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FOREWORD

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
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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.

xi
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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

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
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CHAPTER 1

Epidemiology of Valvular

Heart Disease

John B. Chambers and Ben Bridgewater
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® 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-HT,j5 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,' 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.! In developed countries, the incidence of rheumatic
disease declined after the second half of the 20th century,
although transient local resurgences still occur.? This decline was
predominantly the result of improvements in living conditions
and health care, as follows:
e Improvements in living conditions:®

® 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.

These improvements in living conditions and health care
have increased longevity so that valve conditions characteristic
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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.° Other studies confirm this age relationship.” 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

e 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 implan-
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 indus-
trially developed regions mainly as a result of improved life
expectancy.

Valve disease remains underdetected,® and there are major
variations in the provision of health care in all countries of the
world, including those that are industrially developed.® 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."'? There is some evidence
for disordered signaling mechanisms and reactivation of embryo-
logic pathways.” Some streptococcal serotypes (emm types
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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.)

3,9, 6, 14, 18, 19, and 29) may be more likely than others to cause
rheumatic fever! 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 fever” but more frequently after multiple
attacks.! The development of chronic rheumatic disease depends
on the age at the time of the acute episodes and their severity and
frequency” and is more likely with multiple valve involvement,
failure to obtain medical help, and lack of secondary prophy-
laxis.'®'” Single valve involvement and mitral stenosis are more
likely in older individuals with less active carditis" (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.” 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)." 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,' 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.” In
underdeveloped regions, 10% to 35% of all cardiac admissions are
the result of acute or chronic rheumatic disease.’

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.
However, there are major geographic differences, and the annual
incidence in sub-Saharan Africa ranges from 1.0 to 14.6 per 1000
population.”” The estimated annual incidence is 24 per 100,000
population in Soweto® but with a J-shaped age dependence, with
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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, et al. Burden of valvular heart
diseases: a population-based study. Lancet 2006,368:1005-11.)

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.' There is wide geographical variation
(Figure 1-4), from approximately 0.8 to 7.9 per 1000 population in
industrially underdeveloped regions"?* to only 0.3 per 1000 in
developed regions.! However, the prevalence rises sharply if echo-
cardiography, rather than the more usual clinical screening, is
used. In a study in Cambodia and Mozambique,® 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.” 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



TABLE 1-1  Principal Causes of Valve Disease with Prevalence Where Known

1. Rheumatic disease 0.1-0.8% world' 15.6-19.6!
3.0 Mozambique using echocardiography®

2. Endomyocardial fibrosis 20% Coastal Mozambique? —

T

=0

3. Calcific aortic stenosis 04% U.S. pop’ 12*
1.7% U.S. pop aged >64°
2.8% U.S. pop aged >75°

4. Mitral regurgitation 1.7% U.S. pop’
Mitral prolapse 7.0% U.S. pop aged >64° 49"
Prolapse and regurgitation 2% U.S.** 7140’

0.2% U.S. 4444
. Endocarditis — —
. Failing biological replacement valves — —

. Aortic dilation — —

o N O u»

. Congenital disease — —
Bicuspid aortic valve 35%
Bicuspid aortic valve with severe aortic stenosis 0.5-0.8%’""? 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%° 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%.”" 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.”””' 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 (7000,000,000). The proportion aged over 60 years is about 10%'** 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.

80 —=— Isolated MR TABLE 1-2 Jones Criteria for Rheumatic Fever

—a— Mixed MV disease
—e— |solated MS

Major criteria* Carditis
Polyarthritis
Erythema marginatum
Chorea
Subcutaneous nodules
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Minor criteria Fever
Arthralgia
Elevated Creactive protein
Prolonged PR interval on electrocardiography

N
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|

*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
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FIGURE 1-3 Time-course analysis (by decades) of the relative preva- TABLE 1-3 per 100,000 Population)
lence of isolated mitral regurgitation (MR), mixed mitral valve disease, d
and isolated mitral stenosis (MS). (Redrawn from Marcus RH, Sareli P, Pocock Industrially developed regions 10
WA, et al. The spectrum of severe rheumatic mitral valve disease in a developing
country: correlations among clinical presentation, surgical pathological findings, Eastern Europe 10.2
and hemodynamic sequelae. Ann Intern Med 1994;120:177-83.) Middle East and North Africa 134
Latin America 19.6
China 21.2

prevalence approximately four times that of the WHO criteria.*
A new World Heart Federation consensus now categorizes defi- South Central Asia 54
nite or borderline rheumatic disease through the use of a combi-

. . - X Indigenous Australia and New Zealand 374
nation of regurgitant severity, transvavlular gradient and valve
morphology.”*? Sub-Saharan Africa Unknown

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

Endomyocardial Fibrosis
Endomyocardial fibrosis (EMF) is, after rheumatic disease, the EMF begins as a febrile illness, which is followed by a latent
second most frequent cause of acquired heart disease in children phase of 2 to 10 years. Symptoms then reappear as LV and right

and young adults in equatorial Africa.” Echocardiography of a ventricular (RV) thrombi and fibrosis develop, leading to RV, LV,
sample of 1063 people in coastal Mozambique found a prevalence or biventricular restrictive cardiomyopathy and encasement of
of 20% (95% confidence interval [CI] 17.4% to 22.2%).” the mitral or tricuspid valves. The pathology of EMF is still
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uncertain. There is evidence for the reactivation of embryological

pathways,”® and postulated etiological factors” 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).*** 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) .2

Aortic valve sclerosis is defined by valve thickening with a
peak transaortic velocity on echocardiography of less than
2.5 m/s. Around 16% of patients with sclerosis progress to having
stenosis within 7 years.” Aortic valve sclerosis is also associated
with cardiovascular disease and is a marker for a higher risk of
myocardial infarction,®* particularly in patients with no estab-
lished coronary disease® and those with low conventional risk
profiles, such as women and patients younger than 55 years"’
(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.”’ 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.*

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.” 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%***® and is associated with tricus-
pid prolapse in 10% of cases™ or, more rarely, with aortic valve
prolapse. Mitral regurgitation occurs in about 9% of cases with
prolapse.” 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%.%

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).



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)** globally. In South Africa, subvalvar
aneurysms below the mitral valve cause regurgitation, emboliza-
tion, and rupture.””® 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,” 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.*
The incidence increases with age and is 14.5 episodes per 100,000
patient-years in those aged 70 to 80 years.”’ There is a male-to-
female ratio of more than 2:1 (see Chapter 25).%!

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.
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.*

However, in fully industrialized regions, most patients are older
and endocarditis is increasingly associated with replacement
heart valves, pacemakers,”" or hemodialysis.”® Patients with
prosthetic valves have a 50 times higher risk of endocarditis
than the rest of the population,® with early infection—within one
year of implantation—usually caused by coagulase-negative
staphylococci or Staphylococcus aureus® and late infection by oral
commensals. Pacemakers are usually infected with S. aureus or
coagulase-negative staphylococci.” 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 diabetes® and immune deficiency including HIV.

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."*! However, durability
is limited in younger patients, particularly those younger than
40 years old.”"*? 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 patients®!
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 Sao Paulo, Brazil, the
mean age at surgery is 49 years, and 41% of procedures are redo
operations.” This is also a problem in developed countries
because patients survive longer.*”®

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

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.®®

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 40 mm due to medial necrosis®™ in about 20% of
cases,” in approximately one half affecting the root and in the
other half the ascending aorta. Aortic dilation is more likely with
associated coarctation,” 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).%

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 series” but 0.5% to 0.8% in larger population-
based studies.”” There is evidence of geographic clustering of
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cases,” which is likely as a result of genetic factors™"™; the risk of
a bicuspid aortic valve or aortic disease is about 10% in first-
degree relatives of probands.”*”" The ratio of male to female is
approximately 2:1. 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.” Failure
of separation of right and noncoronary cusps is more likely to be
associated with mitral prolapse.”™

During a 20-year follow-up, 24% of patients with a bicuspid
aortic valve demonstrated severe stenosis or regurgitation requir-
ing surgery.* 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.”” Because the young are more likely to
have surgery, the frequency of bicuspid disease is around one
third of unselected surgical cases.” 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 40s* to 28% in octogenarians
(Figure 1-6).87%7

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. *

Systemic Inflammatory Conditions

Endocardial involvement is relatively common in systemic lupus
erythematosus (SLE), particularly in patients with antiphospho-
lipid antibodies.*” 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.**! Libman-
Sacks vegetations are usually less than 10 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.
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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)

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.”® Antiphospholipid anti-
bodies cause:”
® 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.” 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 12 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:”
® 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.”

Carcinoid Tumors

Carcinoid tumors arise from neural crest gastrointestinal entero-
chromaffin cells. They are rare, occurring in 1 in 75,000 people.”
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.”” 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-HT,5 receptors.
Drugs with an affinity for 5-HT,, and 5-HT,: receptors do not
cause valve disease.

TABLE 1-4 Drugs Causing Valve Dysfunction

AGENT VALVE LESION PREVALENCE

Anorexic Agents AR, MR, TR

Fenfluramine AR 20% women™
12% men

Benfluorex Case reports”

Parkinson Disease Therapy

Pergolide AR, MR, TR 22%%

Cabergoline AR, MR, TR 34%

Migraine Therapy

Ergotamine AR, MR, TR Case reports'”

Methysergide AR, MR Case reports'®

Other

MDMA AR, MR 28%'%

AR, aortic regurgitation; MR, mitral regurgitation; TR, tricuspid regurgitation; MDMA,
3,4Amethylenedioxy-N-methylamphetamine or “ecstasy”.



Drugs

Drug-induced lesions are similar to those found in carcinoid
disease. However, in carcinoid, right-sided lesions predomi-
nate™ 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.”*” 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-HTys receptor stimulates cardiac fibro-
blast proliferation, leading to fibrous plaques with a pearly white
appearance on valves and chordae. On echocardiography this
process produces:*!
® 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.”* 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

o 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-HT,; activity.® 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%.% 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.” 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.”” 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-HT; effects, but pergolide and
cabergoline have much stronger effects and cause valve disease
when used in the relatively large doses necessary for Parkinson
disease.” The mean cumulative cabergoline dose associated
with moderate or severe valve regurgitation in one study was
4015 mg (standard deviation 3208 mg).” By comparison, the dose
was only 2341 mg (SD 2039 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 414 mg.”° 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.”® Valve dysfunction appears to
be rare'” but can occur after relatively large doses used for
periods in excess of 10 years.""!

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

cause endocardial fibrosis, but reports of this development have
been anecdotal' and accurate estimates of incidence do not
exist. MDMA used recreationally has been shown to induce a high
incidence of valve lesions.'”?

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,”” although the rate of progression is variable. One study
has suggested that the effect of irradiation may be potentiated
by chemotherapy,'” 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.'”® 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.®® 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 Sao Paulo Medical School, the average age at surgery
is 49 years, 55% of patients are female, 41% are undergoing reop-
erations,” 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.'” 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,'”* 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).°

Although valve disease is more frequently diagnosed in men,’
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).
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TABLE 1-5 E;':':agl}’l :f Valve Disease at Surgery in Aortic Stenosis and Regurgitation

In industrially underdeveloped regions, rheumatic disease
remains the most common cause of aortic disease. In the West
Rheumatic disease 65 the frequency of chronic rheumatic disease fell after the 1950s.
The proportion of aortic regurgitation of rheumatic origin dropped

Mitral prolapse 1 from 62% in 1932 through 1967 to 29% in 1970 through 1974""
1 Calcific aortic stenosis 10 and 20% in 1985 through 1989.1 In industrially developed regions
Ieciive endecamlis 9 and in the elderly throughout the world, aortic valve disease is
predominantly the result of calcific disease (Table 1-9). About

Congenital lesion 5

25% of people older than 65 have aortic valve thickening, and 3%

Compiled from Bocchi EA, Guimaraes G, Tarasoutshi F, et al. Cardiomyopathy, adult valve older than 75 have critical stenosis (regurgitant orifice area [ROA]
disease and heart failure in South America. Heart 2009,;95:181-9.

<0.8 cm?)."*" 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 <1.2 cm? and
velocity ratio <0.35) was 4.8% in patients aged 75 to 86, and the

TABLE 1-6 Euro Heart Survey: Frequency of Types of prevalence of critical stenosis was 2.9%.” The prevalence of any
Valve Disease in 4910 Patients aortic regurgitation was 29%, and that of moderate or severe
t regurgitation was 13%.
Aortic stenosis 1197 (43.1)
Mitral regurgitation 877 (31.5)
Aortic regurgitation 360 (13.3) TABLE 1-9 Causes of Aortic Stenosis
Mitral stenosis 336 (12.1) Common Rheumatic disease
Calcific disease
Right-sided disease 42(1.2) Bicuspid valve
Multiple valve disease 713 (20) Uncommon Irradiation
*Subjects were recruited as inpatients or from medical or surgical outpatient clinics Drugs
between 1 April and 31 July 2001 at participating hospitals mainly in Western and East Congenital lesion, e.g., subaortic membrane
Europe. The mean age was 65 years (SD 14), and 16.8% were aged <50, 50% 50-70, 30% i
70-80, and 83% >80 years. Rare Ochronosis -
Aortic stenosis was defined by maximal jet velocity (V.. >2.5 m/s, mitral stenosis by an Hypercholesterolemia in children
orifice area <2.0 cm?, and mitral or aortic regurgitation by the presence of >2/4 Paget disease
regurgitation). Other congenital causes
Compiled from lung B, Baron G, Butchart EG, et al. A prospective study of patients with Unicuspid or quadricuspid valve

valvular heart disease in Europe: the Euro Heart Survey on Valvular Heart Disease. Eur Heart

Supravalvar stenosis
12003;24:1231-43.

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

N 1197 369 336 877

Degenerative (%)* 819 503 12.5 61.3
Rheumatic (%) 11.2 15.2 854 14.2
Endocarditis (%) 0.8 75 0.6 35
Inflammatory (%) 0.1 4.1 0 0.8
Congenital (%) 54 15.2 0.6 4.8
Ischemic (%) 0 0 0 73
Other (%) 0.6 77 09 8.1

*Defined as calcific aortic valve disease, mitral annulus calcification, and mitral prolapse.
Compiled from lung 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 (%)

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, et al. Burden of valvular heart diseases: a population-based study. Lancet 2006;368:1005-11.
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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, et al. Prevalence and correlates of
aortic regurgitation in American Indians: the Strong Heart Study. J Am Coll Cardiol
2000;36:461-7)

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 populations’™ 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 causesignificantaortic stenosisrequiringsurgery.'* 1"

The frequency of aortic regurgitation increases with age (Figure
1-7)."" Aortic regurgitation of any degree occurred in 29% and
severe regurgitation in 13% of subjects in the Helsinki Ageing
Study.” The incidence of aortic regurgitation also depends on the
diameter of the aortic root and ascending aorta,"" 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."” 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."*'"

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%,° and the disorder accounts for
only 10% of cases in European hospital-based series."*'"* Although
still predominantly rheumatic, mitral stenosis was labeled as
degenerative in 12.5% of cases in Europe.'” 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

Aortic dilation
Dissection
Ehlers-Danlos syndrome
Sinus of Valsalva aneurysm
Prolapse
Irradiation
Drugs
Antiphospholipid syndrome

Uncommon

Carcinoid tumor
Trauma
Deceleration injury
Instrumentation
Aortic dilation
Reactive arthritis
Giant cell arteritis
Takayasu arteritis
Wegener granulomatosis
Sarcoidosis
Behcet syndrome
Relapsing polychondritis
Pseudoxanthoma elasticum
Mucopolysaccharidosis types | and IV

TABLE 1-11 Causes of Mitral Stenosis

Common Rheumatic disease
Calcific disease

Rare

Irradiation

Systemic lupus erythematosus
Endomyocardial fibrosis
Carcinoid tumor

Uncommon

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

Mucopolysaccharidosis types | and IV

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

Inindustrially 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.""* In the
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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

United States the population prevalence is 1.7%,° whereas mitral
regurgitation represented 32% of a hospital-based European
survey."”® 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." It was not mentioned in U.S. population-
based studies.’

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

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

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 survey'®® (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) pre-
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.



TABLE 1-17 Steps to Eradicate Rheumatic Disease

Improvement in living conditions

Education about treatment

Treatment of streptococcal sore throats even with a single dose of
penicillin?

Development of a vaccine™

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

Agreement on criteria for identifying rheumatic involvement on
echocardiography

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

Detection

Valve disease is underdetected. In the United States,’ the preva-
lence of valve disease is 1.8% when estimated from echocardio-
grams performed as clinically indicated, compared with an
age-corrected population prevalence of 2.5% with echocardio-
graphic screening. Postmortem examinations show that only
about 50% of aortic stenosis may be diagnosed before death,'™
and undetected or underinvestigated aortic stenosis is an impor-
tant cause of perioperative and maternal deaths."'*

Early detection is of particular importance for rheumatic
disease since the course of the illness can be modified with peni-
cillin. However, in industrially developed regions patients with
valve disease remain more likely to die than those without,’ and
it would be an advantage to detect asymptomatic moderate or
severe disease to allow surveillance and optimal timing of surgery.
Despite the existence of local programs, there are no national
screening services anywhere in the world. There is good evidence
that primary echocardiographic screening is needed in countries
with a high prevalence of rheumatic disease,® whereas initial
triage by clinical examination is likely to be more cost effective
in industrialized countries.

Assessment and Surveillance

The initial management of patients with valve disease is usually
conservative,””?! and meticulous follow-up is then vital. However,
patients with valve disease are usually cared for by general car-
diologists or physicians who are less skilled than specialists in
diagnosing'®'** and managing such patients."?* In the Euro Heart
Survey,'® around half of the patients with valve disease had New
York Heart Association (NYHA) functional class IIl or IV heart
failure at the time of surgery.

There is increasing evidence that initial assessment and surveil-
lance in a specialist valve clinic improves outcome.'®

Surgery

Access to surgery remains variable and limited worldwide. In
India, valve operations are performed at a rate of 1.8 per 100,000
population, compared with 28 per 100,000 in the Netherlands.'*®
In Brazil only 11,000 operations are performed each year, and 80%
of patients needing surgery remain on a waiting list.”

There is also variability of access to surgery in industrially
developed countries. A comparison of rates of aortic valve
replacement with estimated need in the United Kingdom found a
variance between observed and expected, ranging between —356
and +230.% The causes of this variance have not been explored
but may partly reflect the activity of community physicians. Twice
as many men as women in the United Kingdom undergo aortic
valve replacement.*’ This difference may partly be explained by
a higher population prevalence of aortic stenosis in men,’ which
is probably due to the fact that bicuspid valves are approximately

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.””” The elderly are also at
a disadvantage in this regard, and around a third with aortic
stenosis are denied surgery inappropriately.'”® Development of a
transcatheter aortic valve implantation program leads to an
increase in conventional surgical rates'” 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.® The
Euro Heart Survey'® 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.”" According to a 2009 UK
database report, the rates of repair for degenerative mitral valve
disease varied in different centers from 0 to 98%,% 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." Individual surgeons with
higher volumes have better repair rates,'” and higher-volume
units have better risk-adjusted in-hospital mortality rates.” These
observations have led to recommended minimum procedure
numbers for individual surgeons and units.'*
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CHAPTER 2,
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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

Advances in 3D echocardiography technology have ushered its
use into mainstream clinical practice.! 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.
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AORTIC VALVE PHYSIOLOGY, 24
Left Ventricular Outflow Tract, 25

THREE-DIMENSIONAL ASSESSMENT OF THE AORTIC
VALVE, 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.? 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.?

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." 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.”®

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.” 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 Carpentier' is the most widely
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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. AT 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 (A7, 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 Al, 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 (A,L, P,L) and medial (A,M, P,M) segments, allowing
grouping of leaflet segments according to papillary muscle attachment. Thus, segments Al, A,L, P1,and P2L are attached to the anterolateral papillary muscle, and

A3, A,M, P3, and P,M to the posteromedial papillary muscle.

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 Al
(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.” In this classification,

the posterior leaflet is divided into P1, PM;, PM,, and P2 and the
anterior leaflet is divided into Al and A2. If a line were drawn
directly down the center of the mitral valve, then P1, PM;, and Al
would be grouped together because they all attach to the antero-
lateral papillary muscle, and P2, PM,, 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.® This classification scheme
divides A2 and P2 into medial (M) and lateral (L) segments,
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grouping P1, P,L, Al, and A,L because they are attached to the
anterolateral papillary muscle and P,M, P3, A;M, 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.""'® 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.! 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."*!” These chords may also
play a role in determining dynamic ventricular shape and func-
tion through their contribution to ventricle-valve continuity.’®"
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.?’ 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.*"” 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
et al’! 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, Carpentier' 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 Il 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 llla dysfunction, whereas leaflet restriction during valve
opening resulting from leaflet tethering, is defined as type IlIb
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 Illa dysfunction can also occur in conjunction
with the lesions of type Il dysfunction. Type IlIb 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.? 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.’
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Annular geometry

1. AP diameter

2. Intercommissural diameter (anterolateral to
posteromedial diameter)

3. Annular height: max vertical distance between
highest point (AP) and lowest point (intercommissural)

4. Annular area

5. Annular nonplanarity index (annular saddle shape):
ratio of annular height to intercommissural diameter

N O
T

Leaflet geometry

1. Total leaflet surface area
2. Individual leaflet surface area (leaflet growth)
3. Ratio of total leaflet surface area to annular area

Copatation geometry

1. Copatation length

2. Copatation area: difference between the total mitral leaflet
length and the exposed mitral leaflet length during systole
(approximately 5-10 mm in height)

Inter-valvular

1. Aortic to mitral plane angle

Subvalvular geometry

1. Tethering length: distance from intervalvular fibrosa to tip
of papillary muscle

2. Tethering height: distance from line connecting annular
hinge point to tip of papillary muscle

3. Tenting volume

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.

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.? 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.” 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

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.’

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 IlIB dysfunction of the mitral valve with leaflet
restriction during systole."" Ischemic MR occurs in approximately
20% to 25% of patients with myocardial infarction even in the era
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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.

TABLE 2-1 Carpentier Functional Classification for Mitral Valve Dysfunction

TYPE 1 TYPE 2 TYPE IIIA TYPE IlIB

Motion of leaflet margin Normal Prolapse or flail Restricted leaflet opening  Restricted leaflet closure
Associated disease processes  Chronic atrial fibrillation ~ Degenerative disease (Barlow disease or ~ Rheumatic disease Myocardial infarction
Bacterial endocarditis fibroelastic deficiency) Dilated cardiomyopathy
Associated lesions Annular dilation Leaflet thickening Commissure fusion Papillary displacement
Leaflet perforation Leaflet billowing Leaflet thickening Chordae tethering
Leaflet elongation Chordal thickening Annular dilation

Chordal thickening
Chordal rupture




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.

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

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

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.? 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.?
Furthermore, the mitral annulus dilates, making leaflet coaptation
even more difficult (Figures 2-7 and 2-8).%

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.
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TABLE 2-2

DIFFERENTIATING
CHARACTERISTICS

Pathology

Typical age at
diagnosis

Duration of disease

Physical findings

Leaflet involvement

Leaflet lesions

Chordae lesions

Carpentier
classification

Type of dysfunction

Complexity of valve
repair

Key Differences Between Barlow Disease and
Fibroelastic Deficiency

BARLOW DISEASE

Excess of myxomatous
tissue

Younger (<40 years)

Years to decades

Midsystolic click and
late systolic murmur

Multisegmental

Leaflet billowing and
thickening

Chordal thickening and
elongation

Type I

Bileaflet prolapse

More complex

FIBROELASTIC
DEFICIENCY

Impaired production of
connective tissue

Older (>60 years)

Days to months

Holosystolic murmur

Unisegmental

Thin leaflets with a
thickened involved
segment

Chordal elongation and
chordal rupture

Type lI

Prolapse and/or flail

Less complex

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.*"%* A
later study has shown that anteroapical myocardial infarctions
that extend to the inferior apex can also cause ischemic MR.*
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. 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

FIGURE 2-6 Barlow disease and fibroelastic deficiency. A, £n 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, £n 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. 6P and 6A 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.

with intraoperative findings.* 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.” 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. 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."* 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."* 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.* 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. 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.” In one of the earliest
studies to examine this phenomenon, Chaput et al*® 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.*” Studies using molecular histopathology
showed that this leaflet growth might be due to an increase in
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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.

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.” 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.*

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."** 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.”** Recurrence

of MR after ring annuloplasty is associated with continued LV
remodeling and poor patient outcomes.*

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. Newer annuloplasty rings are therefore in production that
better conform to the natural 3D dynamics of the mitral valve
annulus.” 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.* 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.”
According to the Carpentier classification scheme of mitral valve
dysfunction, this constitutes a type IIIA dysfunction."



Percutaneous mitral valvuloplasty is the preferred treatment for
selected patients with MS.* 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.” 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.”

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.”’ 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.

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.***** 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.*
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.”

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.”** 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).

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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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.
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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.

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.”

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.”® Absence of any of these interleaflet tri-
angles results in a loss of the coronet shape of the leaflet insertion

points and a more ringlike shape, which is associated with valvu-
lar stenosis.™

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.®® Normal reported adult
aortic annular area measurements by planimetry using 3D echo-
cardiography images is 4.0 = 0.8 cm% 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.”!

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.* The



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.” 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.®
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.”"*"" 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.”"

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).”' Indeed, studies of this valvular coupling
in normal human hearts have demonstrated that the mitral
annulararea is minimal when the aortic projected area is maximal,
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and vice versa.” 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.” 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. Clinically, this valvular coupling is observed by noting
decreased MR severity following aortic valve replacement.”>™

Left Ventricular Outflow Tract

Like the aortic annulus, the LV outflow tract cross-section is not
circular but elliptical.”® The 2D echocardiographic parasternal

Aortic annulus projected area
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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. A7 to A3, Anterior leaflet segments; P1 to P3, posterior
leaflet segments. €, 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; /VR, isovolumic relaxation; ED, end-diastole; £S, end-systole.
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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.

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.

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.” In comparison with 2D echocar-
diography, 3D echocardiography more accurately identifies
abnormal aortic leaflet morphology, especially bicuspid and
quadricuspid aortic valves.™® As well, 3D echocardiography has
been proven useful for the assessment of leaflet masses such as
Lambl excrescences and aortic valve papillary fibroelastomas.®**

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 2-15 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.



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 €, 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)

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).%° 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.” 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

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.% However,
this classification system was limited because it did not address
AR secondary to aortic root pathology or aortic cusp perfora-
tion.”” This classification was refined in 2005 to include assess-
ment of the aortic root (Table 2-3).5” 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.*® 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.®*™

Conclusion

The growing scientific literature on 3D echocardiography and its
increasing utilization in clinical practice is evidence of its rapid
technologic development.® 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,

27

N O
T

SHATVA TVILIN ANV DILIOV dHL 40 AWOLVNY TVNOISNHWIA-HH4YHL



TABLE 2-3

Functional Classification of Aortic
Regurgitation and Repair Strategies

1A Dilated sinotubular Sinotubular junction
junction remodeling,
Normal cusp mobility subcommissural
annuloplasty
1B Dilated sinuses of Valsalva Valve-sparing aortic root
Normal cusp mobility replacement
1C Dilated ventriculoaortic Subcommissural
junction annuloplasty,
Normal cusp mobility sinotubular junction
annuloplasty
1D Aortic cusp perforation Aortic cusp repair,

Normal cusp mobility autologous or bovine

pericardium

Aortic cusp prolapse
Excessive cusp mobility

Cusp prolapse repair with
subcommissural
annuloplasty;

Focal prolapse: plication,
triangular resection

Generalized prolapse:
free margin
resuspension

Cusp repair with
subcommissural
annuloplasty

Shaving, decalcification,
patch

Restricted cusp mobility
Thickening, fibrosis,
calcification

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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® 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-f signaling and matrix remodeling protein activity.

m 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.

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.! 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.? 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).” Both the aortic

MODULATORS OF OSTEOGENIC DIFFERENTIATION, 37
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Inflammatory Cell Infiltrate and Proinflammatory
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FIBROSIS AND MATRIX MODULATION OF
CALCIFICATION, 48

MOLECULAR PATHWAYS CONTRIBUTING TO
NONOSTEOGENIC CALCIFICATION, 49

Cell Death as a Contributor to Nonosteogenic
Calcification, 49

Reduction of Fetuin-A Levels, 49

TRANSLATION OF BIOLOGICAL FINDINGS TO THERAPEUTIC
INTERVENTIONS, 49

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).* This is typically accompanied
by infiltration of T lymphocytes and macrophages.”” 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.® 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."”

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."** Extensive cusp
calcification, however, is the hallmark histopathologic change
associated with hemodynamically significant aortic valve steno-
sis.? 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).*>*

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.'*!! (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



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) Maintenance of valve structure/connective tissue production
or neural crest 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 (0-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.
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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). Continued
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FIGURE 3-1, cont’d.

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, et al.
Form follows function: advances in trilayered structure replication for aortic heart valve tissue engineering. J Healthc Eng 2012;3:179-202; € 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, et al. Reqular 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.)
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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.)

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 et al' 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.'?" While this was
once thought to be an epiphenomenon, an emerging body of
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Risk Factors for Development of Fibrocalcific experimental data suggests that changes in the extracellular

TABLE 3-2 Aortic Valve Disease and Their Potential matrix of the valve may not only be a major modulator of valve
Molecular Mediators interstitial cell function, but may also be sufficient to impair val-

vular dysfunction in advanced fibrocalcific aortic valve disease.

Hypertension Angiotensin Il Experimental MOdClS CH
Force/shear-initiated signaling pathways
Reactive oxygen species Although description of cellular and molecular changes in human 3
DS Hyperglycemia tissue is a critipal Compopent invres'earch,. empirical testing in
Receptor for advanced glycation end products (RAGE) animal models is an essential step in discerning whether a change
activation is a pathophysiologic driver of fibrocalcific aortic valve disease
Angiotensin Il or merely an epiphenomenon (Figure 3-4). When one is evaluat-
Reactive oxygen species ing experimental data or deciding which model is useful for a
Hyperlipidemia Low-density lipoprotein particular study design, several important questions must be

Lipoprotein-related receptor protein 5/6 activation asked (Table 3-3):
Local angiotensin Il generation ® Does the model require genetically altered animals, and do the
Reactive oxygen species mutations relate to the specific question at hand?
e What is the underlying stimulus driving calcification (e.g., hyper-
lipidemia, hypertension)?
Aging Epigenetics e Are the histopathologic changes relevant to human disease (e.g.,
Reactive oxygen species fibrosis and calcification)?
® Do the animals develop hemodynamically significant aortic valve
dysfunction and stenosis, or only aortic valve sclerosis?

Smoking Reactive oxygen species
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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 a-smooth muscle actin (immunohistochemistry) as well as areas of neovascularization (arrows). (Modified from Mohler 3rd ER, Gannon F, Reynolds
G et al. Bone formation and inflammation in cardiac valves. Circulation 2001,103:1522-8; and Rajamannan NM, Nealis TB, Subramaniam M, et 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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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 (>0.8 mm; arrows), and peak transvalvular velocities are relatively low (<2 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 (<0.6 mm; arrows), and peak transvalvular velocity is markedly elevated (>4 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.)

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."* In general, BMP
elaboration is thought to originate from the endothelium on the
aortic face of the valve? (Figure 3-5), where shear forces are
nonlaminar and inhibitors of BMP signaling are disproportionately
low.” 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.”** Although Smad6 appears to play a

major role in tonic suppression of BMP signaling (because Smad6-
null mice have evidence of cardiovascular calcification at 2 weeks
of age?"), the role of other inhibitory molecules in the regulation
of aortic valve calcification (e.g., Smurfl/2) remains poorly
understood.

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

Wnt/B-Catenin Signaling

A second major osteogenic pathway activated in fibrocalcific
aortic valve disease is Wnt/B-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 B-catenin, which can subse-
quently drive pro-osteogenic gene expression.”* Multiple
components of this pathway have been implicated in calcified
human and animal aortic valves, including Wnt ligands (Wnt3a,
Wnt7a),”*" lipoprotein receptor-related protein (Irp) receptor
complex components (LRP5/6, frizzled receptors),*' and nuclear
translocation of the B-catenin transcription factor complex, 3052

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



TABLE 3-3 Echocardiographic and Hemodynamic Changes in Animal Models of Aortic Valve Sclerosis and Stenosis

SPECIES/STRAIN
Mice
C57BL/6

ApoE™~

LdIr’=

LdIr’~/apoB'1®

EG FRWaZ/WaZ

eNOS™~:
Tricuspid offspring

Bicuspid offspring

Notch1*/=

Periostin™~

MGP~~
Klotho™
Col1a20\m/0\m
-ITg/O

Twist
Sox9™*/Col2a1“®

Chm17~

Rabbits
New Zealand White

Watanabe

Pigs
Yorkshire Landrace

DIET (REFERENCE)
HFWSG

Chow™

HF/HCHS,ISS

HF/HCwé,WSQ

Chow'®®

HF/HC®

Chow'®'

Chow'®
HF/HC

HF/HC
HF/HC108,163
Chow'®*

HF/HC'®
Chow
Chow
Chow
Chow
Chow

Chow'®®

HF/Hc31,85,96,167478

Chow + hypertension'®®

HF/HC”

HF/HC®

HISTOPATHOLOGIC CHANGES IN

AORTIC VALVE

Lipid deposition
Modest calcification

Lipid deposition
Calcification
Monocyte/Inflammatory cell infiltration

Lipid deposition
Fibrosis'®'®

Calcification'™®!*®

Monocyte/Inflammatory cell infiltration'"**®

Lipid deposition
Calcification
Monocyte/Inflammatory cell infiltration

Lipid deposition

Calcification

Monocyte/Inflammatory cell infiltration
Myofibroblast activation

Lipid deposition

Calcification

Fibrosis

Monocyte/Inflammatory cell infiltration
Myofibroblast activation

Fibrosis
Calcification
Inflammatory cell infiltration

Bicuspid aortic valves in ~40% of mice
Calcification

Fibrosis

Calcification

Fibrosis

Calcification

Calcification
Fibrosis
Reduced valve thickening and fibrosis

Calcification

Calcification

Fibrosis/extracellular matrix disruption
Hypercellular, thickened valves

Calcification
Fibrosis

Neoangiogenesis
Lipid deposition
Calcification

Lipid deposition
Calcification

Inflammatory cell infiltration
Fibrosis

Inflammation

Lipid deposition
Fibrosis

Calcification
Inflammatory cell infiltration

Lipid deposition

HEMODYNAMICALLY
SIGNIFICANT STENOSIS?

No

<2%

<2%

No

Yes, ~30% of mice

Yes, >50% of mice

Yes, but background strain dependent

No
No

Yes

No

Not known

No
Not known
No
No
No
No

Not known

<10%
Mostly moderate sclerosis

<10%

No

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
Gla 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, et al. Preferential activation of SMADI1/5/8 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, et 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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FIGURE 3-5, cont’d. 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.

B-catenin activation, and proteasomal degradation of B-catenin.?#
The role of changes in endogenous inhibitors of the Wnt/B-catenin
signaling pathway in the pathogenesis of fibrocalcific aortic valve

disease remains poorly understood.

Transforming Growth Factor-P Signaling

Like BMP signaling, canonical tumor growth factor-f (TGF-§)
signaling involves phosphorylation of Smad proteins (Smad2/3
in particular) and translocation of the activated Smad complex
to the nucleus.”?* Increases in TGF-B expression, Smad2/3
phosphorylation, and multiple Smad2/3 target genes have been
shown in humans and animals with fibrocalcific aortic valve
disease®***"" (Figure 3-7).

The role of canonical TGF-f signaling in the initiation and
progression of calcification in aortic valve disease, however,
is controversial. The key observation suggesting that TGF-B con-
tributes to calcification in valve disease is that cultured aortic
valve interstitial cells treated with exogenous TGF-B rapidly form
calcified nodules via a caspase/apoptosis-dependent mecha-
nism.** There are, however, several observations from in vivo
model systems suggesting that TGF-B 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,” suggesting that TGF-B is not a primary driver of
osteogenic gene expression in fibrocalcific aortic valve disease.

Second, mice that are deficient in one copy of Smad3 (ie,
Smad3*~ mice) have a higher bone mineral density than their
wild-type littermates,* suggesting that TGF-B may suppress osteo-
genesis in bone. Finally, although canonical TGF-B signaling may
not promote (or may even inhibit) valve calcification, emerging
data suggest that TGF-B receptor activation may transactivate
Wnt/B-catenin signaling,® which is likely to promote interstitial
cell osteogenesis. Future studies with experimental manipulation
of TGF-B 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,” 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,™® and mice
overexpressing matrix Gla protein are protected against
hypercholesterolemia-induced vascular calcification.” 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."**¢ 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.'™® Along these lines, administration of warfarin to juve-
nile rats results in significant vascular calcification.”® 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.’**® 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 levels®™**®" (Figure 3-8). Interest-
ingly, increases in chymase activity can also convert angiotensin
I to angiotensin I, and macrophages express high levels of
chymase.®®* Retrospective studies suggest that angiotensin-
converting enzyme (ACE) inhibition may slow progression of
aortic valve disease,* there are limited experimental data testing
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FIGURE 3-6 Changes in Wnt/B-catenin signaling in experimental animal models of fibrocalcific aortic valve disease. A through F are micrographs
depicting changes in Wnt/B-catenin signaling in control rabbits (CTRL) and in rabbits with hypercholesterolemia-induced aortic valve disease (Chol). More specifi-
cally, A through € show changes in low-density lipoprotein receptor—related protein 5 (Lrp5), a receptor critical for Wnt ligand binding. D through F show changes
in B-catenin levels. Note that levels of both Lrp5 and B-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 B-catenin immunofluorescence in aortic valves from hypercholesterolemic mice. K, Like BMP signal-
ing (shown in Figure 3-5), B-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; CTTNf, b-catenin protein; DVL, disheveled proteins;
FZD, Frizzled proteins; GSK3f, glycogen synthetase kinase-33; HCHOL, high-cholesterol diet; LEFT, lymphoid enhancer binding factor; REV, reversed; TCF4, Transcrip-

tion Factor 4.

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,”suggesting that
angiotensin Il and angiotensin 1 receptor activation may be
important factors even in early stage fibrocalcific aortic valve
disease.

Inflammatory Cell Infiltrate and
Proinflammatory Cytokines

Inflammatory cells such as macrophages,* neutrophils,®** and T
cells" 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-a (TNFo) and
interleukins IL-6 and IL-1—is also dramatically increased in
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FIGURE 3-7 Role of tumor growth factor-p (TGF-f) signaling in fibrocalcific aortic valve disease. A through D depict changes in TGF-B 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 (“Ca) accumulation (E) and nodule formation (F) in aortic valve interstitial cells
treated with exogenous TGF-B1. Note that prolonged exposure to TGF-B1 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-Smad?2 levels in aortic valves from mice with severe fibrocalcific aortic valve
disease. Note that canonical TGF-B 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- signaling in mice with advanced aortic valve dysfunction and stenosis. K depicts canonical TGF-3
signaling, in which binding of TGF- 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-R, TGF-B
receptor. (A through D from Osman N, Grande-Allen KJ, Ballinger ML, et 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, et al. Progression of aortic valve stenosis: TGF-betal 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, et 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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human and animals with fibrocalcific aortic valve disease.%™

Although few studies have examined the role of proinflammatory
cytokines in the progression of fibrocalcific aortic valve disease,
three lines of evidence suggest that TNFo. may play a central role
in the initiation and progression of disease.

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

that TNFa is the major downstream mediator of IL-1-induced
inflammation.®

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.””™ Furthermore, RAGE activa-
tion drives proinflammatory cytokine production and osteogenic
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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-1B signaling dramatically increases leaflet thickness (A) and peak transvalvular velocity (B). € and D depict changes in RAGE (receptor for advanced glycosylation
end products) signaling in hypercholesterolemic rabbits (HC) receiving high-doses of vitamin D, (vitD,) 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 o (TNFor)—induced calcification in valve interstitial cells from control/nonstenotic valves and from calcified stenotic valves
(CAS). Note that TNFa-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; Racl, 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, et al. Deficiency of interleukin-1 receptor antagonist induces aortic valve
disease in balb/c mice. Arterioscler Thromb Vasc Biol 2010;30:708-15; € and D from Li f, Cai Z, Chen F, et 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, et al. Tumor necrosis factor-acacceler-
ates the calcification of human aortic valve interstitial cells obtained from patients with calcific aortic valve stenosis via the BMP2-DIx5 pathway. J Pharmacol Exp Ther
2011,337:16-23.)
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gene expression in valve interstitial cells in vitro.”” Although
mechanisms contributing to increased oxidative stress differ
dramatically between aorta and aortic valve (see later),>™
numerous studies have shown that RAGE activation is strongly
associated with increases in TNFo,”® which may be a point of
convergence in inflammatory signals driving calcification in
aortic valve and aorta.

Finally, addition of exogenous TNFa to cultured aortic valve
interstitial cells amplifies BMP signaling and accelerates calcium
accumulation in vitro.”” Importantly, TNFo 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.”” The molecular
mechanisms whereby TNFo. 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 TNFo..®"#2

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,**! 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 valves®®*2™% (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.>™
Although NAD(P)H oxidase—derived radicals appear to contrib-
ute to increased ROS levels in a subset of pericalcific regions,*
global expression of most catalytic subunits of the oxidase are
significantly reduced in human fibrocalcific aortic valve disease.™

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,® 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 osteogenesis®™® (including TGF- and BMP sig-
naling). Third, increasing superoxide or hydrogen peroxide levels
accelerates calcification of valve interstitial cells in vitro.*’ Finally,
administration of a-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.®

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.” 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.”"** 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,” 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,” 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"),”% (2) increases in ROS are known to result
in oxidation of soluble guanylate cyclase, making it insensitive to
increases in NO levels,'” and (3) there is strong evidence for
uncoupled NOS in fibrocalcific aortic valve disease, a condition
in which ROS are produced instead of NO™ (Figure 3-11). Although
depletion of tetrahydrobiopterin is known to elicit increases in
uncoupled NOS,"" 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.” Furthermore, subsequent studies demon-
strated that addition of exogenous NO slowed progression of val-
vular interstitial cell calcification in vitro.!”” 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.'® 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-y 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."” 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-y (PPARY), a master regulator of adipogene-
sis.'®1% Therefore, it is perhaps not surprising that administration
of thiazolidinediones (TZDs), which activate PPARY, significantly
attenuated aortic valve calcification and dysfunction in hypercho-
lesterolemic rabbits and mice.”' 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 Notchl, a signal-
ing protein involved in development, were shown to be strongly
associated with bicuspid valve formation and severe valve cusp
calcification in humans.'” This observation formed the impetus
for a series of studies in experimental animals and in vitro model
systems examining the role of Notchl in the initiation and pro-
gression of fibrocalcific aortic valve disease. The findings from



these studies can be distilled down to two key points. First, the
developmental consequences of loss-of-function mutations in
Notchl are highly context dependent because deletion of one
copy of Notchl in mice (i.e., Notch1*") does not result in bicuspid
valve formation."” Second, reducing Notchl levels accelerates
aortic valve interstitial cell calcification both in vitro and in
vivo.""®1% Mechanistically, this finding appears to be attributed to
permissive increases in Runx2 and B-catenin—dependent signal-
ing'"” (Figure 3-12).
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Matrix-Degrading Enzymes

Multiple matrix remodeling proteins (MMPs) are upregulated in
human valves with fibrocalcific aortic valve disease, including
matrix metalloproteinases MMP1,*"* MMP2,'"® MMP3," and
MMP9," and cathepsins S,"° K,"® V"> and G*' (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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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-H,DCFDA
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 (-NAME [I-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.
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FIGURE 3-10, cont’d. 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; p22, cytochorome-b245 alpha polypeptide; PEG-CAT, polyethylene glycol
conjugated catalase; SOD, superoxide dismutase. (A to E from Miller JD, Chu Y, Brooks RM, et 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, et 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, et 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). € through F show evidence that nitric oxide signaling can play a major role in valve interstitial cell calcification. More specifically,
tumor growth factor-B1 (TGF-B1)-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, Ctype natiuretic peptide;
DETA-NONOate, Diethylenetriamine NONOate; CTRL, control; GTP, guanosine triphosphate; 1-Arg, L-arginine; PDE5A, phosphodiesterase 5A; sGC, soluble guanylate
cyclase; SNP, sodium nitroprusside. (A to B from Rajamannan NM, Subramaniam M, Stock SR, et 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, et al. Inhibition of calcifying nodule formation in cultured
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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 Notchl-haploinsufficient (Notch1*~) mice. Boxes in panels A and B are shown under
higher magnification in panels € and D, respectively. Arrow in panel D denotes positive Von Kossa staining in valves from Notch1*~ mice. Note that deletion of one
copy of NotchT is sufficient to significantly increase calcium in the aortic valve (AoV), an effect that is likely due to de-repression of Wnt/B-catenin signaling. Changes
in macrophage infiltration (micrographs [F to H] and quantitated data [1]) 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 (PPARY) 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. Notch] 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, et 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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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. € shows potential mechanisms whereby altera-
tions in matrix-remodeling protein activity may influence different aspects of fibrocalcific aortic valve disease. Apok, Apolipoprotein E; C, control; CRD, chronic renal
disease; Myof, cultured myofibroblasts. (A from Fondard O, Detaint D, lung B, et 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, et al. Arterial and aortic valve calcification abolished by elastolytic

cathepsin S deficiency in chronic renal disease. Circulation 2009;119:1785-94.)

for expansion of amorphous, calcified plaques.’ 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."%!"”
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."® 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

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.” Class | deacetylases (such as histone deacetylase 3
[HDAC3]) and class Il 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-
ferentiation'® (i.e., exert a protective effect) and Sirtl tonically
suppresses vascular inflammation and endothelial cell activa-
tion."”! Importantly, experimental reductions in Sirt] and Sirt6 have
been shown to increase histone acetylation, promote genomic
instability, and increase NFxB binding in the nucleus.'”'
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
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alter expression of genes in a much more discrete manner.'”>'#

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."”” 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.® 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.® 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
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by matrix elasticity
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and sequestration

FIGURE 3-14
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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."*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.® Examples of this process are the
regulation of latent TGF-B assembly and storage by fibronectin
and the binding of TNFo by biglycan.'” 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.*

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.”® 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-B).5%* 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.® 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.®""*'13! 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.

Potential pathophysiological examples

Cell/matrix deformation by

Abnormal shear stress/patterns on
aortic side of valve

Matrix stiffening due to myofibroblast

E g activation and excessive matrix production
Context-dependent responses to

molecules (e.g., TGFB1)

Induction of MMP elaboration by
Tenascin-C in advanced stages of
valve disease

Induction of inflammation by matrix
fragments during matrix remodeling

Sequestration of TGFR1 by fibronectin

Localization of TNFa by biglycan

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.)



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 valve®® (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.* 1"

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.! Second,
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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.

TGF-Bl-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.*® Although it is unclear
whether cell death elicits VIC calcification through focal increases
in the calcium/phosphorous product or via other mechanisms,’
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.”®'"! 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,"? and which shows dramatic increases in intimal
plaque calcification when crossed with apolipoprotein E (ApoE)—
deficient mice."* Furthermore, degradation of fetuin-A by matrix
metalloproteinases significantly reduces its ability to attenuate
calcium accumulation.”* Clinically, reductions in serum fetuin-A
levels are strongly associated with vascular and valvular calcifica-
tion,"® 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 likel