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The field of valvular heart disease has exploded during the past decade, driven by new and 
exciting therapeutic options. Normally functioning heart valves permit a one-way blood flow 
through the heart. However, when valve malfunction occurs, it is of two types: valve stenosis, 
wherein narrowed valve orifices impede blood flow, and valve regurgitation, wherein valve 
incompetence permits backward flow. In general, the most effective solutions to these mechan-
ical problems are also mechanical, consisting of valve repair or replacement. Until a decade 
ago, these mechanical solutions were performed surgically and, while quite effective, entailed 
all the risks of open-heart operations. The advent of transcatheter aortic valve replacement and 
transcatheter mitral valve repair brought innovative, simpler, and non-operative mechanical 
solutions to the patient, making therapy available to patients too high risk to benefit from sur-
gery. These therapies also added cardiologists to the providers capable of providing them, 
initiating the heart team concept wherein a multidisciplinary group of providers worked in 
concert to decide on the therapy best suited to each individual patient. At the same time, these 
new therapies dramatically increased the complexity of the patients now able to be treated. It 
is in this new era of cardiology at which this text is aimed.

In this textbook, the experts in the field marry the old with the new, discussing the physical 
examination of the major valve lesions by which most valve diseases are discovered, empha-
sizing the imaging techniques (and their pitfalls) by which valve disease is assessed, and taking 
a balanced approach to the indications for therapy and the type of therapy indicated. It offers a 
broad exposure to issues connected to valve disease, including rheumatic fever, aortic root 
dilatation, infective endocarditis, and heart disease in pregnancy. The text is capped off by an 
interactive group of case scenarios, testing the reader’s skill in addressing complex problems 
confronted in the real world, often for which there is only a “best” therapy but no definitive 
right or wrong answer. Thus, the reader will be exposed not only to guideline-directed therapy 
but also to therapeutic decisions that must be made but which are not specifically spelled out 
in the currently available guidelines.

Greenville, NC, USA Blase A. Carabello 
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Valvular Heart Disease: Pathological 
Anatomy and Pathogenesis

L. Maximilian Buja

 Introduction

Valvular heart disease comprises a spectrum of congenital 
abnormalities and acquired degenerative and inflammatory 
conditions [1–4]. Degenerative valve disease is now the most 
common general etiology of valvular heart disease in devel-
oped countries [5]. The leading entities of degenerative valve 
disease are calcific aortic stenosis and myxomatous degen-
eration of the mitral valve. Inflammatory and infections con-
ditions, while of lower prevalence, remain clinically 
important.

 Cardiac Valve Structure and Function

The four cardiac valves of the mature heart have a similar 
architecture consisting of a dense collagenous layer adjacent 
to the outflow surface that provides strength, a central core of 
loose connective tissue containing glycosaminoglycans 
(GAGs), and a layer with elastin fibers below the inflow sur-
face [6, 7]. The valves are lined by endothelium and contain 
valvular interstitial cells (VICs) as the major interstitial cell 
type. The architecture is well suited for the dynamic changes 
which the valves undergo with each cardiac cycle.

 Congenital Valvular Heart Disease

The most common congenital malformation of heart valves 
is the bicuspid aortic valve [8–10]. Unless it is the site of 
associated dysplasia, this valve is not inherently stenotic, 
although it frequently becomes stenotic in later life. Stenosis 
is secondary to fibrosis and calcification of the cusps and 
usually not to fusion of the commissures, as is seen in rheu-
matic aortic stenosis [9]. Classically, the calcific deposits 
form nodules at the base of the cusps in the sinuses of 
Valsalva and extend to, but frequently do not involve, the free 
edge of the valve cusps (Fig. 1.1). In addition, there are foci 
of calcification and extensive fibrosis within the substance of 
the cusps. Commissural fusion is usually minimal, involves 
only one commissure, and is only rarely extensive [8, 10]. 
Another common reason for surgical excision of a bicuspid 
aortic valve is infective endocarditis. The extremely high 
incidence of infective endocarditis in patients with bicuspid 
aortic valves is well known. Therefore, each of these valves 
must be examined closely by the surgical pathologist for 
superimposed infective endocarditis, and if suspicious 
lesions are noted, sections must be taken for microbiologic 
culture before fixation.

The quadricuspid aortic valve is far less common than the 
bicuspid valve. The most frequent indication for surgical 
excision of these valves is aortic insufficiency. Most 

Summary of Valvular and Endocardial Abnormalities
Congenital Lesions

Degenerative Lesions
 Calcific aortic valve disease
Prolapse of mitral valve
Carcinoid heart disease
Calcification of mitral annulus
Inflammatory Lesions—endocarditis
Noninfective
Rheumatic
Libman-Sacks (atypical verrucous) (SLE)
Nonbacterial thrombotic (NBTE, marantic)
Rheumatoid
Infective
Infective endocarditis
Cardiovascular syphilis
Jet lesions—mechanical stress
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 commonly, one of the cusps is rudimentary; however, the 
gross and microscopic appearance of the valves is usually 
otherwise normal [11]. Quadricuspid pulmonary valves 
rarely cause cardiac dysfunction unless there is associated 
dysplasia of the valve or a coexisting congenital cardiac 
defect. As in quadricuspid aortic valves, the fourth cusp is 
usually small and rudimentary, with the remaining cusps 
appearing morphologically normal [11].

Valve dysplasia may affect any of the cardiac valves, most 
frequently the aortic valve; however, 25% of patients have 
multiple valve involvement [12]. The dysplastic changes 
may be severe and extensive, so that the entire valve is dis-
torted, or mild and focal, so that valve function is not 
impaired. A dysplastic stenotic pulmonary valve is frequently 
present in patients with Noonan’s syndrome. The dysplastic 
semilunar valve may be unicuspid, bicuspid, or tricuspid; 
failure of development of the commissures also may occur, 
resulting in a dome-shaped valve. Stenosis is secondary to 
the marked thickening of the individual valve cusps. The 
spongiosa of the dysplastic valve is quite cellular and com-
posed primarily of small spindle cells resembling fibroblasts, 
set in an acid mucopolysaccharides matrix and haphazardly 
arranged bundles of collagen [1]. This loose connective tis-
sue encroaches on and often replaces the ventricularis and 
fibrosa of the valve cusps. The majority of involved cusps 
consist entirely of this loose connective tissue; however, 
remnants of the ventricularis and fibrosa, interrupted by 
accumulations of abnormal loose connective tissue, are often 
found at the base of the cusps. Inflammation and calcifica-
tion are not features of the dysplastic valve. The abnormal 
valve tissue of the dysplastic or incompletely differentiated 

valve resembles the embryonic connective tissue of the car-
diac valves in 8–12-week-old fetuses [10].

 Calcific Aortic Valve Disease and Stenosis

The prevalence of valvular heart disease in the adult popula-
tion of the USA is more than five million people [13, 14]. 
Aortic valve disease is now the third most common cause of 
cardiovascular disease. There are an estimated 95,000 surgi-
cal valve procedures performed each year in the USA. Aortic 
valve disease is responsible for more than 25,000 annual 
deaths. Untreated, calcific aortic stenosis has a fatal outcome 
within 2–5 years once the patient presents with angina, syn-
cope, or heart failure due to the valve lesion.

Degeneration and calcification of a congenitally bicuspid 
aortic valve leads to clinical presentation of aortic stenosis in 
middle age whereas the disease process involving a tricuspid 
aortic valve progresses to clinical significance in older indi-
viduals (Figs. 1.1 and 1.2). The overall prevalence of degen-
erative aortic valve disease has risen as life expectancy has 
increased [6, 7, 13, 14].

The pathogenesis of calcific aortic stenosis involves a 
response of the valve to injury with common features to the 
pathogenesis of atherosclerosis (see schema below) [15–17]. 
Modulation of valvular interstitial cells (VICs) by transform-
ing growth factor-ß is an important mechanism contributing 
to valve fibrosis. Subsequent expression of molecules that 
promote calcification occurs at a later stage. This basic infor-
mation has led to therapeutic trials of interventions involving 
control of risk factors and use of statins, metal metallopro-
teinase inhibitors and angiotensin converting enzyme 

Fig. 1.1 This aortic valve was formed with two rather than the usual 
three cusps. This congenital bicuspid valve is subject to abnormal 
mechanical factors often leading to fibrosis, calcification, and stenosis 
in middle age. From McAllister HA Jr., Buja LM, Ferrans VJ. Valvular 
heart disease: anatomic abnormalities. In: Willerson JT, Cohn JN, 
Wellens HJJ, Holmes DR Jr., editors. Cardiovascular Medicine, third 
edition. London: Springer-Verlag, 2007. p. 369. Reprinted with permis-
sion from Springer

Fig. 1.2 This aortic valve with three cusps became stenotic in an indi-
vidual in his seventies, and the condition is designated as senile calcific 
aortic stenosis. Stenosis is secondary to fibrosis and calcification of the 
midportion and hinge of the cusps and usually not to fusion of the com-
missures, as is seen in rheumatic aortic stenosis

L. M. Buja
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 inhibitors [13]. Most experience has been obtained with 
statin therapy for lipid control. Although the randomized tri-
als did not confirm slowing of the progression of aortic ste-
nosis, the largest trial did demonstrate improvement in 
primary end points of ischemic vascular disease [18].

 Floppy Valve (Myxomatous Degeneration) 
and Connective Tissue Dyscrasias

Mitral valve prolapse is a common disorder with a strong 
hereditary component which occurs in approximately 2% of 
the general population [19]. Mitral valve prolapse occurs in 
various genetic syndromes and as an idiopathic, non- 
syndromic condition with an autosomal dominant inheri-
tance pattern [20]. The pathological correlate is myxomatous 
valvular degeneration.

Although myxomatous degeneration has been described 
in tricuspid, aortic, and pulmonary values, the mitral value is 
most commonly involved, and the posterior leaflet is affected 
more often and more severely than is the anterior leaflet. 
Grossly, the most outstanding feature is marked increase in 
surface area of the affected leaflets (Fig.  1.3), which are 
voluminous, hooded, and white; however, they transillumi-
nate with ease, especially before fixation. On sectioning, the 
myxomatous consistency of the center of the leaflet is often 
apparent on gross examination. Small foci of ulceration with 
occasional superimposed thrombi may be noted on the atrial 
surface of the affected mitral leaflet [1, 3, 4]. The chordae 
tendineae often are elongated and thin; however, some local-
ized thickening may be present at their insertions into the 
valve leaflets (Fig. 1.4). Rupture of the chordae tendineae is 
common in myxomatous degeneration of the mitral valve: 
less frequently, myxomatous degeneration may result in 
aneurysmal dilatation and rupture of a mitral leaflet. 
Commissural fusion is not a feature of the floppy valve. 
Because these valves are predisposed to infective endocardi-
tis, gross evidence of this complication must be sought by 
the surgical pathologist, so that appropriate sections can be 
obtained for culture before fixation of the valve.

Microscopically, the spongiosa contains stellate cells 
embedded in a matrix rich in proteoglycans (Fig.  1.5). 
Characteristically, there is focal to extensive replacement of 
the normal dense, homogeneous collagen of the fibrosa by 
this myxomatous tissue. This histologic pattern is in contrast 
to that seen in most valvular heart diseases, in which the 
spongiosa of the leaflets is partially or completely replaced 

Common Factors in the Pathogenesis of Calcific Aortic 
Stenosis and Atherosclerosis

Chronic Exposure to Altered Environment
Physical forces, hyperlipidemia, inflammation, 

reactive oxygen species, microorganisms
Activation and Modulation of Key Cell Types

Aortic valve—endothelium, valvular interstitial 
cells (VIC), macrophages

Arteries—endothelium, vascular smooth muscle 
cells (VSMC), macrophages
Response to Injury by VIC and VSMC

Proliferation, migration, matrix secretion, upregu-
lation of matrix metalloproteinases (MMPs)

Tissue inhibitors of metalloproteinases (TIMPSs), 
apoptosis
Mediators and Modulators

Low-density lipoprotein (LDL), cytokines, chemo-
kines, transforming growth factor β (TGF-β), fibro-
blast growth factor-2
Initial Lesion

Aortic valve—leaflet/cusp fibrosis
Arteries—intimal plaque with VSMC hyperplasia

Abnormal Repair
Aortic valve—leaflet/cusp thickening and stiffening 

due to progressive fibrosis
Arteries—Atherosclerotic plaques with central 

necrotic core and fibrous plaque
Calcification

Cbfa1, osteocalcin, osteopontin, bone morphogenic 
protein-2, other mediators
End Stage

Aortic valve—calcific aortic stenosis
Arteries—complicated atherosclerotic plaques

Fig. 1.3 Floppy mitral valve. The most outstanding feature is a marked 
increase in the surface area of the leaflets. They are voluminous, 
hooded, and white; however, they transluminate with ease. These are 
gross features of myxomatous degeneration. Commissural fusion is not 
a feature of the floppy valve. From McAllister HA Jr., Buja LM, Ferrans 
VJ. Valvular heart disease: anatomic abnormalities. In: Willerson JT, 
Cohn JN, Wellens HJJ, Holmes DR Jr., editors. Cardiovascular 
Medicine, third edition. London: Springer-Verlag, 2007. p.  369. 
Reprinted with permission from Springer
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by dense fibrous tissue. The collagen in the chordae tendin-
eae may show changes similar to those in the fibrosa. The 
atrialis of the leaflet generally contains a variable degree of 
fibroelastic proliferation, and superficial ulceration with 
microscopic fibrin deposition is not uncommon. Unless there 
is superimposed infective endocarditis, there is no evidence 
of inflammation or vascularization. Ultrastructurally, there is 
focal loss of the normal orderly cross-banding of collagen 

fibers. Microscopically, small areas of myxomatous degen-
eration may be found near the free edges of normal or 
 diseased valves and should not be confused with the diffuse 
findings in floppy valves.

Myxomatous degeneration of the cardiac valves, with 
resulting insufficiency, often occurs in connective tissue dys-
crasias such as Marfan syndrome, osteogenesis imperfecta, 
cutis laxa, and relapsing polychondritis. This group of dis-
eases may also be associated with cystic medial degeneration 
of the aorta. Adults with Marfan syndrome most commonly 
have myxomatous degeneration of the aortic valve; in chil-
dren, however, the mitral valve is more commonly involved 
[21]. The affected mitral and aortic leaflets contain an accu-
mulation of myxoid material mainly in the spongiosa. Recent 
studies have shown the importance of matrix metalloprotein-
ases in the pathogenesis of these lesions in the Marfan syn-
drome [22]. The Ehlers-Danlos syndrome is a heterogeneous 
group of several genetically distinct disorders of connective 
tissue synthesis, which differ in major clinical features, 
inheritance patterns, and biochemical defects. Cardiovascular 
lesions have been described in types I–IV; however, myxo-
matous degeneration and prolapse of the mitral valve appear 
to be more common in type III, the benign hypermobile form 
[21]. The most common valvular lesion in osteogenesis 
imperfecta is aortic regurgitation; mitral regurgitation and 
combined aortic and mitral regurgitation are less common. 
The aortic regurgitation results from dilatation of the aortic 
root and deformity of the valvular leaflets, which become 
abnormally translucent, weak, and elongated. Aneurysms of 

Fig. 1.4 Floppy mitral valve. The chordae tendineae are often elon-
gated and thin; however, some localized thickening may be present at 
their insertion into the valve leaflets. From McAllister HA Jr., Buja LM, 
Ferrans VJ.  Valvular heart disease: anatomic abnormalities. In: 
Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer

a b
Fig. 1.5 Floppy mitral valve 
with histopathological 
features of myxomatous 
generation. (a) The whole 
mount section of left atrium, 
left ventricle, and mitral valve 
leaflet demonstrates a mitral 
valve leaflet which is 
thickened, elongated, and 
prolapsed into the left atrium 
[Hematoxylin and eosin, 1×]. 
(b) The thickened leaflet 
shows replacement of the 
normal fibrosa by loose 
myxoid connective tissue; the 
atrialis surface shows some 
secondary increase in dense 
collagen [Hematoxylin and 
eosin, 10×]

L. M. Buja
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the sinuses of Valsalva also occur. The mitral annulus is 
dilated, the mitral leaflets are attenuated and redundant and 
tend to prolapse, and the chordae tendineae may rupture 
[21]. In cutis laxa, the most common cardiac lesions involve 
the aorta, pulmonary artery, and pulmonary veins; less com-
monly, there may be myxomatous degeneration of the aortic 
or mitral valves [2]. The aortic and mitral valves are the car-
diac valves most commonly involved in relapsing polychon-
dritis. Lesions may be microscopically identical to those in 
the other connective tissue dyscrasias [1].

The pathogenesis of myxomatous degeneration is thought 
to involve abnormal homeostasis of the valvular extracellular 
matrix related to complex genetic factors. The hypothesis 
has been advanced that genetic defects present at the time of 
valve morphogenesis, coupled with individual variation in 
genetic background, may lead to progressive alterations 
leading to clinical disease [23, 24].

 Endocrine and Metabolic Valvular Diseases

In carcinoid heart disease, there is either focal or diffuse 
plaque-like thickening of valvular and mural endocardium 
and, occasionally, of the intima of the great veins, coronary 
sinus, pulmonary trunk, and main pulmonary arteries. The 
fibrous tissue is atypical and limited in the majority of 
instances to the right side of the heart. When the pulmonary 
valve is involved, deposition is almost exclusively on the 
arterial aspect of the valve cusps (Fig. 1.6). When the tricus-
pid valve is involved, however, the fibrous tissue is located 
predominantly on the ventricular aspect, often causing the 
leaflets to adhere to the adjacent ventricular wall [25]. 
Similar lesions may be observed in the mitral and aortic 
valves in patients with a patent foramen ovale or a function-
ing bronchial carcinoid tumor [26]. In some patients with 
predominant right-side carcinoid heart disease, the mitral 
and aortic valves also may be involved to a lesser degree. 
Microscopically, these lesions contain fibroblasts, myofibro-
blasts, and smooth muscle cells embedded in a distinctive 
stroma, which is rich in collagen and proteoglycans but lack-
ing in elastic fibers. Blood vessels, often thick-walled, may 
be immediately adjacent to the valve leaflets. Lymphocyts 
and plasma cells are frequently located adjacent to these 
blood vessels.

Histologically, similar valvular and endocardial lesions 
have been described in patients taking methysergide [27] and 
ergot [28]; however, the mitral and aortic valves are most 
commonly involved in these cases. A decade ago, similar 
valvular lesions were described in patients taking fenflura-
mine and phentermine for appetite suppression [29].

The heart valves are involved in 50% of patients with car-
diac amyloidosis. Valvular involvement is usually minimal, 
but discrete nodules measuring from 1 to 4 mm in diameter 

are occasionally present on the valves either in the cusps or 
in the annulus [21]. Rarely, valvular involvement is diffuse, 
resulting in thick, rigid cusps and stenotic or regurgitant ori-
fices (Fig.  1.7). The four cardiac valves are affected with 
almost equal frequency.

All heart valves and valvular annuli, especially the mitral 
and aortic valves, are sites of heavy pigment deposition in 
patients with ochronosis [21]. Although the pigment deposi-
tion is most prominent at the bases of the mitral and aortic 
valves and annulus fibrosus, the edges of the cusps may be 
roughened and fused for 1–2 mm at their bases; the cusps 
may be focally calcified. The ochronotic pigment appears 
blue-black on gross examination and yellow-tan in histo-
logic sections. Infective endocarditis may occasionally be 
superimposed, especially when the valves are heavily 
calcified.

Fig. 1.6 Carcinoid heart disease, pulmonic valve. Heavy deposition of 
collagen, lacking in elastic fibers, occurs almost exclusively on the arte-
rial aspect of the valve cusps, resulting in pulmonic stenosis [Movat 
pentachrome, 25×]. From McAllister HA Jr., Buja LM, Ferrans 
VJ. Valvular heart disease: anatomic abnormalities. In: Willerson JT, 
Cohn JN, Wellens HJJ, Holmes DR Jr., editors. Cardiovascular 
Medicine, third edition. London: Springer-Verlag, 2007. p.  369. 
Reprinted with permission from Springer
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The cardiac valves may be involved in any of the muco-
polysaccharidoses, most frequently in Hurler’s syndrome 
(mycopolysaccharidosis I) [21]. The valves are considerably 
thickened, particularly the mitral valve; right-sided cardiac 
valves are less severely affected than those in the left side of 
the heart (Fig.  1.8). The valvular thickening is most pro-
nounced at the free margins, which have an irregular, nodular 
appearance. The commissures are not fused. The chordae 
tendineae of the atrioventricular valves are moderately short-
ened and thickened. Calcific deposits occur in the angle just 
beneath the basal attachment of the posterior mitral leaflet 
(mitral annular calcification), in the mitral leaflets, and in the 
aortic aspect of the aortic valve cusps. The valves contain 
large, oval or rounded connective tissue cells (Hurler cells) 
filled with numerous clear vacuoles, which are the sites of 
deposition of acid mucopolysaccharides [21]. This material 
is extremely soluble and difficult to preserve. In addition, 
small granular cells are present, which contain membrane- 
limited electron-dense material associated with fragments of 
collagen fibrils. The valve thickening is due to the presence 
of the cells and to an increase in the amount of fibrous con-
nective tissue.

In Fabry’s disease, the glycosphingolipid is deposited 
within the cardiac valves, occasionally resulting in valvular 
dysfunction [21]. The mitral and aortic valves are the two 

valves that most commonly present clinical problems. There 
may be thickening of the valves with interchordal hooding, 
or there may be attenuation of the chordae with thickening 
and ballooning of the mitral valve. Commissural fusion is 
not a feature of Fabry’s disease.

Type II hyperlipoproteinemia (familial hypercholesterol-
emia) exists in homozygous and heterozygous forms, which 
differ in the severity and age of onset of clinical symptoms. 
Aortic valvular disease is frequent in homozygous patients 
but does not usually occur in heterozygous patients. The aor-
tic valve may be markedly stenosed by fibrous tissue, depos-
its of foam cells, and cholesterol crystals in the cusps. 
Thickening of the mitral valve, which results in both stenosis 
and regurgitation, and thickening of the pulmonary valve and 
endocardium by foam cells also occur [21].

Patients with gout most commonly develop dysfunction 
due to hypertension secondary to renal damage; however, 
tophi occasionally may be present in the heart, most com-
monly in the mitral valve and the endocardium of the left 
ventricle and, less frequently, in the mitral annulus and aortic 
and tricuspid valve leaflets [21, 30]. To establish the diagno-
sis histologically, appreciable amounts of uric acid must be 
identified in the tophi to distinguish them from small amounts 
of uric acid that may be deposited on previously existing 
fibrocalcific lesions. Urate deposits are histochemically 
identifiable by fixation in absolute ethanol, followed by 
staining by the De Galantha method.

Fig. 1.7 Amyloid valve disease. Valvular involvement is usually mini-
mal; however, diffuse involvement, as illustrated in this heart, can 
occur, resulting in thick, rigid cusps and stenotic or regurgitant orifices. 
From McAllister HA Jr., Buja LM, Ferrans VJ. Valvular heart disease: 
anatomic abnormalities. In: Willerson JT, Cohn JN, Wellens HJJ, 
Holmes DR Jr., editors. Cardiovascular Medicine, third edition. 
London: Springer-Verlag, 2007. p.  369. Reprinted with permission 
from Springer

Fig. 1.8 Hurler’s syndrome, mitral valve. The valvular thickening is 
most pronounced at the free margins, which have an irregular, nodular 
appearance. The commissures are not fused. The chordae tendineae are 
moderately shortened and thickened. From McAllister HA Jr., Buja 
LM, Ferrans VJ.  Valvular heart disease: anatomic abnormalities. In: 
Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer
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 Collagen Vascular Diseases

 Rheumatic Valvulitis

Acute rheumatic fever produces a pancarditis; however, val-
vular involvement is responsible for the most important 
long-term consequences. In the acute phase of rheumatic 
valvulitis, the most conspicuous lesions are minute, translu-
cent nodules (verrucae) along the lines of closure of the valve 
cusps (Fig. 1.9). These are most frequently observed in the 
mitral and aortic valves, less often in the tricuspid, and rarely 
in the pulmonary valve. They vary in diameter from less than 
1  to 3  mm and are located on the atrial surface of the 
 atrioventricular valves and on the ventricular surface of the 
semilunar valves [25]. Occasionally, a few verrucae may be 
distributed elsewhere over the cusps. They are also charac-
teristically present on the chordae tendineae, especially those 
of the mitral valve, and not infrequently, they extend over the 
posterior leaflet of the mitral valve onto the endocardium of 
the left atrium. The verrucae tend to conglomerate on the 
corpora arantii of the aortic valve and extend in a row along 
the semilunar cusps. Diffuse thickening of the valves, except 
the pulmonary, is a less conspicuous but frequent gross 
alteration.

Microscopically, the verrucae may have the appearance of 
either thrombi, formed by the deposition of platelets and 
fibrin on the surface of the valve, or extruded collagen that 
has undergone fibrinoid degeneration. The region immedi-
ately adjacent to the vegetation shows marked proliferation 
of fibroblasts, as well as edema and numerous lymphocytes 
[25]. The inflammatory process is observed most frequently 

in the auricularis layer of the atrioventricular valves and the 
ventricularis layer of the semilunar valves. A nonspecific 
inflammatory process, which may involve the entire valve 
and ring, consists of edema, increased numbers of capillar-
ies, and a variety of inflammatory cells (mainly lymphocytes; 
occasionally polymorphonuclear leukocytes predominate). 
Plasma cells, fibroblasts, and other mononuclear cells are 
often present in variable numbers. Usually the valve also 
contains Anitschkow and Aschoff cells, which may be 
arranged in nodules or in rows and often surround foci of 
eosinophilic fragmented collagen, fibrinoid, or both. Aschoff 
cells may be multinucleated [31]. These lesions are typically 
accompanied by characteristic Aschoff nodules in the myo-
cardium [25, 31, 32].

Gross alterations of the cardiac valves become more pro-
nounced as a result of recurrent rheumatic valvulitis. 
Thickening, irregularity of the surfaces, and gross vascular-
ization are usually present. This thickening is usually most 
pronounced in the distal third of the valve leaflets [25]. The 
chordae tendineae become thicker and shorter, with espe-
cially prominent thickening at their insertions into the valve 
leaflets. Verrucae in various stages of activity and healing 
may be observed. In addition to being thickened, the aortic 
cusps may be considerably shortened, with their free mar-
gins rolled and inverted toward the sinus pocket. Fibrous 
adhesions are commonly present at the commissures, and 
verrucae in various stages of activity may extend across the 
commissures of aortic cusps. In recurrent valvulitis, there is 
a higher incidence of verrucae on the valves of the right side 
of the heart, and microscopic observation reveals consider-
able fibrosis, an apparent increase in elastic tissue, and 
inflammatory changes in various stages of activity [25, 32]. 
The fibrosis and inflammation involve the rings as well as the 
leaflets. This histologic pattern differs from that of acute val-
vulitis, in which the thickening of the valves is the result only 
of edema and inflammation. Also in contrast to the appear-
ance of acute valvulitis are numerous arteries with thick 
muscular walls in the ring and proximal portion of the valve.

In chronic rheumatic valvulitis, the alterations described 
in recurrent valvulitis are most advanced. Usually, the dif-
fuse thickening and fibrosis of the valves have resulted in 
loss of elasticity and in narrowing of the orifice (Fig. 1.10). 
Thickening, fusion, and shortening of the chordae tendineae 
of the mitral valve are usually pronounced (Fig.  1.11). In 
addition, focal deposits of calcium salts may be present. 
These deposits may be extensive and may project to the atrial 
and ventricular surfaces, causing further distortion. 
Ossification, complete with hematopoiesis, may occur, caus-
ing further distortion [32]. Verrucae are less frequent in 
chronic valvulitis than in recurrent valvulitis and are broad 
and flat. Active inflammation is less pronounced in chronic 
than in recurrent valvulitis and usually consists of scattered 

Fig. 1.9 Acute rheumatic valvulitis, mitral valve. Fibrinoid necrosis is 
represented by minute, translucent nodules (verrucae), 1–3  mm in 
diameter, along the lines of closure. From McAllister HA Jr., Buja LM, 
Ferrans VJ.  Valvular heart disease: anatomic abnormalities. In: 
Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer
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foci of perivascular cuffing with lymphocytes. The grossly 
apparent thickening is due to an increase in fibrous and elas-
tic tissue throughout the entire leaflet including the rings and 
the tips of the valves. The fibrous connective tissue is usually 
homogeneous and hyaline. These valves are vascularized by 
capillaries and thick-walled vessels, which are most numer-
ous in the superficial layers. The verrucae no longer consist 
of material showing fibrinoid necrosis, but are organized and 
contain fibroblasts and collagen fibers. As chronicity 

 progresses, the number of fibroblasts decreases, and the ver-
rucae become dense, hyalinized scars.

 Rheumatoid Valvulitis

Rheumatoid granulomas may occur in all of the cardiac 
valves but are most common in the mitral and aortic valves 
[33]. Involvement may be focal or diffuse and is usually 
most prominent in the midportion or base of the valve 
(Fig. 1.12). The chordae tendineae are usually uninvolved, 
but occasionally they may be fibrotic and shortened. 
Commissural fusion is rare. Rheumatoid nodules are most 
commonly located within the valve leaflets and are enclosed 
by fibrous tissue; rarely, a rheumatoid nodule may erode 
the surface of the valve, so that the necrotic center of the 
nodule communicates with a cardiac cavity (Fig. 1.13). In 
these unusual occurrences, there may be superimposed 
thrombus or infective endocarditis. Verrucae of fibrinoid 
necrosis, common in rheumatic valvulitis and systemic 
lupus erythematosus, are not a feature of pure rheumatoid 
valvulitis.

 Lupus Erythematosus Valvulitis

Lupus erythematosus valvulitis (atypical verrucous endo-
carditis of Libman and Sacks) is recognized as a specific 
valvular abnormality occurring in systemic lupus erythema-
tosus. Any valve may be involved, but the mitral and tricus-
pid valves are most often affected (Fig. 1.14). The verrucae 

Fig. 1.10 Chronic rheumatic aortic stensosis. Diffuse thickening and 
fibrosis of the valve cusps with commissural fusion resulting in marked 
aortic stenosis. Also note the extensive poststenotic dilatation of the 
ascending aorta. From McAllister HA Jr., Buja LM, Ferrans VJ. Valvular 
heart disease: anatomic abnormalities. In: Willerson JT, Cohn JN, 
Wellens HJJ, Holmes DR Jr., editors. Cardiovascular Medicine, third 
edition. London: Springer-Verlag, 2007. p. 369. Reprinted with permis-
sion from Springer

Fig. 1.11 Chronic rheumatic mitral stenosis. Note the thickening, 
fusion, and shortening of the chordae tendineae, as well as diffuse 
thickening and fibrosis of the valves, with commissural fusion. The left 
atrium is enlarged and contains a mural thrombus. From McAllister HA 
Jr., Buja LM, Ferrans VJ. Valvular heart disease: anatomic abnormali-
ties. In: Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer

Fig. 1.12 Rheumatoid valve disease, mitral valve. Involvement may 
be focal or diffuse, as in this case, and is usually most prominent in the 
midportion of the base of the valve. The chordae tendineae are usually 
uninvolved, and commissural fusion is rare. From McAllister HA Jr., 
Buja LM, Ferrans VJ. Valvular heart disease: anatomic abnormalities. 
In: Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer
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may be located on either side of a valve cusp but most 
 frequently are present on the ventricular surface of the pos-
terior mitral leaflet or in the valve ring; involvement of the 
anterior mitral leaflet is infrequent. The lesions have no spe-
cial tendency to occur along the free edge of the valves and 
may be scattered on the chordae tendineae and atrial or ven-
tricular mural endocardium. The lesions are small, usually 
ranging in size from 1 to 4 mm in diameter but, rarely, may 
reach a diameter of 8 to 10 mm. They are sterile, dry, granu-
lar pink vegetations that may be single or multiple in con-
glomerates [25]. Histologically, the verrucae consist of a 
finely granular, eosinophilic, fibrinoid material, which may 
contain hematoxylin bodies. In a general sense, these hema-
toxylin bodies are the tissue equivalent of the lupus erythe-
matosus cell of the blood and bone marrow [25]. 

The verrucous endocardial lesions result from degenerative 
and inflammatory processes of the endocardium and deeper 
layers of the valves. An intense valvulitis is present, which 
is characterized by fibrinoid necrosis of the valve substance 
and is often contiguous with the vegetations. Exudative and 
proliferative cellular reactions are present in the deeper lay-
ers of the valve. Healing of these lesions may produce foci 
of granulation tissue, which develop into focal fibrous thick-
ening in the valves or in the mural endocardium. Rarely, 
bacterial endocarditis may be superimposed on the Libman-
Sacks lesions [33].

 Other Collagen Vascular and Related Diseases

Valvular lesions in scleroderma are distinctly rare; the most 
common lesion is nonbacterial thrombotic endocarditis. In 
patients with thrombotic thrombocytopenic purpura, non-
bacterial thrombotic endocarditis frequently is present. In 
both diseases, the cardiac valves most commonly involved 
are the mitral and the aortic [33]. Valvulitis is most unusual 
in Wegener’s granulomatosis. The mitral valve is most com-
monly involved by the inflammatory process, which may 
result in subsequent fibrosis with commissural fusion resem-
bling rheumatic mitral stenosis [34]. Primary valvulitis is not 
a feature of dermatomyositis. Diseases that may result in val-
vulitis but are manifested most commonly by aortitis include 
syphilis, ankylosing spondylitis, psoriatic arthritis, Reiter’s 
syndrome, and granulomatous aortitis.

Fig. 1.13 Rheumatoid valve disease, mitral valve. Rheumatoid granu-
lomas with extensive contiguous fibrosis involve the base and midpor-
tion of a mitral valve. Another rheumatoid granuloma is present in the 
adjacent subvalvular myocardium [Hematoxylin and eosin, 75×]. From 
McAllister HA Jr., Buja LM, Ferrans VJ. Valvular heart disease: ana-
tomic abnormalities. In: Willerson JT, Cohn JN, Wellens HJJ, Holmes 
DR Jr., editors. Cardiovascular Medicine, third edition. London: 
Springer-Verlag, 2007. p. 369. Reprinted with permission from Springer

Fig. 1.14 Lupus erythematosus valvulitis (atypical verrucous endocar-
ditis of Libman and Sacks), mitral valve. The lesions represent fibrinoid 
necrosis as sterile, dry, granular vegetations that may be single or mul-
tiple in conglomerates. They have no special tendency to occur along 
the free edge of the valves and may be scattered on the chordae tendin-
eae and atrial or ventricular mural endocardium. From McAllister HA 
Jr., Buja LM, Ferrans VJ. Valvular heart disease: anatomic abnormali-
ties. In: Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer
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 Lesions Resembling Collagen Vascular  
Disease Valvulitis

Although not collagen vascular diseases, three entities that 
may result in fibrous thickening of the cardiac valves and 
thickening and fusion of chordae tendineae are Whipple’s 
disease, endomyocardial fibrosis with eosinophilia, and 
radiation- induced disease. In Whipple’s disease, the valve 
most commonly involved is the mitral, then the tricuspid and 
the aortic valves [35]. The gross deformity closely resembles 
that seen in chronic rheumatic heart disease, with diffuse 
thickening and fibrosis of the valve leaflets and chordae 
 tendineae and rolling of the free edges of the leaflets 
(Fig.  1.15). Microscopically, the valve substance contains 
large macrophages filled with granules that are positive for 
the periodic acid-Schiff reaction; these granules are identical 
to those found in the epithelial cells of the small intestine in 
patients with this disease. Proliferating fibrous tissue and 
chronic inflammatory cells are commonly associated with 
the periodic acid-Schiff-positive macrophages. Scattered 
rod-shaped bodies, measuring 1.5–2.0 μm in length and 0.2–
0.4 μm in diameter, are present intracellularly and extracel-
lularly. These bodies, as well as membrane-bound masses of 
fibrillar material within the macrophages, are identical to 
those described in jejunal biopsies of patients with Whipple’s 
disease [35] and are thought to represent bacteria (Tropheryma 
whippelii), which are known to be associated with this dis-
ease [36]. In endomyocardial fibrosis with eosinophilia, the 
valves most commonly involved are the mitral and the tricus-
pid, with a lesser incidence of aortic valve involvement. 

There is fibrous thickening of endocardium, with superim-
posed fibrin thrombus beneath either the posterior mitral 
leaflet or the posterior or septal tricuspid leaflet. These leaf-
lets become adherent to the underlying mural endocardium, 
which results in regurgitation [37]. The aortic valve cusps are 
occasionally thickened by vascularized fibrous tissue, which 
is superimposed on the ventricular aspects of the cusps. The 
commissures of the aortic valve may become fused by 
fibrous tissue with superimposed fibrin thrombus. 
Eosinophilic leukocytes in varying numbers are usually pres-
ent at the periphery of the fibrous lesions.

Rarely, patients receiving mediastinal irradiation may 
develop lesions of the cardiac valves [8, 38]. The valves most 
commonly involved are the tricuspid and the mitral, followed 
by the aortic and the pulmonary. The fibrous valvular thick-
enings are focal, and the anterior tricuspid leaflet and the 
anterior mitral leaflet are usually more markedly involved 
than are the posterior leaflets. The chordae tendineae also 
may be focally thickened by fibrous tissue.

 Infective Endocarditis

The relative frequency of involvement of the cardiac valves 
is similar for infective endocarditis and rheumatic heart dis-
ease; mitral, aortic, aortic and mitral, combined tricuspid, 
and pulmonary valves, in decreasing order of frequency. The 
tricuspid and pulmonary valves are not commonly involved, 
with the notable exception of intravenous drug abusers. In 
many cases of combined aortic and mitral involvement, the 
anterior leaflet of the mitral valve appears to be infected by 
regurgitation-induced deposition of organisms from the aor-
tic vegetation. Lesions usually originate on the atrial surface 
of the atrioventricular valves and the ventricular surface of 
the semilunar valves and vary from tiny granular or flat veg-
etations to large polypoid masses. They may be single or 
multiple and may be firm or soft, but are usually friable. 
Grossly, they may appear yellow-white to red or brown [39]. 
The affected valve exhibits destruction and loss of tissue. 
Valvular ulceration, perforation, or formation of aneurysm of 
the valve may occur. Rupture of chordae tendineae is com-
mon. Infection may spread into the contiguous structures, 
resulting in annular or myocardial abscesses or aneurysms of 
the sinuses of Valsalva. Microscopically, the vegetations are 
composed of masses of necrotic tissue, fibrin, platelets, 
erythrocytes, leukocytes, and organisms. Classically, there is 
a superficial zone of fibrin, organisms, and leukocytes; and 
intermediate zone of amorphous necrotic material; and a 
basal zone of granulation tissue extending from the sub-
stance of the valve. Small foci of calcification are common.

Bicuspid aortic valves or valves with acquired deformities 
are most frequently involved in infective endocarditis; how-
ever, the disease may develop in previously normal valves, 

Fig. 1.15 Whipple’s disease, mitral valve. The gross deformity closely 
resembles that seen in chronic rheumatic valve disease, with diffuse 
thickening and fibrosis of the valve leaflets and chordae tendineae and 
rolling of the free edges of the leaflets. From McAllister HA Jr., Buja 
LM, Ferrans VJ.  Valvular heart disease: anatomic abnormalities. In: 
Willerson JT, Cohn JN, Wellens HJJ, Holmes DR Jr., editors. 
Cardiovascular Medicine, third edition. London: Springer-Verlag, 
2007. p. 369. Reprinted with permission from Springer
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including the pulmonary and tricuspid valves, especially in 
patients over 60 years of age. Other risk factors are recent 
dental manipulation and diabetes mellitus [40]. In previously 
normal valves, the lesions tend to be larger, and tissue 
destruction is more extensive. Staphylococci and Gram- 
negative organisms are more likely to be the etiologic agents 
than in the case of infection of deformed valves, in which 
Streptococcus viridans is the most common organism 
encountered. Infected but previously normal valves often 
show marked necrosis and inflammation, which are less 
common findings in infected, previously scarred valves.

Although streptococci and staphylococci are the most 
common microorganisms responsible for infection, a wide 
variety of bacteria and fungi have been recovered from 
patients with infective endocarditis [40, 41]. Candida spe-
cies in particular are recovered from addicts and patients 
with prosthetic heart valves. Gram-negative bacilli account 
for only a small percentage of infections, despite the relative 
frequency of Gram-negative bacteremia, and are more likely 
to be encountered in addicts or in patients with prosthetic 
heart valves. Rarely, infections are due to other organisms, 
such as meningococci, pneumococci, gonococci, Brucella, 
Haemophilus, Cornebacterium, mycobacteria, rickettsiae, 
and Aspergillus and other fungal species [41]. Fungal vege-
tations, in particular, tend to be large and friable, with a ten-
dency to produce embolization. Because fungal endocarditis 
is frequently indolent clinically, it is important for the surgi-
cal pathologist to obtain appropriate special stains on any 
thromboembolus removed from a systemic artery. Any valve 
removed surgically that has gross lesions suggestive of infec-
tive endocarditis should have sections taken for microbio-
logic culture before fixation. Merely taking a swab of the 
surface of the valve for culture is not adequate. Indeed, even 
if the valve appears grossly normal, patients in whom the 
clinical history or physical findings suggest the possibility of 
infective endocarditis should have sections of the valve taken 
for culture.

Healing of vegetations may occur as a result of therapy 
or spontaneously, without antimicrobial therapy [39]. These 
healed vegetations often result in multiple, calcified, polyp-
oid lesions on the surface of the valve. Contracture of scar 
tissue may further reduce the surface area of the valve. The 
healed vegetations in the heart valves or chordae tendineae 
are similar in gross appearance to those with active infec-
tion [39]. Occasionally, well-circumscribed defects with 
smooth edges remain in the heart valve after the healing of 
perforations that resulted from infective endocarditis. 
Usually, the etiology of these morphologic abnormalities 
cannot be identified, especially if there is no known ante-
cedent infection. Histologic study rarely helps to resolve 
these issues because the alterations resulting from the heal-
ing of the inflammatory process tend to be similar in their 
end-state appearance [39].

 Prosthetic Heart Valves

 Types

Prosthetic heart valves in current use can be classified into 
two major groups: rigid-framed (mechanical) valves and tis-
sue valves (bioprosthesis) [6, 7, 42–44]. Rigid-framed valves 
are of three types: (1) valves with a centrally placed occluder 
(ball or disc), which moves up and down in a metal cage and 
allows only lateral blood flow, (2) valves with a tilting disc, 
which permits semicentral flow, and (3) valves with two 
hinged, semicircular plates (St. Jude type), which allow cen-
tral flow. The most prevalent caged ball valve, the Starr- 
Edwards valve ceased production in 2007 and the leading 
tilting disc valve, the Bjork-Shiley valve is also no longer 
manufactured. Thus bileaflet valves are the most common 
mechanical valves implanted today. Tissue valves include (1) 
fresh and variously treated homografts, (2) human dura 
mater or fascia lata valves, (3) bovine pericardial valves, and 
(4) porcine aortic valves. The metal and plastic mounting 
frames and the preimplantation chemical treatments vary 
from one type of tissue valve to another. Tissue valves with-
out supporting frames (unstented porcine and human homo-
graft valves) also are being used clinically. Knowledge of the 
frames and treatments is necessary to interpret morphologic 
findings in tissue valves. Radiographs may be useful in the 
identification and evaluation of explanted valves [42–44]. 
Essential for the evaluation of any prosthetic valve is knowl-
edge of the length of time the valve was in place and the 
specific reason for its removal.

 Complications

Certain complications are common to all types of prosthetic 
heart valves. Among these are thrombosis, embolization, 
infection, dehiscence of the valvular ring, paravalvular leak, 
disproportion, turbulent flow, and hemolysis. Complications 
limited to rigid-framed prostheses are related to wear and 
fracture of mechanical components, resulting in interference 
with proper motion of the occluder (and sometimes also in 
embolic phenomena), whereas complications peculiar to tis-
sue valves are related to calcification or breakdown of the 
prosthetic tissue leaflets [6, 7, 45, 46]. Degenerative changes 
also develop in homograft human tissue valves [47, 48].

 Complications Common to All Types 
of Prosthetic Valves

Thrombus formation in mechanical prostheses is most com-
mon at the base of the struts forming the cage. From this 
area, thrombi can spread and interfere with motion of the 
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occluder, with seating of the occluder on the orifice, or with 
blood flow. These thrombi can undergo organization, become 
infected, or be sources of emboli. Ball valves with cloth- 
covered cage struts are less likely to form thrombi than are 
those with uncovered struts. Tissue valves are least likely to 
form large thrombi, although aggregates of platelets do 
develop on their surfaces. Thrombi can splint the cusps of 
bioprostheses and render them stenotic [49, 50]. Thrombi 
removed from prosthetic heart valves must be examined (by 
histology and by culture) for evidence of infection [32]. 
Dehiscence of a valvular ring must be regarded as due to 
infection until proved otherwise. Paravalvular leaks most 
frequently result from a prosthesis having been sutured to a 
ring that is heavily calcified or weakened (as occurs in 
patients with Marfan’s syndrome or other connective tissue 
disorder). Anemia and renal hemosiderosis are typical find-
ings in hemolysis produced by prosthetic heart valves.

Disproportion is caused by prosthetic heart valves that are 
too large for the chambers in which they are placed. This can 
result in interference with movement of the poppet, as in the 
case of large ball valves placed in a small ascending aorta 
(particularly in patients with combined mitral and aortic 
valve disease in whom the aortic root is usually not dilated) 
or in a small left ventricle (as in patients with combined 
mitral and aortic stenosis in whom the left ventricle is hyper-
trophied but not dilated). If a porcine bioprosthesis is improp-
erly placed in the mitral orifice, one of its struts may obstruct 
the left ventricular outflow tract. In the case of the double 
valve replacement, the prosthetic mitral valve may be inad-
vertently placed in such a way as to interfere with proper 
seating of the poppet of the prosthetic aortic valve. 
Disproportion also may result from normal growth of the 
heart of a child in whom a small prosthetic valve was 
implanted at an early age.

 Complications Limited to Rigid-Framed 
(Mechanical) Prosthetic Valves

Turbulent blood flow produced by caged-ball prostheses may 
lead to diffuse endocardial fibroelastotic thickening and to 
intimal proliferation in the ascending aorta, sometimes with 
extension of the thickening into the coronary arterial ostia. 
Degeneration (variance) of the silicone rubber poppet was 
common in the caged-ball prostheses implanted before 1967. 
This complication, which resulted from surface abrasion and 
lipid infiltration, has not been reported in the metallic hollow 
poppet. Wear of a caged disc, causing “grooving” and disc 
cocking, has been described in most caged-disc prostheses. 
Disc cocking remains a potential problem with all caged- 
disc valves, and it may be totally unrecognized as a cause of 
fatalities. Wear of the cloth covering on the struts and the 
orifice occurred in some of the older models of completely 

cloth-covered caged-ball prostheses, but strut cloth wear has 
not been reported in the newer Starr-Edwards model with 
metal tracts. Dislodgement of caged discs and poppets has 
been reported in association with wear of these components 
or with fracture of struts.

 Complications Limited to Bioprosthetic 
(Tissue) Valves

The various types of bioprosthetic heart valves developed 
since the 1970s have the following characteristics in com-
mon: collagen is their major structural component; they are 
mounted (except for some of the homografts) on metal and 
plastic stents; the incidence of clinical episodes of thrombo-
embolism is lower with these valves than with rigid-framed 
valves; and they have problems of long-term durability 
because they can become stenotic as a result of calcification 
or regurgitant due to alterations in collagen [6, 7, 51].

 Porcine Aortic Valves

Porcine aortic valves treated with a low (<1%) concentration 
of glutaraldehyde (to crosslink tissue protein, to sterilize the 
tissue, and to eliminate problems of antigenicity) and 
mounted on flexible stents have become a widely used type 
of valvular bioprosthesis. During the first 5  years after 
implantation, these values usually have excellent function, 
although they can develop extensive anatomic changes. After 
the first 5 years, appreciable incidences of calcification and 
cuspal damage become evident. Calcific deposits develop 
more frequently and earlier in children and young adults than 
in older individuals and also are more frequent in patients 
with chronic renal disease [49, 50]. Cuspal perforations have 
no relation to patient age.

A bioprosthetic heart valve removed because of dysfunc-
tion should be first examined for evidence of infection, per-
foration, or calcification, and cultures should be taken as 
indicated by clinical or anatomic findings; then it should be 
radiographed and photographed before the cusps are 
detached from the frame for histologic sectioning. These 
valves are fragile and should be handled only by the mount-
ing frame to avoid producing artifactual damage to the cusps. 
Connective tissue stains and stains for calcium are useful in 
evaluating these valves. Transmission electron microscopy 
provides the best method for studying the collagen, and scan-
ning electron microscopy is the method of choice for exam-
ining the surfaces.

Histologically, porcine aortic valves are composed of the 
following three layers, which also are recognizable in the 
bioprosthesis even after having been in place for long peri-
ods of time: (1) the ventricularis, which faces the ventricular 
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cavity when the valve is in its anatomic position and which 
contains collagen and abundant elastic fibers, (2) the spon-
giosa, which is the proteoglycan-rich middle layer, and (3) 
the fibrosa, which contains densely packed collagen but only 
small, scanty elastic fibers and which faces the aortic wall [6, 
7]. Proteoglycans are lost from the spongiosa during com-
mercial processing and soon after implantation of the 
 bioprosthesis, leaving empty spaces that gradually are filled 
with deposits of plasma proteins. The surfaces of porcine 
valvular bioprostheses usually do not become endothelial-
ized, although they may be covered by macrophages, multi-
nucleated giant cells, platelet aggregates, and small fibrin 
deposits. Polymorphonuclear leukocytes are very scanty or 
absent unless infection is present. Macrophages show little 
tendency to invade the bioprosthetic tissue, and there is no 
evidence that immunologic rejection plays a role in its 
deterioration.

Calcific deposits usually develop in association with col-
lagen in foci of loss of proteoglycans and with surface 
thrombi, especially in region near the commissures; they 
form yellow, plaque-like or raised lesions [52]. Calcific 
deposits also develop in the aortic wall just adjacent to the 
cusps and in cardiac muscle cells in a muscular shelf extend-
ing from the ventricular septum into the base of the right 
coronary cusp of the porcine aortic valve. This cusp is larger 
than the others, and its base is less translucent. Calcific 
deposits can also be associated with perforations, perhaps 
because collagen adjacent to those deposits undergoes severe 
mechanical stresses [52]. The collagen in bioprostheses 
undergoes a time-dependent process of degeneration, which 
may be related to material fatigue and many result in perfora-
tion of the cusps. Perforations in porcine valves occur most 
frequently near the basal attachment of the cusps. In pericar-
dial valves, particularly those implanted in the mitral posi-
tion, cuspal tears are likely to involve the free edge near the 
attachment to the post. It has been suggested that such tears 
begin at the attachment suture. Infection of porcine valvular 
bioprostheses differs from that of rigid-framed valves; it is 
likely to involve the cusps (rather than the sewing ring), is 
less likely to result in formation of a ring abscess, and usu-
ally extends into the collagen in the cusps [51]. The inci-
dence of infection in the two types of valves appears to be 
similar.

 Other Bioprosthetic Valves

Fresh, antibiotic-sterilized, freeze-dried, and chemically 
treated aortic valve homografts (allografts) have been used 
infrequently in the United States. However, cryopreserved 
aortic valve allografts have been used more extensively in 
recent years [47, 48]. In contrast to glutaraldehyde-treated 
bioprostheses, allografts tend to become covered with a 

fibrous sheath of host origin. These valves become com-
pletely acellular, and apoptosis has recently been shown to 
play an important role in the loss of the valvular cells [53]. 
Complications of allograft valves include calcification, cus-
pal rupture, and fibrous retraction of the edges of the cusps. 
Autologous fascia lata valves implanted without any chemi-
cal treatment have had a very poor record of durability and a 
high incidence of degeneration, thrombosis, calcification, 
and fibrous contraction of the cusps. Their use has been com-
pletely discontinued. Human dura mater valves preserved by 
glycerol treatment have been used extensively in Latin 
America. Bioprostheses made of glutaraldehyde-treated 
bovine pericardium have also been used as substitute cardiac 
valves and are becoming one of the most frequently implanted 
valves. Both dura mater and pericardium consist of dense 
collagenous sheets with sparse elastic fibers. Their layered 
structure is easily distinguishable histologically from that of 
porcine aortic valves. Complications of pericardial and dura 
mater valves are similar to those of porcine valves, consist-
ing mainly of calcification and cuspal dehiscence [45].

 Conduits

Conduits composed of various synthetic materials have been 
used to correct hypoplasia or atresia of the pulmonary artery. 
Valveless conduits were first used; subsequently, conduits 
containing mechanical (Björk-Shiley) valves were employed 
but were found to be prone to valvular thrombosis. More 
recently, extensive use has been made of pulmonic conduits 
with bioprosthetic (porcine or pericardial) valves; in addi-
tion, left ventricular apical-aortic conduits have had limited 
use for correction of tunnel aortic stenosis [45]. The most 
frequent complication of conduits is obstruction, which can 
result from one or more of the following causes: (1) muscu-
lar compression of the proximal end of the conduit during 
ventricular systole, (2) accumulation of thrombotic or fibrous 
material (fibrous peel) in the wall of the conduit, (3) com-
pression of the conduit by the sternum, (4) calcific or throm-
botic stenosis of the bioprosthesis, and (5) stenosis at the 
distal end (the most common cause of obstruction) because 
of the small size of the artery at the anastomotic site.

 New Procedures

The contemporary management of patients with significant 
valvular heart disease is changing based on the advent of 
valve sparing surgical procedures and transcatheter valve 
replacement. Valve sparing repair of valves with prolapse and 
myxomatous degeneration is now performed extensively 
[54]. Repair of tricuspid or bicuspid aortic valves, coupled in 
some cases with aortic root re-implantation has yielded good 
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results, whereas procedures on calcified bicuspid valves have 
been less successful [55]. Transcatheter aortic valve replace-
ment is being used in selected patients as an alternative to 
surgical aortic valve replacement [56–58]. As noted in Chap. 
10, transcatheter valves are approved for implantation for 
treatment of aortic stenosis. The Medtronic CoreValve is a 
self-expanding porcine valve while the Edwards Sapien valve 
is made of bovine pericardium. While the pathology of valve 
degeneration in these valves might be expected to be similar 
to surgically implanted bioprostheses, more data regarding 
this new therapy needs to be collected.
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Acute Rheumatic Fever

Y. S. Chandrashekhar, L. Maximilian Buja, 
Ganesan Karthikeyan, and Jagat Narula

Rheumatic fever (RF) or acute RF (ARF) is a noninfectious 
consequence of pharyngitis caused by group A β-hemolytic 
streptococci (GABHS). Although it is rare in the developed 
world, RF remains a major problem worldwide [1–4]. 
However, RF continues to appear unexpectedly even in the 
First World, as evidenced by occasional outbreaks in the 
United States [5]. Furthermore, given the magnitude of inter-
national travel and immigration, clinicians everywhere are 
likely to encounter RF or its devastating cardiac sequelae. 
Acute RF most commonly presents as a combination of 
arthritis, carditis, chorea, erythema marginatum, and subcu-
taneous nodules, and valvular heart disease remains a major 
long-term consequence. It has thus been aptly said that 
“rheumatic fever licks the joints, but bites the heart.”

 Rheumatic Fever

Good quality data on the incidence of ARF from much of the 
developing world is lacking. Most studies from which incidence 
has been estimated are retrospective, and there are no studies 
from Africa, where incidence may be among the highest in the 
world. Acute RF is estimated to occur at annual rates varying 

between 1 and 194 per 100,000 population [4]. The highest rates 
are seen among the indigenous people living in the Northern 
Territory of Australia, and in countries in the South Pacific [4]. 
Data on the prevalence of rheumatic heart disease (RHD), 
which is the only permanent sequala of ARF, are more readily 
available. The most recent data from the Global Burden of 
Disease study suggest that there were over 34 million people 
with RHD in 2015 worldwide, with over 29 million of them liv-
ing in developing countries [6]. Consequently, over 80% of the 
319,000 annual deaths due to RHD occurred in developing 
countries. Two-thirds of deaths due to RHD occurred in three 
countries: India, China, and Pakistan [6].

In the United States, ARF was a major problem before the 
1960s but has largely disappeared as a major cause of illness 
since then [1]. Improved socioeconomic status, less crowded 
housing conditions, the advent of antibiotics, and the wide-
spread treatment of streptococcal throat infections have con-
tributed to this decline. However, RF continues to appear all 
over the world, and several outbreaks have occurred in the 
United States, in portions of Utah and Ohio and at US Naval 
Training Centers [7]. Many of these outbreaks have involved 
middle-class suburbs, less crowded communities, and people 
with access to excellent health care—a situation entirely 
unlike the developing world, where socioeconomic issues 
are thought to be responsible for RF outbreaks. This empha-
sizes our limited understanding of RF.

 Pathogenesis

A significant body of data implicates an autoimmune process 
in the development of RF. The salient features of the pathogen-
esis include (1) a human host who harbors “RF susceptibility 
factors,” which are thought to increase the host’s proclivity to 
developing ARF; (2) pharyngitis (but not other sites of strepto-
coccal infection, interestingly); (3) the presence of an immune 
response against specific streptococcal antigens, the magnitude 
of which correlates with the  occurrence of subsequent ARF; 
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and (4) an interval of 1–5 weeks between pharyngitis and the 
development of ARF (Fig. 2.1).

Only a few individuals with GABHS infection develop 
RF [8, 9], and the genetic makeup of the host may affect 
susceptibility to ARF.  The putative susceptibility factor 
remains unclear so far, and indeed there may be many such 
factors. Identifying these factors is likely to help us target 
preventive measures. Belonging to certain racial groups 
(e.g., Samoans in Hawaii, Maori in New Zealand) and a his-
tory of previous episodes of RF increase one’s susceptibility 
to streptococcal RF after pharyngitis. Another factor may be 
differences in the hosts’ ability to mount a vigorous antibody 
response, which correlates with the occurrence of 
ARF. Familial or genetic susceptibility to RF has been pro-
posed [4, 10, 11]. Several candidate gene studies [12], twin 
studies [13], and two genome-wide association studies [14, 
15] provide further evidence for genetic susceptibility, and 
offer insights into the potential pathways through which 
genetic susceptibility may mediate the predisposition to 
develop ARF and RHD.

Among the various serotypes of GABHS, some appear 
more likely to initiate ARF (M-types 1, 3, 5, 6, 14, 18, 19, 24, 
27, and 29), whereas others are not commonly associated 
with ARF (M2, 4, and 28). Furthermore, only throat and not 
skin infections mediate ARF. The exact mechanism by which 
GABHS initiates RF is unclear, and it is also not known why 
throat infections and not other streptococcal infections lead 
to RF [16]. In general, the RF-causing strains tend to be rich 
in M protein, provoke an intense M-type-specific immune 
response, and probably share epitopes with human tissue.

 Mechanisms of Damage

Despite some claims of direct injury by streptococci, viruses, 
or toxins, most data suggest that RF occurs as a result of 
autoimmune injury. Antibodies (cross-reactive and polyspe-
cific) that react to antigens shared between streptococci and 
human tissue (molecular mimicry) are thought to underlie 
this process (Fig. 2.1). Rheumatogenic streptococci contain 
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Fig. 2.1 Pathogenesis of acute rheumatic fever (ARF). In susceptible 
individuals, ARF develops as a delayed, noninfectious consequence of 
prior streptococcal pharyngitis. The initial event is a febrile illness due 
to an episode of pharyngitis produced by a group A β hemolytic strep-
tococcus. During an asymptomatic interval, T lymphocytes become 
activated by streptococcal antigens and B lymphocytes produce anti-
streptococcal antibodies. The activated T cells and anti- streptococcal 
antibodies cross-react with epitopes on the host tissues. The result is a 
febrile multisystem disorder known as ARF.  The protean manifesta-

tions of ARF include erythema annulare, migratory polyarthritis, 
Sydenham’s chorea, and pancarditis. The pancarditis manifests as 
fibrinous pericarditis, granulomatous myocardial lesions known as 
Aschoff bodies, and inflammation with sterile vegetations on the car-
diac valves. ARF may be a limited illness, and many of the organ mani-
festations may be reversible, but it can have permanent sequelae, the 
most important of which is chronic rheumatic heart disease due to pro-
gressive damage and dysfunction of cardiac valves
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multiple antigenic determinants that partially mimic normal 
human tissue antigen [9]. Thus, the hyaluronate capsule, the 
streptococcal membrane, and the M-proteins share similarity 
with valve glycoproteins, myocardial sarcolemma, and car-
diac contractile proteins, respectively. After streptococcal 
pharyngitis, these antigens, which are recognized as foreign 
by the susceptible host, induce a hyperactive humoral and 
cellular immune response that damages native tissues bear-
ing similar antigens. The type of damage is partly the result 
of which tissue shows what kinds of mimicry. For example, 
antibodies to the N-acetylglucosamine moiety of group A 
polysaccharide cross-react with the heart valve tissue [17], 
and this cross-reaction is thought to mediate valve damage; 
indeed, plasma levels of such antibodies are increased in 
patients with rheumatic heart valve disease [18].

Breakdown of tolerance is an important component of the 
pathogenesis of ARF. The M-protein epitopes not only can 
trigger heart cross-reactive antibodies and T-cell responses 
but also can act as superantigens [19]. This might explain the 
widespread immune response overriding the histocompati-
bility barrier. Both humoral and cellular immune responses 
are more vigorous in patients with ARF than in healthy indi-
viduals and might be related to the superantigenic property 
of streptococcal M protein. Significant T-cell infiltration is 
also observed in the valvular tissue, and T cells isolated from 
the valvular tissue of patients with RHD respond to strepto-
coccal M5 protein and also cross-react with cardiac myosin 
[20, 21]. This homology with cardiac myosin can be expected 
to decrease tolerance and may enhance T-cell-mediated 
inflammatory damage [22]. The characteristic pathological 
findings (see below) suggest that the primary focus of ARF-
induced damage is endothelium and subendothelial and peri-
vascular connective tissue.

Both humoral and cell-mediated immune responses con-
tribute to valve damage in ARF [4]. Binding of cross-reactive 
antibodies at the endothelial surface of the valve leads to 
upregulation of VCAM-1, which in turn induces adherence 
and infiltration by activated CD4 T cells and B lymphocytes 
[23]. Inflammatory cytokines released through a Th 1 
immune response cause local tissue damage [24]. Binding to 
other antigens such as vimentin, laminin, and collagen cause 
further injury, which heals by neovascularization and fibro-
sis, resulting in the valve lesions typical of RHD [4].

The characteristic pathological findings (see below) sug-
gest that the primary focus of ARF-induced damage is endo-
thelium and subendothelial and perivascular connective 
tissue. Recently, a streptococcal M protein N-terminus 
domain has been shown to bind to the CB3 collagen type IV 
[25]. This binding may initiate an antibody response to the 
collagen and result in inflammation of the ground substance. 
Because these antibodies do not cross-react with M proteins, 
failure of the immune system and molecular mimicry may 
not be involved in their pathological effects. This alternative 
pathogenetic mechanism shares similarity with collagen 

involvement in both Goodpasture syndrome and Alport 
syndrome.

 Pathology

The cardiac and non-cardiac tissues differ in how they react 
to ARF [26, 27]. The inflammatory process in the skin, joints, 
and brain tends to regress spontaneously without any signifi-
cant residual effects. There is swelling with serous effusion 
in the joints. Inflammatory infiltration and edema are evident 
in the synovial membranes. Fibrinoid exudates frequently 
line the membranes. The blood vessels in the articular and 
periarticular areas are often inflamed and show infiltration by 
lymphocytes and polymorphonuclear leukocytes. On the 
other hand, the subcutaneous nodules have a center of fibri-
noid necrosis with peripheral inflammatory reaction of lym-
phocytes and occasional polymorphonuclear leukocytes. 
Cardiac involvement in RF affects all three layers: pericar-
dium, myocardium, and endocardium (resulting in pancardi-
tis). The pericarditis is typically fibrinous (Fig. 2.2).

A fundamental pathological process in ARF is damage of 
the collagenous matrix of the cardiac and extracardiac tissue 
that elicits a granulomatous reaction called an Aschoff body. 
The process has early, intermediate, and late phases. The early 
and intermediate phases are characterized by fibrinoid necro-
sis. This is followed by a granulomatous reaction leading to 
the formation of the pathognomonic Aschoff body (Figs. 2.3 
and 2.4) [28]. The Aschoff body consists of a central area of 
fibrinoid necrosis surrounded by cells of histiocytic- 
macrophage origin (Anitschkow cells), which show a typical 
owl’s eye-shaped nucleus. These cells are usually found in the 
subendocardial or perivascular regions of the myocardium. 
There is surprisingly little histopathologic  damage to the myo-

Fig. 2.2 Acute fibrinous pericarditis typical of ARF and other rheu-
matic diseases. The epicardial surface of the heart is covered with 
shaggy fibrinous exudates
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cardium, even in patients with florid clinical carditis and heart 
failure [29, 30]. Myocyte necrosis is uncommon, and the cel-
lular infiltrate is confined to the interstitium. This explains 
why even patients with frank rheumatic myocarditis do not 
have troponin leaks [31]. The conduction system shows little 
pathology, even in patients with clinical conduction defects. 
The valves are inflamed and thickened during the acute stage 

of the rheumatic activity. The surface of the valves develop 
small, sterile vegetations, or  verrucae—particularly along the 
edges of the leaflets (Figs. 2.5 and 2.6)—that are not associ-
ated with thromboembolic sequelae. The inflammation is fol-
lowed by a repair process involving ingrowth of blood vessels 
(neovascularization) and deposition of collagen (Fig.  2.7). 

Fig. 2.3 Aschoff body in the myocardial interstitium consisting of a 
focus of granulomatous inflammation composed of T lymphocytes, 
occasional plasma cells, and plump activated macrophages called 
Anitschkow cells. The myocardial inflammation in ARF begins as foci 
of fibrinoid necrosis that evolve into foci of granulomatous inflamma-
tion. The cellular inflammation is confined to the interstitium, usually in 
a perivascular location. Myocardial necrosis is not seen even in patients 
with florid carditis and heart failure. The myocardial failure appears 
related to humorally mediated myocardial dysfunction leading to car-
diac dilatation and mitral regurgitation due to dilatation of the mitral 
annulus. H&E stain; medium magnification

Fig. 2.4 Aschoff body with mononuclear Anitschkow cells and binu-
cleate Aschoff cells. The nuclei of the Anitschkow and Aschoff cells are 
activated macrophages with central bars of chromatin, giving them an 
“owl-eye” appearance in cross-section. The Aschoff bodies are consid-
ered to be pathognomonic for the diagnosis of ARF. H&E stain; high 
magnification

Fig. 2.5 Acute rheumatic valvulitis, mitral valve. Minute, translucent 
nodular vegetations called verrucae, 1–3 mm in diameter, are located 
along the lines of closure on the inflow (atrial) side of the leaflets. The 
nodules represent foci of fibrinoid necrosis and thrombosis devoid of 
micro-organisms. Systemic lupus erythematosus (SLE) also may 
exhibit a similar but distinctive type of sterile vegetative endocarditis. 
The Libman-Sacks endocarditis (LSE) caused by SLE has small or 
medium-sized vegetations on either or both sides of the valve leaflets. 
Both types of rheumatic vegetative endocarditis are distinct from the 
patterns of vegetative endocarditis seen in non-bacterial thrombotic 
endocarditis (NBTE) and infective endocarditis (IE). Reproduced with 
permission from: McAllister HA Jr., Buja LM, Ferrans VJ.  Valvular 
heart disease: anatomic abnormalities. In: Willerson JT, Cohn JN, 
Wellens HJJ, Holmes DR, Jr., Editors. Cardiovascular Medicine, third 
edition. London: Springer Verlag, 2007, p. 372 (Fig. 14.6)

Fig. 2.6 Typical verrucae of ARF, composed of sterile fibrin-rich 
thrombus. There is surface necrosis and lymphohistiocytic inflamma-
tion in the underlying valve tissue. H&E stain; high magnification
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A mild degree of inflammation leads to fusion of the cusps, 
whereas more severe inflammatory reaction extends to involve 
the chordae tendineae. This can result in early mitral or tricus-
pid regurgitation, caused by annular dilatation and leaflet pro-
lapse. The scarring process typically occurs gradually, such 
that mitral and/or aortic regurgitation may not be initially 
manifest and then present months to years later clinically. 
Mitral and, rarely, aortic stenosis are late sequelae that result 
from scarring and inflammatory fusion of leaflet cusps 
(Fig. 2.8).

 Clinical Features

 Joint Symptoms

Arthritis is the earliest manifestation of RF and frequently 
brings the patient to clinical attention [32]. Arthritis occurs in 
at least two-thirds of patients and is more common in older 
patients. Although larger joints of the extremities are com-
monly involved, occasional involvement of smaller joints in 
the hands and feet may be seen; the hips, spine, and axial joints 
are rarely affected. The joints are swollen, hot, red, and tender. 

Fig. 2.7 Histology of mitral valve in healing phase of ARF. The auto-
immune injury with necrosis, inflammation, and thrombosis triggers a 
repair process involving granulation tissue formation with the ingrowth 
of blood vessels and deposition of collagen. Thick-walled blood vessels 
that persist in the atrialis layer of the valve leaflets are recognized as 
neovascularization of the valve, as shown here. Contraction of the 
fibrous tissue leads to retraction of the leaflets. Organization of throm-
bus formed at the lateral margins of the leaflets leads to commissural 
fusion. H&E stain; medium magnification

Fig. 2.8 Chronic rheumatic heart disease. The heart manifests sequelae 
after a single bout or recurrent episodes of ARF. The fibrinous pericar-
ditis resolves with residual pericardial adhesions. Healing of the granu-
lomatous Aschoff bodies results in areas of perivascular fibrosis. The 
repair of the acute injury to the valves results in variable combinations 
of fusion of chordae tendineae, fibrous thickening of leaflets or cusps, 
neovascularization, and commissural fusion. Over a period of months 
to years, progressive distortion of valvular architecture and function 
occurs as a result of chronic turbulence of flow across the valves and 

other mechanical factors rather than to ongoing autoimmune inflamma-
tory insult. Secondary dystrophic calcification adds to the distortion of 
the valvular anatomy and can obliterate the characteristic feature of 
neovascularization. The end result is clinically significant stenosis, 
regurgitation of the mitral and/or aortic valves, or both, which is recog-
nized clinically as chronic rheumatic heart disease. Chronic rheumatic 
heart disease shares similar pathologic features with the valve disease 
seen in systemic lupus erythematosus. The generic designation for the 
characteristic pathology is post-inflammatory valvulopathy
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The joints are inflamed at different times and for various inter-
vals, imparting a migratory character to joint pain. Aseptic 
monoarthritis may be frequent in endemic countries [33]. 
Arthritis usually resolves in 3–4  weeks, even without treat-
ment, but it responds instantly to aspirin therapy and does not 
lead to permanent damage. Arthralgia without objective signs 
of inflammation is common in younger patients with carditis, 
particularly during rheumatic recurrences and in RHD patients 
in developing countries [34]. Some forms of polyarthritis after 
streptococcal pharyngitis may represent a reactive phenome-
non. Post-streptococcal arthropathy is characterized by recur-
rent, severe, prolonged polyarthritis that is not very responsive 
to nonsteroidal anti-inflammatory agents. Although other 
manifestations of RF are not associated with arthropathy, 
some patients end up with residual heart disease [35]. 
Prophylaxis against reactive arthropathy remains similar to 
that for patients with RF, but few data are available to support 
definitive recommendations.

 Cardiac Involvement

Carditis is the only manifestation of RF that results in perma-
nent deformity [36]. Cardiac involvement in RF has been 
reported in nearly one-third of almost all cases in various 
studies and in up to one-half of cases in a prospective series 
[37]. Clinical carditis was seen in 72% of patients in a resur-
gence of RF in Salt Lake City [5], which is similar to the 
prevalence in the early twentieth century in the United States 
[38]. Subclinical carditis is being increasingly detected with 
modern imaging methods; valvular regurgitation can be doc-
umented in such cases with the use of echocardiography [39, 
40] in 70–90% of all patients with ARF. Active rheumatic 
carditis can present in several ways, including subclinical 
cardiac involvement, acute or even fulminant congestive 
heart failure, and, occasionally, chronic heart failure. Younger 
patients often present with carditis, whereas older patients 
more commonly have joint involvement [32]. Although epi-
sodes of carditis occur less frequently in many older patients, 
they present more often with unexplained worsening of con-
gestive heart failure. The clinical findings may be suggestive 
of pericarditis, myocarditis, and valvulitis. The guidelines 
for the diagnosis of rheumatic carditis are summarized in 
Table 2.1.

 Endocarditis

Endocardial inflammation most commonly affects the mitral 
and aortic valves, and the clinical diagnosis of rheumatic 
endocarditis is based on identifying mitral or aortic regurgi-
tation murmurs. Mitral valve disease is seen in approxi-
mately 70% of patients, mitral and aortic valve disease 

occurs in an additional 25%, and isolated aortic valve disease 
occurs in 5–8%. Clinical tricuspid or pulmonary valve 
involvement is rare in the first attack of RF.

The use of echocardiography has clarified the mechanism 
of valve regurgitation in RF [39]. Although mild-to- moderate 
mitral regurgitation is due to left ventricular dilatation with 
mild or no annular dilatation, more severe degrees of mitral 
regurgitation are associated with marked annular dilatation, 
chordal elongation, and anterior mitral leaflet prolapse [41]. 
Rarely, chordae rupture and result in flail leaflets and severe 
regurgitation. Because mitral regurgitation frequently 
resolves on follow-up [32, 42, 43], it is likely that a  functional 
mechanism, rather than a permanent structural alteration in 
the valve or annulus, underlies the development of mitral 
regurgitation. Inflammatory changes in the aortic valves and 
the aortic ring result in aortic regurgitation; aortic valve pro-
lapse contributes occasionally.

 Myocarditis

Myocardial involvement is generally associated with new- 
onset cardiomegaly, an interval increase in cardiac size, or 
the development of congestive heart failure [30, 36, 44]. The 
left ventricular systolic function and myocardial contractility 
indices are normal in patients with rheumatic carditis, and 

Table 2.1 Acute rheumatic carditisa

Criteria First attacks Recurrences
Valvulitis New-onset apical systolic 

murmur or aortic 
regurgitation murmur
Carey-Coombs murmur

Change in 
murmur
New-onset 
murmur

Myocarditis Unexplained cardiomegaly
Unexplained congestive 
heart failure/gallop sounds

Worsening 
cardiomegaly
Worsening 
congestive heart 
failure

Pericarditis Pericardial rub
Pericardial effusion

Pericardial rub
Pericardial 
effusion

Miscellaneous Conduction disturbances or 
unexplained tachycardiab

Echocardiographic imaging 
findingsc

Nuclear imaging findingsc

Morphologic evidence at 
surgery
Histologic evidence at 
biopsy or pathology 
examination

aSupportive evidence is required for the diagnosis of acute rheumatic 
fever according to the Jones criteria. In patients with known rheumatic 
heart disease, acute rheumatic fever can be diagnosed with minor crite-
ria along with evidence of antecedent streptococcal infection
bThese would be considered soft criteria
cThe validity of these methods is controversial
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histopathological examination reveals only minimal myo-
cyte damage. Some evidence suggests that hemodynamically 
significant valvular lesions lead to the development of con-
gestive heart failure [44].

 Pericarditis

Clinical rheumatic pericarditis occurs in up to 15% of 
patients during the acute stage of RF, and the presence of an 
evanescent pericardial friction rub in such patients is evi-
dence of rheumatic carditis. Detectable pericarditis usually 
indicates severe carditis [36].

Rheumatic pericarditis is almost always associated with 
findings of valvular involvement. A pericardial rub can 
sometimes mask the underlying valvular murmurs. However, 
other causes need to be considered if no valvulitis-related 
murmur is audible after the pericarditis resolves [36]. 
Rheumatic pericarditis is often associated with a mild-to- 
moderate serosanguineous effusion, and the development of 
pericardial tamponade is rare.

 Sydenham Chorea

Sydenham chorea is a late manifestation of ARF that is char-
acterized by a series of involuntary movements that com-
monly involve the face and extremities and are associated 
with emotional lability [32]. It commonly affects children 
between the ages of 7 and 14  years and occurs more fre-
quently in girls; it is rarely seen in adults. The chorea is often 
associated with carditis and subcutaneous nodules, but it 
appears several weeks after an acute attack of ARF, when the 
acute manifestations have disappeared. The patients thus do 
not fulfill the Jones criteria at this time. The course of chorea 
is gradual as the patient appears increasingly nervous, 
becomes dysarthric, makes grimacing gestures, develops dif-
ficulty in writing, and shows characteristic purposeless 
movements of the arms and legs, which may be associated 
with muscular weakness. The chronic movements are exag-
gerated during effort or excitement but subside during sleep. 
The chorea is usually a self-limited condition and resolves 
without residual damage, but the associated carditis can 
leave behind valvular damage.

 Skin Manifestations

Subcutaneous nodules and erythema marginatum are two 
important skin manifestations of RF. Subcutaneous nodules 
appear late in the course of RF. They are observed in up to 
20% of patients, and their presence is usually associated with 
carditis. Subcutaneous nodules occur on bony prominences, 

vertebral spinous processes, or extensor tendons and are 
painless. They usually appear in crops, are variable in size, 
and disappear within 2–3 months.

Erythema marginatum can be an early or a late manifesta-
tion. It occurs in fewer than 15% of patients and appears on 
the trunk and proximal extremities as a serpiginous, macular, 
non-pruritic, and evanescent rash.

 Clinical Diagnosis

There is no single diagnostic test or pathognomonic sign that 
allows an absolute diagnosis of RF; rather, the condition is 
recognized through a constellation of signs and symptoms in 
patients with recent GABHS pharyngitis. In 1944, Jones [45] 
described the clinical manifestations of RF and categorized 
each of them as major or minor. Since that time, the Jones 
criteria have been modified several times and by the WHO 
[3, 46] (Table 2.2). The most recent modifications suggested 
by the AHA were published in 2015 [47].

Various combinations of major and minor criteria are 
used for diagnosing ARF. The major manifestations include 
carditis, chorea, subcutaneous nodules, migratory arthritis 
involving large joints, and erythema marginatum. The minor 
manifestations include fever, prolonged joint pain, prolonged 
electrocardiographic PR interval, and laboratory indicators 
of inflammation, including an increased plasma concentra-
tion of acute-phase reactants. An elevated antistreptolysin O 
(ASO) titer or other evidence of previous streptococcal 
infection is considered a prerequisite.

Although the Jones criteria remain the cornerstone of 
diagnosing ARF, they are continually being updated to bal-
ance sensitivity/specificity, address different forms of pre-
sentation, accommodate a variable diagnostic armamentarium 
in different regions of the world, and reflect new 
information.

The most recent revision of the Jones criteria have recom-
mended three major changes: First, echocardiographically 
detected, subclinical carditis should be considered a major 
criteria. Second, risk stratification of the population based on 

Table 2.2 Jones criteria for diagnosis of acute fevera

Major criteria Minor criteria
Carditis Arthralgia
Polyarthritis Fever
Chorea Elevated erythrocyte sedimentation rate
Subcutaneous nodules Positive C-reactive protein
Erythema marginatum Leukocytosis

Prolonged PR interval
aTwo major criteria or one major plus two minor criteria are required for 
the diagnosis of rheumatic fever. Supportive evidence of recent strepto-
coccal infection is also required for all diagnoses. Chorea, indolent car-
ditis, and post-streptococcal arthritis may not fulfill Jones criteria at the 
time of diagnosis [74]
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disease endemicity and ARF incidence (populations with a 
known incidence of ARF <2/100,000, or all-age RHD preva-
lence of <1/1000 are considered low-risk, all others being 
considered moderate or high risk). Third, different implica-
tions of joint manifestations based on baseline risk of the 
population (aseptic monoarthritis and polyarthralgia are con-
sidered major manifestations, and monoarthralgia a minor 
manifestation in moderate- or high-risk populations) [47]. 
However, it should be remembered that these guidelines are 
general expert opinion and have not been prospectively 
tested in randomized trials.

Although the Jones criteria provide an excellent set of 
guidelines for the diagnosis of RF, it is important to remem-
ber that similar manifestations may be present to varying 
degrees in other systemic illnesses. For example, streptococ-
cal infection is relatively common, and an elevated ASO titer 
indicates only previous infection. Similarly, arthralgia is 
commonly associated with several viral syndromes, and car-
ditis can result from Coxsackie B virus, Lyme disease, or 
Kawasaki infection. The early manifestations of other colla-
gen diseases, such as systemic lupus erythematosus, may 
also lead to confusion in diagnosis when they are associated 
with inflammatory abnormalities of the heart valves, particu-
larly the mitral valve. Rheumatoid arthritis can cause aortic 
regurgitation, and inflammatory reaction within the pericar-
dium or conduction system may result in pericarditis or heart 
block. There may be an erythema multiforme type of rash 
and laboratory evidence of an elevated erythrocyte sedimen-
tation rate (ESR), anemia, and marked leukocytosis. For 
these reasons, rheumatoid arthritis is easily confused with 
RF. In a patient who has streptococcal infection and carditis, 
particularly with evidence of migratory polyarthritis, the 
diagnosis of RF should be assumed until proved incorrect.

 Laboratory Investigations

Evidence of previous streptococcal infection is a prerequisite 
for the diagnosis of RF.  Because RF is a postinfectious 
immunologic complication, microbiologic evidence is lim-
ited, and the evidence for recent streptococcal infection is 
usually obtained with antistreptococcal antibody tests. The 
most commonly used antibody assays include ASO and anti-
deoxyribonuclease B (anti-DNase B); other antibody tests, 
such as hyaluronidase, streptokinase, and nicotinamide ade-
nine dinucleotidase, are occasionally used [48]. The anti-
body response to various streptococcal antigens develops 
within the first month and remains detectable for 3–6 months 
after the infection. Antistreptolysin O (ASO) titers are deter-
mined by an agglutination test or a hemolytic inhibition test, 
and in healthy adults, the titers are usually less than 85 Todd 
units/mL, whereas school-age children can have ASO titers 
of up to 170 U. Generally, an ASO level of more than 240 U 
in adults or more than 330 U in children is used for diagno-

sis, but an interval increase in ASO in two serial samples is 
more conclusive. Because ASO titers rise and fall more rap-
idly, the anti-DNase B test can be performed if ASO is non-
diagnostic. The streptozyme test, a rapid slide agglutination 
test for antibodies against five streptococcal antigens, has 
been proposed as an additional screening method to improve 
the detection of streptococcal infection.

The electrocardiogram may be normal in patients with 
ARF. In patients who have cardiac involvement, ST-segment 
change may signal pericarditis, whereas repolarization 
abnormalities, including QT prolongation and T inversion, 
may indicate myocarditis. Such patients may also have sinus 
tachycardia, ventricular extrasystoles, supraventricular 
tachycardia, and atrioventricular block. First-degree atrio-
ventricular block is commonly seen in patients with RF but 
is equally common in patients with and without carditis. The 
chest radiograph has been traditionally used to evaluate car-
diomegaly and is an inexpensive way to study the evolution 
of the patient under treatment.

Echocardiography has become the tool of choice in diag-
nosis and monitoring cardiac structure and function. Current 
echocardiographic techniques were not available during 
many of the major RF epidemics, so its utility remains 
unclear. An echocardiogram will quickly determine whether 
a clinically undetectable murmur is truly absent and will pro-
tect patients with clinical carditis from being grouped with 
non-carditic patients, who have a more benign prognosis and 
require a shorter secondary prophylaxis regimen. 
Echocardiography detects valve regurgitation more often 
than clinical examination alone [49]; this advantage is greater 
in cases with aortic valve involvement. More importantly, 
echocardiographic data also suggest that in a significant 
number of patients, echo-detectable valve regurgitation per-
sists despite adequate prophylaxis, suggesting that echo- 
detectable cardiac involvement might represent clinically 
important cardiac damage [40].

The clinical situation is different in the developing world 
[50], where the incidence of recurrent RF and the prevalence 
of RHD are high and access to medical care is limited. First 
attacks are rarely witnessed, and patients present with recur-
rences and usually with established heart disease. Physical 
examination is the most commonly used method to detect 
cases with and without cardiac involvement. Moreover, there 
is some evidence, albeit controversial, that echocardiography 
has no incremental diagnostic benefit for patients with 
advanced disease who live in endemic areas; this is probably 
due to a cumulative effect of multiple clinical and subclinical 
recurrences [39]. In addition, a study found that most echo- 
detectable carditis was also clinically detected within a short 
period of follow-up [51]. Recurrences are common, and 
medical records are sparse; thus, one cannot be sure if trivial 
regurgitation represents new carditis or residua of previous 
episodes in patients with streptococcal pharyngitis or con-
genitally present mitral or tricuspid regurgitation, especially 
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in females, in whom these findings are common even among 
those who are otherwise healthy. Echocardiographic facili-
ties are not widely available, and the cost and additional 
workload imposed by the universal use of echocardiography 
in RF episodes are likely to be enormous. Therefore, detect-
ing subclinical carditis in this population may not only be 
costly but also probably will not change the management 
strategy very much; none of the RF therapies available to 
date modify the natural history of carditis, and the initial 
period of prophylaxis is no different in patients without and 
with mild carditis [50]. In this population,  carditis mandates 
lifelong prophylaxis, as does valvular disease. It is interest-
ing to note that adding echocardiography to the initial 
workup did not seem to make prophylaxis more rigorous in 
the developed world; only a small proportion of patients 
were taking prophylactic medications on long-term follow-
 up [51]. Finally, the natural history of echo-detectable cardi-
tis is just being evaluated, and there may be merit in 
exercising caution [52] about making echocardiography the 
cornerstone of diagnosing carditis. Until there is a convinc-
ing body of data that demonstrates both the need to detect 
subclinical carditis and the possibility of actually modifying 
its natural history, echo-detectable carditis may divert scarce 
and valuable prophylaxis resources from more proven enti-
ties that need these urgently. Therefore, for patients in devel-
oping countries, echocardiography should be used only 
selectively in cases of RF [50]. Of course, the value of echo-
cardiography for detecting and managing established RHD 
in any population is unquestioned.

Computed tomography and magnetic resonance imaging 
may also be useful in diagnosing myocarditis, but their use-
fulness in RF patients remains unclear [53]. Endomyocardial 
biopsies have been performed in persons with acute rheu-
matic carditis. Aschoff nodules, which are pathognomonic 
features of rheumatic carditis, are observed in 40% of 
patients, thereby offering a test with limited sensitivity [29]. 
However, because biopsy results are mostly normal in 
patients with chronic RHD or non-carditic manifestations of 
RF, the specificity of the test is very high. In addition, vari-
ous radionuclide imaging approaches have been evaluated in 
rheumatic carditis, with variable success [54]; these 
approaches include imaging with indium 111 (111In)-
labeled antimyosin antibodies, radiolabeled leukocytes, and 
gallium 67 (67Ga) scintigraphy. The utility of these tech-
niques remains unproven, and they should be considered 
experimental at this time.

 Natural History

A major problem with understanding the natural history of 
RF is that most data are old and have not been reevaluated in 
the current diagnostic and therapeutic milieu. It appears that 
the natural history of RF has changed significantly with the 

advent of prophylaxis, better recognition of antecedent strep-
tococcal infections, and evolution in streptococcal virulence. 
Rheumatic fever appears to behave differently in developing 
countries than in the developed world. Presumably because 
of conducive socioeconomic factors, patients in developing 
countries have multiple recurrences and a particularly 
aggressive course [55]. However, it is heartening that even in 
this situation, regular prophylaxis favorably modifies this 
bleak natural history.

First attacks of RF in children characteristically occur 
between the ages of 5 and 15 years. Rheumatic fever rarely 
occurs in children younger than 2  years, and first attacks 
after the age of 40  years are also uncommon. Individuals 
who have RF are susceptible to recurrences of the disease, 
but this susceptibility again diminishes with time. Rheumatic 
fever can recur with various manifestations at intervals of 
weeks, months, or years, with apparent inactivity between 
these episodes. Congestive heart failure (CHF) is a seriously 
adverse prognostic indicator; cardiomegaly and CHF that do 
not improve with treatment are associated with the worst 
prognosis.

In patients without major valvular damage, preventing 
recurrent attacks substantially improves prognosis with 
regard to overall survival and freedom from heart disease. If 
there is valvular involvement, the scarring process may lead 
to long-term impairment of valve function that progresses 
over 10–30 years, with various combinations of stenosis and 
regurgitation. Perhaps the most insidious valvular lesion is 
mitral stenosis, which may develop very late—as long as 
20 years after the onset of the acute infection—often with no 
symptoms until the onset of atrial fibrillation and heart fail-
ure. The onset of arrhythmias can be the beginning of rapid 
deterioration or thrombotic complications. Patients with 
valve dysfunction remain at risk for subacute bacterial endo-
carditis and should receive prophylactic antibiotics before 
procedures, as indicated by consensus guidelines.

 Treatment

The primary objective in treating patients with acute RF is 
eliminating the offending streptococci with appropriate anti-
biotic therapy; penicillin remains the agent of choice 
(Table 2.3). The list of other options is long, but it is impor-
tant to remember that some of the more commonly used ones 
may not be as effective as others in preventing recurrent ARF 
[56]. The second objective of treating acute RF is to elimi-
nate the inflammatory state, particularly that involving vital 
organs such as the heart. Salicylates, predominantly aspirin, 
have been used for many years as anti-inflammatory agents 
in RF patients. They are very effective, and the diagnosis of 
RF is suspect if high-dose salicylates do not significantly 
resolve joint pain and inflammation within 48 h. Relatively 
high doses are needed: up to 8–10 g/day (100 mg/kg/day) for 

2 Acute Rheumatic Fever



26

a period of 3–4 weeks. A gradual taper is recommended to 
avoid rebound worsening. Salicylates do not alter the natural 
history of the disease.

Corticosteroids are used in patients with severe carditis 
and heart failure. Steroids rapidly suppress the toxic state, 
relieve inflammation, help prevent the appearance of new 
murmurs, help murmurs disappear faster, allow faster reso-
lution of pericardial effusions, and may be lifesaving in 
patients with critical illness [57]. Similar to other therapies 
for RF patients, they do not alter the disease’s long-term 
natural history [57, 58]. However, most of the published 
studies are old, have serious methodologic problems, and 
did not study current immunosuppressive therapies. A short 
course of steroids is commonly used in patients with severe 
carditis [4]. Prednisone is given at 1–2  mg/kg/day for 
3 weeks, with a tapering schedule once the acute symptoms 
resolve.

There are no definitive end points for discontinuing anti- 
inflammatory therapy in RF. General indicators include the 
absence of clinical symptoms and signs of rheumatic activ-
ity, in addition to normalization of acute-phase reactants, 
usually ESR and C-reactive protein. Too-rapid reduction 
can be accompanied by a symptomatic rebound. The ste-
roid taper is occasionally covered with salicylates to pre-
vent a relapse. If heart failure continues to persist despite 
steroid therapy, surgical repair of mechanical lesions should 
be considered instead of prolonged trials with high-dose 
steroids.

It was long believed that surgery should not be undertaken 
when the patient is an acute inflammatory state, because 
early studies showed higher surgical mortality rates in 
patients with acute RF. However, this is changing. Essop and 
associates [44] reported no deaths among patients with active 
carditis who underwent mitral valve or mitral and aortic 
valve replacement, and surgery was associated with rapid 
and substantial improvement, including a reduction in left 

ventricular dimensions. A subsequent series with a much 
longer follow-up period showed that surgery during acute 
rheumatic carditis may be associated with a somewhat less 
favorable outcome after mitral valve repair, and that during 
the acute episode, surgical treatment should be reserved for 
patients who are refractory to medical therapy [59]. In this 
series, there was a relatively high incidence of valve failure 
(27%), and acute carditis was the strongest predictor of reop-
eration. Cardiac surgery has been used with greater success 
in patients with chronic RHD. It appears that many of these 
patients have repairable valves [60, 61], although valve 
repair carries some risk of reoperation.

The third important objective in treating RF is to prevent 
recurrences of rheumatic activity [62]. This is achieved by 
long-term antibiotic prophylaxis to prevent streptococcal 
pharyngitis (Table 2.4). A secondary prophylaxis program 
should begin during the acute episode of RF and should be 
focused on preventing streptococcal pharyngitis. Though 
the practice of secondary antibiotic prophylaxis for prevent-
ing recurrences or progression of valve disease is based on 
low- quality evidence [63], it is supported by strong biologic 
plausibility. Rheumatic fever is a recurrent disease, and 
patients who had carditis in previous attacks have a higher 
recurrence rate per streptococcal infection than those with-
out previous carditis [64–66]. The risk of recurrence per 
streptococcal infection may be as high as 40–60% in young 
patients with established RHD, and every recurrence further 
damages the heart. Rheumatic fever recurrences can be pre-
vented by chemoprophylaxis of streptococcal infections, 
which may result in an eventual reduction in the prevalence 
of residual heart disease [43, 51, 62–66], reduced need for 
operations, and a possible subsequent reduction in RHD-
related mortality. The duration of prophylaxis depends on 
the likelihood of acquiring streptococcal infection, the 
anticipated risk of RF recurrence with each streptococcal 
throat infection, and whether carditis develops during the 
index RF episodes. The risk of RF recurrence is likely to be 
higher in patients with carditis or residual heart disease, 
multiple previous attacks, and younger age, whereas the risk 
decreases with the interval after the last attack. Streptococcal 
infections are more common in schoolchildren, their par-
ents, teachers, and health personnel in contact with children, 
and persons living in closed quarters or in crowded housing. 
Recommendations for the choice of antibiotics and duration 
of prophylaxis are listed in Tables 2.3 and 2.4 [3, 62]. The 
need for prophylaxis should be reassessed periodically. In 
all situations, the decision to discontinue prophylaxis should 
be made after discussing the potential risks and benefits 
with the patient. While it is obvious that this regimen has the 
potential to significantly reduce morbidity associated with 
ARF, rates of adherence to these guidelines has remained 
dismal [67]. This poses serious challenges to the ARF/RHD 
control effort.

Table 2.3 Secondary prevention of rheumatic fever

Agent Dose Mode Schedule
Benzathine  
penicillin Ga

1.2 million U Intramuscular Every 
4 weeksb

Penicillin Vc 250 mg 2×/day Oral Daily
Sulfadiazined Daily
For patients  
<27 kg (60 lbs)

500 mg

For patients  
≥27 kg (60 lbs)

1000 mg

Erythromycine 250 mg 2×/day Oral Daily
aAdminister drug at room temperature and with procaine penicillin to 
reduce pain
bConsider three times weekly in high-risk situations, including in Third 
World countries
cMay interfere with oral contraception
dAvoid use in pregnancy. More effective than oral penicillin
eFor patients with penicillin and sulfa allergy
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Reviews of additional forms of therapy are beyond the 
scope of this chapter, but several such reviews are available 
for the interested reader [4, 68–74].
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Infective Endocarditis

Tina Shah, Richard J. Hamill, and Kumudha Ramasubbu

 Introduction

Endocarditis is the inflammation of the cardiac endocardium 
and may affect the cardiac valves, mural endocardium, or sur-
face of catheters or devices implanted in the heart. The inflam-
mation may be secondary to an infection or a noninfectious 
process. This chapter will focus on infective endocarditis.

 Epidemiology

About 10,000–15,000 new cases of infective endocarditis 
(IE) are diagnosed each year in the United States. Studies 
have reported an incidence of anywhere from 0.6 to 11.6 
cases per 100,000 person-years [1–3]. The differences in this 
rate are likely due to variability in the definition of endocar-
ditis and regional differences in rheumatic heart disease and 
intravenous drug use. The incidence has been reported to be 
higher in men than women with a male to female ratio >2:1 
[4]. The majority of cases occur in patients above the age of 
60 with the median age at diagnosis increasing over the years 
[5]. The epidemiologic landscape of endocarditis is changing 
with less cases occurring as a result of rheumatologic heart 
disease and more cases noted in degenerative valvular dis-
ease, prosthetic valves, implanted devices, and catheters. 
This is attributed to the decreasing incidence of rheumatic 
heart disease and aging population and thus the rising preva-
lence degenerative valve disease [6].

About ¾ of the patients presenting with IE have prior 
structural heart disease including valvular disease, congeni-
tal heart disease, prosthetic heart valve replacement, and his-
tory of previous endocarditis. Other risk factors include 
intravenous drug use (IVDU), poor dentition/dental infec-
tion, presence of an intravascular catheter/device, impaired 
immune response/HIV, and invasive procedures. PVE 
accounts for 10–20% of cases of IE with a valve in the mitral 
position being more susceptible to infection. Healthcare 
associated IE (which includes nosocomially acquired cases 
and cases related to intravascular catheters and devices) 
comprises approximately 23–27% of all IE cases [7]. Prior 
endocarditis is a risk factor for subsequent endocarditis and 
recurrent endocarditis occurs in ~4.5% of cases. Incidence of 
IVDU-associated IE differs based on geographical location 
studied and the incidence of IVDU in the specific location. In 
Philadelphia, for example, the incidence of IVDU-associated 
IE was ~5.3 cases per 100,000 person-years, almost half of 
all IE cases [8].

Despite improvements in diagnosis and treatment, mor-
tality in patients with IE remains high. In-hospital mortality 
in patients diagnosed with IE ranges from 18 to 23% and 
6 month mortality has been reported to be 22–27%. Risk fac-
tors for poor outcome, apart from IE complications (dis-
cussed later), include female gender, diabetes mellitus, low 
serum albumin, and poor surgical candidacy [4, 9–11]. 
Prognosis varies considerably with patients with right-sided 
IE or uncomplicated left-sided native IE demonstrating the 
best prognosis (mortality <10%) and patients with 
Staphylococcus aureus prosthetic valve endocarditis exhibit-
ing the highest mortality rate (~40%) [12, 13]. Death in IE is 
usually a result of heart failure, stroke, multi-organ failure, 
and sepsis.

The incidence of IE has not changed much over the past 
few decades despite improvements in diagnostic tests and 
treatment strategies. This apparent paradox is explained by a 
progressive evolution in risk factors [14]. Besides the classic 
predisposing conditions such as rheumatic heart disease, 
new risk factors like intravenous drug use, sclerotic valve 
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disease in elderly patients, use of prosthetic valves and other 
intracardiac devices, and nosocomial disease (often associ-
ated with more virulent pathogens) have emerged. Resistant 
organisms and poorly cultivable pathogens also present 
challenges.

 Pathogenesis

Both host and organism factors play a role in the evolution of 
endocarditis. Typically, damaged valve endothelium is more 
susceptible to bacterial adherence and infection. Valve dam-
age can occur through persistent turbulent blood flow, trauma 
through catheters or device leads, repeated injection of par-
ticulate matter as in the setting of intravenous drug use 
(IVDU), age-related valvular degeneration, and chronic 

inflammation/valvulitis (such as in rheumatologic condi-
tions). The damaged valve surface is coated by sterile plate-
let and fibrin thrombus. Transient bacteremia can then result 
in the infection of this coating. Vegetations usually form on 
the low pressure aspect of valves, i.e., the atrial surface of the 
mitral valve and ventricular surface of the aortic valve. In the 
setting of a ventricular septal defect, the low-pressure side is 
the right ventricle, and the thrombus is usually found on the 
right side of the defect (Figs. 3.1 and 3.2). A further host fac-
tor that may predispose to endocarditis is a compromised 
immune system as seen, for example, in HIV infection.

Organism-related factors include virulence and adherence 
properties, and obviously procedures predisposing to bacte-
remia such as invasive dental procedures, colonoscopy, and 
insertion of indwelling hemodialysis catheters play an 
important role.

Circulating streptococci
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Fig. 3.1 Early steps in bacterial valve colonization. (a) Colonization of 
damaged epithelium: exposed stromal cells and extracellular matrix 
proteins trigger deposition of fibrin-platelet clots to which Streptococci 
bind (upper panel); fibrin-adherent Streptococci attract monocytes and 
induce them to produce tissue-factor activity (TFA) and cytokines (mid-
dle panel); these mediators activate coagulation cascade, attract and 
activate blood platelets, and induce cytokine, integrin, and TFA produc-
tion from neighboring endothelial cells (lower panel), encouraging veg-
etation growth. (b) Colonization of inflamed valve tissues: in response 
to local inflammation, endothelial cells express integrins that bind 

plasma fibronectin, which microorganisms adhere to via wall-attached 
fibronectin-binding proteins, resulting in endothelial internalization of 
bacteria (upper panel); in response to invasion, endothelial cells pro-
duce TFA and cytokines, triggering blood clotting and extension of 
inflammation, and promoting formation of the vegetation (middle 
panel); internalized bacteria eventually lyse endothelial cells (green 
cells) by secreting membrane-active proteins—e.g., hemolysins (lower 
panel). From Philippe Moreillon, Yok-Ai Que. Infective endocarditis. 
The Lancet. 2004;363(9403):139–49. Reproduced with permission 
from Elsevier Limited
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 Classification

Traditionally, endocarditis was classified into acute, sub-
acute, and chronic depending on clinical course. Acute native 
valve endocarditis usually displays a rapidly progressive 
course with high mortality rates typically caused by virulent 
organisms such at Staphylococcus aureus or group B 
Streptococci. The course in subacute/chronic endocarditis is 
more indolent and associated with more nonspecific symp-
toms, typically associated with less virulent organisms. 
Other classifications differentiate between native and pros-
thetic valve endocarditis, endocarditis associated with intra-
venous drug use and right- and left-sided endocarditis. 
Classification is now mainly based on defining the clinical 
setting, organism, location, and mode of acquisition as these 
factors are more important in guiding choice of treatment 
strategy and outcome.

 Microbiology of Infective Endocarditis

Table 3.1 shows the modern microbiology data from a large 
international collaborative study of infective endocarditis [7] 
and is consistent with changes seen in causative organisms in 
recent years. Whereas, in the past, infective endocarditis due 
to the viridans streptococci affecting individuals with rheu-
matic heart disease was most common, a shift in the micro-
biology has occurred as a result of the declining prevalence 
of rheumatic heart disease. Staphylococcus aureus is now the 
most prevalent causative agent in most large surveys. The 
increase in S. aureus is fueled by an increase in nosocomial 
infections. Infective endocarditis due to S. aureus frequently 
occurs in individuals without underlying structural heart dis-
ease, although infections involving indwelling cardiac 
devices are very common. The organism typically causes an 

acute syndrome and is associated with metastatic abscesses 
in many different organs. Mortality is high, particularly in 
cases due to methicillin-resistant staphylococci [13].

Coagulase-negative staphylococci (CNS) are an infre-
quent cause of native valve endocarditis. The infection is 
healthcare associated in one-half of patients, with a large 
proportion of patients having an indwelling pacemaker or 
implantable defibrillator. Compared with patients who have 
S. aureus native valve endocarditis, patients with CNS IE 
have a much more indolent course and are less likely to have 
vascular or immunologic evidence of infective endocarditis 
on physical examination. Heart failure is a frequent compli-
cation (>40%) and mortality rates are substantial (25%) [15]. 
Coagulase-negative staphylococci are a common cause of 
prosthetic valve endocarditis, with nearly one-half of cases 
occurring between 60 and 365 days following valve replace-
ment [16]. One-half of patients develop intracardiac 
abscesses; mortality is approximately 24%.

Viridans streptococci (S. mitis, S. sanguis, S. mitior, S. 
mutans) are less frequent causes of infective endocarditis with 
the decreasing prevalence of rheumatic heart disease. These 

Fig. 3.2 Vegetations on the mitral valve (arrows) in a patient with 
infective endocarditis [Image courtesy of Dr. Edwin P. Ewing Jr. and 
the Centers for Disease Control and Prevention (CDC)]

Table 3.1 Microbiologic etiology in 2781 patients with definite infec-
tive endocarditis

Microbial etiology

Number (%) of patients
Native valve IE Intracardiac device IE
Drug 
abusers
(n = 237)

Not drug 
abusers
(n = 1644)

PVIE
(n = 463)

Other 
devicesa

(n = 172)
Staphylococcus 
aureus

160 (68) 457 (28) 129 (23) 60 (35)

Coagulase-negative 
staphylococci

7 (3) 148 (9) 95 (17) 45 (26)

Viridans group 
streptococci

24 (10) 345 (21) 70 (12) 14 (8)

Streptococcus 
gallolyticusb

3 (1) 119 (7) 29 (5) 5 (3)

Other streptococcic 5 (2) 118 (7) 26 (5) 7 (4)
Enterococcus 
species

11 (5) 179 (11) 70 (12) 10 (6)

HACEK groupd 0 (0) 30 (2) 13 (2) 1 (0.5)
Othere 6 (3) 62 (4) 38 (7) 10 (6)
Fungi/yeast 3 (1) 16 (1) 23 (4) 2 (1)
Polymicrobial 6 (3) 16 (1) 5 (0.8) 0 (0)
Negative cultures 12 (5) 154 (9) 65 (12) 18 (11)

Modified from Murdoch et  al. [7] with permission from American 
Medical Association
aIncludes pacemakers and implantable cardioverter defibrillators
bFormerly Streptococcus bovis
cIncludes Streptococcus pneumoniae, groupable streptococci A, B, C, 
and G
dHaemophilus spp., Aggregatibacter (formerly Actinobacillus) actino-
mycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, and 
Kingella spp.
eIncludes Enterbacteriaceae, Pseudomonas spp., Acinetobacter spp., 
Stenotrophomonas spp., Burkholderia spp., Neisseria spp., Anaerobes, 
Salmonella spp., Brucella spp., and others
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organisms cause a subacute syndrome resulting in symptoms 
that can last weeks to months. Valvular complications are less 
common than in IE cases caused by S. aureus. Organisms pre-
viously referred to as “nutritionally-deficient streptococci” 
include Abiotrophia defectiva and Granulicatella adiacens. 
Identification of these bacteria is more difficult because of 
their slow growth and the requirement for addition of pyri-
doxal hydrochloride to culture media. These organisms have 
been associated with large vegetations, embolic phenomena, 
and valvular destruction [17].

Organisms, formerly known as Streptococcus bovis, have 
undergone taxonomic reclassification, although this reclas-
sification has not been enthusiastically embraced. S. gallo-
lyticus is the newly recognized name for S. bovis biotype 
I. These organisms, usually categorized as group D strepto-
cocci, can occasionally be erroneously identified as viridans 
streptococci by the laboratory. S. gallolyticus causes disease 
most commonly in elderly individuals, usually with some 
underlying chronic illnesses. Up to 60% of patients with 
infective endocarditis due to S. gallolyticus will ultimately 
be found to have a concomitant adenoma or carcinoma of the 
bowel upon thorough investigation. Therefore, any patient 
with infective endocarditis due to this organism warrants an 
evaluation for gastrointestinal disorders [18].

Infective endocarditis due to Streptococcus pneumoniae 
is uncommon, accounting for only 1.4% of cases of endocar-
ditis in one large Spanish cohort [19]. It is accompanied by a 
substantial mortality rate, in excess of 35%, because the 
diagnosis of endocarditis is often missed, overshadowed by 
other manifestations of pneumococcal disease, such as pneu-
monia and meningitis. Left heart failure is common due to 
aortic or mitral valvular involvement.

Enterococcal species are now the third most common 
cause of infective endocarditis with Enterococcus faecalis 
accounting for 90% of these cases and with E. faecium being 
less frequently implicated. These organisms tend to affect 
the elderly and debilitated, frequently patients with underly-
ing cardiac disorders or valvular prostheses. Twenty-five 
percent of cases are healthcare associated, 30% of which 
affect prosthetic valves. Recently, trends in North America 
indicate an increasing number of cases caused by 
antimicrobial- resistant E. faecium strains. The mortality rate 
for enterococcal endocarditis has not changed according to 
recent surveys, ranging between 11 and 18% [20].

HACEK is an acronym assigned to a group of fastidious, 
gram-negative bacteria that colonize the oropharynx and are 
responsible for about 1.4% of cases of infective endocarditis. 
Organisms in this group include Haemophilus parainfluenzae, 
Aggregatibacter (formerly Actinobacillus) actinomycetem-
comitans, A. aphrophilus, A. paraphrophilus, A. snegnis, 
Cardiobacterium hominis, C. valvarum, Eikenella corrodens, 
Kingella kingii, and K. denitrificans. HACEK organisms tend 
to cause disease in younger individuals, and produce a sub-
acute syndrome characterized by a higher prevalence of 

immunologic and vascular phenomena, including emboli. 
Patients infected with HACEK organisms suffer from heart 
failure less frequently than IE caused by other agents. Despite 
the higher incidence of embolic manifestations, the overall 
prognosis of endocarditis due to the HACEK group of organ-
isms tends to be excellent with a lower mortality (4%), and 
good outcomes with either medical or surgical therapies [21].

Non-HACEK gram-negative bacilli are unusual causes of 
infective endocarditis, and include various members of the 
Enterobacteriaceae and Pseudomonas spp., most frequently. 
The portal of entry is also changing. While previously, paren-
teral drug abusers were more commonly afflicted, recent data 
indicate that the disease is often nosocomially acquired, and 
involvement of implanted endovascular devices is frequent. 
Forty percent of cases occur on native valves, and 60% on 
prosthetic valves and devices. These patients are more likely 
to have undergone previous invasive gastrointestinal or geni-
tourinary procedures before diagnosis of IE, with symptoms 
frequently being present for longer than a month [22, 23].

Fungal causes of endocarditis account for 2–4% of all 
cases [24]. Several different host risk factors predispose to 
infection by fungi, including parenteral drug abuse, individu-
als with indwelling vascular catheters and prosthetic devices, 
and patients with a compromised immune system. Clinical 
manifestations of fungal endocarditis are nonspecific, 
although vascular embolic manifestations are not uncom-
mon. Candida spp. are the most frequently implicated fungi, 
with C. albicans and non-albicans Candida accounting for 
equal numbers; however, recent data suggests an increase in 
the frequency of non-albicans Candida spp. which has sig-
nificant implications for antifungal therapy. Aspergillus IE 
most commonly occurs as a prosthetic valve infection, and 
can be difficult to diagnosis because of the infrequency of 
positive blood cultures; diagnosis is occasionally made from 
examination of embolectomy specimens.

Despite improved blood culture systems, the increased 
utilization of molecular biological techniques and serologi-
cal methodologies, 5–10% of cases of endocarditis are still 
unidentified. Culture negative cases can result from previous 
antibiotic therapy, endocarditis due to fastidious organisms, 
and true blood culture negative cases that result from organ-
isms that cannot be grown using conventional techniques. 
The latter group includes such organisms as Coxiella bur-
netti, Bartonella sp., and Tropheryma whipplei, the causative 
agent of Whipple’s disease [25].

 Diagnosis

Key to the outcome of IE is the rapid identification of patients 
with highly probable or definite IE and subsequent institu-
tion of treatment (antibiotics with and without surgery). 
Diagnosis is made based on a combination of clinical, micro-
biologic, and echocardiographic features. Although certain 
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guidelines such as the Duke criteria can assist in diagnosing 
IE, a comprehensive individual evaluation is critical.

 Clinical Features

The clinical manifestations of IE can range from subtle and 
nonspecific symptoms to fulminant symptoms. The rate of 
progression depends on the extent of preexisting cardiac dis-
ease, virulence of the organism, and age and immunity of the 
patient. The diagnosis of endocarditis is straightforward in 
patients who present with the four cardinal Oslerian mani-
festations of IE: the presence of persistent bacteremia or 
fungemia, the presence of active valvulitis, the occurrence of 
large-vessel embolic events, and the presence of immuno-
logic vascular phenomena. In many patients, however, espe-
cially patients with right-sided endocarditis, the peripheral 
stigmata are absent.

 Symptoms
Fever is almost universal and is present in 80–90% of the 
patients. However, fever is less frequent in the elderly and 
immunocompromised patients, and hence a high index of 
suspicion and low threshold for investigation to exclude IE 
are essential in these groups. Patients can present with symp-
toms of heart failure, neurologic symptoms and demonstrate 
symptoms from embolic phenomena. Other nonspecific 
symptoms that are observed include fatigue, weight loss, 
malaise, chills, night sweats, arthralgias, and myalgias, espe-
cially back pain.

 Physical Findings
Virtually all organ systems can be affected by IE. Thus, a 
comprehensive physical exam is critical in recognizing signs 
that may suggest IE. Cardiovascular exam may demonstrate 
new or changing murmurs indicative of valve damage, which 
are more prevalent in acute endocarditis and are frequently 
harbingers of heart failure. However, murmurs may be absent 
with right-sided endocarditis or intracardiac device infec-
tion. The murmur of acute and fulminant aortic regurgitation 
or mitral regurgitation may also be particularly difficult to 
hear. Signs of congestive heart failure may be present, and 
depending on the acuity of the disease process, patients’ 
symptoms can range from mild heart failure symptoms to 
acute decompensated heart failure with hemodynamic 
compromise.

Neurologic findings are most commonly caused by 
embolic complications of endocarditis. They include embolic 
strokes, intracranial hemorrhage secondary to rupture of 
mycotic aneurysms and less frequently meningitis, brain 
abscess or encephalopathy.

Various mucocutaneous manifestations of endocarditis 
are often observed. Petechiae are present in 20–40% of 
patients presenting with IE and can be found on the conjunc-

tiva, buccal or palatal mucosa and extremities. Splinter hem-
orrhages are red, linear, flame-shaped streaks seen in the 
proximal nail bed of fingers or toes. Whereas both petechiae 
and splinter hemorrhages are nonspecific, Osler’s nodes, 
Janeway lesions, and Roth spots are more specific for 
IE. Osler’s nodes are small, tender, violaceous, subcutaneous 
nodules usually seen in the pulp of the digits. Roth spots are 
retinal hemorrhages with a pale center. Osler’s nodes and 
Roth spots are a result of immune complex deposition. 
Janeway lesions are non-tender, erythematous skin lesions 
that often appear in crops on the palms or soles and are a 
result of septic emboli to the skin with formation of 
microabscesses.

Other organ manifestations include abdominal symptoms 
due to bowel ischemia secondary to emboli to mesenteric 
arteries. Splenomegaly can be encountered and is the result 
of splenic infarcts and/or activation of the immune system. 
Flank tenderness can be present due to renal infarction as a 
result of emboli and a splenic friction rub may be present in 
cases of embolic splenic infarction.

The diagnosis of IE is based upon clinical suspicion 
derived from signs and symptoms and, most importantly, the 
demonstration of associated bacteremia. Over the years, 
there has been a drive to develop strategies to aid in the diag-
nosis of IE [26]. In 1994 the Duke criteria incorporated echo-
cardiographic data into the diagnostic mix [27]. These 
criteria have been validated subsequently by many other 
studies, including the most recent modifications [28]. A 
diagnosis of IE is based on the presence of either major or 
minor clinical criteria. It uses both clinical and pathologic 
criteria to classify cases as definite IE (Tables 3.2 and 3.3). 
Major criteria in the Duke strategy included IE documented 
by data obtained at the time of open heart surgery or autopsy 

Table 3.2 Diagnosis of infective endocarditis based on Duke criteria

Definitive IE
Pathological criteria
 •  Microorganisms demonstrated by culture or histological 

examination of a vegetation, a vegetation that has embolized, or 
an intracardiac abscess specimen or

 •  Pathological lesions; vegetation or intracardiac abscess 
confirmed by histological examination showing active 
endocarditis

Clinical criteria (using definitions listed in Table 3.3)
 • Two major criteria or
 • One major criterion and three minor criteria or
 • Five minor criteria
Possible IE
 • One major criterion and one minor criterion or
 • Three minor criteria
Rejected IE
 • Firm alternative diagnosis explaining evidence of IE or
 •  Resolution of IE syndrome with antibiotic therapy for  

≤4 days or
 • No pathological evidence of IE at surgery or autopsy, with 
antibiotic therapy for ≤4 days

From Li et al. [28] with permission from Oxford University Press
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(pathological criteria) or by well-defined microbiological 
criteria plus echocardiographic data (clinical criteria).

Definite diagnosis of IE requires pathologic evidence 
(histologic and/or bacteriologic examination of vegetations, 
intracardiac abscess or emboli demonstrating typical pathol-
ogy or cultured microorganisms) or clinical evidence that 
includes two major criteria or one major criterion and three 
minor criteria or five minor criteria.

Possible cases of IE do not meet the criteria for definite IE 
but satisfy one major criterion and one minor criterion or 
three minor criteria.

A rejected diagnosis of IE is present when there is no 
pathological evidence of IE at autopsy or surgery, rapid reso-
lution of the clinical syndrome with either no treatment or 
short-term antibiotic therapy or when a firm alternative diag-
nosis has been found. The usefulness of the Duke criteria is 
limited in early stages of IE, in the setting of negative blood 
cultures and in the presence of prosthetic valves and device 
leads [29].

 Microbiologic Diagnosis

Blood cultures remain the cornerstones for the diagnosis of 
IE and therefore should be obtained prior to initiation of anti-
biotic therapy. Three separate sets of blood cultures, each 
from a separate venipuncture site, obtained over 24  h, are 
recommended to evaluate patients with suspected endocardi-
tis. Each set should include a bottle containing an aerobic 
and anaerobic medium, and at least 10 mL of blood should 

be placed in each bottle. Blood cultures may be collected at 
any time; they do not need to be obtained at the time of fever 
or chills since patients with IE typically have continuous 
bacteremia. With this strategy, a microbiological diagnosis 
can be made in ~90% of patients. However, blood cultures 
can be negative in up to 30% of cases, often due to prior 
exposure to antibiotics or infection with intracellular bacte-
ria, fungi, or fastidious organisms [30, 31]. A microbiologic 
diagnosis in these situations may require special media, lon-
ger culture time (due to slower growth of certain organisms), 
and serologic tests. Serologic tests can be used to make diag-
nosis of endocarditis caused by Brucella species, Legionella 
species, Bartonella species, Coxiella brunetti, or Chlamydia 
species. Special techniques such as polymerase chain reac-
tion (PCR) allow rapid and reliable detection of fastidious 
and non-culturable microorganisms. Moreover, if patients go 
to surgery, organisms can be identified in the valve tissue by 
culturing, immunohistochemical staining, or PCR.

Other abnormal laboratory tests that can be encountered 
include anemia, which is found in 70–90% of patients but 
may be absent in acute endocarditis. Erythrocyte sedimenta-
tion rate (ESR) and C-reactive protein (CRP) are elevated in 
most patients with IE. A CRP level that is elevated at base-
line and normalizes with therapy is associated with good out-
comes [32]. Similarly, the outcome of surgery in patients 
with increasing preoperative CRP levels has been demon-
strated to be poor [33]. Hematuria and proteinuria may be 
present in patients with renal dysfunction due to immune- 
mediated glomerulonephritis or septic emboli causing renal 
infarction.

Table 3.3 Definition of terms used in the modified Duke criteria for the diagnosis of IE

Major criteria
Positive blood cultures
  •  Typical microorganisms consistent with IE from two separate blood cultures: Viridans streptococci, Streptococcus bovis, HACEK group, 

Staphylococcus aureus or community acquired enterococci in the absence of a primary focus or
  •    Microorganisms consistent with IE from persistently positive blood cultures defined: at least two positive cultures of blood samples 

drawn >12 h apart; or all of three or a majority of four or more separate cultures (with first and last sample drawn at least 1 h apart); or
  • Single positive blood culture for Coxiella burnetii or anti-phase 1 IgG antibody titer >1:800
Evidence of endocardial involvement
  •  Echocardiogram positive for IE defined as follows:
     −  Oscillating intracardiac mass on valve or supporting structures, in the path of regurgitant jets, or on implanted material in the 

absence of an alternative anatomic explanation or
     − Abscess or
     − New partial dehiscence of prosthetic valve
  • New valvular regurgitation (worsening or changing or preexisting murmur not sufficient)
Minor criteria
  • Predisposition, predisposing heart condition, or intravenous drug use
  • Fever, temperature ≥38 °C
  •  Vascular phenomena, major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival 

hemorrhages, and Janeway’s lesions
  • Immunologic phenomena: glomerulonephritis, Osler’s nodes, Roth’s spots, and rheumatoid factor
  •  Microbiological evidence: positive blood culture but does not meet a major criterion as noted above or serological evidence of active 

infection with organism consistent with IE

From Li et al. [28] with permission from Oxford University Press
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 Imaging

 Echocardiography
Echocardiography is central to the diagnosis and manage-
ment of IE.  Not only does echocardiography provide evi-
dence of IE, it also provides important data regarding the 
hemodynamic consequences of the infection and helps pre-
dict short- and long-term prognosis. Furthermore, it helps in 
identifying patients at high risk for complications, diagnoses 
those complications, and identifies patients who benefit from 
surgery.

Echocardiography should be performed as soon as possi-
ble after the diagnosis of IE is suspected. Transthoracic 
echocardiography (TTE) is usually performed first in all 
cases, because it is a noninvasive technique that provides 
rapid, useful information for both the diagnosis and the 
assessment of IE severity. However, image resolution is lim-
ited by TTE and lesions <3 mm in size may not be detected. 
Transesophageal echocardiography (TEE) is performed in 
the majority of patients with suspected IE, because of its bet-
ter image quality and sensitivity, particularly for the diagno-
sis of complications. TEE is indicated in patients with a 
negative TTE but high clinical suspicion for IE, poor TTE 
quality and suspected IE of prosthetic valves or device leads. 
Some centers perform TEE even if TTE shows evidence of 
IE to better evaluate the vegetation and valve structure and 
identify complications. The only situation in which TTE may 
be considered sufficient is the case of good-quality negative 
TTE associated with a low level of clinical suspicion. 
Negative echocardiography (TTE and TEE) and high suspi-
cion for IE should prompt repeat studies. Many findings 
identified by TEE can also be detected on transthoracic 
views. Thus, concurrent TTE images can serve as a baseline 
and follow-up for a noninvasive comparison of vegetation 
size, valvular insufficiency, or change in abscess cavities 
during the course of the patient’s treatment and in case of 
clinical deterioration. TTE can be superior to TEE in certain 
settings. Anterior cardiac structures such as the tricuspid 
valve and the right ventricular outflow tract may occasion-
ally be better visualized with TTE. Moreover, TTE is supe-
rior to TEE in acquiring hemodynamic information such as 
calculating left ventricular function, quantifying severity of 
regurgitant lesions, and assessing filling pressures and pul-
monary artery pressures. Thus, information acquired by TTE 
and TEE is complementary.

Several echocardiographic findings suggest the diagnosis 
of IE but the vegetation is the hallmark lesion. Typically, a 
vegetation presents as an oscillating mass attached to a val-
vular structure, with a motion independent to that of the 
valve (Fig. 3.3). Vegetations typically occur on the low pres-
sure side of a high velocity jet. Hence, they are most often 
visualized on the atrial side of the mitral and tricuspid valves 

and ventricular aspects of the aortic and pulmonic valves. 
Although cardiac valves are the most common sites of infec-
tion, vegetations may also occur in other intracardiac loca-
tions, such as atrial or ventricular surfaces (where a high 
velocity jet of blood has damaged the endothelial integrity) 
or on intracardiac devices.

Echocardiography can detect structural damage and dys-
function of the valves. Valve leaflet perforation is the result 
of destruction of valve tissue by the infection and is gener-
ally associated with a virulent microorganism or when the 
infection continues undetected for a substantial amount of 
time. The endocarditis process can cause significant valvular 
regurgitation without perforation of the leaflets. Vegetations 
on the valve leaflets can obstruct coaptation and cause regur-
gitation. Less frequently, obstruction of the valve orifice by a 
vegetation can cause valvular stenosis. Moreover, significant 
regurgitation can be caused by chordal rupture and flail leaf-
let. Infection of a prosthetic valve typically affects the valve 
ring leading to valve dehiscence. Dehiscence occurs through 
infectious destruction of the sutures and ring leading to par-
tial detachment of the ring from the surrounding tissue. This 
can result in a rocking motion of the prosthetic valve and 
perivalvular regurgitation.

Echocardiography is critical for the diagnosis and man-
agement of complications of endocarditis and in strategizing 
the timing of surgery. Heart failure, perivalvular extension of 
infection, and embolic events represent the three most fre-
quent and severe complications of IE and the three main indi-
cations for early surgery [34]. Valve destruction causing acute 
regurgitation is the most characteristic mechanism leading to 
HF in native valve IE.  Echocardiography provides (1) a 
detailed assessment of the mechanism (valve perforation, 

Fig. 3.3 Transesophageal echocardiogram demonstrating a large veg-
etation (arrow) on the mitral valve in a patient with infective endocardi-
tis. From Shah T: Endocarditis. In Levine G (ed.): Color Atlas of 
Cardiovascular Disease. 2015, Jaypee Brothers Medical Publishers, 
Philadelphia, with permission
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cusp fenestration, torn leaflet, flail leaflet due to ruptured 
infected chordae, or interference of the vegetation mass with 
leaflet closure) and (2) a reliable quantification and evaluation 
of the hemodynamic impact of the regurgitation.

Echocardiography plays a key role in the assessment of 
perivalvular extension of infection. Transesophageal echo-
cardiography is the technique of choice for the diagnosis of 
perivalvular extension and its resulting complications. The 
infectious process can extend into the adjacent structures 
resulting in the formation of abscesses, pseudoaneurysms 
and fistulae. A fistulous connection is formed if the infec-
tious process extends through the myocardium and ruptures 
into a cavity.

TTE and particularly TEE should be performed in the set-
ting of any embolic event. By assessing the size, mobility, 
and location of vegetations, echocardiography is useful in 
predicting embolic risk and therefore plays a key role in 
identifying a subgroup of patients who might benefit from 
early surgery to avoid embolism. The size and mobility of 
vegetations are powerful echocardiographic predictors of 
new embolic events. Vegetations greater than 10 mm are at 
higher risk of embolism and risk is even higher in patients 
with very large (>15  mm) and highly mobile vegetations 
[35]. Embolism occurs more frequently in patients with veg-
etations located on the mitral valve (in particular on the ante-
rior mitral leaflet) and when increasing or decreasing size of 
the vegetation is observed under antibiotic therapy.

When surgery is undertaken, intraoperative TEE evalua-
tion includes assessment of the infected, dysfunctional valve, 
other valves, and contiguous structures. TEE also aids in 
confirming the adequacy of valve repair or replacement and 
documents the successful closure of fistulous tracts. 
Perivalvular leaks should be recognized and documented to 
avoid later confusion about whether the leaks are new and 
possibly the result of recurrent infection [36].

Repeat echocardiographic imaging is indicated if the ini-
tial exams did not show evidence of endocarditis but clinical 
suspicion remains high, in the setting of a new complication 
and as a follow-up in patients on medical therapy. The type 
and timing of repeat echocardiographic examinations depend 
on the clinical presentation and the initial echocardiographic 
findings.

 Multi-Slice Computer Tomography
Although echocardiography is the “gold standard” method 
used to assess the anatomy of the cardiac valves and perival-
vular apparatus, its effectiveness may be limited by the 
patient’s anatomy and by artifacts due to valvular calcifica-
tions or prosthetic material [37]. Also echocardiography 
requires a highly trained operator and results are to a certain 
degree operator dependent. Multi-slice computer tomogra-
phy (MSCT) offers another modality for imaging valvular 
and perivalvular damage, providing high-resolution ana-

tomic information and affording multiplanar reformations. 
CT scanning offers the possibility to rapidly image the heart 
and other organs and thus to identify cardiac lesions and 
extracardiac complications, such as embolic events, infec-
tious aneurysms, hemorrhages, and septic metastases, which 
can modify the therapeutic strategy. It also provides an ana-
tomical assessment of the coronary bed, which is important 
in the preoperative evaluation. In a small study of 37 con-
secutive patients with clinically suspected IE, Feuchtner 
et al. found good results in detecting valvular and perivalvu-
lar damage using MSCT. Although small leaflet perforations 
were missed, CT provided more accurate anatomical infor-
mation regarding presence of abscess/pseudoaneurysm than 
TEE [38]. Fagman et  al. recently investigated the role of 
MSCT in the diagnosis of aortic prosthetic valve IE.  The 
authors showed that MSCT had comparable diagnostic per-
formance to TEE. Moreover, intraoperative findings demon-
strated that MSCT detected three additional pseudoaneurysms 
not found by TEE [39].

MRI may be indicated in some instances in the evaluation 
of infective endocarditis. Although it is less accurate than 
TTE and TEE in identifying valvular vegetations, it can be 
used primarily for the evaluation of complications such as 
paravalvular and myocardial abscesses and infectious pseu-
doaneurysms. Moreover, MRI is useful in the identification 
of embolic complications to the brain and spinal cord and 
identification of mycotic aneurysms of the aorta and its 
branches.

Molecular imaging with 18-fluorodeoxyglucose (FDG)-
PET and localizing low dose CT for attenuation correction 
(PET/CT) has shown promise in the diagnosis of IE in pros-
thetic valves and intracardiac devices. This imaging modal-
ity enables measurement of metabolic activity within an 
organ obtained from the emission of positrons after disinte-
gration of the injected radioactive product (Fig. 3.4). In pros-
thetic valve endocarditis, TTE and TEE may occasionally 
fail to recognize vegetations and periannular extension due 
to acoustic shadowing by components of the prosthetic heart 
valve. In these difficult cases, the use of FDG-PET/CT can 
help in identifying intracardiac areas of increased metabolic 
activity suggesting infection [40].

Gallium-67, indium-111, or technetium-99m- 
hexamethylpropyleneamine oxime labelled leukocyte scin-
tigraphy is another option for imaging of infection, with or 
without incorporation of CT images. Compared to PET/CT, 
this method is more specific for infection, however is more 
time- consuming. The sensitivity and the specificity of 99mtech-
netium radiolabelled leukocyte scintigraphy in patients with a 
suspicion of prosthetic valve IE and an inconclusive echocar-
diogram have been reported as 57% and 78%, respectively 
[41]. Because of a better specificity in detection of infection, 
this modality might be better than PET/CT in differentiating 
early prosthetic valve IE from postoperative inflammation.
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 IE Complications

Despite advances in diagnosis and management, IE still 
remains a disease with high morbidity and mortality usually 
resultant from complications which can alter the outcome 
and influence management. Complications can be intracar-
diac or extracardiac (Table 3.4). While cardiac complications 
are related to local spread of infection, extracardiac compli-
cations result from vegetations embolizing to various organs, 
immune-mediated damage, and complications related to 
treatment of IE.  Heart failure, perivalvular extension, and 
embolic events represent the three most frequent and severe 
complications of IE [34].

 Cardiac Complications

Local, intracardiac extension of the infection can lead to tis-
sue destruction of the valve apparatus and surrounding car-
diac tissue resulting in cardiac complications. Cardiac 
complications include heart failure, perivalvular abscess for-
mation, fistula formation, and pericarditis.

Heart failure is usually caused by destruction of the valve 
apparatus (valve leaflets, chordae) leading to significant val-
vular regurgitation (Figs. 3.5 and 3.6). Improper coaptation 
of the leaflets due to the vegetation can also lead to signifi-
cant valvular regurgitation. In rare cases, a large vegetation 
can obstruct the valve orifice leading to valvular stenosis and 
heart failure or vegetation fragments can embolize into the 
coronary arteries resulting in myocardial infarction and sub-
sequent heart failure. Heart failure is the most common cause 
of death and the most common indication for surgery in 
patients with IE [42].

Extension of the infectious process outside the valve 
leaflets into surrounding structures such as the annulus, 

a

b

Fig. 3.4 PET-CT of a 64-year-old woman with a mass on thickened 
mitral valve but no pathogen identified by blood cultures or serology. 
FDG fluorodeoxyglucose. (a) Transaxial CT scan. (b) Transaxial 
PET-CT fused image showing an increase FDG uptake in the area of the 
mitral valve (green arrow). The endocarditis diagnosis was confirmed 
by pathological examination after surgery (recurrent emboli) showing 
vegetation but no pathogen could be identified. From Thuny F, Grisoli 
D, Collart F, Habib G, Raoult D. Management of infective endocarditis: 
challenges and perspectives. Lancet. 2012;379(9819):965–75. 
Reproduced with permission from Elsevier Limited

Table 3.4 Complications of IE

Complications of infective endocarditis
Structural
  • Leaflet perforation
  • Ruptured chordae/flail leaflet
  • Perivalvular extension
  • Abscess
  • Aneurysm
  • Fistula
  • Valve dehiscence
  • Pericardial effusion
Hemodynamic—heart failure
  • Acute valvular or perivalvular regurgitation
  • Valve obstruction
  • Intracardiac shunt
  • Myocarditis
  • Myocardial infarction
Extracardiac manifestations
  • Renal
  • Infarct (embolic)
  • Immune-mediated glomerulonephritis
  • Neurologic
  • Stroke
  • Embolic
  • Mycotic aneurysms
  • Meningitis
  • Encephalitis
  • Pulmonary embolism (right-sided or device-related IE)
  • Emboli to other abdominal organs
  • Spleen
  • Liver
  • Mesenteric vessels
  • Spine
  • Coronary emboli
Treatment related
  • Drug toxicity
  • Secondary bacteremia due to intravenous lines
  • Thrombosis of vascular lines
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the  myocardium, the conduction system, or the interval-
vular fibrosa can lead to abscess formation. Perivalvular 
infection appears to be more frequent in aortic valve IE 
than in mitral valve IE [43] (Fig.  3.7). Rarely, these 
abscesses can rupture and lead to myocardial perforation 
and suppurative pericarditis. Further contiguous spread-
ing of the infection especially in the region of the interval-

vular fibrosa can lead to pseudoaneurysm and fistula 
formation. Extension of a perivalvular abscess into the 
adjacent conduction system tissue can lead to conduction 
disturbances. The latter is more frequently seen in aortic 
valve endocarditis. In rare cases, extensive perivalvular 
abscess formation can lead to compression of coronary 
ostia and myocardial ischemia [44].

The presence of a perivalvular abscess should be sus-
pected in the setting of persistent bacteremia despite appro-
priate antibiotic therapy or new onset conduction 
abnormalities. Thus, the PR interval and intensity of the first 
heart sound should be monitored daily. Although TEE 
remains the diagnostic tool of choice for detecting perivalvu-
lar complications, MSCT has been shown to give useful 
complementary information for the assessment of the peri-
valvular extent of abscess and aneurysms [37]. Perivalvular 
complications are one of the most serious complications of 
IE and are associated with a higher rate of embolic complica-
tions and death, and thus surgery is indicated in these 
patients.

Lastly, pericarditis (purulent or non-purulent) can also 
develop in the setting of IE [45]. Purulent pericarditis is usu-
ally caused by spread of the infectious process into the peri-
cardial space, but can also be caused by blood borne spread 
of the infection to the pericardium. Non-purulent pericarditis 
may occur as a result of systemic inflammation or immuno-
logical phenomena in the setting of IE [46]. The signs and 
symptoms of pericarditis are similar to those found in 
patients with pericarditis due to other etiologies.

a b
Fig. 3.5 TEE (a) Large 
vegetation (arrow) on the 
posterior mitral valve leaflet 
complicated by formation of 
aneurysm. (b) Color Doppler 
imaging demonstrates mitral 
regurgitation at the leaflet 
coaptation and regurgitation 
through the posterior leaflet 
consistent with leaflet 
perforation

Fig. 3.6 3D TEE images of en face view of the mitral valve demon-
strating large vegetation on the posterior leaflet
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 Extracardiac Complications

Peripheral embolic events are caused by fragments of the 
vegetation embolizing into the peripheral vascular bed. It is 
the second most common complication of IE occurring in 
20–50% of patients [34]. Risk factors predicting emboliza-
tion are the presence of left-sided IE, mitral valve IE (rather 
than aortic valve IE), larger vegetation size (>10 mm), high 
mobility of the vegetation, IE due to S. aureus or fungi, his-
tory of prior embolization, age, diabetes and atrial fibrilla-
tion [10, 47–50]. Left-sided IE can result in systemic 
embolization whereas right-sided IE can lead to pulmonic 
embolization. Embolic events may be clinically silent in 
about 20% of IE patients. Brain and spleen are the most com-
mon sites for embolization in left-sided endocarditis. Stroke 
is the most commonly observed major clinical consequence 
of embolization affecting 60–80% of patients, and the risk of 
stroke appears much greater for mitral than for aortic valve 
endocarditis [51–53]. Clinical cerebrovascular events are 
noted in about 35% of patients and 50% of events remain 
clinically silent. In patients with IE undergoing systematic 
MRI examination any kind of cerebral abnormality was 
found in 80% of patients [54]. Other cerebral complications 
of IE include intracerebral hemorrhage, mycotic aneurysm, 
meningitis, and abscess formation. Mycotic aneurysms 
develop through septic embolization into the arterial lumen 
or into the vasa vasorum and subsequent infection of the ves-
sel wall [55]. Apart from the brain and spleen, emboli may 
involve any vital organ, including the liver, kidney, spinal 
cord, abdominal mesenteric vessels and skin resulting in 
infarcts with or without abscess formation in these organs. 
Renal emboli can cause hematuria and flank pain. Splenic 

infarction may lead to abscess development and cause pro-
longed fevers or left shoulder pain from diaphragmatic irrita-
tion. Coronary emboli can result in myocardial infarction. 
Pulmonary emboli can be seen in intravenous drug users 
with right-sided endocarditis or in patients with intracardiac 
devices such as pacemakers or defibrillators.

Immune-mediated sequelae of IE include the develop-
ment of glomerulonephritis and Osler nodes as a result of 
immune-complex deposition in the glomeruli and skin, 
respectively. Although control of the infection is important 
for resolution of renal dysfunction, antibiotic treatment- 
associated complications include aminoglycoside-induced 
nephro- and ototoxicity, interstitial nephritis, drug fever, 
allergic reactions to antibiotics, intravenous catheter- 
associated complications (thrombophlebitis, thrombosis, 
cellulitis), and Clostridium difficile infection.

 Antimicrobial Therapy

If there is clinical suspicion for IE, empiric antimicrobial 
therapy can be started once blood cultures are drawn depend-
ing on the severity of the clinical course. In patients demon-
strating an indolent course, microbiologic diagnosis can be 
awaited before starting antibiotics. In patients with a more 
fulminant course, antibiotics should be started immediately 
after blood cultures are drawn. Empiric antibiotic therapy 
should cover staphylococci (methicillin susceptible and resis-
tant), streptococci, and enterococci and thus vancomycin is 
the recommended antibiotic. If there is clinical suspicion for 
gram-negative bacteremia, a fourth generation cephalosporin 
such as cefepime can be added to the vancomycin. After the 

a b

Fig. 3.7 TEE (a) short-axis and (b) long-axis images showing aortic 
root abscess formation (arrows) in a patient with aortic valve endocar-
ditis. (TEE Transesophageal echocardiogram). From Shah T: 

Endocarditis. In Levine G (ed.): Color Atlas of Cardiovascular Disease. 
2015, Jaypee Brothers Medical Publishers, Philadelphia, PA, with 
permission
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antimicrobial diagnosis has been made, antibiotics are tai-
lored to the susceptibility of the organism. It is critical that the 
type and dose of antibiotics are bactericidal. Thus, the mini-
mum inhibitory concentration (MIC) of antibiotics against 
the organism should be determined in every patient. Table 3.5 

outlines the antibiotic treatment combinations for various 
organisms.

After antibiotic therapy has been initiated, two sets of 
blood cultures should be obtained every 24–48 h until blood 
cultures are negative. In general, patients should be treated 

Table 3.5 Antibiotic treatment for infective endocarditis

Organism Drug and dose Duration (weeks) Comments
Streptococci
Highly penicillin- susceptible viridans 
streptococci and Streptococcus 
gallolyticus affecting native valves

Aqueous penicillin G 2–3 mU IV Q4H
or
Ceftriaxone 2 g/day IV
or
Vancomycin 15 mg/kg IV Q12H

4 Vancomycin is recommended 
only for patients not able to 
tolerate penicillin or ampicillin

Native valve endocarditis due to 
strains of viridans streptococci or S. 
gallolyticus that are relatively 
resistant to penicillin

Aqueous penicillin G 2–3 mU IV Q4H
or
Ceftriaxone 2 g/day IV
plus
Gentamicin 3 mg/kg IV Q24H in 1 dose

4
2

Prosthetic valve endocarditis due to 
penicillin- susceptible viridans 
streptococci and S. gallolyticus

Aqueous penicillin G 2–3 mU IV Q4H
or
Ceftriaxone 2 g/day IV
or
Vancomycin 15 mg/kg IV Q12H
with or without
Gentamicin 3 mg/kg IV Q24H in 1 dose

6
2

Prosthetic valve endocarditis due to 
strains relatively or fully resistant to 
penicillin

Aqueous penicillin G 2–3 mU IV Q4H
or
Ceftriaxone 2 g/day IV
or
Vancomycin 15 mg/kg IV Q12H
plus
Gentamicin 3 mg/kg IV Q24H in 1 dose

6

Enterococci
Ampicillin 2 g IV Q4H
or
Aqueous penicillin G 3–4 mU IV Q4H
or
Vancomycin 15 mg/kg IV Q12H
plus
Gentamicin 1 mg/kg IV Q8H

4–6 Vancomycin is recommended 
only for patients not able to 
tolerate penicillin or ampicillin
Streptomycin 7.5 mg/kg IV 
Q12H can be substituted for 
gentamicin if no high level 
resistance

Staphylococci
Methicillin- susceptible, affecting 
native valves

Nafcillin or oxacillin 2 g IV Q4H
or
Cefazolin 2 g IV Q8H
or
Vancomycin 15 mg/kg IV Q12H

4–6 Use vancomycin only in patients 
who cannot tolerate a β-lactam 
agent

Methicillin- resistant strains, affecting 
native valves

Vancomycin 15 mg/kg IV Q12H
or
Daptomycin 6 mg/kg IV Q24H

6 Daptomycin should only be used 
for strains with elevated 
vancomycin MICs

Methicillin- susceptible strains, 
affecting prosthetic valves

Nafcillin or oxacillin 2 g IV Q4H
plus
Rifampin 300 mg IV/PO Q8H
plus
Gentamicin 1 mg/kg IV Q8H

≥ 6

Methicillin- resistant strains, affecting 
prosthetic valves

Vancomycin 15 mg/kg IV Q12H
or
Daptomycin 6 mg/kg IV Q24H
plus
Rifampin 300 mg IV/PO Q8H
plus
Gentamicin 1 mg/kg IV Q8H

≥ 6 Daptomycin should only be used 
for strains with elevated 
vancomycin MICs
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with intravenous antibiotics for 6 weeks starting from the 
first day of negative blood cultures. Shorter regimens may be 
sufficient in certain patients with right-sided endocarditis or 
IE with highly susceptible organisms in the absence of com-
plications. After valve surgery, the duration of antibiotic 
therapy is determined by the operative tissue culture results. 
If the culture results are negative, the duration should be cal-
culated from the first day of negative blood cultures. If the 
cultures are positive, a complete course of antibiotic treat-
ment is indicated starting from the day of surgery. 
Irrespectively, intravenous antibiotics should be adminis-
tered for at least 2 weeks following surgery.

 Surgical Therapy

In past publications, rates of surgery for IE vary consider-
ably; however, there has been a trend towards an increase in 
surgery in the treatment of IE.  A systematic review of 15 
analyses demonstrated a 7% per decade increase in patients 
undergoing valve surgery for IE from 1969 to 2000 [1]. A 
clear mortality benefit with surgical treatment has not been 
demonstrated due to a paucity of prospective randomized tri-
als. That said, delay in surgery once heart failure has inter-
vened contributes to increased mortality.

In patients presenting with IE, the questions that have to 
be posed when considering surgical therapy include:

 1. Whether to operate (indications)
 2. When to operate (timing)
 3. Choice of surgical procedure
 4. Strategy of adjunctive antibiotic treatment

 Indications for Surgery

Due to the complexities and uncertainties regarding the indi-
cation and timing of surgery in these patients, who often 
have other comorbidities, it is recommended that patients 
with IE are managed by a Heart Valve team involving cardi-

ology, cardiothoracic surgery, and infectious disease special-
ists [56]. Cardiothoracic surgical consultation should be 
obtained promptly after the diagnosis of IE to assist with 
assessment of need for surgery and its optimal timing.

Each patient must be evaluated individually and all  factors 
associated with increased risk of complications and death 
identified at the time of diagnosis so as to rapidly initiate 
antibiotic treatment and identify patients who require early 
surgery, realizing that the patient’s comorbidities have to be 
taken into account and the risks versus benefits of surgery 
weighed. In patients with complicated endocarditis, antibi-
otic therapy combined with valve replacement results in 
higher survival rates and fewer relapses compared to antibi-
otics alone. Although surgical therapy during the active 
phase of the disease is associated with significant risk, it can 
be justified in patients with high-risk features in whom the 
possibility of cure with antibiotic treatment only is unlikely 
and in whom severe complications of IE have or are likely to 
occur. Early surgery during the active phase of the infection 
is reportedly performed in 40–60% of patients [57]. The ben-
efit of early surgery has been difficult to demonstrate in 
observational studies due to various confounding factors. 
However, a clear trend towards improved outcomes with 
early surgery has been noted [58–61].

Despite the paucity of evidence-based data, the recom-
mended indications for surgical treatment in native IE are sig-
nificant valve dysfunction causing heart failure, paravalvular 
extension of infection, recurrent embolization, persistent bac-
teremia despite appropriate antibiotic treatment and patho-
gens which are less responsive to antimicrobial therapy (such 
as fungi and resistant organisms). However, not infrequently, 
the risk benefit assessment in patients with IE may not be 
very clear. Predictors of increased mortality include left ven-
tricular systolic dysfunction, heart failure, shock, renal insuf-
ficiency, prosthetic valve IE, and high Euroscore [59, 62, 63]. 
Further factors that have been associated with worse outcome 
are large/enlarging vegetation, pulmonary hypertension, and 
objective measures of heart failure including elevated intra-
cardiac filling pressures, depressed left ventricular function, 
and elevated BNP and troponin levels [10, 61, 64–66]. Several 

Table 3.5 (continued)

Organism Drug and dose Duration (weeks) Comments
HACEK organisms, affecting either native or prosthetic valves

Ceftriaxone 2 g/day IV
or
Ampicillin/sulbactam 3 mg IV Q6H
or
Ciprofloxacin 400 mg IV Q12H

4

Non-HACEK gram-negative bacilli Refer to guidelines in Ref. [36]
Fungi/yeasts Refer to guidelines in Ref. [36]

aSee Ref. [36] for full recommendations and details
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studies have attempted to develop a prognostic classification 
system for patients with native IE. In a retrospective analy-
sis of 259 patients with complicated left-sided native valve 
IE, five baseline parameters were shown to be independently 
associated with increased 6-month mortality: abnormal 
mental status, moderate to severe congestive heart failure, 
bacterial etiology other than viridans streptococci, and med-
ical therapy without valve surgery [66]. In another study of 
192 patients with IE, the authors explored time-dependent 
risk stratification by identifying independent predictors of 
6-month mortality on days 1, 8, and 15 [67]. The presence 
of thrombocytopenia, heart failure, and severe comorbidity 
(using Charlson comorbidity scale) was associated with 
increased 6-month mortality at all three time points, and 
several other predictors were identified at individual time 
points. Patients identified at low risk had a 6-month mortal-
ity of 2.4% whereas high risk was associated with a 6-month 
mortality of 78.2%. Although valve surgery for IE was asso-
ciated with reduced 6-month mortality, the benefit of sur-
gery cannot be deduced from this data as this was a 
retrospective analysis. In a further study of 263 patients with 
left-sided IE, parameters obtained within 72 h of admission 
were evaluated for their predictive power with respect to in-
hospital mortality or urgent surgery [68]. Independent risk 
factors for this outcome were infection with Staphylococcus 
aureus, heart failure, and periannular complications. In a 
further analysis of The Society of Thoracic Surgeons Adult 
Cardiac Surgery Database, 13,617 surgeries performed for 
IE were examined [65]. The overall operative mortality rate 
was lower than reported in other studies at 8.2%, and even 
in patients with the highest score, operative mortality did 
not exceed 30%. Several factors were identified to indepen-
dently predict operative mortality with the preoperative 
hemodynamic condition of the patient being the strongest 
predictor. Interestingly, preoperative cerebrovascular dis-
ease was not a significant predictor of mortality or morbid-
ity. Even in patients with recent preoperative stroke, the rate 
of postoperative stroke was low at 4.3% considering a 
median time interval between admission and surgery of 
7  days. Of note, the presence of active IE (as opposed to 
treated IE) was associated with an increased operative risk. 
In the individual patient, this increased operative risk must 
be counterbalanced against the risk of postponing the sur-
gery and the patient suffering from complications such as 
embolic events, heart failure, and death. Although these risk 
prediction models aid in identifying patients with IE at high 
risk for mortality and morbidity, they do not necessarily 
help in deciding which patients should go to surgery and the 
ideal timing of surgery. These decisions are made individu-
ally, taking into account the overall risk due to IE, individual 
operative risk, and risk of complications with medical treat-
ment only.

Heart failure is the most common cause for mortality in 
patients with IE and has been demonstrated to be the clearest 
and strongest indication for early surgery in all types of 
IE. In patients with IE and moderate to severe heart failure, 
mortality approaches 75% with medical treatment alone 
whereas surgical mortality in these patients is less than 25% 
[69, 70]. In patients who are hemodynamically stable and 
without heart failure, indications for surgery are less clear. In 
such cases, surgery after eradication of infection may be per-
formed for adverse hemodynamic effects of valvular regurgi-
tation that result from valve damage. In a retrospective, 
observational cohort study of 513 cases of complicated, left- 
sided endocarditis, investigators found that valve surgery 
was independently associated with reduced 6-month mortal-
ity (HR, 0.40; 95% CI, 0.18–0.91; P = 0.03) in propensity- 
matched subgroups [60]. Stratifying the data by congestive 
heart failure among propensity-matched patients undergoing 
surgery showed that among patients with none to mild con-
gestive heart failure, valve surgery was not associated with 
reduced mortality compared with medical therapy (HR, 1.04; 
95% CI, 0.43–2.48; P = 0.93). However, among propensity- 
matched patients with moderate to severe congestive heart 
failure, valve surgery was associated with a significant reduc-
tion in mortality compared with medical therapy (HR, 0.22; 
95% CI, 0.08–0.53; P = 0.01).

Embolism occurs in 20–40% of patients with IE and is 
associated with an increased morbidity and mortality. In a 
smaller randomized trial of 76 patients, early surgery (within 
48 h) in patients with vegetation size >10 mm resulted in a 
significant decrease in the composite endpoint of in-hospital 
mortality and embolic events (3% versus 23%) mainly 
driven by a decrease in embolic events. A randomized con-
trolled trial of surgical intervention in patients with severe 
left-sided valve dysfunction and vegetations >10  mm in 
length (even in the absence of clinically apparent embolic 
events or HF) showed that early surgery performed within 
48  h after diagnosis reduced the composite primary end-
point of death from any cause or embolic events by effec-
tively reducing the risk of systemic embolism [71]. 
Moreover, these improvements in clinical outcomes were 
achieved without an increase in operative mortality or recur-
rence of infective endocarditis. Thus, early surgery is rea-
sonable in patients who are at high risk for embolic events. 
Several factors are associated with increased risk of embo-
lism, including the size and mobility of vegetations, the 
location of the vegetation on the mitral valve (specifically 
anterior mitral leaflet), the increasing or decreasing size of 
the vegetation under antibiotic therapy, particular microor-
ganisms (Staphylococci, Streptococcus bovis, Candida spp.) 
and previous embolism. As noted above, size and mobility 
of the vegetations are the most potent independent predic-
tors of a new embolic event. The risk of embolism is highest 
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during the first days after initiation of antibiotic treatment 
and decreases significantly after 2 weeks of therapy. An 
analysis from the International Collaboration on 
Endocarditis–Prospective Cohort Study (ICE-PCS) study 
group showed that the crude incidence of stroke in patients 
receiving appropriate antimicrobial therapy was 4.82/1000 
patient days in the first week of therapy and fell to 1.71/1000 
patient days in the second week. This rate continued to 
decline with further therapy. Stroke rates fell similarly 
regardless of the valve or organism involved.

After a cerebral embolic event, the decision to proceed 
with surgery must take into account the risk of further embo-
lism and the risk of neurologic deterioration caused by car-
diopulmonary bypass in patients who have already 
experienced a cerebrovascular complication. A history of 
embolic stroke or transient ischemic attack is not in itself a 
contraindication to surgery. In general, postoperative neuro-
logic deterioration has been reported to be low (0–6%) [72] 
and this is also true after a silent cerebral embolism or a tran-
sient ischemic attack [73]. After an ischemic stroke, surgery 
can be performed if the patient does not have severe neuro-
logic damage and cerebral hemorrhage has been ruled out by 
cerebral imaging [58]. A recent study from The International 
Collaboration on Endocarditis–Prospective Cohort Study 
(ICE-PCS) showed that there is no apparent survival benefit 
in delaying surgery (>7 days) when indicated in IE patients 
after ischemic stroke [74].

Paravalvular extension of infection is usually an indica-
tion for surgery as medical therapy alone is rarely curative 
[75]. Although surgical mortality in patients with paravalvu-
lar extension is high (19–43%), prognosis with medical 
 therapy only is dismal [43, 76–78]. In one case series of 20 
patients, medical management was associated with a mortal-
ity rate of 40% at 6 months. Thus, surgical treatment is indi-
cated in patients with paravalvular extension unless surgical 
risk is prohibitive.

In patients with IE due to documented infection of pace-
maker and defibrillator systems, complete removal of the 
systems, including all leads and the generator is indicated as 
part of the early management (Class I, LOE B) [56]. Even 
without evidence of device or lead infection, it is reasonable 
to completely remove the pacemaker or defibrillator systems 
in patients with valvular IE caused by S. aureus or fungi or in 
patients undergoing valvular surgery for endocarditis (Class 
IIa) [56]. Surgery is also recommended for patients with 
prosthetic valve endocarditis and relapsing infection (defined 
as recurrence of bacteremia after a complete course of appro-
priate antibiotics and subsequently negative blood cultures) 
without other identifiable source for portal of infection 
(Class I, LOE C) [56].

Recently released ACC/AHA guidelines recommend 
early surgery for the conditions listed in Table 3.6.

 1. Early surgery is indicated in patients with IE who present 
with valve dysfunction resulting in symptoms of heart 
failure (Class I, LOE B).

 2. Early surgery is indicated in patients with left-sided IE 
caused by S. aureus, fungal, or other highly resistant 
organisms (Class I, LOE B).

 3. Early surgery is indicated in patients with IE complicated 
by heart block, annular or aortic abscess, or destructive 
penetrating lesions (Class I, LOE B).

 4. Early surgery is indicated in patients with evidence of 
persistent infection as manifested by persistent bactere-
mia or fevers lasting longer than 5–7 days after onset of 
appropriate antimicrobial therapy (Class I, LOE B).

 5. Early surgery is reasonable in patients with IE who pres-
ent with recurrent emboli and persistent vegetations 
despite appropriate antibiotic therapy (Class IIa, LOE B).

 6. Early surgery may be considered in patients with native 
valve endocarditis who exhibit mobile vegetations greater 
than 10 mm in length (with or without clinical evidence 
of embolic phenomenon) (Class IIb, LOE B).

 7. Surgery is recommended for patients with prosthetic 
valve endocarditis and relapsing infection (defined as 
recurrence of bacteremia after a complete course of 
appropriate antibiotics and subsequently negative blood 
cultures) without other identifiable source for portal of 
infection (Class I, LOE C).

 Timing of Surgery

When deciding about the timing of surgery the risk of operat-
ing during active infection resulting in potential infection of the 
prosthesis must be weighed against increasing complications if 

Table 3.6 Indications for surgery in IE

Indications for surgery in endocarditis
Indicated in patients with IE who present with valve 
dysfunction resulting in symptoms of heart failure

Class I, 
LOE B

Indicated in patients with left-sided IE caused by S. 
aureus, fungal, or other highly resistant organisms

Class I, 
LOE B

Indicated in patients with IE complicated by heart block, 
annular or aortic abscess, or destructive penetrating 
lesions

Class I, 
LOE B

Indicated in patients with evidence of persistent infection 
as manifested by persistent bacteremia or fevers lasting 
longer than 5–7 days after onset of appropriate 
antimicrobial therapy

Class I, 
LOE B

Reasonable in patients with IE who present with 
recurrent emboli and persistent vegetations despite 
appropriate antibiotic therapy

Class 
IIa, 
LOE B

May be considered in patients with native valve 
endocarditis who exhibit mobile vegetations greater than 
10 mm in length (with or without clinical evidence of 
embolic phenomenon)

Class 
IIb, 
LOE B
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surgery is postponed. In a small, randomized trial in patients 
with native left-sided endocarditis, large vegetation (>10 mm) 
and severe valvular regurgitation or stenosis, 37 patients under-
went early surgery (within 48  h) and 39 patients underwent 
surgery either during initial hospitalization or during follow-
up. The early surgery group demonstrated a lower rate of the 
primary endpoint (in-hospital mortality and embolic event) at 
6 weeks than the conventionally managed group (3% versus 
23% respectively). In another study, 138 patients underwent 
valve replacement in the setting of active infection. In these 
patients, early mortality was 11.5% (mainly due to heart failure 
and multi-organ failure) and early recurrent endocarditis 
occurred in 2% of patients. The optimal timing of surgery con-
tinues to remain unclear due to the lack of randomized con-
trolled data, which will likely be difficult to obtain due to the 
heterogeneity in the patients presenting. From current data, 
early surgery for the appropriate indications appears to be fea-
sible with low risk of prosthetic valve reinfection and evidence 
towards improved outcomes [71]. The indications for early sur-
gery will hopefully be more clearly defined as more data 
emerges.

 Choice of Surgical Procedure

Surgery for IE usually includes debridement of all affected 
areas, copious irrigation, reconstruction of any defects with 
autologous or bovine pericardium and either valve repair or 
replacement with a prosthetic valve [79]. Thorough removal 
of infectious tissue is more important for the outcome than 
choice of valve procedure [80]. The mode of surgery 
(replacement versus repair) or type of prosthesis used 
(mechanical versus biological) has no influence on operative 
mortality, although repair techniques, when applicable, offer 
long-term advantages, including a reduced risk of late com-
plications (notably, recurrent IE) and obviation of the need 
for lifelong anticoagulation [42, 81]. Valve repair may be 
possible when a leaflet perforation occurs in the absence of 
extensive leaflet destruction or annular involvement.

 Prosthetic Valve Endocarditis (PVE)

PVE occurs in about 1–6% of patients with prosthetic valves 
and can be separated into early and late forms [82]. Early 
PVE occurs within 60 days of valve implantation and typical 
organisms include coagulase-negative staphylococci, gram- 
negative bacilli, and Candida species. Late PVE occurs 
>60 days after valve implantation and associated organisms 
are similar to those encountered in native valve IE (staphylo-
cocci, alpha-hemolytic streptococci, and enterococci). With 
respect to fulminance, early PVE tends to be more acute and 
aggressive whereas late PVE usually is more indolent and 

subacute similar to native valve IE. IE affects bioprosthetic 
and mechanical valves in equal frequency. Mitral valve pros-
theses are more prone to infection than aortic valve prosthe-
sis. Complications such as abscess/fistula formation, valve 
dehiscence, and heart block are more frequently seen with 
aortic valve PVE.  In-hospital mortality is higher than in 
native valve IE with a reported rate of 20–40% [82].

 Device-Related Endocarditis

Device-related endocarditis usually involves implantable 
pacemakers and defibrillators and usually occurs within a 
few months of implantation (Fig.  3.8). The infection can 
involve the generator pocket, the intravascular portions of 
the leads, the intracardiac portions of the leads, or a combi-
nation of the components. The majority of device infections 
are caused by staphylococci, both coagulase-negative and 
coagulase-positive.

 Right-Sided Endocarditis

Right-sided endocarditis is seen in patients with intracardiac 
devices and catheters (see below) and more frequently in 
patients with intravenous drug use (IVDU). Right-sided 
endocarditis accounts for 10% of all IE in population-based 
surveys and a higher proportion of IE in injection drug users 
[83, 84]. Diagnosis of endocarditis in IVDU can be difficult 
and requires a high index of suspicion. A murmur may be 
absent in those with tricuspid disease, owing to the relatively 
small pressure gradient across the valve (Fig. 3.9). Pulmonary 
manifestations like pneumonia and septic pulmonary emboli 
are prominent in patients with tricuspid infection. Peripheral 
manifestations, such as splinter or conjunctival hemorrhages, 

Fig. 3.8 Vegetation on an ICD lead (arrow) (ICD intracardiac 
defibrillator)
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are observed less frequently. Among injection drug users 
(IDUs), S. aureus is the most common cause of right-sided 
IE, whereas left-sided IE can be caused by viridans strepto-
cocci or S. aureus. The successful management of a compli-
cated case requires the close cooperation of a cardiologist, an 
infectious disease physician and addiction physicians in 
managing drug withdrawal and maintaining the patient in 
hospital [84]. Prognosis is relatively good with a quoted in- 
hospital mortality rate of <10%. Most patients can be treated 
medically, with surgery being necessary in only a small 
minority of cases [85]. Sepsis (which is uncontrolled despite 
adequate antibiotic treatment), intractable right heart failure 
(despite appropriate medical treatment), and paravalvular 
abscess or fungal endocarditis are the most important indica-
tions for surgical intervention [84].

 Anticoagulation

The beneficial versus deleterious effect of anticoagulation in 
patients with IE is determined by a multitude of clinical, bac-
teriologic, radiological, and echocardiographic variables. 
Factors that may influence decision-making include native 
versus prosthetic valve endocarditis, size of the vegetation 
and its location on the mitral or aortic valve, virulence of the 
infective organism, size of the cerebral infarct(s), and pres-
ence of hemorrhagic transformation or mycotic aneurysms.

In patients with NVE, routine use of anticoagulation is 
not recommended unless a separate indication exists. There 
is no conclusive evidence that prophylactic anticoagulation 
reduces the incidence of emboli in patients with NVE who 
have no other indication for anticoagulation.

Alternatively, for patients already receiving anticoagula-
tion with VKA or aspirin for other evidence-based indica-
tions at the time of diagnosis with IE, there is little information 

on the risks and benefits of continued anticoagulation ther-
apy. Continuing anticoagulant therapy in the face of IE 
potentially increases the risk of hemorrhagic transformation 
of an embolic stroke or accentuation of bleeding from septic 
arteritis or mycotic aneurysms. Moreover, there is a theoreti-
cal risk of dislodging the vegetation and increasing the risk 
of embolic events with anticoagulation. The evidence and 
propensity of expert consensus suggest that anticoagulation 
be discontinued at the time of initial presentation with IE 
secondary to the combined risk of bleeding from potentially 
urgent invasive procedures and the risk of developing hemor-
rhagic stroke.

Decisions about continued anticoagulation and antiplate-
let therapy should ultimately be directed by the patient’s con-
sulting cardiologist and cardiothoracic surgeon in 
consultation with a neurology specialist if neurological find-
ings are present. Although there is no strong evidence base 
for screening neurological imaging studies, the data are 
strong that subclinical neurological abnormalities are com-
mon. Thus, in patients with valvular or nonvalvular indica-
tions for continued use of VKAs, strong consideration should 
be given to cerebral magnetic resonance imaging to evaluate 
for subclinical cerebrovascular complications to help guide 
anticoagulation management.

The 2014 ACC/AHA valve guidelines recommend the 
following [56]:

 1. Temporary discontinuation of VKA anticoagulation 
might be considered in patients receiving VKA anticoag-
ulation at the time of IE diagnosis (Class IIb, LOE B).

 2. It is reasonable to temporarily discontinue anticoagula-
tion in patients with IE who develop central nervous sys-
tem symptoms compatible with embolism or stroke 
regardless of the other indications for anticoagulation 
(Class IIa, LOE B).

a b

Fig. 3.9 TTE of large tricuspid valve vegetation. (a) Apical view. (b) Apical view with Color Doppler showing Tricuspid regurgitation
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 Prophylaxis for Endocarditis

Experimental studies have demonstrated that bacterial endo-
carditis can be induced when bacteria with a known ability to 
cause endocarditis are injected into laboratory animals fol-
lowing traumatization of the heart valves with vascular cath-
eters. It has also been shown that if antibiotics with activity 
against streptococci are given prior to up to 30  min after 
injection of bacteria, endocarditis can be prevented in these 
experiments. Previously adopted recommendations for IE 
prophylaxis were mainly based on the results of these animal 
studies. However, there is no strong evidence supporting the 
use of antibiotic prophylaxis in patients with preexisting car-
diac conditions. In fact, a French study demonstrated that the 
risk of developing IE after a dental procedure without antibi-
otic prophylaxis in patients with predisposing cardiac condi-
tions was 1 in 11,000 in patients with prosthetic valves and 
1  in 54,000  in patients with native valves. In patients who 
received prophylaxis, the risk of IE was 1 in 150,000 [86]. 
Thus, a large number of patients would need to be treated to 
prevent a very small number of IE cases. In the last decade 
the AHA and ESC dramatically revised the guidelines to 
restrict the use of antibiotic prophylaxis to a select group of 
patients. Several observations led to the revision of the 
guideline. Studies have shown that high-grade bacteremia is 
not necessary to induce endocarditis, but everyday exposure 
to low-grade endocarditis (caused by everyday-life actions 
like chewing or tooth brushing) represents a much greater 
cumulative risk in humans [87]. Also, the benefit of antibiot-
ics needs to be balanced with the risk of their use like hyper-
sensitivity, adverse effects, and antibiotic resistance due to 
widespread use. Thus, because of the lack of published evi-
dence on the use of prophylactic antibiotics to prevent IE, 
antibiotic prophylaxis is now indicated for only a subset of 
patients who are at high risk for developing IE and at highest 
risk for an adverse outcome if IE occurs [88] (Table 3.7).

Antibiotic prophylaxis with dental procedures is reason-
able only for patients with cardiac conditions associated with 
the highest risk of adverse outcomes from endocarditis in the 
setting of procedures likely to result in bacteremia with a 
microorganism that has the potential ability to cause endo-
carditis, including:

• Prosthetic cardiac valve or prosthetic material used in 
valve repair

• Previous endocarditis
• Congenital heart disease (CHD) only in the following 

categories:
 – Unrepaired cyanotic CHD, including those with pallia-

tive shunts and conduits
 – Completely repaired congenital heart defect with pros-

thetic material or device, whether placed by surgery or 
catheter intervention, during the first 6  months after 
the procedure

 – Repaired CHD with residual defects at the site or adja-
cent to the site of a prosthetic patch or prosthetic device 
(which inhibit endothelialization)

• Cardiac transplantation recipients with cardiac valvular 
disease

In patients in whom IE prophylaxis is reasonable, prophy-
laxis is only indicated before dental procedures that involve 
manipulation of gingival tissue or the periapical region of 
teeth or cause perforation of the oral mucosa [88]. Prophylaxis 
against IE is not recommended in patients with VHD who 
are at risk of IE for non-dental procedures (e.g., TEE, esoph-
agogastroduodenoscopy, colonoscopy, or cystoscopy) in the 
absence of active infection.

Multiple epidemiological studies show no increase in the 
rate of IE since adoption of the AHA and European Society 
of Cardiology guidelines recommend more restrictive use of 
IE prophylaxis. The NICE (National Institute for Health and 
Clinical Excellence, United Kingdom) guidelines do not rec-
ommend antibiotic prophylaxis, regardless of the dental, 
genitourinary, or gastrointestinal procedure regardless of the 
cardiac condition [89]. Subsequent epidemiological studies 
performed in the wake of the NICE guideline revisions have 
demonstrated no increase in clinical cases or deaths from IE 
[90]. Table 3.7 lists the choice of recommended antibiotics 
when IE prophylaxis is indicated.
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Inflammation Injury and Selected 
Disease Processes Causing Aortic Root 
and Aortic Valvular Inflammation

James T. Willerson and L. Maximilian Buja

 Marfan Syndrome

Marfan syndrome (MFS) is an autosomal dominant disease 
characterized by cardiovascular, ocular, and skeletal prob-
lems. The disorder has an estimated prevalence of 1 in 3000–
5000 individuals. Although MFS is inherited as an autosomal 
dominant disorder, in approximately one-third of cases, the 
individual with MFS has unaffected parents. In these cases, 
the syndrome is believed to be caused by sporadic, new 
mutations in the affected individual.

 Cardiovascular Manifestations

The most common cardiovascular complication in patients 
with MFS is progressive aortic root enlargement that initiates 
at the sinuses of Valsalva [1]. Ascending aortic aneurysms 
can lead to acute, type A aortic dissection; aortic rupture; or 
aortic regurgitation, which can result in premature death. 
Management of aortic disease in these patients consists of 
regular imaging to detect and assess the progression of aortic 
dilation, β-adrenergic receptor antagonist therapy (in the 
largest dose tolerable by the patient), and prophylactic aortic 
repair when the dilation becomes ≥5.0 cm or causes severe 
AR. Before surgical repair of the aorta became an option, the 
majority of patients with MFS died prematurely of aortic 
rupture, resulting in an average life expectancy of 45 years 
[2]. Improvements in the medical and surgical management 
of the aortic disease in these individuals have substantially 
increased their average life expectancy to 70 years [3, 4].

Aortic root dilatation typically begins at the sinuses of 
Valsalva and progresses to involve the proximal ascending 
aorta. The rate of enlargement of the proximal aorta varies 
widely among individuals, and the progressive enlargement 
is usually asymptomatic. Therefore, the proximal aorta 
should be evaluated annually or more often, depending on 
the severity of the dilatation. Transthoracic echocardiogra-
phy provides precise measurements of aortic root size for 
comparison over time. Magnetic resonance imaging and 
transesophageal echocardiography are also useful. Use of 
aortography is usually limited to studies performed before 
surgery to define the anatomy (Fig. 4.1).

Aortic valve insufficiency often occurs as the aorta dilates. 
The risk of the proximal aorta rupturing increases as the size 
of the aortic root increases. Consideration of prophylactic 
aortic root replacement is recommended when the diameter 
reaches 5.0 cm [6, 7]. Once an aneurysm is larger than 6 cm, 
there is a fourfold increase in the cumulative risk of aortic 
rupture or dissection [6]. In some cases, surgery may be per-
formed when the aortic diameter is less than 5.0 cm, such as 
when the aortic diameter increases rapidly (>1  cm/year), 
when the patient has a family history of premature aortic dis-
section (dissection occurring when the diameter is <5 cm), 
and when the patient has moderate-to-severe aortic 
regurgitation.

Composite valve graft replacement is achieved by mobi-
lizing buttons of aortic tissue around the coronary arteries for 
anastomosis to the aortic graft. These patients are maintained 
on beta blockers, and bacterial prophylaxis is recommended. 
The most common causes of late death after composite valve 
graft repair are undergoing dental work or invasive diagnos-
tic or surgical procedures and dissection or rupture of the 
residual distal aorta. Approximately 10% of the patients who 
undergo composite valve graft repair subsequently require 
distal aortic surgery.

Other surgical procedures have been developed that pre-
serve the patient’s native aortic valve; these are called 
 “valve- sparing” aortic root replacement procedures [8, 9]. The 
Yacoub procedure is referred to as the “remodeling” technique 
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and the David procedure is considered the “reimplantation” 
technique [10, 11]. Both procedures are options for almost all 
patients with aortic root aneurysms, as long as the aortic valve 
is structurally normal. In addition, for both techniques, patient 
survival is excellent, and complications are rare.

Some patients with MFS develop a dissection through the 
medial layer of the aortic wall. Most of these are type I dis-
sections (DeBakey classification), which also involve the 
descending thoracic aorta. Dissections involving the ascend-
ing aorta can occur in patients who have minimal to no 
enlargement of the ascending aorta. Most of these dissections 
occur in the absence of systemic hypertension. Angiography, 
transesophageal echocardiography, and magnetic resonance 
imaging are useful techniques for diagnosing aortic dissec-
tions. Beta blockers, when tolerated, are used for treatment.

Mitral valve prolapse is present in 70–90% of patients 
with MFS. Associated mitral regurgitation occurs in up to 
half of these patients, but serious mitral regurgitation is rare. 
Mitral valve prolapse can be associated with chest pain and 
palpitations.

 Skeletal and Ocular Manifestations

The skeletal features of the disorder include increased 
height and arm span; anterior chest wall deformities (pectus 

excavatum or carinatum); long fingers and toes (arachno-
dactyly); mild-to-moderate joint laxity; a narrow, highly 
arched palate and crowding of the frontal teeth; pes planus 
(flat feet); protrusio acetabuli; and vertebral column abnor-
malities (scoliosis and thoracic lordosis). The skeletal mani-
festations of MFS are the most outwardly striking features 
of the disorder and are often the features that trigger the 
initial evaluation. Patients usually have a tall stature, pri-
marily due to having long, thin legs, which is reflected in a 
decreased ratio of the upper body segment (height minus the 
lower segment) to the lower body segment (top of pubic 
ramus to the floor). They also generally have an arm span 
that is greater than their height. The reduced upper-to-lower 
segment ratio can be further exaggerated by scoliosis and 
kyphosis.

Marfan syndrome can also affect the eyes. In approxi-
mately 50% of the people with MFS, the lenses of the eyes are 
dislocated (ectopia lentis). Myopia is also common in patients 
with MFS, but retinal detachment is a rare complication.

 Diagnosis

Diagnosing MFS is a complicated clinical decision. The 
diagnostic criteria for MFS were initially established by an 
international consortium of clinicians in 1986. The Ghent 

Fig. 4.1 Illustration and 
aortogram of an aneurysm of 
the ascending aorta. From 
Milewicz [5], reprinted with 
permission from Springer 
Nature
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criteria for diagnosing MFS were introduced in 1996 [12] 
and revised in 2010 [13]. The 2010 Ghent criteria focus on 
two cardinal features of MFS: aortic root aneurysm/dissec-
tion and ectopia lentis (Table 4.1). The presence of both of 
these features should be sufficient to diagnosis MFS. When 
the patient has no family history of MFS and has only one of 
these features, then the diagnosis is guided by genetic testing 
results or a “systemic score” that is based on other cardiovas-
cular and ocular manifestations of MFS, as well as findings 
in other organ systems, such as the skeleton, dura, skin, and 
lungs (Table 4.2). When the patient has a family history of 
MFS, then the diagnosis can be made if the patient has one of 
the two cardinal features of MFS or a high systemic score 
(i.e., ≥7 points). However, the revised Ghent criteria also 
provide a caveat regarding the presence of unexpected find-
ings that could be suggestive of an alternative diagnosis, 
such as Shprintzen-Goldberg syndrome, Loeys-Dietz syn-
drome, or the vascular form of Ehlers-Danlos syndrome.

 Genetic Mutations

It has been clearly established that MFS can be caused by 
defects in the fibrillin gene (FBN1) on chromosome 15. A 

number of mutations in FBN1 have been identified in affected 
individuals and families. An analysis of FBN1 mutations 
responsible for MFS has indicated that in almost every case, 
the mutations are private—that is, every family or sporadi-
cally affected individual has a different mutation [14]. The 
majority of mutations are missense mutations that alter a 
single amino acid. In addition, a second locus for MFS, 
called the MFS2 locus, has been mapped to 3p24-25 [15]. 
Furthermore, mutations in transforming growth factor-β 
(TGF-β) receptor type II (TGFBR2) have recently been 
described in patients with MFS [16].

 Future Therapies

One direction for future therapies will be to prevent the steps 
that lead from a deficiency in fibrillin-1-containing microfi-
brils to the aortic wall pathology observed in MFS patients 
(fragmentation and degradation of the elastic fibers and loss 
of the smooth muscle cells in the medial layer). Another pos-
sible avenue for therapy is based on the findings that fibrillin-
 1 and microfibrils regulate the TGF-β family of growth 
factors (cytokines), which influence many aspects of cellular 
performance, including differentiation, proliferation, protein 
production, and survival [17].

 Relapsing Polychondritis

Relapsing polychondritis is a rare disorder of unknown etiol-
ogy that is characterized by inflammation and destruction of 
various cartilaginous structures [18, 19]. Circulating antibod-
ies to type II collagen have been found in some patients [20]. 
Disease onset is usually in middle age, with men and women 

Table 4.1 Revised Ghent criteria for diagnosing Marfan syndrome 
and related conditions

In the absence of family history:
  1. Ao (Z ≥ 2) AND EL = MFSa

  2. Ao (Z ≥ 2) AND FBN1 = MFS
  3. Ao (Z ≥ 2) AND Syst (≥7 pts) = MFSa

  4. EL AND FBN1 with known Ao = MFS
EL with or without Syst AND with an FBN1 not known with Ao or 
no FBN1 = ELS
Ao (Z < 2) AND Syst (≥5 with at least one skeletal feature) without 
EL = MASS
MVP AND Ao (Z < 2) AND Syst (<5) without EL = MVPS
In the presence of family history (FH):
  5. EL AND FH of MFS (as defined above) = MFS
  6. Syst (≥7 pts) AND FH of MFS (as defined above) = MFSa

  7.  Ao (Z ≥ 2 above 20 years old, ≥3 below 20 years) + FH of 
MFS (as defined above) = MFSa

Ao aortic diameter at the sinuses of Valsalva above indicated Z-score or 
aortic root dissection, EL ectopia lentis, ELS ectopia lentis syndrome, 
FBN1 fibrillin-1 mutation, FBN1 not known with Ao, FBN1 mutation 
that has not previously been associated with aortic root aneurysm/dis-
section, FBN1 with known Ao, FBN1 mutation that has been identified 
in an individual with aortic aneurysm, LDS Loeys-Dietz syndrome, 
MASS myopia, mitral valve prolapse, borderline (Z < 2) aortic root dila-
tation, striae, skeletal findings phenotype, MFS Marfan syndrome, 
MVPS mitral valve prolapse syndrome, SGS Shprintzen-Goldberg syn-
drome, Syst systemic score, vEDS vascular form of Ehlers-Danlos syn-
drome, Z Z-score
From Loeys et al. [13]. Reprinted with permission from BMJ Publishing 
Group Ltd.
aCaveat: without discriminating features of SGS, LDS, or vEDS AND 
after TGFBR1/2, collagen biochemistry, COL3A1 testing, if indicated. 
Other conditions/genes will emerge with time

Table 4.2 Scoring of systemic features of Marfan syndrome

•  Wrist AND thumb sign—3 (wrist OR thumb sign—1)
•  Pectus carinatum deformity—2 (pectus excavatum or chest 

asymmetry—1)
•  Hindfoot deformity—2 (plain pes planus—1)
•  Pneumothorax—2
•  Dural ectasia—2
•  Protrusio acetabuli—2
•  Reduced US/LS AND increased arm/height AND no severe 

scoliosis—1
•  Scoliosis or thoracolumbar kyphosis—1
•  Reduced elbow extension—1
•  Facial features (3/5)—1 (dolichocephaly, enophthalmos, 

downslanting palpebral fissures, malar hypoplasia, retrognathia)
•  Skin striae
•  Myopia >3 diopters—1
•  Mitral valve prolapse (all types)—1

Maximum total: 20 points; score ≥7 indicates systemic involvement; 
US/UL upper segment/lower segment ratio
From Loeys et al. [13]. Reprinted with permission from BMJ Publishing 
Group Ltd.
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showing no difference in age of onset. Bilateral auricular 
chondritis (Fig. 4.2) is the most common symptom at presen-
tation, followed by laryngotracheal involvement or saddle 
nose deformity (Fig. 4.3), arthritis, fever, and neurosensory 
hearing loss [22]. Approximately 15% of patients have sys-
temic vasculitis affecting the medium or large arteries [22], 
and approximately 24% of patients have cardiovascular com-
plications; the most common of these are aortic regurgitation, 
followed by mitral regurgitation, pericarditis, and myocardial 
ischemia [18, 22]. Patients may also develop aortic or large-
artery aneurysms, which may thrombose or rupture.

The treatment used depends on the disease severity and 
the organs involved. Corticosteroids are usually required. 
Immunosuppressive agents may be effective in patients with 

steroid resistance or intolerance. Cardiac valve replacement 
is sometimes necessary [22].

 Seronegative Spondyloarthritis

Seronegative spondyloarthritis is a group of diseases that 
includes ankylosing spondylitis, reactive arthritis (formerly 
called Reiter’s disease), psoriatic arthritis, and the arthritis asso-
ciated with the idiopathic inflammatory bowel diseases ulcer-
ative colitis and Crohn’s disease [23]. These chronic arthritides 
are now known to be clinically, epidemiologically, and geneti-
cally separate entities; moreover, patients with these conditions 
do not have rheumatoid factor or antinuclear antibodies (ANAs).

 Joint and Ocular Manifestation

All of these diseases are characterized by a sterile inflamma-
tory process that affects the spinal or peripheral joints, as well 
as the tendons and ligamentous insertions (enthesitis), which 
often leads to bony fusion. In ankylosing spondylitis, the axial 
skeleton is predominantly involved. Joint fusion typically 
begins in the sacroiliac joints and then progressively ascends 
into the lumbar, dorsal, and cervical segments, resulting in a 
rigid and often deformed spine. Radiographs characteristi-
cally show sacroiliitis (Fig.  4.4), squaring of the vertebrae, 
and ossification of the spinal ligaments between the vertebrae 
(syndesmophytes), giving the spine a “bamboo” appearance 
(Fig. 4.5). Reactive arthritis and psoriatic arthritis primarily 
affect the peripheral joints, but similar spinal changes, espe-
cially sacroiliitis, occur in 20% of these patients (Fig. 4.6). 
Peripheral arthritis is a complication in 20% of inflammatory 

Fig. 4.2 Inflammation and partial collapse of the auricular cartilage in 
a patient with relapsing polychondritis. From Arnett and Willerson [21], 
reprinted with permission from Springer Nature

Fig. 4.3 Typical “saddle nose” deformity, which is caused by destruc-
tion and collapse of the nasal cartilage in patients with Wegener’s gran-
ulomatosis or relapsing polychondritis. From Arnett and Willerson 
[21], reprinted with permission from Springer Nature

Fig. 4.4 Pelvic radiograph showing bilateral fusion of the sacroiliac 
joints (sacroiliitis) in a patient with a spondyloarthritis. From Arnett 
and Willerson [21], reprinted with permission from Springer Nature
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bowel disease cases, and spondylitis is a complication in 10% 
of these patients. Acute anterior uveitis occurs in approxi-
mately 25% of patients with a spondyloarthritis.

 Cardiac Manifestations

A specific cardiac lesion is found in patients with spondylo-
arthritides. This lesion is aortic regurgitation, atrioventricu-
lar or bundle branch conduction defects, or, rarely, mitral 
regurgitation (Fig. 4.7) [24–31]. Dilatation and thickening 

Fig. 4.5 Thoracolumbar radiograph showing calcified ligaments (syn-
desmophytes) bridging across intervertebral disks of a “bamboo” spine 
in a patient with ankylosing spondylitis. From Arnett and Willerson 
[21], reprinted with permission from Springer Nature

Fig. 4.6 The typical pustular rash (keratoderma blennorrhagica) of a 
patient with reactive arthritis. From Arnett and Willerson [21], reprinted 
with permission from Springer Nature

Normal
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Rheumatoid
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Fig. 4.7 Schematic representation of the typical cardiac lesions of 
ankylosing spondylitis contrasted with those of rheumatoid arthritis. Ao 
aorta, AV atrioventricular, LA left atrium, LV left ventricle. From Arnett 
and Willerson [21], reprinted with permission from Springer Nature
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of the walls of the proximal aortic root, especially behind 
and immediately above the sinus of Valsalva, have been 
shown histopathologically, along with thickening and short-
ening of the aortic valve cusps and the development of a 
fibrous mass (or bump) below the aortic valve (Figs. 4.7 and 
4.8) [25–31]. Surrounding the vasa vasorum are collections 
of plasma cells and lymphocytes [26]. Mitral regurgitation 
occurs because of a similar fibrous thickening at the basal 
portion of the anterior mitral leaflet and dilatation of the left 
ventricle from aortic regurgitation. Bundle branch block and 
complete heart block occur as the fibrosing process extends 
from the membranous ventricular septum into the muscular 
septum, where it interrupts or destroys the conducting fibers 
in the atrioventricular bundle or proximal bundle branches 
[26, 32].

In approximately 5% of ankylosing spondylitis cases and 
in rare cases of reactive arthritis, the patient develops spon-
dylitic heart disease [30, 33, 34]. In the reported cases of 
spondylitic heart disease, HLA-B27 positivity is usually 
found. This complication usually occurs after many years of 
having arthritis. First-degree atrioventricular block and aor-
tic regurgitation have been reported in the early stages of the 
disease [35–37], even before the appearance of arthritis 
symptoms [35, 37]. Clinically inapparent aortic involvement 
may be found with echocardiography. Using two- 
dimensional transthoracic echocardiography, LaBresh et al. 
[38] found subaortic fibrous ridging or marked valvular leaf-
let  thickening in 11 of 36 men with ankylosing spondylitis or 
chronic reactive arthritis, but not in any of the 29 normal, 
age- matched control men. In a study by Arnason et al. [39], 

transesophageal echocardiography showed aortic valve 
insufficiency in 10 of 29 men with ankylosing spondylitis, as 
well as the aortic and valvular thickening seen pathologi-
cally. Studies of men who required cardiac pacemakers for 
complete heart block have shown that these men had high 
frequencies of underlying spondyloarthritis (often occult) or 
HLA-B27 positivity. Bergfeldt and colleagues [40, 41] 
found clinical or radiographic evidence of spondyloarthritis 
in 28 (12.6%) of 223 men with permanent cardiac pacemak-
ers, 85% of whom were HLA-B27 positive. They also 
showed that of 83 pacemaker recipients who had no clinical 
or radiographic stigmata of spondylitis, 17% were HLA-B27 
positive, which was a significantly higher frequency than in 
normal controls (6%) [42]. In another group comprising 91 
patients with aortic regurgitation, 15–20% of the patients 
were found to have B27-associated arthritis [25]. 
Furthermore, 88% of the male patients who had aortic regur-
gitation combined with severe conduction system abnormal-
ities were HLA-B27 positive.

Aortic regurgitation and, less often, mitral regurgitation 
progress relatively rapidly. In most patients with these condi-
tions, prosthetic valve replacement is required in less than 
5 years [26, 27, 31, 40]. Patients with complete heart block 
should receive permanent cardiac pacemakers. There is no 
evidence that traditional anti-inflammatory or immunosup-
pressive drugs alter the course of spondylitic heart disease 
[43].

Rare cardiac features of ankylosing spondylitis and reac-
tive arthritis include pericarditis, myocarditis, and giant cell 
valvulitis [34, 44]. Several echocardiographic studies have 

a b
Fig. 4.8 Necropsy specimens 
from a patient with 
ankylosing spondylitis and 
aortic regurgitation. (a) Gross 
section through the aortic 
valve and interventricular 
septum showing thickening of 
these structures. (b) 
Histopathology of the same 
region showing fibrous 
thickening. From Arnett and 
Willerson [21], reprinted with 
permission from Springer 
Nature
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shown global ventricular dysfunction in patients with anky-
losing spondylitis, reactive arthritis, or psoriatic arthritis, but 
the clinical significance of these finding is unclear [45, 46]. 
However, subtle aortic valve dysfunction may lead to left 
ventricular dysfunction in these patients [47–49].

 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a multisystem auto-
immune disease characterized by inflammatory lesions in 
many organs [50]. The disease occurs in people of any age 
or race, but young women in the childbearing years are most 
susceptible, especially Africans, Hispanics, and Asians [51]. 
Although the etiology of SLE is unknown, SLE is believed 
to be a complex and heterogeneous disease in which multi-
ple genes (each with modest effects) [52–56] interact with 
various environment stimuli (e.g., ultraviolet light or viral 
infections), resulting in apoptosis [55] and acceleration of 
autoantigen presentation to the immune system [53, 57]. 
The strongest genetic effects appear to be related to heredi-
tary deficiencies in the complement system and to certain 
class II HLA genes (HLA-DR2, -DR3, and -DR8 haplo-
types) [52, 58].

 Autoantibodies

Autoantibodies to intracellular nuclear constituents, such as 
double-stranded DNA (dsDNA), ribonucleoproteins (includ-
ing Smith [Sm], RNP, Ro/SSA, and La/SSB), and histones, 
are characteristically found in SLE patients and account for 
the positive ANA tests in more than 98% of these patients 
[52, 59]. Autoantibodies to dsDNA, Sm, and ribosomal P are 
the most specific for this disease, but they are found in only 
a minority of the patients. Additional autoantibodies are also 
common, including those to cellular elements (e.g., red blood 
cells, lymphocytes, platelets, neurons, and endothelial cells) 
and plasma components (e.g., IgG, phospholipids, and clot-

ting factors) [59]. Individual patients with SLE have their 
own distinctive autoantibody profiles, which remain rela-
tively constant over time. Many of these autoantibodies are 
associated with and probably are the cause of specific clini-
cal manifestations resulting from either the deposition of 
antigen-antibody immune complexes or antibody-mediated 
tissue damage. Associations or causal relationships have 
been established between specific autoantibodies and certain 
cardiac manifestations. Examples include associations 
between anti-Ro (SS-A) and La (SS-B) antibodies and con-
genital heart block [60] and between antiphospholipid anti-
bodies and valvular heart disease (Libman-Sacks 
endocarditis), other cardiac lesions, and intravascular throm-
boses [61–63].

 Prognosis

The spectrum of SLE effects, including the cardiac manifes-
tations and prognosis of the disease, has changed consider-
ably over the last 50  years [64]. With the advent of more 
sophisticated serologic tests, it is now possible to diagnose 
milder cases and those at earlier stages. Treatment with cor-
ticosteroids and other immunosuppressive agents, as well as 
the use of antibiotics, antihypertensives, and other drugs, 
when appropriate, has improved patient survival from less 
than 50% at 5 years in the 1950s to more than 90% at 10 years 
currently [51, 65]. Concomitantly, the prevalence of lupus 
carditis has decreased markedly; in the precorticosteroid era, 
lupus carditis was nearly universally present in patients with 
SLE, especially at autopsy, but the prevalence decreased to 
55% in 1954, to 38% in 1971, and to 18% in 1978 [64].

 Pathology

Any cardiac structure can be involved in SLE (Table 4.3) 
[64, 66–69]. However, the presence and extent of the patho-
logic cardiac lesions correlate poorly with other clinical 

Table 4.3 Cardiac complications of systemic lupus erythematosus

Pericardium Endocardium Coronary artery disease Other
Acute pericarditis supraventricular 
arrhythmias

Libman-Sacks endocarditis Premature atherosclerosis Pulmonary hypertension

Pericardial effusions Valvular thickening, regurgitation,  
and/or stenosis

Arteritis Congenital heart block in 
fetuses

Pericardial tamponade Intrachamber thrombi Thrombosis
Constrictive pericarditis Aortic arch syndrome
Myocarditis
  Focal inflammatory lesions (immune 

complexes)
  Cardiac “myositis”
  Diffuse, small-vessel thromboses

From Arnett and Willerson [21], reprinted with permission from Springer Nature
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manifestations. Acute and healed inflammatory lesions have 
been found scattered focally or diffusely throughout the 
pericardium, myocardium, valves, and coronary vasculature 
[64, 70]. Immunofluorescence studies showed extensive 
granular deposits of immunoglobulins and C3 in the heart, 
which correlated with the histopathologic changes seen 
[71]. Therefore, the major cause of lupus carditis is believed 
to be immune complex-mediated injury, rather than autoan-
tibodies directly targeting cardiac tissues [72]. Another 
major pathogenetic mechanism is in situ thrombotic events 
on cardiac valves, other endocardial surfaces, and extracar-
diac vascular surfaces due to antiphospholipid antibodies 
[61–63, 73, 74]. There has been increasing evidence that 
premature  atherosclerosis, including coronary atherosclero-
sis, is a complication of immunologic damage, systemic 
inflammation, long-term corticosteroid therapy, and other 
factors [64, 75, 76].

 Cardiovascular Manifestations

Pericarditis is the most common cardiac complication in 
SLE patients, occurring in 19–48% of patients, and is the 
presenting feature in 1–2% of cases [64, 67, 75]. Clinical 
features include the typical substernal, position-related, 
pleuritic chest pain, which is sometimes associated with a 
pericardial rub and diffuse ST-segment elevation on the elec-
trocardiogram (ECG). Atrial arrhythmias, including flutter 
and fibrillation, may be found due to the close proximity of 
the sinoatrial node to the pericardium, whereas ventricular 

ectopy is rare. Echocardiography often reveals a small peri-
cardial effusion; however, large fluid accumulations with 
tamponade may occur and can be life threatening (Fig. 4.9). 
Constrictive pericarditis is rare [77].

Pericardial fluid from SLE patients shows a mild to mod-
erate inflammatory exudate, is occasionally bloody, has white 
blood cell counts usually in the 2000–5000/mm3 range, and 
has a mildly elevated protein level but normal glucose levels. 
Lupus erythematosus (LE) cells or ANAs may be found in 
the pericardial fluid of seropositive patients, but these cannot 
be used to discriminate lupus effusions from those due to 
other causes. Complement levels are typically low in these 
patients, and immune complexes have been found [64, 78, 
79]. Prompt removal of pericardial fluid may be lifesaving 
when cardiac tamponade occurs and may be diagnostically 
necessary when infectious pericarditis is suspected.

The therapy for lupus pericarditis should be determined 
on the basis of its severity. For mild symptomatic pericardi-
tis, especially that without significant pericardial effusion or 
other serious disease manifestations, indomethacin (75–
150  mg/day, divided into three doses) may be effective. 
Alternatively, other nonsteroidal anti-inflammatory drugs 
may be used at doses recommended for arthritis. Some 
patients, however, require corticosteroids at a low-to- 
moderate dose (10–40 mg prednisone equivalent per day) to 
relieve the symptoms or resolve the effusions. Large effu-
sions or pericardial tamponade should result in the prompt 
administration of high-dose intravenous corticosteroids (60–
80 mg prednisone equivalent per day in two divided doses) 
(Fig. 4.9).

a b
Fig. 4.9 Chest radiographs 
of a patient with SLE showing 
massive pericardial effusion 
and bilateral pleural effusions 
(a) and complete resolution of 
the effusions 4 weeks after 
treatment with corticosteroids 
(b). From Arnett and 
Willerson [21], reprinted with 
permission from Springer 
Nature
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Myocardial involvement is clinically evident in 8–25% of 
reported series [64, 79, 80]. Several pathologic forms have 
been recognized, including diffuse small-vessel obliteration 
and myocyte destruction. They are probably the result of 
immune complex deposition [64, 81], myocardial cell degen-
eration and lymphocyte infiltration associated with skeletal 
myositis, anti-RNP antibodies [82], and global myocardial 
ischemia and dysfunction or acute myocardial infarction due 
to coronary artery thrombi associated with antiphospholipid 
antibodies [62, 83–85].

The earliest clinical manifestations of myocarditis include 
resting tachycardia, atypical chest discomfort, a third heart 
sound, and nonspecific ST-T wave changes on ECG. More 
overt signs include cardiomegaly in the absence of pericar-
dial fluid or other causes of cardiac enlargement, congestive 
heart failure, and arrhythmias. Troponin levels are elevated. 
Echocardiography usually reveals multichamber enlarge-
ment, global myocardial dyskinesis, and a reduced ejection 
fraction. Transendocardial biopsy of the myocardium may 
be necessary to make the diagnosis and to determine the type 
and activity of the disease process [81]. The differential diag-
nosis should include secondary causes of myocardial dys-
function, such as hypertension, diabetes mellitus, premature 
atherosclerotic heart disease, and a rare form of vacuolar car-
diomyopathy associated with the use of chloroquine and 
other antimalarials for treating SLE [86]. Active myocarditis 
requires aggressive corticosteroid therapy, along with appro-
priate measures to control arrhythmias and congestive heart 
failure [62, 66, 79, 80]. Prednisone (60–100 mg/day in two 
divided doses) should be given immediately, and the patient’s 
cardiac status should be closely monitored clinically. 
Congestive heart failure should be treated as necessary with 
appropriate drugs. Serious atrial and ventricular arrhythmias 
should be suppressed pharmacologically. Anticoagulation 
should be used to prevent mural thrombi, especially when 
antiphospholipid antibodies, which promote intravascular 
thrombosis, are present. Once the signs of active myocarditis 
have resolved, the prednisone dose should be tapered slowly 
over weeks to months, and the patient should be closely 
monitored (as above) for clinical recurrences.

Premature atherosclerosis is an important cause of mor-
bidity and mortality in SLE patients [76]. There are well- 
documented cases of SLE patients in their twenties having a 
myocardial infarction; often this is seen when the disease 
onset occurred in childhood [87, 88]. The prevalence of 
myocardial infarction in SLE patients has ranged from 4% to 
45% in multiple series [32, 89–92]. In a case-control study 
that used electron beam computed tomography to detect cor-
onary artery calcifications, calcifications were found in 33% 
of the patients younger than 50 years [93].

The cause of premature atherosclerosis in SLE patients is 
multifactorial (Fig. 4.10). Lupus itself appears to play a major 
role, the effects of which are mediated by antiphospholipid 

and other autoantibodies and by endothelial dysfunction. In 
addition, traditional cardiovascular disease risk factors appear 
to play a contributing role. Thus, aggressive control of dis-
ease activity, along with close monitoring and treatment of 
elevated low-density lipoprotein levels, hyperglycemia, and 
hypertension, are essential in the management of SLE [76, 
94]. Coronary artery occlusion resulting from an active vas-
culitis occurs in SLE patients [85, 95]. Coronary arteriogra-
phy may also prove to be helpful diagnostically when a 
beaded pattern or small aneurysms are seen in the coronary 
artery system. Treatment requires high-dose corticosteroids.

It has been recognized that SLE patients can have sponta-
neous coronary artery thrombosis secondary to the presence 
of antiphospholipid antibodies [96, 97]. As with the athero-
matous disease, the patient may have no other symptoms of 
active SLE. A positive test for antiphospholipid antibodies 
should raise clinical suspicion. Agents to lyse the coronary 
thrombus should be given promptly, followed by appropriate 
anticoagulation.

Valvular involvement has long been recognized in SLE 
patients, especially at autopsy [64]. In 1924, Libman and 
Sacks [98] first described a sterile verrucous endocarditis 
that usually affected the underside of the mitral valve leaflets 
(Fig. 4.11). Necropsy studies have since shown that approxi-
mately 43% of lupus patients have Libman-Sacks endocardi-
tis, with the mitral valve being involved in 24% of cases, the 
aortic valve being involved in 5% of cases, the tricuspid 
valve being involved in 5% of cases, and the pulmonic valve 
being involved in 3% of cases [75, 76, 99]. The vegetations 
usually appear as small, flat or slightly raised projections 
adhered to the valve margins, commissures of the leaflets, 

Fig. 4.10 The standard risk factors for atherosclerosis and those spe-
cifically related to SLE. The figure shows an arterial wall undergoing 
plaque formation and calcification and indicates multiple factors that 
accelerate the atherosclerosis process. HDL high-density lipoprotein, 
LDL low-density lipoprotein. From Arnett and Willerson [21], reprinted 
with permission from Springer Nature
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chordae tendineae, and papillary muscles. As shown histo-
logically, the vegetations are composed of lymphocytes, 
plasma cells, fibrous tissue, fibrin, and platelet thrombi, and 
hematoxylin bodies are occasionally observed (Fig.  4.11) 
[75, 99, 100]. The pathological findings associated with 
these vegetations are thought to be due to the subsequent 
organization of thrombi on the valve. Ultimately, valvular 
thickening and fusion of the commissures may lead to either 
valvular regurgitation or stenosis. Although clinical reports 
usually describe mitral regurgitation or aortic regurgitation, 
stenosis of both valves has occurred [94, 101]. Occasionally, 
emboli to the coronary or cerebral circulations have been 
reported [94, 102].

Multiple prospective cohort and case-control studies have 
conclusively demonstrated that a high percentage of SLE 

patients (approximately 50%) have verrucous endocarditis or 
valvular thickening with regurgitation or stenosis; these find-
ings are significantly associated with having circulating 
antiphospholipid antibodies. During several years of follow-
 up, almost half of these patients in one study [74] and 22% in 
another [103] required surgical treatment, especially those 
with significant valvular regurgitation.

 Antiphospholipid Antibody Syndrome

Approximately 30% of SLE patients test positive for 
antiphospholipid antibodies directly, and approximately 
7–15% test positive for lupus anticoagulant when various 
coagulation assays are used [104–107]. These antibodies 
may prolong clotting indices, especially the partial thrombo-
plastin time (thus the term lupus anticoagulant); however, 
they promote intravascular clotting in vivo. It is important to 
note that a lupus anticoagulant cannot be measured if the 
patient is receiving heparin therapy. Patients who have 
antiphospholipid antibodies may develop spontaneous 
venous or arterial thromboses, including superficial or deep 
venous clots with pulmonary embolization, cerebrovascular 
clots with strokes or other neurologic syndromes, digital or 
extremity ischemia, or a variety of other thrombotic phenom-
ena, including involvement of the cardiac valves (Libman- 
Sacks endocarditis) (Table 4.4). In addition, antiphospholipid 
antibodies have been associated with recurrent spontaneous 
abortions, the skin abnormality livedo reticularis (Fig. 4.12), 
and thrombocytopenia.

 Treatment

Other than the surgical repair of severely damaged cardiac 
valves, no other therapeutic strategies have been developed 
to prevent valvular damage [106, 108]. However, studies 
have shown that other thrombotic complications of 
 antiphospholipid antibodies can be significantly reduced by 
chronic anticoagulation with warfarin, which maintains the 
international normalized ratio at 2–3 [109, 110]. There is 

a

b

Fig. 4.11 (a) Low-power photomicrograph of the mitral valve and 
adjacent myocardium of a patient with SLE who had atypical verrucous 
endocarditis (Libman-Sacks endocarditis). A sterile vegetation consist-
ing of an organizing thrombus (arrow) was located behind the mitral 
valve leaflet and was involved in producing adhesions between the 
mitral leaflet and the adjacent mural endocardium. (b) Image at higher 
magnification showing that the vegetation of atypical verrucous endo-
carditis contained distinctive hematoxylin bodies (arrows), which are 
also called lupus erythematosus (LE) bodies. From Arnett and Willerson 
[21], reprinted with permission from Springer Nature

Table 4.4 Cardiac manifestations of antiphospholipid antibodies

Verrucous endocarditis (Libman-Sacks)
  Embolization to coronary arteries or extracardiac sites (rare)
Valvular thickening and contracture
  Aortic and/or mitral regurgitation and/or stenosis
Coronary vessel thromboses
  Myocardial infarction
  Global ventricular dysfunction
Mural thrombi (atrial or ventricular)
Aortic arch syndrome

From Arnett and Willerson [21], reprinted with permission from 
Springer Nature
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also probably merit in using low-dose aspirin (80 mg/day) in 
conjunction with warfarin in patients who have had a throm-
botic event or as the one prophylactic drug in patients who 
have antiphospholipid antibodies but have not had a throm-
botic event. Antimalarials, such as hydroxychloroquine 
(200 mg/day), may be useful for lowering antiphospholipid 
antibody levels. It is probably not helpful to use corticoste-
roids for treating isolated valvular disease.

 Cardiovascular Manifestations

A primary antiphospholipid antibody syndrome has been 
described in patients who have had a clinical thrombotic 
event, including valvular heart disease, and have tested posi-
tive for anticardiolipin antibodies or lupus anticoagulants but 
who have not had any other features of SLE [111, 112]. In 
echocardiographic studies, 36% of these patients were found 
to have cardiac valvular lesions similar to those of SLE 

patients [113, 114]. A 5-year follow-up study found no ben-
efit to using Coumadin anticoagulation to promote vegeta-
tion regression or prevent new valve lesions [115].

Patients with SLE, as well as those with primary antiphos-
pholipid antibody syndrome, may present with acute coro-
nary artery thromboses or global myocardial dysfunction 
due to diffuse, small-vessel clotting [83, 84]. Mural thrombi 
mimicking atrial myxoma have also been described, as well 
as the aortic arch syndrome [116, 117]. Therapy should 
include the use of thrombolytics and anticoagulants, includ-
ing low-dose aspirin (80 mg/day) and warfarin. Whether cor-
ticosteroids are effective is unknown, but they should be 
avoided in patients with acute myocardial infarction for at 
least 2–3 weeks.

 Takayasu’s Arteritis

The clinical features of Takayasu’s arteritis are described in 
Table 4.5 and shown in Fig. 4.13. Takayasu’s arteritis was first 
noted by a Japanese ophthalmologist, Mikito Takayasu, who 
described a young woman with cataracts and arteriovenous 
anastomoses surrounding the optic papillae [119]. 
Subsequently, others called attention to two additional patients 
with similar ocular findings and no radial pulses. This syn-
drome also became known as pulseless disease or aortic arch 
syndrome [119–135]. The cause of Takayasu’s arteritis is 
unknown, although Takayasu’s arteritis is often preceded by 
an illness characterized by fever, malaise, weight loss, arthral-
gias, pleuritic pain, and fatigue. The majority of evidence sug-
gests that Takayasu’s arteritis has an autoimmune cause.

 Pathology

The anatomic alterations found in patients with Takayasu’s 
arteritis are marked intimal proliferation with fibrosis, 
 scarring, and degeneration of the elastic fibers of the media 
with mononuclear cell infiltration. Fibrosis predominates 
over an inflammatory reaction. Arterial specimens contain 
giant cells. The intima and adventitia become thickened, 
injuring the vasa vasorum. Proliferative changes lead to nar-
rowing of the aorta and the origins of the involved arteries. 
Late in the process, there is localized aneurysm formation, 
poststenotic dilatation, and calcification in the aorta and the 
involved arterial walls. The most significant changes occur at 
the points where the arteries originate from the aorta.

 Vascular Manifestations

Takayasu’s arteritis primarily involves the aortic arch and its 
major branches. The pulmonary artery may also be affected. 

Fig. 4.12 Livedo reticularis in a patient with primary antiphospholipid 
syndrome. A biopsy of this skin rash would reveal thrombosis in the 
capillaries and small vessels. From Arnett and Willerson [21], reprinted 
with permission from Springer Nature
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Table 4.5 Proposed criteria for the clinical diagnosis of Takayasu’s arteritis

Criterion Definition
Obligatory criterion
Age ≤40 years Age ≤40 years at diagnosis or at onset of “characteristic signs and symptoms” of 1-month duration 

in patient
Two major criteria
  1. Left midsubclavian artery lesion The most severe stenosis or occlusion present in the midportion from the point 1 cm proximal to 

the left vertebral artery orifice to the point 3 cm distal to the orifice, as determined by angiography
  2. Right midsubclavian artery lesion The most severe stenosis or occlusion present in the midportion from the right vertebral artery 

orifice to the point 3 cm distal to the orifice, as determined by angiography
Nine minor criteria
  1.  High erythrocyte sedimentation 

rate (ESR)
Unexplained persistent high ESR ≥20 mm/h (Westergren) at diagnosis or presence of the evidence 
in patient history

  2. Carotid artery tenderness Unilateral or bilateral tenderness of common carotid arteries by physician palpation; neck muscle 
tenderness is unacceptable

  3. Hypertension Persistent blood pressure ≥140/90 mmHg brachial or ≥160/90 mmHg popliteal at age ≤40 years 
or presence of the history at age ≤40 years

  4.  Aortic regurgitation or  
annuloaortic ectasia

By auscultation, Doppler echocardiography, or angiography
By angiography or two-dimensional echocardiography

  5. Pulmonary artery lesion Lobar or segmental arterial occlusion or equivalent determined by angiography or perfusion 
scintigraphy; or presence of stenosis, aneurysm, luminal irregularity, or any combination in 
pulmonary trunk or in unilateral or bilateral pulmonary arteries, as determined by angiography

  6. Left mid-common carotid lesion Presence of the most severe stenosis or occlusion in the midportion of 5 cm in length from the 
point 2 cm distal to its orifice, as determined by angiography

  7. Distal brachiocephalic trunk lesion Presence of the most severe stenosis or occlusion in the distal third, as determined by angiography
  8. Descending thoracic aortic lesion Narrowing, dilation or aneurysm, luminal irregularity, or any combination, as determined by 

angiography; tortuosity alone is unacceptable
  9. Abdominal aortic lesion Narrowing, dilatation or aneurysm, luminal irregularity, or any combination and absence of lesion 

in aortoiliac region consisting of 2 cm of terminal aorta and bilateral common iliac arteries, as 
determined by angiography; tortuosity alone is unacceptable

In addition to the obligatory criterion, the presence of two major criteria, or one major and two or more minor criteria, or four or more minor criteria 
suggests a high probability of the presence of Takayasu’s disease
From Ishikawa [118]. Reprinted with permission from Elsevier Science and Technology Journals

Type Ia
(Shimizo -
        Sano)

(Kimoto) (Inada)

Type II Type III
b

Fig. 4.13 (a) Figure showing 
the sites of inflammation in 
the aorta and branch vessels 
for the three types of 
Takayasu’s arteritis.  
(b) Aortogram showing 
narrowing of the descending 
thoracic aorta in a patient with 
Takayasu’s arteritis. The rapid 
tapering of the descending 
aorta has been likened to a 
“rat’s tail” appearance. From 
Willerson et al. [147]. 
Reprinted with permission 
from Springer Nature

J. T. Willerson and L. M. Buja



63

In the order of frequency, the most commonly involved 
arteries in patients studied in the United States were a sub-
clavian artery (90%), a carotid artery (45%), a vertebral 
artery (25%), and a renal artery (20%) [131]. However, the 
mesenteric arteries and abdominal aorta may also be 
involved [136].

Ueno and associates [136] have classified Takayasu’s 
arteritis into three types, depending on the arterial site of 
involvement (Fig. 4.13). Type I arteritis involves the aortic 
arch and its branches, type II involves the thoracoabdominal 
aorta and its branches, and type III involves both the aortic 
arch and the thoracoabdominal aorta and branches. A fourth 
category, involving the pulmonary artery, has been suggested 
(type IV) [125].

The occlusive disease usually progresses slowly over a 
period of months to years. The morbidity and mortality rates 
depend on the presence or absence of critical narrowing of 
the arteries in organs such as the heart, kidneys, and brain. 
The reported 5–7-year survival rates have been greater than 
90% in patients without major complications, but less than 
60% in patients with complications, such as those described 
earlier [122, 129].

 Epidemiology and Clinical Presentation

Takayasu’s arteritis affects women more frequently than 
men, at a ratio of 8:1, with the clinical onset of the disease 
typically occurring during the teenage years. In the majority 
of reported cases, the patients have been from Asia or Africa, 
and most large series have consisted of Asian women [125]. 
Often, there is an initial systemic illness characterized by 
fever, anorexia, malaise, weight loss, night sweats, arthral-
gias, pleuritic pain, and fatigue. Localized pain and tender-
ness occur over the affected arteries. Subsequently, patients 
report signs and symptoms related to the narrowing of major 
blood vessels. In most patients, the pulses become dimin-
ished or absent, and bruits develop over the involved vessels. 
Some patients develop systemic arterial hypertension, and 
occasionally heart failure occurs. The retinopathy described 
by Takayasu is found in only one-fourth of patients, and it is 
usually associated with carotid artery involvement. The ocu-
lar process may lead to blindness. Patients with type I or type 
III Takayasu’s arteritis demonstrate the most classic findings 
of the disease (i.e., absent or diminished upper body pulses 
and difficult-to-measure blood pressure in one or both arms). 
Patients with type II Takayasu’s arteritis often develop hyper-
tension because of the renal artery involvement, but it may 
be difficult to recognize because of the reduced pulses in the 
arms. Heart failure, when it occurs, is generally associated 
with systemic arterial hypertension or aortic valve regurgita-
tion. Ostial and proximal segments of the coronary arteries 
may be affected, leading to angina or myocardial infarction. 

Coronary artery aneurysms develop in some patients [120, 
121, 123, 124, 128, 132, 135].

The laboratory abnormalities usually found in individuals 
with Takayasu’s arteritis are an elevated sedimentation rate, 
mild anemia, an increase in the white blood cell count, and 
elevations in the serum immunoglobulins G or M. Matsuyama 
and colleagues [126] have reported that matrix metallopro-
teinase- 2 (MMP-2), MMP-3, and MMP-9 levels are elevated 
in patients with Takayasu’s arteritis and that MMP-3 and 
MMP-9 levels positively correlate with disease activity 
score.

Chest radiographs often show an enlarged heart in patients 
with hypertension, severe coronary artery disease, or signifi-
cant aortic valvular insufficiency. Arteriography shows ste-
nosis of the aorta or one of its major branches, saccular 
aneurysms, or complete occlusion of the major branch arter-
ies arising from the aorta. The thoracic aorta in these patients 
often has a “rat-tail” appearance when viewed with angiog-
raphy [124].

 Diagnosis

Table 4.5 lists the major criteria used to make the diagnosis 
of Takayasu’s arteritis. Takayasu’s arteritis would be the 
probable diagnosis for a young (<40 years old) Asian woman 
who, after an inflammatory illness, has reduced subclavian 
and radial artery pulses and blood pressure.

 Treatment

Adrenal steroids have been used to treat Takayasu’s arteritis 
because they reduce fever, malaise, fatigue, and the elevated 
sedimentation rate [122, 131]. Cyclophosphamide has also 
been used at a dosage of 2 mg/kg/day, although the dosage 
may need to be adjusted to maintain the white blood cell 
count above 3000/mm2. More recently, immunoglobulin has 
been administered to patients with Takayasu’s arteritis and 
has been shown to provide some benefits, especially a more 
rapid resolution of the inflammatory process and protection 
against the development of coronary artery aneurysms. 
Antiplatelet agents and anticoagulants, including Coumadin 
and aspirin, have been administered to treat ischemic symp-
toms. Angiotensin-converting enzyme inhibitors are helpful 
in the treatment of systemic arterial hypertension.

Occasionally, a patient may require a surgical procedure to 
reestablish blood flow, such as a bypass procedure for 
obstructed arteries or excision and replacement of an aneu-
rysmal segment. Miyata and colleagues [127] performed a 
retrospective review of 106 consecutive patients with 
Takayasu’s arteritis who underwent surgical treatment at the 
University of Tokyo during the prior 40 years. The cumulative 
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survival rate at 20 years was 73.5%, but a serious long- term 
complication was anastomotic aneurysm. Surgery appeared 
to increase the survival rate of the patients with the most 
extensive arteritis (type III), but conservative therapy appeared 
preferable in patients with less extensive disease. Percutaneous 
transluminal angioplasty has also been used to relieve dis-
crete stenotic lesions involving the carotid, subclavian, renal, 
and mesenteric arteries [122, 129]. Operative treatment is 
graft replacement using techniques appropriate for the 
involved segment [137, 138].

 Giant Cell Arteritis

Giant cell arteritis involves medium-sized arteries [139–
144]; the aorta and its major branches are involved in only a 
minority of cases. Synonymous terms used to describe this 
entity are granulomatous, cranial, and temporal arteritis.

Middle-aged and older patients reporting diffuse muscle 
aches and stiffness and arthralgias may have a connective 
tissue disease known as polymyalgia rheumatica [139]. 
Some of these patients have giant cell arteritis, which may be 
identified by tender and swollen temporal arteries and a 
markedly elevated sedimentation rate, often greater than 
70 mm/h. These patients are at risk of losing their vision if 
the disorder is not recognized and treated promptly with 
moderately large doses of steroids.

 Pathology

The characteristic histologic lesion of giant cell arteritis is a 
granulomatous inflammation of medium-sized arteries, espe-
cially the arteries of the head and neck, most specifically the 
temporal arteries. An inflammatory infiltrate composed of 
plasma cells, eosinophils, and other mononuclear cells is 
usually found in the involved artery; this may occasionally 
lead to obstruction. The aortic wall may be altered by the 
inflammatory process, leading to localized aneurysm forma-
tion, aortic annular dilatation, and aortic regurgitation.

 Epidemiology and Clinical Presentation

Typically, giant cell arteritis occurs in women 50 years of age 
and older, and it may be more common in black women 
[141]. Many of these patients also have polymyalgia rheu-
matica (i.e., diffuse muscle aches and arthralgias). The clas-
sic presentation consists of severe headaches, marked 
malaise, and a fever in association with a markedly elevated 
sedimentation rate. The headaches are often intense and 
occur over the temporal arteries and occipital regions. The 
temporal arteries are sensitive to pressure, and patients with 

this disease may not be able to rest their head against a pil-
low, wear a hat, or comb their hair. A large number of patients 
experience claudication in the jaw muscles while chewing; 
this symptom is suggestive of this diagnosis. Patients with 
giant cell arteritis may develop sudden blindness due to 
involvement of an ophthalmic artery, and the blindness may 
be irreversible. Other visual symptoms seen in some patients 
include blurring of vision and diplopia.

When the aorta and its major branches are involved, the 
symptoms and signs of giant cell arteritis are similar to those 
of Takayasu’s arteritis. These symptoms include claudication 
of the upper extremities, paresthesia, Raynaud’s phenome-
non, myocardial ischemia, transient cerebral ischemic 
attacks, and, occasionally, ischemia of the lower extremities 
and abdominal angina. Rarely, aortic aneurysms, aortic 
regurgitation, and aortic dissection occur [144]. Renal artery 
involvement is rare with giant cell arteritis, whereas it is rela-
tively common with Takayasu’s arteritis.

Fever is present in many patients with giant cell arteritis. 
The involved arteries are thickened and tender. In addition, 
pulses may be lost, and bruits may occur over sites of arterial 
narrowing.

 Diagnosis

The diagnosis of giant cell arteritis is made with a biopsy of 
an involved artery, usually the temporal artery. Arteriography 
may be helpful for differentiating granulomatous arteritis 
from arteriosclerosis by showing tapering stenosis alternat-
ing with segments of normal or even slightly increased arte-
rial diameter; the absence of ulcerated atheromatous plaques; 
and the typical anatomic distribution of arteritis, including 
the subclavian, axillary, and brachial arteries [140].

 Treatment

High-dose steroid therapy (60–80 mg of prednisone daily) 
should be administered to patients with granulomatous arte-
ritis, especially patients with temporal arteritis. Steroids 
should be given in a single dose early in the morning. In 
patients with temporal arteritis, beginning steroid therapy is 
a relative emergency to prevent blindness. The sedimenta-
tion rate may be used as a guide to determine the effective-
ness of the steroids and to indicate when the dosage may be 
reduced. After a period of high-dose steroid therapy, the ste-
roid dosage is typically reduced gradually to a maintenance 
dosage of 5–15 mg/day for 1–2 years. Most patients improve, 
and their symptoms eventually resolve completely. 
Occasionally, the disease does not respond adequately to 
steroids, and other immunosuppressive therapy may be 
necessary.

J. T. Willerson and L. M. Buja
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 Syphilitic Aortitis

When left untreated, syphilis can reach the tertiary phase, 
which is characterized by neurological and cardiovascular 
manifestations, such as syphilitic aortitis. The classic clini-
cal findings in patients with syphilitic aortitis are a large 
saccular ascending aortic aneurysm, with or without aortic 
regurgitation, and coronary ostial stenosis. Figure 4.14 is a 
representative example of the hallmark findings with an 

otherwise normal coronary bed. Progressive aneurysm 
enlargement may lead to erosion of the sternum, pseudoan-
eurysm formation, or aortic dissection. Intramural hema-
toma of the ascending aorta has also been reported in 
patients with syphilis [146]. Although there has been a 
marked reduction in the incidence of syphilis, drug use, 
sexual promiscuity, and migration of the workforce in a 
globalized world have created opportunities for the disease 
to spread.

a b

c d

Fig. 4.14 Images from a patient with syphilis. (a, b) Coronary angi-
ography showing ostial stenosis of the right (a) and left (b) coronary 
arteries. (c) Computed tomographic scan revealing a thickened aortic 
wall (6 mm), an irregular intima at the level of the aortic root, and right 

coronary ostial stenosis. (d) Ostial stenosis of the right coronary artery 
(RCA) and left main coronary artery (LMCA). From Feier et al. [145]. 
Reprinted with permission from Wolters Kluwer Health, Inc.
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 Pathology

The pathological findings of syphilitic aortitis include endar-
teritis obliterans of the vasa vasorum with a chronic inflamma-
tory infiltrate of plasma cells and lymphocytes (Figs. 4.15 and 
4.16) and disruption of the elastic fibers, tree barking of the 
intima of the ascending aorta (also seen in SLE and some 
other inflammatory diseases) (Fig. 4.15), and aortic regurgita-
tion resulting from fibrosis and retraction of the aortic valve 
cusps and dilatation of the sinotubular junction. Patients may 
die suddenly due to rupture of an aortic aneurysm, or death 
may occur as a consequence of chronic heart failure associ-
ated with severe aortic regurgitation or myocardial infarction.

When surgery is performed, the ascending aorta has a 
hyperemic, inflammatory adventitia that adheres firmly to 
the surrounding structures. There is a markedly thickened 
wall with extensive longitudinal wrinkling into the aortic 
root, deforming and narrowing the coronary ostia (Fig. 4.15). 
The aortic valve leaflets are usually thickened and retracted, 
resulting in severe central aortic valve incompetence. 
Microscopic examination of the aortic tissue shows endarte-
ritis obliterans of the vasa vasorum, a chronic inflammatory 
infiltrate in the medial layer with disruption of the elastic 
fibers, and a severely thickened intima (Fig. 4.16a, b).

 Diagnosis

The diagnosis of syphilis can be made by identifying living 
spirochetes in tissue samples with the polymerase chain 

reaction assay or by using indirect (Venereal Disease 
Research Laboratory test) or direct Treponema pallidum 
hemagglutination test methods.
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Comprehensive Approach to Aortic 
Valve Disease

Blase A. Carabello, Haziam Alwair, 
and Rajasekhar Nekkanti

 Aortic Stenosis

 Etiology

While it was once viewed as a “degenerative” disease, it is 
now clear that aortic stenosis (AS) develops from an active 
inflammatory process with histopathologic features similar 
to coronary artery disease (CAD) [1]. Indeed the initial 
plaque of AS resembles the coronary plaque as shown in 
Fig. 5.1. Further, the AS valve is inflamed with some areas of 
the valve measurably hotter than other areas. These hotter 
areas are infiltrated with lymphocytes consistent with an 
inflammatory process [2]. Because of this similarity to CAD, 
statins, so effective in treating CAD, have been tested in AS 
in hope of retarding disease progression [3–5]. Unfortunately, 
these trials failed, probably because of the differences in the 
mechanisms by which plaques cause harm in the two dis-
eases. In CAD, statins presumably stabilize the plaque (per-
haps by enhancing calcification) preventing plaque rupture 
[6]. However, in AS, in which many valves harbor not just 
calcium but also true bone, this same enhancement of calcifi-
cation could worsen leaflet immobility canceling out the ben-
eficial effects of the agents [7]. Nonetheless it is this change 
in the etiology of AS in developed countries from rheumatic 
fever to an atherosclerosis-like disease that kindles a search 
for the pathways leading to calcification. This search is likely 
to find new pharmacologic targets for preventing the disease 

or retarding its progression. A possible future target is the 
proprotein convertase subtilisin/kexin type 9 system 
(PCSK9). PCSK9 activates the removal of LDL receptors, 
increasing LDL and LP(a) both implicated in the pathogen-
esis of AS [8]. Inhibitors of PCSK9 decrease both LDL and 
LP(a), a reduction that could forestall AS progression.

About 1–2% of the US population is born with a bicuspid 
instead of a tricuspid aortic valve. Possibly because of less 
favorable hemodynamics causing increased shear stress, 
bicuspid valves become stenotic a decade or two earlier in 
life than do tricuspid aortic valves. Or it may be that the 
NOTCH 2 gene which plays a role in both cusp development 
and calcification is involved [9].

Rheumatic fever and subsequent rheumatic heart disease 
are a rare cause of AS in developed countries but are a much 
more common cause in the developing world. When rheu-
matic heart disease is the etiology, the mitral valve is almost 
always involved. These and other rarer causes of AS are 
listed below.

 Bicuspid Aortic Valve and Aortic Root 
Dilatation

Bicuspid aortic valve may also be associated with aortopathy 
leading to aortic root or ascending aorta dilatation, more 
commonly with joined right and left cusps than with other 
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patterns of bicuspidization [10, 11]. Root enlargement occurs 
in AS but is more prominent in aortic regurgitation. The 
cause of this dilatation is debated between two major theo-
ries [12–14]: (1) bicuspid valve is part of a syndrome associ-
ated with a genetic predisposition to aortic root dilatation 
distinct from other aortic syndromes (Marfan, Loeys Dietz, 
etc.); (2) abnormal flow exiting the misshapen aortic valve 
impinges on the aorta, increasing wall stress at the impinge-
ment points, causing aortic dilatation [12]. In fact, matrix 
metalloproteinases (MMPs) appear to be activated in areas 
of jet impingement supporting the flow hypothesis [12, 14]. 
However other areas of the aorta not impacted by flow 
impingement also show root dilatation. It may be that both 
mechanisms play a role in bicuspid valve-associated aortop-
athy. A broader discussion of this topic is found in Chap. 4.

 Pathophysiology and Its Relationship 
to Symptoms

As derived by Ross and Braunwald (Fig. 5.2a) and confirmed 
by randomized trials [15–17], the presence or absence of 
symptoms in patients with AS remains a demarcation point 
in the disease, with symptomatic patients having a much 
worse prognosis than asymptomatic patients. Thus under-
standing the pathophysiology of AS symptoms is a key to 
understanding the disease. Narrowing of the aortic orifice to 
one-half its normal 3.0 cm2 area causes little obstruction to 
outflow (Table 5.1). However further stenosis requires pro-
gressively greater left ventricular (LV) pressure to drive 
blood past the narrowed opening. At an aortic valve area 
(AVA) of 1.0 cm2 there is typically a 25 mmHg mean pres-
sure gradient between the LV and the aorta. Further narrow-
ing to 0.7 cm2 causes a 50 mm HG gradient while a decrease 
to 0.5 cm2 leads to a 100 mmHg transvalvular gradient.

The LV response to this pressure overload is the develop-
ment of concentric hypertrophy (LVH) and/or concentric 
remodeling. Pressure overload in some way triggers the 
addition of sarcomeres in parallel so that each myocyte 
becomes thicker, in turn leading to increased wall thickness, 
and, if total mass increases, left ventricular hypertrophy 
(LVH). In some cases, ventricular geometry changes in such 
a way that LV radius decreases as wall thickness increases so 
that there is not true hypertrophy but rather concentric 
remodeling. Left ventricular hypertrophy is usually viewed 
as a double-edged sword, with both beneficial and patho-
logic consequences. Afterload, the force that opposes con-
traction is often described as wall stress (σ), where σ  =  P 
× r/2h and P = systolic pressure, r = LV radius, and h = wall 
thickness. Increased thickness in the denominator (concen-
tric hypertrophy) offsets increased pressure in the numerator, 
thus maintaining normal stress (afterload) helping to main-
tain normal ejection and thus is beneficial [18, 19]. 
Unfortunately pathologic LVH contributes to the causes of 
angina, heart failure and syncope. Left ventricular hypertro-
phy impairs coronary blood flow reserve that normally 
accompanies the increased oxygen demands of increased 
stroke work [20, 21]. Impaired reserve may stem from dimin-
ished capillary ingrowth insufficient to meet the increase in 
muscle mass [22]. Reserve is further decreased from 
increased LV filling pressure due to impaired diastolic relax-
ation. Increased LV filling pressure reduces the pressure gra-
dient for coronary flow (aortic diastolic pressure minus LV 
diastolic pressure) especially to the subendocardium, further 
contributing to potential exercise induced ischemia [21]. 
Increased wall thickness and increased collagen deposition 
also impair diastolic filling leading to heart failure symptoms 
[23–25]. Eventually LVH also causes systolic dysfunction, 
the exact mechanisms of which are still debated but isch-
emia, impaired calcium handling, excess afterload, and 
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Fig. 5.1 A cartoon of the 
histology of the initial plaque 
of aortic stenosis is 
demonstrated. There is a 
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with inflammatory cells. 
Taken form Ref. [1]. From 
Otto CM, et al. [1]. Reprinted 
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apoptosis play a role [21, 26–28]. LVH by diminishing LV 
cavity volume reduces stroke volume and cardiac output 
contributing to hypotension and syncope during activity.

 Evolution of the Natural History of Aortic 
Stenosis

The data compiled to develop Fig. 5.2a came from relatively 
young patients with rheumatic or congenital AS. At the time 
(1968), echocardiography was in its infancy and Doppler 
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Fig. 5.2 (a) The natural 
history of aortic stenosis from 
mid-twentieth century is 
demonstrated. Following a 
long latent period where 
survival is nearly normal, the 
onset of symptoms of angina, 
syncope and heart failure 
heralds a dramatic worsening 
in prognosis. Adopted form 
Ref. [15]. From Ross JR, 
Braunwald E [15]. Reprinted 
with permission from Wolters 
Kluwer Health, Inc. (b) The 
natural history of aortic 
stenosis in the twenty-first 
century as depicted by Bonow 
and confirmed by randomized 
trials finds the same impact of 
symptoms but with onset 
10–20 years later in life 
owing to a change in etiology 
of the disease. From 
Carabello BA [29]. Reprinted 
with permission from Wolters 
Kluwer Health, Inc.

Table 5.1 Aortic valve area and transvalvular gradient

AVA (cm2) Mean gradient (mmHg)
1.5 11
1.2 17
1.0 25
0.7 51
0.5 100
0.4 156

AVA aortic valve area. Data developed from the Gorlin formula assum-
ing a cardiac output of 6 L/min, a heart rate of 80 and a systolic ejection 
period of 340 ms

5 Comprehensive Approach to Aortic Valve Disease
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interrogation of jet velocity was not yet available. Thus valve 
severity could only be studied invasively, during cardiac 
catheterization, a procedure reserved for clearly symptom-
atic patients with advanced disease. Today patients are older 
as etiology has changed from rheumatic to atherosclerotic- 
calcific disease and noninvasive evaluation has become both 
perfected and routine [29]. As a consequence, patients are 
detected with severe disease but less severe and with milder 
symptoms than when invasive techniques were required for 
diagnosis. And they are older (Fig. 5.2b) and more prone to 
hypertension. Today, as depicted in Fig. 5.3, the resistance 
offered by the aortic valve (R2) is less while the resistance 
offered by the periphery (R3) is more than it was 40 years 
ago. Accordingly, therapy must be directed at treating not 
just the stenotic aortic valve but also at treating systemic 
hypertension when it is present [30, 31].

 The Stages of AS and Grading of Severity

The stages of VHD are listed in Table 5.2 [32]. As they apply 
to AS, stage A, at risk for AS, might be represented by a 
patient with a bicuspid valve. Stage B, progressive disease, is 
represented by a patient with mild or moderate AS. There is 
a modest transvalvular gradient of 10–20 mmHg, mild LVH, 
and no measurable clinical consequences. Class C1 is asymp-
tomatic severe compensated AS in which the patient has 
severe AS, no symptoms, and normal LV function. It must be 
noted that the current definition of “severe” AS has signifi-
cant limitations. “Severe” AS is defined in the ACC/AHA 
Guidelines [32] by an aortic valve area of ≤1.0 cm2, a peak 
transaortic jet velocity of ≥4.0 m/s, a mean aortic gradient of 
≥40 mmHg, or and indexed AVA of 0.6 cm2/m2. However as 
shown in Fig.  5.4, there often is internal inconsistency in 
these definitions in which some patients would be classified 
as having severe AS by one criterion but moderate by another 
[33]. In such cases all data including the physical exam, the 
echocardiographic appearance of the valve, and the hemody-
namics must be taken together to ascertain AS severity. 
Further some patients appear to be intolerant of pressure 

PAP =Co x PR BP=CO x SVRAo
valve

RV LV R2R1 R3

Fig. 5.3 The heart in aortic stenosis modeled as an electrical circuit 
where RV  =  right ventricle, R1  =  the pulmonary vascular resistance, 
LV =  left ventricle, R2 =  the resistance offered by the stenotic aortic 
valve and R3 the total peripheral resistance. Earlier detection and treat-

ment of aortic stenosis has caused R2 to lessen over the past 50 years 
while onset of aortic stenosis later in life occurs when more patients 
have hypertension increasing the importance of R3. From Carabello BA 
[31]. Reprinted with permission from Wolters Kluwer Health, Inc.

Table 5.2 Stages of valvular heart disease

Stage Definition Description
A At risk Patients with risk factors for development 

of VHD
B Progressive Patients with progressive VHD (mild-to- 

moderate severity and asymptomatic)
C Asymptomatic 

severe
Asymptomatic patients who have the 
criteria for severe VHD:
C1: Asymptomatic patients with severe 
VHD in whom the left or and right 
ventricles remains compensated
C2: Asymptomatic patients with severe 
VHD with decompensation of the left or 
right ventricle

D Symptomatic 
severe

Patients who have developed symptoms as 
a result of VHD
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Fig. 5.4 Valve area and mean gradient from over 3400 patients with 
aortic stenosis are plotted against each other. The data fit (yellow line) 
closely to that predicted by the Gorlin formula (blue line). Importantly 
in 30% of patients (lower left quadrant) the data are discordant with 
valve area in the “severe” range while gradient only predicts moderate 
disease. From Minners J, et al. [33]. Reprinted with permission from 
Oxford University Press
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overload, developing symptoms and LV dysfunction with 
relatively small gradients and at aortic valve areas larger than 
defined by current guidelines [34, 35]. Management of 
symptomatic patients currently defined as having less than 
severe AS awaits further study.

Class C2 is represented by the asymptomatic patient with 
severe AS and LV dysfunction. Such patients are rare and are 
asymptomatic usually because of a sedentary lifestyle, with 
reduced cardiac demand. This class of patient requires aortic 
valve replacement (AVR) even though they are asymptom-
atic since further delay leads to worsening and irrevocable 
LV damage. At issue however is what defines LV dysfunc-
tion in AS. With the concentric LVH present in AS, the extra 
sarcomeres present can contract subnormally yet still thicken 
enough to maintain a normal ejection fraction (Fig. 5.5) [36]. 
Recent data suggest that while normal ejection fraction is 
often defined as ≥50%, in AS survival may be reduced if EF 
falls below 60% [35], which may be a better demarcator for 
the definition of LV dysfunction. Class D is composed of 
symptomatic patients with severe AS. As noted above, the 
prognosis for such patients is dire without AVR.

 Disease Progression

AS is caused by an active inflammatory process and as  
such is predictably a progressive disease, with the degree of 
stenosis worsening over time. While the disease is seldom 
static, the rate of progression is remarkably variable from 

patient to patient. Jet velocity on average increases 0.2–
0.4  m/s/year, mean gradient 7–20  mmHg/year and AVA 
decreases 0.1–0.2 cm2/year [3, 5, 37–40]. These data are use-
ful in determining the interval between patient follow-up vis-
its. Every patient should be educated to look for the 
development of the classic symptoms of AS and advised to 
alert the provider if they occur. However knowledge that the 
disease is entering the severe phase serves to focus increased 
scrutiny onto the patient, questioning him/her closely about 
symptomatic status. To this end, periodic echocardiography 
helps define the progression of disease specific to the patient 
being followed. Considering the data noted above, it would 
be highly unlikely that a patient with mild disease (jet veloc-
ity <2.5 m/s) would progress to severe disease in 1–2 years 
so that echocardiography every 2–3  years should provide 
sufficient surveillance unless there is a change in symptom 
status. On the other hand, patients with more advanced dis-
ease require more frequent echocardiographic observation, 
every 1–2 years for jet velocity 2.5–3.0 m/s and yearly for jet 
velocity >3.0 m/s. The above suggestions presume normal 
LV stroke volume and must be modified if stroke volume is 
abnormally low.

 Diagnosis

 Physical Exam
The diagnosis of AS is often first suspected when a murmur 
is detected during routine physical examination. Typically 
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Fig. 5.5 Endocardial left ventricular shortening (left) and mid-wall 
shortening (right) are plotted against systolic stress (afterload) for 
patients with left ventricular hypertrophy. Dotted lines represent the 
boundaries for normal subjects. Mid-wall shortening that better reflects 

total myocardial function across the left ventricular wall is low normal or 
abnormal in aortic stenosis patients, performance not reflected when only 
examining endocardial events, i.e., ejection fraction. From Baicu CF, 
et al. [36]. Reprinted with permission from Wolters Kluwer Health, Inc.
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the murmur of AS is a raspy systolic ejection murmur that 
radiates to the neck. In mild disease the murmur peaks in 
mid-systole creating a crescendo-decrescendo murmur. 
However as stenosis increases, peak intensity occurs pro-
gressively later in systole and peaks at end systole in severe 
disease. In some cases the murmur is heard loudest in the 
aortic area, diminishes over the sternum, and is heard loudly 
again at the LV apex, misleading the examiner to believe that 
two murmurs (aortic and mitral) are present (Gallavardin’s 
phenomenon). The intensity of the murmur is often inversely 
related to disease severity because in advanced AS reduced 
stroke volume decreases the loudness of the murmur. Thus a 
soft late peaking systolic ejection murmur may indicate 
severe disease. If the patient experiences variation in R–R 
interval during the exam, either due to premature beats or 
atrial fibrillation, murmur intensity increases after longer 
R–R intervals because stroke volume increases. This finding 
helps distinguish the murmur from that of mitral regurgita-
tion where murmur intensity does not change following lon-
ger pauses.

The carotid upstrokes are typically reduced in volume and 
delayed in timing (parvus et tardus, Fig. 5.6) [41] because 
the stenosis takes momentum from the blood stream as it 
exits the valve. There is often an S4 reflecting the poor com-
pliance of the hypertrophied LV.  Because the aortic valve 
neither opens nor closes well, the A2 component of the sec-
ond heart sound is often lost yielding a soft single second 
sound. This finding seems less common today than it was 
decades ago when the disease was detected later in its course.

 Imaging
The EKG may exhibit criteria for the presence of LVH and 
the chest X-ray may demonstrate a boot-shaped heart consis-
tent with concentric LVH but echocardiography forms the 
mainstay of diagnosis. The 2-D images assess LV function 
and the extent of LVH. In severe AS the aortic valve is heav-
ily calcified and nearly immobile. If tricuspid valve regurgi-
tation is present, right ventricular and peak pulmonary artery 
pressure can be estimated and may reflect LV filling pres-
sure. Doppler interrogation of the valve demonstrates accel-
eration of blood as it passes through the stenotic valve 
because velocity must increase to maintain flow through a 
narrowed orifice [flow = area (A) × velocity (V)]. Using the 
modified Bernoulli equation, the pressure gradient (g) across 
the valve is calculated as g  =  4V2. Because flow must be 

equal on either side of the valve (continuity), 
(A1 × V1 = A2 × V2). In turn CSA1 × VTI1 = CSA2 × VTI2 so 
that CSA2 = CSA1 × VTI1/VTI2, where CSA1 = aortic outflow 
tract (LVOT) cross-sectional area, VTI1 = aortic outflow tract 
time-velocity integral, VTI2 = aortic valve time-velocity inte-
gral, and CSA2 = aortic valve area. Because peak transvalvu-
lar jet velocity is directly measured primary data, not relying 
on calculation form other data, it has become the foundation 
of AS severity assessment when LV function and stroke vol-
ume are normal. However, because stroke volume generates 
flow velocity, AS severity may be underestimated in low flow 
states. In these cases, valve area that assesses gradient and 
velocity in the context of flow assumes greater importance in 
severity assessment. Obtaining these data is subject to sev-
eral pitfalls of which the clinician must be aware.

Challenges and Pitfalls
 1. The maximum aortic velocity and the mean gradient can 

be grossly underestimated if the continuous Doppler 
beam is not aligned parallel or near parallel to the stenotic 
jet. As such the insonification angle between the Doppler 
beam and the jet should be maintained at less than 30°. 
However the stenotic jet can be eccentric and the aorta 
can be unwound making this technically challenging 
(Fig. 5.7). In such cases, a transesophageal echocardio-
gram may help to obtain the maximum velocities by care-
ful manipulation of the probe using multiple planes 
(Figs. 5.8, 5.9, and 5.10).

Challenges When Using the Continuity Equation 
for Assessment of Aortic Stenosis
Based on the principle of conservation of mass, the aortic 
valve area is derived from the continuity equation noted 
above. Deriving the area of the LVOT is crucial to the accu-
racy of the calculation.

Assuming the LVOT is a circular structure, the LVOT area 
is calculated from the following equation:

 
LVOT area

Diameter of LVOT
= ´p

2

4  

Thus, if the diameter of the LVOT is not measured dili-
gently using multiple attempts and in “ZOOM” view, overes-
timation or underestimation of the severity of aortic stenosis 
may occur. This is by far the most common reason for under-
estimating aortic valve area.

Carotid pulse
tracing

Fig. 5.6 Carotid pulse tracings similar to the pulse felt during physical examination for a normal subject (left) and the delayed pulse of a patient 
with aortic stenosis (right) is shown. From Carabello BA [41]. Reprinted with permission from Lange Medical Books/McGraw Hill
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Technique for Proper Measurement of LVOT Diameter
The following caveats should be followed to maintain repro-
ducibility and reliability of the measurement of LVOT 
diameter:

 1. Always use the “ZOOMED” view and acquire a cine loop 
in the left parasternal long axis view.

Measure at the “hinge points’—inner edge to inner 
edge in mid-systole as shown in Fig. 5.11.

In the left PLAX view, the lateral resolution is better 
and the risk of underestimating the LVOT diameter is 
reduced. Moreover the left PLAX view offers axial 

resolution which is always better than lateral resolution 
in echocardiography. The measurement should be made 
in mid-systole as there conformational change in the 
aortic root during the cardiac cycle and the annulus 
assumes a more circular shape during this phase.

 2. Always measure at the “hinge points” where the cuspal 
insertion is noted and, in a plane, parallel to the LVOT 
(Fig.  5.12). A parallel view gives a more accurate 
 measurement than an oblique view. If the measurement is 
made from the apparent (virtual) annulus as shown in 
Fig. 5.13, it may overestimate the LVOT dimension.

Fig. 5.7 Continuous wave 
Doppler of the aortic stenosis 
jet in a patient with 
uncontrolled chronic systemic 
hypertension resulting in an 
unwound aorta. This anatomy 
constrains the ability to obtain 
the best Doppler angle of 
insonification resulting in 
underestimation of the 
maximum velocities. The 
mean gradient appears to be 
28 mmHg and the maximum 
velocity is estimated to be 
3.5 m/s

Fig. 5.8 In this case the eccentric aortic stenosis jet causes the inability 
to align the Doppler beam to obtain the maximum aortic velocity as 
shown below

Fig. 5.9 Note the faint spectral Doppler envelopes from the deep trans 
gastric TEE views. The Doppler envelope is poorly defined giving an 
unreliable estimate the mean gradient and the peak velocity is 
underestimated
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 3. Once a parallel view is confirmed, rotate/angulate the 
transducer till the largest diameter of the LVOT is 
obtained. This can be noted by dissecting the plane 
through the right coronary cusp anteriorly and the inter-
leaflet triangle between the left coronary and the noncoro-
nary cusp posteriorly. If the two leaflets are visualized 
anteriorly and posteriorly, the largest diameter has not 
been obtained (Figs. 5.14 and 5.15).

 4. Morphological changes in the subaortic location that may 
hinder accurate measurement of the LVOT diameter such 
as the bulky calcium protrusion shown in Fig. 5.16 but can 
be excluded for greater accuracy as shown in Fig. 5.17.

 5. Septal hypertrophy. Septal hypertrophy is frequently seen 
in patients with aortic stenosis (Fig. 5.18). Care should be 
taken to identify the aortic annulus and measurements 
should be done at proper location so that the diameter is 
not underestimated. This can be corrected by using the 
zoomed view and careful alignment parallel to the LVOT 
(Fig. 5.19).

 6. Technical limitations
 (a) Body habitus

Poor acoustic windows in a patient with COPD 
or morbid obesity, the aortic root may not be well 

Fig. 5.10 In the same patient 
withdrawal of the probe to a 
mid-esophageal location and 
sampling the flow with 
continuous Doppler yields a 
higher aortic velocity with a 
dense spectral envelope. This 
case illustrates the importance 
of using multiple planes and 
views to obtain the highest 
velocities, avoiding 
underestimation of the 
severity of aortic stenosis. The 
true mean gradient was 
45 mmHg and the maximum 
velocity was 4.5 m/s

Fig. 5.11 The “zoomed” view for proper measurement of the aortic 
annulus is shown

Fig. 5.12 TEE study with measurement taken from the “hinge points” 
between the cusps at the “virtual annulus” estimates the diameter of the 
LVOT at 2.2  cm. The arrow points to the cuspal separation during 
systole
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Fig. 5.13 TEE study with measurement taken from the commissure 
between the left and noncoronary cusp to the right cusp at the “virtual 
annulus” overestimates the diameter of the LVOT at 2.4 cm

Fig. 5.14 The right coronary cusp (RCC) and the posterior cusp are 
both well-defined and the LVOT dimension measures 2.2 cm

Fig. 5.15 The RCC is well visualized but the posterior RCC is not well 
visualized and the LVOT dimension is overestimated at 2.4 cm

Fig. 5.16 A bulky calcium deposit (arrow) blocks proper annulus 
measurement

Fig. 5.17 Using biplane TEE, the mass seen in Fig. 5.16 was excluded, 
the “hinge points” were clearly defined and the annular size is more 
accurately estimated at 2.2 cm

Fig. 5.18 The green line indicates septal wall thickness measured at 
1.5  cm. The blue line indicates LVOT measurement which has been 
underestimated at 1.9 cm
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visualized. Alternate methods of imaging such as 
TEE can be used for estimation of the LVOT 
diameter.

 (b) Acoustic shadowing from calcified aortic valve and 
aortic root as shown in Fig. 5.20 may cause inaccu-
rate measurement of the LVOT.

 (c) Diligent attention must be paid to the gain and the use 
of focalization to improve image optimization.

 Other Imaging Modalities
Because calcification is a key bodily response to tissue 
 damage, it is logical that the degree of calcification of the 
aortic valve would correlate with AS severity. Indeed valve 
calcification measured using multidetector CT scanning 

correlates with valve area [42–44]. Thus valve calcification 
may be a useful adjunct in deciding AS severity in border-
line cases or when standard measures of assessment are dis-
cordant with one another.

 Cardiac Catheterization
Prior to the advances made in echocardiography, invasive 
hemodynamic evaluation was the gold standard for AS sever-
ity assessment. Both noninvasive and invasive techniques 
use the same principle to define valve area (A) where A = F/V 
and F = flow and V = flow velocity. During echocardiogra-
phy, velocity is measured directly. Invasively, velocity is cal-
culated using Torricelli’s equation v = 2√gh, where g is the 
velocity due to gravity (converting force to mmHg) and 
h = the mean pressure gradient. Valve area is determined by 
the Gorlin formula [45], AVA = F/2√gh where flow is deter-
mined by thermodilution or Fick methods and the gradient 
obtained by directly measuring pressure proximal (left ven-
tricle) and distal (aorta) to the aortic valve. Invasive tech-
nique is used when there are discrepancies between the 
clinical presentation and echocardiography or when body 
habitus precludes obtaining clear echocardiographic data. 
Thus when invasive AVA determination is made, it is assumed 
that the data must be of the highest quality in order to resolve 
the diagnostic dilemma at hand. As such there must be fas-
tidious attention paid to pressure recording and cardiac out-
put determination. Pulse delay makes recording from the 
femoral artery inaccurate and should not be used. Cardiac 
output today is often made using an assumed value for 
 oxygen consumption in the Fick equation potentially leading 
to large errors in its determination [46] and as a consequence 
large errors in calculating valve area.

Fig. 5.19 Using zoomed 
views from the case noted in 
Fig. 5.18 and more careful 
alignment in parallel to the 
LVOT, the measurement of 
the AV annulus is now 2.2 cm

Fig. 5.20 The arrow points to the acoustic shadowing from the subaor-
tic calcification that results in poor definition of the aortic valve 
annulus
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 Medical Therapy

Aortic stenosis is a mechanical problem with only a mechan-
ical solution, i.e., aortic valve replacement. No medical ther-
apy has been demonstrated to alter the natural history of the 
disease. Because most patients today are elderly and because 
the incidence of hypertension increases with age, many AS 
patients also have systemic hypertension. There is a natural 
concern that antihypertensive agents that cause vasodilata-
tion might lead to hypotension because fixed valve obstruc-
tion to flow could impair cardiac output. Thus any 
antihypertensive agent should be used on a “start low and go 
slow” basis. However there are several reports of the use of 
vasodilators to treat both hypertension and acute heart failure 
in AS [47–50], although no antihypertensive regimen has 
been shown superior in the treatment of AS patients with 
hypertension. If heart failure has intervened and AVR is con-
traindicated because of the presence of severe comorbidities, 
diuretics can be used to relieve symptoms. Because standard 
heart failure therapy has not been tested in AS in any large 
randomized trial, there is no evidence that such therapy 
would be beneficial nor is there any defined mechanism by 
which heart failure therapy might prolong life in AS.

 Indications for Surgery

 Symptomatic AS
Suggested by Ross and Braunwald [15] and confirmed by 
recent clinical trials [16, 17], symptomatic AS, untreated by 
AVR, has one of the highest mortality rates in medicine, 
about 2% per month or 75% at 3 years (Fig. 5.2). Conversely 
AVR restores life expectancy to or toward that of an unaf-
fected population especially after the age of 70 (Fig. 5.21) 

[51]. Thus AVR is mandatory in symptomatic AS patients 
unless the presence of severe comorbidities makes AVR 
impossible. It should be noted that while AVR greatly 
improves prognosis compared to no therapy, Fig. 5.21 dem-
onstrates that the earlier in life that AVR is required, the 
greater is the deficit between normal age-matched survival 
and actual survival. That is, AVR does not restore life span to 
normal in young patients. This might be because prosthetic 
valves have their own inherent risks (see below) or because 
AS may cause permanent LV dysfunction not reversed by 
AVR. It may be hoped that earlier AVR or AVR with more 
perfect prostheses might improve post-AVR survival but this 
remains conjecture for now.

 Asymptomatic Severe AS
Less certain is the therapy for patients with asymptomatic 
severe AS (Class C1). The risk of sudden death in truly 
asymptomatic patients is about 1% per year [52] (Fig. 5.22), 
similar to the operative mortality rate in experienced centers. 
However assessing symptomatic status is problematic. Some 
patients may deny or fail to recognize their symptoms. Many 
AS patients are elderly and often ascribe their fatigue or dys-
pnea to “getting old.” When a 78-year-old patient notes that 
they tire or become breathless more easily than a few years 
ago, this could in fact truly represent aging or, conversely, 
the onset of AS symptoms. In this regard exercise testing 
may be very useful in establishing objective evidence of dys-
pnea on exertion and the hemodynamic response to stress 
[53, 54]. Patients who fail to achieve age-predicted exercise 
tolerance or who fail to exhibit a normal rise in blood pres-
sure during exercise should probably undergo early AVR 
(Fig. 5.23). Likewise, patients with very high jet velocities 
(>5.0  m/s) and who have very severe AS (AVA  <0.6  cm2) 
probably benefit from AVR prior to the onset of overt AS 

Fig. 5.21 Life expectancy (LE) for British Columbia (BC), for the 
United Kingdom (UK), and the United States (US) is plotted for normal 
subjects and those with bioprosthetic aortic valves (BP), and patients 
with mechanical prosthetic valves (MP). On average, normal 50-year- 
old patients are expected to live another 28 years while patients with 

valve prostheses are projected to live only 18 years longer. The differ-
ence narrows with age, in part because death is inevitable and in part 
because the prosthesis is present for fewer years. From van Geldorp 
MWA, et al. [51]. Reprinted with permission from Elsevier
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symptoms (Fig. 5.24) because symptom onset and its atten-
dant risk of sudden death is immanent [55, 56]. In such 
patients the overt onset of symptoms is almost certain to 
occur within 1–2 years, during which time the patient may be 
lost to follow-up or encounter other serious medical condi-
tions so that there may be little gained by delaying AVR 
further.

Biomarkers also play a role in assessment of the asymp-
tomatic AS patient. Increased levels of brain natriuretic hor-
mone (BNP) and troponin presage a worsened outcome for 
AS patients. While no specific level of these markers that 
might trigger AVR is agreed upon, elevated BNP seems to be 
a promising biomarker helpful in timing AVR [57–61]. Some 
of the uncertainty regarding the level of BNP that is prognos-
tic stems for failure to normalize BNP for age and sex. In fact 
the ratio of patient BNP to the normal value for that patient’s 
age and sex has had independent prognostic importance in 
AS patients (Fig. 5.25) [61].

An issue often arises concerning the aortic valve manage-
ment of patients with only moderate AS (and asymptomatic 
from the AS itself) who are undergoing cardiac surgery 
addressing another cardiac issue, usually coronary revascu-
larization. As noted above, AS is a progressive disease. 
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the onset of symptoms (a) or when valve replacement was performed 
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Bypass surgery leaving moderate AS untreated could result 
in symptomatic AS developing in 2–3  years, necessitating 
AVR during a second operation. While TAVR might be rea-
sonable in that situation, currently, most heart teams would 
elect to perform AVR at the time of bypass surgery in patients 
with moderate AS.  While there are no randomized trials 
addressing this issue, data support better long-term outcomes 
when AVR accompanies such operations [62].

Of note a recent study of propensity matched pairs demon-
strated benefit for patients undergoing AVR prior to symptom 
onset [63]. However almost two-thirds of these patients had 
one of the indications noted above for undergoing early AVR 
and over 30 patients who developed symptoms did not undergo 

AVR. The issue may be settled by the results of an ongoing 
randomized trial comparing TAVR to observation in asymp-
tomatic patients with severe AS (Edwards Early TAVR Trial).

 Mechanical Therapy: SAVR and TAVR

Valve replacement is the only definitive therapy for AS and 
can be accomplished either at cardiac surgery (SAVR) or 
through transcatheter techniques (TAVR). The decision 
regarding which approach is best for a given patient is 
decided by the Heart Team composed of structural cardiolo-
gists, general cardiologists, imagers, heart surgeons, anes-
thesiologists and most importantly the patient (TAVR is 
covered extensively in Chap. 10). The decision will in part be 
based upon LV function, the need for other cardiac proce-
dures, comorbidities, surgical history, age, patient prefer-
ence, social considerations and the risk calculated from the 
STS database. As an example of the factors involved in 
decision- making, consider an 80-year-old woman who is 
healthy except for aortic stenosis but uses a walker for mobil-
ity due to severe knee and hip problems and has no family or 
other local support. Although her mortality is low for SAVR, 
a TAVR might be recommended because the patient would 
have trouble adhering to sternal precautions post-operatively 
and bed rest postoperatively might worsen her immobility. 
On the other hand, a patient with a high predicted mortality 
from AVR but who also has severe coronary disease not ame-
nable to percutaneous intervention might be recommended 
for a surgical valve so that the associated coronary disease 
can be addressed at the time of surgery.

 Surgical Therapy (SAVR)

 Aortic Valve Anatomy for the Surgeon: Avoiding 
Injury to Vital Structures
The aortic valve is usually trileaflet and the leaflets are rec-
ognized by their relationship to the coronary arteries: left, 
right, and noncoronary. The noncoronary leaflet abuts the 
anterior leaflet of the mitral valve. The Bundle of His lies 
adjacent to the commissure between the right and the non-
coronary cusp. An aortic valve annular stitch that inadver-
tently sews into mitral tissue can cause mitral dysfunction 
postoperatively. If calcium is debrided too deeply, heart 
block can result from direct injury to the His Bundle; if not 
enough calcium is debrided from the annulus, compression 
of the His bundle may also cause heart block.

 Type of Valve Replacement: Mechanical vs. 
Bioprosthetic
Once a decision has been made that a patient should undergo 
surgical aortic valve replacement, the type of replacement 
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Fig. 5.25 Prognosis in patients with severe aortic stenosis according to 
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valve must be addressed. For most patients the two options 
are either a bioprosthetic or mechanical valve. Bioprosthetic 
valves are made from precisely cut pieces of bovine or por-
cine pericardium although some are actual pig allograft aortic 
valves secured inside a reinforced fabric suture ring. Human 
homografts are still used in some centers but difficulty in 
obtaining them reduces their usefulness. While enhanced 
durability was expected from homografts, it is not clear that 
homografts are more durable than other tissue valves. 
Mechanical valves are made of pyrolytic carbon, a graphite 
material that has extremely smooth surfaces and are designed 
with “washing jets” that prevent clot formation on the hinges. 
The valves are so smooth that metal instruments touching the 
valve during the operation damage them; instead, plastic 
tools must be used to manipulate mechanical valves.

The strengths and weaknesses of each valve type are well 
known and well summarized [64]. Mechanical valves require 
vitamin K antagonist (VKA) anticoagulation to reduce the 
risk of thromboembolism while tissue valves carry the risk of 
structural deterioration requiring reoperation. Mechanical 
valves generally function well for the lifetime of the patient 
although they are not entirely free of structural failure 
because valve obstruction can occur from thrombus or pan-
nus ingrowth of fibrous tissue. This risk is low, probably less 
than 1% per year [65]. Unfortunately the risk of major bleed-
ing from anticoagulation is 1–2% per year. A patient receiv-
ing a mechanical valve in his/her 20s carries a 50–80% 
lifetime risk of bleeding or thromboembolic complications 
[64]. In some cases the clicking sound of mechanical valves 
is so bothersome to the patient that the valve may have to be 
removed. Tissue valves on the other hand require no antico-
agulation. The risk of deterioration varies according to the 
age of the patient at implantation. In patients older than 70, 
95% of tissue valves function well at 10 years and 90% func-
tion well at 15 years. In patients younger than 50, 50% of 
bioprostheses deteriorate in 5–10  years [64]. It is unclear 
why bioprosthetic valves deteriorate more rapidly in younger 
patients, but it is thought that it might be due to differences 
in calcium metabolism. Bioprosthetic deterioration is accel-
erated in patients on dialysis [66].

Older age, bleeding risk (history of bleeding, exposure to 
trauma in the workplace, frequent falls) and patient prefer-
ence for avoiding anticoagulation favor bioprosthetic AVR 
and avoidance of anticoagulation. Young age and a second 
disease requiring anticoagulation such as atrial fibrillation 
favor AVR with a mechanical valve. While it had been hoped 
that newer non VKA anticoagulants might make anticoagu-
lation easier and thus make mechanical valves more attrac-
tive, this hope has not yet been realized [67].

 Aortic Valve Autografts: The Ross Procedure
In the Ross procedure the patient’s pulmonary valve is trans-
planted into the aortic position while a homograft replaces 
the pulmonic valve. The principle of the Ross procedure is 

that the native pulmonic valve functions durably in the aortic 
position while the homograft has enhanced durability (com-
pared to placement in the aortic position) in the low-pressure 
pulmonary position. This procedure is advantageous in 
young patients who wish to avoid the complications of anti-
coagulation from mechanical valves or the almost certain 
need for reoperation for standard bioprosthetic valves. 
Freedom from reintervention for the Ross procedure in prop-
erly selected patients can be comparable long term to that for 
mechanical aortic valves. Reoperation rate on the autograft 
in adults is 1.0% per year and on the homograft 0.65% per 
year [68]. In a randomized trial, the Ross procedure was 
superior to homograft AVR [69]. The Ross procedure is a 
technically demanding operation that has generated contro-
versy and a wide disparity in outcome. It trades disease of 
one valve for potential disease in two. Candidates for the 
Ross should be referred to surgeons who specifically 
 specialize in the operation and who have outcome records 
that prove success.

 Operative Planning

Predicting Valve Size
Preoperative planning is integral to the success of the proce-
dure and many issues must be considered prior surgery. Data 
needed for preoperative planning is obtained largely through 
preoperative imaging at echocardiography and cardiac cath-
eterization. Standard bioprostheses and mechanical valves 
are inherently stenotic; while they have a larger effective ori-
fice area than the diseased valve being removed, their orifice 
area is still smaller than a normal native valve. Patient- 
prosthetic mismatch wherein the replaced valve is too small 
for the cardiac demands of the patient in which it is placed, 
worsens postoperative outcome [70]. Thus every effort is 
made to insert the largest valve possible. Several factors 
affect this practice. Valve size can be estimated preopera-
tively from echocardiographic or CT images of the aortic 
annulus and outflow tract. Sizing will be confirmed at sur-
gery but it is helpful to predict sizing beforehand. General 
practice is to insert at least a 23 mm valve which will help 
avoid patient prosthetic mismatch and will facilitate valve- 
in- valve TVAR later if the SAVR valve fails (see Chap. 10). 
If the aortic annulus is small, root enlargement may be nec-
essary which complicates the procedure and increases cross- 
clamp ischemic time. Generally 2.5 h of cross clamp time 
with the heart arrested and ischemic is well tolerated by 
patients with preserved cardiac function. In this context, root 
enlargement takes about 30  min, the aortic valve replace-
ment itself takes an hour, each bypass graft takes an addi-
tional 15 min or longer if using arterial grafts or if the targets 
are difficult. A maze procedure takes 30 min. Patients with a 
low ejection fraction or pulmonary hypertension tolerate 
long clamp times poorly occasionally necessitating mechani-
cal support postoperatively.
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Planning for Myocardial Protection
The advent of cardioplegia during surgery reduced intraop-
erative ischemic myocardial damage and greatly improved 
outcomes, making delivery of adequate cardioplegia a key to 
success. However many factors can interfere with proper 
myocardial protection and should be anticipated before the 
operation.
• Left ventricular hypertrophy. Patients with aortic stenosis 

have LVH that may require greater doses of cardioplegia 
to cool and arrest the heart and may require multiple 
attempts at defibrillation when the heart is reperfused 
after the aortic cross clamp is removed.

• Right heart protection. Cardioplegia can be administered 
both antegrade into the coronary arteries and retrograde 
through the coronary sinus. Retrograde cardioplegia is 
very effective for the left ventricle but less so for the right. 
Protecting the right ventricle (RV) is further complicated 
because the right ventricle is more subject to warming due 
to room light, ambient air, and blood returning to the right 
atrium. Protecting the right ventricle is made more diffi-
cult when the right coronary is stenotic or occluded as 
demonstrated by the preoperative coronary arteriogram. 
In a patient with a chronically occluded right coronary, 
also undergoing coronary grafting, an effective strategy is 
to perform the right coronary distal anastomosis immedi-
ately and then administer cardioplegia into the vein graft. 
Right heart protection is even more of a concern if the 
patient suffers from preoperative RV dysfunction. Patients 
with RV dysfunction may require epinephrine and milri-
none during separation from cardiopulmonary bypass and 
these drugs are often administered before weaning from 
cardiopulmonary bypass in such cases, an eventuality that 
can be anticipated preoperatively.

• Aortic regurgitation. If greater than mild aortic regurgita-
tion is present, the heart may not arrest effectively when 
antegrade cardioplegia is administered to the coronaries 
indirectly through the aortic root. In this case, a retro-
grade cardioplegia cannula is placed into the coronary 
sinus and cardioplegia is administered to arrest the heart 
immediately. Next, after aortotomy, cardioplegia is deliv-
ered directly into the coronary ostia. Thus the presence 
and severity of aortic regurgitation must be assessed pre-
operatively during echocardiography.

Mitral Involvement: Calcium Extent
Occasionally the aortic calcium extends into the anterior 
leaflet of the mitral valve in complete continuity with the 
calcium involving the annulus along the noncoronary leaflet. 
Usually this calcium can be removed without affecting mitral 
function. However calcium along the right coronary- 
noncoronary commissure can be more difficult to deal with 
as it can extend all the way into the ventricular septum risk-
ing a ventricular septal defect before reaching good tissue. 

(This often anticipated from the preoperative echocardio-
gram). In this case, enough calcium will be debrided from 
the aortic annulus to allow the valve to sit inside the annulus 
and sutures are placed from the outside of the aorta to secure 
the valve. Sometimes there are large deposits of calcium 
located beneath the annulus in the left ventricular outflow 
tract and while these may not affect seating of the valve they 
can interfere with the opening and closing of mechanical 
valve leaflets so the calcium may need to be removed.

Obviously it is better to consider the all above issues prior 
to surgery so that the surgeon is prepared to ameliorate them 
during the operation.

 The Operation
The usual AVR begins with a sternotomy. The mammary 
artery is harvested if a bypass operation is planned. Heparin 
is administered and a cannula is placed in the aorta. A large 
venous cannula is placed through the right atrium and 
directed into the inferior vena cava or bicaval cannulation is 
performed if there is a reason to open the right atrium. 
Cardiopulmonary bypass is initiated and blood is drained 
from the right side of the heart and pumped with constant 
flow into the aorta to maintain mean blood pressure. A left 
ventricular vent is placed through the right superior pulmo-
nary vein and blood is pumped out of the left ventricle and 
into the cardiopulmonary bypass reservoir along with the 
venous blood from the cava and/or right atrium. This allows 
the surgeon to work in a dry field and keeps the heart decom-
pressed. Left ventricular decompression is particularly 
important in surgery for aortic stenosis because most patients 
have concomitant concentric LVH that increases myocardial 
oxygen consumption. A key determinant of myocardial oxy-
gen consumption is wall tension and maintaining decom-
pression reduces wall tension and myocardial ischemia. A 
retrograde cardioplegia cannula is placed into the coronary 
sinus through a small right atriotomy. An antegrade cardio-
plegia cannula is usually placed into the ascending aorta and 
serves to decompress the ascending aorta, facilitates admin-
istration of cardioplegia, and helps de-air the heart at the end 
of the operation. An alternative to placing an antegrade car-
dioplegia cannula is to open the aorta immediately after 
applying the cross clamp, directly cannulating the coronaries 
to administer antegrade cardioplegia.

Regardless of what other procedures are planned, the aor-
tic valve is usually removed first and the annulus is sized. 
Once the valve is removed, the distal coronary anastomoses 
are performed if coronary bypass is planned. If a mitral oper-
ation is also being performed, that procedure is performed 
before the aortic valve is inserted because the mitral valve is 
very difficult or impossible to visualize with a prosthetic aor-
tic valve in place.

The aortic annulus size, estimated prior to surgery is con-
firmed with plastic sizers that mimic the shape of the valve. 
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With optimal sizing, the valve should fit easily within the 
annulus without any slack but should not be so tight that it 
causes excessive tension which can result in disruption of the 
annulus and valve dehiscence. If the annulus is too small for 
placement of an adequate sized prosthesis, there are several 
options. The valve can be tilted above the annulus on the 
noncoronary side allowing for placement of a valve one size 
greater than could be placed without this maneuver. If aortic 
enlargement is necessary to accommodate an adequate pros-
thesis size, the annulus is enlarged by cutting thru its middle 
at the noncoronary leaflet between the trigones. A pericardial 
or Dacron patch closes the defect. The annular enlargement 
can be extended into the anterior leaflet of the mitral valve if 
needed.

Sutures are placed circumferentially around the annulus 
to secure the valve. The number of sutures is counted and a 
decision is made on how to distribute the sutures on the pros-
thetic valve suture ring. The sutures beneath the left coronary 
are tied first because it is very difficult to place additional 
sutures in this area if there is a perivalvular leak. A probe is 
used to make sure the valve is seated securely in the annulus 
and that there are no holes that could become a perivalvular 
leak, causing postoperative hemolysis. Seating the valve 
properly into the annulus can encounter two problems. First, 
there can be calcium deposits that can prevent valve seating. 
Secondly, the prosthetic valve is circular while the aortic 
annulus is scalloped causing gaps between the valve and the 
annulus.

Once the aorta is closed, the cross clamp is removed, 
reperfusing the heart and the patient is weaned from cardio-
pulmonary bypass. A transesophageal echo is used to evalu-
ate function and to look for perivalvular leak. Heparin and 
Coumadin are begun on day 3 for patients receiving mechan-
ical valves.

 Complications
The most common major complication from aortic valve 
replacement is heart block requiring pacemaker placement 
after AVR in 5% of patients. The Bundle of His lies beneath 
the aortic annulus at the right-noncoronary commissure in the 
ventricular septum. Stitches mooring the valve must be placed 
through the annulus deep enough to secure the valve but not 
so deep that they injure conduction system, problematic 
because the conduction system is not visible to the surgeon.

Perivalvular leaks are rare but may cause hemolysis when 
they do occur. They usually can be observed with expecta-
tion that they will enlarge enough that they no longer cause 
hemolysis yet not become so large that they are hemody-
namically significant. If frequent transfusions are required 
postoperatively, redo surgery or percutaneous intervention is 
indicated.

Aortic valve replacement carries a stroke risk of about 2% 
[71]. The calcium deposits around the aortic annulus have the 

consistency wet sand once the intima overlying the calcium is 
exposed and every effort is made to prevent calcium emboli-
zation. The ventricle is aggressively irrigated to remove any 
calcium that may have been unseen. However despite these 
efforts, some small pieces of calcium may embolize and by 
way of prevention, carotid protection devices are being inves-
tigated to prevent intraoperative stroke [72].

 Postoperative Course

Aortic valve replacement acutely reduces LV afterload, 
enhancing LV ejection, potentially reducing filling pressure 
and increasing stroke volume. Accordingly, even patients in 
advanced preoperative heart failure may enjoy a surprisingly 
uneventful postoperative course. However several caveats 
must be considered especially relating to postoperative 
hypotension and hypertension.
• Hypotension. Concentric LVH almost invariably causes 

diastolic dysfunction that persists well into the postopera-
tive period. As such higher than average filling pressure 
(volume expansion) may be necessary to maintain ade-
quate preload and forward output. Reduced afterload may 
also predispose to LV cavity obliteration and systolic 
anterior motion (SAM) of the mitral valve causing LV 
outflow obstruction unless LV cavity volume is main-
tained. Inotrope administration and/or balloon counter-
pulsation, usual treatments for postoperative hypotension, 
will serve only to worsen SAM thereby reducing cardiac 
output. Conversely patients with severe preoperative LV 
dysfunction may be resistant to inotropic support for low 
output postoperatively and thus require high dosed inotro-
pes and/or balloon counterpulsation.

• Hypertension. Blood pressure = cardiac output × total 
peripheral resistance. AVR may lead to improved forward 
output into the stiff aortae of elderly patients causing 
hypertension, necessitating antihypertensive therapy [73]. 
Failure to control postoperative hypertension may result 
in greater LV afterload than was present when the stenotic 
valve was still in place.

 Special Cases

 Low Flow, Low Gradient Low Ejection Fraction 
Aortic Stenosis
Reduced ejection fraction in AS is caused by three mecha-
nisms—increased afterload, impaired contractility or some 
combination of both [74]. Excess afterload in AS occurs 
when pressure overload exceeds the ability of hypertrophy to 
compensate for the load, i.e., the pressure term in the numera-
tor of the Laplace equation (above) exceeds the thickness 
term in the denominator. Thus systolic wall stress increases, 
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depressing ejection fraction [75]. In such cases, when AVR 
relieves the pressure overload, ejection fraction returns to or 
toward normal as the afterload excess is removed. In other 
cases, EF is depressed because innate contractility is impaired 
[28]. Such patients have both low ejection fraction and a low 
transvalvular gradient. Many consider this condition to be 
present when the EF IS <0.40 and the mean transvalvular 
gradient is <40  mmHg. However especially problematic 
patients are those patients with reduced EF whose transmural 
gradients are <20  mmHg wherein there is extremely 

depressed contractility [28, 76]. When reduced EF is due to 
impaired contractility, outcome following AVR is less opti-
mistic than when there is simply afterload mismatch. 
Mortality rate in this condition can exceed 30% [28, 76–78]. 
Patients who demonstrate inotropic reserve by increasing 
stroke volume by >20% with dobutamine infusion have a rea-
sonable surgical mortality of about 10% while AVR mortality 
may exceed 30% in those who fail to show inotropic reserve 
(Fig.  5.26) [79] exemplified in Figs.  5.27, 5.28 and 5.29. 
However for those reserve-negative patients who survive 
AVR, postoperative EF may improve substantially making 
decision-making in this group extremely fraught [80] as it 
would be unfortunate to deny them AVR because of failed 
inotropic reserve. In such patients a trial of balloon valvot-
omy (BAV) may be warranted. Following BAV there is only 
a modest reduction in pressure gradient and only a modest 
increase in AVA. Yet, in some patients these slight improve-
ments can lead to marked clinical improvement suggesting 
that AVR might be of benefit although the exact use of BAV 
as a therapeutic trial is still uncertain [81, 82].

In question is whether patients with low gradient and low 
flow transition from a high flow high gradient, normal ejec-
tion fraction state or had some predisposition to low flow, 
low ejection to begin with. It appears that the latter condition 
is more prevalent. Experimental data suggest a predeter-
mined tendency regarding hypertrophy extent and function 
[83, 84] and as noted above patients with this condition have 
lower initial ejection fraction and LV dysfunction even when 
the disease is not yet “severe” by current definitions [34, 35].

In still other patients a severely reduced aortic valve area 
may be calculated at rest but when cardiac output is 
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Fig. 5.26 Survival after aortic valve replacement is shown for patients 
with severe aortic stenosis and low ejection fraction with low transval-
vular gradient. Patients that augmented stroke volume ≥20% with 
dobutamine infusion (group I) had better outcome with valve replace-
ment than patients without inotropic reserve (group II). From Monin 
JL, et al. [79]. Reprinted with permission from Wolters Kluwer Health, 
Inc.

Fig. 5.27 A patient with low 
gradient low EF AS is shown 
in this figure, and in 
Figs. 5.28 and 5.29. In this 
figure the X-plane TEE views 
of the aortic valve are shown 
in short axis (left panel) and 
long axis (right panel) 
demonstrating severe AS
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increased by inotropic infusion, the valve opens more 
widely, gradient increases only slightly so that a much 
larger valve area is calculated [85–87]. In such patients 
there is pseudo aortic stenosis, i.e., an apparently small ori-
fice when flow is reduced but a much larger opening when 
contractile force and flow are increased [87]. Such patients 

have a primary cardiomyopathy and require therapy for that 
condition rather than AVR [88]. However it is unknown 
whether some patients with pseudo AS might still benefit 
from the modest afterload reduction offered by AVR espe-
cially when performed with the less invasive TAVR 
approach.

Fig. 5.28 Continuous wave 
Doppler of the aortic jet 
estimating a mean gradient of 
16 mm and peak velocity of 
2.5 m/s not meeting criteria 
for “severe” AS

Fig. 5.29 After 
administration of 15 mcg/kg/
min dobutamine infusion, the 
peak velocity increased to 
4 m/s with a mean gradient of 
40 mmHg. LV ejection 
fraction increased from 25% 
to 40%
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 Low Flow, Low Gradient Normal Ejection Fraction 
Aortic Stenosis
In some AS patients there is reduced stroke volume (and thus 
reduced gradient) despite normal ejection fraction, a condi-
tion sometimes referred to as paradoxic low flow AS, para-
doxic because there is low stroke volume despite preserved 
EF [89]. In many such cases there is extreme concentric LVH 
that in turn reduces LV volume so that a normal ejection frac-
tion of a small end diastolic volume produces reduced stroke 
volume and reduced transvalvular gradient. The low gradient 
in turn may mislead the clinician into believing that the AS is 
not severe. However when this group of patients develops 
symptoms, their prognosis is impaired and they benefit from 
AVR [89–93]. Prognosis after AVR is not as hopeful as it is 
for patients with normal stroke volume (Fig. 5.30) [91] but it 
still exceeds that for so-called “medical” therapy which for 
practical purposes in nonexistent. It must be noted that this 
syndrome has led to much confusion regarding its diagnosis 
and therapy. Faulty measurement of the outflow tract diam-
eter may cause underestimation of valve area. Thus valve 
area alone should not be used to judge AS severity in these 
cases. Rather physical examination, gradient, valve area, and 
valve calcification should be integrated to make the correct 
diagnosis. When this procedure is followed it is clear that 
this syndrome is a verified entity requiring appropriate ther-
apy (Figs. 5.31 and 5.32) [94].

 Guideline Summary

The algorithm for the treatment of aortic stenosis as summa-
rized from the AHA/ACC guidelines [32] for the manage-
ment of valvular heart disease is shown in Fig. 5.33.

 Aortic Regurgitation

 Etiology

Aortic regurgitation (AR) occurs when pathology of either 
the aortic root or of the aortic valve leaflets cause failure of 
leaflet coaptation [96].

Etiology of aortic regurgitation
Leaflet causes
• Rheumatic Valve Disease
• Infective Endocarditis
• Bicuspid aortic valve
• Myxomatous valve disease
• Serotonergic drugs
• Valve Trauma
• Radiation
• Collagen Vascular Disease
• Marantic (noninfectious) endocarditis

Aortic root causes
• Marfan Syndrome
• Hypertension
• Ehlers-Danlos Syndrome
• Loeys Dietz Syndrome
• Syphilis
• Dissecting aneurysm
• Annulo-aortic Ectasia
• Ankylosing Spondylitis
• Giant Cell arteritis
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Fig. 5.30 Prognosis 
following aortic valve 
replacement is shown for 
aortic stenosis patients with 
normal stroke volume (NF), 
for patients with reduced 
stroke volume despite normal 
ejection fraction (PLF), and 
for patients with low stoke 
volume and low ejection 
fraction (LEF). From Clavel 
MA, et al. [92]. Reprinted 
with permission from Elsevier

5 Comprehensive Approach to Aortic Valve Disease



90

Fig. 5.31 Low mean gradient was noted in a patient with severe aortic 
stenosis yet the valve area was calculated to be 0.9 cm2 categorizing it 
as severe. Severity was supported by leaflet immobility and heavy cal-
cification shown in Fig. 5.32

Fig. 5.32 TEE view of the left ventricular outflow tract from the 
patient shown in Fig. 5.31 demonstrating severe restriction of the aortic 
valve. Global LV systolic function was preserved with LVEF of 55–60% 
at rest. The hemodynamic profile is consistent with paradoxical low 
flow–low gradient aortic stenosis with normal left ventricular systolic 
function

Abnormal Aortic Valve With
Reduced Systolic Opening

Severe AS
Vmax ≥4 m/s

∆Pmean ≥40 mm Hg

Vmax ≥5 m/s
∆Pmean ≥60 mm Hg

Low surgical risk

DSE with
AVA ≤1 cm2 and

Vmax ≥4 m/s
(stage D2)

AVA ≤1 cm2 and
LVEF ≥50%
(stage D3*)

AS likely cause
of symptoms

∆Vmax ≥0.3 m/s/y
Low surgical risk

Symptomatic
(stage D1)

Asymptomatic
(stage C)

Asymptomatic
(stage B)

LVEF <50%
(stage C2)

LVEF <50%

Other cardiac surgery

Other cardiac
surgery

Abnormal ETT

AVR
(I)

AVR
(IIa)

AVR
(IIb)

AVR
(IIa)

Symptomatic

Vmax 3 m/s–3.9 m/s
∆Pmean 20–39 mm Hg

Class I

Class IIa

Class IIb

Yes No

Fig. 5.33 The algorithm for the treatment of AS patients according to the 2014 AHA/ACC guidelines is shown. From Nishimura RA, et al. [32]. 
Reprinted with permission from Wolters Kluwer Health, Inc.

B. A. Carabello et al.



91

The most common leaflet abnormality leading to AR is 
bicuspid aortic valve (see above) [10–14]. In some cases, 
there is clear valve pathology with leaflet retraction while in 
other cases the aortic root dilatation, sometimes associated 
with bicuspid valve, pulls the leaflets away from their coap-
tation point. Other leaflet pathologies causing AR include 
infective endocarditis, collagen vascular disease (primarily 
systemic lupus erythematous), rheumatic heart disease, 
advanced stage cancer (marantic endocarditis), and trauma. 
Aortic root pathologies leading to AR include Marfan 
 syndrome, aortic dissection, syphilis, giant cell arteritis, 
hypertension, and Ehlers-Danlos syndrome [95].

 Pathophysiology and Its Relation to Symptoms

Formerly classified as a volume overload lesion, AR causes 
both increased preload and afterload (Fig.  5.34) [96]. 
Unquestionably, the volume lost to regurgitation is compen-
sated by LV dilatation in order to increase total stroke vol-
ume thereby offsetting the regurgitant volume. However in 
AR the large total stroke volume is discharged into the aorta 
in turn causing a widened pulse pressure and, as a conse-
quence, increased systolic pressure. Increased systolic 

 pressure, together with the increased left ventricular radius 
in the Laplace equation, greatly increases systolic wall 
stress (afterload). Indeed, afterload in the patient with AR 
can be as high as that seen in the classic pressure overload 
lesion, AS [97]. Ventricular remodeling occurs in accor-
dance with loading conditions. Left ventricular volumes are 
increased to compensate flow lost to regurgitation but LV 
wall thickness is also increased in response to increased LV 
pressure [98]. In a way afterload excess is “beneficial” in 
that depressed preoperative ejection fraction often returns 
to normal following surgery as afterload is reduced 
(Fig. 5.35) [97]. However prolonged, severe AR eventually 
leads to severe LV enlargement, increased collagen deposi-
tion and increases in other elements of the extracellular 
matrix. These changes displace contractile elements, lead-
ing to contractile dysfunction and heart failure [99, 100]. 
Thus the most common symptoms of AR are those of left 
sided heart failure and include exercise intolerance and dys-
pnea on exertion and in more advanced disease, orthopnea, 
PND and edema.

The rapid runoff of flow returning to the LV during dias-
tole decreases aortic diastolic pressure. A modest decrease is 
well tolerated but severe diastolic hypotension may cause 
reduced coronary perfusion and angina and/or reduced cere-
bral perfusion and syncope. However angina and syncope 
are much rarer in AR than in AS. Other symptoms reported 
in severe AR include episodes of chest pain associated with 
peripheral dilatation and flushing (pseudo Nothnagel attacks) 
and occasionally an unpleasant awareness of the arterial pul-
sations especially in the neck.
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Fig. 5.34 Wall stress for normal subjects is compared to that of 
patients with mitral regurgitation (MR, white bars) and patients with 
matched severity of aortic regurgitation (AR, cross hatched bars). 
Diastolic stress is increased in both volume overloading lesions but sys-
tolic stress (afterload) is increased only in AR, indicating that this lesion 
represents both volume and pressure overload. From Wisenbaugh T, 
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aortic regurgitation. Even patients with depressed preoperative EF 
improved after surgery that reduces afterload. From Taniguchi K, et al. 
[97]. Reprinted with permission from Elsevier
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 Diagnosis

 Physical Exam
The physical examination of the patient with severe chronic 
AR can be one of the most dramatic in cardiology. Blood 
pressure measurement finds a widened pulse pressure and in 
severe AR, Korotkoff sounds may be heard at very low pres-
sures, in some cases representing LV end diastolic pressure. 
The enlarged LV causes the hyperdynamic apical impulse to 
be shifted down and to the left and is often easily visible even 
on casual inspection of the chest. The typical murmur of AR 
is a high pitched diastolic blow best heard along the left 
 sternal border with the patient sitting up and leaning forward. 
The length of the murmur represents the length of diastolic 
backward flow; thus longer murmurs usually indicate more 
severe AR. Impingement of the AR jet onto the mitral valve 
causes it to partially close and to vibrate, in turn producing a 
diastolic rumble similar to that of mitral stenosis (Austin 
Flint murmur), almost always indicating that the AR is 
severe. The widened pulse pressure produces a myriad of 
signs including Corrigan’s pulse (a brisk upstroke and rapid 
decline of the carotid pulse) bobbing of the head (de Musset’s 
sign), systolic plethora and diastolic blanching of the nail 
bed when traction is placed on the nail (Quincke’s pulse), a 
to and fro murmur in the femoral artery when pressure is 
placed on the femoral artery with the bell of the stethoscope 
(Duroziez’s sign), and an augmentation of systolic blood 
pressure in the leg over brachial pressure by >40  mmHg 
(Hill’s sign).

 Imaging
The EKG usually demonstrates the criteria diagnostic for 
LVH.  The chest X-ray demonstrates an enlarged heart. 
However as with all valvular heart disease, echocardiogra-
phy forms the mainstay of diagnosis.

Echocardiography plays a vital role in delineation of the 
aortic valve pathology, mechanism of aortic regurgitation 
and aides in quantification by using color and spectral 
Doppler variables. In addition, 3D transesophageal echocar-
diography offers supplemental anatomic information. 
However, there are pitfalls in each modality that must be con-
sidered in order to avoid misdiagnosing the lesion severity.

Spectral Doppler Methods
 1. Pressure Half-time

Pressure half time (PHT) is the time required for the 
pressure gradient to decay to half its original value. Larger 
orifices permit a more rapid equilibration of pressure on 
either side or the orifice. Therefore pressure decay is more 
rapid and pressure half-time shorter.

As shown in the above schematic (Fig. 5.36), the pres-
sure half time method to estimate valve area in mitral 

stenosis is dependent on the flow between two chambers 
one of which is a chamber with a single-outlet and the 
other is a receiving chamber with a single inlet. 
Unfortunately factors other than orifice size affect PHT. 
Compliance of the two chambers also affects the rate of 
pressure decay. In a stenotic lesion like mitral stenosis, 
this theoretical construct works well provide the compli-
ance of the emptying and receiving chambers is not 
altered acutely. Accuracy of the PHT method depends on 
the recording and measuring the initial peak velocity to 
avoid under or overestimation of valve areas.

In aortic regurgitation there is a double inlet (the return 
from the pulmonary veins and from the regurgitant aortic 
valve). Thus, PHT is affected not only by AR severity but 
also by afterload (systemic blood pressure and vascular 
resistance which affect the amount of AR), regurgitant 
orifice size, and left ventricular compliance. Patients with 
higher LV filling pressure tend to have the shortest PHT 
and steepest slope for any given angiographic grade.

To avoid over or underestimation of PHT, there must 
be a well-defined spectral Doppler envelope of the aortic 
regurgitant flow. Only a part of the AR jet may be 
recorded in situations where there is change in the direc-
tion of the jet. The upper part of the AR jet is difficult to 
record in 14–31% of the patients as shown in Figs. 5.37 
and 5.38. However as shown in Fig.  5.39, there is a 
clearer demarcation of the regurgitant velocity envelope. 
Because of these vagaries PHT should not be used to pre-
cisely  quantify the severity of chronic aortic regurgita-
tion, but it can distinguish mild from severe aortic 
regurgitation.

 2. Diastolic mitral regurgitation
Diastolic mitral regurgitation can be observed by either color 

Doppler or spectral Doppler methods and is an indicator 
of severe aortic regurgitation because severe AR forces 
flow across the open mitral valve in diastole (Fig. 5.40).

Emptying Chamber

Receiving Chamber

Fig. 5.36 Pressure half time is determined by the rate of emptying and 
the equalization of pressure between the emptying chamber and the 
receiving chamber
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M-Mode Echocardiography
Premature closure of the mitral valve (Fig. 5.41) in the set-
ting of severe (and usually acute) aortic regurgitation is clas-
sified into Type A (mitral A wave is suppressed but closure 
occurs before the onset of ventricular systole) or Type B 
where there is absence of the mitral A wave and closure 
occurs in mid-diastole.

Tachycardia should be excluded as a cause of mitral E and 
A fusion before attributing the absence of A wave to severe 
aortic regurgitation. Early diastolic closure of the mitral 
valve has been shown to correlate with angiographic grade 
3+ or 4+ aortic regurgitation.

Color M-Mode Echocardiography
A simple semiquantitative method of estimating the severity 
of aortic regurgitation is color m-mode of the origin of the jet 
(Fig. 5.42). A jet diameter greater than or equal to 12 mm 
identifies a regurgitant fraction greater than or equal to 40% 
with a sensitivity of 88.2% and a specificity of 95.2%.

Fig. 5.37 Spectral Doppler envelope of the aortic regurgitant flow. The 
arrow points the faint upper part of the envelope. Note, the rhythm is 
atrial fibrillation and the deceleration slope is therefore variable and the 
peak aortic regurgitant velocity is difficult to discern

Fig. 5.38 The upper part of the slope (arrow) is well defined, but the 
peak velocity on which the computation of the PHT is dependent is still 
difficult to determine

Fig. 5.39 A well-defined Doppler envelope is demonstrated. The 
arrow points to the steep slope in severe acute aortic regurgitation. 
Pressure half time is 85 ms

Fig. 5.40 The arrow points to the onset of mitral regurgitation before 
the start of ventricular systole. Notice the onset of mitral regurgitation 
before the inscription of QRS on the ECG (red line)

Fig. 5.41 Type A early diastolic closure of mitral valve is shown for a 
patient with severe aortic regurgitation
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3D Echocardiography
3D echocardiography offers supplemental information 
regarding the mechanism of aortic valve regurgitation. 
Defects like perforations are sometimes difficult to visualize 
by 2D echocardiograms while 3D en face views from the 
aortic root can help in detecting valve perforations.

Systolic Aortic Regurgitation
Aortic regurgitation is usually a diastolic phenomenon, but 
systolic regurgitation has been noted when there is decreased 
preload and ineffective ventricular systole resulting in con-
tinued regurgitation through a closed aortic valve in both 
systole and diastole as shown in Fig. 5.43.

 Medical Therapy

For the patient with AR who develops hypertension, stan-
dard therapy for hypertension should be employed. Concern 
is raised about the use of beta-blockers which slow heart rate 
thereby increasing diastolic regurgitant time. While beta- 
blockers are not first-line therapy for hypertension, it appears 
they can be used with caution in AR [101]. Because AR 
causes an increase in afterload, afterload reducing therapy 
has been employed in an effort to forestall the need for sur-
gery. However this approach has met with disparate and 
confusing results; thus no firm recommendation can be 
made to advocate using afterload reduction to forestall the 
need for AVR [102–104]. The therapeutic goal in treating 
patients with AR is to provide valve replacement or repair 
before heart failure ensues. If the patient has already devel-

oped heart failure standard guideline directed heart failure 
therapy is warranted prior to surgery or in place of surgery if 
surgery is precluded by other medical conditions or personal 
preference.

 Indications for Surgery

Severe AR is often tolerated for years (Fig.  5.44) [105–
107] but eventually this mechanical problem must be 
treated with a mechanical solution, usually AVR but occa-
sionally aortic valve repair. As noted above, valve replace-
ment with a mechanical valve subjects the patient to the 
need for vitamin K antagonist anticoagulation with its 
inherent risks of thromboembolism or hemorrhage; if a 
bioprostheses is implanted, there is inherent risk of struc-
tural valve deterioration necessitating reoperation. 

Fig. 5.42 Color M-mode is shown for a patient with severe aortic 
regurgitation due to leaflet perforation. The regurgitant flow (arrow) 
fills most of the left ventricular outflow tract throughout diastole

Fig. 5.43 Upper panel. Note the absence of LVOT flow despite the 
presence of QRS complexes on the EKG. Rhythm is atrial flutter. Lower 
panel. The arrows point to the “a” dip caused by flutter waves in the 
setting of elevated left atrial and left ventricular pressures and systemic 
hypotension
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Because of these risks and because AR is tolerated rela-
tively well, surgery is timed to be late enough in the course 
of the disease to avoid these complications but early 
enough to avoid irreversible LV damage and heart failure. 
Because the onset of symptoms marks a downturn in prog-
nosis (Fig. 5.45) AVR is provided at the onset of cardiac 
symptoms, usually dyspnea on exertion and exercise intol-
erance [108]. Excessive cardiac enlargement and/or a fall 
in LV systolic performance are indications for AVR even if 

the patient remains asymptomatic [109, 110]. Thus sur-
gery is indicated when EF falls toward 0.50 or when end 
systolic dimension approaches 50–55  mm or when end 
diastolic dimension approaches 70–75  mm. However a 
recent study (Fig. 5.46) suggests that patients might ben-
efit from AVR much earlier, at an end systolic dimension 
as small as 40  mm [111]. The progression toward these 
endpoints which trigger surgery occurs at the rate of about 
4% per year [105].
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Fig. 5.44 The natural history or aortic regurgitation is demonstrated. 
Sudden death is rare and the onset of symptoms or asymptomatic left 
ventricular dysfunction occurs at a slow rate, about 4% per year. From 
Bonow RO, et  al. [105]. Reprinted with permission from Wolters 
Kluwer Health, Inc.
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Fig. 5.45 The impact of severe (NYHA class III or IV) symptoms is marked whether the patient has normal ejection fraction (left panel) or 
reduced ejection fraction (right panel). From Klodas E, et al. [108]. Reprinted with permission from Elsevier

Fig. 5.46 The probability of survival for patients with severe aortic 
regurgitation worsened when indexed end systolic dimension exceeded 
2.0. Considering an average body surface area of 2.0, an end systolic 
dimension of 4.0 cm could be a trigger for valve replacement. From 
Mentias A, et al. [111]. Reprinted with permission from Elsevier
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 Mechanical Therapy

The majority of patients with AR are treated surgically with 
the valve replacements noted above for aortic stenosis. TAVR 
is employed almost exclusively for patients with AS because 
the annular calcification, so prominent in that disease but 
usually absent in AR, is used to anchor the TAVR. However 
TAVR valves apt for the treatment of AR are currently under 
development and are likely to become available in the near 
future [112].

Valve repair, the mainstay for the therapy of primary 
mitral regurgitation is in its relative infancy for the aortic 
valve. However aortic repair techniques are being perfected. 
Techniques used to correct AR include shortening of the free 
edge of a prolapsing leaflet (plication), patching holes and or 
retracted leaflet edges with pericardium, tricuspidization of 
bicuspid valves, and aortic plication when root dilatation is 
the cause of the AR [113]. A meta-analysis of almost 3000 
patients undergoing aortic valve repair found a 12% reopera-
tion rate at 5 years [114].

 Acute Severe Aortic Regurgitation

 Pathophysiology

Acute AR, often caused by valve disruption from infective 
endocarditis, impacts a left ventricle unprepared for an 
acute severe volume overload. As noted in Fig.  5.47, in 
chronic AR the LV gradually enlarges to accommodate the 
volume overload as AR increases over time [115]. However 
in acute severe AR there has been no time for eccentric 
hypertrophy to develop. The small unprepared LV receives 
the extra volume from regurgitation with high filling pres-
sure (Fig. 5.48) [87], pulmonary congestion and decreased 
forward stroke volume. Aortic diastolic pressure falls and 
LV diastolic pressure increases so that they become equal 
toward end diastole (Fig. 5.48) abolishing the pressure gra-
dient driving coronary blood flow potentially causing sub-
endocardial ischemia and LV dysfunction. Mean arterial 
pressure falls both from the reduced diastolic pressure 
from run off into the LV and from reduced forward cardiac 
output. High LV diastolic pressure may exceed left atrial 
pressure, closing the mitral valve in diastole instead of sys-
tole (Fig.  5.41). This action may help protect the lungs 
from extreme left atrial pressure but also limits forward 
mitral flow.

 Presentation

The patient may experience sudden dyspnea or the symp-
toms of heart failure may develop more insidiously.

The dramatic physical exam of chronic AR is absent in 
acute AR, potentially leading the clinician to miss the 
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Fig. 5.47 (a, b) Compare normal physiology (a) with that of chronic 
compensated severe aortic regurgitation. In (b) there has been dilatation 
of the left ventricle allowing for normal forward stroke volume and fill-
ing pressure despite severe regurgitation. AoP aortic pressure, EDV end 
diastolic volume, EF ejection fraction, ESV end systolic volume, 
LVEDP left ventricular end diastolic pressure, RF regurgitant fraction. 
From Carabello BA. Aortic Valve Disease. In: Willerson J.T., Wellens 
H.J.J., Cohn J.N., Holmes D.R. (eds) Cardiovascular Medicine. 
Springer, London, ©2007. Reprinted with permission
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 diagnosis. There may be a modest tachycardia and reduced 
diastolic blood pressure. However because the LV is normal in 
volume, the total stroke volume is not increased as it is in 
chronic AR.  Therefore the signs of severe chronic AR are 
absent in acute AR. The AO-LV gradient is present only in 
early diastole (Fig. 5.48) thus the diastolic murmur is short and 
often unimpressive. Preclosure of the mitral valve causes S1 to 
be soft. Thus the exam is misleadingly unimpressive. A subtle 
increase in pulse and respiratory rate, a modest decrease in 
diastolic blood pressure, a soft S1 and a short diastolic murmur 
may be the only clues that acute severe AR is present. This 
relatively benign exam may be consistent with a dire outcome. 
Reduced cardiac output, high LV filling pressures and reduced 
coronary blood flow may lead to a rapid downhill course and 
death in the absence of prompt surgical intervention.

 Management

Prompt recognition leading to diagnostic imaging and 
prompt aortic valve replacement is the only effective 

course of therapy [116]. Attempts to temporize with medi-
cal therapy are rarely helpful. Vasodilators that may 
improve forward flow but lower blood pressure and may 
cause shock. Pressor agents worsen the aortic regurgita-
tion as does intra- aortic balloon counterpulsation which is 
contraindicated. While there is fear that a prosthetic valve 
will become re- infected this occurs less than 5% of the 
time [117]. Thus surgery should not be delayed for the 
purpose of longer antibiotic exposure. Adequate care of 
the patient with acute severe AR due to infective endocar-
ditis requires a multispecialty team composed of expert 
cardiologists, imagers, infectious disease experts and car-
diac surgeons.

 Guideline Summary

The algorithm for the treatment of aortic regurgitation as 
summarized from the AHA/ACC guidelines [32] for the 
management of valvular heart disease is shown in 
Fig. 5.49.

Fig. 5.48 Pressure tracings 
from a patient with severe 
acute aortic insufficiency are 
shown. Systolic aortic 
pressure (Ao) is augmented 
(Hills sign) while there is 
early diastasis between aortic 
diastolic and left ventricular 
diastolic pressure. From 
Carabello BA, et al. [87]. 
Reprinted with permission 
from John Wiley & Sons
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 Introduction

Primary mitral valve disease encompasses those entities 
where disease of the valve itself causes the pathophysiology 
leading to clinical impairment. Primary mitral valve disease 
comprises a variety of pathologies that lead to valvular 
regurgitation or stenosis. In the developed world, clinicians 
most often encounter patients with mitral regurgitation 
(MR). Advances in echocardiography, particularly 3D, have 
substantially improved the diagnosis of mitral valve pathol-
ogy and quantification of lesion severity. Currently no medi-
cal therapy directed at primary MR improves the natural 
history of the disease, but significant progress has been 
made in the surgical management of primary MR where bet-
ter repair techniques have decreased operative mortality and 
improved durability.

 Clinical Presentation

 Mitral Regurgitation

Acute MR is relatively uncommon, but may occur due to 
disruption of various parts of the mitral apparatus, includ-
ing a perforated leaflet (infective endocarditis), torn chord 
(myxomatous disease), or ruptured papillary muscle (myo-
cardial infarction). In the context of a left atrium (LA) and 
left ventricle (LV) that have not undergone adaptive 
changes to volume overload, this sudden substantial 

increase in volume is associated with a rapid increase in 
LV end-diastolic and LA pressure leading to pulmonary 
edema and respiratory distress. Reflex tachycardia helps 
maintain forward flow, but cardiac output is often inade-
quate and associated with hypotension and shock. As such, 
patients with acute MR can present suddenly in a severely 
decompensated state requiring urgent supportive care and 
intervention.

The key to the diagnosis of all valvular disease is the aus-
cultation of a typical murmur on physical examination. 
However because of the rapid rise in LA pressure in acute 
MR, the typical holosystolic murmur of MR is often short-
ened, occurring only in early systole and also may be rela-
tively low in intensity.

Myxomatous degeneration of the mitral valve is the lead-
ing cause of primary MR in developed countries and often is 
first noted on physical exam as a mid-systolic click (as the 
redundant valve tissue and chordae snap as the valve closes) 
followed by a late systolic murmur as the leaflets extend past 
their coaptation point. Maneuvers that decrease LV volume, 
i.e., Valsalva, becoming upright, etc., cause the click to occur 
earlier in systole and the murmur to become louder and more 
holosystolic. The opposite occurs with maneuvers that 
increase LV volume such as squatting. As the disease pro-
gresses, the murmur becomes progressively more holosys-
tolic and when regurgitation is severe may be followed by an 
S3 owing to the rapid filling of the large volume of blood 
stored in the LA during systole.

Chronic primary MR, however, can progress slowly over 
many years and symptoms may develop insidiously [1]. The 
development of symptoms is due to a number of factors 
including the regurgitant volume, compensation of the LV in 
terms of size and systolic function, and whether there is asso-
ciated pulmonary hypertension or an atrial arrhythmia. 
Commonly, the initial symptom is dyspnea with consider-
able exertion that becomes more limiting over time with less 
exercise. These early symptoms may be missed in older 
patients who are more sedentary or dismissed as attributable 
to aging.
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 Mitral Stenosis

The most common cause of symptomatic mitral stenosis 
(MS) is rheumatic carditis, which has decreased in preva-
lence markedly in the developed world with the widespread 
availability of antibiotics [2, 3]. However this decrease began 
prior to antibiotic usage implicating improved socioeco-
nomic factors in the decline in incidence. The process of 
inflammation, fibrosis, and calcification that occurs after 
rheumatic fever causes a progressive narrowing of the mitral 
orifice over decades. Symptom onset is insidious and related 
to the severity of orifice obstruction, severity of pulmonary 
vascular remodeling and hypertension, and patient activity 
level. Patients generally present with decreased exercise 
capacity, dyspnea on exertion, and fatigue. Other symptoms 
may include orthopnea, palpitations (from associated atrial 
arrhythmias), hemoptysis, and chest pain [3]. A systemic 
embolism may be the first presenting sign. Physiologic states 
that either increase transvalvular flow or decrease diastolic 
filling time (e.g., exercise, pregnancy, fever, hyperthyroid-
ism, atrial arrhythmia) can precipitate or worsen symptoms 
due to increased LA pressure and transvalvular gradient. 
Extreme left atrial enlargement may impinge upon the left 
recurrent laryngeal nerve causing hoarseness (Ortners syn-
drome) or may cause dysphagia from compression of the 
esophagus.

The typical murmur of MS is a soft diastolic rumble heard 
best with the patient in the left lateral decubitus position. It 
may be accompanied by a diastolic thrill. S1 is typically loud 
as the valve, held open by the transmitral gradient through-
out diastole, closes from the fully open (albeit stenotic) posi-
tion. In very severe disease valve movement may be so 
limited that S1 is soft instead of loud. The diastolic rumble is 
usually preceded by an opening snap (OS). The interval 
between S2 and OS is a good guide to MS severity. In severe 
disease, high LA pressure opens the valve sooner than in 
mild disease producing a narrow S2–OS interval. If pulmo-
nary hypertension has intervened, the pulmonic component 
of S2 has increased intensity and an RV lift may be 
palpated.

 Disease Staging

The 2014 AHA/ACC guidelines on valvular heart disease 
shifted away from classifying the severity of valve disease 
into categories of mild, moderate, and severe [4, 5]. The 
emphasis, instead, is on a more integrative assessment of 
the stages of the valve disease that are more patient-cen-
tered with implications for the timing of intervention. 
These stages incorporate qualitative and quantitative 
hemodynamic assessment of the valve lesion, the response 

of the left and/or right ventricle to the volume or pressure 
overload, the effect of the valve lesion on the pulmonary 
circulation and heart rhythm, and patient symptoms [5]. 
With respect to mitral valve disease, stage A represents 
patients with risk factors for mitral valve disease (a his-
tory of rheumatic fever for instance); stage B represents 
patients with progressive mitral valve disease that is 
asymptomatic and not yet severe; stage C1 represents 
patients with severe mitral valve disease but compensated 
right and left ventricles, no or minimal pulmonary hyper-
tension and no symptoms; stage C2 may be characterized 
by progressive ventricular enlargement and/or systolic 
impairment, and/or increasing pulmonary pressure, but 
still no symptoms; and stage D is characterized by severe 
mitral valve disease accompanied by symptoms and usu-
ally some combination of atrial/ventricular enlargement, 
impaired systolic function, pulmonary hypertension, and 
atrial arrhythmia [5]. Table  6.1 shows the integration of 
these factors for the stages of primary MR.  Similarly, 
Table 6.2 shows the stages of MS; these characteristics are 
focused on rheumatic MS and, compared to prior guide-
lines, reflect emphasis on the hemodynamics usually asso-
ciated with symptom onset.

 Etiology and Classification

 Mitral Regurgitation
There is a fundamental distinction between primary and 
secondary MR. Primary MR was often referred to as 
organic MR, whereas secondary MR (addressed in Chap. 7) 
was commonly described as functional MR. The two dis-
eases have different etiologies, pathophysiology, natural 
history, and a different response to and indications for med-
ical, transcatheter, and surgical therapies. Primary MR is a 
disease of the valve, including the leaflets, chordae tendin-
eae, papillary muscles, or annulus. Because valve abnor-
malities and the regurgitation they cause are the disease, 
treating the valve can be curative. The most common cause 
of primary MR, and the most common etiology leading to 
surgery, is mitral valve prolapse (MVP) [1, 6]. Abnormal 
elongation and redundancy of the leaflets accompanied by 
elongation of chordae and dilatation of the annulus leads to 
prolapse of the valve past its coaptation point causing 
MR. Primary MR presents as a spectrum of lesions [7]. On 
one end are older patients with fibroelastic deficiency, inad-
equate tissue and localized pathology of a single scallop or 
a single chord (Fig. 6.1). At the other end of the spectrum 
are younger patients with excess tissue, extensive, diffuse, 
and marked myxomatous changes of the leaflets and chordal 
apparatus associated with billowing leaflets, often referred 
to as Barlow’s disease (Fig. 6.1).
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Secondary MR is a disease of the LV that has led to abnor-
mal shape/structure and function that cause displacement of 
one or both papillary muscles, leaflet tethering and  inadequate 
coaptation, and often annular dilatation [8, 9]. Secondary 
MR may result from ischemic or nonischemic ventricular 
disease. Because the mitral valve itself is not the origin of the 
disease, therapy directed only at MR may reduce regurgita-
tion but cannot cure the basic underlying pathology.

The Carpentier classification of the types of mitral valve 
pathologies is commonly used today (Fig. 6.2) [10]. Type I 
exhibits normal leaflet motion but annular dilation or leaflet 
perforation. Type II is leaflet prolapse. Type III describes 
leaflet restriction. Type III is further divided into IIIa 
(restricted opening) and IIIb (restricted closing).

 Mitral Stenosis
Mitral stenosis most commonly occurs as a consequence of 
rheumatic fever, a history of which is noted in approximately 

60% of patients with pure MS [3, 5]. Significant annular cal-
cification causing calcific MS is the next most common 
cause, but relatively infrequently leads to obstruction severe 
enough to warrant valve replacement.

 Diagnosis

 Imaging Assessment

 Mitral Regurgitation

Two-Dimensional Transthoracic Echocardiography
Transthoracic echocardiography (TTE) is readily available 
and usually the initial diagnostic test to evaluate MR. The 
mitral valve apparatus includes the leaflets, the chordae ten-
dineae, annulus, papillary muscles, and the insertions into 
the LV wall [11]. Because the diseases are so different, it is 

Table 6.1 Stages of primary mitral regurgitation

Grade Definition Valve anatomy Valve hemodynamicsa

Hemodynamic 
consequences Symptoms

A At risk of MR •  Mild mitral valve prolapse 
with normal coaptation

•  Mild valve thickening and 
leaflet restriction

•  No MR jet or small central 
jet area <20% LA on 
Doppler

•  Small vena contracta 
<0.3 cm

• None • None

B Progressive MR •  Severe mitral valve prolapse 
with normal coaptation

•  Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

• Prior IE

•  Central jet MR 20–40% 
LA or late systolic 
eccentric jet MR

• Vena contracta <0.7 cm
•  Regurgitant 

volume <60 mL
• Regurgitant fraction <50%
• ERO <0.40 cm2

• Angiographic grade 1–2+

• Mild LA enlargement
• No LV enlargement
•  Normal pulmonary 

pressures

• None

C Asymptomatic 
severe MR

•  Severe mitral valve prolapse 
with normal coaptation

•  Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

• Prior IE
•  Thickening of leaflets with 

radiation heart disease

•  Central jet MR >40% LA 
or holosystolic eccentric 
jet MR

• Vena contracta ≥0.7 cm
•  Regurgitant 

volume ≥60 mL
• Regurgitant fraction ≥50%
• ERO ≥0.40 cm2

• Angiographic grade 3–4+

•  Moderate or severe LA 
enlargement

• LV enlargement
•  Pulmonary 

hypertension may be 
present at rest or with 
exercise

•  C1: LVEF >60% and 
LVESD <40 mm

•  C2: LVEF ≤60% and 
LVESD ≥40 mm

• None

D Symptomatic 
severe MR

• Same as stage C • Same as stage C •  Moderate or severe LA 
enlargement

• LV enlargement
•  Pulmonary 

hypertension present

•  Decreased 
exercise 
tolerance

•  Exertional 
dyspnea

Adapted from [5]
Abbreviations: ERO effective regurgitant orifice, IE infective endocarditis, LA left atrial, LV left ventricular, LVEF left ventricular ejection fraction, 
LVESD left ventricular end-systolic dimension, MR mitral regurgitation
aSeveral valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each 
patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with 
other clinical evidence
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Table 6.2 Stages of mitral stenosis

Grade Definition Valve anatomy Valve hemodynamics
Hemodynamic 
consequences Symptoms

A At risk of MS • Mitral valve doming during systole •  Normal transmitral 
flow velocity

• None • None

B Progressive MS •  Rheumatic valve changes with 
commissural fusion and diastolic 
doming of the mitral valve leaflets

• Planimetered MVA >1.5 cm2

•  Increased transmitral 
flow velocities

• MVA >1.5 cm2

•  Diastolic pressure 
half-time <150 ms

•  Mild-moderate 
LA enlargement

•  Normal 
pulmonary 
pressure at rest

• None

C Asymptomatic 
severe MS

•  Rheumatic valve changes with 
commissural fusion and diastolic 
doming of the mitral valve leaflets

• Planimetered MVA ≤1.5 cm2

• MVA ≤1.0 cm2 with very severe MS

• MVA ≤1.5 cm2

•  MVA ≤1.0 cm2 with 
very severe MS

•  Diastolic pressure 
half-time ≥150 ms

•  Diastolic pressure 
half-time ≥220 ms 
with very severe MS

•  Severe LA 
enlargement

•  Elevated PASP 
>30 mmHg

• None

D Symptomatic 
severe MS

• Same as stage C • Same as stage C • Same as stage C •  Decreased 
exercise 
tolerance

•  Exertional 
dyspnea

Adapted from [5]
Abbreviations: LA left atrial, LV left ventricular, MS mitral stenosis, MVA mitral valve area, PASP pulmonary artery systolic pressure

+

FED FED+ Forme fruste Barlow’s

Leaflet tissue

+ + + ++ + ++ +

Fig. 6.1 Spectrum of 
degenerative/myxomatous 
mitral valve disease. From 
Adams DH, Rosenhek R, Falk 
V. Degenerative mitral valve 
regurgitation: best practice 
revolution. Eur Heart J. 
2010;31(16):1958–1966. 
Reprinted with permission 
from Oxford University Press. 
FED fibroelastic deficiency 
disease

Type I Type II Type IIIa Type IIIb

Fig. 6.2 Carpentier 
classification of mitral valve 
regurgitation. Type I exhibits 
normal leaflet motion but 
annular dilation or leaflet 
perforation. Type II is leaflet 
prolapse. Type III describes 
leaflet restriction. Type III is 
further divided into IIIa 
(restricted opening) and IIIb 
(restricted closing)
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important to distinguish between primary and secondary 
MR, a distinction that can usually be made from two- 
dimensional (2D) TTE. In primary MR the diagnosis of pro-
lapse is made on the TTE parasternal long view where the 
mitral leaflets are displaced >2 mm into the left atrium dur-
ing systole [12]. Often, TTE can identify pathology of the 
specific scallops responsible for the leak. The six scallops of 
the mitral valve can be identified in the parasternal short axis 
view and color Doppler can then be used to confirm the ori-
gin of the MR jet and the scallops involved. In the parasternal 
long view, the A2 and P2 scallops can be visualized. The 
apical four chamber view allows for visualization of the A3, 
A2, and P1 scallops; while the TTE two chamber view dis-
plays P3, A2, P1 (Fig.  6.3). Unlike in primary MR where 
distinct valvular pathology is found, in secondary MR the 
valve itself is usually normal. Tethering of the valve by dis-
torted LV geometry prevents leaflet coaptation causing a 
centrally directed jet.

TTE can provide guidance as to the feasibility of mitral 
valve repair by providing assessment of scallop anatomy or 
leaflet tethering and demonstrates the extent of mitral annu-
lar calcification. In addition to an assessment of the etiology 
and anatomy of the MR, TTE provides an accurate assess-
ment of LA and LV size, LV function, and pulmonary artery 
pressures, all of which are important in clinical 
management.

Two-Dimensional Transesophageal 
Echocardiography
2D transesophageal echocardiography (TEE) can be used to 
evaluate the mitral valve apparatus and often adds important 
anatomical information in the assessment of mitral valve 
pathology in cases of moderate to severe MR. The echocar-
diographer should be familiar with mapping of the mitral 

valve using 2D TEE [13]. In the midesophageal four cham-
ber view, typically at 0°, the tips of the leaflets are the A2 and 
P2 scallops. When the transducer is withdrawn slightly from 
the esophagus with the LV outflow tract in view, the A1 and 
P1 scallops are visualized. When the transducer is advanced 
further past the midesophageal view, the A3 and P3 scallops 
are then visualized. At the 60° view, also termed the 
 bicommissural view, the scallops visualized are the P1, A2, 
and P3 scallops with the P1 scallop being closest to the left 
atrial appendage (LAA) and the P3 scallop the furthest from 
the LAA. Finally, at the 120° view, the A2 and P2 scallops 
are visualized (Fig. 6.4). Using this strategy the entire mitral 
valve can be visualized for the presence of prolapse and/or 
flail segments.

Three-Dimensional (3D) Echocardiography: 
Advantages and Pitfalls over 2D
Three-dimensional (3D) echocardiography has significantly 
improved the assessment of mitral valve disease [14]. With 
multiplane 2D TEE, the echocardiographer has to be familiar 
with the different mitral scallops and construct a map of the 
mitral valve to convey the valve pathology to surgeons or 
interventionalists. 3D TEE enables better communication 
between the surgeon and the echocardiographer by providing 
“the surgeon’s view” of the mitral valve. In this view, the 
mitral valve is visualized from the LA perspective with the 
aortic valve at the 12 o’clock position (Fig. 6.5). Advances in 
3D echocardiography allow for excellent spatial and tempo-
ral resolution so that a very accurate assessment of mitral 
valve structure, function, and dynamic changes can be 
recorded [15]. 3D echocardiography allows for better char-
acterization of leaflet pathology compared to 2D TEE. Due 
to the saddle shape of the mitral annulus, distortion in the 
mitral anatomy can lead to misinterpretation of scallops with 

a b

Fig. 6.3 Panel a: Transthoracic parasternal long axis view demonstrating the posterior leaflet prolapse. The scallops at the mitral leaflet tips are 
A2 and P2. Panel b is an apical four chamber view demonstrating the scallops seen in this view are A1, A2, and P1
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2D TEE (Fig. 6.6). In addition, 3D echocardiography allows 
for better characterization of lesions such as mitral clefts and 
commissural scallops which are not easily identifiable by 2D 

echocardiography alone (Fig. 6.7). Moreover 3D echo with 
color can identify the exact location of the regurgitant jet 
(Fig. 6.8).

However, 3D echocardiography has its limitations [15, 
16]. It requires that the echocardiographer be familiar with 
image acquisition and manipulation. Errors in manipulation 
of the image can lead to misinterpretation of the lesions. The 
echocardiographer should routinely position the aortic valve 
at the 12 o’clock position relative to the mitral valve when 
using 3D TEE in mitral valve assessment. 3D echocardiogra-
phy frequently involves combining several volumes of image 
sectors, so any patient movement or irregular heart rhythm 
can produce what is termed “stitch artifact” (Fig.  6.9). 
Finally, the echocardiographer has to be aware of image 
dropout, which may once again lead to misinterpretation of 
lesions (Fig. 6.10).

Computed Tomography and Magnetic Resonance 
Imaging in Assessment of Mitral Regurgitation
Computed tomography (CT) and magnetic resonance imag-
ing (MRI) are infrequently utilized in the evaluation of the 
mitral valve, but can provide important, complementary 

a

b

b

Fig. 6.4 Transesophageal echocardiogram (TEE) demonstrating the 
different mitral scallops. Panel a: at 0°, A1 and P1 scallops are seen in 
the high esophageal view with the left ventricular outflow tract in view. 

Panel b: at 90°, the P3 scallops is seen which appears to prolapse. Panel 
c: at 120°, A2 and P2 scallops are seen. P2 scallop is flail

Fig. 6.5 3D echocardiogram demonstrating the mitral valve in the 
“surgeon’s view” with the aortic valve (AoV) at the 12 o’clock location 
and left atrial appendage (LAA) on the lateral aspect. One can now 
visualize all six scallops of the mitral valve. Note that the P3 scallop 
prolapses and is flail
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a b

Fig. 6.6 Transesophageal echocardiogram (TEE) demonstrating that 
2D TEE by itself may lead to misrepresentation of scallops. In panel a 
at 120°, the P2 scallop appears to be flail. However in panel b when 3D 

echocardiogram is utilized, it is actually the P3 scallop (which is very 
large) that prolapses rather than the P2 scallop

a b

Fig. 6.7 3D echocardiography can be utilized to identify mitral clefts, 
which would not be seen on 2D TEE. Panel a demonstrates 3D of the 
mitral valve showing indentations between the mitral scallops (red 

arrows) that extend from the mitral leaflet tips to the annulus. Panel b 
demonstrates the clefts as seen from the ventricular aspect

Fig. 6.8 3D echocardiography with color can be used to identify the 
origin of mitral regurgitation. Shown is an example of P2 prolapse. 
When 3D with color is used, one can visualize the mitral regurgitation 
originating from the P2 scallop and directed anteriorly Fig. 6.9 “Stitch artifact” (yellow arrows) can occur in 3D images as a 

result of an irregular heart rhythm, patient movement or breathing
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information to echocardiography. CT can be utilized for 
diagnosis of mitral valve prolapse [17]. An advantage of CT 
over echocardiography is that it not only can help in the diag-
nosis of mitral valve prolapse, but also can concomitantly 
assess coronary anatomy [18], LV function [19, 20], and the 
presence of left atrial appendage thrombus [21]. CT can also 
be used to evaluate the extent of mitral annular calcification, 
which may help plan surgery and assess the feasibility of 
mitral repair. MRI is also useful for the assessment of MR, 
particularly in patients with poor echocardiographic views. 
MRI provides an assessment of mitral valve anatomy, 
 quantification of MR severity, and accurate assessment of LV 
size and function [22].

Left Ventriculography in Assessment of Mitral 
Regurgitation
Left ventriculography can qualitatively assess severity of 
mitral regurgitation [23]. With regurgitation that is classified 
as mild (1+), contrast clears from the LA with one beat, and 
does not opacify the LA; 2+ regurgitation is classified as 
moderate, and contrast does not clear with one beat and 
faintly opacifies the entire LA; 3+ regurgitation is classified 
as moderate to severe, contrast opacifies the entire LA in one 
beat; 4+ regurgitation is classified as severe, and contrast 
densely opacifies the entire LA into the pulmonary veins 
(Fig. 6.11). The regurgitant volume can also be calculated by 
subtracting the stroke volume obtained by the Fick or ther-
modilution method from the difference between end dia-
stolic volume and end systolic volume. Common pitfalls in 
the use of ventriculography in assessing MR are (1) induc-
tion of ventricular extrasystoles that can cause factitious MR 
and (2) injecting too little contrast to opacify both LA and 
LV (at least 50 cc should be injected), thereby underestimat-
ing MR severity.

Doppler Quantitation of Mitral Regurgitation
Qualitative and quantitative indices of MR severity are 
shown in Table 6.1 [5, 12, 24]. One of the more commonly 

used qualitative parameters is regurgitant jet area. Large jets 
represent a greater severity of MR than smaller jets but this 
method has several pitfalls. The Nyquist limit is often set too 
low, which (falsely) increases the jet area. Jet area may be 
deceptively underrepresented in acute severe MR where 
there is rapid rise in left atrial pressure diminishing the trans-
valvular driving gradient and confining MR to early systole. 
In addition, central jets usually appear larger than eccentric 
jets due to entrainment of red blood cells on either side of the 
jet. Thus the echocardiographer must use caution in inter-
preting highly eccentric jets when using color Doppler and 
jet area alone (Fig. 6.12).

Color Doppler can also be used to assess the size of the 
vena contracta, which is the narrowest portion or neck of the 
regurgitant jet as it crosses the mitral annular plane into the LA 
and reflects MR severity by implying the size of the regurgi-
tant orifice (Fig. 6.13). One advantage of the vena contracta 
method is that it can be used in eccentric jets. The cutoff val-
ues for the different degrees of MR are listed in Table 6.1.

The proximal isovelocity surface area (PISA) or flow con-
vergence method is utilized in the quantitative assessment of 
the severity of MR (Fig. 6.13). This method is based on the 
premise that as blood approaches a regurgitant orifice it forms 
hemispheric shells of increasing velocity and decreasing sur-
face area [25]. If the Nyquist limit is known, then the area of 
the hemisphere, which provides an effective regurgitant orifice 
area (EROA), can be calculated using the formula [24, 25]:

 
EROA Pka reg= ( )2 2Πr V V∗ /  

Fig. 6.10 When utilizing 3D echocardiography, the echocardiographer 
has to be able to differentiate echocardiographic drop out (yellow 
arrow) from true defects

Fig. 6.11 A left ventriculogram demonstrating a hyperdynamic left 
ventricle with dense opacification of the left atrium in systole consistent 
with severe mitral regurgitation
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where r represents the radius of the hemisphere, Va represents 
the velocity of the Nyquist limit, and PkVreg represents the 
peak MR velocity obtained by continuous wave Doppler. A 

limitation of the PISA method is the need to use a correction 
factor if the base of the hemisphere is not a flat surface. In 
addition, in highly eccentric jets, 2D EROA may underesti-
mate the severity of MR; thus, this method is more applica-
ble to central jets. Because the true shape of the EROA may 
not actually be a hemisphere, 3D EROA maybe more useful 
in the true quantitative assessment of MR severity (Fig. 6.14) 
[26]. In addition, any error made in measurement of the 
PISA radius will lead to a substantial error in the EROA cal-
culation because the radius is squared in the flow conver-
gence equation.

Pulsed wave Doppler is another method to qualitatively 
assess MR severity [24]. In patients with severe MR, the E 
wave velocity is usually greater than 1.2 m/s; the presence 
of an A wave dominant mitral inflow pattern virtually 
excludes the presence of severe MR [27]. Pulsed wave 
Doppler can also be used to calculate the MR regurgitant 
volume and fraction using the continuity equation [25]. 
This method is useful when the MR jet is highly eccentric. 
However, since the annular measurement is a key compo-
nent of the analysis, any error in its measurement can pro-
duce large errors in the calculation of the regurgitant 
volume and fraction.

Lastly, pulsed wave Doppler can be used to assess pulmo-
nary vein flow. In patients with severe MR, forward systolic 
pulmonary vein flow can be reversed or blunted (Fig. 6.15). 
Caution should be used when using this method as the sole 
criteria for assessing MR severity since elevations in LA 
pressure and atrial fibrillation may also cause the systolic 
flow in the pulmonary vein to be blunted [25].

Common pitfalls in the echocardiographic assessment of 
MR severity are shown in Table 6.3.

Fig. 6.12 Highly eccentric jets may lead to underestimation of the 
degree of mitral regurgitation not only by color Doppler but also by the 
PISA method. In this figure, there is a flail posterior leaflet leading to a 
highly eccentric jet of severe mitral regurgitation. However, color 
Doppler appears to underestimate the severity of MR

Fig. 6.13 Quantification of mitral regurgitation requires identification 
of the zone of flow convergence. One should identify the narrowest por-
tion of the jet as demonstrated by the yellow arrow (vena contracta). 
Also, one should identify the PISA radius (white arrow) to allow for 
calculation of the effective regurgitant orifice area (EROA) using the 
PISA method. The echocardiographer should also obtain a continuous 
wave Doppler of the mitral regurgitation since the peak velocity and the 
velocity time integral are also used to calculate the EROA and the 
regurgitant volume

Fig. 6.14 3D echocardiography can be utilized to measure the 
EROA. One can align orthogonal planes to the regurgitant jet to identify 
the EROA. The EROA can then be traced. In this figure, the EROA can 
be visualized en face and reveals an area of 0.24 cm2
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 Echocardiographic Evaluation of Mitral 
Stenosis

It is important to distinguish between calcific and rheumatic 
MS because it has implications for treatment strategies 
wherein balloon valvuloplasty is ineffective in calcific dis-
ease. Calcific MS mainly involves annular calcification and 
is seen in elderly patients, those with renal disease, hyperten-
sion, and atherosclerotic disease [28]. The commissures are 
usually spared in this disease and valve thickening, if pres-
ent, predominates at the base of the leaflets while the leaflet 
tips are usually spared (Fig.  6.16a). This is in contrast to 
rheumatic MS where there is commissural fusion, chordal 
calcification, leaflet thickening, and calcification that pre-
dominates at the leaflet tips (Fig. 6.16b) [3].

 Transthoracic Echocardiographic Evaluation 
of Mitral Stenosis
TTE is not only used to assess the etiology of MS (calcific 
versus rheumatic) but is also used to determine the severity 
and hemodynamic consequences of MS [25]. Continuous 
wave Doppler (CWD) should be used to assess peak and 
mean mitral gradients (Fig. 6.17). In addition, the heart rate 
at which the gradients are measured should be noted as 
tachycardia can increase the gradient. Anemia, hyperthyroid-
ism, fever, pregnancy, or significant MR can also increase the 
transvalvular gradient due to increased flow.

The mitral valve area is commonly calculated from the 
pressure half-time (T1/2), which is defined as the time required 
for the maximum pressure gradient to decrease by half of its 
original value. The pressure half-time is determined by mea-
suring the slope of E wave obtained by CWD (Fig.  6.18). 
Mitral valve area can then be calculated by the formula [29]:

Table 6.3 Common pitfalls in the echocardiographic assessment of 
MR severity

•  Relying on color Doppler to assess the severity of MR, 
particularly when the Nyquist limit is too low

• Color Doppler is inadequate when jets are highly eccentric
•  Quantification of MR severity can be limited with an eccentric 

jet or multiple jets
•  Underestimating MR severity based on a TEE due to anesthesia 

and lower blood pressure
• EROA may not be a true hemisphere as previously thought
•  Failure to recognize imaging artifacts (stitch, drop out, etc.) on 

3D TEE
•  Mitral gradients for MS can vary and are highly dependent on 

heart rate and cardiac output
•  2D TEE is limited in the diagnosis of mitral clefts or commissural 

scallops
•  Color Doppler to assess MR severity may be deceptive in the 

setting of acute severe MR

a b

Fig. 6.16 Differentiating calcific mitral stenosis (MS) from rheumatic 
MS. Panel a demonstrates a patient with calcific MS. The arrow dem-
onstrates the calcium at the mitral annulus which is classic for calcific 
MS where the leaflets are generally spared. Panel b demonstrates a 

patient with rheumatic MS with the calcification most prominent at the 
leaflet tips. The calcification may also extend into the subvalvular 
apparatus

Fig. 6.15 One of the suggestive signs of severe mitral regurgitation is 
systolic reversal in pulmonary veins, shown here with flow below the 
baseline when pulse wave Doppler is placed in the pulmonary vein
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 MVA = 220 1 2/ /T  

where T1/2 represents the pressure half-time. However, 
pressure half-time can be affected by changes in LV com-
pliance and moderate or severe aortic regurgitation. Thus, 
pressure half-time should not be the sole criterion used to 
assess the severity of MS. In rheumatic MS, mitral valve 
area can also be determined by planimetry [25, 30], per-
formed in the parasternal short axis view at the level of the 
mitral valve, taking care to measure at the leaflet tips 
(Fig.  6.19). The transmitral pressure gradient is deter-
mined by the modified Bernoulli equation and valve area 
can be determined using the continuity equation. This 
method is most accurate in the absence of mitral regurgita-
tion. TTE is also used to assess pulmonary artery pressures 
since pulmonary hypertension is a known complication of 
significant MS.

 Transesophageal Echocardiography 
in Assessment of Mitral Stenosis
TEE is usually employed prior to balloon valvuloplasty to 
confirm the absence of an LA appendage thrombus, assess 
the degree of concomitant mitral regurgitation, better assess 
the degree of leaflet and subvalvular calcification and thick-
ening [31], and develop the Wilkins score for predicting the 
outcome of percutaneous balloon mitral valvuloplasty [32]. 
In this evaluation, one to four points each is given according 
to ascending severity for leaflet mobility, leaflet calcification, 
leaflet thickening and subvalvular disease yielding a score 
ranging from 4–16. A score of 8 or less is predicts a suitable 
percutaneous valvuloplasty. In contrast, a valve with a score 
of 12 or more portends an unfavorable outcome. 
Contraindications for percutaneous balloon mitral valvulo-
plasty include the presence of moderate or more mitral regur-
gitation and the presence of a left atrial appendage thrombus. 
3D TEE can also be used to assess the mitral orifice area and 
is more accurate than 2D planimetric measurements.

Strengths and limitations of various echocardiographic 
modalities for assessing MR and MS are shown in Table 6.4.

 Hemodynamic Assessment

Invasive hemodynamics has been the cornerstone of our 
understanding of valvular heart disease [33] and has served as 
the gold standard for validation of modern noninvasive tech-
niques [34]. However, given the advances in noninvasive 
imaging of the mitral valve and LV, hemodynamic assessment 
of mitral disease is performed infrequently today. Doppler 
echocardiography and 2D and 3D TTE and TEE are excellent 
for the evaluation of mitral valve pathologies and are currently 
considered the diagnostic tools of choice [5]. Nonetheless, 
invasive hemodynamic assessment of mitral valve pathologies 
should still be considered in patients when the clinical history 
and symptoms don’t correlate with noninvasive assessments 

Fig. 6.17 Continuous wave Doppler should be utilized to assess mitral 
gradients. In this example, there was a mean mitral valve gradient of 
4 mmHg

Fig. 6.18 The slope of the E wave can be measured (yellow line) 
which gives the deceleration time. This can be used to calculate the 
pressure half-time by multiplying the deceleration time by 0.29. The 
pressure half-time can then be used to calculate the mitral valve area

Fig. 6.19 The mitral valve area can be measured via planimetered in 
the parasternal short axis view
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or when the various noninvasive modalities don’t agree with 
each other. Invasive hemodynamics may also be of help when 
imaging is suboptimal or when the noninvasive hemodynamic 
estimates don’t correlate with the visual interpretation of the 
echocardiographic images. Invasive hemodynamics help clarify 
the clinical significance of mitral valve pathology in a patient 
with shortness of breath and concomitant lung disease. Elevated 
LA and LV filling pressures support a cardiac cause of the 

patient’s dyspnea while normal LA and LV filling pressures 
together with increased pulmonary artery pressure suggest a 
pulmonary cause. Additionally pharmacologic agents can be 
administered to assess reversibility of pulmonary hypertension 
in a patient with mitral stenosis. Because dyspnea usually occurs 
with exercise but not at rest, exercise hemodynamic studies can 
provide additional information regarding symptom causation, 
information that may be difficult to evaluate with noninvasive 
modalities. Lastly invasive studies are helpful immediately post 
procedure because noninvasive evaluation, especially Doppler 
pressure half-time derived mitral valve area, is inaccurate imme-
diately post mitral balloon valvuloplasty [35].

 Mitral Stenosis

Mitral stenosis is probably the most common mitral valve 
pathology for which a clinician might pursue invasive 
hemodynamic assessment. Severe MS produces an LA/LV 
diastolic gradient without diastasis. The pulmonary capil-
lary wedge pressure (PCWP) is commonly used as a sur-
rogate for left atrial pressure and a pigtail catheter is used 
to cross the aortic valve to assess LV pressure (Fig. 6.20). 
These standard measurements provide the diastolic gradi-
ent from PCWP to LV and help judge stenosis severity 
with reasonable accuracy [36]. The gradient measurement 
from the LA to LV is critical to the calculation of the mitral 
valve area but using the PCWP as a surrogate for direct LA 
pressure measurement has pitfalls. PCWP waveforms are 
delayed by 40–120 ms relative to the LA waveforms and 
proper gradient assessment requires phase shifting the 
PCWP waveform back such that the V wave intersects the 
downslope of the LV pressure tracing (Fig.  6.20) [37]. 

Table 6.4 Strengths and limitations of various echocardiographic 
modalities for assessing mitral regurgitation and stenosis

Strengths Limitations
Mitral regurgitation
2D 
TTE

• Quantify MR
•  Differentiate between 

primary and 
secondary MR

•  LA and LV size can 
be used as one of the 
parameters to assess 
MR severity and 
chronicity

•  Accurate assessment 
of LV function

•  Quantification limited with 
eccentric jets

•  Quantification limited in the 
presence of multiple jets

•  Severity can be 
underestimated in acute 
severe MR

•  Detailed assessment of 
scallop/leaflet anatomy for 
primary MR is often not 
feasible

2D 
TEE

•  Detailed assessment 
of scallop/leaflet 
anatomy for primary 
MR

•  Quantify MR if TTE 
views are poor

•  More invasive procedure 
with sedation

•  Sedation ± lower blood 
pressure can misleadingly 
decrease the MR severity

3D 
TEE

•  Integrated view of the 
valve pathology as a 
whole to guide 
surgical planning

•  Detection of mitral 
clefts

•  Requires an experienced 
echocardiographer

•  Unreliable if 2D image 
quality is poor

Mitral stenosis
2D 
TTE

•  Differentiate 
rheumatic from 
calcific MS

•  Planimeter mitral 
valve area

• Measure LA size
•  Measure transvalvular 

gradient and 
pulmonary pressure

•  Excessive calcification and 
shadowing artifact may limit 
the assessment of leaflet and 
subvalvular thickness and 
calcification

2D 
TEE

•  Accurate assessment 
of leaflet and 
subvalvular mobility, 
thickness, and 
calcification

•  Evaluate for LA 
thrombus and MR 
severity

•  Sedation, hemodynamic 
changes, and angulation 
may alter the transvalvular 
mean gradient

3D 
TEE

•  Planimeter mitral 
valve area more 
accurately than 2D

•  Requires a stable rhythm; 
atrial fibrillation is a 
common occurrence in 
mitral stenosis

Abbreviations: MR mitral regurgitation, LA left atrium, LV left ventri-
cle, TTE transthoracic echocardiography, MS mitral stenosis, 2D 
two-dimensional

Fig. 6.20 Simultaneous LV (yellow) and PCWP (green) pressure trac-
ings at 100 mm/s recording speed in a patient being evaluated for mitral 
stenosis. The PCWP pressure tracing has been phase shifted such that 
the V wave intersects the downslope of the LV pressure tracing. Note the 
absence of diastasis in the LV tracing and the significant gradient during 
diastole between the PCWP and the LV such that the PCWP is always 
higher than the LV pressure; both features of significant mitral stenosis
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Operators should also obtain a blood aspirate demonstrat-
ing highly oxygenated LA blood from the catheter to prove 
that the catheter is truly wedged [36]. PCWP should not be 
used as a surrogate for LA pressure in cases of veno-occlu-
sive disease or when there is any doubt about the quality of 
the PCWP tracing. In such cases the transvalvular gradient 
is evaluated by simultaneous measurement of the LV and 
LA via trans-septal puncture. Modern computer software 
computes the area delineated by the diastolic PCWP and 
LV waveforms to obtain the mean gradient; 5 cardiac 
cycles should be averaged for patients in sinus rhythm 
(Fig. 6.21). Atrial fibrillation is common in patients with 
MS and the variability in diastolic filling time greatly 
affects the mean gradient. Thus 10 cycles should be aver-
aged in patients with atrial fibrillation (Fig. 6.22).

Traditionally, the Gorlin formula has been used to derive 
the mitral valve area and requires measurement of the diastolic 
filling period and the cardiac output (Table 6.5) [38, 39]. Hakki 
proposed a simpler formula to determine the area of a stenotic 

valve and showed an excellent correlation to mitral valve area 
calculated by the Gorlin formula (Table 6.5) [40]. Both formu-
las still rely on the planimetric assessment of the gradient 
between the LA and LV during diastole, which can be cumber-
some without the aid of software programs. Cui proposed a 
simpler determination of the mean transvalvular gradient that 
estimates mean LV diastolic pressure as left ventricular end 
diastolic pressure/2 and showed excellent correlation with the 
gradient determined by the standard planimetric approach 
[41]. Additionally, this method allows for determination of 
mitral valve area by simple pullback from the LV to LA, 
potentially making arterial puncture unnecessary when trans-
septal catheterization is employed. Importantly, the Cui 
method requires measurement of mean LA pressure and it 
should be used with caution in patients with tachycardia as this 
may violate the assumption of LV waveform morphology 
underlying Cui’s simplification. However since invasive 
hemodynamics are usually employed only when the diagnosis 
is unclear and because an error in gradient calculation of as 

a b

Fig. 6.21 Simultaneous LV (red) and LA (yellow) pressure tracings at 100 mm/s recording speed in a patient being evaluated for balloon mitral 
valvuloplasty. Gradient assessment using the Gorlin formula and computer software

Fig. 6.22 Simultaneous LV 
(red) and LA (yellow) 
pressure tracings at 25 mm/s 
recording speed in a patient 
after balloon mitral 
valvuloplasty and in atrial 
fibrillation. Notice the 
significant difference in area 
for each traced diastole. All 
shaded diastolic areas were 
averaged and the valve area 
was calculated according to 
the Gorlin formula as shown
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little as 3 mmHg might change management, all effort should 
be made to determine the actual LA-LV gradient.

 Mitral Regurgitation

Although more common than MS, MR is not commonly 
evaluated with invasive hemodynamic measures. When non-
invasive imaging of MR severity is not clear, left ventricu-
lography in addition to hemodynamic assessments can be 
performed. Severe MR should be considered when a V wave 
noted in the PCWP or LA pressure tracing is two times the 
higher than the mean PCWP while a V wave three times the 
mean PCWP is specific for severe MR [42]. Ventricular 
afterload, LA compliance and LV dysfunction can all affect 
the size of the V wave independent of mitral valve pathology 
and, as such, the absence of a V wave should not be used to 
rule out significant MR [43]. The ratio of the V wave to the 
total LV diastolic area may also be helpful in grading mitral 
regurgitation but is largely unavailable outside the catheter-
ization laboratory [44]. Figure 6.23 shows an LA pressure 
tracing before and after a MitraClip (Abbott Vascular) proce-
dure where a prominent V wave nearly disappears after the 
MR is corrected. Although somewhat rare, a prominent V 
wave that subsides spontaneously should trigger an evalua-
tion for ischemic papillary muscle dysfunction as transient 

MR may not be evident on noninvasive imaging unless isch-
emia is provoked. Finally, invasive hemodynamic evaluation 
can provide some insight into the chronicity of MR. Acute or 
decompensated MR usually produces a very prominent V 
wave and steep Y descent signaling a very high LA pressure. 
In contrast, chronic compensated MR may demonstrate ele-
vated filling pressure but with a relatively small V wave as 
atrial compliance has had time to increase, compensating for 
the chronic volume load.

 Medical Therapy

 Mitral Regurgitation

Acute severe MR generally requires urgent/emergent surgi-
cal therapy. As a temporizing measure, intravenous vasodila-
tor therapy with nitroprusside or hydralazine may reduce the 
regurgitant volume (thus, reducing pulmonary edema) and 
improving forward flow [45–47]. Temporary percutaneous 
mechanical support with intra-aortic balloon counterpulsa-
tion or the Impella (Abiomed) catheter may also be consid-
ered to stabilize the patient prior to definitive treatment. For 
those with suspected infective endocarditis as the cause of 
the acute MR, antibiotics should be administered immedi-
ately after blood cultures have been obtained.

For chronic primary MR with preserved LV function, there 
is currently no indication for medical therapy directed at the 
MR to improve clinical outcomes. While it would seem reason-
able that vasodilator therapy would lessen LV afterload result-
ing in a decreased MR, less LV volume overload, and 
presumably a more favorable natural history, small studies test-
ing this hypothesis have shown little or no benefit [48–50]. 
Accordingly, vasodilator therapy is not indicated for normoten-
sive asymptomatic patients with primary MR [5]. An early 
phase clinical study suggested potential benefits for LV func-

Table 6.5 Formulas for hemodynamic calculations for mitral stenosis

Gorlin 
formula

MVA = (CO/DFP) ∗ HR, where 37.6 = Gorlin’s K 
constant (44.3) ∗ 0.85
37.6 ∗ √MVG

Hakki 
formula

MVA = CO/√MVG

Cui method MVG = Mean LA pressure – (LVEDP/2)

MVA mitral valve area (cm2), MVG mean mitral valve gradient (mmHg), 
CO cardiac output (L/min), DFP diastolic filling period/time from MV 
open to closure (s), LA left atrial (mmHg), LV left ventricle (mmHg)

a b

Fig. 6.23 The LA pressure tracing in a patient with a P3 flail mitral 
leaflet and severe MR. She underwent a successful MitraClip (Abbott 
Vascular) procedure with near resolution of her MR. As exhibited in the 

post clip tracing, the large V wave resolved and now resembles a more 
normal LA tracing
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tion in patients with chronic MR treated with ß1-receptor 
blockade and a preclinical study raised the possibility of benefit 
from the phosphodiesterase type 5 inhibitor sildenafil [51, 52]. 
Further studies are needed to identify if medical therapy will 
slow the natural history and improve patient outcomes for those 
with significant primary MR.  Despite the lack of a role for 
medical therapy for normotensive patients with chronic pri-
mary MR, hypertension should be treated per guideline recom-
mendations given the known morbidity and mortality associated 
with uncontrolled hypertension.

Chronic secondary MR is characterized by LV dysfunc-
tion either due to myocardial infarction or nonischemic car-
diomyopathy. As such, it is appropriate to treat such patients 
with guideline-directed medical therapy for heart failure, 
including ß-blockers, angiotensin converting enzyme inhibi-
tors or angiotensin receptor blockers, and aldosterone antag-
onists [5].

 Mitral Stenosis

Secondary prevention of rheumatic fever is indicated for 
patients with rheumatic MS (see Chap. 2 for details) [5]. 
Atrial arrhythmia occurs in 30–40% of patients with severe 
MS [3, 5]. Because of significant LA enlargement and fibro-
sis that can occur with severe MS, rhythm control is often 
ineffective and therapy is directed toward rate control. Atrial 
fibrillation with a rapid ventricular response can be particu-
larly problematic for patients with MS as the decreased dia-
stolic filling time increases LA pressure and causes or 
exacerbates shortness of breath. Negative dromotropic agents 
can be used to slow the ventricular response. Because of great 
stroke risk, anticoagulation with vitamin K antagonists is 
indicated for patients with MS and (1) an atrial arrhythmia 
(regardless of whether it is paroxysmal,  persistent, or perma-
nent); (2) prior embolic stroke; or (3) a LA thrombus [5].

 Surgical Therapy

 Indications for Mitral Valve Surgery

 Mitral Regurgitation
As surgical outcome has improved over time, indications for 
surgery have become progressively more liberal. In the past 
when operative mortality for mitral valve replacement was 
high, patients were treated medically even for symptomatic 
MR.  However today’s mortality rates for patients with pre-
served LV function who undergo mitral valve repair for MR is 
less than 1% with 5-year mortality from cardiac causes less 
than 5% [53]. The AHA/ACC recommendations for surgical 
intervention for primary MR are shown in Table 6.6 [5]. Mitral 
valve surgery is indicated for symptomatic patients with 

chronic severe primary MR and LV ejection fraction >30%. 
Mitral valve surgery is recommended for asymptomatic 
patients with chronic severe primary MR and LV dysfunction 
or dilation (LV ejection fraction 30–60% and/or LV end-sys-
tolic dimension ≥40  mm). The guidelines emphasize the 
importance of valve repair over replacement for primary MR, 
recognizing that repair is much less satisfactory for rheumatic 
valvulopathy. They also emphasize the performance of mitral 
valve repair at centers of excellence by high volume surgeons 

Table 6.6 ACC/AHA recommendations for surgical intervention for 
primary MR

Level 
I

•  Symptomatic patients with chronic severe primary MR 
(stage D) and LVEF >30%

•  Asymptomatic patients with chronic severe primary MR 
and LV dysfunction (LVEF 30–60% and/or LVESD 
≥40 mm, stage C2)

•  Repair is recommended in preference to replacement 
when surgical treatment is indicated for patients with 
chronic severe primary MR limited to the posterior leaflet

•  Repair is recommended in preference to MVR when 
surgical treatment is indicated for patients with chronic 
severe primary MR involving the anterior leaflet or both 
leaflets when a successful and durable repair can be 
accomplished

•  Concomitant MV repair or replacement is indicated in 
patients with chronic severe primary MR undergoing 
cardiac surgery for other indications

Level 
IIa

•  Repair is reasonable in asymptomatic patients with 
chronic severe primary MR (stage C1) with preserved 
LV function (LVEF >60% and LVESD <40 mm) in 
whom the likelihood of a successful and durable repair 
without residual MR is >95% with an expected 
mortality rate of <1% when performed at a Heart Valve 
Center of Excellence

•  Repair is reasonable for asymptomatic patients with 
chronic severe nonrheumatic primary MR (stage C1) 
and preserved LV function in whom there is a high 
likelihood of a successful and durable repair with (1) 
new onset of AF or (2) resting pulmonary hypertension 
(PA systolic arterial pressure >50 mmHg)

•  Concomitant MV repair is reasonable in patients with 
chronic moderate primary MR (stage B) undergoing 
cardiac surgery for other indications

Level 
IIb

•  May be considered in symptomatic patients with 
chronic severe primary MR and LVEF ≤30% (stage D)

•  Repair may be considered in patients with rheumatic 
mitral valve disease when surgical treatment is 
indicated if a durable and successful repair is likely or if 
the reliability of long-term anticoagulation management 
is questionable

•  Transcatheter MV repair may be considered for severely 
symptomatic patients (NYHA class III/IV) with chronic 
severe primary MR (stage D) who have a reasonable 
life expectancy but a prohibitive surgical risk because of 
severe comorbidities

Adapted from [5]
Abbreviations: AF atrial fibrillation, COR class of recommendation, LV 
left ventricular, LVEF left ventricular ejection fraction, LVESD left ven-
tricular end-systolic dimension, MR mitral regurgitation, MV mitral 
valve, MVR mitral valve replacement, NYHA New  York Heart 
Association, PA pulmonary artery
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who have a high successful valve repair rate at a low mortality 
rate. The skill and experience of the surgeon and center is par-
ticularly important for more complicated valve pathology 
(e.g., anterior or bileaflet prolapse). In excellent hands mitral 
repair returns survival to that of normal subjects [54]. However 
variability in repair rate can vary from 0% to 90% for indi-
vidual surgeons [55].

Significant debate surrounds the question of whether to offer 
surgery to asymptomatic patients with severe primary MR and 
preserved LV function versus close observation and surgery 
when symptoms or early LV dysfunction is detected [56–59]. In 
this regard, the AHA/ACC guidelines indicate that performance 
of mitral repair is reasonable in the asymptomatic patient with 
severe primary MR and preserved LV function especially when 
there is new onset atrial fibrillation or pulmonary hypertension 
and when there is a high likelihood of successful and durable 
repair. The triggers for surgery connoting LV dysfunction are an 
ejection fraction of ≤60% and or an LV end systolic dimension 
of ≥40 mm [5]. However the 2017 ACC/AHA focused update 
of the valve guidelines indicates that it is not necessary to wait 
until these thresholds are reached to opt for surgery, especially if 
longitudinal studies indicate progression toward those triggers 
[60]. In the absence of new onset atrial fibrillation or pulmonary 
hypertension, the guidelines indicate that it is reasonable to per-
form mitral repair in the asymptomatic patient with severe pri-
mary MR when the likelihood of a successful and durable repair 
without residual MR is >95% with an expected mortality rate of 
<1% and when it is performed at a valve center of excellence [5, 
60]. It must be emphasized that the guideline does not mean the 
center (or surgeon) must repair 95% of all mitral valves oper-
ated. It means that there is a 95% chance of repair of the particu-
lar valve in question by that specific surgeon, a highly likely 
outcome, for instance for P2 prolapse.

 Mitral Stenosis
The first recorded surgery for an intra-cardiac correction was 
for MS, a relatively common condition in the late 1800s and 
early 1900s following rheumatic fever. Sir Thomas Lauder 
Brunton from Scotland, opined in 1902 that the mitral valve 
might be surgically repaired, and Dr. Elliott Cutler at Harvard 
Medical School in Boston accomplished the first recorded 
mitral operation in 1923 by using a neurosurgical tenotomy 
knife through a ventricular incision to open the fused com-
missures [61]. A few years later, in 1925, Henry Souttar, a 
British surgeon, successfully fractured the stenotic mitral 
valve using his finger through a hole in the LA appendage and 
relieved the stenosis of a young woman. His contemporary 
physicians did not think the procedure safe and he received no 
further referrals, despite the survival of his patient [62]. 
Subsequent attempts by the group at Harvard had only a sin-
gle survivor (the first out of a sequence of 10) and the proce-
dure was abandoned. It was not until 1948 when several 

surgeons independently employed the same or similar tech-
niques to relieve mitral stenosis that the surgical world was 
transformed and cardiac surgery became a reality [63–66].

Mitral valve intervention is generally recommended for 
patients with severe MS (mitral valve area [MVA] ≤1.5 cm2) 
and symptoms or, in the absence of symptoms, when cardiac 
surgery will be performed for another indication [5]. In the 
asymptomatic patient with MVA ≤1.5  cm2, intervention 
would be reasonable when there is very severe MS (MVA 
≤1.0 cm2) or a concomitant atrial arrhythmia or significant 
pulmonary hypertension [5].

Today, for patients with rheumatic MS, standard correc-
tive treatment follows the same principles as the earlier sur-
gical commissurotomy although the approach is less invasive: 
percutaneous balloon valvuloplasty is now the primary mode 
of intervention for these patients when pathology is suitable 
for this approach (see Chap. 8) [5, 32, 67, 68]. When anat-
omy is not suitable for the percutaneous approach, or if a 
patient must undergo surgery for another cardiac pathology, 
open mitral valve commissurotomy or, more commonly, 
valve replacement is performed [5].

 Mitral Valve Anatomy for the Surgeon

The two leaflet valve is a complex structure, and distur-
bance of any part of the apparatus can result in regurgita-
tion. The components of the valve are: the two leaflets 
(anterior, posterior), the annulus, the chordae, the two pap-
illary muscles, and the LV wall. The leaflets are scalloped 
into thirds, conventionally labeled A1, A2, and A3 for the 
anterior leaflet and P1, P2, and P3 for the posterior leaflet 
(Fig. 6.24), and these designations are used for operative 
planning and intervention. The fibrous trigone is a continu-
ation of tissue of the anterior leaflet of the mitral valve and 
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Fig. 6.24 Anatomy of the mitral valve
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is contiguous with the aortic valve (including the left and 
non-coronary leaflets) and contributes importantly to the 
fibrous skeleton of the heart. Because of this fibrous con-
struction, it has been widely held that this portion of the 
annulus is preserved from dilatation in pathologic states, 
which allows for successful annuloplasty with a partial ring 
or band. There is limited data which suggests that some 
dilatation may occur [69]. The left and right fibrous trigones 
are used to anchor sutures for annuloplasty or valve replace-
ment superiorly. Approximately 40% of the annulus is 
accounted for by these trigones (contiguous with the mitral 
valve anterior leaflet) while the remaining 60% of the annu-
lus is along the posterior leaflet attachment.

The chordae tendineae, string-like fibrous connective tis-
sue which attach the leaflets to the ventricular wall, are 
important supporting structures consisting of both primary 
chordae (attached to the edge of the leaflet) and secondary 
chordae (attached to the underside of the leaflets between the 
edge and the annulus). Each of the papillary muscles (antero-
lateral and posteromedial) has chordae which attach to both 
leaflets. The surgeon can make use of the intact chordae from 
one leaflet to support a flail portion of the other by transfer-
ring a section of the leaflet with intact chordae (chordal 
transfer, almost exclusively from posterior leaflet to anterior 
leaflet). The posterior leaflet also has tertiary chordae which 
attach directly from the underside of the valve to the ven-
tricular wall. The blood supply to the anterolateral papillary 
muscle typically comes from the left anterior descending and 
the circumflex arteries, while the posteromedial papillary 
muscle is usually supplied by only a posterior descending 
artery or branch of the circumflex, which makes it more sus-
ceptible to ischemia, infarction, and rupture.

Leaflet redundancy can cause increased leaflet stress and 
increased systolic movement into the atrium (prolapse) of 
the affected leaflet leading to decreased coaptation and 
regurgitation. The increased systolic stress on abnormal leaf-
lets can cause rupture of weakened chordae worsening regur-
gitation. Any of these pathologic states may be present, 
requiring surgical attention to annular dilatation (usually 
addressed by annuloplasty), excess leaflet tissue (resection), 
and/or ruptured chordae (resection or chordal repair/replace-
ment). Today, the mainstay of surgical intervention of myxo-
matous disease is repair (as opposed to replacement), as 
excellent outcomes have been achieved with advanced tech-
niques. Even in valves with extensive myxomatous changes, 
or Barlow’s valves [70, 71], good results from repair with 
resection of redundant valve tissue and chordal replacement 
can be achieved [72].

Important structures to be aware of (and avoided) for the 
surgeon also include the atrioventricular node superiomedi-
ally and aortic valve leaflets and root superiorly. Although 
not a part of the valve per se, the coronary sinus runs adja-

cent to the posterior annulus and the circumflex artery 
courses near A1, P1, and P2 (Fig. 6.24).

 Mitral Valve Repair

As repair of the mitral valve should be accomplished in the vast 
majority of cases, the surgeon’s understanding of the tech-
niques and limitations is imperative. One of the most common 
indications for surgery in a patient with a myxomatous valve is 
isolated prolapse of the middle scallop of the posterior leaflet 
(P2) and a dilated annulus and the AHA/ACC guidelines note 
that planned mitral valve replacement of simple P2 prolapse is 
no longer acceptable therapy [5]. Quadrangular resection of the 
prolapsing segment (often found with a ruptured chordae on 
the segment) with ring or band annuloplasty has been the main-
stay of treatment [73]. Simplification of the resection by substi-
tution of a triangular resection (instead of quadrangular 
resection which requires leaflet advancement) is effective and 
eliminates the need for disconnection of the leaflet. In the 
majority of cases, this simple repair technique, coupled with an 
annuloplasty, will eliminate the mitral regurgitation (Fig. 6.25).

Ensuring that the coaptation area along the leaflets after 
repair is sufficient is key in eliminating MR; typically five 

a

b

c

Fig. 6.25 Triangular resection and repair of a typical P2 prolapse. 
Prolapsed segment of P2 with typical chordal rupture (a). Resection of 
prolapsed segment (b). Completed repair with annuloplasty band (c)
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millimeters will ensure an adequate area of support for the 
valve during systole. The surgeon must be facile with testing 
methods in the operating room after completion of the repair 
to ensure adequacy of repair and to help prevent unnecessary 
additional cross-clamp time for revision.

As annuloplasty became increasingly important in the repair 
of mitral valves, several devices became available to facilitate 
the procedure. Multiple choices exist but the most common 
include rigid or flexible full circumferential rings (buttressing 
the entire annulus) and rigid or flexible partial bands (buttress-
ing the posterior annulus, leaving the fibrous trigone section 
untethered). Sizing of the ring is accomplished by measure-
ment of the height or area of the anterior leaflet. Excellent 
results have been reported with both full and partial rings. The 
decision to implant a flexible versus rigid or full ring versus 
partial band is generally left up to the surgeon based on famil-
iarity with the device and assessment of the fibrous trigone to 
predict the possibility of future annular enlargement.

 Complex Repairs: Chordal Replacement or 
Transfer
Replacement of chordae can be accomplished by creation of 
neochordae (typically using polytetrafluoroethylene, or PTFE 
sutures) or by chordal transfers. These methods are generally 
reserved for ruptured chordae other than P2 or elongated 
chordae. Measurement of adjacent chordae can be used to re-
create the neo-chord optimal length or pre- measured lengths 
of suture material can be used. Both anterior and posterior 
chordae can be replaced. Likewise chordal transfer is a useful 
technique in instances where adjacent leaflet tissue can be 
resected (where it would not compromise valve function) and 
a chordae transferred to the pathologic leaflet. In this manner, 
the natural chordal length is ensured. The most common and 
effective chordal transfer involves moving an intact P2 chor-
dae to an area of ruptured chordae on A2. Chordal shortening 
techniques have also been employed when chordae are intact 
but the leaflet edge is prolapsed, although most surgeons have 
gravitated toward chordal replacement in this setting based on 
the perception of improved durability. A typical P3 rupture 
can be repaired with or without resection of the posterior flail 
portion of the leaflet and closure of the portion of the com-
missure closest to the annulus with inversion of leaflet edges, 
followed by annuloplasty (Fig. 6.26).

 Edge-to-Edge Apposition or “Alfieri” Stitch
The “Alfieri stitch” or “edge-to-edge” apposition stitch that 
sutures the bellies of the two leaflets together can be used 
when other methods fail [74]. This stitch creates a double ori-
fice valve. Good results of this technique when coupled with 
annuloplasty have been reported, although long-term results 
of the technique without annuloplasty have been unsatisfac-
tory [75, 76]. Concern for creating a non- physiologic state 
without maintenance of the normal bileaflet anatomy has pre-

cluded widespread use, and currently this procedure is lim-
ited to application in high-risk patients or as a rescue 
procedure when standard techniques fail. The Alfieri princi-
ple is the basis of percutaneous edge-to-edge repair [77, 78].

 Intraoperative Echocardiography
Intraoperative echocardiography is essential for successful 
mitral surgery by defining the valve pathoanatomy, planning 
the operation and confirming the achievement of good results 
or the need for repair revision after native circulation has 
returned. TEE is indicated in every case unless contraindi-
cated for esophageal anatomic reasons [5]. The decision to 
operate on the mitral valve is based upon preoperative assess-
ment of MR under normal resting conditions. Because anes-
thesia greatly alters LV loading and MR severity, assessment 
of MR severity from intraoperative TEE should never over-
ride the preoperative decision that had been based on con-
scious pathophysiology.

 Mitral Valve Replacement

Although mitral valve repair should supplant replacement in 
most cases of myxomatous disease, there are situations in 
which a valve replacement becomes necessary, especially in 
treating rheumatic valvulopathy. Replacement can be 
achieved by resection of the diseased leaflet tissue with pres-
ervation of the leaflet edge and primary chordal attachments, 
and incorporation of the leaflet tissue into the trans-annular 
sutures, which allows support of the papillary muscles and 
ventricular wall after the procedure. Maintenance of papillary- 
annular continuity is associated with improved LV function 
following mitral valve replacement [79–82]. Superior long-

a

b

Fig. 6.26 P3 rupture repair. Typical flail P3 segment with chordal rup-
ture (a). Repaired segment with edge to edge closure of defect and 
annuloplasty ring (b)
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term outcomes in patients who had chord- sparing procedures 
versus those without has made it the standard of care in cases 
where replacement is necessary [83]. With severe rheumatic 
involvement, often the chordae are too foreshortened and 
thickened to permit preservation. In these circumstances, 
PTFE neochordae (as described above) can be inserted to 
maintain annular continuity to both papillary muscles.

 Bioprosthetic vs. Mechanical
Mechanical valves have superior longevity but require antico-
agulation, typically with warfarin. Bioprosthetic valves can 
be used to avoid the need for anticoagulation with warfarin 
(aspirin or another antiplatelet oral medication is sufficient) 
but can deteriorate and may require subsequent valve replace-
ment. Age, ability to comply with long-term anticoagulation, 
risks of bleeding, and other patient factors including prefer-
ence must be considered in the selection of valve type.

 Special Considerations

 Papillary Muscle Rupture
In cases of papillary muscle rupture that causes torrential 
MR, surgery should be undertaken emergently, as this condi-
tion is poorly tolerated. Even if there is a partial papillary 
muscle rupture with hemodynamic stability, urgent surgery 
is indicated because it may progress to complete papillary 
muscle rupture. In cases of ruptured chordae tendineae, 
mitral repair is usually feasible and preferred over replace-
ment but with papillary muscle rupture, expedient replace-
ment is generally preferred. The patient’s overall condition 
must be considered and timing of surgery balanced with 
patient comorbidities and the possibility of optimization of 
concurrent problems prior to surgery (e.g., renal failure, sep-
sis, heart failure).

 Atrial Fibrillation
As atrial fibrillation is a common sequela of mitral valve dis-
ease, correction of this arrhythmia in tandem with mitral sur-
gery is usually warranted. Excellent results of the Cox-Maze 
IV procedure using bipolar radiofrequency ablation and 
cryoablation have been reported by several groups, with 
freedom from atrial fibrillation >90% after 1 year. Addition 
of the lesion set as described by Cox, Boineau, Schuessler 
et  al. in the late 1980s yields the highest rates of freedom 
from atrial fibrillation [84]. Most of the incisions can be 
replaced with ablations (either bipolar radiofrequency or 
cryothermy) that create transmural lesions with similar 
excellent long-term outcomes (Fig. 6.27) [85]. In high-risk 
cases or in patients undergoing second or subsequent surger-
ies for mitral disease, a more limited set of lesions such as 
pulmonary vein isolation and an isthmus lesion may be war-
ranted. These sub-sets of lesions uniformly have lower rates 

of success and patients should be made aware of the tradeoff 
of risks and benefits of a full Cox-Maze procedure versus a 
subset of equivalent lesions [86].

 Systolic Anterior Motion
Systolic anterior motion (SAM) of the mitral valve occurs 
when the anterior leaflet is captured in the left ventricular out-
flow tract during systole, which can precipitate outflow 
obstruction, hemodynamic compromise with hypotension, 
tachycardia, and death. In patients with hypertrophic cardio-
myopathy, the risk increases for SAM after mitral repair. 
Several risk factors have been described, but elongated/redun-
dant valve tissue with displacement of the coaptation point 
toward the left ventricular outflow tract (LVOT) clearly predis-
poses to SAM. Patients who undergo repair with  annuloplasty 
are at risk, as leaflet tissue and the coaptation point may be 
moved posteriorly, and tissue leaflet may get caught up in the 
LVOT during systole. Initial therapy for intraoperative SAM 
include: (1) cessation of inotropes, (2) intravascular volume 
expansion, (3) beta blockade, and (4) augmentation of LV 
afterload. Surgical revision is rarely necessary [87].

Fig. 6.27 Cox-Maze lesions in the left atrium (right atrial lesions not 
shown) for atrial fibrillation at the time of mitral valve repair. Standard left 
atriotomy with mitral valve visualized after repair. Ablations (green 
dashed lines) can be carried out with bipolar radiofrequency clamp or with 
cryo. Lesions encircling the pulmonary veins are connected along the back 
of the left atrium to isolate the entire posterior left atrium. An ablation is 
carried out from the inferior edge of the atriotomy to the mitral valve annu-
lus. When this lesion is completed with bipolar radiofrequency, an addi-
tional cryo lesion on the valve annulus is necessary (green) along with an 
additional lesion on the exterior of the heart to ablate the coronary sinus 
(not shown). An additional lesion connecting the left superior pulmonary 
vein with the resected left atrial appendage is completed
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 Complications

 Mitral Annular Calcification
Valves with extensive mitral annular calcification (often 
referred to as “MAC”) may require debridement of the annu-
lar tissue near the posterior leaflet for both relief of stenosis 
and/or to create an area of suitability to place annular stitches 
to support a ring or new valve. In this condition, risk of a 
postoperative atrioventricular groove disruption can occur as 
pressurized blood from the ventricle can intercalate into the 
newly debrided area and create a highly morbid hematoma 
formation between the left atrium and ventricle. This condi-
tion usually progresses to hemorrhage and carries a very high 
mortality. Repair is often only achievable by emergent redo 
surgery with removal (and subsequent re-replacement) of the 
valve or ring and creation of a supporting patch over the area 
using ventricular muscle and atrial layers to support the patch 
and then the patch to support the replacement valve.

 Coronary Artery Occlusion
Coronary artery occlusion can occur if care is not taken in 
the sutures placed in the annulus at A1, P1, and P2, as the 
circumflex artery courses near the annulus in this area 
(Fig. 6.24). Aortic valve injury can occur with stitches placed 
too deeply in one of the fibrous trigones of the anterior 
annulus.

 Paravalvular Regurgitation
Paravalvular regurgitation or ring dehiscence can be seen if 
inadequate sutures are placed at the time of surgery, or if the 
tissue holding the suture is weakened by subsequent infec-
tion or other pathology. Severity of the regurgitation, heart 
failure symptoms, and the presence of hemolysis will guide 
the decision of whether a subsequent procedure to correct the 
problem is necessary.

 Summary

Surgical techniques for mitral valve disease have improved 
dramatically over the last three decades. Current surgical 
techniques allow for the repair of the majority of degenera-
tive valves with excellent results and very low operative mor-
tality rates. Patients with mitral valve disease should be 
referred to a center of excellence with high volume mitral 
valve surgery to ensure optimal outcomes for patients.

Understanding and treatment of mitral valve disease con-
tinues to evolve. It is now recognized that primary and sec-
ondary MR are virtually two different diseases with different 
etiologies, pathophysiologies, therapies, and outcomes. The 
advances in echocardiography and mitral repair for primary 
MR allow for earlier and safer surgery without exposing the 
patient to the risks of prosthetic valve replacement. The big-

gest challenge in management is in the therapy for secondary 
MR where there is still no treatment for the advanced LV 
damage that usually accompanies the condition.

For the treatment of mitral stenosis, a disease becoming 
rare in developed countries because rheumatic fever has 
become rare, percutaneous balloon valvuloplasty has 
replaced surgery in most cases.
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Secondary Mitral Regurgitation

Michael J. Mack and James T. Willerson

 Introduction

Mitral regurgitation (MR) is among the most common valvu-
lar heart disorders, having an estimated prevalence in the 
United States of 1.7% and increasing with age to 9.3% in 
those >75 years of age [1, 2]. MR is classified as primary 
when it is due to a structural or degenerative abnormality of 
the mitral valve (MV), chordae tendineae, papillary muscles, 
or mitral annulus. In contrast, secondary or functional MR 
occurs in the absence of organic MV disease, usually result-
ing from left ventricular (LV) dysfunction. Secondary MR is 
more common than primary MR [1, 3] and is associated with 
a worse prognosis, which is primarily related to the severity 
of the associated underlying LV dysfunction [1].

 Secondary MR

Figure 7.1 shows the MV leaflets and valve. Papillary muscles, 
anteromedial and posterolateral, arise from the LV myocar-
dium. Chordae tendineae support the leaflets. LV dilation due 
to ischemic or nonischemic cardiomyopathy can impair leaflet 
coaptation in a structurally normal MV, causing secondary 
MR. LV dysfunction and remodeling lead to apical and lateral 
papillary muscle displacement. These changes are dependent 
on loading conditions; thus, secondary MR is dynamic [1].

Papillary muscle displacement results from global LV 
enlargement or focal myocardial or valve scarring and can 
affect one or both papillary muscles, causing posteriorly 
directed or central MR (Fig.  7.2) [4]. Insufficient leaflet 

remodeling and increased mitral leaflet area sometimes 
cause severe MR [5, 6].

The normal annulus is important for maintaining normal 
leaflet stress [1, 3, 7]. Annular deformation and flattening due 
to LV remodeling result in increased leaflet stress. These mitral 
valve changes lead to failure of leaflet coaptation, decreased 
valvular closing forces due to LV dysfunction, and MR.

MR is characterized as ischemic or nonischemic. Ischemic 
MR is more frequent. LV remodeling after myocardial infarc-
tion results in papillary muscle displacement, thereby causing 
systolic tenting of the MV. Regional wall motion abnormalities 
can result in sufficient MV tethering to cause severe MR [1, 8].

Nonischemic MR is usually caused by hypertension or 
idiopathic dilated cardiomyopathy. Chronic MR due to atrial 
flutter, atrial fibrillation, or marked left atrial (LA) enlarge-
ment can result in a dilated mitral annulus and reduced leaf-
let coaptation. In patients with atrial fibrillation or flutter, 
restoring sinus rhythm sometimes reduces MR severity [9].
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Secondary MR severity is associated with all-cause mortal-
ity and heart failure (HF) hospitalization [10–12]. Among 303 
patients with a completed Q-wave myocardial infarction, isch-
emic MR was detected by echocardiography in 194 patients 
and was an independent predictor of mortality (relative risk: 
1.88 [95% confidence interval: 1.23–2.86], p = 0.003) [11]. In 
a study from the Duke Cardiovascular Databank, qualitatively 
assessed 3+ to 4+ MR on left ventriculography was present in 
29.8% of 2057 HF patients with an LVEF <40% and was an 
independent predictor of 5-year mortality (adjusted hazard 
ratio: 1.23 [95% confidence interval: 1.13–1.34]) [12]. 
Secondary MR is a predictor of death even in patients with 
less severe HF [13]. However, whether reducing secondary 
MR improves patient outcomes is uncertain.

 Evaluation of Secondary MR

Secondary MR can be divided into four clinical groups that 
help define clinical prognosis and can assist in guiding ther-
apy: (1) At risk of secondary MR; (2) Progressive secondary 
MR; (3) Asymptomatic severe secondary MR; and (4) 
Symptomatic severe secondary MR [14]. Diagnostic evalua-
tion of MR is performed by echocardiography (both trans-
esophageal and transthoracic), magnetic resonance imaging 
(MRI), or LV angiography. Transesophageal echocardiogra-
phy and MRI most often accurately identify the underlying 
cause and mechanism of MR. All 3 methods allow estima-

tion of LV volume, function, and sphericity; pulmonary 
artery pressure; right ventricular function; and tricuspid 
regurgitation.

The echocardiographic or angiographic severity of MR is 
classified as mild, moderate, or severe [15]. Qualitative find-
ings include MV morphology and the color-flow and 
continuous- wave signals of the MR jet. Semiquantitative 
measures are the effective regurgitant orifice area (EROA), 
regurgitant volume, and regurgitant fraction [1]. Enlarged 
LA and LV chamber size and increased pulmonary artery 
pressure support the diagnosis of severe MR.

Conventional 2-dimensional (2D) assessment for MR 
quantification relies on measuring the MR jet core at its vena 
contracta. Therefore, MR severity can be significantly under-
estimated when the orifice is elliptical (which is common in 
secondary MR) [4], a problem that is compounded if multi-
ple jets are present. Three-dimensional (3D) echocardiogra-
phy overcomes this limitation by permitting direct planimetry 
of the vena contracta, regardless of orifice shape or the num-
ber of jets [16]. Conversely, both 2D and 3D color flow 
Doppler tend to overestimate the orifice area because they 
cannot resolve the high velocity jet core because of aliasing 
and blooming artifacts. Secondary MR severity also varies 
during the cardiac cycle and can peak in early or late systole. 
This further complicates the evaluation, which is tradition-
ally done in midsystole. No single variable is sufficient to 
quantify the degree of MR, so multimodality assessment 
with both 2D and 3D echocardiography is optimal [17].

Severe primary MR is usually defined as an EROA of 
≥40 mm2 and a regurgitant volume of ≥60 mL. Enriquez- 
Sarano et  al. [11] proposed, and the most recent U.S. and 
European valve guidelines have accepted, that an EROA 
≥20 mm2 and a regurgitant volume ≥30 mL are consistent 
with severe secondary MR (Table 7.1) [14, 18]. However, the 
amount of MR (assessed by either EROA or regurgitant vol-
ume) resulting in loss of >50% of total stroke volume (i.e., 
the regurgitant volume) is influenced by LV end-diastolic 
volume and LVEF [19].

Exercise echocardiography is sometimes useful when 
symptoms appear disproportionate to resting MR severity 
[20]. Exercise results in greater preload and afterload, a more 
spherical ventricle, increased coaptation distance, and sys-
tolic expansion of the mitral annulus. Such changes can 
occur in the absence of ischemia [21] and increase the 
patient’s risk of acute pulmonary edema [22]. Patients with 
exercise-induced severe MR may be at heightened risk for 
death or HF hospitalization [23]. Quantitatively, an exercise- 
induced EROA increase of ≥13  mm2 is associated with 
 elevated morbidity and mortality rates. Exercise echocar-
diography can also reveal increased pulmonary artery pres-
sure and reduced LVEF, both of which are associated with 
LV dysfunction and poor prognosis after MV surgery [24, 
25]. Exercise can also induce greater LV dyssynchrony with 
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Fig. 7.2 Secondary MR due to left ventricular dilation. A diagram of 
ischemic MR, with posteriorly directed jet. LVOT left ventricular out-
flow tract, MR mitral regurgitation, TEE transesophageal echocardiog-
raphy. From Asgar et al. [1]. Reprinted with permission from Elsevier
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increased MR.  However, the predictive value of exercise 
echocardiography is imperfect, given the technical issues of 
measuring key variables either during or immediately after 
exercise.

Echocardiography is also useful for determining the like-
lihood of successful MV repair by either surgical or trans-
catheter procedures (e.g., MitraClip placement) [26]. In a 
group of 300 patients with severe MR who underwent 
MitraClip implantation (68% of whom had secondary MR), 
the procedure failed to reduce MR to ≤2+ in 31 patients 
(10.3%). By multivariable analysis, predictors of failed 
MitraClip placement included greater EROA (odds ratio 
[OR]: 1.21 per 10 mm2 increase, p = 0.005) and a baseline 
transmitral pressure gradient ≥4 mm2 (OR: 1.26, p = 0.03). 
Success rates were similar in patients with primary and sec-
ondary MR [27].

Cardiac magnetic resonance (CMR) imaging and multide-
tector row computed tomography (MDCT) can provide com-
plementary information to echocardiography in patients with 
MR. CMR can accurately quantify the degree of MR [28]. 
Given its high spatial resolution, MDCT can accurately depict 
MV morphology [29]. Both techniques can be used to make 
volumetric measurements of chamber dimensions, evaluate 
ventricular function, and assess myocardial fibrosis.

 Therapy for Secondary MR

The goals of therapy for secondary MR are to relieve symp-
toms, improve quality of life, reduce HF hospitalizations, 
and potentially improve patient survival. Often, therapy is 
directed at the underlying LV dysfunction; these treatments 

include guideline- directed medical therapy for HF and 
biventricular cardiac resynchronization therapy (CRT) when 
appropriate. Coronary revascularization may also help 
patients with extensive ischemia and preserved myocardial 
viability, although it rarely markedly reduces or eliminates 
secondary MR.  Regarding surgical and transcatheter MV 
repair, it is unclear how well these interventions interrupt the 
progressive cycle of LV volume overload → LV dilation → 
secondary MR → increasing LV volume overload and dila-
tion → increasing MR.

Carvedilol or metoprolol, combined with angiotensin- 
converting enzyme inhibitors (ACEIs) or angiotensin recep-
tor blockers, is sometimes helpful for patients with LV 
dysfunction and secondary MR. By reducing LV remodel-
ing, maximal guideline-directed medical therapy sometimes 
reduces MR in severe cases. However, few studies have 
examined the effect of medical therapies on secondary 
MR. In a randomized trial that involved 59 patients with HF 
and severe dilated cardiomyopathy, treatment with carvedilol 
versus placebo resulted in reduced LV mass sphericity and 
improved systolic function. The severity of MR, assessed by 
the ratio of MR jet area/LA area, increased during follow-up 
in the placebo group but decreased in the carvedilol group 
(p = 0.04) [30]. In the largest randomized trial, among 138 
patients with dilated cardiomyopathy who were taking stable 
doses of digoxin, diuretic agents, and ACEI, metoprolol 
(titrated to 50 mg, 3 times a day) produced greater 6-month 
reductions in LV end-diastolic and end-systolic volumes and 
secondary MR than did placebo [31]. However, MR improved 
in only ~42% of metoprolol-treated patients (vs. 20% of 
control-group patients), and there were no significant differ-
ences in symptoms or in rates of cardiac readmission or 
death during follow-up.

There is limited information about whether ACEIs and 
other agents reduce secondary MR. In a small study of 19 
patients with severe dilated cardiomyopathy (mean LVEF 
~20%) and 3+/4+ MR who were taking stable doses of 
digoxin and diuretic agents, the mean lisinopril dose was up- 
titrated from 16 to 55  mg/day, and isosorbide from 30 to 
286 mg/day. At 12-month follow-up, MR had decreased to 
grade 0/1+ in 8 patients (42%) and remained 3+/4+ in the 
other 11. LVEF improved in both groups but to a greater 
degree in the MR responders, and the LV end-diastolic 
dimensions decreased in the responders but increased in the 
non-responders [32].

 CRT

CRT is a recommended treatment for selected HF patients 
with LV dyssynchrony. CRT is a Class I recommendation for 
patients in sinus rhythm with New  York Heart Association 
(NYHA) functional class II to IV symptoms, LVEF ≤35%, 

Table 7.1 Quantitative echocardiographic criteria for severe MR in 
primary and secondary disease of the mitral valve

Primary (organic) MR
Secondary 
(functional) MR

EROA ≥0.4 cm2 ≥0.2 cm2,a

Regurgitant 
volume

≥60 mL ≥30 mL

Regurgitant 
fraction

≥50% ≥50%

Vena contracta ≥0.7 cm –
Jet area Central jet >40% LA or 

holosystolic eccentric jet
–

In cases of secondary MR, measuring the proximal isovelocity surface 
area with two-dimensional transthoracic echocardiography underesti-
mates the true EROA because of the crescent shape of the proximal 
convergence
EROA effective regurgitant orifice area, LA left atrium, MR mitral 
regurgitation
From Asgar et al. [1]. Reprinted with permission from Elsevier
aMeasurement of the proximal isovelocity surface area by two- 
dimensional transthoracic echocardiography in secondary MR underes-
timates the true EROA because of the crescent shape of the proximal 
convergence
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left bundle branch block (LBBB), and QRS duration ≥150 ms 
despite receiving guideline-directed medical therapy. CRT 
may also be useful in patients with LVEF ≤35%, sinus 
rhythm, non-LBBB pattern, and QRS duration ≥150 ms, and 
in those with LBBB and QRS duration 120–149 ms (Class IIa 
indications) [33, 34]. Randomized trials of CRT with or with-
out a defibrillator have shown that it improves both survival 
and HF rehospitalization rates [35], reduces LV end-diastolic 
and end-systolic dimensions, and increases LVEF.

The effect of CRT on secondary MR is inconsistent, 
although most studies show that overall MR severity 
decreases with restoration of synchronous ventricular con-
traction and LV remodeling. In the sham-controlled 
MIRACLE (Multicenter InSync Randomized Clinical 
Evaluation) trial involving 450 NYHA functional class III/
IV HF patients with LVEF ≤35% and QRS duration 
≥130 ms, CRT resulted in reductions in LV end-diastolic and 
end-systolic volumes, improved LVEF, and sustained reduc-
tions in MR (assessed by the relative size of the mitral jet 
area in the LA) [36]. In a study of 63 patients with HF and 
moderate to severe MR, MR improved by ≥1 grade in 43% 
of patients, and an additional 20% had late improvement at 
6  months [34]. Improvement of severe secondary MR is 
associated with better prognosis, but this improvement 
occurs in no more than one-half of patients after CRT [33].

 Mechanical Therapy

 Surgical Options

As noted, secondary MR is so named because it is second-
ary to disease of the LV not of the valve itself. Heart failure 
associated with secondary MR has a worse prognosis than 
heart failure without MR [37, 38]. However it was unclear 
whether the presence of MR was merely a marker of LV 
dysfunction or was itself contributing to the pathology of 
heart failure and thus a target for therapy. Indeed surgical 
approaches to secondary MR have failed to demonstrate 
improved survival over medical therapy although some 
reported improved symptoms [39–43]. Recently 2 large ran-
domized trials of the MitraClip (Fig. 7.3) have helped clar-
ify the issue. MitraClip is a percutaneously inserted device 
that clips the mitral leaflets together at their midbellies, cre-
ating a figure of 8 orifice, reducing MR. In the Mitra-FR 
trial [44] patients with moderate to severe MR and severe 
LV dilitaiton were randomized to standard therapy versus 
standard therapy + the MitraClip. The MitraClip caused no 
reduction in repeated hospitlalizations or mortality. In the 
COAPT trial [45] patients with severe MR and modest LV 
dilitation who were still symptomatic after very aggressive 
medical therapy were randomized to receive aggressive 
medical therapy versus agressive medical therapy + the 

MitaClip. The results were virtually opposite to those of 
Mitra FR. The clip reduced both rehospitalizations and mor-
tality. Only 3 patients needed to be treated to avoid 1 rehoap-
italization and only 6 needed to be treated to avoid 1 death. 
The results of the 2 trials are in fact complementary. They 
indicate that patients with very severe MR and only modest 
LV dilitaiton who are symptomatic despite aggressive medi-
cal therapy benefit from the clip whereas patients with less 
severe MR yet more LV dysfucntion fail to benefit. Thus in 
this group of patients MR is not only a marker of LV dys-
fucntion but also contibutes to the pathology of the disease 
and thus is a target for therapy. In patients with less severe 
MR, the MR is not a target. On this basis there is now FDA 
approval for the use of MitraClip for the treatment of severe 
symptomatic secondary MR.

 Summary

The development of secondary MR is associated with a 
poorer prognosis in patients with HF, regardless of its cause. 
Assessing MR severity accurately is helpful in making treat-
ment decisions. Guideline-directed medical therapy for HF 
is sometimes effective in patients with moderate or severe 
secondary MR, as is coronary revascularization in patients 
with concomitant coronary artery disease. These measures, 

Fig. 7.3 The MitraClip is shown clipping the 2 leaflets of the mitral 
valve together
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when applied effectively, sometimes reduce secondary MR 
and improve patient prognosis. The appropriate role of surgi-
cal and transcatheter interventions in treating persistent 
severe secondary MR is less clear.

Acknowledgement Adapted in part from de Marchena E, Badiye A, 
Robalino G, et  al. Respective prevalence of the different Carpentier 
classes of mitral regurgitation: a stepping stone for future therapeutic 
research and development. J Card Surg 2011;26:385–392.
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Innovative Approaches to Mitral Valve 
Repair and Replacement

Joseph Lamelas, Corinne M. Aberle, 
and Swaminadhan Gnanashanmugam

 Introduction

Minimally invasive valve surgery in its most comprehensive 
definition involves any procedure to replace or repair a heart 
valve without a full sternotomy. It is not a single approach 
but more of a constellation of different techniques and tech-
nologies that are specific to this type of procedure. They 
include various enhanced visualization or exposure devices 
and instrumentation, as well as modified perfusion tech-
niques, used with the ultimate goal of minimizing surgical 
trauma by limiting the surgical incision. Types of access 
typically used include partial upper or lower sternotomy with 
a T or J transection of the sternum, and mini-thoracotomy 
approaches using videoscopic or robotic assistance or direct 
vision.

Reported advantages of these procedures over their open 
surgical analogues include shorter hospital and intensive 
care unit stays, less postoperative pain, a more cosmetically 
acceptable incision, lower thoracic wound infection rates, 
less use of blood products, better postoperative respiratory 
function, a more rapid return to baseline functional status, 
greater patient satisfaction, and lower hospital costs [1–4]. 
These advantages mimic those observed with minimally 
invasive techniques used in other fields. Concerns remain, 
however, that there is a tradeoff of limited exposure against 
safety, operative length—including cardiopulmonary bypass 
time and duration of cross-clamping (if used)—ability to 
adequately evacuate air from the heart, quality of valve 
repair, potential vascular and cerebrovascular complications, 
and a long learning curve.

The recent development and implementation of transcath-
eter mitral valve (MV) replacement and repair technologies, 
while representing the pinnacle of minimally invasive ideals, 
will for the near future remain limited in scope because of 
the heterogeneity of the MV, technical challenges, and lack 
of long-term data regarding durability and results. 
Nonetheless, transvenous/transseptal access to the MV for 
deployment of a mitral clip has benefited a subset of patients. 
Newer technologies have been developed to access and 
repair the MV via a transapical approach. These transcathe-
ter/transapical approaches have been named “micro” inva-
sive procedures to differentiate them from techniques that 
require cardiopulmonary bypass (CPB). Less-invasive 
approaches, whether surgical or transcatheter, will continue 
to evolve and play a major role in cardiovascular therapies.

 Evolution

Minimally invasive MV surgery has undergone an evolution 
of different techniques and philosophies. In this chapter, we 
review the evolution of the procedure, including the develop-
ment of CPB techniques, surgical incisions, and approaches 
that have led the way to its current state. In addition, we 
review different techniques for replacing and repairing the 
MV in different disease states.

The first successful use of CPB by John Gibbon in 1953 
paved the way to allowing correction of complex cardiac 
anomalies in a bloodless field [5]. The first documented mini-
mally invasive approach to both aortic and mitral valve disease 
through a right parasternal incision is attributed to Cosgrove 
and colleagues in 1996 [6]. Concurrently, improvements were 
made to minimize the circulating blood volume through a 
bypass circuit, with the objective of diminishing the inflamma-
tory reaction caused by CPB. Cannulas became smaller and 
longer and were manufactured with non-kinking materials to 
maximize flow dynamics. Application of carbon dioxide to 
displace the oxygen in the operative field has reduced the risk 
of air embolism. In addition, the advent and routine use of 
intraoperative transesophageal echocardiography (TEE) has 
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aided in both confirming cannula placement and ensuring 
proper removal of air [7].

One of the most significant advances in the evolution of 
minimally invasive valve surgery is the development of alter-
native methods of establishing CPB. Because these proce-
dures do not fully expose the heart, alternative techniques 
involving central aortic or peripheral cannulation via the 
femoral, subclavian/axillary, and/or jugular vessels were 
required. Additionally, many minimally invasive operations 
employ hybrid cannulation strategies involving both central 
and peripheral cannulation. These strategies can be used on 
an arrested, fibrillating, or even beating heart [8].

Several disadvantages of peripheral arterial cannulation 
have been documented, including elevated incidences of vas-
cular complications and stroke [9–11]. However, results 
from several studies of large patient cohorts contradict these 
findings [12, 13]. In fact, outcomes have been similar whether 
central arterial or peripheral cannulation was used. Numerous 
variations of venous cannulation have been tried, as well. 
The application of vacuum-assisted drainage with a hard- 
shell reservoir has had a dramatic impact on venous drain-
age, augmenting the decompression of the right atrium and 
ventricle. Such drainage is performed directly via the right 
atrium or percutaneously from the femoral or internal jugu-
lar veins [14].

In a similar manner, cardioplegia solution can be admin-
istered either antegrade directly into the aorta or retrograde 
via the coronary sinus with either transjugular access or 
direct right atrial insertion. Additionally, extended-effect car-
dioplegia solutions have allowed surgeons to protect the 
heart for longer periods of time while performing complex 
valvular reconstructions.

In the beginning, minimally invasive MV operations were 
performed through a right parasternal incision. This required 
resecting the third and fourth costal cartilages, which led to 
significant chest-wall deformities and paradoxical chest-wall 
motion [15]. Thereafter, for many surgeons, ministernotomy 
with a T or L transection of the sternum in the fourth or fifth 
intercostal space became the incision of choice for mini-
mally invasive mitral-valve repairs [16, 17]. This allows cen-
tral cannulation and facilitates conversion to median 
sternotomy if necessary. Other incisions have included a 
right thoracotomy, right infra-axillary thoracotomy [18], 
transsternal approach [19], inverted T-sternotomy [20], and 
“V”-incision [1]. Today, a right mini-thoracotomy in the 
fourth or fifth intercostal space is the most widely used 
approach.

In addition, innovative technologies have been developed 
to facilitate minimally invasive cardiac surgery. The port- 
access, keyhole, or “Heart Port” method was one of the first 
to use aortic occlusion with an endoaortic balloon inserted 
through a peripheral artery, along with a retrograde cardio-
plegia catheter inserted through the right internal jugular 

vein [21]. An alternative method that is commonly used 
today is direct aortic clamping either via a separate port or 
directly through the incision [22].

In 1996, Carpentier described the use of 2-D video thora-
coscopic assistance to improve visualization of the MV [23]. 
Shortly thereafter, a 3D version was developed to improve 
depth perception. In an attempt to further facilitate the proce-
dure, a voice-activated robotic arm was attached to the scope 
(AESOP 3000, Computer Motion, Inc., CA, USA), allowing 
mitral surgery to be performed by a single surgeon [24].

In 1998, Carpentier also became the first surgeon to per-
form a MV operation using a robotic system, the Da Vinci® 
Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA, 
USA) [25]. This telemanipulator allowed the surgeon to sit at 
a console and remotely control surgical instruments in the 
operative field with 360 degrees of motion. Robotic surgical 
systems were met with great enthusiasm initially but were 
not widely adopted because they involved an extremely steep 
learning curve. In addition, operative times and costs are 
often greater for robotic surgery than for traditional sternot-
omy approaches, except at a few expert centers. Nonetheless, 
newer generations of the Da Vinci Surgical System have 
been developed, and other corporations—including Google, 
which has teamed up with Johnson & Johnson (Verb 
Surgical), Medtronic, and Cambridge Medical Robotics 
(Versius)—are now introducing their own versions of the 
robotic system.

 Minimally Invasive Surgical Approaches 
for the Mitral Valve

The most common surgical approach to the MV is through a 
median sternotomy with central aortic and right atrial can-
nulation. The MV is exposed through the intra-atrial groove 
or the right atrium with either a transseptal exposure or a 
superior approach through the dome of the left atrium.

Less-invasive approaches to the MV have also been 
devised. The most common include a right mini- thoracotomy 
with direct visualization, video thoracoscopic visualization, 
and robotic surgical assistance. The most important consid-
erations are that the patient’s safety not be compromised and 
that the mitral repair be effective and durable.

 Comorbidities and Anatomic Considerations

A complete history and physical exam to identify all comor-
bidities should be routine before any cardiac operation. In 
addition, computed tomography (CT) imaging can help to 
determine whether a patient is a good candidate for a mini-
mally invasive approach. When such an approach is planned, 
careful screening is necessary for several pertinent comor-
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bidities. Significant lung disease is of particular concern in 
minimally invasive surgery because this approach may 
require single-lung ventilation. Furthermore, lung dysfunc-
tion places the patient at risk for postoperative respiratory 
failure. Any patient with symptoms of obstructive lung dis-
ease or with a heavy smoking history should be considered 
for pulmonary function testing.

Any history of chest trauma, chest tube placement, empy-
ema, or chest surgery should be elucidated, because existing 
adhesions or scarring can complicate efforts to obtain the 
necessary exposure of the heart. These pulmonary adhesions 
may require extensive dissection, potentially leading to lung 
injury. Interestingly enough, imaging cannot detect intraop-
erative adhesions that would potentially preclude a right 
mini thoracotomy approach.

If a chest radiograph shows the right border of the heart 
adjacent to the right border of the vertebral column, the heart 
might be displaced toward the left side of the chest. In addi-
tion, the surgeon should know if the patient has breast 
implants, as these can complicate placement of the atrial 
retraction system. Significant obesity or extensive chest-wall 
musculature can place the MV further away from the sur-
geon, also potentially compromising exposure.

Physical examination and a CT scan help identify con-
genital and traumatic chest-wall and skeletal deformities that 
can compromise exposure during minimally invasive mitral 
surgery. In these specific cases, preoperative screening can 
potentially prevent conversion by identifying aberrant or 
challenging anatomy.

Although the aforementioned barriers can potentially 
complicate minimally invasive right thoracotomy surgery, 
none of them definitively contraindicate it.

Peripheral vascular disease, aortic aneurysmal disease, 
and aortic calcification are also of particular concern. 
Minimally invasive surgery often involves cannulating the 
femoral vessels for retrograde arterial perfusion, as well as 
aortic occlusion with a cross-clamp or endoaortic balloon. 
Existing peripheral vascular disease may preclude safe aortic 
cross-clamping or peripheral cannulation, thereby placing 
the patient at risk for perioperative limb ischemia. A com-
plete physical examination should be made of the femoral 
and peripheral pulses. Any abnormalities on examination or 
a history of prior vascular disease warrants additional test-
ing. Noninvasive vascular screening can be a useful adjunct 
to the physical exam. A more detailed assessment is obtained 
with CT angiography of the chest, abdomen, and pelvis, 
including the femoral vessels. This scan can reveal vascular 
dissection, thrombus, aneurysmal dilation, and occlusive dis-
ease, all of which contraindicate minimally invasive surgery. 
Patients with an aortic diameter >4 cm may not be suitable 
candidates for endoaortic balloon occlusion. A calcified 
aorta does not contraindicate mitral surgery, but identifying 
it preoperatively enables the surgeon to be prepared to per-

form the procedure on a fibrillating heart if necessary. In 
addition, evaluating the venous phase on CT can help iden-
tify barriers to successful peripheral venous cannulation, 
especially for patients with a history of iliofemoral deep vein 
thrombosis or an inferior vena cava filter. Having such a filter 
does not definitively contraindicate femoral venous cannula-
tion, but cannulation should be attempted with fluoroscopic 
guidance.

In addition, obesity and overlying pannus can interfere 
with femoral cannulation and place the patient at risk for 
infection. Evidence of fungal infection in the groin should 
prompt consideration of alternate cannulation sites.

Coronary artery disease, coexisting valvular disease, 
reduced left ventricular ejection fraction (LVEF), right ven-
tricular dysfunction, and severe pulmonary hypertension are 
additional comorbidities that should be screened for. 
Echocardiography should be completed on all patients pre-
operatively and can identify many of these comorbidities. 
Left heart catheterization identifies coronary disease, poten-
tially allowing hybrid approaches with percutaneous coro-
nary intervention and, thereafter, valve surgery in selected 
patients. The American Heart Association (AHA) guidelines 
recommend left heart catheterization for male patients over 
40 and postmenopausal women undergoing valvular surgery 
[26]. The need for concomitant coronary revascularization 
may be considered a relative contraindication to minimally 
invasive MV replacement unless the revascularization can be 
performed percutaneously. Concomitant tricuspid valve and 
even aortic valve surgery is not a contraindication. A mini-
mally invasive approach through the right chest can incur 
longer ischemic times, which places patients with severely 
decreased LVEF, depressed right ventricular function, and 
severe pulmonary hypertension at high risk if the surgeons 
are inexperienced. In addition, topical cooling of the heart 
may not be possible with a minimally invasive approach.

The only definitive contraindication to a less-invasive 
approach is the inability to cannulate the patient safely. 
Although challenging to address, anatomical variants and 
associated comorbidities are not definitive contraindications 
to minimally invasive MV surgery.

 Additional Considerations

Other important factors may influence patient selection for 
minimally invasive mitral surgery. For example, for most 
reoperative MV procedures, a minimally invasive approach 
should be considered. Performing the procedure through the 
right chest and avoiding a redo sternotomy limits the associ-
ated risk of iatrogenic injuries. In the majority of cases, a 
right chest approach provides a field with fewer adhesions. 
In addition, some patients with prior stroke, limited mobil-
ity, or increased frailty may benefit from the avoidance of a 
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 sternotomy. Furthermore, many of the relative contraindica-
tions to minimally invasive surgery can be overcome with 
surgeon experience and modified operative techniques. 
Inserting transjugular retrograde coronary perfusion cannu-
las and pulmonary artery vents can augment cardiac protec-
tion and heart decompression in patients with existing 
coronary disease or aortic insufficiency. Retrograde cannu-
las can also be inserted directly into the right atrium from 
the operating port. Cold fibrillatory arrest may be an option 
for patients with extensive pericardial adhesions, aortic dis-
ease precluding cross-clamp or endoaortic balloon place-
ment, or prior coronary artery bypass grafting. Hybrid 
approaches with percutaneous coronary intervention can 
further increase candidacy for these procedures. Mitral 
annular calcification adds significant complexity and thus 
can be considered a relative contraindication. The feared 
complication of atrioventricular disruption associated with 
mitral annular calcification is sometimes difficult to repair 
for even the most experienced limited-access surgeons. 
These features can be identified on both preoperative echo-
cardiography and CT angiography. Not only should the 
pathology of the MV be considered, but any additional valve 
disease must be considered, as well. Aortic regurgitation is 
of particular interest, as it may complicate cardiac protec-
tion, arrest, and effective decompression and venting. As 
surgeon experience increases, more complex repairs, as well 
as concomitant procedures, can be completed with a mini-
mally invasive platform.

 Robotic Mitral Valve Surgery

Robotic mitral surgery is more technically challenging and 
takes longer to learn than other approaches. Patient setup in 
the operating room is largely the same as in other minimally 
invasive approaches. The trachea is intubated with either a 
double-lumen tube or a bronchial blocker. In some cases, a 
pulmonary EndoVent and transjugular retrograde cardiople-
gia cannula (Edwards Lifesciences, Irvine, CA, USA) are 
inserted. The patient is positioned with the right chest ele-
vated by a scapula roll. The right arm hangs off the table with 
the elbow slightly flexed. Defibrillator pads are placed on the 
posterior and lateral thorax.

Robotic mitral operations usually require peripheral can-
nulation, usually via the femoral artery and vein, although in 
some cases, an additional venous cannula is inserted into the 
superior vena cava (SVC) through the right internal jugular 
vein. An endoscope port is placed in the fourth intercostal 
space (ICS), 2–3  cm lateral to the nipple. The right mini- 
thoracotomy working port (1.5-cm retractor) is placed in the 
fourth ICS as well, approximately 4 cm lateral to the camera. 
The left robotic arm enters through a port in the second ICS, 
halfway between the endoscope port and shoulder. The right 

robotic arm is placed in the sixth ICS in the region of the 
anterior axillary line. An atrial lift retractor is inserted 
through an additional port in the fourth ICS medial to the 
camera port. Aortic occlusion is performed with an endoaor-
tic balloon catheter. In these cases, bilateral radial arterial 
lines are placed, and care is taken to avoid dampening of the 
pressures, which signals migration of the balloon and occlu-
sion of the great vessels. If an endoaortic balloon is not used, 
a sixth incision or port is created in the second ICS, 10 cm 
posterior to the left robotic arm, for insertion of a transtho-
racic cross-clamp. Cardioplegia solution is delivered through 
the endoaortic balloon or, if the aorta is clamped externally, 
directly into the aortic root with a small cannula. Mitral 
repair techniques are similar for all minimally invasive 
approaches. Robotic assisted MV replacement is more chal-
lenging and should be reserved for the most experienced 
robotic surgeons. Suture management is challenging, and the 
working port needs to be large enough to permit passage of 
the prosthetic valve. Autoknotting devices may facilitate 
tying in these cases [27].

 Endoscopic Mitral Valve Surgery

The intraoperative setup and patient positioning are essen-
tially similar to those used in a robotic operation. A 4-cm 
working incision or port is made at the level of the fourth or 
fifth ICS, starting at the anterior axillary line, and thereafter 
a soft tissue retractor is placed. Rib spreading with an inter-
costal rib retractor is avoided in these procedures. Another 
incision is made at the level of the seventh ICS midaxillary 
line. Through this incision, a sump suction is tunneled and is 
subsequently inserted through the left atriotomy and into the 
left inferior pulmonary vein to help drain the pulmonary 
venous return. Carbon dioxide is infused into the operative 
field at 2–3 L/min. This facilitates evacuation of air from the 
heart. Peripheral cannulation is usually used with video 
endoscopic procedures. Aortic occlusion can be performed 
with an endoaortic balloon or direct external aortic clamping 
through a separate incision. Cardioplegia solution is admin-
istered through the endoballoon or a cardioplegia cannula 
inserted directly into the aortic root.

Once electromechanical arrest of the heart is established, 
a left atriotomy is performed. Cross-clamping, cardioplegia 
delivery, pericardiotomy, atriotomy, and closure can be per-
formed with videoscopic assistance or direct vision. A 5-mm 
trocar is placed 1 intercostal space above and lateral to the 
working port. A 0° or 30° thoracoscope is inserted through 
the trocar to directly visualize the MV. After the left atriot-
omy, an atrial lift retractor is inserted through the working 
port and connected to a post inserted through a separate stab 
wound medial to the incision. Long-shafted, manually con-
trolled instruments are inserted through the working port to 
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perform the mitral repair or replacement. Video endoscopic 
operations can be challenging and take time to learn [28].

 Direct Vision Right Mini-Thoracotomy Mitral 
Valve Surgery

A single-lumen endotracheal tube is inserted, and double- 
lung ventilation is used throughout the operation. If visual-
ization of the heart is impaired by the lungs, the lungs are 
temporarily deflated, or CPB can be instituted early.

Single-lung ventilation with a double-lumen endotracheal 
tube or bronchial blocker is not commonly performed unless 
significant pleural adhesions limit visualization and dissec-
tion. There are reported cases of unilateral re-expansion pul-
monary edema secondary to single-lung ventilation [29, 30].

 Transesophageal Echocardiography

Every patient should have a thorough intraoperative 2-D and 
3-D TEE assessment. The size of the mitral annulus and 
anterior leaflet are measured. Left ventricular function is 
assessed. The MV is further interrogated. Atherosclerotic 
disease is assessed in the ascending and descending aorta; 
evidence of grade 4 or 5 free-floating atheroma in the 
descending aorta should preclude femoral cannulation and 
retrograde arterial perfusion. The venous cannula is posi-
tioned in the SVC under TEE guidance, using a bicaval mid-
esophageal view at 80–100°. In patients with mild-to-moderate 
aortic insufficiency, TEE is used to obtain a midesophageal 
four-chamber view at 0° to guide placement of a retrograde 
cardioplegia cannula.

Intraoperative fluoroscopy can also be used to aid place-
ment of the venous guide wire and cannula when the wire can-
not be visualized by TEE. Intraoperative iliac and abdominal 
aortic angiograms with fluoroscopy are performed when there 
is uncertainty after insertion of the femoral arterial cannula, or 
when calcified plaques are encountered during cannulation.

 Cannulation and Perfusion

A femoral platform is the access site of choice. Left femoral 
artery and vein cannulation are preferred because most 
patients undergo a cardiac catheterization via the right femo-
ral artery. If the surgeon is not yet experienced with this tech-
nique, CT angiography should be performed routinely, 
especially if severe peripheral vascular disease is suspected.

Before cannulation, the patient is fully heparinized 
(3.3  mg/kg). A 2–3-cm longitudinal skin incision is made 
above the inguinal crease. In our practice, using this 
approach, along with limited dissection of the anterior aspect 

of the vessels, has decreased the incidence of seroma forma-
tion. Careful attention is paid to assessing the quality of the 
artery. The presence of a posterior horseshoe calcified plaque 
does not contraindicate cannulation, but circumferential cal-
cification does. A purse string suture is placed on the anterior 
aspect of each vessel. A modified Seldinger technique is used 
for cannulation. A guide wire is advanced through the femo-
ral artery and subsequently into the proximal descending 
aorta, and its position is verified by TEE. The wire should 
pass through without resistance. Thereafter, a cannula is 
inserted into the artery. The choice of cannula size depends 
on the patient’s body surface area.

If there is any resistance when the cannula is advanced, an 
alternative access site should be chosen. Additionally, if 
there are any concerns, an intraoperative angiogram can be 
performed. If an alternative cannulation site is required, the 
right axillary artery is the next access point of choice. During 
axillary cannulation, intraoperative fluoroscopy and angiog-
raphy are always performed. Because all female patients are 
positioned with the arm placed over the head, if peripheral 
vascular disease is present, the axillary artery is cannulated 
through the axilla. Central cannulation can also be per-
formed, although this is more challenging because of the dis-
tance from the incision.

 Venous Cannulation

Femoral venous cannulation is performed by using a 
Seldinger technique. A wire is passed through the femoral 
vein and into the SVC under TEE guidance. A 0° bicaval 
view is obtained for placement [31].

Thereafter, a 25 Fr venous cannula is advanced deep into 
the SVC. To obtain adequate venous drainage, the cannula 
should be in the SVC, and vacuum drainage should be 
applied. Vacuum assistance with 35 mmHg of negative suc-
tion is applied and increased to 65 mmHg if necessary. The 
application of negative pressure increases the formation of 
gaseous microemboli, although this has not been proven to 
be harmful [32]. Evidence suggests that surpassing 60 mmHg 
of negative pressure does not increase the incidence of neu-
rological events [33].

There are also instances in which additional venous drain-
age is required because of right-sided distention or dislodge-
ment of the venous cannula into the right atrium. It is crucial 
to have adequate decompression of the right side of the heart, 
because this can lead to postoperative heart failure.

 Patient Selection

When compared with standard sternotomy MV surgery, min-
imally invasive MV surgery appears to benefit higher-risk 
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patients. These include patients more than 75 years old [2], 
obese patients (body mass index >30  kg/m2) [4], patients 
with chronic obstructive pulmonary disease (COPD) [3], and 
patients with a low LVEF (<35%) [4].

Several series have demonstrated lower morbidity and 
mortality with minimally invasive MV procedures in these 
subsets of patients. Concomitant tricuspid and aortic valve 
surgery can also be performed. Unlike in minimally invasive 
AVR surgery, a saphenous vein bypass to the right coronary 
artery cannot be performed. On the other hand, reoperative 
MV surgery is feasible in patients with prior valve surgery or 
coronary revascularization via a right mini-thoracotomy 
approach [34]. Patients with CAD amendable to PCI can be 
offered a hybrid approach. A percutaneous intervention can 
be performed at any time before the minimally invasive valve 
procedure; in a select few patients, it can be performed after-
ward. Furthermore, a mini-thoracotomy approach can be 
offered to patients receiving dual antiplatelet therapy [35].

 Surgical Technique

All male patients are positioned with the arm hanging slightly 
off of the operating table with a scapula roll allowing eleva-
tion of the right chest. Female patients are positioned with the 
scapula roll as well, although the right arm is positioned over 
the head and the breast is displaced medially to provide addi-
tional exposure. A 5–6-cm incision is made at the level of the 
fourth or fifth intercostal space. A soft-tissue retractor and a 
rib spreader provide additional exposure. Cardiopulmonary 
bypass is instituted, and the pericardium is opened and 
retracted with stay sutures. The aorta is clamped directly 
through the incision, and cardioplegia solution is adminis-
tered into the aortic root. If there is mild-to-moderate aortic 
insufficiency, a retrograde cardioplegia cannula is inserted. 
Thereafter, an atrial lift retractor is inserted, and the MV is 
further exposed. If a concomitant ablation or ligation of the 
atrial appendage is required, it is performed before the MV 
operation begins. Carbon dioxide is infused into the operative 
field at a rate of 2 L/min. Infusing a greater volume of CO2 
will raise the patients’ CO2 level during CPB, and sweeping it 
off will be an arduous task for the perfusionist.

The MV repair or replacement proceeds in the usual fash-
ion, although long-shafted surgical instruments are required. 
On completion, the left atriotomy is closed and pacing wires 
are placed on the inferior wall of the right ventricle. The cross-
clamp is removed, and deairing is performed with an aortic root 
vent. Once TEE images confirm adequate air removal, valve 
function, and valve competency, the patient is weaned from 
CPB. After protamine is administered, the femoral arterial and 
venous cannulas are removed. A drain is placed in the pericar-
dium and the right pleural cavity. An intercostal nerve block is 
performed, and the chest is closed in the usual fashion.

 Mitral Valve: Introduction

Mitral valve disease represents the most common valvular 
disorder worldwide. Although mitral stenosis (MS) is on the 
decline because of earlier treatment of rheumatic fever, 
mitral regurgitation (MR) remains a more common valvular 
disease, especially in developed nations. In the United States, 
MR is the most frequent valvular disease; nearly 10% of MR 
patients aged 75 years or older have moderate-to-severe MR 
[36]. This equates to 4 million affected persons, with an esti-
mated incidence of 250,000 new cases of severe MR per year 
[36, 37]. Medical therapy has a limited role in these patients’ 
treatment; surgical repair and replacement are the mainstays 
of therapy [26].

However, a large discrepancy exists between patients who 
have MV disease and patients who undergo surgical therapy; 
2009 data show that only 2% of this potential patient popula-
tion was treated surgically [38–40]. The reasons for this dis-
parity are multifold. Nearly 50% of symptomatic patients 
with severe MR are never referred for correction because 
they are deemed too high risk for surgery. Of the patients 
referred for surgery, only a fraction actually undergo it; the 
rest are not treated surgically because of age, comorbidities, 
or severe LV dysfunction [39]. Mitral regurgitation also has 
a variable natural history: some patients have stable, mild, or 
moderate MR for many years, while others’ MR progresses 
over a variable time course.

 Etiology and Classification of Mitral 
Regurgitation

The etiology of MR is multifaceted, with surgical therapy 
offering different results for MR of different causes. Mitral 
regurgitation can be classified as either primary (organic) or 
secondary (functional), depending on the abnormality that 
leads to the regurgitation, although its pathophysiology var-
ies widely within each category. Differentiating between 
these two entities is crucial to choosing a therapeutic strategy 
and predicting its outcome. In addition, it is important to rec-
ognize that a single patient’s MR can have multiple causes.

Primary or organic MR is an intrinsic valvular abnor-
mality affecting components of the mitral apparatus (i.e., 
leaflets, annulus, chordae, or papillary muscles). 
Dysfunction of any of the structures of the MV leads to 
regurgitation of blood into the atrium during systole. The 
most common causes of primary MR are degenerative dis-
eases: a variety of conditions that cause abnormalities of 
the connective tissue, leading to structural changes of the 
mitral apparatus. Myxomatous degeneration of the MV in 
its most extensive form is called Barlow disease. The mitral 
leaflets become thickened and redundant and commonly 
develop multisegmental prolapse due to a myxoid infiltra-

J. Lamelas et al.



137

tion. The valves are typically large, with diffuse chordal 
elongation and rupture. Carpentier described a “forme 
fruste” of Barlow disease, understanding that many valves 
have some but not all of the disease’s pathologic features, 
thus recognizing the spectrum of lesions [41, 42].

Another cause of degenerative MR is fibroelastic disease, 
in which there is a deficiency of connective tissue. This leads 
to a deficiency of collagen, elastins, and proteoglycans, caus-
ing a thinning of the leaflets. The majority of patients present 
with a normal-appearing annulus and valve segments with 
thin and elongated or ruptured chordae. Some patients pres-
ent with isolated prolapsing segments of the leaflets, which 
can become thickened from myxoid deposition, but the mech-
anism of MR is usually rupture of thin chordae tendineae.

Additional causes of primary MR include other connec-
tive tissue disorders (Marfan syndrome, Ehlers-Danlos syn-
drome), osteogenesis imperfecta, pseudoxanthoma 
elasticum, endocarditis, rheumatic disease, and radiation- or 
drug-induced valvulopathy. Rheumatic disease is the most 
prevalent cause of primary MR in developing countries.

Secondary or functional MR is caused by ventricular dys-
function due to dilation, diffuse hypokinesis, or segmental 
damage secondary to ischemic disease or dilated cardiomyopa-
thy. These changes in the sphericity of the ventricle displace the 
papillary muscles in an outward and/or apical direction and 
cause tethering of the leaflets, thus restricting closure during 
systole. Another, less common cause of functional MR occurs 
only with left atrial remodeling from atrial fibrillation. In these 
cases, annular enlargement leads to MR with preserved LV 
function. In both types of secondary MR, the mitral leaflets are 
usually structurally normal or nearly normal.

Furthermore, as disease progresses, causes can become 
mixed; for instance, severe untreated primary MR may lead to 
ventricular remodeling and associated secondary 
MR. Multiple causes can also arise concurrently (e.g., isch-
emic MR with combined degenerative MR), further compli-
cating matters. Although surgical therapy has had good results 
in primary MR, results in secondary MR have been varied.

 Mitral Valve Apparatus Structure 
and Function

A thorough understanding of MV apparatus structure and 
function is necessary to understand surgical and percutaneous 
approaches to MV repair and replacement and their potential 
advantages and disadvantages. One can conceive of the MV 
apparatus as being formed by four components: the annulus, 
leaflets, chordae tendineae, and papillary muscles [43, 44].

The annulus is an ellipsoid, asymmetrical structure that 
forms the outer perimeter of the MV apparatus. The anterior 
portion makes up approximately one-third of the annular cir-
cumference and consists of a fibrous portion that is in conti-

nuity with the aortic annulus [44]. The posterior portion 
makes up the remaining two-thirds of the annular circumfer-
ence and is a dynamic structure. The apparatus contains an 
asymmetric bileaflet valve consisting of an anterior leaflet 
and a posterior leaflet. The anterior leaflet has greater leaflet 
length but has a narrower base than the posterior leaflet. The 
leaflets are demarcated by an anterolateral and posteromedial 
commissure [44]. The MV leaflets are attached to the papil-
lary muscles via chordae tendineae or chords. Primary chords 
attach to the free edge of the leaflets, whereas secondary 
chords attach to the body of the leaflets. Chords to the anterior 
leaflet attach to the anterolateral papillary muscles, whereas 
posterior chords attach to the posterolateral papillary mus-
cles. All of the papillary muscles are affixed to the LV wall.

Functionally, pre-closure of the MV leaflets begins after 
atrial contraction to approximate the anterior and posterior 
leaflets. Closure of the MV components relies on the posi-
tion of the anterior leaflet and coaptation of the leaflets. 
During systole, when in proper position, the anterior leaflet 
forms a veil parallel to systolic flow in the LV outflow tract. 
Then, during coaptation of the leaflets, coaptation over the 
rough zones on the atrial surfaces of either leaflet creates 
high friction and resistance, producing strong shear forces. 
Posterior annular contraction increases this coaptation to 
facilitate competent closure. Improper valve coaptation or 
loss thereof due to disruption of any of these anatomic ele-
ments of the MV apparatus can result in MR.

 Assessing the Mitral Valve

 Classification of Mitral Valve Dysfunction

Carpentier’s classification of leaflet dysfunction has allowed 
surgeons and cardiologists to describe valve disease in uni-
versal terms [45]. The classification is based on leaflet motion.

• Type I: normal leaflet motion (annular dilatation, leaflet 
perforation, cleft valve)

• Type II: excessive leaflet motion (prolapse, chordal elon-
gation or rupture, papillary muscle elongation or rupture)

• Type III: restricted leaflet motion
• Type IIIa: leaflet thickening and/or retraction, chordal 

thickening and/or retraction, commissural fusion (during 
systole and diastole)

• Type IIIb: papillary muscle displacement and/or leaflet 
tethering (during systole only)

Table 8.1 further details this complex interplay of etiol-
ogy, lesions, and function. In any given patient, multiple 
causes, lesions, and mechanisms of dysfunction may be 
present, which in turn may necessitate the use of multiple 
techniques and technologies for valve repair.
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Grading the degree of MR has its limitations, so a com-
prehensive process to obtain multiple measurements by 
transthoracic echocardiography (TTE), TEE, and Doppler 
color flow imaging is essential. A more comprehensive 
assessment should be made—with cardiac magnetic reso-
nance imaging, if necessary—to further quantify the degree 
of MR and resolve any discrepancies in the echocardio-
graphic findings.

In most cases, TTE can identify the mitral valve pathol-
ogy. When additional information is required, TEE provides 
a more precise and detailed assessment of the MV. It has bet-
ter spatial resolution, allowing more accurate MR quantifica-
tion, especially with regard to jet color characteristics. In 
addition, 3-D visualization of the valve provides further con-
firmatory evidence of the mitral leaflet abnormality and 
delineates its exact location [46].

Identifying the cause of the MR is essential for the 
patient’s preoperative and postoperative management, as 
well as for planning the operative strategy. Obtaining an 
echocardiogram while the patient is not under anesthesia is 
important because the loading conditions of the heart are not 
altered; the degree of regurgitation can be significantly 
reduced and therefore underestimated when the patient is 
under anesthesia. Assessing not only leaflet pathology but 
also the direction of the single or multiple regurgitant jets is 
also important in planning the operative strategy.

The quantitative assessment of the MV by echocardiogra-
phy classifies the degree of regurgitation into four grades 

(I–IV). The degree of severity can be graded further by cal-
culating the effective regurgitant orifice area (EROA), regur-
gitant volume, and regurgitant fraction. It is important to 
understand that the quantitative parameters used to assess of 
the severity of MR are different with degenerative and func-
tional MV disease.

With MR, anatomic malcoaptation of the mitral leaflets 
occurs during systole, and this results in an effective regurgi-
tant orifice (ERO) that allows abnormal flow from the LV into 
the left atrium (LA) during systole. The ERO is influenced by 
the pressure gradient between the LV and the LA and may be 
dynamic, depending on the cause of the MR [47]. Increased 
afterload or ventricular volume can increase ERO, whereas 
decreased afterload and improved contractility can reduce 
ERO [48]. The sum of the regurgitant flow through the ERO 
during systole is the regurgitant volume (RVol) accumulated 
in the LA. This RVol reenters the LV during the subsequent 
diastole, resulting in volume overload of the LA and LV and 
ensuing manifestations and consequences of disease. In acute 
MR, the LA is small and has low compliance; as a result, any 
amount of RVol increases LA pressure. For this reason, acute 
MR is often not well tolerated and results in significant symp-
toms and hemodynamic changes.

The hemodynamic responses of the heart to chronic, 
slowly progressive MR are different from those associated 
with acute MR.  These responses to the excessive chronic 
volume overload caused by MR initially result in a chronic 
compensated stage of volume overload, which, if uncor-
rected, can progress to a decompensated stage with irrevers-
ible LV dysfunction. In chronic MR, the LA remodels to 
accommodate the RVol so that the LA pressure is maintained; 
for this reason, even severe MR may be tolerated hemody-
namically and symptomatically for a long period, even years 
[49]. Thus, in the chronic compensated state, the LV is 
 initially unloaded by the low-resistance runoff into the LA, 
which is then countered by an increase in LV size to maintain 
wall stress at normal levels [50, 51]. In the chronic compen-
sated stage, LV enlargement is the chief compensatory 
mechanism, allowing a greater LV volume as a result of the 
MR while maintaining normal diastolic pressures. The 
chronic overload from this RVol eventually leads to LV 
hypertrophy and dilatation [52]. The LV end-diastolic vol-
ume, end-systolic volume, and wall stress all increase, caus-
ing the LV to become more spherical [53, 54].

In the chronic compensated state, adequate forward cardiac 
output and normal filling pressures are maintained. Sequelae 
of this pathophysiology, such as atrial fibrillation due to con-
tinued left atrial enlargement, and pulmonary hypertension 
due to continued pressure overload, are the  presenting clinical 
phenomena for some patients. Diastolic dysfunction may also 
be present but is often difficult to diagnose and quantify; it 
may account for symptomaticity and reduced functional 
capacity in patients with normal systolic function [55, 56]. 

Table 8.1 Mitral regurgitation: causes, example lesions, and type of 
dysfunction

Mechanism of 
MR and type of 
dysfunction

Cause of mitral regurgitation (e.g., of lesion)

Ischemic Nonischemic
Organic/primary
Type I •  Infectious/endocarditis 

(perforation)
•  Degenerative (annular 

calcification)
• Congenital (cleft leaflet)

Type II Ruptured 
papillary 
muscle

•  Infectious/endocarditis 
(ruptured chord)

• Traumatic (ruptured chord)
•  Rheumatic (elongated chords)
•  Degenerative (billowing/flail 

leaflets)
Type IIIa •  Rheumatic (e.g., fibrotic 

chords)
• Iatrogenic (radiation/drug)
•  Inflammatory (lupus, 

anticardiolipin, eosinophilic, 
fibrosis, endocardial diseases)

Functional/secondary
Type I and Type 
IIIb

Functional 
ischemic MR

•  Cardiomyopathy, myocarditis
• LV dysfunction (any cause)

LV left ventricular, MR mitral valve regurgitation
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Many patients remain asymptomatic in this state, and normal-
ized preload and wall stress sometimes help the LV maintain 
normal contractility. Patients can remain in a chronic compen-
sated stage for years to decades after the onset of MR.

However, eventually, the consequence of these changes is 
progressive LV enlargement beyond the compensated stage; 
the ensuing ventricular dysfunction can be severe [56]. 
Progressive LV enlargement may be due to increased severity 
of MR, continued compensatory chamber enlargement, or 
both. The LV enlargement can exacerbate MR because of 
ventricular-valvular interdependence, resulting in a vicious 
cycle of worsening MR and LV dysfunction. Preload and 
afterload changes can make the degree of this LV dysfunction 
difficult to characterize [57]. Nevertheless, these cumulative 
effects can result in irreversible LV dysfunction, leading to 
decompensated MR, with an ensuing poor prognosis.

In primary MR, mild MR is defined as a mitral RVol 
<30  mL, a regurgitant fraction (RF) <30%, and an EROA 
<0.2 cm2, whereas severe MR is defined as a RVol ≥60 mL 
with an RF ≥50% and an EROA ≥0.4 cm2. Other indicators 
of severe MR include a vena contracta width ≥0.7 cm with a 
large central regurgitant jet occupying >40% of the LA area 
or with a wall-impinging jet of any size, as well as blunting 
of the systolic component with systolic flow reversal in the 
pulmonary veins. Additional supportive signs include a very 
dense, early-peaking triangular jet on a continuous-wave 
Doppler echocardiogram and a peak mitral inflow veloc-
ity >120 cm/s [58].

The 2014 AHA/American College of Cardiology (ACC) 
guidelines now classify primary MR into four grades: grade 
A, at risk of MR; grade B, progressive MR; grade C, asymp-
tomatic severe MR; and grade D, symptomatic severe MR 
(Table 8.2). Patients at risk of MR are identified on echocar-
diography with mild valvular prolapse but normal coapta-
tion, or mild valvular thickening and leaflet restriction. They 
have either no MR jet or a jet area <20% of the LA, with a 
vena contracta <0.3 cm. Mitral valve surgery is not indicated 
for patients at risk of MR [26].

Progressive, or grade B, MR is characterized by severe 
mitral prolapse with normal coaptation, rheumatic changes 
with leaflet restriction, and loss of coaptation, or by prior 
infective endocarditis. The central jet measures 20–40% of 
the LA or may be a late systolic eccentric jet. The vena con-
tracta measures <0.7  cm and has a regurgitant volume of 
<60 mL, an RF <50%, and an EROA <0.4 cm2. Concomitant 
MV repair is now a class IIa recommendation for patients 
with grade B MR undergoing cardiac surgery for other 
 indications [26].

Asymptomatic severe MR, or grade C, can be character-
ized similarly to grade B, in that echocardiographic findings 
are consistent with rheumatic changes or prior infective 
endocarditis. Grade C severity is often distinguished from 
Grade B by prolapse with the loss of leaflet coaptation or a 

flail leaflet, or by thickening of the leaflets associated with 
radiation heart disease. Defining echocardiographic mea-
surements are a central jet >40% of the LA, a holosystolic 
eccentric jet, vena contracta >0.7  cm, regurgitant vol-
ume >60 mL, RF >50%, and an EROA >0.4 cm2. Class Ia 
indications for surgery for asymptomatic severe MR include 
LV dysfunction (defined by an LVEF of 30–60% or a LV 
end-systolic diameter >40 mm) and cardiac surgery for other 
indications, during which the MV can be repaired concomi-
tantly. Current guidelines make a class IIa recommendation 
for repair for asymptomatic severe MR in patients with pre-
served LV function, for whom the likelihood of a successful 
and durable repair is >95%, with an expected mortality <1% 
when performed at a Heart Valve Center of Excellence [26].

Symptomatic severe MR, or grade D, is identified by the 
same anatomic findings and echocardiographic measure-
ments used to identify asymptomatic MR.  Symptoms of 
severe MR include decreased exercise tolerance and exer-
tional dyspnea. Mitral valve surgery is a class I recommenda-
tion for patients with an LVEF >30% and symptomatic severe 
MR. In addition, considering MV surgery in patients with an 
LVEF <30% now carries a class IIb recommendation [26].

In secondary MR, the thresholds of 0.4 cm2 or 60 mL/beat 
may still be considered severe on the basis of several argu-
ments. A lower RVol might still represent significant over-
load for a compromised LV. Because the total cardiac output 
of the ventricle is generally lower than in primary MR with 
preserved LV function, the 60-mL threshold may not be 
reached despite a >50% RF. In addition, with secondary MR, 
the orifice is usually crescentic along the commissural line 
and may underestimate the orifice area when one uses the 2D 
PISA method (in contrast to 3D), which inherently assumes 
a hemispheric flow convergence [59].

The most recent (2017) guideline the ERO delineating 
“severe” MR was changed from 0.2 cm2 to 0.4 cm2 recogniz-
ing that LV volume interacted with orifice area in delineating 
severity. In the typically dilated LV in patients with MR, an 
ERO of 0.4 cm2 is usually associated with a regurgitant frac-
tion of 50% while in smaller LVs the ERO may be less than 
0.4 and still be consistant with severe MR. Most importantly, 
no single parameter should ever be used to assess MR sever-
ity in either primary or secondary MR. Rather all parameters 
including physical examination should be integrated to arrive 
at an estimation.

Cardiac magnetic resonance (CMR) can be used not only 
to assess the cause but also, more importantly, to quantify the 
severity of MR. Use of CMR is indicated when echocardio-
graphic and clinical findings do not agree. It is extremely 
useful for quantifying multiple or eccentric MR jets that are 
difficult to evaluate by echocardiography. In addition, CMR 
can assess cardiac size and function and LV scar burden, 
along with their interaction, in patients with secondary MR 
[60]. Most comparisons of CMR and TTE show concordance 
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in evaluating the degree of primary MR, although not sec-
ondary MR [61, 62].

The 2017 AHA/ACC guidelines classify secondary MR 
into the same 4 classes as primary MR: grade A, at risk of 
MR; grade B, progressive MR; grade C, asymptomatic severe 
MR; and grade D, symptomatic severe MR. Patients at risk of 
secondary MR have normal valve leaflets, chords, and annu-
lar structure, with associated coronary disease or cardiomy-
opathy. Echocardiography reveals no MR jet or a jet <20% of 
the LA, and a vena contracta <0.3 cm. No intervention is rec-
ommended for patients at risk of secondary MR [26].

The most recent 2017 ACC/AHA guidelines used to 
describe secondary/functional MR are shown in Table 8.3.

Secondary progressive MR is identified by wall motion 
abnormalities on echocardiography, with mild tethering of 

the mitral leaflet or with annular dilation and loss of central 
coaptation of the leaflets. The EROA is <0.4 cm2, regurgitant 
volume is <60 mL, and the RF is <50%. Mitral valve repair 
(not replacement) may be considered for secondary progres-
sive MR in patients undergoing cardiac surgery for other 
indications (class IIb recommendation) [26].

Asymptomatic and symptomatic severe secondary MR are 
associated with regional wall motion abnormalities, LV dila-
tation with severe tethering of a mitral leaflet, or annular dila-
tion with severe loss of mitral leaflet coaptation. The EROA is 
>0.4 cm2, with a regurgitant volume >60 mL or an RF >50%. 
Asymptomatic patients may have symptoms due to coronary 
ischemia or heart failure, but these symptoms respond to 
revascularization and medical therapy. In contrast, patients 
considered symptomatic have heart failure symptoms that 

Table 8.2 Stages of primary MR

Grade Definition Valve anatomy Valve hemodynamicsa

Hemodynamic 
consequences Symptoms

A At risk of MR •  Mild mitral valve prolapse 
with normal coaptation

•  Mild valve thickening and 
leaflet restriction

•  No MR jet or small central jet 
area <20% LA on Doppler

•  Small vena contracta
<0.3 cm

• None • None

B Progressive MR •  Severe mitral valve prolapse 
with normal coaptation

•  Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

• Prior IE

• Central jet MR 20–40%
•  LA or late systolic eccentric 

jet MR
• Vena contracta <0.7 cm
•  Regurgitant volume <60 mL
•  Regurgitant fraction <50%
• ERO <0.40 cm2

•  Angiographic grade 1–2+

• Mild LA enlargement
• No LV enlargement
•  Normal pulmonary 

pressure

• None

C Asymptomatic 
severe MR

•  Severe mitral valve prolapse 
with loss of coaptation or flail 
leaflet

•  Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

• Prior IE
•  Thickening of leaflets with 

radiation heart disease

•  Central jet MR >40% LA or 
holosystolic eccentric jet MR

• Vena contracta ≥0.7 cm
•  Regurgitant volume ≥ 60 mL
•  Regurgitant fraction ≥50%
• ERO ≥0.40 cm2

•  Angiographic grade 3–4+

•  Moderate or severe LA 
enlargement

• LV enlargement
•  Pulmonary hypertension 

may be present at rest or 
with exercise

•  C1: LVEF >60% and 
LVESD <40 mm

•  C2: LVEF ≤60% and 
LVESD ≥40 mm

• None

D Symptomatic 
severe MR

•  Severe mitral valve prolapse 
with loss of coaptation or flail 
leaflet

•  Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

• Prior IE
•  Thickening of leaflets with 

radiation heart disease

•  Central jet MR >40% LA or 
holosystolic eccentric jet MR

• Vena contracta ≥0.7 cm
•  Regurgitant volume ≥ 60 mL
•  Regurgitant fraction ≥50%
• ERO ≥0.40 cm2

•  Angiographic grade 3–4+

•  Moderate or severe LA 
enlargement

• LV enlargement
•  Pulmonary hypertension 

present

•  Decreased 
exercise 
tolerance

•  Exertional 
dyspnea

ERO effective regurgitant orifice, IE infective endocarditis, LA left atrium/atrial, LV left ventricular, LVEF left ventricular ejection fraction, LVESD 
left ventricular end-systolic dimension, MR mitral regurgitation
From Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, 3rd, Guyton RA, et al. 2014 AHA/ACC guideline for the management of 
patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
J Thorac Cardiovasc Surg. 2014;148:e1–e132. Reprinted with permission
aSeveral valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each 
patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with 
other clinical evidence
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persist after revascularization and do not respond to opti-
mized medical therapy. These symptoms may include 
decreased exercise tolerance and exertional dyspnea. Mitral 
valve surgery is recommended for both asymptomatic and 
symptomatic severe secondary MR in patients undergoing 
coronary artery bypass grafting or AVR (class IIa). Mitral 
valve repair or replacement may be considered for 
 symptomatic patients undergoing other cardiac operations 
(class IIb) [26].

Nonischemic functional MR is most often due to severe 
chronic LV volume overload with unknown or idiopathic 
causes. Other advanced valvular heart disease is the second 
most common cause. Functional MR can be found in 40% of 
patients with heart failure due to dilated cardiomyopathy 

[63]. Functional, ischemic MR is increasingly prevalent as 
the population ages and as more patients survive myocardial 
infarction and live with severe ischemic heart disease. 
Ischemic MR can result in changes in mitral annular geom-
etry and regional and global LV geometry and function, 
abnormal leaflet motion, increased distance between papil-
lary muscles, misalignment of papillary muscles, and apical 
tethering of the leaflets with restricted systolic leaflet motion 
and a typical Carpentier type IIIb pattern of dysfunction [64, 
65]. Thus, ventricular dysfunction, whether the cause is isch-
emic or nonischemic, can cause or contribute substantially to 
the development of MR. Technologies aimed at ameliorating 
ventricular dysfunction may therefore be important in treat-
ing MR in such patients.

Table 8.3 Stages of secondary MR

Grade Definition Valve anatomy Valve hemodynamicsa Associated cardiac findings Symptoms
A At risk of MR •  Normal valve leaflets, 

chords, and annulus in a 
patient with coronary 
disease or 
cardiomyopathy

•  No MR jet or small 
central jet 
area <20% LA on 
Doppler

•  Small vena 
contracta <0.30 cm

•  Normal or mildly dilated 
LV size with fixed 
(infarction) or inducible 
(ischemia) regional wall 
motion abnormalities

•  Primary myocardial 
disease with LV dilation 
and systolic dysfunction

•  Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

B Progressive MR •  Regional wall motion 
abnormalities with mild 
tethering of mitral leaflet

•  Annular dilation with 
mild loss of central 
coaptation of the mitral 
leaflets

• ERO <0.40 cm2,b

•  Regurgitant 
volume <60 mL

•  Regurgitant 
fraction <50%

•  Regional wall motion 
abnormalities with 
reduced LV systolic 
function

•  LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

•  Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

C Asymptomatic 
severe MR

•  Regional wall motion 
abnormalities and/or LV 
dilation with severe 
tethering of mitral leaflet

•  Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

• ERO ≥0.40 cm2,b

•  Regurgitant 
volume ≥60 mL

•  Regurgitant 
fraction ≥50%

•  Regional wall motion 
abnormalities with 
reduced LV systolic 
function

•  LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

•  Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

D Symptomatic 
severe MR

•  Regional wall motion 
abnormalities and/or LV 
dilation with severe 
tethering of mitral leaflet

•  Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

• ERO ≥0.40 cm2,b

•  Regurgitant 
volume ≥60 mL

•  Regurgitant 
fraction ≥50%

•  Regional wall motion 
abnormalities with 
reduced LV systolic 
function

•  LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

•  HF symptoms due to MR 
persist even after 
revascularization and 
optimization of medical 
therapy

•  Decreased exercise tolerance
• Exertional dyspnea

2D 2-dimensional, ERO effective regurgitant orifice, HF heart failure, LA left atrium, LV left ventricular, MR mitral regurgitation, TTE transtho-
racic echocardiogram
From Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, 3rd, Guyton RA, et al. 2017 Focused Update of the 2014 AHA/ACC guideline 
for the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. JACC 2017 70:252–289. Reprinted with permission
aSeveral valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each 
patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with 
other clinical evidence
bThe measurement of the proximal isovelocity surface area by 2D TTE in patients with secondary MR underestimates the true ERO due to the 
crescentic shape of the proximal convergence
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 Mitral Valve Stenosis

Mitral valve stenosis is classified into stages similar to the 
grades used to classify MR: stage A, at risk of MS; stage B, 
progressive MS; stage C, asymptomatic severe MS; and 
stage D, symptomatic severe MS. Patients at risk of MS may 
have MV doming identified by echocardiography, but with 
normal transmitral velocities. No intervention is recom-
mended at this stage [26].

Patients with progressive MS may have rheumatic 
changes with associated commissural fusion and diastolic 
doming. The planimetered valve area is <1.5 cm2, transmitral 
flow velocities are increased, and the diastolic pressure half- 
time is <150 ms. In contrast, both asymptomatic and symp-
tomatic severe MS are associated with similar anatomy on 
echocardiography but with a planimetered valve 
area <1.5 cm2, a diastolic pressure half-time >150 ms, and 
elevated (>30 mmHg) pulmonary artery systolic pressures. 
Very severe MS is further characterized by MV areas <1 cm2 
and diastolic pressure half-times >220 ms. Symptoms asso-
ciated with MS can include decreased exercise tolerance and 
exertional dyspnea [26].

For patients with mitral stenosis, percutaneous balloon 
commissurotomy is often the first-line therapy when ana-
tomically feasible. Candidates for balloon commissurotomy 
must be free of moderate or severe MR and must have no left 
atrial thrombus. The AHA/ACC guidelines currently make a 
class I recommendation for percutaneous balloon commis-
surotomy in symptomatic patients with severe MS and favor-
able valve morphology. Furthermore, patients with 
asymptomatic severe or very severe MS may be considered 
for balloon commissurotomy. However, for patients with 
severe symptomatic MS who are not candidates for balloon 
commissurotomy or for whom it has failed, MV surgery is 
recommended. Additionally, concomitant MV surgery is rec-
ommended for patients with moderate or severe MS under-
going cardiac surgery for other indications. Lastly, MV 
surgery with ligation of the left atrial appendage can be con-
sidered for patients with severe MS who have recurrent 
embolic events while on anticoagulation [26].

 The Current Treatment Paradigm—Natural 
History of MR and Timing of Surgical Therapy

Medical therapy offers little for the treatment of severe MR, 
so the current treatment paradigm relies primarily on surgi-
cal repair or replacement of the MV. To understand the role 
and timing of surgical intervention in this current treatment 
paradigm, one must first consider the risks and benefits of 
surgical intervention and understand the natural history of 
MR, and how the interplay of these factors determines the 
current surgical paradigm for MR.

 Surgery for Mitral Regurgitation

Surgical therapy for MR can be broadly grouped into two 
categories: MV repair and MV replacement. These proce-
dures pose a risk of morbidity and mortality that increases 
with worsening MR and LV dysfunction [66]. As a result, at 
later stages of MR, the risks associated with surgery may be 
prohibitively high, precluding safe surgical intervention. 
Therefore, one of the major goals in the current treatment 
paradigm is to identify cases of MR and intervene surgically 
before the patients become too sick to tolerate surgery and 
have a low likelihood of surviving the operation.

At the other end of the spectrum, with regard to patients 
with MR and healthy ventricles, surgery is offered only to 
patients for whom the potential benefits of surgical correc-
tion of MR outweigh the risks. In this regard, some patients 
with MR can be considered “too healthy” for surgery and are 
monitored for progression of the disease until they fall within 
the appropriate therapeutic window.

Further complexity arises when the choice is made 
between MV replacement and repair. Mitral valve replace-
ment involves placing a prosthetic valve in the heart, incur-
ring a lifelong risk of infection. One must also consider the 
durability of the prosthetic valve. Replacement valves can be 
broadly categorized into mechanical valves and biopros-
thetic tissue valves. Mechanical valves are extremely durable 
and may last for the patient’s lifetime, but they pose certain 
risks. These include valve thrombosis and resultant 
 embolization, which can result in stroke or other embolic 
phenomena, as well as the risk of bleeding incurred by life-
long anticoagulation with warfarin to prevent such thrombo-
sis. Mechanical valves can also fail by developing 
infra-annular pannus, which impairs leaflet function and 
reduces the effective orifice area.

Bioprosthetic valves do not necessitate systemic antico-
agulation with warfarin and therefore do not pose the atten-
dant risks. However, bioprosthetic valves have limited 
durability; their life span averages 10–20 years and is lower 
in younger patients. Significant bioprosthetic valve deterio-
ration then results in the need for reintervention and redo 
valve replacement, which usually carries a higher risk of 
morbidity and morbidity than primary valve replacement.

In contrast, MV repair does not incur the device-related 
risks of anticoagulation and bioprosthetic valve deteriora-
tion, because the native valve remains in place [67, 68]. 
Furthermore, with contemporary valve repair, the chordal 
apparatus is maintained; studies show preservation of LV 
geometry and systolic function and also lower rates of late 
complications than with prosthetic MV replacement [69]. 
However, not all valves can be repaired, even at the best 
referral centers. In addition, the risks, benefits, durability, 
and complications of surgery must be balanced against the 
natural history of MR, to further elucidate the best timing for 
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surgery and to better identify patients for whom surgical 
intervention is appropriate.

 Natural History of MR

The natural history of MR varies substantially with severity, 
cause, and symptomatology. When treatment options are 
considered for patients with MR, it is important to distin-
guish between patients with symptomatic versus asymptom-
atic disease, and among patients with mild-to-moderate, 
moderate-to-severe, and severe MR.

As much as 20% of the population has trivial or mild-to- 
moderate MR; however, most of these individuals are asymp-
tomatic, and for many, their MR never becomes significant 
enough to warrant surgical intervention [70, 71]. Furthermore, 
MR can remain mild or mild-to-moderate for many years 
without any significant worsening, either hemodynamically 
or in terms of symptoms. Affected patients are monitored for 
the development of significant hemodynamic changes or 
symptoms.

Although the development of symptoms is an indication 
for surgical intervention, it is an unpredictable and unreliable 
indicator of progression to moderate-to-severe or severe MR, 
of a chronic compensated state of MR, or of transition to a 
decompensated state. For example, by the time significant 
dyspnea arises, there may already be significant irreversible 
ventricular dysfunction. Thus, most patients with MR will be 
monitored for the development of significant anatomic, 
echocardiographic, or hemodynamic changes that indicate 
worsening MR.  However; even patients with significantly 
worsening MR can remain asymptomatic.

The natural history of asymptomatic, moderately severe 
MR is controversial. Initial studies suggested a benign prog-
nosis, without death or deterioration of LV function for up to 
5 years of follow-up, but a 10% average annual risk of symp-
tom development leading to surgical correction was noted 
[72]. Subsequent studies have shown a 5-year combined 
incidence of 42% for the onset of atrial fibrillation, heart fail-
ure, or cardiovascular death [73].

As MR progresses to the severe stage, if left untreated, its 
natural history involves worsening clinical deterioration, 
morbidity, and substantial mortality risk. This holds true in 
both symptomatic and asymptomatic patients. Thus, it is clear 
that such patients should be considered for surgery; however, 
as described previously, these patients are at risk for signifi-
cant LV dysfunction, which can be difficult to detect and 
which substantially increases the likelihood of morbidity and 
mortality with operative intervention. Thus, patients who 
have developed severe LV dysfunction may be too sick for 
surgery and may thus fall out of the therapeutic window.

The end result of these considerations is summarized in 
Fig.  8.1, adapted from the 2017 ACC/AHA guidelines, 

describing recommendations for the timing of surgical inter-
vention for MR.

 Comorbidities

In addition to the risks and benefits of surgery and the natural 
history of MR itself, one must also consider comorbid condi-
tions and the increased risks of morbidity, mortality, and 
complications they may pose. Two of the strongest risk fac-
tors for early mortality are age and NYHA functional class 
[66]. Continued heart failure is the main cause of death after 
surgical correction of MR [66]. Important predictors of late 
mortality after operation include advanced age, elevated 
serum creatinine level, elevated systolic blood pressure, cor-
onary artery disease, advanced functional class heart failure, 
and echocardiographic evidence of reduced LVEF and wors-
ening end-systolic dimension [66, 68, 74]. Renal failure or 
dysfunction, liver failure or dysfunction, a hostile chest due 
to prior sternotomy or radiation, COPD, prior stroke, endo-
carditis, and poor nutritional status are other factors and 
comorbidities that increase the risks associated with surgery 
and that may portend poorer outcomes. Thus, appropriate 
candidates for surgery are those patients who fall within the 
therapeutic window, and for whom the risks posed by comor-
bid conditions are low enough so as to not preclude surgical 
intervention.

Understanding this paradigm is important, as it lays the 
framework for understanding how emerging technologies for 
endovascular treatments—MV repair, MV replacement, and 
interventions to alleviate ventricular dysfunction—can alter 
the therapeutic window. This paradigm also informs what 
threshold levels of risk can be tolerated, and what threshold 
levels of benefit need to be exceeded, to ensure successful 
adoption of any given technique or technology.

 Mitral Valve Repair

Despite the lack of randomized trials comparing MV repair 
and replacement in degenerative valve disease, comparative 
studies have demonstrated a survival advantage with MV 
repair [75–77]. In addition, repair preserves ventricular func-
tion and provides greater freedom from thromboembolic and 
anticoagulation-related events, as well as endocarditis.

The basic principles of any mitral repair include (1) rees-
tablishing normal leaflet motion, (2) obtaining an adequate 
surface of leaflet coaptation, and (3) annular stabilization 
with a ring or band while maintaining an adequate mitral 
orifice size. To perform the most durable repair, the surgeon 
needs to be familiar with both the normal functional anatomy 
and the pathological anatomy as it relates to the lesions of the 
leaflets, leaflet motion, and annulus.
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Repair techniques have evolved into three basic concepts. 
The first involves resectional techniques, which were popu-
larized by Carpentier. This entails resecting abnormal leaflet 
tissue and later reconstruction. The second involves a 
“respect all, rather than resect” technique. With this approach, 
the free edges of the prolapsing leaflet segments are resus-
pended with artificial Gore-Tex neochords. Multiple varia-
tions of this approach have been described. The third concept 
combines the first 2: resecting all abnormal leaflet tissue, 
then using Gore-Tex neochords to address any remaining 
redundant leaflet tissue.

The edge-to-edge technique, which was popularized by 
Alfieri, has been used as both a primary repair strategy and a 
“bailout” technique. This technique provides a functional, as 
opposed to an anatomical, repair of the valve.

Carefully evaluating the valvular deformity by both pre-
operative and intraoperative echocardiography is essential. 
Thereafter, the surgeon must correlate these findings with the 

intraoperative valve analysis. Each of the leaflet segments, 
including commissures, chordae, and the subvalvular appa-
ratus, as well as the annulus, must be carefully inspected. 
Many surgeons use P1 as a reference point to assess the 
degree of prolapse of the adjacent scallops because, in the 
majority of cases, P1 is free of disease. Others reject this 
concept and instead take a targeted approach to the valve by 
addressing the most significant lesion first and repairing 
additional defects thereafter. The surgeon must take into con-
sideration the amount of leaflet tissue involved (volume) in 
relation to adjacent normal leaflet, the height of the affected 
leaflet, and the amount of support (chordae) that is lacking or 
in excess. Leaving the posterior leaflet too long (i.e., >1.5 cm) 
can lead to systolic anterior motion of the MV.

Today, more than 90% of cases of degenerative MV dis-
ease can be repaired at referral or expert centers. Furthermore, 
after surgeons obtain sufficient experience in minimally 
invasive surgery, essentially every repair technique can be 

Fig. 8.1 Indications for surgery for mitral regurgitation. AF atrial 
fibrillation, CAD coronary artery disease, CRT cardiac resynchroniza-
tion therapy, ERO effective regurgitant orifice, HF heart failure, LV left 
ventricular, LVEF left ventricular ejection fraction, LVESD left ven-
tricular end-systolic dimension, MR mitral regurgitation, MV mitral 

valve, MVR mitral valve replacement, NYHA New  York Heart 
Association, PASP pulmonary artery systolic pressure, RF regurgitant 
fraction, RVol regurgitant volume, Rx therapy. ∗Mitral valve repair is 
preferred over MVR when possible. From Nishimura et al. [26]
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applied. Minimally invasive approaches to mitral surgery 
provide unimpeded, direct, and truly anatomic visualization 
of the MV. One must keep in mind that these approaches do 
not help surgeons to improve their competency with mitral 
repair techniques. Proficiency with a wide variety of mitral 
repair techniques is acquired with experience and repetition. 
A significant learning curve is associated with both mitral 
repair and minimally invasive access. Considering that 
among surgeons performing MV surgery, the median num-
ber of MV repairs per surgeon is 5 per year, proficiency in 
repair may be difficult to obtain. In addition, among all sur-
geons performing mitral surgery, the median MV repair rate 
is 41% [78]. Therefore, the concept of centers of excellence 
has been proposed in order to obtain the highest possible rate 
of durable repairs [79].

Furthermore, in 2008, 26% of Society of Thoracic 
Surgeons Adult Cardiac Surgery Database centers were per-
forming a median of 3 less-invasive procedures per year 
[80]. Therefore, the necessary skillsets to perform complex 
MV repairs via a minimally invasive approach may be 
obtainable only at minimally invasive MV repair referral 
centers.

 Mitral Valve Repair Techniques

 Posterior Leaflet Prolapse or Flail

A P2 prolapse is the most common dysfunction seen in 
degenerative MV disease. A small segment of flailed or pro-
lapsed leaflet can be managed with a limited triangular resec-
tion. In contrast, a broad scallop with a large area of prolapse 
or flailed segment can be addressed with a quadrangular 
resection. This can be performed along with a sliding or fold-
ing plasty. With larger resections, annular compression 
sutures can be considered, as well. An alternative approach is 
a butterfly resection of a broad P2 segment. In certain cases 
in which a limited triangular resection is performed and there 
is excess height in P2, a Gore-Tex chord can be added to 
avoid potential systolic anterior motion (SAM) of the 
MV.  With excessive leaflet tissue, a larger quadrangular 
resection of P2 will help avoid SAM, as well.

Prolapse of P1 and P3 can be addressed with limited 
resection, depending on the thickness and amount of tissue 
on the affected scallop. Alternatively, a complete “respect 
rather than resect” approach can be taken by placing polytet-
rafluoroethylene (PTFE) artificial neochords. Several meth-
ods can be used. These include placing individual chords in 
the papillary muscles supported with or without pledgets, 
running one Gore-Tex suture through the papillary muscle 
and then into the leaflet and back multiple times, placing one 
small Gore-Tex loop in the papillary muscle and then pass-
ing multiple individual Gore-Tex sutures through the loop 

and into the leaflets as necessary, and using the multi-loop 
technique. This approach displaces the leaflets into the ven-
tricle and establishes a new line of coaptation to simulate a 
Roman arch.

 Anterior Leaflet Prolapse or Flail

Mild anterior leaflet prolapse usually does not need to be 
addressed and resolves once the annuloplasty is placed. For 
moderate or greater anterior prolapse or flail, placing artifi-
cial neochords is the most commonly used technique. Various 
methods have been described. Single or multiple Gore-Tex 
neochords can be placed from the papillary muscle to the 
free edge of the leaflet. It is important that the neochords 
cross neither the midline nor each other. The length of the 
leaflet can be determined by measuring the height of an adja-
cent normal native chordae or with the saline test after annu-
loplasty implantation. Another method involves using 
premeasured Gore-Tex loops. The length of these loops can 
be determined by measuring adjacent normal chordae intra-
operatively or by measuring normal chordae with intraopera-
tive TEE. These chordal loops for the anterior leaflet usually 
measure between 22 and 26  mm. Aggressively shortening 
the anterior leaflet can lead to residual MR and even 
SAM.  Another reference point that can be considered for 
determining the chordal length is the annular plane; the free 
edge of the leaflet should reach the level of the annulus. Even 
with these methods, measuring an exact length can be 
challenging.

In addition, anterior leaflet secondary chords (which are 
usually the appropriate length) can be transferred to the free 
edge. These chords can serve as a guide to the proper length 
of an artificial neochord if one is needed for additional 
support.

Other, infrequently used alternative techniques include 
chordal transposition, which is effective but can potentially 
damage a normal posterior leaflet; this technique involves 
transposing a segment of normal posterior leaflet with native 
chordae of normal length to the affected segment of prolaps-
ing anterior leaflet. Papillary muscle repositioning involves 
anchoring the fibrous head of the anterior papillary muscle to 
the posterior papillary muscle. Resecting the anterior leaflet 
is reserved for significant localized abnormalities of the leaf-
let, and resection is limited to no more than 10% of the 
leaflet.

 Bileaflet Prolapse

Bileaflet prolapse can be treated with a combination of the 
previously described techniques. These are the most chal-
lenging of all repairs, as well as the least durable. Bileaflet 
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prolapse presenting with only a central jet identified by pre-
operative TEE can occasionally be addressed with only an 
annuloplasty ring that is sized to the annulus. Another 
approach to bileaflet prolapse is an Alfieri stitch (edge-to- 
edge repair) with the addition of an annuloplasty ring.

 Commissural Prolapse

Limited commissural prolapse can be treated with a limited 
resection or folding plasty. With more extensive commis-
sural prolapse secondary to leaflet destruction and chordal 
rupture, a quadrangular resection with annular plication can 
be performed. This procedure can be completed with a 
“magic stitch” to restore coaptation. In cases with more 
extensive involvement of the commissure, both A3 and P3 
can be detached from the annulus after a quadrangular resec-
tion is performed. Annular plication and leaflet advancement 
are performed thereafter.

Patients with intact leaflets and elongated chordae can be 
treated with papillary muscle shortening or a papillary mus-
cle sliding plasty. Another option is using artificial neochor-
dae to reduce the height of the commissure.

 Mitral Annular Calcification

Annular decalcification may be required to establish an ade-
quate surface of leaflet coaptation in patients undergoing 
repair. The leaflet is detached from the annulus, and an 
attempt is made to resect the calcium bar en bloc. If this is 
not possible, fractional debridement with a rongeur can be 
performed, after which the leaflet is reattached. An ultrasonic 
debridement device can also facilitate the decalcification. 
Some cases may require patch repair of the atrioventricular 
groove to avoid a disruption. In cases of diffuse calcification, 
an alternative is to place annular sutures around the calcium 
and to modify the annuloplasty ring or band if necessary. 
Mitral annular calcification can pose a challenge, and the 
feasibility of repair may be limited.

 Rheumatic Valvular Disease

In developing countries, attempts to repair a rheumatic valve 
in the earlier stages of the disease are complicated by the 
need for reoperation due to progressive distortion and fibro-
sis of the leaflets secondary to progression or recurrence of 
the rheumatic process. Replacement attempts are also 
plagued by several complications, as well as the risks associ-
ated with multiple operations, especially in young patients.

In developed countries, the disease process is different, 
and the leaflets undergo more of an advanced, end-stage his-

tologic process that is unlikely to progress except for the 
development of calcium deposition. Annular dilatation is the 
cause of regurgitation in more than half of cases. Mitral 
repair is technically more feasible and yields better results in 
this group.

Repair for rheumatic mitral disease includes several 
techniques, ranging from commissurotomy, subvalvular 
chordal, and papillary muscle splitting to leaflet peeling and 
leaflet extension [81]. The initial step is to free the fused 
commissures and subvalvular apparatus by splitting the 
fused chords and papillary muscles. Shortened secondary 
chords are cut to free the leaflets even further. In some cases, 
even thickened restricted primary chords are transected and 
replaced with artificial Gore-Tex chords. The leaflets can be 
made more pliable by peeling off the inflammatory fibrotic 
layer and decalcification. When the leaflet and subvalvular 
mobilization are not enough to compensate for tissue 
 retraction, performing leaflet augmentation techniques can 
increase the surface area of the leaflet, providing greater 
mobility and surface area for leaflet coaptation. Leaflet aug-
mentation can be performed with autologous pericardium, 
bovine pericardium, or a collagen matrix, and on the ante-
rior or posterior leaflet, or both leaflets. The leaflet exten-
sion technique also allows the insertion of a larger 
annuloplasty ring or band [81].

 Annular Stabilization

Annular stabilization with a full ring or band is essential to 
the long-term durability of the repair. The choice between a 
full ring and a band is a topic of ongoing debate. The size of 
the annuloplasty is usually determined by the height of the 
anterior leaflet, although in cases of extreme myxomatous 
degeneration with voluminous leaflets and a very dilated 
annulus, a “true sized” annuloplasty is recommended. The 
annuloplasty restores the normal 4:3 ratio of the MV, 
increases the line of coaptation of the leaflets, and prevents 
annular dilatation. Some reports state that after a band is 
placed, the annulus between the trigones may continue to 
dilate and contribute to recurrent MR.  On the other hand, 
others believe that a full ring can lead to mitral stenosis.

 Edge-to-Edge

This technique, originally described by Alfieri [82], has been 
applied to degenerative disease with bileaflet prolapse, flail 
leaflet, and calcified annulus. The middle portion of each 
leaflet is identified by assessing the subvalvular apparatus 
with nerve hooks. Wide clefts are usually closed. The repair 
is completed by taking large bites through the rough zone of 
the leaflet tissue and suturing the free edge of A2 and P2 with 
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a running 4 or 5-0 Prolene suture. The running length is vari-
able but commonly covers the whole length of the mid scal-
lop. With flail segments other than A2 or P2, the location of 
the suture will correspond to the center of the flailed seg-
ment. An annuloplasty is performed at the end of the proce-
dure [83].

The minimum ring or band size should be 32 mm. Failure 
to use annular stabilization will increase the failure rate. 
Mitral annular calcification also contributes to long-term 
failure.

 Mitral Valve Replacement

Mitral valve replacement is reserved for patients with end- 
stage Barlow disease, previous failed attempts to repair the 
MV, a heavily calcified mitral annulus, or certain forms of 
rheumatic disease. The replacement procedure should spare 
the chords to maintain annular papillary continuity. The dif-
ferent options include preserving the posterior leaflet and 
chords and resecting the entire anterior leaflet; preserving the 
posterior leaflet and chords, then detaching the entire ante-
rior leaflet from the annulus and incorporating it into the pos-
terior suture line; preserving the posterior leaflet and chords 
and resecting only A1 and a portion of P2, leaving P3 intact; 
and resecting all leaflets and chords and resuspending the 
papillary muscles with Gore-Tex neochords, which are 
passed through the annulus and onto the sewing cuff of the 
valve (typically placed at 4 and 8 o’clock). In patients with 
mitral annular calcification, if sutures can be passed through 
the calcium, decalcification may be avoidable. If a large seg-
ment of calcium is present and precludes suture placement, 
the segment will need to be resected.

Some patients have valves that are not amenable to repair, 
so replacement is indicated. These include patients with 
irreparable complex valve disease, as well as elderly patients 
with multiple comorbidities, for whom the benefit of repair 
is outweighed by the risks. A good MV replacement is better 
than a bad MV repair.

 Surgical Treatment of Functional Mitral 
Regurgitation

 Annular Techniques

Secondary MR, also known as functional MR, is most often 
caused by ischemic or dilated cardiomyopathy. The MR is 
caused by changes in the LV that distort the valvular appara-
tus. Specifically, dilation of the LV results in inferior and 
lateral papillary muscle displacement, which ultimately 
leads to tethering of the valve leaflets and loss of central 
coaptation.

Left ventricular end-systolic volume index (LVESVI) can 
be used as a surrogate for LV dilation and remodeling associ-
ated with ischemic myocardial disease and is a predictor of 
poor prognosis in these patients. The principles of mitral 
valve surgery are to restore valve competence, reduce the 
LVESVI, and induce reverse remodeling of the LV, which 
may be associated with better outcomes [84]. For patients 
with secondary MR, the most commonly used technique is 
implanting a downsized annuloplasty ring [84–91].

However, the high recurrence rate of MR associated with 
repair, as compared to mitral valve replacement, has 
prompted further examination of the two approaches to sec-
ondary MR.  Recently, the Cardiothoracic Surgical Trials 
Network conducted a randomized controlled trial of MV 
repair versus replacement for patients with severe ischemic 
MR. Unlike many of the previous studies, this trial showed 
no difference in overall LV remodeling or survival for 
patients who underwent repair versus replacement [92]. 
Furthermore, the rate of recurrence of moderate or severe 
MR was much higher with repair than with replacement 
(32.6% vs. 2.3%). On the other hand, patients who under-
went repair but did not have recurrent MR had significant 
reverse LV remodeling. In addition, the absence of MR 
recurrence was associated with better quality of life. This 
finding prompted a search for predictors of recurrent MR in 
order to improve patient selection for MV repair.

A subgroup analysis by Kron and colleagues [93] identi-
fied only basal aneurysm as an independent risk factor for 
MR recurrence. This finding suggests that leaflet tethering 
plays a significant role in the recurrence of MR after repair. 
Other possible predictors include specific echocardiographic 
measurements, including leaflet tethering height, tenting 
area, coaptation distance, LVESVI, and ventricular spheric-
ity index [89, 94–100]. Recently, follow-up studies have sug-
gested that 3D echocardiography may be superior to 2D 
echocardiography at predicting MR recurrence [101]. In 
addition, a 3D echocardiography study identified a P3 tether-
ing angle of 29.9° or larger as an independent risk factor for 
MR recurrence [102].

 Subvalvular Techniques of Mitral Valve 
Repair for Ischemic Mitral Regurgitation

 Chordal Cutting

The technique of chordal cutting typically focuses on ante-
rior mitral leaflet tethering in functional MR (FMR). This 
attachment can cause an abnormal bend in the anterior mitral 
leaflet described as a “seagull wing” by Professor Alain 
Carpentier [103]. In theory, second-order chordal cutting 
should reduce the degree of leaflet tethering and increase 
leaflet mobility and coaptation height, thereby limiting the 
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degree of MR (Fig.  8.2). Chordal cutting can also be per-
formed by dividing secondary chords to the posterior leaflet 
and to the commissure that arises from the papillary muscle 
or muscles affected by the infarcted myocardium [104]. To 
optimize visibility of the chords, this procedure is performed 
before the annuloplasty band is placed.

Compared with conventional MV repair, chordal-cutting 
MV repair has been associated with a reduced risk of recur-
rent MR because this repair produces greater reductions in 
tenting area and greater mobility of the anterior leaflet (as 
measured by a reduction in the distance between the free 
edge of the anterior MV leaflet and the posterior LV wall) 
without compromising postoperative LVEF [104].

 Papillary Muscle Relocation

Papillary muscle relocation techniques for secondary MR 
are used to treat severe leaflet tethering and displacement of 
the coaptation point. One technique includes placing a 3-0 
polypropylene suture through the posterior papillary muscle 
fibrous tip and then passing it through the adjacent mitral 
annulus just posterior to the right fibrous trigone [105]. After 
the mitral annuloplasty is performed, if the saline test reveals 
inadequate leaflet coaptation (typically in the P3 segment), 
the relocation suture is tightened, drawing the posterior pap-
illary muscle tip closer to the annulus.

Another technique is the “ring plus string” repair [106, 
107]. This technique is performed by anchoring a Teflon- 
pledgeted suture in the head of the posterior papillary mus-
cle, then passing it through the fibrosa (midseptal annular 
saddle horn) under direct vision and exteriorizing it through 
the aortic wall underneath the commissure between the non-

coronary and left coronary aortic cusps. The suture is then 
tied under echocardiographic guidance in the loaded, beating 
heart to reposition the displaced posterior papillary muscle 
toward the fibrosa. This technique has been refined to allow 
further reduction of the septal-lateral diameter after the 
loaded, beating heart is implanted with a DYANA nitinol- 
based dynamic annuloplasty device that can be deformed by 
activation with radiofrequency [108].

Papillary muscle relocation with a suture plus nonrestric-
tive mitral annuloplasty promotes a significant reversal of LV 
remodeling, a decrease in tenting area and coaptation depth, 
and less recurrent MR [109]. What remains to be seen is 
whether restrictive mitral valve annuloplasty produces better 
results than nonrestrictive annuloplasty. This raises the ques-
tion of whether the annuloplasty technique or the subvalvular 
repair contributes more to the success of MV repair for FMR.

 Papillary Muscle Approximation

Papillary muscle approximation (PMA) with a papillary mus-
cle sling technique was first introduced to treat patients with 
ischemic LV dysfunction and FMR [110]. By restoring a more 
normal alignment between the mitral annulus and the laterally 
displaced papillary muscles, this technique could relieve the 
excess tethering on the mitral leaflets and significantly restore 
leaflet mobility. This method is performed by placing a 4-mm 
PTFE tube graft around the base of all the papillary muscles 
(Figs. 8.3 and 8.4). The graft is then progressively tightened 
until there is no gap between the bases of the two papillary 
muscles (Fig. 8.5). An annuloplasty ring that is “true sized” to 
the anterior leaflet is then placed (Fig. 8.6). This technique has 
been termed the “sling and ring” repair. It has been modified 
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Fig. 8.2 Encircling the base of the papillary muscles with a Gore-Tex graft
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and performed safely in a minimally invasive fashion via a 
mini-right thoracotomy [111, 112].

The “sling and ring” repair has shown promise with 
regard to promoting LV remodeling and leaflet mobility by 
limiting the tethering secondary to displacement of the papil-
lary muscles [110]. This anatomical correction can lead to 
improvements in ventricular diameter, LVEF, volume, and 
sphericity index.

A similar subvalvular approach to PMA consists of plac-
ing a single U-shaped stitch, reinforcing it with two patches 

of autologous pericardium, and passing it through the poste-
rior and anterior papillary muscles [113]. This method of 
PMA lowers the rate of recurrent MR [113] and is believed 
to promote significant ventricular remodeling, reducing 
mean LVEDD and increasing mean LVEF [113]. This is con-
sistent with the Cardiothoracic Surgery Network trial that 
showed that patients with more complex tethering may ben-
efit from additional subvalvular procedures [92].

 Surgical Ventricular Reconstruction

In certain populations, adding left ventriculoplasty to MV 
repair for FMR has been associated with more effective con-
trol of MR and further improvement of LVEF than restrictive 
mitral annuloplasty alone [114]. Surgical ventricular recon-
struction (SVR) was first popularized for the management of 
heart failure with LV remodeling caused by coronary artery 

Fig. 8.3 Diagram showing sling around base of papillary muscles

Fig. 8.4 Intraoperative photo of sling placed around the base of the 
papillary muscles

Fig. 8.5 Photo of PTFE graft tightly approximating the base of the 
papillary muscles

Fig. 8.6 Rigid annuloplasty ring, true sized to the anterior leaflet
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[18]. Thus they have encouraged a conservative approach to 
treating TR during mitral surgery. At the other end of the 
spectrum, Dreyfus and colleagues have espoused tricuspid 
annuloplasty during mitral surgery even in the absence of 
TR if tricuspid annular dimension exceeded 70 mm [19] (at 
surgery) while Mahesh et al. have suggested the same strat-
egy for an annular dimension >21 mm/m2 at preoperative 
 echocardiography [20]. This aggressive approach is sup-
ported by Kwak et al. who found that 27% of patients with 
no TR at the time of left-sided surgery developed moderate 
or severe TR within 5 years following operation, especially 

if atrial fibrillation occurred [10]. Several other authors also 
found progression or the new occurrence of TR in 14–50% 
of patients with untreated tricuspid valves at the time of 
mitral surgery [21–23].

When left unattended, existing TR often improves ini-
tially after left-sided surgery but then worsens over time 
(Fig. 9.16) [9]. Virtually all studies are concordant in dem-
onstrating reduced TR when the tricuspid valve is repaired at 
the time of left-sided surgery [13, 24–29]. Most also found 
improved RV remodeling post tricuspid repair [26–29]. In 
addition, tricuspid surgery has reduced the incidence of 
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heart failure or improved functional capacity in some studies 
[27, 29]. No study has demonstrated that correction of mild-
to- moderate TR during mitral or aortic surgery prolongs life, 
indeed most found no change in survival with tricuspid 
repair [13, 25–27] although mortality adjusted for comor-
bidities was improved in at least one study [24]. Most 
recently David et al. found that TR was relatively rare at the 
time of mitral surgery [30]. While TR was associated with a 
worse survival outcome, poor prognosis was due more to 
cofactors associated with TR (age, atrial fibrillation, poor LV 
function, etc.), than the TR itself. Probably because of these 
comorbidities, treatment of TR at the time of mitral surgery 
did not ameliorate the negative impact of preoperative TR on 
outcome [30].

In summary, virtually all studies demonstrate that tricus-
pid repair reduces the risk of TR progression following sur-
gery. Some reports also demonstrate objective clinical 
improvement with less heart failure, faster return of RV func-
tion toward normal and better exercise capacity when tricus-
pid repair accompanied left-sided valve surgery. Whether 
treating TR at the time of left-sided surgery improves sur-
vival is uncertain. Because repeat heart surgery to correct 
residual symptomatic severe TR carries substantial risk, 
most surgeons prefer to address more than mild TR with tri-
cuspid repair during left-sided valve surgery and thus surgi-
cal tricuspid interventions have increased in frequency over 
the past decade [31]. Several studies of TR progression are 
summarized in Table 9.1.

a b

Fig. 9.16 The course of moderate TR after left-sided surgery is shown over time, color coded by grade (left) and by numerical grade (right). After 
initial improvement, many patients suffer gradual worsening. Kusajima K, et al. [9]. Reprinted with permission from Oxford University Press

Table 9.1 Studies of functional tricuspid regurgitation

Ref # N Background Intervention Result
[9] 96 MVS None Initial TR DEC then INC
[10] 335 MVS, AVS None 26% with no I-TR developed 2–4+ TR in 5 years
[11] 165 MVS None 88% vs. 46% 5 year survival 0,1+ TR vs. ≥2+ TR
[18] 699 MVS None Initial TR DEC then INC 1 pt needed TR Surg
[19] 311 MVS None vs. TVR Mortality same but NYHA better with TVR
[22] 174 MVS None 16% with 1 = 2+ ITR became severe in 8 years
[24] 110 MVS No TVR vs. TVR Adjusted survival 45% no TVR vs. 75% TVR
[25] 225 MVS No TVR vs. TVR 93% <2+ TR in TVR vs. 61% for no TVR at 4 years
[26] 645 MVS No TVR vs. TVR TVR predicted recovery of RV function
[27] 624 MVS No TVR vs. TVR TVR decreased TR and HF but not mortality
[28] 44 MVS Rnd no TVR vs. TVR 2–4+ TR in 28% vs. 0% no TVR vs. TVR

AVS Aortic Valve Surgery, DEC Decrease, HF Heart Failure, I Initial, INC Increase, MVS Mitral Valve Surgery, Rnd Randomized Trial, TR Tricuspid 
Regurgitation, TVR Tricuspid Valve Repair
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 Primary Tricuspid Regurgitation

Usual causes of primary TR include deceleration injuries 
from motor vehicle accidents, penetrating chest wounds, 
interference from pacemaker leads, infective endocarditis, 
accidental damage during RV biopsy, and the carcinoid syn-
drome or use of serotonergic-like drugs (see Etiology of 
Tricuspid Regurgitation box above).

Diuretics form Initial therapy for primary TR in an attempt 
to lower right atrial pressure and relieve venous congestion 
but are only modestly effective in severe primary TR. The 
best mechanical therapy for isolated TR is uncertain and spe-
cific indications for valve repair or replacement have not 
been developed. As noted above, the presence of severe TR 
impairs prognosis so it would seem reasonable to eliminate it 
surgically. Using knowledge gained from left-sided VHD, it 
would also seem wise to operate before RV dysfunction has 
occurred. However unlike in left-sided VHD where data 
strongly indicate improved survival after timely surgery, 
there is no evidence that mechanical management of primary 
TR improves outcomes, primarily because no trials exist to 
assess it. Further there are no agreed-upon triggers for TR 
surgery (ejection fraction, RV volumes, etc.) that separate 
good from bad postoperative outcomes. Lack of such triggers 

stems from difficulties in assessing RV volumes echocardio-
graphically. Thus in the current AHA/ACC Guidelines the 
only class I indication for mechanical therapy is to treat 
severe TR during left-sided surgery [32]. There is a class IIa 
indication for treating symptomatic severe TR with repair or 
replacement (Fig. 9.17) [32]. Valve repair is preferred over 
replacement by consensus with some supportive data [33] 
but unlike with mitral regurgitation where repair is clearly 
superior to replacement, the data for TR are much less robust. 
Of note when TR was caused by infective endocarditis in 
those who used intravenous drugs, in some cases the tricus-
pid valve was entirely excised, leaving the patient with tor-
rential TR which was tolerated for several years but eventually 
required tricuspid valve replacement in a minority who 
developed intractable heart failure [34].

When outcomes from tricuspid valve replacement with 
bioprostheses were compared to those of mechanical valves 
in a meta-analysis, only the usual differences were noted. 
Structural valve deterioration was more common with bio-
prostheses while thromboembolic/hemorrhagic complica-
tions were more common with mechanical valves [35]. In 
cases of carcinoid disease, tricuspid surgery improves symp-
toms but outcome is primarily driven by the carcinoid tumor 
and not the valve disease [36].
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Fig. 9.17 The algorithm from ACC/AHA Guidelines for management of TR is presented. The only class 1 indication for the surgical treatment of 
TR is to address it at the time of left-sided surgery. From Nishimura RA, et al. [32]. Reprinted with permission from Wolters Kluwer Health, Inc.
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 Tricuspid Stenosis

 Etiology and Symptoms
In adults worldwide the most common cause of tricuspid ste-
nosis (TS) is rheumatic heart disease but even in rheumatic 
endemic areas TS is relatively rare, affecting only about 
3–9% of patients. In developed countries where rheumatic 
heart disease is rare, TS is even rarer. In some cases TS is 
iatrogenic occurring when correction of TR with small valve 
protheses or small annuloplasty rings cause functional TS.

The symptoms of TS are primarily caused by right atrial 
(RA) and systemic venous hypertension; even a trans- tricuspid 
valve gradient of 5  mmHg results in an RA pressure of 
10–12 mmHg, enough to cause right-sided congestion, asci-
tes, and edema. Because gradient increases with the square of 
the cardiac output, exercise may cause very high RA pressure. 
Severe TS results in reduced cardiac output and fatigue.

 Physical Examination
Although the typical murmur of TS is a diastolic rumble, 
accentuated by inspiration, the relatively low right-sided 
pressures reduce murmur intensity such that it may be very 
soft. Concomitant TR may add a systolic murmur to the 
exam. The neck veins are elevated with a prominent a wave 
and blunted y descent.

 Diagnostic Imaging
As with all valve disease, imaging is the mainstay of diagno-
sis. However, the tricuspid valve is more difficult to image 
than the mitral valve and special care must be taken to obtain 
all views and to calculate the trans-tricuspid gradient.

 Cardiac Catheterization
Because the gradient across the tricuspid valve is usually 
likely small, yet significant, invasive hemodynamics at rest 
and during exercise can be illuminating. A double lumen pig-
tail catheter with one lumen residing in the right atrium and 
the other in the RV measures the pressure difference across 
the valve. Obtaining cardiac output allows for valve area cal-
culation; however there is no accepted categorization of TS 
severity according to valve area.

 Therapy
Therapy is directed at treating symptoms. Mild symptoms 
are treated with diuretics. Severe TS is treated surgically at 
the time of left-sided valve operations because isolated TS as 
the most clinically important valve lesion is exceedingly 
rare. Valve repair, when possible, is preferred to valve 
replacement. While balloon valvotomy may be attempted in 
cases too high risk for surgery [37], most patients with TS 
also have a significant element of TR which may worsen fol-
lowing this procedure, making it less effective for treating 
TS than for treating mitral stenosis. However no large studies 
with long-term follow-up have been reported.

 Pulmonic Valve Disease

 Pulmonic Stenosis

 Etiology and Symptoms
Most cases of pulmonic stenosis (PS) are due to congenital 
fusion of the valve leaflets and are addressed by balloon val-
votomy in childhood. Occasionally PS patients are identified 
for the first time during adulthood. Most PS patients are 
asymptomatic. However severe PS may cause dyspnea on 
exertion, fatigue, and chest pain. Overt right-sided heart fail-
ure causing ascites and edema is rare. Unlike aortic stenosis 
where the calcific lesion progresses over time, the leaflets in 
PS usually remain thin and pliable and severity is typically 
static (once patients reach adulthood) and stenosis progres-
sion is unusual.

 Physical Examination
Pulmonic stenosis is often recognized from the typical sys-
tolic ejection murmur heard in the pulmonic area, some-
times increasing with inspiration. The murmur is often 
preceded by an ejection click as the thin but fused leaflets 
dome in early systole. The click typically lessens in inten-
sity or disappears during inspiration as inspiration alone 
may cause diastolic pulmonary blood flow, doming the 
valve before ventricular systole, reducing or obliterating 
the click. In severe disease the ejection click is usually lost. 
Severe PS is accompanied by right ventricular (RV) hyper-
trophy causing an RV lift. The jugular venous pulse dis-
plays a prominent a wave and neck vein distension 
accompanies RV failure. The second heart sound is widely 
split as pressure overload prolongs RV systole. S2 splitting 
widens with inspiration.

The severity of PS is usually gauged by peak gradient 
because it is on this parameter that outcomes have been cor-
related. Symptom-free survival worsens when the peak gra-
dient exceeds 50 mmHg (Fig. 9.18) [38].

 Imaging
Echocardiography demonstrates doming of the valve in sys-
tole (Fig. 9.19). Doppler interrogation determines jet veloc-
ity from which the transvalvular gradient is obtained 
(Fig. 9.20). Echocardiography may also reveal downstream 
pulmonary artery stenosis (Fig.  9.21) that can be further 
evaluated by cardiac CT and or MRI.

 Management
Conservative management is indicated for less-than-severe 
asymptomatic PS. Balloon valvotomy is indicated for severe 
asymptomatic disease (peak gradient ≥50 mmHg) or for bor-
derline symptomatic disease since prognosis worsens when 
gradient exceeds 50 mmHg (Fig. 9.18). Because valvotomy 
often damages the valve at the time of the procedure, its most 
serious sequela is creation of pulmonary regurgitation (PR). 
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In a recent study, 60% of patients had more than moderate PR 
10  years following balloon pulmonary valvotomy but only 
3% of patients required pulmonary valve replacement [39].

 Pulmonic Regurgitation

 Etiology
Trivial pulmonic regurgitation (PR) is present in most normal 
subjects. However most clinically important primary PR occurs 
secondary to previous correction of congenital heart disease, 
either from balloon valvotomy [39] for PS or from failure of 
valved conduits used to treat a variety of congenital conditions, 
most often tetralogy of Fallot. Occasionally primary PR is 
caused by carcinoid syndrome or rheumatic heart disease. In 
other cases, PR is secondary to severe pulmonary hypertension 

(PHTN). In general PR is well tolerated, owing to the low 
resistance of the pulmonary circuit. Blood pumped forward 
during systole continues on its normal path through the pulmo-
nary bed eventually into the left heart from where it is not 
regurgitated back into the pulmonary circuit. Thus regurgitant 
fraction in severe PR is rarely >40%, whereas in severe left-
sided regurgitation, regurgitant fraction usually exceeds 50%.

 Symptoms and Physical Examination
Most patients with PR are asymptomatic. When symptoms 
develop in severe PR, they usually consist of dyspnea on exer-
tion and fatigue and may occasionally include those of RV fail-
ure, ascites, and edema. The murmur of PR is a high pitched 
diastolic blowing sound heard best in the pulmonic area. In 
severe PR with RV enlargement an RV lift is usually palpated.

 Imaging
Echocardiography is usually adequate to detect and assess the 
severity of PR semiquantitatively. However, echocardiogra-
phy does not visualize the RV well, a deficit because progres-
sive RV enlargement and reduction in RV ejection fraction 
may be indicators for pulmonic valve replacement (PVR). 
Currently cardiac magnetic resonance imaging is the most 
precise method for assessing RV volumes and function [40].

 Management
Mild-to-moderate PR is well tolerated and is managed con-
servatively. If PR is secondary to pulmonary hypertension, 
the conditions causing it are addressed to reduce pulmonary 
pressure, in turn reducing PR. When severe PR has caused 
symptoms or a progressive decline in RV function or 
increased RV size, mechanical treatment is indicated [41–
43]. While the presence of severe PR impairs prognosis 
(Fig. 9.22) [41], the exact triggers for intervention in terms 
of RV volume or ejection fraction have not been delineated. 
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Fig. 9.19 Systolic doming (arrow) of the PV is demonstrated. PA pul-
monary artery
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Fig. 9.20 Spectral 
waveforms with continuous 
wave Doppler demonstrating 
a peak flow velocity of 
4.15 m/s with an estimated 
gradient of 60 mmHg 
between the right ventricle 
and the pulmonary artery

Fig. 9.21 Color Doppler 
flow mapping demonstrating 
turbulent flow across the 
pulmonary valve and the 
pulmonary artery and its 
branches raising the question 
of downstream pulmonary 
artery stenosis
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Surgical pulmonary valve replacement is the gold standard 
of care. If a failed pulmonary conduit is the cause of the PR 
it can be treated with percutaneous valve replacement with a 
stented tissue valve (Melody). Recently the Edwards 
SAPIEN valve has also been approved for this use. Off label 
use of larger percutaneous aortic valves has also been 
attempted [44].

 Mixed Valve Disease

 Aortic Stenosis and Mitral Regurgitation

Aortic stenosis (AS) in the developed world is usually due to 
calcific atherosclerotic disease and usually occurs in isola-
tion. However it is sometimes accompanied by mitral regur-
gitation which is usually secondary to ventricular remodeling 
but is occasionally due to concomitant mitral leaflet pathol-
ogy. Normally the pressure overload of AS results in concen-
tric hypertrophy or concentric remodeling with small LV 
volumes and a competent mitral valve. However in far- 
advanced AS there may be LV dilatation and papillary mus-
cle displacement leading to secondary MR.  Therefore 
secondary MR represents advanced disease and not surpris-
ingly is associated with a worse prognosis compared to iso-
lated AS [45].

It is often hoped that relief of the pressure overload of AS 
by aortic valve replacement (AVR) will allow for improve-
ment in secondary MR both because the LV may undergo 
reverse remodeling and because the pressure driving flow 
backwards across the mitral valve will be reduced. Unfortu-
nately the fate of secondary MR following both surgical and 

transcatheter AVR (SAVR, TAVR) is unpredictable as is its 
effects on outcome. MR does often improve following AVR 
but sometimes it does not. Several studies have found no 
impact of untreated secondary MR at the time of AVR [46–
48] while another found the opposite [49]. However the 
unpredictability of the course of untreated secondary MR 
following TAVR is obvious and well summarized by Nom-
bela-Franco [48, 50–73] in Fig. 9.23. During surgical AVR 
the surgeon has the opportunity to address persistent MR 
with mitral annuloplasty and/or mitral valve repair, tech-
niques obviously not apt for TAVR. While it is clear that pri-
mary MR often does not improve following AVR because 
there are intrinsic mitral anatomic lesions [48], why second-
ary MR fails to improve in some cases is not well understood 
but atrial fibrillation and low transvalvular aortic gradient are 
predictive of failure. Persistent atrial fibrillation may cause 
atrial remodeling perpetuating annular dilatation and MR. A 
low initial aortic gradient means less of a decrease in LV 
pressure driving MR after outflow obstruction is relieved. 
Further, low aortic gradient AS is usually due to LV dysfunc-
tion that may persist post AVR, perpetuating secondary 
MR.  Finally relief of AS may allow for increased cardiac 
output, increasing the volume pumped by the LV, engender-
ing a relative volume overload that might cause MR to per-
sist. This conundrum is most important for patients who can 
undergo either SAVR or TAVR since SAVR offers a direct 
approach to MR that TAVR does not. On the other hand 
while favorable hemodynamic changes might reduce pri-
mary MR following AVR, the persisting mitral anatomic 
lesions are likely to worsen over time so that primary MR 
should be addressed surgically unless the patient is inopera-
ble and TAVR is the only option.

Fig. 9.23 The percentages of 
patients with MR whose MR 
improved (red bars) or 
remained unchanged or 
worsened following TAVR 
(blue bars). From Nombela-
Franco L, et al. [50]. 
Reprinted with permission 
from Elsevier
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 Mixed Aortic Valve Disease

In most cases of mixed aortic valve disease, one lesion, either 
aortic stenosis (AS) or aortic regurgitation (AR) dominates 
and the patient’s LV usually behaves accordingly. Thus when 
there is predominate AS, the LV remodels concentrically 
while predominate AR leads to LV dilatation and eccentric 
remodeling. Most perplexing to clinician is the combination 
of moderate AS and moderate AR, especially when the 
patient is symptomatic. In this case neither lesion by itself 
would be severe enough to warrant intervention while the 
combined lesion might create enough hemodynamic 
 disturbance for the patient to benefit from valve replacement. 
The topic has been addressed recently and the data seem 
consistent. Combined AS/AR behaves primarily like isolated 

AS (Fig.  9.24) [74, 75]. Aortic regurgitation requires 
increased total stroke volume to make up for that lost by 
backward flow. Increased total stroke volume increases the 
systolic aortic pressure gradient thereby increasing the total 
systolic LV pressure, imposing primarily a pressure overload 
on the LV, mimicking pure AS. Thus the presence of symp-
toms and a peak transvalvular jet velocity of 4 m/s or a mean 
gradient of 40  mmHg should trigger AVR even if the 
AVA > 1.0 cm2.

 Mixed Mitral Disease

The presence of mixed mitral stenosis (MS) and MR occurs 
almost always in patients with rheumatic valve disease. 
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Occasionally mixed MS/MR can occur in patients with 
severe mitral annular calcification. Asymptomatic mixed dis-
ease rarely requires therapy since the copresence of MS pro-
tects the LV from the severe volume overload of pure MR 
that can lead to LV dysfunction. Further there are no specific 
objective findings in mixed disease that form a “trigger” for 
valve intervention. However if symptoms attributable to 
mixed mitral disease do occur, intervention seems reason-
able. When symptoms occur, they are almost always resul-
tant from increased LA pressure from combined increased 
LA inflow from MR and obstruction to outflow from the 
LA.  Echocardiographic evidence of an enlarged LA and 
invasive or noninvasive hemodynamic evidence of LA hyper-
tension either at rest or, if necessary, during exercise sug-
gests a valvular basis for the patient’s symptoms. Because 
the presence of significant MR precludes therapy with bal-
loon valvotomy, mitral valve replacement is usually neces-
sary if therapy with diuretics fails to relieve symptoms. It 
should be noted that neither guidelines for the management 
of mitral stenosis or mitral regurgitation are necessarily help-
ful in combined disease.

 Combined Mitral Stenosis and Aortic 
Regurgitation

Combined MS and AR result from rheumatic heart disease. 
When they occur concomitantly, MS is usually the more 
severe lesion. However because MS limits LV filling, it may 
reduce the stroke volume presented to the aortic valve in turn 
reducing the apparent severity of AR [76]. Further, MS 
reduces LV cavity size for any degree of AR causing further 
potential underestimating of AR severity. It is in this regard 
that contrast aortography that visualizes AR flow instead of 
the echocardiographic visualization of AR velocity of flow 
may be helpful as is precise assessment of AR regurgitant 
fraction.

Mechanical intervention is indicated for symptomatic dis-
ease not easily controlled by diuretics. If mitral anatomy is 
favorable, balloon valvotomy should be employed to treat 
the MS followed by SAVR or TAVR, in this way avoiding the 
increased mortality of double valve replacement [77].

 Aortic and Mitral Stenosis

Almost always the product of rheumatic heart disease, this 
combination can be very confusing to the clinician. When 
either lesion is severe, it may limit cardiac output, resulting 
in reduced flow to the other valve, reducing transvalvular 
gradient, leading to underestimation of lesion severity.

 Summary

Key advances are emerging in the understanding and treat-
ment of right-sided and mixed valvular lesions yet many 
questions remain unanswered. Persistent or worsening TR 
after left-sided surgery reduces quality of life but proper 
management during surgery for less-than-severe TR remains 
problematic. However in the surgical community there is 
progression toward treating TR at the time of surgery. 
Advances in the treatment of congenital heart disease have 
prolonged life into adulthood but often leave the patient with 
PR, requiring therapy later in life. Finally it appears that 
mixed aortic valve disease behaves and should be treated as 
severe AS.
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Transcatheter Aortic Valve Replacement

Sukhdeep Singh Basra, Hani Jneid, and Biswajit Kar

 Introduction

Calcific aortic stenosis (AS) remains the most frequently 
encountered valvular heart disease in the Western world 
and represents a major health-care burden. The disease 
process has a slow, progressive asymptomatic phase [1] 
followed by a poor prognosis once symptoms develop with 
a 5-year survival rate of only 15–50% when managed with-
out valve replacement [2]. The prevalence of aortic steno-
sis increases with age and its burden has been increasing 
with the aging world population. The Euro Heart Survey 
of patients with valvular heart disease in 92 centers across 
25 countries showed that aortic stenosis was the most com-
mon left-sided native valvular heart disease and was pres-
ent in 43.1% of patients with valvular heart disease [3]. 
Similarly, the National Heart, Lung and Blood Institute 
population-based study of 11,911 adults who underwent 
systematic echocardiography showed an age-dependent 
increase in prevalence of aortic stenosis from 0.02% in 
patients aged 18–44 years to 2.8% in those aged more than 

75 years [4]. Until recently, surgical aortic valve replace-
ment (SAVR) was the only effective treatment option for 
patients with aortic stenosis and has been shown to prolong 
life even in patients over 80 years of age [5]. However, a 
relatively large percentage (33% of patients with severe 
AS above age 75 years) is not a candidate for SAVR due 
to a high burden of comorbidities [6]. Transcatheter aortic 
valve replacement (TAVR) has emerged as a viable treat-
ment option in AS patients who are at intermediate surgi-
cal risk, high surgical risk, or who are inoperable due to 
advanced age and associated comorbidities.

The first-in-man reported TAVR was performed by Dr. 
Alan Cribier in 2002 and since then more than 1,00,000 such 
procedures have been done all over the world. At this time 
there are two major valve platforms approved for use in the 
USA and include the Edwards SAPIEN Balloon-Expandable 
Valve (BEV) and the Medtronic CoreValve Self-Expanding 
Valve (SEV). These have been extensively studied and FDA 
approved through several multicenter registries as well as 
randomized trials including the PARTNER trial for Edwards 
SAPIEN BEV and the US Pivotal Trials for CoreValve SEV 
in inoperable, high-risk, and intermediate-risk patients. 
Results of recent trials found TAVR to be non-inferior or 
superior to SAVR for low risk patients and TAVR is likely to 
recieve FDA apporival in this group. Additionally, there are 
several other valve platforms being developed with several 
undergoing clinical trials at this time.

 Indications/Contraindications

The current approved indications for TAVR include patients 
with severe symptomatic aortic stenosis who are likely to 
gain improvement in quality of life and have a life expec-
tancy of more than 1 year but are either “inoperable” can-
didates for SAVR as assessed by a “heart team” or have a 
high or intermediate surgical risk and are offered TAVR as 
an alternative. The indications/contraindications for TAVR 
are listed below.
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Absolute and relative contraindications for transcatheter aortic valve 
replacement
Absolute contraindications
Absence of a “heart team” and no cardiac surgery on the site
Appropriateness of TAVI as an alternative to AVR, not confirmed by 
a “heart team”
Clinical
Estimated life expectancy less than 1 year
Improvement of quality of life by TAVI unlikely because of 
comorbidities
Severe primary associated disease of other valve with major 
contribution to the patient’s symptoms that can be treated only by 
surgery
Anatomic
Inadequate annulus size (<18 mm, >29 mma)
Thrombus in the left ventricle
Active endocarditis
Elevated risk of coronary ostium obstruction (asymmetric valve 
calcification, short distance between annulus and coronary ostium, 
small aortic sinuses)
Plaques with mobile thrombi in the ascending aorta or arch
For transfemoral/subclavian approach: inadequate vascular access 
(vessel size, calcification, tortuosity)
Relative contraindications
Bicuspid or noncalcified valves
Untreated coronary artery disease requiring revascularization
Hemodynamic instability
LVEF less than 20%
For the transapical approach: severe pulmonary disease, LV apex 
not accessible

Abbreviations: AVR aortic valve replacement, LV left ventricle, LVEF 
left ventricular ejection fraction, TAVI transcatheter aortic valve 
implementation
Data from: Joint Task Force on the Management of Valvular Heart 
Disease of the European Society of Cardiology (ESC)1; European 
Association for Cardio-Thoracic Surgery (EACTS), Vahanian A, Alfieri 
O, et al. Guidelines on the management of valvular heart disease (ver-
sion 2012). Eur Heart J. 2012 Oct;33(19):2451–96
aContraindication when using the current devices

The current recommendations for use of TAVR as laid 
out by the American College of Cardiology/American 
Heart Association guidelines and the European Society 
of Cardiology/European Association of Cardio-Thoracic 
Surgery are listed in Fig. 10.1 [7, 8]. However it is likely that 
guidelines for TAVR use will move progressively to lower 
risk patients.

 Risk Stratification

Patients being evaluated for TAVR must be evaluated by a 
“heart team” which includes cardiologists, cardiac surgeons, 
anesthesiologists, and other specialists as needed to develop 
a comprehensive understanding of each patient’s risk and 
guide them towards appropriate therapies. Patients must be 

evaluated with a goal to separate patients who are severely 
ill with aortic stenosis from those who are severely ill due to 
severe aortic stenosis.

Risk stratification is key in the TAVR evaluation because 
appropriateness of use is in part determined by level of risk. 
The current accepted method for risk stratification includes 
calculation of either the Society of Thoracic Surgeons (STS) 
projected risk of mortality (PROM) score [9] or the Logistic 
European Score for Cardiac Operative Risk Evaluation (LES 
Euroscore) [10]. Both these scoring systems have been used 
in several TAVR registries as well as randomized clinical 
trials to risk stratify patients for TAVR.  Overall, the LES 
Euroscore overestimates mortality in high-risk patients 
undergoing SAVR and was not appropriately calibrated to 
estimate mortality after TAVR. The STS score is probably 
more realistic in estimating mortality and morbidity after 
SAVR. An STS mortality score cutoff of >4% is used to cer-
tify intermediate or surgical high risk, the current criteria for 
TAVR use.

Newer scoring systems including the EuroSCORE 
II [11], ACEF (Age, creatinine, ejection fraction) 
score, TVT TAVR In Hospital Mortality Score, and the 
Aortenklappenregister score [12] have been developed 
to better predict patient outcomes after TAVR. Although 
the STS and EuroSCORE II score are well established in 
predicting surgical risk, neither was specifically devel-
oped for TAVR patients. Newer models that incorporate 
frailty, prohibitive anatomy including porcelain aorta and 
severe aortic calcification, oxygen dependency, pulmo-
nary hypertension, RV dysfunction, cirrhosis, dementia, 
physical deconditioning and malnutrition, and access 
options are greatly needed and are being developed to 
better stratify patients for whom TAVR is a better option 
than SAVR. Such a model should accurately predict both 
early and late mortality as well as improvement in qual-
ity of life metrics. Hopefully, with the combined analy-
ses of the PARTNER trials, CoreValve trials, and the 
US Transcatheter valve Therapeutics (TVT) National 
Database, a TAVR specific risk algorithm could be devel-
oped and validated [13].

 Patient Screening

Appropriate patient screening is the cornerstone for 
the success of any TAVR program. Optimal screening 
includes a comprehensive evaluation by the heart team 
followed by a thorough review of patient’s anatomical, 
functional, and imaging data to delineate the appropri-
ate treatment strategy, procedural details, as well as post 
procedure care. Figure  10.2 is a representation of the 
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workflow associated with optimal patient screening by 
the heart team.

 Imaging

Imaging is key in the workup of a patient for TAVR 
and is typically done using several modalities including 
transthoracic echocardiography (TTE), multi-slice detec-
tor computed tomography (MDCT), angiography, trans-

esophageal echocardiography (TEE) including 3D TEE as 
well as MRI (Table 10.1). A comprehensive preprocedural 
 echocardiogram is performed to evaluate the aortic valve 
morphology, calcification, hemodynamics, concomitant 
mitral valve disease, left ventricular dimensions and func-
tion, right heart function, and pulmonary hypertension. 
One of the most important aspects of imaging includes 
evaluation of the ilio-femoral access for size, tortuosity, 
and calcification for transfemoral approach. This is typi-
cally accomplished using MDCT, although some centers 

Recommendations for choice of mechanical versus biological aortic valve prosthesis

Class

Shared decision making and informed patient

Anticoagulation and bleeding risk considerations

I

I

I

I

I

IIa

IIa

IIa

IIa

IIa

IIa

IIa

IIa

IIa

Source

AHA

ESC

AHA

ESC

ESC

ESC

ESC

ESC

ESC

ESC

ESC

AHA &
ESC

AHA

AHA

ESC

AHA

IIb

IIb

Valve choice should be based on a shared decision process considering:
• patient values, preferences, and desires
• indications for and risks of long term anticoagulation
• potential need for and risk associated with re-intervention.

Bioprosthetic valve recommended or should be considered:
• if anticoagulant therapy is contraindicated, cannot be managed 
 appropriately, or is not desired.

• for reoperation for mechanical valve thrombosis despite good long-term 
 anticoagulation control.

• in young women contemplating pregnancy.

A mechanical or bioprosthetic valve is recommended
• according to informed patient desires if there are no contraindications to 
 long-term anticoagulation

A bioprosthetic valve should be considered/is reasonable for patients:
• > 65 years of age in aortic and in those with a life expectancy lower than 
 expected valve durability

• > 70 years of age

Either a mechanical or bioprosthetic valve prosthesis is reasonable for patients:
• between 50 and 70 years of age, based on individual patient factors and 
 preferences.

A mechanical valve is reasonable/should be considered for patients:
• < 50 years of age if no contraindication to anticoagulation

• < 60 years of age in aortic position

A bioprosthesis should be considered for patients with a:
• low likelihood and/or a low operative risk of future redo valve surgery.

A mechanical prosthesis is recommended or should be considered in patients:
• at risk of accelerated structural valve deterioration

• with a reasonable life expectancy if future redo valve surgery would be high 
 risk

A pulmonary autograft (the Ross procedure) may be considered for:
• young patients if anticoagulation is contraindicated or undesirable), when 
 performed by an experienced surgeon

Mechanical prosthesis should or may be considered if:
• already on anti-coagulation for another mechanical prosthesis

• already on long-term anticoagulation due to a high risk for 
 thromboembolism

Risk of structural valve deterioration and redo surgery

Expected patient longevity

Fig. 10.1 Recommendations 
for choice of mechanical 
biological aortic valve 
prosthesis. Class I indicated 
recommended; class IIa 
indicates should be 
considered; and class IIb 
indicates may be considered. 
Abbreviations: AHA 
American Heart Association 
guidelines, ESC European 
Society of Cardiology 
guidelines. From Otto CM, 
Baumgartner H. Updated 
2017 European and 
American guidelines for 
prosthesis type and 
implantation mode in severe 
aortic stenosis. Heart. 2018 
May;104(9):710–713. 
Reprinted with permission 
from BMJ Publishing 
Group Ltd.
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use angiography for the same purpose. Assessment of 
aortic annulus size is crucial to determine the appropriate 
size of the prosthesis and is accomplished using 3D TEE 
and MDCT (Figs. 10.3 and 10.4).

 Specific Comorbidities and Their Roles 
in Patient Selection

Comorbidities play an important role in evaluating 
patients for TAVR. Certain conditions pose a prohibitive 
surgical risk from a technical standpoint and may lead 
to TAVR being the preferred treatment option in patients 
with severe symptomatic AS. However, these conditions 
also increase the risk associated with TAVR implantation 
and must be carefully considered during patient screen-
ing. They include radiation heart disease, heavily calci-
fied ascending aorta (porcelain aorta), multiple prior 
chest surgeries, prior sternal wound infection, and bypass 
graft anatomy including left internal mammary artery 
adherent anteriorly to the posterior wall of the sternum. 
Similarly severe LV dysfunction, small (<18  mm) or 
large (>27 mm) aortic annulus, left main coronary ostia 
within 10  mm of the annulus, intracardiac mass/throm-
bus/vegetation as well as severe pulmonary hyperten-
sion are relative contraindications for the implantation 
of TAVR. Other specific comorbidities including chronic 
kidney disease, concomitant mitral valve disease, under-
lying coronary artery disease, chronic lung disease, and 
systolic left ventricular dysfunction are associated with 
worse outcomes in patients undergoing TAVR and must 
be considered in detail during the preprocedural assess-
ment (Table 10.2).

Patient Goals and
Preferences

Anticipated
Benefit

Multidisciplinary Heart
Valve Team

Clinical Risk
Stratification

Geriatric Risk
Stratification

TAVR
Beneficial

Uncertain

TAVR
Futile

Proceed with
TAVR

Clinical
Judgement

BAV

Clinical
Judgement

Alternative Plan
Without TAVR

Fig. 10.2 Decision-making by the multidisciplinary heart team on 
patients referred for transcatheter aortic valve replacement (TAVR). 
The multidisciplinary team considers and weighs the various risk fac-
tors shown and makes a decision regarding whether TAVR would be 
beneficial or futile. BAV indicates balloon aortic valvuloplasty. From 
Agarwal S, Tuzcu EM, Kapadia SR. Choice and Selection of Treatment 

Modalities for Cardiac Patients: An Interventional Cardiology 
Perspective. J Am Heart Assoc. 2015 Oct;4(10):e002353. Published 
online 2015 Oct 20. https://dx.doi.org/10.1161%2FJAHA.115.002353. 
Copyright © 2015 The Authors. Published on behalf of the American 
Heart Association, Inc., by Wiley Blackwell. Open Access

Table 10.1 Preprocedural transthoracic assessment

Pre-procedural echocardiographic imaging
    • Aortic valve and root
        − Aortic valve morphology
     Bicuspid versus tricuspid
     Degree and location of calcium
        − Annular dimensions
     Minimum and maximum diameters
     Perimeter
     Area
        − Aortic valve hemodynamics
     Aortic valve gradients and area
     Stroke volume
     Impedance
        − Left ventricular outflow tract
     Extent and distribution of calcium
     Presence of sigmoid septum
        − Aortic root dimensions and calcification
     Sinus of Valsalva diameter
     Sinotubular junction diameter and calcification
     Location of coronary ostia and risk of obstruction
    • Mitral valve
        − Severity of mitral regurgitation
        − Presence of mitral stenosis
        − Severity of ectopic calcification
     Anterior leaflet calcification
    • Left ventricular size and function
        − Wall motion assessment
     Exclude intracardiac thrombus
        − Left ventricular mass
     Hypertrophy and septal morphology
        − Assessments of function
     Ejection fraction
     Strain and torsion
     Diastolic function
    • Right heart
        − Right ventricular size and function
        − Tricuspid valve morphology and function
        − Estimate of pulmonary artery pressures

From: Hahn RT, et al. Recommendations for comprehensive intraproce-
dural echocardiographic imaging during TAVR.  JACC Cardiovasc 
Imaging. 2015 Mar;8(3):261–87. Reprinted with permission from Elsevier
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 Chronic Kidney Disease (CKD)

Patients with severe CKD and those on dialysis have been 
excluded from TAVR randomized trials and the long-term 
benefits of the procedure in these patients are unknown. 
Additionally, patients with CKD have a higher risk of prosthe-
sis degeneration possibly due to abnormal calcium metabolism.

Preoperative renal function is an important predictor of 
mortality and morbidity in patients undergoing surgery for 
valvular heart disease [14]. Underlying CKD is a risk fac-
tor for acute kidney injury postoperatively. In patients with 
CKD, TAVR is associated with a lesser risk of acute kidney 
injury than SAVR and may even result in improved renal 
function post intervention [15–17]. Despite this, underlying 
CKD is still associated with worse outcomes and a higher 
chance of AKI post TAVR [18]. Patients who develop AKI 
post procedure have a higher mortality and increased cost 
and length of hospitalization. Preprocedural creatinine more 
than 1.58 mg/dL was associated with a sixfold increased risk 
of death in one study [19]. A meta-analysis of over 40,000 
patients found worse in-hospital morbidity and mortality for 
CKD patients and an even worse prognosis for patients with 
end-stage renal disease compared to patients with normal 
renal function [20]. Special emphasis must be given to limit 

the amount of contrast and space contrast studies to prevent 
contrast-induced nephropathy in these patients.

 Coronary Artery Disease

Significant coronary artery disease is common in up to 
40–75% of patients with severe AS being evaluated for 
TAVR [21]. Patients with severe CAD usually have worse 
vascular disease and may have a higher likelihood of need-
ing the transapical approach for valve deployment. Although 
a commonly encountered comorbidity, the overall impact of 
the presence of concomitant CAD on outcomes in patients 
undergoing TAVR is not well understood and needs further 
exploration. In a recent study, CAD increased 2 year TAVR 
mortality by twofold [22]. Additionally, the optimum the 
timing of revascularization and stent type need to be further 
investigated in trials. Revascularization before TAVR may be 
pursued due to a simpler access to the coronaries and lower 
risk of ischemia and hemodynamic instability during rapid 
pacing and valve deployment. The ischemic burden, com-
plexity of procedure, and anticipated contrast load should 
be taken into account while planning revascularization prior 
to TAVR. Revascularization with percutaneous coronary 

a b

c d

Fig. 10.3 Annular 
measurements by three- 
dimensional (3D) imaging. 
Panels A and B are MSCT 
images with annular area 
measurement of 351 mm2 and 
left main coronary height of 
13.1 mm. Panels C and D are 
3D TEE images with annular 
area of 354 mm2 and left main 
coronary height of 13.3 mm. 
From Hahn RT. Guidance of 
transcatheter aortic valve 
replacement by 
echocardiography. Curr 
Cardiol Rep. 2014 
Jan;16(1):442. Reprinted with 
permission from Springer
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intervention should be pursued for severely stenotic lesions, 
which subtend a large area of myocardium at risk with sev-
eral centers reporting successful staged and concomitant PCI 
with 1  year survival of more than 80% [23–25]. Whether 
revascularization should be done before TAVR vs. as a com-

bined procedure is an important question and the currently 
enrolling ACTIVATION trial will help in clarifying this 
conundrum [26, 27].

 Mitral Valve Disease

Concomitant mitral regurgitation (MR) may be present in 
up to one-third of patients being evaluated for TAVR [28]. 
Patients with severe mitral valve disease who undergo TAVR 
usually have a higher incidence of atrial fibrillation, pulmo-
nary arterial hypertension, and RV dysfunction. Although it 
is expected that severe MR will improve after TAVR, it is not 
clear which patients will improve the most and in some cases 
MR worsens instead of improves [29]. In general patients 
with organic mitral disease and lower transaortic gradi-
ents are most likely to have persistent MR post TAVR.  A 
recent multivariate analysis suggests that mitral regurgita-
tion is not associated with worsening survival after TAVR 
[30], although the presence of concomitant mitral valve dis-
ease is a marker of more advanced disease and may limit 
the effectiveness of TAVR.  Patients with significant mitral 
regurgitation and severe aortic stenosis may be considered 
for percutaneous treatment of both lesions with the recent 
approval of the MitraClip device [31].

 Systolic Dysfunction

Patients with LVEF <20% were excluded from the PARTNER 
trial and most patients had LVEF >45% [21]. A single-center 

d

b

a

c

Fig. 10.4 MDCT should be used to assess safety and ideal access 
approach for TAVR. Identification of patients with severe iliofemoral 
tortuosity and calcification (a), previous bypass grafts and their rela-
tionship to the sternum to plan transaortic procedures (b) and aortic 
disease such as dissection (c) and aneurysm (d) is critical to evaluate 
prior to TAVR. From Sintek M, Zajarias A. Patient evaluation and selec-
tion for transcatheter aortic valve replacement: the heart team approach. 
Prog Cardiovasc Dis. 2014 May–Jun;56(6):572–82. Reprinted with 
permission from Elsevier

Table 10.2 Specific comorbidities influencing patient selection for 
TAVR

Comorbidity Relevance to selection for TAVR
CKD Presence of CKD predicts worse outcome after 

TAVR. Preprocedural creatinine >1.58 mg/dL is 
associated with six fold increased risk of mortality

Coronary 
artery 
disease

Presence indicates more extensive vascular disease. 
Need for staged or concomitant revascularization 
needs to be assessed. The ongoing ACTIVATION 
trial is evaluating the role of PCI in TAVR patients

Mitral valve 
disease

Up to one-third of patients evaluated for TAVR 
have severe MVD. Presence indicates more 
extensive CVD limiting TAVR effectiveness

Systolic 
dysfunction

TAVR is generally safe and efficacious. More 
adverse events but similar overall mortality. Marked 
improvements in LVEF have been reported after 
TAVR at 30 days

CLD Present in 20–30% of TAVR patients. Improved 
survival and functional capacity compared with 
medical therapy. Frail patients may not benefit from 
TAVR in presence of CLD

From: Sarkar K, Sarkar M, Ussia GP. Current status of transcatheter 
aortic valve replacement. Med Clin North Am. 2015 Jul;99(4):805–33. 
Reprinted with permission from Elsevier. CKD chronic liver disease; 
CLD chronic lung disease.
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retrospective study by Ewe et al. showed that patients under-
going TAVR implantation with EF < 50% had higher adverse 
events but similar procedural and total mortality compared 
to those with LVEF >50% [32]. Another study showed 
that in patients with EF <35% implanted with a Medtronic 
Corevalve device, the 30-day mortality was similar to those 
with LVEF >35% and that a greater proportion of TAVR low 
EF patients showed improvement in LVEF when compared 
to matched SAVR controls [33, 34]. Indeed, most patients 
with systolic dysfunction show an improvement in LVEF 
after TAVR. RV function often worsens after SAVR, but usu-
ally remains stable post TAVR [35, 36].

Low-gradient severe AS (LG-AS) is associated with a 
worse prognosis in patients undergoing SAVR [37], with 
mortality as high as 35% in patients with no contractile 
reserve [38]. In patients with LG-AS who survive SAVR, 
there is improvement in outcomes suggesting a role for 
TAVR in these patients. Mortality is higher in patients with 
LG-AS who undergo TAVR as compared to those with nor-
mal gradients and may approach 33% at 6  months [39]. 
This is due in part to underlying LV dysfunction and also 
to a higher prevalence of pulmonary arterial hypertension, 
severe mitral regurgitation, CAD, and PAD in these patients, 
all of which affect outcomes in patients undergoing TAVR 
[40]. Nonetheless survival is improved in LG-AS patients 
compared to “medical” therapy [41] and patients with LG-
AS who survive TAVR have an improvement in functional 
capacity, six-minute walk distance as well as larger improve-
ment in LVEF compared to matched SAVR patients [34, 39, 
40]. Low-dose dobutamine stress echocardiography has been 
used successfully to assess for contractile reserve and SAVR 
outcome in patients with LG-AS [38]. This technique has 
also been used to separate patients with true from pseudo 
aortic stenosis undergoing TAVR.  Patients with low-flow, 
low-gradient, low-EF AS have the worst prognosis while 
high-gradient patients have the best prognosis [42]. The for-
mer patients have low EF because of severe LV dysfunction 
while the latter have low EF based upon high afterload that 
is immediately corrected by TAVR.

 Chronic Lung Disease (CLD)

About 20–30% patients in TAVR and SAVR registries have 
chronic lung disease [43–45]. Presence of severe chronic 
lung disease is associated with an increased 1 year mortal-
ity in patients who undergo SAVR as well as TAVR [45]. 
Patients with severe chronic lung disease who undergo TAVR 
have an improvement in their 1 year outcomes as compared 
to patients treated with medical management [46]. However, 
oxygen-dependent chronic lung disease is associated with 
worse outcomes, especially 1 year all-cause mortality [46]. 
Severe CLD when associated with a poor 6-minute walk 

test is associated with a fivefold increased risk of non-CV 
mortality [46]. All patients undergoing evaluation for TAVR 
should have lung function assessed and the presence of 
chronic lung disease, especially in frail patients, should be 
carefully evaluated as these patients may not benefit as much 
from TAVR [47].

 Frailty vs. Futility

Frailty is described as a state of decreased physiological 
reserve predisposing to poor outcomes, but not necessitating 
poor outcomes. It is affected by physical disability and medi-
cal comorbidities and is an impairment in medical systems 
that leads to a decline in resiliency and homeostatic reserve. 
Commonly accepted key domains of frailty include weak-
ness, slowness, exhaustion, low activity, weight loss, and 
poor nutrition. Frailty is defined by a composite of several 
other factors including gait speed, grip strength, 6-min walk 
test, serum albumin, Katz activities of daily living, weakness, 
cognitive dysfunction, and several others [48]. Although it 
is not completely captured in the current risk stratification 
models, frailty is noted in about 50% of the patients referred 
for TAVR and has been associated with worse outcomes in 
patients undergoing TAVR [49–51].

Gait speed is a simple test that has been shown to be pre-
dictive of frailty in TAVR and overall mortality [52–54]. 
Patients who ambulate slower than 0.5  m/s or who ambu-
late less than 128.5 m during a 6-min walk test have simi-
lar procedural mortality but have increased long-term 
mortality [55]. Frailty in the PARTNER clinical trials was 
assessed by walk speed, grip strength, serum albumin, and 
the Katz activity of daily living dependency questionnaire; 
to be considered inoperable on the basis of frailty, three of 
those four domains must have been abnormal [50]. Further 
assessment of frailty using the Multi-Dimensional Geriatric 
assessment (MGA) showed that adding MGA-based infor-
mation to risk models improved prediction of 30  day and 
1 year mortality and MACCE [49]. Green et al. developed a 
frailty score for TAVR patients and noted that impaired gait 
speed, grip strength, reduced serum albumin, and diminished 
Katz activities of daily living were associated with increased 
1 year mortality as well as longer post TAVR hospital stay 
[55]. In the recent multicenter FRAILTY-AVR study which 
compared outcomes in elderly patients undergoing TAVR 
and SAVR, the Essential Frailty Toolset that employed lower 
extremity weakness, cognitive impairment, anemia, and 
hypoalbuminemia was superior to other frailty indexes and 
was prognostic of 30-day mortality and worsening disability 
at 1 year [56].

A comprehensive frailty assessment also helps differ-
entiate patients with “futility” rather than “high-risk” or 
“inoperability” as these patients have both poor survival 
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(less than 1 year) and poor quality of life despite success-
ful TAVR. Common clinical characteristics associated with 
these patients include a high STS score (STS > 15), extreme 
frailty usually with dependent social status, severe pulmo-
nary and liver disease, severe dementia, chronic kidney 
disease (dialysis dependent), and hemodynamic instability 
(especially requiring pressors). Further research is needed to 
help better identify patients unlikely to benefit from TAVR 
during the screening phase based on frailty metrics and risk 
stratification models (Table 10.3).

 Access Screening

The first TAVR by Dr. Cribier was performed using the 
antegrade trans-septal approach. However, most TAVRs 
currently use the transfemoral (TF) approach, the default 
route for valve implantation in patients with suitable ilio-
femoral anatomy. Access screening is an important part of 
the procedure preparation and includes assessment of ileo-
femoral size, tortuosity and calcification using MDCT or 
angiography so as to establish feasibility of TF approach. 
In patients with unsuitable ilio-femoral anatomy, alter-
native access sites include transapical (TA), transaortic 
(TAo), trans-axillary, transcarotid, and trans-caval access. 
The most common alternative access route for the Edwards 
valve is the TA route, wherein the valve prosthesis is deliv-
ered in an antegrade fashion through the LV apex, while a 
trans-axillary access route is used for CoreValve implan-
tation for patients with unsuitable ilio-femoral anatomy. 
Newer generation devices have a lower profile with sheath 
size as small as 14 Fr for the 23 and 26 mm TF Edward 
Sapien 3 valve. As a result, most patients being evaluated 

for TAVR will likely be candidates for a TF approach. In 
the recent PARTNER II trial 77% of patients were treated 
from the femoral approach while in the SURTAVI trial 
93% were treated from the femoral approach [57, 58] 
and it is likely that this approach will become even more 
dominant as TAVR valves become increasingly smaller 
in profile. The potential advantages of the TA approach 
include avoiding tortuous and diseased ilio-femoral vas-
culature, and having a prosthesis co-axial with the aortic 
annulus. The disadvantages of this approach include the 
need for a thoracotomy, myocardial injury and left ven-
tricular pseudo-aneurysm from apical perforation of the 
ventricle and bleeding complications from the surgical 
site. In patients who are not candidates for either TF or 
TA or trans-axillary approach because of poor vascu-
lar access, poor pulmonary function or chest pathology, 
the valve prosthesis may be delivered using a retrograde 
approach by direct cannulation of the ascending aorta or 
the carotid artery or the subclavian artery. Additionally, in 
a smaller subset of patients trans-caval aortic access can 
be performed, which involves accessing the femoral vein 
to facilitate entry into the abdominal aorta through punc-
ture of the inferior vena cava followed by standard valve 
implantation using TF technique. The technique for TF 
and TAVR is described in Table 10.4.

Table 10.3 Frailty assessment for patients being evaluated for trans-
catheter aortic valve replacement

Frailty test Description
Gait speed >7 s to walk 5 m abnormal
Grip strength Dynamometer; <30 kg in nonobese man 

and <18 kg in nonobese woman is 
abnormal

6-min walk test <128.5 m during 6-min walk test
Comprehensive 
Assessment of Frailty 
(CAF)

Grip strength, gait speed, instrumental 
activities of daily living questionnaire, 
standing balance test, serum albumin, brain 
natriuretic peptide, and creatinine. 
Proprietary scoring algorithm used to 
measure frailty

Multidimensional 
Geriatric Assessment 
(MGA)

Mini-mental state examination, timed get 
up and go test, basic and instrumental 
activities of daily living questionnaires. 
Frailty index score generated and score ≥3 
indicated frailty

From: Sarkar K, Sarkar M, Ussia GP. Current status of transcatheter 
aortic valve replacement. Med Clin North Am. 2015;99(4):805–33. 
Reprinted with permission from Elsevier

Table 10.4 Transfemoral (TF) transcatheter aortic valve replacement 
(TAVR): procedural steps

•  Access. A 6-F to 7-F introducer is used to access femoral artery 
that is upsized to an 18-F to 22-F introducer sheath

•  The native stenotic aortic valve is crossed with a diagnostic 
Amplatz Left (AL-1) catheter and straight tip wire

•  A Super Stiff Amplatz (SSA-1 wire) with a hand-shaped pigtail 
loop at the end is placed in the LV apex in stable position using 
the right anterior oblique projection

•  A preimplantation balloon aortic valvuloplasty is routinely 
performed under rapid right-ventricular pacing with an undersized 
balloon (1–2 mm smaller than the measured aortic annulus 
diameter) for preparing the native annulus in all cases except pure 
aortic regurgitation or degenerated aortic bioprosthesis

•  A pigtail catheter is positioned in the noncoronary cusp as a 
marker for the annular plane and for contrast injections during the 
valve deployment. The image intensifier is positioned at the 
implant angle defined as the optimal left anterior oblique (LAO) 
projection for aligning the nadir of all three coronary cusps in a 
straight line. The valve is positioned across the aortic annulus and 
deployed under rapid pacing (Edwards)

•  For self-expandable core valve (CRS) deployment, the delivery 
catheter system (DCS) is positioned such that the horizontal 
markers of the device are positioned (4–6 mm) below the level of 
the pigtail catheter (CRS)

•  The DCS is maintained as perpendicular to the annular plane as 
possible and the release is initiated under fluoroscopic and 
angiographic guidance with repeated small contrast injections 
(10 mL to 10 mL/s at 900 psi) through the pigtail catheter

From: Sarkar K, Sarkar M, Ussia GP. Current status of transcatheter 
aortic valve replacement. Med Clin North Am. 2015 Jul;99(4):805–33. 
Reprinted with permission from Elsevier
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 Valve Sizing and Positioning

There are several guidelines and consensus statements 
regarding the essential role of multidisciplinary imaging in 
patient selection and procedural guidance for patients under-
going TAVR implantation [59, 60]. Imaging guidance with 
multi detector CT (MDCT) and TEE are both key in valve 
sizing and positioning. Valve sizing is established using pro-
tocols specific for the valve type employed and implantation 
is optimized by concurrent TEE and fluoroscopy after deter-
mination of the appropriate co-planar implantation view 
and appropriate height and implantation depth of the pros-
thesis. A three-dimensional understanding of the complex 
anatomy of the aorta, LVOT and the aorto-mitral continuity 
is essential to appropriate valve deployment and function-
ing. Appropriate sizing and placement of the device will 
lead to excellent hemodynamics, minimal paravalvular leak, 
low pacemaker implantation rate and prevention of coronary 
obstruction and injury to the annulus.

 Current Transcatheter Valve Replacement 
Platforms

 The Edwards-Sapien Valve

The Edwards Sapien Valve (Edwards Lifesciences, Irvine, 
CA) was an improved version of the first balloon-expandable 
valve (BEV) implanted by Cribier et al. in 2002 (Fig. 10.5). 
The original Edwards Sapien valve consisted of a tubular 
slotted stainless steel frame and leaflets made of bovine 
pericardium, which were pretreated to decrease valve calci-
fication. Additionally the fabric skirt, made of polyethylene 
terephthalate, was extended further to improve sealing and 
potentially reduce paravalvular regurgitation. This valve 
was available in two sizes (23 and 26 mm) requiring 22 F 
and 24 F delivery catheters for TF approach implantation, 
respectively.

The Sapien XT valve (Edwards Lifesciences, Irvine, CA) 
is a third generation of balloon-expandable Edwards valves, 
consisting of a trileaflet pericardial bovine valve, mounted 
in a cobalt chromium stent frame. The Sapien XT valve is 
available in 20-, 23-, 26-, and 29-mm sizes, and is implanted 
through the transfemoral approach using the NovaFlex deliv-
ery system implanted through 16 F (20-, 23-mm valves), 18 F 
(26-mm valve), or 20 F (29-mm valve) expandable sheaths 
(e-sheath, Edwards Lifesciences, Irvine, CA).

The Sapien 3 THV (Edwards Lifesciences, Irvine, CA) 
is the latest iteration of the balloon-expandable valves, and 
also consists of a trileaflet pericardial bovine valve that is 
mounted in a cobalt chromium stent. It too incorporates an 
additional outer skirt to further reduce the risk of paraval-
vular leak. The expanded length (20 mm) is slightly longer 

than the Sapien (16.1 mm) and Sapien XT (17.2 mm) THVs, 
which helps facilitate optimal positioning within the native 
aortic valve and annulus. Additionally, the delivery system 
(Commander) has an even lower profile and has been further 
improved to facilitate valve alignment and proper position-
ing Table 10.5).

The PARTNER I trial [61] was the first prospective ran-
domized trial of the balloon-expandable Edwards-Sapien 
valve and included two distinct cohorts of patients: those con-
sidered to be inoperable or cohort B (i.e., comorbidities lead-
ing to a predicted risk of 50% or more of either death within 
30 days after surgery or a serious irreversible condition); and 
those considered to be at high surgical risk or cohort A (i.e., 
predicted risk of operative mortality ≥15% as determined by 
site surgeon and cardiologist and/or a  minimum STS score 

Cribier-
Edwards

SAPIEN SAPIEN 3SAPIEN XT

201320092006

2005 2013

18F22F

18F 14F

CoreValve Evolut R

2002

a

b

24F 22F 16F 14F

Fig. 10.5 Evolution of the Edwards balloon-expandable transcatheter 
valves (a) and Medtronic self-expandable valves (b) (sheath compati-
bility for a 23 mm valve.) From Hamm CW, Arsalan M, Mack MJ. The 
future of transcatheter aortic valve implantation. Eur Heart J. 2016 Mar 
7;37(10):803–10. Reprinted with permission from Oxford University 
Press
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of 10) (Fig. 10.6, Tables 10.6 and 10.7). In the inoperable 
cohort, all-cause mortality (30.7% vs. 50.7%; P  <  0.001), 
cardiovascular mortality (19.6% vs. 41.9%; P  <  0.001), 
repeat hospitalization (22.3% vs. 44.1%; P < 0.001), and the 
composite endpoint of death or repeat hospitalization (42.5% 
vs. 71.6%; P  <  0.001) were much lower in patients who 
were randomized to TAVR [61] (Figs. 10.7 and 10.8). TAVR 
resulted in a significant improvement in health-related qual-
ity of life as determined by the Kansas City Cardiomyopathy 
Questionnaire (KCCQ) [63] (Fig. 10.9). During follow-up, 
there was no evidence of degeneration of the valvular pros-
thesis or restenosis at 2 years [64]. At 5-year follow-up, the 
advantage of TAVR over medical therapy persisted [62]. 
Heart failure symptoms were less severe in patients treated 
with TAVR, but the TAVR patients also had a higher inci-
dence of major vascular complications (16.2% vs. 1.1%; 
P < 0.001), major bleeding (22.3% vs. 11.2%; P < 0.001), 
and major strokes (5.0% vs. 1.1%; P = 0.06). Based on the 
results of this trial, TAVR became the new standard of care 
in patients with severe AS who are considered inoperable.

Table 10.5 Proposed sizing algorithm using annular area (mm2) for 
the second- and third-generation balloon-expandable valves

Valve size
20 mm 23 mm 26 mm 29 mm

Nominal area, mm2 314 415 531 661
Annular range for 
second- generation 
balloon-expandable 
valve, mm2

257–310 298–410 420–530 530–660

Annular range for 
third- generation 
balloon-expandable 
valve, mm2

273–345 338–430 430–546 540–683

The nominal areas for each balloon-expandable valve size are listed (in 
mm2). The ranges of annular areas that can be covered are based on an 
acceptable oversizing range of 5–20% for the second-generation 
balloon- expandable valve, and a −5–20% oversizing with the third- 
generation balloon-expandable valve. (Note: a negative oversizing 
equates to undersizing of the valve, in which the native annulus can be 
up to 5% larger than the nominal area of the transcatheter valve)
From: Hahn RT, et al. Recommendations for comprehensive intraproce-
dural echocardiographic imaging during TAVR.  JACC Cardiovasc 
Imaging. 2015 Mar;8(3):261–87. Reprinted with permission from 
Elsevier
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Fig. 10.6 PARTNER trial design. From Holmes DR Jr., et al. 2012 ACCF/AATS/SCAI/STS expert consensus document on transcatheter aortic 
valve replacement. J Am Coll Cardiol. 2012 Mar 27;59(13):1200–54. Reprinted with permission from Elsevier
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The results of the high-risk operative cohort (Cohort 
A) demonstrated a statistically nonsignificant difference in 
all- cause mortality at 30-days (TAVR vs. SAVR, 3.4% vs. 
6.5%; P = 0.07), 1-year (24.2% vs. 26.8%), 2-year (33.9% 
vs. 35%), 3-year (44.2% vs. 44.8%), and 5-year (67.8% vs. 
62.4%) follow-up [21, 62]. Although the rates of all neuro-
logic events were higher after TAVR at 30 days and 1 year 

(5.5% vs. 2.4% and 8.3% vs. 4.3%, respectively; P < 0.05), 
there was no difference in 5 year outcome (15.9% vs. 14.7%, 
p = 0.35), and rates of major strokes were not significantly 
different between TAVR and SAVR at 30  days (3.8% vs. 
2.1%; P = 0.2) or at 1 year (5.1% vs. 2.4%; P = 0.07) and 
5 years (10.4% vs. 11.3%, p = 0.61). Repeat hospitalization 
rates were similar between the two groups at 5 years (42.3% 

Table 10.6 Major outcomes at 30 days and 1 year in Cohort B of the PARTNER trial

Characteristic

30 days 1 year
TAVR 
(N = 179)

Standard Rx 
(N = 179)

p value TAVR 
(N = 179)

Standard Rx 
(N = 179) p value

All-cause death (%) 5.0 2.8 0.41 30.7 49.7 <0.001
All-cause death or rehospitalization (%) 11.2 12.3 0.74 43.6 70.4 <0.001
Event-free MACCE (%) 90.5 94.4 NR 65.4 47.1 0.003
All stroke (%) 7.3 1.7 0.02 11.2 4.5 0.03
Major stroke (%) 5.6 1.1 0.04 8.4 3.9 0.12
All-cause death or major stroke (%)a 8.4 3.9 0.12 33.0 50.3 0.001
Major vascular complications (%) 16.8 1.1 <0.0001 17.3 2.2 <0.0001
Major bleeding (%) 20.6 3.9 <0.0001 28.4 14.4 <0.001
Pacemaker insertion (%) 3.4 5.0 0.60 4.5 7.8 0.27
Echocardiographic endpoints
AV area (EOA) (cm2) 1.5 ± 0.4 0.8 ± 0.2 <0.0001 1.6 ± 0.5 0.7 ± 0.32 <0.0001
Mean AV gradient (mmHg) 11.1 ± 6.6 33.0 ± 12.5 <0.0001 12.5 ± 10.3 44.4 ± 15.7 <0.0001

Cohort B includes only nonsurgical candidates in whom “inoperability” was formally defined as greater than 50% predicted probability of mortal-
ity or serious irreversible complication by 30 days by 1 cardiologist and 2 cardiothoracic surgeons
AV indicates aortic valve, EOA effective orifice area, MACCE major adverse cardiac and cerebrovascular events, NR not reported, Rx therapy, TAVR 
transcatheter aortic valve replacement
Data are based on Edwards Lifesciences’ briefing document for the U.S. FDA Circulatory Devices Advisory Panel meeting on TAVR on July 21, 
2011 (http://www.accessdata.fda.gov/cdrh_docs/pdf10/P100041b.pdf), and may show some discrepancies compared with the published 
manuscripts
From Holmes DR Jr., et  al. 2012 ACCF/AATS/SCAI/STS expert consensus document on transcatheter aortic valve replacement. J Am Coll 
Cardiol. 2012 Mar 27;59(13):1200–54. Reprinted with permission from Elsevier
aAll-cause death or major stroke was not a predefined endpoint

Table 10.7 Major outcomes at 30 days and 1 year in Cohort A of the PARTNER trial

Characteristic

30 days 1 year
TAVR 
(N = 348)

Surgical AVR 
(N = 351)

p value TAVR 
(N = 348)

Surgical AVR 
(N = 351) p value

Clinical outcomes
All-cause death (%) 3.4 6.5 0.07 24.2 26.8 0.44
All-cause death or rehospitalization (%) 7.2 9.7 0.24 34.6 35.9 0.73
All stroke (%) 5.5 2.4 0.04 8.3 4.3 0.04
Major stroke (%) 3.8 2.1 0.20 5.1 2.4 0.07

All-cause death or major stroke (%)⁎ 6.9 8.2 0.52 26.5 28.0 0.68

Major vascular complications (%) 17.0 3.8 <0.01 18.0 4.8 <0.01
Major bleeding (%) 9.3 19.5 <0.01 14.7 25.7 <0.01
Atrial fibrillation (%) 8.6 16.0 <0.01 12.1 17.1 0.07
Pacemaker insertion (%) 3.8 3.6 0.89 5.7 5.0 0.68
Echocardiographic endpoints
AV area (EOA) (cm2) 1.7 ± 0.5 1.5 ± 0.4 0.001 1.6 ± 0.5 1.4 ± 0.5 0.002
Mean AV gradient (mmHg) 9.9 ± 4.8 10.8 ± 5.0 0.16 10.2 ± 4.3 11.5 ± 5.4 0.008

Cohort A includes patients determined to be at high operative risk defined as predicted operative mortality of ≥15% and/or an STS risk score of 
≥10%. The STS risk algorithm is based on the presence of coexisting illnesses in order to predict 30-day operative mortality
AV indicates aortic valve, AVR aortic valve replacement, EOA effective orifice area, TAVR transcatheter aortic valve replacement
From Holmes DR Jr., et  al. 2012 ACCF/AATS/SCAI/STS expert consensus document on transcatheter aortic valve replacement. J Am Coll 
Cardiol. 2012 Mar 27;59(13):1200–54. Reprinted with permission from Elsevier
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Fig. 10.7 (a) Kaplan-Meier analysis of all-cause mortality for the intention-to-treat population. (b) Cardiovascular mortality and causes of death 
(c) TAVR transcatheter aortic valve replacement, HR hazard ratio. From Kapadia SR, et al. [62]. Reprinted with permission from Elsevier
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Fig. 10.8 New York Heart Association functional class of the survivors. p values are for TAVR versus standard treatment for the full range of 
functional classes. TAVR transcatheter aortic valve replacement (green = class IV, Aqua = class III. Brown = Class II and Lilac = Class I. From 
Kapadia SR, et al. [62]. Reprinted with permission from Elsevier
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vs. 34.2%, p = 0.17). There were other important differences 
in between the two groups [65], including more major vas-
cular complications at 30 days after TAVR (11% vs. 3.2%; 
P < 0.001) and more major bleeding with SAVR (19.5% vs. 
9.3%; P < 0.001) and new-onset atrial fibrillation (16% vs. 
8.6%; P = 0.006) after SAVR. Five year valve hemodynam-
ics were similar between the two groups. The improvement 
of symptoms was similar after TAVR and SAVR and was 
sustained at 3  years in both groups. Based on the above 
results TAVR was considered a viable alternative to SAVR in 
patients classified at high risk, after a thorough evaluation by 
the “heart team” (Figs. 10.10 and 10.11).

The PARTNER II trial clarified the role of SAPIEN and 
SAPIEN XT valves in patients with severe AS with vary-
ing degrees of surgical risk (inoperable, high risk [STS 
score > 8%] and intermediate risk [STS score 4–8%]) [66, 
67]. It had two arms: (1) an inoperable cohort, which ran-
domized patients to SAPIEN XT versus SAPIEN via a TF 
approach [66]; and (2) a moderate-risk cohort, which ran-
domized patients to SAVR versus TAVR with the SAPIEN 
XT and included the TA, transaortic, or TF approach 
(Fig. 10.12) [67]. In the first arm, there was no difference 
between SAPIEN and SAPIEN XT in mortality or stroke 
but vascular complications were fewer in the lower profile 
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by landmark analysis (b); stroke or transient ischemic attack (c); and 
stroke, transient ischemic attack, or death from any cause (d). HR haz-

ard ration, TAVR transcatheter aortic valve replacement, SAVR surgical 
aortic valve replacement. From Mack MJ, et al. [65]. Reprinted with 
permission from Elsevier
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Fig. 10.11 Echocardiographic 
findings. Aortic valve area (a); 
mean gradient (b); and left 
ventricular mass regression (c). 
Points are means, bars are SDs. 
TAVR transcatheter aortic valve 
replacement, SAVR surgical 
aortic valve replacement. From 
Mack MJ, et al. [65]. Reprinted 
with permission from Elsevier
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SAPIEN XT TAVR. In the second arm, TAVR and SAVR 
were similar in mortality and stroke. However from the 
femoral approach (a prespecified endpoint) TAVR was 
superior to SAVR with respect to mortality and disabling 
stroke.

Moderate/severe paravalvular aortic regurgitation has 
been associated with adverse clinical outcomes, includ-
ing higher mortality on long term in the PARTNER trial 
[69]. Even mild paravalvular regurgitation was associated 
with increased 1 year and 2-year mortality as compared to 
patients with no or trace paravalvular regurgitation. The 
Sapien 3 valve, as described above, was developed with 
the intent to reduce paravalvular leak as one of its main 
goals and early results confirm a low incidence of aortic 
insufficiency with the SAPIEN 3 TAVR.  In a propensity-
matched comparison of the SAPIEN 3 TAVR with SAVR, 
98% of TAVR patients were free of more than mild aortic 
regurgitation [70]. SAPIEN 3 was superior to SAVR with 
respect to a combined endpoint of mortality, stroke and aor-
tic regurgitation and the balloon-expandable platform has 
shown consistent reductions in mortality and stroke over 
time (Fig. 10.13).

 Medtronic CoreValve Self-Expanding Valve

The CoreValve comprises a single layer, trileaflet porcine peri-
cardial tissue valve in a nitinol frame. Nitinol is a nickel–tita-
nium alloy with shape memory making it a desirable material 
for self-expanding transcatheter valves. The valve is available 
in four sizes (23, 26, 29, and 31 mm) (Table 10.8). The inflow 
segment, which is deployed within the aortic annulus, is 
intended to extend 4–6 mm below the annulus where the high-
est radial strength displaces the native aortic valve leaflets and 
apposes the stent against the annulus. The physical properties 
of the nitinol frame allow all sizes of the CoreValve prosthesis 
to be compressed and loaded into an 18Fr delivery system, and 
regain the original shape after deployment.

CoreValve was approved for commercial use in extreme 
risk patients in the United States in January 2013 based on 
the results of the CoreValve US Pivotal Extreme Risk Trial 
[71]. This was a non-randomized evaluation of CoreValve 
in 471 patients with severe symptomatic AS who were at 
extreme risk of SAVR (i.e., >50% chance of mortality or 
irreversible morbidity). The average patient age was 83 years 
and had high surgical risk (STS-PROM, 10.3% ± 5.6%; 92% 

Assessment:
Transfemoral Access

Assessment:
Transfemoral Access

1:1 Randomization 1:1 Randomization

TA/TAoTF

1:1 Randomization

TF TAVR
Sapien XT

TF TAVR
Sapien XT

TF TAVR
Sapien

SAVR SAVR
TAVR:
TA/Tao

Sapien XT

Primary endpoint: all-cause mortality +
disabling stroke at 2 Years

(noninferiority)

Primary endpoint: all-cause mortality +
disabling stroke + repeat hospitalization at 1 year

(noninferiority)

Inoperable
Operable
(STS ≥ 4)

Symptomatic Severe Aortic Stenosis

6 Nested
Registries

Sample
Size

NRI (Sm Vessel) 100

NR2 (Transapical) 100

NR3 (VIV) 100

NR4 (TA0) 100

NR5 (29 mm TF)  50

NR6 (29 mm TA)  50

Yes

NoYes

Assessment by Heart Valve Team

Fig. 10.12 PARTNER II study design. The PARTNER II study was 
designed to compare Sapien XT with the Sapien valve in surgically 
inoperable patients. The second arm randomized patients in the 

intermediate- surgical-risk category to undergo TAVR versus SAVR. 
TAo transaortic. From Rao RS et al. [68]. Reprinted with permission 
from Cardiac Interventions Today, Bryn Mawr Communications
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with NYHA class III or IV symptoms). The primary end-
point of death or major stroke in the CoreValve US Pivotal 
Trial occurred in 25.5%, which was lower than the lower 
band of the 95% confidence interval of medically treated 
patients with PARTNER B trial (43%). The rate of major 
stroke at 1 year and 2 year was 4.3 and 5.1%, respectively. 
Procedural events at 30  days included life-threatening/
disabling bleeding (12.7%), and major vascular complica-
tions (8.2%), and need for permanent pacemaker placement 
(22.2%). Interestingly, moderate or severe paravalvular aor-
tic regurgitation, which was 10.5% immediately after the 
procedure, decreased to 4.1% in follow-up at 1 year. There 
was a significant improvement in the NYHA status with 92% 
patients noting improvement in at least 1 functional class and 
58% improvement in at least 2 functional classes by 2 years.

a

b

Fig. 10.13 Temporal trends 
in mortality and stroke after 
TAVR. (a) Reduction in 
all-cause mortality at 30 days 
with subsequent generations 
of Edwards Lifesciences 
Sapien valves (as-treated 
analysis) in the PARTNER I 
and II trials. (b) Reduction in 
strokes with different 
generations of Sapien valves 
in the PARTNER I and III 
trials. P1A PARTNER 
(Placement of Aortic 
Transcatheter Valve Trial) 1A 
trial, P1B PARTNER 1B trial, 
P2B PARTNER 2B trial, 
S3HR PARTNER 2 Sapien 3 
high-risk cohort, S3i 
PAETNER 2 Sapien 3 
intermediate-risk cohort, SXT 
Sapien XT valve, TAVR 
transcatheter aortic valve 
replacement, TF transfemoral. 
From Vahl TP, Kodali SK, 
Leon MB. Transcatheter 
Aortic Valve Replacement 
2016: A Modern-Day 
“Through the Looking-Glass” 
Adventure. J Am Coll 
Cardiol. 2016 Mar 
29;67(12):1472–1487. 
Reprinted with permission 
from Elsevier

Table 10.8 Manufacturer’s recommended sizing algorithm for the 
self-expanding valve

Annular 
dimension

Valve size
23 mm 26 mm 29 mm 31 mm

Mean 
diameter 
range, mm

18–20 20–23 23–27 26–29

Perimeter 
range, mm

56.5–62.8 62.8–72.3 72.3–84.8 81.7–91.1

Area range, 
mm2

254.5–
314.2

314.2–
415.5

415.5–572.6 530.9–
660.5

For the self-expanding valve, the mean annular diameter and perimeter 
oversizing ranges from 7% to 30%. The annular area oversizing ranges 
from 7% to 69% according to the manufacturer
From: Hahn RT, et al. Recommendations for comprehensive intraproce-
dural echocardiographic imaging during TAVR.  JACC Cardiovasc 
Imaging. 2015 Mar;8(3):261–87. Reprinted with permission from Elsevier
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The randomized arm of the CoreValve US Pivotal trial 
(high-risk study) comparing CoreValve TAVR with SAVR 
showed interesting results [72]. For the first time in a large 
trial overall, all-cause mortality at 1  year was significantly 
lower in the TAVR group compared with the surgical group 
(14.1 vs. 18.9% at 1 year and 22.2% vs. 28.6% at 2 years, 
p = 0.04). There was no significant difference in the stroke 
rate between the two groups (8.7% vs. 12.5% at 1 year but was 
less with TAVR 10.9 vs. 16.6% at 2 years, p = 0.05). The rate 
of permanent pacemaker implantation at 1 year and 2 years 
was 20% and 22.5%. The rates of moderate or severe paraval-
vular regurgitation were higher in the TAVR group; however, 
most of these patients (76.2%) had mild or no regurgitation at 
1 year. Patients undergoing SAVR had a significantly higher 
incidence of new-onset or worsening atrial fibrillation, acute 
kidney injury, and major bleeding. Interestingly, TAVR was 
shown to have better echocardiographic indices of valve 
stenosis with lower mean gradient and higher valve area at 
1 year and 2 year as compared to SAVR.

The rate of permanent pacemaker implantations after self- 
expanding valves, including CoreValve, is noted to be sig-
nificantly higher as compared to balloon-expandable valves. 
A recent meta-analysis showed 6.5% permanent pacemaker 
implantation rate with SAPIEN valve as compared to 25.8% 
with CoreValve (p < 0.001) [73]. On a similar note, the fre-
quency of left bundle branch block (LBBB) after CoreValve 
is much higher than the SAPIEN valve. This was likely 
from the increased radial force applied at the annulus and 
LVOT by the self-expanding valves leading to edema and 
inflammation of the underlying conduction system. A com-
bined analysis of all PARTNER data showed that 10.5% of 
all patients undergoing TAVR with normal baseline conduc-
tion developed persistent LBBB and this was associated with 
higher rate of pacemaker implantation and lack of improve-

ment in the LVEF after TAVR. There was no association with 
increased all-cause mortality with persistent LBBB [74].

The CHOICE (Comparison of Transcatheter Heart Valves 
in High Risk Patients With Severe Aortic Stenosis: Medtronic 
CoreValve vs. Edwards SAPIEN XT) trial is the only ran-
domized comparison of the balloon-expandable valve with 
the self-expanding valve [75]. The trial was an investigator- 
initiated, multicenter, randomized trial which evaluated pro-
cedural success (composite end point of successful vascular 
access and deployment of the device and retrieval of the 
delivery system, correct position of the device, intended per-
formance of the heart valve without moderate or severe regur-
gitation, and only 1 valve implanted in the proper anatomical 
location) with both valve platforms in high-risk patients who 
were candidates for TF TAVR.  Device success was noted 
in 77.5% of the patients in the self-expanding valve group 
as compared to 95.9% patients in the balloon- expandable 
valve group. This difference was primarily associated with 
increased frequency of moderate to severe paravalvular 
regurgitation (18.3% vs. 4.1%, p  <  0.001) and higher rate 
of implant of more than 1 valve (5.8% vs. 0.8%) in the self-
expanding valve group. Cardiovascular mortality, bleeding, 
and vascular complications were similar in both the groups. 
Placement of new permanent pacemaker was more common 
with the self-expanding valves (34.6% vs. 17.3%, p = 0.001) 
[75] (Figs. 10.14, 10.15, 10.16, 10.17, 10.18, 10.19, 10.20, 
and 10.21).

In the SURTAVI trial CoreValve was compared to SAVR 
in intermediate risk patients. The combined endpoint of mor-
tality and disabling stroke at 2 years did not differ between 
TAVR(12.6%) and SAVR (14%). The TAVR group had less 
kidney injury and transfusion requirement but more aortic 
insufficiency and need for a pacemaker than the surgical 
group [58].

CoreValve US Pivotal Trial

Extreme Risk High Risk

Randomization* 1:1

CoreValve
(any route) SAVR

Illiofemoral Acces > 18F Sheath

CoreValve
Iliofemoral

Primary and point: All-cause
mortality or stroke at 1 year

(noninferiority)

Primary and point: All-cause
mortality at 1 year (noninferiority

with superiority test)

CoreValve Non-
Iliofemoral

Fig. 10.14 The CoreValve 
US pivotal trial design. 
∗Randomization stratified by 
intended access route. From 
Barker CM, Reardon MJ. The 
CoreValve US Pivotal Trial. 
Semin Thorac Cardiovasc 
Surg. 2014 
Autumn;26(3):179–86. 
Reprinted with permission 
from Elsevier
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Fig. 10.15 Long-term outcomes after TAVR: Kaplan-Meier estimates 
of all-cause and cardiovascular mortality through 2  years. (Inset) 
Landmark survival analysis of all-cause and cardiovascular mortality 
for the 1st year after TAVR for all patients (left) and during the second 
year after TAVR for patients alive at 1 year (right). TAVR transcatheter 

aortic valve replacement. From Yakubov SJ, Adams DH, Watson DR, 
et al. 2-Year Outcomes After Iliofemoral Self-Expanding Transcatheter 
Aortic Valve Replacement in Patients With Severe Aortic Stenosis 
Deemed Extreme Risk for Surgery. J Am Coll Cardiol. 2015 Sep 
22;66(12):1327–34. Reprinted with permission from Elsevier

Fig. 10.16 Kaplan-Meier estimates of major stroke through 2 years. 
(Inset) Landmark analysis for the first year after TAVR for all patients 
(left) and during the second year after TAVR for patients alive at 1 year 
(right). TAVR transcatheter aortic valve replacement. From Yakubov SJ, 
Adams DH, Watson DR, et al. 2-Year Outcomes After Iliofemoral Self- 

Expanding Transcatheter Aortic Valve Replacement in Patients With 
Severe Aortic Stenosis Deemed Extreme Risk for Surgery. J Am Coll 
Cardiol. 2015 Sep 22;66(12):1327–34. Reprinted with permission from 
Elsevier
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 Subclinical Leaflet Thrombosis

Makkar et  al. recently reported an important finding of 
reduced leaflet motion in patients with bioprosthetic valves 
based on analysis of data obtained from four dimensional 
volume-rendered CT from 187 patients after TAVR [76]. 
This was based on data from CT subgroup of the PORTICO 
(Portico Re-sheathable Transcatheter Aortic Valve System 
U.S.  Investigational Device Exemption [PORTICO 
IDE]) study as well as two registries (the Assessment of 

Transcatheter and Surgical Aortic Bioprosthetic Valve 
Thrombosis and Its Treatment with Anticoagulation 
[RESOLVE] registry, and the Subclinical Aortic Valve 
Bioprosthesis Thrombosis Assessed with Four-Dimensional 
Computed Tomography [SAVORY] registry). Reduced 
leaflet motion was seen in 40% of patients in the PORTICO 
IDE trial with a similar incidence noted in the PORTICO 
valve as well as the control SAPIEN XT valve with no dif-
ferences in mean aortic valve gradients in patients with 
reduced leaflet motion. This finding was also noted in 13% 
of the patients in the pooled registries as well as in 2/27 
(7%) surgical valves.

Although no definitive conclusions could be made from 
the study, it made important observations. Patients with 
reduced leaflet mobility in the registries were noted to have 
a higher incidence of stroke or TIA as compared to patients 
with normal leaflet mobility (18% vs. 1%, P  =  0.007). 
Additionally, as compared to patients on dual antiplatelet 
therapy, those on therapeutic anticoagulation after TAVR 
were noted to have a much lower risk of reduced leaflet 
motion on CT (21/41 patients vs. 0/8 patients, p = 0.007). 
Importantly, in follow-up CT in the PORTICO IDE, all 
11 patients with reduced leaflet motion who received 
therapeutic anticoagulation showed full recovery of nor-
mal leaflet motion, suggesting possible subclinical leaflet 
thrombosis as the cause of the reduced leaflet mobility in 
these patients. Further studies are needed to evaluate the 
long-term relevance of these findings as well as to estab-
lish protocols to help prevent “possible subclinical leaflet 
thrombosis.”

Fig. 10.17 NYHA functional classification through 2 years. Symptom 
status for 249 patients with matched datasets at all time points are pre-
sented. NYHA New York Heart Association. From Yakubov SJ, Adams 
DH, Watson DR, et  al. 2-Year Outcomes After Iliofemoral Self- 
Expanding Transcatheter Aortic Valve Replacement in Patients With 
Severe Aortic Stenosis Deemed Extreme Risk for Surgery. J Am Coll 
Cardiol. 2015 Sep 22;66(12):1327–34. Reprinted with permission from 
Elsevier

Fig. 10.18 PVAR at discharge and 1 year. The 
proportion of patients with varying degrees of 
paravalvular aortic regurgitation (PVAR) in 383 
patients with paired echocardiography studies 
available. From Oh JK, Little SH, Abdelmoneim 
SS, et al. Regression of Paravalvular Aortic 
Regurgitation and Remodeling of Self- Expanding 
Transcatheter Aortic Valve: An Observation From 
the CoreValve U.S. Pivotal Trial. JACC 
Cardiovasc Imaging. 2015 Dec;8(12):1364–1375. 
Reprinted with permission from Elsevier
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 Newer Valve Systems

Although there have been promising results from the first- 
and second-generation TAVR platforms, they still suffer 
from limitations which have contributed to suboptimal out-
comes. This includes large delivery sheaths contributing 
to vascular complications and necessitating other access 
routes, lack of precise positioning control of the delivery 
system resulting in improper valve positioning leading to 
coronary obstruction (too high placement) or conduction 
abnormalities (too low placement), as well as paravalvu-
lar regurgitation (either from under-sizing or improper 
placement or increased Aorta-LVOT angulation). Several 
newer devices are in development that aim to reduce these 
limitations.

 New TAVR Systems Currently Undergoing 
Trials

The new Edwards self-expanding TAVR system, Centera, 
has a contoured short frame height, and is made from treated 
bovine pericardium attached to a nitinol frame with a poly-
ethylene terephthalate skirt to reduce paravalvular regurgita-
tion. It is incorporated within a 14 French motorized delivery 
catheter allowing the valve to be fully retrieved and rede-
ployed before final implantation. The current version of the 
device was improved based on preliminary studies with a 0% 
pacemaker rate and a low rate of paravalvular regurgitation, 
which makes this device an attractive option.

The CoreValve Evolut R is a next generation self- 
expanding TAVR system, which is designed to be fully 

Fig. 10.19 TAVR versus SAVR: clinical outcomes at 3 years. Kaplan- 
Meier survival estimates for all-cause mortality or any stroke, all-cause 
mortality, any stroke, and all-cause mortality or major stroke. SAVR sur-
gical aortic valve replacement, TAVR transcatheter aortic valve replace-

ment. From Deeb GM, Reardon MJ, Chetcuti S, et al. 3-Year Outcomes 
in High-Risk Patients Who Underwent Surgical or Transcatheter Aortic 
Valve Replacement. J Am Coll Cardiol. 2016 Jun 7;67(22):2565–74
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repositionable, resheathable, and recapturable through an 
18F system. It retains the cell design of the first-generation 
CoreValve® device, with the large cell design facilitating cor-
onary artery access and preserving conformability in order 
to fit noncircular and heavily calcified annuli. The overall 
height of the Evolut® is about 10 mm shorter than the first-
generation CoreValve® in order to optimize the fit in patients 
with angulated aortic anatomy. However, the height of the 
pericardial skirt (12 mm) is preserved to provide a seal and 
reduce paravalvular leaks. This was tested in a valve-in- valve 
study with 100% procedural success and 0% pacemaker 
implantation rate [77]. In a series of over 1000 patients the 
repositioning feature was employed in 26% resulting in 

an overall successful implantation rate of 99.5%, a mean 
 gradient of 8.5 mmHg and a 30 day mortality 1.9% with a 
rate of aortic insufficiency of <moderate of 98.1% [78].

The St. Jude Medical Portico device is similar to the 
CoreValve with key differentiating features including an 
intra-annular bovine pericardial valve with a porcine peri-
cardial sealing cuff, larger stent cells to improve anatomic 
conformation and coronary access, and complete retriev-
ability, resheathability, and repositionability of the valve. It 
has been evaluated in two feasibility and outcome studies 
(a total of 50 patients with no major strokes, no moderate 
or severe paravalvular leaks, and no deaths occurred within 
12 months) [79].

Fig. 10.20 Echocardiographic findings over time: paired analysis. 
Reduction in aortic valve (AV) mean gradient and increased AV area are 
maintained through 3 years. Data reported on the basis of site-reported 
echocardiographic findings in patients with echocardiographic mea-
surements at all time points reported. Paired sets of mean AV gradient 
data were available for 174 TAVR and 113 SAVR patients; AV area was 
available for 126 TAVR and 85 SAVR patients. TAVR was associated 

with significantly lower gradients; and larger aortic valve areas at each 
time point (all p < 0.05). SAVR = surgical aortic valve replacement; 
TAVR transcatheter aortic valve replacement. From Deeb GM, Reardon 
MJ, Chetcuti S, et  al. 3-Year Outcomes in High-Risk Patients Who 
Underwent Surgical or Transcatheter Aortic Valve Replacement. J Am 
Coll Cardiol. 2016 Jun 7;67(22):2565–74

Fig. 10.21 Total aortic 
regurgitation over time: paired 
analysis. Site-reported total 
aortic regurgitation at 
discharge, 1 year, 2 years, and 
3 years for patients with 
echocardiographic 
measurements at each time 
point reported. Abbreviations 
as in Fig. 10.19. From Deeb 
GM, Reardon MJ, Chetcuti S, 
et al. 3-Year Outcomes in 
High-Risk Patients Who 
Underwent Surgical or 
Transcatheter Aortic Valve 
Replacement. J Am Coll 
Cardiol. 2016 Jun 
7;67(22):2565–74
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The JenaValve is a short self-expanding nitinol frame 
housing a valve derived from native porcine valve material, 
with a porcine pericardial skirt, and arms or “feelers” that 
are positioned behind the native valve leaflets allowing “clip-
ping” of the valve against the lower stent, preventing emboli-
zation and eliminating radial forces on the cardiac and aortic 
structures. With optimal placement, there is correct commis-
sural alignment, intra-annular position avoiding conduction 
defects and sparing of the coronary arteries. The device was 
evaluated in the Jupiter multicenter registry of 180 patients 
who were implanted via TA approach. The device showed 
excellent results with 95.5% procedural  success, and no 
strokes and 97.6% patients with mild or lesser paravalvular 
regurgitation [80]. Due to the unique clip fixation mechanism 
of the JenaValve, the device is ideal to be anchored in patients 
with severe aortic insufficiency who have no aortic calcifica-
tions. This was tested in a small subset of patients with severe 
aortic insufficiency who were thought to be high risk for a 
surgical aortic valve replacement. All patients had successful 
device implantation with improvement in aortic regurgitation 
and improved exercise tolerance at 3 months [81].

The Lotus® valve system (Boston Scientific, USA) com-
prises an intra-annular bovine pericardial leaflets in a woven 
nitinol frame and a catheter-based delivery system for trans-
femoral introduction and delivery. The device is reposition-
able and has an adaptive seal surrounding the ventricular 
portion of the device to reduce paravalvular aortic regurgi-

tation. The 23 and 27 mm Lotus® valves were evaluated in 
the REPRISE II trials. 76.1% of patients had no paravalvular 
regurgitation and there were no cases of moderate or severe 
regurgitation. Device success and performance rates were 
100%. Safe valve repositioning and retrieval was performed 
in 16 and 4 patients, respectively. Clinical outcomes at 30 
days revealed all-cause mortality in 4.2%, strokes in 5.9%, 
moderate or severe paravalvular regurgitation in 1%, and 
pacemaker implantation in 28.6% [82].

The Medtronic Engager® aortic valve bioprosthesis 
(Medtronic) is composed of three bovine pericardium leaflets 
sewn to a polyester sleeve and mounted on a compressible and 
self-expanding nitinol frame. The stent assembly consists of a 
shaped main frame and a support frame, coupled together to 
form the commissural posts of the valve. Two sizes are avail-
able: 23 and 26 mm for TA approach. The valve can be reposi-
tioned before final deployment. The multicenter Engager® CE 
pivotal trial evaluated the safety and efficacy of the device in 125 
patients (mean age 82 ± 4.7 years, mean logistic EuroSCORE 
18.4 ± 9%). Overall device success was 94.8%, and the prosthe-
sis was successfully implanted in 100% of patients. Thirty day 
mortality was 8.1% and the stroke rate was 1.7%; life-threaten-
ing bleeding was observed in 6.5% of patients and permanent 
pacemaker implantation was needed in 28% of patients. The 
incidence of paravalvular leak was extremely low: in 95.5% 
of patients paravalvular leakage was absent or trivial and was 
mild in 4.2% of patients [83] (Fig. 10.22 and Table 10.9).

cba

fed

Fig. 10.22 New TAVR 
systems approved for clinical 
use in Europe (and 
elsewhere). (a) Medtronic 
Engager. (b) St. Jude Portico. 
(c) Symetis Acurate. (d) 
Direct Flow Medical. (e) Jena 
Valve. (f) Boston Scientific 
SADRA Lotus. From Leon 
MB, Gada H, Fontana 
GP. Challenges and future 
opportunities for transcatheter 
aortic valve therapy. Prog 
Cardiovasc Dis. 2014 May–
Jun;56(6):635–45. Reprinted 
with permission from Elsevier
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 Future Implications: Expanded TAVR 
Indications

 Valve in Valve

Bioprosthetic surgical aortic valves have limited durabil-
ity and often degenerate in 10–20 years resulting in steno-
sis or regurgitation. Reoperation is associated with worse 
morbidity and mortality due to increased complexity of the 
procedure as well as the increased comorbidities of aging. 
TAVR is an attractive option in these patients with failed 
bioprosthesis in which the TAVR is implanted inside the 
failed SAVR valve (valve-in-valve, (VIV)). Both balloon- 
expandable and self-expanding valve platforms have been 
use for the same with favorable outcomes. In a recent report 
of 365 VIV patients, the predicted STS mortality for reop-
eration was 9.1%, yet the 30 day VIV mortality was 2.7%. 
The mean transaortic gradient was 17.6 mmHg [84]. FDA 
has now approved valve-in-valve TAVR for commercial use 
in previously placed bioprosthetic aortic or mitral valves in 
patients at high risk for surgical valve replacement.

 Bicuspid Aortic Valve

Patients with bicuspid aortic valve (BAV) have tradition-
ally been excluded from TAVR clinical trials. The specific 

concerns with implanting transcatheter heart valves in these 
patients include elliptical shaped annulus with leaflet asym-
metry and calcification leading to impaired valve position-
ing and sealing, bicuspid aortopathy with potentially a 
higher risk of dissection and rupture during valve delivery 
and implantation and high risk of residual aortic regurgita-
tion due to disruption of commissures. In a meta-analysis 
of TAVR in 758 bicuspid valve patients, procedure success 
rate 95% with more than mild aortic insufficiency present in 
12.2%, new pacemaker implantation rate of 18% with all- 
cause mortality of 3.7% [85].

 Conclusions

TAVR now represents an established treatment modality for 
patients with severe aortic stenosis who are inoperable, high 
risk or intermediate risk for surgery. Results of the low-risk tri-
als for TAVR are now available. Both the balloon-expandable 
[86] and self expandable [87] valves were either non-inferior 
or superior to SAVR in low risk patients making it highly lik-
ley that FDA will apporve TAVR in that group. Increasing 
operator experience and continuous improvements in the 
technology has led to improved outcomes, which has paved 
the way for clinical trials, which continue to seek to expand 
the current indications for TAVR implantations (Fig. 10.23). 
Long-term durability studies and data from the ongoing clini-
cal trials will help further understand its role in lower risk 

Table 10.9 The main characteristics of selected new transcatheter aortic valves

Valve type Valve material Stent material Route
Delivery 
system (Fr) Expansion Repositioning

Edwards CENTERA (Edwards 
Lifesciences, Irvine, CA)

Bovine pericardium Nitinol Femoral 14 Self-expandable Yes

Direct Flow Medical (Direct 
Flow Medical, Santa Rosa, CA)

Bovine pericardium No stent 
(polyester fabric 
cuff)

Femoral and 
subclavian

18 Polymer 
expansion

Yes

JenaValve (JenaValve 
Technology, Munich, Germany)

Porcine native 
aortic valve leaflets

Nitinol Apical 32 Self-expandable Yes

Portico (St. Jude Medical, St. 
Paul, MN)

Bovine pericardium Nitinol Femoral 18 Self-expandable Yes

The Lotus Valve System (Boston 
Scientific Corporation, Natick, 
MA)

Bovine pericardium Nitinol Femoral 18 Mechanically 
expanding

Yes

Symetis Acurate (Symetis, 
Ecublens, Switzerland)

Porcine 
pericardium

Nitinol Apical and 
femoral

28, 18 Self-expandable Yes

Engager (Medtronic Inc., 
Minneapolis, MN)

Bovine pericardium Nitinol Apical 29 Self-expandable Yes

CoreValve Evolut R (Medtronic 
Inc., Minneapolis, MN)

Porcine 
pericardium

Nitinol All except 
transapical

14 Self-expandable Yes

From Abdel-Wahab M, El-Mawardy M, Richardt G. Update on transcatheter aortic valve replacement. Trends Cardiovasc Med. 2015 Feb;25(2):154–
61. Reprinted with permission from Elsevier
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patients with severe aortic stenosis and formulate appropriate 
treatment algorithms for optimal treatment of these patients.
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Valve Prosthesis

Corinne M. Aberle, Chrisita L. Powlett, 
and Jennifer R. Cozart

 Introduction

Modern valve surgery began its evolution after World War II, 
when Harken successfully operated on the heart to remove 
foreign bodies [1]. Attention was then turned toward cor-
recting congenital defects such as valve insufficiency and 
stenosis. Eventually, surgery for acquired valve disease was 
possible in the 1950s after cardiopulmonary bypass and open 
heart surgery was developed. Since that time, surgical treat-
ment for valvular heart disease has continued to advance 
through the development of numerous repair techniques 
and valve prostheses. This chapter describes the surgical 
approaches to valvular heart disease, indications for treat-
ment, and decision-making criteria to ensure the optimal 
treatment for each patient.

 Aortic Valve

A variety of pathologies develop in adults which may neces-
sitate intervention on the aortic valve including stenosis, 
insufficiency and aneurysmal disease of the root and ascend-
ing aorta. While select cases may be considered for aortic 
valve repair, most adult aortic valvular pathologies require 
aortic valve replacement.

 Aortic Valve Replacement

 Indications for Replacement

 Aortic Stenosis
In developed countries, aortic stenosis (AS) is the most 
prevalent valvular heart disease in adults [2]. Common 
causes of AS include acquired degenerative calcific disease, 
bicuspid aortic valve, and rheumatic heart disease. The pres-
ence of symptoms including angina, syncope, or dyspnea on 
exertion is the primary indications for aortic valve surgery. 
The severity of AS is determined by evaluating the aortic 
valve area (AVA) and mean systolic gradient as shown in 
Table 11.1.

According to the 2014 AHA/ACC guidelines, indications 
for aortic valve replacement (AVR) in AS include symptom-
atic patients with severe AS, symptomatic patients with low 
flow/low gradient severe AS both with and without reduced 
left ventricular ejection fraction (LVEF), as well as asymp-
tomatic patients with severe AS. In patients with moderate 
AS, AVR is reasonable if undergoing cardiac surgery for 
other reasons. Table 11.2 outlines the indications for AVR in 
aortic stenosis [3].

 Aortic Regurgitation
Aortic regurgitation (AR) can originate either from pri-
mary leaflet disease or from disease of the aortic root, and 
may occur alone or in combination with aortic stenosis. 
Common diseases leading to leaflet malfunction include 
calcific degeneration, myxomatous degeneration, rheumatic 
disease, infective endocarditis, and bicuspid aortic valves. 
Dilation of the aortic root leading to regurgitation may 
result from aortic dissection, trauma, chronic hypertension, 
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Table 11.1 AHA/ACC guidelines for severity of aortic stenosis

Mild Moderate Severe
Aortic valve area (cm2) >1.5 1.0–1.5 <1.0
Mean pressure gradient (mmHg) <20 20–39 >40

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4471-2840-3_11&domain=pdf
mailto:jcozart@texasheart.org


224

connective tissue disorders, and syphilis induced aortitis. 
Table 11.3 shows the criteria used to determine the severity 
of aortic regurgitation. Indications for aortic valve replace-
ment for regurgitation, shown in Table 11.4, include symp-
tomatic severe AR, asymptomatic severe AR with reduced 
LVEF or with left ventricular dilation, and asymptomatic 
moderate or severe AR undergoing cardiac surgery for other 
indications [3].

 Patient Factors and Limitations

When considering an AVR, some patient factors and limita-
tions may affect surgical planning and prosthesis choice. 
Specifically, the patient’s age, ability to tolerate long-term 
anticoagulation, and aortic root size are important factors 
for consideration. Each valve replacement option has a dif-
ferent expected durability. A younger patient may be better 
suited with a valve with a longer durability, to avoid the need 
for reoperation. However, if the patient’s life expectancy is 
shorter, valve durability may be less important when decid-
ing on a valve prosthesis. In addition, some valve prostheses 
require life-long anticoagulation. Older patients or patients 
at higher risk of fall, patients at higher risk of bleeding, or 
patients who may desire future pregnancy may not be can-
didates for therapeutic anticoagulation. Alternatively, patients 
with an existing condition which already requires anticoagula-
tion, such as atrial fibrillation or thrombotic disorders, may 
not need to consider anticoagulation when choosing a valve 
prosthesis. Lastly, aortic root size is an equally important 
determinant during aortic valve replacement. A small or heav-
ily calcified aortic root may limit the size of the valve prosthe-
sis which can be placed. Replacing the valve with too small a 
valve may place the patient at risk for an ongoing functional 
stenosis. Some valve prosthesis options have improved hemo-
dynamics and flow compared to other valves of similar size, 
which may be important when faced with a small aortic root.

 Options for Replacement

 Mechanical Valve
One of the earliest valve replacement options developed 
was the mechanical ball and cage valve [4]. However, these 
initial valves required intense anticoagulation and were 
somewhat limited in their hemodynamic performance [5]. 
Mechanical valves have since evolved and are now designed 
as tilting discs (Fig. 11.1). Overall, mechanical valves have 
several advantages. The durability of these valves remains 
excellent, with a valve replacement rate of less than 2% 
over 25 years [6]. Furthermore, long-term studies compar-
ing mechanical to biologic prosthesis have shown a greater 
freedom from valve-related events and from reoperation 
with mechanical prosthesis [7, 8]. Some studies also sug-
gest improved survival with mechanical prosthesis, while 
maintaining a similar quality of life to that of a biologic 
prosthesis [9, 10]. In addition, mechanical valves boast 
excellent hemodynamics, with large effective flow orifices, 
which translate into functionally larger prostheses for any 
given tissue annulus diameter [10].

Mechanical valves have some disadvantages as well. 
Perhaps the most prominent disadvantage is the need for 
anticoagulation. Anticoagulation-related hemorrhage is the 

Table 11.2 Indications for aortic valve replacement in aortic stenosis

Indication
Class of 
evidence

Symptomatic patients with severe high-gradient AS I
Asymptomatic patients with severe AS and LVEF 
<50%

I

Severe AS undergoing other cardiac surgery I
Symptomatic patients with low-flow/low-gradient 
severe AS with reduced LVEF with mean pressure 
gradient ≥40 mmHg or AVA ≤1.0 cm2 on dobutamine 
stress study

IIa

Asymptomatic patients with
     − Very severe AS and low surgical risk
     −  Severe AS and decreased exercise tolerance or 

exercise fall in BP

IIa

Moderate AS undergoing other cardiac surgery IIa
Asymptomatic patients with severe AS, rapid disease 
progression and low surgical risk

IIb

AS aortic stenosis, AVA aortic valve area, LVEF left ventricular ejection 
fraction

Table 11.3 AHA/ACC guidelines for the severity of aortic 
regurgitation

Mild Moderate Severe
Jet width (% LVOT diameter) <25 25–64 ≥65
Vena contracta (cm) <0.3 0.3–0.6 >0.6
Regurgitant volume (mL/beat) <30 30–59 ≥60
Regurgitant fraction (%) <30 30–49 ≥50
Effective regurgitant orifice area 
(cm2)

<0.10 0.10–0.29 ≥0.3

LVOT left ventricular outflow tract

Table 11.4 AHA/ACC recommendations for aortic regurgitation sur-
gical intervention

Recommendation COR
Symptomatically patients with severe AR regardless of LVEF I
Asymptomatic patients with chronic severe AR and LVEF < 
than 50%

I

Severe AR undergoing other cardiac surgery I
Asymptomatic patients with severe AR with LVEF >50% and 
severe LV dilatation

IIa

Moderate AR undergoing other cardiac surgery IIa
Asymptomatic patients with severe AR with LVEF >50% and 
with progressive severe LV dilatation and low surgical risk

IIb

AR aortic regurgitation, COR class of recommendation, LV left ven-
tricular, LVEF left ventricular ejection fraction
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most common valve-related event, and accounts for the high-
est mortality associated with valve-related events [7, 8, 11–
15]. The target INR can vary based on patient risk factors, 
as well as valve choice. Thromboembolism is the second 
most common valve-related event, with rates ranging from 
0.8% to 2.3% per patient year when anticoagulated, which 
is similar to that of bioprosthesis [8, 11–17]. Finally, the risk 
for prosthetic valve endocarditis must be considered as well. 
The incidence is similar between mechanical and biologic 
valves, with freedom from endocarditis with a mechanical 
valve around approximately 98% at 25 years [11, 15].

Overall, mechanical valves should be considered for 
younger patients, especially patients less than 60  years of 
age [11]. Any patients who require indefinite anticoagulation 
for other reasons should receive a mechanical valve [18]. 
Lastly, patients who would be considered high risk during 
any potential subsequent reoperations, such as patients with 
prior valve replacement or prior coronary bypass, should be 
considered for a mechanical valve [6, 19].

 Bioprosthetic Valve
Numerous bioprosthetic valve options are available cur-
rently, which may be stented or non-stented, and are typically 
bovine or porcine. Figures 11.2 and 11.3 show an example 
of bioprosthetic aortic valve and implantation. Similar to 
mechanical valves, bioprosthetic valves carry their own 

Fig. 11.1 St. Jude Medical (SJM) Regent™ mechanical heart valve. 
Reproduced with permission of St. Jude Medical, ©2017

Fig. 11.2 Bioprosthetic aortic valve implantation with St. Jude 
Trifecta™ aortic valve

Fig. 11.3 St. Jude Medical (SJM) Trifecta™ aortic tissue valve. 
Reproduced with permission of St. Jude Medical, ©2017
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inherent advantages and disadvantages. A major advantage 
with bioprosthetic valves is the freedom from therapeutic 
anticoagulation. The risk of thromboembolism without anti-
coagulation for a bioprosthetic valve is similar to the risk for 
a mechanical valve with anticoagulation [8, 11–17]. In addi-
tion, bioprosthetic valves also offer the potential benefit of a 
future transcatheter valve-in-valve implantation, which is not 
an option with mechanical valves.

Studies have shown higher reoperation rates in patients 
with bioprosthetic valves, as well as more structural valve 
deterioration (SVD) [20]. In most series, freedom from SVD 
falls rapidly after the 15 year follow-up [7, 20–22]. In addi-
tion, younger patients may be predisposed to premature 
bioprosthetic SVD [23, 24]. Stented bioprosthetic valves 
generally have lower effective orifice areas compared to that 
of mechanical valves, and may not be ideal in patients with 
small aortic roots. However, stentless biologic valves may 
have less residual gradients than stented valves [25]. Stentless 
valves are more complex to implant, requiring longer cross 
clamp times. Overall, bioprosthetic valves can be considered 
for older patients, specifically patients over 70 years old. A 
bioprosthesis is also a good option for patients with contrain-
dications to anticoagulation, such as women of childbearing 
age who wish to become pregnant, patients with bleeding 
disorders, contraindication to anticoagulation, or patients 
who are noncompliant or refuse anticoagulation.

 Homograft
Aortic root homografts (allografts) and porcine root xeno-
grafts are additional options for valve replacement. These 
options replace the aortic valve and the aortic root. They offer 
various advantages, including an excellent hemodynamic 
profile with low transvalvular gradients [26]. Homografts 
have a low risk of thromboembolism without the need for 
systemic anticoagulation. Furthermore, they offer potentially 
the lowest risk of prosthetic valve infection compared to other 
replacement options. However, these conduits carry the risk 
of structural deterioration which is inversely proportional to 
recipient age. In addition, older homograft donor age may 
contribute to higher rates of degeneration. The availability 
of homografts may also be limited, especially in larger sizes.

Overall, homografts and xenografts may be considered in 
various scenarios. The most common indication for a homo-
graft is for the treatment of aortic valve endocarditis which 
has also affected the root [27, 28]. Compared to a valved 
conduit graft, a homograft or xenograft possesses minimal 
prosthetic material, which may be preferable in the setting 
of infection [29]. Another indication is use in a patient with 
a small aortic root. These conduits are stentless, which pro-
vides improved hemodynamics over other valve options. In 
addition, because the root is replaced, the risk of coronary 
obstruction by an oversized prosthesis is eliminated in these 
patients. Finally, because these conduits have a low risk of 

thromboembolism, they may be considered for patients who 
require valve and root replacement who cannot be antico-
agulated [30].

 Ross Procedure
The Ross procedure was first reported by Donald Ross in 
1967 as an option for valve replacement in aortic valve dis-
ease. The procedure involves replacement of the diseased 
aortic valve with a pulmonary autograft and reconstruction of 
the right ventricular outflow tract (RVOT) with a homograft 
or xenograft. This procedure has proven long-term durabil-
ity and the benefit of avoiding formal anticoagulation [31]. 
In 1987, Elkins and Stelzer began performing this operation 
in children leading to its adoption in the United States [32].

The main benefit of the Ross procedure is better hemody-
namics across the replaced aortic valve when compared to a 
prosthetic valve. In the pediatric population, the Ross proce-
dure remains a preferred choice for patients with left ventric-
ular outflow tract (LVOT) obstruction. A significant benefit 
is that the valve can grow with the child, thereby avoiding 
multiple valve replacements. Additionally, long- term antico-
agulation is not required and thrombosis occurs infrequently. 
The superior hemodynamics and freedom from anticoagula-
tion makes the Ross procedure the ideal operation for active 
young patients with aortic valve disease.

Ideal patients for the Ross procedure are young adults 
with aortic valve disease and a normal-sized annulus [33]. 
Other patients to consider for the Ross procedure are women 
of childbearing age, high-level athletes, young patients with 
bleeding disorders or other factors preventing anticoagula-
tion, and patients with greater than 20-year life expectancy 
who do not want full anticoagulation. With regard to age, 
some authors suggest the surgery should not be done in 
patients at the extremes of age. However, Schmidtke et al. 
reported on their experience with the Ross procedure in 
patients over the age of 60. They concluded that the proce-
dure could be safely performed with excellent 7-year results 
in selected elderly patients up to the age of 70 [34]. After this 
age, the long-term benefits would be lost as the life expec-
tancy is significantly reduced. Conversely, Willams et  al. 
reported on their experience in infants less than 18 months 
of age and the results were also excellent [35]. These reports 
reinforce the applicability of the Ross procedure for patients 
regardless of age.

Contraindications to the Ross procedure include multi- 
vessel coronary artery disease, severely depressed left ven-
tricular function, multiple valvular pathology, disease of the 
native pulmonary valve, connective tissue disease, and sig-
nificant aortic root dilation.

One major criticism of the Ross procedure is that the 
operation converts a single valve pathology to a double-valve 
pathology (aortic and pulmonary), thereby increasing the 
incidence of reoperations on both the pulmonary autograft 
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and the homograft [36, 37]. Reported incidences of reopera-
tion range from 8 to 15% at 10 years [36]. The major indica-
tion for reoperation is dilation of the pulmonary autograft. 
However, revised surgical techniques at the index operation 
as well as better selection of surgical candidates can mitigate 
this complication.

The long-term outcomes of the Ross procedure are excel-
lent. Compared to aortic valve replacement with either 
a mechanical or bioprosthetic valve, only patients who 
underwent the Ross procedure have shown survival which 
approached that of the general population [38]. The Ross 
procedure is a complex and technically demanding operation 
with a steep learning curve. Therefore, it should only be per-
formed in highly specialized cardiac centers by experienced 
surgeons.

 Valve Conduit
An additional option for AVR with aortic root or ascend-
ing aortic replacement is a valve conduit. The valve conduit 
typically consists of a mechanical valve which is annealed 
to a Dacron graft from the manufacturer. Alternatively, the 
surgeon may also create a valve conduit by suturing a bio-
prosthetic or mechanical valve to a graft. Valve conduits are 
considered the gold standard for aortic root replacement, but 
do carry the risk of prosthetic graft material and the potential 
for infection. Grafts are spared from degeneration and can 
last for a patient’s lifetime.

 Aortic Root Enlargement
A small aortic root can be a potential limitation to aortic 
valve replacement. Patient prosthesis mismatch (PPM) can 
occur when a valve prosthesis effective orifice area is not suf-
ficient for the patient’s body surface area, which can result in 
elevated gradients across the valve postoperatively. Several 
studies have shown that severe PPM has an adverse impact 
on survival. When faced with a small aortic root, a surgeon 
may consider aortic root enlargement in order to safely place 
a larger valve.

One option for aortic root enlargement involves incor-
poration of a bovine pericardial or Dacron patch to enlarge 
the diameter. There are three specific surgical techniques for 
aortic annular enlargement. In the Nicks procedure, the aor-
totomy is extended into the nadir of the non-coronary sinus 
and into the basal third of the anterior leaflet of the mitral 
valve. An autologous pericardial patch or a Dacron patch is 
fashioned in a teardrop shape to enlarge the annulus. The 
valve implantation sutures are then placed across the patch 
itself, as well as the remainder of the annulus. This procedure 
can allow the surgeon to place a valve up to two sizes larger 
than the native annulus [39]. Similarly, the Manougian pro-
cedure involves extending the aortotomy more posteriorly 
along the commissure of the non-coronary and left coronary 
cusps. This incision is carried through the aortic-mitral sep-

tum and onto the anterior leaflet of the mitral valve, while 
also opening the roof of the left atrium. A patch is then 
implanted along the mitral valve incision and the aortotomy, 
and the valve sutures may then be utilized to close the atri-
otomy [40]. The last and perhaps most radical option is the 
Konno- Rastan procedure, which involves making an enlarg-
ing incision to the left of the right coronary orifice, into the 
ventricular septum and along the free wall of the right ventri-
cle [41]. A patch is utilized to repair the septum, as well as a 
second patch for the closure of the right ventriculotomy and 
annular enlargement. All root enlargement procedures may 
increase the operative risk with aortic valve replacement, and 
therefore should only be undertaken with caution.

 Transcatheter Aortic Valve Replacement
Transcatheter aortic valve replacement (TAVR) is an alter-
native option to open surgical aortic valve replacement. 
Figure 11.4 shows an example of a transcatheter aortic heart 
valve prosthesis. Multiple approaches for TAVR have been 
developed including transapical, axillary, and open or per-
cutaneous femoral. Currently, the percutaneous femoral 
approach is the most commonly utilized access for TAVR 
(Fig. 11.5).

The PARTNER and CoreValve Pivotal Trials examined 
the utility of TAVR in the setting of inoperable, as well as 
high-risk, surgical patients. Overall, TAVR was associated 
with improved one and two-year mortality compared with 
medical management [42]. When TAVR was compared to 
surgery for high-risk patients, both the PARTNER and the 

Fig. 11.4 Edwards SAPIEN 3™ transcatheter heart valve. Courtesy of 
Edwards Lifesciences LLC, Irvine, California
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CoreValve Trials found no difference in mortality at 30 days 
between the two groups. However, at 1 year, the CoreValve 
study noted a lower mortality with TAVR as compared to 
the surgical arm, while the PARTNER study found no dif-
ference [43, 44].

These trials have formed the basis of the current indi-
cations for TAVR. The AHA/ACC guidelines recommend 
surgical AVR for patients with low or intermediate surgical 
risk. Patients who have a prohibitive risk for surgery and 
a predicted post TAVR survival of greater than 12 months 
should be considered for TAVR.  In addition, TAVR is a 
reasonable alternative to surgical AVR for patients who are 
high surgical risk [3]. It is likely that TAVR will be approved 
for use in low risk patients in the near future.

An additional PARTNER trial, the 2A trial, studied TAVR 
in intermediate-risk populations. There was no difference 
in disabling stroke, but the need for permanent pacemaker 
and the incidence of paravalvular leak was higher in the 
TAVR arm compared to the surgical arm. TAVR has since 
been approved by the US Food and Drug Administration 
for use in intermediate-risk populations. However, surgical 
AVR remains the gold standard for low- and intermediate-
risk populations. For a more in depth review of TAVR, see 
Chap. 10.

 Aortic Valve Repair

Aortic valve repair may be an option for selected patients 
who have aortic insufficiency or a normally functioning aor-

tic valve associated with an aortic root or ascending aortic 
aneurysm. When considering a patient for aortic valve repair, 
the cause of the aortic insufficiency as well as the aortic cusp 
integrity are important determinants. Cusps with mobile and 
smooth-free margins may be good candidates for repair, 
while calcified, scarred, and fibrotic cusps may preclude an 
effective repair.

Overall, bicuspid aortic valve with prolapse is the most 
commonly performed aortic valve repair in adults [45, 46]. 
The prolapsing and elongated cusp can be plicated to shorten 
the free margin and improve coaptation. In addition, selected 
congenital disease and rheumatic disease may be repaired 
by cusp extension using autologous or bovine pericardium. 
Occasionally, a cusp perforation may be the sole cause of 
aortic insufficiency. Simple patch repair with pericardium 
can provide a durable repair in such circumstance. Finally, 
dilation of the sinotubular junction can increase the stress 
along the free margin of the cusps, which can ultimately lead 
to thinning and fenestrations. These fenestrations can be 
potentially repaired by running a suture along the free mar-
gin of the cusp. Careful evaluation of the valve is required for 
successful aortic valve repair [47].

 Mitral Valve

Mitral valve disease including mitral regurgitation (MR) and 
mitral stenosis (MS) is caused by many different patholo-
gies. Repair of the mitral valve is preferred to replacement in 
most cases of mitral regurgitation when appropriate.

 Mitral Valve Repair

For patients with rheumatic, mixed, and degenerative mitral 
valve disease, mitral valve repair provides an improved 
quality of life with less morbidity and improved long-term 
survival when compared to mitral valve replacement [48]. 
Mitral repair is considered very durable, with many patients 
remaining free of reoperation up to 30 years from repair [49]. 
For this reason, repair should be performed whenever pos-
sible, specifically in the setting of mitral regurgitation (MR). 
However, in contrast to MR, mitral stenosis (MS) is often 
not amenable to repair. Furthermore, some retrospective data 
suggests that for patients with MS, replacement may have a 
better outcome than commissurotomy or valvuloplasty [50].

 Indications
The indications for mitral valve repair are broadening as 
techniques for mitral repair have improved and overall out-
comes have improved. The AHA/ACC guidelines recom-
mend mitral valve surgery for all patients both symptomatic 
and asymptomatic with severe, primary MR and an LVEF 

Fig. 11.5 Edwards Commander™ delivery system for TAVR. Courtesy 
of Edwards Lifesciences LLC, Irvine, California
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>30%. For patients with severe MR and an LVEF <30%, 
mitral valve repair can be considered. In addition, patients 
with moderate MR who are undergoing cardiac surgery for 
other indications can be considered for mitral valve repair.

For patients with secondary MR, mitral valve surgery is 
recommended if the MR is severe and the patient is undergo-
ing coronary artery bypass or aortic valve replacement. Mitral 
valve repair can be considered for moderate secondary MR 
for patients undergoing other cardiac surgery. Lastly, mitral 
valve surgery can be considered for severely symptomatic 
patients with severe secondary MR with persistent symptoms 
despite optimal medical management of heart failure.

For all patients being considered for mitral valve surgery, 
adequate functional status before mitral valve surgery is pre-
ferred. Patients with symptoms of heart failure should be 
optimized as much as possible with diuresis preoperatively. 
Ventricular function is also important to consider when eval-
uating operative candidacy. For patients with severe MR, 
the left ventricular ejection fraction (LVEF) often decreases 
postoperatively, even for patients with a normal LVEF pre-
operatively [3].

 Mitral Valve Repair Techniques

Various techniques have been developed for mitral valve 
repair. The choice regarding which technique to utilize is 
based on the pathology of valve dysfunction. In general, 
repair techniques are aimed at stabilizing the dilated or 
weakened annulus, as well as reducing the height of the pro-
lapsing or flail leaflet to restore proper leaflet coaptation and 
prevent systolic anterior motion (SAM).

 Annuloplasty Rings
The cornerstone of mitral valve repair is the annuloplasty. 
An annuloplasty should be performed with all mitral 
valve repairs and has been shown to improve the durabil-
ity of repair significantly [51]. Various device options are 
available, including rigid vs. flexible rings, and partial vs. 
complete rings. Figure 11.6 shows an example of a mitral 
annuloplasty ring. Debate still exists over which type of ring 
should be used, but no definitive data is available. Some data 
suggest that a flexible ring may incur less systolic anterior 
motion of anterior mitral valve leaflet and a partial ring may 
be safer with respect to SAM [52]. However, the greatest 
risk for SAM occurs when a ring is undersized; therefore, 
oversizing is generally recommended [53, 54]. Ultimately, 
the choice on annuloplasty device is often based on surgeon 
experience and preference.

 Leaflet Resections
Two types of leaflet resections are commonly used, the 
quadrangular resection and the triangular resection. The 

quadrangular resection is utilized for posterior leaflet pro-
lapse or flail leaflet, particularly of the P2 segment [55]. 
In this resection, a rectangular piece of leaflet tissue is 
excised to the annulus. Reapproximation of the remain-
ing posterior leaflet edges can then be accomplished by 
a variety of techniques often including an annular plica-
tion [56].

The triangular resection similarly resects a flail or pro-
lapsing segment involving either leaflet, but the resection is 
tapered toward the annulus in a triangular fashion and does 
not require annular plication [57, 58]. In general, the anterior 
mitral leaflet should be preserved, but a triangular resection 
can be considered for a true flail segment. After resection, 
the remaining leaflet is reapproximated and the repair is 
completed with addition of an annuloplasty ring in most 
cases [57].

 Artificial Chordae and Chordae Transfer
For both anterior and posterior leaflet prolapse, the cre-
ation of artificial chordae is another option for repair. 
Polytetrafluoroethylene (PTFE) or Gore-Tex suture is 
placed through the papillary muscle and then the free edge 
of the leaflet. These new chords can be fashioned as loops, 
or as figure of eight sutures, which can be adjusted while 
testing the valve to ensure proper leaflet height and coapta-
tion [59, 60].

Chordal transfer is utilized for elongated or ruptured leaf-
let chords. In this repair, the flail segment of the affected leaf-
let is resected. Next, a portion of the opposite leaflet with its 
associated chords is resected and transferred to the affected 
leaflet, to replace the resected flail segment. The donor leaf-
let is then primarily repaired. This repair requires altering an 
otherwise normal leaflet, which may be considered a down-
side to this technique [61].

Fig. 11.6 Carpentier-Edwards Physio II mitral annuloplasty ring. 
Courtesy of Edwards Lifesciences LLC, Irvine, California
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 Alfieri or Edge-to-Edge Repair
The Alfieri technique, also known as the edge-to-edge repair, 
consists of suturing the anterior and the posterior leaflet 
together at the midpoint of the coaptation line [62, 63]. This 
creates a double-orifice valve. This technique can be useful 
for bi-leaflet prolapse, and helps maintain an equal height of 
the anterior and posterior leaflet. This technique is helpful in 
preventing SAM, but can place the patient at risk for mitral 
stenosis [54, 64]. Therefore, the suture line should not extend 
for more than 1 cm in length and the surgeon should ensure 
that each valve orifice side has at least a 2  cm opening to 
prevent mitral stenosis.

 Transcatheter Mitral Valve Repair: MitraClip
The MitraClip device (Abbott Vascular, Menlo Park, 
California) is a percutaneous device used to treat patients 
with symptomatic chronic mitral regurgitation who are at 
high risk for surgery. The MitraClip was first implanted in 
2003, and in 2013, it became the first device approved by 
the U.S. Food and Drug Administration as an alternative to 
open mitral valve surgery in patients with primary mitral 
regurgitation. It has also recently been approved for patients 
with severe secondary MR who remain symptomatic despite 
aggressive medical therapy.

The indications for MitraClip use are severe symptomatic 
mitral regurgitation (MR > 3+) in patients with prohibitive 
risk for open mitral valve surgery, favorable valve anatomy 
for repair, and reasonable life expectancy [3].

MitraClip is contraindicated in patients who cannot tol-
erate procedural anticoagulation or antiplatelet agents post- 
procedure. Also, patients with rheumatic mitral valve disease, 
active endocarditis, thrombus within the femoral vein, infe-
rior vena cava or intracardiac thrombus, and patients with 
unfavorable valve anatomy (heavily calcified leaflets, cleft 
leaflets, large flail gap) are not candidates for this device [3].

Percutaneous mitral valve repair using the MitraClip 
device is based on the edge-to-edge repair as described by 
Alfieri. The device attaches the free edges of the middle seg-
ments (A2 and P2) of the mitral leaflets to create a double- 
orifice valve. This results in improved coaptation of the mitral 
leaflets and a reduction in the regurgitant jet. The procedure 
involves venous access via the femoral veins, advancement 
of the device into the right atrium, and a trans- septal punc-
ture to access the mitral valve. Transesophageal echocardio-
graphic (TEE) guidance is used to align the device with the 
regurgitant leaflets. The leaflets are grasped and TEE is used 
to evaluate the reduction in MR prior to deployment of the 
clip. Additional clips may be placed as necessary to reduce 
the regurgitant jets further. The procedure is generally per-
formed under general anesthesia and heparin is administered 
to achieve an activated clotting time above 250 s [65].

The efficacy of the MitraClip was evaluated in the 
EVEREST II clinical trial, in which patients with severe 

symptomatic or asymptomatic mitral regurgitation were ran-
domized to either percutaneous repair or surgical repair. The 
patients were followed for 12 months at the time of report-
ing. The rates of primary end-point for efficacy were 55% 
in the MitraClip group as compared to 73% in the surgery 
group. The rate of death was 6% in either group. Surgery 
for persistent or recurrent mitral regurgitation was 20% in 
the MitraClip group and 2% in the surgery group. 30-day 
rates of major adverse events were 15% in the MitraClip 
group and 48% in the surgery group. At 12  months, both 
groups had improved left ventricular size, New York Heart 
Association functional class and quality-of-life measures as 
compared with baseline [66].

A major disadvantage of the MitraClip procedure is that 
it may further damage a potentially repairable valve. For 
patients who fail MitraClip and then go on to an open surgi-
cal intervention, valve replacement is more likely than repair 
as a result of valve damage from the device. This under-
scores the need for proper patient selection for the MitraClip 
procedure, as patients with potentially repairable valves 
with acceptable surgical risk should be offered open surgery 
rather than a percutaneous repair [67].

 Mitral Valve Replacement

When mitral valve repair is not feasible, mitral valve replace-
ment (MVR) can be undertaken. Multiple prosthesis options 
exist for mitral replacement, and decisions regarding pros-
thesis type are similar to that for aortic valve replacement. 
Consideration for patient age, ability to anticoagulate, and 
patient preference are all important.

 Indications
For patients with mitral regurgitation, the same crite-
ria exist as for mitral repair. However, for patients with 
primary MR, replacement should only be undertaken if 
a successful repair cannot be achieved [3]. For patients 
with severe ischemic or secondary MR, the decision for 
repair versus replacement is less clear [68]. Some data 
suggests that repair has a higher recurrence rate of mod-
erate-to-severe MR when compared with replacement, but 
no overall difference in mortality and left ventricular (LV) 
remodeling [69].

For patients with mitral stenosis (MS), percutaneous bal-
loon commissurotomy is often the first line therapy when 
anatomically feasible. However, the AHA/ACC guidelines 
recommend mitral valve surgery for patients with symp-
tomatic severe MS who are not candidates for or have failed 
balloon commissurotomy, patients with severe MS with 
recurrent embolic events while on anticoagulation, and for 
patients with moderate or severe MS undergoing cardiac sur-
gery for other indications [3].
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 Choosing a Prosthesis
Similar to aortic valve replacement, multiple options 
for mitral valve replacements exist, which includes both 
mechanical and bioprosthetic valves (Fig. 11.7). In addition, 
mechanical and bioprosthetic mitral valves offer similar ben-
efits and risk profiles as their counterparts for aortic valve 
replacement.

Mechanical valves should be considered for young 
patients, especially patients under 60 years of age, patients 
with chronic atrial fibrillation, patients already requiring 
long-term anticoagulation, and patients who wish to mini-
mize the risk of reoperation [70]. Furthermore, patients 
with a small left ventricular size may benefit from a 
mechanical valve, as it offers a better hemodynamic pro-
file compared to a bioprosthetic, while also maintaining 
a lower profile. However, mechanical valves may not be 
suitable for women of childbearing age due to the need 
for anticoagulation. In addition, noncompliant patients, 
patients with bleeding or fall risk, and patients who have 
other contraindications to anticoagulation should not 
receive a mechanical valve.

Bioprosthetic valves do not require long-term anticoag-
ulation, which may be considered an advantage. However, 
they are less durable and more prone to structural valve 
deterioration (SVD) [71–77]. SVD is accelerated in younger 
patients compared to older patients. For these reasons, bio-
prosthetic valves should be considered for older patients, 
specifically patients older than 65  years old, patients with 
contraindications to anticoagulation, and patients of any age 
in sinus rhythm who wish to avoid anticoagulation.

 Technique
Unlike replacement of the aortic valve, replacement of 
the mitral valve does not require leaflet excision. In fact, a 
chordal sparing technique for mitral valve replacement may 
help to preserve left ventricular function and is associated 

with improved survival [50, 78, 79]. The posterior leaflet can 
often be left in situ, or partially excised while preserving the 
chordae and subvalvular apparatus. The remaining leaflet tis-
sue is then attached to the annulus with the sutures used for 
securing the prosthesis. The central portion of the anterior 
leaflet is often excised, while preserving the anterolateral 
and posteromedial aspects with the underlying chordae. The 
remaining anterior leaflet is similarly attached to the annulus 
with the valve insertion sutures [80].

 Anticoagulation
In general, all valves in the mitral position are associated 
with a greater risk of thromboembolism than valves in the 
aortic position [81]. For this reason, the recommended INR 
for mechanical valves in the mitral position is higher than 
that for valves in the aortic position. The usual recommen-
dation is a goal INR of 2.5–3.5 [3, 81]. In addition, some 
surgeons advocate for anticoagulation for all patients who 
undergo mitral valve replacement for the initial 3 months 
after surgery, including patients with a bioprosthesis. The 
atriotomy and potential stasis in the left atrial appendage, 
as well as the high risk of arrhythmias such as atrial fibril-
lation, may place patients at higher risk for thromboem-
bolic events during this time [5, 82–86]. Patients with a 
bioprosthesis may then be re-evaluated at 3 months, and 
anticoagulation discontinued if the patient remains in 
sinus rhythm without other indications for anticoagulation. 
Aspirin should be considered for all patients with mitral 
replacements [87].

 Future Considerations

The increasing adoption and success of TAVR has led to 
an increased interest in transcatheter mitral valve replace-
ment. However, various limitations exist which has 
delayed the development and implementation of transcath-
eter mitral valve replacement (TMVR). Structurally, the 
mitral valve and its relationship to left ventricular func-
tion and outflow track is much more complex than that 
of the aortic valve. An especially important consideration 
is the mitral annulus. The annulus in mitral regurgitation 
is often not calcified and may not offer a reliable land-
ing zone for a percutaneous device. However, some cen-
ters have achieved success with TMVR for patients with a 
prior bioprosthetic mitral valve or annuloplasty ring. The 
annuloplasty ring or stent of the implanted bioprosthesis 
may provide a solid landing zone for TMVR, and might 
provide a platform for increased implementation of valve-
in-valve procedures in the mitral valve position [88–92]. 
Several devices for primary TMVR have been developed, 
but further trials are required before they may be adopted 
into regular use.

Fig. 11.7 St. Jude Epic™ stented tissue valve. Reproduced with per-
mission of St. Jude Medical, ©2017
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 Tricuspid Valve

Valvular disease is infrequently isolated to the tricuspid valve 
(TV). Congenital lesions of the tricuspid valve occur in less 
than 1% of the population, and include Ebstein’s  anomaly, 
tricuspid atresia, and tricuspid stenosis. Acquired lesions of 
the tricuspid valve may be classified as either primary or sec-
ondary, and occur more commonly than congenital lesions. 
Careful evaluation is necessary to achieve the optimal indi-
vidualized treatment and chance for long-term success.

 Primary Lesions

Primary lesions of the tricuspid valve occur from direct involve-
ment of the tricuspid valve by a variety of diseases. These 
diseases include endocarditis, rheumatic valvulitis, carcinoid 
disease, blunt chest trauma, and iatrogenic injuries. There has 
been a gradual increase in the incidence of iatrogenic injuries 
as a result of pacemaker/defibrillator implantation and endo-
myocardial biopsies, as these procedures are being performed 
with increasing frequency. Patients with indwelling transvalvu-
lar cardiac leads who require tricuspid surgery often have epi-
cardial leads implanted at the time of surgery to reduce the risk 
of recurrence. Alternatively, the device lead may be stabilized 
by endocardial suture fixation at the commissure.

 Secondary Lesions

The majority of tricuspid valve lesions are secondary, which 
occur as a result of a separate cardiac pathology. Left sided 
valve lesions of the mitral or aortic position are a common 
cause of secondary lesions. This can be observed in a variety 
of diseases which produce pulmonary hypertension and right 
ventricular dilatation which results in failure of tricuspid 
leaflet coaptation and “functional” regurgitation. Secondary 
tricuspid lesions can vary greatly and treatment requires 
careful evaluation.

With regard to bacterial endocarditis of the tricuspid valve, 
this condition occurs most frequently in patients who are 
intravenous drug abusers. These patients represent a unique 
cohort, and the optimal management of these patients remains 
somewhat controversial. Previously, such patients underwent 
valvectomy, as there has been some reluctance to implant 
prosthetic material in IV drug users. Once the bacteremia had 
been treated and the patient rehabilitated with respect to the 
substance abuse, they then underwent valve replacement. The 
process typically lasted 12–16 weeks and the tricuspid regur-
gitation was relatively well tolerated for that period of time. 
However, patients who defaulted often re-presented months 
to years later with severe right ventricular dysfunction. 
Surgery in this setting carries a high mortality. To avoid this 

complication, most programs offer definitive surgery at the 
time of presentation, acknowledging the risks of reinfection 
in poorly rehabilitated patients. Drug rehabilitation remains 
an integral part of the management of these patients, and as 
such, a multidisciplinary approach is undertaken.

 Surgical Management

According to a recent review of the Society of Thoracic 
Surgery (STS) Database, between 2000 and 2010, a total of 
54,375 adults underwent tricuspid valve surgery in North 
America [93]. Of these, 86% were performed concomitant 
with another major procedure. Less than 8000 cases over the 
10-year period were isolated tricuspid valve surgeries. This 
underscores the relative rarity of this condition [94].

The 2014 AHA/ACC Guidelines recommend isolated 
tricuspid valve surgery only in patients with symptomatic 
severe tricuspid stenosis (Class I), for patients with symp-
tomatic severe tricuspid regurgitation unresponsive to medi-
cal therapy (Class IIa), or in the setting of progressive right 
ventricular dysfunction (Class IIb). The only other class I 
indications for tricuspid valve surgery are in the setting of 
concomitant left sided surgery [3].

There are numerous surgical techniques for the manage-
ment of tricuspid valve disease. Valve repair is preferable 
to replacement whenever possible. This has been reflected 
in the review of the STS database, where replacement rates 
have decreased from 15.4% in 2000 to 10.2% in 2010. The 
rate of permanent pacemaker implantation is lower in repairs 
compared to replacements (4.2% vs. 5.6%). In patients with 
tricuspid disease as a result of carcinoid or Ebstein’s anom-
aly, replacement may be preferable to repair due to the exten-
sive leaflet damage and dysplasia seen in these conditions. In 
addition, there are ongoing trials to evaluate the efficacy of a 
transcatheter system for the management of severe tricuspid 
regurgitation [95, 96].

The most common TV repair procedure is tricuspid annu-
loplasty, which may be performed using a ring or running 
stitch around the annulus (Fig.  11.8). Ring repair corrects 

Fig. 11.8 Edwards MC3 Tricuspid™ annuloplasty ring. Courtesy of 
Edwards Lifesciences LLC, Irvine, California
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regurgitation by reducing the annulus size and plicating 
the annular tissue. This improves leaflet coaptation which 
improves regurgitation. The atrioventricular (AV) node must 
be avoided to prevent arrhythmia by not placing sutures near 
the Triangle of Koch. Tricuspid annuloplasty rings are often 
incomplete for this reason.

Several factors have been shown to be predictors of poor 
prognosis in patients undergoing tricuspid valve surgery. 
These include impaired left ventricular systolic function, the 
presence of a permanent pacemaker, and high pulmonary 
artery pressures. However, a review of the STS adult cardiac 
surgery database found that the most important indicator of 
a poor outcome in this group of patients was the presence of 
dialysis dependent renal failure preoperatively. Overall, the 
operative mortality for tricuspid valve surgery has declined 
from 10.6% in 2000 to 8.2% in 2010 [93]. Repeat tricuspid 
valve surgery after a previous repair also carries a significant 
mortality, with rates quoted as high as 37% [97].

There is still work to be done to determine the optimal 
timing of surgery in patients with tricuspid valve disease, 
as the guidelines for asymptomatic or mildly symptomatic 
patients are currently based low levels of evidence. The 
Cardiothoracic Surgical Trials Network is currently enroll-
ing patients in the “Evaluating the Benefit of Concurrent 
Tricuspid Valve Repair During Mitral Surgery” trial. The aim 
of this trial is to determine whether tricuspid valve repair in 
patients with mild to moderate tricuspid regurgitation at the 
time of planned mitral valve surgery is safe and efficacious 
[98]. It is hoped that sufficient information be gleaned from 
this and other trials so that the guideline recommendations 
can be based on strong clinical evidence.

 Summary

Since the mid-twentieth century when valve repair and 
replacement were developed, the surgical techniques and 
available prostheses have continued to evolve. Valvular heart 
disease remains a significant challenge which accounts for a 
large percentage of cardiac surgical and interventional pro-
cedures today. With continued advancement, minimally inva-
sive surgery and transcatheter valves are providing improved 
treatment for higher risk patients with valvular disease. Open 
surgical procedures for valve disease remain the gold stan-
dard for treatment for most patients.
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Heart Disease in Pregnancy

Stephanie A. Coulter, Jeanney Lew, and Benjamin Jenny

 Epidemiology of Cardiovascular Disease 
in Pregnancy

Cardiovascular disease (CVD) in pregnancy is relatively 
rare, affecting only 1–4% of pregnancies in the United States 
[1]. CVD includes congenital heart disease, acquired heart 
disease, and myocardial diseases. Worldwide, the most com-
mon causes of maternal death are hemorrhage and hyperten-
sive disorders of pregnancy. Hypertensive disorders occur in 
6–8% of all pregnancies [2] and contribute to CVD in preg-
nancy. Since 2006 in the United States, maternal deaths due 
to hemorrhage, hypertensive disorders of pregnancy, and 
anesthesia complications have decreased, and deaths attrib-
uted to cardiovascular conditions have increased [3]. CVD, 
specifically cardiomyopathy, is now the leading cause of 
maternal death in the United States and the United Kingdom 
[4]. In 2014, the overall US maternal mortality ratio was 17.2 
per 100,000 births; this ratio is heavily influenced by race 
and advanced maternal age [3]. Maternal mortality ratios 
were 12.0 for non-Hispanic white women, 38.9 for non- 
Hispanic black women, and 11.7 for Hispanic women. 
Advanced maternal age due to voluntary postponement of 
pregnancy and improvements in fertility treatment have led 
to a greater prevalence of hypertension, valvular heart dis-
ease (VHD), diabetes, obesity, and preeclampsia in preg-
nancy [3]. Pregnancy-related mortality ratios increase with 
maternal age for all US women and within all age groups; in 
fact, 25% of all maternal deaths occur in women older than 
35 years [3]. In a separate US nationwide inpatient study, 
women older than 45 years were significantly more likely to 

experience severe maternal morbidity and mortality than 
were women younger than 35 [5].

More importantly, surgical and medical improvements in 
the treatment of congenital heart disease (CHD) have allowed 
the highest-risk women to survive into the childbearing years 
[6]. CHD is now the most common form of CVD seen in 
pregnancy in the United States and western Europe, account-
ing for about 80% of CVD cases and 20% of maternal deaths 
[7]. Outside of Europe and North America, CHD represents 
only 9–19% of CVD.  In developing countries, rheumatic 
heart disease (RHD) is the most common cause of CVD in 
pregnancy, causing 60–90% of CVD in pregnancy [8, 9].

 Hemodynamic Adaptations 
of the Cardiovascular System in Pregnancy

The maternal cardiovascular system in pregnancy under-
goes a rapid, robust, and reversible expansion to meet the 
growing metabolic and hemodynamic needs of the fetus. 
Systemic vascular resistance (SVR), a significant contribu-
tor to maternal cardiac afterload, declines 35–40% during 
pregnancy [10]. The decrease in SVR is detectable by the 
fifth week of gestation and before placentation, which 
begins between weeks 6 and 8 [11]. The SVR levels reach a 
plateau by week 16 and persist at that level until delivery. 
The decline in SVR is initially related to hormonal activa-
tion of renal vasodilation [12, 13] and maintained by utero-
placental shunting, which peaks at the end of the second 
trimester [10]. Mediators of vasodilation in pregnancy 
include enhanced production of endothelial nitric oxide [14] 
and placental prostacyclin [15]. Activation of the renin-
angiotensin-aldosterone system early in pregnancy leads to 
increased sodium and water retention and causes an increase 
in preload as the stroke volume increases to a maximum of 
40% above baseline by 34 weeks of gestation [16]. Starting 
around 20 weeks through 32 weeks, the heart rate increases 
to a maximum of 10–20 (16 average) beats per minute. The 
early increase in stroke volume augmented by the later rise 
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in heart rate is responsible for a 30–45% increase in the car-
diac output by the early third trimester (Fig. 12.1). A meta-
analysis of 39 studies showed an average increase in cardiac 
output of 1.5 L/min (31%), a decline in SVR (30%), and a 
decrease in mean arterial pressure in pregnant women com-
pared to values in nonpregnant women. In the early postpar-
tum period, cardiac output returns to prepregnancy values 
[17]. Systolic and diastolic blood pressure (BP) decreases 
by up to 10mmHg early in gestation and remain below base-
line levels through the second trimester. However, BP 
returns to baseline levels as the blood volume increases in 
the third trimester [18–20]. The decrease in BP parallels the 
decline in SVR [21]. Left ventricular mass is slightly 
increased during pregnancy to accommodate the rise in 
stroke volume. Left ventricular contractility and systolic 
function are relatively unchanged in pregnancy [17]. 
Maternal hemodynamic adaptation to twin pregnancy 
includes a further 15% volume expansion and a 5% increase 
in heart rate compared with singleton pregnancies [22].

Hemodynamic fluctuations are a part of normal labor and 
delivery. Pain, elevated heart rate, and catecholamine surge 
augment the cardiac output by 25–30% during the first stage 
of labor and up to 80% immediately postpartum [23, 24]. 
Maternal position, supine versus left lateral, also affects the 
venous return and thus the cardiac output. Volume shifts 
occur as uterine contractions autotransfuse 300–500 cm3 of 
blood from the uterine sinusoids into the systemic circula-
tion [25]. Postpartum hemodynamics are affected by analge-
sic drugs, bleeding, and infection and peak within 24–72 h 
after delivery. Marked hemodynamic changes during preg-
nancy, labor, and the postpartum period increase the burden 
to the maternal circulation, particularly in women with pre-
existing cardiomyopathy, VHD, or CHD. The time course of 
clinical deterioration in susceptible women parallels the rise 
in hemodynamic burden by the late second trimester, during, 
or just after delivery.

 Maternal Risk Assessment

The risk of pregnancy in women with CVD depends on the 
clinical status of the patient and the specific cardiac defect. 
Lesion-specific risk assessment, discussed below, may be 
limited by validation based on small or retrospective studies. 
Three prospective maternal risk scores have been developed 
in larger populations with diverse CVD and include general 
and lesion-specific risk when available. Risk assessment will 
guide pregnancy and labor management plans.

The modified World Health Organization (WHO) risk 
classification [26], Cardiac Disease in Pregnancy 
(CARPREG) [27], and the ZAHARA (Zwangerschap bij 
vrouwen met een Aangeboren HARtAfwijking-II, translated 
as pregnancy in women with congenital heart disease II) [28] 
are maternal risk scoring systems. The modified WHO risk 
classification is based on expert consensus and incorporates 
known maternal risk factors and gives contraindications to 
pregnancy; it was endorsed by the ESC 2011 guidelines [29] 
on the management of CVD during pregnancy.

The CARPREG risk score is the most widely used and 
validated maternal risk score. In an observational cohort of 
252 pregnant women with acquired and congenital heart dis-
ease (CHD), 4 predictors of an adverse maternal cardiac 
event were identified:

• Left heart obstruction (mitral valve area <2  cm2, aortic 
valve area [AVA] <1.5  cm2, or left ventricular outflow 
tract [LVOT] obstruction >30 mmHg)

• History of a cardiac event (congestive heart failure, tran-
sient ischemic attack or stroke, arrhythmia)

• Cyanosis or NYHA functional class III or IV
• Systolic ventricular function <40%

A prospective validation study of 562 women and 617 
pregnancies assessed the accuracy of the prediction model 
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[8]. Maternal cardiac events, pulmonary edema, arrhyth-
mia, stroke, or cardiac death occurred in 13% of pregnan-
cies. Pregnancies with 0, 1, and >1 points had adverse 
cardiac event rates of 3, 39, and 66%. The agreement 
between the predicted and the observed event rates was 
excellent. Neonatal complications (death, intrauterine 
growth retardation [IUGR], preterm delivery, respiratory 
distress, or intraventricular hemorrhage) occurred in 17% 
of pregnancies and were associated with poor maternal 
functional class or cyanosis, left heart obstruction, antico-
agulation, smoking, and multiple gestations. Adverse neo-
natal events occurred in a third of mothers (age <20 or >35 
years) who smoked or received anticoagulants with a risk 
score >1 compared to the 11% rate in age-matched controls 
[27]. The CARPREG score may be associated with a higher 
rate of late cardiovascular events after pregnancy [30]. Late 
cardiac events (>6 months postpartum)—death, pulmonary 
edema, arrhythmia, and stroke—were evaluated in the 
CARPREG cohort of 318 women with 405 pregnancies 
(median follow-up, 2.6 years). Late cardiac events occurred 
in 12% of pregnancies and increased to 27% in women with 
cardiac complications during pregnancy. In women with 0, 
1, >1 risk predictors, the 5-year late cardiac event rates 
were 7, 23, and 44%.

The ZAHARA score is a weighted score prediction model 
based on a retrospective observational cohort of 1302 preg-
nancies in 714 women with CHD exclusively (many com-
plex). The ZAHARA score has not been validated. Cardiac 
complications, obstetric complications, and neonatal out-
comes were assessed independently. Additive risk was 
assigned to women with the following factors:

• Mechanical heart valve (4.25 points)
• Severe left heart obstruction (mean pressure gradient 

>50 mmHg or AVA <1.0 cm2) (2.50 points)
• History of arrhythmias (1.50 points)
• History of cardiac medication use before pregnancy (1.50 

points)
• History of cyanotic heart disease (uncorrected or cor-

rected) (1.00 points)
• Moderate-to-severe pulmonary or systemic atrioventricu-

lar valve regurgitation (0.75)
• Symptomatic heart failure before pregnancy (NYHA 

class ≥II) (0.75 points)

Scoring is based on five categories of cardiovascular risk 
(Table 12.1).

The most prevalent obstetric complications in the 
ZAHARA cohort were hypertensive complications (12.2%). 
Arrhythmias (4.7%) and heart failure (1.6%) were the most 
common cardiac complications. The most frequently encoun-
tered neonatal outcomes, which complicated 25% of com-
pleted pregnancies, were premature birth (12%), small for 

gestational age (14%), and mortality (4%). Maternal cardiac 
complications and neonatal outcomes were highly correlated 
(r = 0.85, P = 0.002). Adverse neonatal outcome correlated 
with cyanotic heart disease (corrected/uncorrected) 
(P  =  0.0003), mechanical valve replacement (P  =  0.03), 
maternal smoking (P  =  0.007), multiple gestation 
(P = 0.0014), and the use of cardiac medication (P = 0.0009). 
The ZAHARA study identified the following additional 
independent predictors of adverse cardiac complications 
during pregnancy in women with CVD: moderate or severe 
systemic or pulmonary AV valve regurgitation, mechanical 
valve prosthesis, and “at birth” cyanotic CHD.

The predictors and risk scores derived from CARPREG 
(which included women with acquired heart disease and 
CHD) and ZAHARA (which included only women with 
CHD) are population dependent. The CARPREG score 
reportedly overestimated risk in other CHD cohorts [31–33], 
suggesting that women with acquired heart disease and 
arrhythmia may be at greater risk of cardiac events. Important 
maternal risk characteristics, including pulmonary hyperten-
sion and dilated aorta, were not included in CARPREG or 
ZAHARA because they were underrepresented in these 
studies. Right ventricular systolic dysfunction and/or severe 
pulmonary regurgitation have been reported as additional 
independent risk factors for adverse maternal and fetal events 
in women with CVD [34].

The modified WHO risk classification is the maternal risk 
assessment recommended by the European Society of 
Cardiology (ESC) guidelines on the management of CVD 
during pregnancy [29]. The modified WHO risk classifica-
tion performed superiorly to both CARPREG and ZAHARA 
risk scores in a prospective evaluation of cardiovascular risk 
in 213 pregnancies in 203 women with CHD [26]. The WHO 
risk classification is based on expert consensus and incorpo-
rates all known specific maternal cardiac risk factors, con-
genital and acquired, and integrates them with other 
comorbidities [35, 36]. Risk is additive; therefore, for each 
individual, the risk of a pregnancy may move up a class if 
there are additional risk factors. The modified WHO classifi-
cation divides women into four classes, ranging from low to 
high risk.

Table 12.1 ZAHARA scoring systems for estimating the risk of a car-
diac complication during pregnancy

Points Number of pregnancies CV risk (%)
0–0.5 828 2.9
0.51–1.50 280 7.5
1.51–2.50 126 17.5
2.51–3.50 58 43.1
>3.51 10 70.0

CV cardiovascular
Data from: Ashrafi R, Curtis SL. Heart Disease and Pregnancy. Cardiol 
Ther. 2017 Dec;6(2):157–173
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• Modified WHO risk class I conditions are associated with 
no detectable increased risk of maternal mortality and no/
mild increase in morbidity. This category includes uncom-
plicated, small or mild pulmonic stenosis, patent ductus 
arteriosus, mitral valve prolapse, and successfully repaired 
simple lesions. Cardiology follow-up during pregnancy 
may be limited to 1–2 visits.

• Modified WHO risk class II conditions are of low to mod-
erate risk and are associated with a small increased risk of 
maternal mortality or a moderate increase in morbidity. 
Conditions include arrhythmias, unrepaired atrial septal 
defect (ASD) or ventricular septal defect (VSD) and 
repaired tetralogy of Fallot (TOF). Cardiology follow-up 
is recommended every trimester.

• Modified WHO risk class II to III conditions can fall 
either into class II or III depending on individual circum-
stances and, thus, require individualized assessment. 
These conditions include native or tissue valvular heart 
disease (VHD), repaired coarctation, an ascending aorta 
diameter <45 mm associated with bicuspid aortic valve 
(BAV), mild left ventricular dysfunction, and 
HCM. Cardiology and obstetric follow-up recommenda-
tions range from every trimester to monthly.

• Modified WHO risk class III conditions are associated with 
significantly increased risk of maternal mortality or severe 
morbidity. Expert counseling is recommended to individu-
alize maternal and fetal risk in pregnancy. Cyanosis with 
prepregnancy resting arterial oxygen saturation <85% is 
associated with only a 12% chance of a live birth. This class 
includes mechanical valve, systemic right ventricle, Fontan 
circulation, unrepaired cyanotic heart disease, complex 
CHD, BAV with ascending aortic diameter of 45–50 mm, 
and MFS with aortic dilatation 40–45 mm. The complica-
tion risk is high, and frequent (monthly or bimonthly) car-
diac and obstetric monitoring is needed throughout 
pregnancy, childbirth, and the postpartum period.

• Modified WHO risk class IV includes cardiac conditions 
in which pregnancy is contraindicated due to the extremely 
high risk of maternal mortality or severe morbidity. If 
pregnancy occurs, termination is advised and should be 
discussed. If the pregnancy is terminated, appropriate 
intervention to correct severe left heart obstruction (mitral 
or aortic stenosis or coarctation) or severe dilatation of the 
aorta should be performed before pregnancy is attempted 
again. If the pregnancy continues, monthly or bimonthly 
cardiology and obstetric follow-up is recommended, as 
for class III patients.

 Fetal Risk Assessment

Limited data for fetal risk have been derived from small 
cohorts or registry studies of pregnancies in women with 
CHD, VHD, or both [27, 37]. Neonatal or fetal complica-

tions occur in 20–25% of pregnancies in women with 
CVD. Fetal death occurs in 1–4% of pregnancies in women 
with CVD [26, 28]. Miscarriage rates are higher in women 
with complex CHD [29]. Fetal and neonatal complications 
include death, preterm delivery, decreased birth weight or 
IUGR, and intraventricular hemorrhage. Maternal predictors 
of fetal complications include maternal NYHA functional 
class III or IV, left heart obstruction, mechanical heart valves, 
anticoagulation use, smoking, cyanosis, multiple gestations, 
and maternal age <20 years or >35 years [8, 29, 32, 34]. No 
fetal risk score has been established. Although maternal and 
fetal risks correlate, maternal risk scores do not adequately 
predict fetal risk [26].

 Congenital Heart Disease and Pulmonary 
Hypertension in Pregnancy

 Maternal High-Risk (III–IV) Conditions

 General Recommendations
Women with CHD will usually have a diagnosis before preg-
nancy. Assessment of prepregnancy risk is imperative. 
Medical and surgical history, functional status, echocardiog-
raphy, and oxygen saturation should be evaluated by an inter-
disciplinary expert team before pregnancy. Women with 
pulmonary hypertension, severe obstructive valvular heart 
disease or coarctation, depressed left ventricular or right ven-
tricular function, aortic dilatation in MFS or bicuspid aor-
topathy, poor functional class, or cyanosis are at the greatest 
maternal and fetal risk during pregnancy. Risk in pregnancy 
depends on the specific cardiac defect but increases as the 
disease becomes more complex. Overall, 80% of pregnan-
cies occurring in women with CHD will complete, whereas 
15% will miscarry. Of the completed pregnancies, 12% of 
women will have cardiac complications, including conges-
tive heart failure, arrhythmia, stroke, and death [30]. Neonatal 
mortality approaches 13% in mothers with pulmonary hyper-
tension (mean pulmonary artery pressure >25 mmHg) [38] 
and 88% when maternal cyanosis (oxygen saturation <85%) 
[39] is present. Women in the highest risk group, WHO IV, 
should be informed of the extreme maternal risk in preg-
nancy and offered effective permanent birth control. In cases 
of severe pulmonary hypertension, pregnancy termination is 
recommended and should be offered. If the pregnancy is 
continued, supplemental oxygen, anticoagulation, and 
 specific therapies targeting the etiology of pulmonary hyper-
tension may be required.

 Pulmonary Hypertension
Pulmonary hypertension encompasses a group of diverse 
diseases defined by a mean pulmonary artery pressure at rest 
>25 mmHg or 30 mmHg on exercise in the absence of a left- 
to- right shunt. Mild pulmonary arterial hypertension can also 
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be defined as a pulmonary artery systolic pressure of ~36–
50 mmHg. The WHO classifies patients into the following 
five groups based on etiology [40]: Group 1, idiopathic or 
inheritable pulmonary artery hypertension; Group 2, pulmo-
nary hypertension secondary to congenital and left heart dis-
ease (elevated pulmonary capillary wedge pressure); Group 
3, pulmonary hypertension due to chronic lung disease or 
hypoxemia; Group 4, chronic thromboembolic pulmonary 
hypertension; and Group 5, pulmonary hypertension of 
unclear or multiple etiologies. Pulmonary hypertension of 
any etiology, when severe, is poorly tolerated in pregnancy. 
Pulmonary hypertension in pregnant women is most com-
monly related to CHD, as advances in treatment of CHD 
have increased the number of women surviving into the 
childbearing age [6]. The risk of maternal death is increased, 
even in the presence of mild pulmonary hypertension. In the 
United Kingdom, maternal mortality data suggest that preg-
nancy can be associated with progression of pulmonary 
hypertension [7]. Maternal deaths are a result of pulmonary 
thrombosis, pulmonary hypertensive crisis and right heart 
failure usually in the last trimester or after delivery as pulmo-
nary blood flow increases and the hormonal milieu of preg-
nancy activates the clotting cascade. General anesthesia, late 
hospitalization, and increasing severity of pulmonary hyper-
tension are risk factors for maternal death in pulmonary 
hypertension [38].

 Eisenmenger Syndrome
Eisenmenger syndrome—the triad of systemic-to- pulmonary 
shunt, pulmonary arterial hypertension, and cyanosis—is the 
most severe form of shunt-related pulmonary hypertension. 
Eisenmenger syndrome is caused by unrestrictive left-to- 
right heart shunting of volume and pressure increases the 
pulmonary blood volume and pulmonary pressure. Altered 
pulmonary volume/pressure, in turn, disrupts the pulmonary 
vascular endothelium and results in long-term fixed pulmo-
nary arteriolar hypertension [41]. The increased pulmonary 
vascular resistance eventually reduces the left-to-right flow 
across the intracardiac shunt, with eventual right- to-left 
shunting and resultant cyanosis. In pregnancy, the natural 
reduction in maternal SVR increases the right-to-left shunt 
flow, decreases pulmonary blood flow, and increases cyano-
sis. Asymptomatic women with compensated cardiac defects 
and mild-to-moderate pulmonary hypertension may clini-
cally deteriorate during the later stages of pregnancy or 
immediately postpartum. Maternal mortality is due to sud-
den arrhythmia-related death, progressive heart failure, or 
pulmonary hemorrhage, and ranges from 17 to 50% in 
patients with severe pulmonary hypertension and 
Eisenmenger syndrome [1, 38, 39, 42]. The size of the shunt 
and the ratio of the SVR to pulmonary vascular resistance 
determine the volume of the left-to-right shunt flow in 
VSD. The development of pulmonary hypertension is related 
to the volume and duration of pulmonary shunt flow in ASD, 

VSD, and patent ductus arteriosis (PDA), but transmitted 
systemic pressures contribute and augment the pulmonary 
arteriolar endothelial damage in VSD and PDA. Even with a 
large ASD, the pulmonary pressures do not increase until 
adulthood, whereas pulmonary hypertension develops early 
in large nonrestrictive VSD and PDA [43, 44]. Eisenmenger 
syndrome occurs in only 10% of unrepaired ASDs and in 
50% of unrepaired VSDs, but it’s seen in nearly all patients 
with unrepaired truncus arteriosus [45]. In nonpregnant 
adults with Eisenmenger syndrome, life expectancy is 
reduced by 20 years in those with simple cardiac shunts but 
by 40 years in those with more complicated defects when 
compared to healthy adults [46]. Pregnancy is contraindi-
cated in patients with Eisenmenger syndrome, and termina-
tion is recommended.

 Cyanotic Heart Disease Without Pulmonary 
Hypertension
Most cases of cyanotic heart disease will be repaired or pal-
liated in childhood, before childbearing age is reached. 
Possible cyanotic congenital lesions without pulmonary 
hypertension include unrepaired TOF, pulmonary atresia 
with aortopulmonary collaterals, some single ventricular 
lesions, tricuspid atresia, Ebstein’s anomaly with right-to- 
left shunts via an ASD, and congenitally corrected transpo-
sition of the great arteries (TGA) with VSD or ASD [39]. 
Right-to-left intracardiac or extracardiac shunts result in 
hypoxemia, erythrocytosis, and cyanosis. Cyanosis causes 
fetal loss, prematurity and fetal growth restriction [47, 48]. 
The degree of maternal hypoxemia is the most important 
predictor of fetal outcome. Only 12% of fetuses survive to 
live birth when maternal cyanosis or resting oxygen satura-
tion is <85%. Fetal survival is >90% when maternal oxygen 
saturation is >90% [39]. Maternal complications occur in up 
to 30% of cyanotic pregnancies and include arrhythmias, 
heart failure, pulmonary or arterial thrombosis, and 
IE. Pregnancy is contraindicated if cyanosis (oxygen satura-
tion <85% at rest) is present as fetal loss is likely and mater-
nal risk is high. Termination is recommended if pregnancy 
occurs. For resting oxygen saturation >90%, the risk of fetal 
loss remains increased, and women should be counseled. 
The decrease in maternal SVR in pregnancy may increase 
the right-to-left shunt flow and increase maternal cyanosis. 
For women with mild cyanosis without pulmonary hyper-
tension, completed pregnancy may be possible. The ESC 
guidelines on the management of CVD in pregnancy recom-
mend exercise oxygen saturation testing for patients with 
resting saturation >85% but <90%. If saturation declines 
with exercise, pregnancy should be avoided as fetal progno-
sis is poor [29].

 Severe Left Ventricular Outflow Tract Obstruction
Severe LVOT obstruction from any etiology in pregnancy poses 
high maternal and fetal risk. Pregnancy is contraindicated, and 
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termination is recommended. Women with severe LVOT 
obstruction should undergo repair before pregnancy.

 Maternal Low- and Moderate-Risk (I, II, III) 
Conditions

Women with repaired and unrepaired defects in the absence 
of cyanosis, pulmonary hypertension, or mechanical valve 
replacement may tolerate pregnancy well as long as ventric-
ular function is preserved and the functional class is good. 
Prepregnancy assessment with echocardiography and careful 
follow-up during each trimester is advised.

 Atrial Septal Defect
An ASD, a persistent interatrial communication, is the most 
common repaired or unrepaired lesion in pregnant women 
with CHD [47, 49]. The reported birth prevalence is approxi-
mately 2 per 1000 live births [47, 50–52].

The most common ASD involves the secundum septum 
(fossa ovalis) and accounts for 70% of ASDs. The secundum 
ASD is twice as common in females as in males. A secun-
dum ASD <8 mm in diameter usually closes spontaneously 
during childhood. The primum ASD (15–20% of ASDs) 
occurs because the septum primum fails to merge with the 
endocardial cushion during fetal development. Primum 
defects tend to be larger than secundum ASDs and are com-
monly associated with cleft mitral valve and VSD. The sinus 
venosus ASD, accounting for 5–10% of ASDs, usually 
involves the superior venosus septum and is almost always 
associated with anomalous drainage of the right superior 
pulmonary vein into the right atrium, which increases the 
volume of the left-to-right shunt [53]. The last type of ASD, 
the unroofed or coronary sinus ASD, is rare, accounting for 
<1% of ASDs. Primum, sinus venosus, and coronary sinus 
ASDs do not close spontaneously and cannot be closed 
percutaneously.

The clinical manifestations of an unrepaired ASD are 
related to defect location, ASD size, and the presence of 
other congenital defects. Atrial arrhythmias, exercise intoler-
ance, fatigue, and late right heart failure may result from 
larger atrial shunts. Paradoxic embolization can occur, even 
in small ASDs, with a reported rate up to 5%. The presence 
of an ASD during the reproductive years is rarely associated 
with severe pulmonary hypertension and is generally well 
tolerated in pregnancy. Many pregnant women remain 
asymptomatic; those with significant shunts may develop a 
detectable systolic pulmonary flow murmur with pregnancy 
because of the pregnancy-related increase in intravascular 
volume. Closure of a symptomatic or large asymptomatic 
ASD is recommended before pregnancy to prevent right 
heart failure, atrial arrhythmia, and paradoxic embolization. 
Closure of asymptomatic small ASDs is not indicated pre-

pregnancy to prevent paradoxic embolization [29]. Risk of 
thromboembolism in pregnant women with ASD is decreased 
by preventing venous stasis (via ambulation or compression 
stockings), restricting the use of long-term intravenous cath-
eters, and using prophylactic anticoagulation in the immobi-
lized. Percutaneous closure of secundum ASD during 
pregnancy is very rarely indicated. Pregnant women with 
repaired ASD are not at increased maternal or fetal risk [29]

 Ventricular Septal Defects
VSD is the second most common form of CHD with a preva-
lence of 3–3.5 per 1000 live births, which represents 10% of 
CHD in adults [54]. VSDs are most commonly perimembra-
nous (80%), muscular (5–20%), inlet (8%), or infundibular 
(6%). Muscular VSDs often close during childhood. The 
functional size of the defect, the presence of associated con-
genital conditions, and the ratio of systemic-to-pulmonary 
vascular resistance determines the severity of the left-to- 
right shunt, the resultant increase in right ventricular volume, 
and the degree of pulmonary overcirculation. In adults, most 
VSDs occur as an isolated defect but also occur with ASD 
(35%), PDA (22%), right aortic arch (13%), TGA, or 
TOF. Small VSDs, usually with an orifice dimension <25% 
of the aortic annulus diameter, are restrictive to both pressure 
and volume and are well tolerated in pregnancy. Moderate- 
size defects, measuring 25–75% of the aortic annulus diam-
eter, allow a moderately sized left-to-right volume shunt but 
no or minimal evidence of pulmonary hypertension. These 
defects are also relatively well tolerated in pregnancy. Large 
defects, >75% of the aortic annulus diameter, lead to a large 
unrestricted shunt volume, left ventricular volume overload, 
and pulmonary hypertension. The maternal risk of heart fail-
ure and arrhythmias is high in women with a large VSD with 
pulmonary hypertension, a history of ventricular dysfunc-
tion, moderate or greater pulmonic stenosis, or arrhythmias.

Women with successfully repaired VSDs with normal 
ventricular function are not at increased maternal or fetal risk 
with pregnancy. Prepregnancy evaluation by echocardiogra-
phy to assess residual VSD, ventricular function, and pulmo-
nary pressures is recommended. Children of women with 
VSD have a greater risk of CHD (3–7%). The risk of endo-
carditis is 11% for unrepaired VSD, but the rates are halved 
after successful repair. Subacute bacterial endocarditis in 
unrepaired VSD is not related to defect size [55].

 Atrioventricular Septal Defects
Atrioventricular (AV) septal or AV canal defects are a com-
plex congenital heart defect involving the development of the 
endocardial cushion and are associated with defects involv-
ing the AV valves and the AV septum. Representing around 
5% of CHD, AVSDs have a prevalence of 0.3–0.4 per 1000 
live births [50, 54]. Down syndrome (trisomy 21) is strongly 
associated with AVSD and is seen in 40–50% of AVSD cases 
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[56]. Maternal diabetes and obesity may be associated with 
nonsyndromic AVSDs [57]. AVSD involves both the atrial 
primum septum and the ventricular inlet septum in half the 
cases and is referred to as a complete AV canal defect. 
Otherwise, AVSD may be isolated to the atrial primum sep-
tum and is called an incomplete AV canal. Abnormalities of 
the AV valve are variable and include a common or cleft AV 
valve. AV valve regurgitation is common and contributes to 
symptoms. When the AV canal is complete, there is left-to- 
right shunting at both the atrial and ventricular levels, which 
produces a marked intracardiac shunt, leading to early heart 
failure and pulmonary hypertension in all cases. Surgical 
correction has enabled survival into the reproductive years. 
Residual shunt, AV valve regurgitation, and pulmonary pres-
sures must be evaluated before pregnancy to assess maternal 
and fetal risk with pregnancy. Women with moderate or less 
residual AV valve regurgitation and normal left ventricular 
function after repair tolerate pregnancy well and are consid-
ered WHO category risk II. If ventricular function is abnor-
mal (ejection fraction [EF] < 60% but >30%) and AV valve 
regurgitation is severe, surgical correction with mitral valve 
repair is recommended before pregnancy [58]. Worsening 
heart failure, arrhythmia, and perinatal mortality are conse-
quences of pregnancy in AVSD with severe AV regurgitation 
and ventricular dysfunction [59]. For women with AVSD and 
pulmonary hypertension, pregnancy is contraindicated.

 Coarctation of the Aorta
Coarctation of the aorta is defined as a significant narrowing 
of the proximal thoracic aorta at the insertion of the ductus 
arteriosum distal to the left subclavian artery. Aortic obstruc-
tion leads to systemic hypertension, early coronary artery 
disease, stroke, heart failure, aneurysm formation, and aortic 
dissection and rupture in unrepaired coarctation of the aorta 
[60, 61]. Genetic factors contribute to the pathogenesis of 
coarctation. Half of all cases of coarctation are associated 
with BAV and, almost one-fifth of patients with Turner syn-
drome have coarctation of the aorta [62]. Significant coarcta-
tion or recurrent coarctation after surgical or catheter repair 
with outflow obstruction (peak-to-peak gradient >20 mmHg 
or <20 mmHg with evidence of collateral flow) should be 
corrected before pregnancy. After successful repair of coarc-
tation, pregnancy is well tolerated and is categorized as a 
WHO class II risk. Women with residual coarctation gradi-
ent, aortic aneurysm or residual hypertension are at increased 
risk of aortic rupture and rupture of cerebral aneurysm dur-
ing pregnancy or delivery. During pregnancy, close BP moni-
toring and treatment of hypertension are recommended.

 Pulmonary Valve Stenosis and Regurgitation
Pulmonary valve disease is a common congenital heart defect 
with a slight female prevalence and occurs in 7% of CHD 
cases [63–65]. Pulmonary stenosis also occurs in association 

with other congenital defects including TOF, congenital 
rubella syndrome, and Noonan, Williams, Alagille, and 
LEOPARD syndromes. Pulmonary stenosis may occur at the 
valve, subvalvular, or supravalvular position. Valvular pulmo-
nary stenosis is usually an isolated lesion with a benign clini-
cal course, and patients are expected to survive to adulthood. 
Bicuspid pulmonary valves occur in less than 20% of cases 
[66]. Dysplastic pulmonary valves are common in Noonan 
syndrome [67]. If stenosis is severe, pulmonary blood flow 
may be limited with exertion resulting in exercise- induced 
fatigue, dyspnea, syncope, or chest pain, and eventual symp-
tomatic right heart failure. Women with severe pulmonary 
stenosis (peak pulmonary valve gradient >64 mmHg) are at 
increased risk of right heart failure and possible fetal compro-
mise and should undergo valvuloplasty or valve replacement 
before pregnancy [68–70]. A normal pregnancy is expected 
following surgical or balloon repair of a congenital pulmo-
nary valve stenosis with little residual obstruction or regurgi-
tation. Pulmonary stenosis in the absence of right heart failure 
is well tolerated in pregnancy [71]. Percutaneous pulmonary 
valvotomy during pregnancy can reduce risk in symptomatic 
women with severe pulmonary stenosis [72]. Although no 
maternal complications were reported among 100 pregnant 
women with repaired and unrepaired pulmonary stenosis, 
fetal complications include fetal demise (0.8%), perinatal 
death (4.1%), premature delivery (14.5%), and recurrent 
CHD (2.8%) stenosis. Moderate or severe pulmonary regurgi-
tation is usually a complication of repaired TOF or occurs 
after pulmonary valvotomy for childhood pulmonary steno-
sis. Severe pulmonary regurgitation may be associated with 
right ventricular dilatation or systolic dysfunction. Overall, 
pulmonary regurgitation, even when severe, is well tolerated 
in pregnancy. The risk of right heart failure during pregnancy 
is increased in women with severe pulmonary regurgitation 
and any one of the following: multiple gestations, right ven-
tricular systolic dysfunction, right ventricular hypertrophy, or 
branch pulmonary stenosis [73]. In these circumstances, pul-
monary valve replacement with a biologic prosthesis is rec-
ommended before pregnancy.

 Ebstein’s Anomaly of the Tricuspid Valve

Ebstein’s anomaly is a congenital developmental defect 
involving the tricuspid valve and the right ventricle. It occurs 
in 1  in 20,000 births with equal frequency in males and 
females [74–76]. The risk of Ebstein’s anomaly is increased 
in fetuses exposed to lithium early in gestation. Ebstein’s 
anomaly occurs in conjunction with a patent foramen ovale 
(PFO) or secundum ASD in about 80% of cases [77] and is 
also associated less frequently with VSD, PDA, BAV, and 
l-TGA.  An accessory conduction pathway (e.g., Wolff- 
Parkinson- White) in 6–36% of patients with Ebstein’s anom-
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aly predisposes to symptomatic tachycardia [78]. Apical 
displacement of the septal and posterior tricuspid valve leaf-
lets into the right ventricle in Ebstein’s anomaly (septal leaf-
let displacement >2 cm or 0.8 cm/m2 >anterior mitral leaflet 
attachment) divides the right ventricle into two chambers: a 
superior “atrialized” thin, non-contracting right ventricle 
chamber above the tricuspid valve and a smaller distal right 
ventricular pumping chamber below the valve. Variable 
amounts of tricuspid regurgitation and right ventricle dys-
function are consequences of Ebstein’s anomaly. 
Bidirectional shunting across the PFO or ASD can cause 
cyanosis without pulmonary hypertension. In women with 
Ebstein’s anomaly without cyanosis or heart failure, preg-
nancy is well tolerated (WHO risk class II). Women with 
right ventricle failure and severe tricuspid regurgitation 
should undergo tricuspid valve repair before pregnancy. 
During pregnancy, the severity of the tricuspid regurgitation 
and the functional capacity of the right ventricle determine 
the hemodynamic burden and the outcome [79, 80]. 
Arrhythmias and right heart failure are associated with a 
worse prognosis [80] as premature delivery and fetal mortal-
ity are increased [79]. Women with Ebstein’s anomaly and 
interatrial shunting may develop right-to-left shunt and cya-
nosis during pregnancy. Paradoxic embolic risk is also 
increased in pregnancy [29]. Isolated severe tricuspid regur-
gitation can be managed with diuretics if needed during 
pregnancy.

 Tetralogy of Fallot
TOF is a cyanotic congenital heart defect with 4 compo-
nents: a malpositioned (rightward) aorta that overrides the 
ventricular septum, a large malaligned VSD, infundibular 
subpulmonary pulmonary stenosis, and right ventricular 
hypertrophy. Because of the malaligned aorta and VSD, the 
pulmonary artery may be underdeveloped, and the aortic root 
may be dilated, which may cause aortic insufficiency (AI). 
The prevalence of TOF is about 4–5 per 10,000 live births 
and accounts for 7–10 % of CHD [50, 81]. Children with 
TOF usually present with symptoms of agitation and cyano-
sis within the first year of life [82]. Cyanosis is dependent on 
the degree of right ventricular outflow tract (RVOT) obstruc-
tion (infundibular right ventricular hypertrophy and pulmo-
nary stenosis). Patients with mild RVOT stenosis may remain 
“pink” and go undiagnosed until late adolescence or early 
adulthood when they present with evidence of pulmonary 
overcirculation secondary to the large unrestricted 
VSD. Prenatal diagnosis is common as widespread screening 
ultrasonography has improved [83]. Intracardiac surgical 
repair of TOF is typically performed before 6 months of age 
[84]. Residual defects, right ventricular systolic function, 
and pulmonary insufficiency affect late prognosis. Severe 
pulmonary insufficiency with moderate right ventricle dila-
tation or right ventricle systolic dysfunction should be 

repaired before pregnancy. Women with repaired TOF toler-
ate pregnancy well (WHO risk class II). Cardiac arrhyth-
mias, heart failure, VTE, and endocarditis may occur in up to 
12% of pregnancies in women with repaired TOF [85].

 Transposition of the Great Arteries
Transposition of the great arteries (TGA) is a congenital 
heart defect in which the aorta arises from the right ventricle 
and the pulmonary artery arises from the left ventricle. The 
great vessels are transposed with the pulmonary artery posi-
tioned posterior to the aorta. Orientation of the ventricles 
determines the physiology and prognosis. In the most com-
mon form, dextro-TGA (d-TGA), the left ventricle is 
aligned leftward producing two parallel circulations. 
Systemic venous blood recirculates via the right ventricle 
and the aorta to the peripheral tissues, whereas the oxygen-
ated blood recirculates through the left ventricle and the pul-
monary artery to the lungs. Cyanosis is present at birth with 
oxygenation dependent on intracardiac shunting (via an 
ASD, PFO, or VSD) or flow through a PDA. In levo-TGA 
(l-TGA), the left and right ventricles are “inverted” with the 
left ventricle rightward and the venous and arterial circuits 
“physiologically corrected” and arranged in series, which 
avoids cyanosis unless other cardiac defects are present. 
However, the systemic ventricle in l-TGA is the less resil-
ient morphologic right ventricle, and patients are at risk of 
progressive right ventricle dysfunction and right heart fail-
ure as adults.

d Transposition of the Great Arteries
d-TGA occurs in 2.3–4.7 per 10,000 live births; it accounts 
for less than 3% of all CHD but is seen in up to 20% of cya-
notic CHD [50, 81]. VSD is present in 50% of patients with 
d-TGA.  LVOT obstruction due to pulmonary stenosis or 
pulmonary atresia occurs in 25% of d-TGA cases. Antenatal 
diagnosis is difficult even with fetal echocardiography, and 
diagnosis is usually made by echocardiogram in a cyanotic 
newborn with respiratory distress. Without surgical correc-
tion, mortality is 90% in the first year of life [86]. Atrial 
switch procedures, either Senning or Mustard, were widely 
used from the mid-1960s to the 1980s to surgically repair 
d- TGA and allowed children to survive into adulthood. 
Redirecting the venous atrial inflow corrected the cyanosis 
and provided for circulation in series at the expense of 
allowing the morphologic right ventricle to remain the sys-
temic ventricle. Long-term complications include eventual 
right ventricular dysfunction, atrial arrhythmias, and atrial 
baffle obstruction [87–89]. The arterial switch operation 
(ASO), in widespread use since 1990, is a surgical proce-
dure for correcting the anatomy and involves reorienting the 
left ventricle as the systemic ventricle and restoring the car-
diac circulation in series. Improved ASO techniques, in 
which the coronaries are reimplanted onto the root of the 
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native pulmonary artery, have decreased the perioperative 
mortality in uncomplicated d-TGA to near 0% [90]. Long-
term complications of the ASO involve coronary arterial 
insufficiency in as many as 12% at 15 years after correction 
[91], neo-aortic root dilatation (Z score –3) in up to 50% at 
10 years, and moderate to severe neo-aortic insufficiency in 
8–15% at 20 years [92].

The data on pregnancy after ASO are limited, but success-
ful pregnancies have been reported [93, 94]. In a retrospec-
tive review of women who underwent ASO for d-TGA, 
aortic valve regurgitation worsened in 11 of 21 (52%) preg-
nant women and in 0 of 15 nonpregnant controls followed 
for 100 months [95]. Cardiac events in patients with d-TGA 
were common in both pregnant and nonpregnant women 
(62% vs. 53%, nonsignificant) with worsening ventricular 
function in both groups (29% and 27%). Premature birth 
(38%) and small for gestational age (38%) were adverse fetal 
outcomes reported in the offspring of women with d-TGA 
who underwent arterial switch procedures.

Women with d-TGA treated with ASO may be at greater 
long-term risk of systemic right ventricular deterioration 
during and after pregnancy than those who were surgically 
corrected with ASO in whom the systemic ventricle is the 
left ventricle [96]. An irreversible decline in right ventricular 
function has been described in 10% of pregnancies after 
atrial switch procedures. Women with moderate or greater 
right ventricle dysfunction or severe systemic AV valve 
regurgitation (TR) are at greatest risk of worsening right ven-
tricle function and should be advised against pregnancy.

l-Transposition of the Great Arteries
l-TGA is also known as congenitally corrected transposition 
of the great vessels. l-TGA is rare and occurs in <1% of CHD 
with a prevalence of 0.02–0.07 per 1000 live births [97, 98]. 
Associated cardiac defects occur in 80–90% of patients with 
l-TGA: VSD, 70–80%; pulmonary stenosis, 30–60%; and 
Ebstein-like tricuspid valve anomaly, 20–53% [99, 100]. In 
patients without associated cardiac defects (20% of l- TGA 
patients), survival into adulthood without correction and 
often without symptoms is the rule. These women tolerate 
pregnancy well. The risk of AV block is increased in l- TGA 
patients, and careful use of AV nodal agents is advised. The 
risk in pregnancy depends on the severity of the associated 
defects, the systemic ventricular function, systemic tricuspid 
valve regurgitation, and the severity of the RVOT obstruction 
as it relates to the VSD size. In 2 studies of pregnant women 
with l-TGA, live births were seen in 27 of 45 (60%) [101] 
and 50 of 60 (83%) pregnancies [102]. Four women devel-
oped heart failure and one woman had a stroke. Prepregnancy 
evaluation and counseling are required. Patients with l-TGA 
and right ventricle systolic function <40%, severe tricuspid 
regurgitation, or NYHA functional class III or IV should be 
advised against pregnancy [29, 99, 100].

 Fontan Circulation
The Fontan procedure is a palliative surgical procedure per-
formed in patients with functional or anatomic single- 
ventricle: hypoplastic left heart syndrome, tricuspid atresia, 
pulmonary atresia with intact ventricular septum, and 
double- inlet left ventricle [69, 103]. An extracardiac conduit 
is created surgically to bypass circulation from the vena cava 
(cavopulmonary) or the right atrial appendage (atriopulmo-
nary) directly to the pulmonary artery. The Fontan procedure 
separates venous from arterial cardiac circulation into series 
while eliminating a sub-pulmonic ventricle. Fontan physiol-
ogy is characterized by reduced cardiac output and chroni-
cally increased systemic venous pressures [104]. 
Complication rates after the Fontan procedure are frequent, 
and 15-to 20-year survival rates range from 60 to 85% [105, 
106]. Survival into reproductive age is possible with good 
functional capacity. Women with successful Fontan circula-
tion and a well-performing systemic ventricle, preserved 
contractile reserve, and high functional class may have the 
cardiac reserve required to accommodate the hemodynamic 
burden of pregnancy. Any pregnancy in a patient with a 
Fontan circulation is high risk (WHO risk class III or IV). 
Data are limited on pregnancy after a Fontan procedure. 
Outcomes from 33 pregnancies in patients with Fontan from 
two US centers and 25 pregnancies from a literature review 
have been reported. Spontaneous abortion, preterm labor, 
IUGR, and fetal demise [29] suggest that the uteroplacental 
blood flow may be compromised in mothers with Fontan 
physiology. Maternal complications include postpartum 
hemorrhage (in up to 50%), atrial arrhythmias, and ventricu-
lar dysfunction. Pregnancy in patients with Fontan circula-
tion must be carefully considered, as successful pregnancies 
are possible only in selected patients. A comprehensive car-
diovascular evaluation with an adult CHD specialist is rec-
ommended to identify suboptimal Fontan physiology and 
risk. Patients with poor functional class (NYHA III or IV), 
systemic ventricular function <40%, moderate to severe AV 
valve regurgitation, cyanosis with room air saturation <90%, 
or a history of arrhythmia, venous thromboembolism, heart 
failure, or protein-losing enteropathy should be advised 
against pregnancy [32], and termination is recommended.

 Aortopathy

Aortic disorders primarily affecting the thoracic ascending 
aorta predispose patients to aortic aneurysm formation, aor-
tic dissection, and aortic rupture. The most common inherit-
able aortopathies are associated with BAV, MFS, and 
Loeys-Dietz, Turner, and Ehlers Danlos syndromes. The 
congenital defects, coarctation of the aorta and TOF, are also 
associated with aortic aneurysm formation. Pregnancy 
increases the risk of aortic dissection and rupture in patients 
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with preexisting aortic pathology. Dissection, although rare 
in pregnancy, is an important cause of maternal mortality [4]. 
Dissection occurs most frequently in the last trimester of 
pregnancy (50% of cases) or early postpartum (33%) due to 
the hemodynamic and hormonal changes associated with the 
end of pregnancy [107–109].

Because aortic pathology is silent until it becomes cata-
strophic, screening high-risk individuals—those with prior 
dissection, with Marfan, Loeys-Dietz, Ehlers Danlos, or 
Turner syndromes, and those with a family history of famil-
ial aortopathy—is the key to successfully preventing aortic 
dissection or rupture during or after pregnancy.

 Marfan Syndrome

MFS is an autosomal dominant disorder affecting connective 
tissue with a reported incidence of 1 in 3000–5000 individuals 
[110, 111]. Of patients with MFS, 90% carry a fibrillin (FBN1) 
genetic mutation that is responsible for the clinical character-
istics of MFS: aortic root dilatation/dissection, ectopia lentis, 
skeletal findings (kyphoscoliosis, pectus, arachnodactyly), 
mitral valve prolapse, dural ectasia, pneumothorax, and skin 
striae [112, 113]. Aortic root dilatation and lens ectopia are the 
cardinal features of MFS.  Aortic aneurysmal dilatation, AI, 
aortic dissection, and aortic rupture are the primary causes of 
major morbidity and mortality in MFS.  According to the 
revised Ghent criteria, patients with MFS must have aortic 
root dilatation, a family history of aortic root dilatation, or a 
FBN1 mutation [113, 114]. Aortic measurements in women of 
short stature should be indexed to body surface area. In MFS 
patients with a normal aortic root size (<20% of MFS patients), 
the risk of aortic dissection or other cardiac complications dur-
ing pregnancy is 1% [115]. The risk of aortic dissection 
increases with increasing aortic diameter in MFS. The risk of 
major aortic complications during pregnancy appears to be 
low when the aortic root diameter is <4.0 cm [116]. Pregnant 
patients with MFS are at increased risk for aortic dissection if 
the aortic diameter exceeds 4 cm and if the diameter changes 
(>5  mm) during pregnancy [117–119]. In pregnant women 
with MFS and an aortic diameter >4.0 cm, half will have an 
aortic rupture or life-threatening aneurysm growth or will 
require prophylactic aortic surgery during pregnancy. Women 
with MFS and a history of aortic dissection are at greater risk 
of recurrent dissection with pregnancy and should be discour-
aged from getting pregnant [120].

Elective repair of aortic root enlargement >4.0 cm in MFS 
patients before conception is recommended by the American 
College of Cardiology/AHA/American Association of 
Thoracic Surgeons guidelines [121]. After successful surgi-
cal correction of the ascending aorta, there is a residual risk 
of aortic dissection in the remaining aorta during subsequent 
pregnancies [117, 120, 122]. All women with MFS should 

undergo monthly or bimonthly cardiovascular and echocar-
diographic monitoring throughout pregnancy and for at least 
4 weeks postpartum [29, 117, 121, 123].

Treatment with beta-blockers, labetolol, or metoprolol 
tartrate is recommended throughout pregnancy to reduce 
arterial shear stresses, control heart rate, and decrease the 
risk of aneurysmal dilatation and dissection [29, 82, 117, 
121, 123]. Strict BP control in all pregnant women with MFS 
is advised. Angiotensin-converting enzyme (ACE) inhibitors 
and angiotensin receptor blockers (ARBs) are contraindi-
cated in pregnancy. Calcium channel antagonists should be 
avoided as limited evidence suggests an increase in aortic 
complications with their use [124]. Delivery should occur in 
a center with emergency cardiovascular surgery services.

Pregnant women with MFS who develop chest pain 
should undergo a thorough evaluation that includes aortic 
imaging for suspected aortic complications. Magnetic reso-
nance imaging without gadolinium is recommended over 
computed tomographic imaging to avoid exposing the fetus 
to ionizing radiation. Aortic dissection in pregnancy poses a 
grave risk to both mother and fetus. Surgical treatment rec-
ommendations are the same as in nonpregnant MFS patients. 
For ascending aortic dissections during the first or second 
trimester, urgent surgical repair with aggressive fetal moni-
toring is recommended. Fetal loss is a common complication 
of hypothermia and cardiopulmonary bypass [125]. In the 
third trimester, when ascending aortic dissection occurs, 
urgent cesarean section with concomitant aortic repair 
appears to offer the best chance for survival for the unborn 
child and the mother. Medical therapy or stent grafting if 
anatomy is amendable is preferred in MFS patients who 
develop descending aortic dissection during pregnancy 
[121].The long-term rate of aortic dilatation may be increased 
in MFS patients after pregnancy compared to MFS women 
who have never been pregnant (0.36 vs. 0.14 mm per year), 
among those with baseline aortic diameter ≥40 mm [120].

 Bicuspid Aortic Valve

Aortopathy, dilatation of any or all segments of the proximal 
aorta from the aortic root to the aortic arch, is present in 
approximately half of patients with BAV [126]. The two 
major complications of bicuspid aortopathy are aortic aneu-
rysm formation and aortic dissection. The risk of aortic dis-
section risk is relatively low compared to the risk in MFS, 
with an incidence of 0.1% per patient-year of follow-up in a 
Toronto study involving 642 BAV patients [119, 127]. In 
another study, no dissections occurred in patients with an 
aortic diameter <4.5 cm and only two dissections occurred 
overall among 416 patients with BAV who were followed for 
16 ± 7 years, yielding an incidence of 3.1 cases per 10,000 
person-years [128].
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Maximal aortic dilatation usually involves the distal 
ascending aorta, which is not well visualized with standard 
transthoracic echocardiography. Assessment of ascending 
aortic size by computed tomography or magnetic resonance 
imaging is recommended before pregnancy in patients with 
BAV. Baseline aortic diameter predicts aneurysm expansion 
in BAV patients [128, 129].

The risks of pregnancy in BAV with aortopathy have not 
been evaluated. In women with BAV, the hemodynamic and 
hormonal changes in pregnancy pose a risk of aortic dilata-
tion and dissection. Women with BAV and aortic dilatation 
are at risk of spontaneous aortic dissection, usually in the 
third trimester or after delivery, especially if there is an asso-
ciated aortic coarctation [130]. Guidelines for preconception 
prophylactic aortic repair for women with BAV have not 
been established. In nonpregnant patients with ascending 
aortic aneurysm, aortic repair is indicated when the aortic 
root or ascending aorta diameter is >5 cm or if the rate of 
increase is ≥5 mm per year [121]. The threshold for recom-
mending ascending aortic repair in patients with BAV aor-
topathy before pregnancy varies. The 2010 ESC guidelines 
for managing adult CHD [68] and the ESC guidelines for 
managing CVD in pregnancy [29] recommend prepregnancy 
prophylactic ascending aorta repair in patients with BAV and 
aortic size >5  cm. However, the 2010 ACC/AHA thoracic 
aortic guidelines recommend an aortic diameter threshold 
>4.5  cm for aortic repair if aortic dilatation is progressive 
and/or there is progression of aortic regurgitation [121]. The 
consensus is that pregnancy should be avoided in women 
with BAV and aortic dilatation >5 cm. During pregnancy in 
patients with BAV and aortopathy, strict BP control with a 
beta-blocker is warranted.

 Ehlers Danlos Syndrome

Type IV Ehlers Danlos syndrome is an autosomal dominant 
defect in type III collagen (COL3A1 gene) characterized 
by tissue fragility, which predisposes women to arterial, 
gastrointestinal, and uterine rupture [121]. According to the 
2011 ESC guidelines on managing CVD in pregnancy [29], 
pregnancy is an absolute contraindication in women with 
type IV Ehlers Danlos syndrome. Celiprolol is recom-
mended in pregnant and nonpregnant patients with type IV 
Ehlers Danlos syndrome to reduce the risk of high-risk dis-
sections [121].

 Turner Syndrome

Turner syndrome is characterized by short stature, skeletal 
abnormalities, primary ovarian failure, and BAV with and 
without coarctation in females caused by a loss of at least 

part of the X chromosome. The true prevalence is not known 
as mild cases may go undetected [131]. The reported inci-
dence is approximately 1  in 2000 to 1  in 2500 live female 
births [132, 133] Abnormalities of the aortic valve and/or the 
aorta associated with Turner syndrome are responsible for 
the morbidity and mortality; BAV is present in up to 30% and 
coarctation in 18% [134–136]. The risk of aortic dissection is 
100x greater in women with Turner syndrome than in normal 
females [137]. Aortic root dilatation, defined as an aortic size 
index (ASI) >2.0 cm/m2 (which is >95th percentile), is a pre-
dictor of aortic dissection in patients with Turner syndrome. 
Aortic dissection or rupture leads to increased cardiovascular 
mortality usually during the third and fourth decade of life 
[138, 139]. The ESC guidelines for treating CVD in preg-
nancy recommend prophylactic aortic repair for those at the 
greatest risk of rupture/dissection: ASI >2.7  cm/m2 [29]. 
Risk of aortic dissection or rupture is increased with coarcta-
tion, BAV, and maternal hypertension [137]. The prevalence 
of hypertension is 30–50% in patients with Turner syndrome, 
which also increases the risk of stroke. Infertility is the rule 
in Turner syndrome, but spontaneous pregnancies occur 
occasionally. In vitro fertilization with oocyte donation has 
increased the rate of pregnancy in Turner syndrome. 
Pregnancy increases the risk of aortic complications, and the 
maternal death risk is reported to be as high as 2–11% [29, 
140]. Preeclampsia risk is also increased during pregnancy, 
and treatment of hypertension with beta receptor antagonists 
is recommended.

 Valvular Heart Disease in Pregnancy

Worldwide, the most common cause of VHD in pregnancy is 
RHD [141, 142]. In the United States and Canada, RHD now 
causes less than a quarter of heart disease in pregnant women 
[8, 143]. Declining rates of RHD in developed countries 
have made congenital causes of VHD more common. 
Overall, stenotic VHD carries a greater risk in pregnancy 
than regurgitant VHD according to the WHO [35, 144] scor-
ing systems of maternal risk in pregnancy. Left-sided valve 
lesions have a greater rate of adverse events than do right- 
sided ones. Severe LVOT obstruction almost exclusively due 
to mitral or aortic stenosis is one of four predictors of a 
maternal adverse event in pregnancy [29]: VHD with left 
heart obstruction, mechanical heart valves, anticoagulation 
in pregnancy, and poor NYHA functional class contribute 
significantly to neonatal complications including fetal death, 
preterm delivery, IUGR, reduced birth weight, and respira-
tory distress syndrome [29]. During pregnancy, increases in 
stroke volume, heart rate, and cardiac output by the second 
trimester can cause symptomatic decompensation in women 
with known and unknown VHD. The maternal hemodynamic 
adaptations to pregnancy may unmask a previously unrecog-
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nized valvular heart  condition. Complication rates vary by 
the type and severity of VHD.

Women with known VHD benefit from preconception 
cardiac evaluation. Women with moderate or high-risk VHD 
should be followed at a center with a multidisciplinary team 
of cardiologists, maternal-fetal medicine specialists, obstet-
ric anesthesiologists, and cardiac surgeons. Preconception 
medical and surgical history, assessment of functional status, 
an electrocardiogram, and a detailed transthoracic echocar-
diogram are recommended [145]. Echocardiography should 
determine the specific valve abnormality (stenotic, regurgi-
tant, or mixed), the number and location of affected valves, 
and the severity of the valvular abnormalities. Evaluation of 
left and right ventricular systolic and diastolic function, esti-
mation of the pulmonary artery pressure, and identification 
of other associated cardiac defects make the preconception 
echocardiogram vital in planning a future pregnancy [145]. 
Cardiac magnetic resonance imaging may also be useful in 
the prepregnancy evaluation of women with VHD and sus-
pected aortopathy or right ventricle dysfunction for assess-
ing aortic pathology as well as right ventricle volumes and 
function.

For women with advanced VHD who require valve 
replacement, a detailed discussion of the risks and benefits of 
surgical options with a specialized cardiovascular team 
before conception is recommended. All prosthetic valve 
types are associated with increased maternal and fetal risks 
during pregnancy. Mechanical valves require lifelong antico-
agulation to prevent valve thrombosis and thromboembolic 
events and significantly increase maternal and fetal compli-
cations in pregnancy. Biologic valves generally do not 
require anticoagulation but have limited durability. Prosthetic 
valves placed in women of childbearing age will require a 
repeat valve intervention, which has a mortality of 0–5% 
depending on the valve position and degree of emergency 
[29]. The trade-off between the potential for reintervention 
for bioprosthetic deterioration and the risk associated with 
pregnancy and long-term anticoagulation should guide the 
discussion with the patient before pregnancy [146, 147]. The 
choice of specific prosthesis in a woman who desires preg-
nancy should be made only after extensive discussion and 
evaluation of specific patient risk. The desire for pregnancy 
is a class IIb indication for a biologic valve in the 2007 ESC 
guidelines on the management of VHD and a class Ic indica-
tion in the 2014 ACC/AHA Guidelines [58, 145].

 Cardiac Surgery During Pregnancy

Cardiac surgery during pregnancy is high risk and should be 
reserved for women with severe intractable heart failure 
symptoms unresponsive to medical therapy [145]. The 
maternal mortality rate (3–6%) with cardiac surgery is simi-

lar to that in nonpregnant women, but the extreme emergency 
of cardiovascular surgery during pregnancy combined with 
the added risk of emergency delivery in many cases increases 
poor maternal outcomes [1, 125]. Maternal mortality occurs 
in 9% of surgical valve procedures but in 22% of aortic or 
arterial dissections and pulmonary embolectomies [1]. Fetal- 
neonatal risks of maternal surgery during pregnancy are high 
and unpredictable. The risk of fetal death during cardiac sur-
gery is 20–30% [1]. The duration of pregnancy at the time of 
surgery does not appear to influence the fetal-neonatal out-
comes [125].

Fetal outcome in cardiac surgery during pregnancy is 
related to reduced uteroplacental flow, which is compounded 
by uterine contractions, fetal bradycardia, and fetal lactic 
acidosis related to the fetal stress response [1, 148]. 
Techniques to improve fetal outcomes include increasing 
cardiopulmonary bypass flow rates above 2.5 L/min per m2 
and maintaining mean arterial pressures >70  mmHg. 
Continuous fetal monitoring is imperative as prolonged fetal 
bradycardia (<80 beats per minute) that is unresponsive to 
increasing flow rates during cardiac surgery is an indication 
for cesarean delivery if the fetus is viable. Hypothermia dur-
ing cardiac surgery does not appear to increase fetal risk [1], 
but rewarming may induce preterm labor [125, 149].Timing 
of cardiac surgery during pregnancy is difficult to predict. 
Optimizing fetal and maternal clinical outcomes is the goal. 
The safest period for cardiac surgery is likely during weeks 
20–28 of pregnancy, which limits the risk of fetopathy dur-
ing early pregnancy and premature delivery and the increased 
maternal risk during the later stages of pregnancy [150]. 
Delaying cardiac surgery to 26–28 weeks gestation allows 
for fetal maturation, increased fetal viability, and better fetal 
neurologic outcomes. Performing a cesarean delivery before 
cardiac surgery after 26 weeks gestation has been recom-
mended [29, 125], and successful cesarean delivery at the 
time of cardiac surgery has been reported [151].

 Mitral Stenosis

Mitral stenosis is the most common cause of VHD in preg-
nancy worldwide and is almost always a distant consequence 
of acute rheumatic fever, although most patients do not recall 
the acute rheumatic reaction [152, 153]. A streptococcal 
infection [154] in childhood can trigger an exaggerated 
immune reaction that can lead acutely to a clinical syndrome 
of arthritis (in 35–66% of cases) and pancarditis (in 30–80% 
of cases) with pericarditis, myocarditis, and valvulitis [155]. 
The spectrum of valve inflammation without active infection 
varies geographically and temporally. Pure mitral regurgita-
tion is the valvular abnormality commonly seen in the 2 
decades after acute rheumatic fever. These patients have pli-
able non-scarred leaflets, elongated chordae, and mitral leaf-
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let prolapse. Many (47%) of these valves have pathologic 
evidence of active valvular inflammation [156]. Over time, 
pure mitral stenosis or mixed mitral stenosis and mitral 
regurgitation develop as the commissures fuse, the subvalvu-
lar structures fibrose and retract, and the leaflets become cal-
cified and immobilized predominantly at the tips with relative 
preservation of the motion at the base of the leaflet. 
Inflammatory reactions and leaflet prolapse are no longer 
seen. As this progresses, diastolic mitral leaflet motion 
becomes restricted causing mitral stenosis with and without 
mitral regurgitation. Rapid progression from mitral regurgi-
tation to stenosis in endemic areas may be related to the lack 
of antibiotic use, recurrent streptococcal infection, or a more 
virulent strain of streptococci [156]. Long-term permanent 
valve damage associated with acute rheumatic fever is called 
RHD. The mitral valve is involved in almost all cases of 
RHD, and the aortic valve is affected in 20–30% of cases 
[157]. Females account for two-thirds of all RHD cases 
[158]. RHD is endemic in the poor and underdeveloped 
nations of Oceania, South Asia, and central sub-Saharan 
Africa. Globally, 33.4 million estimated cases of RHD were 
diagnosed in 2015, with more than 319,000 deaths [159]. 
Since 1990, mortality secondary to RHD has declined world-
wide by an estimated 48%. [158]. RHD accounts for 55–88% 
of the cardiac disease in pregnant women in developing 
nations [141, 142] but less than 25% of the cardiac disease in 
US and Canadian pregnancies [8, 28, 143]. Mitral stenosis 
with and without mitral regurgitation accounted for 42% of 
VHD and only 11% of all heart disease cases in the European 
Registry on Pregnancy and Heart Disease from 2007 to 2011 
[28]. Mixed mitral valve disease occurs at a similar fre-
quency in pregnant women as does mitral stenosis and shares 
a similar maternal and fetal complication pattern [28, 160]. 
Maternal and fetal complications correlate with the severity 
of mitral stenosis in pregnancy [37, 160] (Table 12.2). Mild 
mitral stenosis (mitral valve area >1.5 cm2) is well tolerated 
in pregnancy, whereas moderate or severe mitral stenosis 
(mitral valve area <1.5 cm2) is poorly tolerated. Mitral steno-
sis obstructs left ventricular filling and creates a gradient 
across the mitral valve. As the diastolic gradient across the 
valve increases, left atrial and pulmonary venous pressures 
increase. In mid-to-late pregnancy and especially during 

labor, the rise in stroke volume and heart rate augment the 
elevation of the left atrial pressure and increase the risk of 
congestive heart failure and atrial fibrillation in women with 
known or unknown mitral stenosis. The hypercoagulability 
associated with pregnancy further increases the risk of stroke 
in patients with mitral stenosis and atrial fibrillation.

In developed countries, maternal mortality in mitral ste-
nosis is low, ranging from 0 to 3% [37, 160]. In a report from 
sub-Saharan Africa, the maternal mortality among 46 preg-
nant women with rheumatic mixed mitral valve disease was 
high at 32%; this finding may reflect the lack of antenatal 
diagnosis and reduced surgical resources [142]. Congestive 
heart failure and arrhythmia are the most common maternal 
complications of mitral stenosis. Overall, congestive heart 
failure occurs in 31–36% of pregnancies among women with 
variable degrees of mitral stenosis [37, 160, 161]. Atrial 
fibrillation provokes acute deterioration with congestive 
heart failure in up to 20% of mitral stenosis cases in preg-
nancy as the elevated heart rate associated with atrial fibrilla-
tion reduces the diastolic filling time and increases the 
transmitral gradients [160]. Women with mild mitral stenosis 
in pregnancy have significant rates of congestive heart failure 
(20%) and arrhythmia (8%) as the stroke volume and heart 
rate increases in pregnancy may unmask previously asymp-
tomatic mitral stenosis. Symptoms in women with mild 
mitral stenosis are usually not severe and can be easily man-
aged. Women with moderate and severe mitral stenosis have 
the greatest risk of congestive heart failure and arrhythmia in 
pregnancy (Table 12.2). Heart failure in women with moder-
ate to severe mitral stenosis is progressive and increases 
maternal mortality [29]. All women with moderate or severe 
mitral stenosis regardless of symptoms should avoid preg-
nancy, and valve intervention should be performed before 
conception. Percutaneous mitral commissurotomy is pre-
ferred for those with favorable valve morphology [29, 145].

Fetal complications in women with moderate or severe 
mitral stenosis include fetal demise (1–3%), preterm labor 
(20–30%), and fetal growth restriction (5–20%) [29].

The management of mitral stenosis in pregnancy depends 
on its severity. Clinical and echocardiographic follow-up is 
recommended every trimester and before delivery in women 
with mild mitral stenosis. For women with moderate-severe 

Table 12.2 Pregnancy outcomes in women with mitral stenosis

Severity of MS
Number of 
pregnancies

Congestive heart 
failure Arrhythmia

Preterm 
delivery

Small for gestational  
age or IUGR Fetal demise

Mild MS
MVA >1.5 cm2

61 20% 8% 11% 8% 2%

Moderate or severe 
MS
MVA <1.5 cm2

65 51% 20% 31% 18% 5%

IUGR intrauterine growth restriction, MS mitral stenosis, MVA mitral valve area
Data from [37, 160]
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mitral stenosis, monthly or bimonthly clinical and echocar-
diographic follow-up is recommended. Transmitral gradients 
and the pulmonary artery systolic pressures will increase 
during pregnancy because of the elevated stroke volume and 
heart rate. Mitral valve areas estimated by planimetry or by 
the pressure half time are less load-dependent and can be fol-
lowed throughout pregnancy. The 2011 ESC guidelines for 
the management of CVD in pregnancy recommend activity 
restriction and β1 selective antagonists in symptomatic 
women and in those with pulmonary pressures greater than 
50 mmHg [29]. In pregnant women with moderate or severe 
mitral stenosis, the normal augmentation of cardiac output 
may be blunted due to the obstruction to left ventricle filling. 
Reduction in heart rate with activity restriction and beta- 
antagonists may improve the diastolic filling time, reduce the 
left atrial pressure, and increase the cardiac output. Careful 
titration of the beta-blocker to symptoms and heart rate is 
important in patients with severe mitral stenosis who effec-
tively have a fixed obstruction to inflow and in whom the 
heart rate augments the necessary increase in cardiac output. 
Diuretics can be used in women with persistent symptoms. 
Anticoagulant use is indicated in women with mitral stenosis 
with atrial fibrillation, left atrial thrombus, or previous 
thromboembolic event [145, 162]. Using low-molecular- 
weight heparin (LMWH) or intravenous unfractionated hep-
arin (UFH) avoids the teratogenic risk and fetopathy 
associated with warfarin.

 Aortic Stenosis

Aortic stenosis in women of childbearing age is predomi-
nantly caused by a congenital defect in valve development, 
usually a BAV. Women with unicuspid aortic valves usually 
progress to severe valvular stenosis and require valvular 
repair before puberty. BAV is the most common congenital 
abnormality and occurs in 1–2% of the general population. 
Although BAV is more common in men by an estimated 
2–4:1 margin, it is seen in approximately 5 in 1000 females 
[163]. A normal aortic valve has three semilunar valve cusps, 
whereas a BAV typically comprises two leaflet cusps of 
unequal size [164]. A genetic cause for BAV is supported by 
the high rate (9%) of BAV in first-degree relatives [165], 
familial clustering (36% of patients with BAV have multiple 
first-degree relatives with BAV), and the association of BAV 
with known genetic abnormalities such as Turner (XO), 
Shone, and DiGeorge syndromes. First-degree relatives of 
patients with a BAV should be screened for the presence of 
this abnormality [121, 166]. Although it may go undetected 
for decades, BAV can cause serious complications in more 
than one-third of patients [127, 128].

Aortic stenosis is the most common complication of 
BAV. Stenosis is caused by premature fibrosis and leaflet cal-

cification, which is increased in cusps with asymmetry or in 
those in an anteroposterior position [167]. Tobacco use and 
abnormal lipid profiles have been associated with progres-
sion of aortic stenosis in BAV patients [168].

Before pregnancy, aortic stenosis may be asymptomatic, 
and the diagnosis may be unknown. The augmented cardiac 
output associated with pregnancy will increase both the 
transaortic gradient [169] and the audible systolic ejection 
murmur. Echocardiography is important to discriminate aor-
tic stenosis from the flow murmur associated with pregnancy. 
Echocardiography will indicate the valvular pathology and 
associated lesions (coarctation or PDA) and provide the rest-
ing transaortic stroke volume, the peak and mean aortic gra-
dients, and an estimated AVA by the continuity equation. The 
AVA and the stroke volume should be indexed to body sur-
face area to correct for different body sizes.

Severe aortic stenosis in pregnancy is rare [170]. Patients 
may be asymptomatic despite having severe aortic stenosis 
[58]. The 2011ESC guidelines on the management of CVD 
in pregnancy [29] recommend exercise testing before con-
ception to confirm exercise tolerance, provoke symptoms or 
arrhythmia, and assess the BP response. All patients with 
severe symptomatic aortic stenosis should avoid pregnancy 
and undergo valve replacement or valvuloplasty before con-
ception according to both the 2011 ESC guidelines and the 
2014 AHA/ACC valve disease guidelines. In asymptomatic 
women with severe aortic stenosis who have normal ventric-
ular function and good exercise tolerance, the 2011 ESC 
guidelines do not advise against pregnancy, whereas the 
2014 AHA/ACC valve disease guidelines do advise against 
pregnancy. Aortic surgery is recommended if the aortic root 
is >5 cm. Mild and moderate aortic stenosis is generally well 
tolerated in pregnancy [29, 171]. Severe aortic stenosis (AVA 
<1.0 cm2, mean aortic gradient >40 mmHg, and a peak gradi-
ent >4  m/s or 64  mmHg) increases the maternal risk of 
arrhythmia (3–25%) and heart failure (10%) [172]. Mortality 
is rare [37, 58, 171, 172].

Fetal complications of maternal moderate or severe aortic 
stenosis include preterm birth (28–44%), IUGR (27–33%), 
and low birth weight (25%) [37, 171].

 Aortic Insufficiency

AI during the childbearing years is usually a consequence of 
BAV, endocarditis, or rheumatic valve disease. AI secondary 
to BAV may be associated with cusp prolapse, fibrotic retrac-
tion of the leaflets, or dilatation of the aortic root. Isolated 
severe AI complicating BAV [127, 173] leads to aortic valve 
replacement in approximately 2–6% of BAV patients during 
long-term follow-up. AI may be more common than aortic 
stenosis in younger patients with BAV who also have a 
greater risk of endocarditis and aortopathy [163, 174]. AI 
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associated with rheumatic valve disease is characterized by 
significant mitral valve disease, and the mitral pathology 
dominates the clinical sequelae and risk [175].

Acute AI resulting from IE, aortic dissection, or trauma 
causes heart failure and low forward cardiac output. Acute 
AI is very poorly tolerated during and before pregnancy and 
requires urgent diagnosis and emergent aortic valve surgery.

Patients with chronic AI often have a long, asymptomatic 
phase as left ventricle compensation to the diastolic pressure 
and volume load leads to progressive increases in left ven-
tricular end-diastolic volume with eccentric and concentric 
hypertrophy. The reduced SVR and the increased heart rate 
during pregnancy decrease the regurgitant volume of 
AI. Thus, AI from any cause, without associated enlargement 
of the ascending aorta (>4.5 cm), is generally well tolerated in 
pregnancy if left ventricular function and contractile reserve 
are normal [8, 32, 162]. Symptoms (even mild or transient), 
left ventricle size (at end systole indexed to BSA), and left 
ventricular systolic function are the most important predictors 
of complications in patients with severe AI [145, 176]. 
Asymptomatic women with moderate or severe AI and nor-
mal left ventricular systolic function who otherwise do not 
meet the criteria for valve surgery should not be referred for 
prophylactic aortic valve surgery before pregnancy [145, 
162]. Left ventricular dysfunction increases the risk of heart 
failure (25%) and mortality in nonpregnant women with 
severe AI [176]. Mortality for symptomatic nonpregnant 
patients with severe AI exceeds 10% overall and is approxi-
mately 25% for patients with NYHA class III or IV symp-
toms [152]. Therefore, women with severe AI with symptoms 
or left ventricular dysfunction should be referred preferably 
for aortic valve repair over valve replacement before preg-
nancy [29]. Pregnancy in women with severe AI and LVEF 
<30% is not advised due to the very high risk of maternal 
complications [29]. Women with moderate or severe AI who 
become pregnant may be treated medically with diuretics and 
calcium channel blocking vasodilators [145]. ACE inhibitors 
and ARB vasodilators are contraindicated during pregnancy. 
Treatment of hypertension is effective in reducing the regur-
gitant AI volume. Cardiac surgery during pregnancy should 
be reserved only for women with refractory (NYHA III or IV) 
heart failure because of the significant fetal risk associated 
with surgery [145]. If the fetus is viable, cesarean delivery 
before aortic valve surgery is recommended [29, 177].

 Mitral Regurgitation
Mitral regurgitation in women of childbearing age is usually 
related to myxomatous mitral valve prolapse, rheumatic 
valve disease, or rarely CHD. The reduction in SVR associ-
ated with pregnancy decreases the volume of mitral regurgi-
tation during pregnancy. Asymptomatic women with variable 
degrees of mitral regurgitation tolerate pregnancy well if the 
left ventricular systolic function and pulmonary systolic 

pressures are normal [8, 32]. There is no evidence that severe 
mitral regurgitation accelerates left ventricle dysfunction in 
women during pregnancy [145]. Women with symptoms and 
severe mitral regurgitation should undergo corrective mitral 
surgery before pregnancy [178, 179]. Mitral repair is pre-
ferred over mitral valve replacement if the mitral anatomy is 
suitable to a durable repair. Pregnancy is contraindicated in 
women with severe mitral regurgitation and LVEF <30% or 
significant pulmonary hypertension [29]. During pregnancy, 
treatment with diuretics and calcium channel blocking vaso-
dilators may control symptoms. Cardiac surgery is rarely 
required during pregnancy to treat cardiogenic shock and 
low cardiac forward output associated with severe mitral 
regurgitation.

 Prosthetic Valve Replacement

Pregnancy can be successful in women with VHD after pros-
thetic valve replacement. Pregnancy risk is related to the type 
(mechanical or biologic) and position (mitral, aortic, tricus-
pid, or pulmonic) of the prosthetic valve, left ventricular sys-
tolic function, pulmonary arterial pressures, maternal 
functional class, and the presence of other associated cardiac 
defects. The hemodynamic and coagulation adaptations to 
pregnancy can lead to heart failure and valve thrombosis in 
susceptible patients with prosthetic valves during pregnancy. 
A preconception clinical evaluation with echocardiogram 
and electrocardiogram is strongly recommended. An assess-
ment of baseline valve function, let ventricular systolic func-
tion, and pulmonary artery pressure allows for comparison 
during pregnancy [145]. Gradients are expected to increase 
with the increase in stroke volume and heart rate during 
pregnancy. Women with a prosthetic valve and LVEF <30%, 
significant pulmonary hypertension, or symptoms of NYHA 
class III or IV are classified as modified WHO risk class 
IV. Pregnancy is contraindicated in these patients, and preg-
nancy termination may be warranted.

 Bioprosthetic Valves
Bioprosthetic valves offer excellent hemodynamic perfor-
mance and do not require anticoagulants (AC) other than 
low-dose aspirin unless other thromboembolic risks (e.g., 
atrial fibrillation, deep vein thrombosis, valve thrombosis) 
are present. However, a bioprosthetic valve is less durable 
than a mechanical valve [145]. Bioprosthetic structural 
deterioration occurs more frequently in the mitral than the 
aortic or tricuspid position [145]. Structural deterioration 
also occurs earlier and more frequently in younger patients 
[180]. The 15-year rate of reoperation due to structural dete-
rioration is 22% for patients 50 years old, 30% for patients 
40 years old, and 50% for patients 20 years old at the time 
of bioprosthetic implantation [180]. Women who undergo 
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prosthetic valve replacement in the childbearing years are 
expected to require a valvular reintervention (repeat valve 
replacement or valvotomy) during their lifetime, with an 
expected mortality of 0–5% depending on the valve position 
and timing of the procedure (emergent vs. nonemergent) 
[29]. Pregnancy has been reported to accelerate biopros-
thetic structural deterioration [162, 181, 182], but more con-
temporary, larger studies have not confirmed this finding 
[183, 184]. Having bioprosthetic valves is considered to be 
a modified maternal risk class II, suggesting a small 
increased risk of maternal mortality or a moderate increase 
in morbidity [35]. Pregnancy in women with bioprosthetic 
valves is generally well tolerated. The data addressing the 
maternal and fetal risks in patients with bioprosthetic valves 
are limited. In a contemporary meta-analysis of 11 trials 
including 59 pregnancies in women with a bioprosthetic 
valve implanted from 1997 to 2012, no maternal deaths or 
thromboembolic events were reported; there were two peri-
natal deaths in 47 births and 14 pregnancy losses among 59 
pregnancies [185]. Among 134 pregnancies in women with 
bioprosthetic valves who were prospectively followed in the 
ROPAC study, maternal mortality was 1.5%, and freedom 
from a serious adverse event during pregnancy did not differ 
from the group without a valve replacement (79% vs. 78%) 
[186]. Maternal risk is related to prosthetic valve function 
and left ventricular systolic function [187], and left ventric-
ular dysfunction increases the risk of heart failure and 
arrhythmia during pregnancy.

The AHA/ACC guidelines for patients with valvular heart 
disease recommend low-dose aspirin (75–100 mg daily) dur-
ing the second and third trimesters for pregnant patients with 
any type of prosthetic valve to reduce the rate of thromboem-
bolic events [145].

 Mechanical Valves
Mechanical valves offer excellent hemodynamic perfor-
mance and long-term durability but require strict anticoagu-
lation plus low-dose aspirin to prevent valve thrombosis and 
thromboembolic events [145]. The relative hypercoagulable 
state of pregnancy is associated with an increased thrombo-
embolic risk in patients with mechanical valves [188], and 
the ideal anticoagulation regimen has not been determined in 
pregnancy [162, 170]. The risk of mechanical valve throm-
bosis and systemic embolization is related to valve type (ball 
and cage has a greater risk than tilting disc), valve size 
(<21 mm), valve position (mitral has a greater risk than aor-
tic), the number of prosthetic valves (multiple has a greater 
risk than single), the anticoagulation regimen, atrial fibrilla-
tion, heart failure symptoms, and a history of thromboem-
bolic events. Mechanical valve replacement is considered a 
modified WHO risk class III, indicating significantly 
increased risk of maternal mortality or severe morbidity [36]. 
Monthly or bimonthly cardiology and obstetric clinical fol-

low- up with individualized and frequent anticoagulant moni-
toring is recommended during pregnancy [29] in patients 
with mechanical heart valves. Maternal complications asso-
ciated with mechanical valve replacement include maternal 
death, valve thrombosis with valvular obstruction and sys-
temic thromboembolism, heart failure, arrhythmia (includ-
ing atrial fibrillation), hemolysis, endocarditis, and bleeding 
secondary to anticoagulation. Fetal risks dominate the 
sequelae with anticoagulation and include perinatal fetal loss 
and miscarriage, warfarin embryopathy, fetal hemorrhage, 
and small gestational weight. All anticoagulants are associ-
ated with increased fetal loss and miscarriage.

 Anticoagulation During Pregnancy
Anticoagulation with continuous vitamin K antagonist 
(VKA) (warfarin) is the most reliable and effective approach 
for preventing maternal thromboembolic complications in 
pregnancy, with a 2–4% rate of pregnancy-related valve 
thromboembolic complications [189, 190].

The risk of valve thrombosis was 3.6% with oral VKA 
used throughout pregnancy, 9.2% with a sequential strategy 
of UFH during the first trimester followed by VKA in the 
second and third trimester, and 33% with UFH used through-
out pregnancy. Maternal mortality due mostly to valve 
thrombosis was 2%, 4%, and 15% in these three groups, 
respectively [191]. UFH and LMWH are associated with 
greater risk of prosthetic valve thrombosis and systemic 
embolization than warfarin in pregnancy, but they do not 
cross the placenta and thus are not associated with embry-
opathy, significant fetal loss, or fetal hemorrhage. LMWH is 
preferred over UFH because of better bioavailability, more 
predictable anticoagulation levels, lower rates of valve 
thrombosis, and less bone loss, bleeding, and thrombocyto-
penia [192–194]. The dosage of LMWH required to keep the 
anti-Xa levels in the therapeutic range in pregnancy is mark-
edly elevated because of increased renal clearance and a 
larger volume of distribution [195]. New oral direct throm-
bin inhibitors or anti-Xa anticoagulants are not approved in 
patients with VHD and are contraindicated in patients with 
mechanical prosthetic valves because of the increased risk of 
valve thrombosis compared to warfarin in nonpregnant 
patients [196–198].

Warfarin is associated with severe fetal complications 
especially when administered after 5 weeks gestation [162] 
and through the first trimester. Fetal embryopathy with char-
acteristic fetal bone and cartilage anomalies (chondromala-
cia punctata with stippled epiphyses and nasal and limb 
hypoplasia) occur in 5–10% of fetuses exposed primarily 
during the first trimester [29, 162, 166, 189–191, 193, 199].

Miscarriage due to fetal loss before 20 weeks gestation 
occurs in approximately 30% of cases [162, 186], whereas 
late fetal loss after 20 weeks gestation may occur in another 
10%. Fetal hemorrhage is another devastating complication 
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of warfarin exposure during pregnancy [186, 191, 193]. Fetal 
embryopathy and fetal loss secondary to warfarin appear to 
be dose dependent; the incidence at low doses (<5 mg daily) 
is 2.6 and 8% at higher doses (>5  mg daily) [200]. 
International normalized ratio (INR) ranges are recom-
mended to target effective anticoagulation levels to specific 
patient risk. The INR target varies according to the valve site, 
valve type, and other risk factors for thromboembolic events 
(e.g., atrial fibrillation, multiple prosthetic valves, prior 
thromboembolism, or valve thrombosis).

In patients with mechanical bileaflet or current- generation 
single-tilting disc mechanical valves in the aortic position who 
have no additional risk factors for thromboembolism, the INR 
target is >2.5. However the On-X mechanical valve is approved 
for a target INR of 1.5 in non-pregnant patients. Whether that 
target pertains safely in pregnancy is unknown but it may 
allow for lower warfarin dosing and thus less risk of embry-
opathy. If a patient has additional risk factors for thromboem-
bolism or an older generation ball and cage type AVR is 
present, the target INR is >3.0. The target INR for any mechan-
ical valve in the mitral position is >3.0. Careful and frequent 
monitoring is important as fluctuations in the INR are associ-
ated with an increased risk of thromboembolic complications 
(low INR) and bleeding in patients (high INR) with mechani-
cal heart valves. Pregnancy increases the variability in the INR 
because of changes in VKA drug availability, the volume of 
drug distribution, liver function, and food intake.

Low-dose daily aspirin is recommended in addition to 
VKA during the second and third trimesters to prevent valve 
thrombosis and thromboembolism in patients with mechani-
cal valve replacement [145].

Treatment strategies in pregnancy are designed to mini-
mize fetal and maternal complications of anticoagulation, 
although adequate randomized studies comparing different 
regimens are not available. In the available studies, live birth 
rates were the highest (92%) in an anticoagulation strategy 
using only LMWH throughout pregnancy, intermediate 
(80%) with a sequential strategy of LMWH during the first 
trimester followed by VKA in trimesters two and three, and 
lowest (65%) when VKA was used throughout pregnancy 
[189]. Unfortunately, maternal risk of thromboembolic com-
plications with LMWH in pregnancy has been estimated as 
high as 12%, and many of these events are associated with 
poor dosing compliance or inadequate monitoring of anti-Xa 
activity [189, 192, 201].

In pregnant patients with no additional risk for thrombo-
embolic events, a strategy that minimizes exposure to warfa-
rin in the first trimester is recommended [145]. In women 
with a stable therapeutic INR on a dose of warfarin <5 mg 
daily, warfarin may be continued until 36 weeks gestation. If 
the stable warfarin dose is >5 mg daily or if the patient wants 
to limit fetal exposure to warfarin during the first trimester, 
dose-adjusted subcutaneous LMWH administered twice 

daily from 5 to 12 weeks is a more expensive but acceptable 
alternative. Monitoring of anti-Xa activity with LMWH is 
recommended to a target level of 1.0–1.2 units/mL for mitral 
valve prosthesis and 0.8–1.0 units/mL for aortic valve pros-
thesis at 4–6  h postdose. When LMWH is not available, 
another anticoagulant option is dose-adjusted, continuously 
administered, intravenous UFH from 5 to 12 weeks gesta-
tion. Subcutaneous administration of UFH may be offered if 
LMWH or inhospital continuous intravenous UFH is not 
available, but not all experts recommend this strategy. 
Monitoring of the activated partial thromboplastin time 
(aPTT) to a target of 2× control levels is recommended 6 h 
after subcutaneous UFH administration or randomly drawn 
if UFH is given continuously [145]. Conversion to VKA dur-
ing the second trimester and up to 36 weeks gestation with 
careful INR monitoring is recommended. For patients at 
increased maternal risk of thrombosis or systemic emboliza-
tion, a strategy of continuous warfarin until 36 weeks of ges-
tation is recommended.

 Peripartum Management of Anticoagulation 
for Mechanical Valves
For women receiving VKA up to 36 weeks of gestation, it is 
recommended to transition to a pre-planned delivery strategy 
of a shorter-acting and potentially reversible anticoagulant 
regimen to minimize the risks of maternal and fetal hemor-
rhage. The risk of valve thrombosis and systemic emboliza-
tion must be balanced by the risk of obstetric hemorrhage 
and regional anesthesia in consultation with the care team of 
obstetricians, anesthesiologist, and cardiologist after discus-
sion with the patient. VKA can be switched to subcutaneous 
LMWH twice daily until 12–24 h before planned delivery. 
Intravenous UFH can then be administered until hours before 
delivery. Reversal of anticoagulation from VKA with fresh- 
frozen plasma or intravenous prothrombin complex is an 
option in an obstetrical emergency. Administration of low- 
dose (1–2 mg) oral vitamin K may be beneficial as the effect 
of fresh-frozen plasma or prothrombin complex has a shorter 
half-life than the effects of VKA therapy [145]. 
Anticoagulation can be resumed postpartum after the bleed-
ing risk has diminished.

 Management of Valve Thrombosis During 
Pregnancy
Mechanical left-sided valve obstruction may present as a 
life-threatening emergency with high mortality and requires 
urgent treatment with either fibrinolytic therapy or surgical 
intervention [202–207]. In patients with symptoms of new or 
worsening dyspnea or a systemic embolic event, transtho-
racic echocardiography or flouoroscopy should be followed 
by transesophageal echocardiogram to better visualize the 
mechanical valve and assess for possible IE or acute throm-
bosis. Fibrinolysis is the therapy of choice for right-sided 
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prosthetic valve thrombosis [58]. High-risk features of left- 
sided mechanical valve thrombosis are severe symptoms 
(NYHA functional class III or IV) and a mobile thrombus 
>0.3 cm in diameter or any thrombus with an area ≥1.0 cm2. 
Unstable patients require fibrinolytic therapy or surgery. 
Surgery is usually indicated in nonpregnant patients with 
left-sided mechanical valve thrombosis because compared 
with thrombolysis, surgery has increased efficacy, less bleed-
ing, and a reduction in embolic complications associated 
with a large thrombus burden. The overall 30-day mortality 
rate with surgery is 10–15% but <5% in patients with less 
severe NYHA class (I/II) symptoms [204, 207, 208]. Before 
2013, the results of traditional fibrinolytic therapy showed an 
overall 30-day mortality rate of 7% and a hemodynamic suc-
cess rate of 75%, but the thromboembolism rate was 13% 
and the major bleeding rate was 6% (intracerebral hemor-
rhage, 3%) [202–207].

Fetal loss with cardiovascular surgery is high, and surgery 
should be reserved for patients in whom fibrinolysis failed or 
is contraindicated. Most fibrinolytic agents do not cross the 
placenta; therefore, fetal hemorrhage risk is not increased, 
but there is a risk of placental hemorrhage. A new strategy is 
echocardiogram-guided, low-dose, slow-infusion fibrino-
lytic treatment with 25 mg tissue-type plasminogen activator 
(t-PA) infused over 6 hours without a bolus; the data are 
promising but limited (success rates >90%, embolic event 
rates <2%, and major bleeding rates <2%). After the t-PA 
infusion is completed, UFH is administered via a 70 IU/kg 
bolus followed by an infusion of 16 IU/h (up to 1000 IU/h) 
with a target aPTT of 1.5–2.0 times the mean reference range 
[209]. Repeat fibrinolytic protocol (once every 24 h up to six 
times to a maximum total dose of 150 mg) is guided by the 
following indicators of fibrinolytic success: resolution of 
clinical symptoms and echocardiographic resolution of the 
increased transvalvular gradient or a reduction by >50% in 
the thrombus area or length [209]. The 2017 AHA/ACC 
focused update of the 2014 AHA/ACC guideline for the 
management of patients with VHD [145] suggested a role for 
low-dose, slow-infusion fibrinolysis for patients with 
mechanical valve thrombosis. Intravenous UFH is recom-
mended in stable patients with mechanical valve thrombosis 
associated with subtherapeutic anticoagulation.

 Cardiomyopathy in Pregnancy

 Preexisting Cardiomyopathy

Heart failure during pregnancy is rare and most frequently 
occurs in women with preexisting cardiomyopathy (idio-
pathic, infectious, valvular, and cardiotoxic drug-associated 
[adriamycin, herceptin, and cocaine]) with decompensation 
due to the physiologic hemodynamic burden of increased 

cardiac output during the later stages of pregnancy. If cardio-
myopathy was not diagnosed before pregnancy, the timing of 
presentation during pregnancy helps to predict the cause of 
the cardiomyopathy. Dilated cardiomyopathy and secondary 
cardiomyopathy usually present within the second trimester. 
Later presentation is more characteristic of peripartum car-
diomyopathy (PPCM). Women with primary or dilated car-
diomyopathy present with symptoms of congestive heart 
failure and evidence of left ventricular systolic dysfunction 
without evidence of abnormal hypertrophy or VHD. Women 
with NYHA class II–IV symptoms and left ventricular sys-
tolic function <45% are at the greatest risk for decompensa-
tion and are thus advised to avoid pregnancy. Women with 
LVEF <20% are at the highest risk of maternal mortality, and 
pregnancy termination should be recommended.

 Hypertrophic Cardiomyopathy

HCM is an autosomal dominant genetic cardiomyopathy 
caused by mutations in one of several sarcomere genes. 
HCM is characterized by left ventricular hypertrophy occur-
ring in the absence of left ventricular hypertension (e.g., sys-
temic hypertension, aortic stenosis pressure, aortic 
insufficiency, or VSD). In most patients with HCM, left ven-
tricular hypertrophy develops during the adolescent period 
[210], and hypertrophy measurements do not change once 
early adulthood is reached. Abnormalities of diastolic func-
tion precede the development of hypertrophy and serve as 
phenotypic markers of HCM in at-risk family members. 
Symptoms of HCM are related to the pattern of hypertrophy, 
the presence and severity of LVOT obstruction, the severity 
of diastolic dysfunction, the presence and ventricular rate of 
arrhythmia-atrial fibrillation, and late systolic dysfunction.

 Symptoms and Risk Stratification
Women with HCM may present with new-onset symptoms of 
congestive heart failure, arrhythmia, or an asymptomatic 
murmur of LVOT obstruction (augmented by Valsalva maneu-
ver) in pregnancy. Echocardiographic evidence of otherwise 
unexplained hypertrophy of any pattern (diffuse, asymmetric, 
or apical) is diagnostic of HCM. A family history of HCM 
may be present but is not mandatory as genetic mutations 
may be sporadic. Although rare, patients with HCM have an 
increased risk of death from sudden cardiac death (SCD), 
heart failure, and stroke. SCD risk stratification is recom-
mended in all patients with HCM. High-risk features of SCD 
in HCM include a history of sudden cardiac arrest or ven-
tricular arrhythmia, severe hypertrophy (>3 cm), a family his-
tory of SCD, unexplained syncope [211], and non-sustained 
ventricular tachycardia (most commonly defined as ≥3 beats 
at 120 beats per minute), especially in patients younger than 
30 years old [210, 212–214]. The degree of resting LVOT 
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obstruction as well as the age at presentation (<30 years) are 
also relative markers of SCD risk [215].

Women with HCM usually tolerate pregnancy well. The 
increased stroke volume associated with pregnancy acts to 
decrease the risk of LVOT obstruction by increasing left ven-
tricular volumes. Women with symptoms before pregnancy 
and those with high resting LVOT gradients are at greater 
risk of symptomatic deterioration in pregnancy and need 
specialized cardiac care.

 Management
Beta-blockers are useful in women with HCM to slow the 
maternal heart rate, blunt the inotropic response to catechol-
amines, increase left ventricular volumes, and decrease the 
risk for atrial fibrillation. Beta-blockers reduce the risk of 
resting and exercise-related LVOT obstruction and mitral 
regurgitation related to systolic anterior motion of the mitral 
valve. Verapamil can be substituted when beta-blockers are 
not well tolerated. If atrial fibrillation occurs in pregnancy 
and is poorly tolerated, electrical cardioversion is the pre-
ferred treatment. There is little risk to the fetus during elec-
trical cardioversion as the amniotic fluid acts as an insulator. 
Maternal hemodynamic instability poses the greatest risk to 
the fetus. Women with high-risk ventricular arrhythmia 
require specialized electrophysiologic management and pos-
sible automatic implantable cardiac defibrillation 
placement.

 Mode of Delivery
Low-risk women with HCM should be allowed to have a 
spontaneous labor and a normal vaginal delivery. 
Symptomatic or high-risk women with HCM should have a 
planned, controlled delivery. Pain, volume losses, and epi-
dural anesthesia may increase the risk of LVOT obstruction.

 Acquired-Peripartum Cardiomyopathy

 Definition and Diagnosis
In 1971, Demakis proposed the original diagnostic criteria 
for PPCM, which included symptoms of heart failure within 
the last month or within 5 months of delivery in the absence 
of demonstrable heart disease or other cause for heart failure 
[216]. Since then, the definition of PPCM has evolved. 
Advances in cardiac imaging techniques have helped to dem-
onstrate the primary cardiomyopathic etiology in PPCM, and 
newer definitions of PPCM require a depression of left ven-
tricular systolic function to below 45% [217].

The timing of symptom presentation has been debated as 
a diagnostic criterion in PPCM. Symptoms of heart failure 
arise from the severity of left ventricular dysfunction and the 
rapidity of its decline. Because young, healthy pregnant 
women can accommodate a decline in cardiac function with-

out significant symptoms, early less severe forms of PPCM 
may have been overlooked and thus undertreated by apply-
ing traditional criteria. More importantly, women with onset 
of symptoms earlier than the last month of pregnancy would 
be excluded from the traditional PPCM diagnosis. A com-
parison of risk and outcomes between women who present 
with pregnancy-induced cardiomyopathy early (n  =  23; 
mean, 32 weeks gestation) versus late or the traditional defi-
nition (n  =  100; mean, 38 weeks gestation) suggests that 
women with early cardiomyopathy may share a common eti-
ology, risk, and prognosis when compared with women who 
meet the traditional definition of PPCM [218].

A broad definition of PPCM is recommended although no 
distinct definition is used globally. In the 2011 guidelines for 
management of CVD in pregnancy, the ESC recommended a 
definition for PPCM: symptomatic heart failure with depres-
sion of left ventricular systolic function that develops within 
the last months of, and up to 6 months after, pregnancy in 
women without known CVD [29, 219].

The diagnosis of PPCM is one of exclusion. Initial defini-
tions of PPCM relied exclusively on clinical findings of con-
gestive heart failure in pregnant or postpartum women who 
presented within the window of assumed risk. In the past, 
congenital cardiac defects, pericardial disease, occult valvu-
lar abnormalities, hypertensive diastolic dysfunction, and the 
subjectivity of symptoms led to false classifications of 
PPCM. In 1997, a National Heart, Lung, and Blood Institute 
working group added strict criteria to the diagnosis of PPCM 
including left ventricular dysfunction and now a LVEF <45% 
[220]. Noninvasive imaging with echocardiography, cardiac 
computed tomography, or cardiac magnetic resonance is 
necessary to exclude occult causes of heart failure in women 
in whom the hemodynamic demands of pregnancy have been 
superimposed on chronic cardiac disorders. These tech-
niques can also be used to define the hemodynamics during 
pregnancy, including cardiac output, preload (right or left 
atrial pressures), and right ventricular afterload (right ven-
tricular or pulmonary arterial systolic pressure).

 Biomarkers in Peripartum Cardiomyopathy
Currently, no specific biomarkers for PPCM are available. 
The diagnosis of PPCM is often delayed and complicated by 
the overlap of symptoms of heart failure—fatigue, edema, 
and shortness of breath—with normal pregnancy-associated 
symptoms. Specific biomarkers could help distinguish 
PPCM patients early and expedite a quick diagnosis and ini-
tiation of treatment. N-terminal (NT)-proBNP and troponin 
T are nonspecific markers of structural heart disease and 
elevated filling pressures, and their levels are increased in 
hypertension/left ventricular hypertrophy and in heart fail-
ure/cardiomyopathy. NT-proBNP levels were significantly 
higher in 38 PPCM patients than in healthy postpartum con-
trols [221]. However, it has not been established whether 
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NT-proBNP levels distinguish congestive heart failure sec-
ondary to PPCM from symptoms secondary to volume over-
load or structural heart disease. Increased cardiac troponin T 
levels (>0.4 ng/mL) within 2 weeks of PPCM onset have also 
been shown to predict persistent left ventricular dysfunction 
and lower LVEF at 6-month follow-up (P  <  0.001) [222]. 
Because increased troponin T levels are not specific for 
PPCM, the clinical diagnostic utility of troponin T in PPCM 
is not expected. Two biomarkers are potentially specific for 
PPCM: micro-RNA-146a and sFlt (see etiology below). 
Their levels may reflect mechanistic alterations in prolactin 
processing that have been demonstrated in women with 
PPCM [223] (Fig. 12.2).

 Incidence and Associated Conditions
The incidence of PPCM in populations around the world var-
ies greatly according to geography and socioeconomic class. 
Overall, the incidence of PPCM is about 1 in 3000 pregnan-
cies [224, 225]. Ascertainment bias with reporting based on 
clinical symptoms alone overestimates the risk. Shortness of 
breath, peripheral edema, and palpitations are common non-
specific symptoms in pregnancy; therefore, milder expres-
sions of PPCM are likely underdiagnosed. Baseline 
characteristics of women with PPCM, however, are remark-
ably similar. Women who develop PPCM are frequently 
older, of African ancestry, and have preeclampsia, hyperten-
sion, and multiple gestations. [218, 226–228].

Age
Increasing age is strongly associated with PPCM; half of all 
PPCM cases occur in women over 30 years old [224, 229, 
230]. Moreover, age >40 years is associated with a 10-fold 
increased risk of PPCM compared to age under 20 years 
[229, 230].

Geography and Race
The reported incidence of PPCM varies geographically [219, 
231]. The incidence of PPCM in the United States varies 
from 1 in 968 to 1 in 4000 live births [229]. The incidence 
has increased from 8.5 cases per 10,000 live births in 2004 to 
11.8 cases per 10,000 live births in 2011. This increase is 
attributed to increased awareness, access to diagnostic imag-
ing, advanced maternal age, and multiple gestation pregnan-
cies [229]. Japan has the lowest reported rate of PPCM at 
1 in 20,000 live births, whereas Nigeria and Haiti have the 
highest rate at 1 in 100 live births [228, 232, 233]. Cultural 
rituals may contribute to the high risk of PPCM in Nigeria, 
where it is customary in the postpartum period to consume 
large amounts of salt, which promotes fluid overload and 
hypertension [234]. Genetic predisposition has not been well 
studied, but race appears to affect the risk of PPCM.  The 
prevalence of PPCM is higher in women in Africa and 
women with African ancestry in Haiti and in the United 
States. In the United States, African American (AA) women 
have a higher prevalence of PPCM, a greater burden of ges-
tational hypertension, more severe disease, and greater mor-
bidity than white women [235, 236].

Preeclampsia and Hypertension
Hypertension, pregnancy-induced hypertension, and pre-
eclampsia are increased in many cohorts of PPCM patients 
[218, 226, 237]. Historically, women with preeclampsia or 
eclampsia were purposefully excluded in many PPCM stud-
ies to avoid misclassification of preeclampsia-associated 
pulmonary edema as PPCM. Preeclampsia, but not gesta-
tional hypertension, induces subclinical abnormalities of 
diastolic function as measured by echocardiographic indices 
of myocardial strain and myocardial performance index, and 
these abnormalities persist after normalization of BP [238, 

Relative levels Prl* and sFlt1

Relative increase in CO

Incidence PPCM

trimesters

<28 28–32 33–36
weeks gestation weeks postpartum

37–40 1–4 5–8 9–12 13–16 >16

delivery

Fig. 12.2 Comparison of timing during and after pregnancy of hemo-
dynamic changes, exemplified as cardiac output (CO; in black), eleva-
tions in prolactin and soluble Fms-like tyrosine kinase 1 (sFlt1) 
hormones (red), and incidence of peripartum cardiomyopathy (PPCM; 

blue bars). ∗Prl levels stay elevated in women who nurse. From: Arany 
Z, Elkayam. Peripartum cardiomyopathy. Circulation 2016;133:1397- 
1409. Free Access ©2016 American Heart Association, Inc.
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239]. Volume overload during pregnancy or at delivery may 
trigger overt congestive heart failure without systolic dys-
function. PPCM rarely occurs in women with preeclampsia 
or hypertension disorders of pregnancy (<10%). However, 
preeclampsia and hypertension in pregnancy frequently 
coexist in women who develop PPCM.  Demakis and 
Rahimtoola [240], in their classic 1971 description of PPCM, 
reported that “toxemia,” an older term for preeclampsia, was 
detected in 22% of affected women. Preeclampsia has often 
been cited as an independent risk factor for the development 
of PPCM [241, 242], but not all clinical studies support this 
conclusion [243]. In a global meta-analysis of 22 studies 
involving 979 women with PPCM, the prevalence of pre-
eclampsia was 22%, which is 4–5 times the average expected 
rate in the general population. The rate of hypertension dur-
ing pregnancy in this large blended cohort of PPCM was 
37% [226]. No geographic or racial differences were detected 
[244]. The findings in a US review of 535 women with 
PPCM in 6 states supported the association between PPCM 
and preeclampsia, with a 29% prevalence of preeclampsia 
and a 47% prevalence of hypertension [245]. In a single- 
center study of 75 PPCM cases, one-third were associated 
with preeclampsia, which is markedly more than the popula-
tion rate of 3–5% [246]. These studies suggest that pre-
eclampsia is associated with a predisposition to PPCM 
through a shared pathophysiologic mechanism that is inde-
pendent of race and geography.

Parity
Multiparity has traditionally been considered a risk factor for 
PPCM [247]. However, in most US studies, PPCM devel-
oped in conjunction with the first or second pregnancy in 
50% of patients [218, 248]. Therefore, these data do not sup-
port a strong association between multiparity and PPCM in 
the United States.

Multiple Gestations
Pregnancies associated with multiple gestations, twins or 
less commonly triplets, are sharply associated with a greater 
risk of PPCM. In the global meta-analysis of PPCM described 
above, the rate of twin gestation was 9%, which is three 
times the expected rate (3%) in women without PPCM [226]. 
Twin pregnancy has also been associated with a greater risk 
of preeclampsia, and this association may hint at an underly-
ing placental etiology (see below) [249]. Overall, in cohort 
studies of women with PPCM, the frequency of multiple ges-
tations ranges between 4% and 13% [218, 226].

 Etiology

Hemodynamics
PPCM has a unique time course of symptom onset, with the 
peak incidence occurring within 1 month of delivery in more 
than 80% of cases. Normal pregnancy is associated with up 

to a 50% increase in cardiac output as a result of a 15% 
increase in heart rate, a 30% reduction in SVR, and a 15–25% 
increase in stroke volume. These hemodynamic accommo-
dations to pregnancy plateau by the end of the second trimes-
ter. Patients with preexisting cardiac disease develop signs 
and symptoms of heart failure as the hemodynamic demands 
increase, usually within the second trimester [161]. 
Pregnancies in mothers with a preexisting cardiac structure 
abnormality are at even greater risk of clinical deterioration 
when multiple fetuses are present, given the even larger 
hemodynamic burden to the maternal heart. The symptoms 
of PPCM do not develop along this timeline, and thus the 
increase in hemodynamic cardiac output is unlikely to be the 
primary precipitant of PPCM.

Genetics
Genetics is unlikely to be the primary mechanistic cause of 
PPCM because most women with PPCM have no family his-
tory of PPCM or dilated cardiomyopathy. Furthermore, 
women with PPCM in whom left ventricular function recov-
ers after delivery rarely develop a recurrence of clinical heart 
failure or PPCM with subsequent pregnancies. The increased 
prevalence of PPCM in women in Africa and in black women 
of African descent in the United States and Haiti provide 
clues that a genetic susceptibility may predispose a subset of 
women to develop PPCM.  In the United States, 40% of 
PPCM cases occur in black women, and, in some series, the 
prevalence in black women is 3- to 14-fold greater than in 
white women [250]. Black women also have a worse progno-
sis, lower recovery rates, and delays in left ventricular 
 recovery [235, 251]. A single genetic polymorphism involv-
ing the guanine nucleotide-binding proteinsβ-3 subunit 
(GNB3/TT) has a prevalence of 50% in black women and 
10% in white women and is associated with increased rates 
of hypertension, decreased plasma renin activity, and abnor-
malities of cardiac remodeling [252–255]. The Investigations 
of Pregnancy-Associated Cardiomyopathy (IPAC) investiga-
tors compared left ventricular recovery at 6 and 12 months in 
black and white women with and without the GNB3 TT poly-
morphism. Black women with the GNB3 variant had less left 
ventricular recovery than did white women with and without 
the variant [256].

Evidence that genetics are involved in PPCM also comes 
from familial clusters of PPCM and dilated cardiomyopathy 
and [250, 257–260] female genetic carriers of the X-linked 
cardiomyopathies, Becker, Duchenne, and Danon, who dem-
onstrate an increased risk of PPCM [261–263]. Additionally, 
whole genome sequencing of 41 patients with PPCM identi-
fied a single-gene polymorphism near the PTHLH gene that 
may link the genomics with abnormalities of vascular 
homeostasis [264, 265].

Abnormalities of the genes coding for myofibril proteins, 
specifically the sarcomere protein, titin (TTN), have been 
described in two rare pedigree cohorts of patients with 
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PPCM and familial dilated cardiomyopathy [250, 257]. 
Truncating variants involving the TTN gene were also found 
in 10% of 172 women with PPCM who were screened for 
high-impact nonsense, frameshift, and splicing variants of 
43 genes associated with familial dilated cardiomyopathy. 
PPCM participants from the IPAC study [266] with the TTN 
variant had a lower EF at 6 and 12 months than those with-
out the TTN variant. TTN variants were noted in both black 
and white women. Of note, the TTN variant was tenfold 
greater in nonhypertensive patients than in those with hyper-
tension. These findings suggest that PPCM in the absence of 
hypertension may derive from a separate, more genetic 
pathophysiologic mechanism than that observed in the pres-
ence of hypertension [263]. Overall, 15% of women with 
PPCM and 17% of sporadic dilated cardiomyopathy patients 
from another cohort exhibited important similar genetic 
variants, further contributing to the role of genetic suscepti-
bility in PPCM [263].

Hormonal Vascular Theory
In two seminal papers, investigators have expanded the pro-
posed mechanism of PPCM to include a link between late 
gestational placental and maternal hormone secretion and 
vascular injury in susceptible hosts [267, 268].

Hormones secreted at the end of pregnancy—prolactin by 
the pituitary and a soluble variant of the vascular endothelial 
growth factor (VEGF) receptor 1(soluble fms-like tyrosine 
kinase—sflt1) by the placenta—have potent antiangiogenic 
properties that can lead to endothelial cell apoptosis and a 
decline in myocardial vascularity in susceptible hosts. 
Evidence in humans that angiogenesis inhibition may induce 
cardiomyopathy is suggested by the cardiac dysfunction 
reported with the use of VEGF neutralizing antibodies in 
treating human cancers [269]. Two murine models of PPCM 
have been induced by knockout of specific myocyte tran-
scriptional factors, STAT3 [267] and cardiac-specific dele-
tion of proliferator-activated receptor-gamma coactivator-1α 
(PGC-1α) [268]. Additionally, STAT3 has been shown to be 
reduced in patients with end-stage dilated cardiomyopathy 
[270]. Through similar pathways, deletion of these nuclear 
transcription factors allows the overexpression of reactive 
oxygen species and a subsequent increase in cathepsin D 
[267, 268, 271].

Cathepsin D cleaves the hormone prolactin to an antian-
giogenic 17 kDa prolactin fragment that has been shown to 
enhance the secretion of a miR146a, which, in turn, leads to 
endothelial apoptosis, altered energy metabolism, reduced 
myocardial vascularity, myocardial dysfunction, and even-
tual cardiomyopathy [223, 272]. Cardiomyopathy could not 
be provoked in nonpregnant female or male mice, suggesting 
a mechanistic pathway specific to the development of 
PPCM. However, cardiomyopathy could be provoked in the 
nulliparous PGC1α-deficient mice administered sFlt; this 

evidence suggests that late gestational antiangiogenic pla-
cental hormones can directly trigger cardiomyopathy. In the 
second model, depletion of PGC-1α also leads to vascular 
injury through the loss of a proangiogenic VEGF-mediated 
pathway. Evidence that a toxic late gestational hormonal 
milieu causes maternal cardiomyopathy is supported by the 
observation that hormonal blockade reverses the cardiomy-
opathy. Reversal of PPCM in murine models has been 
achieved by inhibiting prolactin secretion via bromocriptine 
alone in the STAT3 model [267] and with bromocriptine 
combined with VEGF in the PGC-1α model [268]. Partial 
reversal of murine PPCM (improved contractile function and 
partial rescue of capillary density) has been demonstrated 
with administration of antisense oligonucleotides to silence 
miRNA 146a without the suppression of lactation, which 
occurs as a consequence of bromocriptine treatment. Of 
note, circulating levels of mi R146a have been shown to be 
increased in women with PPCM, and levels decline in 
women treated with bromocriptine. SFlt1 levels, which are 
usually increased in women with PPCM, correlated with 
congestive heart failure symptoms and outcome in women 
with PPCM who were enrolled in the IPAC study [249, 268].

Excess placental sFlt1 secretion in women with pre-
eclampsia [273] and multiple gestations [249] highlights the 
epidemiologic association between preeclampsia, twin or 
multiple gestations, and PPCM [274]. Removal of vasculo-
toxic placental hormones after delivery may also explain the 
rapid reversal of cardiomyopathy seen in the majority of 
patients with PPCM compared to other forms of 
 cardiomyopathy. In late pregnancy, an angiogenic balance is 
necessary to allow the safe separation of the uteroplacental 
circulation while protecting maternal myocytes from vascu-
lar injury. Abnormalities in this balance in susceptible 
women can lead to the development of PPCM and influence 
its severity through the proposed hormonal vascular injury 
hypothesis described above.

 Prognosis and Complications
PPCM confers risk to the mother and the neonate. Maternal 
risks include death, cardiovascular arrest, the need for heart 
transplantation or mechanical circulatory support, fulminant 
heart failure, and thromboembolic events [275–277]. In a 
retrospective review of 535 women diagnosed with PPCM 
from 2003 to 2007 in the United States, 36% experienced a 
major maternal adverse event [229]. In the recent prospective 
IPAC study, which enrolled 100 US women from multiple 
centers and followed their clinical and echocardiographic 
course for 12 months, the prognosis of women with PPCM 
was better. Only 13% of IPAC subjects had a major event or 
persistent cardiomyopathy with EF <35% [251]. Overall, 
more than 50% of women recover completely, with relief of 
symptoms and recovery of LV systolic function within six 
months [218, 248].
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Mortality
PPCM is now the leading cause of maternal death in 
California (causing 23% of maternal deaths) [278]. Maternal 
mortality estimates in PPCM vary according to race and 
length of follow-up; the estimates range from 3 to 28% [218, 
248, 279–281]. US maternal inhospital mortality rates sec-
ondary to PPCM are low at 1.3% [229], 4% at 1 year in the 
IPAC study [251], and 11–16% over 7–8 years of follow-up 
[282]. Adverse prognostic factors for maternal death include 
higher NYHA class [283], EF <25–30% [251], black race 
[281, 284], and age >30–35 years [245, 282].

Obstetric and Neonatal Outcomes
Cesarean delivery was performed for obstetrical indications 
in 40% of 123 PPCM patients [218]. Stillbirths are more 
common in mothers with PPCM, occurring in 3.8% of 535 
pregnancies [229]. Of the 100 women with PPCM prospec-
tively followed in the IPAC study, there were two stillbirths, 
one neonatal death, and four newborns with congenital 
anomalies. Mean birth weight, intrauterine growth, and 
Apgar scores [241] are lower in neonates born to women 
with PPCM and may be a consequence of the 25% rate of 
preterm birth (<37 weeks) seen in PPCM. Delivery decisions 
should involve a team of maternal fetal specialists, pediatri-
cians, and cardiologists. Early delivery should be restricted 
to cases of impending maternal or fetal loss since it has not 
been shown to improve maternal or fetal outcomes.

Thromboembolic Events
Thromboembolic events are more common in women with 
PPCM than in those with idiopathic or virally mediated car-
diomyopathy [228, 257, 285]. The hypercoagulable state of 
pregnancy may potentiate the risk of left ventricular throm-
bus formation in women with severe cardiomyopathy and 
reduced cardiac output. In one study, thromboembolic com-
plications were the most common adverse event associated 
with PPCM, occurring in 6.6% of patients [229].

Left Ventricular Recovery
Myocardial recovery is greater in women with PPCM than in 
nonperipartum women with cardiomyopathy [228, 285]. 
Nevertheless, recovery of left ventricular function (EF 
>50%) is heterogeneous in women with PPCM [275]. Partial 
or complete recovery in PPCM occurs in 40–72% of affected 
women [223, 228, 285, 286]. In the IPAC study, only 13% of 
women with PPCM had severe persistent cardiomyopathy or 
major adverse events (death, transplant, left ventricular assist 
device [LVAD]) at 1 year; 15% experienced a partial recov-
ery; and 72% recovered completely [286]. Although most 
who recover left ventricular function do so within 6 months, 
up to one-third of women may have delayed recovery [228]. 
Of the women who recover left ventricular function, three- 
quarters have an EF >45% by 2 months from presentation, 

suggesting that recovery occurs early in most women [223]. 
In a US retrospective single-center study of data from 
January 1986-December 2016, African American women 
with PPCM were younger than non-African American 
women with PPCM, had more advanced left ventricular dys-
function with a lower EF at presentation (39.5% vs. 56.5%, 
respectively), and were twice as likely to fail to recover 
(43.0% vs. 24.2%) [211, 236].

In two retrospective studies of predominantly African- 
American women [280], recovery of left ventricular function 
was low with only 23–30% of women achieving an EF >50% 
at 6 months. In a larger more contemporary study, full recov-
ery of EF was noted in 59% of black women and 77% of 
white women by 1 year [286]. Recovery may be poorer in 
black women because of later disease presentation (>6 weeks 
postpartum in 50% of black women vs. 22% in white women) 
and a higher prevalence of hypertension (70% in black 
women vs. 34% in white women) [286].

Predictors of Recovery
Overall EF at presentation is the best predictor of left ven-
tricular recovery. Determinants of poor recovery include 
LVEF <30% at diagnosis [286], left ventricular internal 
diameter end diastole (LVIDD) >5.6–6.0 cm [223, 286], late 
diagnosis [257, 286], presence of left ventricular thrombus 
[223], and black race [223, 257, 286]. In the IPAC study, no 
woman achieved a full recovery at 1 year when the LVIDD 
was >6 cm and the EF was <0.3 at presentation, whereas full 
recovery occurred in 91% of women in whom the LVIDD 
was <6 cm and the EF was >0.3 at presentation [286]. In this 
cohort, echocardiography was performed at baseline, 2, 6, 
and 12 months after presentation, and recovery was predicted 
in 86% of women with a baseline LVEF ≥0.30 compared 
with only 37% of those with an LVEF <0.30 (p  <  0.001) 
[286]. In 187 women with PPCM, the EF at presentation pre-
dicted failure to recover EF by echocardiogram at 6 months. 
For those with an EF of 10–19%, 63% failed to recover (EF 
>50%) compared to 32% of women with an EF of 20–29% 
and 21% of those with an EF at presentation of >30% [227]. 
Failure to achieve a LVEF ≥30% was seen in 30% of patients 
with an EF of 10–19% and 13% of patients with an EF of 
20–29% at presentation [227].

Recurrence in Subsequent Pregnancies
Since PPCM usually occurs in a first or second pregnancy, 
the risk of PPCM in a subsequent pregnancy is important. 
Relapse is greatest in women who do not recover left ven-
tricular systolic function. In a review of 191 recurrent preg-
nancies in women with PPCM, the risk of relapse (decline in 
left ventricular function) was almost twice as great for 
women who failed to recover left ventricular function than in 
those who had full recovery (48% vs. 27%). The mortality 
rate in the group who failed to recover was 16%, whereas no 
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deaths were reported in women with full left ventricular 
recovery [287]. In a smaller study of 28 women with subse-
quent pregnancy after complete recovery of left ventricular 
systolic function, no maternal deaths occurred. In 16 women 
without complete recovery who had a subsequent pregnancy, 
the mortality rate was 19%. Congestive heart failure devel-
oped in 44% and a decline in EF >20% was measured in 25 
[288]. Reduction in contractile reserve measured by dobuta-
mine stress echocardiography in recovered patients suggests 
persistent subclinical myocardial abnormalities [263]. The 
best predictor of left ventricular deterioration and death with 
recurrent pregnancy is prepregnancy LVEF. Normalization 
of EF, however, does not predict a risk-free subsequent preg-
nancy. Women with persistent left ventricular dysfunction 
who want a subsequent pregnancy should be advised of the 
grave risk and counseled to avoid pregnancy, continue stan-
dard heart failure medications, and wait for normalization of 
left ventricular function before becoming pregnant [287]. 
Women with complete recovery after PPCM in whom nor-
mal left ventricular function persists after medication wean-
ing can be counseled that risk of maternal death is likely zero 
but that deterioration of LVEF may occur. Long-term out-
comes in women with relapse are not known. Careful moni-
toring of symptoms and left ventricular function by 
echocardiography are strongly recommended during and 
after pregnancy.

 Treatment

Pharmacologic Therapies
The treatment recommendation for PPCM follows the guide-
lines for the treatment of other causes of cardiomyopathy 
because evidence-based clinical data are lacking for treating 
heart failure during or after pregnancy. Treatment escalation 
is tailored individually to the severity of symptoms at presen-
tation. The recommended treatment for symptomatic heart 
failure in PPCM is to optimize oxygenation via supplemental 
oxygen, mechanical ventilation, and very rarely venoarterial 
extracorporeal membrane oxygenation or even extracorpo-
real mechanical oxygenation. Interventions to reduce pre-
load and optimize cardiac contractility are emphasized as 
afterload reduction is a natural consequence of the low resis-
tance placental circuit in pregnancy. Standard cardiomyopa-
thy drug treatment includes the potential use of diuretics, 
intravenous or oral vasodilators, intravenous inotropes, ACE 
inhibitors, ARBs, beta-blockers, inhibitors of mineralocorti-
coid activity, and digoxin. Drug treatment in patients with 
PPCM requires knowledge of the drug’s unique risks during 
pregnancy and lactation, when detrimental effects are known.

Diuretics are recommended to reduce preload-pulmonary 
capillary wedge pressures to relieve symptoms and to maxi-
mize oxygenation. The use of diuretics before delivery may 
impair placental perfusion and potentially harm the fetus; 

therefore, the lowest dosage possible is recommended. 
Improvement in stroke volume and cardiac output may 
require inotropic drugs, vasopressors, and rarely mechanical 
circulatory support. Digoxin use is safe in pregnancy, but its 
usefulness in the treatment of systolic heart failure is uncer-
tain. Its use is acceptable in persistently symptomatic women 
during pregnancy and lactation, but levels should be checked 
as pregnancy increases digoxin clearance [289].

Pharmacologic antagonism of the neurohormonal axis is 
recommended for longer-term improvement in left ventricu-
lar contractility in PPCM patients, according to the guide-
lines for use in cardiomyopathy for other causes. Inhibiting 
the adrenergic, angiotensin, and mineralocorticoid pathways 
in nonpregnant women with symptomatic heart failure has 
been shown to reduce symptoms, improve hemodynamics 
and left ventricular contractility, stimulate left ventricular 
remodeling, and, most importantly, prolong survival.

 1. Beta-blockers
Controlled studies on the use of beta-blockers in 

PPCM have not been performed. However, beta-blockade 
is recommended in all women with symptomatic PPCM, 
but dosages should be carefully titrated to avoid short- 
term worsening of cardiac output. In the United States, 3 
beta-blockers have been approved for treating congestive 
heart failure: carvedilol, bisoprolol, and metoprolol 
 tartrate. Data on their efficacy in pregnancy and their risk 
to the fetus are limited.

Antepartum use of the cardioselective β1-antagonists 
(metoprolol tartrate or bisoprolol) are preferred over the 
nonselective beta-blockers (propralolol) as they interfere 
less with the β2-mediated effects on uterine tone [290] 
which can potentially lead to uterine contractions and 
preterm labor. The mixed alpha and nonselective beta- 
antagonist, labetolol, has been used extensively antepar-
tum in the treatment of hypertension, and carvedilol 
shares a similar receptor affinity. The antepartum use of 
atenolol has been associated with IUGR [291] and should 
be avoided.

 2. Inhibitors of angiotensin and mineralocorticoid activity
Treatment with ACE inhibitors or ARBs is restricted to 

use in women who are no longer pregnant because of the 
risk of teratogenicity in all trimesters to the fetus [292]. 
During pregnancy, substitution with nitrates and hydrala-
zine is recommended especially for black or African 
American women in whom this combination has been 
shown to be beneficial in nonpregnant patients with con-
gestive heart failure and in pregnant women with severe 
hypertension [29, 219, 293, 294]. Doses should be intro-
duced gradually as postpartum women tend to have low 
SVR, which can lead to hypotension especially with con-
comitant diuretic use. ACE inhibitors are excreted in low 
levels into breast milk; treatment with enalapril, capto-
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pril, quinapril, or benazepril is preferred as safety in 
infants has been established [295]. Because there are no 
data on ARBs or angiotensin receptor-Neprilysin inhibi-
tor safety during breastfeeding, their use is not 
recommended.

Mineralocorticoid (aldosterone) receptor antagonists 
(spironolactone, eplerenone) are also recommended for 
use in postpartum mothers to improve symptoms and 
increase life-expectancy. The antiandrogenic effects of 
spironolactone may theoretically lead to feminization of 
the fetus [292]. Eplerenone has no antiandrogenic effects, 
but its safety in pregnancy is unknown. The excretion of 
aldactone into breast mild is negligible, and the American 
Academy of Pediatrics rates it as compatible with breast 
feeding [289].

 3. Anticoagulation
PPCM increases the risk of venothromboembolism 

and intracardiac thrombus secondary to the hypercoagu-
lable state of pregnancy coupled with stasis from the 
reduction in stroke volume associated with left ventricu-
lar dysfunction. The risk of thromboembolic events is 
highest in the first 4 weeks of the postpartum period due 
to the release of tissue thromboplastin after placental sep-
aration. Bedrest compounds the exaggerated hypercoagu-
lable state and is not recommended. The reported rate for 
stroke in PPCM ranges from 1.5 to 12%, and the rate for 
acute lower extremity arterial occlusion is 1.5% [276, 
277]. In symptomatic women with severe left ventricular 
dysfunction and PPCM, intracardiac thrombus was visu-
alized by echocardiography in 12–30% of cases [276, 
277]. In the absence of atrial fibrillation, no data are avail-
able to guide the recommendation of antithrombotic ther-
apy as primary prevention to reduce thromboembolic 
events in symptomatic women with severe left ventricular 
dysfunction secondary to PPCM.  Careful evaluation of 
the left ventricle apex for thrombus with contrast echocar-
diography is recommended at initial and follow-up 
screening if the LVEF is severely depressed and if the 
apex is incompletely visualized by standard echocardio-
graphic views. Primary prevention of thromboembolic 
events with anticoagulants is recommended if atrial fibril-
lation or left ventricular thrombus is detected. The choice 
of anticoagulant in pregnancy is discussed elsewhere, but 
since PPCM occurs late in pregnancy, heparin (antepar-
tum) and warfarin (postpartum) are the preferred treat-
ments. Patients treated with bromocriptine may be at 
greater risk of stroke [296] and myocardial infarction 
[297], and anticoagulation should be considered prophy-
lactically in bromocriptine-treated patients [298]. For all 
other PPCM patients with severe left ventricular systolic 
function without atrial fibrillation or left ventricle throm-
bus, antiplatelet and anticoagulant treatments are not cur-
rently warranted.

 4. Novel treatments
Evidence that a cleaved 16-kDa angiostatic and pro-

apoptotic form of prolactin may mediate PPCM patho-
physiology has led to interest in treating PPCM patients 
with bromocriptine, which inhibits prolactin secretion. 
Bromocriptine, approved for the treatment of galactor-
rhea and certain pituitary tumors, was deemed to be safe 
to the fetus in 1982 [299], but the US Food and Drug 
Administration withdrew its approval for the suppression 
of lactation in 1995 because of safety concerns after 
reports of adverse maternal vascular events such as stroke 
and myocardial infarction [300].

Bromocriptine has been shown to prevent the onset of 
PPCM in mice [267]. Individual patients with acute 
PPCM have been successfully treated with bromocriptine 
added to standard heart failure therapy. In a single-center 
study in South Africa, 20 women with severe PPCM were 
randomized within 24 h of presentation to standard car-
diomyopathy therapy or standard therapy plus bromocrip-
tine (2.5 mg twice daily for 2 weeks followed by once 
daily for 6 weeks). Bromocriptine-treated patients showed 
improvement in NYHA class and recovery of LVEF at 6 
months. No thrombotic complications were observed. 
Mortality in this cohort was high (25%); however, only 
one bromocriptine-treated patient died, whereas 4 women 
in the standard therapy group died [301]. In a German 
multicenter study, 63 patients with PPCM and EF <35% 
were randomized to short-term (7 days) bromocriptine 
(2.5  mg daily) or long-term (8 weeks) bromocriptine 
(5 mg daily for 2 weeks followed by 2.5 mg daily) added 
to standard cardiomyopathy treatment. No placebo group 
was included. Full recovery (LVEF ≥50%) was nonsig-
nificantly higher in the long-term treatment group (52% 
vs. 68%). No patient in the study died or needed heart 
transplantation or LVAD placement [302]. Without a pla-
cebo group, it is unclear if the observed improvement in 
outcomes is related to treatment (in both groups) with 
bromocriptine or to this group being a lower-risk cohort 
of PPCM patients. Bromocriptine use in refractory cases 
may be considered as the potential benefit to myocardial 
recovery may outweigh a small thromboembolic risk. 
Larger placebo-controlled trials are needed to establish 
the safety and efficacy of bromocriptine treatment before 
its use can be recommended [267, 303, 304].

Immunosuppression and immunoglobulin infusion 
therapies are not recommended for treating PPCM [219]. 
In the absence of biopsy-proven giant cell myocarditis, 
immunosuppression is not warranted as the efficacy is 
unproven and the side effects may be significant [305, 
306]. In a retrospective study of 6 women with PPCM, the 
rate of left ventricular recovery at 6 months was greater in 
women treated with intravenous immunoglobulin than in 
11 historical controls (26% vs. 13%) [307]. However, the 
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small sample size and the high probability of recovery 
with standard treatments limit the generalizability of this 
therapy to common practice [219, 305].

 5. Treatment after recovery of left ventricular function
There are no data on the long-term treatment of women 

with PPCM. Experts generally agree that continued ther-
apy with standard heart failure medications, including 
β-blockade, ACE inhibition, and mineralocorticoid antag-
onism, is warranted for a minimum of 12 months as some 
PPCM patients showed ongoing improvement in cardiac 
function up to 5 years after diagnosis [308]. In a small 
study of 15 women with recovery of left ventricular func-
tion, no deterioration in function occurred over 2 years 
after withdrawal of long-term medications [248]. Limited 
MRI studies do not show persistent subclinical myocar-
dial damage in recovered PPCM women [309]. For those 
with persistently reduced left ventricular function, stan-
dard heart failure therapy should be continued indefi-
nitely. Subclinical cellular abnormalities may persist as 
suggested by abnormalities in contractile reserve demon-
strated by dobutamine echocardiography in women with 
recovered PPCM [279], reports of left ventricle deteriora-
tion after recovery [275], and the increased risk of recur-
rence in subsequent pregnancies. Full medical therapy is 
recommended for 6 months after full recovery. 
Medications should be weaned one at a time, and close 
clinical and echocardiographic monitoring should be 
maintained during weaning and continued annually.

Devices
Because left ventricular systolic function normalizes or 
improves within 6 to 12 months in most PPCM patients, an 
implantable cardioverter defibrillator (ICD) and cardiac 
resynchronization therapy may not be necessary long term 
for preventing SCD and treating left ventricular dyss-
nychrony [219]. For women with SCD or sustained ventricu-
lar arrhythmias, secondary prevention with an automated 
ICD is recommended per the guidelines [310]. The risk of 
lethal tachyarrhythmia in women with PPCM and severely 
depressed left ventricular systolic function is unknown. 
Death in patients with PPCM usually accompanies symp-
tomatic deterioration of left ventricular function. A wearable 
cardioverter defibrillator (WCD) may be an alternative to 
implantable devices as a primary prevention strategy in 
PPCM. The use of a WCD is recommended as a bridge-to- 
decision for 3–6 months with serial echocardiographic 
assessments of left ventricular function. Discontinuation of 
WCD is recommended when the LVEF improves to >35%, 
which follows the guidelines for nonpregnancy cardiomy-
opathy [310]. ICD placement should be deferred for primary 
prevention for at least 3 months and possibly 6 months after 
presentation to allow ventricular recovery while optimizing 
medical therapy.

 Mechanical Circulatory Support
Newer percutaneous mechanical support options, as well as 
the more widely available intra-aortic balloon counter- 
pulsation pump are short-term percutaneous interventional 
options available to improve cardiac output and maternal 
hemodynamics when profound and refractory cardiovascular 
shock is present. These devices can be used as a bridge to 
recovery with weaning as left ventricular function improves 
[311, 312]. Rarely, these devices can be used to bridge to a 
more durable LVAD if continued circulatory support is 
required. Transplantation was ultimately required in 48% of 
women with PPCM who required a mechanical assist device 
in a registry study [313]. Recovery of left ventricular func-
tion after LVAD was rare (6%) [313] in women with 
PPCM. Transplantation was required in up to 25% of women 
with PPCM in a series from 1987 to 2010 [266] but in only 
1% of more recent IPAC participants [251]. Transplant out-
comes are lower for women with PPCM than for all other 
female transplant recipients with lower graft and age- 
adjusted survival, which may be related to younger age and 
higher rates of inhospital and 1-year posttransplant rejection 
[266].

 Delivery
Limited data are available to guide the timing and mode of 
delivery in PPCM [219]. Scheduled delivery in an institution 
with a multidisciplinary team comprising cardiology, obstet-
ric, anesthesiology, and neonatology services [219] is 
advised. Maternal hemodynamic instability requires urgent 
cesarean delivery. Scheduled cesarean delivery is preferred 
for women with advanced heart failure requiring inotropic 
therapy or mechanical circulatory support [219]. For stable 
women with PPCM, the balance between the individual 
maternal and fetal risks and the benefits of early delivery 
should be carefully considered by the multidisciplinary team 
and the patient. Early delivery is not required if the maternal 
(cervical status, placental position, cardiovascular status) 
and fetal (viability, lung maturity, growth) conditions are 
stable [219]. The mode of delivery in stable patients is dic-
tated by the obstetrical conditions (failure of labor to prog-
ress, placenta previa, fetal intolerance of labor) [219, 284].

 Breastfeeding
Breastfeeding in PPCM has become a controversial topic 
with the implication that prolactin may influence the patho-
physiology of PPCM. Breastfeeding prolongs the exposure 
of the postpartum mother to increased prolactin. In develop-
ing nations, breastfeeding is important to infant survival 
[314]. Furthermore, the immunological, nutritional, and 
developmental neonatal benefits of breastfeeding have been 
well established, and limiting the beneficial effects of breast-
feeding requires solid evidence of efficacy. Despite this and 
with no evidence of benefit, the 2010 ESC group suggested 
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that breastfeeding be avoided because of the potential effects 
of prolactin [315]. However, breastfeeding was not associ-
ated with a reduction in left ventricular recovery in the IPAC 
study [251], and breastfeeding women had improved out-
comes over those who did not breastfeed in a retrospective 
internet-based study.

Overall, given the benefits of breastfeeding some experts 
have recommended that women who are clinically stable 
should not be discouraged from breastfeeding as long as it is 
compatible with their heart failure medications [316]. If a 
mother decides to breastfeed, we suggest avoiding ARBs due 
to the lack of safety data [316].

 Contraception
Women with PPCM or a history of PPCM should receive 
counseling regarding the risk of recurrence and family plan-
ning and contraception options. Women with persistent left 
ventricular dysfunction (EF <50%) or LVEF <25% at diag-
nosis should avoid future pregnancy due to the increased risk 
of recurrence. Sterilization of the patient or her partner is 
recommended. Alternatively, nonestrogen contraceptive 
implants or intrauterine devices are effective contraception 
and do not increase the thromboembolic risk [317, 318].

 Hypertension in Pregnancy

Hypertensive disorders complicate up to 15% of pregnancies 
in the United States and are responsible for 10–15% of all 
US maternal deaths [319]. National guidelines can aid in rec-
ognizing and managing hypertension in pregnancy to reduce 
morbidity and mortality. The increased morbidity related to 
hypertensive disorders of pregnancy is presumed to be asso-
ciated with the development of severe hypertension [320]. 
Hypertension in pregnancy increases the maternal risk of 
abruptio placenta, stroke, intracerebral hemorrhage, pre-
eclampsia, organ failure, and death. Maternal hypertension 
also increases the fetal risk of CHD, IUGR, preterm labor, 
and intrauterine death [290, 321, 322].

Circulatory changes begin early in pregnancy. SVR 
declines, resulting in increased stroke volume and cardiac 
output. However, systolic BP remains relatively unchanged. 
In contrast, diastolic BP has a bimodal trend. Diastolic BP 
decreases an average of 10 mmHg in the second trimester 
due to decreased SVR and then returns to prepregnancy lev-
els during the third trimester because of the increased blood 
volume and stroke volume [323].

 Hypertension Categories

Hypertensive disorders of pregnancy can be classified into 
four categories: chronic hypertension, gestational hyperten-

sion, preeclampsia-eclampsia, and preeclampsia superim-
posed upon underlying chronic hypertension [324]. 
Diagnosis generally depends on gestational age at the time of 
presentation and the presence of proteinuria or on end-organ 
damage. Distinguishing preeclampsia from other causes of 
hypertension can be difficult but is essential to maternal and 
fetal outcomes [325].

The Sprint Study [326] showed a significant reduction in 
stroke, myocardial infarction, and heart failure with antihy-
pertension treatment in adults with BP above 130/90 when 
the BP was targeted to <120/80 mmHg. On the basis of these 
compelling results, the definition of hypertension in non-
pregnant adults was revised to stricter standards in 2017; 
normal BP in nonpregnant adults is now defined as systolic 
BP <120 mmHg and diastolic <80 mmHg [327]. The cate-
gory of prehypertension has been eliminated, and the group 
with mildly elevated systolic BP (120–129 mmHg) but nor-
mal diastolic BP (<80  mmHg) was reclassified as having 
elevated BP.  Hypertension in nonpregnant adults is now 
defined as follows:

 – Stage 1—Systolic 130–139  mmHg or diastolic 
80–89 mmHg

 – Stage 2—Systolic at least 140 mmHg or diastolic at least 
90 mmHg

 Chronic Hypertension
Chronic hypertension in pregnancy remains defined as BP 
≥140/90 mmHg, recorded before pregnancy and before 20 
weeks of gestation, or persisting longer than 12 weeks post-
partum [328]. Chronic hypertension is uncommon in preg-
nancy and occurs in only 0.5–3% of hypertensive pregnant 
women [328]. The incidence of this disorder is higher in 
women who are older, obese, or black [329]. Chronic hyper-
tension increases morbidity and is associated with superim-
posed preeclampsia, placenta abruption, prematurity, fetal 
growth restriction, and CHD [290, 321, 322]. Severe chronic 
hypertension can result in stroke, heart failure, acute renal 
failure, hypertensive encephalopathy, and cerebral hemor-
rhage. Patients at risk should be evaluated before pregnancy 
[328], and all teratogenic medications, such as ACE inhibi-
tors, ARBs, and direct renin inhibitors, should be replaced 
before conception [330].

 Gestational Hypertension
Gestational hypertension is a temporary increase in BP dur-
ing pregnancy; it is defined as elevated BP (systolic BP 
>140 mmHg or a diastolic BP >90 mmHg) that develops after 
20 weeks of gestation in the absence of proteinuria or other 
diagnostic features of preeclampsia. It is the most common 
cause of hypertension in pregnancy and occurs in 6–17% of 
nulliparous women and in 2–4% of multiparous women 
[331–333]. Adverse perinatal outcomes are significantly 
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higher in severe gestational hypertension than in mild pre-
eclampsia [331]. Women with gestational hypertension who 
develop end-organ dysfunction or proteinuria will be reclassi-
fied as having preeclampsia. Women with persistent hyper-
tension 12 weeks postpartum will subsequently be diagnosed 
as having chronic hypertension. The highest prevalence of 
gestational hypertension occurs in women with a history of 
preeclampsia in a previous pregnancy, women with multifetal 
pregnancy, and women who are obese or overweight [328, 
334]. The rate of recurrence of gestational hypertension in 
subsequent pregnancies is at least 20%.

 Preeclampsia

Preeclampsia is a pregnancy-specific clinical syndrome of 
new onset hypertension in a previously normotensive preg-
nant woman with proteinuria or end-organ dysfunction with 
or without proteinuria that usually occurs after 20 weeks ges-
tation. Overall, preeclampsia complicates 5–7% of all preg-
nancies but may occur in up to 25% of pregnancies with 
preexisting hypertension. Preeclampsia is defined as BP 
>140/90 mmHg, with proteinuria >0.3 g in a 24-h urine col-
lection or as organ dysfunction defined by a platelet count 
<100,000/mm3, a creatinine level >1.1 mg/dL, transaminitis, 
congestive heart failure, or neurologic symptoms [335]. 
Eclampsia is diagnosed when seizures occur.

The cause of preeclampsia is poorly understood. Placental, 
immunologic, and genetic factors lead to systemic endothe-
lial dysfunction, and circulation abnormalities might result 
in hypoperfusion, hypoxemia, and ischemia of the placenta. 
Risk factors include first pregnancy, multiple pregnancies, 
obesity, diabetes mellitus, a history of chronic hypertension, 
and a family history of mothers with preeclampsia. 
Preeclampsia can have an early or late onset. Late-onset pre-
eclampsia (prevalence, 5% of cases) occurs within 48 h after 
delivery. The early-onset condition (<34 weeks of gestation) 
tends to be more severe. Management of preeclampsia relies 
on proper recognition of the condition. Definitive therapy is 
delivery of the placenta; however, conservative management 
may be pursued in selected cases, particularly if the condi-
tion occurs early in gestation (allowing maximal time for the 
fetus to mature). Rates of recurrent preeclampsia with subse-
quent pregnancies are much lower than for gestational hyper-
tension at 5% versus 20% [336, 337].

 Preeclampsia Superimposed on Chronic or 
Gestational Hypertension
Establishing the diagnosis of preeclampsia superimposed on 
chronic hypertension or gestational hypertension can be dif-
ficult [328]. Preeclampsia should be suspected in women 
who have a sudden increase in BP and proteinuria, or who 
develop transaminitis, thrombocytopenia, or symptoms of 

end-organ damage such as visual changes, right upper quad-
rant pain, and heart failure. Up to 25% of women with preex-
isting hypertension (either chronic or gestational) develop 
preeclampsia. The risk that gestational hypertension will 
progress to preeclampsia is increased if hypertension devel-
ops before 34 weeks of gestation, with uric acid levels 
>5.2 mg/dL, and when mean systolic BP is >135 mmHg on 
ambulatory 24-h BP monitoring [338, 339]. Doppler velo-
cimetry measurements of fetoplacental flow are abnormal in 
preeclampsia and normal in gestational or chronic 
 hypertension [340].

 General Principles of Hypertension

 Measurement of Blood Pressure
The accurate measurement of BP in pregnancy is essential in 
guiding medical decisions that affect both mother and fetus. 
The timing and method of BP measurement affect the accu-
racy of the results, which depend on proper patient position, 
BP device used, and cuff size and placement [327, 341].

BP may be measured by a mercury-based sphygmoma-
nometer or by approved, validated, and calibrated auto-
mated oscillometric brachial (upper arm) BP devices 
(AOBP). Mercury-based auscultatory devices are used less 
frequently due to concerns for mercury toxicity, but 
improvements in AOBP device accuracy have increased 
their use in medical offices and home monitoring [342, 
343]. BP screening in pregnancy is performed in the office 
and may be confirmed or monitored by home or ambulatory 
measurements. BP measurements in the office may be 
5–10  mmHg higher than measurements made by ambula-
tory or home BP monitoring. Multiple in-office measure-
ments by either device or by AOBP while the patient is 
unattended and alone approach the accuracy of ambulatory 
or home-obtained readings [344, 345]. The BP should be 
measured for screening of hypertension in the office with 
the quiet patient seated with feet uncrossed on the floor and 
with the arm supported at the level of the heart (midpoint of 
the sternum) while at rest for 5 min. Measurement of BP in 
left lateral recumbency may be used if a seated BP is not 
feasible [343]. The BP readings should be documented on at 
least two occasions at least 4 hours apart. An average of at 
least two BP measurements with 1–2 min rest between mea-
surements is recommended in the diagnosis of adults with 
hypertension [327] and is useful to discriminate patients 
with reactive “white-coat” hypertension or high in-office 
readings that do not meet the diagnostic criteria for hyper-
tension based on out-of-office readings. Home BP monitor-
ing is useful to establish and confirm the presence of 
hypertension in patients with elevated in-office 
BP. Avoidance of caffeine and exercise for 30 min is recom-
mended before BP measurement as they may increase BP.
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BP cuff size affects the accuracy of BP measurement. BP 
cuffs that are too small may falsely increase the systolic BP 
by 10–50 mmHg in obese subjects. The cuff should encircle 
80% of the forearm with the width of the bladder 40% of the 
arm circumference. A large adult cuff, for arm circumfer-
ences 35–44 cm, or a thigh cuff, for those 45–52 cm, may be 
required in obese women [343].

An accurate auscultatory assessment of BP depends on 
the skill and technique of the operator. The cuff should be 
inflated 20–30 mmHg above the systolic pressure where the 
radial or brachial pulse disappears from palpation [346]. 
The cuff should be deflated slowly at a rate of 2–3 mmHg 
per second [347] until the first audible sound is heard by 
either the bell or the diaphragm of the stethoscope placed 
lightly over the brachial artery (Korotkoff phase 1). This 
pressure is the systolic BP. As the cuff is deflated below the 
systolic pressure, the pulse continues to be heard until there 
is abrupt muffling (phase IV) followed by complete disap-
pearance of sound (phase V) [348]. The pressure at which 
the auscultatory sounds first disappear is the diastolic BP 
[343]. However, if sounds remain audible with the cuff 
deflated, which can happen in pregnant women due to ele-
vated stroke volume and low SVR, then Korotkoff phase IV 
should be used [343, 346].

 Maternal Evaluation with Hypertension
Once hypertension in pregnancy has been diagnosed, an 
investigation for evidence of preeclampsia (proteinuria or 
end-organ damage) and secondary causes of hypertension is 
recommended.

Routine baseline tests for pregnant women with hyperten-
sion include [349] the following:

• Quantitative analysis of proteinuria by using a urine 
protein- to-creatinine ratio ≥0.26  mg protein/mg creati-
nine (30 mg/mmol) on a random urine sample

• Urine culture
• Glomerular filtration rate or serum creatinine
• Electrolyte testing
• Fasting glucose levels
• Thyroid function test
• Possible electrocardiogram

Causes of secondary hypertension such as chronic kidney 
disease, hyperthyroidism, primary hyperaldosteronism (low 
serum potassium, low plasma renin activity), and renovascu-
lar hypertension (high renin activity) may be evident on 
these baseline screening tests. If coarctation of the aorta is 
suspected, a cardiology referral and an echocardiogram 
should be requested.

Quantification of urinary protein excretion is recom-
mended to differentiate preeclampsia from other causes of 
hypertension in pregnancy because the diagnosis of pre-

eclampsia has both prognostic and therapeutic consequences. 
Results from a urine dipstick test are not sensitive or specific 
enough for diagnostic purposes. False negative results occur 
with low urine specific gravity (<1.010), hypertonic or acidic 
urine, or nonalbumin proteinuria. A positive urine dipstick 
result requires confirmation as false positives can also occur.

If proteinuria is present, preeclampsia should be sus-
pected, and a quantitative 24-hour examination of urine pro-
tein excretion, as well as serum uric acid levels, platelet 
count, and liver function tests are recommended. Diagnosing 
preeclampsia may be difficult, and any signs or symptoms of 
end-organ dysfunction (new onset of cerebral or visual dis-
turbances or epigastric or right upper-quadrant pain) in a 
woman with hypertension without proteinuria should be 
treated as preeclampsia [350] as up to 10% of women with 
clinical or histological signs of preeclampsia do not have 
proteinuria [351].

Given the risks of these hypertensive conditions, frequent 
prenatal visits with careful monitoring of BP and proteinuria 
are essential. Home monitoring of maternal BP is also 
 advisable [242].

 Fetal Evaluation in Mothers With Hypertension
Fetal well-being should be assessed with a biophysical pro-
file or nonstress test with amniotic fluid estimation. A 
 sonographic estimation of fetal weight is recommended. 
Umbilical artery Doppler velocimetry is reserved for fetuses 
with growth restriction [328].

 Congenital Heart Disease
Pregnant women with chronic hypertension appear to have 
an 80% greater risk of having offspring with CHD than do 
normotensive pregnant women (relative risk [RR], 1.8; 95% 
confidence interval [CI], 1.5–2.2) [322]. Pharmacologic 
treatment of hypertension appears to increase this risk (RR, 
2.0; 95% CI, 1.5–2.7). The risk remained 40% higher in 
untreated women with chronic hypertension than in normo-
tensive pregnant women, suggesting that the elevated risk 
may be related to the hypertension itself and possibly wors-
ened with pharmacologic treatment (RR, 1.4; 95% CI, 1.2–
1.7) [322]. It is not clear if the pharmacologic treatment 
increases the CHD risk or whether it is related to the severity 
of hypertension (which triggered pharmacologic treatment). 
It is also possible that hypertension in pregnancy and CHD 
share similar risk factors.

 Blood Pressure Severity and Treatment Targets

BP elevation in pregnancy is divided into categories based 
on BP severity and evidence of preeclampsia. Compared 
with nonpregnant individuals, BP in pregnant women is 
considered normal at a higher level (<140/90  mmHg); 
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mild-to- moderate hypertension is classified as BP ranging 
from 140 to 159 mmHg systolic and 90 to 109 mmHg dia-
stolic, and severe hypertension is reported as BP greater 
than 160/110  mmHg. Treatment strategies are based on 
these categories and the presence of preeclampsia.

Treatment of severe hypertension has well-established 
maternal benefits including a reduction in stroke risk and 
maternal complications in patients with and without evi-
dence of maternal end-organ damage or proteinuria [352]. 
The 2011 ESC task force for the management of CVD in 
pregnancy recommends emergent inhospital management of 
systolic BP >170 mmHg or diastolic BP >110 mmHg [29]. 
Pharmacologic treatments with intravenous labetolol or 
intravenous nicardipine are recommended before initiating 
intravenous hydralazine. If BP is not responsive to parenteral 
labetolol or nicardipine, the temporary use of sodium nitro-
prusside in hypertensive crisis may be required to control BP 
quickly. Prolonged use of sodium nitroprusside is associated 
with fetal cyanide poisoning as accumulation of its metabo-
lite, thiocyanate, is excreted into the fetal urine [353]. In 
women with preeclampsia and congestive heart failure, 
nitroglycerin infusion is recommended [29].

The data for treating mild-to-moderate and moderate 
hypertension (140–159/90–109 mmHg) in pregnancy are con-
troversial [354, 355]. Most women with hypertension in preg-
nancy have mild-to-moderate disease and are at low risk of 
cardiovascular or neonatal complications. The short-term ben-
efit of temporary treatment of hypertension during a relatively 
short duration in pregnancy must be balanced against the 
potential direct risk to the fetus from the medications as well 
as the risk of BP overtreatment with a resultant decrease in 
placental perfusion and low birth weight or fetal maldevelop-
ment. Women with treated chronic essential hypertension who 
become pregnant may have a decrease in BP during the first 
half of pregnancy due to the natural decrease in SVR with 
pregnancy and may not require any medications. In a 2002 
meta-regression analysis of antihypertension treatment related 
to any diagnostic category of pregnancy hypertension, a reduc-
tion in maternal mean arterial BP by 10 mmHg was associated 
with a slight (176-g) decrease in birth weight [351].

A 2014 meta-analysis of 49 trials of antihypertensive 
therapy revealed a 50% lower incidence of severe maternal 
hypertension, with no differences in the rates of abruption, 
IUGR, preeclampsia, or prematurity, in treated patients with 
mild-to-moderate hypertension in pregnancy than in those 
who were not treated [57, 356].

The 2015 CHIPS (Control of Hypertension in Pregnancy 
Study) trial examined the strategy of tight (diastolic target 
<85 mmHg) vs. less-tight (diastolic target <100 mmHg) BP 
control in 981 pregnant women with nonsevere chronic or 
gestational hypertension [354]. The mean difference in BP 
between groups was 4.6  mmHg for diastolic BP and 
5.8 mmHg for systolic BP. Overall, maternal hypertension 

treatment reduced the occurrence of severe maternal hyper-
tension during pregnancy but did not increase the risk of 
delivery of a small-for- gestational-age infant or cause excess 
fetal risk. Women randomized to less-tight control who 
developed severe hypertension had a higher rate of preterm 
delivery and lower infant birth weight and a higher rate of 
serious maternal morbidity due to preeclampsia and HELLP 
syndrome [355].

A recent post hoc analysis of women treated before 24 
weeks gestation in the CHIPS trial demonstrated that early 
tight BP control (diastolic BP <85 mmHg) was associated 
with a decrease in iatrogenic preterm birth and a decrease in 
the development of severe maternal hypertension at all ges-
tational ages but particularly before 28 weeks [357]. The 
benefit of tight control of diastolic BP before 24 weeks was 
offset by an increased rate of newborn weights below the 
10th percentile [357] with no overall effect on perinatal death 
or morbidity. The authors concluded that in women with 
nonsevere chronic or gestational hypertension, tighter con-
trol of diastolic BP (<85  mmHg) at all gestational ages is 
preferred to optimize maternal and perinatal outcomes.

Despite these studies detailing maternal benefit in treat-
ment of uncomplicated mild-to-moderate hypertension in 
pregnancy, medical societies remain conservative in their 
treatment recommendations [358]. The treatment threshold 
of systolic BP >140 mmHg and diastolic BP >90 mmHg are 
recommended in the select group of pregnant women at 
highest risk of complications: gestational hypertension with 
or without proteinuria, chronic hypertension with protein-
uria, and in all women with preeclampsia or those with sub-
clinical signs or symptoms of end-organ damage at any time 
during pregnancy.

 Treatment of Hypertension in Preeclampsia

Delivery is the definitive maternal treatment of preeclamp-
sia. Before delivery in preeclampsia, the mother is at risk of 
seizures, placental abruption, thrombocytopenia, cerebral 
and liver hemorrhage, pulmonary edema, acute renal injury, 
and death. After delivery of the fetus and the placenta, the 
maternal risk declines rapidly within hours. The fetal risk in 
preeclampsia is determined by the gestational age at the 
onset of preeclampsia and the fetal maturity at the time of 
delivery. Fetal loss and IUGR are increased in preeclampsia. 
Treatment of hypertension in preeclampsia may be indicated 
to allow fetal maturation in the absence of significant mater-
nal end-organ damage. Hypertension treatment does not alter 
the pathophysiology or the time course in preeclampsia as 
abnormalities in the placental vasculature lead to reduced 
uteroplacental perfusion, which directly leads to the release 
of factors that cause diffuse endothelial dysfunction and 
eventual multiorgan failure.
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Treatment of severe hypertension (>160 mmHg/110 mmHg) 
in preeclampsia with intravenous medications is recom-
mended to prevent maternal stroke, intracranial hemorrhage, 
seizures, and heart failure. Severe systolic hypertension 
appears to be more predictive of adverse maternal cerebral 
stroke events than diastolic hypertension in preeclampsia or 
eclampsia [359]. Stroke was hemorrhagic in 25 of 27 cases 
(93%) with a maternal mortality of 54%. Systolic BP was 
>155 mmHg in all stroke patients before the stroke symp-
toms developed, whereas diastolic BP was >110 mmHg in 
only 12%. In this study, almost half of strokes occurred dur-
ing magnesium infusion. Thus, it may be prudent to shift the 
focus toward managing systolic rather than diastolic BP 
thresholds (>150 mmHg) in women with severe preeclamp-
sia or eclampsia in whom a magnesium drip is not protective. 
Optimal treatment goals have not been studied. Consensus 
thresholds for treatment are also not well delineated, but sev-
eral sources and most physicians recommend treatment in 
women with preeclampsia when BP is greater than 
150/100  mmHg, especially if delivery is delayed for fetal 
reasons. The 2011 ESC Task Force for the management of 
CVD in pregnancy recommends treatment of hypertension 
when systolic BP is >140  mmHg and diastolic BP is 
>90 mmHg or when signs or symptoms of end-organ dam-
age are evident at any time during pregnancy [29]. Some cli-
nicians advocate for withholding hypertension treatment 
until systolic BP is >160  mmHg or diastolic BP is >105–
110  mmHg [335, 359]. However, most women with pre-
eclampsia will develop neurologic symptoms when mean 
arterial pressure exceeds 110 mmHg at which point antihy-
pertensive treatment should be initiated. If symptoms of neu-
rologic (confusion, headache, visual changes) or cardiac 
(shortness of breath, chest discomfort) decompensation 
occur with moderately elevated BP, the hypertension should 
be treated acutely. Asymptomatic women with preeclampsia 
and mild hypertension (BP <140/90) can be cared for with-
out medications according to ACOG.

High-quality clinical trials are needed to clarify the 
parameters for antihypertensive use in women with pre-
eclampsia. At present, reliable evidence to support practice 
recommendations is lacking because the available trials are 
limited by several factors, including differences in BP mea-
surement techniques, diagnostic criteria, etiology of hyper-
tension, and target BP.

 Treatment of Hypertension

All antihypertensive agents cross the placenta. The clinical 
efficacy and fetal risk of hypertension medications in preg-
nancy have not been assessed in a randomized clinical trial; 
only retrospective and anecdotal data are available for guid-
ing treatment decisions in hypertension in pregnancy. 

Furthermore, because antihypertensive treatment of chronic 
hypertension during pregnancy is associated with a twofold 
increase in the risk of CHD in offspring, the use of antihy-
pertensive medications should be limited to prevent mater-
nal cardiovascular morbidity and mortality during 
pregnancy. The medications should be chosen on the basis 
of their safety profiles. The antihypertensive drugs consid-
ered to be safe in pregnancy include alpha methyldopa, 
beta-blockers (especially labetalol), calcium channel block-
ers, and hydralazine [360].

 Nonpharmacologic Management and Prevention 
of Hypertension in Pregnancy
Nonpharmacologic treatment is advised in women with 
uncomplicated hypertension in pregnancy when the sys-
tolic BP is <150 mmHg or the diastolic BP is <100 mmHg. 
Women with chronic hypertension who become pregnant 
should discontinue use of diuretics, ACE inhibitors, ARBs, 
and direct renin inhibitors before pregnancy or as soon as 
pregnancy is detected. BP during the first half of preg-
nancy may decline as SVR decreases naturally with preg-
nancy. BP should be monitored, but pharmacologic 
treatment may not be required until the later stages of 
pregnancy. Dietary salt restriction is not advised as intra-
vascular volume depletion may result [29]. Weight loss 
during pregnancy is not advised, even in obese women, as 
it can lead to reduced neonatal weights. Weight gain in 
pregnancy should follow established guidelines [361]. 
Physical activity should not be restricted in most pregnant 
women with stable chronic hypertension [362, 363]. In 
fact, ACOG recommends continued moderate exercise 
during pregnancy in women with well-controlled chronic 
hypertension and no complications who exercised before 
pregnancy [335, 350]. Activity restriction may be advised 
in women with hypertension and preeclampsia to improve 
uteroplacental blood flow and to prevent severe fluctua-
tions in BP, although this approach has not been shown to 
improve maternal or fetal outcomes. Daily calcium supple-
mentation of at least 1 g has reduced the risk of preeclamp-
sia by 50%, but the benefit in preventing other hypertensive 
disorders in pregnancy has not been established [364]. 
Low-dose aspirin is advised by the AHA and the American 
Stroke Association for use in pregnant women with hyper-
tension or a previous pregnancy associated with hyperten-
sion to reduce the risk of preeclampsia [365].

 Pharmacologic Antihypertension  
Treatment Options
The following antihypertensive medication classes are effec-
tive in pregnancy and have acceptable safety profiles based 
on long clinical use and retrospective analysis. Drug selec-
tion for treatment is based on individual patient characteris-
tics including the severity and acuity of the hypertension.

12 Heart Disease in Pregnancy



268

Alpha Methyl Dopa
Alpha methyl dopa is a weak centrally acting oral antihyper-
tensive used almost only during pregnancy; it has a favorable 
safety profile in the fetus based on decades of use in preg-
nancy [366, 367]. It has a latency of 3–6 h to onset. Higher 
doses may be required to control BP, but the sedative effects 
at high doses may limit its use. Alpha methyl dopa is also 
safe for use in lactation.

Calcium Channel Blockers
The use of long-acting oral nifedipine is recommended over 
short-acting nifedipine, amlodipine (the newer calcium 
channel blocker) [368], and the nonhydropyridines, diltia-
zem and verapamil. Long-acting nifedipine (30–120  mg/
day) has a good safety record in pregnancy [369], but the 
data on the use of other calcium channel blockers in preg-
nancy are limited. Nicardipine, a parenterally available dihy-
dropyridine calcium channel blocker, is used for short-term 
treatment of severe hypertension. The initial dose of 5 mg/h 
can be increased to a maximum of 15 mg/h. The two major 
limitations of long-acting nifedipine are a longer onset of 
action, which precludes rapid titration, and a longer serum 
elimination half-life (3–6 h).

Beta-Blockers
As a class, beta-blockers are generally considered safe in 
pregnancy and have been extensively reviewed above in the 
section on treatment of cardiomyopathy. Labetolol has a 
unique mix of alpha and beta antagonism and is thought to 
preserve uteroplacental blood flow better than traditional 
beta-blockers [370–372]. Labetolol has a long history of 
safety in pregnancy and a rapid onset of action (<5  min), 
which makes it the preferred beta-blocker for treatment of 
acute (intravenous) hypertensive emergencies [373]. 
Carvedilol shares a similar mechanism of action with labeto-
lol, but its use in pregnancy has not been well studied.

Hydralazine
Hydralazine is a direct arteriolar vasodilator that can be 
administrated orally or parenterally. It is widely used paren-
terally to treat acute severe hypertension in pregnant women 
with preeclampsia [374]. Additionally, hydralazine can be 
used as an intravenous bolus (10–20 mg) with an onset of 
action within 10–30  min. Sudden drops in BP may occur, 
and careful BP monitoring in an intensive care unit is recom-
mended. Reflex tachycardia is common, and coadministra-
tion with labetolol may be beneficial. Oral hydralazine has a 
relatively short half-life (<8 h) and leads to rebound hyper-
tension and poorly controlled BP.

Thiazide Diuretics
Thiazide diuretics are useful in controlling mildly elevated 
BP in nonpregnant adults. The use of thiazide diuretics in 

pregnancy is associated with a reduced blood volume and the 
potential for decreased placental perfusion when initiated 
during pregnancy. Thiazides are not recommended for use in 
pregnancy unless the patient has symptoms of or is at risk of 
heart failure.

Arrhythmias in Pregnancy
Arrhythmias are one of the most common cardiovascular 
complications during pregnancy and may affect women with 
or without preexisting cardiac disorders [375]. Any type of 
arrhythmia may manifest; however, most are benign, do not 
require therapy, and resolve after delivery [376, 377].

Although the exact mechanism is unclear, multiple physi-
ologic adaptations occur during pregnancy that may predis-
pose women to develop arrhythmias [29]. The 
pregnancy-associated expansion in total body plasma vol-
ume leads to cardiac dilatation and subsequent activation of 
stretch-activated ion channels and cardiomyocyte depolar-
ization [378]. Higher levels of circulating estrogen may also 
contribute to increased automaticity from upregulation of 
myocardial alpha-adrenergic receptors [379]. Autonomic 
changes such as increases in resting heart rate and cardiac 
output in pregnant women have also been associated with a 
higher risk of tachyarrhythmias [380].

The following general principles apply to managing 
arrhythmias during pregnancy: (1) most do not require phar-
macologic therapy unless intolerable symptoms develop; (2) 
hemodynamically unstable tachyarrhythmias should be 
treated with emergent electrical cardioversion; and (3) if 
pharmacologic therapy is needed, avoid using it during the 
first trimester if possible, and choose drugs that are safe in 
pregnant women, using the lowest doses possible [381].

 Supraventricular Arrhythmias

 Atrial Premature Beats
Atrial premature beats, which result from benign ectopic 
activity, are common and occur in more than 50% of preg-
nant women [377]. Patients with atrial premature beats may 
be asymptomatic or present with palpitations, which do not 
require treatment unless intolerable to the patient. Those 
requiring therapy may respond well to cardioselective beta- 
blockers such as metoprolol.

 Paroxysmal Supraventricular Reentrant 
Tachycardia
Paroxysmal supraventricular tachycardia (PSVT) is a form 
of reentrant tachycardia common in pregnant women and 
most frequently occurs during the third trimester or the post-
partum period [382]. It is relatively uncommon for new- 
onset PSVT to develop during pregnancy (~3.9% risk), but 
women with a previous diagnosis of PSVT are more prone to 
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exacerbation of symptoms during pregnancy (22%) [383]. 
The most common mechanism is reentry within the atrioven-
tricular node (AVNRT), followed by atrioventricular reentry 
via an accessory pathway (AVRT) [383]. Supraventricular 
tachycardia (SVT) may be associated with adverse maternal 
and fetal outcomes [384]. Vagal maneuvers are the first-line 
intervention for acute termination of SVT in pregnant women 
[375, 385]. If the vagal maneuvers fail, adenosine is the drug 
of choice for highly symptomatic patients [375, 381]. Non- 
first- line agents that may be used for acute termination of 
SVT include intravenous metoprolol, verapamil, and pro-
cainamide [385, 386]. Intravenous amiodarone is reserved 
for life-threatening SVT when alternative agents have failed 
[385]. For ongoing management, digoxin, flecainide, meto-
prolol, propafenone, propranolol, sotalol, and verapamil are 
used [375, 387]. First-line agents for long-term prophylaxis 
include metoprolol, propranolol, and digoxin.

 Atrial Tachycardia
Focal atrial tachycardia is rare during pregnancy but may be 
seen in the absence of structural heart disease [388]. This 
arrhythmia is notoriously difficult to manage due to resis-
tance to drugs and recurrence after electrical cardioversion. 
Treatment recommendations include rate control with beta- 
blockers, digoxin, or non-dihydropyridine calcium channel 
blocker and possible catheter ablation in patients with intol-
erable symptoms and drug resistance [29].

 Atrial Fibrillation and Flutter
Atrial fibrillation and atrial flutter are rare in the absence of 
structural heart disease, hyperthyroidism, or other risk fac-
tors [376], but may occur as lone atrial fibrillation in women 
with structurally normal hearts [389]. Principles of manage-
ment mirror those for nonpregnant patients except for certain 
nuances such as choice and use of pharmacologic agents.

Rate Control
Metoprolol, verapamil, and digoxin are appropriate agents 
for ventricular rate control. However, in practice, metoprolol 
tends to be the agent of choice due to its history of safe use 
in pregnant women [29]. Digoxin appears less effective on 
its own than beta-blockers, especially during exertion [29, 
390].

Rhythm Control
Quinidine and procainamide are reasonable options for phar-
macologic rhythm control. However, quinidine has a longer 
history of safe use in pregnant women.

Anticoagulation
Anticoagulation is an important consideration in pregnant 
women with atrial fibrillation who are at increased risk of 
thromboembolic complications. In addition to the baseline 

hypercoagulable state of pregnancy, atrial fibrillation tends 
to occur in women with other risk factors such as mitral ste-
nosis and mechanical heart valves. Decisions and specific 
regimens for anticoagulation are individualized according to 
the thromboembolism risk. Thromboembolism prophylaxis 
is recommended throughout pregnancy in women with a 
CHADS2 score ≥2 [29]. Women with low thrombotic risk 
and lone atrial fibrillation that spontaneously resolves or is 
cardioverted within 48 h do not require long-term anticoagu-
lation [391].

 Ventricular Arrhythmias

 Ventricular Premature Beats
Ventricular premature beats are common during pregnancy, 
occurring in approximately 50–60% of pregnant women 
with and without structural heart disease [377]. Most patients 
do not require treatment, but if symptoms are intolerable, 
cardioselective beta-blockers may be used.

 Ventricular Tachycardia
Ventricular tachycardia (VT) and ventricular fibrillation are 
rare during pregnancy [29]. Most cases of VT occur in 
women with preexisting structural heart disease; however, 
idiopathic VT may occur in those with normal hearts [392, 
393].

Idiopathic VT tends to have a benign prognosis with low 
risk of degeneration into an unstable rhythm [392, 393]. The 
most common pattern is right ventricular outflow tract tachy-
cardia, which tends to be catecholamine-triggered [393] and 
may be treated with beta-blockers or sotalol. The less com-
mon idiopathic left VT may respond to calcium channel 
blockade with verapamil [394].

 Bradyarrhythmias and Conduction Defects

 Bradycardia
Normal pregnancy is associated with increases in maternal 
resting heart rate and cardiac output. Sinus bradycardia is 
very uncommon, but transient episodes may occur in the set-
ting of vagal maneuvers. Rarely, inferior vena cava compres-
sion by the gravid uterus can result in paradoxical bradycardia 
known as supine hypotensive syndrome of pregnancy [29, 
395]. Although sinus bradycardia rarely requires interven-
tion, women with persistent symptoms may need temporary 
pacing [29].

 Atrioventricular Block
First-degree atrioventricular block can be seen in structurally 
normal hearts. Prognosis is benign and progression to com-
plete heart block is unlikely [29]. Second- and third-degree 
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heart blocks are much less common and are usually associ-
ated with underlying heart disease. Of note, pregnancy may 
unmask previously undiagnosed congenital atrioventricular 
block in up to 30% of patients [29]. Symptomatic complete 
heart block should be managed with temporary pacing [395].

 Fetal Arrhythmias

Fetal arrhythmias are identified in approximately 1–2% of 
pregnancies [396, 397]. Most are self-limited ectopic beats. 
However, even uncomplicated fetal arrhythmias carry the 
potential to evolve into more dangerous tachyarrhythmias 
[398].

 Fetal Ectopy
Ectopic beats are the most common cause of irregular fetal 
rhythm; premature atrial contractions are more common than 
ventricular contractions [397]. Once considered benign, fetal 
ectopic beats are now seen as potential markers of more 
severe conditions such as atrioventricular block [399] or 
CHD [398, 400]. Therefore, the presence of complicated fea-
tures or risk factors for cardiac disease should prompt inves-
tigation. Complicated fetal ectopy is defined as (A) frequent 
ectopy (bigeminy, trigeminy, or >3–5 beats per minute); (B) 
ectopy persisting for more than 1–2 weeks; or (C) ectopy of 
uncertain etiology (e.g., atrial vs. ventricular origin) [401]. 
Fetal echocardiogram should be obtained to evaluate cardiac 
structure and function in these situations [401].

 Fetal Tachyarrhythmias (Heart Rate >180)
Transient sinus tachycardia occurring with fetal movements 
is normal during later gestational ages. However, prolonged 
sinus tachycardia should raise concern for fetal distress sec-
ondary to hypoxia, infection, or various metabolic issues 
such as thyrotoxicosis [396].

AVRT is the most common fetal tachyarrhythmia, 
accounting for up to 90% of cases [397, 402]. The most com-
mon mechanism involves initiation by a premature atrial 
contraction with reentry through persistent atrioventricular 
connections, which are normally lost during fetal develop-
ment [403, 404]. Transplacental digoxin (oral or intravenous 
given to the mother) has historically been the pharmacologic 
treatment of choice for fetal SVT. However, recent studies 
and meta-analyses have shown that flecainide may be a more 
effective first-line agent with higher rates of SVT termina-
tion [405, 406].

Atrial flutter, which is also associated with persistent 
atrioventricular connections, is the second most common 
fetal tachyarrhythmia (~30%) [397, 407]. Sotalol is the most 
effective treatment for fetal atrial flutter termination [397, 
408]. In contrast, fetal atrial fibrillation is extremely rare 
and, if present, should raise concern for CHD or 

VHD.  Management of atrial fibrillation may include rate 
control with digoxin or propranolol or cardioversion with 
sotalol [409] or flecainide [410].

Ventricular tachyarrhythmias (and ventricular fibrillation) 
are rare in the fetus; thus, no definitive management guide-
lines exist. However, treatment with intravenous magnesium 
sulfate, propranolol, or amiodarone are options [397].

The presence of fetal tachyarrhythmia warrants immedi-
ate cardiology evaluation to identify CHD and prevent fatal 
complications of sustained tachycardia including fetal dis-
tress, systolic dysfunction, and cardiovascular collapse 
resulting in nonimmune hydrops fetalis [398, 400].

 Hydrops Fetalis
Nonimmune hydrops fetalis is a dreaded complication of 
sustained fetal tachycardia; mortality ranges from 50% to 
nearly 100% [411, 412]. Hydrops fetalis is a state of decom-
pensated heart failure that manifests with subcutaneous 
edema, ascites, and pleural and pericardial effusions. 
Importantly, signs of evolving hydrops may occur within 
24 h of onset of sustained tachycardia [397]. Therefore, iden-
tifying these signs and terminating tachycardia are of utmost 
importance. Unfortunately, once hydrops has developed, 
achieving therapeutic fetal digoxin levels becomes more 
 difficult because of impaired transplacental transfer [410]. 
Sotalol and flecainide, which both have excellent transpla-
cental transfer, concentrate in amniotic fluid without accu-
mulating in the fetus and have been more effective than 
digoxin in terminating SVT in hydropic fetuses [405, 408, 
410]. Alternatively, direct fetal intramuscular digoxin has 
also been used to raise drug levels [413].

 Fetal Bradycardia (Heart Rate <110)
Fetal bradycardia is defined as heart rate below 110 beats per 
minute [414]. The most common cause is complete heart 
block (CHB), which is associated with CHD in approxi-
mately 50% of cases [415]. Another important cause of fetal 
CHB is maternal autoantibody-mediated (SSA/Ro and SSB/
La) damage to the fetal conduction system [397, 399, 416]. 
Approximately 2% of pregnancies in SSA or SSB antibody- 
positive women will be complicated by fetal AV block, and 
women with previous pregnancies complicated by CHB are 
at 10–15 times higher risk of recurrence [417, 418]. SSA/
SSB autoantibodies have also been associated with transient 
sinus bradycardia and structural heart disorders [419]. The 
prognosis of fetal CHB depends on the etiology; AV block 
secondary to CHD has the worst prognosis with mortality 
exceeding 80% [420]. Management of CHB requires pace-
maker placement after delivery, but timing of placement may 
vary [421, 422].

Brief periods of sinus bradycardia are commonly seen 
during normal pregnancy, especially during the second tri-
mester, but may be indicative of more concerning issues such 

S. A. Coulter et al.



271

as fetal hypotension or hypoxia. Sinus bradycardia and 
second- degree AV block have also been associated with con-
genital long-QT syndrome [423, 424].

 Pharmacologic Antiarrhythmic Therapy

All antiarrhythmic drugs have the potential to cross the pla-
centa and cause fetal adverse effects [375, 425]. Large ran-
domized controlled trials on the safety of these drugs during 
pregnancy and lactation are lacking, and safety recommen-
dations are based primarily on historical experience, case 
reports, observational studies, and animal studies [395]. 
Therefore, while several antiarrhythmic drugs have histori-
cally been well tolerated in pregnant women with relatively 
low fetal risk, most fall into the FDA pregnancy category 
C. Their use is generally reserved for those with significant 
symptoms and should be avoided during the first trimester if 
possible, when teratogenic risk is highest [375, 395, 396]. 
Most antiarrhythmic medications are excreted in breast milk 
to varying degrees, but most are still compatible with 
breastfeeding.

 Class I: Sodium Channel Blockers
The class IA antiarrhythmic medications including quini-
dine, procainamide, and disopyramide have historically been 
used to treat various atrial and ventricular arrhythmias but 
are seldom used today. All carry proarrhythmic potential 
from QTC prolongation and require hospitalization for con-
tinuous cardiac monitoring and serial drug level measure-
ments [381]. Among these drugs, quinidine has the longest 
history of use in pregnant women [381]. Quinidine and pro-
cainamide are both present in fetal serum and excreted in 
breast milk at low levels thought to be safe in breastfeeding 
[425, 426]. Disopyramide and its anticholinergic metabolites 
are transmitted to breastfed infants [427]. Although case 
reports have not identified adverse effects in nursing infants, 
other drugs are preferred [427, 428]. If disopyramide therapy 
is required, breastfed infants should be monitored for anti-
cholinergic symptoms.

Class IB antiarrhythmics, lidocaine and mexiletine, have 
been used to treat ventricular arrhythmias and appear to be 
well tolerated during pregnancy. Lidocaine in particular has a 
long history of safe use in pregnant women, has a low degree 
of excretion into breast milk, and is poorly absorbed by breast-
fed infants [429, 430]. Although data on mexiletine are more 
limited, risks of harm seem unlikely due to its low concentra-
tion in breast milk and large volume of distribution [431].

Class IC drugs, flecainide and propafenone, have been 
used to treat maternal and fetal supraventricular and ventric-
ular arrhythmias. However, this class of drugs has been asso-
ciated with increased mortality in patients with prior 
myocardial infarction and should not be used in this popula-

tion [432]. Flecainide and propafenone are present in low 
levels in breast milk and are considered compatible with 
breastfeeding with careful monitoring [433, 434].

 Class II: Beta-Blockers
Beta-blockers have been used to treat SVT and are first-line 
agents for ventricular rate control in atrial fibrillation. Their 
use is discussed above in the pharmacologic treatment of 
PPCM.

 Class III: Potassium Channel Blockers
The class III antiarrhythmics have been used to treat a wide 
spectrum of arrhythmias. All carry proarrhythmic potential 
through QTC prolongation and require close monitoring. 
Sotalol is a pregnancy category B agent and has been used 
safely in pregnant women. It possesses additional beta- 
antagonist properties and therefore has the same theoretical 
risk profile associated with other beta-blocking agents.

Amiodarone has been used to treat ventricular and supra-
ventricular arrhythmias and has been safely used in pregnant 
women. However, adverse effects include fetal hypothyroid-
ism, neurotoxicity, and neurodevelopmental abnormalities 
[435, 436]. Therefore, amiodarone falls into pregnancy cat-
egory D and is contraindicated except for life-threatening 
arrhythmias resistant to alternative agents. Amiodarone and 
its active metabolites are excreted in breast milk and may be 
associated with high concentrations and significant ingestion 
by nursing infants [435]. Therefore, although not preferred, 
amiodarone may be considered with close cardiac and thy-
roid monitoring [435].

Data on dofetilide and ibutilide are limited. Both are cat-
egory C drugs, but it is unknown whether these agents are 
excreted in breast milk. Dronedarone is structurally similar 
to amiodarone in structure and has been used to treat atrial 
fibrillation [437]. In addition, dronedarone has been associ-
ated with fetal abnormalities in animal studies; it is consid-
ered a category X drug and is contraindicated during 
pregnancy and breastfeeding.

 Class IV: Calcium Channel Blockers
The non-dihydropyridine calcium channel blockers vera-
pamil and diltiazem are considered category C drugs and 
have been used to treat maternal and fetal SVT.  Although 
they have been used safely in pregnant women, fetal hypo-
tension, bradycardia, and heart block have been reported 
[438]. Verapamil and diltiazem are both present in low con-
centrations in breast milk and are considered compatible 
with breastfeeding [439].

 Miscellaneous Antiarrhythmic Drugs
Adenosine has been safely used during pregnancy and 
breastfeeding and is considered the drug of choice for acute 
termination of SVT in pregnancy [381, 440].
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Digoxin, a category C drug, has a long history of safe use 
during pregnancy. It has traditionally been considered the 
first-line agent for treating a variety of maternal and fetal 
arrhythmias. However, newer data suggest that other agents 
may be more effective for certain maternal and fetal arrhyth-
mias, especially with hydrops fetalis.

 Nonpharmacologic Interventions

 Electrical Cardioversion
Hemodynamically unstable tachyarrhythmias should be 
managed with emergent electrical cardioversion, which can 
be safely performed during all stages of pregnancy as mini-
mal electrical energy reaches the fetus [375, 441, 442]. 
Elective electrical cardioversion may be considered in 
women with persistent drug-refractory tachyarrhythmias.

 Radiofrequency Catheter Ablation
Ideally, catheter ablation procedures should be delayed until 
after delivery to avoid potential risks of fetal radiation expo-
sure such as malignancy and developmental abnormalities 
[443]. However, if needed, catheter ablation with radiation- 
minimizing precautions may be a reasonable option for 
drug-refractory arrhythmias causing intolerable symptoms 
[375]. Studies have determined that radiation doses <50 mGy 
confer negligible risk [29]. Typical ablation procedures result 
in very low fetal radiation doses (<1  mGy) [444] and, in 
some cases, can be performed with minimal or no radiation 
[445]. However, the risk of adverse effects is not zero, and 
fluoroscopy procedures should be considered a last resort.

 Device Implantation
The presence of a preexisting ICD does not appear to increase 
the risk of ICD discharge or fetal harm [446]. New ICD 
implantation is preferably performed after delivery. However, 
pacemaker placement during pregnancy has been safely per-
formed using echocardiographic guidance and radiation- 
minimizing techniques [447].
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Evidenced-Based and Practical 
Management of Real-World Valvular 
Heart Disease

Blase A. Carabello

 Introduction

The following valve cases represent “real world” clinical prob-
lems to be solved. In some cases the correct answer is predicated 
of solid evidence; in others there may be only a “best” answer 
but where experienced clinicians might differ in their response.

 Case 1

The patient is a 76 y/o white male who is referred for the 
evaluation of a heart murmur found on a routine physical 
exam. The patient has been well. He is retired from an office 
job. His major physical activity is gardening which does not 
elicit symptoms of angina, dyspnea, or syncope. He has a 
history of hypertension treated with amlodipine. He denies 
diabetes, smoking, or excessive alcohol consumption.

 Physical Examination

Pulse 66. BP 130/76. BMI 25
Neck: est. CVP 5 cm H2O Carotid upstrokes delayed.
Chest clear
Cor: PMI sustained in the fifth IS MCL; 2/6 late peaking 

SEM, RUSB; S2 physiologically split
Ext: no edema

 Q1. Based on the physical exam the patient: (pick 1 best answer)
 (A) Has pulmonic stenosis
 (B) Has aortic sclerosis
 (C) Has mild aortic stenosis
 (D) Has severe aortic stenosis

 Lab Exam

EKG: NSR; LVH
Hb: 14.1 g/dL
Creatinine: 1.1 mg/dL
Echocardiogram: heavily calcified aortic valve; EF: 65%; 

septal wall thickness: 13  mm; peak aortic jet velocity: 
4.2 m/s; mean gradient 38 mmHg; AVA: 1.0 cm2

BNP: 67 pg/mL

 Q2. According to current guideline the degree of this 
patient’s AS is:
 (A) Moderate
 (B) Indeterminate
 (C) Severe

 Q3. You now:
 (A) Elect for follow-up in 6–12 months
 (B) Perform a formal exercise test
 (C) Refer for AVR
 (D) Refer for TAVR
 (E) A or B

You elect to treat the patient “medically” and he returns in 
6 months. He denies symptoms but his wife thinks he is 
“slowing down”

Repeat echo finds
EF 60%; peak jet velocity 4.8  m/s; mean gradient 

55 mmHg; AVA 0, 8 cm2; BNP 143 pg/mL

 Q4. At this time you
 (A) Repeat the exercise test
 (B) Refer for AVR
 (C) Refer for TAVR
 (D) Continue “medical management
 (E) A or BB. A. Carabello (*) 
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 Case 2

An 85 y/o white female is evaluated for the cause of her heart 
failure. She lives alone with support from her family. About 
2 years ago she began noticing dyspnea on exertion which 
has progressed so that she can only walk 20 ft without stop-
ping to rest. She notes two pillow orthopnea but denies PND, 
syncope, angina, or edema. Her family notes that she has 
become progressively forgetful over the past year, occasion-
ally unable to identify family members.

 Physical Examination

BP 123/67; pulse 75 BMI: 18
Unable to move from wheelchair to exam table without 

assistance
Neck: carotid upstrokes delayed; CVP 10 cm H2O
Chest: scatted rales
Cor: 2/6 late peaking SEM
Ext: +1 edema

 Lab Exam

Hb: 10.9 g/dL
Creatinine: 2.1 mg/dL
Albumen: 3.0 g/dL
Echo: EF 55%. Jet velocity: 4.6  m/s. Mean gradient 

50 mmHg. AVA 0.7 cm2

STS mortality risk 11%

 Q5. As a member of the Heart Team evaluating the case you 
would recommend
 (A) SAVR
 (B) TAVR
 (C) Hospice
 (D) Balloon valvotomy as a bridge to TAVR
 (E) B, C, or D

 Case 3

A 76 y/o man is evaluated for heart failure and a murmur. 
The patient has noted progressively worsening dyspnea on 
exertion over the past 2 years. He can no longer reach the 
bedroom of his second story home without resting half way 
to the top. He has begun to sleep on three pillows. He denies 
syncope or angina. He has been an orally controlled diabetic 
for 5 years. He is unhappy with these limitations and is anx-
ious for relief.

 Physical Examination

BP 94/56; pulse 82; BMI 22
Neck: carotid pulse slightly delayed; CVP 12 cm H2O
Chest bibasilar rales
Cor: 2/6 mid-late peaking murmur
Ext: +2 edema

 Lab Exam

Hb: 11 g/dL
Creatinine: 2.2 mg/dL
Echo: EF 20–25%. Peak jet velocity: 2.7 m/s; mean gradi-

ent 22 mmHg; AVA 0.8 cm2

 Q6. The patient’s diagnosis is:
 (A) Severe aortic stenosis
 (B) Mild aortic stenosis
 (C) Aortic pseudo-stenosis
 (D) Aortic valve disease, severity unknown

 Q7. The patient should now:
 (A) Undergoing valve CT calcium scoring
 (B) Inotropic stress testing
 (C) TAVR
 (D) Consideration for hospice
 (E) Guideline-directed heart failure therapy

The patient underwent echocardiography during dobuta-
mine infusion. Peak jet velocity increased to 4.1 m/s; mean 
gradient increased to 39 mmHg and AVA was calculated as 
0.9 cm2.

 Q8. Best management now is:
 (A) TAVR
 (B) SAVR
 (C) Guideline-directed therapy for heart failure
 (D) Hospice

 Case 4

This 75 y/o woman was evaluated for dyspnea that has wors-
ened over the past year. Currently she is limited in doing her 
housework and cannot vacuum a room without resting. She 
also notes occasional chest pressure when walking up a hill. 
She denies orthopnea, PND, or syncope. She denies smoking 
or diabetes but has a long history of moderately controlled 
hypertension. She was a former 30 pck/year smoker.
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 Physical Examination

BP 170/86; pulse 66; BMI 30
Neck: carotid upstrokes delayed; CVP 5 cm H2O
Chest: clear
Cor: 3/6 late peaking SEM; single S2
Ext: no edema; absent pulses R foot

 Lab Exam

Hb: 12.9 g/dL
Creatinine 1.6 mg/dL
Echo: EF 65%, LVH. Septal thickness 15 mm. Peak gra-

dient 3.0 m/s. Mean gradient 30 mmHg. AVA 0.8 cm2

 Q9. At this point she should undergo:
 (A) TAVR
 (B) SAVR
 (C) Valve calcium scoring
 (D) Cardiac catheterization
 (E) C&D

The patient underwent multi-detector CT scanning which 
found a high calcium score consistent with severe AS. At heart 
catheterization her mean aortic valve gradient was 32 mmHg, 
cardiac output 4.4  L/min, and calculated AVA of 0.8  cm2. 
There was a 90% obstruction of the right coronary artery.

 Q10. As a member of the heart team you would 
recommend:
 (A) SAVR
 (B) TAVR
 (C) Balloon valvotomy
 (D) Medical management for heart failure

 Case 5

An 80 y/o man is evaluated for dyspnea on exertion. He 
began noting fatigue and dyspnea 1 year ago and it has pro-
gressed so that he can walk only about 20 yards without stop-
ping for rest. He denies orthopnea, PND, syncope, angina, or 
edema. He had been a 50 pck/year smoker but quit 3 years 
ago. He has been an insulin-controlled diabetic for 5 years. 
He lives alone and enjoys gardening and playing with his 
grandchildren.

 Physical Examination

BP 115/76; pulse 86 RR 16
Neck: carotid upstrokes delayed; CVP 6 cm H2O
Chest: scattered wheezes

Cor: 3/6 late-peaking SEM
Ext: no edema. Absent pulses L foot

 Lab Exam

FEV1sec: 70% predicted
HB: 13 g/dL
Creatinine: 2.1 mg/dL
HB a1c: 6.1%
Echocardiogram: EF 55%; moderate LVH; peak jet veloc-

ity: 4.5 m/s. Mean gradient 48 mmHg AVA 0.7 cm2; est RV 
systolic pressure 30 mmHg.

 Q11. As a member of the heart team you would 
recommend
 (A) SAVR
 (B) TAVR
 (C) Guideline-directed heart failure therapy
 (D) Hospice care

He was discharged to home after an uneventful 4 day hos-
pital course, receiving aspirin, clopidogrel, and insulin. His 
dyspnea improved dramatically over the next 2 months and 
his exercise tolerance improved to the level it had been 
3 years previously. However over the next 3 months his dys-
pnea again worsened such that his exercise tolerance was 
reduced to that just prior to TAVR.

 Physical Exam

BP 110/70; pulse 90; RR 14
Neck: carotid upstrokes delayed; CVP: 7 cm H2O
Chest: clear
Cor: 3/6 late peaking SEM
Ext: +1 edema

 Q12. You now:
 (A) Suspect worsening COPD and begin a course of 

prednisone and bronchodilators.
 (B) Suspect a cardiomyopathy and begin heart failure 

therapy.
 (C) Suspect TAVR leaflet thrombosis and order a car-

diac CT and echocardiogram.
 (D) Suspect depression, reassure the patient and begin 

an SSRI.
 Q13. An echocardiogram finds a transvalvular gradient of 

40 mmHg and the CT scan finds TAVR leaflet thicken-
ing. You now recommend:
 (A) Watchful waiting
 (B) Urgent surgery
 (C) Valve-in-valve TAVR
 (D) Warfarin anticoagulation
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 Case 6

A 71 y/o woman presents with progressive fatigue and dys-
pnea on exertion. Her symptoms began about 2 months ago 
and have progressed such that she is unable to perform house-
hold chores such as vacuuming. Her dyspnea is associated 
with chest tightness that abates with rest. She denies orthop-
nea, PND, or syncope. She notes occasional blood in her 
stools.

 Physical Examination

BP 110/62. Pulse 94
HEENT: conjunctival pallor without petechiae
Neck: carotid upstrokes delayed
Chest: clear
Cor: 3/6 SEM; 2/6 diastolic blowing murmur LUSB
Ext no edema
Rectal: +for occult blood

 Lab Exam

Hb: 5 g/dL; MCV 65 fL
Serum Fe: 12 mcg/dL; ferritin 24 ng/mL
Creatinine 1.3 mg/dL BUN 13 mg/dL
Echocardiogram: EF 60%. Mild LVH; peak jet velocity: 

4.7 m/s. Mean gradient 50 mmHg moderate aortic insuffi-
ciency; AVA 0.9 cm2

Colonoscopy reveals multiple A-V malformations

 Q14. Which is probably not true?
 (A) Anemia may be creating a high output state lead-

ing to overestimation of AVA by jet velocity
 (B) The aortic insufficiency alters the management of 

aortic stenosis
 (C) She has acquired von Willebrand disease
 (D) She should have a repeat echo after transfusion to 

better assess the severity of her valve disease

The patient’s von Willebrand factor is 40% of normal. 
After 3 units of packed RBCs her Hb is 8 g/dL. Repeat echo 
finds a slightly reduced jet velocity 4.5 m/s.

Left heart catheterization finds a severe proximal com-
plex LAD lesion.

 Q15. She should:
 (A) Have resection of her A-V malformations
 (B) Undergo TAVR and coronary intervention
 (C) Undergo SAVR and internal mammary artery 

bypass to LAD
 (D) Have a trial of medical therapy for angina and 

heart failure

 Case 7

This 39 y/o woman seeks a second opinion regarding her valve 
disease. She is an active professional whose passion is running 
marathon races. She notes that in her last competition, 
3 months ago, she ran her best time ever, breaking the 4 h mark 
at 3:56:23. She has known of a heart murmur since childhood. 
Serial echocardiograms performed elsewhere found:

Velocity 
(m/s)

Mean gradient 
(mmHg)

AVA 
(cm2)

LV thickness 
(mm)

2010 2.6 14 1.7 9
2012 2.8 18 1.6 9
2014 3.0 24 1.4 9
2015 3.2 28 1.3 10
2016 3.5 33 1.2 11
NOW 3.7 37 1.1 11.5

 Physical Examination

BP 110/64; pulse 54
Neck: carotid upstrokes mildly delayed. CVP 5 cm H2O
Chest: clear
Cor: 3/6 Mid-late peaking SEM
Ext: no edema

 Q16. The following are reasonable except:
 (A) Continue running until data indicate “severe” AS
 (B) No therapy but stop running
 (C) Standard SAVR
 (D) The Ross procedure

She indicates that cessation of marathon running is unac-
ceptable to her and she wishes to proceed with valve replace-
ment therapy. She wishes advice on the risks and benefits of 
various valve replacement strategies.

 Q17. For mechanical vs. heterograft bioprostheses valves 
you advise that:
 (A) Survival is better for mechanical valves compared 

to bioprostheses.
 (B) Bleeding risk is higher for mechanical valves
 (C) Valve deterioration is more likely for bioprostheses
 (D) TAVR valve in valve will prolong life if the bio-

prosthesis fails
 (E) A, B, and C
 (F) All the above

 Q18. The patient requests more information regarding homo-
graft valves and the Ross procedure as she does not want 
to pursue lifelong warfarin therapy. You advise that:
 (A) Homografts are more durable than heterografts
 (B) The Ross procedure is inferior to homograft 

implantation
 (C) Neither A or B
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 Case 8

The patient is a 50 y/o man who works in an office and has 
little time for exercise. He denies dyspnea on exertion, 
orthopnea, PND, angina, syncope, or edema. He was told of 
a heart murmur by his primary care giver and is referred for 
further evaluation. He denies hypertension, smoking, or 
diabetes.

 Physical Examination

BP 110/76; pulse 80
Neck: carotid upstrokes normal; CVP 5 cm H2O
Chest: clear
Cor: PMI displaced downward and to the left; 3/6 holo-

systolic apical murmur. S3
Ext: no edema
Echocardiogram: Enlarged LV and LA. EF 60%; end sys-

tolic dimension 38 mm. est RV systolic pressure: 30 mmHg. 
There is a flail P2 mitral leaflet and severe mitral regurgita-
tion (MR) with systolic pulmonary vein flow reversal.

 Q19. Sound management strategies include all except:
 (A) Referral for mitral repair to a center of repair 

excellence
 (B) Obtaining and BNP level and exercise test
 (C) Conservative “watchful waiting” with follow-up 

in 2 years
 (D) Referral for mitral valve replacement
 (E) C&D

 Case 9

A 76 y/o man is seen for evaluation of heart failure. He suf-
fered an anterior myocardial infarction 4 years previously for 
which he delayed seeking medical attention for several 
hours. An echocardiogram obtained 2 years ago found akine-
sis of the LV apex and anterior wall with an EF of 30%. He 
noted that over the past several weeks that he has become 
progressively more dyspneic, now unable to walk 30 ft to get 
the newspaper each morning. He now sleeps on 3 pillows 
instead of his usual 2. He denies chest pain or syncope but 
developed ankle edema about 2 weeks ago.

 Current Medications

Furosemide 80 mg daily
Lisinopril 10 mg daily

 Physical Examination

BP 130/72; pulse 80
Est CVP 12 cm H2O
Chest: bibasilar rales
Cor: S3; 1/6 holosystolic apical murmur
Ext: +2 ankle edema
BNP: 845 ng/mL
Creatinine: 1.1 mg/dL
Echocardiogram: Moderate LV and LA enlargement. 

Anterior and apical akinesis with wall thinning in those 
regions. EF 25%. Est RV systolic pressure: 55  mmHg. 
Severe MR with both leaflets tethered, a central jet and 
ERO 0.4 cm2.

 Q20. A true statement regarding this patient is
 (A) Mitral surgery will prolong his life.
 (B) Mitral repair is favored over mitral valve 

replacement
 (C) He should undergo exercise testing to further 

define his pulmonary hypertension
 (D) Surgery is preferred over medical therapy.
 (E) His medical therapy should be up-titrated.

 Case 10

The patient is a 42 y/o man seen by his primary care provider 
for general malaise and back pain. He has known of a heart 
murmur for several years but was told it was an “innocent” 
murmur. His physical activity has never been limited by 
heart disease and he worked out at a local gym nearly daily 
without difficulty until recently. He underwent routine teeth 
cleaning about 2 months ago. Over the past month he has 
noted a gradual decline in his health. He has become fatigued 
and noted occasional night sweats, anorexia and a 10  lb. 
weight loss. He is unable to work out at the gym where his 
activity is limited both by fatigue and dyspnea. He denies 
orthopnea, PND, syncope, angina, or edema. He denies 
intravenous drug use.

 Physical Examination

BP 130/80; pulse 100; T 100.8 °F. RR 16
Skin: petechiae anterior chest
HEENT: conjunctival petechiae
Chest: clear
Cor: S1, S2 normal; 2/6 SEM radiating to the neck
Abd: soft non-tender; no organomegaly
Back: no flank or spinal tenderness
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 Lab Exam

Hb: 10.9 g/dL
WBCs: 11,600/μL; 85% neutrophils
Creatinine: 1.0 mg/dL
Echocardiogram: LV volume normal. EF 65%. Bicuspid 

aortic valve with mild leaflet restriction. Mean gradient 
10 mmHg; 5 × 7 mm vegetation, non-coronary cusp.

4 of 4 blood cultures are + for Viridans group 
Streptococcus.

 Q21. Which of the following is/are true?
 (A) He should have received antibiotic prophylaxis 

for his dental procedure.
 (B) He requires urgent aortic valve replacement.
 (C) Back pain is an uncommon presenting symptom 

in infective endocarditis IE).
 (D) Cardiac surgery and infectious disease should be 

consulted.

 Case 11

A 28 y/o man presents to the emergency department with 
fever and malaise. He uses IV heroin regularly. Two weeks 
ago, he began noting chills and fever which he thought 
represented the “flu.” Persistence of the symptoms caused 
him to seek medical attention. He notes fatigue and poor 
appetite but denies dyspnea, orthopnea, PND, angina, or 
edema.

 Physical Examination

Ill appearing man but in no acute distress
BP 100/60; pulse 110; T 102.0 °F
Skin: Hot to the touch; no petechiae
Neck: CVP: 8 cm H2O; pronounced v waves
Chest: scattered rales
Cor: S1 normal; 2/6 holosystolic murmur R lower sternal 

border; 1/6 diastolic blowing murmur, L upper sternal 
border

Abd: non-pulsatile liver

 Lab Exam

Hb: 10 g/dL
WBC: 15,600/μL
Creatinine: 1.5 mg/dL
Blood cultures are drawn and are + for methicillin- 

resistant Staph aureus.

Echocardiogram: LV normal in size, EF 65%. 10 × 12 mm 
vegetation, aortic valve, mild aortic insufficiency; 8 × 8 mm 
vegetation tricuspid valve; moderate tricuspid insufficiency.

 Q22. Which of the following statements are true?
 (A) He is at moderate risk for vegetation 

embolization
 (B) The risk of embolization is mitigated by antibiotic 

therapy
 (C) He currently has a class I indication for surgery
 (D) Early surgical therapy will improve his chance of 

survival
 (E) All of the above

Antibiotic therapy with vancomycin is begun and his 
fever improves. On the third hospital day he notes difficulty 
in sleeping the night before due to orthopnea. Physical exam 
finds:

BP 90/60; pulse 110. RR 22; T 99.6 °F
CVP 8 cm H2O
Chest bibasilar rales
Cor: soft S1, 1/6 diastolic blowing murmur

 Q23. Which statement(s) is/are true
 (A) Stat TEE is indicated
 (B) A stat surgical consult is indicated
 (C) Valve replacement after just 2 days of antibiotics 

will lead to a high reinfection rate
 (D) The best pressor agent to use is norepinephrine
 (E) A and B

 Case 12

A 60 y/o man is followed for management of aortic insuffi-
ciency. He suffered an episode of IE 8  years previously, 
resulting in an aortic leaflet perforation but was hemodynam-
ically stable at the time and did not undergo surgery. He 
denies symptoms, leads an active lifestyle, and plays singles 
tennis two times per week.

 Physical Examination

BP 140/60; pulse 71
Neck: bounding carotid pulse. CVP 5 cm H2O
Chest clear
COR: PMI prominently visible 3 cm L mid-clavicular line
2/6 diastolic rumble LUSB; Apical diastolic rumble
Ext: Quinke’s pulse present
Serial echocardiograms: (all show severe AR of tricuspid 

perforated aortic valve):
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EF (%)
End diastolic 
dimension (cm)

End systolic dimension 
(cm)

12/2010 60 6.0 4.0
11/2011 60 6.1 4.1
12/2013 58 6.4 4.3
12/2014 58 6.5 4.4
Now 55 7.0 4.9

 Q24. Reasonable options for the patient are
 (A) Begin an ACE inhibitor
 (B) Recommend AVR
 (C) Discuss TAVR options
 (D) Continue to observe his progress
 (E) B, C, and D

 Case 13

The patient is a 55 y/o woman of Middle Eastern extraction 
seen for evaluation of dyspnea on exertion. As a child she 
was told she had had acute rheumatic fever and suffered from 
arthritis that kept her out of school for several weeks. Her 
symptoms eventually resolved and she was well until about 
2 years ago when she noted progressive dyspnea while per-
forming household chores. About 2  years ago she began 
sleeping on two pillows. She denies PND, syncope, hemop-
tysis, or angina. She complains about frequent palpitation. 
She notes the recent onset of peripheral edema. She has an 
8-year history of insulin-controlled diabetes. She notes con-
trolled hypertension. She suffered a stroke 5 years ago from 
which she has recovered completely. She was noted to be in 
sinus rhythm at the time of the stroke.

 Physical Examination

BP 123/78; pulse 80 and regular
Neck: CVP 10 cm H2O
Chest: bilateral rales
Cor; Loud S1; Increased P2, S2 followed by and opening 

snap 80 ms later, followed by a diastolic rumble
Ext: +2 pitting edema

 Lab Exam

Hb: 12.3 g/dL
Creatinine: 3.3 mg/dL
Hb: a1c 7.3%
Echocardiogram: LV EF 55%. Moderate LA enlarge-

ment. Mitral valve, thickened, calcified, poorly mobile with 

mild to moderate MR. Est RV systolic pressure 68 mmHg. 
Est Wilkins score 10.

 Q25. You would recommend:
 (A) A formal exercise tolerance test with echo estima-

tion of RV pressure
 (B) Begin beta blockade
 (C) MVR
 (D) TEE; If no LAA clot, proceed to balloon mitral 

valvotomy

 Case 14

A 45 y/o woman is evaluated for the acute onset of dyspnea. 
She has had similar self-limited episodes in the past but her 
current episode has persisted. Between acute episodes she is 
asymptomatic but lives a sedentary lifestyle and works as a 
bank teller.

 Physical Examination

BP 110/80; pulse 177, irregularly, irregular
Neck: CVP 8 cm H2O
Chest: bibasilar rales
COR: loud S1; no murmur
Ext: no edema
EKG: AF with rapid ventricular response
Chest X-ray: Double density R heart border

 Q26. Proper management calls for:
 (A) Rate control. Anticoagulation with heparin
 (B) Rate control. Anticoagulation with apixaban
 (C) D/C cardioversion. Anticoagulation with 

dabigatran
 (D) Rate control followed by a loading dose of 

warfarin.

 Case 15

A 60 y/o man is evaluated for dyspnea. He began noting dif-
ficulty in keeping pace with his wife on their evening walks 
about 6  months ago and his exercise tolerance has grown 
progressively worse since then. He has begun  sleeping on 
two pillows. He denies angina, syncope or edema. He denies 
diabetes, smoking, or hypertension. An echocardiogram per-
formed 3 years ago to evaluate a heart murmur found severe 
AR and a preserved EF. He was then lost to follow-up.
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 Physical Examination

BP: 120/60; pulse 79
Neck: CVP 9 cm H2O; bounding carotid pulse
Chest: clear
Cor: prominent PMI anterior axillary line; 2/6 long 

diastolic blowing murmur LUSB; 1/6 apical diastolic 
rumble

EXT: trace edema
Echocardiogram; Severe AR.  End diastolic dimension, 

8.0 cm; end systolic dimension 6.8 cm; EF 30%

 Q27. You would:
 (A) Begin workup for cardiac transplant
 (B) Recommend urgent AVR
 (C) Begin guideline-directed heart failure therapy
 (D) Begin heart failure therapy followed by AVR

 Case 16

A 35 y/o man is seen for the recent onset of progressive 
dyspnea. Three years ago, he received a bileaflet mechani-
cal heart valve for symptomatic unicuspid aortic stenosis. 
Surgery resulted in resolution of angina, his complaint at 
the time. Since then he received warfarin 8 mg/day with 
INR in therapeutic range 60% of the time. However, 
3 weeks ago he ran out of his medications and has not had 
them refilled. His dyspnea has progressed so that he has 
dyspnea with minimal activity such as going to the 
bathroom.

 Physical Examination

BP 90/70; pulse 102; RR 22
Neck: CVP 11 cm H2O. Carotid upstrokes weak
Chest: Bibasilar rales
Cor: S1 normal; prosthetic clicks muted. No murmur
EXT: bilateral ankle edema

 Lab Exam

INR 1.0
Hb 14 g/dL
Creatinine 1.4 mg/dL

 Q28. The patient should undergo:
 (A) Transthoracic echocardiography
 (B) Transesophageal echocardiography
 (C) Fluoroscopy
 (D) Cardiac MRI
 (E) A and B

TEE finds a 6 × 8 mm thrombus limiting leaflet motion. 
LV EF 30%. Peak jet velocity: 5.2 m/s.

 Q29. Best management is:
 (A) Urgent surgery
 (B) Thrombolytic therapy
 (C) Administration of unfractionated heparin
 (D) Administration of low molecular weight heparin

 Case 17

The patient is a 71 y/o woman evaluated for progressive dys-
pnea on exertion. She was told of heart murmur by her pri-
mary provider several years ago but was asymptomatic until 
6 months ago. Since then she has noted becoming progres-
sively short of breath performing routine housework. She 
denies syncope, orthopnea, PND, angina, or edema. She has 
never smoked and denies diabetes and hypertension.

 Physical Examination

BP 110/70; Pulse 76 with occasional extra systoles. BMI 21
Neck: carotid upstrokes delayed; CVP 6 cm H2O
Chest: clear
COR: 2/6 SEM RUSB; Apical systolic murmur. Following 

the pause after her extra-systoles, both murmurs intensify 
and the carotid pulse is augmented.

 Lab Exam

Hb 14 g/dL
Creatinine 1.8 mg/dL

 Q30. Her physical exam is most consistent with:
 (A) Obstructive hypertrophic cardiomyopathy
 (B) Aortic stenosis with Gallavardin’s Phenomenon
 (C) Aortic and pulmonic stenosis
 (D) Aortic stenosis and mitral regurgitation
 (E) Both B and D

Echocardiography finds: a severely calcified aortic, peak 
jet velocity 3.9 m/s; mean gradient 40 mmHg; AVA 0.9 cm2. 
There is mitral prolapse of P2 with moderate MR. LV and 
LA mildly enlarged.

 Q31. Best therapy would be:
 (A) TAVR
 (B) SAVR
 (C) SAVR + mitral repair
 (D) SAVR + MVR
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 Case 18

A 73 y/o man is evaluated for severe mitral regurgitation. 
The patient has known of a heart murmur for several years 
but was asymptomatic until 6  months ago when he began 
experiencing dyspnea playing golf. He carries his golf clubs 
and began noting dyspnea climbing to an uphill green that, in 
the past, had not caused him symptoms. He denies orthop-
nea, PND, angina, syncope, or edema. He is a lifelong non-
smoker and denies diabetes or hypertension.

 Physical Examination

BP 118/82; pulse 76
Neck: carotid upstrokes normal; CVP 6 cm H2O without 

prominent v waves
Chest: clear
Cor; PMI displaced downward and to the left. 3/6 holo-

systolic apical murmur
Ext: no edema

 Lab Exam

Hb 14.1 g/dL
Creatinine 0.9 mg/dL
Echocardiogram: LV and LA enlargement. EF 60%. LV 

end systolic dimension 4.0 cm. Severe MR with a flail P2 
segment. ERO 0.4 cm2. Moderate tricuspid regurgitation. Est 
RV systolic pressure 30 mmHg. RV and RA slightly enlarged. 
Normal RV systolic function.

Mitral repair is planned.

 Q32. Regarding this patient’s tricuspid regurgitation:
 (A) Tricuspid surgery is not warranted since his TR 

will improve with successful mitral repair
 (B) Tricuspid repair will both reduce TR and prolong 

life
 (C) Tricuspid repair will reduce the risk of worsening 

TR later in life
 (D) The incidence of tricuspid repair during left- 

sided surgery has increased over the past decade
 (E) C and D

 Case 19

The patient is a 30-year-old man referred for evaluation of a 
heart murmur. The murmur has been present since birth but 
he has not seen a health care professional since childhood. 
He now wishes to begin training for a marathon race and has 
begun running 4 miles/day. He runs an average 8 min mile 
without dyspnea. He denies angina, syncope, orthopnea, 

PND, or edema. Otherwise he is in excellent health and 
denies diabetes, hypertension, and other systemic illness.

 Physical Examination

BP 100/60. Pulse 58
Neck: carotid upstrokes normal. CVP 4 cm H2O
Chest: clear
COR: LUSB ejection click followed by a 3/6 SEM; Click 

disappears with inspiration
Ext: no edema

 Lab Exam

Echocardiogram: Normal LV, LA, aortic, mitral, and tricus-
pid valves. There is doming of the pulmonic valve and peak 
jet velocity of 4.2 m/s.

 Q33. You advise:
 (A) Proceed with his marathon training but to alert 

you if he notices symptoms
 (B) Undergo pulmonic balloon valvotomy
 (C) Undergo surgical pulmonary valve replacement
 (D) Undergo transcatheter pulmonary valve 

replacement

 Case 20

A 40 y/o man is seen for his yearly follow-up visit after pul-
monary balloon valvotomy as a child. He denies dyspnea on 
exertion and works out at a gym three times per week. He 
denies edema, ascites, orthopnea, PND, or angina. Five years 
ago he was noted to have moderate to severe pulmonic regur-
gitation and undergoes yearly cardiac MRI for quantification 
of RV volume and function.

 Physical Examination

BP 110/70; pulse 72
Neck: CVP 8 cm H2O. Prominent v waves noted
Chest: clear
COR: RV sternal lift. 3/6 long diastolic murmur heard 

throughout the precordium
EXT: no edema

 Lab Exam

Hb: 14.6 g/dL
Creatinine: 1.0 mg/dL
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Serial MRI results
RVEDVI RVESDI RVEF (%) RVRF (%) LVEF (%)

2010 110 50 55 35 60
2012 122 56 54 36 62
2014 145 70 52 36 60
2016 145 70 52 36 60
Now 160 81 49 41 58

 Q34. Based on these data:
 (A) His regurgitant fraction of only 40% indicates 

that his PI is less than severe
 (B) He should undergo transcatheter pulmonic valve 

replacement
 (C) He should undergo surgical pulmonic valve 

replacement
 (D) Valve replacement will, on average, add 5 years to 

his lifespan

 Answers and Explanations

 Q1. The answer is D, severe AS. The sustained PMI indi-
cates that the lesion involves the LV excluding pul-
monic stenosis as the murmur source. Although S2 
remains split, the delay in the carotid upstrokes and the 
late peaking quality indicate severe disease.

 Q2. The answer is C, severe AS. The ACC/AHA Guidelines 
[1] classify severe AS as a peak jet velocity of ≥4.0 m/s 
OR a mean gradient of 40 mmHg OR AVA of ≤1.0 cm2. 
While data support the use of each of these measures in 
grading severity [2–4], they are often internally inconsis-
tent with each other [5] (Fig. 13.1). He has 2 of the crite-
ria for “severe” AS consistent with his physical exam.

 Q3. The answer is E, either continued observation or perform 
a stress test. A key turning point in the natural history of 
aortic stenosis is the onset of symptoms, a Class I indica-
tion for AVR [1]. Because he appears to be asymptom-
atic, it would be acceptable to continue to observe him. 
However, because of the subjective nature of symptoms 
and the failure of many patients to recognize them, for-
mal exercise testing is commonly employed to help 
establish symptom presence more objectively [6] and is 
recommended at a level IIa in the Guidelines.

 Q4. The answer is E, either conclude that there is a change 
in his condition and refer for AVR or repeat the exer-
cise test for more objective data. The report from the 
patient’s spouse, the slight decline in EF and the 
increase in BNP [7] (Fig. 13.2) could be taken together 
as an indication that the patient is becoming symptom-
atic or further proof could be sought from exercise 
testing. Data are provided to calculate an STS risk 
score (1.1% mortality risk). Thus the patient does not 
currently qualify for TAVR although TAVR is likely to 
be approved for use in low risk patients.

 Q5. The best answer is E, Consider TAVR, balloon valvot-
omy or hospice. Her STS score combined with obvi-
ous frailty [8] put her at prohibitive risk for 
SAVR. While TAVR would relieve her heart failure it 
is unclear if she could benefit enough or that her life 
expectancy would exceed a year so that TAVR could 
be futile therapy. Balloon valvotomy would be a rea-
sonable choice, using it to gauge improvement in the 
non-cardiac aspects of her presentation that sometimes 
does improve with partial relief of AS [9]. This “real- 
world” case emphasizes the difficulties in decision- 
making in elderly patients.

 Q6. The answer is D, severity unknown. Nearly all of the 
data presented are discordant. While the valve area 
suggests severe aortic stenosis, the murmur fails to 
peak late in systole, the carotid upstrokes are only 
mildly delayed and the peak jet velocity and gradient 
suggest only mild to moderate disease.

 Q7. The answer is B, inotropic stress testing. Because 
aortic valve area is flow dependent [10] and because 
cardiac output is reduced in this patient, it is neces-
sary to recalculate valve area at higher flow [11]. 
Infusion of an inotrope to increase flow can accom-
plish two goals. First it can separate true aortic steno-
sis from aortic pseudo-stenosis. In truly severe AS, 
increased flow increases gradient in parallel and 
valve area remains nearly constant [12]. Second, the 
presence of inotropic reserve helps risk stratify 
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Fig. 13.1 Valve area is plotted against gradient from over 3000 patients 
as predicted by the Gorlin formula (blue line) and actual echocardio-
graphic AVA (yellow line). Both are close to one another. Importantly, 
hundreds of patients fail to conform to both AVA and gradient bench-
marks for “severe AS.” From: Minners J, Allgeier M [5]. Reprinted with 
permission from Oxford University Press
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patients for surgical aortic valve replacement. 
Patients that increase stroke volume by ≥20% with 
dobutamine infusion have 1/3 the operative risk of 
those who fail to augment [13] (Fig.  13.3). While 
valve calcium scoring can help distinguish true from 
aortic pseudo- stenosis [14] it remains preferable that 
patients generate a peak jet velocity of ≥4.0 m/s to 
qualify for TAVR and little is known about TAVR 
patients who fail to do this.

 Q8. The answer is A, TAVR. His STS risk score is 5.5 but 
STS does not take into account this very high-risk 
group of low gradient, low, EF patients. However, his 
favorable response to dobutamine makes his risk 

acceptable and patients in this group have a better 
outcome with TAVR than with so-called medical 
therapy [15].

 Q9. The answer is E, Calcium scoring and heart catheter-
ization. The assessment of her AS severity is discor-
dant with a physical exam and AVA consistent with 
severe AS but a jet velocity and gradient consistent 
with moderate AS.  It is likely that she has low flow, 
low gradient, normal EF (paradoxical) AS [16]. In this 
condition, there is usually severe concentric LV hyper-
trophy reducing LV end diastolic volume. As such, a 
normal ejection fraction from a small volume yields a 
low stroke volume and thus a low gradient and low jet 
velocity. It is necessary to confirm the diagnosis of 
“severe” AS independently of standard echo parame-
ters since they are discordant in this case. Valve cal-
cium density correlates well with valve area and can 
be used to confirm AVA [17]. Because the EF is already 
normal, it is not clear what additional data will be gar-
nered from inotropic challenge although dobutamine 
has been used in some cases. Because the patient has 
angina and peripheral vascular disease and because 
coronary disease is present in many patients with AS 
[18], she will require cardiac catheterization. Invasive 
hemodynamics during the procedure could help con-
firm that her AS is truly severe.

 Q10. The answer is either A or B, SAVR or TAVR. Her STS 
risk calculated from the data available is 5.6, putting 
her at intermediate risk. Current guidelines indicate a 
IIa indication for TAVR [19–21] (although this will be 
upgraded to a class I in the future) which would leave 
her right coronary artery (RCA) unrevascularized. It 
could be approached percutaneously before or after 
TAVR or the RCA could be bypassed at the time of 

a
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Fig. 13.2 Survival for aortic stenosis patients is plotted against the 
ratio of the patients’ BNP and normal BNP, < than a ratio of 2;1 (black 
line) or greater than 2:1 (red line). Higher BNP/normal ratios were 
associated with worse outcomes for both surgically treated (upper 
panel) or medically treated (lower panel) patients. From: Clavel MA, 
et al. [7]. Reprinted with permission from Elsevier

Fig. 13.3 Survival is plotted for AS patients with low ejection fraction 
for those that had inotropic reserve (group I) vs. those that did not 
(group II). Patients with inotropic reserve had 1/3 the operative risk and 
better long-term survival than those that did not. From: Monin JL, et al. 
[13]. Reprinted with permission from Wolters Kluwer Health, Inc.
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SAVR. It is this kind of case where the heart team is 
crucial in weighing all the options.

 Q11. The answer is B, TAVR. His data allow calculation of 
an STS risk score of 11.1 making him a high surgical 
risk. He therefore fulfills a class I indication for TAVR 
[19, 22, 23]. Heart failure therapy is not applicable to 
AS patients in general and his activities and life expec-
tancy make hospice inappropriate.

 Q12. The answer is C, suspect leaflet thrombosis and order 
CT and echo. Leaflet thrombosis occurs at varying 
intervals following both SAVR and TAVR but is more 

common with TAVR [24, 25] (Fig. 13.4). Both balloon 
expandable and self-expanding types of TAVR are 
affected. Up to 13% of TAVR patients show leaflet 
thickening and restricted motion on CT scan. In the 
majority of cases the finding is subclinical without a 
significant transvalvular gradient developing. However 
about 15% of patients with leaflet thickening have a 
gradient of ≥20 mmHg.

 Q13. The answer is D, anticoagulation. Although no random-
ized trials are available, patients receiving anticoagula-
tion had a much lower incidence of leaflet thrombosis 
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Fig. 13.4 Effect of dual antiplatelet therapy versus anticoagulation on 
hypoattenuating opacities and reduced leaflet motion. (a–d) Reduced 
leaflet motion at baseline, noted to have worsening hypoattenuating opac-
ities and reduced leaflet motion with follow-up CT in a patient receiving 
dual antiplatelet therapy after transcatheter aortic valve replacement. 

Resolution of hypoattenuating opacities and restoration of normal leaflet 
motion with 3 months of anticoagulation with (e–h) warfarin, (i–l) rivar-
oxaban, and (m–p) apixaban. The red arrow indicates hypoattenuating 
opacities and the green arrow represents reduced leaflet mobility. From 
Chakravarty T, et al. [25]. Reprinted with permission from Elsevier
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than did patients receiving aspirin and clopidogrel. 
Further, most patients resolved leaflet thickening once 
placed on anticoagulation with either warfarin or newer 
non-vitamin K antagonist anticoagulants [24, 25].

 Q14. The answer is B. The natural history of mixed aortic 
valve disease is the same as it is for pure AS unless 
there is very severe aortic insufficiency (AI) and 
only mild AS [26] (Fig.  13.5). While the AI may 
increase the total stroke volume and thus increase 
the gradient, it is the total pressure load on the LV 
that directs the natural history of the disease not sim-
ply the valve area. Gastrointestinal bleeding in AS in 
often caused or worsened by shear stress at the ste-
notic valve that degrades von Willebrand factor 
(vwf) [27].

 Q15. The answer is C, SAVR and bypass. Restoration of rela-
tively normal valve architecture with either SAVR or 
TAVR substantially reduces GI bleeding while restoring 
vwf [27, 28]. Resection of AV malformations is rarely 
adequate or successful. Her STS risk is calculated as 1.5 
by the data given and arterial bypass  +  SAVR is the 
most logical choice that would correct her symptoms. 
While there may be some concern for GI bleeding dur-
ing anticoagulation for extracorporeal circulation, this 
concern is outweighed by the need to revascularize her 
LAD. She does in fact have severe symptomatic AS so 
that medical therapy is inappropriate.

 Q16. The answer is A, continue running. Her AS nearly 
meets criteria for severe AS but even if it were consid-
ered moderate, recent guidelines counsel against long 
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distance running for competitive athletes [29]. While 
the definition of “competitive” is controversial it is 
clear that she has an aggressive approach to her sport 
and is unlikely to heed advice to stop in any case. 
Further her longitudinal data indicate steady, almost 

predictable progression of her AS making her a candi-
date for valve replacement class IIb [1].

 Q17. The answer is E: A, B, and C. Existing data indicated 
significantly longer survival with a mechanical valve 
than with a heterograft despite the higher risk of bleed-
ing in a woman her age [30, 31]. The likelihood of 
structural valve deterioration with a bioprosthesis 
increases inversely with the age of the patient at 
implantation so the patient has a >50% chance of 
requiring valve re-replacement during her lifetime 
[32] (Fig. 13.6). Placing a TAVR valve inside a failed 
bioprosthesis is accepted practice for treating patients 
at high risk for reoperation. However, the durability of 
this procedure in young patients is unclear. Further if 
the initial prosthesis is small in size resulting in a 
valve-in-valve TAVR gradient >20 Hg, survival is 
reduced [33]. Thus it is impossible to know the effect 
of V-I-V TAVR on survival.

 Q18. C, originally touted as a superior bioprosthesis, the 
homograft has fallen into relative disuse. Its durability 
does not appear superior to heterografts [34] and lack 
of availability of all sizes, more difficult implantation 
and more difficult reoperation if needed) have led to 
less use of this valve. The Ross operation in which the 
native pulmonary valve is transplanted into the aortic 
position and a homograft is placed in the low pressure 
pulmonary position remains controversial. In experi-
enced hands it is superior to the homograft [34] 
(Fig.  13.7) and provides survival equal to that of a 
normal population in the first 2 decades after surgery 

Fig. 13.6 Freedom from structural valve deterioration (SVD) for bio-
prostheses at patient age of implantation is shown. The earlier the age at 
implantation, the more rapid is SVD. From Hung L, Rahimtoola SH 
[32]. Reprinted with permission from Wolters Kluwer Health, Inc.
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[34–36] but afterwards may show evidence of deterio-
ration [35]. It may be an excellent operation for this 
young patient who wishes to avoid anticoagulation 
with warfarin.

 Q19. The answer E, either continued observation for 
2 years or referral for replacement. The patient has 
severe mitral regurgitation (MR) by all the data given. 
The natural history of MR is one of fairly rapid pro-
gression where patients with severe disease reach a 
trigger point for surgery at the rate of 8%/year [37] 
(Fig. 13.8) so that 2 years is too long for a follow-up 
visit. If this apparently asymptomatic patient is to 
have surgery mitral valve repair which should be 
accomplished by an experienced surgeon is safer and 
with better outcomes than replacement [38] 
(Fig. 13.9) such that replacement should not be con-
templated at this point. The presence of symptoms 
forms an important turning point in the natural his-

tory of the disease [39] (Fig.  13.10). However the 
subjective nature of symptoms makes them an imper-
fect benchmark. Thus echocardiography, exercise 
testing, and biomarkers can be helpful in adding 
objective evidence of cardiac decompensation [40–
43]. Triggers for mitral surgery based upon outcome 
data are the onset of symptoms [39] an ejection frac-
tion falling toward 60% [40] (“normal” in MR is 
65–70%) and an end systolic dimension increasing 
toward 40  mm [41]. Because our patient is already 
approaching those triggers, it is reasonable to refer 
the patient for mitral repair now instead of waiting 
for further deterioration [19].

 Q20. The answer is E, medical therapy should be up-titrated. 
The patient has secondary MR. It has been caused by 
tethering of the valve leaflets due to LV dilatation from 
his previous myocardial infarction (MI). His LV func-
tion is depressed from the MI and while MR is proba-
bly worsening his condition, the MR is a secondary 
problem and correcting it will not correct the underly-
ing MI. As such there is no convincing evidence that 
surgical treatment of his MR will prolong his life [44–
46]. While mitral repair is unquestionably the treat-
ment of choice for primary MR, there is no proven 
benefit to surgical repair over replacement for second-
ary MR [46] (Fig.  13.11). This difference lies in the 
fact that in secondary MR the valve itself is normal. As 
such “repairs” include restrictive annuloplasty in an 
attempt to increase coaptation, an effort that often fails 
within a few months after surgery. Exercise testing 
would not add much to what we already know about his 
right- sided pressures. Medical therapy aggressively 
treating with ACE inhibitors (or ARBs) beta-blockers, 
mineralocorticoid antagonists and diuretics can lead to 
striking improvement and is first line therapy [47]. 
However in many cases (as this one) medical therapy is 
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not aggressive enough. If medical therapy fails to 
achieve symptomatic improvement, surgery or percuta-
neous mitral repair may then be employed [19].

 Q21. The answer is D, cardiac surgery and infectious dis-
ease should be consulted. Because of the wide variety 
of complex issues facing the patient with IE, such 
patients should be cared for by a heart team consisting 
of general cardiologists, imagers, cardiac surgeons and 
infectious disease specialists [1]. Arthritic complaints, 
especially back pain, are common in IE [48]. Because 
bacteremia occurs daily with eating and because of 
uncertainty that antibiotic prophylaxis is effective in 
preventing IE, prophylaxis is now only recommended 
for the highest risk patients undergoing dental proce-
dures that involve gingival manipulation. These 
include patients with prosthetic heart valves, cardiac 
transplant patients, patients who have suffered a 
 previous episode of IE, patients with uncorrected cya-
notic congenital heart disease, and patients with cor-
rected congenital heart disease where correction was 
afforded by use of prosthetic material or devices [1]. 
Our patient had none of these indications. While sur-
gery for IE is occurring more liberally and earlier in 
the course of the disease, our patient has none of the 
current indications for surgery: (1) hemodynamic 
compromise; (2) multiple recurrent emboli; and (3) 
little likelihood of bacteriologic cure without surgery.

 Q22. The answer is E. The aortic vegetation is of moderate 
size and has an approximately 15% risk of embolization 
[49]. However the risk of embolization diminishes once 
antibiotics are begun [49, 50]. The current class I indi-
cations for surgery in IE are hemodynamic instability, 
inability to affect a cure with antibiotics and infection 
with highly resistant organism including S aureus [1]. 
Although there are no large randomized trials, existing 
evidence indicates improved survival for early surgery 
especially in cases of S aureus infection [51, 52].

 Q23. The answer is E. The patient has decompensated and 
manifests heart failure. The reduction in the intensity 
of S1 likely indicates either prolongation or the PR 
interval due to invasion of the conduction system and 
ring abscess formation, or pre-closure of the mitral 
valve due to severe aortic insufficiency. Because TEE 
is much more sensitive in diagnosing sub-aortic exten-
sion, it is indicated here [53]. The patient’s rapid dete-
rioration is an indication for surgery especially if there 
is now acute severe aortic insufficiency [54, 55]. While 
there is always concern about reinfection of newly 
implanted valves, the risk of reinfection is only 5–10%, 
low compared to the high risk of delay [54]. Pressor 
agents in general are poorly tolerated in acute 
AI.  Vasoconstrictors increase AI severity without 
improving cardiac output.
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 Q24. The best answer is E. The patient has severe AI. While 
there was initial enthusiasm for the use of ACE inhibitors 
in the treatment of AI [56], a subsequent study found no 
benefit [57], leaving the issue unresolved. While the 
patient might be administered as ACE inhibitor there is 
little solid evidence benefit. Current guidelines [1] indi-
cate symptoms [58] or an EF ≤50% or an end systolic 
dimension of 5.0–5.5 cm are triggers for AVR. However 
they also make provision for AVR if there is a progres-
sive increase in cardiac size as our patient has. 
Additionally, a recent report suggests that these bench-
marks cause us to operate too late on patients with 
chronic AI and that an end systolic dimension of 4.0–4.5 
might be more appropriate [59]. Thus a recommendation 
of AVR now is reasonable. However while TAVR cur-
rently is reserved for AS patients wherein the calcified 
aortic annulus is used to secure the valve, newer valves 
[60] are apt for patients with AR and might become 
available before he reaches a trigger for AVR. Thus con-
tinued observation would also be reasonable.

 Q25. The best answer is D, proceed to MBV. There would 
be little to be gained by exercise testing since she is 
already symptomatic and has pulmonary hypertension 
at rest. While beta blockade can occasionally be ben-
eficial by reducing the transmitral gradient, it rarely 
improves exercise tolerance, and would be unlikely to 
help her class III symptoms [61]. Her STS risk score 
from the data presented is 8.5, a high surgical risk. 
Although her valve anatomy is sub-optimal for bal-
loon valvotomy (BMV) [62] the Wilkins score is a 
relative one and does not preclude the procedure. It is 
reasonable to attempt BMV.  If there is no clinical 
improvement, high-risk MVR could be addressed.

 Q26. The answer is A, rate control; anticoagulation with 
heparin. By physical exam and chest x ray the patient 
has mitral stenosis (although her heart rate was too fast 
to be able to hear a murmur) and thus valvular atrial 
fibrillation (AF). This term has led to some confusion 
but is defined in current guidelines as having rheu-
matic mitral stenosis or a mechanical heart valve [1, 
19]. Thus a patient with calcific AS and AF would not 
be considered to have valvular AF.  Because of an 
extraordinary risk of systemic embolism in mitral ste-
nosis patients with AF, aggressive anticoagulation is 
warranted [63]. A trial of dabigatran failed to offer 
protection equal to that of warfarin for mechanical 
heart valves; thus non-vitamin K antagonists are not 
used in valvular AF [64]. A loading dose of warfarin 
might make patients temporarily hypercoagulable by 
lowering levels of proteins S and C, although this may 
be more of hypothetical than actual concern [65]. 
 Following rate control, warfarin is begun in tandem 
with heparin until an INR of 2.5–3.5 is reached.

 Q27. The answer is D. Although the patient has far-advanced 
LV dysfunction from AR and prognosis is impaired 
there are several reasons for optimism. His LV dys-
function is probably relatively short lived because it 
was normal 3 years prior to the current presentation. 
The shorter the period of LV dysfunction, the better is 
the chance for recovery [66] (Fig.  13.12). Indeed 
patients with ejection fraction as low as 20% may have 
a better outcome with AVR than without it [67]. 
Further his STS risk from the data presented is only 
1%. Finally he has heart failure and AR patients 
respond well to heart failure therapy. Even beta block-
ade which will prolong diastole, possibly worsening 
AR, may improve function in AR patients with heart 
failure [68]. Thus a short course of heart failure ther-
apy followed by AVR seems reasonable.

 Q28. The answer is E.  TTE will allow for estimation of 
overall cardiac function and that valve thrombosis is 
present while TEE will better assess valve function 
and will also better assess clot burden [69, 70]. While 
fluoroscopy can assess leaflet motion and can be a 
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“quick” guide to the diagnosis, its diagnostic ability is 
limited compared to echocardiography.

 Q29. The answer is A, surgery. While the clot burden is 
small, reducing the risk of thrombolytic-related embo-
lization, the patient’s advanced symptomatic status 
and obvious hemodynamic instability militate toward 
urgent surgery [1, 71, 72], where surgery has produced 
fewer embolic complications and better survival than 
thrombolytic therapy. Some have advocated for throm-
bolysis [73] in this circumstance. However if that ther-
apy fails it obviously complicates bleeding potential 
for urgent surgery.

 Q30. The answer is E, either Gallavardin’s phenomenon or 
combined AS and MR.  Following a long pause the 
murmur of AS is augmented by increased stroke vol-
ume due to increased LV filling and also increased 
contractility from altered calcium release. While these 
phenomena both also occur in MR, the longer filling 
time also allows for decrease in aortic pressure such 
the LV contracts against lower afterload and the mur-
mur does not intensify. However in AS, the lower aor-

tic pressure following the pause might not reduce 
afterload very much because much of the load is predi-
cated on the AS.  Thus augmentation of the murmur 
following a long pause in AS could be to apical radia-
tion (Gallavardin’s phenomenon) or the combination 
of AS + MR. That the carotid pulse augments follow-
ing the pause occurs is AS but not hypertrophic cardio-
myopathy where the pause would augment obstruction 
to outflow and weaken the pulse.

 Q31. The answer is C. SAVR + mitral repair. While it may 
be hoped that MR severity will decrease after AVR 
reduces LV afterload, allowing preferential flow into 
the aorta and away from the mitral valve, this response 
is inconsistent [74] (Fig. 13.13). Mitral regurgitation 
most often fails to improve when there is anatomic 
mitral disease and a relatively low aortic gradient as is 
the case here. Her STS risk is 3.1, higher than average 
but not severe. Thus surgery, where both of her valve 
diseases can be treated, is preferable.

 Q32. The answer is E. The fate of TR following successful 
left-sided surgery is remarkably uncertain. While it 

Fig. 13.13 The fate of MR following TAVR is shown as distilled from several studies (author noted at bottom of graph. While MR was unchanged 
for many patients is worsened in some and improved in others. From Nombela-Franco L, et al. [74]. Reprinted with permission from Elsevier
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seems intuitive that correction of either LV pressure or 
volume overload would also unload the RV and 
improve TR, this response is quite variable [75, 76]. 
While studies show that tricuspid repair at time of left- 
side surgery reduces TR both early and late [75, 77, 78] 
(Fig. 13.14), there is no convincing mortality benefit to 
surgery for mild to moderate TR. Severe TR is rou-
tinely treated at the time of left-sided surgery, thus 
there is little data relating to untreated severe TR dur-
ing left-sided surgery. In some cases tricuspid repair 
has reduced the risk of late onset heat failure [79]. 
Because of relatively high risk of repeat surgery to 
correct symptomatic TR following left-sided surgery 
[78], there is an increasing tendency to address even 
mild TR during the initial operation [80].

 Q33. The answer is B, undergo balloon valvotomy. His peak 
transpulmonary gradient of 70 mmHg defines his PS 
as severe for which anything more than mild exercise 
is not recommended [81]. Correction of this degree of 
stenosis, irrespective of symptoms offers better sur-
vival than conservative management [82]. Because his 
valve leaflets are pliable (doming during systole), bal-
loon valvotomy provides excellent results and is obvi-
ously less invasive than surgery.

 Q34. The answer is C. Based upon his progressive RV dila-
tation, approaching a threshold where reverse remod-
eling is unlikely to occur [83], he should probably 

undergo surgical pulmonic valve replacement at this 
time to prevent irreversible RV damage. However 
there is no proof that surgery will prolong his life [84]. 
For left-sided lesions a regurgitant fraction (RF) of 
50% is thought consistent with severe disease. 
However because lower resistance to forward flow 
reduces back flow in pulmonary regurgitation (PR), 
40% RF is considered severe. In TAVR, the prosthesis 
gains purchase on the aortic annulus using the calcium 
present in AS, calcium lacking in PR. Thus percutane-
ous pulmonic valve replacement is a two-step process 
wherein a stent has to be placed into the pulmonary 
annulus or outflow tract and the valve deployed into 
the stent, a process for which there is little 
experience.
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