical outcome and 
survival regardless of left ventricular ejection fraction and severity of 
pulmonary hypertension.

■	 Tricuspid valve repair is the preferred treatment for tricuspid 
regurgitation in the absence of severely dysplastic or damaged leaflets.

■	 Tricuspid stenosis occurs infrequently and is essentially never seen in 
isolation.

■	 Pulmonic stenosis is related to a congenital or genetic disorder in 95% 
of cases; 80% of cases of valvular pulmonic stenosis occur in isolation.

■	 Balloon valvotomy is the procedure of choice for children and adults 
with severe or symptomatic pulmonic stenosis.

■	 Pulmonic stenosis with hypoplastic pulmonic annulus or dysplastic 
leaflets may require pulmonic valve replacement.

■	 Pathologic pulmonic regurgitation in adults is most often the 
consequence of prior interventions for congenital heart disease, 
including tetralogy of Fallot repair and surgical or balloon valvotomy 
for relief of pulmonic stenosis.

■	 Chronic severe pulmonic regurgitation results in progressive right 
ventricular dilation and dysfunction and right heart failure as well as 
an increased risk of arrhythmias.
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CMR methods for the assessment of right ventricular size and 

function are discussed in greater detail in Chapter 8.

PULMONARY ARTERY PRESSURES

Estimation of pulmonary pressures is an essential component of 
the examination in patients with right-sided valve disease. Right 
ventricular pressures can be estimated noninvasively from the 
velocity of the tricuspid regurgitant jet (VTR) and the appearance 
of the inferior vena cava. Most patients have some degree of tri-
cuspid regurgitation that permits estimation of the right ventricular-
to-right atrial pressure gradient (ΔPRV−RA), as described in the 
simplified Bernoulli equation:

∆P VRV RA TR− = 4 2( )

This Doppler imaging–derived pressure gradient is added to  
an estimate of right atrial pressure, which is based on the size  
and respiratory variation of the inferior vena cava caliber (see 
Chapter 6).

Tricuspid Valve Anatomy
The normal tricuspid valve is characterized by three sail-like leaf-
lets: anterior, posterior, and septal (Figure 24-1). The anterior 
leaflet is the most anatomically constant of the three, the other 
leaflets varying more often in size and position. The leaflets are 
attached to the tricuspid valve annulus and are restrained by 
chordae tendineae attached to the papillary muscles, which in 
turn insert into the right ventricular wall. However, tricuspid valve 
chordae may also insert directly into the right ventricular free 
wall, a feature distinguishing the right and left ventricles.

Tricuspid Regurgitation

Etiology
Tricuspid regurgitation that is at least moderate or greater in  
severity is most frequently “functional” or secondary in nature. 
Secondary tricuspid regurgitation by definition is not due to 
primary tricuspid leaflet pathology but is secondary to another 
disease process causing right ventricular dilation, distortion of 
the subvalvular apparatus, tricuspid annular dilation, or a combi-
nation of these problems. Causes of clinically significant tricuspid 
regurgitation are listed in Table 24-1. Furthermore, a moderate or 
greater degree of tricuspid regurgitation, regardless of etiology, 
usually engenders worsening tricuspid regurgitation owing to 
adverse hemodynamic consequences of right ventricular volume 

Principles of Diagnosis
VALVE STENOSIS AND REGURGITATION

After a thorough history and physical examination, echocardiog-
raphy remains the cornerstone of diagnosis of right-sided valve 
disease and follows the same principles as those of evaluation for 
left-sided disease (see Chapter 6), confirming the presence and 
severity of valvular stenosis and regurgitation and providing 
important information about etiology. Assessment of the conse-
quences of the valve abnormality for right ventricular size and 
function is also important.

Specific echocardiographic assessment of each right-sided 
valve lesion is outlined in detail later in this chapter.

RIGHT VENTRICULAR SIZE AND FUNCTION

Although echocardiography can provide morphologic assess-
ment of right ventricular dimensions and function, accurate mea-
surements are difficult because of the complex three-dimensional 
(3D) anatomy of the right ventricle.13 Three-dimensional echocar-
diographic imaging improves estimation of right ventricular 
volumes over two-dimensional (2D) imaging, but cardiac mag-
netic resonance (CMR) imaging is more accurate.14-16 For routine 
clinical assessment, tricuspid annular plane systolic excursion is 
a simple and reproducible measurement of right ventricular lon-
gitudinal function that correlates well with right ventricular ejec-
tion fraction by CMR.14,15 Other measures of right ventricular 
function, including the right-sided index of myocardial perfor-
mance (Tei index)17, measurements of the peak systolic velocity, 
and displacement of the tricuspid annulus using tissue Doppler 
imaging18-20 are feasible and have prognostic value in patients 
with pulmonary hypertension and other pathologies.14 Right ven-
tricular strain is a promising method of evaluating regional right 
ventricular contractility, and reduced strain predicts disease pro-
gression in pulmonary arterial hypertension.14,21

The extent of right ventricular hypertrophy can be assessed 
qualitatively from the thickness of the right ventricular free 
wall.13,14 The timing of ventricular septal motion also provides 
insight into right ventricular function. Although patterns of abnor-
mal septal motion may be appreciated on 2D imaging, the timing 
and extent of septal motion are best evaluated using M-mode 
echocardiography. When right ventricular enlargement is present, 
careful assessment of the atrial septum and pulmonary veins is 
critical to exclude left-to-right shunt, and transesophageal echo-
cardiography should be performed if uncertainty remains after 
transthoracic imaging.

FIGURE 24-1  Tricuspid Valve Anatomy. A, Pathology image demonstrating the right ventricle (RV) with tricuspid valve (TV) in short axis. The pathologic 
section is oriented to replicate the transesophageal transgastric view obtained at a transducer angle of 31 degrees. Note septal (S), anterior (A), and posterior (P) 
leaflets. MV, Mitral valve; PV, pulmonic valve; B, Transesophageal transgastric echocardiographic image using same imaging plane (defined by the border in A) 
demonstrating the right ventricle with tricuspid valve septal, anterior, and posterior leaflets. (Pathologic image courtesy Dr. William D. Edwards, Department of Labora-
tory Medicine and Pathology, Mayo Clinic College of Medicine).
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Primary tricuspid valve pathology leading to tricuspid regurgi-

tation may result from blunt trauma, iatrogenic injury, or specific 
diseases. When it is caused by permanent pacemaker or internal 
cardiac defibrillator leads, the mechanism of valve injury is vari-
able, related to lead entrapment in the tricuspid apparatus, direct 
leaflet perforation, fibrotic adhesion of the lead to the leaflet, or 
avulsion or laceration of the tricuspid valve leaflets upon lead 
removal.28 Because leaflet injury may be underappreciated, a high 
clinical index of suspicion is warranted, particularly when the 
patient with such an injury later presents with worsening right 
heart failure. Echocardiography, including 3D imaging, may be 
useful in localizing the leads relative to the tricuspid valve leaflets 
(Figure 24-2). The device leads can be visualized on computed 
tomography,29 but because of artifact from the leads, their posi-
tion relative to the tricuspid valve leaflets can be difficult to deter-
mine. Tricuspid valve repair or replacement may be required in 
symptomatic patients;28 the role of pacemaker or defibrillator 
extraction to improve tricuspid regurgitation in patients without 
infection is less clear.

Direct tricuspid valve leaflet or chordal trauma may occur from 
transvenous endomyocardial biopsy, particularly in patients who 
have undergone cardiac transplantation who have repeated biop-
sies for rejection surveillance30 (Figure 24-3). Echocardiographic 
guidance using real-time three-dimensional imaging during the 
biopsy may prevent damage to the tricuspid valve or subvalvular 
apparatus.31

The tricuspid leaflets and supporting structures may be 
damaged by blunt chest trauma, most often after a motor vehicle 
accident resulting in papillary muscle, valve, or chordal rupture. 
Affected patients may be asymptomatic and remain so for years 
following the trauma, and the murmur of tricuspid regurgitation 
is often not initially recognized.32 Conduction abnormalities, 
including right and left bundle branch block and left anterior 
hemiblock, occur in more than 90% of patients with traumatic 
tricuspid regurgitation. Severe tricuspid regurgitation due to a flail 
leaflet is associated with adverse outcomes favoring early surgical 
repair (see natural history discussion).30

Damage to the tricuspid valve may also occur as a result of 
infective and marantic endocarditis.30,33 Right-sided infective 
endocarditis is usually a manifestation of intravenous drug abuse, 
indwelling dialysis or chemotherapy venous catheters, or infected 
pacemakers or implantable cardioverter defibrillators24,34-38 (Figure 
24-4). Staphylococcus aureus accounts for 80% of these tricuspid 
valve infections, although in pacemaker- or defibrillator-associated 
endocarditis, coagulase-negative staphylococcus may be more 
common.24,35,36 In cases of implantable cardiac device or indwell-
ing catheter infections, early device extraction reduces mortality, 
and in most cases, the pacemaker or defibrillator can be explanted 
safely even with large vegetations.36,39 Infrequently, marantic or 

overload, resulting in a slow and inexorable clinical and hemo-
dynamic deterioration.

Tricuspid regurgitation secondary to pulmonary hypertension 
is seen in patients with significant left-sided heart disease, those 
with primary pulmonary hypertension, and those with pulmonary 
disease leading to cor pulmonale.22 As a general rule, when sys-
tolic pulmonary artery pressures increase beyond 55â•¯mmâ•›Hg, tri-
cuspid regurgitation can occur despite anatomically normal 
tricuspid leaflets, whereas more than mild tricuspid regurgitation 
occurring in the setting of lower systolic pulmonary pressures 
(<55â•¯mmâ•›Hg) likely reflects a structural abnormality of the valve 
leaflets or the subvalvular apparatus.23,24 Secondary tricuspid 
regurgitation also results from tricuspid annular dilation in patients 
with right ventricular enlargement resulting from right ventricular 
infarction, dilated cardiomyopathy, or chronic left-to-right shunt 
due to an atrial septal defect or anomalous pulmonary venous 
drainage.25-27

TABLE 24-1	 Causes of Tricuspid Valve Regurgitation

Congenital Tricuspid Valve Disease
Ebstein anomaly
Tricuspid valve dysplasia
Tricuspid valve hypoplasia
Tricuspid valve cleft
Double-orifice tricuspid valve
Unguarded tricuspid valve orifice

Right Ventricular Disease
Right ventricular dysplasia
Endomyocardial fibrosis

Acquired Tricuspid Valve Disease
Annular dilation
Left-sided valvular heart disease
Endocarditis
Trauma
Carcinoid heart disease
Rheumatic heart disease
Tricuspid valve prolapse
Iatrogenic (irradiation, drugs, biopsy, pacemaker, implantable cardioverter-

defibrillator)

Right Ventricular Dilation
Pulmonary hypertension:

Primary
Secondary to left-sided heart disease (valvular heart disease, 

cardiomyopathy, etc.)
Right ventricular volume overload
Atrial septal defect
Anomalous pulmonary venous drainage

FIGURE 24-2  Device Lead Related Tricuspid Regurgitation. A, Color-flow Doppler image demonstrates tricuspid regurgitation related to multiple device 
leads. B, Zoomed view of tricuspid valve in apical four-chamber view with multiple leads (arrow) crossing the valve. C, Three-dimensional echocardiographic image 
of the tricuspid valve. Full volume 3D image of the heart was obtained, and image was cropped to obtain a short-axis view of the tricuspid valve, shown here from 
the right ventricular aspect of the valve. The device leads (arrow) are seen impinging on the motion of the septal leaflet. RA, Right atrium; RV, right ventricle; S, 
septal leaflet. 
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Serotonin produced by the primary tumor and metastases is rec-
ognized to be an agent involved in the development and progres-
sion of valve disease in patients with carcinoid syndrome.48 
Carcinoid heart disease involves a combination of tricuspid regur-
gitation (Figure 24-5) with rare stenosis as well as pulmonic ste-
nosis and regurgitation. Left-sided valvular involvement occurs in 
approximately 10% of patients with carcinoid, generally in rela-
tion to right-to-left shunting of serotonin-rich blood through a 
patent foramen ovale or primary lung metastases.49 Rarely, carci-
noid valve disease occurs in patients without hepatic metastases; 
an ovarian carcinoid tumor should be sought in this setting.50

Mediastinal irradiation can directly damage the tricuspid leaf-
lets (Figure 24-6). The associated post-inflammatory fibrosis and 
calcification, which usually manifest 5 years or longer after the 
radiation insult, result in distortion of the leaflets, causing tricus-
pid regurgitation.24,51,52 Assessment and treatment of tricuspid 
regurgitation in this setting may be complicated by concomitant 
dysfunction of other cardiac valves as well as pericardial, myo-
cardial, and coronary artery involvement.

Endomyocardial fibrosis, which is prevalent in tropical Africa, 
causes fibrosis of the papillary muscle tip and thickening and 

noninfective endocarditis occurs in the setting of systemic lupus 
erythematosus, rheumatoid arthritis, or antiphospholipid anti-
body syndrome.40 The tricuspid valve may also be affected in up 
to 30% to 50% of patients with rheumatic valve disease.41

Serotonin-active drugs can induce fibroproliferative changes to 
the tricuspid valve leaflets, which are mediated by the 5-HT2B 
receptor.42 These changes result in pathologic and echocardio-
graphic features similar to those seen in carcinoid heart disease, 
with thickened tethered leaflets leading to tricuspid regurgitation. 
This association was first described with the ergot alkaloids, 
ergotamine and methysergide, used for migraine therapy.43 The 
anorectic agents fenfluramine and dexfenfluramine were subse-
quently implicated and have since been withdrawn from the 
market.44 Pergolide and cabergoline, dopamine agonists used in 
the treatment of Parkinson disease and restless leg syndrome, 
induce valve thickening and regurgitation by a similar mechanism 
and have also been withdrawn.45-47

Carcinoid heart disease is a rare but distinctive form of valve 
disease affecting primarily the right-sided cardiac valves. Carci-
noid tumors arise from argentaffin cells; the primary tumor is 
usually located in the small bowel and metastasizes to the liver. 

FIGURE 24-3  Flail tricuspid valve leaflet that occurred as a complication of an endomyocardial biopsy. A, Parasternal right ventricular inflow view; 
the posterior leaflet is flail (arrow). CS, CoroÂ�nary sinus; RA, right atrium; RV, right ventricle. B, Apical four-chamber view with color-flow Doppler imaging. Eccentric, 
laterally directed jet of tricuspid regurgitation. LA, left atrium; LV, left ventricle. 

RA

RV

CS
LA

LV
RV

RA

A B

FIGURE 24-4  Endocarditis associated with a device lead. A, Transesophageal echocardiography shows vegetation (arrow) attached to the right atrial (RA) 
portion of the right ventricular (RV) defibrillator lead and to the posterior leaflet of the tricuspid valve. B, On transgastric short-axis image, the tricuspid valve and 
the defibrillator lead and vegetation (arrow) are visualized moving together with the posterior leaflet. Following device extraction, the vegetation was still attached 
to the posterior leaflet. LV, Left ventricle. 
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ventricle and variable tethering of the anterior leaflet as well as 
variability in the severity of tricuspid regurgitation. A patent 
foramen ovale or atrial septal defect occurs in more than 50% of 
patients. Other associated defects include accessory conduction 
pathways, pulmonic stenosis, and ventricular septal defect.56

Diagnosis
The course and presentation of tricuspid regurgitation are vari-
able; moderate to severe tricuspid regurgitation is often well toler-
ated, and patients can remain asymptomatic for years. Symptoms 
depend on the acuity and chronicity of valve dysfunction and 
resultant right chamber dilation, and they are usually related to 
hemodynamic changes that occur as a result of elevated right 
atrial pressure due to tricuspid regurgitation. Chronic, severe tri-
cuspid regurgitation leads to right heart failure and low cardiac 
output, resulting in fatigue and decreased exercise tolerance. 
Peripheral edema and hepatic congestion with associated 
anorexia and abdominal fullness can occur, and eventually, 
ascites and anasarca may develop.

Physical examination findings are characterized by jugular 
venous distention with a visible systolic v wave in 35% to 75% of 
patients.25-27 Hepatomegaly is present in 90% of patients, but pal-
pable systolic pulsation of the liver is less common. Classically 
the holosystolic murmur of tricuspid regurgitation is heard along 
the left sternal border with radiation to the hepatic region and 
increases in intensity with inspiration because of increased sys-
temic venous return.26 However, the murmur is often inaudible 
and can be auscultated in fewer than 20% of patients with docu-
mented tricuspid valve regurgitation.25-27 In addition, many 
patients have atrial fibrillation, which further confounds interpre-
tation of the characteristic respiratory variation in murmur 
intensity.25-27,57

As many as 80% to 90% of patients referred for echocardiogra-
phy have some degree of tricuspid regurgitation.58 Tricuspid regur-
gitation can be qualitatively graded with use of color-flow Doppler 
imaging according to the extent of the systolic color-flow distur-
bance in the right atrium and semiquantitatively from the density 
of the continuous wave Doppler echocardiography signal (Figure 
24-8A). Severe tricuspid regurgitation is characterized by a dense 
and dagger-shaped continuous wave Doppler signal appearance 

shortening of the leaflets and chordae, leading to regurgitation. 
This process may affect both mitral and tricuspid valves.

Congenital causes of tricuspid regurgitation are rare and 
include congenital tricuspid valve prolapse, which may occur as 
an isolated abnormality or may be associated with mitral valve 
prolapse and other connective tissue disorders.53,54 The most 
common congenital cause of tricuspid regurgitation is Ebstein 
anomaly55 (Figure 24-7). In this entity there is apical displacement 
of the septal and posterior tricuspid valve leaflets into the right 

FIGURE 24-5  Tricuspid Regurgitation due to Carcinoid Heart Disease. A, Apical four-chamber view demonstrates thickened septal and anterior tricuspid 
valve leaflets with right ventricular (RV) enlargement and dysfunction in carcinoid heart disease. The patient previously had mitral valve replacement. B, Color-flow 
Doppler image shows severe tricuspid regurgitation in the same patient. Note the laminar color flow (asterisk) filling an enlarged right atrium (RA). LA, Left atrium, 
LV, left ventricle. 
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FIGURE 24-6  Radiation-induced valvular heart disease in a patient 
treated for lymphoma. Extensive thickening and calcification of both the 
mitral and tricuspid annuli (arrows) and leaflets., LA, Left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle. 
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are common secondary to right atrial enlargement and may be 
difficult to treat in the presence of persistent tricuspid regurgita-
tion. Initially symptoms of right heart failure and volume overload 
can be palliated with diuretics, but as hepatic congestion and 
resultant anorexia develop, patients may become nutritionally 
depleted.

Tricuspid valve regurgitation has an important impact on clini-
cal outcome and survival in patients with cardiovascular disease. 
Mortality is higher in patients with tricuspid regurgitation regard-
less of ejection fraction or severity of pulmonary hypertension.65 
Severe tricuspid regurgitation following percutaneous mitral 
balloon valvotomy has a negative effect on survival,66 and as in 
patients who have undergone mitral valve replacement, subse-
quent severe tricuspid regurgitation is associated with a signifi-
cant reduction in exercise capacity.67

Tricuspid regurgitation from flail leaflets is associated with an 
increased risk of atrial fibrillation, heart failure, need for surgery, 
or death.30 The natural history of tricuspid regurgitation due to 
flail tricuspid valve leaflets was demonstrated in a cohort of  
60 patients at Mayo Clinic, half of whom underwent operative 
intervention (27 tricuspid valve repair, 6 tricuspid valve replace-
ment). In this series, operative risk was low, and symptomatic 
improvement was noted in 88% of operated patients. Unoperated 

due to rapid equalization of pressures between the right atrium 
and right ventricle (Figure 24-8B). Ancillary echocardiographic 
findings in patients with severe tricuspid regurgitation include 
inferior vena cava dilation of more than 2â•¯cm and systolic flow 
reversals in the hepatic veins59-62 (Figure 24-8C).

The effective regurgitant orifice area can be estimated by mea-
suring the vena contracta on color-flow Doppler imaging; a vena 
contracta larger than 0.7â•¯cm indicates severe tricuspid regurgita-
tion.24,61-63 Quantitative Doppler assessment is also feasible with 
use of the proximal isovelocity surface area (PISA) method, 
although this requires angle correction.61 As with auscultation of 
the tricuspid regurgitant murmur, respiratory changes occur that 
may impact Doppler quantification of tricuspid regurgitation. 
Both the effective regurgitant orifice and the regurgitant volume 
significantly increase with inspiration, independent of both the 
severity and pathophysiology of tricuspid regurgitation and the 
degree of pulmonary hypertension.64

Natural History
The natural history of severe tricuspid regurgitation is often one 
of a prolonged latent period with eventual progressive right ven-
tricular and later right atrial volume overload. Atrial arrhythmias 

FIGURE 24-7  Ebstein anomaly. Characteristic findings are apical displacement of the septal leaflet of the tricuspid valve (arrowhead) and variable tethering 
of the anterior leaflet. The segment of right ventricular (RV) myocardium between the leaflet insertion and the anatomic annulus is “atrialized” (ARV), as seen in the 
pathology specimen demonstrated in the apical four-chamber “apex down” imaging format (A) and the two-dimensional echocardiographic image demonstrated 
in the same format (B). C, Because of associated valve disease, severe tricuspid regurgitation (TR) was noted on color-flow imaging, resulting in severely enlarged 
right heart chambers. LA, left atrium; LV, Left ventricle; RA, right atrium. (Pathology image courtesy Dr. William D. Edwards, Department of Laboratory Medicine and 
Pathology, Mayo Clinic College of Medicine.)
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FIGURE 24-8  Severe tricuspid regurgitation. A, Apical four-chamber view. With color-flow Doppler imaging, the tricuspid regurgitant jet fills >10â•¯cm2, or 
≥30% of the right atrium (RA). B, Continuous wave Doppler signal across the tricuspid valve demonstrates a dagger-shaped signal consistent with rapid equaliza-
tion of right ventricular and right atrial pressures. C, Hepatic vein pulsed wave Doppler signal with accompanying electrocardiogram tracing demonstrating systolic 
flow reversals (arrows), reflecting retrograde flow in the hepatic veins that can be appreciated clinically as a pulsatile liver and a v wave on the jugular venous 
examination. Hepatic vein systolic reversal may not be specific for severe tricuspid regurgitation when atrial fibrillation is present. LA, Left atrium; LV, left 
ventricle. 
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flail with severe tricuspid valve regurgitation. Tricuspid valve 
operation is also recommended in patients with moderate or 
more tricuspid valve regurgitation undergoing other cardiac 
surgery. The American Heart Association (AHA)/American 
College of Cardiology (ACC) and European Society of Cardiology 
(ESC) guidelines for indications for tricuspid valve repair and 
replacement are summarized in Tables 24-2 and 24-3; both guide-
lines specify the presence of symptoms or need for additional 
cardiac surgery as important indications.24,62

TIMING OF SURGERY

Timing of surgery for tricuspid regurgitation remains controversial, 
in part because of limited and heterogenous data on postopera-
tive outcomes.24 Reported short- and long-term mortality rates fol-
lowing tricuspid valve surgery are high, with up to 20% operative 
mortality and 50% mortality at 10 years.68-71 These rates may reflect 
the latent course of tricuspid regurgitation, operation for which 
often occurs in patients with advanced disease and heart failure. 
Advanced age, emergency status, associated atrial fibrillation, and 
pulmonary hypertension are preoperative predictors of poor 
outcome,69 but heart failure and elevated right-sided filling pres-
sures (defined by short tricuspid regurgitation duration) are 
among the most important determinants.71 In a cohort of patients 
at Mayo Clinic who underwent tricuspid valve surgery and were 
stratified according to according to severity of preoperative heart 
failure, operative mortality was higher (18%) in patients with New 
York Heart Association class IV symptoms than in those with less 
advanced heart failure (0% for class II, 9% for class III; P = 0.02). 
Similarly, long-term outcomes, regardless of whether concomitant 
left-sided valve replacement was performed, were better in patients 
without advanced heart failure symptoms preoperatively.71 These 
findings argue for earlier intervention, before the onset of severe 
right ventricular dysfunction and heart failure.

patients experienced higher than expected mortality (4.5% yearly; 
P <0.01) than a matched U.S. population. Right-sided chamber 
enlargement, even in asymptomatic patients, was associated with 
a marked increase in morbidity. Unfortunately, risk of atrial 
arrhythmia may persist even after successful repair.

Medical and Surgical Treatment
GENERAL

The patient’s clinical status and the etiology of the tricuspid valve 
regurgitation determine the appropriate therapeutic strategy 
(Tables 24-2 and 24-3).24 Correctable causes should be identified 
and addressed. Medical management of symptomatic tricuspid 
regurgitation centers on treatment of right heart failure and pri-
marily involves the use of diuretics combined with fluid and 
sodium restriction to manage volume status. In patients with left 
ventricular dysfunction, additional medical therapy may be 
required for management of left heart failure, but care should be 
taken to avoid exacerbating fatigue and hypotension related to a 
low cardiac output.

Tricuspid valve surgery is the only treatment demonstrated to 
be effective for symptomatic tricuspid valve regurgitation. At our 
institution, tricuspid valve repair or replacement is recommended 
for patients with severe tricuspid valve regurgitation without 
important comorbidities and (1) symptomatic right heart failure 
(reduced cardiac output, fatigue, exertional dyspnea, diminished 
exercise capacity), (2) mitral valve disease or other cardiac 
disease that requires operative intervention, (3) progressive right 
ventricular enlargement or dysfunction, and (4) select asymptom-
atic patients, such as patients with traumatic tricuspid valve  

TABLE 24-2

	 Management of Patients with Severe 
Tricuspid Regurgitation (American  
College of Cardiology/American Heart 
Association Guidelines)*24

Class I
Tricuspid valve repair is beneficial for severe TR in patients with MV disease 

requiring MV surgery. (Level of Evidence: B)

Class IIa
1.	 Tricuspid valve replacement or annuloplasty is reasonable for severe 

primary TR when symptomatic. (Level of Evidence: C)
2.	 Tricuspid valve replacement is reasonable for severe TR secondary to 

diseased/abnormal tricuspid valve leaflets not amenable to 
annuloplasty or repair. (Level of Evidence: C)

Class IIb
Tricuspid annuloplasty may be considered for less than severe TR in 

patients undergoing MV surgery when there is pulmonary hypertension 
or tricuspid annular dilation. (Level of Evidence: C)

Class III
1.	 Tricuspid valve replacement of annuloplasty is not indicated in 

asymptomatic patients with TR whose pulmonary artery systolic 
pressure is less than 60â•¯mmâ•¯Hg in the presence of a normal MV. (Level of 
Evidence: C)

2.	 Tricuspid valve replacement or annuloplasty is not indicated in patients 
with mild primary TR (Level of Evidence: C)

MV, Mitral valve; TR, tricuspid regurgitation.
*Classification of recommendations and level of evidence are expressed in the ACC/AHA 
format are as follows:
Class I: Conditions for which there is evidence for and/or general agreement that the 

procedure or treatment is beneficial, useful, and effective.
Class II: Conditions for which there is conflicting evidence and/or a divergence of opinion 

about the usefulness/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 the 
procedure/treatment is not useful/effective and in some cases may be harmful.

Level of Evidence B: Data derived from a single randomized trial or nonrandomized 
studies.

Level of Evidence C: Only consensus opinion of experts, case studies, or 
standard-of-care.

TABLE 24-3
	 Indications for Intervention in Tricuspid 

Valve Disease (European Society of 
Cardiology Guidelines)*62

INDICATION CLASS

Symptomatic severe TS IC

Severe TS in patients undergoing left-sided valve intervention IC

Severe primary or secondary TR in patients undergoing left-sided 
valve surgery†

IC

Symptomatic severe isolated primary TR without severe RV 
dysfunction†

IC

Moderate primary TR in a patient undergoing left-sided valve 
surgery

IIaC

Moderate secondary TR with dilated annulus (>40â•¯mm or 
>21â•¯mm/m2) in a patient undergoing left-sided valve surgery

IIaC

Severe TR and symptoms, after left-sided valve surgery, in the 
absence of left-sided myocardial, valve, or right ventricular 
dysfunction and without severe pulmonary vascular disease

IIaC

Severe isolated primary TR with mild or no symptoms and 
progressive dilation or deterioration of RV function

IIbC

TR, Tricuspid regurgitation; TS, tricuspid stenosis.
*Recommendation classes and levels of evidence:
Class I: Evidence and/or general agreement that a given treatment or procedure is 

beneficial, useful, and effective.
Class II: Conflicting evidence and/or a divergence of opinion about the usefulness/efficacy 

of a 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.

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 and/or small studies, 
retrospective studies, registries.

†Percutaneous technique can be attempted as a first approach if TS is isolated.
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the patient with an established indication for long-term anticoagu-
lation, for example, concomitant mechanical left-sided prosthesis 
or atrial fibrillation. Although there is a risk of thrombosis or bleed-
ing due to long-term anticoagulation with mechanical valves, 
several large series have reported no differences in mortality 
between bioprosthetic and mechanical tricuspid valves.68,70,83,84

Percutaneous native tricuspid valve replacement has been per-
formed in animal studies. Off-label use of the Melody biopros-
thetic percutaneous pulmonic valve placed in a dysfunctional 
tricuspid bioprosthesis has been reported in a small number of 
patients and has yielded promising results with reduction in tri-
cuspid regurgitation or transvalvular gradient and clinical 
improvement85,86 (Figure 24-9). Video-assisted minimal-access 
procedures to replace the tricuspid valve may be another alterna-
tive treatment option.87

TRICUSPID REGURGITATION WITH MITRAL  
VALVE DISEASE

In the setting of left-sided valvular heart disease, both the latest 
ACC/AHA and ESC valvular heart disease guidelines suggest that 
tricuspid valve annuloplasty should be considered at the time of 
left-sided valve surgery even when less than severe or even mild 
tricuspid regurgitation is present, if there is associated annular 
dilation.24,62 The outlook is poor for patients who have previously 
undergone left-sided valvular heart disease surgery and subse-
quently present with symptomatic severe tricuspid regurgitation. 
Although “repeat” surgery to specifically address the tricuspid 
valve regurgitation in these patients can be performed with 
acceptable early mortality (9%) and symptomatic improvement, 
late mortality remains high (event-free survival 42% ± 9%), espe-
cially in those with advanced age and multiple previous cardiac 
operations.88

Despite the recommendation from the ACC/AHA and the ESC, 
tricuspid valve procedures represent only one tenth the number 
of mitral valve procedures performed in the United States yearly, 
suggesting that tricuspid valve repair is still underutilized in this 
setting.77 Some observational studies have documented improve-
ment in tricuspid regurgitation severity when percutaneous 
balloon mitral valvotomy is performed in patients with mitral 
stenosis, severe pulmonary hypertension, and significant second-
ary tricuspid regurgitation, as a result of relief of pulmonic  
stenosis and resultant drop in pulmonary artery pressures.89,90 
Nevertheless, tricuspid valve repair combined with mitral valve 
replacement has been shown to be better than percutaneous 
balloon mitral valvotomy alone in patients with mitral stenosis 
and severe secondary tricuspid regurgitation, especially if they 
also have atrial fibrillation or right ventricular enlargement.91

Yilmaz etâ•¯al,92 reporting on 699 patients undergoing mitral 
valve repair for degenerative mitral valve prolapse with 

TRICUSPID VALVE REPAIR VERSUS REPLACEMENT

Accurate imaging of the tricuspid valve anatomy prior to surgery 
is paramount. Although intraoperative transesophageal echocar-
diography may allow refinement of annuloplasty techniques to 
optimize outcome,72-74 assessment of the tricuspid valve with intra-
operative transesophageal echocardiography is difficult owing to 
limited Doppler echocardiography angles of interrogation and 
periprocedural hemodynamic alterations that may reduce the 
severity of tricuspid regurgitation. A comprehensive assessment 
of the severity of tricuspid regurgitation is best undertaken by 
careful preoperative transthoracic echocardiography.24

In the setting of tricuspid annular dilation in the absence of 
significant abnormalities of the tricuspid valve leaflets, tricuspid 
valve repair is generally the preferred approach. Singh etâ•¯al,75 
comparing tricuspid valve replacement with repair in “primary” 
tricuspid valve disease, demonstrated that tricuspid valve repair 
was associated with better perioperative and mid-term event-free 
survival than tricuspid valve replacement, and despite increased 
severity of recurrent tricuspid regurgitation in patients undergo-
ing repair, there was no difference in reoperation rates or New 
York Heart Association functional class during follow-up.75

Options for tricuspid valve repair include ringed or flexible 
band annuloplasty, DeVega (purse-string) annuloplasty, edge-to-
edge (Alfieri-type) repairs, and posterior annular bicuspidaliza-
tion.76,77 Robotically assisted, minimally invasive tricuspid valve 
repair techniques have also been employed and may be a poten-
tial alternative.78 Compared with a purse-string annuloplasty, 
ringed annuloplasty is associated with better long-term event-free 
survival and greater freedom from recurrent tricuspid regurgita-
tion.79 The degree of tricuspid valve tethering and the severity of 
early postoperative left ventricular dysfunction and recurrent  
tricuspid regurgitation are important determinants of residual  
and persistent tricuspid regurgitation following tricuspid valve 
repair.80,81 Although preoperative and postoperative pulmonary 
hypertension was not predictive of recurrent tricuspid regurgita-
tion, postoperative increase in pulmonary artery pressures was a 
risk factor.81

Tricuspid valve replacement is indicated for patients who have 
abnormal tricuspid valves not amenable to repair, including those 
with carcinoid heart disease, rheumatic heart disease, some 
patients with Ebstein anomaly, and those with recurrent tricuspid 
valve regurgitation after prior repair. Most commonly, tricuspid 
valve replacement is undertaken with a bioprosthesis, which 
avoids the need for long-term anticoagulation, and the durability 
of right-sided bioprostheses is superior to that of left-sided pros-
theses, likely related to lower transvalvular pressure gradients.82 
Pericardial bioprostheses are generally avoided in the tricuspid 
position owing to leaflet stiffness and the associated risk of obstruc-
tion. Mechanical tricuspid valve prostheses can be considered in 

FIGURE 24-9  Dysfunctional tricuspid valve prosthesis treated with Melody stented valve (valve-in-valve procedure). A, Transesophageal echocar-
diography demonstrating a transverse view of the right atrium (RA), left atrium (LA), right ventricle (RV), and tricuspid valve bioprosthesis (arrow; left panel). Severe 
prosthetic tricuspid regurgitation is noted on color-flow Doppler imaging (right panel). B, Fluoroscopy image, left lateral view. A catheter with the Melody valve 
(black arrow) is placed through the tricuspid valve bioprosthesis (red arrow). Note the dual-chamber pacemaker with a coronary sinus lead as the primary ventricular 
pacing lead; no right ventricular lead was placed through the tricuspid valve bioprosthesis. C, Right anterior oblique view following completed placement of the 
Melody valve (black arrow) with the stent fully deployed through the tricuspid valve bioprosthetic valve (red arrow). 
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therapy alone because of the risk of cardiac surgical intervention 
and the poor overall prognosis.

PACEMAKER- OR DEFIBRILLATOR-INDUCED TRICUSPID 
REGURGITATION.â•‡ Patients with severe tricuspid regurgitation 
due to pacemaker or implantable cardioverter defibrillator lead 
impingement or perforation demonstrate symptomatic improve-
ment following tricuspid valve repair or replacement.28 Repair 
involves suture repair of a defect in the leaflet and positioning of 
the device lead by suture fixation in the recess of either the pos-
teroseptal or anteroposterior commissure. With tricuspid valve 
replacement, the device lead is placed outside the sewing ring. 
When pacing is required in the setting of an existing tricuspid 
mechanical prosthetic valve, a ventricular lead cannot be placed 
across the valve, and an epicardial lead or endovascular coronary 
sinus pacing lead may be required (Figure 24-10A and B). In 
selected patients, device leads can be placed across a biopros-
thetic valve without causing significant tricuspid valve prosthesis 
dysfunction (Figure 24-10C).97

TRICUSPID REGURGITATION IN PATIENTS UNDERGOING 
LEFT VENTRICULAR ASSIST DEVICE PLACEMENT.â•‡ Left ven-
tricular assist devices are increasingly utilized to treat advanced 
heart failure, and severe right ventricular dysfunction is a predic-
tor of high postoperative mortality.98 Concomitant tricuspid valve 
repair for severe tricuspid regurgitation promotes right ventricular 
reverse remodeling and improved clinical outcomes.99 In one 
study, outcomes with tricuspid valve repair at the time of surgery 
for left ventricular assist device placement were comparable to 
those with biventricular assist device or total artificial heart 
implantation in patients with severe right ventricular dysfunction 
and tricuspid regurgitation.100

ATRIAL FIBRILLATION.â•‡ Patients with severe tricuspid valve 
regurgitation and atrial arrhythmias referred for surgical interven-
tion should be considered for concomitant partial or full maze 
procedure. Although this latter procedure may not alleviate atrial 
fibrillation, it may decrease the clinical impact.101

PREGNANCY.â•‡ The patient with isolated severe tricuspid regur-
gitation generally tolerates pregnancy well in the absence of right 
heart failure, unless an arrhythmia occurs.

ATRIAL SEPTAL DEFECT.â•‡ Adult patients with an atrial septal 
defect or other shunt lesion causing tricuspid annular dilation and 
more-than-moderate tricuspid regurgitation should be considered 
for operative atrial septal defect closure and tricuspid valve repair 
to decrease the extent of right heart enlargement, given the unpre-
dictable reduction in regurgitation following atrial septal defect 
closure alone.

associated less-than-severe tricuspid regurgitation, observed that 
tricuspid regurgitation improved following surgery and remained 
clinically insignificant at 5 years of follow-up, arguing for a selec-
tive approach to tricuspid valve repair in this patient population. 
However, the likelihood of developing or worsening secondary 
tricuspid regurgitation is affected by the etiology of mitral valve 
disease, and because the etiology of mitral valve disease is not 
homogenous, these results cannot be generalized.77,92

SPECIFIC CONSIDERATIONS BASED ON ETIOLOGY

FLAIL TRICUSPID VALVE LEAFLETS.â•‡ Early surgery should be 
considered for patients with severe tricuspid regurgitation result-
ing from blunt chest trauma, because the long-term prognosis of 
flail tricuspid leaflets is poor30 and the likelihood of repair is high.

EBSTEIN ANOMALY.â•‡ Although tricuspid valve replacement 
may be required, tricuspid valve repair options are possible for 
patients with Ebstein anomaly.55 Appropriate patient selection is 
critical, and these procedures should be performed at tertiary care 
centers by congenital cardiac surgeons. A series from Mayo Clinic 
of 539 patients with Ebstein anomaly suggests that 20-year survival 
may be higher in patients who undergo tricuspid valve repair, but 
residual tricuspid regurgitation persisted in 33% of patients under-
going repair compared with none in those who underwent replace-
ment. Considerations for valve replacement rather than repair 
include older age (>12 years) and more-than-moderate residual 
tricuspid regurgitation at the end of the operation.93

CARCINOID HEART DISEASE.â•‡ Carcinoid heart disease is best 
treated surgically with valve replacement, and operative interven-
tion has a beneficial impact on patient survival and functional 
class.48,94,95 Indications for operative intervention in patients with 
controlled carcinoid disease include progressive fatigue, dyspnea 
or right heart failure, and progressive right heart enlargement or 
dysfunction. Asymptomatic patients with severe carcinoid heart 
disease may be candidates for valve replacement, which might 
permit partial hepatic resection or liver transplantation.

SECONDARY TRICUSPID REGURGITATION DUE TO PUL-
MONARY HYPERTENSION.â•‡ In patients with pulmonary hyper-
tension secondary to pulmonary thromboembolic disease, 
pulmonary thromboendarterectomy alone has been shown to 
reduce not only pulmonary hypertension but also tricuspid  
regurgitation without the need for concomitant tricuspid annulo-
plasty even if the tricuspid valve annulus is dilated.96 Tricuspid 
regurgitation secondary to severe primary pulmonary hyperten-
sion is usually treated with pulmonary vasodilator and diuretic 

FIGURE 24-10  Pacemaker lead placement options in patients with tricuspid valve prostheses. A, Coronary sinus (CS) venogram (arrow) in a patient 
with radiation-induced valvular heart disease, and mitral and tricuspid mechanical prostheses. Note the abandoned epicardial pacing leads (red arrow). B, CS lead 
(arrow) placed for ventricular pacing in the same patient. C, Transesophageal echocardiography depicting a transverse view of the right atrium (RA) and right 
ventricle (RV) with trivial tricuspid regurgitation on color-flow Doppler imaging after a pacemaker lead was placed through the tricuspid valve bioprosthesis. Two 
years later, only trivial tricuspid regurgitation was still present. 
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Natural History
Few data are available on the natural history of isolated tricuspid 
stenosis because it typically accompanies rheumatic mitral valve 
disease. In a retrospective study of 13 patients with severe rheu-
matic tricuspid stenosis, 12 underwent surgery for mitral and/or 
aortic valve involvement, and 6 of these had concurrent tricuspid 
valve surgery.113 Like mitral stenosis, tricuspid valve obstruction is 
the result of a chronic, slowly progressive disease process corre-
lating with a gradual increase in stenosis severity and gradual 
symptom onset.

Medical and Surgical Treatment
Medical therapy for hemodynamically significant tricuspid steno-
sis consists of diuresis to improve systemic venous congestion and 
heart rate control to promote effective diastolic filling. However, 
these methods are only temporizing, and tricuspid valve replace-
ment is usually required24,62 (see Tables 24-2 and 24-3).

Tricuspid balloon valvotomy has been advocated for tricuspid 
stenosis of various causes. However, severe tricuspid regurgita-
tion is a common consequence of this procedure, and results are 
poor when severe tricuspid regurgitation develops.24,114,115 Percuta-
neous valve replacement (valve-in-valve) may be an option in 
selected patients with previous valve replacement and biopros-
thetic valve stenosis.86

Pulmonic Stenosis

Etiology
Pulmonic valve stenosis is related to a congenital or genetic dis-
order in 95% of cases. Although pulmonic stenosis may be a 
feature of complex congenital cardiac lesions, such as tetralogy 
of Fallot, 80% of cases occur in isolation. Rarely, carcinoid syn-
drome and rheumatic valve disease may cause pulmonic valve 
stenosis but these lesions essentially always occur in conjunction 
with other valve disease.105

The abnormal pulmonic valve may be classified as acommis-
ural, with prominent systolic doming of the valve cusps and an 
eccentric orifice; unicommissural, with a single asymmetric com-
missure; bicuspid, with fused commissures; or dysplastic, with 
severely thickened and deformed valve cusps (Figure 24-11). 
Evaluation of valve morphology is important because dysplastic 
valves respond poorly to balloon dilation. The pulmonic annulus 
and outflow tract may also be narrowed; this type of valve mor-
phology is common in patients with Noonan syndrome.

Pulmonic stenosis may be associated with pulmonary artery 
aneurysms. Most patients with pulmonary artery enlargement and 
congenital pulmonic stenosis do not require operative interven-
tion unless they have either symptomatic compression of adjacent 
structures or pulmonic regurgitation with associated right heart 
enlargement. However, rupture or dissection may occur when 
severe pulmonary artery dilation occurs in the setting of severe 
pulmonary hypertension.116,117

The patient with repaired congenital heart disease involving 
placement of an extracardiac conduit from the right ventricle to 
pulmonary arteries requires long-term monitoring. Such a conduit 
is prone to degeneration, resulting in pulmonic stenosis or 
regurgitation.

Diagnosis
Most patients with mild or moderate pulmonic stenosis are asymp-
tomatic, and even those with severe obstruction can be asymp-
tomatic. Typical symptoms include fatigue and dyspnea due to 
reduced cardiac output. Patients can delay symptom onset by 
adjusting their lifestyle and level of exertion. Exertional lighthead-
edness or syncope may occur in adults with pulmonic stenosis 
associated with systemic or suprasystemic right ventricular 

Tricuspid Stenosis

Etiology
In developed countries, tricuspid valve stenosis is an exception-
ally rare clinical condition. Although rheumatic heart disease 
accounts for about 90% of all cases, concurrent tricuspid stenosis 
occurs in only 3% to 5% of patients with rheumatic mitral valve 
disease.102,103 Other, more unusual causes of tricuspid stenosis 
include carcinoid heart disease,104 congenital anomalies, infec-
tive endocarditis due to large (often fungal) vegetations and 
Whipple disease.105 Bioprosthetic tricuspid valves can degenerate 
and become stenotic. A right atrial myxoma might manifest as 
signs and symptoms mimicking those of obstruction at the tricus-
pid valve level (Table 24-4).

Diagnosis
Because patients with rheumatic tricuspid stenosis invariably 
have coexisting mitral valve disease, it is difficult to separate 
symptoms specific to tricuspid valve obstruction from those of 
mitral valve stenosis and/or regurgitation, which include fatigue, 
dyspnea, and peripheral edema.103,106,107

On physical examination, venous pressure is elevated with a 
prominent a wave and characteristically an opening snap, fol-
lowed by a diastolic rumbling murmur at the right sternal border 
that varies with respiration.108 As with tricuspid regurgitation, the 
murmur is often inaudible.

Atrial fibrillation is present in 50% of cases, but right atrial 
enlargement may be evident on electrocardiography in patients 
in sinus rhythm.103,106-108 An enlarged right atrium is often present 
on chest radiography with normal pulmonary artery size and 
clear lung fields. The transvalvular pressure gradient and valve 
area of the stenotic tricuspid valve can be measured by hemody-
namic catheterization, but evaluation by Doppler echocardiogra-
phy has replaced the need for routine catheterization.109-111

Echocardiography enables a definitive diagnosis of the etiology 
and severity of tricuspid stenosis. Rheumatic involvement paral-
lels the changes seen with rheumatic mitral valve disease, includ-
ing commissural fusion and diastolic doming with thickened and 
shortened chordae. Even on echocardiography, findings can be 
subtle, so tricuspid valve involvement may be overlooked unless 
specific attention is directed to the tricuspid valve in patients with 
rheumatic mitral valve disease. Unlike in mitral stenosis, short-
axis 2D imaging of the valve orifice is rarely feasible in tricuspid 
stenosis; 3D imaging may be useful to better define the valve 
anatomy and orifice size.112

Evaluation of the degree of tricuspid stenosis includes calcula-
tion of the mean pressure gradient and valve area. Tricuspid ste-
nosis is considered hemodynamically significant when the mean 
gradient is 5â•¯mmâ•¯Hg or greater, valve area is 1.0â•¯cm2 or less, and 
the pressure half-time is 190 milliseconds or longer.112 During 
assessment of the mean gradient, measurements should be aver-
aged throughout the respiratory cycle. If atrial fibrillation is 
present, a minimum of five cardiac cycles should be recorded, 
and the measurements averaged. The valve area can be calcu-
lated by the pressure half-time method as in mitral stenosis, using 
a constant of 190, or, in the absence of significant tricuspid regur-
gitation, with the continuity equation.112

TABLE 24-4	 Causes of Tricuspid Stenosis

Rheumatic heart disease
Congenital tricuspid stenosis
Right atrial tumors
Carcinoid heart disease
Endomyocardial fibrosis
Valvular vegetations
Extracardiac tumors
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The chest radiograph findings may be normal or may demon-
strate features of right heart enlargement and dilation of the pul-
monary artery (Figure 24-12B). In severe pulmonic stenosis, the 
vascular lung markings may be diminished.

Transthoracic Doppler echocardiography is recommended for 
initial and serial follow-up evaluations of pulmonic stenosis.24,120 
Two-dimensional echocardiography demonstrates the thickened 
pulmonic valve cusps with characteristic doming in systole as the 
cusps reach their limit of excursion. The severity of pulmonic 
stenosis is determined by the peak transpulmonic velocity with 
the use of continuous wave Doppler echocardiography to calcu-
late the transvalvular pressure gradient (Figure 24-13). Severe 
pulmonic stenosis is defined as a peak gradient greater than 
60â•¯mmâ•›Hg, moderate as a peak gradient 36 to 60â•¯mmâ•›Hg, and mild 
as a peak gradient less than 36â•¯mmâ•›Hg.24,120 The degree of coexist-
ing pulmonic regurgitation should be evaluated with color-flow 
Doppler imaging and continuous wave Doppler recordings of 
signal intensity and Doppler profile (see discussion of pulmonic 
regurgitation). It is particularly important to evaluate for subval-
vular or supravalvular obstruction, in addition to valvular steno-
sis, because right ventricular outflow obstruction may take any 
one of these forms, which have similar clinical manifestations. 
Rarely, echocardiography is nondiagnostic, and CMR, computed 
tomography, or cardiac catheterization is needed to define the 
exact level of obstruction (Figure 24-14).

In uncomplicated pulmonic stenosis, the use of CMR or com-
puted tomography is simply confirmatory. These studies provide 
excellent imaging of the pulmonary arteries and are useful when 
associated lesions are suspected (see Chapter 7).

Exercise testing is not routinely performed for evaluation of 
pulmonic stenosis but may be useful to unmask symptoms in the 
“asymptomatic” patient. Patients are able to maintain normal 
oxygen consumption, cardiac output, and right ventricular dia-
stolic pressure when pulmonic stenosis is mild or moderate. 
However, a marked increase in right ventricular end-diastolic pres-
sure is seen as the pulmonic valve area falls below 0.5â•¯cm2/m2.121

The role of cardiac catheterization in pulmonic stenosis is dis-
cussed in Chapter 7. Catheterization should be considered when 

pressures. With long-standing severe pulmonic stenosis, right 
heart failure may occur.

Most adults with pulmonic stenosis have a normal appearance. 
In the Noonan syndrome, characteristic features include short 
stature, webbed neck, hypertelorism, low-set ears and hairline, 
chest wall deformities and lymphedema. This autosomal domi-
nant disorder is important to recognize because of the high fre-
quency of associated cardiac anomalies (≈85%), most commonly 
pulmonic stenosis (60%).118 The dysplastic pulmonic valve in 
Noonan syndrome is less amenable to balloon intervention, and 
surgical treatment should be considered.

Clinical findings depend on the severity of pulmonic stenosis, 
valve pathology, and other associated cardiac lesions. In mild 
pulmonic stenosis, the physical findings are characterized by a 
normal jugular venous pulse, no right ventricular lift, and a pul-
monic ejection sound that tends to decrease with inspiration. A 
pulmonic ejection murmur ending in mid-systole is usually heard; 
this murmur increases in intensity with inspiration.

In severe pulmonic stenosis, the jugular venous pressure dem-
onstrates a prominent a wave, and a right ventricular lift is 
common. A palpable systolic murmur may be noted at the upper 
left sternal border. A loud and long crescendo-decrescendo pul-
monic ejection systolic murmur is present, loudest at the upper 
left sternal border and radiating to the suprasternal notch and left 
side of the neck. Although an ejection click is common in mild 
pulmonic stenosis, the click moves closer to the first heart sound 
with increasing stenosis severity and may be absent in severe 
stenosis. As the severity of pulmonic stenosis progresses, the 
second heart sound becomes widely split. Delayed pulmonic 
valve closure is secondary to prolongation of the right ventricular 
ejection time, and eventually pulmonic valve closure is no longer 
audible. As a consequence of right ventricular hypertrophy, a 
right-sided fourth heart sound may also be heard.

The electrocardiogram is usually normal in patients with pul-
monic stenosis. With severe pulmonic stenosis, features of right 
atrial enlargement, right axis deviation, and right ventricular 
hypertrophy may be present (Figure 24-12A). In Noonan syn-
drome, however, left axis deviation is more common.119

FIGURE 24-11  Classification of the abnormal pulmonic valve. The abnormal pulmonic valve may be classified as (A) acommisural with prominent systolic 
doming of the valve cusps and an eccentric orifice, (B) unicommissural, (C) bicuspid with fused commissures, or (D) dysplastic with severely thickened and deformed 
valve cusps. (Pathology image courtesy Dr. William D. Edwards, Department of Laboratory Medicine and Pathology, Mayo Clinic College of Medicine.)
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evaluations every 5 years for asymptomatic patients in whom the 
peak gradient is less than 30â•¯mmâ•›Hg.120

Patients with moderate pulmonic stenosis (peak gradient 36 to 
60â•¯mmâ•›Hg) may be symptomatic with exertional dyspnea or 
fatigue. Approximately 24% of initially asymptomatic patients with 
moderate pulmonic stenosis who were followed in the Second 
Natural History Study eventually required intervention. Indepen-
dent predictors of the need for intervention included higher peak 
systolic gradient and reduced cardiac output. There were few 
clinical differences between medically and surgically treated 
patients with moderate pulmonic stenosis; both groups have 
excellent clinical status and low likelihood of requiring medica-
tions.122 In symptomatic patients with peak gradients higher than 
30â•¯mmâ•›Hg, the ACC/AHA guidelines recommend follow-up evalu-
ation every 2 years.120

In contrast, patients with severe stenosis (peak gradient 
≥60â•¯mmâ•›Hg) are usually symptomatic, and those with a peak 
gradient of 80â•¯mmâ•›Hg or higher often have evidence of right heart 
failure.122,125 Outcomes following intervention are excellent. In the 
Second Natural History Study, only 4% of patients required reop-
eration during 10-year follow-up.122 In a cohort of 90 patients with 

the clinical assessment of pulmonic stenosis severity and imaging 
data are discordant or to facilitate intervention.

Natural History
In the Second Natural History Study of Congenital Heart Defects 
(conducted 1958-1969), event-free survival of patients with pul-
monic stenosis was closely related to the pressure gradient, with 
survival of 31% for those with a gradient of 50 to 79â•¯mmâ•›Hg, 77% 
for those with a gradient between 25 and 49â•¯mmâ•›Hg, and 96% for 
those with a gradient less than 25â•¯mmâ•›Hg122 (Figure 24-15). These 
data suggest that relief of pulmonic stenosis should be strongly 
considered for all patients with a peak gradient greater than 
50â•¯mmâ•›Hg. Intervention during the Second Natural History Study 
was surgical valvotomy, but in the current era, owing to the option 
of percutaneous balloon valvotomy, intervention is undertaken at 
a lower peak gradient.

Mild pulmonic stenosis (peak gradient <36â•¯mmâ•›Hg) in adults 
has a benign course with little progression of disease and excel-
lent clinical outcomes.122-124 The ACC/AHA guidelines for manage-
ment of congenital heart disease recommend serial follow-up 

FIGURE 24-12  Electrocardiographic and chest radiographic findings with pulmonic valve stenosis. A, The electrocardiogram from a patient with 
critical pulmonic stenosis demonstrates right-axis deviation and right ventricular hypertrophy with a strain pattern. B, The chest radiograph from the same patient 
with critical pulmonic valve stenosis demonstrates features of right atrial and ventricular enlargement, dilation of the pulmonary artery (arrow), and diminished 
vascular markings. 
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FIGURE 24-13  Echocardiographic findings with pulmonic valve stenosis. A, Two-dimensional echocardiogram from a patient with severe pulmonic valve 
stenosis. The best alignment between the Doppler beam and the pulmonic flow signal was from a subcostal long-axis window with the transducer angled ante-
riorly. Marked right ventricular (RV) hypertrophy was noted and there was systolic doming of the pulmonic valve (arrowhead). LV, Left ventricle. B, In the same 
patient, the peak velocity recorded with continuous wave Doppler ultrasound for calculation of the transvalvular pressure gradient (single arrowhead) suggests a 
peak gradient of more than 100â•¯mmâ•›Hg. Note the late-peaking infundibular gradient (three arrowheads) from dynamic right ventricular outflow tract obstruction. 
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pulmonic stenosis treated with surgery from the Netherlands, sur-
vival at 25 years was 93%, and at last follow-up, 67% still had New 
York Heart Association class I symptoms. However, re-intervention 
was required in 15%, primarily for pulmonic regurgitation (9%). 
At last follow-up, moderate to severe pulmonic regurgitation was 
present in 37%; supraventricular arrhythmias occurred in patients 
with severe pulmonic regurgitation and resolved after valve 
replacement.126

Medical, Interventional, and Surgical Treatment
Balloon valvotomy was initially described in 1982 and has become 
the procedure of choice for children and adults with uncompli-
cated severe or symptomatic pulmonic stenosis. The ACC/AHA 
and ESC congenital heart disease guidelines concerning the man-
agement of pulmonic stenosis are summarized in Tables 24-5 and 
24-6.24,120,127 The ACC/AHA valvular heart disease guidelines rely 
on right ventricular-to-pulmonary artery peak-to-peak catheter-
derived gradients across the pulmonic valve (>30â•¯mmâ•›Hg in symp-
tomatic patients or >40â•¯mmâ•›Hg in asymptomatic patients) to 
determine appropriate timing of intervention; the ACC/AHA and 

FIGURE 24-14  Dysfunctional right ventricle-to-pulmonary artery conduit in a patient with double-outlet right ventricle and D-transposition of 
the great vessels. Surface-rendered three-dimensional reformatted magnetic resonance imaging (A) and cardiac magnetic resonance imaging (B) of the dys-
functional right ventricular outflow tract (RVOT) conduit. The conduit and valve and the level of obstruction were adequately delineated by echocardiography, 
although a mean gradient of 38â•¯mmâ•›Hg was noted. Both A and B demonstrate oblique views through the RVOT conduit (red arrow) with stenosis (white arrow) 
proximal to the conduit valve. The green arrow indicates the right pulmonary artery (RPA). C, Subsequent cardiac catheterization demonstrated a peak-to-peak 
gradient of 51â•¯mmâ•›Hg, and a Melody stented valve was placed (white arrow). In this right anterior oblique fluoroscopy image, a catheter remains across the Melody 
valve extending into the right pulmonary artery. The left pulmonary artery (LPA) had been previously stented. D, Post-procedure transthoracic echocardiography 
demonstrating the Melody stented valve (white arrows). PA, Pulmonary artery; RV, right ventricle. 
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FIGURE 24-15  Outcomes with medical therapy for pulmonic valve 
stenosis. Kaplan-Meier curves of the percentage free from surgery for 300 
patients with pulmonic stenosis managed medically, grouped by gradient at 
admission to the First Natural History Study (NHS-1). Numbers in parentheses 
indicate the numbers of patients remaining under observation 25 years after 
admission. (From Hayes C, Gersony WM, Driscoll DJ, etâ•¯al: Second natural history 
study of congenital heart defects: results of treatment of patients with pulmonic 
valve stenosis. Circulation 1993;87[Suppl]:I28-I37.)
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Inoue balloon approaches have been described.117,134-136 The 
mechanism of successful dilation is thought to be separation of 
congenitally fused commissures, to achieve a decrease in trans-
pulmonic gradient by two thirds of its baseline value (Table 
24-7).117, 129, 132, 137-142 Results are likely to be suboptimal when the 
valve is dysplastic, the valve cusps are excessively thickened, or 
the annulus is hypoplastic.142,143 Excessive dilation or unfavorable 
valve morphology may lead to tearing or avulsion of the cusps, 
with consequent severe pulmonic regurgitation, or to rupture of 
the pulmonary artery. Although balloon valvotomy can be per-
formed in patients with acquired pulmonic stenosis due to carci-
noid or rheumatic disease, it is generally not recommended 
because of the nature of valve involvement, associated pulmonic 
regurgitation, and concomitant involvement of other valves.142,144

Outcomes of balloon valvotomy are excellent, with low mortal-
ity (0 to 1% risk of death) and morbidity.136,142,145 Potential complica-
tions include transient hypotension, bradycardia, ventricular 
tachycardia, right bundle branch block, complete heart block, 
cardiac arrest, pulmonary artery tear, right ventricular outflow 
tract perforation, tricuspid valve injury, pulmonic valve tear 
causing pulmonic regurgitation, cardiac perforation, and endo-
carditis. Tricuspid insufficiency occurs in 0.2% of patients after 
balloon valvotomy, as a result of inadvertent disruption of the 
right ventricular papillary muscle.

A potentially serious complication following balloon valvotomy 
is acute severe infundibular obstruction due to the subvalvular 
muscular hypertrophy that is often associated with pulmonic val-
vular stenosis, as a result of chronic pressure overload of the  
right ventricle (Figure 24-16). After relief of pulmonic stenosis, 
infundibular obstruction may transiently worsen, but then the 
hypertrophy tends to regress over months with eventual resolu-
tion.132,138,141,146 Acute severe obstruction can cause “suicide” right 
ventricle, resulting in suprasystemic right ventricular pressure 
with cyanosis and hemodynamic instability. Beta-blocker therapy 
is recommended before pulmonic balloon valvotomy to prevent 
or reduce the severity of this complication; therapy is continued 
for 3 to 6 months after the procedure.

In patients who have a poor result with percutaneous valÂ�
votomy or have unfavorable valve morphology, coexisting  

TABLE 24-5

	 American College of Cardiology/American 
Heart Association Congenital Heart Disease 
Guidelines for Management of Pulmonic 
Valve Stenosis (PS)*120

Class I
1.	 Balloon valvotomy is recommended for asymptomatic patients with a 

domed pulmonic valve and a peak instantaneous Doppler gradient 
greater than 60â•¯mmâ•›Hg or a mean Doppler gradient greater than 
40â•¯mmâ•›Hg (in association with less than moderate pulmonic valve 
regurgitation). (Level of Evidence: B)

2.	 Balloon valvotomy is recommended for symptomatic patients with a 
domed pulmonic valve and a peak instantaneous Doppler gradient 
greater than 50â•¯mmâ•›Hg or a mean Doppler gradient greater than 
30â•¯mmâ•›Hg (in association with less than moderate pulmonic 
regurgitation). (Level of Evidence: C)

3.	 Surgical therapy is recommended for patients with severe PS and an 
associated hypoplastic pulmonary annulus, severe pulmonary 
regurgitation, subvalvular PS, or supravalvular PS. Surgery is also 
preferred for most dysplastic pulmonic valves and when there is 
associated severe tricuspid regurgitation or the need for a surgical maze 
procedure. (Level of Evidence: C)

4.	 Surgeons with training and expertise in congenital heart disease  
should perform operations for the RVOT and pulmonic valve. (Level 
of Evidence: B)

Class IIb
1.	 Balloon valvotomy may be reasonable in asymptomatic patients with a 

dysplastic pulmonic valve and a peak instantaneous gradient by 
Doppler greater than 60â•¯mmâ•›Hg or a mean Doppler gradient greater 
than 40â•¯mmâ•›Hg. (Level of Evidence: C)

2.	 Balloon valvotomy may be reasonable in selected symptomatic patients 
with a dysplastic pulmonic valve and peak instantaneous gradient by 
Doppler greater than 50â•¯mmâ•›Hg or a mean Doppler gradient greater 
than 30â•¯mmâ•›Hg. (Level of Evidence: C)

Class III
1.	 Balloon valvotomy is not recommended for asymptomatic patients with 

a peak instantaneous gradient by Doppler less than 50â•¯mmâ•›Hg in the 
presence of normal cardiac output. (Level of Evidence: C)

2.	 Balloon valvotomy is not recommended for symptomatic patients with 
PS and severe pulmonic regurgitation. (Level of Evidence: C)

3.	 Balloon valvotomy is not recommended for symptomatic patients with 
a peak instantaneous gradient by Doppler less than 30â•¯mmâ•›Hg. (Level of 
Evidence: C)

*Classification of recommendations and level of evidence are expressed in the ACC/AHA 
format as described in the footnote for Table 24-2.

TABLE 24-6

	 Indications for Intervention in Right 
Ventricular Outflow Tract Obstruction  
(ESC Grown-up Congenital Heart  
Disease Guidelines)127

CLASS*

RVOT obstruction at any level should be repaired regardless of 
symptoms when Doppler peak gradient is >64â•¯mmHg (peak 
velocity >4.0â•¯m/s) provided that RV function is normal and no 
valve substitute is required

IC

In valvular PS, balloon valvotomy should be the intervention of 
choice

IC

In asymptomatic patients in whom balloon valvotomy is 
ineffective and surgical valve replacement is the only option, 
surgery should be performed in the presence of a systolic RV 
pressure >80â•¯mmHg

IC

Intervention in patients with gradient <64â•¯mmHg should be 
considered in the presence of any of the following:

•	 Symptoms related to PS
•	 Decreased RV function (which is usually progressive)
•	 Important arrhythmias
•	 Right to left shunting via ASD or VSD

IIaC

Peripheral PS regardless of symptoms should be considered for 
repair if >50% diameter narrowing and RV systolic pressure 
>50â•¯mmâ•›Hg and/or lung perfusion abnormalities are present

IIaC

ASD, Atrial septal defect; PS, pulmonic stenosis; RV, right ventricle; RVOT, right ventricular 
outflow tract; VSD, ventricular septal defect.
*Recommendation classes and levels of evidence are as described in Table 24-3.

ESC guidelines for management of congenital heart disease, 
however, utilize Doppler-derived gradients measured by echocar-
diography. Some data suggest that the Doppler-derived maximum 
instantaneous gradient may overestimate peak-to-peak gradient 
by up to 20â•¯mmâ•›Hg and that the mean Doppler gradient may have 
better correlation with the peak-to-peak gradient measured at the 
time of catheterization prior to balloon valvotomy.128 The ACC/
AHA guidelines for the management of congenital heart disease 
recommend balloon valvotomy for asymptomatic patients with 
maximum instantaneous gradient greater than 60â•¯mmâ•›Hg or mean 
gradient greater than 40â•¯mmâ•›Hg, and for symptomatic patients 
with maximum instantaneous gradient greater than 50â•¯mmâ•›Hg 
and mean gradient greater than 30â•¯mmâ•›Hg.120

No significant risk of restenosis has been reported after pul-
monic balloon valvotomy, although there is risk for subsequent 
pulmonic regurgitation.117,129-133 Garty et al133 from Toronto reported 
on outcomes in 150 children after pulmonic balloon valvotomy 
(mean follow-up of 12 ± 3 years, range 3.7 to 19.3); 57% of the 
children had moderate or severe pulmonic regurgitation at last 
follow-up. The rate of freedom from reintervention at 15 years was 
77%, emphasizing the need for lifelong follow-up in these patients.

Pulmonic balloon valvotomy is most often performed with a 
circular balloon, which is oversized by about 20% to 40% relative 
to the pulmonic annulus, although both double-balloon and 
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patients with mechanical pulmonic valve prostheses in one 
series, only 1 experienced an embolic event during long-term 
follow-up, in the setting of subtherapeutic anticoagulation. Previ-
ously reported high rates of thrombosis in other series also 
occurred with subtherapeutic levels or lack of anticoagulation. 
However, the rate of freedom from bleeding complications  
was higher with bioprosthetic than mechanical valves, although 
this difference was not statistically significant (96% vs. 88%,  
P = 0.08).151

Another alternative is the valved bovine jugular vein (Contegra, 
Medtronic, Inc., Minneapolis, Minnesota) conduit for right ven-
tricular outflow tract reconstruction in children.152,153

Percutaneous pulmonic valve replacement can be performed 
in patients with mixed pulmonic valve disease.154 The Melody 
transcatheter pulmonic valve (Medtronic, Inc.) is now approved 
in the United States for treatment of dysfunctional right ventricular 
outflow tract valve conduits (see Figure 24-14). McElhinney etâ•¯al,155 
reporting on 124 patients implanted with the Melody transcathe-
ter pulmonic valve, demonstrated a decreased mean right ven-
tricular outflow tract gradient, from 28â•¯mmâ•›Hg to 19â•¯mmâ•›Hg, 
immediately after implantation, and a decrease in pulmonic 
regurgitation. The rate of freedom from valve dysfunction was 
93.5% ± 2.4% at 1 year and 85.7% ± 4.7% at 2 years.155

hypoplastic pulmonic annulus, fixed subvalvar pulmonic steno-
sis, supravalvular pulmonic stenosis, or associated severe pul-
monic regurgitation, surgical valvotomy or valve replacement 
may be preferred. Operations on the pulmonic valve or right 
ventricular outflow tract should be performed by experienced 
congenital heart surgeons.

The decision regarding type of pulmonic valve prosthesis must 
be individualized, although bioprostheses, which are nonthrom-
bogenic, are preferred. These valves are subject to degradation, 
but durability of biological pulmonic prostheses is generally favor-
able compared with that of left-sided valves because of the lower-
pressure environment of the right heart, especially in adults.147 
Homograft valve replacements are not thrombogenic, and the 
length of the graft can be used to reconstruct the annulus and 
outflow tract, but they have unpredictable durability and may 
degenerate prematurely, with obstruction, regurgitation, or both, 
especially in the setting of pulmonary hypertension.148,149

Mechanical valves are more durable but thrombogenic and 
generally are not favored in the low-pressure right side of the 
heart, unless the patient has other mechanical valves or requires 
anticoagulation for another reason.150 Data now suggest that with 
adequate anticoagulation, the risk of thromboembolic events 
with mechanical pulmonic prosthetic valves is low. Among 54 

TABLE 24-7	 Percutaneous Pulmonic Valvotomy in Adults

SERIES N
MEAN AGE, YEARS 

(RANGE)
BASELINE PEAK 

GRADIENT, mmâ•›Hg
POST-PROCEDURE PEAK 

GRADIENT, mmâ•›Hg LONG-TERM OUTCOME

Sievert etâ•¯al (1989)141 24 39 (17-72) 92 ± 36 43 ± 19 Subvalvular hypertrophy decreased over 3-12 
months

Fawzy etâ•¯al (1990)138 22 25 (16-45) 111 ± 33 38 ± 26 Infundibular stenosis decreased from 35 ± 26 to 15 
± 9â•¯mmâ•›Hg after 1 year

David etâ•¯al (1993)137 38 14 (1-63) 97 ± 43 26 ± 17 Median transpulmonic gradient at 8 months 
decreased from 84 mm Hg to 27â•¯mmâ•¯Hg

Lau and Hung (1993)140 14 27 (17-47) 102 ± 41 52 ± 19 No restenosis at repeat catheterization in 8 patients 
(12-30 months post-procedure)

Kaul etâ•¯al (1993)139 40 28 (18-56) 107 ± 29 37 ± 25 No restenosis at follow-up of 25 ± 12 months

Chen etâ•¯al (1996)117 53 26 (13-55) 9 1± 46 38 ± 32 No restenosis at follow-up of 6.9 ± 3.1 years

Teupe etâ•¯al (1997)132 14 31 (19-65) 82 ± 19 37 ± 14 No restenosis at 5- to 9-year follow-up with a 
residual gradient of 25 ± 12â•¯mmâ•›Hg

Fawzy etâ•¯al (2001)129 87 23 (15-54) 105 ± 39 34 ± 26 No restenosis at 14-month follow-up

FIGURE 24-16  Cardiac catheterization images from pulmonic balloon valvotomy. A, Right ventricular anteroposterior angiogram demonstrates systolic 
doming (arrow) of a stenotic pulmonic valve (PV) due to severe valve stenosis. Dynamic subvalvular obstruction can also be seen below the valve. Post-stenotic 
dilation of the pulmonary artery (PA) is present. RV, Right ventricle. B, Pulmonic balloon valvotomy resulted in marked reduction in the transpulmonic gradient. 
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cardiomegaly, particularly involving the right-sided chambers, 
and in some cases pulmonary artery dilation.

The diagnosis of pulmonic regurgitation is often initially made 
on echocardiography. In contrast to the narrow jet of mild regur-
gitation, severe pulmonic regurgitation is characterized by a wide, 
diastolic jet in the right ventricular outflow tract on color-flow 
imaging (Figure 24-17). The duration of the jet increases with the 
severity of pulmonic regurgitation; however, severe pulmonic 
regurgitation often terminates in early or mid-diastole owing to 
rapid equalization of diastolic pulmonary artery and right ven-
tricular pressures, and color imaging may be misleading. A large 
vena contracta width can distinguish severe pulmonic regurgita-
tion in this setting.61 Quantification of vena contracta by 3D echo-
cardiography may be an adjunct to further define the severity of 
pulmonic regurgitation.167 Planimetered color-flow jet areas cor-
relate well with pulmonic regurgitation severity on angiography; 
however, there is a high degree of variability and overlap among 
different grades of regurgitation.168 Importantly, the characteristics 
of the color-flow jet are also affected by the right ventricular pres-
sures, so pulmonic regurgitation may appear laminar and brief 
when pulmonary pressures are normal.

The density of the continuous wave Doppler echocardiography 
signal is a qualitative method of assessing pulmonic regurgitation 
severity. Severe pulmonic regurgitation is characterized by equal 
intensities of antegrade and retrograde “to-and-fro” flows across 
the pulmonic valve, with the signal rapidly reaching baseline 
(Figure 24-17D). The deceleration pressure half-time corresponds 
to the degree of regurgitation; a pressure half-time less than 100 
milliseconds is suggestive of severe pulmonic regurgitation, with 
a sensitivity of 76% and specificity of 94%.169 As on color-flow 
imaging, the pulmonic regurgitant signals on continuous wave 
Doppler echocardiography are subject to right-sided pressures; 
early and rapid equilibration of diastolic pressures also occurs in 
patients with low pulmonary artery end-diastolic pressure and/or 
increased right ventricular diastolic pressure.

The value of cardiac catheterization and CMR are discussed in 
Chapters 7 and 8.

Natural History
Most patients with mild degrees of pulmonic regurgitation have a 
benign clinical course and do not go on to have progressive 
disease. Chronic severe pulmonic regurgitation is often well toler-
ated for many years, but eventually, chronic volume overload of 
the right ventricle leads to progressive dilation, systolic dysfunc-
tion, and heart failure.170-172 Patients experience functional limita-
tion owing to inability to augment cardiac output with exercise. 
In tetralogy of Fallot, progressive right ventricular dilation and 
dysfunction are associated with increased risk of ventricular 
arrhythmias and sudden cardiac death.165,166,173,174 The clinical 
course of pulmonic regurgitation is related to the underlying etiol-
ogy, and in the evaluation of patients with severe pulmonic regur-
gitation in the setting of prior congenital cardiac surgery, the 
surgical records must be obtained.

Medical and Surgical Treatment
No specific therapy is needed for most adults with pulmonic 
regurgitation because disease severity is usually mild. With severe 
regurgitation and evidence of progressive right ventricular 
enlargement or the onset of right ventricular systolic dysfunction, 
surgical intervention should be considered. Medical therapy has 
not been demonstrated to be effective in reducing the degree of 
pulmonic regurgitation or affecting the impact of severe pulmonic 
regurgitation on the right ventricle.

The most common indication for intervention for pulmonic 
regurgitation in adults is seen in patients with previous surgery 
for tetralogy of Fallot or pulmonic valvular stenosis.175-178 As the 
intervention options improve and the morbidity related to long-
standing pulmonic regurgitation is increasingly recognized, 

SPECIFIC CONSIDERATIONS

PREGNANCY.â•‡ Severe pulmonic stenosis may be associated 
with an increased risk. If indicated, percutaneous balloon val-
votomy can be performed with low risk during pregnancy.156 
Patients with pulmonic stenosis are at an increased risk of having 
an infant with congenital heart disease.157 Pulmonic stenosis 
occurs primarily in offspring of patients with Noonan syndrome 
but may also occur in patients with sporadic pulmonic stenosis.

ATHLETES.â•‡ Physical activity recommendations should follow 
the guidelines summarized in an article by Task Force 2 on Con-
genital Heart Disease.158

Athletes with pulmonic stenosis with a peak systolic gradient 
lower than 40â•¯mmâ•›Hg and normal right ventricular function can 
participate in all competitive sports if they have no symptoms. 
Annual reevaluation is recommended.

Athletes with a peak systolic gradient higher than 40â•¯mmâ•›Hg 
can participate in low-intensity competitive sports. Patients in this 
category usually are referred for balloon valvotomy or operative 
valvotomy before sports participation. Following intervention, 
athletes with no or only mild residual pulmonic stenosis and 
normal ventricular function without symptoms can participate  
in all competitive sports within 2 to 4 weeks after balloon val-
votomy but after a suggested interval of approximately 3 months 
after surgery. Athletes with a persistent peak systolic gradient 
higher than 40â•¯mmâ•›Hg can participate in low-intensity competitive 
sports.

Pulmonic Regurgitation

Etiology
A trivial or mild degree of pulmonic regurgitation is detectable by 
Doppler echocardiography in most normal individuals.58 In 
adults, pathologic pulmonic regurgitation is most often the con-
sequence of prior interventions for congenital heart disease. 
Severe pulmonic regurgitation is the most common postoperative 
complication in patients with prior tetralogy of Fallot repair, 
because of the valvotomy and outflow tract patch placement used 
for relief of pulmonic stenosis.159-162 Patients who have undergone 
surgical or balloon valvotomy for isolated congenital pulmonic 
valvular stenosis are also at risk for late pulmonic regurgitation, 
as are those with extracardiac conduits from the right ventricle 
to the pulmonary arteries, which are prone to degeneration, 
resulting in either stenosis or regurgitation.122,163

Other causes of pulmonic regurgitation include rheumatic or 
carcinoid heart disease, trauma, endocarditis, pulmonary artery 
and annular dilation, and pulmonary hypertension.105 In patients 
undergoing dialysis, a transient murmur of pulmonic regurgitation 
is common, most likely reflecting transient pulmonary hyperten-
sion associated with intravascular volume overload; the murmur 
typically diminishes during dialysis with volume removal.164

Diagnosis
Physical examination findings may be unimpressive, even in the 
patient with severe pulmonic regurgitation. Typically the murmur 
is a soft, diastolic, decrescendo murmur best heard in the left 
upper sternal region, beginning after the pulmonic closure sound, 
and it may be accompanied by a systolic ejection murmur. During 
inspiration, the murmur increases in intensity. The murmur is 
easily audible in patients with pulmonary hypertension but may 
be difficult to appreciate when pulmonary pressures are normal, 
even if pulmonic regurgitation is severe. A right ventricular lift 
may be palpable when the right ventricle is enlarged.

Electrocardiogram findings are generally nonspecific in pul-
monic regurgitation, although in patients with tetralogy of Fallot, 
QRS widening and the rate of increase in QRS duration reflect  
the severity of pulmonic regurgitation and consequent right  
ventricular dilation.165,166 Chest radiography may demonstrate 

C H
24



391

to repair tetralogy of Fallot. Possible reasons for these different 
results might relate to older mean age at initial repair or older age 
at time of surgery for pulmonic regurgitation. In a series of patients 
with repaired tetralogy of Fallot who underwent pulmonic valve 
replacement, right ventricular volumes decreased by a mean of 
28%, but right ventricular ejection fraction did not change signifi-
cantly. A preoperative right ventricular end-diastolic volume of 
160â•¯mL/m2 or higher or right ventricular end-systolic volume of 
82â•¯mL/m2 or higher have been reported to be associated with low 
likelihood for recovery of right ventricular function.181

The type of pulmonic valve prosthesis should be individual-
ized, and the operation should be performed by a cardiac surgeon 
experienced in the management of congenital cardiac disease. 
Percutaneous placement of a transcatheter pulmonic valve pros-
thesis may be an option in some patients with pulmonic conduits 
(see earlier discussion of pulmonic stenosis). Annual echocar-
diography is appropriate for patient monitoring, ideally beginning 
soon after the initial operation so that residual right ventricular 
dilation can be distinguished from progressive disease.

Summary
Tricuspid and pulmonic valve diseases have been historically 
underappreciated, but improved diagnostic testing and increas-
ing awareness have led to substantial advances in both earlier 
diagnosis and treatment of right-sided valvular heart disease.184 
Development and application of cardiac magnetic resonance 

indications for intervention are being refined. Data suggest that 
pulmonic valve replacement for severe pulmonic regurgitation 
should be strongly considered if there is evidence of any of the 
following:165,166,173,174,179-181

1.	 Symptoms related to pulmonic regurgitation, including arrhyth-
mias, which indicate a New York Heart Association functional 
class higher than II.

2.	 Decreased right ventricular systolic function (ejection fraction 
<40% as assessed on CMR).

3.	 Progressive right ventricular dilation (right ventricular end-
diastolic volume ≥160â•¯mL/m2 or end-systolic volume ≥82â•¯mL/m2 
on CMR).

4.	 Decline in functional aerobic capacity related to pulmonic 
regurgitation.

5.	 Moderate or more tricuspid valve regurgitation related to progres-
sive annular dilation.

6.	 Severe pulmonic regurgitation in a patient with another cardiac 
lesion that requires operative intervention.

7.	 Concern about risk of arrhythmia in patients with prolonged or 
increasing QRS duration (total QRS duration ≥180 msec, or QRS 
duration increase >3.5 msec per year).
The timing of surgical intervention is important because, 

according to some studies, right ventricular function may not fully 
recover after pulmonic valve replacement once right ventricular 
enlargement and systolic dysfunction are evident (Figure 
24-18);179,180,182,183 other invesÂ�tigations, however, have reported 
improvement with pulmonic homograft insertion late after surgery 

FIGURE 24-17  Carcinoid invovlement of the pulmonic valve. A, Two-dimensional imaging shows thickened, retracted pulmonic valve cusps (arrows) with 
limited mobility and incomplete coaptation. B, Color-flow Doppler imaging during diastole features a broad pulmonic regurgitant jet into the right ventricular 
outflow tract (RVOT). C, Color-flow imaging during systole into the pulmonary artery (PA). D, Continuous wave Doppler echocardiography shows an intense 
diastolic flow signal (arrows) that decelerates rapidly to baseline. There is no pulmonic stenosis (antegrade velocity of 1.0â•¯m/s). 
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the European Society of Cardiology, and the Canadian Society of Echocardiography.  
J Am Soc EchocardiogrJ 2010;23(7):685–713.

15.	 Kjaergaard J, Petersen CL, Kjaer A, et al. Evaluation of right ventricular volume and 
function by 2D and 3D echocardiography compared to MRI. Eur J Echocardiogr 
2006;7(6):430–8.

16.	 van der Zwaan HB, Geleijnse ML, McGhie JS, et al. Right ventricular quantification in 
clinical practice: two-dimensional vs. three-dimensional echocardiography compared 
with cardiac magnetic resonance imaging. Eur J Echocardiogr 2011;12(9):656–64.

17.	 Tei C, Dujardin KS, Hodge DO, et al. Doppler echocardiographic index for assessment 
of global right ventricular function. J Am Soc Echocardiogr 1996;9(6):838–47.

18.	 LaCorte JC, Cabreriza SE, Rabkin DG, et al. Correlation of the Tei index with invasive 
measurements of ventricular function in a porcine model. J Am Soc Echocardiogr 
2003;16(5):442–7.

19.	 Meluzin J, Spinarova L, Bakala J, et al. Pulsed Doppler tissue imaging of the velocity of 
tricuspid annular systolic motion; a new, rapid, and non-invasive method of evaluating 
right ventricular systolic function. Eur Heart J 2001;22(4):340–8.

20.	 Miller D, Farah MG, Liner A, et al. The relation between quantitative right ventricular 
ejection fraction and indices of tricuspid annular motion and myocardial performance. 
J Am Soc Echocardiogr 2004;17(5):443–7.

21.	 Sachdev A, Villarraga HR, Frantz RP, et al. Right Ventricular Strain for Prediction  
of Survival in Patients With Pulmonary Arterial Hypertension. Chest 2011;139(6): 
1299–309.

22.	 Cohen S, Sell J, McIntosh C, et al. Tricuspid regurgitation in patients with acquired, 
chronic, pure mitral regurgitation. II: nonoperative management, tricuspid valve annu-
loplasty, and tricuspid valve replacement. J Thorac Cardiovasc Surg 1987;94(4): 
488–97.

23.	 Waller BF, Moriarty AT, Eble JN, et al. Etiology of pure tricuspid regurgitation based on 
anular circumference and leaflet area: analysis of 45 necropsy patients with clinical and 
morphologic evidence of pure tricuspid regurgitation. J Am Coll Cardiol 1986;7(5): 
1063–74.

24.	 Bonow RO, Carabello BA, Chatterjee K, 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–e142.

25.	 Muller O, Shillingford J. Tricuspid incompentence. Br Heart J 1954;16:195.
26.	 Salazar E, Levine H. Rheumatic tricuspid regurgitation. Am J Med 1962;33:111.
27.	 Sepulveda G, Lukas D. The diagnosis of tricuspid insufficiency – clinical features in 60 

cases with associated mitral valve disease. Circulation 1955;11:552.
28.	 Lin G, Nishimura RA, Connolly HM, et al. Severe symptomatic tricuspid valve regurgita-

tion due to permanent pacemaker or implantable cardioverter-defibrillator leads. J Am 
Coll Cardiol 2005;45(10):1672–5.

29.	 Piekarz J, Lelakowski J, Rydlewska A, et al. Heart perforation in patients with perma-
nent cardiac pacing—pilot personal observations. Arch Med Sci 2012;8(1):70–4.

30.	 Messika-Zeitoun D, Thomson H, Bellamy M, et al. Medical and surgical outcome  
of tricuspid regurgitation caused by flail leaflets. J Thorac Cardiovasc Surg 2004;128: 
296–302.

31.	 Sloan KP, Bruce CJ, Oh JK, et al. Complications of echocardiography-guided endomyo-
cardial biopsy. J Am Soc Echocardiogr 2009;22(3):324.

32.	 Marvin R, Schrank J, Nolan S. Traumatic tricuspid insufficiency. Am J Cardiol 1973;32(5): 
723–6.

imaging has facilitated more accurate characterization of right 
ventricular size and function and of the impact of tricuspid and 
pulmonic valvular heart disease. Newer techniques for valve 
intervention allow for tricuspid and pulmonic valve repair and 
replacement with improved outcomes in increasingly complex 
situations. Appropriate application of these new technologies  
and vigilance in recognition of the consequences of right-sided 
valvular heart disease will continue to lead to better patient 
outcomes.
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C H A P T E R  25â•… Infective Endocarditis
Thomas M. Bashore
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Key Points
■ 	Infective endocarditis (IE) remains a rare but deadly disease, causing 

death in one of every four patients affected despite advances in 
antimicrobial and surgical therapy.

■	 In the past, IE was a disease that most commonly involved 
Streptococcus viridans species in younger patients who had rheumatic 
valvular disease. Now endocarditis is caused mainly by staphylococcal 
infections, and most patients are elderly, are injection drug users, or 
have an implanted medical device (prosthetic valve, pacemaker, or 
defibrillator). Only three fourths of patients with IE have known 
underlying heart disease.

■	 Endocarditis begins with platelet and fibrin deposition in an area of 
endothelial damage, with formation of a nonbacterial thrombotic 
lesion. Transient bacteremias can result in bacterial adherence to this 
lesion, particularly with organisms such as staphylococcal species that 
have adhesion molecules on their surfaces. Bacterial growth leads to 
recruitment of inflammatory cells, and valvular damage ensues. 
Certain host factors play a role as well.

■	 Many of the classic features of IE are less often manifest because of 
earlier diagnosis today. The modified Duke criteria are important in 
establishing the diagnosis. The criteria rely on the determination of a 
likely organism and on imaging evidence for valvular vegetations or 
leaflet destruction. Epiphenomena, such as fever, evidence of 
inflammatory markers, and signs of peripheral emboli, contribute to 
the criteria. Biomarkers (brain natriuretic protein, troponin, 
procalcitonin, C-reactive protein) may provide important 
supplemental information for both diagnosis and prognosis.

■	 Echocardiography is the key diagnostic tool and provides major 
diagnostic Duke criteria. In many patients transesophageal 
echocardiography offers important additional information for 
diagnosis and evaluation of vegetation size, abscess formation, fistula 
formation, leaflet perforation, or prosthetic valve dehiscence.

■	 The prognosis of IE is poorest in patients with heart failure, altered 
mental state, general debility, poor left ventricular function, and/or 
diabetes. Patients undergoing hemodialysis also are at higher risk for 
morbidity and death, as are those with significant emboli. Injection 
drug users tend to do better than others because of their younger age 
and higher likelihood of tricuspid endocarditis (right-sided rather 
than left-sided disease). Concurrent human immunodeficiency virus 
infection in injection drug users does not contribute added risk unless 
the CD4+ counts are low.

■	 Prosthetic valve endocarditis early (<60 days) after surgery tends to 
be nosocomial, whereas late infections are more similar to native valve 
IE. The presence of a prosthetic valve identifies the highest risk for 
development of endocarditis.

■	 Cardiac device infections are a major source of new cases of IE, and 
the use of intracardiac devices is growing. In addition to antibiotic 
therapy, device removal is generally necessary for cure of the infection.

■	 Patients undergoing surgery often do better than those receiving 
medical treatment, although medical cure rates continue to improve. 
Heart failure remains the primary reason for surgical intervention. 
Other indications for surgery are extensive valvular destruction and 
large vegetations, a paravalvular abscess, ineffective antimicrobial 
therapy, recurrent emboli, and the presence of a highly resistant 
organism. A scoring system has been developed to better define the 
advantage of early surgery.

■	 Surgical options have expanded, and valve repair is preferred 
whenever feasible.

■	 Results of blood culture are negative in about 5% to 10% of patients 
with IE. An aggressive approach to uncovering the infective source 
may be necessary and involves novel culture methods, antibody titers, 
and molecular and immunologic methods. Newer guidelines outline 
the use of such methods to confirm the infecting organism, leading 
causes being Coxiella burnetii and Bartonella spp.

■	 The type of organism determines the type and duration of 
antimicrobial therapy. For most cases of native valve endocarditis, 4 
weeks of therapy are warranted, whereas prosthetic valve endocarditis 
generally requires 6 weeks. In select situations with right heart 
involvement, 2 weeks of therapy may be adequate. More resistant 
organisms require 8 weeks of treatment, and some unusual organisms 
may require months or years. New guidelines published in 2012 
outline currently recommended regimens.

Historical Background
The earliest description of the vegetative lesions of infective  
endocarditis (IE) has been attributed to Lazarus Riverius (1589-
1655).1 Later, Giovanni Lancisi (1654-1720) provided a more com-
plete description of these pathologic lesions of the heart in De 
Subitaneis Mortibus written in 1709.2 Throughout the eighteenth 
and early nineteenth centuries there were many descriptions of 
endocarditis by investigators such as Morgagni and Corvisart, yet 
it was not until the middle to late 19th century that a link was 
made among the lesions, the associated inflammation, and the 
sequelae of the disease. In 1841, Bouillard (1796-1881) made the 
important connection between the inflamed endocardium, a 
“typhoid” state, and “gangrenous endocarditis.” This event was 
followed by the observations of Virchow (1821-1902), in 1847, and 
Kirkes (1823-1864), in 1852, connecting the dots between the pres-
ence of vegetative lesions and embolic events.1

In his famous 1885 Gulstonian lectures Sir William Osler  
summarized the knowledge at that time and in addition made 
several important observations. First he described the acute and 
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fulminating forms of the disease and was able to articulate spe-
cific characteristics of a more chronic and insidious form. He then 
improved the nomenclature of the disease and suggested calling 
the clinical course of the disease either “simple” or “malignant.”3,4 
In addition, he described the classic presentation of a typical case 
and noted the diagnostic uncertainty in many cases. Finally, Osler 
believed that endocarditis would turn out to be a “mycotic” 
process, describing it as, “in all its forms, an essentially mycotic 
process; the local and constitutional effects being produced by 
the growth on valves, and the transference to distant parts of 
microbes, which vary in character with the disease in which it 
develops.”

Since the days of Osler there have been many advances in our 
understanding of IE from pathophysiology to diagnosis, progno-
sis, and treatment; yet our knowledge remains remarkably incom-
plete. What is clear is that IE was, and remains, a serious and 
dynamic disease process. Over the past 30 years the incidence 
has remained relatively unchanged, and the associated mortality 
remains between 10% and 30% (depending on the organism, non-
cardiac conditions of the patient, and whether a native or pros-
thetic valve is involved).5 Guidelines regarding endocarditis 
prophylaxis and therapeutic approaches to treatment have been 
now published and are the focus of this review.

Epidemiology

Overall Incidence
The true incidence of IE is difficult to ascertain. In a Swedish 
urban setting, Hogevik et al6 found an incidence of 5.9 episodes 
per 100,000 person-years from 1984 to 1988. During a similar 
period in a Philadelphia metropolitan study, the total incidence 
was calculated to be 9.29 episodes per 100,000 person-years.7 
When intravenous drug users were excluded, this incidence fell 
to 5.02 episodes per 100,000 person-years. In both urban and rural 
settings in France, the incidence was estimated to be around 2.43 
episodes per 100,000 person-years in 19918 and increased to 3.1 
episodes per 100,000 person-years in 19999 with a peak incidence 
of 14.5 episodes per 100,000 person-years in the elderly. The 
growing incidence in elderly individuals has been confirmed in 
the Medicare population in the United States, in which it was 20.4 
episodes per 100,000 person-years in 1998 (a 13.7% increase from 
1986).10 In fact, more than half of all cases of IE in the United States 
and Europe now occur in patients older than 60 years, and the 
median age of patients has increased steadily during the past 40 
years.11 Health care–associated IE results from health care–
associated bacteremias. They include both nosocomial and non-
nosocomial infections, have a high mortality rate, and are frequent 
in patients who are undergoing hemodialysis and/or who have 
other debilitating diseases. The typical patient nowadays is there-
fore less likely to be one with poor dentition and rheumatic 
disease12 and more likely to be elderly and to have undergone a 
procedure to implant a device such as a prosthetic valve, pace-
maker, and/or defibrillator5 or to have a major comorbid 
condition.

Incidence of Infective Endocarditis and 
Associated Mortality
Table 25-1 summarizes cardiac conditions and the subsequent 
estimated incidence of IE per 100,000 patient-years.13 Sex and age 
also influence the incidence of IE, with males predominating. 
Maleâ•›:â•›female ratios have been noted to range from 3.2â•›:â•›1 to 9â•›:â•›1.11,14 
Of interest, 50% to 70% of children younger than 2 years in whom 
IE develops have no apparent underlying heart disease, whereas 
older children usually have a congenital heart condition.15 Endo-
carditis in patients with injection drug use (IDU)—defined as the 
intravenous injection of recreational drugs such as heroin, 
cocaine, and amphetamines—also may occur when there is no 

TABLE 25-1	 Estimated Incidence of Endocarditis

PER 100,000 PATIENT-YEARS

General population 5-7

In patients with the following 
underlying cardiac conditions:
Mitral valve prolapse with no murmur 4.6
Mitral valve prolapse with mitral 

regurgitation
52

Ventricular septal defect 145 ( 1
2  risk if closed)

Aortic stenosis 271
Rheumatic heart disease 380-440
Prosthetic heart valve 308-383
Cardiac surgery for native infective 

endocarditis
630

Prior native endocarditis 740
Surgery for prosthetic infective 

endocarditis
2160

Modified from Pallasch TJ. Antibiotic prophylaxis: problems in paradise. Dent Clin North 
Am 2003;47:665-679.

TABLE 25-2	 Estimated Predisposing Valvular Lesions in 
Patients with Endocarditis

PERCENTAGE OF 
ENDOCARDITIS CASES 

AFFECTED

Native Valve Disease

Left-sided: 70
â•… Mitral regurgitation 21-33
â•… Aortic regurgitation 17-30
â•… Aortic stenosis 10-18
â•… Congenital heart disease: 4-18
â•… Cyanotic heart disease 8
â•… Tetralogy of Fallot 2
â•… Ventricular septal defect 1.5
â•… Patent ductus arteriosus 1.5
â•… Eisenmenger syndrome 1.2
â•… Atrial septal defect, coarctation of aorta <1
Right-sided (including device infection) 5-10

Prosthetic Valve 20

apparent underlying valvular pathologic lesions.16 Despite these 
exceptions, most patients do have identifiable underlying struc-
tural heart disease at the time of their endocarditis diagnosis.17,18 
Earlier reports, before 1967, showed that rheumatic heart disease 
was the most common cardiac abnormality, being present in 39% 
of patients,19 whereas later series suggest its presence in only 
about 6%.18 Estimates of specific valvular lesion involvement is 
summarized in Table 25-2.

Despite advances in the diagnosis and management of IE, it 
remains a disease with unacceptably high morbidity and mortal-
ity. More than 50% of patients with IE have some type of serious 
complication, including HF, stroke, and paravalvular extension, 
whereas the in-hospital mortality rates (15% to 20%) and 1-year 
mortality rates (30% to 40%) have changed little over the past 20 
years.5,9,20-22 Death is still disturbingly frequent and usually relates 
to cardiogenic shock, multiorgan failure, or stroke. Surgery is 
necessary and important for survival in around half the cases.23

When valvular disease is considered as a whole, endocarditis 
still is an uncommon disease process. In the Euro Heart Survey24 
of the incidence of valvular disease in a general population, endo-
carditis was the major diagnosis in less than 1% of patients who 
were found to have aortic or mitral stenosis, in only 7.5% of those 
with aortic regurgitation, and in 3.5% of those who had mitral 
regurgitation.
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to predispose to this form of IE.36 A study from the Medicare 
database indicates that although the device implantation rate 
rose 42% in the 1990s, the IE infection rate rose 124%.36 One esti-
mate of the rate of these device-related infections suggests it is 
about 0.55 cases per 1,000 implants.37 Removal of the device is 
almost always required for cure.38,39

Groups at High Risk for Development of 
Infective Endocarditis, and the Determination 
of Prognosis
A summary of a variety of noncardiac clinical conditions predis-
posing to IE and the organisms frequently associated with these 
conditions is given in Table 25-3.

IDU is clearly a risk factor for IE, and those who use cocaine 
may have the greatest risk.40 A prior history of endocarditis is an 
important predisposing factor in recurrent IE in patients with IDU. 
Recurrent endocarditis occurred in 4.5% of one large cohort of 
nonaddicts who survived their initial episode.41

Pacemaker-associated infections have increased with the 
increased use of electrophysiologic (EP) devices. A report from 
the Multicenter Electrophysiologic Device Infection Cohort 
(MEDIC) registry42 from 2009 through 2011 found that early (<6 
months after implantation) device infections were generally 
related to pocket infections and that later IE was the result of other 
bacteremias. Staphylococci (coagulase-negative, methicillin-
resistant, and methicillin-sensitive) were the most common organ-
isms involved. As mentioned, effective treatment almost always 
requires removal of leads.

Patients undergoing hemodialysis are the largest subgroup with 
health care–related IE.43,44 Predisposing factors in this population 
include intravascular access, calcific valvular disease, and impair-
ment of the immune system. Of patients with health care–
associated IE who are not undergoing dialysis, most have 
underlying predisposing conditions, including diabetes, cancer, 
and immunosuppressive therapy use. Identifiable underlying 
cardiac predisposition to IE occurs in less than 50% of this group.5 
Most invasive organisms originate from the skin or urinary tract, 
and the presence of intravenous lines or other invasive proce-
dures is frequently evident.45 Staphylococcus is the predominant 
offender.

Other noncardiac conditions also can predispose to IE and are 
often associated with specific infecting organisms. For instance, 
in the International Collaboration on Endocarditis-Prospective 
Cohort Study, patients with IE due to S. aureus were significantly 
more likely to be hemodialysis dependent, to have diabetes, to 
have a presumed intravascular device source, to receive vanco-
mycin, to be infected with methicillin-resistant S. aureus (MRSA), 
and/or to have persistent bacteremia.46

Nosocomial endocarditis infections are also becoming more 
common. They are defined as a diagnosis of IE made more than 
72 hours after admission in patients with no evidence of IE on 
admission or as development of IE within 60 days of a prior hos-
pital admission during which there was risk for bacteremia or IE.47 
Nosocomial IE is usually a complication of bacteremia caused by 
an invasive intravascular procedure or an intravenous catheter–
related device infection.47,48 It accounts for almost 10% of cases of 
IE in some series.

A number of cases of IE have been reported in patients with 
HIV infection.49,50 Some valves have been infected with unusual 
organisms such as Salmonella and Listeria.50 It has been reported 
that HIV infection is an independent risk factor for IE in injection 
drug users,51 although this finding has not been confirmed in 
other studies.50

The clinical examination, the organism involved and its 
response to therapy, and the echocardiographic information can 
establish the prognosis and guide decision making in the treat-
ment of IE. A number of studies have examined other factors in 
an effort to understand prognosis in patients with IE. Chu et al52 

Left-sided native valve endocarditis (NVE) remains the most 
common presentation, accounting for 70% of all cases of IE. Mor-
tality depends on comorbidities but still is at least 15% as a 
whole.25 Degenerative mitral valve disease (mitral valve pro-
lapse) is the leading predisposing valve lesion, with the risk par-
ticularly high in children and in patients older than 50 years. 
Patients with degenerative aortic valve disease are also at risk, 
helping explain the rising age of patients presenting with IE. One 
review estimated a slightly greater incidence of mitral than aortic 
involvement, 8% involving both, 4% involving the tricuspid valve, 
and 3.5% occurring in patients with congenital heart disease.26 
Endocarditis is unusual in patients with isolated pulmonary  
stenosis, atrial septal defect, mitral stenosis, or hypertrophic 
cardiomyopathy.

Prosthetic valve endocarditis (PVE) accounts for up to 20% of 
the patients with endocarditis reported in a recent series from the 
International Collaboration on Endocarditis-Prospective Cohort 
Study.27 Staphylococcus aureus was the most common organism. 
Having a prosthetic heart valve is the greatest risk for development 
of IE in every series. It is estimated that IE will develop in 1.4% to 
3.1% of all patients with prosthetic valve at 1 year and  
3% to 5.7% at 5 years.28 There are two disparate risk periods for 
the development of PVE, an early period and a late period, 
although some writers believe it is more useful to consider early 
(2 months), middle (2 to 12 months), and late (>12 months) periods 
as the organisms involved shift gradually rather than abruptly.28 
The early period is generally defined as the first 60 days after heart 
surgery, and most of the implicated organisms are considered 
nosocomial. The late period involves organisms more like those 
involved in NVE. Although there has always been a suggestion 
that the mechanical valves are more susceptible to IE, by 5 years 
there appears to be no real difference, and most series do not 
suggest a difference in the risk by model, position, or type of valve 
(mechanical or bioprosthetic).29 Some patient factors have been 
associated with PVE, including renal dysfunction, young age, 
prior endocarditis, and perioperative wound infections.30 Health 
care–associated prosthetic valve endocarditis is identified in 
36.5% of all cases, and most infections (71%) occur in the first 
year after the valve was implanted. The rate of in-hospital death 
remains high, at 23%, and its occurrence is associated with older 
age and the complications related to the surgical intervention. The 
higher risk of “redo” aortic valve replacement (AVR) for endocar-
ditis is emphasized in a report of 313 patients by Leontyev etâ•¯al.31 
Perioperative mortality was 24.3% in “redo” AVR for IE compared 
with 6.8% for redo AVR for reasons other than endocarditis.

Right-sided endocarditis is seen in about 5% to 10% of IE 
surveys16,25 and has a better prognosis than left-sided disease, 
though the mortality remains high in patients with human immu-
nodeficiency virus (HIV).32 Right-sided endocarditis typically 
occurs in patients with illicit IDU (including patients with HIV) 
and those with structural abnormalities of the right heart due to 
congenital heart disease, pacemaker or defibrillator implantation, 
or central venous catheters. The most significant risk factor for 
right-sided IE is certainly IDU; however, left-sided disease may be 
more common in some groups of addicts. In one series, left-sided 
involvement occurred in 57% of patients with IDU compared with 
40% with right-sided disease.33 The most common infecting organ-
ism in patients with IDU is S. aureus, where it has been reported 
as the offending organism in up to 82%.34

Prognosis in patients with IDU and IE is generally better than 
that in overall patients with IE who do not have a history of IDU, 
because of the lower risk of IE on the right side.32 The patients 
with IDU and IE generally are also much younger than other IE 
populations. Of importance, the presence of HIV infection does 
not appear to alter the diagnostic use of the Duke criteria or the 
course of the disease,35 although patients with a very low CD4+ 
count (<200 cells/mm3) are at greater risk.9

The expanded use of cardiovascular electronic devices has 
resulted in infections not only on the device leads themselves but 
also on the tricuspid leaflet. A pocket infection appears 

C H
25



399

event rate is so low, even in supposedly high-risk patients, that a 
trial designed to demonstrate an increased risk of IE from a dental 
procedure would require a prohibitively large number of patients 
and is likely not feasible.

As part of the rationale eliminating most scenarios requiring 
endocarditis prophylaxis, both the American Heart Association 
(AHA)58 and the British Cardiac Society59 have now published 
guidelines suggesting its use only in patients who not only have 
the greatest risk for endocarditis but who also would suffer the 
most from the consequences of the disease. The two lists of such 
patients differ slightly. The AHA/American College of Cardiology 
(ACC) Adult Congenital Heart Disease guidelines also weighed in 
by suggesting that endocarditis prophylaxis be extended to cover-
age of the high-risk group during vaginal delivery.60

The United Kingdom National Institute for Health and Clinical 
Excellence (NICE) working group has now taken the final step in 
this evolving process and suggests eliminating all prophylaxis 
before any procedure.61 The NICE guidelines acknowledge that 
certain conditions predisposing to endocarditis—acquired valvu-
lar heart disease, valve replacement, structural congenital disease 
(including surgically corrected or palliated structural conditions, 

examined 267 consecutive patients with acute IE to determine 
factors early in the course of the disease that were indepen-
dently associated with mortality. After controlling data for sever-
ity of illness with Acute Physiology and Chronic Health Evaluation 
(APACHE) II scoring, they found that the independent predic-
tors of early mortality were the presence of diabetes mellitus 
(odds ratio [OR], 2.48; 95% confidence interval [CI], 1.24-4.96), 
S. aureus infection (OR, 2.06; 95% CI, 1.01-4.20), and an embolic 
event (OR, 2.79; 95% CI, 1.15-6.80). In a similar fashion, Hasbun 
et al53 found that five baseline features were independently asso-
ciated with mortality and developed a scoring system that 
included the following: mental status, lethargy or disorientation 
(4 points); Charlson comorbidity scale, 2 or greater (3 points); 
HF, moderate to severe (3 points); microbiology, S. aureus (6 
points), other non-viridans infection (8 points); and therapy, 
medical therapy only (5 points). On the basis of this point system, 
patients with a score of 6 points or less only had 6% mortality at 
6 months, whereas patients with a score of more than 15 points 
had 63% mortality. In other studies, the need for hemodialysis 
has also been found to portend a poor outcome,43,54 as has the 
presence of poor ventricular function.55 Another study identified 
patients with an altered mental state, those with mobile vegeta-
tions, and those undergoing hemodialysis as the cohort with the 
highest risk.56

Prophylaxis
Newer guidelines for endocarditis prophylaxis have created a 
great deal of controversy. In a population-based case-control 
study from Philadelphia, pulmonary, cardiac, gastrointestinal, 
and genitourinary procedures or surgery did not emerge as risk 
factors for the development of community-acquired endocarditis, 
and dental flossing reduced the risk only modestly.57 One review 
emphasized that despite the known association of endocarditis 
with poor dental hygiene and a visit to the dentist’s office, the 
actual risk of endocarditis from a dental procedure (such as a 
tooth extraction) is exceedingly low13 (Table 25-4). In fact the 

TABLE 25-4	 Absolute Risks for Development of Infective 
Endocarditis from a Dental Procedure

RISK

General population 1 per 14 million procedures

Patients with:
â•… Mitral valve prolapse 1 per 1.1 million
â•… Congenital heart disease 1 per 475,000
â•… Rheumatic heart disease 1 per 142,000
â•… Prosthetic valve 1 per 114,000
â•… Prior endocarditis 1 per 95,000

Modified from Pallasch TJ. Antibiotic prophylaxis: problems in paradise. Dent Clin North 
Am 2003;47:665-679.

TABLE 25-3	 Epidemiologic Factors Associated with the Development of Infective Endocarditis and the Commonly 
Associated Organisms

EPIDEMIOLOGIC FEATURE COMMON MICROORGANISM(S)

Injection drug usage Staphylococcus aureus, coagulase-negative staphylococci, β-hemolytic streptococci, fungi, aerobic 
gram-negative bacilli (including Pseudomonas), polymicrobial

Indwelling medical devices S. aureus, coagulase-negative staphylococci, β-hemolytic streptococci, fungi, aerobic gram-negative 
bacilli, Corynebacterium spp.

Poor dental health Viridans group streptococci, HACEK group (Haemophilus, Actinobacillus, Cardiobacterium, Eikenella, and 
Kingella), nutritionally deficient streptococci, Abiotrophia defectiva, Granulicatella spp., Gemella spp.

Diabetes mellitus S. aureus, β-hemolytic streptococci, Streptococcus pneumoniae

Acquired immunodeficiency syndrome Salmonella spp., S. pneumoniae, S. aureus

Chronic skin infections, burns S. aureus, β-hemolytic streptococci, aerobic gram-negative bacilli, fungi

Genitourinary infections or manipulation, 
including pregnancy, abortion, and delivery

Enterococcus spp., group B streptococci, Listeria monocytogenes, aerobic gram-negative bacilli, Neisseria 
gonorrhoeae

Alcoholic cirrhosis Bartonella spp., Aeromonas spp., Listeria spp., S. pneumoniae, β-hemolytic streptococci

Gastrointestinal lesions Streptococcus bovis, Enterococcus spp., Clostridium septicum

Solid organ transplantation S. aureus, Aspergillus fumigatus, Candida spp., Enterococcus spp.

Homelessness, body lice Bartonella spp.

Pneumonia, meningitis S. pneumoniae

Contact with containerized milk or infected 
farm animals

Brucella spp., Pasteurella spp., Coxiella burnetii, Erysipelothrix spp.

Dog/cat exposure Bartonella spp., Pasteurella spp., C. septicum

Modified from Baddour LM, Wilson WR, Bayer AS, etâ•¯al. Infective endocarditis: diagnosis, antimicrobial therapy, and management of complications. Circulation 2005;111:e394-e434.
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endothelial damage as the inciting event is supported by the 
observation that the most likely areas of vegetation formation are 
similar to those where blood flow injury is most likely to occur: 
on the ventricular side of the semilunar valves and the atrial side 
of atrioventricular valves.67 Jet lesions from insufficient valves may 
also damage endothelium, and vegetations may form on such 
sites of injury, for example, the mitral chordae in aortic regurgita-
tion, the atrial wall (McCallum patch) in mitral regurgitation, and 
the septal leaflet of the tricuspid valve in a ventricular septal 
defect. Figure 25-1 illustrates the classic locations of endocardial 
and valvular lesions as well as the vegetation formation.

Interaction of damaged endothelium or microorganisms with 
intact endothelium results in exposure of the thrombogenic sub-
endothelial valve collagen. This exposure is believed to result in 
platelet and fibrin deposition and the development of a nonbacte-
rial thrombotic endocarditis (NBTE) lesion in most cases. If tran-
sient bacteremia is present, and the organisms can adhere to the 
NBTE lesion, an infective vegetation may be formed.

The vegetation is an amorphous platelet and fibrin mass. For it 
to evolve into an infective vegetation, microorganisms must 
adhere. In untreated infected vegetations, neutrophils and bacte-
ria are present, and elastin and collagen become disrupted, 
quickly leading to valvular destruction. Extremely high concen-
trations of bacteria (e.g., 109 to 1011 bacteria per gram of tissue) 
may accumulate within the endocarditis vegetation. This process 
can become fulminant, extending into surrounding tissue and at 
times forming large friable vegetations that embolize. As the 
process continues, abscess formation may occur.

A critical component in the formation of the infected vegetation 
is adherence of organisms to the endothelium or to the NBTE 
lesion. This adherence is facilitated by adhesive surface matrix 
molecules on the microorganism. Certain organisms appear to 
possess these surface molecules more than others, a difference 
that may explain their particular affinity for the NBTE lesion. For 
instance, streptococci that produce surface glucans and dextran 
appear to be more likely to cause endocarditis than those that do 
not.68 It is undoubtedly no accident that the most common patho-
gens are gram-positive bacteria and enterococci, because these 
organisms not only have the greatest ability to adhere and colo-
nize these initial lesions but also have multiple identifiable surface 
adhesins, sometimes referred to collectively as MSCRAMMS 
(microbial surface components reacting with adhesive matrix 
molecules).69

For example S. aureus possesses clumping factor A (or 
fibrinogen-binding protein A) and fibronectin-binding protein A, 
both of which are known to be involved in valve colonization and 
invasion. The clumping factor appears to mediate the primary 
attachment of the bacteria to the NBTE lesion, and this step is 
followed by internalization of the organism, which is promoted 
by fibronectin-binding protein. Eventually proinflammatory and 
procoagulant responses occur.70 Once safely inside the cells, 
the bacteria can survive, protected from antibiotics and host 
defense.71 This process may explain why certain organisms, such 
as staphylococcal species and streptococci, which have the 
ability to bind to platelets and incite the clotting mechanism, may 
be more virulent than those organisms that are more readily shed 
into the bloodstream. The fact that S. aureus may also induce 
endothelial cells to produce a clotting tissue factor could, at least 
partially, explain why S. aureus adheres to relatively normal valve 
tissue. Particulate material that may be injected by intravenous 
drug users may also promote S. aureus adherence by stimulating 
adhesive binding molecules on normal heart valves.72 This 
concept has been postulated to explain the distinct predilection 
for tricuspid valve involvement in intravenous drug users.73 A 
potential therapeutic approach to prevent this binding was 
attempted by use of the St. Jude Silzon prosthetic valve ring, a 
silver-coated polyester ring (St. Jude Medical, Inc., St. Paul, Min-
nesota). Unfortunately, concerns regarding increased paravalvu-
lar regurgitation and emboli led to the product’s early withdrawal 
from clinical trials.74

fully repaired ventricular septal defect or patent ductus arterio-
sus, and closure devices), previous endocarditis, and hypertro-
phic cardiomyopathy—may increase the risk of IE should 
bacteremia occur. On the basis of their review of all available 
data, the NICE guidelines working group recommends eliminating 
antibiotic prophylaxis for all dental or nondental procedures. 
They also note no preventive advantage of chlorhexidine mouth-
wash. Although there remain questions as to the value of eliminat-
ing endocarditis prophylaxis entirely,62 most physicians have 
gradually accepted the current endocarditis prophylaxis guide-
lines with some trepidation.63-66 A comparison of the various rec-
ommendations from these guideline committees is summarized 
in Table 25-5.

Pathophysiology and Pathogenesis

The normal heart valve is a three-layer histologic structure of 
endothelium, spongiosa, and ventricularis. Its endothelium is in 
continuity with the endothelium over the arterial, atrial, and ven-
tricular walls. The endothelial lining is resistant to infection by 
bacteria and fungi except for a few highly virulent organisms. 
Events that result in endocarditis constitute a complex interaction 
between the host and the invading microorganisms and involve 
the vascular endothelium, the host immune system, hemostatic 
mechanisms, cardiac anatomic characteristics, surface proper-
ties, enzyme and toxin production by the microorganisms, and 
peripheral events that have caused the bacteremia.28 Endothelial 
damage is the inciting event, followed by a platelet-fibrin deposi-
tion that provides a milieu for bacterial colonization. The role of 

TABLE 25-5

	 Conditions That Pose Greatest Risk for 
Infective Endocarditis: Comparison of the 
American Heart Association and the British 
Cardiac Society Recommendations for 
Endocarditis Prophylaxis Therapy Following 
Dental Procedures*

American Heart 
Association

Prosthetic heart valve or prosthetic material 
used for valve repair

Prior endocarditis
Cyanotic heart disease
Congenital heart disease:

Unrepaired cyanotic heart disease 
(including palliative shunts and 
conduits)

For 6 months after complete repair with 
prosthetic material or percutaneous 
device

Repaired with residual defect (jet lesion) 
at site of or adjacent to prosthetic 
material

Cardiac transplant valvulopathy with 
regurgitation

British Cardiac 
Society

Prosthetic heart valve
Prior endocarditis
Cyanotic heart disease
Transposition of the great vessels
Tetralogy of Fallot
Surgical systemic-to-pulmonary conduits
Left ventricle-to–right atrium fistula
Mitral valve prolapse with regurgitation or 

thickened valve leaflet

*Note that the American College of Cardiology (ACC)/American Heart Association (AHA) 
Guidelines for the Management of Adults With Congenital Heart Disease also suggest 
coverage of the high-risk patient during vaginal delivery60 and that the National Institute 
for Health and Care Excellence (NICE) guidelines recommend no antibiotic coverage in any 
situation.61
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as 5.6 million times greater than that derived from a single tooth 
extraction.80 Data such as these have led to the skepticism 
regarding the value of endocarditis prophylaxis during dental 
procedures.

Host defenses against infection likely also play an important 
but poorly defined role. Perhaps surprisingly, IE is not more preÂ�
valent in immunocompromised patients, with the possible  
exception of those with HIV disease.81 Endocarditis involving 
gram-positive organisms is much more common than gram-
negative, in part because of differences in the organism itself, but 
possibly also related to host defenses. For instance, the C5b-C9 
membrane-attack complex of complement has a much greater 
killing effect on the membranes of gram-negative than of gram-
positive organisms.5 Platelet microbicidal proteins may also play 
some role,82 especially because platelet deposition is so important 
in in vegetation formation.

The role of viruses as causative agents in IE remains unproven. 
A 2011 report revealing coxsackievirus cultured from an infected 
intracardiac patch raises the issue anew.83 Burch et al84 have sug-
gested the possibility for many years, though later reviews of 
culture-negative endocarditis have not provided much evidence 
for viral etiologies.85

All of these interacting processes eventually lead to prolifera-
tion of the infecting organism within the vegetation. The cycle of 
adherence, organism growth, and platelet-fibrin deposition is 
then repeated again and again as the vegetation grows and devel-
ops. After treatment, capillaries and fibroblasts may appear in the 

Enterococcus faecalis and other enterococcal species are also 
equipped with collagen adhesions75 and aggregation substances75 
and are capable of biofilm production.76 The clinical importance 
of biofilm production by these organisms has been strongly impli-
cated in their antibiotic resistance and provides a potential thera-
peutic target for attacking the infections.76

Some writers have postulated that local inflammation from 
degenerative lesions might have a direct role in endothelial infec-
tion.5 Inflammatory mechanisms could potentially play a role in 
the pathogenesis of certain fastidious infections involving patho-
gens, such as Coxiella burnetii (Q fever), Chlamydia spp., Legio-
nella spp., and Bartonella spp.77

In up to 30% of patients, a preexisting cardiac abnormality may 
not be evident.68 Several organisms appear capable of infecting 
apparently normal valves, including S. aureus, some streptococci, 
Salmonella, Rickettsia, Borrelia, and Candida spp. In addition to 
the mechanisms already described, it has even been postulated 
that some endothelial cells may contain metabolically latent 
organisms that eventually damage the endothelium.78

The role of transient bacteremia in vegetation formation is 
indisputable.79 Transient bacteremia is unavoidable, however, and 
occurs even during such mundane activities as chewing food and 
toothbrushing. Toothbrushing twice a day for a year has been 
found to result in a 154,000 times greater risk of bacteremia than 
would result from a single tooth extraction, the dental procedure 
associated with the highest bacteremia.80 Taken overall, the 
cumulative exposure from such routine activities may be as high 

FIGURE 25-1â•… Pathogenesis of infective endocarditis. A, Sites of high-velocity jets where endocarditis vegetations occur. Note that these are on the atrial 
side of an atrioventricular valve and on the ventricular side of a semilunar valve. In addition, jet lesions from semilunar valves can result in lesions on chordae. 
Asterisk marks areas of jet lesions (McCallum patches) on endocardium from lesions such as a ventricular septal defect (on tricuspid septal leaflet) or on the left 
atrium from a mitral regurgitation jet. B, The steps in the development of the endocarditis lesion on the aortic valve. (1) The normal aortic valve leaflet. A thickened 
portion below the commissural line is the area where the leaflets coapt and trauma is most likely to occur. Endothelium covers the valve and is an extension of 
aortic and ventricular endothelium. The fibrosa provides major support for the leaflet. The ventricularis underlies the free edge, and the spongiosa lies between 
the two in the central portion. (2) The initial insult with endothelial injury and exposure of valve collagen. (3) Platelet and fibrin deposition with the formation of 
the nonbacterial thrombotic endocardial (NBTE) lesion. (4) Adhesion of microorganisms and then invasion into the NBTE lesion followed by colonization. Inflam-
matory cells become evident, elastin and collagen disruption occurs, and the valve destruction begins. AO, Aorta; LA, left atrium; LV, left ventricle; PA, pulmonary 
artery; RA, right atrium; RV, right ventricle. (Adapted from Bashore TM, Cabell C, Fowler V Jr. Update on infective endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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lesion, but untreated lesions tend to be avascular. Necrosis with 
various stages of healing may occur along with vasculitic compo-
nents in the healed lesion. Even after successful antimicrobial 
therapy, many sterile vegetation masses persist indefinitely.86

Diagnosis

Clinical Manifestations
The prevalences of the clinical features observed in patients with 
IE are summarized in Table 25-6. Many of these features were 
espoused by Osler in the Gulstonian lectures4,87 but are rarely 

TABLE 25-6	 Clinical Manifestations of 
Infective Endocarditis

SYMPTOM OR PHYSICAL FINDING PREVALENCE (%)

Fever 58-90

Weight loss 25-35

Headache 15-40

Musculoskeletal pain 15-40

Altered mentation 10-20

Murmur 80-85

Peripheral stigmata:
â•… Petechiae 10-40
â•… Janeway lesions 6-10
â•… Osler nodes 7-23
â•… Splinter hemorrhages 5-15
â•… Clubbing 10-15

Neurologic manifestations 30-40

Roth spots 4-10

Splenomegaly or infarct 15-50

FIGURE 25-2â•… Peripheral manifestations of 
infective endocarditis. See text for discussion. 

Splinter hemorrhages

Janeway lesions

Osler nodes

Conjunctival hemorrhage

seen in an era when diagnostic testing is better and there is anti-
microbial therapy. Most patients continue to have an initial indo-
lent course from 2 weeks to many months with vague symptoms. 
Symptoms include fever, chills, anorexia, weight loss, night 
sweats, and malaise.

Fever is the most common symptom, occurring in from 64% to 
93% of patients with NVE, 85% with PVE, and 75% to 88% of 
patients with IDU and IE. It is less common in elderly patients and 
in patients with HF, renal failure, severe debility, or previous anti-
biotic therapy.88 Persistent fever more than 1 week after therapy 
requires further investigation into its cause (e.g., an abscess some-
where), a nosocomial infection, drug fever, or inadequate IE 
therapy.

A murmur is apparent in 80% to 85% of patients,28 although 
auscultation is a dying art in cardiology and a murmur may not 
always be recognized by health care providers even when present. 
The murmur of acute and fulminant aortic regurgitation may be 
particularly difficult to hear because there is little diastolic gradi-
ent. Whereas tricuspid regurgitation should be evident from 
examination of the jugular venous pulse, the murmur is often 
quite soft when right ventricular systolic pressure is normal.

A variety of peripheral cutaneous manifestations highlight the 
classic endocarditis examination (Figure 25-2). Unfortunately 
many of these peripheral stigmata are rare today. Emboli can be 
observed in many areas, such as mouth and conjunctival pete-
chiae, nail bed splinters, skin Janeway lesions, Osler nodes, and 
Roth spots. Splinter hemorrhages tend to occur in the proximal 
half of the nail bed, as opposed to splinters due to trauma, which 
occur in the outer half. Janeway lesions are painless, erythema-
tous skin lesions that often appear in crops on the hands or feet. 
They represent embolic events similar to those in splinters. Biop-
sies reveal that they are microabscesses without arteritis, and 
organisms can often be cultured from them.

Osler nodes are painful lesions that manifest as nodules on the 
pads of the toes or the fingertips and may persist for days. The 
cause for Osler nodes is unclear, but the fact that they may be 
seen in other settings, such as systemic lupus erythematosus (and 
there is histologic evidence for perivasculitis on biopsy), has led 
many to regard them as immunologic phenomena. Rarely, 
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endocarditis after 4 or fewer days of antibiotic therapy or no 
pathologic evidence of endocarditis at surgery or autopsy after 4 
or fewer days of therapy.

Major criteria focus on identifying an organism and providing 
evidence that there is valvular, cardiac, or device infection from 
that organism. Positive blood culture results play an important 
role, and the occurrence of two separate blood cultures showing 
a typical organism, such as S. aureus, Streptococcus viridans 
species, Streptococcus bovis, HACEK group (Haemophilus, Actino-
bacillus, Cardiobacterium, Eikenella, and Kingella), or enterococci 
in the absence of a primary focus or persistently positive blood 
culture results (in ≥2 cultures of specimens collected >12 hours 
apart or in all 3 blood specimens or 3 of 4 blood specimens drawn 
within an hour period) qualifies as a major criterion for the diag-
nosis. Because of the difficulty in diagnosing Q fever, a single 
blood culture result or an immunoglobulin (Ig) G antibody titer 
greater than 1â•›:â•›800 for C. burnetii also qualifies. The other major 
criteria include clear-cut evidence for cardiac or device vegeta-
tion or valve destruction as demonstrated by echocardiographic 
evidence of a vegetation, abscess, and dehiscence of a prosthetic 
valve or the clinical presence of a new (not changing) regurgitant 
valve lesion on examination.

Minor criteria focus on the epiphenomena that are part of the 
endocarditis complex of clinical findings. These include having 
a predisposition (known heart condition or IDU), fever, vascular 
phenomena (major arterial emboli, septic pulmonary infarction, 
mycotic aneurysm, intracranial hemorrhage, conjunctival hemor-
rhage, Janeway lesions), immunologic phenomena (glomerulone-
phritis, Osler nodes, Roth spots, rheumatoid factor, C-reactive 
protein [CRP] level), and soft microbiologic evidence (positive 
blood culture results that do not qualify as major criteria) or 
serologic evidence of an active infection with an organism con-
sistent with IE. A scheme to facilitate the diagnosis of IE in those 
patients who prove culture-negative is discussed later.

organisms have been cultured from Osler nodes, suggesting that 
emboli may at least be the inciting mechanism.89

Roth spots are retinal hemorrhages with a white center. They 
most likely represent septic emboli, but like Osler nodes, they 
have been described in other clinical settings and especially as 
a manifestation of systemic lupus erythematosus, anemia, diabe-
tes, multiple myeloma, and HIV infection.90 Frank retinal artery 
occlusion may also occur.

Musculoskeletal aches and pains are common in IE and often 
occur early in the course.91 Any joint can be involved, but back 
and shoulder pains are most frequently cited.92 Septic emboli may 
result in osteomyelitis or bone abscess formation (especially in 
the spine). Musculoskeletal pain must be taken seriously if it per-
sists during the course of therapy.

Neurologic symptoms are common, being seen in as many as 
30% to 50% of patients with IE. Symptoms appear to be more 
common in patients with IDU and those with staphylococcal IE.93 
Embolic stroke is the most common and serious manifestation. 
Intracranial hemorrhage may occur from a ruptured arterial 
vessel, a ruptured mycotic aneurysm, or bleeding into a throm-
botic stroke distribution.94 In addition, neurologic symptoms may 
be related to cerebritis or meningitis or to toxic or immune-
mediated injury. Brain abscess is rare, but microabscesses from 
virulent organisms, such as S. aureus, occur with some fre-
quency.95 Meningitis may be a major feature in IE due to Strepto-
coccus pneumoniae.

Splenic emboli are probably underreported. In the preantibi-
otic era, splenomegaly was common. Now about 25% to 50% of 
patients may have evidence of enlarged spleen. Autopsy series 
suggest that splenic infarcts are often present without clinical 
symptoms.96

The Evolution of the Duke Criteria
IE has traditionally been defined as an infection of the valves and 
chordae within the cardiac chambers. This definition has now 
been expanded to include infection on any structure within the 
heart, including normal endothelial surfaces (e.g., myocardium 
and valvular structures), prosthetic heart valves (e.g., mechanical 
or bioprosthetic valves, homografts, and autografts), and 
implanted devices (e.g., pacemakers, implantable defibrillators, 
and ventricular assist devices). Much of the increase in the inci-
dence of IE described over the last couple of decades has come 
from infections on intracardiac devices, and the number of 
devices being implanted has grown dramatically.

The diagnosis of IE hinges on clinical suspicion and the dem-
onstration of continuous bacteremia. It was not until the late 1970s 
that Pelletier and Petersdorf97 developed a case definition based 
on a 30-year experience of caring for patients with IE in Seattle. 
Although this definition was highly specific, it lacked sufficient 
sensitivity. In 1981, von Reyn et al98 published an analysis that 
provided four diagnostic categories for cases of suspected IE 
(rejected, possible, probable, and definite), and the effort 
improved both the sensitivity and the specificity of the previous 
case definition. The definition did not incorporate imaging infor-
mation, however.

In 1994, Durack et al99 from Duke University Medical Center 
incorporated echocardiography into the criteria for the first time, 
giving rise to what have come to be known as the Duke criteria. 
These criteria have been validated subsequently by many other 
studies,100-102 including the latest modifications (Table 25-7).103,104 
There are now three diagnostic categories. Definite endocarditis 
is considered to be present if there is pathologic evidence (surgi-
cal pathologic histology or culture or vegetation histology or 
culture) or if there is clinical evidence as demonstrated by the 
presence of two major criteria or one major criterion and three 
minor criteria or five minor criteria. Possible endocarditis is 
defined as having one major criterion and one minor criterion or 
three minor criteria. Rejected diagnosis is defined as having a firm 
alternative diagnosis or sustained resolution of the evidence for 

TABLE 25-7	 The Modified Duke Criteria for Diagnosis of 
Infective Endocarditis*

I.â•‡ Major Criteria
A.	 Microbiologic:

Typical microorganisms isolated or identified from a pathologic 
specimen or found in positive blood cultures (all 3 or 3 of 4 
specimens drawn over 1 hour or 2 positive cultures separated by >12 
hours), or a single positive blood culture for Coxiella burnetii (or phase 
I immunoglobulin G antibody titer to C. burnetii >1â•›:â•›800)

B.	 Evidence of endocardial involvement:
New valvular regurgitation murmur or positive echocardiogram results 

(intracardiac or device mass, or para-annular abscess, or new 
dehiscence of prosthetic valve)

II.â•‡ Minor Criteria
A.	 Predisposition to infective endocarditis:

1.	 Previous infective endocarditis
2.	 Injection drug use
3.	 Prosthetic heart valve
4.	 Mitral valve prolapse
5.	 Cyanotic congenital heart disease
6.	 Other cardiac lesions creating turbulent flow within the intracardiac 

chambers
B.	 Fever >38°â•›C (100.4°â•›F)
C.	 Vascular phenomenon (e.g., embolic event, mycotic aneurysm, Janeway 

lesion)
D.	 Immunologic phenomenon (e.g., presence of serologic markers, 

glomerulonephritis, Osler nodes, or Roth spots); polymerase chain 
reaction assay for 16S ribosomal RNA has been added by Working Party 
of the British Society for Antimicrobial Therapy22

E.	 Microbiologic findings not meeting major criteria or serologic evidence 
for an active infection with typical organism

*Definite infective endocarditis = 2 major criteria or 1 major criterion and 3 minor or 5 minor 
criteria. Possible infective endocarditis = 1 major criterion and 1 minor criterion or 3 minor 
criteria.
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The 2012 Endocarditis Guidelines from the Working Party of the 
British Society for Antimicrobial Therapy added a broad-range 
PCR of 16S ribosomal RNA as a minor criterion to the Modified 
Duke Criteria.22 To date this addition has yet to be confirmed as 
appropriate. Unfortunately, serologic tests for the specific strain 
of Staphylococcus do not seem to be useful in distinguishing IE in 
patients with staphylococcal sepsis.118

Transthoracic and Transesophageal 
Echocardiography
The modified Duke criteria depend on identification of the 
infected lesion, and echocardiography is the key imaging tool. 
With the use of echocardiography, several findings provide evi-
dence consistent with IE, including vegetations, evidence of 
annular tissue destruction (abscess), aneurysm, fistula, leaflet 
perforation, and valvular dehiscence. Echocardiography also pro-
vides data regarding ventricular function, evidence of pulmonary 
hypertension, and an assessment of the hemodynamic conse-
quences of the infection.

Both transthoracic echocardiography (TTE) and transesopha-
geal echocardiography (TEE) play significant roles in the diagno-
sis and management of patients with suspected IE. TTE is widely 
available and can provide important diagnostic information 
rapidly. Under ideal conditions, TTE can reliably identify struc-
tures as small as 5â•¯mm in diameter, although TEE can depict 
structures as small as 1â•¯mm. It is widely accepted that the sensitiv-
ity and specificity of TEE are superior to those of TTE (93% and 
96% versus 46% and 95%). As a generality, TEE should be per-
formed whenever TTE is likely to have a low yield, such as in the 
definition of a paravalvular abscess or in the patient with a pros-
thetic valve or suspected infection of a lead or dwelling catheter. 
TEE may be particularly helpful in culture-negative IE. However, 
TEE may not detect the presence of a paravalvular abscess.119

Figure 25-3 outlines the current guidelines for appropriate use 
of TTE and TEE in the diagnosis and follow-up of patients with 
IE.120 This algorithm reflects studies showing that an initial 

Emerging Roles for Biomarkers and Polymerase 
Chain Reaction Analysis
There is growing interest in the evaluation of certain biomarkers 
that are present in patients with endocarditis, but their use has 
focused on predicting outcomes rather than diagnosis. A CRP 
value that is elevated at baseline and normalizes with therapy has 
been associated with good outcomes,105 whereas a persistently 
elevated CRP value despite therapy has been associated with a 
higher rate of cardiovascular events.106 Procalcitonin, a marker of 
systemic bacterial infection, has also been shown to be elevated 
in IE and may be an early marker of the disease.107,108 Troponin T 
has been found in 93% of patients with endocarditis, and its 
maximal level has also been correlated with a poor outcome.109 
In addition, the brain natriuretic peptide (BNP) value has been 
associated with poor outcomes, both alone and in association 
with the troponin level.110

There is also now growing evidence that molecular diagnostic 
techniques may eventually help refine the Duke criteria, espe-
cially regarding culture-negative endocarditis. Molecular and 
immunologic diagnostic techniques may have a role in discover-
ing infection from fastidious agents such as C. burnetii, Legionella 
pneumophila, Tropheryma whippelii, Bartonella species, HACEK 
group organisms, and fungi. The most readily applicable tech-
niques amplify trace amounts of a given nucleic acid target of 
microbial DNA in host tissues. In the form of the broad range or 
the universal 16S RNA gene polymerase chain reaction (PCR) 
test, most etiologic agents involved in IE have been identified. The 
bacterial 16S ribosomal RNA gene has both highly conserved and 
variable regions, and PCR is able to detect all known bacteria at 
the genus level and provide identification.111 Fungal organisms 
can also be identified. PCR, however, is costly and requires metic-
ulous technique to avoid contaminants and false-positive results. 
The technique has improved the sensitivity and specificity of 
diagnosis in excised heart valves,112,113 but the advantage will 
come when real-time, effective PCR can readily be performed on 
blood samples. Newer reports of the use of PCR are encouraging.114-117 

FIGURE 25-3â•… Algorithm for the effective use of transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE) with suspicion of infective 
endocarditis (IE). Echo, echocardiographic. (Modified from Bayer AS, Bolger AF, Taubert KA, etâ•¯al. Diagnosis and management of infective endocarditis and its complications. 
Circulation 1998;98:2936-2948.)
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echocardiogram. To complicate matters, each of these structures 
has been reported as a site for infection.

Since the early 1990s multiple studies have shown an associa-
tion between vegetation size and subsequent thromboembolic 
risk. Some have found that the risk of embolization was directly 
related to vegetation size.125 Tischler and Vaitkus126 conducted a 
meta-analysis that incorporated 10 studies involving 738 patients 
with IE. They found that the pooled OR for risk of embolization 
was three times higher in patients with large vegetations (>10â•¯mm) 
than in patients with no detectable or small vegetations (OR, 2.90; 
95% CI, 1.95-4.02). Di Salvo et al127 also found that both size and 
mobility were predictive of embolic events. Unfortunately, there 
is a relatively high degree of interobserver variability in recording 

strategy of TEE imaging is the most cost-effective in many clinical 
situations. For instance, Heidenreich et al121 have shown that in 
suspected endocarditis, a diagnostic strategy that focuses on TEE 
as the initial imaging modality may actually be more cost-effective 
than a staged procedure with TTE as the initial procedure, and 
that initial TEE is a better strategy for diagnosis than empiric 
antimicrobial therapy alone. In a similar study, Rosen et al122 deter-
mined the cost-effectiveness of TEE in establishing the duration 
of therapy for catheter-associated bacteremia. The following three 
management strategies were compared: (1) empirical treatment 
with 4 weeks of antibiotics (long course), (2) empirical treatment 
with 2 weeks of antibiotic therapy (short course), and (3) TEE-
guided therapy. In the case of the TEE strategy, positive TEE 
results dictated long-course therapy, and negative TEE results 
dictated short-course therapy. The empiric long-course strategy 
and the TEE-guided strategy were both superior in effectiveness 
to empirical short-course therapy. When costs were accounted 
for, the TEE-guided strategy was better than the empirical long-
course strategy; an estimated cost saving of more than $1,500,000 
per quality-adjusted life year was calculated.

The algorithm allows that multiple echocardiographic evalua-
tions may be useful in determining the prognosis of patients with 
IE. For instance, whether a vegetation stays static or enlarges may 
affect prognosis.

Serial examinations can be taken to extreme, however. In a 
review of 262 patients with 266 episodes of suspected IE, TTE was 
repeated at least once in 192 (72.2%) patients, whereas TEE was 
repeated in 49 (18.4%) of patients. The average number of TTE 
examinations was 2.4, but 6 patients had at least 6. In a similar 
fashion, the mean number of TEE examinations was 1.7, although 
4 patients had at least 4, and 1 patient had 5. The investigators 
found that repeated echocardiograms were not always helpful, 
and no additional diagnostic information was provided after the 
second or third echocardiogram (TTE or TEE).123 This finding is 
important to keep in mind in an era in which cost containment is 
vital.

Echocardiographic Features in  
Infective Endocarditis
VEGETATIONS

On echocardiography, a vegetation appears as an irregularly 
shaped, discrete echogenic mass that is adherent to yet distinct 
from the endothelial cardiac surface. Oscillation of the mass with 
high-frequency movement independent of that of intrinsic struc-
tures is supportive but not mandatory for the echocardiographic 
diagnosis. Vegetations have the consistency of mid-myocardium 
(Figure 25-4) but may also have areas of both echolucency and 
echodensity. Their expected locations were described earlier 
(see Figure 25-1). Vegetations may also appear on nonvalvular 
intravascular structures, such as pacemaker leads (Figure 25-5), 
or on the windsock deformity associated with a ventricular septal 
defect. Vegetations on prosthetic material may be a particular 
challenge, and TEE is usually required for confirmation. Over time 
vegetations tend to decrease in size with therapy, although they 
may persist indefinitely as less mobile and more echogenic 
masses.

Not all intracardiac mass lesions are vegetations from IE. For 
instance, in systemic lupus erythematosus, inflammatory mass 
lesions (Libman-Sacks) related to the disease usually have broad 
bases and are small. Other sterile vegetations, such as in marantic 
endocarditis, may also occur in patients with advanced malignan-
cies. A mass effect may be seen in patients with myxomatous 
valves, ruptured chordae unrelated to infection, cardiac tumors, 
and degenerative valvular changes, especially when there is  
considerable calcium. Moreover, normal variants, such as promi-
nent Lambl excrescences124 (small filiform processes on the 
medial tips of the aortic valve), a Chiari network, and a eustachian 
valve in the right atrium, may mimic IE vegetations on an 

FIGURE 25-4â•… Typical endocarditis vegetative lesion on the native 
mitral valve (arrow) as seen on a transesophageal echocardiogram. 
Echocardiographic consistency of vegetation is similar to that of the myocar-
dium. LA, Left atrium; LV, left ventricle. (From Bashore TM, Cabell C, Fowler V Jr. 
Update on infective endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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FIGURE 25-5â•… Endocarditis on a pacemaker or defibrillator lead. Ball-
like vegetation (arrows) on a pacemaker lead (vertical echoes seen in right 
atrium [RA]). Horizontal echoes between RA and right ventricle (RV) represent 
the tricuspid valve. (From Bashore TM, Cabell C, Fowler V Jr. Update on infective 
endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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outcomes, including HF and death. This risk is particularly seen 
with aortic valve IE, in which aortic abscesses and mycotic pseu-
doaneurysms involving the sinuses of Valsalva may rupture, 
leading to the development of aortocavitary or aortopericardial 
fistulas. Aortocavitary communications, especially to right heart 
structures, create intracardiac shunts, which may result in further 
clinical deterioration and hemodynamic instability (Figure 25-7).

PERFORATION AND VALVULAR REGURGITATION

Little information is available about the implications of valvular 
perforation, but it is generally accepted that this event either is 
associated with a virulent microorganism, such as S. aureus, or 
occurs when the infection process continues for an extended 
time without detection. Once a perforation occurs, a significant 
amount of valvular regurgitation may develop.

PROSTHETIC VALVE DEHISCENCE

Dehiscence of a prosthetic valve due to IE is a serious complica-
tion. Dehiscence is generally defined fluoroscopically as a rocking 
motion of the prosthetic valve more than 15 degrees in any one 
plane. This complication may lead to a gross separation of the 
prosthetic annulus from the native tissue. Prosthetic valve dehis-
cence is invariably associated with significant paravalvular regur-
gitation and is usually associated with hemodynamic compromise. 
An example of prosthetic valve dehiscence demonstrated by 
echocardiography is shown in Figure 25-8. Dehiscence in acute 
IE represents an urgent indication for surgical therapy.

Other Imaging Modalities in the Diagnosis of 
Infective Endocarditis
Other imaging modalities may support the diagnosis of IE and/or 
may be used to evaluate the possibility of complications. Chest 
radiography can be used to provide supporting evidence of IE, 

the specific characteristics of vegetations,128 which has led some 
investigators to be skeptical of using a definitive cutoff size mea-
surement to define risk. Large vegetations have now been incor-
porated into the criteria for surgical intervention, with large being 
defined as more than 10â•¯mm and very large as more than 15â•¯mm.

PARAVALVULAR EXTENSION OF INFECTION 
(MYOCARDIAL ABSCESS FORMATION)

Paravalvular extension of infection, or abscess formation, is one 
of the most serious complications of IE, being an indication for 
surgical therapy. A myocardial abscess can be defined as a thick-
ened area or mass in the myocardium or annular region with an 
appearance that is generally nonhomogeneous. There is usually 
evidence of flow within the cavity, but flow is not mandatory for 
the diagnosis. An echo-free space suggests that complete lique-
faction of the myocardium or aortic wall has occurred. A rupture 
with formation of a fistula or pseudoaneurysm may result. An 
example of an annular abscess is shown in Figure 25-6.

Abscess formation is associated with substantial morbidity and 
mortality. Extension into the septum may affect the conduction 
system, leading to heart block. Abscess formation is more com-
monly associated with IE of aortic valves—particularly prosthetic 
valves—the presence of new atrioventricular heart block, and 
coagulase-negative staphylococcus infection.129 The mortality 
rate for patients with untreated abscess formation is 1.5 to 2.0 
times higher than that for similar patients without abscess forma-
tion, although surgical mortality rates for the two groups are 
similar.129 At times TTE can establish the diagnosis of abscess 
formation, but overall the resolution associated with typical TTE 
in adults is insufficient for the full characterization of most intra-
cardiac abscess cavities, and TEE is preferred.

FISTULA FORMATION

Spread of infection from valvular structures to the surrounding 
paravalvular tissue may increase the patient’s risk of adverse  

FIGURE 25-6â•… Annular abscess formation in endocarditis. A, Asterisk denotes the area of the paravalvular abscess between the aortic valve replacement 
(AVR) and the left atrium (LA). B, The color-flow Doppler imaging shows the presence of flow in and out of the abscess. RA, Right atrium. (From Bashore TM, Cabell 
C, Fowler V Jr. Update on infective endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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Specific Complications
Endocarditis vegetations on native valves may interfere mechani-
cally with valve motion and lead to valvular regurgitation. Vegeta-
tion growth can also result in leaflet perforation and may cause 
chordal rupture. Endocarditis on a prosthetic valve usually begins 
on the valvular cuff and often extends outside the valvular appa-
ratus, resulting in valvular dehiscence, abscess formation, and 
myocardial involvement. Vegetations can be large enough to 
interfere directly with mechanical prosthetic leaflet function and 
cause both regurgitation and obstruction. Mechanical prosthetic 

such as nodular pulmonary infiltrates in a febrile IDU, suggesting 
right-sided IE with septic pulmonary emboli, or evidence of pul-
monary congestion from a left-sided lesion.

Computed tomography (CT), positron emission tomography, 
and cardiac magnetic resonance (CMR) imaging have all been 
reported to help assess the evidence for complications such as 
stroke and visceral embolic events, but these imaging modalities 
have little role in identifying the cardiac pathologic lesions them-
selves. Coronary CT angiography is useful for excluding coronary 
artery disease and avoiding cardiac catheterization in middle-
aged or younger patients.

FIGURE 25-7â•… Fistula formation during infective endocarditis. A, An infected sinus of Valsalva aneurysm that has ruptured into the right ventricular outflow 
tract (RVOT) and right atrium (RA). B, Color-flow Doppler imaging shows a pattern of high-velocity flow from the high-pressure aorta into the lower-pressure right 
atrium and ventricle. LA, left atrium. (From Bashore TM, Cabell C, Fowler V Jr: Update on infective endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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FIGURE 25-8â•… Prosthetic valve endocarditis with valvular dehiscence. A, Transesophageal two-dimensional echocardiogram of a St. Jude mitral valve. 
B, Color-flow Doppler image shows severe paravalvular mitral regurgitation (arrows) into the left atrium (LA) due to dehiscence of the mitral valve replacement. 
(From Bashore TM, Cabell C, Fowler V Jr. Update on infective endocarditis. Curr Probl Cardiol 2006;31:274-352.)
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Embolization
The second most common cardiac complication of IE is emboliza-
tion. Stroke is the most commonly observed major clinical con-
sequence of embolization, and the risk of such embolization 
appears much greater for mitral than for aortic valve endocardi-
tis.136 Indeed, cerebral infarction due to either emboli or mycotic 
aneurysm may be the presenting sign of endocarditis in up to 14% 
of patients.137 CMR is useful in detecting stroke and deciphering 
an embolic event from a bleed (Figure 25-10). The rate of embolic 
events declines rapidly after the initiation of effective antibiotics, 
dropping from an initial 13 events per 1000 patient-days in the first 
week to less than 1.2 events per 1000 patient-days after 2 weeks 

valves appear to have a greater risk for endocarditis in the early 
period after surgery, and bioprosthetic valves later on.130 By 5 
years, though, there is no real difference in incidence of endocar-
ditis between mechanical and bioprosthetic valves.27,131 Implant-
able rings (inserted as part of valve repair) have the least risk for 
endocarditis,132 but valve repair is still considered a higher risk for 
recurrent endocarditis.63 Despite improvements in diagnostic 
tests and antibiotics, the incidence of complications in patients 
with endocarditis has not changed much over the last few 
decades.133 Table 25-8 provides estimates of the incidence of clini-
cal complication from IE in the modern era.130

Cardiac Complications
The most frequent complication of IE is HF, which is usually the 
result of acute or semiacute valvular regurgitation and not myo-
cardial failure. It is most common with aortic valve involvement, 
followed by mitral and then tricuspid valve infections.134 The 
ability of the heart to withstand the volume overload–related val-
vular regurgitation depends on several factors: the severity of the 
regurgitation, the valve involved, the rapidity of the volume over-
load, and both the size and function of the chamber receiving the 
volume overload. Mitral regurgitation, for instance, presents both 
a volume overload and an afterload decrease to the left ventricle, 
perhaps explaining why it is better tolerated than acute aortic 
regurgitation, in which the lesion results in both a volume over-
load and an afterload increase. The rapid rise in left ventricular 
diastolic pressures in acute aortic regurgitation may even close 
the mitral valve prematurely, before ventricular systole is initiated. 
This pre-closure is readily observed on M-mode echocardiogra-
phy and has been used as an indication that surgical correction 
is urgently warranted135 (Figure 25-9).

Abscess formation has already been discussed. At times the 
only clue to abscess formation may be the development of first-
degree or more severe atrioventricular block. Abscess formation 
is much more common in aortic than in mitral valve endocarditis. 
Aortic root involvement may result not only in abscess formation 
but also in a true rupture, leading to fistula formation or a 
pseudoaneurysm.

TABLE 25-8
	 Complications from Infective Endocarditis: 

Estimates of the Incidence of Complications 
in the Modern Era

COMPLICATION INCIDENCE (%)

Death 12-45 (24% average)

Heart failure (aortic regurgitation > mitral 
regurgitation > tricuspid regurgitation)

50-60

Embolization (mitral > aortic valve): 20-25
â•… Cardiovascular accident 15
â•… Other major emboli:
â•…â•…  Limb 2-3
â•…â•…  Mesenteric 2
â•…â•…  Splenic 2-3

Glomerulonephritis 15-25

Annular abscess 10-15

Mycotic aneurysm 10-15

Conduction system involvement 5-10

Central nervous system abscess 3-4

Other, less common complications (pericarditis, 
myocarditis, myocardial infarction, 
intracardiac fistula, metastatic abscess)

1-2

FIGURE 25-9â•… Pre-closure of mitral valve in acute aortic regurgitation. 
In this M-mode echocardiogram, the closure point of the anterior and posterior 
mitral valves can be identified to occur prior to the superimposed initiation of 
the electrocardiographic QRS. This early closure is due to the rapid rise in the 
left ventricular diastolic pressures as a result of acute aortic regurgitation into 
a noncompliant left ventricle. 

FIGURE 25-10â•… Magnetic resonance imaging of central nervous 
system bleed in endocarditis. Brain magnetic resonance imaging showing 
intracranial hemorrhage (arrows) from a ruptured mycotic aneurysm. 
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Less Common Complications
Other, less common cardiac complications of IE include the 
development of pericarditis (either from direct extension of the 
infection or possibly from embolization to the pericardial vessels) 
and myocarditis. Invasion of the sinus of Valsalva may result not 
only in aortic regurgitation but also in pericarditis, hemopericar-
dium, and fistula formation with right heart structures.

Management

Common Features of Management
Once the diagnosis of IE has been established and appropriate 
treatment initiated, fever should resolve within days, the excep-
tion being that in some patients with S. aureus infections, it may 
persist for up to 2 weeks. Recurrent fevers should raise concern 
that the antimicrobials are ineffective, that there is an abscess or 
other infection somewhere that is not being resolved, or that there 
is drug fever. Patients should be monitored daily for new embolic 
phenomena or signs of worsening hemodynamics. HF should be 
treated appropriately.

Bacteremia in IE is continuous, so results of each of the set  
of three recommended blood cultures should be positive. A  
single positive culture result should raise the suspicion of a con-
taminant. One should avoid sampling intravascular lines. If the 
patient is receiving antibiotics and is stable, antibiotic therapy 
should be discontinued before blood culture specimens are 
obtained. The 2012 European Society of Cardiology (ESC) guide-
lines suggest discontinuing antibiotic therapy for 7 to 10 days if 
necessary.22

In most patients, a percutaneous inserted central catheter or 
similar long-term access line should be placed early for antibiotic 
administration. Patients should undergo cardiac examination 
daily and follow-up echocardiography if any sign of a complica-
tion from endocarditis becomes evident. If aortic valve involve-
ment is present, the PR interval on the electrocardiogram should 
be periodically assessed.

of therapy.138 Pulmonary emboli, usually septic in nature, occur 
in 66% to 75% of patients with IDU and tricuspid valve endocar-
ditis.16 Emboli may involve virtually any systemic organ, including 
the liver, spleen, kidney, and abdominal mesenteric vessels. Renal 
emboli can cause hematuria and flank pain. Splenic infarction 
may lead to abscess development and may cause prolonged 
fevers or left shoulder pain from diaphragmatic irritation. Coro-
nary emboli can result in myocardial infarction (Figure 25-11). 
Distal emboli can produce peripheral metastatic abscesses, espe-
cially of the spine or other bony structure. Muscular and joint 
pains are not uncommon in IE, but severe osteoarticular pain may 
indicate a bony embolus.139

Mycotic aneurysms result from septic embolization to an arte-
rial intraluminal space or to the vasa vasorum of the cerebral 
vessels. Vascular branch points are the most common sites of 
presentation (Figure 25-12). Mycotic aneurysms are uncommon 
but may be responsible for up to 15% of neurologic complications. 
The clinical syndrome that results may vary considerably from a 
slow leak that produces only mild headache and meningeal irrita-
tion to sudden intracranial hemorrhage and a major stroke.

Renal Dysfunction
Renal dysfunction is common in patients with endocarditis. 
Although such dysfunction is often attributed to immune complex 
glomerulonephritis, a necropsy and biopsy study140 revealed that 
localized infarction was present in 31% and acute glomerulone-
phritis in 26%. The most common type of glomerulonephritis is 
vasculitic, without deposition of immunoproteins in glomeruli. Of 
the renal infarcts, more than half are related to septic emboli, 
primarily in patients infected with S. aureus. In patients with renal 
dysfunction, acute interstitial nephritis, presumably due to antibi-
otic use, is found in 10%, and renal cortical necrosis is also found 
in about 10%. Azotemia due to immune complex–mediated glo-
merulonephritis generally improves with effective antibiotic 
therapy. The cause of renal dysfunction in many patients is mul-
tifactorial, especially when baseline renal function is abnormal 
or HF is present.

FIGURE 25-11â•… Coronary embolus during endocarditis. Arrow shows the 
abrupt cutoff of the contrast agent within the left anterior descending artery 
(LAD). LCx, left circumflex artery. 

LAD

LCx

FIGURE 25-12â•… Angiography of mycotic aneurysm. This cerebral angio-
gram, of the same patient whose magnetic resonance image is shown in Figure 
25-10, clearly delineates the mycotic aneurysms (shown at arrows). 
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for at least 6 weeks, and that for NVE, 4 weeks. Patients with IDU 
and isolated right-sided IE may be eligible for short-course therapy, 
which generally would not be considered appropriate for left-
sided disease.145 Because these patients are often medically non-
compliant, surgery should be offered after considerable discussion 
with the patients. Several studies have shown that surgical man-
agement of patients with IDU and IE can be performed safely with 
acceptable outcomes.146,147 In general, the main indications for 
surgery in patients with IDU are IE due to microorganisms difficult 
to eradicate (such as fungi), persistent/recurrent bacteremia 
despite optimal antimicrobial therapy, and tricuspid valve vegeta-
tions larger than 2â•¯cm and associated with a dilated right heart 
and either recurrent pulmonary emboli or right heart failure.148 
Tissue from excised valves should be investigated for the sus-
pected organism.

Mortality, Morbidity, and Role of 
Surgical Intervention
Medical therapy alone for IE has been reported to be associated 
with a higher mortality at 6 months than with surgery,149-153 
although most of the demonstrable surgical benefit is seen in 
patients who have moderate to severe HF (Figure 25-13).154 The 
importance of the need for surgery if HF occurs was confirmed 
in a report from the International Collaboration on Endocarditis 
Database—Prospective Cohort Study155 (Figure 25-14). This study 
also revealed that surgery improved 1-year survival in patients 
with advanced age, diabetes mellitus, or health care–associated 
infection, in whom the causative microorganism was S. aureus or 
fungi, or who had the most severe HF (New York Heart Associa-
tion [NYHA] functional class III or IV), stroke, or paravalvular 
complications. S. aureus infection appears to be associated with 
poorer surgical survival than other pathogens according to two 
database reviews.155,156

In another study from the International Collaboration on Endo-
carditis Database—Prospective Cohort Study database, Lalani et 
al157 examined which patients might best benefit from early rather 
than later surgery. They found a mortality benefit in patients with 
paravalvular complications, systemic embolization, and S. aureus 
infection.

In a 2012 single-institution report156 of 428 patients, 90% survival 
was noted after 30 days, although survival at 1 year was only 82% 
with NVE and even lower, at 77%, with PVE. In a survey from the 

Although the erythrocyte sedimentation rate is almost univer-
sally elevated in IE, its level does not correlate with the effective-
ness of therapy. The CRP level, however, should decline with 
effective therapy. Periodic measures of renal function as well as 
complete blood counts and initial hepatic function tests should 
be performed and a surveillance blood culture specimen should 
be obtained 72 hours into therapy. For most patients, the minimum 
inhibitory concentration (MIC) of the antimicrobial being used 
should help guide therapy. Infectious disease specialists should 
be involved to help with the antibiotic decision making. It is also 
prudent to have input from a cardiothoracic surgeon early in the 
course of IE therapy. Early consultation with a surgeon is particu-
larly important if there is any hemodynamic instability, significant 
aortic valve disease, or evidence of abscess formation or in the 
patient with PVE.

Patients requiring anticoagulation present a particular problem. 
If there is no evidence for stroke, warfarin therapy should be 
stopped. There are no data that warfarin has any benefit in reduc-
ing the incidence of embolic events.141 When IE is confirmed or 
suspected, the international normalized ratio value should be 
allowed to drift down until it is less than 2.0. At that point, unfrac-
tionated or low-molecular-weight heparin therapy should be initi-
ated. When it is determined that surgical intervention will not be 
needed, warfarin therapy may be resumed, usually after about 7 
days of antimicrobial therapy.

In patients with mechanical prosthetic valves already in place, 
the average rate of major thromboembolism is about 8% per 
year,142 so a brief stoppage of warfarin is generally safe. The pros-
thetic valve with the lowest embolic or thrombotic risk is the 
bileaflet aortic valve. Caged ball valves, mitral mechanical valves, 
the presence of HF or atrial fibrillation, a prior history of venous 
thromboembolism within the last 3 months, and a hypercoagu-
lable state all increase the risk of withholding warfarin. If unfrac-
tionated heparin is used, the activated partial thromboplastin 
time should be kept at around 50 to 65 seconds.

A greater dilemma often presents itself when there is evidence 
of a stroke in someone requiring anticoagulation therapy, usually 
a patient with a mechanical mitral valve and/or atrial fibrillation. 
Cerebral hemorrhage is much more likely to be the result of 
transformation of an ischemic stroke than of a mycotic aneurysm. 
Patients with Staphylococcus spp. endocarditis may be particu-
larly likely to experience embolization to the central nervous 
system.143 Stroke in patients with PVE who are undergoing antico-
agulation has a much higher chance of being hemorrhagic at the 
onset (52%) than stroke in patients with NVE who are not under-
going anticoagulation.143 Although there are no clear guidelines, 
the investigators in one study suggest that the risk of a hemor-
rhagic stroke, especially in patients with staphylococcal endocar-
ditis, is greater if the size of the central nervous system infarct is 
large144; one should note, however, that T2-weighted CMR often 
identifies subacute microbleeds in patients with endocarditis that 
may be of less concern.95 In most patients the decision to withhold 
anticoagulation and for how long is an individual one based on 
the clinical scenario. In an acute bleed (central nervous system 
or otherwise), the effects of warfarin should be reversed with 
vitamin K, and no anticoagulant should be given for at least 72 
hours. At that time unfractionated heparin or low-molecular-
weight heparin can be started. Warfarin can usually be started at 
the same time, and the heparin can be discontinued when an 
international normalized ratio value of at least 2.0 has been 
documented.

Currently, almost all patients who do not undergo surgical inter-
vention for IE can be treated with an initial 1- to 2-week hospital-
ization and then with home therapy for the remainder of the 
antimicrobial course. Patients should be seen in the outpatient 
setting at the conclusion of therapy, and a second set of laboratory 
tests, including blood cultures, and an echocardiogram are nor-
mally obtained.

In most patients the total duration of intravenous antibiotic 
treatment is 4 to 6 weeks. Antibiotic therapy for PVE is generally 

FIGURE 25-13â•… Six-month survival in patients with endocarditis and 
moderate to severe heart failure. (Adapted from Vikram HR, Buenconsejo J, 
Hasbun R, Quagliarello VJ. Impact of valve surgery on 6-month mortality in adults 
with complicated, left-sided native valve endocarditis. JAMA 2003;290:3207-3214.)

0.8

0.6

0.4

0.2

1.0

0

S
ur

vi
va

l

0 1 2 3

Months

4 5 6

Medical
Surgery

C H
25



411

the 30-day combined mortality and morbidity was higher  
than 50% when more than 28 risk factor points were identified 
(Figure 25-15).

Table 25-10 outlines a reasonable timetable for cardiac surgical 
procedures in patients with NVE and PVE.152 HF is the major 
reason to proceed with surgical intervention in IE. This concern 
is especially important in patients with aortic regurgitation, in 
whom emergency surgery (within 24 hours) should be performed 
once HF is present. As previously described, the rapid rise in the 
left ventricular diastolic pressure with acute aortic regurgitation 
may close the mitral valve prematurely (pre-closure demon-
strated by M-mode echocardiography) and is an indication for 
surgery in acute aortic regurgitation.135 Emergency surgical inter-
vention should also be performed if there is hemodynamic insta-
bility owing to rupture of a sinus of Valsalva into another heart 

Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Data-
base of 19,543 operations for IE performed from 2002 through 
2008, operative mortality was 8.2%, although active endocarditis 
was present in only half of patients (52%) and was associated with 
a twofold increase in mortality.158 The investigators reported that 
the use of a defined scoring system identified those at greatest 
risk for early death (Table 25-9). With use of the scoring system, 

FIGURE 25-14â•… Endocarditis surgery and heart failure. Surgery has a 
particularly positive mortality advantage in patients as the severity of heart 
failure increases. NYHA, New York Heart Association. (From Kiefer T, Park L, Tri-
bouilloy C, etâ•¯al. Association between valvular surgery and mortality among 
patients with infective endocarditis complicated by heart failure. JAMA 
2011;306:2239-2247.)
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TABLE 25-9	 Risk Scoring System for Operative Mortality 
and Early Morbidity

RISK FACTOR

POINTS FOR MAJOR 
MORBIDITY AND 

OPERATIVE 
MORTALITY

Operative status of emergency, salvage, or 
with cardiogenic shock

17

Serum creatinine >2.0â•¯mg/dl or renal failure 12

Intra-aortic balloon pump or inotropes used 
preoperatively

12

Surgery on more than one valve 7

Insulin-dependent diabetes mellitus 7

Active infective endocarditis 7

New York Heart Association functional class IV 
status

6

Operative status of urgent or emergency 
without cardiogenic shock

6

History of prior coronary artery bypass grafting 
surgery

5

History of prior valve surgery 5

Female 5

Arrhythmia 5

Age more than 60 years 4

Body surface area greater than 1.9â•¯cm2 1

The variables and the determined risk score with each are shown. See also Figure 25-15.

FIGURE 25-15â•… Application of the score shown in Table 25-9 to the risk 
of early mortality and morbidity following surgical intervention. (From 
Gaca JG, Sheng S, Daneshmand MA, etâ•¯al. Outcomes for endocarditis surgery in 
North America: a simplified risk scoring system. J Thorac Cardiovasc Surg 
2011;141:98-106)
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TABLE 25-10	 Timing of Surgery for Infective Endocarditis
Emergency Surgery (<24 hours)
NVE (aortic or mitral) or PVE associated with severe or refractory  heart 

failure or cardiogenic shock caused by acute valvular regurgitation or 
severe prosthetic dysfunction (deshiscence or obstruction)

Fistula into a cardiac chamber or the pericardium

Urgent Surgery (2 to 4 days)
NVE or PVE with persisting heart failure, signs of poor hemodynamic 

tolerance, or abscess
PVE caused by staphylococci or gram-negative organisms
Large vegetations (>10â•¯mm) with an embolic event despite antimicrobial 

treatment or other predictors of a complicated course
Very large vegetation (>15â•¯mm) especially if conservative surgery feasible
Large abscess and/or periannular involvement with uncontrolled infection

Early Surgery (4 to 10 Days) During Hospital Stay
Severe aortic or mitral regurgitation with heart failure despite good 

response to medical therapy
PVE with valvular dehiscence or heart failure despite good response to 

therapy
Presence of abscess or periannular extension
Persisting infection after extracardiac focus has been excluded
Highly resistant or virulent organism (fungi, Brucella, Pseudomonas, 

antibiotic-resistant enterococci, poorly responsive Staphylococcus aureus)
Immediate relapse after completion of prior endocarditis treatment

NVE, Native valve endocarditis; PVE, prosthetic valve endocarditis.
Modified from Prendergast BD, Tornos P. Surgery for infective endocarditis: who and 
when? Circulation 2010;121:1141-1152.
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structure or into the pericardium. Urgent surgical intervention 
(within 2 to 4 days) is indicated if there is any evidence of pros-
thetic valvular obstruction, paravalvular abscess, prosthetic 
valve dehiscence, or higher than NYHA functional class II HF. 
Early surgical intervention (within 4 to 10 days) is also indicated 
if there is evidence of even moderate (NYHA functional class II, 
HF), ineffective antimicrobial therapy (persistent fevers, positive 
surveillance blood culture results, or a highly virulent organism), 
large (>10â•¯mm) mobile vegetations, recurrence of an embolic 
event, or endocarditis due to a highly resistant organism or to 
one for which therapy is not available (fungi, Brucella, Pseudomo-
nas, or antibiotic-resistant enterococci).

The STS has reported practice guidelines for surgical interven-
tion in IE associated with neurologic events.150 In patients with 
neurologic complications, the recommendation is to wait at least 
4 weeks (class IIa, level of evidence [LOE] C). If an intracranial 
bleed or mycotic aneurysm is identified, the recommendation is 
to withhold heparin for 4 weeks (class I, LOE B). Evidence for an 
expanding mycotic aneurysm during antibiotic therapy may be 
considered an indication for surgery (class IIb, LOE C).

Surgical approaches to valvular endocarditis vary widely. An 
implantable device, such as a pacemaker or implantable defibril-
lator, almost always needs to be replaced for cure,38 and this fact 
should be taken into consideration when surgery is planned (espe-
cially if the patient is dependent on the pacemaker). Surgical valve 
repair rather than replacement has been growing in popularity 
and is reflected in the STS guideline.150 For native AVR the valve 
choice is not dissimilar to that for AVR in general. If a periannular 
abscess is present, a mechanical or stented valve is recommended 
(class IIa, LOE B) or, if the destruction is extensive, a homograft 
(class IIb, LOE B). For aortic PVE, the same recommendations 
hold. In native mitral endocarditis, mitral valve repair is consid-
ered a class I recommendation, with valve replacement class II. 
For mitral PVE the choice of the replacement prosthetic valve is 
not unlike the choice in patients without IE. Tricuspid valve exci-
sion without replacement continues to have some advocates in 
patients with IDU who are likely to have recurrent tricuspid valve 
endocarditis,149 but severe right heart failure invariably develops. 
Current guidelines recommend tricuspid valve repair (class I, LOE 
B) over replacement when possible (class IIa, LOE C). In rare cases 
cardiac transplantation has been required for survival.159

Microbiology and Antimicrobial 
Treatment
An enormous variety of microorganisms has been implicated in 
IE, but staphylococci and streptococci account for the majority  
of all cases. The International Collaboration on Endocarditis–
Prospective Cohort Study, identifying the microbiologic agent  
in 1779 patients from 39 medical centers in 16 countries with  
definite endocarditis, found that staphylococci were the etiologic 
agents in 42%, and streptococci in 40%.160 Table 25-11 outlines 
the prevalence of the various microorganisms involved in differ-
ent scenarios.16,22,25,27,28,161,162 The following presentation is meant 
to provide an overview but not a comprehensive discussion  
of the organisms and the principles of antimicrobial therapy  
for IE.

On the basis of the suspected pathogen, empirical therapy may 
be initiated during the wait for blood culture and other results. 
This step is especially important if there is evidence of severe 
sepsis or shock, in which it may not be possible to obtain the three 
sets of blood culture specimens. The currently recommended 
empiric antibiotic treatment is summarized in Table 25-12.21,22,25

Culture-Negative Endocarditis
Blood culture results are negative in approximately 5% to 10% of 
patients with IE in whom the diagnosis is confirmed by strict 
diagnostic criteria.163 Most of these causes are attributed to anti-
biotic use before blood culture specimens are drawn, IE due to 
fastidious organisms, or IE due to intracellular bacteria such as C. 
burnetii, T. whippelii and Bartonella spp. Other speculated causes 
include right-sided endocarditis; culture specimens taken toward 
the end of a chronic course (longer than 3 months); uremia super-
vening in a chronic course; mural endocarditis as in ventricular 
septal defects, infected thrombi after myocardial infarction, or 
infection related to device implantations; and fungal infections. 
Viruses and marantic endocarditis may also play some role. Atten-
tion to the proper collection of blood culture specimens, care in 
the performance of serologic tests, and the use of newer diagnos-
tic techniques may reduce the proportion of culture-negative 
cases. The use of PCR to assist in the diagnosis has been described 

TABLE 25-11	 Microorganisms Causing Infective Endocarditis in Native Valves, in Injection Drug Users, and with the Early, 
Mid, and Late (after Placement) Prosthetic Valve Syndromes

ORGANISM
NATIVE VALVE 

(%)
INJECTION DRUG 

USERS (%)

Prosthetic Valves After Placement (%)

2 MONTHS 2-12 MONTHS >12 MONTHS

Staphylococci:
â•… Staphylococcus aureus 20-48 50-60 22 12 18
â•… Staphylococcus epidermidis 3-5 – 33 32 11

Streptococci:
â•… Viridans spp. 25-65 1-12 1 9 31
â•… Enterococci 5-17 8-9 8 12 11
â•… Streptococcus bovis 7-10 – – –
â•… β-Hemolytic streptococcus 4-5 10-25 – –

Pneumococci 1-3 – – –

Gram-negative bacilli 4-9 5-7 13 3 6

Culture-negative 3-15 3-5 5 2 8

HACEK group (Haemophilus, Actinobacillus, 
Cardiobacterium, Eikenella, and Kingella), 
including fastidious gram-negative 
organisms

2-5 – 0 0 6

Fungi 1-5 0-4 8 12 3

Polymicrobial 1-2 5-7 3 6 5
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TABLE 25-12	 Empiric Antibiotic Therapy

ANTIMICROBIAL(S)* DOSE/ROUTE COMMENT(S)
Regimen 1: NVE—Intolerant Presentation
Amoxicillin
AND (optional)

2â•¯g q4h IV If patient is stable, ideally await blood culture results
Better activity against enterococci and many HACEK group 

microorganisms than benzylpenicillin
Use Regimen 2 for genuine penicillin allergy

Gentamicin 1â•¯mg per kg actual body weight IV The role of gentamicin is controversial before culture results are available

Regimen 2: NVE, Severe Sepsis, No Risk Factors for Enterobacteriaceae, Pseudomonas
Vancomycin
AND

Dosed according to local guidelines In severe sepsis, staphylococci (including methicillin-resistant 
staphylococci) must be covered

If patient is allergic to vancomycin, replace with daptomycin, 6â•¯mg/kg 
q24h IV

Gentamicin 1â•¯mg per kg ideal body weight q12h 
IV

If there are concerns about nephrotoxicity/acute kidney injury, use 
ciprofloxacin* in place of gentamicin

Regimen 3: NVE, Severe Sepsis AND Risk Factors for Multiresistant Enterobacteriaceae, Pseudomonas
Vancomycin
AND

Dose according to local guidelines, IV Will provide cover against staphylococci (including methicillin-resistant 
staphylococci), streptococci, enterococci, HACEK group, 
Enterobacteriaceae, and P. aeruginosa

Meropenem 2â•¯g q8h IV

Regimen 4: PVE Pending Blood Culture Results or with Negative Blood Culture Results
Vancomycin
AND

1â•¯g q12h IV

Gentamicin
AND

1â•¯mg/kg q12h IV

Rifampicin 300-600â•¯mg q12h PO/IV Use lower dose of rifampicin in severe renal impairment

HACEK group, Haemophilus, Actinobacillus, Cardiobacterium, Eikenella, and Kingella; IV, intravenous; NVE, native valve endocarditis; PO, orally; PVE, prosthetic valve endocarditis; q_h, every _ 
hours.
From Gould FK, Denning DW, Elliott TS, etâ•¯al. Guidelines for the diagnosis and antibiotic treatment of endocarditis in adults: a report of the Working Party of the British Society for 
Antimicrobial Chemotherapy. J Antimicrob Chemother 2012;67:269-289.
*Doses require adjustment according to renal function.

alternative if any of the isolates is vancomycin resistant or the 
patient is intolerant of the first choices.

DURATION OF THERAPY

For NVE, intravenous therapy should be given for 4 weeks in 
uncomplicated disease, but for at least 6 weeks in PVE or if there 
is an intracardiac device, lung abscess, or osteomyelitis. No 
switch to oral antibiotics is recommended.

Streptococcal Endocarditis
Options for the treatment of streptococcal endocarditis should be 
based on the level of penicillin sensitivity and patient’s risk 
factors. If the MIC is greater than 0.5â•¯mg/L, the guidelines for 
enterococcal infection should be followed (Table 25-14).

NATIVE VALVE ENDOCARDITIS

Penicillin and ceftriaxone remain the staple of treatment for native 
valve streptococcal endocarditis. Ceftriaxone should not be used 
if there is an associated C. difficile infection. Adjunctive gentami-
cin therapy for the first 2 weeks of the course is appropriate if the 
MIC is greater than 0.125â•¯mg/L or if the patient is a particular risk 
for C. difficile infection. It is not advised if patient has extracardiac 
foci or indications for surgery. Gentamicin should be used for 4 to 
6 weeks to treat nutritionally variant streptococci. If there is a 
significant penicillin allergy, the combination of vancomycin and 
gentamicin or teicoplanin and gentamicin is recommended.

PROSTHETIC VALVE ENDOCARDITIS

The basic regimens remain the same for PVE with streptococci, 
except that gentamicin is not recommended for organisms  

earlier. Some clues as to the organism that might be involved on 
the basis of the clinical scenario may be found in Table 25-11.21 
One diagnostic strategy using PCR data has been suggested by 
Fournier et al85 and is shown in Figure 25-16. Based on a series of 
740 patients with confirmed culture-negative endocarditis, this 
strategy is primarily focused on picking up the fastidious and 
intracellular organisms. No virus or Chlamydia species was 
detected. A diagnosis of C. burnetii was found in 37% of the study 
patients, of Bartonella spp. in 12.4%, of a streptococcus in 4.4%, 
and of T. whippelii in 2.8%. Despite these efforts, no etiology could 
be determined in 36.5% of the patients.

Staphylococcal Endocarditis
NATIVE VALVE ENDOCARDITIS

The 2012 British Society recommendations for antibiotic therapy 
in staphylococcal endocarditis22 are summarized in Table 25-13. 
The recommended first-line therapy for methicillin-sensitive staph-
ylococci is now flucloxacillin. Gentamicin adjunctive therapy is 
no longer recommended, nor is there a perceived advantage  
for sodium fusidate or rifampin. For methicillin-resistant staphyÂ�
lococcal IE or in patients with penicillin allergy, the drug 
combination of intravenous vancomycin and rifampin is recom-
mended. Because vancomycin and gentamicin have nephrotoxic 
effects when used together, gentamicin adjunctive therapy is  
no longer recommended in this situation either. If there is intoler-
ance of or resistance to vancomycin, the antibiotic of choice is 
daptomycin.

PROSTHETIC VALVE ENDOCARDITIS

For PVE, an aggressive regimen of vancomycin, rifampin, and 
gentamicin is now recommended, with daptomycin the 
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FIGURE 25-16â•… Evaluation for 
culture-negative endocarditis. The 
algorithm recommended as a means 
to detect the most common organisms 
that contribute to culture-negative 
endocarditis. AIHC, autoimmunohisto-
chemistry; PCR, polymerase chain reac-
tion testing; PEER, primer extension 
enrichment reaction; rRNA, ribosomal 
RNA. (From Fournier PE, Thuny F, Richet H, 
etâ•¯al. Comprehensive diagnostic strategy 
for blood culture-negative endocarditis: a 
prospective study of 819 new cases. Clin 
Infect Dis 2010;51:131-140.)

Priority � blood specimens Q fever and Bartonella serology

Dedicated PCR for Bartonella
and Tropheryma whipplei, broad-range PCR for fungi

Determination of rheumatoid factor, antinuclear antibodies

If negative

If negative

Septifast PCR
(if previous

antibiotic therapy)

Other serologies
(Mycoplasma pneumoniae,

Legionella pneumophila,
Brucelia melitensis,

Bartonella Western blot)

Histological examination

Broad-range PCR for bacteria (16S rRNA)
and fungi (18S rRNA)

If negative

PEER AIHC

When valvular biopsy

specimens are available

TABLE 25-13	 Treatment of Staphylococcal Endocarditis

AGENT(S) DOSE/ROUTE
DURATION 

(WEEKS) COMMENT(S)
Native Valve Endocarditis
Methicillin-Susceptible Staphylococcus Spp.
Flucloxacillin 2â•¯g every 4-6 hours IV 4 Use q4h regimen if weight >85â•¯kg

Methicillin-Resistant, Vancomycin-Susceptible (MIC ≤1â•¯mg/L), Rifampicin-Susceptible Staphylococcus Spp. OR Penicillin Allergy
Vancomycin AND 1â•¯g q12h IV 4 Or dose according to local guidelines

Modify dose according to renal function and maintain pre-dose level 
15-20â•¯mg/L

Rifampicin 300-600â•¯mg q12h PO 4 Use lower dose of rifampicin if creatinine clearance <30â•¯mL/min

Methicillin-Resistant, Vancomycin-Susceptible (MIC ≤1â•¯mg/L), Daptomycin-Susceptible (MIC ≤ 1â•¯mg/L) Staphylococcus Spp. OR Patient 
Unable to Tolerate Vancomycin
Daptomycin AND 6â•¯mg/kg q24h IV 4 Monitor creatinine phosphokinase weekly

Adjust dose according to renal function

Rifampicin OR 300-600â•¯mg q12h PO 4 Use lower dose of rifampicin if creatinine clearance <30â•¯mL/min

Gentamicin 1â•¯mg/kg q12h IV 4

Prosthetic Valve Endocarditis
Methicillin, Rifampicin-Susceptible Staphylococcus Spp.
Flucloxacillin AND 2â•¯g every 4-6 hours IV 6 Use q4h regimen if weight >85â•¯kg.

Rifampicin AND 300-600â•¯mg q12h PO 6 Use lower dose of rifampicin if creatinine clearance <30â•¯mL/min.

Gentamicin 1â•¯mg/kg q12h IV 6

Methicillin-Resistant, Vancomycin-Susceptible (MIC ≤2â•¯mg/L), Staphylococcus Spp. OR Penicillin Allergy
Vancomycin AND 1â•¯g q12h IV 6 Or dose according to local guidelines

Modify dose to renal function and maintain pre-dose level 15-20â•¯mg/L

Rifampicin AND 300-600â•¯mg q12h PO 6 Use lower of rifampicin if creatinine clearance <30â•¯mL/min.

Gentamicin 1â•¯mg/kg q12h IV ≥2 Continue gentamicin for the full course if there are no signs or 
symptoms of toxicity

Methicillin-Resistant, Vancomycin-Resistant (MIC >2â•¯mg/L), Daptomycin-Susceptible (MIC ≤1â•¯mg/L) Staphylococcus Spp. OR Patient Unable 
To Tolerate Vancomycin
Daptomycin AND 6â•¯mg/kg q24h IV 6 Increase daptomycin dosing interval to every 48 hours if creatinine 

clearance <30â•¯mL/min

Rifampicin AND 300-600â•¯mg q12h PO 6 Use lower dose of rifampicin if creatinine clearance <30â•¯mL/min

Gentamicin 1â•¯mg/kg q12h IV ≥2 Continue gentamicin for the full course if there are no signs or 
symptoms of toxicity

IV, intravenously; PO, orally; q_h, every _ hours.
From Gould FK, Denning DW, Elliott TS, etâ•¯al. Guidelines for the diagnosis and antibiotic treatment of endocarditis in adults: a report of the Working Party of the British Society for 
Antimicrobial Chemotherapy. J Antimicrob Chemother 2012;67:269-289.
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deteriorating renal function. Sporadic reports of success of either 
linezolid165 or daptomycin166 therapy against vancomycin-resistant 
enterococci (VRE) are encouraging, but other reports of long-
term failures167,168 warrant caution in using these agents.

HACEK Endocarditis
Organisms in the HACEK group are fastidious gram-negative bac-
teria. Current recommendations for treatment are similar for both 
native and prosthetic valve infections, with the exception of a 
longer therapeutic duration for PVE. The treatment should include 
cephalosporin or amoxicillin, depending on susceptibility results, 
and gentamicin as an adjunct for the first 2 weeks.22 Oral cipro-
floxacin has also been used successfully.169

Other Causes of Gram-Negative Endocarditis
A variety of less common organisms have been described as 
culprits in IE.170 Many are nosocomial in origin and often resistant 
to a variety of antibiotics. Combination therapy with a beta-lactam 
antibiotic (amoxicillin, cephalosporin or carbapenem) and ami-
noglycoside is recommended. Once-daily gentamicin is accept-
able unless sensitivity results are not suggestive of its value or 
there is concern for nephrotoxicity.

sensitive to penicillin (MIC ≤0.125â•¯mg/L). Duration of therapy is 
generally 6 weeks.

Enterococcal Endocarditis
Enterococcal endocarditis is the third most common form of  
IE, accounting for roughly 10% of cases of the disease. Unlike 
in therapy for other streptococcal species, gentamicin is consid-
ered an important cell wall agent against enterococci, though 
its nephrotoxicity limits its use. Recommended therapy is out-
lined in Table 25-15. The ESC guidelines suggest waiting for 
susceptibility testing results before initiating gentamicin 
therapy in this situation. The suggested use of ceftriaxone and 
penicillin as a viable combination has not resulted in better 
outcomes.164

NATIVE AND PROSTHETIC VALVE ENDOCARDITIS

The treatment regimens are similar for NVE and PVE except for 
duration of therapy. Amoxicillin or high-dose penicillin plus gen-
tamicin is the first option. In penicillin-allergic patients, vancomy-
cin or teicoplanin by be substituted, depending on sensitivity 
results. The risk of gentamicin nephrotoxicity remains great, 
however, and the drug should be discontinued at the first sign of 

TABLE 25-14	 Therapy for Streptococcal Endocarditis *

REGIMEN ANTIMICROBIAL(S) DOSE AND ROUTE DURATION (WEEKS) COMMENT(S)
Treatment Options for Streptococci (Penicillin MIC ≤0.125â•¯mg/L)
1 Benzylpenicllin† 

monotherapy
1.2â•¯g q4h IV 4-6 Prefferred narrow-spectrum regimen, particularly for patients 

at risk of Clostridium difficile or high risk of nephrotoxicity

2 Ceftriaxone 
monotherapy

2â•¯g once a day IV/IM 4-6 Not advised for patients at risk of C. difficile infection; suitable 
for outpatient antimicrobial therapy

3 Benzylpenicllin†

AND
1.2â•¯g q4h IV 2 Not advised for patients with PVE, extracardiac foci of 

infection, any indications for surgery, high risk of 
nephrotoxicity or at risk of C. difficile

Gentamicin 1â•¯mg/kg q12h IV 2

4 Ceftriaxone
AND

2â•¯g once a day IV/IM 2 Not advised for patients with PVE, extracardiac foci of 
infection, any indications for surgery, high risk of 
nephrotoxicity, or risk of C. difficile

Gentamicin 1â•¯mg/kg q12h IV 2

Treatment of Streptococci (Penicillin MIC >0.125 To ≤0.5â•¯mg/L)
5 Benzylpenicllin†

AND
2.4â•¯g q4h IV 4-6 Prefferred regimen, particularly for patients at risk of C. difficile

Gentamicin 1â•¯mg/kg q12h IV 2

Treatment of Abiotrophia and Granulicatella Spp. (Nutritionally Variant Streptococci)
6 Benzylpenicllin†

AND
2.4â•¯g q4h IV 4-6 Prefferred regimen, particularly for patients at risk of C. difficile

Gentamicin 1â•¯mg/kg q12h IV 4-6

Treatment of Streptococci Penicillin MIC >0.5 Mg/L‡

Treatment of Streptococci in Patients with Significant Penicillin Allergy
7 Vancomycin

AND
1â•¯g q12h IV 4-6 Or dose according to local guidelines

Gentamicin 1â•¯mg/kg q12h IV ≥2

8 Teicoplanin
AND

See Table 25-15 4-6 Prefferred option in patient at high risk of nephrotoxicity

Gentamicin 1â•¯mg/kg IV q12h ≥2

IM, Intramuscularly; IV, intraveneously; PVE, prosthetic valve endocarditis; q_h, every _ hours.
From Gould FK, Denning DW, Elliott TS, etâ•¯al. Guidelines for the diagnosis and antibiotic treatment of endocarditis in adults: a report of the Working Party of the British Society for 
Antimicrobial Chemotherapy. J Antimicrob Chemother 2012;67:269-89.
*All drug dosages to be adjusted in renal impariment; gentamicin, vancomycin and teicoplanin levels to be monitored.
†Amoxicillin 2â•¯g every 4-6 hours may be used in place of benzylpenicillin 1.2-2.4â•¯g every 4 hours.
‡See guidelines for the treatment of enterococci (see Table 25-15).
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TABLE 25-15	 Therapy for Enterococcal Endocarditis

REGIMEN ANTIMICROBIAL(S) DOSE AND ROUTE DURATION (WEEKS) COMMENT(S)

1 Amoxicillin
OR

2â•¯g q4h IV 4-6 For amoxicillin-susceptible (MIC ≤4â•¯mg/L), 
penicillin-susceptible (MIC ≤4â•¯mg/L) AND 
gentamicin-susceptible (MIC ≤128â•¯mg/L) 
isolates

Duration 6 weeks for PVE

Penicillin
AND

2.4â•¯g q4h IV 4-6

Gentamicin* 1â•¯mg/kg q12h IV 4-6

2 Vancomycin*
AND

1â•¯g q12h IV or dosed 
according to local 
guidelines

4-6 For penicillin-allergic patient or amoxicillin- or 
penicillin-resistant isolate; ensure vancomycin 
MIC ≤4â•¯mg/L

Duration 6 weeks for PVE

Gentamicin* 1â•¯mg per kg ideal 
body weight q12h 
IV

4-6

3 Teicoplanin*
AND

10â•¯mg/kg q24h IV 4-6 Alternative to Regimen 2; see coments for 
Regimen 2; ensure teicoplanin MIC ≤2â•¯mg/L

Gentamicin* 1â•¯mg/kg q12h IV 4-6

4 Amoxicillin*,† 2â•¯g q4h IV ≥6 For isolates that are amoxicillin-susceptible (MIC 
≤4â•¯mg/L) AND gentamicin-resistant at a high 
level (MIC >128â•¯mg/L)

IV, Intraveneously; PVE, prosthetic valve endocarditis; q_h, every _ hours.
From Gould FK, Denning DW, Elliott TS, etâ•¯al. Guidelines for the diagnosis and antibiotic treatment of endocarditis in adults: a report of the Working Party of the British Society for 
Antimicrobial Chemotherapy. J Antimicrob Chemother 2012;67:269-89.
*Amend dose according to renal function.
†Streptomycin 7.5â•¯mg/kg every 12 hours intramuscularly can be added if isolate is susceptible.

Q Fever Endocarditis
The pathogen for Q fever is the intracellular C. burnetii. Its 
prevalence is much lower in the United States than in the 
United Kingdom, where it is the most common cause of 
culture-negative endocarditis.171,172 Endocardial lesions are 
often quite small, and there is a higher incidence of prosthetic 
than native valve infection. A chronic form appears to develop 
in some instances.173 A newer immune-PCR method for detec-
tion of the phase II IgM anti–C. burnetii antibody has been 
reported that may improve diagnostic sensitivity.174 The combi-
nation of doxycycline and hydroxychloroquine given orally for 
18 months to 4 years is recommended.22 An alternative is 
the combination of doxycycline and ciprofloxacin. Therapy 
should be continued until the phase I IgG antibody level is 
less than 1â•›:â•›800 and the IgM and IgA antibody levels are less 
than 1â•›:â•›50.175

BARTONELLA ENDOCARDITIS

Bartonella spp. are intracellular gram-negative bacteria that can 
cause trench fever, cat-scratch disease, and endocarditis.176 Infec-
tion with Bartonella is usually associated with poor living condi-
tions, homelessness, and alcoholism and is transmitted by body 
lice. Treatment should include gentamicin in combination with  
a beta-lactam antibiotic or doxycycline for a minimum of  
4 weeks.22,177

Fungal Endocarditis
Fungal infection is a rare cause of infective endocarditis (2% to 
4% of all cases).178 Candida spp. are responsible for half of cases, 
Aspergillus spp. for about 25%, and other fungi for the remainder. 
Fungi are more likely to be etiologic in patients with health 

care–associated infections, in patients with prosthetic cardiac 
valves or IDU, and in those who are immunosuppressed.

CANDIDA ENDOCARDITIS

Medical therapy has made major inroads to what has tradition-
ally felt to be a surgical disease. Surgery is still necessary for 
cure in most cases and is clearly indicated if there are resis-
tant organisms, emboli, HF or other complicating features. 
Treatment suggestions are outlined in Table 25-16.22 Initial 
therapy should be an echinocandin (micafungin, caspofungin, 
or anidulafungin) or amphotericin B. Intravenous therapy is 
generally for 4 weeks followed by long term suppressive 
therapy with oral fluconazole for susceptible organisms. If 
prosthetic material is involved, lifelong suppressive therapy 
may be required.

ASPERGILLUS ENDOCARDITIS

Whereas medical therapy may be an option for Candida endocar-
ditis, it is not for Aspergillus infection. Aspergillus endocarditis has 
particularly been noted as a complication in patients who have 
undergone lung transplantation.179 Essentially all infected patients 
require surgical valve excision for survival.180 The recommended 
initial therapy is voriconazole181 with therapeutic drug monitor-
ing22 (see Table 25-16). Echinocandins are not fungicidal for 
Aspergillus spp.

ENDOCARDITIS DUE TO OTHER FUNGI

Other fungal organisms are occasionally reported as causes of 
endocarditis.182 Therapy is directed toward the individual organ-
ism involved because of the high incidence of resistance to anti-
fungal therapy.22
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TABLE 25-16â•… Therapy for Fungal Endocarditis

ANTIFUNGAL 
AGENT DOSE/ROUTE

SERUM DRUG  
LEVEL MEASUREMENTS 

REQUIRED?
ROLE IN TREATING 

CANDIDA ENDOCARDITIS
ROLE IN TREATING 

ASPERGILLUS ENDOCARDITIS

Fluconazole 400â•¯mg daily, only reduced in 
severe renal failure/dialysis

No Long-term suppressive 
therapy

None

Voriconazole Intravenous therapy prefererd 
initially, licensed doses

Yes, with dose modification 
important

Long-term suppressive 
threapy for fluconazole-
resistant, voriconazole-
susceptible isolates

First-line therapy with long-term 
suppression

Amphotericin B 3â•¯mg/kg/24â•¯h (AmBisome)
5mg/kg/day (Abelcet)
1â•¯mg/kg/day (Fungizone)

No Second-line therapy Second-line therapy, or first-line if 
azole resistance; should nto be 
used for Aspergillus terreus or 
Aspergillus nidulans infection

Micafungin 200â•¯mg daily No First-line therapy Third- or fourth-line therapy

Caspofungin 70â•¯mg loading dose, 
50-100â•¯mg daily

No First-line therapy No role

Anidulafungin Licensed doses No First-line therapy No role

Posaconazole 400â•¯mg twice daily Yes No role Third- or fourth-line therapy, 
long-term suppressive therapy

Flucytosine 100â•¯mg/kg/day in three 
doses, reduced with renal 
dysfunction

Yes, with dose modification 
important

As combination threapy with 
amphotericin B

As combination therapy with 
amphotericin B

Itraconazole NA NA No role No role

NA, not applicable.
From Gould FK, Denning DW, Elliott TS, etâ•¯al. Guidelines for the diagnosis and antibiotic treatment of endocarditis in adults: a report of the Working Party of the British Society for 
Antimicrobial Chemotherapy. J Antimicrob Chemother 2012;67:269-289.
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The past six decades have witnessed extraordinary advance-
ments in patient survival and functional outcomes following heart 
valve replacement surgery. Continued refinements in prosthetic 
valve design and performance, operative techniques, myocardial 
preservation, systemic perfusion, cerebral protection, and anes-
thetic management have enabled the application of surgery to an 
increasingly wider spectrum of patients. Minimally invasive surgi-
cal approaches and the aggressive use of primary valve repair 
when anatomically appropriate are now the routine in the vast 
majority of experienced centers. Heart valve teams have been 
formed to provide multidisciplinary assessment and treatment of 
patients with complex problems, including the use of transcath-
eter aortic valve replacement when appropriate.1 Transcatheter 
mitral valve techniques remain under active investigation. More 
than 55,000 aortic or mitral valve replacement operations (with 
or without coronary artery bypass) were reported to the Society 
of Thoracic Surgeons’ National Adult Cardiac Surgery Database 
in calendar year 2011.2 More than 25% of subjects with valvular 
heart disease in the 2003 Euro Heart Survey had undergone previ-
ous heart valve surgery.3 Familiarity with the specific hemody-
namic attributes, durability, thrombogenicity, and inherent 
limitations of currently available heart valve substitutes, as well 
as their potential for long-term complications, is critical to 

Key Points
■	 The need for heart valve replacement surgery marks a major milestone 

in the natural history of the underlying valve disease. Surgical repair 
is preferred whenever anatomically feasible and when supported by 
the experience of the surgeon.

■	 Valve replacement surgery substitutes a nonimmunogenic foreign 
body for the native valve. Hemodynamic performance characteristics 
vary as a function of valve type and size and cardiac output or 
transvalvular flow. There is a variable degree of stenosis across any 
mechanical or stented bioprosthetic valve. A small amount of 
regurgitation is a normal feature of current-generation mechanical 
valves and of some bioprosthetic valves.

■	 Mechanical heart valve substitutes are extraordinarily durable but 
engender an obligate need for lifelong anticoagulation, thus exposing 
patients to the dual hazards of thromboembolism and bleeding. 
Bioprosthetic or tissue valves are relatively nonthrombogenic but are 
susceptible to a predictable rate of structural deterioration over time 
and the potential need for reoperation. Rates of structural valve 
deterioration vary as a function of valve type, valve position, and 
several patient characteristics, such as age at implant, pregnancy, and 
altered calcium homeostasis. The durability of an aortic homograft 
does not exceed that of a bovine pericardial valve.

■	 The novel oral anticoagulants are not approved for use in patients 
with mechanical heart valves. Management of anticoagulation in 
pregnant women with mechanical heart valves is very challenging. 
Choices must be individualized with weekly follow-up during 
pregnancy.

■	 The choice of prosthetic heart valve must account for the values and 
preferences of the individual, informed patient as well as for the 
trade-offs among durability, anticoagulation, and the aggregate risks 
of thromboembolism and bleeding. Many patients younger than 60 
years now opt to avoid anticoagulation and accept a bioprosthetic 
valve with an increased likelihood of reoperation. “Valve-in-valve” 
transcatheter therapies for structural valve deterioration are under 
investigation.

■	 Transthoracic echocardiography (TTE) with color-flow Doppler 
imaging constitutes an integral feature of patient follow-up after valve 
replacement surgery. In general, there is good correlation between 
Doppler and catheterization estimates of mean pressure gradients 
across prosthetic valves, although in certain instances agreement is 
less robust. The phenomenon of pressure recovery, which may lead to 
an overestimate of valve gradient, is particularly problematic for 
bileaflet mechanical valves in the aortic position. Published tables of 
normal Doppler echocardiographic parameters for prosthetic valves of 
various makes and sizes should be consulted to help guide 
management.

■	 A baseline postoperative TTE is obtained in the first 6 to 12 weeks 
after operation and serves as a reference against which future 
comparisons can be made as clinically dictated. Transesophageal 
echocardiography (TEE) is required for the interrogation of prosthetic 
valves whenever valve dysfunction, paravalvular leak, or endocarditis 
is suspected. The frequency with which surveillance TTE is performed 

depends on the valve type. Routine imaging is not required for 
mechanical prostheses if there are no symptoms or signs of valve 
dysfunction. Annual TTE examinations are reasonable after 10 years 
for bioprosthetic valves. Other imaging modalities may provide 
corroborative functional information in select circumstances.

■	 All patients with prosthetic heart valves should receive antibiotic 
prophylaxis prior to dental procedures that involve manipulation of 
gingival tissue or the periapical region of teeth or the oral mucosa. 
Management of prosthetic valve endocarditis requires a 
multidisciplinary team approach with input from cardiologists, 
cardiac surgeons, imaging specialists, and infectious disease experts.

■	 When available, emergency surgery is preferred over fibrinolytic 
therapy for the management of patients with left-sided prosthetic 
valve thrombosis (PVT) and shock or New York Heart Association 
functional class III to IV heart failure. Fibrinolytic therapy is 
reasonable for patients with small thrombus burden and recent-onset 
functional class I or II symptoms and for patients with right-sided 
PVT.

■	 Severe prosthesis-patient mismatch is an important complication for 
some patients after valve replacement surgery. Attempts to implant 
the largest allowable prosthesis are limited by the anatomic 
constraints posed by the individual patient. Lesser degrees of 
mismatch are usually well tolerated.
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“leaflets” or disks attached by hinges to a rigid valve ring. The 
open valve has three orifices: a small, tunnel- like central opening 
and two larger semi-circular orifies laterally. Its hemodynamic 
characteristics compare favorably to those of a tilting disk valve 
(Tables 26-1 and 26-2). Performance indices (the ratio of effective 
orifice area to the area of the sewing ring) range from 0.40 to 0.70, 
depending on valve size. Effective orifice areas range from 0.7â•¯cm2 
for a 19-mm valve to 4.2â•¯cm2 for a 31-mm prosthesis. Average peak 
velocities are 3.0 ± 0.8 meters per second (m/s) in the aortic posi-
tion and 1.6 ± 0.3â•¯m/s in the mitral position.9,10 Peak instantaneous 
gradients can be estimated using the modified Bernoulli equa-
tion, but mean gradient calculations are the more useful clinical 
parameter. The phenomenon of pressure recovery across bileaflet 
and ball-cage aortic valves magnifies the estimate of the differ-
ence between left ventricular (LV) and aortic pressures (i.e., the 
systolic gradient), especially when the latter is derived from mea-
surements obtained close to the valve rather than more distally 
in the ascending aorta11-13 (Figure 26-2). Additional confounding 
of the precise measurement occurs from the contribution of flow 

FIGURE 26-1  Mechanical heart valves. A, St. Jude bileaflet valve (St. Jude Medical, Inc., St. Paul, Minnesota). The occluding mechanism consists of two semi-
circular leaflets that pivot apart during systole, creating three separate orifices as shown. B, Medtronic-Hall tilting disk valve (Medtronic, Inc., Minneapolis, Minnesota). 
The disk opens to 75 degrees in the aortic model and 70 degrees in the mitral model. It is retained by an S-shaped center guide strut. C, Starr-Edwards ball-cage 
valve (Edwards Lifesciences Corporation, Irvine, California). The poppet is made of siliconized rubber. The sewing ring is more generous than those with bileaflet 
or tilting disk valves. (From Antunes MJ, Burke AP, Carabello B, etâ•¯al. In: Rahimtoola SH, editor. Valvular heart disease. Philadelphia: Current Medicine; 2005. p. 296–7. Braunwald 
E, series editor. Essential atlas of heart diseases. 3rd ed. vol. XI.)

A B C

appropriate clinical decision making for patients in whom repair 
is not appropriate or feasible. The choice of valve prosthesis is 
inherently a trade-off between durability and risk of thromboem-
bolism, with the associated hazards and lifestyle limitations of 
anticoagulation. The ideal heart valve substitute remains an 
elusive goal.4-6 Most surgical centers use a specific type of 
mechanical or tissue valve for the vast majority of their patients. 
Although standards have been developed for reporting outcomes 
after valve surgery,7 comparisons of prosthetic valve performance 
are also heavily influenced by patient-, surgeon-, and institutional-
related factors.8

Mechanical Valves
There are three basic types of mechanical prosthetic valves:  
bileaflet, tilting disk, and ball-cage (Figure 26-1). The St. Jude 
bileaflet valve (St. Jude Medical, Inc., St. Paul, Minnesota) was first 
used in 1977 and is the most frequently implanted mechanical 
prosthesis worldwide. It consists of two pyrolytic semicircular 

FIGURE 26-2  Pressure recovery. Velocity and pressure changes from the left ventricular (LV) outflow tract to the ascending aorta (AA) in the presence of a 
stented bioprosthesis (left) and a bileaflet mechanical valve (right). Because of pressure recovery, velocities are lower and systolic aortic pressure (SAP) is higher in 
the distal aorta than at the level of the vena contracta (VC). This phenomenon is more exaggerated in the example of the bileaflet mechanical valve because the 
velocity is higher in the central orifice (CO), where the pressure drop is higher. Doppler gradients are estimated from the maximal velocity at the level of the vena 
contracta and represent the maximal pressure drop, whereas catheterization measurements reflect the systolic pressure difference (ΔP) between the left ventricle 
(LV) and the ascending aorta. EOA, Effective orifice area; LO, lateral orifice; SP, systolic pressure; SV, stroke volume. (Adapted from Zoghbi WA, Chambers JB, Dumesnil 
JG, etâ•¯al. Recommendations for evaluation of prosthetic valves with echocardiography and Doppler ultrasound. J Am Soc Echocardiogr 2009;22:975–1014.)
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TABLE 26-1â•… Normal Doppler Echocardiographic Values for Selected Aortic Valve Prostheses

VALVE TYPE SIZE
PEAK GRADIENT 

(mmâ•¯Hg)
MEAN GRADIENT 

(mmâ•¯Hg)
PEAK VELOCITY 

(m/s)
EFFECTIVE ORIFICE 

AREA (cm2)

Mechanical
St. Jude Medical Bileaflet 19 35.17 ± 11.16 18.96 ± 6.27 2.86 ± 0.48 1.01 ± 0.24

21 28.34 ± 9.94 15.82 ± 5.67 2.63 ± 0.48 1.33 ± 0.32
23 25.28 ± 7.89 13.77 ± 5.33 2.57 ± 0.44 1.6 ± 0.43
25 22.57 ± 7.68 12.65 ± 5.14 2.4 ± 0.45 1.93 ± 0.45
27 19.85 ± 7.55 11.18 ± 4.82 2.24 ± 0.42 2.35 ± 0.59
29 17.72 ± 6.42 9.86 ± 2.9 2 ± 0.1 2.81 ± 0.57
31 16 10 ± 6 2.1 ± 0.6 3.08 ± 1.09

On-X Bileaflet 19 21.3 ± 10.8 11.8 ± 3.4 1.5 ± 0.2
21 16.4 ± 5.9 9.9 ± 3.6 1.7 ± 0.4
23 15.9 ± 6.4 8.5 ± 3.3 2 ± 0.6
25 16.5 ± 10.2 9 ± 5.3 2.4 ± 0.8

27-29 11.4 ± 4.6 5.6 ± 2.7 3.2 ± 0.6
Medtronic-Hall Tilting disk 20 34.37 ± 13.06 17.08 ± 5.28 2.9 ± 0.4 1.21 ± 0.45

21 26.86 ± 10.54 14.1 ± 5.93 2.42 ± 0.36 1.08 ± 0.17
23 26.85 ± 8.85 13.5 ± 4.79 2.43 ± 0.59 1.36 ± 0.39
25 17.13 ± 7.04 9.53 ± 4.26 2.29 ± 0.5 1.9 ± 0.47
27 18.66 ± 9.71 8.66 ± 5.56 2.07 ± 0.53 1.9 ± 0.16
29 1.6

Omniscience Tilting disk 19 47.5 ± 3.5 28 ± 1.4 0.81 ± 0.01
21 50.8 ± 2.8 28.2 ± 2.17 0.87 ± 0.13
23 39.8 ± 8.7 20.1 ± 5.1 0.98 ± 0.07

Starr-Edwards Ball-and-cage 21 29 1
22 4 ± 0
23 32.6 ± 12.79 21.98 ± 8.8 3.5 ± 0.5 1.1
24 34.13 ± 10.33 22.09 ± 7.54 3.35 ± 0.48
26 31.83 ± 9.01 19.69 ± 6.05 3.18 ± 0.35
27 30.82 ± 6.3 18.5 ± 3.7 1.8
29 29 ± 9.3 16.3 ± 5.5

Bioprosthetic
Carpentier-

Edwards 
pericardial

Stented 
bioprosthesis

19 32.13 ± 3.55 24.19 ± 8.6 24.19 ± 8.6 1.21 ± 0.31
21 25.69 ± 9.9 20.3 ± 9.08 2.59 ± 0.42 1.47 ± 0.36
23 21.72 ± 8.57 13.01 ± 5.27 2.29 ± 0.45 1.75 ± 0.28
25 16.46 ± 5.41 9.04 ± 2.27 2.02 ± 0.31
27 19.2 ± 0 5.6 1.6
29 17.6 ± 0 11.6 2.1

Carpentier-
Edwards

Stented 
bioprosthesis

19 43.48 ± 12.72 25.6 ± 8.02 0.85 ± 0.17
21 27.73 ± 7.6 17.25 ± 6.24 2.37 ± 0.54 1.48 ± 0.3
23 28.93 ± 7.49 15.92 ± 6.43 2.76 ± 0.4 1.69 ± 0.45
25 23.94 ± 7.05 12.76 ± 4.43 2.38 ± 0.47 1.94 ± 0.45
27 22.14 ± 8.24 12.33 ± 5.59 2.31 ± 0.39 2.25 ± 0.55
29 22 9.92 ± 2.9 2.44 ± 0.43 2.84 ± 0.51
31 2.41 ± 0.13

CryoLife-
O’Brien 
stentless

Stentless 
bioptosthesis

19 12 ± 4.8 1.25 ± 0.1
21 10.33 ± 2 1.57 ± 0.6
23 8.5 2.2
25 7.9 2.3
27 7.4 2.7

Hancock II Stented 
bioprosthesis

21 20 ± 4 14.8 ± 4.1 1.23 ± 0.27
23 24.72 ±5.73 16.64 ± 6.91 1.39 ± 0.23
25 20 ± 2 10.7 ± 3 1.47 ± 0.19
27 14 ± 3 1.55 ± 0.18
29 15 ± 3 1.6 ± 0.15

Medtronic 
Mosaic 
Porcine

Stented 
bioprosthesis

21 12.43 ± 7.3 1.6 ± 0.7
23 12.47 ± 7.4 2.1 ± 0.8
25 10.08 ± 5.1 2.1 ± 1.6
27 9
29 9

Mitroflow Stented 
bioprosthesis

19 18.7 ± 5.1 10.3 ± 3 1.13 ± 0.17
21 20.2 15.4 2.3
23 14.04 ± 4.91 7.56 ± 3.38 1.85 ± 0.34
25 17 ± 11.31 10.8 ± 6.51 2 ± 0.71
27 13 ± 3 6.57 ± 1.7 1.8 ± 0.2

Toronto 
stentless 
porcine

Stentless 
bioprosthesis

20 10.9 4.6 1.3
21 18.64 ± 11.8 7.56 ± 4.4 1.21 ± 0.7
22 23 1.2
23 13.55 ± 7.28 7.08 ± 4.33 1.59 ± 0.84
25 12.17 ± 5.75 6.2 ± 3.05 1.62 ± 0.4
27 9.96 ± 4.56 4.8 ± 2.33 1.95 ± 0.42
29 7.91 ± 4.17 3.94 ± 2.15 2.37 ± 0.67

Adapted from Rosenhek R, Binder T, Maurer G, etâ•¯al. Normal values for Doppler echocardiographic assessment of heart valve prostheses. J Am Soc Echocardiogr 2003;16:1116–27.
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The bulky Starr-Edwards ball-cage valve, the oldest comÂ�
mercially available prosthetic heart valve (first used in 1965), is 
now very rarely implanted. Because of its sheer size, it is not suit-
able for use in the mitral position in patients with small LV cavi-
ties, in the aortic position in patients with small aortic root sizes, 
or for composite aortic valve-root reconstruction. The poppet is 
made of silicone rubber, the cage of Stellite alloy, and the sewing 
ring of Teflon/polypropylene cloth. The aortic cage is formed by 
three arches located at 120-degree intervals around the sewing 
ring. The ball-cage valve is more thrombogenic, and has less 
favorable hemodynamic performance characteristics, than both 
bileaflet and tilting disk valves. Antegrade flow occurs around  
the ball and through the struts of the cage. There is a small 
amount of regurgitant backflow before the ball seats following 
ejection.19

Durability and Long-Term Outcomes

Currently available mechanical valves have excellent long-term 
durability, with up to 45 years for the Starr-Edwards valve and 
more than 30 years for the St. Jude valve. In a randomized trial 
comparing the Starr-Edwards valve with the mechanical St. Jude 
valve, there were no differences in total or event-free survival rates 
through 8 years of follow-up for patients receiving either aortic 
valve replacement (AVR) or mitral valve replacement (MVR).22 
Structural deterioration, exemplified by some older-generation 
Bjork-Shiley (strut fracture with disk embolization) and Starr-
Edwards (ball variance) prostheses, is now extremely rare. Ten-
year freedom from valve-related death exceeds 90% for both St. 
Jude and Carbomedics bileaflet valves.23 The Medtronic-Hall 
prosthesis has achieved comparable longevity.24 Actuarial sur-
vival rates—which also depend importantly on several patient 
factors, such as age, gender, ventricular function, coronary artery 
disease, functional status, and major comorbidities—range from 
94% ± 2% at 10 years for St. Jude valves, to 85 ± 3% at 9 years for 

acceleration through the narrow central orifice of a bileaflet 
valve.14 Thus, Doppler velocity determinations can overestimate 
the transvalvular gradient across bileaflet valves. Published refer-
ence tables of expected velocities for the various valve sizes 
should be consulted, and comparison with baseline postopera-
tive studies made, to avoid misdiagnosis of prosthetic valve ste-
nosis.15 The Carbomedics valve (Sorin Group, Milan) is a variation 
of the St. Jude prosthesis that can be rotated to prevent limitation 
of leaflet excursion by subvalvular tissue. Both types of bileaflet 
valves have a small amount of normal regurgitation (“washing 
jet”) designed in part to decrease the risk of thrombosis. A small 
central jet and two converging jets emanating from the hinge 
points of the disks can be visualized on color-flow Doppler 
imaging.16-18

There are two principal tilting disk valves in clinical use. The 
Medtronic-Hall valve (Medtronic, Inc., Minneapolis, Minnesota) 
has a thin, circular disk of tungsten-impregnated graphite with 
pyrolytic coating, secured at its center by a curved, central guide 
strut, within titanium housing. The sewing ring is made of polytet-
rafluoroethylene (Teflon). The disk opens to 75 degrees in the 
aortic model and to 70 degrees in the mitral model. The Omni-
science valve (Medical CV, Inc., Inner Grove Heights, Minnesota) 
disk is made of pyrolytic carbon and has a seamless polyester 
knit sewing ring. The disk opens to 80 degrees and closes at an 
angle of 12 degrees to the annular plane. For both valve types, 
the major orifice is semicircular in cross-section. Because the disk 
does not open to 90 degrees, there is slight resistance to flow with 
estimated pressure gradients of 5 to 25â•¯mmâ•¯Hg in the aortic posi-
tion and 5 to 10â•¯mmâ•¯Hg in the mitral position19 (see Tables 26-1 
and 26-2). Effective orifice areas depend on valve size and range 
from 1.6 to 3.7â•¯cm2, with performance indices of 0.40 to 0.65, 
similar to those reported for bileaflet mechanical valves.20 Tilting 
disk valves also have a small amount of regurgitation, which 
arises from small gaps at the perimeter of the valve.16,21 With 
Medtronic-Hall valves, there is also a small amount of regurgita-
tion around the central guide strut.19

TABLE 26-2â•… Normal Doppler Echocardiographic Values for Selected Mitral Valve Prostheses

VALVE SIZE
PEAK GRADIENT 

(mmâ•¯Hg)
MEAN GRADIENT 

(mmâ•¯Hg)
PEAK VELOCITY 

(m/s)
PRESSURE 

HALF-TIME (ms)
EFFECTIVE ORIFICE 

AREA (cm2)

Mechanical
St. Jude Medical bileaflet 23 4 1.5 160 1

25 2.5 ± 1 1.34 ± 1.12 75 ± 4 1.35 ± 0.17
27 11 ± 4 5 ± 1.82 1.61 ± 0.29 75 ± 10 1.67 ± 0.17
29 10 ± 3 4.15 ± 1.8 1.57 ± 0.29 85 ± 0.29 1.75 ± 0.24
31 12 ± 6 4.46 ± 2.22 1.59 ± 0.33 74 ± 13 2.03 ± 0.32

On-X bileaflet 25 11.5 ± 3.2 5.3 ± 2.1 1.9 ± 1.1
27-29 10.3 ± 4.5 4.5 ± 1.6 2.2 ± 0.5
31-33 9.8 ± 3.8 4.8 ± 2.4 2.5 ± 1.1

Medtronic-Hall tilting disk 27 1.4 78
29 1.57 ± 0.1 69 ± 15
31 1.45 ± 0.12 77 ± 17

Bioprosthetic
Carpentier-Edwards stented 

bioprosthesis
27 6 ± 2 1.7 ± 0.3 98 ± 28
29 4.7 ± 2 1.76 ± 0.27 92 ± 14
31 4.4 ± 2 1.54 ± 0.15 92 ± 19
33 6 ± 3 93 ± 12

Hancock II stented 
bioprosthesis

27 2.21 ± 0.14
29 2.77 ± 0.11
31 2.84 ± 0.1
33 3.15 ± 0.22

Hancock pericardial stented 
bioprosthesis

29 2.61 ± 1.39 1.42 ± 0.14 105 ± 36
31 3.57 ± 1.02 1.51 ± 0.27 81 ± 23

Mitroflow stented 
bioprosthesis

25 6.9 2 90
27 3.07 ± 0.91 1.5 90 ± 20
29 3.5 ± 1.65 1.43 ± 0.29 102 ± 21
31 3.85 ± 0.81 1.32 ± 0.26 91 ± 22

Adapted from Rosenhek R, Binder T, Maurer G, etâ•¯al. Normal Valves for Doppler echocardiographic assessment of heart valve prostheses. J Am Soc Echocardiogr 2003;16:1116–27.
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an alternative, less thrombogenic heart valve substitute for which 
long-term anticoagulation in the absence of additional risk factors 
is not required.

Stented Heterograft Valves
The stented heterograft valve is a trileaflet valve with a circular 
opening in systole (Figure 26-3). Porcine valves (e.g., Carpentier-
Edwards, Hancock) are constructed of glutaraldehyde-fixed 
porcine aortic leaflets mounted on semisynthetic rigid or flexible 
stents and the sewing ring. One of the three leaflets of the porcine 
aortic valve is muscular and is typically replaced during construc-
tion with a fibrous leaflet from a second valve.34,35 There have 
been several iterative design improvements over time, including 
glutaraldehyde fixation at low or zero pressure, reconfiguration 
of the sewing ring, and treatments to retard calcification and 
reduce leaflet stiffness. The newer bovine pericardial valves 
(Carpentier-Edwards PERIMOUNT; see Figure 26-3) offer better 
hemodynamic performance than earlier-generation porcine bio-
prostheses (see Tables 26-1 and 26-2). In the aortic position, the 
antegrade velocity varies as a function of valve size but approxi-
mates 2.4â•¯m/s, with a mean gradient of 14â•¯mmâ•¯Hg, and indexed 
valve area of 1.04â•¯cm2/m2.9 The pericardial aortic valve has a 
larger effective orifice area at any given valve size between 19 and 
29. The average peak gradient in the mitral position is 9 ± 3â•¯mmâ•¯Hg 
and effective orifice area 2.5 ± 0.6â•¯cm2.36 A small degree of regur-
gitation can be detected by color-flow Doppler imaging in 10% of 
normally functioning bioprostheses. In a prospective randomized 
trial of patients with aortic valve disease, the Carpentier-Edwards 

Omniscience valves, and 60% to 70% at 10 years for Starr-Edwards 
valves25-31 (Table 26-3). Long-term issues associated with mechan-
ical valves include infective endocarditis, paravalvular leaks, 
hemolytic anemia, thromboembolism/valve thrombosis, pannus 
ingrowth, and hemorrhagic complications related to anticoagula-
tion. All patients with mechanical valves require lifelong antico-
agulation with a vitamin K antagonist (VKA), the intensity of 
which varies as a function of prosthesis type, position, and 
number. Bileaflet and current-generation tilting disk valves are 
significantly less thrombogenic than the ball-cage valve or older 
generation Bjork-Shiley valves. Higher-intensity anticoagulation is 
required for mechanical valves placed in the mitral versus the 
aortic position, for patients with multiple mechanical prosÂ�
theses, and often for patients with additional risk factors for 
thromboembolism, such as atrial fibrillation (AF). Even with 
appropriately targeted anticoagulation, reported rates of throm-
boembolism range from 0.6 to 3.3 per 100 patient-years for patients 
with bileaflet or tilting disk valves.26,27,30-32 Complications related 
to anticoagulation in this population occur at rates of 0.9 to  
2.3 per 100 patient-years.33 A thromboembolism rate of 1.4 per 
100 patient-years has been reported for the Starr-Edwards 1260 
model valve.29

Tissue Valves
Tissue valves, or bioprostheses, include stented and stentless het-
erografts (porcine, bovine), also referred to as “xenografts,” 
homografts (or allografts) from human cadaveric sources, and 
autografts of pericardial or pulmonic valve origin. They provide 

TABLE 26-3â•… Long-Term Outcome after Mechanical Valve Replacement: Selected Series

Complications (%/Patient-Year)

VALVE TYPE REFERENCE
YEARS 

IMPLANTED N
MEAN 

AGE SURVIVAL
THROMBO-
EMBOLISM BLEEDING

PROSTHETIC 
VALVE 

ENDOCARDITIS
VALVE 

THROMBOSIS

Bileaflet
St. Jude 118 1977-1987 1298 62 ± 13 Event-free:

67 ± 8% at 9â•¯yr
1.5 0.56 0.16 0.09

St. Jude 25 1978-1991 91 39 (range 
15-50)

94 ± 2% at 10â•¯yr 0.6 0.8 0.4 —

St. Jude AVR 29 1977-1997 1419 63 ± 14 Actuarial:
  82% at 5â•¯yr
  51% at 15â•¯yr
  45% at 19â•¯yr

St Jude AVR + 
coronary 
artery bypass 
grafting 
surgery

29 1977-1997 971 70 ± 10 Actuarial:
  72% at 5â•¯yr
  45% at 10â•¯yr
  15% at 19â•¯yr

Carbomedics 28 1989-1997 1019 61 ± 10 Event-free: 82% 
at 7â•¯yr

Mortality rate 
2.9%/yr

1.0 1.7 0.1 0.1

Tilting Disk
Medtronic-Hall 24 1977-1987 1104 56 Actuarial: 1.2

  AVR 46 ± 2 % 
at 15â•¯yr

1.8 0.05

  MVR 42 ± 4 % 
at 15â•¯yr

1.9 0.19

Ball-Cage   DVR 28 ± 5 % 
at 15â•¯yr

1.9 0.13

Starr-Edwards 26 1963-1977 362 40±10â•¯yr Event-free: — —
  AVR 66.4% at 

10â•¯yr
1.36% 1.06

  MVR 73.4% 1.25 0.56
Starr-Edwards 27 1969-1991 1100 57â•¯yr 59.6% at 10â•¯yr

31.2% at 20â•¯yr
1.26 0.18 0.39 0.02

AVR, Aortic valve replacement; DVR, double valve replacement; MVR, mitral valve replacement.
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these features also contribute to impaired hemodynamic perfor-
mance and accelerated SVD. Stentless porcine valves (Toronto 
SPV [St. Jude Medical, Inc.], Edwards Prima; see Figure 26-3) 
were developed in part to address these issues. Their use has 
been restricted to the aortic position. Implantation is technically 
more challenging, whether in a subcoronary position or as part 

PERIMOUNT Magna bovine pericardial valve (Edwards Life-
sciences Corporation) demonstrated better hemodynamic perfor-
mance and greater LV mass regression over 5 postoperative years 
than the newer-generation Medtronic Mosaic porcine valve 
(Medtronic, Inc.).37 The major drawback with earlier-generation 
stented porcine valves was their limited durability, typically begin-
ning within 5 to 7 years after implantation but varying with posi-
tion and age at implant, with tissue changes characterized by 
calcification, fibrosis, tears, and perforations (Figure 26-4).38 
Structural valve deterioration (SVD) occurs earlier for mitral than 
for aortic bioprosthetic valves, perhaps because of exposure of 
the mitral prosthesis to relatively higher LV closing pressures 
(Table 26-4). The process of SVD is accelerated in younger 
patients, in those with disordered calcium metabolism (end-stage 
renal disease), and, possibly, in pregnant women independent of 
younger age (Figure 26-5). In several older series, the estimated 
rate of SVD of porcine valves was 3.3% per patient-year, with 
freedom from valve failure at 10 years of 78% ± 2% for aortic valves 
and 69% ± 2% per patient-year for mitral valves.39-41 The rate of 
valve failure accelerates further after 10 years, such that the actu-
arial freedom from porcine bioprosthetic SVD is 49% ± 4% at 15 
years for aortic valves and 32% ± 4% for mitral valves.36 By 
comparison, the rate of freedom from primary tissue failure  
with pericardial aortic valves is 86% at 12 years (Figure 26-6; see 
Table 26-4).42

Stentless Heterograft Valves
The rigid sewing ring and stent-based construction of certain 
bioprostheses allow for easier implantation and maintenance of 
the three-dimensional relationships of the leaflets. However, 

FIGURE 26-3  Bioprosthetic heart valves. A, Hancock modified-orifice (MO) stented valve (Medtronic, Inc., Minneapolis, Minnesota). The MO valve is produced 
by replacing the muscular right coronary cusp with the noncoronary cusp from another porcine valve. B, Carpentier-Edwards stented porcine valve (Edwards 
Lifesciences Corporation, Irvine, California). The annulus is purposefully asymmetric to obliterate the muscular septal ridge of the porcine right coronary cusp.  
C, St. Jude Medical Toronto SPV stentless valve (St. Jude Medical, Inc., St. Paul, Minnesota). D, Carpentier-Edwards pericardial valve (Edwards Lifesciences Corpora-
tion). E, Autologous pericardial valve. (From Antunes MJ, Burke AP, Carabello B, etâ•¯al. In: Rahimtoola SH, editor. Valvular heart disease. Philadelphia: Current Medicine; 2005. 
p. 296–7. Braunwald E, series editor. Essential atlas of heart diseases, 3rd ed. vol. XI.)

A B

C D E

FIGURE 26-4  Bioprosthetic structural valve deterioration. Five-year-
old mitral Hancock porcine valve. There is a linear tear at the base of one of the 
3 cusps (white arrows). (From Antunes MJ, Burke AP, Carabello B, etâ•¯al. In: Rahim-
toola SH, editor. Valvular heart disease. Philadelphia: Current Medicine; 2005. p. 
296–7. Braunwald E, series editor. Essential atlas of heart diseases. 3rd ed. vol. XI.)
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TABLE 26-4â•… Long-Term Outcome after Tissue Valve Replacement: Selected Series

VALVE TYPE REFERENCE
YEARS 

IMPLANTED N
AGE  

(YR ± SD)
ACTUARIAL 
SURVIVAL

FREEDOM FROM OR 
(ANNUAL RATE) OF 

THROMBOEMBOLISM

FREEDOM FROM OR 
(ANNUAL RATE OF) 

STRUCTURAL VALVE 
DETERIORATION

Stented 
Heterografts
Porcine (Hancock 

and Carpentier-
Edwards)

39 1971-1990 2,879 AVR 60 ± 15 77 ± 1% at 5â•¯yr
54 ± 2% at 10â•¯yr
32 ±3 % at 15â•¯yr

92 ± 1% at 10â•¯yr 78 ± 2% at 10â•¯yr
49 ± 4% at 15â•¯yr

MVR 58 ± 13 70 ± 1% at 5â•¯yr
50 ± 2% at 10â•¯yr
32 ± 3% at 15â•¯yr

86 ± 1% at 10â•¯yr 69 ± 2% at 10â•¯yr
32 ± 4% at 15â•¯yr

Carpentier-Edwards 
Porcine

40 1975-1986 1,195 57.3 57.4 ± 1.5% at 10â•¯yr (1.6%/pt-yr) (3.3%/pt-year)

Carpentier-Edwards 
Pericardial

42 1984-1995 254 71 (range 
25-87)

80 ± 3% at 5â•¯yr
50 ± 8 at 10â•¯yr
36 ± 9 at 12â•¯yr

67 ± 13% at 12â•¯yr 86 ± 9% at 12â•¯yr

Stentless 
Heterografts
Toronto SPV David et al.* 1987-1993 123 61 ± 12 91 ± 4% at 6â•¯yr 87± 7% at 6â•¯yr (0%)
Edwards Prima Dossche et al.* 1991-1993 200 68.5 ± 8 95% at 1â•¯yr (3% at 1 year) (AV block requiring 

pacer 7% at 1â•¯yr, 
mild AR 27% at 1yr)

Homografts
Cryopreserved Kirklin et al.* 1981-1991 18 46 85% at 8â•¯yr 85% at 8â•¯yr
Antibiotic sterilized, 

subcoronary
Langley et al.* 1973-1983 200 50 81 ± 3% at 10â•¯yr

58 ± 4 % at 20â•¯yr
81 ± 3% at 10â•¯yr
31 ± 5% at 20â•¯yr

Pulmonic 
Autografts
Pulmonic autografts Elkins et al.* 1986-1995 195 8â•¯mo-62â•¯yr 95 ± 2% at 2â•¯yr

81 ± 5% at 8â•¯yr
Pulmonary 

autografts
El-Hamamsy et al.* 1994-2001 108 38 (range 

19-66)
95% at 5â•¯yr
95% at 10â•¯yr

99% freedom from 
reoperation at 10â•¯yr

AV, Atrioventricular; AVR, aortic valve replacement; MVR, mitral valve replacement.
*Data from: David TE, Feindel CM, Bos J, et al. Aortic valve replacement with a stentless porcine aortic valve: a six-year experience. J Thorac Cardiovasc Surg 1994;108:1030-6 ;  Yun KL, Sintek 
CF, Fletcher AD, et al. Aortic valve replacement with the freestyle stentless bioprosthesis: five-year experience. Circulation 1999;100 (19 Suppl ): II17-23 ;  Dossche K, Vanermen H, Daenen W, 
et al. Hemodynamic performance of the PRIMA Edwards stentless aortic xenograft: early results of a multicenter clinical trial. Thorac Cardiovasc Surg 1996;44:11-4;  Kirklin JK, Smith D, Novick 
W, et al. Long-term function of cryopreserved aortic homografts: a ten-year study. J Thorac Cardiovasc Surg 1993;106:154-65; Langley SM, McGuirk SP, Chaudhry MA, et al. Twenty-year 
follow-up of aortic valve replacement with antibiotic sterilized homografts in 200 patients. Semin Thorac Cardiovasc Surg 1999;11(4 Suppl 1):28-34 ;  Elkins RC, Lane MM, McCue C.  
Pulmonary autograft reoperation: incidence and management. Ann Thorac Surg 1996;62:450-5 ; El-Hamamsy I, Eryigit Z, Stevens LM, et al. Long-term outcoms after autograft versus 
homograft aortic root replacement in adults with aortic valve disease: a randomised controlled trial. Lancet 2010;376:524-31

FIGURE 26-5  Freedom from structural valve deterioration (SVD). 
Actuarial freedom from SVD for 4910 operative survivors of isolated aortic or 
mitral valve replacement with Hancock (Medtronic, Inc., Minneapolis, Minne-
sota) or Carpentier-Edwards (Edwards Lifesciences Corporation, Irvine, Califor-
nia) porcine valves. The curves are stratified by age group and show a 
significantly lower rate of SVD for older than for younger patients. A Weibull 
regression model based on patient age and valve position (smooth lines) was 
used to fit the actuarial Kaplan-Meier curves (jagged lines). (Adapted from 
Grunkemeier GL, Jamieson WRE, Miller DC, etâ•¯al. Actual vs. actuarial risk of structural 
valve deterioration. J Thorac Cardiovasc Surg 1994;108:709–18.)

0 5 10

Time after implant, yr

15

S
V

D
-f

re
e,

 %

20

40

60

80

100

0

20–39

40–49

50–59

60–69

70–94

Age:

of a mini-root procedure, and hence these valves are preferred 
by only a minority of surgeons. Early postoperative mean gradi-
ents can be lower than 15â•¯mmâ•¯Hg, with further improvement in 
valve performance over time as a result of aortic root remodeling, 
lower peak exercise transvalvular gradients, and more rapid 
reduction in LV mass.43-49 There is a low incidence of important 
aortic regurgitation (AR), although results will vary as a function 
of technical expertise and appropriate valve sizing at time of 
implant. David et al50 reported freedom from SVD with the 
Toronto SPV at 12 years of 69% ± 4%, 52% ± 8% for patients 
younger than 65 years, and 85% ± 4% for patients 65 and older.50 
This group has limited the use of this stentless valve to older 
patients with small aortic annuli. They have also emphasized the 
marked mortality hazard for reoperation for valve failure within 
1 year of implantation.50

Homografts
Aortic valve homografts are harvested from human cadavers 
within 24 hours of death as blocks of tissue comprising the 
ascending aorta, aortic valve, a portion of the interventricular 
septum, and the anterior mitral valve leaflet. They are treated with 
antibiotics and cryopreserved at −196°â•›C.51 They are now most 
commonly implanted in the form of a total root replacement with 
reimplantation of the coronary arteries and trimming of any 
excess tissue not required for primary valve replacement. Sizing 
is based on echocardiographic measurement of the dimensions 
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appropriate selection of young patients by expert surgeons at 
experienced centers of excellence, operative mortality rates are 
less than 1% and freedom from valve–related death is as high as 
84% ± 6% at 14 years.67-70 Advantages of the autograft include the 
ability to increase in size during childhood growth, excellent 
hemodynamic performance characteristics, lack of thromboge-
nicity, and resistance to infection. The hemodynamic perfor-
mance characteristics of the pulmonary autograft are similar to 
those of a normal, native aortic valve both at rest and with exer-
cise. However, the homograft in the pulmonic position has a 
higher mean gradient at rest (9 ±7â•¯mmâ•¯Hg) and with exercise (21 
± 14â•¯mmâ•¯Hg) than a normal, native pulmonic valve.71-73 Early 
homograft stenosis occurs in 10% to 20% of patients and is due to 
extrinsic compression from inflammation and adventitial fibro-
sis.74,75 The procedure is usually reserved for children and young 
adults but should be avoided in patients with dilated roots, given 
the unacceptably high incidence of accelerated degeneration and 
pulmonary autograft dilation with significant regurgitation. The 
Ross procedure is not practiced widely, and surgical opinions 
differ regarding the best approach to the child or young adult with 
aortic valve disease. The durability of the operation has also been 
called into question; the rate of SVD at 10 years approximates 
30%.54,61,67-69,76-79 Reoperation can be especially hazardous.80 The 
use of pericardial autograft valves for either aortic or mitral 
replacement, in which the patient’s own pericardium is fashioned 
onto a frame in the operating room, has had very limited support 
despite excellent hemodynamic performance characteristics and 
durability in small patient subsets.81

Comparison of Mechanical and  
Tissue Valves
Obvious differences between valve types relate to durability  
(i.e., indefinite for mechanical versus limited for tissue valves) 
and need for anticoagulation (i.e., obligatory for mechanical 
versus none for tissue valves in the absence of other risk factors 
for thromboembolism). Short- to intermediate-term hemody-
namic performance characteristics for low-profile mechanical 
prostheses (e.g., St. Jude) are comparable to those for stented 
tissue valves of similar size. There are no important differences in 
rates of prosthetic valve endocarditis (PVE), although some series 
have suggested a higher incidence of early (<1 year) infection 
with mechanical valves than with tissue heterografts.82 Two 
earlier randomized trials compared long-term outcomes with a 
spherical tilting disk valve (Bjork Shiley) and with a stented 
porcine valve (Hancock or Carpentier-Edwards). In the Veterans 
Affairs trial, 575 men were randomly assigned to one of the two 
groups between 1977 and 1982; 394 underwent AVR, and 181 
MVR.83 Among those undergoing AVR, survival at 15 years was 
better with mechanical AVR (34% ± 3% vs. 21% ± 3%, P = 0.02; 
Figure 26-7), whereas there was no difference in survival between 
mechanical and tissue MVR procedures (81% and 79%, respec-
tively). With AVR, the increased mortality among patients allo-
cated a tissue prosthesis was driven largely by the higher rate of 
SVD and risks associated with reoperation. SVD occurred pre-
dominantly in patients younger than 65 years, beginning at 5 to  
6 years after MVR and 7 to 8 years after AVR. In patients underÂ�
going AVR, the cumulative incidence of SVD was 23% ± 5% for 
tissue valves and 0% ± 0% for mechanical valves, and in patients 
undergoing MVR, 44% ± 8% for tissue valves and 5% ± 4% for 
mechanical valves. There was an increased risk of bleeding with 
mechanical valve replacement, but no significant differences 
were observed for other valve-related complications, such as 
thromboembolism and PVE. In the Edinburgh Heart Valve Trial, 
541 men and women were randomly allocated to treatments 
between 1975 and 1979 and followed up for a mean of 12 years 
after AVR (n = 211), MVR (n = 261), or AVR + MVR (n = 61).84 There 
was a trend toward improved survival with mechanical valve 
replacement (P = 0.08) and higher rates of reoperation with tissue 
valve replacement (AVR 22.6 ± 5.7% vs. 4.2 ± 2.1%, P <0.01; MVR 

FIGURE 26-6  Freedom from structural valve deterioration (SVD). 
Weibull distribution curves for freedom from SVD for four types of tissue valves. 
Note the more gradual rate of SVD for aortic pericardial valves. (Adapted from 
Grunkemeier GL, Li H-H, Naftel DC, etâ•¯al. Long-term performance of heart valve 
prostheses. Curr Prob Cardiol 2000;25:73–156.)
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of the aortic annulus and sinotubular junction. Homograft valves 
appear resistant to infection and are preferred by many surgeons 
for management of aortic valve and root endocarditis in the active 
phase. Neither immunosuppression nor routine anticoagulation 
is required. Despite earlier expectations, long-term durability of 
such homografts beyond 10 years is not superior to that for 
current-generation pericardial valves.52-54 In an echocardio-
graphic follow-up study of 570 patients with aortic valve homo-
grafts, 72% had signs of valve dysfunction at 6.8 ± 4.1 years after 
implantation, with moderate to severe AR in 15.4 %, moderate 
aortic stenosis (AS) in 10%, and severe aortic stenosis in 2.5%.55 
Rates of homograft reoperation at 15 years for SVD, which do not 
account for all cases of SVD, approximate 20% for patients 41 to 
60 years of age and 16% for those older than 60 years at time of 
implantation.56 Excessive leaflet and root calcification renders 
reoperation particularly challenging. Mitral homograft valve 
replacement, a considerably complex technical feat, is not 
advocated.

Autografts
In the Ross procedure, the patient’s own pulmonic valve or auto-
graft is harvested as a small tissue block containing the pulmonic 
valve, annulus, and proximal pulmonary artery, and is inserted in 
the aortic position, usually as a complete root replacement with 
reimplantation of the coronary arteries.57-66 The pulmonic valve 
and right ventricular outflow tract are then replaced with either 
an aortic or pulmonic homograft. Thus, the procedure requires 
two separate valve operations, a longer time with the patient on 
cardiopulmonary bypass, and a steep learning curve. With 
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forth by both American College of Cardiology/American Heart 
Association (ACC/AHA) and European Society of Cardiology/
European Association for Cardio-Thoracic Surgery (ESC/EACTS) 
guideline writing committees for patients with valvular heart 
disease are a useful reference for clinical decision making.89,90 A 
bioprosthesis is recommended for any patient for whom antico-
agulation is contraindicated, cannot be managed appropriately, 
or is not desired (class I recommendation). A bioprosthesis is 
reasonable for young women contemplating pregnancy (to avoid 
the hazards of anticoagulation in this setting) and for patients 
older than 70 years (class IIa). A mechanical prosthesis is reason-
able for patients younger than 60 years who can be safely 
managed with anticoagulants and for patients in whom reopera-
tion would be particularly hazardous (e.g., in the setting of radia-
tion heart disease) (class IIa). Either a bioprosthesis or a 
mechanical prosthesis is reasonable for patients between ages 60 
and 70 years, depending on their preferences and values and the 
safety of anticoagulation. In younger patients who opt for a bio-
prosthesis, the anticipated risk of reoperation should be low. 
Because there may be exceptions to these broad recommenda-
tions, shared decision making should be individualized.89,90

Medical Management and Surveillance 
after Valve Replacement

Anticoagulant Therapy
All patients with mechanical heart valves require lifelong antico-
agulation with a VKA, the intensity of which varies as a function 
of valve type or thrombogenicity, valve position and number, and 
the presence of additional risk factors for thromboembolism, such 
as AF, LV systolic dysfunction, a history of thromboembolism, and 
hypercoagulable state. Anticoagulation should be initiated as 
soon after surgery as is deemed safe, preferably within the first 2 
days, beginning with intravenous unfractionated heparin (UFH) 
and transitioning to a VKA. The risk of thromboembolism is 
highest in the first postoperative month.

For patients undergoing AVR, a target international normalized 
ratio (INR) of 2.5 (range 2.0-3.0) is recommended for patients at 
low-risk of thromboembolism, such as those with either a St. Jude 
bileaflet or Medtronic-Hall tilting disk AVR in sinus rhythm with 
normal LV systolic function and no risk factors (Table 26-5). A 
higher target INR (3.0, range 2.5-3.5) is recommended if addi-
tional risk factors for thromboembolism are present or if the 
mechanical valve used is more thrombogenic (Bjork-Shiley, 
Omniscience, Starr-Edwards). Patients undergoing MVR with 
mechanical valves are managed with a target INR of 3.0 (range 
2.5-3.5), irrespective of valve type. Those with a bioprosthetic 
valve and risk factors for thromboembolism are managed with a 
target INR of 2.5 (range 2.0-3.0). There is general agreement that 
patients who have bioprosthetic mitral valves and no risk factors 
should be treated with a VKA for the first three postoperative 
months to a target INR of 2.5 (range 2.0-3.0) but there is a lack of 
consensus regarding the need for any VKA therapy over this time 
for patients who have bioprosthetic aortic valves and no risk 
factors. These latter patients are most often managed with aspirin 
alone.89-91 However, a report from the Danish National Patient 
Registry has highlighted an association between the discontinu-
ation of warfarin within 6 months of bioprosthetic AVR and an 
increased risk of cardiovascular death,92 and thus the use of war-
farin in this setting may be considered for 6 months after surgery.

Longer-term treatment of low-risk patients undergoing biopros-
thetic AVR or MVR consists of low-dose aspirin, although there 
are no data to support this practice. The development of throm-
boembolism at therapeutic levels of anticoagulation is managed 
by the addition of low-dose aspirin and/or by an increase in the 
target INR and range. The addition of low-dose aspirin to thera-
peutic anticoagulation is recommended for all patients with 
mechanical heart valves (see Table 26-5),89,91,93 but only if the 

43.1 ± 6.0% vs. 9.9 ± 3.2%, P <0.001). Bleeding rates were higher 
with mechanical AVR, but there were no differences in rates of 
thromboembolism or PVE. A meta-analysis found no differences 
in survival between mechanical and tissue valves when patient 
age and risk factors were included in the model.85 A later, smaller 
randomized trial of 313 patients 55 to 70 years of age with aortic 
valve disease also found no difference in late survival between 
newer-generation mechanical and tissue prostheses, with higher 
rates of SVD and reoperation in patients with tissue valves but no 
other differences in secondary end points.86 In an analysis of data 
from more than 39,000 patients aged 65 to 80 years undergoing 
AVR reported to the Society of Thoracic Surgeons (STS) Adult 
Cardiac Surgery Database and linked to Medicare, patients receiv-
ing a bioprosthesis had similar adjusted risks for death, higher 
risks for reoperation and endocarditis, and lower risks for stroke 
and bleeding in comparison with patients receiving a mechanical 
valve. Of note, patients aged 65 to 69 years had a substantially 
elevated 12-year absolute risk of reoperation (10.5%).87 In a sepa-
rate analysis of the same database, the proportion of patients 
older than 70 years who received a tissue prosthesis at the time 
of valve replacement increased from 87% to 96% between 2004 
and 2009 without any associated rise in rates of adverse events.88

Choice of Prosthetic Heart Valve
The need for heart valve replacement surgery marks a major 
milestone in the natural history of the underlying disease and 
mandates that clinical indications for the procedure are convinc-
ingly met and that valve repair by an experienced surgeon is not 
an option. Because there is no perfect heart valve substitute, 
judgment and compromise are required. Important factors to 
consider include patient age, the desire for pregnancy, the ana-
tomic nature of the valve lesion, the presence of infection, the 
experience of the surgeon, the risks of anticoagulation, the 
patient’s willingness and ability to take anticoagulant medica-
tions reliably, the likelihood of reoperation for SVD over 10 to 15 
years, and patient preferences and values.8 There has been a 
clear trend favoring the use of tissue valves, related to improved 
durability with current-generation pericardial prostheses, lower 
rates of mortality and major morbidity with reoperation, and 
strong patient preferences to avoid the lifestyle limitations and 
hazards of anticoagulation. The balanced recommendations set 

FIGURE 26-7  Veterans Affairs randomized trial results. Mortality rates 
after aortic valve replacement with a mechanical prosthesis (Bjork-Shiley, Pfizer, 
Inc., New York) and a stented porcine prosthesis (Hancock, (Medtronic, Inc., 
Minneapolis, Minnesota)). At 15 years, mortality was 66 ± 3% for mechanical 
valve vs. 79 ± 3% for the porcine valve P = 0.02). (From Hammermeister K, Sethi 
GK, Henderson WG, etâ•¯al. Outcomes 15 years after valve replacement with a 
mechanical versus a bioprosthetic valve: final report of the Veteran Affairs random-
ized trial. J Am Coll Cardiol 2000;36:1152–8.)
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increased risk of bleeding with dual antithrombotic therapy is 
considered low. At this time, the use of novel oral anticoagulants 
is not recommended for management of patients with prosthetic 
heart valves.

INTERRUPTION OF ANTICOAGULANT THERAPY

In the planned interruption of VKA therapy for noncardiac 
surgery, the following factors must be taken into account: the 
nature of the procedure; the magnitude of risk of thromboembo-
lism based on valve type, position, and number; the underlying 
patient risk factors; and the competing risk of periprocedural 
hemorrhage.94 Low-risk patients with low-profile bileaflet or tilting 
disk valves in the aortic position can usually stop VKA therapy 3 
to 5 days before noncardiac surgery and then resume it postop-
eratively as soon as it is considered safe, without the need for a 
heparin “bridge.” In all other patients, either low-molecular-weight 
heparin (LMWH) or intravenous UFH should be given both before 
and after surgery, as directed by the surgeon. The use of LMWH 
avoids the need for preoperative hospitalization and has been 
validated in some settings.95,96 Randomized trials are lacking, 
however. A study performed in patients immediately after 
mechanical heart valve replacement found the use of LMWH to 
be a safe and effective “bridging” strategy pending achievement 
of therapeutic levels of oral anticoagulation.97 Some surgeons 
prefer intravenous UFH in this setting.

EXCESSIVE ANTICOAGULATION

Correction of a supratherapeutic INR should be considered when 
the INR exceeds 4.5, especially in the presence of active bleeding. 
Rapid correction of a therapeutic INR may also be necessary 
because of bleeding or the need for emergency noncardiac 
surgery. Any INR value higher than 4.0 obtained with a finger-stick 

TABLE 26-5â•… Antithrombotic Therapy in Patients with 
Prosthetic Heart Valves*

Warfarin

ASPIRIN 
(75-100â•¯mg)

INR 
2.0-3.0

INR 
2.5-3.5†

NO 
WARFARIN

Mechanical Prosthetic Valves
Aortic valve replacement:
  Low risk:*
    <3 months Class I Class I Class IIa
    >3 months Class I Class I
  High risk* Class I Class I
Mitral valve 

replacement
Class I Class I

Biological Prosthetic Valves
Aortic valve replacement:
  Low risk:
    <3 months Class I Class IIa Class IIb
    >3 months Class I Class IIa
  High risk Class I Class I
Mitral valve replacement:
  Low risk:
    <3 months Class I Class IIa
    >3 months Class I Class IIa
  High risk Class I Class I

Modified from McAnulty J, Rahimtoola SH. Anti-thrombotic therapy in valvular heart 
disease. In: Schlant R, Alexander RW, editors. Hurst’s the Heart. New York: McGraw-Hill; 
1988; and from Bonow RO, Carabello BA, de Leon A, etâ•¯al. 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)  J Am Coll Cardiol 2008;52:e1–142.
*Risk factors: Atrial fibrillation, left ventricular dysfunction, previous thromboembolism, 
and hypercoagulable condition.
†INR (international normalized ratio) should be maintained between 2.5 and 3.5 for 
older-generation aortic tilting disk valves (Bjork-Shiley) and Starr-Edwards valves.

device should be verified with a laboratory assay performed on 
a phlebotomized blood specimen. For patients with minimally 
elevated INR and no active bleeding, VKA therapy is either 
adjusted or held for one or two doses and the INR measurement 
repeated. The 2012 American College of Chest Physicians guide-
line for antithrombotic therapy recommends against the routine 
use of vitamin K for patients receiving a VKA who have an INR of 
4.5 to 10 and no evidence of bleeding (class IIB). Individual 
patient circumstances may vary. Oral vitamin K is recommended 
for patients with an INR higher than 10 and no evidence of bleed-
ing (class IIC). When oral vitamin K (5â•¯mg) is given in conjunction 
with temporary discontinuation of a VKA, 1.4 days are required 
for an INR between 6 and 10 to decline to less than 4.0. Subcutane-
ous vitamin K is not recommended. For patients with VKA-related 
bleeding, prothrombin complex concentrate is preferred over 
fresh-frozen plasma for rapid reversal (class IIC). The additional 
use of vitamin K (5 to 10â•¯mg in 50â•¯mL of intravenous fluid deliv-
ered over a minimum of 20 minutes to avoid the rare occurrence 
of an anaphylactoid reaction) may be considered (class 2C).98

ANTICOAGULATION IN PREGNANT WOMEN

Management of anticoagulation in the pregnant patient is fraught 
with hazards for both the mother and fetus. Many authorities 
consider a mechanical heart valve with the obligate need for 
anticoagulation to be a contraindication to pregnancy. All treat-
ment choices are associated with an increased risk of spontane-
ous abortion, and the first principle of management is to engage 
the mother, her partner, and her family in a discussion of the 
pitfalls of any approach. The choice must be individualized and 
guided by the preferences and values of the mother. There are no 
randomized trial data to guide decision making. Warfarin therapy 
appears to be the safest anticoagulant strategy for the mother, 
although it carries a risk of fetal embryopathy, the aggregate 
incidence of which has been estimated at 6%.99,100 Exposure 
during the sixth to twelfth weeks of gestation may be most 
harmful. There are observational data, however, to suggest that 
the risk of embryopathy may be dose related and that fetal abnor-
malities are less common (<3%) with maternal doses of warfarin 
lower than 5â•¯mg/day.101-103 There is also a small risk of fetal central 
nervous system abnormalities with first-trimester use of VKAs.103 
Unfractionated heparin may be advantageous for the fetus, par-
ticularly because it does not cross the placenta, yet older studies 
with relatively thrombogenic valves suggest that it may be less 
effective than warfarin for the prevention of thromboembolism or 
prosthetic valve thrombosis in the mother. Long-term use of UFH 
is associated with risks of thrombocytopenia and osteoporosis. 
The initial experience with LMWH was characterized by unac-
ceptable rates of maternal complications, possibly related to the 
lack of dose adjustment to maintain therapeutic anti-Xa levels 
throughout pregnancy.104

The 2011 European Society of Cardiology guidelines on the 
management of cardiovascular disease in pregnancy generally 
prefer VKAs over heparin or LMWH for management of mechani-
cal heart valves during pregnancy.105 In the United States, one 
approach often used is twice-daily, dose-adjusted LMWH through-
out pregnancy, aiming for an anti-Xa level between 0.8 and 1.2â•¯IU/
mL, which is assessed 4 hours after a subcutaneous dose. LMWH 
is not advised if anti-Xa levels cannot be monitored.89 Testing 
should be performed every week, given the pharmacokinetic 
changes that occur with pregnancy. If UFH is provided, the acti-
vated partial thromboplastin time (aPTT) should be twice the 
control value or the anti-Xa level 0.35 to 0.70â•¯IU/mL.106 For women 
who choose to use warfarin before 6 and after 12 weeks of gesta-
tion, the INR target is 3.0 (range 2.5-3.5). Warfarin is usually dis-
continued at week 36, or 2 to 3 weeks before anticipated delivery, 
to avoid traumatic bleeding complications in a fully anticoagu-
lated infant. UFH is given in the weeks leading up to delivery and 
can be resumed 6 hours postpartum as deemed safe. Therapy 
with warfarin, which is not excreted in breast milk, is begun the 
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FIGURE 26-8  Auscultatory characteristics of prosthetic heart valves. Findings are stratified according to valve type and position. AC, Aortic closure; CC, 
closing click; DM, diastolic murmur; MC, mitral valve closure; MO, mitral opening; OC, opening click; SEM, systolic ejection murmur. (From Vongpatanasin W, Hillis D, 
Lange RA. Prosthetic heart valves. N Engl J Med 1996;335:407–16.)
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evening after delivery. For high-risk women (mitral or older, 
thrombogenic prosthesis, AF, history of thromboembolism), low-
dose aspirin can be added to anticoagulant therapy.89,106

Antiplatelet Therapy
The addition of low-dose aspirin to VKA therapy in selected 
subsets of patients, such as those with mechanical valves or fol-
lowing thromboembolic complications despite therapeutic INR 
values, was discussed previously. Dual antiplatelet therapy with 
aspirin and clopidogrel or with aspirin and dipyridamole is not a 
substitute for VKA therapy in patients with mechanical heart 
valves. Clopidogrel is an appropriate choice for aspirin-allergic 
patients when antiplatelet therapy is indicated. Bioprosthetic 
valves implanted by transcatheter techniques (see Chapter 15) 
are managed with dual antiplatelet therapy with low-dose aspirin 
(75 to 100â•¯mg) and clopidogrel (75â•¯mg daily) for the first 6 months 
and with low dose aspirin monotherapy thereafter.107

Infective Endocarditis Prophylaxis
Patients with prosthetic heart valves are at high risk for serious 
complications from infective endocarditis. Antibiotic prophylaxis 
is reasonable prior to dental procedures that involve manipula-
tion of gingival tissue or the periapical region of teeth or perfora-
tion of the oral mucosa (class IIa recommendation).108 Prophylaxis 
is not recommended prior to gastrointestinal or genitourinary 
procedures in the absence of suspected infection. The regimens 
for dental procedures are provided in Chapter 25. Morbidity and 
mortality rates with PVE are higher than those associated with 
native valve endocarditis, especially when the offending organ-
ism is Staphylococcus aureus, and an aggressive, multidisciplinary 
approach to diagnosis and treatment is essential.109

Clinical Assessment
Postoperative office visits should begin approximately 3 to 4 weeks 
after the patient has undergone valve implantation. The first visit 
is focused on ensuring a smooth transition from hospital/

rehabilitation facility to home, reconciling medications, and 
assessing neurocognitive function, wound healing, volume status, 
heart rhythm, and the auscultatory characteristics of prosthetic 
valve function (Figure 26-8). A grade 1 through 3 midsystolic 
murmur is audible at the base in all patients after AVR. The inten-
sity varies as a function of valve size, cardiac output, and gradient. 
The closing sound of a mechanical aortic valve (A2) is often pal-
pable and distinctly loud, even to the extent that it is a nuisance 
to the patient. Patients who have undergone conduit replacement 
of the ascending aorta with valve-sparing reconstruction have a 
grade 2 or 3 systolic murmur below the suprasternal notch and 
radiating into the carotids and along the course of the clavicles. 
An aortic diastolic murmur under any circumstances is patho-
logic. Patients with stented tissue valves in the mitral position have 
grade 2 or 3 midsystolic murmurs, loudest at the left sternal border 
and indicative of accelerated flow past the stents, which extend 
into the LV outflow tract. With a low-profile mechanical mitral 
valve, an outflow murmur of this type is not present. The S1 sound 
is loud and crisp. A soft, grade 1, low-pitched diastolic murmur 
can sometimes be heard in the left lateral decubitus position with 
either a tissue or mechanical mitral valve, depending on the 
cardiac output and the magnitude of the transvalvular diastolic 
pressure gradient; it need not indicate valve dysfunction.

The history at subsequent visits is tailored to detect symptoms 
suggestive of heart failure or reduced functional capacity, arrhyth-
mia, thromboembolism, or infection. Adherence to the recom-
mended schedule of INR determinations and the relative time that 
the INR is in the therapeutic range should be assessed in all 
patients undergoing anticoagulation. Problems with bleeding 
should be identified. The interview should include questions 
regarding other cardiovascular and general health issues as well 
as a review of medication adherence, drug interactions, and 
adverse side effects. A focused cardiovascular examination is 
performed at each visit. Instructions regarding antibiotic prophy-
laxis are repeated. After the 6-month mark, follow-up visits can 
be conducted annually unless interim problems arise.

A chest radiograph is obtained by the surgeon at the first visit 
to assess for residual pleural fluid, pneumothorax, lung aeration, 
and heart size. An electrocardiogram is routinely performed and 
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a normally functioning mechanical prosthesis, although exami-
nations may be reasonable for other indications related to LV 
function or pulmonary hypertension.89,90

The leaflets of a bioprosthesis should appear thin and mobile. 
The struts of a stented valve are easily identified. The sewing  
ring/annular interface is thickened and echogenic. Stentless bio-
prosthetic valves, homografts, and autografts appear very similar 
to normal, native aortic valves, except for the expected degree of 
postoperative annular thickening. With time, the homograft root 
calcifies; the pulmonary autograft may dilate, especially in older 
patients. The appearance and movement of mechanical bileaflet 
and tilting disk valves are very difficult to assess with TTE because 
of the acoustical shadowing and reverberations inherent to these 
valves. These limitations can be overcome with multiplane TEE 
when indicated (Figure 26-11). The pattern and degree of valvular 
regurgitation can be assessed with color-flow Doppler imaging. 
Because of left atrial shadowing from the prosthesis on TTE, 
evaluation with TEE is essential in cases of suspected mitral pros-
thetic valve regurgitation, particularly when it is paravalvular in 
location. Indirect TTE signs of mitral prosthetic valve regurgita-
tion include an increased early diastolic trans-mitral flow velocity, 
elevated pulmonary artery pressures, and hyperdynamic LV sys-
tolic function. TEE is less useful for the assessment of suspected 
aortic prosthetic valve regurgitation.

When needed, the echocardiographic data can be supple-
mented with information obtained from other diagnostic tech-
niques. Fluoroscopy can be very helpful in the evaluation of 
mechanical leaflet/disk movement, especially in cases of sus-
pected thrombosis. Excessive rocking may indicate dehiscence. 
Cardiac magnetic resonance (CMR) imaging can provide accu-
rate and quantitative assessment of ventricular volumes and func-
tion. Either CMR or computed tomographic (CT) angiography 
can be used to evaluate the size and contour of the aorta, par-
ticularly after root or ascending aortic replacement. These modal-
ities also allow for assessment of at least the proximal portions 
of the re-implanted coronary arteries. Baseline CMR or CT angi-
ography should be performed 3 months after combined aortic 
valve/ascending aortic surgery, whether valve-sparing in nature 
or with a valve-graft conduit, and annually thereafter (Figure 
26-12). Surveillance imaging of this type is especially important 
in patients with an underlying aortopathy, such as that associated 
with Marfan syndrome or bicuspid aortic valve (BAV) disease. 
Aneurysmal enlargement may occur in other native aortic loca-
tions. False aneurysm development along anastomotic suture 
lines is uncommon but potentially fatal.

should be reviewed for rhythm, conduction, and dynamic repo-
larization changes. Postoperative baseline values for hemoglobin, 
hematocrit, lactate dehydrogenase (LDH), and bilirubin should 
be established for patients with mechanical heart valves, allow-
ing future comparisons should hemolysis be suspected. It is less 
useful to monitor the serum haptoglobin value. Other laboratory 
studies are performed as clinically relevant.

Echocardiography
Complete, postoperative baseline transthoracic echocardiogram 
(TTE) with color-flow Doppler imaging should be performed in 
all patients after heart valve replacement, typically between 6 
weeks and 3 months after surgery. Published tables of transvalvu-
lar velocities and prosthetic valve areas, as a function of valve type 
and size, should be consulted to determine whether valve function 
is acceptable (see Tables 26-1 and 26-2). Values for these param-
eters may also be affected by body size and cardiac output. The 
phenomenon of pressure recovery, especially with mechanical 
bileaflet aortic valves and in patients with small aortic roots, must 
be considered in the interpretation, as previously reviewed (see 
Figure 26-2). The standard TTE examination includes imaging of 
the valve, measurement of the transvalvular velocity, calculation 
of instantaneous and mean pressure gradients and valve orifice 
area, qualitative assessment of the degree of regurgitation, evalu-
ation of LV size and systolic function, and estimation of pulmonary 
artery systolic pressure. Mean pressure gradients are more useful 
clinically than instantaneous or maximum pressure gradients, 
because prosthetic valves have very high velocities at time of  
valve opening with rapid equilibration thereafter. The baseline, 
expected degree of regurgitation through a mechanical bileaflet 
or tilting disk valve should be noted. TTE should be repeated for 
any relevant change in clinical status or the examination findings. 
When clinically indicated in cases of suspected valve dysfunction, 
thrombosis, or infection, transesophageal echocardiogram (TEE) 
should be performed to obtain higher-quality images with 
improved spatial resolution (Figures 26-9 and 26-10).

The frequency with which routine, surveillance TTE should be 
performed in the longitudinal follow-up of patients after pros-
thetic heart valve replacement has not been established. Annual 
echocardiographic examinations can be considered after the first 
10 years in patients with bioprosthetic valves even in the absence 
of any clinical change, because of the expected cumulative inci-
dence of SVD after this point. Routine surveillance TTE is gener-
ally not necessary after the postoperative baseline evaluation for 

FIGURE 26-9  Prosthetic valve endocarditis and paravalvular regurgitation. A, Transthoracic echocardiography, parasternal long-axis view, shows an 
echo-free space anterior to a mechanical aortic valve replacement. B, Color-flow Doppler imaging shows a diastolic flow disturbance originating in this space with 
flow into the left ventricular (LV) chamber. C, Continuous wave Doppler echocardiography confirms that this flow is aortic regurgitation, showing the typical timing 
and velocity curve with a density and slope consistent with severe regurgitation. Ao, Aorta; LA, left atrium. (From Otto CM. Textbook of echocardiography. 4th ed. Phila-
delphia: Elsevier Saunders; 2009.)
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FIGURE 26-10  Prosthetic valve endocarditis and paravalvular regurgitation. Transesophageal echocardiography (TEE) in the same patient as in Figure 
26-9. A, TEE provides better definition of the area of valve dehiscence adjacent to the septum (arrow). The TEE probe has been positioned so the shadows from 
the valve prosthesis do not obscure the area of interest. B, Color-flow Doppler image shows aortic regurgitation from this site. Ao, Aorta; LA, left atrium; LV, left 
ventricle. (From Otto CM. Textbook of echocardiography. 4th ed. Philadelphia: Elsevier Saunders; 2009.)
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FIGURE 26-11  Prosthetic mitral regurgitation. Prosthetic mitral regurgitation (MR) due to inadequate leaflet closure evaluated by transesophageal echocar-
diogram. The two-dimensional image (left) show incomplete closure of the medial valve disk (arrow), and color-flow imaging (right) demonstrates severe prosthetic 
MR with a wide vena contracta. LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. (From Otto CM. Textbook of echocardiography. 4th ed. Philadelphia: 
Elsevier Saunders; 2009.)
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Evaluation and Treatment of Prosthetic 
Valve Dysfunction

Structural Valve Deterioration
Primary failure of the components of current-generation mechan-
ical prostheses is extremely rare. Deterioration of tissue hetero-
grafts (porcine, bovine) and homografts occurs with predictable 
frequency as a function of patient age at implantation and 

prosthesis type (see Figures 26-5 and 26-6). Primary failure is due 
to leaflet thickening, calcification, perforation, or tearing. Pros-
thetic valve stenosis may also be due to pannus ingrowth and 
can often be first suspected on the basis of a change in the physi-
cal findings. The severity of stenosis should be characterized with 
Doppler echocardiography, and the patient instructed to report 
promptly any change in effort tolerance or new symptoms 
(Figures 26-13 and 26-14). Echocardiographic follow-up may have 
to be scheduled more frequently than once yearly, depending  
on the aggregate findings. Presentation with prosthetic valve 
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reimplanted coronary arteries) and to confine reoperation to 
replacement of the deteriorated valve. The risk of bleeding is 
increased because of the adhesions and dense scarring that 
occur after the first operation. Planning for reoperation in patients 
who have undergone previous coronary artery bypass grafting 
surgery includes obtaining a chest CT or CMR angiogram to delin-
eate the course of the left internal mammary artery and its ana-
tomic relationship to the sternum and chest wall.

Paravalvular Regurgitation
Paravalvular regurgitation occurs external to the prosthetic valve, 
at the interface between the sewing ring and the native valve 
annulus (see Figure 26-10). It can occur as a result of inadequate 
technique, suture dehiscence, compromised native tissue integ-
rity (dense calcification, extensive myxomatous degeneration), 
infection, or chronic abrasion of the sewing ring against a calci-
fied or rigid annulus. The magnitude of the regurgitant volume 

regurgitation is more common than that with prosthetic valve 
stenosis. Regurgitant lesions may progress very rapidly, and more 
often with mitral than with aortic bioprostheses, to the extent that 
some surgeons advocate early reoperation in this instance, 
before traditional indications for surgery are met, so as to avoid 
precipitous clinical decompensation. For most other patients, 
however, the indications for reoperation are the same as those 
that pertain to patients with native valve disease, including symp-
toms, indices of LV size and systolic function, and the develop-
ment of pulmonary hypertension.

Compared with the initial surgery for native valve disease, reop-
eration carries an increased risk of mortality and major morbidity, 
related to older patient age, intrinsic changes in myocardial func-
tion, coexistent coronary artery disease, and bleeding. Reopera-
tion is particularly challenging in patients with calcified, 
homograft aortic root replacements and those with dilated pul-
monary autografts after a Ross procedure. On occasion, it is pos-
sible to preserve the cylindrical root of a homograft (and its 

FIGURE 26-12  Computed tomography of surgical replacement of aortic valve and ascending aorta. Cardiac computed tomography evaluation of two 
patients following surgical replacement of the aortic valve and ascending aorta. A and B, Lateral views of a 58-year-old man with ankylosing spondylitis after aortic 
valve replacement with a 29-mm St. Jude Toronto Bioroot (St. Jude Medical, Inc., St. Paul, Minnesota) and ascending aortic replacement with hemiarch reconstruc-
tion with a 28-mm Vascutek graft (Vascutek, Ltd., Renfrewshire, Scotland). A, aortic valve prosthesis (white arrow) and ascending aorta; B, aortic arch. C and D, 
Anterior and anterolateral views in a 41-year-old man with a bicuspid aortic valve and aortic aneurysm following aortic valve replacement with a 27-mm bovine 
pericardial valve (white arrows) within a 34-mm Dacron graft. Yellow arrows indicate the distal anastomoses. LA, Left atrium; LV, left ventricle. 
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(see Chapter 25). The cumulative incidence of PVE is highest 
within the first few weeks and months after valve implantation, 
approaching 3% at 1 year and 6% at 5 years.82 Early infection may 
be more frequent with mechanical valves, but incidence rates at 
1 year and beyond are similar for mechanical and tissue prosthe-
ses. From a microbiologic perspective, it is useful to classify PVE 
into early (within 1 year of valve surgery) and late (>1 year after 
surgery). Coagulase-negative staphylococci are the predominant 
cause of early PVE and are almost invariably of nosocomial 
origin. The majority are due to Staphylococcus epidermidis and 
are resistant to methicillin. Early PVE has also been associated 
with S. aureus, certain gram-negative bacilli, diphtheroids, and 
fungi. PVE occurring more than 1 year after surgery is more likely 
related to a community-acquired infection with a pathogen that 
is more commonly associated with native valve endocarditis (S. 
aureus, streptococci, enterococci).111 Worldwide, S. aureus is the 
most common cause of endocarditis and is an independent risk 
factor for in-hospital death among patients with PVE. Infection of 
a prosthesis is a far more aggressive process than that seen with 
native valve disease and is characterized pathologically by early 
peri-annular infection, tissue invasion, abscess formation, and 
fistulous perforation. PVE involving a bioprosthesis can also 
result in primary leaflet destruction. TEE is recommended for all 
patients with suspected PVE. TEE has higher sensitivity and 

depends on the size of the orifice. A small and clinically inconse-
quential paravalvular leak is usually discovered incidentally 
during routine echocardiography with color-flow Doppler 
imaging. No change in management would be indicated. Small 
paravalvular leaks may, however, be associated with significant 
intravascular hemolysis and anemia as red blood cells are forced 
through a narrow orifice at high velocities. Despite a high clinical 
index of suspicion in this circumstance, a new, regurgitant 
murmur may not be audible. TEE may be necessary to visualize 
the defect appropriately, especially in the patient with a mitral 
prosthesis. Larger paravalvular leaks may result in significant 
volume overload and heart failure, to an extent that reoperation 
might be indicated. There is a growing experience with the use 
of transcatheter closure devices in patients with clinically impor-
tant paravalvular regurgitation, although results to date with this 
technology have been mixed.110 Management can prove quite 
challenging, and a compromise approach with medical therapy 
is often chosen, in part in relation to the risks associated with 
reoperation in some patients.

Infective Endocarditis
PVE is a life-threatening infection that requires combined medical 
and surgical management to achieve optimal patient outcomes 

FIGURE 26-13  Evaluation of prosthetic aortic stenosis. A practical approach to evaluation of possible prosthetic aortic stenosis (AS) is to begin with standard 
measures of stenosis severity, including maximal velocity (Vmax), mean pressure gradient (ΔP), and effective orifice area (EOA) and the ratio of left ventricular to 
aortic velocity. Normal values for each valve type and size should be referenced, but simple thresholds of 3 and 4â•¯m/s are a quick first step. For patients with 
intermediate measures of stenosis severity, the shape of the velocity curve can be helpful, a triangular shape (short time to peak velocity, TPV) suggesting normal 
valve function and a rounded waveform (longer TPV) suggesting significant stenosis. (Abstracted from Zoghbi WA, Chambers JB, Dumesnil JG, etâ•¯al. Recommendations 
for evaluation of prosthetic valves with echocardiography and Doppler ultrasound. J Am Soc Echocardiogr 2009;22:975–1014.)
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Management of a thromboembolic event in a patient with 
mechanical valves generally proceeds along one or more of the 
following lines:89,91

•	 For the patient whose INR is subtherapeutic, the dose of VKA is 
raised to achieve the intended INR range.

•	 For the patient whose INR is in the therapeutic range, the dose of 
the VKA is raised to achieve a higher INR range and/or low-dose 
aspirin is provided if not already used.

•	 The patient and family are informed about the increased risks of 
bleeding.

•	 The potential for drug interactions is reviewed.
Reoperation to implant a less thrombogenic valve is rarely under-
taken for the patient with recurrent thromboemboli despite 
aggressive antithrombotic therapy.

Microcavitary “gas bubbles” are often seen in the left ventricles 
and left atria of patients with left-sided mechanical prostheses. 
These phenomena are different in nature from the spontaneous 
echo contrast observed with stasis of blood in the cardiac cham-
bers. They do not seem to correlate with an increased risk of 
thromboembolism but may be associated with increased LDH 
levels and hemolysis.118

Prosthetic Valve Thrombosis
Thrombosis of a mechanical heart valve can have devastating 
consequences. Clinical suspicion should be raised by symptoms 
of heart failure, thromboembolism, and/or low cardiac output, 
coupled with a decrease in the intensity of the mechanical valve 
closure sounds, new and pathologic murmurs, and/or documen-
tation of inadequate anticoagulation. Thrombosis is more 
common in the mitral and tricuspid positions than in the aortic 
position. Evaluation with TTE or TEE can help guide management 
decisions.90 Confirmation of abnormal leaflet or disk excursion in 
the presence of an occluding thrombus can also be obtained 
rapidly with cardiac fluoroscopy. Although differentiation of 
thrombus from pannus formation can be difficult, the clinical 
context usually allows accurate diagnosis. Emergency reopera-
tion for prosthetic valve thrombosis (PVT) is associated with high 
operative mortality rates (17% to 40%).119 On the other hand, 

specificity for the detection of vegetations and abscess than TTE, 
though the latter modality provides important supplemental 
information.112

In comparison with treatment outcomes in patients with native 
valve endocarditis, medical cure with antibiotics is inherently 
more difficult in patients with PVE, and surgery is more often 
required. The class I indications for surgery in the active phase of 
infection, while intravenous antibiotics are being given, include 
heart failure, abscess formation, valve dehiscence, progressive 
valve dysfunction, and infection with a resistant or difficult to 
eradicate microorganism.89,113 Surgery is also reasonable (class 
IIa) for patients with persistent bacteremia despite an adequate 
course of antibiotics when there is no obvious satellite focus of 
infection and for patients with recurrent emboli and persistent 
vegetations. Even in surgical centers with an expertise in the 
management of such patients, perioperative mortality rates for 
PVE are as high as 25% to 35%.109,114 Removal of a previously 
implanted pacemaker or defibrillator system (including the leads 
and generator) is recommended for patients with PVE even 
without definite involvement of the leads or device.115

Thromboembolism
Thromboemboli are a major source of morbidity in patients with 
prosthetic heart valves. The incidence of clinically recognizable 
events ranges from 0.6 to 2.3 per 100 patient-years, an estimate 
that does not account for any subclinical episodes that might be 
detected with sensitive imaging techniques.20-24,94,99-102 Thrombo-
embolic incidence rates are similar for patients with bioprosthe-
ses not undergoing anticoagulation and for patients with 
mechanical valves and appropriate anticoagulation.7 Risk factors 
for thromboembolism include the inherent thrombogenicity of 
the prosthesis, valve position (mitral carries a higher risk than 
aortic), valve number, time spent out of the therapeutic range of 
anticoagulation, a history of thromboembolism, hypercoagulable 
state, AF, left atrial enlargement, and LV systolic dysfunction. The 
risk of bleeding, estimated at 1 event per 100 patient-years, 
increases with age and the intensity of anticoagulation.25-28,84,116,117

FIGURE 26-14  Evaluation of prosthetic mitral stenosis 
(MS). The evaluation starts with standard measures of stenosis 
severity including maximal velocity (Vmax), effective orifice area 
(EOA), and pressure half-time (T½). Normal values for each valve 
type and size should be referenced, but the thresholds shown 
are a quick first step. In patients with intermediate measures of 
stenosis severity, the differential diagnosis includes significant 
stenosis, prosthesis-patient mismatch (PPM), and a high-flow 
state. Additional imaging or catheterization may be needed.  
(ΔP), pressure gradient. (Adapted from Zoghbi WA, Chambers JB, 
Dumesnil JG, etâ•¯al. Recommendations for evaluation of prosthetic 
valves with echocardiography and Doppler ultrasound. J Am Soc 
Echocardiogr 2009;22:975–1014.)
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fibrinÂ�olytic therapy with either tissue plasminogen activator 
(10â•¯mg bolus followed by 90â•¯mg over 90 minutes) or streptokinase 
(500,000â•¯IU over 20 minutes followed by 1,500,000â•¯IU over 10 
hours) carries a risk of 15% to 20% for death or cerebral/systemic 
embolic complications in patients with left-sided PVT. Thus, deci-
sions about clinical management are challenging.89,90

Emergency surgery is reasonable for patients with left-sided 
PVT and shock or New York Heart Association functional  
class III or IV symptoms and for patients with a large thrombus 
burden (≥0.8â•¯cm2 on TEE).120 Fibrinolytic therapy is reasonable 
for patients with recent-onset functional class I or II symptoms 
and small thrombus burdens (<0.8â•¯cm2) (class IIa recommenda-
tion) or for sicker patients with larger thrombi when surgery is 
either not available or inadvisable (class IIb recommendation). 
Fibrinolytic therapy is generally recommended for patients with 
right-sided PVT (class IIa recommendation).89,90 Some patients 
with no or minimal symptoms and small thrombi can often be 
managed with intravenous UFH, which can be changed to 
fibrinÂ�olytic therapy if the first approach is unsuccessful. Any 
course of fibrinÂ�olytic therapy is followed at the appropriate inter-
val by a continuous infusion of UFH during the transition to  
VKA therapy targeted to a higher INR with or without low-dose 
aspirin. Serial TTE studies are useful to assess the response to 
treatment.89,90

Hemolytic Anemia
The development of a nonimmune hemolytic anemia after valve 
replacement or repair is usually attributable to a paravalvular leak 
with intravascular red blood cell destruction. Diagnosis is based 
on a high index of suspicion coupled with laboratory evidence of 
hemolysis, including the characteristic changes in red blood cell 
morphology, elevations of indirect bilirubin value and LDH, a 
high reticulocyte count, and depressed serum haptoglobin value. 
Reoperative surgery or catheter closure of the defect is indicated 
when heart failure, a persistent transfusion requirement, or poor 
quality of life intervenes. Empirical medical measures include 
iron and folic acid replacement therapy and beta-adrenoreceptor 
blockers. It is important to exclude PVE as a cause.

Prosthesis-Patient Mismatch
Prosthesis-patient mismatch (PPM) results when a valve is 
implanted that is too small for the patient’s body size, resulting 
in a hemodynamic state of functional stenosis. Although PPM is 
most commonly associated with implantation of small valves 
(≤21â•¯mm) into small-statured older women with small aortic 
annuli/roots, mitral PPM is also recognized.121-124 Whereas lesser 
degrees of PPM can be well tolerated, severe aortic PPM (effec-
tive orifice area ≤0.65â•¯cm2/m2) may lead to less regression of LV 
hypertrophy, more cardiac events, and reduced survival (Figure 
26-15).123 PPM should not be assumed in the patient with high 
transvalvular velocities across an aortic bileaflet mechanical 
prosthesis because of the significant degree of pressure recov-
ery that may be present. Severe, functional mitral stenosis due 
to mitral PPM (effective orifice area ≤0.9â•¯cm2/m2) may result in 
persistent left atrial dilation, AF, pulmonary hypertension, right 
ventricular dysfunction, and higher long-term mortality.125,126 It is 
important to note that the effective orifice area estimated on 
echocardiography or cardiac catheterization after surgery com-
monly differs from the preimplantation in vitro area listed by the 
manufacturer. In addition to selection of a valve with the most 
favorable hemodynamic characteristics, efforts to reduce the 
development of significant PPM include choosing the largest 
valve size believed technically appropriate and enlarging the 
aortic root. Oversizing a mitral prosthesis increases the risk of 
disrupting the atrioventricular groove, resulting in false aneu-
rysm formation and posterior wall rupture. Combined aortic 
root procedures add to the complexity and morbidity of such 
surgery.

FIGURE 26-15  Impact of prosthesis-patient mismatch on freedom 
from cardiac events. Percentages of patients free from cardiac events over 
15 years after implantation of 19- to 21-mm aortic St. Jude prosthetic heart 
valves (PHV). Outcomes are stratified according to the indexed effective orifice 
area (EOAi), obtained on predischarge transthoracic echocardiography after 
valve replacement. (Adapted from Milano AD, DeCarlo M, Mecozzi G, etâ•¯al. Clinical 
outcome in patients with 19â•¯mm and 21â•¯mm St. Jude prostheses: comparison at 
long-term follow-up. Ann Thorac Surg 2002;73:37–43; and from Rahimtoola SH. 
Choice of prosthetic heart valve for adult patients. J Am Coll Cardiol 2003;41: 
893–904.)
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Valvular heart disease in pregnant women includes women with 
known valve disease who may present to the physician prior to 
pregnancy for evaluation of potential maternal and fetal risk, 
women with a known valve disease who present during preg-
nancy without preconception counseling, and women without 
known cardiac disease who are diagnosed during pregnancy. In 
each situation, the normal physiologic changes of pregnancy may 
exacerbate the hemodynamics of the valve lesion, so that women 
who are asymptomatic in the nongravid state may decompensate 
during pregnancy. Management is complicated by the potential 
effects of medication, radiation, or surgery on the fetus. Despite 
increased maternal and fetal risks, most women with valvular 
heart disease can complete a successful pregnancy when care-
fully managed by a multidisciplinary team at an experienced 
center.

Physiologic Changes of Pregnancy

Normal Hemodynamic Changes
PREGNANCY

During pregnancy, there is a substantial increase in plasma 
volume, erythrocyte volume, and cardiac output (Figure 27-1).1-5 
Cardiac output increases by up to 45%, and most of the increase 

is the result of a 20% to 30% increase in heart rate. There is a 
smaller increase in stroke volume.6-9 The increase in cardiac 
output begins as early as 10 weeks of gestation, with the maximal 
cardiac output achieved in most by 24 weeks (Figure 27-2).8,10,11 
Pulmonary pressures remain normal during pregnancy because 
of a decrease in pulmonary vascular resistance through vascular 
recruitment in the high capacitance pulmonary circulation.12 Left 
ventricular (LV) filling pressures remain normal.13

During pregnancy, an increase in venous tone augments 
preload,14 whereas a decrease in aortic stiffness and alterations 
in the microcirculation reduce afterload.6 The decrease in sys-
temic vascular resistance offsets the increase in cardiac output 
so that blood pressure decreases slightly during pregnancy. LV 
wall stress decreases by about 30%, which decreases the oxygen 
demand of the myocardium.4,15 Paradoxically, several studies 
suggest that LV contractility may be mildly depressed, although 
the magnitude of this change is unlikely to be clinically signifi-
cant.4,15,16 Stroke volume is maintained in the setting of decreased 
contractility by the altered loading conditions of pregnancy. At 
term, the relationship between LV filling pressure and stroke-work 
index is comparable to the nonpregnant state.17

POSITIONAL CHANGES

The effects of positional change on hemodynamics also may be 
more prominent in women with valve disease. In the supine posi-
tion, the gravid uterus can compress the inferior vena cava, result-
ing in decreased preload, stroke volume, and cardiac output. This 
can be avoided by use of the left lateral decubitus position.18 Some 
patients may also need to labor in the left lateral decubitus posi-
tion to maintain cardiac output.

PERIPARTUM AND POSTPARTUM CHANGES

Peripartum hemodynamics are affected by uterine contractions, 
the pain of labor and delivery, and blood loss (Figure 27-3). Pain 
increases heart rate, blood pressure, and stroke volume. Uterine 
contractions reintroduce blood into the circulating blood pool. 
The increase in intravascular volume with each contraction is 
accompanied by an increase in heart rate so that cardiac output 
is augmented by about 20% with each contraction (Figure 27-4). 
When valve disease is present, these hemodynamic alterations 
may result in clinical deterioration.19,20 Labor and delivery are 
associated with mild increases in LV diastolic pressure, which, in 
a patient with decreased LV compliance, may lead to pulmonary 
edema. Therefore, the increase in intravascular volume that 
occurs with uterine contraction can increase LV end-diastolic 
pressure and pulmonary edema.

Blood loss from vaginal delivery partially compensates for  
the increased blood volume of pregnancy, but acute changes  

Key Points
■	 Pregnancy increases cardiac output and intravascular volume, which 

increases gradients across stenotic lesions and can exacerbate heart 
failure in patients with severe valvular stenosis.

■	 Intravascular volume increases in the immediate postpartum period, 
and high-risk patients require 48 to 72 hours of close monitoring 
following delivery.

■	 The risk of cardiovascular events ranges between 5% and 70% for 
women with heart disease. Women with a higher New York Heart 
Association class, mitral or aortic stenosis, mechanical valves, 
pulmonary hypertension, or multiple lesions are at highest risk.

■	 Women at increased risk for adverse maternal or fetal outcomes 
should be referred to experienced centers.

■	 A trial of vaginal delivery is safe for the vast majority of cardiac 
lesions; therefore, in most cases, a cesarean section should be  
reserved for obstetric indications.

■	 For women with mechanical valves, meticulous uninterrupted 
anticoagulation is essential, but morbidity remains elevated in this 
population. There are various strategies for anticoagulation, and  
none are perfect. Unfractionated heparin has the highest risk of 
maternal complications. Warfarin has the lowest risk of maternal 
complications but can be teratogenic, particularly in the first 
trimester.
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Mild tricuspid and pulmonic regurgitation are usually seen 
during pregnancy. Physiologic mitral regurgitation is also 
common, likely a result of annular dilation.36

Epidemiology
The incidence of rheumatic heart disease has declined in indus-
trialized nations over the last 40 years.37,38 During that same time, 

FIGURE 27-1  Plasma and erythrocyte increase during pregnancy. 
(From Pitkin PM. Clin Obstet Gynecol 1976;19:489–513, with permissions.)
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FIGURE 27-2  Increase in cardiac output from the nonpregnant state 
throughout pregnancy. P-P, prepregnancy; PN, postnatal. (From Hunter S, 
Robson SC. Br Heart J 1992;68:540–3, with permissions.)

PN48363212 16 20 24 2885P-P
4

8

7

6

5C
ar

di
ac

 o
ut

pu
t (

L/
m

in
)

PN48363212 16 20 24 2885P-P
60

90

80

70

S
tr

ok
e 

vo
lu

m
e 

(m
L)

PN48363212 16 20 24

Gestation (wk)

2885P-P
70

90

85

80

75H
ea

rt
 r

at
e 

(b
ea

ts
/m

in
)

may not be well tolerated in women with valvular heart disease. 
This is particularly true when the LV diastolic pressure-volume 
relationship is very steep, such as in women with severe aortic 
stenosis; a small loss of volume and preload may result in a  
large fall in cardiac output. However, the volume changes with a 
cesarean section are even greater than with vaginal delivery.5,21 
Therefore, the cesarean section is rarely indicated for cardiac 
reasons.

After delivery of the placenta, stroke volume and cardiac output 
rise by about 10% and remain elevated for about 24 hours. Over 
the next 2 weeks, cardiac output declines by 25% to 30% related 
to a decrease in heart rate and intravascular volume.22,23 In some 
patients, symptoms occur postpartum because of intravascular 
and extravascular volume shifts that result in spontaneous volume 
loading.17,24 Although hemodynamics return toward the baseline 
by 6 to 12 weeks after delivery, the new postpartum baseline may 
be different than prepregnancy hemodynamics. For example, 
both LV and aortic dimensions may remain slightly larger than 
the baseline.7,23

Evaluation by Echocardiography
NORMAL ANATOMIC CHANGES

Echocardiographic findings reflect the normal physiologic 
changes of pregnancy. LV end-diastolic diameter increases by 2 
to 3â•¯mm, with no change in end-systolic dimension, so both frac-
tional shortening and ejection fraction are increased compared 
to the baseline.25-31 In addition, both aortic root and LV outflow 
tract diameters increase by 1 to 2â•¯mm, and this often persists after 
pregnancy.32,33 The left atrial area increases by about 2â•¯cm2,28 in 
association with an increase in serum atrial natriuretic peptide 
levels.34,35 There is a small increase in mitral annulus diameter 
and a larger increase in tricuspid annulus diameter.28 A small 
periÂ�cardial effusion is seen in 25% of healthy women during 
pregnancy.35

DOPPLER CHANGES

The increased cardiac output of pregnancy leads to increased 
transvalvular flow velocities. Aortic and LV outflow velocities 
increase by about 0.3â•¯m/s. The transmitral early ventricular filling 
(E) velocity increases by 0 to 0.1â•¯m/s, with an increase in the late 
ventricular filling (A) velocity of 0.1 to 0.2â•¯m/s.8,28 The greater 
increase in A velocity compared to E velocity results in a shift 
from the normal E/A ratio seen in young adults to an equalized 
or reversed E/A ratio. The pulmonary venous flow pattern shows 
an increase in the velocity, but not duration, of the pulmonary 
venous A wave.6 For these reasons, pregnant women can appear 
to have diastolic dysfunction on echocardiography.
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frequently have associated cardiovascular abnormalities beyond 
the valve disease itself; some patients have a systemic right ven-
tricle or aortic pathology that introduces additive risk. The spec-
trum of valve disease in pregnancy makes risk assessment 
somewhat difficult, but there are general risk factors that are 
identified, as well as risks based upon the specific valvular lesion.

Risk Factors for Adverse Outcomes
The European Society of Cardiology has created the Registry of 
Pregnancy and Cardiac disease and prospectively enrolled more 
than 1300 pregnant women with heart disease. In those with 
valvular heart disease, maternal mortality was 2.1% and hospital-
ization rate was 38%.43 However, risk is not increased uniformly 
in all pregnancy women with valve disease. Accurately identify-
ing risk factors for adverse outcomes is needed for prepregnancy 
counseling and decisions about appropriate monitoring during 
pregnancy.

A multicenter Canadian study prospectively enrolled consecu-
tive pregnancies in women with all types of heart disease.39 Pre-
dictors of adverse maternal events were a history of cardiac 
events prior to pregnancy, New York Heart Association (NYHA) 
functional class greater than II, cyanosis, and left heart obstruc-
tion or systemic ventricular dysfunction. These four predictors 
allow prediction of the risk of maternal events (Table 27-1 and 
Figure 27-5). In this series, the live birth rate was 98%. Maternal 
risk factors for fetal or neonatal death are shown in Table 27-2. 
Adverse neonatal events occurred in 20% of pregnancies, includ-
ing premature birth in 18% and small-for-gestational-age birth 
weight in 4% of pregnancies. In women with congenital heart 
disease, but not a recognized genetic syndrome, 7% of infants had 
congenital heart disease.

In this same study population, 302 pregnancies in women with 
heart disease were compared to 575 pregnancies in women 
without heart disease. The rate of maternal cardiac complications 
was 17% in women with heart disease, compared to 0% in the 
control group. Heart failure and arrhythmias accounted for most 
of the cardiac complications (94%). There were two postpartum 
maternal deaths as a result of heart failure or pulmonary hyper-
tension. In addition, the risk of neonatal complications was  
2.3 times normal (Figure 27-6). The additive effects of maternal 
cardiac and obstetric risk factors support referral of these patients 
to high-risk obstetric clinics (Figure 27-7).40

There is an increasing number of women with complex con-
genital heart disease, which often includes valve dysfunction. In 

there has been an increase in the number of adults with congeni-
tal heart disease. Additionally, other causes of valve disease, 
including connective tissue disorders such as Marfan syndrome, 
are more frequently recognized in pregnancy. Consequently, 
although rheumatic heart disease remains common in pregnancy 
in developing countries, in industrialized nations congenital and 
genetic valvulopathies are more common. This adds further com-
plexity because patients with congenital or genetic valve disease 

FIGURE 27-3  Changes in heart rate and cardiac output after normal 
delivery. (From Hunter S, Robson SC. Br Heart J 1992;68:540–3, with permissions.)
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FIGURE 27-4  Changes in cardiac output and stroke volume during 
normal labor. (From Hunter S, Robson SC. Br Heart J 1992;68:540–3, with 
permissions.)
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this data, a risk score for pregnant women with complex congeni-
tal heart disease was proposed (Figure 27-8) that emphasizes the 
impact of PR and right ventricular dysfunction.

In another study of 1302 pregnancies in women with congenital 
heart disease, the overall rate of maternal complications was 
7.6%. The strongest predictors of adverse maternal risk were pres-
ence of a mechanical valve, mitral or aortic stenosis, NYHA class 
greater than II, a history of arrhythmia, and the need for cardiac 
medications prior to pregnancy. Risk factors were additive and 
women with greater than 1 risk factors had a greater than 18% risk 
of a maternal complication during pregnancy (see Table 27-3).42

Bicuspid aortic valve is associated with an aortopathy that 
shares many characteristics of Marfan syndrome (see Chapter 13) 
(Figure 27-9). Congenital abnormalities, such as tetralogy of 

a report of 90 pregnancies in 54 women with various types of 
congenital heart disease,41 risk factors for maternal events were 
NYHA class greater or equal to II, prior history of heart failure, 
and smoking. Severe pulmonic regurgitation (PR) or subpulmonic 
ventricular dysfunction also were risk factors for adverse maternal 
outcomes (Table 27-3). Multivariate analysis identified LV outflow 
tract obstruction (peak outflow gradient greater than 30â•¯mmâ•¯Hg) 
as a risk factor for adverse fetal outcomes (Table 27-4). Based on 

TABLE 27-2â•… Predictors of Neonatal Events in Women with 
Cardiac Disease39

Predictors of Neonatal Events
NYHA class >II or cyanosis at the baseline prenatal visit
Maternal left heart obstruction
Smoking during pregnancy
Multiple gestations
Use of anticoagulants throughout pregnancy

Risk Index

NO. OF PREDICTORS RATE OF FETAL OR NEONATAL DEATH

0 2%
1 or more 4%

FIGURE 27-6  Neonatal complications in women with and without 
heart disease. Specific types of neonatal complications in 302 pregnancies 
in women with heart disease (purple bars) are compared to 572 pregnancies in 
women without heart disease (light blue bars). Premature birth indicates deliv-
ery at <37 weeks of gestation. SGA, small for gestational age birth weight; RDS 
or IVH, respiratory distress syndrome or intraventricular hemorrhage; and death, 
fetal, or neonatal death. *P <0.005, heart disease versus controls. (From Siu SC, 
Colman JM, Sorensen S, etâ•¯al. Circulation 2002;105:2179–84, with permissions.)
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FIGURE 27-7  Effect of maternal risk factors on neonatal complication 
rates. Frequency of neonatal complications when patients are divided into 
two groups by the presence or absence of maternal noncardiac risk factors 
(obstetric high-risk characteristics, including smoking, use of anticoagulation, 
multiple gestation, maternal age). Light blue bars represent control group. 
Medium blue bars represent the heart disease group without left heart obstruc-
tion or poor functional class/cyanosis. Dark blue bars represent the high-risk 
cardiac patients, with left heart obstruction or poor functional class/cyanosis. 
(From Siu SC, Colman JM, Sorensen S, etâ•¯al. Circulation 2002;105:2179–84, with 
permissions.)
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TABLE 27-1â•… Predictors of Primary Adverse Events* in 
Pregnant Women with Cardiac Disease39

PREDICTORS DEFINITION

Cardiac event before pregnancy Heart failure
Transient ischemic attack
Stroke

Functional status Baseline NYHA Class >II
Cyanosis

Left heart obstruction MVA <2â•¯cm2

AVA <1.5â•¯cm2

LVOT gradient >30â•¯mmâ•¯Hg

Systemic ventricular systolic dysfunction EF <40%

Risk Index

NO. OF PREDICTORS RATE OF CARDIAC EVENTS

0 5%
1 27%
>1 75%

AVA, aortic valve area; EF, ejection fraction; LVOT, left ventricular outflow tract; MVA, mitral 
valve area.
*Primary adverse events were defined as pulmonary edema, sustained symptomatic 
arrhythmia requiring treatment, stroke, cardiac arrest, or cardiac death.

FIGURE 27-5  Frequency of maternal primary cardiac events. Frequen-
cies are shown for derivation and validation groups, expressed as a function of 
the number of cardiac predictors, as shown in Table 27-1. (From Siu SC, Sermer 
M, Colman JM, etâ•¯al. Circulation 2001;104:515–21, with permissions.)

80

60

40

20

0
0 1 �1

Number of predictors

C
ar

di
ac

 e
ve

nt
 r

at
e

 (
%

 p
re

gn
an

ci
es

)
Predicted
Derivation
Validation

C H
27



443

Fallot, transposition of the great vessels, and truncus arteriosus, 
may have associated aortic dilation. Some surgical repairs of val-
vular heart disease are associated with the development of aortic 
dilation, including the Ross repair of aortic stenosis or arterial 
switch repairs for transposition of the great vessels. The risk of 
dissection in congenital abnormalities does not appear to be as 
high as the risk in connective tissue disorders. Although the 
American College of Cardiology (ACC)/American Heart Associa-
tion (AHA) guidelines recommend consideration for aortic 
surgery to repair the aorta in patients with bicuspid valves and 
aortic diameter greater than 5.0â•¯cm,44 the aortic diameter that 
poses increased risk during pregnancy in such patients is not 
known. In those patients with Marfan syndrome, the risk appears 
highest for those patients with aortic diameters greater than 
4.0â•¯cm.45-47

Pregnancy increases the risk of dissection through seveÂ�
ral mechanisms, including estrogen interference with collagen 

TABLE 27-3â•… Comparison of Risks for Adverse Maternal Outcomes

ACC/AHA GUIDELINES44 SIU 200139 KHAIRY 200641 DRENTHEN 201042

Study group* 599 pregnancies, 224 women 
with heart disease

90 pregnancies, 54 women 
with congenital heart 
disease

1302 women with congenital 
heart disease

History Prior cardiac event or 
arrhythmia

Prior history of heart failure
Smoking history
Weight

Prior arrhythmia
Cardiac medication prior to 

pregnancy

NYHA class AR, MS, MR with class NYHA 
III-IV symptoms

NYHA >II or cyanosis NYHA ≥II NYHA >II

Valve lesion AS with or without symptoms
Mechanical prosthesis

Left heart obstruction Severe PR ≥ moderate MR
≥ moderate TR
Left heart obstruction (AVA 
<1â•¯cm2), pressure gradient 
>50â•¯mmHg

Mechanical prosthesis

Ejection fraction Aortic or mitral valve disease 
with EF <40%

Systemic ventricular 
dysfunction (EF <40%)

Decreased subpulmonic 
ventricular EF

Decreased morphologic 
right ventricular EF

Pulmonary pressures Aortic or mitral valve disease 
with >75% systemic 
pulmonary pressures

Other Marfan syndrome with or 
without AR

Cyanotic heart disease 
(corrected or uncorrected)

AR, aortic regurgitation; AS, aortic stenosis; MS, mitral stenosis; MR, mitral regurgitation; NYHA, New York Heart Association class; EF, ejection fraction; AVA, aortic valve area; TR, tricuspid 
regurgitation.
*The ACC/AHA guidelines are based on synthesis of data from multiple publications.

TABLE 27-4â•… Comparison of Risk Factors for 
Fetal Complications

SIU 200139 KHAIRY 200641 DRENTHEN 201042

Cyanosis Decreased saturation Cyanosis

NYHA >II Symptomatic 
arrhythmia

Cardiac medication 
prior to pregnancy

Left heart 
obstruction

Subaortic obstruction 
>30â•¯mmâ•¯Hg*

Smoking Smoking Smoking

Anticoagulation Mechanical valve

Multiple gestation Multiple gestation

NYHA, New York Heart Association.
*The only risk factor remaining in multivariate analysis.

FIGURE 27-8  Risk score for adverse cardiac events during pregnancy. 
The actual versus the predicted event rates with 0, 1 and ≥2 risk factors. There 
was no significant difference between the actual and predicted groups. Risk 
factors in this study are shown in Table 27-4. (From Khairy P, Ouyang DW, Fer-
nandes SM, etâ•¯al. Circulation 2006;113:517–24, with permissions.)
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deposition, elastase accelerating destruction of the elastic lamel-
lae, and relaxin decreasing collagen synthesis.48,49 Aortic dissec-
tion during pregnancy is rare but appears to be more common in 
women with bicuspid aortic valve.48,50,51

These studies emphasize the importance of placing the valvu-
lar disease in the context of a patient’s other cardiac lesions, as 
risk factors for adverse outcomes may be additive. Additionally, 
functional class is important in risk assessment, independent  
of the underlying hemodynamic abnormality. Table 27-3 com-
pares identified risk factors from the Valvular Heart Disease 
Guidelines of the ACC/AHA and the studies by Siu, Khairy, and 
Drenthen.39,41,42
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and, because it crosses the placenta, it is usually avoided in 
pregnancy.

Functional status plays an important role in risk stratification. 
Poor functional class is a risk factor for maternal and fetal com-
plications. In addition to a careful symptom history, exercise 
testing may have a role in preconception counseling. If there is a 
significant valvular lesion and impaired functional status, valve 
surgery prior to pregnancy may be considered.

Management During Pregnancy
CLINICAL MONITORING

Once the diagnosis of valve disease is made, the cardiologist 
should work with a perinatologist to determine the optimal inter-
val for evaluation and whether medical therapy is needed. The 
cardiologist and obstetrician should determine a plan for labor 
and delivery and discuss contingencies in the event of deteriora-
tion during pregnancy.

Women with valve disease require very close monitoring during 
pregnancy to prevent maternal and fetal complications. The fre-
quency of evaluation is based on disease severity and clinical 
course. At each visit, a structured review of symptoms is per-
formed to elicit early evidence of orthopnea, paroxysmal 

Basic Clinical Approach

Evaluation of Disease Severity
The first step in evaluation of the pregnant woman with possible 
valve disease is to establish a specific diagnosis and determine 
the severity of disease. History and physical examination are 
important to identify cardiac symptoms or abnormal cardiac 
findings.

Healthy pregnant women frequently have symptoms or exam 
findings that may be suggestive of heart disease (Table 27-5). On 
exam, a systolic murmur is present in 80% of pregnant women 
and typically represents a benign flow murmur.52

In 103 women without a previous cardiac history who were 
referred for echocardiography for a murmur appreciated during 
pregnancy, about 80% had a physical examination consistent with 
a flow murmur; all of these women had a normal echocardio-
gram.52 In the 7% with a pansystolic, late systolic, or diastolic 
murmur, all had abnormal echocardiograms, including three ven-
tricular septal defects, one large atrial septal defect, one atrial 
septal defect with rheumatic mitral regurgitation, and one nonob-
structive hypertrophic cardiomyopathy.

Echocardiography is warranted in pregnant women with a 
murmur if there is a previous history of cardiac disease, cardiac 
symptoms, arterial oxygen desaturation, a grade 3/6 or louder 
systolic murmur, or any diastolic murmur. In these patients, echo-
cardiography allows accurate diagnosis of the location and sever-
ity of valve disease, associated hemodynamic abnormalities 
(such as pulmonary hypertension), and assessment of ventricular 
function.

Echocardiography is usually adequate to characterize valve 
and ventricular function. However, in patients with poor acoustic 
windows or complex anatomy, transthoracic echocardiography 
may be inadequate. Transesophageal echocardiography may be 
a useful surrogate, depending on the information needed. Cardiac 
magnetic resonance imaging appears to be safe in pregnant 
women, particularly after the first trimester, and can accurately 
quantify valvular regurgitation, ventricular dimensions, and ven-
tricular function.53 Gadolinium contrast is not required for 
the evaluation of ventricular and valvular function. The safety  
of gadolinium has not been well documented in pregnancy,  

FIGURE 27-9  Aortic dilation. A 29-year-old woman who underwent a Ross repair for congenital aortic stenosis presents for preconceptual counseling. She is 
asymptomatic, able to keep up with her friends on long hikes and bike rides. Serial echocardiograms have shown progressive stenosis of her pulmonic homograft 
and enlargement of her proximal aorta (neo-aortic root). A, The parasternal long-axis 2D view shows a dilated aorta at the sinuses of Valsalva, with an end-diastolic 
diameter of 5.2â•¯cm that has increased from 4.7â•¯cm in the last 18 months. B, Color Doppler shows mild neo-aortic regurgitation. C, Continuous wave Doppler 
imaging of the pulmonic valve demonstrates severe pulmonic stenosis with a maximum velocity of 4.0â•¯m/s. LV, left ventricle; LA, left atrium; Ao, Aorta. 

TABLE 27-5â•… Cardiac Findings During a Normal Pregnancy

Symptoms
Fatigue
Orthopnea
Decreased exercise tolerance
Palpitations
Lower extremity edema

Exam
Mid-systolic murmur at left sternal border (pulmonic flow murmur)
Split S1
Continuous murmur (mammary souffle or venous hum)
Lower extremity edema
S3
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is identified, there is opportunity prior to delivery to meet with 
the pediatric cardiologists, perinatologists, and cardiac surgeons 
to discuss management. For those patients considering termina-
tion of pregnancy, timing of fetal echo should also take into 
account the laws regarding elective termination.

Management in the Peripartum Period
Guidelines do not recommend antibiotic prophylaxis for vaginal 
deliveries in women with valvular heart disease.62,63

PERIPARTUM HEMODYNAMIC MONITORING

In patients with severe valve disease, particularly those with 
severe symptomatic left-sided obstructive lesions, a planned 
delivery with invasive hemodynamic monitoring can be consid-
ered. Placement of a Swan-Ganz catheter and arterial line allows 
continuous monitoring of hemodynamics and optimization of 
preload and afterload during labor and delivery and in the early 
postpartum period. In high-risk patients, monitoring may be con-
tinued for 24 to 48 hours postpartum to avoid deterioration caused 
by the intravascular fluid shifts during this time period.

TYPE OF DELIVERY

Most women with heart disease should undergo vaginal delivery. 
Cesarean delivery should be reserved for obstetric indications.63 
There is no difference in peripartum complication rates between 
vaginal delivery and cesarean delivery in women with heart 
disease.40 In 599 consecutive pregnancies in women with heart 
disease, 27% were by cesarean section, with 96% of those for 
obstetric indications. Maternal cardiac status was the indication 
for cesarean section in only 4% of these patients.

Many high-risk obstetric centers recommend induction of labor 
to ensure the availability of an experienced cardiac and obstetric 
team for patient management. The optimal timing of induction is 
near term, with a favorable cervix. Prolonged inductions should 
be avoided. Pain control is especially important in women with 
heart disease to minimize catecholamine surges and changes in 
heart rate and systemic vascular resistance. Epidural analgesia 
can cause hypotension, which is usually easily treated with 
volume infusion. In addition, if the fetus has a cardiac abnormal-
ity, a planned delivery allows prompt care of the newborn infant. 
Many centers avoid Valsalva maneuver to minimize maternal 
hemodynamic stress. However, this practice is not evidence-
based and may increase the risk of severe lacerations and post-
partum hemorrhage.64 Cesarean delivery is often preferable for 
women with aortic dimensions greater than 40â•¯mm, chronic 
aortic dissection, or women who are anticoagulated.63

Timing of Surgical Intervention
In women with valve disease who present for evaluation prior to 
pregnancy, risk assessment can assist in deciding whether surgi-
cal intervention before pregnancy is necessary. Most women with 
mild-to-moderate valve disease tolerate pregnancy well so that 
valve surgery can be deferred. With severe regurgitation or steno-
sis, decision making is more difficult. If normal hemodynamics 
can be restored with retention of the native valve, such as mitral 
valve repair for mitral regurgitation or balloon valvotomy for 
mitral stenosis (MS), intervention for correction of the valve lesion 
prior to pregnancy usually is indicated. If correction requires 
valve replacement, the advantages of correcting the hemody-
namic abnormality must be weighed against the risks of a pros-
thetic valve during pregnancy. When valve replacement is needed, 
the decision of whether to use a mechanical valve or tissue valve 
is difficult. Mechanical valves require anticoagulation, whereas 
tissue valves have limited durability, although the impact of preg-
nancy on durability is debated. Some studies suggest that preg-
nancy hastens valve degeneration, whereas others suggest that 

nocturnal dyspnea, a decrease in exercise tolerance, chest pain, 
dyspnea, or palpitations. Any change in exercise tolerance or 
subtle symptoms should prompt reevaluation for cardiac deterio-
ration. In addition, long-range planning for interventions postpar-
tum and plans for future pregnancies should be initiated early to 
ensure that appropriate postpartum cardiac evaluation is not 
delayed.

MEDICAL THERAPY

Medications need to be carefully reviewed prior to pregnancy to 
avoid medications that have adverse fetal effects. New medical 
therapies are used only as needed for symptoms or prevention of 
adverse events. For example, patients with mechanical prosthetic 
valves require anticoagulation, despite the risks of this therapy. 
However, when medical therapy is not essential and may not be 
safe in pregnancy, it should be discontinued during pregnancy. 
For example, a woman on an angiotensin-converting enzyme 
inhibitor for asymptomatic aortic regurgitation (AR) should dis-
continue this medication during pregnancy. On the other hand, 
medications that are critical to maintaining clinical stability may 
need to be continued or changed prior to pregnancy. For those 
patients in whom teratogenic medications are essential to main-
tain stability, pregnancy is likely ill-advised. For example, women 
on angiotensin-converting enzyme inhibitors for severely impaired 
ventricular function may not tolerate discontinuation or an alter-
native medication during pregnancy.

Occasionally, nonpharmacologic measures, such as bedrest, 
oxygen supplementation, avoiding the supine position, and 
patient education, can be effective at reducing symptoms. Diuret-
ics and beta-blockers have been used extensively in pregnancy. 
Metoprolol undergoes accelerated metabolism during pregnancy 
so dose should be titrated to heart rate effect in conjunction with 
the obstetrics team.54 Other beta-blockers have similarly acceler-
ated metabolism, and many programs have found atenolol to be 
most effective, noting, however, that atenolol has a class D preg-
nancy rating from the U.S. Food and Drug Administration. Loop 
diuretics should be used to treat pulmonary congestion. However, 
diuretics can precipitate oligohydramnios so they should be used 
with caution.55

EFFECTS OF INTERCURRENT ILLNESS

Women with valve disease who are initially well compensated 
during pregnancy may abruptly decompensate with superimposi-
tion of another hemodynamic stress such as an intercurrent 
febrile illness.56 Infection may lead to cardiac symptoms of angina 
or heart failure caused by increased metabolic demands associ-
ated with fever and tachycardia. Anemia, pulmonary embolus, or 
infection should be diligently sought in pregnant women with 
heart disease when decompensation occurs. Vaccination against 
influenza and pneumococcus is appropriate.

HERITABILITY

Women with congenital heart disease, including congenital valve 
disease, are more likely to have children with congenital heart 
disease.57 Bicuspid aortic valve is heritable in many families, 
although penetrance is incomplete.58,59 Children of patients with 
bicuspid aortic valve are also more likely to have associated con-
ditions such as coarctation of the aorta, aortopathy, or hypoplas-
tic left heart syndrome.58,60 Fetal echocardiography has advanced 
substantially over the last 20 years, allowing diagnosis and hemo-
dynamic assessment of fetal congenital heart disease.61 Some 
congenital heart disease, such as coarctation of the aorta and 
patent ductus arteriosus, cannot be accurately detected by fetal 
echocardiography, however. Fetal echocardiography is appropri-
ate in those women at higher risk, allowing the opportunity to 
identify significant cardiac defects and plan appropriately for the 
care of the fetus after delivery. If a significant cardiac abnormality 
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patients have undergone previous surgical valvotomy as a child; 
in 20% of patients with unicuspid aortic valve who received  
valvuloplasty, restenosis requires reoperation at a mean of 13 
years after the initial surgery, at the age when pregnancy is most 
likely.75 In women with aortic stenosis, the increased stroke 
volume of pregnancy is associated with an increase in transval-
vular velocity and pressure gradient. Valve area calculations are 
accurate, allowing decision making regarding postpartum man-
agement. Many previously asymptomatic women with aortic ste-
nosis have symptom onset during pregnancy caused by increased 
systemic metabolic demands and a limited ability to increase 
stroke volume.74,76 Heart failure symptoms also may be a result of 
decreased LV compliance. The relative tachycardia of pregnancy 
limits the time for diastolic coronary blood flow, sometimes 
leading to angina. Even if pregnancy itself is well tolerated, any 
superimposed hemodynamic stress, such as infection or anemia, 
can lead to clinical decompensation.

Aortic stenosis is associated with an increased maternal and 
fetal risk with the level of risk related to the severity of LV outflow 
obstruction.74,76-78 Symptoms typically increase by one NYHA func-
tional class in about one half of patients. Heart failure is the most 
common complication, occurring in up to 40% of cases.39,76,79 The 
risk of neonatal complication is high, occurring in as many as 25% 
of pregnancies in women with aortic stenosis.39 The most common 
neonatal complications are prematurity and being small for ges-
tational age, which may be the result of reduced placental perfu-
sion.80,81 Most women with mild and moderate stenosis have no 
events during pregnancy. Conversely, approximately 40% of those 
with severe stenosis have events, even when asymptomatic prior 
to pregnancy.80,82 Clinical deterioration during pregnancy may 
persist after delivery and increase the probability of late interven-
tions in this population.83

Echocardiography allows quantitative evaluation of the sever-
ity of aortic stenosis and any associated abnormalities. Peak and 
mean aortic gradients predictably rise during pregnancy because 
of increased cardiac output. Aortic valve area, however, should 
remain unchanged. Although aortic stenosis increases maternal 
risk, many patients can be managed medically. Even when steno-
sis is severe, maternal mortality is rare.76,84 Patient education 
and frequent monitoring are used in asymptomatic patients. If 
symptoms occur, treatment options include bed rest, diuretics, 
oxygen supplement, and use of beta-blockers to increase LV and 
coronary diastolic filling times. Intercurrent febrile events are 

the rate of degeneration is related to the young age of the patients 
not pregnancy. Individualized recommendations are needed, bal-
ancing the risk of anticoagulation against the risk of reoperation.65-67 
In all young women undergoing valve replacement surgery, the 
possibility of a subsequent pregnancy should be also taken into 
account in deciding on the type of valve prosthesis.

In women with valvular heart disease who are first seen during 
pregnancy, surgical intervention usually can be deferred until the 
postpartum period, even when valve disease is severe. However, 
surgical intervention may rarely be needed in women with valvu-
lar heart disease and hemodynamic compromise during preg-
nancy that does not respond to medical management. Valve 
surgery during pregnancy has been performed with a maternal 
mortality of 3%, similar to nonpregnant women, but with a fetal 
loss rate between 12% and 50%.68-72 Risk factors for adverse mater-
nal or fetal outcomes include NYHA class greater than III, LV 
dysfunction, and emergent procedures, particularly aortic dissec-
tion. Surgical procedures should be performed by the most adept 
surgeon available, to minimize cardiopulmonary bypass time 
because risks to the fetus increase with increasing bypass time.73 
Balloon mitral valvotomy or aortic valvuloplasty can be per-
formed during pregnancy, if needed, with shielding of the 
abdomen to limit radiation exposure to the fetus. However, com-
plications at the time of valvotomy that require urgent surgical 
intervention would be expected to have adverse outcomes for the 
fetus.

Women with severe valve disease who are managed medically 
during pregnancy should be referred for surgical intervention 
postpartum using the same criteria as for valve disease in non-
pregnant patients (Figure 27-10). However, a postpartum improve-
ment in well-being combined with caring for an infant may result 
in poor compliance with follow-up visits. Therefore, a reasonable 
approach is to evaluate the valve disease carefully during preg-
nancy, to discuss the options with the patient, and, if intervention 
is indicated, to proceed with valve surgery or balloon valvotomy 
early postpartum, possibly during the same hospital admission.

Specific Valvular Lesions and Outcomes

Aortic Stenosis
The etiology of aortic stenosis in pregnant women usually is  
congenital, often a unicuspid valve.39,74 A substantial number of 

FIGURE 27-10  Severe mitral stenosis. A 39-year-old woman presented in the third trimester of her fifth pregnancy with dyspnea and pulmonary crackles on 
examination. Echocardiography (left) shows rheumatic mitral stenosis with characteristic doming of the mitral leaflets in diastole in a parasternal long-axis view. 
Pressure half time (right) showed a valve area of 0.71â•¯cm2. The patient was diuresed and symptomatically improved. The remainder of her pregnancy was spent at 
bed rest, and she underwent an uncomplicated delivery. Dyspnea and pulmonary edema developed in the first 2 days of postpartum and responded to diuretics. 
She then underwent balloon valvotomy with a significant improvement in her valve area. LV, left ventricle; LA, left atrium; Ao, aorta; MV, mitral valve. 

LV
AoV

MV

LA

A B

C H
27



447
taken in their use. With rheumatic mitral valve disease, it also is 
important to continue antibiotic prophylaxis to prevent recurrent 
rheumatic fever during pregnancy.

Admission to the intensive care unit with placement of a pul-
monary artery catheter may be needed to guide medical therapy 
in severely symptomatic patients. In cases unresponsive to 
medical therapy, balloon mitral valvotomy can be performed 
during pregnancy. Abdominal shielding limits radiation exposure. 
Alternatively, transesophageal echocardiographic guidance can 
be used to minimize radiation exposure.89-94 If radiation exposure 
is kept below 5 rad, the risk of teratogenicity is very low. If there 
is greater than 10 rad of exposure, the risk of teratogenicity, 
central nervous system abnormalities, and childhood cancers 
increases, and consideration should be given to termination.

Immediate and long-term results of balloon valvotomy are good 
even when performed in pregnancy. In a study of 71 NYHA class 
III-IV patients who underwent valvotomy, 98% were NYHA class 
I-II at the end of pregnancy. Event-free survival at 44 months was 
54%. The majority of events were initiation of medical therapy, 
with some patients undergoing repeat valvotomy or mitral valve 
surgery. The neonates born following valvotomy had normal 
growth and development and no clinical abnormalities. A 2010 
Cochrane review of 68 publications described 1289 women who 
underwent mitral balloon valvotomy or surgery for MS during 
pregnancy. There was a 3% incidence of minor adverse events 
and most events and a 0.7% rate of major complications.95 This 
and other data suggest that, in patients failing medical therapy, 
mitral valvotomy is an acceptable option.96,97

Patients at highest risk for significant decompensation are 
those with moderate or severe mitral stenosis and cardiac symp-
toms prior to pregnancy.55,98-100

Aortic Regurgitation

AR is uncommon in pregnant women. Causes include a bicuspid 
aortic valve, previous valvuloplasty, endocarditis, rheumatic 
valve disease, or aortic root dilation (Figure 27-11). When aortic 
disease is present, such as in Marfan syndrome, the risk of  

commonly associated with decompensation and often can be 
managed with fever reduction, beta-blockers, supplemental 
oxygen, and bed rest. With severe decompensation, hemody-
namic monitoring in the intensive care unit with optimization of 
preload and afterload may be needed. Balloon aortic valvulo-
plasty and aortic valve replacement (AVR) have been described 
in patients with severe aortic stenosis who failed medical 
therapy.85-87 As transcatheter aortic valve implantation (TAVI) is 
more widely used, there may be opportunities for use in pregnant 
women as an alternative to the rare circumstances of valvulo-
plasty failure or need for traditional surgical AVR. To date, there 
are no data or case reports of TAVI in pregnant women, and this 
would be an off-label indication.

Mitral Stenosis
Mitral valve stenosis is most often due to rheumatic valve disease, 
although congenital mitral stenosis is encountered.38 The murmur 
of MS is difficult to appreciate in the pregnant patient. Echocar-
diography allows evaluation of stenosis severity, associated regur-
gitation, and estimation of pulmonary systolic pressure.

Previously asymptomatic patients with MS may first experience 
symptoms during pregnancy because of hemodynamic changes 
of pregnancy.39 A mild decrease in functional status is experi-
enced by 43% of patients, with 30% experiencing a more severe 
reduction in functional status, although it should be noted  
that even normal women have a fall in functional status with 
pregnancy.55 The increased transmitral flow rate and the short-
ened diastolic filling time lead to an increase in left atrial pres-
sure, which may result in pulmonary edema and an obligatory 
rise in pulmonary artery pressure. Symptoms most often begin in 
the second trimester with 43% developing heart failure, 20% 
arrhythmias, 50% having a change in medication, and 43% requir-
ing hospitalization during pregnancy.55

Beta-blockers may be helpful in pregnant women with MS by 
increasing the diastolic filling time, resulting in both a decrease 
in left atrial pressure and an increase in forward stroke volume.88 
Diuretics may be used judiciously for volume overload. Diuresis 
may impair uteroplacental blood flow; therefore, caution must be 

FIGURE 27-11  Aortic valve disease. A 20-year-old asymptomatic woman with a bicuspid aortic valve presents at 16 weeks of gestation. The parasternal long-
axis view shows a bicuspid aortic valve with a dilated aorta and normal left ventricular size (A). Continuous wave Doppler imaging showing significant aortic 
stenosis with an aortic velocity of 4.0â•¯m/s (B). She was cared for and delivered in a center with expertise heart disease during pregnancy and had an uneventful 
pregnancy and delivery. LV, left ventricle; LA, left atrium; Ao, aorta. 

Ao

6.0

2.0

m/s

V � �4.04m/s
PG � 65.2mmHg

LA

A

LV

BB

C H
27

V
a

lvu


l
ar


 H

eart





 D
isea


se

 in
 P

re


g
nancy







 



448
adverse cardiac events in these 58 pregnancies, and only 1 patient 
had worsening cardiac symptoms. However, neonatal complica-
tions occurred in 17% of these pregnancies.39 In a systematic 
review, there were no maternal cardiovalvular events in the 123 
women with PS, out of a total of 2491 pregnancies.104 However, 
noncardiac complications were common with a higher-than-
expected rate of pregnancy-induced hypertension and fetal com-
plications such as prematurity, small for gestational age, and 
intrauterine growth retardation.105 However, these findings have 
not been confirmed in other studies, and the mechanism for 
increased pregnancy-induced hypertension is not evident. Tricus-
pid stenosis in pregnancy is rare, but treatment with balloon 
mitral valvuloplasty has been reported.

Right-sided valve regurgitation is generally well tolerated in 
pregnancy. PR also is a result of congenital heart disease and is 
most often a sequelae of a previous surgical procedure, such  
as repair of tetralogy of Fallot (Figure 27-12). In patients with 
repaired tetralogy of Fallot, maternal and fetal complication rates 
are generally low, but severe PR with impaired right ventricular 
function, LV dysfunction, and severe pulmonary hypertension 
are risk factors for maternal cardiac events.106,107 Severe PR com-
bined with another risk factor (such as twin pregnancy, right 
ventricular dysfunction, or a concomitant right-sided obstructive 
lesion) may increase the risk of adverse outcomes.108 Because of 
the low rate of maternal and fetal complications associated with 
PR, proÂ�phylactic pulmonic valve replacement is not necessarily 
indicated prior to pregnancy in asymptomatic women.108 Tricus-
pid regurÂ�gitation may be a result of Ebstein anomaly or previous 
endocarditis.39,109

Prosthetic Valves
In patients with heart valve prostheses, the hemodynamic changes 
of pregnancy result in increased transvalvular velocities, even 
with no change in valve function. Valve area should remain stable 
during pregnancy. A baseline echocardiographic study early in 
pregnancy is useful if symptoms occur later in pregnancy.

OUTCOMES

The major issues in management of women with heart valve 
prostheses are anticoagulation for mechanical valves and the risk 
of valve degeneration with tissue valves.

pregnancy is more closely linked to the risk of the aortic dissec-
tion than to the AR. In theory, the decrease in systemic vascular 
resistance and shortened diastole of pregnancy might decrease 
aortic regurgitant severity. In reality, AR severity is unchanged 
because the decrease in systemic vascular resistance is counter-
balanced by the increased intravascular volume, and slight 
increase in aortic root dimension is associated with pregnancy. 
Typically, patients with AR tolerate pregnancy well. If symptoms 
occur, a careful evaluation to distinguish worsening of valve 
disease from other causes of symptoms is warranted.

Mitral Regurgitation

Mitral regurgitation (MR) in pregnancy may be a result of mitral 
valve prolapse, endocarditis, or rheumatic disease. Mild-to-mod-
erate MR is well tolerated. Mitral valve prolapse is not associated 
with increased maternal risk, unless severe mitral regurgitation is 
present.101,102 Even severe mitral regurgitation may be well toler-
ated unless atrial fibrillation or pulmonary hypertension compli-
cates the presentation. There also have been case reports of 
clinical deterioration during pregnancy caused by acute severe 
MR secondary to chordal rupture as a result of endocarditis or 
myxomatous mitral valve disease.

Management of MR during pregnancy is directed toward careful 
monitoring during pregnancy and at the time of labor and deliv-
ery. There are no data to support the use of vasodilators for MR 
in pregnancy, and pregnancy itself is a powerful afterload reducer.

Right-Sided Valve Disease
Pulmonic stenosis (PS) in pregnancy is invariably congenital in 
origin and, if severe, has usually been treated in infancy or child-
hood. Severe PS is rare in adults because milder forms of PS rarely 
progress to severe stenosis during adulthood. Cases of severe PS 
during pregnancy usually are a result of restenosis or prosthetic 
valve dysfunction in patients with congenital heart disease. Mild-
to-moderate PS is well tolerated in pregnancy.55,103 When using the 
Doppler tricuspid regurgitant jet velocity to estimate right ven-
tricular systolic pressure, the transpulmonic gradient must then 
be subtracted to obtain pulmonary pressure when PS is present.

PS accounted for about 10% of all patients in a series of 599 
pregnancies in women with heart disease.39 There were no 

FIGURE 27-12  Tetralogy of Fallot. A 28-year-old G2P1 asymptomatic woman with tetralogy of Fallot is seen in the clinic at 15 weeks of gestation. At age 3, 
she had surgical repair with closure of the ventricular septal defect (VSD) and a transannular right ventricular outflow patch for relief of pulmonic stenosis. She has 
been followed for pulmonic regurgitation and RV enlargement. A, The parasternal long axis shows an overriding aorta, VSD patch and right ventricular enlarge-
ment. B, Color Doppler imaging of the pulmonic valve and main pulmonary artery demonstrates pulmonic regurgitation. C, The apical four-chamber view shows 
RV enlargement. 
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pregnancy carries risks for mother and fetus. Overall, the maternal 
complication rate is high in women with mechanical valves, and 
the thromboembolic rate ranges from 2.5% to 11%, depending on 
the strategy of anticoagulation used.124 Major society guidelines for 
anticoagulation during pregnancy are summarized in Table 27-6.

Both unfractionated heparin and low-molecular weight heparin 
(LMWH) are safe for the fetus, do not cross the placenta, and 
provide effective anticoagulation when used in therapeutic doses 
and are meticulously monitored.125,126 Unfractionated heparin can 
be given twice daily by subcutaneous injections or by continuous 
infusion.125,126 LMWH is dosed according to Xa levels. Weight-
based fixed dosing of LMWH is absolutely contraindicated.127 
Valve thrombosis occurs at a rate of 4% to 9% and is more common 
in women with subtherapeutic Xa levels.127-129 A disadvantage of 
heparin therapy is the development of osteoporosis with a small 
risk (less than 2%) of symptomatic fractures but a higher risk of 
a detectable decrease in bone density (in one third of women).130-133 
Heparin offers significant challenges in optimal methods of drug 
administration and monitoring of the anticoagulation effect, and 
there is frequent need for dose adjustment.114,134 Overall, the use 
of heparin during pregnancy has a higher risk of thromboembolic 
complications than warfarin.124

Warfarin provides the lowest risk of thromboembolic compli-
cations during pregnancy and is easier to administer, although 
monitoring remains challenging.115 The major risks of warfarin 
during pregnancy are the risk of embryopathy and fetal bleeding. 
The risks of warfarin therapy during pregnancy include first  
trimester teratogenicity, particularly between the sixth and 
twelfth weeks of gestation.135-137 There also may be an increased 

Women with either tissue or mechanical heart valves have 
significantly worse outcomes with pregnancy than women 
without valvular disease.110-112 Older generation mechanical valves 
appear to have higher complication rates111-114 than newer genera-
tion valves, but little data are available directly comparing the 
types of valves, and the literature largely reports the experience 
with older generation valves.115

In women with bioprosthetic valves, there are fewer thrombo-
embolic or bleeding complications; however, the incidence of 
maternal death still ranges from 0% to 5%. Data regarding the 
outcome of bioprosthetic valves during pregnancy are conflicting. 
Some series suggest a rapid deterioration during or after preg-
nancy65,111-113 and have speculated that high flow and high calcium 
turnover during pregnancy can precipitate valve degradation.66,111 
Others, however, have suggested that newer generation biopros-
thetic valves fare better and have found no impact of pregnancy 
on valve durability.65-67,116-119 It remains controversial whether preg-
nancy accelerates valve degeneration or whether the degenera-
tion seen in pregnant women reflects the relatively rapid valve 
degeneration seen in younger patients. Pregnancy with a pul-
monic autograft (Ross procedure) has been reported, but the 
experience with pregnancy after this procedure is limited.120,121

ANTICOAGULATION

Although the importance of maintaining adequate anticoagula-
tion during pregnancy in women with mechanical prosthetic 
valves is clear,113,122 the specific management of anticoagulation 
remains controversial.112,123 Each option for anticoagulation during 

TABLE 27-6â•… ACC/AHA, ACCP, and ESC Guidelines Regarding Anticoagulation during Pregnancy in Women with 
Mechanical Valves

ACC/AHA Guidelines
(1)	Women who stop warfarin from weeks 6-12 should be anticoagulated with continuous IV UFH, dose adjusted subcutaneous UFH or dose adjusted LMWH.
(2)	Up to 36 weeks of gestation, the choice of warfarin, continuous IV UFH, dose adjusted subcutaneous UFH or dose adjusted LMWH should be discussed 

fully with the patient.
In patients who receive dose adjusted LMWH, it is administered twice daily, with goal antifactor Xa levels of 0.7-1.2 four hours after administration.
The target for dose adjusted UFH should be twice control
Warfarin should be dosed to a goal INR of 3 (range 2.5-3.0).

(3)	Warfarin should be stopped 2 weeks prior to planned delivery and replaced with continuous IV UFH.

ACCP Guidelines. The selection of any of the following regiments is acceptable.
(1)	Adjusted-dose bid LMWH throughout pregnancy.

Doses adjusted to achieve the manufacturer’s peak anti-Xa LMWH 4 hours post injection.
(2)	Adjusted-dose UFH throughout pregnancy.

Administered subcutaneously every 12 hours in doses adjusted to keep the mid-interval aPTT at least twice control or attain an anti-Xa heparin level of 
0.35 to 0.70 units/mL.

(3)	UFH or LMWH (as above) until the thirteenth week, with substitution by vitamin K antagonists until close to delivery when UFH or LMWH is resumed.

ESC GUIDELINES CLASS*

(1)	OACs recommended during the second and third trimesters until the week 36.
If delivery starts while on OACs, cesarean delivery is indicated.

(2)	OAC should be discontinued and dose-adjusted UFH** or adjusted-dose LMWH† started at the week 36 of gestation.
(3)	In pregnant women managed with LMWH, the post-dose anti-Xa level should be assessed weekly. LMWH should be avoided, unless anti-Xa 

levels are monitored.
LMWH should be replaced by intravenous UFH at least 36 hours before planned delivery. UFH should be continued until 4–6 hours before 

planned delivery and restarted 4–6 hours after delivery if there are no bleeding complications.
(4)	Continuation of OACs should be considered during the first trimester if the warfarin dose required for therapeutic anticoagulation is <5â•¯mg/day.
(5)	Discontinuation of OAC between weeks 6 and 12 and replacement by adjusted-dose UFH**; in high risk patients applied as intravenous infusion 

or LMWH twice daily† should be considered in patients with a warfarin dose required of >5â•¯mg/day.
Discontinuation of OACs between weeks 6 and 12 and replacement by UFH** or LMWH† may be considered on an individual basis in patients 

with warfarin dose required for therapeutic anticoagulation <5â•¯mg/day.
Continuation of OACs may be considered between weeks 6 and 12 in patients with a warfarin dose required for therapeutic anticoagulation 
>5â•¯mg/day.

I
I
I

I

I
IIa

IIa
IIb

IIb

ACC/AHA, American College of Cardiology/American Heart Association; ACCP, American College of Chest Physicians; ESC, European Society of Cardiology; UFH, unfractionated heparin; 
LMWH, low-molecular weight heparin; OACs, oral anticoagulants.
Adapted from Bonow RO, Carabello BA, Kanu C, etâ•¯al. Circulation 2006;114(5):e84–231; Bates SM, Greer IA, Middeldorp S, etâ•¯al. Chest 2012;141:e691S–736S; and Regitz-Zagrosek V, Blomstrom 
Lundqvist C, Borghi C, etâ•¯al. Eur Heart J 2011;32(24):3147–97.
*All recommendations are Level of Evidence “C”.
**Dose adjusted to aPTT ≥2× control.
†LMWH adjusted to target anti-Xa level 4–6 hours post-dose 0.8-1.2â•¯U/mL.
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risk of central nervous system abnormalities with exposure to 
warfarin at any time during pregnancy.135 In addition, there is a 
substantial risk of bleeding in the anticoagulated fetus, especially 
at the time of delivery, so it is necessary to transition to unfrac-
tionated heparin at approximately 35 weeks of gestation.63,138 The 
incidence of warfarin embryopathy is reported to be anywhere 
from less than 5% to well over 10%.56,111,115,139-141 In an attempt to 
consolidate disparate data, literature reviews are available. One 
well-done review found a rate of warfarin embryopathy of 6.4%,115 
whereas another review found a rate of 7.4% of live births.67 A 
reasonable estimate is 4% to 10%. This adverse effect of warfarin 
may be dose-dependent: In one small study, women taking 
greater than 5â•¯mg/day had a fetal complication rate of 88%, and 
embryopathy was seen in 8%. Conversely, women taking less 
than or equal to 5â•¯mg/day had a fetal complication rate of 15% 
and embryopathy in 0%.139 Low dose warfarin (less than 5â•¯mg/
day, target INR 1.5 to 2.0) for patients with mechanical aortic 
valves has been attempted. However, valve thrombosis rate was 
3.5% and fetal malformation rate was greater than 3%, which sug-
gests that this is not an optimal strategy.142 Because of the terato-
genicity associated with warfarin in the first trimester, most 
societies recommend the use of adjusted dose heparin (either 
unfractionated or low-molecular weight) during the first trimes-
ter, after which point women can consider transition to warfarin. 
However, for women at extremely high risk of thrombosis during 
pregnancy (older style atrioventricular valves, for example), unin-
terrupted warfarin can be considered after a careful discussion 
about fetal risks.

Unfortunately, there are no randomized controlled trials com-
paring options for anticoagulation of mechanical heart valves in 
pregnancy. A Danish nationwide registry found similar levels of 
maternal complications among contemporary strategies of antico-
agulation.143 A large meta-analysis demonstrated lowest maternal 
risk with warfarin and highest maternal risk with unfractionated 
heparin. Other available data are cohort studies, small case series, 
or case reports. Therefore, the literature is rife with reviews and 
opinion, but little contemporary, quality data on which to make 
recommendations. Accordingly, the AHA and ACC and American 
College of Chest Physicians recommendations emphasize the 
importance of continuous effective anticoagulation with frequent 
monitoring throughout pregnancy. The guidelines then discuss 
several options for achieving continuous effective anticoagulation, 
and Class I recommendations for anticoagulation during preg-
nancy in women with mechanical heart valves are listed in Table 
27-6. The guidelines state that if antifactor Xa levels cannot be 
monitored, LMWH should not be used.44,63 The addition of low dose 
aspirin (75 to 100â•¯mg daily) is encouraged by most societies.

With any approach to anticoagulation, close monitoring is 
essential to maintain therapeutic anticoagulation and to avoid 
bleeding or thrombotic complications. Without meticulous man-
agement, the complication rate is high.111 Many of the hemor-
rhagic and thromboembolic complications associated with 
anticoagulation and prosthetic valves during pregnancy can be 
avoided by a rigorous approach to management and monitoring 
of anticoagulation.

Acute valve thrombosis during pregnancy is rare and appears 
to be more common in patients treated with heparin, although 
data are limited to case reports. Recombinant tissue plasminogen 
activator (Alteplase) does not cross the placenta and is not known 
to cause teratogenicity in animals.144 Thrombolytics can cause 
placental bleeding, however, and may result in premature labor 
or placental abruption.145 Thrombolytics are not absolutely con-
traindicated in pregnancy, but a careful risk-benefit analysis must 
be undertaken. The fetal loss rate with thrombolytic therapy is 
approximately 6%,146 and maternal hemorrhage is possible if deliv-
ery occurs less than 24 hours after thrombolytic therapy.

New anticoagulants, such as oral direct thrombin inhibitors, 
oral Xa inhibitors, and direct thrombin inhibitors, have not been 
shown to be safe for patients with mechanical valves and should 
not be used.
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A P P E N D I X  1 ACC/AHA Guidelines Classification 
and Levels of Evidence

“Size of Treatment Effect”

Applying classification of recommendations and level of evidence. 
*Data available from clinical trials or registries about the usefulness/efficacy in different subpopulations, such as gender, age,
history of diabetes, history of prior myocardial infarction, history of heart failure, and prior aspirin use. A recommendation with Level of
Evidence B or C does not imply that the recommendation is weak. Many important clinical questions addressed in the guidelines do not
lend themselves to clinical trials. Even though randomized trials are not available, there may be a very clear clinical consensus that a
particular test or therapy is useful or effective. 
†In 2003 the ACC/AHA Task Force on Practice Guidelines recently provided a list of suggested phrases to use when writing recommendations. 
All recommendations in this guideline have been written in full sentences that express a complete thought, such that a recommendation,
even if separated and presented apart from the rest of the document (including headings above sets of recommendations), would still convey
the full intent of the recommendation. It is hoped that this will increase readers’ comprehension of the guidelines and will allow queries at the
individual recommendation level.

Level C

Very limited (1-2) 
population risk strata 
evaluated*

Level B

Limited (2-3) population 
risk strata evaluated* 

Level A

Multiple (3-5) population 
risk strata evaluated*

General consistency of 
direction and magnitude of 
effect

Recommendation that 
procedure or treatment is 
useful/effective

Only expert opinion, 
case studies, or standard-
of-care

Recommendation that 
procedure or treatment not
useful/effective and may 
be harmful

Only expert opinion, 
case studies, or standard-
of-care

Recommendation that 
procedure or treatment not
useful/effective and may 
be harmful

Limited evidence from 
single randomized trial or
non-randomized studies

Recommendation that 
procedure or treatment not
useful/effective and may 
be harmful

Sufficient evidence from 
multiple randomized trials
or meta-analyses

Recommendation's 
usefulness/efficacy less 
well established

Greater conflicting 
evidence from multiple 
randomized trials
or meta-analyses

Recommendation's 
usefulness/efficacy less 
well established

Greater conflicting 
evidence from single 
randomized trial or
non-randomized studies

Recommendation in favor
of treatment or procedure 
being useful/effective

Some conflicting 
evidence from single 
randomized trial or
non-randomized studies

Recommendation in favor
of treatment or procedure 
being useful/effective

Some conflicting 
evidence from multiple 
randomized trials
or meta-analyses

Recommendation that 
procedure or treatment is 
useful/effective

Limited evidence from 
single randomized trial or
non-randomized studies

Recommendation that 
procedure or treatment is 
useful/effective

Sufficient evidence from 
multiple randomized 
trials or meta-analyses

Recommendation in favor
of treatment or procedure 
being useful/effective

Only diverging expert 
opinion, case studies, 
or standard-of-care

Recommendation's 
usefulness/efficacy less 
well established

Only diverging expert 
opinion, case studies, 
or standard-of-care

Class I

Benefit >>> Risk

Procedure/Treatment 
SHOULD be
performed/administered

Class IIa

Benefit >> Risk

Additional studies with
focused objectives
needed

IT IS REASONABLE 
to perform procedure/
administer treatment

Class IIb

Benefit ≥ Risk

Additional studies with
broad objectives needed; 
additional registry
data would be helpful

Procedure/treatment
MAY BE CONSIDERED

Class III

Risk ≥ Benefit

No additional studies 
needed

Procedure/treatment
SHOULD NOT be 
performed/administered
since it is NOT HELPFUL
and MAY BE HARMFUL
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Suggested phrases for
writing recomemndations†

should
is recommended
is indicated
is useful/effective/
  beneficial

is not recommended
is not indicated
should not
is not useful/effective/
  beneficial
may be harmful

is reasonable
can be is useful/
effective/beneficial
is probably recommended
  or indicated

may/might be considered
may/might be reasonable
usefulness/effectiveness
  is unknown/unclear/
  uncertain or not well
  established
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A P P E N D I X  2 ESC Guidelines Classification and 
Levels of Evidence

Level of 
Evidence C

Consensus of opinion of 
the experts and/or small 

studies, retrospective 
studies, registries

Level of 
Evidence B

Data derived from a
single randomized 
clinical trial or large

non-randomized studies

Level of 
Evidence A

Data derived from
multiple randomized 
clinical trials or meta-

analyses

Class I

n
Evidence and/or general
agreement that a give

treatment or procedure is
beneficial, useful, and effective

Class IIa

Conflicting evidence and/or a
divergence of opinion about the
usefulness/efficacy of a given

treatment or procedure

Weight of evidence/opinion is
in favor of usefulness/efficacy

Class IIb

Conflicting evidence and/or a
divergence of opinion about the
usefulness/efficacy of a given

treatment or procedure

Usefulness/efficacy is less well
established by evidence/opinion
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INDEX

A
Abscess formation. See also Paravalvular 

extension of infection
Accucinch, 347
ACURATE TA valve, 220-221, 221f
Acute aortic regurgitation. See also Aortic 

regurgitation
diagnosis of, 163-164, 165f-166f
management of, 164
pathophysiology of, 163, 165f

Acute mitral regurgitation. See also Mitral 
regurgitation

etiology and presentation for, 318
treatment for, 318

Acute volume overload stage, 310-311
Adjustable annuloplasty ring, 348, 348f
ADVANCE registry, 223
Afterload, 92
American College of Cardiology (ACC)

guidelines classification and levels of 
evidence by (See Appendix 1)

American Heart Association (AHA)
guidelines classification and levels of 

evidence by (See Appendix 2)
Anatomic imaging

transthoracic versus transesophageal 
echocardiographic imaging as, 72

valvular heart disease evaluation and, 70-72, 
71t

Angiocardiography
for aortic regurgitation, 102-103
for aortic valve, 99
for left ventricular systolic function 

evaluation, 92-93
for mitral regurgitation, 103
for pulmonic valve, 100
for tricuspid valve, 101

Angiography
myxomatous mitral valve disease and,  

288
transcatheter valve procedures and, 235, 

237f
Angiotensin II, 37-38, 40f
Ankylosing spondylitis, 6
Annuloplasty

direct, 347-348, 347f-348f
hybrid techniques for, 347-348
indirect, 345-347, 346f

Anticoagulant therapy
valve replacement and, 428-430, 429t

interruption of, 429
Anticoagulation

embolic event prevention and, 123-125, 
125f-126f

excessive, 429
in pregnancy, 429-430, 449-450, 449t

Antiplatelet therapy, 430
Antithrombotic therapy, 123
Aorta, evaluation of, 114
Aortic anatomy, 89
Aortic aneurysm syndrome, 194
Aortic annulus, 24
Aortic dilation, 5, 89, 190-192
Aortic disease, management of, 129
Aortic dissection, 190, 211, 211f

Aortic homograft, 201, 202f
Aortic medial disease, 190-192, 191f
Aortic regurgitation. See also Chronic aortic 

regurgitation
acute, 163-164
angiocardiography for, 102-103, 102t
as hybrid disease, 67-68, 68f
assessment of, 112f-114f, 113-114
bicuspid aortic valve disease and, 188,  

188t
chronic, 164-175
etiology of, 8-9, 9f, 9t, 163, 164f, 164t
in pregnancy, 447-448, 447f
key points of, 163
left ventricular function in, 68
pressure waveform analysis of, 102, 102f
regurgitant fraction for, 103

Aortic root
complex, 23, 28t
diseases of, 71, 173-175
surgical approach to

enlargement of, 209-211, 210f
indications for, 206-207
key points for, 199b
valve-sparing replacement of, 208-209

Aortic sclerosis, 4
calcific aortic valve disease and, 53

Aortic stenosis
assessment of, 110-111, 110f
bicuspid aortic valve disease and, 187-188
calcific aortic valve disease and, 53
clinical outcome for, 145-150

aortic sclerosis and, 149-150
asymptomatic patients and, 145-146
risk stratification in, 146-149
symptomatic patients and, 149

clinical presentation of, 142-145
cardiac catheterization and, 145
chest radiography/electrocardiography 

and, 143
clinical history and, 142
echocardiography and, 143
physical examination and, 142
stress testing and, 143-145

concentric hypertrophy and, 65-66
coronary artery disease and, 151
echocardiographic valve anatomy and, 71, 

73f-74f
etiology of, 8-9, 8t
hemodynamic progression and, 150-151, 

150f, 150t
hypertrophy and, 66-67
left ventricular pressure overload and, 63-66, 

64f
medical therapy for, 157-158

arterial hypertension and, 157-158
hemodynamic stress management and, 

158
noninvasive follow-up for, 157
prevention for, 158

pathophysiology of, 139-142
pregnancy and, 446-447
response to pressure overload and, 65
risk algorithms for, 136-137, 136t
surgical intervention for

exercise capacity and function status after, 
157

left ventricular hypertrophy and
postoperative diastolic dysfunction and, 

157
postoperative intracavitary obstruction 

and, 156
regression of, 157
systolic function and, 156-157

mortality and long-term survival in, 156
timing of

aortic valve replacement and, 155
asymptomatic patients and, 151-153
symptom onset and, 151
the elderly and, 153-155
with left ventricular dysfunction, 155-156

Aortic valve. See also Calcific aortic valve 
disease

anatomy of, 23-24
angiocardiography and, 99
assessment of, 26-27, 26f-27f, 28t
evaluation of stenosis severity and, 95-99
key points for, 14b
low-gradient aortic stenosis and, 98-99
physiology of, 24-26, 25f
pressure gradients and, 95-97, 96f-97f
pressure waveform analysis and, 97
resistance by, 99
valve area for

general concepts of, 97-98
limitations of, 98
measurement of, 98, 98f, 98t
valvular hemodynamics and, 140

Aortic valve disease
surgical approach to

conclusion for, 216
current controversies of, 214-216
key points of, 199b
replacement or repair of, 199-206

Aortic valve repair, 204-205, 204f-206f
Aortic valve replacement

after coronary artery bypass grafting surgery, 
211-212

after failure of, 212
after second procedure, 212, 212f
choices in, 199, 200f
during coronary artery bypass surgery, 155
guidelines for valve choice and, 202-204, 

202t-203t
risks of, 205-206
with composite valve-graft, 207-208

Aortic wall, bicuspid aortic valve disease and
aortic dissection and, 190
aortic medial disease and ascending aortic 

dilation, 185f, 190-192
aortopathy of, 192-193
coarctation of the aorta and, 190
hemodynamics and flow for, 189-190, 

189f-190f
Aortic-mitral curtain, 14, 23, 24f
Apical-to-aortic conduit, 231
Apico-aortic conduit, 213-214, 213f
Arrhythmia, 124t, 129-130
Arterial hypertension, 157-158

Page numbers followed by “f” indicate figures, “t” indicate tables, and “b” indicate boxes.

Aortic stenosis (Continued)
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Ascending aortic aneurysm, 194

surgery for, 194-195
Ascending aortic dilation, 190-192, 191f
Aspergillus endocarditis, 416, 417t
Asymptomatic patient

aortic stenosis and, 145-149, 146f-149f, 146t
heart murmur and, 120
surgery in, 151-153, 152t, 153f-154f

Atrial fibrillation
atrial functional mitral regurgitation and, 

298-299
prevention of, 128
primary valvular mitral regurgitation and, 

322
tricuspid regurgitation and, 383

Atrial functional mitral regurgitation, 298-299
Atrial septal defect, tricuspid regurgitation and, 

383
Autograft, 427

B
Ball-cage valve, 421-423, 421f
Balloon aortic valvuloplasty, 229, 238-240, 242t

with external-beam irradiation, 230
Balloon mitral valvotomy

as transcatheter valve procedure, 241, 
242f-243f, 242t

efficacy of, 266, 266t
failures of, 266
immediate results for, 265-267, 265f
long-term results for, 267-269, 267t, 268f, 270f, 

271t
medical team experience and, 263
monitoring and assessment for, 264-265,  

265f
patient selection for, 263
risks of, 266-267, 266t
special patient groups and, 269, 271t, 

272f-273f, 273t
technique for, 263-264, 264f

Balloon-expandable percutaneous aortic valve, 
219-220, 220f

Barlow disease, 17, 20f, 328-329, 331f
Bartonella endocarditis, 416
Bernoulli equation, 72-76, 73t
Beta-blocker, chronic aortic regurgitation and, 

172
Bicuspid aortic valve, 5-6, 6f, 9. See also 

Congenital disease
replacement of, 193-194, 193f, 194t

Bicuspid aortic valve aortopathy, 191f, 192-193, 
193f

Bicuspid aortic valve disease
anatomy, pathology, classification schemes 

for, 180-181, 180f-182f
aortic wall abnormalities and, 189-193
calcified aortic valve and, 53-54, 54f
cardiovascular lesions and, 182-184
clinical presentation and imaging for

chest radiography and, 184
other imaging approaches to, 186
physical examination for, 184
transesophageal echocardiography and, 

186
transthoracic echocardiography and, 

184-186
congenital heart malformation and, 183,  

183t
disease course and outcomes for, 186-188, 

187f, 187t
embryology of, 179-180, 180f
familial, 194
genetics of, 182
history of, 179
key points for, 179

management of, 195
pregnancy and, 188-189
prevalence of, 181-182, 182t
surgical treatment of, 194-195

Bileaflet valve, 421-423, 421f
Bioprosthetic valve

balloon aortic valvuloplasty, 244
stentless, 200, 201f

Body mass index (BMI), calcific aortic valve 
disease and, 55

Bone morphogenetic protein signaling, 34, 
36f-37f

C
Cabrol technique, 207, 207f
Calcific aortic stenosis

as cause of valve disease, 4
assessment of, 111

Calcific aortic valve disease
bicuspid aortic valves and, 53-54
clinical observations in humans of, 32-33, 33f
clinical outcomes for, 59-60, 59t
clinical risk factors for, 54-58

anthropometry as, 55
dysglycemia and metabolic syndrome as, 

56
dyslipidemia as, 56-57, 56t
extent of calcification and, 58
hypertension as, 55-56
inflammation markers and, 57
male gender as, 55
observational studies and, 54-58, 54t
older age as, 54-55, 55f
race/ethnicity as, 55
renal dysfunction as, 57-58
smoking as, 57

conclusions for, 60
detection methods for, 53, 54f
experimental models for, 33, 34f, 35t
fibrosis and matrix modulation of 

calcification and, 48, 48f
future studies for, 60
general concepts of, 30, 31f-32f, 31t
genetics and, 58-59, 59t
key points for, 30b, 53
nonosteogenic calcification and, 49
osteogenic differentiation modulators and, 

37-48
osteogenic signaling cascades and, 34-37
risk factors for, 30-32, 58, 58f
therapeutic interventions for, 49-50

Candida endocarditis, 416
Carcinoid heart disease, 378, 379f, 383
Carcinoid tumor, 6, 6t
Cardiac catheterization, 145

evaluation of valvular heart disease by, 92, 
92t

rheumatic mitral valve disease and, 261
Cardiac magnetic resonance (CMR)

chronic aortic regurgitation and, 169-170, 
170f

for evaluation of valvular heart disease
key points and summary for, 107
principles and instrumentation for, 107-109

left ventricle evaluation and, 109
right ventricle assessment and, 109
transcatheter valve procedures and, 237

Cardiac output
cardiac catheterization and, 93-94
Fick technique and, 93-94
thermodilution method and, 94

Cardiac resynchronization therapy (CRT),  
305

Cardioband, 348, 348f

Cardiovascular lesion, bicuspid aortic valve 
and, 182-184, 183t

Cardiovascular magnetic resonance, bicuspid 
aortic valve disease and, 186, 186f

CARILLON XE2 Mitral Contour System, 345-346, 
346f

Carpentier classification, 14-15, 15f, 18t
mitral valve and, 299

Carpentier type I, 363
Carpentier type II, 363-364, 365f
Carpentier type IIIA, 364
Carpentier type IIIB, 364, 364t
Catheterization data

coronary angiography as, 105
left ventricular diastolic function as, 104-105
pulmonary artery pressure and resistance 

as, 104
systemic vascular resistance as, 104

Cell death, nonosteogenic calcification and,  
49

Cerebrovascular ischemic event, mitral valve 
prolapse and, 290, 290t

Chest radiography
aortic stenosis and, 143
bicuspid aortic valve disease and, 184
chronic aortic regurgitation and, 168
rheumatic mitral valve disease and, 257-258, 

258f
Chordae tendineae, mitral valve anatomy and, 

16, 328
Chordal technology, 342-345
Chronic aortic regurgitation. See also Aortic 

regurgitation
aortic root disease and, 173-175
clinical presentation of

clinical history and, 166
echocardiography for, 168-169
electrocardiogram and chest radiography 

for, 168
exercise stress testing and, 170
other imaging modalities for, 169-170
physical examination for, 166-168

medical management of
beta-blockers and, 172
endocarditis prevention and, 172
vasodilator therapy and, 172

natural history of, 170-172
left ventricular systolic dysfunction and, 

172
normal left ventricular systolic function 

and, 171-172
pathophysiology of, 164-166, 167t
serial evaluations and, 173
surgery indications for, 173, 174f-175f

Chronic compensated stage, 311
Chronic injury, pathogenic response to, 30-32, 

32f, 33t
Chronic kidney disease, 57
Chronic mitral regurgitation

clinical evaluation for, 319-320, 320f
etiology of, 318-319, 319f

Coapsys annuloplasty system, 348, 349f
Coarctation of the aorta, 183f, 190

bicuspid aortic valve disease and, 182-183
Color-flow Doppler imaging, 79-80
Commissure, mitral valve anatomy and, 16, 

327-328, 327f
Composite valve-graft, aortic root replacement 

and, 207-208, 207f
Computed tomography (CT)

chronic aortic regurgitation and, 170
for evaluation of valvular heart disease

key points and summary for, 107
principles and instrumentation for,  

108-109
Concentric hypertrophy, 63, 64f, 65-66
Concentric remodeling, 63, 64f, 65

Bicuspid aortic valve disease (Continued)
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Concurrent cardiovascular conditions, 

management of
aortic disease as, 129
arrhythmias as, 129-130
coronary artery disease as, 129
heart failure as, 130
hypertension as, 129

Congenital disease, 5-6, 6f
Congenital mitral disease, 6
Continuity equation, 76-77, 78f, 79t
Contractility, 92
CoreValve ReValving System, 220, 220f
Cormier score, 259, 259t
Coronary angiography, 105
Coronary artery, 108t, 115-117, 117f

anomalies of, 183-184
Coronary artery bypass grafting (CABG)

aortic valve replacement after, 211-212
ischemic mitral regurgitation and,  

337-338
valvular heart disease risk assessment and, 

134
Coronary artery bypass surgery, 155
Coronary artery disease (CAD)

aortic stenosis and, 151
functional mitral regurgitation and, 295-299, 

304-305
management of, 129, 129t

Coronary blood flow, 141

D
Damping, 95
David procedure, 208-209, 210f
Decompensated stage, 311
Degenerative mitral valve disease, 326-327, 

334f, 337t
Delivery, pregnancy and, 445
Diastolic dysfunction, 157
Diastolic filling, 88-89
Diastolic function, 87-89, 88f
Direct Flow valve, 221, 221f
Distal flow reversal, 80-83, 82f
Doppler echocardiography

color, 361, 362f
continuous wave, 80, 82f, 362, 363f
pregnancy and, 440
spectral, 362, 363f
tissue imaging, 85-87

Drugs, valve disease and, 7
Duke criteria, 403, 403t
Duran leaflet classification, 15, 15f
Dysglycemia, 56
Dyslipidemia, 56-57, 56t
Dyspnea

mitral regurgitation and, 299
mitral stenosis and, 257

E
Ebstein anomaly, 383
Eccentric hypertrophy, 63, 64f
Echocardiography

acute aortic regurgitation and, 164, 165f
aortic stenosis and, 110, 143, 144t-145t
calcific aortic valve disease detection and, 

53
chronic aortic regurgitation and, 168-169, 

168f-169f
Doppler, 356-359 (See also Doppler 

echocardiography)
epicardial, 356
functional mitral regurgitation and, 299-303, 

299t-301t, 300f-304f
infective endocarditis and, 404-405

myxomatous mitral valve disease and, 
283-287

pregnancy and, 440
prosthetic heart valve replacement and, 421f, 

422t-423t, 431, 431f-433f
rheumatic mitral valve disease and, 258-260
three-dimensional transesophageal, 362-363
transthoracic versus transesophageal 

imaging and, 72
valve anatomy and, 70-71, 71f-74f
valvular heart disease evaluation and, 70

Echocardiography, intraoperative, 353b. See 
also Mitral valve

Echocardiography, three-dimensional
aortic valve and, 20, 22f, 26-28
mitral valve anatomy and, 23, 23f-24f
myxomatous mitral valve disease and, 287

Edge-to-edge mitral valve repair, 247, 247t, 
248f-249f

Edwards INTUITY valve, 216f
Ejection fraction, 84-87
Ejection performance, 65
Elderly patient

aortic stenosis surgery and, 153-155, 154f
aortic valve replacement in, 215-216

Electrocardiography
aortic stenosis and, 143
chronic aortic regurgitation and, 168, 168t
myxomatous mitral valve disease and, 

287-288
rheumatic mitral valve disease and, 257-258

Electronbeam computed tomography (EBCT), 
108-109

Embolic event, preventive measures for, 
123-126, 124f, 124t

Embolization, 408-409, 408f-409f
EnCor ring, 348, 348f
End-diastolic volume, 92
End-systolic volume, 92
Endocardiography

aortic anatomy and dilation and, 89
left atrial enlargement and thrombus 

formation and, 89
pulmonary pressure determination and, 89
right heart structure and function and, 89

Endocarditis
as cause of valve disease, 5
bicuspid aortic valve disease and, 188
chronic aortic regurgitation and, 172
culture negative, 412-413, 414f (See also 

Staphylococcal endocarditis; 
Streptococcal endocarditis)

fungal, 416, 417t
prophylaxis before dental procedures for, 

123t-124t (See also Infective 
endocarditis)

Endomyocardial fibrosis, 3-4, 378-379
Engager, 221, 221f
Enterococcal endocarditis, 415, 416t
Exercise, 141-142, 157, 170, 256-257

F
Fetuin-A, 49
Fibrocalcific aortic valve disease. See also 

Calcific valve disease
Fibroelastic deficiency, 17, 20f, 328-329, 331f
Fick technique, 93-94
Fistula formation, 406, 407f
Flail, 285-286
Flail tricuspid valve leaflet, 383
Flow murmur, 120
Flow rate, stenosis and, 78-79, 81f
Fluoroscopy, transcatheter valve procedures 

and, 235, 236f-237f

Frank-Starling mechanism, 63
FRench Aortic National CoreValve and 

Edwards (FRANCE 2) Registry, 225, 
225t-228t, 228f

Functional mitral regurgitation. See also 
Secondary Mitral regurgitation

epidemiology of, 5, 295

G
Growth factor-β signaling, 37, 39f

H
HACEK endocarditis, 415
Health maintenance, 126, 127t
Heart Valve Clinic, 119, 120f, 120t
Height, calcific aortic valve disease and, 55
Hemodynamic change

during pregnancy, 439, 440f
peripartum and postpartum change and, 

439-440, 441f
peripartum monitoring of, 445
positional change and, 439

Hemodynamic stress, 158
Hemolytic anemia, 436
Heterograft valve

stented, 424-425, 425f-427f, 426t
stentless, 425-426, 425f

Homograft, aortic valve, 426-427
Human immunodeficiency virus

infective endocarditis and, 398
Hypertension

calcific aortic valve disease risk factors and, 
55-56

management of, 129
Hypertrophic cardiomyopathy, 298
Hypertrophy

aortic stenosis versus mitral regurgitation 
and, 66-67, 67f

definition of, 63, 64f

I
Infective endocarditis

complications from, 407-409, 408f, 408t
diagnosis of, 115, 116f, 402-407

biomarkers and polymerase chain 
reaction analysis for, 404

clinical manifestations for, 402-403, 402f, 
402t

Duke criteria and, 403
other imaging modalities in, 404-406

endocarditis prophylaxis and, 399t-400t,  
401f

epidemiology of
high risk groups for, 398-399, 399t
incidence of, 397
mortality and, 397-398, 397t

historical background of, 396-397
key points for, 396b
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prosthetic heart valves and, 430, 431f, 

434-435
valve surgery for, 410-412, 410f-411f, 411t
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Intracardiac echocardiography (ICE), 237, 240f
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operation indications for, 322-323, 323.e1f
treatment of, 22
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J
JenaValve, 221, 221f

K
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L
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Left atrial

enlargement of, 89, 128
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Left ventricle

chronic valvular disease evaluation and,  
109

diastolic function of, 87-89
evaluation of, 84-89
mechanics of, 87
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mitral valve anatomy and, 328
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outflow tract of, 25-26, 26f
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aortic stenosis and, 63-66
background for, 63, 64f, 64t
conclusion for, 68
key points of, 63
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mitral stenosis and, 68

Left ventricular contractile dysfunction, 128
Left ventricular dysfunction
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decompensated stage and, 311
postoperative, 315-316, 316f, 315.e1f
severe, 321
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321
unexpected, 316, 316f
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asymptomatic patients and, 321-322, 322f, 
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349f

Left ventricular systolic function
dysfunction of, 172
evaluation of, 92-94, 104
normal, 169t, 172
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260
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Lotus valve, 220, 221f
Low-gradient aortic stenosis, 98-99, 99f

M
Matricellular signaling, 48
Matricrine signaling, 48
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Mechanical signaling, 48
Mechanical valve
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423-424, 424t
Mediastinal irradiation, 378, 379f
Medical therapy
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fibrillation prevention, 128
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prevention, 128

primary treatment for, 127
pulmonary hypertension prevention and, 128
symptomatic disease treatment and, 128-129
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Mitra-Spacer, 345
MitraClip, 342f, 343-345, 344f
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Mitral annulus
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mitral valve complex and, 353, 354f
valve anatomy and, 14, 327

Mitral gradient, 255
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anatomy of, 14-16, 15f
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growth in, 21-22
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mitral valve anatomy and, 327-328, 327f
mitral valve disease and, 353-354, 354f
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echocardiographic assessment of, 286-287, 

286f-287f
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functional, 4-5
in pregnancy, 448, 448f
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left ventricular function in, 66, 67f
left ventricular volume overload and, 66, 

66f
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mitral valve prolapse and, 291
pressure waveform analysis for, 103, 103f
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effect of surgical correction and, 316-318, 
317f, 317.e1f

natural history of, 311-312, 312f, 311.e1f
predictors of outcome for, 312-313, 
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predictors of surgical outcome and, 

314-316, 315f
surgical intervention and, 313-314, 314f, 

314.e1f
rheumatic mitral valve disease and, 260
timing of surgery for, 310b
transcatheter procedures for, 247
valve disease and, 4-5

Mitral stenosis
assessment of, 111-112, 112f
consequences of, 259, 260f
etiology of, 9, 9t
hemodynamic consequences of, 255-256
mitral valve anatomy and, 22-23
pathophysiology of, 255
pregnancy and, 447

Mitral valve
anatomic background for, 353-355
anatomy of, 14-16
apparatus quantification of, 16, 17f-18f
assessment of, 100-101, 367
complications of, 289-291, 289t
disease of, 353
dysfunction of, 16-22, 19f
echocardiography and, 285-286, 286f
etiology and pathology of, 279-281, 280f
follow-up after repair of, 291
key points for, 14b, 326b
pressure gradient for, 100, 101f
pressure waveform analysis for, 100, 101f
prolapse of, 16, 20t
repair of, 333-338, 333f-334f, 336f, 337t
reparability of, 363-364, 363t-364t
replacement of, 263, 335, 338-339, 338f
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surgery for

approach to, 330-333, 332t
conclusion of, 372
guidelines and outcome for, 369-372,  

371t
intraoperative milieu for, 355
introduction to, 329-335, 332f
key points for, 353b
nomenclature for, 354-355, 355f
post-bypass evaluation and, 367-369, 368t
pre-bypass assessment and, 355-367

surgical anatomy of, 327-328
chordae tendineae as, 328
mitral leaflets and commissures as, 

327-328
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328
valve area of, 94t, 100-101

Mitral valve complex, 353-354, 354f-355f
Mitral valve prolapse syndrome, 288
Mitral valve regurgitation

pathophysiologic triad of
dysfunction of, 328, 329f
etiology of, 328-329, 330f-331f
introduction to, 328-329
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347, 347f
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MONARC annuloplasty, 345, 346f
Mortality, aortic valve replacement and, 156
Multidetector computed tomography (MDCT)

cardiac computed tomography and, 108
transcatheter valve procedures and, 235-237, 

238f-239f
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anatomy of, 278-279, 279f
asymptomatic patient management and, 

288-289, 288t
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cardiac physical findings and, 283
echocardiographic diagnosis and, 283-287, 
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electrocardiography and, 287-288
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noncardiac physical findings and, 283, 
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symptoms of, 283
epidemiology and natural history of, 282
genetic factors and, 281-282
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mitral valve prolapse and, 278-281
mitral valve prolapse syndrome and, 288
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Native valve endocarditis, 413
Nitric oxide signaling, 42, 45f
Node of Arantius, 24
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NOTCH1 signaling, 42-43, 46f
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Nuclear scintigraphy, 288
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Obstruction, intracavitary, 156
Osteogenic differentiation, 37-48
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direct inhibitors of, 37
epigenetic regulation of, 47-48
induction of, 34-37

Oxidative stress, 42, 43f-44f
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mitral valve and, 16, 328
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Pressure gradient
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discussion of, 123-126
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operation guideline adherence for, 322, 323f
operation indications for, 320-322, 320f-321f, 

320.e1f
Proinflammatory cytokine, 38-42, 41f
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Prosthetic heart valve

assessment of, 366f-367f, 369, 370f-372f
choice of, 428
comparison of, 427-428, 428f
dysfunction of

hemolytic anemia as, 436
infective endocarditis as, 434-435
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evaluation of, 115, 115f-116f
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outcomes for, 448-449
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pressure of, 89
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Pulmonary hypertension

prevention of, 128
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Pulmonary vasculature, 141
Pulmonic valve

angiocardiography and, 100
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pressure gradient and, 100
pressure waveform analysis for, 100, 100f
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diagnosis of, 390, 391f
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392f
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Remodeling, 63

hypertrophy and, 63
Renal dysfunction

calcific aortic valve disease risk factors and, 
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history of, 257
physical examination for, 257, 257f
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key points for, 255b
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76f
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Surgical Treatment for Ischemic Heart Failure 
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prevention of, 262
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219-221
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223
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repair of, 341b
replacement of, 349-351, 350f
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imaging guidance for
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introduction to, 235-238, 235t
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transcatheter balloon valvuloplasty and, 

238-244
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Transcatheter valve-to-valve implantation,  
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acute aortic regurgitation and, 164, 166f
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valvular complications of, 184
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etiology of, 376-379, 377f-380f, 377t
left ventricular assist device placement and, 

383
medical and surgical treatment for
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aortic stenosis and, 110-111
mitral stenosis and, 111-112
pulmonic and tricuspid valve stenosis and, 

113-114

Valvular heart disease (Continued) Valvular stenosis (Continued)
transcatheter aortic valve replacement 

and, 111
evaluation of

aortic valve and, 95-99
flow rate changes and, 78-79
measurement of pressure gradients and, 

94-95
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