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Bicuspid aortic valve (BAV) disease is the most common congenital cardiac defect. While the BAV can be found
in isolation, it is often associated with other congenital cardiac lesions. The most frequent associated finding is
dilation of the proximal ascending aorta secondary to abnormalities of the aortic media. Changes in the aortic
media are present independent of whether the valve is functionally normal, stenotic, or incompetent. Although
symptoms often manifest in adulthood, there is a wide spectrum of presentations ranging from severe disease
detected in utero to asymptomatic disease in old age. Complications can include aortic valve stenosis or incompetence, endocarditis, aortic aneurysm formation, and aortic dissection. Despite the potential complications,
2 large contemporary series have demonstrated that life expectancy in adults with BAV disease is not shortened
when compared with the general population. Because BAV is a disease of both the valve and the aorta, surgical
decision making is more complicated, and many undergoing aortic valve replacement will also need aortic root
surgery. With or without surgery, patients with BAV require continued surveillance. Recent studies have improved
our understanding of the genetics, the pathobiology, and the clinical course of the disease, but questions are
still unanswered. In the future, medical treatment strategies and timing of interventions will likely be refined.
This review summarizes our current understanding of the pathology, genetics, and clinical aspects of BAV disease with a focus on BAV disease in adulthood. (J Am Coll Cardiol 2010;55:2789–800) © 2010 by the
American College of Cardiology Foundation

Bicuspid aortic valve (BAV) disease (Fig. 1) is the most
common congenital heart defect, with a prevalence estimated between 0.5% and 2% (1–5). There is a male
predominance of approximately 3:1. In adulthood, complications are common (6,7), and therefore, the burden of
disease from BAV disease is more significant than any other
congenital cardiac lesion. Despite its importance, our understanding of BAV disease is incomplete and questions
remain unanswered about this common condition. Although much of the original focus centered on the abnormal
bileaflet valve, the disease is significantly more complex.
BAV disease is not only a disorder of valvulogenesis, but
also represents coexistent aspects of a genetic disorder of
aorta and/or cardiac development. This review will summarize our current understanding of the pathology, genetics,
and clinical aspects of BAV disease with a focus on BAV
disease in adulthood.
The bicuspid valve is typically made of 2 unequal-sized
leaflets. The larger leaflet has a central raphe or ridge that
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results from fusion of the commissures, and these fused
commissures are susceptible to disruption as occurs with
balloon valvuloplasty. The morphologic patterns of the
bileaflet valve vary according to which commissures have
fused, with the most common pattern involving fusion of
the right and left cusps. Fusion of the right and left coronary
cusps is associated with coarctation of the aorta. Fusion of
the right and noncoronary cusps is associated with cuspal
pathology. Rarely, the leaflets are symmetrical or there is no
raphe (“pure” bicuspid valve). A number of classifications
have been used that pertain to the orientation of the leaflets
(2,8 –10).
Nonvalvular findings occur in up to 50% of adults with
BAV. The most common abnormality is dilation of the
thoracic aorta. In 1928, Abbott (11) first described the
association between BAV and aortic disease, and in 1972,
McKusick (12) reported on the association between BAV
and Erdheim cystic medical necrosis. Whereas some
changes may be secondary to flow dynamics, so-called
post-stenotic dilation, more recent studies have shown that
structural abnormalities occur at the cellular level independent of the hemodynamic lesion (13–16). The thoracic aorta
shows decreased fibrillin, elastin fragmentation, and apoptosis (17–19). Deficient fibrilin-1 results in smooth muscle
cell detachment, matrix disruption, and cell death (17).
Increases in matrix metalloproteinases (endopeptides involved in cell matrix turnover) are thought to contribute to
this process (18,20,21). The pulmonary trunk shows some
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similar structural abnormalities
in patients with BAV, but the
clinical significance of this findACC ⴝ American College of
ing is less clear (18,22).
Cardiology
BAV and associated thoracic
AHA ⴝ American Heart
aortic aneurysms are thought to
Association
be manifestations of a single gene
BAV ⴝ bicuspid aortic
defect (23). BAV disease is also
valve
known to coexist with other congenital vascular defects; the most
common of which is coarctation of the aorta. Of patients
with coarctation, approximately 50% to 75% have BAV
(24). BAV is also associated with and genetically related to
left-sided lesions such as hypoplastic left heart syndrome
(25–27). There are a number of syndromes whose cardiac
involvement includes BAV and left-sided obstructive lesions: Shone’s syndrome with multiple left-sided lesions of
inflow and outflow obstruction (28), Williams syndrome
with supravalvular stenosis, and Turner syndrome with
coarctation of the aorta (29). Other congenital lesions that
have been associated with BAV include ventricular septal
defects, patent ductus arteriosus, or atrial septal defects,
suggesting a more global disorder of cardiac development as
a basis for the disorder. Finally, some reports have suggested
involvement of the coronary arteries including single coronaries or reversal of coronary dominance (30 –32).
Cardiac and valve morphogenesis occur early in fetal
development. Initially, the extracellular matrix thickens and
forms an endocardial cushion that ultimately develops into
the 4 cardiac valves. The actual events that lead to abnormal
valvulogenesis and the formation of a BAV are not known.
Earlier theories proposed that abnormal blood flow across
the developing valves would result in failure of cusp separation. More recent theories involve cell migration, signaling pathways, and genetic susceptibility. Abnormal neural
crest migration resulting in fusion of valve cushions has been
suggested as a possible explanation by which BAV disease
develops in humans (33–36). Aortic aneurysms, cervicocephalic aneurysm, and intracranial aneurysms, all of neural
crest origin, are reported in the BAV population (37,38).
Others have suggested the extracellular matrix proteins play
a pivotal role in valvulogenesis and BAV development.
Endothelial nitric oxide is important in vascular and valve
formation, and knockout mice without endothelial nitric
oxide synthase can develop BAV (39).
Abbreviations
and Acronyms
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dissimilar patterns of inheritance (42). To date, only a few of
these pathways have been identified. Mutations in the signaling and transcriptional regulators NOTCH1 (gene map locus
9q34.3) result in abnormal aortic valve development (BAV)
and later to de-repression of calcium deposition (43,44). This
important finding provides linkage between the genetic abnormality, abnormal morphogenesis, and subsequent disease progression. Regions 18q, 5q, and 13q are reported to contain
genes responsible for BAV and/or associated cardiovascular
malformations (45). The region 10q contains the ACTA2 gene,
which encodes for smooth muscle alpha-actin (ACTA2), and
mutation in this gene can result in thoracic aneurysm and, in
some instances, BAV (46). The ubiquitin fusion degradation
1-like gene, expressed in the outflow tract during embryogenesis is down-regulated in BAV tissue when compared with
trileaflet valve tissue. Although more studies are required
before genetic screening will have a role, clinical studies have
reported a 9% prevalence of BAV in first-degree relatives of
patients with BAV (42,47), and based on this data and expert
opinion, the current American College of Cardiology (ACC)/
American Heart Association (AHA) adult congenital heart
disease guidelines suggest echocardiographic screening for
BAV in first-degree relatives of patients with BAV (48).
Diagnosis
Auscultatory findings include an ejection sound best heard at
the apex. There may be associated murmurs of aortic stenosis,
incompetence, or coarctation of the aorta when these lesions
are present. In the current era, transthoracic echocardiograms
usually confirm the diagnosis. When adequate echocardio-

Genetics
There have been a number of reports of familial clustering of
BAV disease (40,41). Glick and Roberts (41) reported a
prevalence of aortic valve disease of 24% in families with more
than 1 person with aortic disease, suggesting a Mendelian
pattern of inheritance. However, determining the genetics of
BAV is complex, and recent studies have demonstrated that
BAV is likely due to mutations in different genes with

Figure 1

Schematic of the Bicuspid Aortic Valve

Depicted is the abnormal bicuspid valve. Other aspects of the disease include
abnormalities of the media in the proximal ascending aorta with resultant dilation of the ascending aorta, abnormalities in the media of the proximal pulmonary artery, and, in some cases, variations in coronary anatomy. Figure
illustration by Rob Flewell.
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graphic images are obtained, sensitivities and specificities of
92% and 96% are reported for detecting BAV anatomy. The
echocardiographic diagnosis can be difficult in patients with
heavily calcified valves (49). Differentiating severe bicuspid
aortic stenosis from severe unicuspid unicommissural aortic
stenosis can also be difficult, but this is particularly important
when considering aortic valvuloplasty. In order to establish the
diagnosis, the valve must be visualized in systole in the
short-axis view. During diastole, the raphe can make the valve
appear trileaflet. In diastole, the orifice has a characteristic “fish
mouthed” appearance. In the long-axis view, the valve often
has an eccentric closure line and there is doming of the
leaflets. If there is uncertainty in diagnosis, a transesophageal echocardiogram can improve visualization of the leaflets. In some instances, alternative cardiac imaging such as
cardiac magnetic resonance imaging or computer tomography will help to confirm BAV anatomy, but more commonly, these imaging modalities are used to visualize the
thoracic aorta (Figs. 2A to 2D).
Clinical Course
Although the clinical presentation of patients with BAV can
vary from severe valve disease in infancy to asymptomatic
valve or thoracic aortic disease in old age, symptoms

Figure 2
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typically develop in adulthood. The clinical manifestations
relate to the function of the aortic valve (stenosis or
incompetence), the aortopathy (dissection), and acquired
complications such as endocarditis.
In childhood, BAV disease is commonly asymptomatic.
It is estimated that only 1 in 50 of children have clinically
significant valve disease by adolescence (50). Aortic stenosis
due to a small valve orifice size can present in children with
BAVs. Similarly, pure aortic incompetence secondary to a
prolapsed leaflet may occur in childhood. Earlier studies of
the unoperated clinical course in children were from the era
of cardiac catheterization. The unoperated clinical course
and late outcomes in children with BAV, but without valve
dysfunction, have not been well studied.
Eventually during adulthood, the abnormal shear stress
leads to valve calcification and, in some, there is further
aortic root dilation (51,52). Estimates of the prevalence of
these complications and outcomes have varied depending on
the era of the study, the cohort selected, and the method
used to diagnose BAV (clinical exam vs. cardiac catheterization vs. echocardiography). Two large recent series have
helped to better define the unoperated clinical course of
BAV in the modern era (6,7) (Table 1). Estimates of late
cardiac events (medical and surgical complications) were

Images of the BAV and Aorta

(A) Transesophageal short-axis view of a bicuspid aortic valve (BAV). There is fusion of the right and left cusps. The arrow points to the raphe. (B) Transesophageal
3-dimensional image of a BAV. The valve is seen in diastole with the characteristic fish mouth appearance of the valve orifice. (C) Transthoracic long-axis view of the aortic valve and aortic root. There is doming of the aortic valve leaflets (arrow) and dilation of the aortic sinus and ascending aorta. (D) Sagittal oblique cine magnetic resonance image of the thoracic aorta. There is dilation of the ascending thoracic aorta.
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Late
Outcomes
Adults With
BAV Disease
Table
1
LateinOutcomes
in Adults
With BAV Disease

Mean follow-up, yrs (range)
Mean age at baseline, yrs

Patients With BAV
and No Significant
Aortic Valve Dysfunction
(n ⴝ 212)*

Patients With BAV
With a Spectrum of
Valve Function
(n ⴝ 642)†

15 ⫾ 6 (0.4–25)

9 ⫾ 5 (2–26)

32 ⫾ 20

35 ⫾ 16

90 ⫾ 3% at 20 yrs

96 ⫾ 1% at 10 yrs

Outcomes
Overall survival

3 ⫾ 1%

Cardiac deaths
Aortic valve or ascending aorta surgery

27 ⫾ 4%‡

Cardiovascular medical events

33 ⫾ 5%

NA

0

2 ⫾ 1%

7 ⫾ 2%

2 ⫾ 1%

2%

2%

Age ⱖ50 yrs
Valve degeneration

Age ⬎30 yrs
Moderate or severe aortic stenosis
Moderate or severe aortic regurgitation

Aortic dissection
Hospital admission for heart failure
Endocarditis

22 ⫾ 2%

Predictors of outcomes
Predictors of cardiac events
(medical and surgical)

*Adapted from Michelena et al. (6). Cardiovascular medical events ⫽ cardiac death, congestive heart failure, new cardiovascular symptoms
(dyspnea, syncope, anginal pain), stroke, and endocarditis. Surgical events ⫽ aortic valve surgery (aortic valve replacement, repair, or valvulotomy)
and surgery of the thoracic aorta (for aneurysms, dissection, or coarctation). †Adapted from Tzemos et al. (7). Primary cardiac events ⫽ surgery on
the aortic valve or ascending aorta, percutaneous aortic valvotomy, aortic complications (dissection or aneurysm development), congestive heart
failure requiring hospital admission, or cardiac death. ‡Includes surgery for coarctation of the aorta.
BAV ⫽ bicuspid aortic valve.

Primary Cardiac Events (%)

approximately 25% at a mean age of 44 years in the study
from Toronto (7) and 40% at a mean age of 52 years in the
Olmsted County study (6). Cardiac event rates were higher
if 1 or more of the following risk factors were present: age
⬎30 years, moderate or severe aortic stenosis, and moderate
or severe aortic incompetence (Fig. 3). Importantly, in both
of these series, fatal events were rare. Most surgical procedures involved aortic valve and aortic root replacements. In
the Olmsted County series (6), 27% of adults with BAV and
no significant valve disease at baseline required cardiovascular surgery within 20 years of follow-up. Twenty-two
percent of the patients in the Toronto cohort (7) required

intervention within 9 years of follow-up. In both studies,
age was an important determinant of outcomes supporting
the notion held by many that eventually most patients with
BAV would require some form of intervention.
Aortic Stenosis
A common complication of BAV disease is aortic stenosis.
Although the fetus may survive with severe aortic stenosis
because the right heart can carry the full cardiac output in
utero, after birth these infants are at risk for cardiovascular
deterioration. Pre-natal diagnosis and treatment are now
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Frequency of Adverse Cardiac Events in Adults With Bicuspid Aortic Valve Disease Stratified According to Risk Profile

Risk factors identified in this study included: age ⬎30 years, moderate or severe aortic regurgitation, and moderate or severe aortic stenosis.
Reprinted, with permission, from Tzemos et al. (7).

Siu and Silversides
Bicuspid Aortic Valve Disease

JACC Vol. 55, No. 25, 2010
June 22, 2010:2789–800

possible (53). While not unique to BAV disease, myocardial
fibrosis can be seen in children with significant aortic
stenosis and is partially reversible after relief of the
obstruction (54,55). Children who present with aortic
stenosis in infancy have more severe disease and poor
outcomes (56 –58). Because there is often very little
calcification during childhood, balloon valvuloplasty is
the treatment of choice for severe aortic stenosis in this
age cohort.
In the Joint Study of the Natural History of Congenital
Heart Defects, one-third of the children in the cohort had
increases in catheterization gradients during the 4- to 8-year
follow-up period (59). However, only a subgroup of children
had follow-up, and the group of children with repeat catheterizations may not be representative of the entire BAV
population. In the follow-up study, children with baseline
peak left ventricular to aortic gradients ⬎50 mm Hg were at
risk for serious cardiac events at a rate of 1.2% per year (60).
However, even in children with less valve involvement in
early childhood, the disease can progress. Of the children
with gradients ⬍25 mm Hg, 20% required intervention
in follow-up. Similarly, in the United Kingdom cohort
⬍20% of children with mild aortic stenosis at baseline
had mild disease after 30 years of follow-up (61). Age was
the primary determinant of valvular disease progression.
In adults, the development of aortic stenosis is often due
to leaflet calcification, which occurs in a similar fashion to
that seen in patients with trileaflet leaflet calcification. This
process is felt to be an active process, perhaps initiated by
endothelial dysfunction and involving inflammation, lipoprotein deposition, calcification, and ossification of the
aortic side of the valve leaflets (62). The folding and
creasing of the valves and the turbulent flow are felt to
contribute to development of fibrosis and calcification (63).
The combination of these processes results in an accelerated
disease progression. Calcification is often present by 40
years of age. In 1 series (64), more rapid progression in
aortic valve gradients occurred in patients with anteroposteriorly located cusps. In children, aortic valve disease is
more significant in patients with right and noncoronary cusp
fusion (65). However, not all studies have found this
association, and the 2 large studies in adults have not
identified leaflet orientation as a risk factor for late adverse
events (6,7). This finding that valve orientation was not
predictive of outcomes in adults may reflect the modifying
role of atherosclerosis risk factors and/or more advanced
degenerative process encountered in adults. Indeed, the
Olmsted County study (6) identified a composite index of
valve degeneration, which incorporated valve thickening,
calcification, and mobility, that was an independent predictor of long-term cardiac events in a population of adults
with no baseline valve dysfunction. The predictive role of
both morphology and function in adults with BAV parallels
that observed in series examining older adults with aortic
stenosis mostly of acquired basis (66 – 68).
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Aortic Incompetence
In childhood, aortic incompetence can develop in the
setting of redundant or prolapsing cusps, endocarditis, or
after balloon valvuloplasty (69,70). With age, aortic incompetence may also develop secondary to dilation of the
ascending aorta. Although adults with BAV often have
some degree of aortic regurgitation, the actual prevalence of
pure aortic incompetence has varied, with some suggesting
it is rare and others suggesting that it is common (3,71,72).
In 1 large surgical series, 13% of surgically excised valves at
the time of aortic valve replacement were for pure aortic
incompetence (9). In the Olmstead county echocardiographic study of asymptomatic adults (6), 47% had some
degree of aortic incompetence at baseline; however, interventions for severe aortic incompetence were relatively
uncommon, occurring in only 3% of the cohort during
follow-up. In the Toronto study (7), 21% of the population
had moderate or severe aortic incompetence at baseline;
however, only 6% had an intervention for symptomatic
aortic incompetence or progressive left ventricular dysfunction. Despite variations in prevalence, moderate or severe
aortic incompetence is clinically important and is an independent predictor for late adverse cardiac events.
Aortopathy and Aortic Dissection
Aortic root dilation has been documented in childhood,
suggesting that this process begins early in life (73–75).
Furthermore, children with BAV have greater increases in
aortic dimensions than do children with trileaflet valves
(73). In both children and adults, progressive dilation of the
aorta is more common in patients with larger aortas at
baseline (76 –78). In BAV disease, the aortic annulus, sinus,
and proximal ascending aorta are larger than those found in
adults with trileaflet valves (79 – 81). These differences
persist even after adjusting for blood pressure (systolic and
diastolic), peak aortic velocities, and left ventricular ejection
time (79). Our group reported a prevalence of aortic sinus
dilation of 28% (mean age 35 ⫾ 16 years), and after 9 years
of follow-up, the prevalence had increased to 45% with a
median increase in the aortic sinus dimension of 0.2
mm/year (7). In the Olmsted County study (6), the prevalence of ascending aorta dilation (⬎40 mm) was 15% and in
the subset of patients with repeat measurements, the prevalence increased to 39% at study completion. Dilation of the
ascending aorta was an independent risk factor for ascending aorta surgery. Although there are a number of risk
factors associated with dilation of the ascending aorta
including increased systolic blood pressure, male sex, and
significant valve disease, the most important variable is
likely age (7,79,82,83). Aortic root size is shown to be
related to valve morphology and the presence of significant
valve disease (82,84). Specifically, the increased stroke
volume from aortic incompetence is felt to result in stress on
the diseased aorta and subsequent aortic dilation (82,85,86).

2794

Siu and Silversides
Bicuspid Aortic Valve Disease

Changes in the aortic media during pregnancy may predispose to subsequent aortic dilation, but this has not been
confirmed by prospective studies.
The most feared complication is aortic dissection, primarily due to the high associated mortality rate; however,
the actual incidence of this complication is debated. Although the prevalence varies depending on the cohort
studied, a pooled estimate of cases of dissection associated
with BAV was 4% (4,87– 89). Recent studies suggest a
lower risk. In the Toronto series (7), the prevalence of
dissection was 0.1% per patient-year of follow-up, and in
the Olmsted County study (6), there were no cases of
dissection. Despite the low rates of dissection, the increased
prevalence of BAV disease relative to Marfan syndrome
make dissections due to BAV equal to or more common
than dissections due to Marfan syndrome (90). Dissection
in BAV, when it occurs, typically involves the ascending
aorta, but involvement of the descending aorta has been
reported in older patients (2). Distal aortic disease may be
related to BAV or may be secondary to other risk factors
commonly found in older individuals. Although dissection is
more common in patients with dilated aortas, there are reports
of dissection in normal-sized aortic roots and after valve
replacement (91). Risk factors for dissection have included
aortic size (92,93), aortic stiffness (94), male sex (95), family
history (96), and the presence of other lesions such as coarctation of the aorta (95) or Turner syndrome (97).
Endocarditis
Endocarditis can lead to valve perforation or destruction and
result in severe aortic incompetence. When this occurs
acutely, it is poorly tolerated. Endocarditis risk, based on

Figure 4
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earlier case series, was estimated to range between 10% and
30% (3). However, high rates were likely due to reporting
bias in earlier studies, and more recent estimates of the
incidence of endocarditis are much lower at 2% or 0.3%/year
(6,7). Because the risk of endocarditis is felt to be low, the
ACC/AHA practice guidelines no longer suggest bacterial
endocarditis prophylaxis in patients with straightforward
BAV disease, except in patients with a prior history of
endocarditis (98). Because these guidelines are a significant
departure from the prior recommendations, physicians
and/or patients accustomed to the routine use of endocarditis prophylaxis may be hesitant to apply these new
recommendations.
Survival
Despite these complications, 2 large series have confirmed that in the current era, life expectancy in adult
patients with BAV disease is not shortened when compared with the general population. In asymptomatic
adults with BAV with a spectrum of valve function, the
10-year survival was 96 ⫾ 1% (7), and in asymptomatic
adults with BAV without significant valve dysfunction,
the 20-year survival was 90 ⫾ 3% (6) (Fig. 4).
Surveillance
In order to follow disease progression, serial transthoracic
echocardiograms should be performed in all patients. At a
minimum, annual cardiac imaging is recommended for
patients with significant valve lesions or those with aortic
root diameters ⱖ40 mm. In those patients without significant valve lesions and aortic roots diameters ⬍40 mm,

Survival in Adults With Bicuspid Aortic Valve With No Significant Aortic Valve Dysfunction

Dashed line represents subjects with bicuspid aortic valve disease compared with an age- and sex-matched control population (solid line).
Reprinted, with permission, from Michelena et al. (6).
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cardiac imaging every 2 years may be adequate (48,50).
Aortic root size should be referenced to body surface area,
especially in patients where body size is important, such as
women and patients with Turner syndrome. An aortic sinus
dimension of 2.1 cm/m2 is considered the upper limit of
normal (99,100). Complete imaging of the thoracic aorta
should be performed periodically for surveillance. Because
computer tomography scans are associated with significant
radiation exposure, they should only be performed in this
young population if needed and if other imaging modalities
are not available. Other parameters, such as compliance of
the aorta, can be measured with echocardiography or magnetic resonance imaging. Aortic elasticity is reduced in
patients with BAV and aortic regurgitation and, in the
future, these physiologic measures may have a role in risk
stratification (94,101). Measures of systemic endothelial
dysfunction, such as brachial flow-mediated vasodilation to
hyperemia and carotid-femoral pulse wave velocity, have
been shown to be abnormal in patients with BAV, suggesting that BAV perhaps represents a generalized vascular
process (102).
In the future, biomarkers may be useful for assessment of
the valve, the response of the ventricle to the valve disease,
and the aortic root disease. For example, in degenerative
aortic valve disease, brain natriuretic peptide has been
shown to be prognostically important (103–105). Serum
markers such as matrix metalloproteinase, aminoterminal
propeptide of type III collagen, fibrinogen, and markers of
inflammation are elevated in subjects with abdominal aortic
aneurysms (106). Little information is available on these or
other serum biomarkers in BAV disease. We have demonstrated that ascending aortic dilation was associated with
increased serum matrix metalloproteinase 2 in young men
with nonstenotic BAV (102). The clinical utility of these
and other serum markers requires further study.

Medical Therapy
At a minimum, high blood pressure should be aggressively
treated in patients with BAV disease. In Marfan-associated
aortopathy, treatment with beta-blockers to slow the rate of
progression is the standard of care at many centers, although
debate exists about their effectiveness (107,108). Some
clinicians have extrapolated this practice to the treatment of
aortopathy associated with BAV disease. The ACC/AHA
guidelines for the management of adult congenital heart
disease and guidelines for the management of patients with
valvular heart disease suggest that it is reasonable to use
beta-blockers in this population (Class IIa recommendation) (48,109). There are emerging data in animal models
and in 1 small study in humans supporting the use of
angiotensin II receptor blockers to decreased aortic root
dilation in Marfan syndrome (110,111). Whether these
agents will have a role in BAV aortopathy has not yet been
demonstrated. Finally, long-term vasodilator therapy in
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BAV disease with aortic regurgitation is only recommended
if there is concomitant systemic hypertension (48).
The relationship between risk factors for atherosclerosis and the development and progression of degenerative
aortic valve disease has been well studied (112). However,
the role of treatment with cholesterol-lowering agents is
unresolved. Although some studies (113,114) have demonstrated slowing of the progression of aortic valve
disease, 1 large prospective randomized trial (115) found
that treatment did not stop disease progression in calcific
aortic stenosis. Two additional prospective studies addressing this issue are still in progress. The use of lipid
lowering agents specifically in young patients with BAV has
not been studied, and the current ACC/AHA guidelines for
the management of patients with valvular heart disease do not
endorse the use of statins to slow the degenerative process in
this population (50).
Interventions
When rheumatic disease is excluded, a significant portion of
adults undergoing surgery for aortic valve disease will have a
congenitally malformed valve (116). In many cases, indications for surgery are similar to that in patients with tricuspid
valve disease or “degenerative aortic valve disease” (50).
However, some features are unique to this population and
require consideration.
During childhood, insertion of a prosthetic valve is
suboptimal because of the continuing growth of the child.
Fortunately, at this stage, the aortic valve is usually not
calcified and valvuloplasty can successfully disrupt the commissural fusion and relieve obstruction. Valvuloplasty is the
interventional strategy of choice in children and in some
young adults with BAV and aortic stenosis. In the current
era, surgical valvotomy has been replaced by balloon valvuloplasty. Thresholds for interventions differ in part because
valvuloplasty is felt to be a relatively low-risk procedure and
because the population is somewhat different than the adult
with aortic stenosis. Symptomatic aortic stenosis is an
indication for intervention, similar to standard indications
for degenerative trileaflet valve disease. However, in the
pediatric setting, indications include children with peak-topeak gradients ⬎50 mm Hg who develop ST- or T-wave
changes at rest or with exercise or who are interested in
participating in athletics. An additional indication includes asymptomatic children with peak-to-peak gradients ⬎60 mm Hg (50,117). Mid-term results after
balloon valvuloplasty are good at experienced centers
(118 –120). In instances when aortic incompetence develops after balloon valvuloplasty, aortic valve replacement may be necessary.
In adulthood, aortic valve replacement is the most
common intervention for either aortic valve stenosis or
incompetence, and valvuloplasty is rarely performed (7).
Surgery for BAV disease occurs at an earlier age than
surgeries for degenerative tricuspid aortic disease (116).
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In the Olmsted County series (6), the average age for
BAV surgery was 40 ⫾ 20 years versus 67 ⫾ 16 years for
patients with tricuspid aortic valve. The usual surgical
options include valve replacement (bioprosthetic or mechanical valves), Ross operations (native pulmonary valve
moved to the aortic position and a homograft placed in
the pulmonary position), or valve repair for those with
aortic incompetence (121). Indications of interventions
for aortic stenosis or incompetence are similar to those
described for tricuspid aortic valve disease in the ACC/
AHA guidelines for the management of patients with
valvular heart disease (50). BAV disease involves younger
patients and involves both the valves and the great
arteries; therefore, surgical decision making is more
complicated. Approximately 30% of adults undergoing
aortic valve replacement will also need aortic root surgery
(7). Because of the risk of further root dilation, many
surgeons consider reinforcing or replace the ascending
aorta at the time of valve surgery (91). The dimension of
the aortic root felt to require surgical attention has varied
over time, and in many cases, this threshold value for
intervention is institution- and surgeon-specific. The
current guidelines suggest that a cutoff of 5.0 cm be used
for intervention or 4.5 cm if the surgery is otherwise
being performed for valve indications (50). Although not
incorporated into current guidelines, aortic size relative
to body size may be a better method to define the
high-risk group requiring surgery (92). In addition, the
guidelines suggest that changes in root size more than 0.5
cm/year are an indication for root replacement. Average
annual changes in ascending aorta in patients with BAV
vary between 0.2 to 1.2 mm/year (73,82,122–124). Because of limitations with the current data, some have
questioned the basis for these recommendations and have
suggested that thresholds for intervention should be
reconsidered (89).
In regard to valve surgery, there is controversy regarding
the use of the Ross procedure and the use of valve repairs in
this population. Abnormalities of the media are seen in both
the aorta and the pulmonary artery in BAV disease
(17,18,22). Intrinsic abnormalities in the wall of the pulmonary artery (neoaorta) may contribute to progressive
neoaortic root dilation and/or aortic regurgitation when the
pulmonary root is placed in the systemic position (125).
Because of this potential late complication, some do not
advocate the use of the Ross operation in patients with BAV
disease. Despite good mid-term results with valve-sparing
operations and the well-described progression of disease,
some experts believe that leaving behind the abnormal BAV
is ill-advised. Therefore, the optimal surgical approach for
patients with BAV remains to be defined.
Pregnancy
During pregnancy there are changes in hemodynamics as
well as changes in the aortic media, and therefore, women
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with BAV and significant aortic stenosis and/or dilated
aortic roots are at risk for complications during pregnancy. Recent studies from our center and others suggest
that the risk of adverse pregnancy events in women with
severe aortic stenosis is less than previously described.
Even though this group of women continue to represent
a high-risk group for maternal and fetal morbidity, their
overall mortality risk is likely ⬍1% based on recent
studies (126 –128). In rare instances, women will develop
progressive symptoms during pregnancy and require either valvuloplasty or valve surgery. Both interventions can
be performed during pregnancy, but are associated with
both maternal and fetal risks and should be performed
only when necessary. Although the mechanisms that
predispose some women to deteriorate during pregnancy
are not completely understood, in a preliminary study, we
reported that women with moderate and severe aortic
stenosis who deteriorated in the antepartum period failed
to increase left ventricle twist (129). Although pregnancy
can be successfully completed in most instances, aortic
surgery may be required early after pregnancy in some
women with severe aortic stenosis (127,130). Pregnancy
itself seems to accelerate the need for surgery postpartum in women with moderate or severe aortic stenosis,
perhaps by affecting the ability of the left ventricle to
adapt to the fixed outflow obstruction (130). It is therefore important that women be counseled about both the
risk of pregnancy and the potential for late complications.
Additionally, guidelines suggest that women with BAV
and significant aortopathy (ascending aorta diameter
⬎4.5 cm) “should be counseled against the high risk of
pregnancy” (48). What this counseling would entail and
the evidence underlying this recommendation is not clear
as the risk of pregnancy in a woman with BAV and a
dilated root has not been systematically examined.

Exercise
Because BAV can affect children and young adults, exercise
guidelines are often important for this group of patients.
However, there are little data available to support recommendations regarding exercise in subjects with BAV. In
children with congenital severe aortic stenosis, for instance,
sudden death can occur during exercise (131–133). The
Task Force on Exercise in Patients with Heart Disease
recommends that athletes with severe aortic stenosis or
severe aortic incompetence with left ventricular dilation (left
ventricular dimensions ⬎65 mm) should not participate in
competitive athletics. Athletes with or without aortic valve
disease who have dilated aortic roots (⬎45 mm) are advised
to only participate in low-intensity competitive sports. No
restrictions exist for those with BAV with no significant
valve dysfunction or aortic root/ascending aorta dilation
(⬍40 mm) (134,135).

JACC Vol. 55, No. 25, 2010
June 22, 2010:2789–800

Future Directions
While recent cohort studies have helped to improve our
understanding of the complication rate in adults with BAV,
continued cohort studies remain important and ideally
should begin in childhood. Understanding the disease from
childhood to adulthood will help to define late survival
accurately, identify high-risk groups earlier, improve timing
of interventions, and accurately study outcomes after intervention. In addition to the traditional clinical and echocardiographic predictors of adverse outcomes discussed in this
review, other prognostic markers of disease will likely
become important such as serum markers, new cardiac
imaging measures, and genetic markers. Apart from treating endocarditis, no medical therapy has proven beneficial, but randomized clinical trials are currently underway
with the aim of improving outcomes by modifying valve
and aortic root progression. Furthermore, with advances
in our understanding of the process of valve degeneration
and aortic root dilation, new potential therapeutic targets
will be identified.
Acknowledgment

The authors would like to thank Dr. Rachel Wald for her
assistance with selection of the magnetic resonance image.
Reprint requests and correspondence: Dr. Samuel C. Siu,
C6-005, Schulich School of Medicine and Dentistry, University
of Western Ontario, University Hospital, 339 Windermere Road,
London, Ontario N6A 5A5, Canada. E-mail: Samuel.Siu@
lhsc.on.ca.

REFERENCES

1. Osler W. The bicuspid condition of the aortic valve. Trans Assoc Am
Physicians 1886;2:185–92.
2. Roberts WC. The congenitally bicuspid aortic valve. A study of 85
autopsy cases. Am J Cardiol 1970;26:72– 83.
3. Ward C. Clinical significance of the bicuspid aortic valve. Heart
2000;83:81–5.
4. Larson EW, Edwards WD. Risk factors for aortic dissection: a
necropsy study of 161 cases. Am J Cardiol 1984;53:849 –55.
5. Basso C, Boschello M, Perrone C, et al. An echocardiographic survey
of primary school children for bicuspid aortic valve. Am J Cardiol
2004;93:661–3.
6. Michelena HI, Desjardins VA, Avierinos JF, et al. Natural history of
asymptomatic patients with normally functioning or minimally dysfunctional bicuspid aortic valve in the community. Circulation 2008;
117:2776 – 84.
7. Tzemos N, Therrien J, Yip J, et al. Outcomes in adults with bicuspid
aortic valves. JAMA 2008;300:1317–25.
8. Sievers HH, Schmidtke C. A classification system for the bicuspid
aortic valve from 304 surgical specimens. J Thorac Cardiovasc Surg
2007;133:1226 –33.
9. Sabet HY, Edwards WD, Tazelaar HD, Daly RC. Congenitally
bicuspid aortic valves: a surgical pathology study of 542 cases (1991
through 1996) and a literature review of 2,715 additional cases. Mayo
Clin Proc 1999;74:14 –26.
10. Angelini A, Ho SY, Anderson RH, et al. The morphology of the
normal aortic valve as compared with the aortic valve having two
leaflets. J Thorac Cardiovasc Surg 1989;98:362–7.
11. Abbott M. Coarctation of the aorta of adult type. Am Heart J
1928;3:574 – 628.

Siu and Silversides
Bicuspid Aortic Valve Disease

2797

12. McKusick VA. Association of congenital bicuspid aortic valve and
Erdheim’s cystic medial necrosis. Lancet 1972;1:1026 –7.
13. Niwa K, Perloff JK, Bhuta SM, et al. Structural abnormalities of great
arterial walls in congenital heart disease: light and electron microscopic analyses. Circulation 2001;103:393– 400.
14. Bonderman D, Gharehbaghi-Schnell E, Wollenek G, Maurer G,
Baumgartner H, Lang IM. Mechanisms underlying aortic dilatation in
congenital aortic valve malformation. Circulation 1999;99:2138 – 43.
15. Hahn RT, Roman MJ, Mogtader AH, Devereux RB. Association of
aortic dilation with regurgitant, stenotic and functionally normal
bicuspid aortic valves. J Am Coll Cardiol 1992;19:283– 8.
16. Pachulski RT, Weinberg AL, Chan KL. Aortic aneurysm in patients
with functionally normal or minimally stenotic bicuspid aortic valve.
Am J Cardiol 1991;67:781–2.
17. Fedak PW, Verma S, David TE, Leask RL, Weisel RD, Butany J.
Clinical and pathophysiological implications of a bicuspid aortic
valve. Circulation 2002;106:900 – 4.
18. Fedak PW, de Sa MP, Verma S, et al. Vascular matrix remodeling in
patients with bicuspid aortic valve malformations: implications for
aortic dilatation. J Thorac Cardiovasc Surg 2003;126:797– 806.
19. Nataatmadja M, West M, West J, et al. Abnormal extracellular
matrix protein transport associated with increased apoptosis of
vascular smooth muscle cells in Marfan syndrome and bicuspid
aortic valve thoracic aortic aneurysm. Circulation 2003;108 Suppl
1:II329 –34.
20. Boyum J, Fellinger EK, Schmoker JD, et al. Matrix metalloproteinase
activity in thoracic aortic aneurysms associated with bicuspid and
tricuspid aortic valves. J Thorac Cardiovasc Surg 2004;127:686 –91.
21. Ikonomidis JS, Jones JA, Barbour JR, et al. Expression of matrix
metalloproteinases and endogenous inhibitors within ascending aortic
aneurysms of patients with bicuspid or tricuspid aortic valves.
J Thorac Cardiovasc Surg 2007;133:1028 –36.
22. de Sa M, Moshkovitz Y, Butany J, David TE. Histologic abnormalities of the ascending aorta and pulmonary trunk in patients with
bicuspid aortic valve disease: clinical relevance to the Ross procedure.
J Thorac Cardiovasc Surg 1999;118:588 –94.
23. Loscalzo ML, Goh DL, Loeys B, Kent KC, Spevak PJ, Dietz HC.
Familial thoracic aortic dilation and bicommissural aortic valve: a
prospective analysis of natural history and inheritance. Am J Med
Genet A 2007;143A:1960 –7.
24. Roos-Hesselink JW, Scholzel BE, Heijdra RJ, et al. Aortic valve and
aortic arch pathology after coarctation repair. Heart 2003;89:1074 –7.
25. Brenner JI, Berg KA, Schneider DS, Clark EB, Boughman JA.
Cardiac malformations in relatives of infants with hypoplastic leftheart syndrome. Am J Dis Child 1989;143:1492– 4.
26. Roberts WC, Morrow AG, Braunwald E. Complete interruption of
the aortic arch. Circulation 1962;26:39 –59.
27. Hinton RB Jr., Martin LJ, Tabangin ME, Mazwi ML, Cripe LH,
Benson DW. Hypoplastic left heart syndrome is heritable. J Am Coll
Cardiol 2007;50:1590 –5.
28. Bolling SF, Iannettoni MD, Dick M 2nd, Rosenthal A, Bove EL.
Shone’s anomaly: operative results and late outcome. Ann Thorac
Surg 1990;49:887–93.
29. Sybert VP. Cardiovascular malformations and complications in
Turner syndrome. Pediatrics 1998;101:E11.
30. Higgins CB, Wexler L. Reversal of dominance of the coronary
arterial system in isolated aortic stenosis and bicuspid aortic valve.
Circulation 1975;52:292– 6.
31. Hutchins GM, Nazarian IH, Bulkley BH. Association of left
dominant coronary arterial system with congenital bicuspid aortic
valve. Am J Cardiol 1978;42:57–9.
32. Rashid A, Saucedo JF, Hennebry TA. Association of single coronary
artery and congenital bicuspid aortic valve with review of literature.
J Interv Cardiol 2005;18:389 –91.
33. Sans-Coma V, Fernandez B, Duran AC, et al. Fusion of valve
cushions as a key factor in the formation of congenital bicuspid aortic
valves in Syrian hamsters. Anat Rec 1996;244:490 – 8.
34. Duran AC, Frescura C, Sans-Coma V, Angelini A, Basso C, Thiene
G. Bicuspid aortic valves in hearts with other congenital heart disease.
J Heart Valve Dis 1995;4:581–90.
35. Fernandez B, Fernandez MC, Duran AC, Lopez D, Martire A,
Sans-Coma V. Anatomy and formation of congenital bicuspid and
quadricuspid pulmonary valves in Syrian hamsters. Anat Rec 1998;
250:70 –9.

2798

Siu and Silversides
Bicuspid Aortic Valve Disease

36. Kappetein AP, Gittenberger-de Groot AC, Zwinderman AH, Rohmer J, Poelmann RE, Huysmans HA. The neural crest as a possible
pathogenetic factor in coarctation of the aorta and bicuspid aortic
valve. J Thorac Cardiovasc Surg 1991;102:830 – 6.
37. Schievink WI, Mokri B. Familial aorto-cervicocephalic arterial
dissections and congenitally bicuspid aortic valve. Stroke 1995;26:
1935– 40.
38. Schievink WI, Mokri B, Piepgras DG, Gittenberger-de Groot AC.
Intracranial aneurysms and cervicocephalic arterial dissections associated with congenital heart disease. Neurosurgery 1996;39:685–9,
discussion 689 –90.
39. Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic
valve development in mice lacking endothelial nitric oxide synthase.
Circulation 2000;101:2345– 8.
40. Clementi M, Notari L, Borghi A, Tenconi R. Familial congenital
bicuspid aortic valve: a disorder of uncertain inheritance. Am J Med
Genet 1996;62:336 – 8.
41. Glick BN, Roberts WC. Congenitally bicuspid aortic valve in
multiple family members. Am J Cardiol 1994;73:400 – 4.
42. Cripe L, Andelfinger G, Martin J, Shooner K, Benson DW. Bicuspid
aortic valve is heritable. J Am Coll Cardiol 2004;44:138 – 43.
43. Garg V, Muth AN, Ransom JF, et al. Mutations in NOTCH1 cause
aortic valve disease. Nature 2005;437:270 – 4.
44. Mohamed SA, Aherrahrou Z, Liptau H, et al. Novel missense
mutations (p.T596M and p.P1797H) in NOTCH1 in patients with
bicuspid aortic valve. Biochem Biophys Res Commun 2006;345:
1460 –5.
45. Martin LJ, Ramachandran V, Cripe LH, et al. Evidence in favor of
linkage to human chromosomal regions 18q, 5q and 13q for bicuspid
aortic valve and associated cardiovascular malformations. Hum Genet
2007;121:275– 84.
46. Guo DC, Pannu H, Tran-Fadulu V, et al. Mutations in smooth
muscle alpha-actin (ACTA2) lead to thoracic aortic aneurysms and
dissections. Nat Genet 2007;39:1488 –93.
47. Huntington K, Hunter AG, Chan KL. A prospective study to assess
the frequency of familial clustering of congenital bicuspid aortic valve.
J Am Coll Cardiol 1997;30:1809 –12.
48. Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008
guidelines for the management of adults with congenital heart disease: a
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee to
Develop Guidelines on the Management of Adults With Congenital
Heart Disease). J Am Coll Cardiol 2008;52:e1–121.
49. Chan KL, Stinson WA, Veinot JP. Reliability of transthoracic
echocardiography in the assessment of aortic valve morphology:
pathological correlation in 178 patients. Can J Cardiol 1999;15:
48 –52.
50. Bonow RO, Carabello BA, Kanu C, et al. ACC/AHA 2006
guidelines for the management of patients with valvular heart disease:
a report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines (Writing Committee
to Revise the 1998 Guidelines for the Management of Patients With
Valvular Heart Disease). J Am Coll Cardiol 2006;48:e1–148.
51. Campbell M. The natural history of congenital aortic stenosis. Br
Heart J 1968;30:514 –26.
52. Campbell M. Calcific aortic stenosis and congenital bicuspid aortic
valves. Br Heart J 1968;30:606 –16.
53. Tworetzky W, Wilkins-Haug L, Jennings RW, et al. Balloon
dilation of severe aortic stenosis in the fetus: potential for prevention
of hypoplastic left heart syndrome: candidate selection, technique,
and results of successful intervention. Circulation 2004;110:2125–31.
54. Pacileo G, Calabro P, Limongelli G, et al. Left ventricular remodeling, mechanics, and tissue characterization in congenital aortic
stenosis. J Am Soc Echocardiogr 2003;16:214 –20.
55. Pacileo G, Pisacane C, Russo MG, et al. Left ventricular remodeling
and mechanics after successful repair of aortic coarctation. Am J
Cardiol 2001;87:748 –52.
56. Hastreiter AR, Oshima M, Miller RA, Lev M, Paul MH.
Congenital aortic stenosis syndrome in infancy. Circulation 1963;
28:1084 –95.
57. Moller JH, Nakib A, Eliot RS, Edwards JE. Symptomatic congenital
aortic stenosis in the first year of life. J Pediatr 1966;69:728 –34.

JACC Vol. 55, No. 25, 2010
June 22, 2010:2789–800
58. Nadas AS. Report from the Joint Study on the Natural History of
Congenital Heart Defects. IV. Clinical course. Introduction. Circulation 1977;56:I36 – 8.
59. Wagner HR, Ellison RC, Keane JF, Humphries OJ, Nadas AS.
Clinical course in aortic stenosis. Circulation 1977;56:I47–56.
60. Keane J, Driscoll D, Gersony W. Second natural history study of
congenital heart defects. Results of treatment of patients with aortic
valvular stenosis. Circulation 1993;87:I16 –27.
61. Kitchiner D, Jackson M, Walsh K, Peart I, Arnold R. The progression of mild congenital aortic valve stenosis from childhood into adult
life. Int J Cardiol 1993;42:217–23.
62. Wallby L, Janerot-Sjoberg B, Steffensen T, Broqvist M. T lymphocyte infiltration in non-rheumatic aortic stenosis: a comparative
descriptive study between tricuspid and bicuspid aortic valves. Heart
2002;88:348 –51.
63. Robicsek F, Thubrikar MJ, Cook JW, Fowler B. The congenitally
bicuspid aortic valve: how does it function? Why does it fail? Ann
Thorac Surg 2004;77:177– 85.
64. Beppu S, Suzuki S, Matsuda H, Ohmori F, Nagata S, Miyatake K.
Rapidity of progression of aortic stenosis in patients with congenital
bicuspid aortic valves. Am J Cardiol 1993;71:322–7.
65. Fernandes SM, Khairy P, Sanders SP, Colan SD. Bicuspid aortic
valve morphology and interventions in the young. J Am Coll Cardiol
2007;49:2211– 4.
66. Otto CM, Burwash IG, Legget ME, et al. Prospective study of
asymptomatic valvular aortic stenosis. Clinical, echocardiographic,
and exercise predictors of outcome. Circulation 1997;95:2262–70.
67. Pellikka PA, Sarano ME, Nishimura RA, et al. Outcome of 622
adults with asymptomatic, hemodynamically significant aortic stenosis during prolonged follow-up. Circulation 2005;111:3290 –5.
68. Rosenhek R, Binder T, Porenta G, et al. Predictors of outcome in
severe, asymptomatic aortic stenosis. N Engl J Med 2000;343:611–7.
69. Roman MJ, Devereux RB, Niles NW, et al. Aortic root dilatation as
a cause of isolated, severe aortic regurgitation. Prevalence, clinical and
echocardiographic patterns, and relation to left ventricular hypertrophy and function. Ann Intern Med 1987;106:800 –7.
70. Roberts WC, Morrow AG, McIntosh CL, Jones M, Epstein SE.
Congenitally bicuspid aortic valve causing severe, pure aortic regurgitation without superimposed infective endocarditis. Analysis of 13
patients requiring aortic valve replacement. Am J Cardiol 1981;47:
206 –9.
71. Pachulski RT, Chan KL. Progression of aortic valve dysfunction in
51 adult patients with congenital bicuspid aortic valve: assessment
and follow up by Doppler echocardiography. Br Heart J 1993;69:
237– 40.
72. Braverman AC, Guven H, Beardslee MA, Makan M, Kates AM,
Moon MR. The bicuspid aortic valve. Curr Probl Cardiol 2005;30:
470 –522.
73. Beroukhim RS, Kruzick TL, Taylor AL, Gao D, Yetman AT.
Progression of aortic dilation in children with a functionally normal
bicuspid aortic valve. Am J Cardiol 2006;98:828 –30.
74. Gurvitz M, Chang RK, Drant S, Allada V. Frequency of aortic root
dilation in children with a bicuspid aortic valve. Am J Cardiol
2004;94:1337– 40.
75. Ciotti GR, Vlahos AP, Silverman NH. Morphology and function of
the bicuspid aortic valve with and without coarctation of the aorta in
the young. Am J Cardiol 2006;98:1096 –102.
76. Holmes KW, Lehmann CU, Dalal D, et al. Progressive dilation of
the ascending aorta in children with isolated bicuspid aortic valve.
Am J Cardiol 2007;99:978 – 83.
77. Dore A, Brochu MC, Baril JF, Guertin MC, Mercier LA. Progressive dilation of the diameter of the aortic root in adults with a
bicuspid aortic valve. Cardiol Young 2003;13:526 –31.
78. Shimada I, Rooney SJ, Pagano D, et al. Prediction of thoracic aortic
aneurysm expansion: validation of formulae describing growth. Ann
Thorac Surg 1999;67:1968 –70, discussion 1979 – 80.
79. Nkomo VT, Enriquez-Sarano M, Ammash NM, et al. Bicuspid
aortic valve associated with aortic dilatation: a community-based
study. Arterioscler Thromb Vasc Biol 2003;23:351– 6.
80. Morgan-Hughes GJ, Roobottom CA, Owens PE, Marshall AJ.
Dilatation of the aorta in pure, severe, bicuspid aortic valve stenosis.
Am Heart J 2004;147:736 – 40.

JACC Vol. 55, No. 25, 2010
June 22, 2010:2789–800
81. Cecconi M, Manfrin M, Moraca A, et al. Aortic dimensions in
patients with bicuspid aortic valve without significant valve dysfunction. Am J Cardiol 2005;95:292– 4.
82. Thanassoulis G, Yip JW, Filion K, et al. Retrospective study to
identify predictors of the presence and rapid progression of aortic
dilatation in patients with bicuspid aortic valves. Nat Clin Pract
Cardiovasc Med 2008;5:821– 8.
83. Della Corte A, Bancone C, Quarto C, et al. Predictors of ascending
aortic dilatation with bicuspid aortic valve: a wide spectrum of disease
expression. Eur J Cardiothorac Surg 2007;31:397– 404, discussion
404 –5.
84. Schaefer BM, Lewin MB, Stout KK, Byers PH, Otto CM. Usefulness of bicuspid aortic valve phenotype to predict elastic properties of
the ascending aorta. Am J Cardiol 2007;99:686 –90.
85. Keane MG, Wiegers SE, Plappert T, Pochettino A, Bavaria JE,
Sutton MG. Bicuspid aortic valves are associated with aortic dilatation out of proportion to coexistent valvular lesions. Circulation
2000;102:III35–9.
86. Novaro GM, Tiong IY, Pearce GL, Grimm RA, Smedira N, Griffin
BP. Features and predictors of ascending aortic dilatation in association with a congenital bicuspid aortic valve. Am J Cardiol 2003;92:
99 –101.
87. Roberts CS, Roberts WC. Dissection of the aorta associated with
congenital malformation of the aortic valve. J Am Coll Cardiol
1991;17:712– 6.
88. David TE, Armstrong S, Ivanov J, Webb GD. Aortic valve sparing
operations: an update. Ann Thorac Surg 1999;67:1840 –2, discussion
1853– 6.
89. Guntheroth WG. A critical review of the American College of
Cardiology/American Heart Association practice guidelines on bicuspid aortic valve with dilated ascending aorta. Am J Cardiol
2008;102:107–10.
90. Pape LA, Tsai TT, Isselbacher EM, et al., on behalf of International
Registry of Acute Aortic Dissection (IRAD) Investigators. Aortic
diameter ⬎ or ⫽ 5.5 cm is not a good predictor of type A aortic
dissection: observations from the International Registry of Acute
Aortic Dissection (IRAD). Circulation 2007;116:1120 –7.
91. Russo CF, Mazzetti S, Garatti A, et al. Aortic complications after
bicuspid aortic valve replacement: long-term results. Ann Thorac
Surg 2002;74:S1773– 6, discussion S1792–9.
92. Davies RR, Gallo A, Coady MA, et al. Novel measurement of
relative aortic size predicts rupture of thoracic aortic aneurysms. Ann
Thorac Surg 2006;81:169 –77.
93. Svensson LG, Kim KH, Lytle BW, Cosgrove DM. Relationship of
aortic cross-sectional area to height ratio and the risk of aortic
dissection in patients with bicuspid aortic valves. J Thorac Cardiovasc
Surg 2003;126:892–3.
94. Nistri S, Grande-Allen J, Noale M, et al. Aortic elasticity and size in
bicuspid aortic valve syndrome. Eur Heart J 2008;29:472–9.
95. Friedman T, Mani A, Elefteriades JA. Bicuspid aortic valve: clinical
approach and scientific review of a common clinical entity. Expert
Rev Cardiovasc Ther 2008;6:235– 48.
96. Boyer JK, Gutierrez F, Braverman AC. Approach to the dilated
aortic root. Curr Opin Cardiol 2004;19:563–9.
97. Matura LA, Ho VB, Rosing DR, Bondy CA. Aortic dilatation and
dissection in Turner syndrome. Circulation 2007;116:1663–70.
98. Nishimura RA, Carabello BA, Faxon DP, et al. ACC/AHA 2008
guideline update on valvular heart disease: focused update on infective
endocarditis: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines.
J Am Coll Cardiol 2008;52:676 – 85.
99. Roman MJ, Devereux RB, Kramer-Fox R, O’Loughlin J. Twodimensional echocardiographic aortic root dimensions in normal
children and adults. Am J Cardiol 1989;64:507–12.
100. Johnston KW, Rutherford RB, Tilson MD, Shah DM, Hollier L,
Stanley JC. Suggested standards for reporting on arterial aneurysms.
Subcommittee on Reporting Standards for Arterial Aneurysms, Ad
Hoc Committee on Reporting Standards, Society for Vascular
Surgery and North American Chapter, International Society for
Cardiovascular Surgery. J Vasc Surg 1991;13:452– 8.
101. Grotenhuis HB, Ottenkamp J, Westenberg JJ, Bax JJ, Kroft LJ, de
Roos A. Reduced aortic elasticity and dilatation are associated with
aortic regurgitation and left ventricular hypertrophy in nonstenotic
bicuspid aortic valve patients. J Am Coll Cardiol 2007;49:1660 –5.

Siu and Silversides
Bicuspid Aortic Valve Disease

2799

102. Tzemos N, Lyseggen E, Silversides C, et al. Endothelial function,
carotid-femoral stiffness, and plasma matrix metalloproteinase-2 in
men with bicuspid aortic valve and dilated aorta. J Am Coll Cardiol
2010;55:660 – 8.
103. Bergler-Klein J, Klaar U, Heger M, et al. Natriuretic peptides predict
symptom-free survival and postoperative outcome in severe aortic
stenosis. Circulation 2004;109:2302– 8.
104. Gerber IL, Stewart RA, Legget ME, et al. Increased plasma
natriuretic peptide levels reflect symptom onset in aortic stenosis.
Circulation 2003;107:1884 –90.
105. Weber M, Hausen M, Arnold R, et al. Diagnostic and prognostic
value of N-terminal pro B-type natriuretic peptide (NT-proBNP) in
patients with chronic aortic regurgitation. Int J Cardiol 2008;127:
321–7.
106. Golledge J, Tsao PS, Dalman RL, Norman PE. Circulating markers
of abdominal aortic aneurysm presence and progression. Circulation
2008;118:2382–92.
107. Shores J, Berger KR, Murphy EA, Pyeritz RE. Progression of aortic
dilatation and the benefit of long-term beta-adrenergic blockade in
Marfan’s syndrome. N Engl J Med 1994;330:1335– 41.
108. Gersony DR, McClaughlin MA, Jin Z, Gersony WM. The effect of
beta-blocker therapy on clinical outcome in patients with Marfan’s
syndrome: a meta-analysis. Int J Cardiol 2007;114:303– 8.
109. Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 2006
guidelines for the management of patients with valvular heart disease:
a report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines (Writing Committee
to Revise the 1998 Guidelines for the Management of Patients with
Valvular Heart Disease). J Am Coll Cardiol 2006;48:e1–148.
110. Nagashima H, Sakomura Y, Aoka Y, et al. Angiotensin II type 2
receptor mediates vascular smooth muscle cell apoptosis in cystic
medial degeneration associated with Marfan’s syndrome. Circulation
2001;104:I282–7.
111. Brooke BS, Habashi JP, Judge DP, Patel N, Loeys B, Dietz HC 3rd.
Angiotensin II blockade and aortic-root dilation in Marfan’s syndrome. N Engl J Med 2008;358:2787–95.
112. Stewart BF, Siscovick D, Lind BK, et al. Clinical factors associated
with calcific aortic valve disease. Cardiovascular Health Study. J Am
Coll Cardiol 1997;29:630 – 4.
113. Rosenhek R, Rader F, Loho N, et al. Statins but not angiotensinconverting enzyme inhibitors delay progression of aortic stenosis.
Circulation 2004;110:1291–5.
114. Moura LM, Ramos SF, Zamorano JL, et al. Rosuvastatin affecting
aortic valve endothelium to slow the progression of aortic stenosis.
J Am Coll Cardiol 2007;49:554 – 61.
115. Cowell SJ, Newby DE, Prescott RJ, et al. A randomized trial of
intensive lipid-lowering therapy in calcific aortic stenosis. N Engl
J Med 2005;352:2389 –97.
116. Roberts WC, Ko JM. Frequency by decades of unicuspid, bicuspid,
and tricuspid aortic valves in adults having isolated aortic valve
replacement for aortic stenosis, with or without associated aortic
regurgitation. Circulation 2005;111:920 –5.
117. Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008
guidelines for the management of adults with congenital heart disease: a
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee to
Develop Guidelines on the Management of Adults With Congenital
Heart Disease). J Am Coll Cardiol 2008;52:e1–121.
118. Moore P, Egito E, Mowrey H, Perry SB, Lock JE, Keane JF.
Midterm results of balloon dilation of congenital aortic stenosis:
predictors of success. J Am Coll Cardiol 1996;27:1257– 63.
119. McCrindle BW, for the Valvuloplasty and Angioplasty of Congenital
Anomalies (VACA) Registry Investigators. Independent predictors
of immediate results of percutaneous balloon aortic valvotomy in
children. Am J Cardiol 1996;77:286 –93.
120. Rosenfeld HM, Landzberg MJ, Perry SB, Colan SD, Keane JF, Lock
JE. Balloon aortic valvuloplasty in the young adult with congenital
aortic stenosis. Am J Cardiol 1994;73:1112–7.
121. Rao V, Van Arsdell GS, David TE, Azakie A, Williams WG. Aortic
valve repair for adult congenital heart disease: a 22-year experience.
Circulation 2000;102:III40 –3.
122. Novaro GM, Griffin BP. Congenital bicuspid aortic valve and rate of
ascending aortic dilatation. Am J Cardiol 2004;93:525– 6.

2800

Siu and Silversides
Bicuspid Aortic Valve Disease

123. Ferencik M, Pape LA. Changes in size of ascending aorta and aortic
valve function with time in patients with congenitally bicuspid aortic
valves. Am J Cardiol 2003;92:43– 6.
124. La Canna G, Ficarra E, Tsagalau E, et al. Progression rate of
ascending aortic dilation in patients with normally functioning
bicuspid and tricuspid aortic valves. Am J Cardiol 2006;98:249 –53.
125. David TE, Omran A, Ivanov J, et al. Dilation of the pulmonary
autograft after the Ross procedure. J Thorac Cardiovasc Surg 2000;
119:210 –20.
126. Hameed A, Karaalp IS, Tummala PP, et al. The effect of valvular
heart disease on maternal and fetal outcome of pregnancy. J Am Coll
Cardiol 2001;37:893–9.
127. Silversides CK, Colman JM, Sermer M, Farine D, Siu SC. Early and
intermediate-term outcomes of pregnancy with congenital aortic
stenosis. Am J Cardiol 2003;91:1386 –9.
128. Yap SC, Drenthen W, Pieper PG, et al. Risk of complications during
pregnancy in women with congenital aortic stenosis. Int J Cardiol
2008;126:240 – 6.
129. Tzemos N, Silversides CK, Carasso S, Rakowski H, Siu SC. Effect of
pregnancy on left ventricular motion (twist) in women with aortic
stenosis. Am J Cardiol 2008;101:870 –3.

JACC Vol. 55, No. 25, 2010
June 22, 2010:2789–800
130. Tzemos N, Silversides CK, Colman JM, et al. Late cardiac outcomes
after pregnancy in women with congenital aortic stenosis. Am Heart J
2009;157:474 – 80.
131. Lambert EC, Menon VA, Wagner HR, Vlad P. Sudden unexpected
death from cardiovascular disease in children. A cooperative international study. Am J Cardiol 1974;34:89 –96.
132. Driscoll DJ, Edwards WD. Sudden unexpected death in children and
adolescents. J Am Coll Cardiol 1985;5:118B–121B.
133. Doyle EF, Arumugham P, Lara E, Rutkowski MR, Kiely B. Sudden
death in young patients with congenital aortic stenosis. Pediatrics
1974;53:481–9.
134. Graham TP Jr., Driscoll DJ, Gersony WM, Newburger JW, Rocchini A, Towbin JA. Task Force 2: congenital heart disease. J Am
Coll Cardiol 2005;45:1326 –33.
135. Bonow RO, Cheitlin MD, Crawford MH, Douglas PS. Task Force
3: valvular heart disease. J Am Coll Cardiol 2005;45:1334 – 40.

Key Words: bicuspid aortic valve y review y outcomes.

