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The aortic valve is a complex structure that relies on
coordinated interactions between its component parts. It is
now established that the cells within, and on the cusps, play
a key role in the optimal performance of the valve within the
unique mechanical environment in which it is required to
function. In the majority of individuals, the valve opens and
closes over 3 billion times without any significant problems.
The importance of the relationship between structure and
function is illustrated by the inability of a valve that has
structural malformations to function normally throughout
life. Valves that have only two valve functional cusps, as
opposed to the usual three, are associated with accelerated
disease and failure at a young age.
The presence of bicuspid aortic valves represents a significant issue, since they are estimated to occur in 1-2% of live
births. In addition to the development of stenotic disease at a
young age, the presence of a bicuspid valve is also associated
with diseases of the aorta. This special issue contains a
number of review articles and original manuscripts that
specifically address the issues related with bicuspid aortic
valves and associated dilatation of the ascending aorta.
The papers include two general reviews of the subject that
covers embryology, structure genetics of bicuspid valve formation, clinical aspects of bicuspid valves, and highlights of
where gaps in our knowledge exist. Subsequent contributions
focus more specifically on the morphology of bicuspid valves
and how diﬀerent valve configurations relate to diﬀerent
pathophysiological outcomes with regard to the defects in the
medial wall of the ascending aorta, dilation of the proximal
aorta, and their eﬀect on the flow patterns across the valve.
The association between the presence a bicuspid aortic valve
and thoracic aortic aneurysms is the subject of another paper.
Whiles these are two separate entities, they share common

developmental pathways. The paper sets out to explore
how these shared genetic pathways can manifest individual
patient populations. The management of the patients with a
bicuspid aortic valve, aortic aneurysms, or both, represents a
specific clinical challenge. These challenges are assessed with
regard to the anatomical diﬀerences in the phenotype of the
bicuspid valve, the pathophysiology, and natural history of
the patients.
In addition to the review articles on the bicuspid valve
and aortic aneurysms, this issue also contains papers that
present original data. S. A. Mohamed et al. examine the
expression of nitric oxide synthase in aortic aneurysms from
patients with bicuspid and tricuspid valves. The regional
diﬀerences reported on nitric oxide synthase expression in
the two groups suggest dysregulation of the nitric oxide
system in patients with bicuspid aortic valves. This study
is of interest due to the reported incidence of bicuspid
valve formation in mice lacking the endothelial nitric oxide
synthase gene. The second original study by J. Benedik et al.
examines parameters relating to thickness of the aortic wall,
diameters at diﬀerent regions of the aortic root wall, and the
cohesion of the aortic wall of 190 patients undergoing valve
surgery. While some diﬀerences existed in the geometry of
the aortic root and wall thickness, they report no diﬀerence
in the tensile strength curves between bicuspid and tricuspid
valves, suggesting that the pathology of the aorta and valve is
unrelated.
The only current treatment for individuals who develop
disease in their bicuspid valve or aortic aneurysms remains
surgical repair or replacement of the valve and or aorta. The
current guidelines for treatment, and importantly when to
treat asymptomatic patients, are reviewed by C. D. Etz et al.
in the last paper of this issue.
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The papers in this issue are a reflection of the different areas of research and treatment that are pertinent
to understanding the development and functional consequences of having a bicuspid aortic valve. Additional studies
are required to understand the genetics of this condition
and why bicuspid valves have an association with aortic
aneurysms. Ultimately, this will lead to more eﬀective
treatment of patients aﬀected with these conditions.
Martin Misfeld
Ani C. Anyanwu
Adrian H. Chester
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The bicuspid aortic valve is the most common congenital cardiac anomaly in developed nations. The abnormal bicuspid
morphology of the aortic valve results in valvular dysfunction and subsequent hemodynamic derangements. However, the clinical
presentation of bicuspid aortic valve disease remains quite heterogeneous with patients presenting from infancy to late adulthood
with variable degrees of valvular stenosis and insuﬃciency and associated abnormalities including aortic coarctation, hypoplastic
left heart structures, and ascending aortic dilatation. Emerging evidence suggests that the heterogeneous presentation of bicuspid
aortic valve phenotypes may be a more complex matter related to congenital, genetic, and/or connective tissue abnormalities.
Optimal management of patients with BAV disease and associated ascending aortic aneurysms often requires a thoughtful
approach, carefully assessing various risk factors of the aortic valve and the aorta and discerning individual indications for
ongoing surveillance, medical management, and operative intervention. We review current concepts of anatomic classification,
pathophysiology, natural history, and clinical management of bicuspid aortic valve disease with associated ascending aortic
aneurysms.

1. Introduction
The bicuspid aortic valve (BAV) is the most common
congenital cardiac anomaly in developed nations. It has been
presumed that the bicuspid morphology of BAV disease
is largely responsible for valvular dysfunction and subsequent hemodynamic derangements. However, the clinical
presentation of BAV disease remains quite heterogeneous
with patients presenting from infancy to late adulthood
with predominantly aortic stenosis, aortic insuﬃciency,
or mixed lesions and variable associated abnormalities
including hypoplastic left heart structures, aortic coarctation, and ascending aortic aneurysms. Emerging evidence suggests that the heterogeneous presentation of BAV
phenotypes may be a more complex matter related to
congenital, genetic, and/or connective tissue abnormalities.

Currently, the etiology of aortic dilatation in patients
with BAV disease remains unclear and as a result, management of these aortic aneurysms remains controversial.
Optimal management of patients with BAV disease
and associated ascending aortic aneurysms often requires a
thoughtful approach, carefully assessing various risk factors
of the aortic valve and the aorta and discerning individual
indications for ongoing surveillance, medical management,
and operative intervention. Current guidelines recommend
prophylactic replacement of the ascending aorta in patients
with specific risk factors; however, the extent of the aortic
resection remains debated. We review current concepts of
anatomic classification, pathophysiology, natural history,
and clinical management of BAV disease with associated
ascending aortic aneurysms.
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Table 1: Prevalence of BAV in previously published investigations.

Author(s)
Lewis and Grant [1]
Wauchope [2]

Study population (n)

BAV prevalence (%) Male : female Study type

215
9966 (6124 males, 3842 females)

1.39
0.5

3:1
3:1

Necropsy
Necropsy

Roberts [3]

1,440

0.9

3:1

Necropsy

Larson and Edwards [4]

21,417

1.37

—

Necropsy

Datta et al. [5]

8,800

0.59

11 : 1

Necropsy

2,000 (1,499 males, 501 females)

0.65

All males

Necropsy

Basso et al. [7]

817 (400 males, 417 females)

0.5

3:1

2D TTE

Tutar et al. [8]

1,075 (567 males, 508 females)

0.46

4:1

2D TTE

Nistri et al. [9]

20,946 (all males)

0.8

N/A

2D TTE

Pauperio et al. [6]

Age
(mean ± SD)
—
33.6 ± 20.1
46
(15–79 years)
—
35.5
(8–70 years)
40.5 ± 20.4
(3 mo–68 years)
Primary school children
Gestational age
38.2 ± 1.9 weeks
18 ± 2 years

2. Prevalence
It is commonly accepted that bicuspid aortic valve disease
has a prevalence of 1 to 2% in the general population
with between a 2 : 1 and 4 : 1 predilection for males : females
[1–10] (Table 1). In the largest necropsy study to date,
21 000 individuals were examined and bicuspid aortic valves
were present in 569 (1.4%) [2]. However, necropsy studies
may underestimate the true prevalence due to selection
and misclassification bias. More recently, in a screening
transthoracic echocardiography study of 1075 newborns, the
incidence of BAV was determined to be 4.6 in every 1000 live
births [4], with a 4 : 1 male : female ratio.

3. Anatomy of the BAV
3.1. Embryology. The exact cause and mechanism responsible for the development of the BAV is uncertain. The
hemodynamic moulding theory suggests that decreased
blood flow through the valve during development resulted
in a failure of the leaflets to separate; however, there is
limited evidence to support this theory. Another popular
explanation has been a genetic abnormality, though current
studies have been unable to consistently determine specific
genetic defects associated with BAV disease.
Fernández and associates [10] studied aortic valve development in inbred Syrian hamsters and endothelium nitric
oxide synthase (eNOS−/− ) knockout mice, both of which
have a high prevalence of BAV [11, 12]. Using histological
sections, this group was able to show that the most common
BAV morphologies were a result of two separate developmental defects. Fusion of the left- and right-coronary cusps in
the Syrian hamsters was a result of extra fusion of the septal
and parietal ridges and subsequent defective outflow tract
septation. The posterior cushion developed normally and
became the posterior cusp, as in the normal AV. Formation
of an BAV in the eNOS−/− mice was a result of fusion
of the posterior intercalated cushion with the septal ridge
followed by normal outflow tract septation, leading to fusion

Figure 1: Photograph of surgically excised bicuspid aortic valve,
demonstrating severe calcific stenosis. The left (L) and right (R)
cusps are fused with a prominent calcified raphe, opposed to a
calcified noncoronary cusp (N).

of the right and noncoronary cusps. These novel findings
demonstrated that, at least in animal models, diﬀerent
BAV morphologies are the result of diﬀerent developmental
processes. If this process is similar in humans, it may help to
explain the heterogeneous nature of BAV disease.
More recently, Sans-Coma and colleagues [13] were able
to demonstrate that a continuum of aortic valve morphologies, ranging from normal tricuspid valves to pure bicuspid
valves, could develop in genetically alike Syrian hamsters.
This finding suggests that factors other than genetics may
play a role in the development of the BAV.
3.2. Classification of BAV. The bicuspid aortic valve is often
identified by an abnormally large aortic valve cusp with a
prominent raphe in an area of cuspal fusion. Fusion of the
left-coronary and right-coronary cusps is the most common
morphology reported in over 60% of BAV cases (Figure 1).
Fusion of the right-coronary and noncoronary cusps occurs
in 15–25% of cases, while fusion of the left-coronary and
noncoronary cusps is quite rare, occurring in less than 5%
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Table 2: Fazel-Stanford clusters.

Cluster
I
II
III
IV

Extent of aortic dilatation
Aortic root alone (13%)
Tubular ascending aorta alone (14%)
Tubular ascending aorta and arch (28%)
Aortic root, tubular ascending aorta, and transverse arch (45%)

of individuals with BAV [14–19]. The interleaflet triangle
between the two fused cusps is usually much smaller than
normal and can lead to decreased mobility of the cusp [20].
Abnormal creasing of the anomalous cusp during the cardiac
cycle is also common [21].
Three major classification schemes of BAV disease have
been described to create a common language for diagnosis,
prognosis, and surgical planning. Sievers and Schmidtke [22]
described a detailed anatomic classification in 2007 based on
pathologic examination. According to this nosology, BAV has
two functional cusps forming the valve mechanism with less
than three zones of parallel apposition between cusps. The
valves are categorized according to the number of raphes
present (e.g., 0, 1, or 2) and by the spatial orientation of
the cusps and location of the raphe(s). The valves are further
subcategorized by function-normal, insuﬃcient, stenotic, or
“balanced” (both moderate stenosis and insuﬃciency). The
most common type of BAV by the Sievers’ classification
is type 1, L-R, S, indicating one raphe between the leftand right-coronary cusps with a hemodynamically predominance of stenosis (Figure 1).
Recognizing associated aortic dilatation in BAV disease,
Schaefer and colleagues [18] proposed an integrated classification system based on both cusp fusion and root shape. The
cusp fusion classification system is similar to other groups;
however, they also described three distinct aortic root shapes
termed type N, type A, and type E. In type N “normal” roots,
the sinus diameter is greater than that of the sinotubular
junction diameter and greater than or equal to the ascending
aortic diameter. In Type A “ascending dilatation” roots, the
sinus diameter is greater than that of the STJ diameter and
less than the diameter of the ascending aorta. Finally in Type
E “eﬀaced” roots, the diameter at the level of the aortic
sinuses is equal to or less than the diameter of the STJ. In this
series, patients with fusion of the L-R coronary cusps, most
commonly presented with Type N root anatomy while those
with fusion of the right-coronary and noncoronary cusps
were more likely to have a Type A root anatomy. The Type
E root anatomy was found in 5% of patients with L-R cusp
fusion and 14% of patients with R-N cusp fusion.
Fazel and coworkers [23] from Stanford, CA, USA analyzed 64 BAV patients and described four distinct patterns of
aneurysmal aortic involvement (Table 2). Cluster I involved
aortic root dilatation alone, cluster II involved dilatation
of the tubular ascending aorta alone, cluster III involved
dilatation of the tubular ascending aorta and aortic arch,
and cluster IV involved dilatation of the aortic root, tubular
ascending aorta with tapering across the transverse arch.
Seventy-three percent of the patients had involvement of the
aortic arch (clusters III and IV) (Figure 2). Recently, two new

Extent of aortic replacement
Aortic root
Supracommissural ascending aorta
Supracommissural ascending aorta and transverse arch
Aortic root, ascending aorta, and transverse arch

Figure 2: Computed tomography of a patient with a bicuspid aortic
valve and aneurysmal dilatation of the aortic root, ascending aorta,
and transverse aortic arch (Stanford cluster IV).

clusters Ia (STJ-preserved) and Ib (STJ-dilated) have been
reported [24]. These distinct patterns of aortic involvement
reinforce the need for an individualized, custom-tailored
degree of ascending aortic and arch replacement in patients
with bicuspid aortopathy.
3.3. Pathophysiology. BAV disease can present with various hemodynamic derangements including stenosis, insufficiency, and mixed presentations. The predominant hemodynamic lesion in BAV disease may be related to the age of
presentation, cuspal fusion patterns, and flow dynamics. In
the elderly population, aortic stenosis is the most common
presentation aﬀecting 75% patients undergoing surgery for
BAV disease, while insuﬃciency is the reason for intervention
in only 13–16% of BAV patients [15, 25]. In infancy, aortic
stenosis is much more common than insuﬃciency in BAV
disease where approximately 80–95% of cases of aortic
stenosis detected in early life can be attributed to a bicuspid
or unicuspid valve [26, 27].
There has been some suggestion that certain BAV morphologies are more highly correlated to the presence of either
a stenotic or regurgitant lesion. In a study of 569 pediatric
patients with isolated BAV, significant aortic stenosis was
more than twice as likely in patients with fusion of the
right-coronary and noncoronary cusps, whereas fusion of
the left-coronary and noncoronary cusps had no association
with aortic stenosis [14]. Fusion of the right-coronary and
noncoronary cusps also had a twofold higher odds of having
at least moderate aortic regurgitation. This may suggest
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Figure 3: (a) Transesophageal echocardiogram demonstrating a bicuspid aortic valve in short-axis view, with left-right coronary cuspal
fusion (Sievers’ classification type 1, L-R, insuﬃcient), and moderate-severe aortic insuﬃciency on colour flow Doppler (not shown). (b)
Transesophageal echocardiogram demonstrating a dilated aortic root and ascending aorta in long-axis view along with a bicuspid aortic
valve.

that right-coronary and noncoronary cusp fusion may have
worse long-term prognosis because of more hemodynamically significant lesions. Interestingly, these morphological
correlations to specific lesions seem to disappear in the
adult population [16, 17] perhaps because of their earlier
age of presentation. In adults with BAV, progression of AS
appears to progress more rapidly in patients with cusps in
the anteroposterior position or left- and right-coronary cusp
fusion [28].
In the normally functioning tricuspid aortic valve, the
aortic cusps are relatively similar in size, opening into
their respected sinuses during systole, and coapting equally
during diastole to equalize pressure dynamics across the
aortic root. In the BAV, aortic cusps often do not fully
open [21] and coaptation is often eccentric [29]. Together,
these abnormalities can produce an elliptical orifice area
and flow turbulence, perhaps predisposing to early valve
degeneration and calcification leading to clinically significant
AS (Figure 1), up to a decade earlier than individuals with
tricuspid aortic valves [30]. Echocardiographic studies have
shown that in BAV patients, cuspal sclerosis typically begins
in the second decade of life while calcification is prominent
in most middle-aged patients [28]. This early degeneration
may be related to more aggressive inflammatory changes
of the aortic valve, characterized by increased macrophage
infiltration and neovascularization [31].
Aortic insuﬃciency in BAV disease is often mild to
moderate in severity and concurrent with aortic stenosis,

although predominant insuﬃciency can occur. Development
of AI can be attributed to several diﬀerent characteristics
of the BAV. Firstly, as a result of diﬀerences in leaflet
dimensions, 15–20% of all BAVs have incomplete closure
[32]. Redundancy in the fused leaflet also predisposes
the BAV to cuspal prolapse leading to the onset of AI
[33] (Figure 3(a)). Furthermore, dilatation of the aortic
root and sinotubular junction are common traits of BAV
disease (Figure 3(b)). This dilatation is often progressive
and can lead to deterioration of valvular function. Studies
have shown a 36% decrease in coaptation height and a
41% decrease in contact pressure [29] between leaflets in
BAV, both of which are likely to be further exacerbated
by dilatation of the aortic root and sinotubular junction.
Isolated severe insuﬃciency is relatively uncommon in the
setting of BAV and when present, is often related to infective
endocarditis [34, 35].
3.4. Associated Abnormalities. Bicuspid aortic valves do not
always present in isolation and are commonly associated with
other congenital cardiovascular defects. The most robust
association occurs with coarctation of the aorta, where
up to 3/4 of individuals with aortic coarctation also have
coexistent BAV [36, 37]. In this specific BAV population,
there appears to be a preponderance of morphological fusion
of the left-coronary and right-coronary cusps [14, 19].
Bicuspid aortic valves are also more commonly linked to
other left-sided obstructive lesions including interrupted
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aortic arch [38], Shone’s complex [39], and hypoplastic left
heart syndrome [40–42]. Other congenital lesions associated
with BAV include patent ductus arteriosus, ventricular septal
defect, and atrial septal defects. Several studies have also,
noted variations in the coronary anatomy in patients with
BAV with an increased prevalence of left dominant coronary
circulation and shorter left main coronary arteries [43–46].

4. BAV and Aortic Aneurysms
Recently, there has been increasing recognition of the association between BAV and ascending aortic dilatation (Figures
2 and 4). Abbott was the first to suggest a link between
bicuspid aortic valves and ascending aortic aneurysms in
1928 [47] and indeed one of the most consistent findings
in BAV is dilation of the ascending aorta, even in the
absence of clinically significant valvular dysfunction [48,
49]. Dilatation of the ascending aorta represents a key risk
factor for dissection and rupture, both of which are major
causes of morbidity and mortality. Some of the earliest
observational studies suggested a ninefold increased risk of
aortic dissection in these individuals [2, 50, 51]. However,
the generalizability of these data is limited by the fact that it
was based on necropsy findings. More recent investigations
suggest that while the risk of dissection in patients with BAV
disease is higher than the general population, it is lower than
originally postulated [52, 53]. Dilatation of the aortic root
and proximal ascending aorta is one of the most common
nonvalvular finding in patients with BAV disease with an
incidence between 30 and 70% [54–57]. It appears that the
morphology of the BAV may also be predictive of the location
and type of dilatation of the aorta. Compared to patients
with fusion of the R-N cusps, patients with fusion of the
L-R cusps typically present with larger annular and sinus
dimensions and smaller arch diameters. The diameter at
the level of the STJ and ascending aorta is similar in both
morphologies [17, 18].

5. Pathophysiology of Aneurysmal
Dilatation in BAV
5.1. Hemodynamic Theory. Hemodynamic derangements of
the BAV, including abnormal flow turbulence, poststenotic
dilatation, and increased stroke volumes of aortic insufficiency [21, 55, 58, 59], are believed to be the most
common cause for aneurysmal dilatation of the aortic
root and ascending aorta. As a result, aortic dilatation
begets more dilatation because of the larger aortic diameter,
decreased wall thickness, and overall increased wall tension
(Laplace’s law), which can ultimately result in catastrophic
aortic rupture, dissection, or death. Support for this theory
was provided by several studies which demonstrated an
association between significant valvular disease in BAV and
aortic root size [58, 59]. However, other investigations have
suggested that even patients without significant valvular
dysfunction have larger aortic diameters compared to those
with tricuspid AV [48, 49, 60]. While in the past, some
have used these findings to suggest that hemodynamic

Figure 4: Intraoperative photograph demonstrating the dilated
aortic root, ascending aorta, and proximal aortic arch (Stanford
cluster IV), measuring 68 mm in the largest dimension on preoperative computed tomography (not shown).

derangements are not the only cause of ascending aortic
aneurysms in patients with BAV, recent advances in medical
imaging techniques have allowed for further investigation
of the flow patterns in patients with bicuspid aortic valve
disease.
In a very interesting study by Hope et al. [61] using
4D flow MR imaging, distinct patterns of abnormal flow
were identified in patients with BAV even in the setting
of a “functionally normal” bicuspid valve. These findings
support the earlier work by Robicsek and colleagues [21] who
determined that the clinically normal bicuspid aortic valve
is in fact morphologically stenotic and produces eccentric
turbulent transvalvular flow. It is possible then that these
eccentric flow patterns may in turn lead to a diﬀerential
distribution of aortic wall shear stress and subsequent flowinduced vascular remodeling of the aortic wall [17]. The
group of Conti and associates [29] found a 36% increase
in longitudinal wall stress at the greater curvature of the
ascending aorta in patients with BAV disease compared
to those with tricuspid AV. More recently, Vergara and
associates [62] demonstrated similar diﬀerences in wall
stresses and flow in patients with BAV disease. These changes
seem to corroborate the greater degree of extracellular
matrix disarray, smooth muscle cell changes, and asymmetric
dilatation noted in patients with BAV [63–65]. There also
appears to be an increase in vascular smooth muscle cell
apoptosis in this particular region of the aorta [64, 66, 67].
5.2. Aortopathy
5.2.1. Medial Degeneration. Histological abnormalities of the
aortic media in patients with bicuspid aortic valve disease
are well documented [68]. Studies have demonstrated that
the aortic media above a bicuspid aortic valve are abnormal
regardless of valve function [69] and are also present in the
pulmonary trunk [70], lending support to the presence of an
underlying systemic disorder.
Many diﬀerent groups have confirmed the presence
of cystic medial necrosis (CMN) in patients with BAV
disease, which is characterized by vascular smooth muscle
cell (VSMC) loss in the absence of inflammation, elastic
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fiber fragmentation, and accumulation of basophilic ground
substance within cell-depleted areas of the ascending aortic
media [70, 71]. Importantly, cystic medial necrosis is the
underlying histological abnormality in ascending aortic
dilatation and dissection [72, 73].
High rates of VSMC apoptosis and medial degeneration
are present even in nondilated ascending aortas [72, 74],
which suggests an underlying abnormality in patients with
BAV. The convexity of the aorta is especially prone to high
rates of VSMC apoptosis [64, 66, 67] as well as medial degeneration [75] which may explain the higher incidence of aortic
dilatation in this region [29]. VSMC may play a crucial role
in remodeling of the aortic media by producing extracellular
matrix proteins including collagen, elastin, and fibrillin [66,
67]. Nataatmadja and colleagues [66] demonstrated defective
protein transport from VSMC to the extracellular matrix
leading to intracellular accumulation of fibrillin, fibronectin,
and tenascin in VSMC and decreased extracellular deposition
of fibrillin. This defect in protein transport may play a
role in the development of aortic aneurysms by resulting in
improper maintenance of the extracellular matrix and VSMC
apoptosis. This group proposes that the loss of VSMC is
the primary cause of aortic wall weakness in patients with
Marfan’s syndrome.
The histological changes seen in BAV appear to be part
of a continuum of aortopathy with aneurysms in tricuspid
aortic valves and Marfan’s patients representing the extremes.
The histological changes in BAV are similar, though less
severe than those found in patients with Marfan’s syndrome
[72]; however, they appear to be more severe and occur at an
early age than in patients with tricuspid AV [67].
5.2.2. Abnormal Fibrillin. Fibrillin-1 is a crucial component
of extracellular matrix that forms microfibrils with other
extracellular matrix molecules such as elastin [76]. These
fibrillin-rich microfibrils play a crucial role in maintaining
tissue elasticity by anchoring vascular smooth muscle cells
to elastin and collagen [77]. Abnormalities in the amount
of fibrillin-1 have been found in the aortic valve, aorta,
and pulmonary valve in patients with congenitally bicuspid
aortic valves [70]. Deficiencies of fibrillin-1 result in VSMC
detachment, matrix disruption, and apoptosis [78] and
ultimately results in a fragile aorta, less suited to deal
with stress associated with valvular dysfunction. Fedak et
al. also [79] found decreased levels of fibrillin-1 in both
the ascending aorta and the pulmonary trunk in patients
undergoing aortic surgery. Though this finding suggests that
the fibrillin deficiency may be a systemic issue, it is not
possible to determine whether it is the result of a primary
genetic defect. Mutations of the FBN1 gene, which encodes
fibrillin-1, are associated with the development of Marfan’s
syndrome. Patients with Marfan’s syndrome also commonly
develop ascending aortic aneurysms and have a higher than
normal prevalence of BAV.
5.2.3. Increased MMP Activity. Matrix metalloproteinases
(MMPs) are a large family of zinc-dependant endopeptidases
responsible for degradation of extracellular matrix. There
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is currently a growing body of evidence implicating these
MMPs in ascending aortic aneurysm formation. To date,
most studies have focused on MMP-2 and MMP-9 which
belong to a subclass of MMPs known as the gelatinases.
MMP-9 has been closely associated with the formation of
abdominal aortic aneurysms [80, 81] and more recently with
dilatation of the ascending aorta. Several studies have found
increased levels of MMP-9 in the aneurysmal ascending
aortas in patients with BAV [82, 83], while others have
found a significantly increased expression in aneurysmal
aortas in patients with tricuspid AV compared to patients
with BAV [84]. This seemingly contradictory data may be
a result of the exclusion of patients with comorbidities
such as atherosclerosis in the former two investigations. The
published data, although not definitive, are more consistent
with regard to levels of MMP-2 in aneurysmal ascending
aortas. Increased MMP-2 has been demonstrated in patients
with BAV compared to both control groups and tricuspid
AV groups [79, 84–87]. Increased turbulence, present even
in normally functioning BAV [61], has been shown to lead to
MMP-2 activation [88].
In the aortic media, MMP activity is regulated by the
presence of tissue inhibitors of matrix metalloproteinases
(TIMPs). It is no surprise then that increases in the
MMP : TIMP ratio may also play a role in aneurysm
formation in individuals with BAV disease. In a study of
surgically excised aortic valves, Wilton and colleagues [89]
were unable to find diﬀerences in the level of expression of
MMPs and TIMPs; however, they did find that there was a
significant diﬀerence in the ratio of MMP-2 to TIMP-1 in
patients with BAV compared to those with a tricuspid AV.
Similarly, Lemaire and associates found a significant increase
in MMP-2/TIMP-2 ratio in BAV aneurysms compared to
control aortas. A recent and very interesting investigation
by the group of Ikonomidis et al. [90] discovered that each
BAV morphology has a unique pattern of MMP and TIMP
activity. Their investigation revealed that individuals with
L-R morphology have an elevated MMP/TIMP score ratio,
suggesting that extracellular matrix degradation in these
patients may be more aggressive.
Unfortunately, many of the investigations were limited by
relatively small sample sizes and the inability to distinguish
whether or not abnormalities in MMP and TIMP activity
were causative or a result of aortic aneurysm development.
5.2.4. Genetics. Familial links have been identified in BAV
disease and suggest an autosomal dominant inheritance
pattern with reduced penetrance [96, 97]. BAV with concomitant ascending aortic dilatation also appears to be
transmitted with a similar inheritance pattern and is associated with a spectrum of left-sided obstructive lesions [98].
Unlike Marfan’s and Loeys-Dietz syndromes, both of which
can involve BAV and dilatation of the ascending aorta, no
causative gene for BAV disease has been identified. Recently,
it was discovered that a small number of patients with BAV
disease both with and without dilatation of the aorta possess
mutations of the NOTCH1 gene [99, 100]. The involvement
of NOTCH1 is a particularly interesting finding as NOTCH1
also plays a role in guiding neural crest migration during

Cardiology Research and Practice
valvulogenesis. Mutations of the NOTCH1 gene leading to
abnormalities in neural crest migration would explain the
involvement of the aortic root and ascending aorta in BAV
disease, as they are of the same neural crest cell derivatives.
As a result, surgical resection of the entire proximal aorta has
been rationalized in some patients with BAV and ascending
aortic aneurysms.
Another potential argument for the genetic theory for
aneurysm formation in the setting of BAV is the observed
late dilatation of the pulmonary autograft after the Ross
procedure. Since the aortic valve, proximal ascending aorta,
and pulmonary trunk are all derived from the same neural
crest cell lines [101], this could again potentially implicate
a genetic etiology. However, contrary to patients with
Marfan’s syndrome, reports have shown that dilatation of
the pulmonary trunk in situ is quite rare in patients with
BAV disease [101]. Adding further to the genetic argument,
Martin et al. [102] recently demonstrated that the aorta
and pulmonary artery are significantly larger in patients
with BAV and these measurements are traits that exhibit
significant heritability.

6. Aneurysm Growth
6.1. Rate of Growth. The rate of growth of the ascending
aorta in patients with BAV is slow, ranging from 0.2 to
1.9 mm per year [52, 56, 103–105]. In accordance with
Laplace’s Law, larger aortas have faster expansion rates [106–
108]. In one study, aortas with an initial diameter of 35 mm
to 40 mm had an expansion rate of 2.1 mm/year, whereas
aortic aneurysms of 6 cm or larger had expansion rates of
5.6 mm/year [107]. Some individuals in the aforementioned
studies showed either no growth or a decrease in aortic
diameter with time, exemplifying that estimation of aortic
dilatation is diﬃcult due to variability in image readings
[109], short follow-up periods, small sample sizes, and selection bias [72]. Acute aortic dissection should be suspected
when the thoracic aorta enlarges rapidly in a short period of
time [110].
6.2. Location of Growth. Dilatation of the aorta in BAV
disease most commonly occurs in the ascending aortic
segment; however, dilatation can occur anywhere between
the aortic root and the aortic isthmus [111]. This pattern of
aortic dilatation is thought to be related to the embryonic
derivation of these structures from the same neural crest
derivatives [70, 78, 112]. As previously mentioned, clusters of
thoracic aortic aneurysm morphology have been identified
in patients with BAV (Table 2).
6.3. Absolute Size Criteria versus Relative Sizes/Ratios. In
general, recent guidelines have recommended surgery for
patients with BAV and ascending aortic aneurysms of greater
than 50 mm in diameter [113]. Absolute size measurements
should be carefully acquired by computed tomography or
magnetic resonance imaging, within the axial plane of the
aorta to avoid overestimating aortic diameters. Mendoza et
al. suggest that using aortic size as determined from double
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oblique (DO) plane on CT is the most accurate method
of determining when patients meet the size criteria for
aortic surgery [114]. Echocardiography often measures the
inner diameter of the proximal and distal aorta and tends
to underestimate the actual aortic dimensions or misses
the largest extent of the distal ascending aorta all together.
Although not definitively validated, aortic size ratios and
indexes should be considered for adults with BAV and small
body size [71]. Elective aortic resection has been advocated
for BAV patients with aortic diameters >45 mm and either of
the following (Table 3):
(1) ratio of aortic area to body height >10 cm2 /m in
asymptomatic patients with well-functioning BAV, or
8-9 cm2 /m in symptomatic patients [115];
(2) ratio of aortic diameter to body surface area
>45 mm/m2 [116].
Higher ratios indicate >20% annual risk of aortic
dissection, rupture, and death.
Ergin et al. [91] also suggest employing age/body sizeadjusted formulae for determining the predicted aortic
dimensions at the level of the sinuses. This group recommends intervention on the aorta when the ratio of measured
diameter: predicted diameter is 1.4 or greater, in patients
with BAV.

7. Natural History of BAV and Ascending
Aortic Aneurysms
Aortic diameter appears to be a significant predictor of aortic
dissection, aortic rupture, and aorta-related death. From a
database of the International Registry of Aortic Dissection
of 1600 thoracic aortic aneurysms and dissections, aortas
>6 cm had annual rates of rupture, dissection, and aortarelated death of 3.6%, 3.7%, and 10.8%, respectively [92].
The cumulative rate of any of those events was 14.1%, more
than double the rate of adverse events for aortic aneurysms
between 5 and 6 cm (6.5%). BAV-associated ascending aortic
aneurysms dissect and rupture at a size range comparable
to that of aneurysms due to other etiologies [93, 115]. The
increased risk of rupture associated with BAV is due to a
higher prevalence and rate of aortic dilatation, which occurs
at a significantly younger age relative to idiopathic ascending
aortic aneurysms [30, 94, 103]. However, patients with BAV
clearly consist of a heterogeneous group, and diameter and
rate of growth alone are not the only factors contributing
to the increased risk of rupture. As we have previously
discussed, many patients with BAV likely possess tissue,
genetic, and molecular abnormalities which may contribute
to the increased risk of aneurysmal rupture and dissection in
patients with normal aortic dimensions.
Although original reports suggested that BAV disease
carries a 6.14% lifetime risk of aortic dissection, 9-fold
higher than the risk in the general population [94], more
recent investigations indicate dissection rates to be generally
low. In a community-based study, Michelena and colleagues
[52] followed 416 consecutive patients with confirmed BAV.
Two of 416 patients experienced aortic dissections during
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Table 3: Criteria for elective replacement of the ascending aorta in patients with BAV.

AHA/ACC guidelines
Class I
(1) Aortic diameter >5.0 cm
(Level of evidence: B)
(2) Aneurysm growth rate >0.5 cm/year
(Level of evidence: B)
(3) Aortic diameter >4.5 cm with concomitant indication for elective aortic valve repair/replacement
(Level of evidence: B)
Aortic size ratios and indexes
Aortic diameters >4.5 cm and either of the following:
(1) Ratio of aortic area to body height >10 cm2 /m in asymptomatic patients with well-functioning BAV, or 8-9 cm2 /m in
symptomatic patients [91]
(2) Ratio of aortic diameter to body surface area >4.5 cm/m2 [92]
Other criteria (unvalidated)
Aortic diameters >4.5 cm and any of the following:
(1) Aortic coarctation, corrected or uncorrected [93]
(2) First-degree relative with ascending aortic dissection or rupture
(3) Long smoking history, especially with COPD [94, 95]

a mean followup of 16 ± 7 years (3.1 cases per 10 000 patientyears). One of the patients who experienced aortic dissection
had a previous AVR, the other patient had moderate AS.
At the time of BAV diagnosis, 32 patients met the criteria
for aortic aneurysm (diameter >45 mm) and subsequently
underwent aortic surgery during followup (15 ± 6 years).
Of the 384 patients without aortic aneurysm at the time
of diagnosis, 49 developed aortic aneurysms and almost
half of these patients underwent elective aortic surgery.
No dissection occurred in individuals without an aortic
aneurysm at the time of diagnosis. Tzemos and colleagues
[53] have previously reported similar results in a series of
643 patients with confirmed BAV disease followed for an
average of 9 years. During followup, 142 (22%) required
ascending aorta or aortic valve intervention. Eleven of these
patients underwent intervention as a result of dilatation
of the ascending aorta. Aortic dissection (3 ascending, 2
descending) occurred in five patients (0.77%), two of which
resulted in death (1 preoperative, 1 postoperative). The
overall frequency of dissection was 0.1% per patient-year of
followup.
Although dissection rates in the current era are lower
than previously believed, they remain significantly higher
than in the general population. Consistent clinical followup
remains crucial in patients with BAV disease as approximately 10% of patients undergoing clinical surveillance for a
normally functioning BAV and aortic aneurysm will require
surgical intervention each year [95].
Fate of the Ascending Aorta after AVR. Persistent dilatation
of the ascending aorta in BAV disease due to hemodynamic
derangements should theoretically be relieved by AVR;

however, the evidence remains controversial. Published longterm data evaluating aortic events after AVR range from
quite adverse to seemingly benign [30, 53, 57, 117–121].
Borger and coworkers [118] evaluated 201 patients with BAV
who underwent AVR for an average of 10.3 ± 3.8 years.
They found a low prevalence of both subsequent aortic
dissection/rupture (0.5%) and sudden cardiac death (1.5%);
however, 18 (9%) patients required intervention on the
ascending aorta. A significant proportion of the individuals
undergoing aortic surgery also required concomitant AVR as
a result of structural valve deterioration, hence confounding
the primary determinant of reoperation. A very recent
investigation by Girdauskas et al. [119] demonstrated similar
and encouraging results in patients with BAV, AS, and mildto-moderate dilatation (40–50 mm) of the ascending aorta.
Freedom from aortic intervention was 97% and 94% at 10
and 15 years, respectively. No cases of aortic dissection or
rupture were document and ascending aortic surgery was
required in only five patients (3%) for progressive ascending
aortic aneurysm. Furthermore, this group found that in a
subgroup of patients with aortic insuﬃciency (n = 21),
the freedom from adverse aortic events was significantly
higher (P = 0.009) with 24% of patients experiencing an
adverse event, including aortic root aneurysm, acute type A
dissection, and sudden cardiac death. This finding is similar
to those of Yasuda and colleagues [120] who showed that
progression of aortic dilatation was greater (although not
statistically significant) in patients who underwent AVR for
BAV and associated AI. In this investigation; however, data
showed that all patients with BAV, regardless of operative
status, showed progressive dilatation of the aorta over time.
Unfortunately, this study had a very small patient population
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and excluded patients with dilatation of the ascending aorta
(>44 mm) at the time of intervention.
Perhaps the most worrisome data regarding the fate of
the ascending aorta after AVR was presented by Russo et al.
[121]. They followed 50 patients for an average of 19.5 ± 3.9
years after AVR and found high rates of rupture (10%), aortic
reoperations (6.0%), and sudden deaths (14%), suggesting
that an underlying condition was implicated in the formation
of aortic aneurysms in patients with BAV disease. In balance,
it is evident that significant conflicting evidence exists, as
we incompletely understand this heterogeneous disease and
aortic events after AVR for BAV disease cannot be clearly
predicted.

8. Nonoperative Management
8.1. β-Blockers. Halpern et al. were the first to suggest the
eﬃcacy of β-adrenergic blockers in slowing the dilatation
of the ascending aorta as a result of observations in a
small group of patients [122]. This preliminary report lead
to the landmark study by Shores et al. published in 1994
[123]. In this randomized trial of predominantly adolescent
participants, the patients treated with an individualized dose
of propranolol experienced aortic dilatation rates, one-third
of those patients in the control group. A significantly lower
incidence of clinical endpoints (16% versus 24%) was also
noted between experimental and control groups. Similar
results with respect to decreased rates of aortic dilatation
with β-blocker therapy have been confirmed by others, with
trends towards lower cardiac mortality and fewer aortic
dissections [124]. Generalizability of these studies is limited
by the small sample sizes of each trial and the fact that all
patients had Marfan’s syndrome. In contrast, a retrospective
investigation by Selamet Tierney and associates [125] found
no diﬀerence in the rate of aortic dilatation in patients
receiving β-blocker therapy compared to a control group.
The role of β-blocker therapy in the management of BAV
aortopathy has yet to be established.
8.2. Angiotensin Receptor Blockers. Angiotensin receptor
blockers (ARBs) have also been identified as potential therapeutic agents to combat progressive dilatation of the ascending aorta. Experimental mouse models with mutations of the
FBN-1 gene, treated with pre- or post-natal losartan, showed
no diﬀerence in aortic diameters compared to their wildtype littermates. Furthermore, elastic fragmentation was also
prevented by administration of losartan [126]. The slowed
progression of aneurysmal growth appears to be a result of
attenuation of TGF-β signaling in the aortic media. Losartan
has also been investigated in non-Marfan animal models
prone to aneurysmal disease. In these animals, angiotensin
1 (AT1) receptor antagonists reduced haemodynamic stress
and improved lifespan; however, the aortic media structure
was unaﬀected.
Due to the eﬃcacy of ARB treatment in animal models,
there is hope that losartan therapy may also attenuate
dilatation of the ascending aorta in human Marfan’s patients.
There are currently two ongoing clinical trials investigating
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the eﬃcacy of ARB therapy: the COMPARE trial [127]
in The Netherlands and Marfan Sartan trial in France
[128]. There is also an important ongoing Canadian trial
that is currently enrolling BAV patients (BAV Study) and
randomizing them to long-term β-blocker therapy (atenolol)
and/or ARB (telmisartan) to assess their eﬃcacy to reduce
aortic dilatation from baseline [129]. These study results will
hopefully provide much needed insight into the utility of
β-blocker or ARB treatment to reduce aortic dilatation and
hopefully aortic events in patients with BAV.

9. Operative Management
Surgical management of BAV disease with concomitant
ascending aortic aneurysm has often been treated with
a straightforward approach that addresses each problem
individually. However, because of the heterogeneous presentation of BAV disease and the gaps in knowledge of the
associated aneurysmal behavior and molecular characteristics, a thoughtful approach carefully assessing individual risk
factors of the aortic valve and aorta is required to determine
the most appropriate surgical intervention for optimal outcomes. Current guidelines of the European Society of Cardiology (ESC) [130] and the joint guidelines of the American
College of Cardiology (ACC)/American Heart association
(AHA) [113] recommend elective aortic repair in patients
with a proximal aortic diameter >45 mm and concomitant
indication for elective aortic valve repair/replacement. In
asymptomatic patients with well-functioning BAV, elective
repair is recommended for diameters ≥50 mm, if aneurysmal
dilatation is >5 mm/year, if the patient has a strong family
history of dissection/rupture/sudden death, or if pregnancy
is planned.
Judgment calls are often required to determine how
aggressive of a surgical strategy towards valve repair versus
replacement and how much aortic resection is necessary
to prevent late aneurysm recurrence. When the ascending
aorta is significantly dilated (>50 mm diameter), ascending
aortic replacement with a tube graft is commonly performed.
However, the challenging decision making often lies at the
proximal and distal ends of the aortic resection. Considering
the molecular and genetic research identifying abnormal
aortic wall tissue in BAV disease, do these abnormalities
manifest late complications in the aortic root or aortic arch
and should these segments of aorta be left behind following
aortic valve and ascending aorta replacement? The clinical
evidence that we presented to date is contradictory; however,
this must be interpreted with caution in the setting of the
mounting genetic and histologic evidence supporting a more
diﬀuse process aﬀecting at least the proximal aortic segments.
Practically, how aggressive should a surgical strategy be if the
proximal and distal aortic ends are dilated but do not reach
conventional criteria for operative resection (i.e., aortic root,
ascending aorta, and aortic arch measure 40 mm, 55 mm,
and 40 mm, resp.)? The surgeon must carefully weigh the
theoretical and perhaps uncertain long-term benefits of more
aggressive aortic resections versus the increased perioperative
risks of additional aortic root and aortic arch resections
(Figures 5(a) and 5(b)).
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(a)

(b)

Figure 5: (a) Intraoperative photograph demonstrating the aortic resection from the aortic valve to the aortic arch, utilizing the Peninsula
technique. (b) Intraoperative photograph demonstrating the reconstructed aortic root, ascending aorta, and aortic arch.

(a)

(b)

Figure 6: (a) Intraoperative photograph demonstrating the bicuspid aortic valve in situ with the raphe between the left- and right-coronary
cusps. (b) Intraoperative photograph demonstrating the results of the valve sparing aortic root replacement using the reimplantation
technique. The free margin of the conjoined cusp was plicated and the free margin of the nonconjoined cusp underwent a triangular
resection.

Since very little evidence exists to guide these operative
decisions, we advocate for an individualized approach tailoring the surgical procedure to provide the lowest perioperative
risk with the optimal long-term outcome. More aggressive
aortic resections are considered when patients have worrisome negative prognostic risk factors. These include history
of connective tissue disorders or other arterial aneurysms,
family history of aneurysms or aortic catastrophe, rapid
progression in aortic dilatation, associated cardiovascular
abnormalities, or significant aortic wall thinning or fragility
when identified intraoperatively.
As most patients with BAV disease and ascending aortic
aneurysms present with significant calcified aortic valve
stenosis, aortic valve replacement is commonly required.
Both AVR plus ascending aorta replacement and composite
aortic root replacement can be performed with excellent outcomes [131–133]. Zehr et al. [132] demonstrated excellent
outcomes in a series of 206 BAV patients undergoing the
modified Bentall procedure. Patients experienced low operative mortality (2.9%), and no patients required reoperation

of the aortic during followup (mean 5.9 years). Furthermore,
these patients also have life expectancies similar to those of
an age/sex matched population, leading some to suggest that
the modified Bentall may be an optimal surgical procedure in
patients with BAV. The modified Bentall may be an especially
attractive option when the surgeon has little experience with
valve-sparing techniques or when the valve is not suitable for
repair.
Aortic valve replacement relieves symptoms and
improves survival; however, it exposes patients to prosthesisrelated complications which may be more relevant in
BAV patients who tend to be younger at time of surgical
intervention. As a result, patients with noncalcified, mobile,
and predominantly insuﬃcient bicuspid aortic valve cusps
with cuspal orientation near 180◦ should be considered for
aortic valve sparing procedures. Aortic valve reimplantation
and aortic root remodeling techniques allow for native
valve preservation while simultaneously treating the aortic
root aneurysm (Figures 6(a), 6(b), and 7) and have been
performed with excellent results [134–138]. These aortic
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an improved appreciation for the heterogeneous phenotypic
presentations. Significant gaps in knowledge persist, making
optimal management of patients with bicuspid aortic valves
and associated aortic aneurysms challenging. Though many
patients will inevitably experience significant valvular dysfunction at some point during their lives, the fate of the
ascending aorta remains uncertain. The aortopathy associated with BAV disease certainly predisposes individuals to
aortic dilatation, aneurysm formation, and aortic dissection;
however, it appears that not all BAV aortas behave similarly.
Surgical planning should carefully account for negative
prognostic risk factors when addressing the bicuspid aortic
valve and ascending aorta and tailor operative strategies
to maximize long-term results with minimal perioperative
morbidity. In the future, specific genetic and molecular
markers may help to identify patients at highest risk for aortic
complications.
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Preventive surgical repair of the moderately dilated ascending aorta/aortic root in patients with bicuspid aortic valve (BAV) is
controversial. Most international reference centers are currently proposing a proactive approach for BAV patients with a maximum
ascending aortic/root diameter of 45 mm since the risk of dissection/rupture raises significantly with an aneurysm diameter
>50 mm. Current guidelines of the European Society of Cardiology (ESC) and the joint guidelines of the American College of
Cardiology (ACC)/American Heart Association (AHA) recommend elective repair in symptomatic patients with dysfunctional
BAV (aortic diameter ≥45 mm). In asymptomatic patients with a well-functioning BAV, elective repair is recommended for
diameters ≥50 mm, or if the aneurysm is rapidly progressing (rate of 5 mm/year), or in case of a strong family history of
dissection/rupture/sudden death, or with planned pregnancy. As diameter is likely not the most reliable predictor of rupture and
dissection and the majority of BAV patients may never experience an aortic catastrophe at small diameters, an overly aggressive
approach almost certainly will put some patients with BAV unnecessarily at risk of operative and early mortality. This paper
discusses the indications for preventive, elective repair of the aortic root, and ascending aorta in patients with a BAV and a
moderately dilated—or ectatic—ascending aorta.

1. Introduction: Brief History and
Epidemiology
Probably the first to ever visualize a bicuspid aortic valve
was Leonardo da Vinci during his studies on the geometric
characteristics of the human aortic valve 500 years ago—
as precisely documented by his drawings. William Osler—
one of the pioneers of modern medicine—was the first to
recognise the clinical relevance of the bicuspid geometry of
the aortic valve in 1886. Dr. Paget had described the liability
of bicuspid aortic valves to valve disease even earlier, in 1844,
before Peacock in 1858 recognised that BAVs have a particular tendency to develop stenosis and regurgitation. Since the
late 20th century BAV has been known as the most prevalent
congenital heart defect with an incidence of 1-2% [1].
In Germany, approximately 800,000 to 1,600,000 patients
are born with a bicuspid aortic valve and the majority is likely
to develop valve and/or ascending aortic/root complications

by the age of 70 [2, 3]. In only 20% of these patients the bicuspid aortic valve remains competent for a lifetime. The incidence of patients with bicuspid aortic valve among patients
requiring aortic valve surgery is approximately 30% [4, 5].
As opposed to their normal peers with a tricuspid
aortic valve, patients with BAV develop more severe valve
pathologies more rapidly, often times with the risk of progressive congestive heart failure, and exhibit a significantly
higher incidence of pathological changes of the ascending
aorta/aortic root [2, 6–13].

2. Ascending Aorta/Aortic Root: Normal Aorta,
Ectasia, or Aneurysm?
The normal diameter of the ascending aorta may be influenced by gender and BMI but seems to independently be
associated with patient age [14].
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Hannuksela et al. used radiographic data from a normal
population to develop a formula that allows for calculation of
upper normal diameter of the ascending aorta (D) in relation
to patient age [14]:




D (mm) = 31 + 0.16 × age years .

(1)

A modification is added in case of extreme weight:




D (mm) = 21 + 0.14 × age years + (0.41 × BMI).

(2)

Accordingly, an ascending aortic diameter of 34 mm is
still “normal” in a 20-year-old patient (average diameter
27 mm). In an 80-year-old patient (average diameter 37 mm)
a diameter of 44 mm is still classified “normal”.
According to the classic understanding, a diameter
increase of 50% marks the borderline between ectasia
and aneurysm—the threshold at which a dilated ascending
aorta/root should be considered an aneurysm, therefore, is
∼40 mm in a 20-year-old

Figure 1: Moderately dilated ascending aorta of a young BAV
patient. 3D reconstruction (CT angiography) of a typical ascending
aortic aneurysm of a young BAV patient.

∼ 45 mm in a 40-year-old
∼ 50 mm in a 60-year-old
∼ 55 mm in an 80-year old

norm-weighed patient, and according to Hannuksela et al.’s
norm diameters [14].
These benchmarks for normal, age-related diameters,
however, cannot reliably guarantee freedom from aortic
complications, particularly in patients with BAV.
Although it still remains unclear whether mechanical
characteristics of the aortic wall are related to size or body
mass, some groups have developed a variety of “biometric
indices” to allow for risk stratification.

3. Indices Used to Risk Stratify Patients with
a Dilated Thoracic Aorta
In 2006, Davies et al. proposed an aortic size index for risk
stratification and surgical indication in patients with thoracic
aortic aneurysms [15].
Svensson et al. at the Center of Aortic Surgery of the
Cleveland Clinic implemented a ratio to calculate operative
risk in 2003, by using the following formula including aortic
width (r), cross-section area, and patient height:


r 2 × π cm2
height (m)



(3)

4. BAV—Associated Aortic Pathology
Bicuspid aortic valve has been increasingly recognised as a
pathology of the entire proximal ascending aorta, including
the aortic annulus, the sinus of valsalva, the coronary
ostia, the sinutubular junction, and the tubular part of the
ascending aorta [16, 17].
The involvement of the transverse, and even the distal arch beyond the ligamentum arteriosum, is currently
controversial and aﬀects—if at all—only a small minority

of BAV patients [18, 19]. Today, most clinicians agree that
the distal arch and the descending and thoracoabdominal
aorta are not generally involved in the pathology of bicuspid
aortic valve [18, 20]. Interestingly, the proximal pulmonary
artery appears to also be dilated in a significant number
of patients with BAV, possibly due to the same embryonic
derivation from neural crest cells. This knowledge might
increasingly influence surgical strategies, particularly in the
preventive therapy of younger BAV patients that yet had
been considered excellent candidates for the Ross procedure
[21, 22].
4.1. Clinical Relevance of BAV—Associated Proximal Aortic
Pathology. In BAV patients, aortic root and ascending aortic
aneurysms appear to occur more frequently and more
importantly at a younger age than in normal controls with
tricuspid aortic valves (TAVs) [8, 12]. Approximately 4 out of
10 patients develop a dilation of the ascending aorta of more
than ≥40 mm [23]. In comparison with TAV patients with a
similar aortic diameter, the aortic wall in patients with BAV
appears to be thinner with decreased distensibility, resulting
in a higher risk for rupture and acute dissection that increases
with diameter [10, 24–27].
Clinically, BAV must be considered a disease of the
entire proximal aorta: the root and the tubular ascending
aorta [28, 29]. The most relevant vascular complications
comprise rapid aneurysmatic dilation and acute type A aortic
dissection [2, 13, 30].
4.2. Prevalence of Aortic Ectasia in Patients with BAV. Ectasia
of the central ascending aorta without or with only marginal
involvement of the aortic root seems to be the most frequent
variant of aortic involvement (Figure 1). However, not only
extent but also the exact location of the aortic ectasia appears
to be distributed heterogeneously over the BAV population,
as is the risk of aortic complications (Figure 2) [31–33].
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Figure 2: From Etz et al. [8]. Tubular AA diameter at index
computed tomographic scan versus age of each individual patient
entering the program; patients under surveillance (n = 116) versus
immediate surgery (n = 42). (Data for normal ascending aorta
(∗) and normal ascending aorta: upper limit (∗) derived from
Hannuksela et al. [14].

Interestingly, the proportion of male : female BAV
patients with a surgical indication for ascending aortic
replacement is almost uniformly described with 4 : 1, reflecting the gender distribution of BAV in the normal population
[34].
It is known, that the normal ascending/root diameter
is associated with age [14]. Several studies focusing on the
aortic involvement in BAV patients reported on a relatively
early aortic dilation with a progressive course aﬀecting 88%
of patients at age 80 [2, 17, 35, 36].
Comparing the ascending diameters in patients with
BAV and a normal population, the expansion rate of the
ascending aorta appears significantly higher in patients with
BAV, even in the presence of a normal, nondysfunctional
BAV (Figure 3) [8]. Della Corte and colleagues analysed 280
patients with a nondysfunctional BAV and determined the
growth rate with <1 mm/year [31].
Longitudinal studies revealing long-term, populationbased data and conclusive evidence are scarce, conclusions
controversial. In 2008, Michelena and colleagues reported
on a longitudinally followed cohort of 212 initially asymptomatic patients (age, 32 ± 20 years; 65% male, all community residents from Olmsted County, MN, USA), echocardiographically diagnosed with nondysfunctional bicuspid aortic
valves: ascending aorta dilatation (>40 mm) was noted in
15% at baseline and in 39% at followup [23]. In this study,
during a follow-up period of 20 years, 8 patients required
surgery for ascending aorta dilatation or aneurysm, leading
to a 20-year rate of 5 ± 2% [23]. Overall, aortic valve surgery,
ascending aortic surgery, or any cardiovascular surgery was
required at a younger age than in the age- and sex-matched
general population (P < 0.0001) [23]. Survival 20 years

AA growth rate in BAV: 0.77 mm/year (P ≤ 0.0001)
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Figure 3: From Etz et al. [8]. Average growth of the ascending aorta
in patients (n = 116) with normally functioning bicuspid aortic
valve versus normal, age-related expansion. (Data for dotted line in
this figure are derived from Hannuksela et al. [14].

after diagnosis, however, was 90 ± 3%, identical to an
age- and sex-matched general population (P = 0.72) [23].
Interestingly, in this study no aortic dissection had occurred
amongst the 212 patients with nondysfunctional BAV during
the 20-year followup [23].
In 2011, in a subsequent study on 416 consecutive
patients with BAV (regardless of valve function) from the
Olmsted County population, published in JAMA by the same
authors found the incidence of aortic dissection over a mean
of 16 years of followup to be low but significantly higher than
in the general population [32]: aortic dissection occurred in
2 male patients, type A in one and type B in the other (valve
status was postaortic valve replacement in one and moderate
aortic stenosis in the other), resulting in an incidence of 3.1
(95% CI, 0.5–9.5) cases per 10,000 patient-years, or an ageadjusted relative risk of 8.4 (95% CI, 2.1–33.5; P = 0.003)
compared with the county’s general population [32]. The
two patients that dissected had 46 mm and 47 mm measurements at baseline with their respective last measurements
before dissection as 52 mm and 50 mm (unfortunately, the
authors do not report on the interval between the last
measurement and the time the dissection occurred).
Whether patients with BAV do dissect at a younger age or
a smaller diameter than their tricuspid peers is yet unclear.
Valve function clearly has an impact on aneurysm progression.
4.3. Progression of Proximal Aortic Dilation and Valve Function. Aortic stenosis was the only multivariate valve-related
predictor of ascending aneurysm formation in patients with
BAV, associated with an hazard ratio (95% CI) of 3.4 (1.8–
6.3; P < 0.001) in this recent population-based, retrospective
cohort study by Michelena and colleagues from Mayo Clinic,
published in JAMA in September 2011 [32]. A baseline
aorta diameter >40 mm was the only other significant
multivariate predictor with a hazard ratio of 3.3 (1.5–7.2;
P < 0.004), in other words: once a BAV patient reaches
an ascending diameter of 40 mm, the risk of aneurysm
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formation requiring open surgery is significantly increased
[32].
The association between ascending aortic/root dilation
and functional valve status remains controversial [2, 18, 33,
37].
4.4. Poststenotic Dilatation Aﬀects the Midascending Aorta.
Della Corte and colleagues in their study on 280 adult
patients with isolated BAV found severe aortic stenosis to be
one of only two (age between 50–60 years being the second
with an odds ratio of 13.7; reference category: <30 years)
independent predictors of dilatation of the tubular, midascending aorta with an odds ratio of 23.8 (P < 0.001) and
observed a positive correlation between the degree of stenosis
and the actual midascending diameter (P = 0.016, when
excluding small aortas from the analysis) [31].
Accordingly, Ben-Dor and colleagues found a significant
(P < 0.001) enlargement of the annulus (24.1 ± 2.8 versus
21.4 ± 1.8 mm) and the ascending aorta (39 ± 6.9 versus
31.3±3.7 mm) diameters in patients with stenotic BAV versus
normal, tricuspid controls, with ascending aortic dimensions
above the upper normal range (37 mm) in 60% of the
bicuspid group (P < 0.001); however, no diﬀerence between
stenotic BAV and controls with regard to the diameter
of the sinuses and the sinotubular junction was observed
[38].
4.5. Root Dilatation and Regurgitant BAV. Severe aortic
regurgitation was with an odds ratio of 3.9 (P = 0.011), one
of three determinants of root involvement (the others were
again age >60 with an odds ratio of 2.6, P = 0.022 and male
gender with an odds ratio of 4.1, P = 0.001); interestingly,
aortic valve stenosis was a protective factor for root dilatation
(odds ratio 0.3, P < 0.001) [31].
Roberts and colleagues recently in an unadjusted comparison among 96 patients with congenitally bicuspid aortic
valves found significant diﬀerences in the loss of elastic
fibers in the media of the resected ascending aorta (aortic
wall tissue of the root/sinuses was not explicitly included!):
patients with purely regurgitant BAV had a much greater
likelihood of significant aortic medial elastic fiber loss than
those with stenotic BAV (unadjusted OR: 8.8; 95% CI: 2.95,
28.13) [33]. Compared to normal controls with tricuspid
valve, patients with purely regurgitant BAV were 35 times
more likely (unadjusted OR: 35.2; 95% CI: 1.98, 624.57) to
have significant loss of medial elastic fibers, while no significant diﬀerences in elastic fiber loss were observed between
patients with stenotic BAV and the control subjects (unadjusted OR: 4.0; 95% CI: 0.21, 75.9) [33]. Amongst the BAV
patients, those with a regurgitant valve had a significantly
higher likelihood of significant elastic fiber loss than those
with a stenotic valve (crude odds ratio: 8.8; 95% confidence
interval: 2.95, 28.13) [33]. The major and surprising finding
of this study was that 90% of the patients with a stenotic valve
had no or only a minimal loss of medial elastic fibers and only
10% had a significant loss. The authors concluded that “these
findings support the view that patients with aortic stenosis and
an aneurysmally dilated ascending aorta infrequently need to
have the aorta replaced with a graft” [33].

Cardiology Research and Practice
Roberts et al.’s study might renew the discussion in three
major aspects: (1) as to whether a mild to moderately dilated
proximal aorta in a patient with nondysfunctional BAV really
requires early, preventive surgery, (2) if patients undergoing
aortic valve replacement for stenotic valve disease do really
benefit from a “proactive” approach to ascending replacement or can be treated more conservatively, and, last not
least (3) if patients with aortic regurgitation should undergo
ascending/root repair earlier and/or more radically. Since
neither aortic root tissue nor tissue of the distal ascending
aorta/proximal arch was explicitly included and analyzed in
this study, more specific questions on the most beneficial
extent of the repair (e.g., which BAV patient needs root
repair rather than supracommissural replacement, or which
patients might benefit from additional hemiarch repair)
are not going to be aﬀected by this study. Furthermore,
the dynamics of these remodeling processes—and possible
clinical implications—are not yet clear.
Clinical studies comparing the long-term outcome of
patients with stenotic BAV versus patients with a regurgitant
BAV, however, did not reveal any significant diﬀerences
between both groups [7].
Specific morphological aspects of the type of bicuspid
valve—as proposed by Sievers and colleagues—have not
been addressed by Roberts and colleagues in this report and
since the functional status and the pattern of aortic dilation
might be distinct phenomena of one mutual genetic origin,
therapeutic consequences are to be drawn cautiously.
4.6. Morphology of the Bicuspid Aortic Valve and Prevalence of
Aortic Ectasia. An association of cusp configuration and pattern of aortic dilation have been proposed by several surgical
classification systems, based on intraoperative findings: a
fusion of the left- and right-coronary cusp is most prevalent.
Interestingly, this type appears to most infrequently be
associated with root/ascending aortic ectasia.
In 2008, Russo and colleagues introduced their classification of bicuspid aortic valves distinguishing the most
frequent fusion of the left- and right-coronary cusp as type
A (74%), fusion of the right- and noncoronary cups as type
B (24%), and a rare fusion of left, and noncoronary cusp as
type C (2%; see Figure 4).
At the time of surgery, type A patients, despite of a
comparable mean diameter of the ascending aorta of 49 mm
(P = 0.34), had a significantly more dilated root (45 mm
versus 33 mm; P < 0.0001) and were significantly younger
than type B patients (51 versus 59 years, P = 0.034)
[39]. Interestingly, there were no significant diﬀerences with
regard to valve dysfunction in both groups [39, 40].
Sievers and colleagues proposed a systematic and precise
classification system distinguishing three main categories
according to the number of raphes which are further
subcategorized by the position of the raphe (Figure 4): type
0 (true bicuspid), type 1, and 2. In their initial report,
true bicuspid valves (type 0; 7%) and bicuspid valves with
one raphe (type 1; 88%; with a fusion of the left and
right cusp (LR), the right, and noncoronary cusp (RN), or
the noncoronary and left (NL) cusp) accounted for 95%
of patients, however, were associated only in ∼10% with
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on more than 330 acute type A aortic dissections support
these findings.
Svensson and colleagues found an increased dissection
rate with a relationship of aortic cross-sectional size to height
exceeding 10 cm2 /m. Interestingly, dissection occurred at a
smaller diameter for shorter patients [10].
Acute aortic dissection in patients with BAV may be
associated with increased hospital mortality after emergency
surgery and diminished longevity [7, 10, 13].

C

Figure 4: Shaded area shows the position of the raphe on the valve.
LC-NC, Left-coronary-noncoronary cusp; LC-RC, left-coronaryright-coronary cusp; RC-NC, right-coronary-noncoronary cusp.
Figure assembled according to Sievers and Schmidtke [41], and
Russo et al. [39].

an ectasia of the root and only in ∼25% with an aneurysm
of the ascending aorta >50 mm.
While only about 5% of BAV patients presented with
the rare type 2 (fusion of two raphes), the type 2 patients
significantly more often (P = 0.022) had an associated
ascending aneurysm: in more than 60% of cases [41].
In Sievers et al.’s study population, however, ∼95% of
patients and in Russo et al.’s analysis 100% of patients had
a dysfunctional bicuspid aortic valve, reducing the validity of
risk stratification by cusp configuration.

5. An Association between BAV Cusp
Morphology and the Risk of Type A Aortic
Dissection Has Not Been Described Yet
5.1. Acute Type A Aortic Dissection in Patients with BAV.
Aortic dissection can occur at any diameter and, particularly,
at a smaller size than generally perceived. The risk of rupture
and acute dissection appears to increase significantly once a
diameter of 50 mm is reached [42, 43]. In 2003 Svensson and
colleagues from Cleveland Clinic Foundation reported on a
series of 430 patients undergoing surgical intervention for
bicuspid aortic valves and ascending aorta with or without
aortic arch repair at two major US hospitals; 40 patients
had aortic dissection (of which 25 dissections were acute):
12.5% (N = 5) of all patients with dissection dissected at a
maximum diameter of less than 50 mm [10, 43, 44]. Since
about 15% of patients with Marfan’s syndrome dissect their
aorta at a size of less than 5 cm, the risk for patients with
BAV appears comparable, but 1-2% of the population has a
bicuspid valve [43, 44].
Autopsy studies had revealed that 9–15% of all patients
with aortic dissection had a BAV [13, 45, 46]. In 1984 Larson
and Edwards, in a necropsy study of 161 cases, claimed a 9fold increased risk of aortic dissection for patients with BAV
[46]. Acute aortic dissection might occur at a younger age in
patients with BAV: data from the IRAAD (The International
Register for Acute Aortic Dissection) suggested that patients
under the age of 40 who suﬀered type A aortic dissection
more often had a BAV than those dissecting over the age of 40
(9% versus 1%, P < 0.01) [36]—our own institutional data

5.2. BAV and Ectasia of the Aorta in First-Degree Relatives.
Biner and colleagues described the prevalence of aortic
dilation in first-degree relatives of BAV patients, who
themselves had a normal, tricuspid aortic valve: the aortic
root was significantly wider in the patients with BAV than
compared to their first-degree relatives. However, firstdegree relatives had a significantly wider root than a normal
control population with tricuspid valve who did not have
relatives with BAV [47]. There were no diﬀerences with
regard to the sinotubular junction between the three groups,
and the tubular ascending aorta was dilated in patients with
BAV only, not in their relatives, or the normal control [47].
Furthermore, Biner et al. found that the proximal aortic
wall of patients with BAV and their first-degree relatives—
independently of the diameter—was less distensable and
significantly stiﬀer as compared to normal controls [47].
Maximum aortic diameter and diameter progression
remain the most widely used criteria for preventive surgical
repair, particularly in patients with suspected or confirmed
connective tissue disease [15, 26, 42, 48].
5.3. Indication for Aortic Repair in Bicuspid Patients Undergoing Valvular Surgery. The current guidelines of the European Society of Cardiology (ESC) recommend concomitant
repair for patients undergoing surgery for any degree of
aortic regurgitation with a root diameter of more than
50 mm. However, in case of diameter progression of more
than 5 mm per year or a positive family history of aortic
dissection, the surgical indications of BAV patients are
progressively converging towards the surgical indications in
Marfan’s syndrome (>45 mm of diameter). Moreover, the
ESC guidelines suggest that in patients with an indication for
aortic valve surgery even lower thresholds of aortic dilation
(<45 mm) can be used for ascending aortic surgery. These
surgical indications by the ESC also comprise BAV patients
with significant valve stenosis [49]. Therefore, the European
Association of Echocardiography (EAE) recommends serial
echocardiograms in BAV patients with aortic root dilation
(<50 mm) [50].
The conjoint guidelines of 2008 by the American College
of Cardiology (ACC) and the American Heart Association
(AHA) proposed a more aggressive approach in the presence
of significant valve pathology, and suggest—as a class 1
recommendation—concomitant aortic root replacement in
case of required valve reconstruction for severe aortic
stenosis or regurgitation due to aortic root/ascending aortic
diameter of >45 mm (level of evidence C) [51].
Therefore, aortic root/ascending aortic ectasia with a
diameter of more than 45 mm is being treated concomitantly
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during aortic valve reconstruction/replacement of BAV
patients in most aortic centers [7, 10, 18, 52].
Svensson et al. found an increased risk for aortic dissection in BAV patients with maximum aortic cross-section:
body height ratio of 10 cm2 /m and suggested prophylactic
supracommissural replacement of the tubular ascending
aorta in patients with symptomatic valve dysfunction and
an aortic diameter of >45 mm or a maximum aortic crosssection: body height ratio of 10 cm2 /m [10]. Recently, this
strategy was confirmed in a large series of almost 2000 BAV
patients in which Svensson et al. now even suggests a more
aggressive, “proactive” approach towards supracommissural
aortic replacement in patients with a maximum aortic
diameter of >45 mm, or a ratio of > 8-9 cm2 /m, or z-values
of >7 (maximum aortic cross-section area/body hight).
Interestingly, these operative criteria are also used for elective
surgery on the proximal aorta in patients with Marfan’s
syndrome [52]. A more aggressive approach, in case of aortic
diameters <45 mm, with regard to the current literature is
not justifiably. In addition, Svennson et al. are convinced that
extending surgery towards concomitant aortic root or hemiarch replacement is not indicated on an elective basis [52].
5.4. Operative Indications for BAV Patients without Valvular
Pathology. Currently no expert consensus exists about the
optimal time for elective surgery on the aortic root and
the ascending aorta to prevent rupture or acute dissection
in BAV patients with normal valvular function [7, 8]. The
surgical indication for operative repair in patients with
bicuspid valve and normal valve function is controversial due
to the heterogeneity of BAV-associated complications and
the associated degree of aortic dilation [31]. Some authors
suggest to operate on patients with an aortic diameter of
>55 mm, while others advocate for aortic root/ascending
aortic replacement in BAV patients with an aortic diameter
of under 45 mm. There is a current trend towards periodic
routine followup and selective “proactive” surgery [8, 52].
The AHA/ACC guidelines recommend surgery with an
aortic root or ascending aortic diameter of 50 mm confirmed
via transesophageal echocardiography, independently from
BAV function, or with dilation rate of ≥5 mm/year (level
of evidence C) [51]. Moreover, the AHA/ACC guidelines
point out that in aortic centers aortic root/ascending aortic
reconstruction may be performed at an aortic diameter of
45 mm or a dilation rate of 5 mm/year (or more) [53]. In
asymptomatic patients without valvular pathology, Svensson
et al. suggest a ratio of >10 cm2 /m (maximum aortic crosssection area/body height) for elective surgery [52].
The surgical indication for patients with a normally functioning BAV and a moderately dilated aorta should be made
on an individual basis comprising valvular morphology and
relevant comorbidities.

6. Current Recommendations for
the Management of BAV Patients
With regard to the current guidelines and literature we
recommend the following approach for BAV patients with

Cardiology Research and Practice
a moderately dilated aortic root/ascending aorta (and their
family members).
(1) Annual MRI (or CT angiography/aortic protocol)
surveillance for all aortic diameters >40 mm or any
diameter above the age-related normal range [14] (e.g.,
in a 30-year-old patient starting with a maximum
diameter of 36 mm and above): if rapid progression is
suspected at an interval of 6 months (with regard to
diameter and progression), screening for first-degree
family members, especially men: echocardiographic
detection of valve morphology and aortic diameter.
(2) BAV patients without valvular indication for surgery:
elective aortic replacement if the following criteria for
the aortic root/ascending aorta apply:
(a) maximum diameter ≥50 mm, or
(b) rapid growth progression of ≥0.5 cm/year, or
(c) maximum aortic cross-sectional area/body
height ≥10 cm2 /m.
Lower limits than 50 mm for maximum aortic diameter, a
ratio of 10 cm2 /m (aortic cross-section/body height), or growth
progression of 5 mm/year should be applied for patients with
isolated aortic pathology, positive family history for aortic
dissection/rupture, or unexplained sudden death in 1st degree
relatives, as well as for female patients considering pregnancy.
For patients with Sievers type 2 valve morphology we currently
recommend a proactive approach, especially with beginning
valve dysfunction.
(3) BAV patient with valvular indication: concomitant
aortic replacement if the following criteria for the
aortic root/ascending aorta do apply:
(a) maximum diameter ≥45 mm or
(b) maximum aortic cross-section area/body height
≥8-9 cm2 /m.
(4) Annual transthoracic (if necessary transesophageal)
echocardiography surveillance to evaluate valve function with immediate strategy revaluation in case of
new occurring valve dysfunction.
In BAV patients with equivocal diameter criteria, the
use of the aortic index and the ratio of maximum aortic
cross-section area and body height is reasonable [10, 14]. In
patients with a small body surface area it is reasonable to use
an index of aortic diameter and BSA.
Consideration of age-related norm values of aortic
diameters is reasonable to plan for routine surveillance
intervals [14].
An aggressive approach for aortic replacement in patients
with clearly identified Sievers type 2 morphology is indicated
even without existence of valve dysfunction. This may
especially apply in the presence of other known risk factors
(e.g., arterial hypertension) for aortic catastrophes or known
familial disposition.
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In female BAV patients proximal aortic dilation can be
induced by or progress to ectasia or aneurysm during pregnancy, while the risk of aortic dissection may be increased
[54]. Therefore, we recommend routine surveillance during
pregnancy, particular in patients with BAV, although there is
no evidence.
Optimal oral antihypertensive therapy during surveillance in patients with a borderline operative indication is
obligatory and should comprise an “anti-impulse therapy”
to reduce systolic peak pressures of the aortic wall. Although
there is only evidence concerning patients with Marfan’s
syndrome, we also recommend beta-blockers and ACE
inhibitors for BAV patients who suﬀer from comparable risk
for rupture or dissection.
6.1. Surgical Technique. In consensus with international
centers of excellence in aortic surgery we believe that in
selected cases of isolated ascending aortic dilation—without
involvement of the sinus of valsava—supracommissural
ascending aortic replacement is justified in most BAV
patients (Sievers type 0 and 1; 95%) [31, 55].
Root repair (David operation) or replacement (i.e.,
with beginning stenosis, Bentall operation) is indicated in
BAV patients with ectasia/dilation involving the aortic root
(Sievers type 2; 5%).
Valve sparing root repair is—even in bicuspid patients—
the preferred approach by specialized centers of excellence
in this particular field of reconstructive aortic root surgery
[56]. Major limitations obviously apply if anatomy of the
bicuspid valve is unsuitable, Aicher et al.: “Recurrence and
progression of regurgitation, however, may occur, depending
primarily on anatomic features of the valve” [56]. While
preserving the tricuspid valve aims for regeneration of
natural hemodynamics of the native valve, this aim is not
always desirable in patients with BAV with naturally altered,
distorted flow architecture in the ascending aorta/root.
The Bentall operation in patients with BAV—especially
if the sinus of valsalva is dilated—might therefore oﬀer
superior durability, in particular if a perfect valve sparing
procedure is not achievable [18, 55–57].
Some authors recommend aortic wrapping in the presence of aortic ectasia. In our opinion, this approach cannot
be recommended since potentially pathological tissue will
remain in place baring a constant risk of aortic rupture.
Based on the fact that the proximal aortic arch rarely
is involved or dilated we and other reference centers recommend hemiarch replacement only in very selected cases
[18, 58].
With on ongoing controversy regarding whether or not
the pulmonary trunk is aﬀected by pathology of common
embryologic origin, a prudent consideration when opting for
the Ross procedure in patients with bicuspid aortic valve and
ascending/root dilation is warranted.
6.2. Postoperative Aortic Followup. Aortic disease is cured
after proximal aortic repair since downstream dilation,
ectasia, or aneurysm formation of the thoracic and thoracoabdominal aorta is extremely rare in patients with
BAV [18, 59]. We therefore recommend downstream aortic
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surveillance in regular intervals only in high-risk patients
with familial predisposition or 1st degree relatives with acute
aortic dissection.
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Objectives. Bicuspid aortic valve (AV) represents the most common form of congenital AV malformation, which is frequently
associated with pathologies of the ascending aorta. We compared the mechanical properties of the aortic wall between patients
with bicuspid and tricuspid AV using a new custom-made device mimicking transversal aortic wall shear stress. Methods. Between
03/2010 and 07/2011, 190 consecutive patients undergoing open aortic valve replacement at our institution were prospectively
enrolled, presenting either with a bicuspid (group 1, n = 44) or a tricuspid (group 2, n = 146) AV. Aortic wall specimen were
examined with the “dissectometer” resulting in nine specific aortic-wall parameters derived from tensile strength curves (TSC).
Results. Patients with a bicuspid AV showed significantly more calcified valves (43.2% versus 15.8%, P < 0.001), and a significantly
thinner aortic wall (2.04 ± 0.42 mm versus 2.24 ± 0.41 mm, P = 0.008). Transesophageal echocardiography diameters (annulus,
aortic sinuses, and sinotubular junction) were significantly larger in the bicuspid group (P = 0.003, P = 0.02, P = 0.01). We found
no diﬀerence in the aortic wall cohesion between both groups as revealed by shear stress testing (P = 0.72, P = 0.40, P = 0.41).
Conclusion. We observed no diﬀerences of TSC in patients presenting with tricuspid or bicuspid AVs. These results may allow us
to assume that the morphology of the AV and the pathology of the ascending aorta are independent.

1. Introduction
Bicuspid aortic valve (AV) is the most common congenital
aortic valve malformation, with a prevalence of 0.5–2% in
the general population [1–3]. In case of AV stenosis or regurgitation, patients presenting with bicuspid AV may become
symptomatic at a younger age, as compared to patients with
a tricuspid AV [4]. In addition, bicuspid AVs are frequently
associated with diﬀerent aortic wall disorders, which may
lead to aortic aneurysms or in the worst case to dissection
or rupture. The dilatation of the aorta is often accompanied
with abnormal histological findings in the aortic media, such

as increased elastin fragmentation, decreased thickness, and
increased distance of the elastic lamellae [5]. Another factor,
which may influence aortic wall stability and the de novo
aneurysm creation in patients presenting with a bicuspid
AV, is the higher activity of the matrix metalloproteinases
(MMP) 2 and 9 [6]. However, the relationship between
bicuspid AVs and aortic wall properties—especially in case
of normal aortic wall dimensions—has not been investigated
in detail so far.
We have recently introduced a new-patented “Dissectometer” device, which is used to test the cohesion of the
aortic wall [7]. The aim of the present study was therefore
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to compare the cohesion of the native aortic wall between
patients undergoing aortic valve replacement with anatomically bicuspid and tricuspid AVs.
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2. Material and Methods
2.1. Study Design. The present study was approved by the Institutional Review Board and patients gave written informed
consent. The study was a single-center, nonrandomized,
including 190 consecutive patients who underwent aortic
valve replacement at the West-German Heart Center Essen
between March 2010 and July 2011. A total of 44 patients
(group 1) showed a bicuspid AV and 146 patients a tricuspid
AV (group 2). Aortic and bulbus dimensions were assessed by
intraoperative transoesophageal echocardiography (TOE).
Patients requiring additional procedures like concomitant
valve or CABG surgery were included into the present
evaluation.
2.2. Operative Technique. All operations were carried out
through a standard median sternotomy or partial upper sternotomy with cardiopulmonary bypass (CPB) with ascending
aorta cannulation. TOE was performed prior to CPB. A
transverse aortotomy was performed and a sample of the
aortic wall was harvested from the edge of the aortic incision
site and was immediately placed in cold saline until the
cohesion test was performed. The pathology of the AV
was classified (bicuspid or tricuspid and the severity of
calcification was graded: grade 0—no, grade 1—mild, grade
2—moderate and grade 3—severe calcification.
2.3. Intraoperative Echocardiography. TOE was performed
prior to CPB in all patients. TOE was performed with a multiplane 2.9–6.7 MHz (6T-RS) phased-array-probe (Vivid i,
GE Healthcare, Milwaukee, WI, USA). All aortic dimensions
(diameter of the aortic annulus, aortic sinuses, sinotubular
junction, and ascending aorta) were measured.
2.4. Aortic Wall Cohesion Testing. The time interval between
harvesting oﬀ the sample and the final test did not exceed
2 hours (the majority of the tests were performed during
the operation and the results could be obtained within 10
minutes from harvesting). Aortic wall cohesion testing was
performed using the “Dissectometer” as previously described
[7]. The results of the dissecting process were visualized as
tensile strain curves (TSC), which were subsequently converted to numerical parameters as exemplified in Figure 1.
P1 is the beginning of the positive deviation—the point
when the dissectometer registers the tension in the sample.
This point corresponds to the thickness of the sample. P2
is the point of the dissection and the power has a zero
value. P5 is the first power maximum (in this point the
power decreases temporarily). After this point the aortic wall
sample is damaged irreversibly. P6 represents the “dissection
limit” after which the power necessary to disrupt the aorta
decreases. Usually P6 is higher than P5. P3 is the angle of
the line between P1 and P5. This characteristic describes the
elasticity of the aortic wall—the sharper the angle, the higher
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Figure 1: Tensile strain curve: localization of the points “asterisk”
P1, P2, P5, and P6.

is the elasticity of the aorta. P4 is the angle of power decrease,
which characterizes the cohesion of the aortic wall. P7
represents the area under the TSC which describes the total
coherence of the aorta. These seven parameters were used to
mathematically derive the next two parameters, P8 and P9.
P8 is described as the “dissection tendency” (calculated as
the maximal force divided by the downward angle) and P9
as the “dissection potential” (calculated as the sum of P8 and
the square root of P7 divided by ten). Earlier studies revealed
that the parameters P1–P6 are mostly descriptive parameters
and P7–P9 are parameters with the capability to predict
an unstable aortic wall as they show a highly significant
correlation to histological signs of aortic wall instability with
specificity and sensibility to predict aortic wall instability
[7]. All cohesion tests were performed and analyzed by one
observer blinded to all patients’ data including aortic valve
pathology.
2.5. Statistics. Descriptive statistics are summarized for categorical variables as frequencies (%). Continuous variables
were reported as mean ± standard deviation. Groups were
compared using Pearson’s Chi-square or Fisher exact tests or
Students’ t-test as appropriate. A P value less than 0.05 was
considered to indicate statistical significance. All statistical
analyses were performed using the SPSS System, version 19.0
(IBM Corp., Armonk, NY, USA).

3. Results
Demographics and preoperative characteristics of both
groups are listed in Table 1. Out of 190 patients, 44 patients
presented with a bicuspid AV whereas 146 patients had a
tricuspid AV. Patients with bicuspid AVs were significantly
younger than patients with tricuspid AVs; male gender was
predominated in both groups. Arterial hypertension was
more frequently observed in the group of tricuspid AV
whereas the preoperative distribution of other cardiovascular
risk factors did not diﬀer between both groups. The
incidence of other comorbidities such as COPD or CAD
was comparable between two groups without statistical
significant diﬀerence.
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Table 1: Demographics.
n = 190
Age (years)
Female
BMI (kg/m2 )
Height (cm)
Hypertension
DM
Renal insuﬃciency
Hypercholesterolemia
COPD
CAD

Group1
(n = 44)
62.2 ± 12.1
10 (22.7%)
27.0 ± 3.6
172.7 ± 7.9
30 (68.2%)
2 (4.5%)
6 (13.6%)
18 (40.9%)
7 (15.9%)
17 (38.6%)

Group 2
(n = 146)
69.0 ± 9.9
54 (37.0%)
27.7 ± 4.6
170.6 ± 9.5
129 (88.4%)
23 (15.8%)
19 (13.0%)
66 (45.2%)
18 (12.3%)
64 (43.8%)

Table 2: Underlying pathology.
P value∗
0.001
0.08
0.40
0.18
0.003
0.05
0.92
0.62
0.54
0.54

Data are presented as mean ± SD or number (%); BMI: body mass index;
DM: diabetes mellitus; COPD: chronic obstructive pulmonary disease;
CAD: coronary artery disease; ∗ group 1 versus group 2.

The echocardiographic and the dissectometer-derived
results are summarized in Tables 2 and 3. In both groups the
predominant underlying pathology of the AV was calcified
stenosis. The degree of calcification was significantly higher
in group 1 (19 patients 43.2%; 23 patients 15.8% P <
0.001). Congruently, noncalcified valves were more frequent
in group 2 (63 patients 43.2%; 10 patients 22.7% P =
0.015). Acute aortic dissection was more common in the
tricuspid AV group but the diﬀerence was too small to be
considered of statistical significance. Patients of group 1
showed a significantly thinner aortic wall (2.04 ± 0.42 mm
versus 2.24 ± 0.41 mm, P = 0.008). All diameters describing
the dimension of the aorta in TOE (i.e., the annulus,
aortic sinuses, sinotubular junction, and ascending aorta)
were larger in group 1 (the diﬀerence in the diameter of
the ascending aorta was too small to be considered to
be statistical significant) Figure 1. Moreover, we did not
observe any diﬀerence in the aortic wall cohesion between
both groups as shown by the dissectometer parameters P7
(168.0 ± 85.6 versus 162.5 ± 90.6, P = 0.72), P8 (3.59 ± 2.02
versus 3.29 ± 2.12, P = 0.40), and P9 (4.84 ± 2.28 versus
4.51 ± 2.33, P = 0.41).

4. Discussion
A bicuspid AV is the most common congenital form of AV
malformation. It is well established that a bicuspid valve is
predisposing to result in aortic valve dysfunction such as
stenosis or regurgitation. In addition, the body of evidence
is growing that bicuspid AVs are accompanied with an
increased risk of aortic wall pathology such as an aortic
aneurysm or dissection. Currently, there are several possible
explanations for this phenomenon. A bicuspid AV is often
combined with connective tissue disorders and a higher
fibrillin degradation which is reflected by an increasedMMP activity [6]. Moreover, each bicuspid AV morphologic group—left-noncoronary (L-N), right-left (R-L), and
right-non-coronary (R-N)—possess unique signatures of
matrix metalloproteinases (MMPs) and endogenous tissue
inhibitors of metalloproteinases (TIMPs) [8].

n = 190
Aortic stenosis
Aortic insuﬃciency
Combination AS + AI
Ascending aneurysm
Aortic root dilatation
Marfan syndrome
Dissection
Calcification 0
Calcification 1
Calcification 2
Calcification 3

Group 1
(n = 44)
23 (52.3)
9 (20.5)
11 (25.0)
18 (40.9)
2 (4.5)
1 (2.3)
1 (2.3)
10 (22.7)
4 (9.1)
11 (25.0)
19 (43.2)

Group 2
(n = 146)
61 (41.8)
51 (34.9)
19 (13.0)
48 (32.9)
3 (2.1)
0
9 (6.2)
63 (43.2)
17 (11.6)
43 (29.5)
23 (15.8)

P value∗
0.22
0.07
0.06
0.33
0.37
0.07
0.31
0.02
0.64
0.57
0.001

Data are presented as number (%); AS: aortic stenosis; AI: aortic insuﬃciency; ∗ group 1 versus group 2.

Table 3: Transesophageal dimensions and TSC results.
Group 1
Group 2
P value∗
(n = 44)
(n = 146)
Aortic wall thickness (mm) 2.04 ± 0.42 2.24 ± 0.41
0.008
Aortic annulus (mm)
0.003
25.8 ± 3.3
24.2 ± 2.2
Aortic sinuses (mm)
0.02
38.1 ± 8.8
34.5 ± 7.9
Sinotubular junction (mm) 36.2 ± 10.4
0.01
31.8 ± 8.8
Ascending aorta (mm)
0.09
41.5 ± 12.0 37.9 ± 11.3
P7
0.72
168.0 ± 85.6 162.5 ± 90.6
P8
0.40
3.59 ± 2.02 3.29 ± 2.12
P9
0.41
4.84 ± 2.28 4.51 ± 2.33
n = 190

Data are presented as mean ± SD; TSC: tensile strain curves; ∗ group 1 versus
group 2.

A recently published study showed that in patients
presenting with bicuspid AV, plasma concentrations of
α1AT were higher in those patients with ascending aortic
dilatation compared to the nondilated group [9]. Patients
with bicuspid AV and a rapid progression of aortic dilatation
have a more extensive cardiovascular risk profile including
higher blood glucose levels, a higher incidence of coronary
artery disease, more tobacco use, and a higher National
Heart, Lung and Blood Institute 10-year risk of developing
coronary heart disease. These observations may lead to the
assumption that atherosclerosis plays an important role in
the development of aortic dilatation in patients with bicuspid
AV [10]. Accordingly, patients with stenotic bicuspid AVs
are characterized by an increased macrophage infiltration
and a higher degree of neovascularization when compared
with patients presenting tricuspid AVs. However, it is unclear
if these mechanisms also contribute to the increased risk
of aortic dilatation [11]. As shown in a study by Yasuda
et al., early elective aortic valve replacement in patients
with bicuspid AV, with the aorta left untouched will not
prevent future aortic dilatation [12]. This result supports
the hypothesis of a large independence of aortic valve and
ascending aortic pathology confirmed by the observation
that patients with bicuspid AV disease can develop ascending
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aortic aneurysms without AV dysfunction. In addition, the
growth rate of aortic aneurysms was significantly higher
in patients with unreplaced bicuspid AVs compared to
patients with tricuspid AVs [13]. However, this has been
shown to be not associated with an increased number of
aortic events [14]. In the present study, the incidence of
aortic pathologies including acute aortic dissection or aortic
aneurysm formation was comparable between the study
groups although aneurysms were observed slightly more
frequently in the tricuspid AV patients.
Furthermore, we observed that the cohesion of the aortic
wall tested with the dissectometer was not dependent on the
morphology of the AV. All three parameters that proved to
have a good predictive power to detect aortic wall stability
were comparable between the two study groups. Consistently
with the literature, the bicuspid AV patients have developed
aortic valve disorders at a younger age than the tricuspid AV
patients and were predominantly males in our study.
It is unclear whether the type of fusion (real anatomy of
the aortic valve) could influence aneurysm formation. Russo
et al. combined type A fusion (right with left leaflet) with
more severe aortic degeneration, however a some degree of
degeneration was found in all patients [4]. Schaefer et al.
described a larger diameter and a higher stiﬀness index in
patients with type A fusion, which further supports these
findings [15].
Based on morphometric analysis, patients with bicuspid
AVs have a thinner media with a greater distance between
the elastic lamellae [5]. This statement corresponds to our
findings. Compared to patients with morphological tricuspid
AVs, patients with bicuspid AVs had significantly thinner
aortic walls. Our study showed that the thickness of the aortic
wall is inversely proportional to its strength; however this
diﬀerence was not of statistical significance.
Biner et al. demonstrated that individuals with bicuspid
AVs present significantly larger aortic valve annulus, bulbus,
and diameters of the ascending aorta compared to individuals with tricuspid AVs [16]. These findings could be
confirmed in our study. Ikonomidis et al. proposed MMPs
and its inhibitors as prognostic markers in patients with
aneurysm formation [17]. It is however unknown whether
the congenital malformation of the AV leads to the development of an aortic aneurysm. La Canna et al. showed that
pathology of the AV and aorta were independent [18]. This
was supported with an equal rate of aneurysm growth and a
low occurrence of the aortic events in patients with bicuspid
AVs as compared to patients with tricuspid AVs.
Although the incidence of ascending aneurysm was comparable in both groups, aortic dilation was observed more
frequently in the aortic root, sinotubular junction, and
ascending aortic segments in group 1, which is in accordance
to the current literature [19].

5. Conclusion
Analysis of TSC curves of patients with tricuspid and bicuspid AVs in our study did not prove statistically significant
diﬀerences between both groups. These results may allow us
to assume that the morphology of the AV and the pathology
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of the ascending aorta are independent. However, this has
to be proved in a larger amount of patients with longer
follow-up. The comparison of the TSCs with histological
examination and its correlation with MMP levels is part of
an oncoming study.
Limitation. The present study was performed at a single
tertiary care medical center with a relatively small sample size. Furthermore, continued long-term follow-up in
patients with bicuspid AV who received surgical aortic valve
replacement without replacement of the ascending aorta has
to be done and will determine if the entity of a preoperative
bicuspidalization of the AV will lead to future pathologies of
the ascending aorta.
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Bicuspid aortic valve (BAV) and thoracic aortic aneurysm (TAA) are two discrete cardiovascular phenotypes characterized by latent
progressive disease states. There is a clear association between BAV and TAA; however the nature and extent of this relationship
is unclear. There are both distinct and overlapping developmental pathways that have been established to contribute to the
formation of the aortic valve and the aortic root, and the mature anatomy of these diﬀerent tissue types is intimately intertwined.
Likewise, human genetics studies have established apparently separate and common contributions to these clinical phenotypes,
suggesting complex inheritance and a shared genetic basis and translating 3 patient populations, namely, BAV, TAA, or both,
into a common but diverse etiology. A better understanding of the BAV-TAA association will provide an opportunity to leverage
molecular information to modify clinical care through more sophisticated diagnostic testing, improved counseling, and ultimately
new pharmacologic therapies.

1. Bicuspid Aortic Valve Is an Independent Risk
Factor for Aortic Valve Disease
Bicuspid aortic valve (BAV, MIM: 109730) is the most
common cardiovascular malformation (CVM), occurring in
1-2% of the general population [1], and is a risk factor
for aortic valve disease (AVD) [2–5]. AVD (stenosis and/or
insuﬃciency) typically manifests later in life, aﬀecting more
than 2% of the population and remains a surgical problem
with an increasing frequency of valve replacement procedures performed each year [6–9]. The majority of AVD cases
at any age have an underlying BAV, and longitudinal studies
in young adults with BAV have shown that >20% ultimately
develop AVD requiring intervention [3, 10]. Together, BAV
is a congenital malformation and an independent risk factor
for AVD. Substantial investigation has established the adverse
eﬀects of common comorbid cardiovascular diseases, such as
atherosclerosis and hypertension, on the progression of AVD;
however, increasing attention on the underlying genetic and

developmental processes has identified early mechanisms
that incite disease processes.

2. Aortic Valve Malformation
Is a Spectrum including BAV
Two patterns of BAV morphology are commonly observed:
∼70% of cases have fusion of the right and left (RL) coronary
cusps with the remainder consisting almost entirely of those
with fusion of the right and non-(RN) coronary cusps [3, 5].
Rarely, cases have shown fusion of the left and non-(LN)
coronary cusps. It has been proposed that “BAV” actually
represents a spectrum of aortic valve malformation ranging
from various types of unicuspid aortic valve to quadricuspid
aortic valve with the three BAV morphology patterns and a
thickened tricommissural aortic valve representing intermediate phenotypes [5] (Figure 1), but it remains unknown why
there is uneven frequencies of the diﬀerent types. Because the
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Figure 1: Spectrum of aortic valve malformation. Parasternal short-axis echocardiographic views at the base of the heart showing the
aortic valve en face (a–h). Normal tricommissural aortic valve (TAV) morphology is demonstrated in diastole (a) and systole (b). Distinct
morphologies are based on fusion patterns of the commissures (dotted lines, (b)) as they relate to the right (R), left (L), and non-(N) coronary
sinuses of Valsalva (a). Aortic valve malformation ranges from unicuspid (UAV) to bicuspid (BAV) to a thickened tricuspid (not shown) to
quadricuspid (QAV) morphology. Three normal commissures are demonstrated in (a), and normal opening of the commissures results in
complete cusp separation to the wall of the aorta at the sinotubular junction (yellow arrowheads). UAV manifests as either partial fusion of
all three commissures (red arrowheads, (c)) or complete fusion of both the RN and RL commissures (d). Bicuspid aortic valve (BAV) may
manifest as fusion of the RL (e), RN (f), and rarely LN (g) commissures. Rarely, a quadricuspid aortic valve (QAV, (h)) is identified.

relatively rare unicuspid morphology underlies the majority
of cases of critical aortic stenosis in the newborn and is
associated with hypoplastic left heart syndrome (HLHS),
this morphology may have a tendency to develop into
aortic atresia and more complex CVM. There have been
conflicting reports regarding the association between BAV
morphology and AVD [10, 11]. Fernandes et al. identified
an association between RN BAV and AVD in a pediatric
population, while Tzemos et al. found no association in an
adult population [10, 11]. A National Heart Lung and Blood
Institute Working Group on AVD recently identified the need
to identify “clinical risk factors for the distinct phases of
initiation and progression of AVD” [12]. Exploring AVD in
a pediatric population allows for examination of the disease
process free from the confounding eﬀects of cardiovascular
comorbidities. Risk factors for AVD in children are poorly
understood [13], but recently Calloway et al. reported that
children with RN BAV and adults with RL BAV were more
likely to develop AVD [14], suggesting BAV morphology may
have predictive value for the time course of AVD.

3. Thoracic Aortic Aneurysm Is the Latent
Manifestation of Aorta Malformation
Thoracic aortic aneurysm (TAA, MIM%607086) is a subclinical disease state that is typically recognized later in life but
can be associated with dissection (TAAD) and sudden death

[15–18]. TAA may aﬀect diﬀerent areas of the proximal aorta,
classically isolated to the aortic root, but also including dilation of the ascending aorta only or dilation of both the aortic
root and ascending aorta with eﬀacement of the sinotubular
junction (Figure 2). TAA was originally attributed to an
inflammatory state associated with atherosclerosis, but later
was recognized to be a structural defect increasing interest in
genetic and developmental contributions to malformation of
the aorta wall [19–21]. In this light, aorta malformation is a
CVM that is present at birth (even if the aorta dimensions are
normal) and predisposes the individual to progressive aortic
dilation (TAA) and therefore is a risk factor for dissection.

4. The Nature and Extent of
the BAV-TAA Association Is Unclear
There are two distinct late-stage disease phenotypes associated with the endophenotypes BAV and TAA, namely AVD
and TAAD, and each disease has well-developed consensus
guidelines for expectant care [7, 18]. However, there are
three patient populations (BAV with or without AVD, TAA
with or without TAAD, and both BAV and TAA) that have
distinct clinical approaches. From an etiologic standpoint,
we know that the vast majority of BAV patients have
increased aorta dimensions and approximately 20% have
overt TAA that requires surgical repair [23–25], suggesting
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Figure 2: Spectrum of thoracic aortic aneurysm. Pathologic specimen identifies aortic dimensions (1–4) and intimate anatomic relationship
of aortic valve and thoracic aorta (a). Parasternal long-axis echocardiographic views of the proximal aorta demonstrating the aortic valve
annulus (1), aortic root (2), sinotubular junction (3), and ascending aorta (4) dimensions in normal (b) and discrete patterns of disease
(c–f). Some patients are characterized by “high normal” dimensions throughout the proximal aorta (yellow lines, (c)), for example, patients
with BAV. TAA may manifest as isolated dilation of the aortic root (red line, (d)), isolated dilation of the ascending aorta (red line, (e)), or
dilation of multiple dimensions (red lines, (f)). AOV: aortic valve; AO: aorta; LA: left atrium; LV: left ventricle; MV: mitral valve. Reproduced
with permission [22].

these processes are not isolated in any patient whether the
aorta malformation is evident or not (Figure 3).
Because both malformations are silent and both disease
states are latent and because clinical studies including human
genetics studies tend to focus on one phenotype, reported
frequencies probably underestimate the incidence of the
combined phenotype (BAV-TAA). In addition, patients with
BAV have degenerative changes in both the media of the
ascending aorta and the main pulmonary artery, including
diminished and fragmented elastic fibers and smooth muscle
cell abnormalities, consistent with a developmental origin
[26, 27]. It has been postulated that deficiency of extracellular
matrix (ECM) proteins such as elastic fiber components
(elastin, fibrillin, emilin, etc.) in BAV patients may activate
matrix metalloproteinases (MMPs), leading to maladaptive
ECM remodeling and ultimately TAA [28–30]. On the other
hand, computational fluid dynamics in the proximal aorta
of functional BAV patients demonstrate that asymmetric
blood flow patterns may contribute to aneurysm formation,
suggesting an acquired disease process in the context of
ostensibly normal aorta tissue [31, 32]. It remains unclear
if altered hemodynamics represents an independent cause or
a secondary exacerbating factor only, for example, AVD or
systemic hypertension in TAA. Taken together, malformation
of both the aortic valve and aorta is underestimated and
may reflect a single disease process (Figure 3). Collectively,
previous work supports the idea that BAV and TAA have
overlapping genetic etiologies (cause) and shared disease
mechanisms (pathogenesis).

5. Evidence in Favor of a Single
BAV-TAA Malformation
Classifying CVM is challenging. Emphasizing studies
designed to elucidate etiology, the National Birth Defect
Prevention Study (NBDPS) developed a comprehensive
classification system for CVM [33–35]. Botto et al. recognized BAV and TAA as CVMs, but excluded them from
consideration because they are not well ascertained at birth,
underscoring the diﬃculty of establishing the presence of
silent endophenotypes. CVM, also known as congenital
heart disease, represents a broad spectrum of heart defects
that are present at birth, often requiring neonatal surgery,
and is generally thought to be a pediatric problem. Some
CVMs do not manifest as overt disease until adulthood,
creating the impression of an acquired disease. There is
growing evidence that adult-onset cardiovascular diseases
have necessary genetic and developmental components [36,
37], including AVD and TAAD.
BAV is present at birth and may or may not be associated
with AVD. Previous studies have identified an association
between BAV and a wide variety of other seemingly unrelated
CVMs, particularly coarctation of the aorta, ventricular
septal defect, and HLHS [38–40]. While it is tempting to
think of CVMs as simple (one defect, one aﬀected tissue
type), many CVMs aﬀect multiple tissue types, including
both valve and aorta. For example, HLHS is a severe CVM
characterized by abnormalities of the left-sided valves (aortic
and mitral), left ventricular myocardium, and proximal
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AVD

TAAD

(a)

BAV

BAV-TAA

(b)

TAA

BAV-TAA

(c)

Figure 3: Potential relationships between BAV and TAA. From a disease standpoint, AVD and thoracic dissection (TAAD) represent distinct
entities that aﬀect diﬀerent tissue types (a). However, in light of the clinical association between the respective endophenotypes BAV and
TAA, there are 3 patient populations, namely, those with BAV (with or without AVD), those with TAA, and those with BAV and TAA (b).
From a genetic and developmental perspective, there is increasing evidence of etiologic overlap, suggesting a shared complex genotype (c).

aorta. HLHS may be viewed primarily as valve disease,
aortopathy, or cardiomyopathy. BAV is present in 38% of
HLHS cases without aortic atresia (the rest having unicuspid
aortic valve), and the thoracic aorta is universally aﬀected
[40]. Turner syndrome, or X monosomy, is characterized
by a spectrum of CVMs, including BAV, HLHS, and TAA
[41–43], suggesting a shared genetic predisposition to these
phenotypes.

6. The Mature Aortic Root Is Composed of Valve
and Artery Tissue
Valve anatomy is complex [44–46]. The aortic valve is
semilunar in shape and separates the left ventricle from
the aorta to promote forward blood flow. Semilunar valves
have cusps that are highly organized cell-matrix structures,
consisting of fibrosa, spongiosa, and ventricularis layers. The
substantial fibrosa layer is composed of fibrillar collagens,
while the thin ventricularis layer is composed of elastic fibers
and the intervening spongiosa layer is composed primarily of
proteoglycans. The distinct shape of the aortic valve creates
a unique self-contained support structure within the arterial
roots [47, 48]. Like the valve, the aorta is organized in three
layers, consisting of the intima, media, and adventitia. The
outer layer is made up of collagens and vessels (adventitia),
the substantial middle layer is made up of elastic fibers
and smooth muscle cells (media), and the thin inner layer
is made up of an endothelial lining (intima/subintima). In
contrast to the aorta, the aortic root is made up of the
fibrous valve annulus region, at the junction between the
valve cusp and aortic wall, and the arterial tissue within the
sinuses of Valsalva [49–52]. Because the arterial tissue in the
aortic root is interrupted by valve tissue extending from the
ventriculoarterial junction to the sinotubular junction, there
are no lamellae in the aortic root.
Histopathology from both syndromic and nonsyndromic
(either familial or isolated) TAA cases has shown similar
findings, suggesting common pathogenesis [53, 54]. Studies
focusing on human tissue from patients with either aortopathy or valve disease are limited to end-stage specimens
that may be confounded by multiple secondary disease
processes [30, 55–57]. We have reported a strategy to study

mechanisms specific to early and late disease processes
by comparing pediatric to adult AVD specimens [58, 59].
Here, we extend these observations and present aortic valve
and aorta histopathology from patients with related CVMs,
including functional BAV, HLHS, early BAV/AVD without
TAA, and late BAV/AVD with TAA (Figure 4).

7. Clinical Patterns of Aortic
Valve and Aorta Malformation
Interestingly, a functional BAV, that is a malformed valve
without stenosis or insuﬃciency, from an infant that died
of noncardiac causes has normal trilaminar architecture
and normal valve thickness. Both the aortic root and the
ascending aorta (not shown) demonstrate subtle elastic
fiber fragmentation, consistent with concomitant aorta
malformation, but maintained normal aortic dimensions as
measured by echocardiography. Similarly, the aortic valve
from a patient with HLHS has a small BAV with normal
trilaminar ECM organization. This aorta is small in caliber,
but also has subtle elastic fiber fragmentation elongating the
normally wavy appearance. A young patient with AVD and
an underlying BAV demonstrates valve cusp thickening with
marked ECM disorganization but no calcification, while the
older patient with AVD and a BAV shows more advanced
cell-matrix abnormalities and calcific nodules. The aorta
from the young patient with BAV/AVD shows the same
characteristic abnormalities and the older patient, consistent
with aorta malformation in the absence of overt TAA
(Figure 4), but the older patient demonstrates subintimal
hypertrophy in addition to these findings, consistent with
coexistent inflammatory processes. Taken together, these
results demonstrate surprising observations about tissue
architecture in diﬀerent clinical contexts.
In humans, abnormal histopathology is presumably
present at birth albeit subtle as shown. Targeted mutagenesis
mouse models are power tools to examine mechanisms of
human disease [60], and in this regard specific models are
instructive. The eNOS-deficient mouse [61] is a model of
BAV, and the ACTA2-deficient mouse [62] is a model of
aorta malformation and therefore can provide a means to
define the pathways and timeline involved in malformation
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AVD or TAA

HLHS with
small BAV
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with TAA
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(b)

Intima

Media

Adventitia
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Figure 4: Cardiovascular phenotypes related to malformations of the aortic valve and thoracic aorta. Trilaminar ECM organization of
the normal aortic valve (a,c) is characterized by cusps organized into Fibrosa (F), Spongiosa (S), and Ventricularis (V) layers, while the
normal proximal aorta (B,D) is characterized by Adventitia (A), Media (M), and Intima (I) layers. Histopathology of a functional BAV,
that is a malformed valve without disease, demonstrates preserved ECM organization and normal morphometrics in both the valve (e)
and aorta (f). Similarly, the small bicuspid aortic valve of a patient with hypoplastic left heart syndrome, a severe form of aortic valve
malformation, shows normal trilaminar ECM organization and morphometrics (g,h). However, BAV with AVD in a younger patient (I)
shows ECM disorganization (black arrowheads), in both the aﬀected valve (i) and the aorta with normal dimensions (j). In an older patient
with BAV-TAA, there is advanced AVD characterized by marked valve thickening, ECM disorganization (black arrowheads) and calcification
(asterisk) and TAA characterized by subintimal hyperplasia, elastic fiber fragmentation, proteoglycan accumulation (white arrowheads), and
adventitial fibrosis (asterisk).

becoming disease. Curiously, the description of the eNOS
mutant mouse only superficially examined the aorta, and
the description of the ACTA2 mutant mouse did not report
observations pertaining to the aortic valve. Studies are
needed that explore the regulation of tissue development and
homeostasis in both aortic valve and aorta tissue in mutant
mice like these that hypothetically aﬀect both tissues and
model the BAV-TAA association.

8. The Developmental Basis of Both
Valves and Arteries Involves Both
Neural Crest and Endothelial Cell Progenitors
Numerous developmental signaling pathways have been
identified as critical for both valve and aorta disease
processes [37, 63–65]. During cardiogenesis, outflow tract
development includes aortopulmonary septation and valve
formation to produce the semilunar valves and two discrete
great arteries (which may explain in part why TAA patients
can manifest dilated main pulmonary arteries as well). The
first sign of aortic valve development is the formation of
endocardial cushions, which is initiated by an endothelial
to mesenchymal transformation [66]. Valve cusp formation
is characterized by remodeling of the ECM into layers
through an elongation process entailing cell proliferation
and matrix expansion and remodeling to form the mature
valves (reviewed in [45]). The majority of cells that form
the semilunar valve cusps originate from endothelial derived

cells [67, 68], while the majority of smooth muscle cells that
make up the bulk of the proximal aorta are derived from
neural crest lineages [64, 69]. In addition, neural crest cells
contribute to valve development [70, 71], and endothelial
cells are necessary for vascular development [72], consistent
with critical functions for both cell populations in both tissue
types.
Several developmentally important signaling pathways
have critical functions in valve and aorta development,
including Wnt, TGF-beta, and Notch signaling. TGF-beta
and Notch pathways are particularly compelling in the
context of human genetics findings (see below). In the
fibrillin-1 mouse model of Marfan syndrome that recapitulates the TAA phenotype, increased TGF-beta signaling has
been shown to have a major role in pathogenesis [73], and
Losartan, an angiotensin receptor blocker (ARB) that also
antagonizes TGF-beta, rescues TAA [74]. These findings have
been replicated in a small human cohort and consequently
have been the basis of a clinical trial coordinated by
the Pediatric Heart Network [75, 76]. Taken together, the
molecular eﬀects of an established drug that modulates
a latent disease phenotype demonstrates the potential of
targeting developmental pathways to identify new therapies.

9. Major Genetic Factors Underlie
Both BAV and TAA
BAV is heritable and has been shown to be genetically heterogeneous [77, 78]. BAV is associated with Turner syndrome,
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and mutations in NOTCH1 have been identified in a small
proportion of nonsyndromic AVD patients with BAV [79].
TAA is associated with known connective tissue disorders, for
example, Marfan syndrome (OMIM: 154700), and genetic
causes of nonsyndromic (familial or isolated) cases of TAA,
including mutations in the genes ACTA2, MYH11, TGFBR2,
have been established [80–82]. Interestingly, both Marfan
syndrome (caused by FBN1 mutations [83]) and familial
TAA caused by ACTA2 mutations are associated with aortic
valve malformation [53, 80]. The prevailing view for a long
time was that the manifestation of TAA in patients with BAV
was secondary due to hemodynamic alterations associated
with AVD [16, 84]; however, the TAA-BAV association
persists even when the BAV is functionally normal [23, 85–
87].
The BAV-TAA association led to the postulation of a
common underlying defect [88]. Subsequently, population
studies identified that there is an increased prevalence of
TAA in BAV versus non-BAV individuals [89–92]. Previous
studies have supported a strong underlying genetic basis
for isolated BAV and isolated TAA, including family-based
studies that have identified numerous loci for each phenotype that do not overlap for the most part [78, 93–97].
One locus of interest is chromosome 10q23, which is a
locus for BAV and TAA, and is the genomic location of
ACTA2. Limited overlap may be misleading in the context
of complex inheritance. For example, a large cohort of BAV
families did not identify chromosome 9q34, the location
of NOTCH1, missense mutations which cause BAV and
calcific AVD [78, 79]. Since Garg et al identified identified
pathogenic mutations in patients with BAV, additional
studies have identified novel mutations in patients with BAV
and TAA [79, 98]. NOTCH1 is an intriguing biological
candidate gene. In animal systems, Notch loss of function
recapitulates the AVD phenotype and actively regulates the
maladaptive development of associated calcification, further
supporting a mechanistic role [99, 100]. Loscalzo et al.
describe 13 families that segregate both BAV and TAA,
typically in multiple generations with approximately onehalf of aﬀected individuals having both BAV and TAA [101].
Interestingly, nearly one quarter of families had individuals
aﬀected with left-sided lesions, including aortic coarctation
and HLHS. Taken together, there are numerous challenges
studying these phenotypes, and unraveling the shared genetic
basis will require deep phenotyping eﬀorts [102].

10. BAV-TAA Association Characterized
by Complex Inheritance
There is substantial evidence to support the notion that
neither BAV nor TAA is single-gene defects. Both phenotypes
are characterized by genetic heterogeneity, variable expressivity, and reduced penetrance, consistent with complex inheritance. Pedigree and segregation analyses have consistently
identified complex inheritance underlying BAV [77, 101, 103,
104]. Interestingly, an established hamster model of BAV
also shows the same characteristics of complex inheritance
[105, 106]. Polygenic conditions are characterized by a fixed
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number of susceptibility genes and a liability threshold
(hypothetical model shown in Figure 5). In general, the
importance of genetic modifiers and epigenetics is rapidly
emerging, but little is known about these factors in the
context of BAV or TAA. Diﬀerent BAV morphologies and
diﬀerent patterns of TAA (Figures 1 and 2) may reflect
diﬀerent combinations of shared genetic variants that carry
diﬀerent clinical risks beyond BAV and TAA, for example,
valve disease, aortic dissection, or associated CVM. It has
been shown, for example, that RN BAV morphology is
associated with a higher risk of developing valve disease,
while RL BAV morphology is associated with a higher risk
of the associated CVM aortic coarctation, one form of
aortopathy [11]. Together, patterns of predisposing genetic
variants may translate to variations in clinical disease states,
suggesting major modifiers contribute to both phenotypes.
Identifying these patterns may impact care, for example, by
facilitating the ability to consistently predict natural history
[85, 87].

11. Genotype Definition and Phenotype
Stratification for BAV-TAA Have Significant
Clinical Implications
Genetic testing will play an increasing role in the clinical
management of BAV-TAA patients. Genotype definition and
phenotype stratification will significantly impact counseling
(prognosis, recurrence risk), timing and choice of medication, and surgical disposition (timing and approach).
Ultimately, genotype definition may be able to identify
those patients with either BAV or TAA that are at risk
(or not at risk) of developing the other lesion, impacting
clinical management decisions. Screening guidelines for TAA
now incorporate genetic information, as do the new Ghent
criteria for Marfan syndrome [18, 107], and as more is
learned about the genetic basis of BAV, the yield of clinical
genetic testing will be suﬃcient to warrant testing. However,
as the genotypes associated with these phenotypes are
defined, there may be a need to expand individual Consensus
Guidelines for BAV and TAA to include full consideration
of the other phenotype or create separate BAV-TAA specific guidelines to reconcile complementary considerations
[7, 18].
While there is a clear benefit to lowering blood pressure,
molecular developmental insights have elegantly demonstrated the potential of molecular signaling in the tissue
to modify disease. Increased understanding of pathogenesis
will identify both new therapeutic targets and diﬀerent
groups of patients that will benefit from diﬀerent therapies.
However, both BAV/AVD and TAA/D remain essentially
surgical problems; therefore surgical considerations heavily influence clinical management. The pulmonary artery
dimension is increased in BAV patients [87, 100], consistent
with previously reported histopathologic abnormalities in
the pulmonary artery of BAV patients [26]. This may
be clinically relevant in BAV patients who require aortic
valve replacement and may be candidates for the Ross
procedure (autologous pulmonary valve placed in the aortic
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Figure 5: Hypothetical model of shared complex genotype in BAV-TAA. Multiple susceptibility genes exist for both BAV and TAA, and some
of these genes are common to both phenotypes (yellow letters, Normal). An unaﬀected genotype might have 8 BAV susceptibility genes (a–
d, j–m) and 8 TAA susceptibility genes (j–m, w–z), 4 in common (j–m). If the manifestation of each phenotype is dependent on a liability
threshold of predisposing variants, for example, greater than or equal to 3 variants, then there are multiple ways in which an individual may
realize an aﬀected status (BAV, TAA, BAV-TAA), and the specific pattern of variants may contribute to phenotypic variability. Importantly,
this model does not take into account the likely importance of additional insults (epigenetic modifiers, environmental factors) that may be
necessary for phenotype manifestation.

Table 1: Summary of concepts and future directions.
(i) Malformation of the aortic valve and aorta shares underlying mechanisms.
(ii) The complex inheritance underlying BAV and TAA may represent more overlap than previously considered.
(iii) Genetic testing will play an increasing role in the clinical management of these patients.
(iv) Future guidelines should consider reconciling complementary considerations by combining recommendations for valve disease
and aortopathy.
(v) Research eﬀorts combining family-based studies with whole-genome exome sequencing promises to help define nonsyndromic
BAV-TAA causes.
(vi) Research eﬀorts studying animal models with both AVD and TAA are necessary to advance mechanistic insights and identify new
therapies.

position). More commonly, some patients with apparently
isolated AVD or TAAD undergoing surgical repair may
be at risk for subsequently developing the other lesion,
for example, the AVD patient who undergoes aortic valve
replacement and later develops TAA requiring additional
surgical intervention. McKellar et al. recently described aorta
complications in 1,286 AVR patients with a median 12-year
followup and reported that 10% demonstrate progressive
aortic enlargement and only a small minority of these lead to
dissection or require further surgery, suggesting prophylactic
replacement of the aorta would be warranted in a small
subset of patients [108]. The ability to identify which patients
are at risk before the first surgery would substantially impact
clinical decision making, including for example, a selective
approach to combined valve and aorta replacement.

Finally, genotype phenotype information will have
important implications for clinical surveillance. For example, current recommendations for functional BAV patients
include screening echocardiograms every 5 years [7].
Recently it was shown that surveillance may be modified by
morphology such that pediatric patients with RN morphology are screened every 2 years because they are at higher
risk of developing new AVD, while individuals with RL BAV
could be monitored less aggressively in early childhood as
the risk of having AVD at this time is relatively low [14].
Family members of BAV patients may be at risk for TAA
(even if they do not have BAV), and family members of TAA
patients may be at risk for BAV, underscoring the importance
of monitoring for both diseases. In summary, genetic
and developmental research advances and future directions

8

Cardiology Research and Practice

(Table 1) promise to continue to provide opportunities for
improved care for patients with these important disease
processes.

Abbreviations
AVD:
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CVM:
HLHS:
TAA:
TAAD:

Aortic valve disease;
Bicuspid aortic valve;
Cardiovascular malformation;
Hypoplastic left heart syndrome;
Thoracic aortic aneurysm;
Thoracic aortic aneurysm with dissection.
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Whether the dilatation of proximal aorta in patients with bicuspid aortic valve is secondary to hemodynamic eﬀects related to
the abnormal aortic valve or a primary manifestation of the genetic disorder remains controversial. We discuss in this paper the
recent data on the BAV function and transvalvular flow patterns in relation with the dilatation type of the proximal aorta. Diﬀerent
morphological forms of bicuspid aortic valve in relation with the specific transvalvular blood flow patterns are focus of the first
paragraph of this paper. In the second part of this paper we present the pathogenetic insight into the diﬀerent clinically observed
phenotypes of bicuspid aortic valve disease (i.e., association of proximal aortic shapes with the specific cusp fusion patterns), based
on the data from recent rheological studies.

1. Introduction
It is widely accepted that bicuspid aortic valve (BAV) is a
very heterogeneous disease and that the diﬀerent phenotypes
of BAV-associated aortopathy may be caused by unique
pathogenetic mechanisms [1, 2]. In persons with BAV, the
dimensions of the proximal aorta are significantly larger
than those in persons with tricuspid aortic valve, even in
the absence of significant valvular hemodynamic disturbance
[3]. Whether the dilatation of proximal aorta in patients
with BAV is secondary to hemodynamic eﬀects related to
the abnormal aortic valve or a primary manifestation of
the genetic disorder remains controversial. The clarification
of this phenomenon is not simply theoretical in nature,
since this may significantly aﬀect the surgical approach to
the dilated ascending aorta in patients presenting with BAV
disease. The prevailing theory of BAV-associated aortopathy
will undoubtedly tailor the surgical treatment of this common clinical entity. Moreover, specific BAV phenotypes may
require diﬀerent therapeutic approaches and would support
an individual treatment strategy of BAV disease.
In the face of the growing body of evidence on BAV
function, we found it important to address the issue of

systolic transvalvular flow through the BAV. Indeed, this is
one of the crucial points which may resolve the controversy
regarding the pathogenesis of BAV-associated aortopathy. We
discuss in this paper the recent data on the BAV function
and transvalvular flow patterns in relation with the dilatation
type of the proximal aorta. These rheological studies are supportive of hemodynamic origin of the distinct BAV phenotypes and will be discussed in details in the following paragraphs.

2. BAV Morphology and Transvalvular Flow
The variable morphology of BAV is a result of diﬀerent cusp
fusion patterns, as demonstrated by a large pathologic study
from Mayo Clinic, Rochester [4]. The two most common
patterns of cusp fusion in BAV disease are fusion of the left
and right coronary cusp, which occurs in 70–85% of cases
and fusion of the right and noncoronary cusp, which is less
common and occurs in the remaining 15–30% of BAV cases
(Figure 1).
A more detailed classification of distinct BAV morphological variants has been published by Sievers and Schmidtke
[5]. This classification system respects the number of raphes,
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Figure 1: Cusp fusion patterns in BAV disease [4].

the spatial position of valve cusps and raphes, and the functional status of the valve.
The asymmetric opening of even “clinically normal”
bicuspid aortic valve has been demonstrated experimentally
by Dr. Robicsek and coauthors in their pioneering in vitro
study [6] (Figure 2).
The orifice of the open BAV has been shown to be
irregular and dome shaped, which is caused by the restricted
mobility of conjoined leaflet. This asymmetric and morphologically stenotic orifice results in a nonaxial, turbulent transvalvular flow jet, which propagates eccentrically towards the
wall of ascending aorta [6]. The authors hypothesized that
this uneven wall stress distribution in the proximal aorta may
promote the development of proximal aortic dilatation. A
novel parameter “cusp opening angle” (i.e., degree of valve
leaflet alignment to the outflow axis in systole) was introduced recently by Della Corte and coauthors to quantify cusp
motility in the setting of right-left fusion type of bicuspid
aortic valves [7]. The latter authors were able to demonstrate
a prognostic correlation of this parameter with yearly rate of
aortic growth in a multivariable analysis. Systolic flow deflection towards the right, which was associated with inhomogeneous wall stress distribution in the proximal aorta has
been demonstrated in the setting of right-left fusion type
of BAV [7]. Moreover, a significant correlation has been
recently demonstrated between the degree of eccentricity of
the systolic transvalvular flow and the severity of the proximal aortic dilatation in the pediatric BAV population (i.e.,
the larger the angle of misdirected flow with the aortic
outflow axis, the larger the proximal aortic diameter) [8].
Barker and coauthors evaluated wall shear stress (WSS) in
the ascending aorta of BAV patients using phase-contrast
MRI [9]. They introduced a novel parameter of “shear range
index,” which measures the shear symmetry along the lumen
circumference. These authors demonstrated convincingly
that the spatial distribution and magnitude of systolic WSS
in BAV patients was significantly diﬀerent from TAV patients
[9]. Moreover, the shear range index varied significantly
among the BAV patients, which supports the heterogeneous
pattern of aortic dilatation in BAV disease.
The most important contribution in this context, which
analyzed the transvalvular blood flow patterns in BAV
patients using sophisticated four-dimensional magnetic resonance imaging, was published by Hope and coauthors [10].
These investigators demonstrated a nested helical systolic

flow in the ascending aorta in patients with BAV including
those without ascending aortic aneurysm or aortic valve
stenosis. This strongly suggests that the abnormal systolic
flow pattern is not secondarily to a dilated aorta or to aortic
valve dysfunction and may be implicated in the pathogenesis of BAV aortopathy. Importantly, the authors found specifically two systolic transvalvular flow patterns in patients
with BAV, which strongly correlated with the two most common cusp fusion types [10]. The fusion of the right-left
coronary cusps was associated with a right-anteriorly directed systolic flow jet with a marked peripheral skewing
towards the convexity of the ascending aorta (Figure 3(a)).
BAV patients with the less common right-noncoronary cusp
fusion demonstrated a left posteriorly directed eccentric
flow with propagation towards the proximal aortic arch
(Figure 3(b)).
These data demonstrated clearly that diﬀerent morphologic forms of BAV may generate specifically oriented systolic
flow jets in the proximal aorta. As a consequence of this,
it may be assumed that diﬀerent systolic flow patterns may
result in specific segments of aortic aneurysm formation in
BAV patients. Specifically, fusion of right-left cusps, which
produces a right anteriorly oriented flow jet may explain
the larger aortic root dimensions and asymmetric dilatation of midascending tract, commonly seen in these BAV
patients [11]. Inversely, fusion of the right-noncoronary
cusps gives an origin to left posteriorly directed flow-jet,
which propagates further towards the proximal aortic arch
and may result in increased aortic arch dimensions in this
subgroup of BAV patients [12].
Most recent in vitro studies provide some valuable
insights into the transvalvular hemodynamics of BAV
patients. Nathan and coauthors used finite element analysis
in order to investigate the wall stress in the proximal aorta of
BAV patients [13]. These authors were able to demonstrate
significantly increased 99th percentile wall stress in the
BAV group versus in the TAV group [13]. Saikrishnan and
colleagues addressed BAV hemodynamics in an in vitro
system using a particle image velocimetry [14]. The authors
demonstrated an eccentric systolic jet in stenotic BAV, which
impinged on the aortic wall on the nonfused cusp side,
causing a strong vortex in the nonfused cusp sinus. These
findings correlate well with the in vivo flow patterns presented by Hope and coauthors [10]. Moreover, the values of
turbulent kinetic energy and shear stress in BAV models were
almost twice as large as comparable values in TAV model
in the aforementioned study by Saikrishnan and coauthors
[14]. Vergara and associates performed most recently a parametric study, based on the simulations of ascending aorta
hemodynamics with diﬀerent configurations of BAV orifice
area and valve orientation [15]. Their results showed that
aortic wall shear stress was more pronounced in subjects
with BAV morphologies, including the nonstenotic cases, as
compared with TAV morphology. Moreover, the asymmetry
of blood flow was found to be larger for a decreasing BAV
area and for a laterolateral BAV configuration [15]. This is in
accordance with the previously presented clinical studies on
association between BAV fusion types and diﬀerent proximal
aortic aneurysm morphology [11, 12].
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Figure 2: Asymmetric opening of BAV during systole [6].

(a)

(b)

Figure 3: Unique transvalvular flow patterns in BAV patients with right-left cusp fusion (a) and right-noncoronary cusp fusion (b) [10].

These hemodynamic in vitro and in vivo data provide a
pathogenetic support for the clinically observed BAV phenotypes (i.e., association of proximal aortic shapes with the
cusp fusion patterns in BAV disease) which will be elucidated
in the following paragraph.

3. Cusp Fusion Pattern and Proximal
Aortic Shape in BAV Disease
There is emerging evidence from the recent literature that
diﬀerent cusp fusion patterns in BAV disease are associated
with specific dilatation patterns of the proximal aorta. This
clinically observed linkage between bicuspid valve morphology and the lesion of proximal aorta has led to phenotypic
classification of BAV disease which incorporates both valve
and proximal aortic anatomy [1, 2, 11].
Russo and coworkers were able to demonstrate that BAV
patients with right-left cusps fusion had a significantly larger
aortic root diameter and were significantly younger at the
time of surgery versus BAV patients with right-noncoronary
cusps fusion [11]. Moreover, histological changes of ascending aortic wall were more pronounced in patients with rightleft cusps fusion versus right-noncoronary cusps fusion. The
degree of aortic wall degeneration, expressed as prevalence

of fibrosis, cystic medial necrosis, elastic fragmentation, and
inflammation has been shown to be significantly higher in
BAV patients with fusion of the right and left coronary cusps.
Echocardiographic examination of BAV patients with different cusps fusion patterns brought similar findings: rightleft cusps fusion was associated with larger aortic root diameter, whereas the fusion of right-noncoronary cusps was
associated with larger aortic arch diameter [16]. Moreover,
right-left cusps fusion correlated with a higher aortic stiﬀness
index and lower distensibility at the level of aortic root.
These authors hypothesized that the diﬀerences in spatial
propagation of blood flow in diﬀerent morphologic BAV
forms may lead to an inhomogeneous distribution of wall
stress and, consequently, to specific patterns of aortopathy. In
their subsequent study, Schaefer and coworkers were able to
identify three specific proximal aortic shapes in BAV disease
(Figure 4) [2].
Based on analysis of echocardiographic data, right-left
cusps fusion was associated with normal aortic shape (i.e.,
Type N) but larger diameters of aortic root [2]. In contrast,
right-noncoronary cusps fusion correlated with larger distal
ascending aorta and aortic arch dimensions (i.e., Type A).
Type E aortic shape illustrates one specific form of BAV
disease, so-called “root phenotype.” This is a relatively rare
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Figure 4: Three proximal aortic shapes in BAV disease [2].

form of BAV disease (10–15% of BAV patients), which aﬀects
predominantly young male patients and is associated with
aortic valve insuﬃciency due to aortic annular dilatation.
Root phenotype may represent the predominantly genetic
form of BAV disease, which is less influenced by the hemodynamic factors. Similar findings brought another retrospective
echocardiographic study by Holmes and colleagues [17]. On
the contrary, Thanassoulis and coauthors found in their
echocardiographic study a close relationship between the
right-left cusps fusion and increased risk of rapid aortic dilatation in BAV patients [18]. Possible explanations for these
diﬀerences between the findings of those two studies might
be the specific definition of aortic dilatation (i.e., aortic measurements converted to z scores on the basis of body surface
area [17] versus the parameter of rapid aortic dilatation [18])
and the apparently diﬀerent levels of measurement of aortic
diameters (i.e., specific measurement of ascending aorta
above the sinotubular junction at the point of maximum
diameter versus measurements of the whole aortic root).

4. Functional Status of BAV and
Proximal Aortic Shape
The strong correlation between the functional status of BAV
(i.e., valve stenosis) and the dilatation pattern of the proximal
aorta has been demonstrated by Cotrufo and Della Corte
[1]. These authors identified “BAD MATE” syndrome in
order to describe the common association between BAV
stenosis and asymmetric dilatation of the tubular ascending
aorta, starting from the sinotubular junction and involving
the convexity (i.e., the greater curvature) of the vessel. This
association has been proposed to be of pathogenetic origin
and result of eccentric transvalvular flow jet through stenotic
BAV, which causes asymmetrical wall stress distribution
in the proximal aorta. The asymmetric wall shear stress
distribution in BAV patients leading to the flow-induced
vascular remodeling was demonstrated recently in multiple
models (Figure 5) [19].

Figure 5: Diﬀerences in aortic wall shear stress in BAV patients
versus TAV controls [19].

Consistently with these hemodynamic findings, asymmetric histological pattern of BAV aortopathy has been
demonstrated by a series of consecutive biomolecular investigations by Cotrufo and coworkers. These authors were
able to convincingly show in several studies an asymmetric
spatial pattern of extracellular matrix protein expression and
smooth muscle cell changes in the convexity versus concavity
of BAV aorta [20] in bicuspid versus tricuspid aortic valve
stenosis [21] and in BAV versus Marfan’s syndrome [22].
In summary, there is a growing amount of evidence that
bicuspid aortic valve morphology with resulting eccentric
transvalvular blood flow may have a major impact on the
proximal aortic shape in BAV disease. Data from the recent
studies require a thorough reevaluation of the ongoing
controversy regarding the origin of BAV aortopathy [23]. The
clarification of this phenomenon is not simply theoretical
in nature, since this may significantly aﬀect the surgical
approach to the ascending aorta in patients presenting
with BAV disease. Given the apparent heterogeneity of BAV
disease, there is an urgent need for improvement of methods and criteria of both diagnosis and treatment of diﬀerent
forms of BAV aortopathy. From the practical point of view,
there is a demand for new diagnostic methods to distinguish the more from the less “malignant” forms of BAV
aortopathy. Such a risk stratification tool may include some
combinations of protein assays (e.g., metalloproteinase 2
levels) and sophisticated MRI analyses [8], in order to predict
the clinical risk of adverse aortic events. The long-term scope
should be the development of new management algorithms
and recommendations, in order to better comply with the
multiplicity of phenotypes and provide the best tailored
approach.
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Aims. Dysregulated expression of the endothelial nitric oxide synthase (eNOS) is observed in aortic aneurysms associated with
bicuspid aortic valve (BAV). We determined eNOS protein levels in various areas in ascending aortic aneurysms. Methods and
Results. Aneurysmal specimens were collected from 19 patients, 14 with BAV and 5 with tricuspid aortic valve (TAV). ENOS
protein levels were measured in the outer curve (convexity), the opposite side (concavity), the distal and above the sinotubular
junction (proximal) aneurysm. Cultured aortic cells were treated with NO synthesis inhibitor L-NAME and the amounts of 35
apoptosis-related proteins were determined. In patients with BAV, eNOS levels were significantly lower in the proximal aorta than
in the concavity and distal aorta. ENOS protein levels were also lower in the convexity than in the concavity. While the convexity
and distal aorta showed similar eNOS protein levels in BAV and TAV patients, levels were higher in TAV proximal aorta. Inhibition
of NO synthesis in aneurysmal aortic cells by L-NAME led to a cytosolic increase in the levels of mitochondrial serine protease
HTRA2/Omi. Conclusion. ENOS protein levels were varied at diﬀerent areas of the aneurysmal aorta. The dysregulation of nitric
oxide can lead to an increase in proapoptotic HTRA2/Omi.

1. Introduction
Bicuspid aortic valve (BAV) is a common congenital cardiac
defect having a prevalence of 0.9% to 2%. It is associated
with stenosis, insuﬃciency, and ascending aortic aneurysms
[1]. The formation of ascending aortic aneurysms in BAV
patients seems to be linked to apoptosis of medial vascular
smooth muscle cells (VSMCs). Apoptosis was found to
be more frequent in the medial tissue of dilated aortas
and cultured VSMCs derived from aneurysmatic aortas.
Additionally cultured VSMCs derived from BAV dilated
aortas showed higher apoptosis rates than VSMCs from
control patients [2, 3].
The endothelial nitric oxide synthase (eNOS) is associated with the development of BAV, and eNOS-produced

nitric oxide (NO) is also believed to play a role in aneurysm
formation. In 2000 Lee and colleagues showed that eNOSdeficient mice were predisposed to develop a BAV, whereas
Kuhlencordt et al. found a higher incidence of aortic
aneurysm in eNOS/Apolipoprotein E double-knockout mice
[4, 5]. A study by Aicher et al. presented a significant decrease
in eNOS protein amount in BAV aortic tissue compared
to TAV aortic tissue [6]. Expression and activity of eNOS
in aortic endothelial cells are controlled by hemodynamic
wall shear stress [7, 8]. Recent publications have indicated
that aortic wall shear stress diﬀers locally between BAV and
control patients when examined via magnetic resonance
imaging (MRI) [9, 10]. Furthermore we provided evidence
that VSMCs show a diﬀerent apoptotic behavior in the
concave versus the convex side of the dilated aorta. Inhibition
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Table 1: Patient characteristics.

Characteristics
Age (years)
Sex (f/m)
BMI (kg/m2 )
Maximum sinus
diameter (mm)
STJ diameter (mm)
Tubular diameter (mm)
Arch diameter (mm)
Aortic stenosis
Aortic insuﬃciency
Combined
stenosis/insuﬃciency

BAV
(n = 14)
51.9 ± 12.2
3/11
27.5 ± 4.2

TAV
(n = 5)
59.4 ± 8.7
1/4
28.6 ± 8.2

38.3 ± 5.1

53.0∗

36.2 ± 4.1
51.5 ± 4.6
39.5 ± 7.3
6/14
(42.9%)
3/14
(21.4%)
5/14
(35.7%)

∗

P-value
0.257
0.5
0.333
—

53.0
55.4 ± 7.3
n.a.

—
0.444
—

0/5 (0%)

0.1

5/5
(100%)

0.005

0/5 (0%)

0.2

BAV: bicuspid aortic valve; BMI: body mass index; f: female; m: male; n.a.:
not available; STJ: sinotubular junction; TAV: tricuspid aortic valve; ∗ only
data from two patients were available, and therefore statistics were omitted.

of caspase-3 was shown to protect cultured cells derived
from the concavity of the aorta more significantly than those
from the convexity [11]. Taken together, these results suggest
a locally diﬀerent behavior of medial cells in BAV aortic
tissue than in TAV aortic tissue [12]. This is particularly
interesting because it is known that eNOS-derived NO can
inhibit caspases via S-nitrosylation [13], which might explain
the observed diﬀerences in apoptosis between the diﬀerent
aortic areas. Therefore, we determined eNOS protein levels
at diﬀerent aortic areas of aneurysmal BAV and TAV patients.
We also determined the eﬀects of NO-synthesis inhibition
on apoptosis of primary human aortic endothelial cells
(HAECs) and human aortic VSMCs taken from tissue of a
BAV patient.

2. Methods
2.1. Sample Collection. The investigation conforms with the
principles outlined in the Declaration of Helsinki for use
of human tissue. The study protocol was approved by the
institutional ethics committee, and written informed consent
was obtained from all patients. Specimens of aortic wall
of 14 BAV and 5 TAV aneurysmal patients were collected
during surgery (patient characteristics are shown in Table 1).
The tissue was taken from 4 distinct areas of the aorta, the
concave side of the aorta (inner curves), the convex side of
the aorta (outer curves, the right anterolateral aspect), the
distal aneurysm (under the aortic arch), and the proximal
aneurysm (above the sinotubular junction), and immediately
placed in liquid nitrogen. Cell lysate was prepared using
the Bio-Plex Cell Lysis Kit according to the manufacturer’s
instructions (BIO-Rad, Hamburg, Germany). Whole protein
concentration in the cell lysate was measured using the BCA
protein assay (Thermo Scientific, Rockford, USA).
2.2. Western Blot Analysis. The wells of NuPAGE 10% BisTris gels (Invitrogen, Darmstadt, Germany) were loaded with

20 µg of cell lysate, and a denaturising SDS-PAGE was run
using the Xcell SureLock Mini-cell (Invitrogen, Darmstadt,
Germany) and appropriate buﬀers. The separated proteins
were transferred to a nitrocellulose membrane, which was
blocked with TBS-T containing 5% (v/w) BSA at 4◦ C
overnight. The membrane was washed thrice in TBS-T
and incubated with primary antibody diluted in TBS-T
containing 5% BSA (v/w) for 1 h. Then, the washing step
was repeated, and the membrane was treated with secondary
antibody in TBS-T containing 5% BSA (v/w) for 1 h. NOS3
rabbit polyclonal antibody (sc-654) was used together with
bovine anti-rabbit IgG-AP (sc-2372) secondary antibody
(Santa Cruz Biotec, Heidelberg, Germany) to detect eNOS
protein. The membrane was washed thrice with TBS-T
and thrice with TBS before protein bands were visualized
by incubation of the membrane in staining solution made
of 300 µL NBT/BCIP stock solution (Roche, Mannheim,
Germany) and 15 mL substrate buﬀer (0.1 M Tris-HCl, pH
9.5, 0.1 M NaCl, 0.05 M MgCl2 ).
Band intensity was analyzed using the imageJ software.
To compare band intensity between diﬀerent blots, a calibrator sample was run on every blot.
Both beta-actin (Novus Biologicals, Heford, Germany)
and GAPDH (Santa Cruz Biotec, Heidelberg, Germany) were
tested as loading control. Both controls displayed a high
fluctuation in band intensity. Therefore the initial loading
amount was used to normalize eNOS band intensity.
2.3. Cell Culture. Vascular smooth muscle cells (VSMCs)
were taken from the tunica media of a BAV patient. For
cell culture this sample was minced and treated with 0.26%
collagenase (250 U/mL, Serva, Heidelberg, Germany) at
37◦ C for about 3-4 h. After centrifugation, the pellet was
resuspended in culture medium (TC199 with Earle’s salts
supplemented with 20% fetal bovine serum, 200 U/mL
penicillin, 200 µg/mL streptomycin) and incubated at 37◦ C
in 5% CO2 air. After attachment of the tissue pieces 5 mL
fresh medium were added. The monolayer culture was
passaged by standard trypsine dispersion and resuspended in
TC199 culture medium.
Primary human aortic endothelial cells (HAECs) were
purchased from Lonza and cultured in endothelial cell
growth medium-2 (Lonza, Cologne, Germany).
2.4. Transfection and Characterization of Human Aortic
VSMCs . Human aortic VSMCs obtained from a first passage
monolayer culture were plated in 25 cm2 flasks and allowed
to attach and grow for 48 h until the culture reached approximately 80% confluency. The subconfluent muscle cell culture
was then transfected with 5 µg of pSV40-dN-plasmid DNA
as described previously [14, 15] using Eﬀectene kit (Qiagen;
Hilden, Germany). Culture supernatant containing transfecting solution was removed after 1 h. Cells were washed
with PBS and cultured in TC199 medium containing 20%
FCS and 2% (v/v) antibiotic solution. When cultures showed
focus formation, foci were isolated and subcultured in TC199
culture medium containing 20% FCS and 2% (v/v) antibiotic
solution. The population doubling time was measured as
described previously [14].
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For cell characterization, cytosolic proteins were extracted and analyzed in western blot. In short cells were washed
with 1x PBS (4◦ C), and 500 µL of cell lysis buﬀer (150 mM
NaCl, 50 mM TrisHCl, 0.5% deoxycholic acid, 1% NP-40)
containing 1x complete mini protease inhibitor (Roche,
Mannheim, Germany) were added. A cell scraper was used
to remove the VSMCs from the cell culture flask, and the
suspension was incubated on a shaker on ice for 35 min.
Subsequently the cell lysate was centrifuged at 14,200 ×g and
4◦ C for 20 min to collect the cytosolic protein fraction in
the supernatant. The whole protein amount was determined
using the BCA protein assay (Thermo Scientific, Rockford,
USA). Western blot analysis was performed as described
above. A smooth muscle alpha-actin primary antibody (Mab
1420; R&D Systems, Wiesbaden-Nordenstadt, Germany) was
used as a smooth muscle cell marker, and a von Willebrand
factor primary antibody (sc-53466; Santa Cruz, Heidelberg.
Germany) was used as marker for endothelium. Since
cells did contain smooth muscle alpha-actin but not von
Willebrand factor (data not shown) they were considered as
vascular smooth muscle cells (VSMCs).
2.5. L-NAME Treatment. VSMCs and HAECs were grown to
90% confluency and then incubated in serum-free medium
for 24 h. Afterwards cells were treated with 1 mM of NO
synthase inhibitor L-NAME for one hour. The cytosolic
protein fraction was extracted as described above.
2.6. Quantification of Apoptosis-Related Proteins. For quantification of 35 apoptosis-related proteins after L-NAME
treatment, 200 µg of cytosolic protein were used in conjunction with the proteome profiler array (R&D Systems,
Wiesbaden-Nordenstadt, Germany) according to the manufacturer’s instructions. In short, the arrays were blocked
for 1 h and then incubated with 200 µg protein lysate at
4◦ C over night. Afterwards the arrays were incubated with
biotinylated detection antibody cocktail (1 : 1000, R&D Systems, Wiesbaden-Nordenstadt, Germany) for one hour, and
antibiotin alkaline phosphatase conjugated secondary antibody (1 : 10,000, Sigma-aldrich, Munich, Germany) for 30
minutes. Protein spots were visualized with solution made
of 300 µL NBT/BCIP stock solution (Roche, Mannheim,
Germany) and 15 mL substrate buﬀer (0.1 M Tris-HCl, pH
9.5, 0.1 M NaCl, 0.05 M MgCl2 ). Spot intensity was quantified using the imagej software. The spots of the positive
control were used as calibrator. Data were taken from three
independent experiments with two replicates each.
2.7. Statistical Analysis. Statistical analysis was done with
SPSS and Excel/WinSTAT, and all data are displayed as
absolute numbers and relative percentages or as mean ±
standard deviation. Diﬀerences in eNOS protein expression
were tested with two-sided Mann—Whitney U-test for independent variables (comparison between BAV and TAV areas)
or with Wilcoxon signed-rank test for dependent variables
(comparison between diﬀerent BAV or TAV areas). Diﬀerences in apoptosis-related proteins after L-NAME treatment
were analysed with repeated measurement two-way ANOVA
to account for the two replicates on each apoptosis array.
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Relative frequencies were compared using the fisher exact
test. Significant diﬀerences were assumed at P < 0.05.

3. Results
3.1. Determination of eNOS Protein Levels in Diﬀerent Aortic
Areas. Aortic tissue was taken during aneurysmal replacement from 14 patients with BAV and from 5 patients with
TAV. Patients with BAV tended to be younger, having a low
BMI, smaller aortic diameter with a higher percentage of
aortic stenosis and combined stenosis/insuﬃciency but a
significantly lower percentage of aortic insuﬃciency (21.4%
versus 100%, P = 0.005). However, none of these characteristics diﬀered significantly along with gender distribution
and the percentage of aortic insuﬃciency (see Table 1). So we
assumed these patient groups to be comparable.
Protein levels of eNOS were quantified in the concavity,
distal aneurysm, convexity, and proximal aneurysm of these
BAV and TAV patients (Figure 1).
In TAV patients, eNOS protein level was least in the
concavity, at a medium level in the distal aorta and convex
side and highest in the proximal aneurysmal aorta. Nonetheless there was no significant diﬀerence in eNOS amounts
between the TAV aneurysmal aortic areas. BAV patients on
the other hand featured the highest eNOS protein levels in
the concavity, while distal aneurysmal aorta and convexity
showed medium levels and the proximal aneurysmal aorta
showed low eNOS protein level. Several of these diﬀerences
proved to be significant (concavity versus convexity, 93.14 ±
48.47 versus 59.67 ± 46.03% of calibrator, P = 0.04; concavity
versus proximal aorta, 93.14 ± 48.47 versus 43.00 ± 53.38% of
calibrator, P = 0.02; distal versus proximal aorta, 61.2 ± 31.8
versus 43.00 ± 53.38% of calibrator, P = 0.03) (Figure 1(b)).
The eNOS protein amount in the TAV concave side of the
aorta was lower than that in the BAV concavity but this diﬀerence was not significant (49.57 ± 23.6 versus 93.14 ± 48.47%
of calibrator, P = 0.07). In the distal aorta and the convex
aortic side there was little diﬀerence between TAV and BAV
eNOS protein amounts (distal aorta: 63.23 ± 31.99 versus
61.2 ± 31.8% of calibrator, P = 0.96; convexity: 61.63 ± 35.38
versus 59.67 ± 46.03% of calibrator, P = 0.75). However,
in the proximal aorta, eNOS levels were significantly higher
in TAV patients than BAV patients (105.79 ± 75.11 versus
43.00 ± 53.38% of calibrator, P = 0.04) (Figure 1(c)).
3.2. Quantification of Apoptosis-Related Proteins after Treatment of VSMCs and HAECs with 1 mM L-NAME. To determine the eﬀect a dysregulation of eNOS would have on
aortic cell apoptosis, we treated VSMCs originating from
aortic tissue and primary HAECs with 1 mM of the specific
NO-synthase inhibitor L-NAME for one hour. Afterwards
35 apoptosis-related proteins were quantified using a proteome profiler array for human apoptosis. In VSMCs most
apoptotic proteins increased in abundance, although only
HTRA2/Omi levels were significantly elevated after L-NAME
treatment (P = 0.04, Figure 2).
Treatment with L-NAME resulted in little diﬀerence
in Bax, Bcl-2, and cleaved caspase-3 concentration. The
cytosolic amount of cytochrome c was slightly elevated
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Figure 1: (a) Representative western blot of pooled cell lysate from 4 TAV and 4 BAV patients. 1: TAV concavity; 2: TAV distal aneurysm;
3: TAV convexity; 4: TAV proximal aneurysm; 5: BAV concavity; 6: BAV distal aneurysm; 7: BAV convexity; 8: BAV proximal aneurysm.
(b) The eNOS protein level ± SD in diﬀerent aortic areas was determined by densitometry. 1: TAV concavity; 2: TAV distal aneurysm; 3:
TAV convexity; 4: TAV proximal aneurysm; 5: BAV concavity; 6: BAV distal aneurysm; 7: BAV convexity; 8: BAV proximal aneurysm; P ∗ :
P < 0.05; TAV: n = 5; BAV: n = 14. (c) eNOS protein levels in diﬀerent areas of TAV and BAV aneurysmal aorta. Mean levels of eNOS protein
amounts ± SD are given for each aortic area. Diﬀerences between eNOS protein levels of TAV (n = 5) and BAV (n = 14) in the proximal
aneurysmal aorta are significant with P = 0.04.

Calibrator (%)

120
∗

60

Positive
control

HTRA2/Omi

Cytochrome c

Control
1 mM L-NAME

Cleaved
caspase 3

Bcl-2

Bax

0

Figure 2: Change in concentration of apoptosis-related proteins
after treatment with L-NAME. Bars display the change in concentration of Bax, Bcl-2, cleaved caspase 3, cytochrome c, HTRA2/Omi,
and the positive control after treatment of VSMCs with 1 mM LNAME for 1 h. ∗ : P = 0.04.

(68.46 ± 8.61 versus 76.39 ± 8.48% of calibrator) although this
diﬀerence was not significant (P = 0.336). Cytosolic protein

levels of HTRA2/Omi on the other hand were significantly
increased after inhibition of NO synthesis (63.1 ± 3.8 versus
72.6 ± 4.2% of calibrator, P = 0.04). For changes in other
apoptosis-related proteins see Tables 2 and 3. HTRA2/Omi
is a mitochondrial serine protease, which is released into the
cytosol by proapoptotic members of the Bcl-2 family [15].
Here it contributes to apoptosis by cleavage of members
of the inhibitor of apoptosis (IAP) family, which otherwise
function as direct inhibitors of caspase-3, -7, and -9 [16, 17].
Therefore these results indicate some form of early apoptosis
in VSMCs after L-NAME treatment.
In HAECs no significant changes in apoptosis-related
proteins could be observed after L-NAME treatment (Figure 3, see also Tables 2 and 3).
Bax, Bcl-2, cleaved caspase-3, and HTRA2/Omi did not
display any changes in cytosolic protein levels. Cytosolic
appearance of cytochrome c increased after L-NAME treatment (62.37 ± 11.07 versus 84.29 ± 6.92% of calibrator) but
this diﬀerence was not significant (P = 0.069).
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Table 2: Protein levels of 35 apoptosis-related proteins after treatment of VSMCs with 1 mM L-NAME.
Protein
Bad
Bax
Bcl-2
Bcl-x
Pro-Caspase 3
Cleaved Caspase 3
Catalase
clAP-1
clAP-2
Claspin
Clusterin
Cytochrome c
TRAIL R1/DR4
TRAIL R2/DR5
FADD
Fas/TNFSF6
HIF-1a
HO-1/HMOX1/HSP32
HO-2/HMOX2
HSP27
HSP60
HSP70
HTRA2/Omi
Livin
PON2
p21/CIP1/CDNK1A
p27/Kip1
Phospho-p53 (S15)
Phospho-p53 (S46)
Phospho-p53 (S392)
Phospho-Rad17 (S635)
SMAC/Diablo
Survivin
TNF RI/TNFRSF1A
XIAP

Control average
50.59 ± 8.08
47.65 ± 14.26
31.37 ± 7.47
17.62 ± 4.92
107.21 ± 20.89
40.89 ± 12.79
93.40 ± 24.75
39.80 ± 20.28
16.72 ± 4.71
40.49 ± 6.13
22.70 ± 6.30
68.46 ± 8.61
40.74 ± 6.48
66.06 ± 16.01
64.20 ± 13.56
66.16 ± 23.27
29.40 ± 16.62
27.06 ± 14.68
38.85 ± 14.23
33.21 ± 7.16
65.84 ± 11.85
66.75 ± 13.76
63.09 ± 3.83
14.08 ± 2.52
28.81 ± 5.92
27.93 ± 9.01
16.75 ± 6.04
82.25 ± 19.34
64.83 ± 18.94
64.02 ± 28.92
11.71 ± 2.21
56.47 ± 11.12
57.52 ± 23.63
18.18 ± 4.27
49.96 ± 5.39

1 mM L-NAME average
54.73 ± 9.86
50.98 ± 13.43
34.32 ± 5.04
19.02 ±6.20
109.96 ± 19.89
43.35 ± 6.22
97.04 ± 25.26
45.09 ± 20.87
18.86 ± 5.27
43.37 ± 6.39
27.93 ± 7.19
76.39 ± 8.48
46.36 ± 3.04
77.34 ± 6.60
71.59 ± 4.95
68.26 ± 13.45
41.97 ± 15.61
35.64 ± 12.58
49.90 ± 18.08
38.64 ± 9.88
70.83 ± 7.05
64.40 ± 5.59
72.57 ± 4.18
18.83 ± 5.12
31.30 ± 5.53
38.74 ± 9.16
21.34 ± 2.89
88.18 ± 11.03
71.42 ± 20.27
75.33 ± 22.81
18.72 ± 5.65
59.84 ± 9.98
61.96 ± 19.33
22.05 ± 1.64
56.28 ± 3.45

Change
4.15
3.32
2.95
1.40
2.75
2.46
3.63
5.28
2.15
2.89
5.23
7.93
5.62
11.28
7.39
2.10
12.57
8.58
11.04
5.43
4.99
−2.35
9.48
4.75
2.49
10.81
4.59
5.93
6.59
11.31
7.01
3.36
4.44
3.87
6.32

P
0.637
0.805
0.633
0.780
0.889
0.799
0.880
0.792
0.630
0.618
0.437
0.336
0.241
0.363
0.467
0.904
0.436
0.526
0.497
0.528
0.545
0.801
0.038∗
0.223
0.651
0.259
0.345
0.696
0.729
0.659
0.129
0.742
0.831
0.210
0.149

All values are in percent of the calibrator (positive control). The change is given in percent points of the calibrator. The data were acquired in three independent
experiments. ∗ : P < 0.05.

4. Discussion
The bicuspid aortic valve (BAV) is often associated with
ascending aortic aneurysms. Ascending aortic aneurysms are
marked by a pathologic dilatation of the aorta to the at
least 1.5-fold diameter. The enzyme endothelial nitric oxide
synthase (eNOS) catalyses the conversion of L-arginine to Lcitrulline and nitric oxide (NO), which serves as a signaling
molecule in the cardiovascular system [18, 19]. NO is known
to mediate several vasoprotective properties, like inhibition
of vascular smooth muscle cells (VSMCs) and proliferation
and maintaining of endothelial function [20, 21].
Evidence for a connection between eNOS and BAV was
given when Aicher et al. compared eNOS protein expression

in patients with TAV and patients with BAV. They showed
a downregulation of eNOS in the proximal aorta of BAV
patients compared to TAV patients [6]. Our results demonstrate a varying expression of the eNOS protein in diﬀerent
areas of the aneurysmal aorta of BAV and TAV patients.
While eNOS levels are indeed lower in the BAV proximal
aorta than in its TAV counterpart, the BAV concavity features
a higher eNOS expression than the TAV concavity, although
this diﬀerence was not significant in our experiments (P =
0.07). The eNOS protein amount in the convexity and the
distal aorta seems to be on equal levels in BAV and TAV.
The upregulation of eNOS mRNA expression by fluid
shear stress is well established [7]. Recently Barker et al.
quantified shear stress in BAV and control patients by phase
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Table 3: Protein levels of 35 apoptosis-related proteins after treatment of HAECss with 1 mM L-NAME.

Protein
Bad
Bax
Bcl-2
Bcl-x
Pro-Caspase 3
Cleaved Caspase 3
Catalase
clAP-1
clAP-2
Claspin
Clusterin
Cytochrome c
TRAIL R1/DR4
TRAIL R2/DR5
FADD
Fas/TNFSF6
HIF-1a
HO-1/HMOX1/HSP32
HO-2/HMOX2
HSP27
HSP60
HSP70
HTRA2/Omi
Livin
PON2
p21/CIP1/CDNK1A
p27/Kip1
Phospho-p53 (S15)
Phospho-p53 (S46)
Phospho-p53 (S392)
Phospho-Rad17 (S635)
SMAC/Diablo
Survivin
TNF RI/TNFRSF1A
XIAP

Control average
62.83 ± 4.88
52.36 ± 16.36
35.77 ± 6.52
20.18 ± 5.18
92.79 ± 10.67
29.29 ± 7.84
58.39 ± 12.35
35.59 ± 9.16
15.76 ± 3.62
18.69 ± 2.87
35.62 ± 11.69
62.37 ± 11.07
56.01 ± 3.15
88.48 ± 1.03
72.14 ± 8.15
41.58 ± 7.37
28.35 ± 7.46
30.43 ± 6.38
35.86 ± 1.94
41.67 ± 9.25
62.68 ± 8.65
65.35 ± 7.42
78.98 ± 5.64
12.39 ± 2.85
41.23 ± 2.47
30.05 ± 11.24
30.42 ± 3.67
22.92 ± 6.58
8.84 ± 4.14
4.06 ± 2.69
12.24 ± 3.83
63.31 ± 14.25
23.28 ± 1.48
27.19 ± 3.24
53.37 ± 7.73

1 mM L-NAME average
66.76 ± 12.67
54.62 ± 12.14
40.28 ± 4.95
17.03 ± 3.48
89.73 ± 9.55
23.81 ± 3.32
55.87 ± 6.19
27.73 ± 16.97
16.86 ± 5.57
18.00 ± 2.51
39.72 ± 4.57
84.29 ± 6.92
57.91 ± 12.80
91.83 ± 8.18
72.21 ± 7.40
34.54 ± 9.89
26.07 ± 6.38
26.90 ± 12.93
34.72 ± 11.64
44.93 ± 11.15
70.54 ± 22.29
69.88 ± 17.35
84.13 ± 9.00
17.58 ± 6.45
44.50 ± 12.63
35.52 ± 9.31
29.70 ± 4.48
25.48 ± 6.03
9.08 ± 2.81
5.01 ± 6.63
13.16 ± 9.86
63.90 ± 12.04
21.28 ± 3.96
25.24 ± 4.74
51.67 ± 3.93

Change
3.92
2.26
4.51
−3.16
−3.06
−5.48
−2.53
−7.87
1.10
−0.69
4.10
21.92
1.91
3.35
0.07
−7.04
−2.29
−3.53
−1.15
3.26
7.87
4.53
5.15
5.18
3.27
5.47
−0.73
2.56
0.24
0.95
0.92
0.59
−2.00
−1.95
−1.70

P
0.661
0.878
0.373
0.410
0.756
0.392
0.803
0.560
0.813
0.745
0.660
0.069
0.833
0.516
0.989
0.303
0.735
0.728
0.887
0.699
0.640
0.727
0.482
0.315
0.711
0.611
0.777
0.680
0.948
0.844
0.900
0.956
0.443
0.599
0.769

All values are in percent of the calibrator (positive control). The change is given in percent points of the calibrator. The data were acquired in three independent
experiments.

contrast MRI and thereby revealed a significant diﬀerence
in aortic shear stress distribution between the groups
[10]. Moreover, they found the hemodynamic forces to be
significantly higher in the concavity of BAV patients than in
control patients, while wall shear stress in the convexity was
equal in both groups. These findings suggest an upregulation
of eNOS in the BAV concavity by fluid shear stress which
coincidences with our data. It is reasonable to assume that
the altered valve morphology in BAV results in a diﬀerent
distribution of aortic wall shear stress and therefore leads to
a locally diﬀerent eNOS expression compared to TAV.
Apoptosis of vascular smooth muscle cells (VSMCs)
seems to account for the formation of aneurysm in BAV
[2, 3, 22]. In a recent study we provided evidence that VSMCs

show a diﬀerent behaviour in respect to apoptosis in the
concave versus the convex sites in BAV ascending aortic
aneurysm [11]. We found that the inhibition of caspase 3
leads to an increased protection against apoptosis in the BAV
concavity compared with the convexity. The detection of
a significantly higher eNOS protein expression in the BAV
concavity than in the BAV convexity appears to be consistent
with these earlier results, since nitric oxide generated by
eNOS is known to inhibit apoptosis by s-nitrosylation of caspases [13]. Therefore it seems that an elevated eNOS expression in the BAV concavity can contribute to an increased
protection against VSMC apoptosis in this aortic area.
To analyze the eﬀect a dysregulation of eNOS could have
on VSMC and HAEC apoptosis, we treated VSMCs which
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Figure 3: Change in concentration of apoptosis-related proteins
after treatment with L-NAME. Bars display the change in concentration of Bax, Bcl-2, cleaved caspase 3, cytochrome c, HTRA2/Omi,
and the positive control after treatment of HAECs with 1 mM
L-NAME for 1 h.

originated from aortic tissue, as well as primary HAECs
with 1 mM of the NO synthase inhibitor L-NAME. Of note,
L-NAME does not specifically inhibit eNOS but all NO
synthases. Although eNOS is the primary source of NO in
the aorta, other NO synthases are known to be active in
VSMC under certain conditions [23]. Therefore the eﬀect
of L-NAME treatment cannot solely be attributed to eNOS
inhibition. We are also aware that eNOS is mainly expressed
in endothelial cells. However, it was shown that VSMCs do
express eNOS and that the produced NO is physiologically
relevant [24, 25]. Inhibition of NO synthesis in VSMC
resulted in an increase in cytosolic HTRA2/Omi proteins.
HTRA2/Omi is a mitochondrial serine protease, which initiates apoptosis if released into the cytosol [26]. Treatment
of HAECs with L-NAME did not account for any changes
in cytosolic HTRA2/Omi levels but the cytosolic amount
of cytochrome c increased after NO synthase inhibition
although the diﬀerence was not significant (P = 0.069). The
increased presence of mitochondrial proteins in the cytosol
after L-NAME treatment indicates an inhibitory eﬀect of
eNOS produced NO on the intrinsic apoptosis pathway. This
pathway, opposed to the death receptor triggered extrinsic
pathway, is activated by proapoptotic Bcl-2 proteins, which
cause mitochondrial outer-membrane permeabilization and
thus cause a release of mitochondrial cytochrome c into
the cytosol. Here cytochrome c facilitates assembly of the
apoptosome, which activates procaspase-9 and therefore
initiates caspase cascades [26, 27]. We detected neither in
VSMCs nor in HAECs an increase in the Bax/Bcl-2 ratio
after treatment with L-NAME. This is astonishing, since an
increase in the ratio of Bax to Bcl-2 normally indicates an
activation of the intrinsic apoptosis pathway [28].
NO is reported to have pro- and antiapoptotic eﬀects
depending on its concentration, at which physiological concentrations act antiapoptotic [29, 30]. A study by Liu et al.
showed that excessive amounts of NO can lead to an increase
in HTRA2/Omi release from mitochondria and endothelial
cell apoptosis by formation of peroxynitrite [31]. Here we
show that a reduction of physiological NO concentration by

inhibition of NO synthesis can result in cytosolic accumulation of HTRA2/Omi. This presumably leads to apoptosis
of VSMCs. The locally diﬀerent eNOS expression we found
in BAV patients can account for a lower NO concentration
in certain aortic areas and therefore lead to upregulation of
HTRA2/Omi which might initiate apoptosis in VSMCs.
We are aware that our sample number, especially for TAV
patients, is limited and our data display a high standard deviation. However, Barker et al. also discovered a high standard
deviation when they determined aortic wall shear stress in
BAV patients [10]. Hence it could be hypothesized that a high
standard deviation in eNOS expression is due to a high standard deviation of aortic wall shear stress which influences
expression of eNOS. Fluctuation in shear stress between
BAV patients might be due to the morphology of the aortic
valve, as BAV is known to feature heterogeneous phenotypes
depending on the morphological type of BAV [32–34].
In summary, we showed a locally variable eNOS protein
expression in BAV aortic aneurysms than in TAV aortic
aneurysms. In addition, we showed a cytosolic accumulation
of the proapoptotic serine protease HTRA2/Omi after treatment of VSMCs with L-NAME. Taken together, these results
indicate a locally diﬀerent eNOS protein expression, which
is probably caused by variations in aortic wall shear stress
between BAV and TAV aortic aneurysm patients, which in
turn might be caused by diﬀerences in BAV and TAV valve
morphology. We conclude that eNOS dysregulation can lead
to a dysregulation of NO in certain areas of the aorta, which
can lead to VSMC apoptosis mediated by HTRA2/Omi. Thus
the low eNOS protein expression in the BAV proximal aorta
may confer susceptibility to aortic aneurysm formation.
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Bicuspid aortic valve (BAV) is the most common congenital heart defect, aﬀecting 1-2% of the population. It is generally diagnosed
late in adulthood when deterioration of the abnormal leaflet becomes clinically evident. BAV patients have an increased risk
of developing serious complications, including stenosis, regurgitation, endocarditis, dilation of the aorta, aortic dissection, and
aneurysm. BAV is a heritable trait, but the genetic basis underlying this cardiac malformation remains poorly understood. In the
last decade, thanks to studies in animal models as well as genetic and biochemical approaches, a large number of genes that play
important roles in heart development have been identified. These discoveries provided valuable insight into cardiac morphogenesis
and uncovered congenital-heart-disease-causing genes. This paper will summarize the current knowledge of valve morphogenesis
as well as our current understanding of the genetic pathways involved in BAV formation. The impact of these advances on human
health including diagnosis of BAV and prevention of cardiovascular complications in individuals with BAV or with a family history
of BAV is also discussed.

1. Overview of Valve Development
In human and other mammals, cardiac valves are essential
for unidirectional blood flow which is crucial for proper
functioning and survival of the organism. Defects in valve
structure or function can profoundly alter cardiovascular
homeostasis and are among the leading causes of human
morbidity and mortality. Thus, understanding the molecular
basis of normal and pathologic valve development is of
utmost importance and clinical relevance. The valves of
the four chambered heart can be classified in 2 groups:
atrioventricular valves (mitral and tricuspid) separate the
atria from the ventricles while semilunar valves (aortic and
pulmonary) divide the ventricles from the great arteries.
Normal aortic valve is tricuspid, meaning it possesses three
leaflets (or cusps) but defective development involving fusion
of two of these produces bicuspid aortic valve (BAV). At 12% prevalence in the human population, BAV is the most
common form of congenital heart disease and a significant
risk factor for premature cardiovascular complications and
valve replacement in young adults.
In the embryo, the heart is the first organ to develop
starting with the specification and migration of the anterior

lateral plate mesoderm cells to form the cardiac crescent
[1]. This is closely followed (embryonic day (E) 8.5 in the
mouse and 3 weeks gestation in human) by migration of
the cardiac progenitors along the ventral midline where they
fuse to form a beating linear heart tube. This primitive tube
is composed of an inner endocardial cell layer separated by
the extracellular matrix (ECM), also known as the cardiac
jelly from the outer myocardial lining. At around E9.5 in the
mouse and 4-5 weeks in human, cardiac looping occurs and
brings the atrial region of the linear tube into a posterior
position to the common ventricle. At the same time,
increased production of ECM will cause the tissue to swell at
localized regions of the heart, initiating the formation of the
endocardial cushions at the atrioventricular (AV) canal and
outflow tract (OFT) [2, 3]. Endocardial cushion formation is
initiated by signals emanating from the AV canal and OFT
myocardium that will diﬀuse into the ECM and reach the
adjacent endocardial cells to undergo EMT. A large number
of transcription factors and signaling pathways have been
implicated in EMT and cushion morphogenesis, including
members of the TGF-β superfamily, VEGF, ErbB, NFATc1,
Notch, Wnt/β-catenin, Twist-1, Sox9, Tbx20, and Gata4,
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Figure 1: Schematic representation of a bicuspid aortic valve. (a) Transverse section through the aorta showing a normal aortic valve with
three leaflets and their corresponding points of attachment to the aortic wall. A bicuspid aortic valve arises from fusion of two diﬀerent
cusps, resulting in the formation of a conjoined leaflet. (b) Schematic representation of the BAV subtypes. The R-N BAV arises from fusion
of the right coronary cusp and noncoronary cusp whereas the R-L BAV results from the fusion of the right coronary cusp and left coronary
cusp. LCA: left coronary artery; LCC: left coronary cusp; NCC: noncoronary cusp; RCA: right coronary artery; RCC: right coronary cusp.

and their function has been nicely described in a recent
review [4].
Endocardial cushion formation is a complex process that
relies on the transformation of a subpopulation of inner
endocardial cells into mesenchymal cells; this process termed
epithelial-to-mesenchymal transformation (EMT) occurs at
the AV canal boundary to initiate mitral and tricuspid
valve formation and, later, in the OFT to initiate aortic
and pulmonary valve formation. As development progresses,
these cushions will undergo exhaustive cell proliferation and
grow towards each other until they touch initiating a process
of fusion between the two cushions. Further remodeling of
the endocardial cushions results in the formation of thin
protruding leaflets composed of endocardial cells and ECM
that go on to form the valves. These last steps are dependent
on cell diﬀerentiation, apoptosis and ECM remodeling. In
the AV canal, EMT-derived mesenchymal cells are the sole
contributor to the mitral and tricuspid valves. In the OFT,
mesenchymal cells originating from migrating cardiac neural
crest cells will reach the OFT cushions and together with
endocardially derived mesenchymal cells will contribute to
the formation of the aortic and pulmonary valves. It is of
no surprise then that subtle perturbations in endocardial
cushion development can lead to heart valve diseases,
including bicuspid aortic valve (BAV). Of note, valve defects
are among the most frequent cardiovascular malformations
accounting for 25–30% [5].
In normal individuals, the aortic valve possesses three
leaflets, namely, the left coronary, the right coronary, and
noncoronary cusps, named after their relationship to the
coronary arteries (Figure 1). The morphology of the BAV
usually includes leaflets of unequal size as the result of the
fusion of two cusps, leaving one leaflet larger than the other
[6]. In humans, the larger leaflet is characterized by a raphe,
which is a thin ridge of tissue that represents the location
where the two cusps fused during valve development. In

addition, leaflet orientation has been shown to vary widely
among patients. The most frequent BAV subtypes are those
with fusion of the right and left (R-L) coronary leaflet,
representing 59% of cases and those with union of the right
and noncoronary (R-N) leaflet occurring in 37% of BAV
cases [7]. Insight into the etiology of the R-N and R-L
BAVs was further gained from studies of Nos3 null mice as
well as the inbred Syrian hamsters strain which selectively
display R-N and R-L subtypes, respectively [8, 9]. These
studies suggested that the R-N BAV is caused by defective
formation of the OFT cushion whereas the R-L BAV is likely
the result of defective OFT septation. Thus, the two BAV
subtypes appear to have distinct etiologies. In addition, it has
been shown that the R-N fusion is associated with increased
dimensions of the aortic root as well as development of aortic
insuﬃciency later in life [10, 11]. The R-L fusion, on the
other hand, is associated with a more rapid progression to
valve dysfunction and increased dimension of the aortic arch.
A new technique, called 3D time resolved phase contrast
cardiac magnetic resonance (4D Flow), has been described
recently as a powerful tool to allow a better characterization
of aortic-valve-related flow dynamics as well as progression
of aortic dilation in patients with BAVs [11]. In this study,
Hope et al. demonstrated a significant elevation of ascending
aortic wall shear stress in a subgroup of patients with BAVs,
the majority of whom had R-L fusion. Shear stress to the
aortic wall has been linked to aortic aneurysm formation,
thus this technique provides a noninvasive mean to quantify
the increased blood flow through the ascending aorta in
patients with BAVs even before there is a clear manifestation
of aortic aneurysms.

2. Insights from Human Genetics
Information regarding prevalence of human BAVs has been
acquired through autopsy and echocardiographic studies.
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BAV is now believed to be the most common cardiovascular
malformation with a prevalence of 1-2% in the general
population [12]. Even though BAV is usually an isolated
defect, it may be associated with other cardiovascular syndromes or malformations with at least one-third of patients
likely to develop serious complications that will require valve
surgery [13]. It is now clear that BAV is a risk factor for
adult cardiovascular events. These include aortic stenosis,
regurgitation, dissection, dilation/aneurysm as well as valve
calcification and infective endocarditis. In the last decade,
conflicting results have been obtained regarding the presence
of thoracic aortic aneurysms in the setting of BAVs [14].
Some groups have shown that there is a higher rate of
aortic root dilatation in individuals with BAVs while others
found thoracic aortic aneurysms in first-degree relatives with
normal tricuspid aortic valves. Thus, aortic aneurysms in the
context of a BAV may not exclusively be due to disturbed
blood flow through the aortic valve. For example, Bunton
et al. have demonstrated that the fibrilin-1 gene, which is
involved in Marfan syndrome, plays an important role in
maintaining the integrity of elastic fibers and that mutations
in FIBRILIN-1 could decrease the elastin content in the aorta,
providing a new mechanism for the presence of aneurysms in
patients with Marfan syndrome [15]. A better understanding
of the molecular pathways that maintain the integrity of the
aorta is warranted in order to elucidate the pathogenesis of
aortic aneurysms in BAV patients.
Several studies addressing the heritability of BAV revealed
high incidence of familial clustering [16–18]. Glick and
Roberts noted that 17 patients out of 71 family members
(24%) had aortic valve disease likely secondary to a BAV, with
2 or more family members aﬀected. Using echocardiography
screening of 190 first-degree relatives, Huntington and
colleagues reported a prevalence of BAV of 9.1% among the
first-degree relatives, suggesting that the distribution of BAV
follows an autosomal dominant inheritance with reduced
penetrance [16]. Using a variance component methodology,
Cripe et al. found that, using their mathematical model, the
heritability of BAV was 89% suggesting that BAV is almost
entirely genetically determined and that mutations in diverse
genes with divergent inheritance pattern may be responsible
for BAV formation in diﬀerent families [19]. In conclusion,
epidemiologic studies suggest that BAV is heritable and
follows an autosomal dominant mode of transmission with
reduced penetrance and variable expressivity.
While the heritability of BAV is now well established,
genes linked to the defect remain largely unknown. A familybased linkage analysis using microsatellite markers revealed
linkage to three loci on chromosome 18q, 5q, and 13q, but
the precise gene(s) within these regions were not defined
[20]. To date, only mutations in NOTCH1, a gene that maps
to 9q34-35, have been associated with BAV in a small number
of families (Table 1). Initially, a nonsense and a frameshift
mutation in two family members with BAV and valve
calcification were identified in a large family with 11 cases
of congenital heart disease, four of which required aortic
valve replacement [21]. Shortly thereafter, new undescribed
missense mutations were identified in patients with BAV
and/or aortic aneurysms in two independent studies [22, 23].
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These observations provided strong evidence that NOTCH1
haploinsuﬃciency can cause aortic valve disease.
Mutations in transcription factor GATA6 have been
associated with congenital heart defects, including tetralogy
of Fallot, persistent truncus arteriosus, and atrial septal
defects [24–26]. GATA6 is involved in OFT morphogenesis
and its deletion from neural crest cells in mice causes
perinatal lethality due to a spectrum of aortic arch patterning
and cardiac OFT septation defects [27]. Recently, Lin et al.
discovered that one of the parents of a patient with ASD had
a BAV suggesting a possible relationship between GATA6 and
BAV (Table 1). Interestingly, GATA6 maps to chromosome
18q, which is linked to BAV, but no mutations in the GATA6
gene have been reported yet in individuals with BAV [20]. Of
note, examination of the aortic valve of Gata6 heterozygote
mice revealed partial penetrance of BAVs (our unpublished
data) supporting a role for GATA6 as a candidate BAVcausing gene.
Human genetics have also revealed that perturbations
in the expression of ECM components (elastin, collagen,
and proteoglycans) can lead to cardiac defects (Table 1). For
example, mutations in FBN1 (an extracellular glycoprotein
of the ECM that acts to maintain tissue elasticity of the
valve leaflets and aortic wall by linking smooth muscle cells
to adjacent elastin fibrils) have been observed in patients
with Marfan syndrome (MFS), a genetic disorder of the
connective tissue characterized by mitral valve prolapse, BAV,
and/or aortic dissection and aneurysm [28–30]. Moreover,
reduced expression of FBN1 in the aorta of patients with
BAVs was reported [31]. Of note, targeted deletion of
Fbn1 in mice phenocopies the defects observed in Marfan
syndrome indicative of a causal relationship between FBN1
mutations and valve malformation [32, 33]. These mice
have upregulated TGF-β signalling, mitral valve prolapse and
die shortly after birth due to aortic dissection caused by
weakening of the aortic wall [34]. Interestingly, mutations
in the TGF-β receptors, TGFBR1 and TGFBR2, have been
associated with Marfan and Loeys-Dietz syndromes [35, 36].
Recently, a missense mutation in TGFβR2 identical to the one
found in MFS patients who tested negative for mutation in
FBN1 was found in a patient with BAV and aortic aneurysm
[37] but an earlier study found no mutation in either
TGFBR1 or TGFBR2 in patients with isolated BAV.
Aortic dilation, dissection, and/or aortic aneurysm are
the most common vascular complications in patients with
BAV. Linkage analysis of 7 family members with aortic
aneurysms and dissection, of whom three had BAVs identified ACTA2 which encodes smooth muscle α-actin [38].
Analysis of aortic tissue from these patients showed increased
proteoglycans accumulation, fragmentation, loss of elastic
fibers, and decreased numbers of smooth muscle cells,
consistent with aortic wall degeneration. However, whether
ACTA2 mutations cause BAV remains uncertain.
Other gene mutations have been linked to syndromic
disease that include aortic valve abnormalities. For example,
homozygous truncating mutations in HOXA1 have been
associated to Bosley-Salih-Alorainy syndrome and Athabascan Brainstem Dysgenesis syndrome [39]. Interestingly,
severe cardiovascular malformations, including interrupted
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Table 1: Human gene mutation and phenotype associated with bicuspid aortic valve formation.

Gene aﬀected

Human syndrome

Human cardiac
phenotype

NOTCH1

BAV, calcification,
BAV with aortic
aneurysm

GATA6

ASD, TOF

Mutation and/or
expression in BAV
patients
R1108X, H1505del,
T596M, P179H,
A1343V, P1390T
Mother of the ASD
patient had a BAV

FBN1

Marfan syndrome

Mitral valve prolapse, Reduced expression
Aortic aneurysm
of FBN1

TGFBR2

Loeys-Dielz
syndrome, Marfan
syndrome

Mitral valve prolapse,
V387M
aortic aneurysm, BAV

ACTA2

HOXA1

KCNJ2

Thoracic aortic
aneurysm and
dissection
Bosley-Salih-Alorainy Interrupted aortic
syndrome, athabascan arch type B, aberrant
brainstem dysgenesis subclavian artery,
syndrome
VSD, TOF, BAV
BAV, BAV with
coarctation of the
Andersen syndrome
aorta, pulmonary
stenosis

Mouse valve phenotype
Thick valve leaflets,
calcification
No valve phenotype
reported
Thick and long valve
leaflets, mitral valve
prolapse
Defective remodelling of
the AV cushion, lethality
at E11.5 precluding
analysis of valves

Reference

[21–23]
[26]
[28–31]

[36]

Three family
members had a BAV

No valve phenotype

[38]

Not reported

BAV

[39]

R67W

Not reported

[41]

ASD: atrial septal defect; BAV: bicuspid aortic valve; OFT: outflow tract; TOF: tetralogy of Fallot; VSD: ventricular septal defect.

aortic arch type B, aberrant subclavian artery, ventricular
septal defect, tetralogy of Fallot, and BAV, are observed in
these syndromes. Targeted inactivation of Hoxa1 in mice
was shown to recapitulate these defects [40]. Among cardiac
malformations, BAVs were obtained with a prevalence of
24%. It remains to be seen whether mutations in HOXA1 will
be discovered in BAV patients.
Similarly, heterozygous missense mutations in the KCNJ2
potassium channel have been linked to Andersen syndrome
(Table 1) [41]. This rare disorder is characterized by prolongation of the QT interval with ventricular arrhythmias, periodic paralysis, dysmorphic facies, cleft palate, and scoliosis.
Additional features seen in the pedigree were cardiovascular
malformations, including BAV, BAV with coarctation of
the aorta, or pulmonary stenosis, which had never been
associated with this disease before. Whether this or another
as yet unidentified mutation causes BAV is unclear and
the link between defective potassium current and abnormal
aortic valve formation has not been investigated.
In summary, human genetics support the involvement of
multiple causative and modifier genes in BAV inheritance.
The majority of these genes remain to be identified.

3. Insights from Animal Models
Over the past decade, analysis of aortic valves of genetically
engineered mice have provided important insight into valve
development and identified potential candidate genes that
could underlie BAV formation (Table 2). One of the first

mouse models of BAV was reported in Nos3 null mice
who had a broad spectrum of CHD including BAV all
from the fusion of the right and noncoronary leaflet (R-N)
[9, 42]. Nos3 is expressed in endocardial cells of the heart
and is shear-stress-dependent [43]. Since formation of the
endocardial cushions depends on the EMT, a shear-stress
dependent process, Nos3 deficiency might alter endocardial
cell migration during EMT, causing abnormal development
of the valve cushion. Consistent with this, NOS3 expression
was found to be significantly lower in patients with BAV [44],
providing further support for the relevance of NOS3 and
possibly its regulators in BAV formation.
Members of the GATA family of transcription factors
such as the endothelially expressed GATA2 are transcription
activators of NOS3 [45]. Another member, GATA5, has
been shown to be restricted to endocardial cells and the
endocardial cushions of the AV canal and OFT [46]. Recently,
we generated a Gata5 null mouse model and found partial
penetrance of BAVs with a prevalence of 26% [47]. To gain
more insight into the role of Gata5 in endocardial development including the cell type contributing to these defects, we
generated a conditional mouse model lacking Gata5 only in
endothelial cells (eGata5−/− ). The eGata5 mutant mice had a
similar prevalence of BAVs as the Gata5 null mice suggesting
a cell autonomous function for Gata5 in endocardial cushion
development. Remarkably, in both mouse models, the BAV
was due to fusion of the right and noncoronary leaflets (RN BAV), identical to what was seen in the Nos3 null mice.
Reduced expression of Nos3 was observed in the endocardial
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Table 2: Mouse models of bicuspid aortic valve formation.

Gene aﬀected

Human cardiac
phenotype

Mouse valve
phenotype

Cardiovascular expression

Reference

Hoxa1

IAAB, ASC, VSD,
BAV, TOF

Hoxa1

BAV

Neural crest cells, OFT
endocardium and
myocardium, Secondary
heart field

[40]

NOS3

Not reported

Nos3−/−

BAV

Gata5

Not reported

Gata5−/− and Tie2Cre ;
Gata5F/F

BAV

Nkx2.5

ASD, AV block, VSD,
TOF, HCM

Nkx2.5GFP het,
Nkx2.5HDneo het

BAV, aortic aneurysm

Mouse model

−/ −

Endocardium, myocardium [42]
Endocardium, AV and OFT
endocardial cushions,
[47]
subset of endocardial cells,
epicardium
Myocardium

[53]

ASC: aberrant subclavian artery; ASD: atrial septal defect; AV: atrioventricular; BAV: bicuspid aortic valve; HCM: hypertrophic cardiomyopathy; IAAB:
interrupted aortic arch type B; VSD: ventricular septal defect; TOF: tetralogy of Fallot.

cushions of the OFT in the Gata5 null mice. Together these
observations point to exquisite NOS3 dosage sensitivity in
aortic leaflet formation. In vitro studies demonstrated that
Gata5 is a potent activator of the Nos3 promoter suggesting
that NOS3 may be the downstream eﬀector of GATA5 in
endocardial cushion cells. Our studies also revealed that the
Notch pathway is significantly downregulated in Gata5 null
and eGata5−/− mice. Of note, decreased expression of Jag1
the Notch ligand was observed in Gata5 null and eGata5−/−
mice with a concomitant upregulation of Rbpj-κ, the Notch
pathway repressor. Downregulation of the Notch pathway in
embryonic hearts was confirmed by decreased immunostaining for the Notch1 intracellular domain (NCID). Together,
these observations suggest that reduced Notch1 activation
and subsequent Notch signaling in the outflow tract could
contribute to abnormal endocardial cushion formation and
fusion of the aortic valve leaflets. The Notch pathway plays
major roles in multiple developmental processes, including
cardiovascular development. Among others, it has been
shown to be critical for EMT, a key process for valve
formation. In mammals, the Notch family consists of 4
type I transmembrane receptors (Notch1 to 4) and 5 type
I transmembrane ligands, Jagged1, Jagged2, Delta-like (Dll)
1, Dll3, and Dll4 [48]. Upon ligand binding, a protease
complex containing gamma secretase cleaves the intracellular
domain of Notch, which enters the nucleus and regulates
gene expression through binding to the transcription factor
RBP-Jκ. It has been observed that Notch1 plays key roles
during valve development and EMT, consistent with its
expression pattern in the endocardium and OFT cushion
mesenchyme. Of note, Notch1 null mice die early due to
severe cardiac defects, including defective EMT [49]. In the
last couple of years, diﬀerent groups have tried to shed light
on the molecular mechanism of aortic valve calcification.
Nigam and Srivastava reported that inhibition of Bmp2
blocked calcification of murine aortic valves in vivo and
in vitro, suggesting that Notch1 represses Bmp2 within the
aortic valve [50]. In addition, Acharya et al. discovered that
inhibition of Notch1 in an in vitro model of aortic valve

calcification was prevented by the addition of Sox9, indicating that Notch1 regulates aortic valve calcification through
a Sox-9-dependent pathway [51]. In conclusion, all of these
findings demonstrate that NOTCH1 haploinsuﬃciency plays
a key role in valvulogenesis as well as the maintenance of
normal valve function in the adult heart. Expression of the
three cardiac GATA factors partially overlaps during cardiac
development. Our studies revealed that Gata4+/− Gata5+/−
and Gata5+/− Gata6+/− die embryonically or perinataly due
to profound cardiac defects including double outlet right
ventricles and ventricular septal defects [52]. Interestingly,
nearly half (3/7) Gata4+/− Gata5+/− mice had very high pressure gradient through the aortic valve and examination of
the aortic valve of these mice revealed the presence of BAVs.
Similarly, we observed BAV in 25% (1/4) Gata5+/− Gata6+/−
embryos at E18.5 (unpublished data). These observations
are indicative of dosage sensitivity for cardiac GATA factors
in aortic valve formation. They also suggest that CHDcausing genes might interact to influence CHD penetrance
and expressivity including BAV. These results have important
implications for human genetic studies.
BAVs have been reported in a small proportion (11%)
of mice haploinsuﬃcient for Nkx2.5 [53], a gene that has
been associated with several human CHDs (Table 2). NKX2.5
maps to chromosome 5q34, which has been linked to BAVs,
and although one study did not find any polymorphisms
in the coding region of Nkx2.5 in BAV patients [54], it still
remains to be determined whether mutations in the NKX2.5
gene will be discovered in future studies of human BAV.
Nkx2.5 is a critical regulator of cardiac morphogenesis and
was shown to modulate ECM of the aorta through regulation
of collagen type I [55]. Interestingly, mutations in collagen
type I have been linked to Ehlers-Danlos syndrome, which
is characterized by skin and bone abnormalities as well as
mitral and aortic valve dysfunction [56].
In conclusion, while the molecular basis of BAV is
incompletely understood, at least 2 pathways seem critical for
normal tricuspid formation, namely, Notch and Nos3. This
information, together with the availability of mouse models
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of BAV, represents an important step in understanding the
pathogenesis of BAV and for studies aimed at the prevention
of BAV associated cardiovascular events.

4. Is BAV Related to Other Congenital
Heart Defects?
In general most inherited congenital heart defects (CHDs)
show variable expressivity and penetrance including many
autosomal dominant syndromes. As stated earlier, BAVs have
been identified in family members whose parents or siblings
had other CHDs. The availability of the Gata5 null mice
which do not have other structural heart defects besides
BAV oﬀers the unique possibility to genetically test the link
between BAV and other heart defects. This is easily achieved
by crossing with specific mouse strains. The first set of experiments aimed to explore the consequences of combinatorial
heterozygosity of Gata5 and the 2 other cardiac GATA factors,
GATA4 and GATA6, both of which have been linked to
human CHD including septal and valve defects [24, 26, 57–
59].
The resulting double hets oﬀsprings had multiple CHDs
and reduced survival suggesting that genes linked to BAVs
contribute to other cardiac defects. This information is
important for understanding the incidence of BAVs in conjunction with other CHDs in families and for future human
genetic studies.

5. Where Do We Go from Here?
BAVs as well as other CHDs are complex multifactorial and
multigenetic diseases with variable expressivity and penetrance. Thus, not all family members with a similar gene
mutation will have the same heart disease and the same
mutation can cause diﬀerent CHDs in diﬀerent individuals.
These observations are consistent with the presence of modifying factors including genetic and environmental ones that
influence the phenotype [60]. Consistent with this, influences of the genetic background on the phenotype is now
well documented in experimental animal models and in
humans [59, 61, 62]. Thus, analysis of upstream regulators,
interacting proteins as well as downstream targets of genes
known to be linked to BAV will likely identify new CHDcausing or modifier genes.
Moreover, understanding the progression of the disease
starting in childhood would help to slow down disease
progression and improve the timing of intervention of each
patient. In addition, BAV-linked genes have also been shown
to be involved in other adaptive responses of the heart. For
example, Notch1-deficient mice subjected to pressure overload develop increased hypertrophy, fibrosis and mortality
rate is increased, suggesting that Notch1 is important for
survival [63]. Similarly, Gata5 null mice subjected to pressure
overload develop more cardiac conduction defects, have
increased fibrosis, cardiac hypertrophy, and heart failure
(unpublished data).
Such studies combined with our ability to delete genes
in specific cells and at specific developmental states in animal models will undoubtedly unravel numerous candidate
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CHD-causing genes that can be directly tested in human
genetic studies. Conversely loci identified through linkage
analysis in human cohorts can be tested in animal models
to confirm (or not) their causative link to disease.
Additionally, the availability of animal models of BAV
and other valve disease will allow direct testing and identification of genetic modifiers as well as the molecular basis of
gene-environment interaction in BAV formation.
Lastly, BAV is a risk factor for early onset of serious
cardiovascular complications but the molecular basis and
tools (such as biomarkers) to monitor disease progression
remain largely undefined.
The existing (and future) animal models of disease will
hugely facilitate such important analysis by allowing manipulations of diets, of cardiovascular parameters such as volume and pressure overload, and of other aging-related alterations. The results of such studies will undoubtedly be
translated into better diagnosis followup and prevention of
premature complications in individuals with family history
of valve disease.
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Bicuspid aortic valve is the commonest congenital cardiac abnormality in the general population. This paper article will discuss
our current knowledge of the anatomy, pathophysiology, genetics, and clinical aspects of bicuspid aortic valve disease.

1. Introduction
Bicuspid aortic valve (BAV) is the commonest congenital
cardiac abnormality with an estimated prevalence of 1-2%
[1]. It is almost 3 times more common in males than females
[2]. Adverse cardiovascular outcomes in patients with BAV
are more common than previously thought [3], therefore
given its high prevalence it presents potentially a large burden
on cardiovascular care.
This paper will discuss our current knowledge of the
anatomy, pathophysiology, genetics, and clinical aspects of
BAV disease using echocardiographic literature. Only BAV
will be discussed in this paper as well as sequelae directly
related to this.
1.1. Embryology. The definitive fetal cardiac structure is
developed by 8 weeks. The semilunar valves form the division
of the truncus arteriosus into two separate channels which
form the aortic and pulmonary trunks. The channels are
created by the fusion of two truncal ridges across the lumen.
Small swellings appear on the inferior margins of each of the
truncal ridges forming the basis of the adult valve leaflets. In
each channel a third swelling occurs opposite the first two
which will form the 3rd leaflet. In the normal aortic valve the
left and right leaflets of the adult valve are formed from the
respective swellings while the posterior leaflet is formed from
a swelling in the aortic trunk [4, 5].

The exact pathogenesis of the formation of bicuspid
aortic valves is not yet fully understood. It is thought there is
certainly a genetic component, especially given the association of BAV with other congenital abnormalities such as
coarctation of the aorta. In summary however, the BAV is
formed by fusion of the aortic cusps during valvulogenesis.
The pulmonary valve can also be bicuspid, although this
is much rarer and is most commonly associated with congenital heart disease such as Tetralogy of Fallot. There have
been less than 10 cases reported in the literature of an isolated
bicuspid pulmonary valve [6].
1.2. Anatomy. The bicuspid valve is composed of two leaflets,
of which one is usually larger [7, 8] (Figure 1). The commonest configuration of the bicuspid valve has the two
commissures located in an anteroposterior direction giving
left and right cusps while slightly less common is having the
commissures located on the right and left sides of the annulus
leading to anterior and posterior cusps. The most rare, occurring in less than 1% of patients, is due to fusion of the left
and non-coronary cusps. A new classification has identified
these as type 1, 2, and 3 bicuspid aortic valves [9] (Figure 2).
A raphe is present on the right and anterior cusps respectively, and this can make the valve appear tricuspid on echocardiography. The site of cusp fusion can have eﬀects on the
prognosis of BAV [10], with the suggestion that type 1 BAVs
are more likely to stenose as adults while type 2 valves will
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Figure 3: The bicuspid valve in the parasternal short axis view.
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Figure 1: The basic anatomy of the bicuspid aortic valve.
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Figure 2: The classification and incidence of bicuspid aortic valves
according to site of cusp fusion.

have complications at a younger age. The fused valve leaflet
in BAV is actually smaller in area than the total area of two
separate leaflets would be if the valve were tricuspid.
As well as valvular lesions there can be several associated
nonvalvular lesions. The coronary anatomy can be abnormal.
Most patients with BAV disease have a left dominant coronary circulation [8]. This left coronary can arise from the
pulmonary artery. The left main can also be up to 50%
shorter than in normal in up to 90% of cases [11]. This is
an important consideration for any aortic valve surgery.
The commonest abnormality associated with BAV is
dilatation of the thoracic aorta, also known as aortopathy.
This is thought not only to be due to the altered flow in
the aorta, but also due to cellular structural abnormalities
including decreased fibrillin, causing smooth muscle cell
detachment, and cell death [12].
The other major abnormality found in conjunction with
BAV disease is coarctation of the aorta. This occurs in at least
20% of cases and perhaps up to 85% [13, 14]. The presence

of coarctation and a poor result from repair can lead to more
rapid failure of the valve or aortic dissection.
1.3. Genetics. It is now generally accepted that there is a
heritable component to BAV disease. Reports have estimated
that there is around a 10% chance of a first degree relative
having a bicuspid aortic valve in patients with the disease
[15, 16]. A further study indicated a prevalence of almost a
quarter in families with more than one member with BAV
[17].
The connection of BAV disease and other cardiac abnormalities again suggests that there may be a developmental
link. BAV has been found in just over a quarter of patients in
a case series of 52 patients with interrupted aortic arch [18].
Mutations in a gene called NOTCH1, a transmembrane
receptor that has a role in determining cell outcome in
organogenesis, were noted in two families with BAV [19].
This seems to be the strongest genetic link discovered yet with
further discoveries of missense NOTCH1 mutations causing
impaired Notch signalling [20, 21]. Several other genetic loci
have been postulated including chromosomes 18q, 5q, and
13q, though no specific genes have been found.
Recent guidance from the American College of Cardiology/American Heart Association takes into account the
genetic component and recommends that all patients with a
1st degree relative with BAV should be evaluated for BAV and
aortopathy [22]. No studies have been done as yet however to
prove an economic benefit to screening; however recent work
has been done to suggest that there is a suﬃcient pick-up rate
of disease if first degree relatives are screened [23].

2. Diagnosis
Clinical findings are usually limited to auscultation with
most patients having an ejection systolic murmur heard
loudest at the apex [24]. There may also be signs of aortic
stenosis and coarctation of the aorta if associated. The electrocardiogram is usually normal; however there may be signs
of left ventricular hypertrophy.
The mainstay of diagnosis is echocardiography (transthoracic or transoesophageal) which can provide a definitive
diagnosis in the majority of patients (Figure 3). Figures of
92% sensitivity and 96% specificity have been reported when
images are adequate [25, 26]. Due to the natural history

of BAV to lead to heavily calcified stenotic valves, the utility
of echocardiography can be limited [27].
The parasternal short axis view allows for direct visualization of the valve cusps. In this view the normal triangular
opening shape is lost, becoming more “fish mouth-”like in
appearance, more akin to the mitral valve. This is especially
pronounced in systole, as in diastole the raphe can appear
similar to a commissure of the third cusp.
A further useful aspect of echocardiography is its ability
to identify other cardiac abnormalities including vegetations,
systolic dysfunction, and visualisation of part of the aortic
root (generally the first 3-4 cm). It is not able however to fully
quantify the extent of any aortopathy (whether proximal or
distal).
Because of these 2 main limitations, cardiac MRI and
CT have been used to augment the diagnostic process. MRI
especially will enable views of the valve to be obtained without interference from calcification. It also allows for excellent
assessment of the aorta. A recent study of 123 patients with
confirmed BAV found that 10% of the patients were misidentified as having a tricuspid valve using transthoracic echo
and 28% had a nondiagnostic study, in comparison to 4%
being misidentified as having a tricuspid valve by magnetic
resonance imaging and 2% having a non-diagnostic study
[28]. There is certainly a role for cardiovascular MRI in the
assessment of BAV. Additionally, both imaging modalities
could be employed to assess the presence and extent of
aortopathy making them as excellent surveillance tools.

3. Clinical Progression
The natural history of BAV has been evaluated several cohort
studies. It is known to be variable and of course somewhat
dependent on associated abnormalities. It can range from
severe aortic stenosis in childhood to asymptomatic disease
until old age. There have indeed been incidental findings
of a minimally calcified BAV in patients in their 70s [29].
More commonly however (in around 75% of patients) there
is progressive fibrocalcific stenosis of the valve eventually
requiring surgery. This usually leads to presentation in
middle age—only around 2% of children have clinically
significant BAV disease [30].
There have been a couple of studies looking at long-term
followup of patients with unoperated BAV. A cohort of 212
asymptomatic patients [31] with BAV (age 32 ± 20 years)
were found to have the same 20-year survival rate as the normal population (around 90%) but an increased frequency of
cardiac events including aortic valve surgery, ascending aorta
surgery and any other cardiovascular surgery. Predictive factors for cardiovascular events were found to be age ≥50 years
and valve degeneration at diagnosis while baseline ascending
aorta ≥40 mm independently predicted surgery for aorta
dilatation.
Another cohort study [3] looked at outcomes in patients
with symptomatic and asymptomatic bicuspid valve disease
(mean age 35 year, median 31, range 16–78). 642 patients
were followed up for a mean of 9 years, again with a 10-year
survival rate similar to the normal population (96%). One
or more primary cardiac events occurred in 25% including
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Figure 4: Outcomes in BAV patients (from Tzemos et al. [3]).

cardiac death in 3, intervention on aortic valve or ascending
aorta in 22%, aortic dissection or aneurysm in 2%, and
congestive heart failure requiring hospital admission in 2%.
Independent predictors of primary cardiac events were age
older than 30 years, moderate or severe aortic stenosis, and
moderate or severe aortic regurgitation (Figure 4).
A more recent study has looked at the incidence of aortic
complications in 416 BAV patients (mean and median age 35
years, range <1–89) [32]. Incidence of aortic dissection was
found to be 1.5% in all patients regardless of the progression
of BAV; however this increased markedly in patients aged 50
or older at baseline to 17.4% and even more in those found to
have aneurysm formation at baseline to (44.9%). 25-year rate
for aortic surgery was 25% and there was a significant burden
of progression of disease to cause aortic dissection with 49
of the 384 patients without baseline aneurysms developing
them during followup, giving an age-adjusted relative risk of
86.2 and an incidence of 84.9 cases per 10000 patient-years.
The main complications identified in these cohort studies
in patients with BAV are aortic stenosis, aortic incompetence,
aortopathy/dissection, endocarditis, and sudden death.
3.1. Aortic Stenosis. The symptoms of the BAV tend to
worsen with increasing stenosis severity, and measurements
of the valve orifice. The main symptoms are (exertional) dyspnea, syncope, and chest pain. These patients should be evaluated and managed similarly to patients with tricuspid aortic
valve stenosis, but of course the patients will generally
present much earlier as described previously.
The foetus can generally survive with severe aortic
stenosis due to blood flow through the right side of the heart;
however in infancy there is usually a sudden decline in cardiovascular status. One study indicated that children with
a valve gradient greater or equal to 50 mmHg had a risk of
adverse cardiovascular events of 1.2% per year [33].
In adults with BAV, stenosis occurs by similar methods
to the process in patients with tricuspid aortic valves. It is
felt to be due to leaflet calcification. It is however more likely
to be present in patients by 40 years old. There has been a
suggestion that leaflet orientation may be a predictive factor
in the rate of valve stenosis [34, 35]; however this was not
replicated in the larger studies mentioned earlier [2, 31].
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3.2. Aortic Incompetence. This is relatively common in BAV
and is often independent of aortic stenosis [36, 37]. One
cohort of 118 BAV patients found that of 70 patients without
aortic stenosis, 28 (40%) had moderate to severe aortic
regurgitation. The mechanisms of aortic incompetence in
children are usually due to prolapsing cusps, postvalve
surgery or endocarditis, while as the patients age dilatation of
the ascending aorta can lead to a functionally regurgitant
valve. Tzemos et al. [3] however suggested that rates of intervention in BAV patients with solitary aortic incompetence
tended to be low. Another important cause of aortic incompetence is myxoid degeneration of the valve. This is where
the connective tissue of the valve is replaced by acid mucopolysaccharides disrupting the structural integrity of the
valve. One case series included 27 patients with BAV who had
pure aortic incompetence—16 of these had severe myxoid
degeneration and required earlier intervention than the other
11 (average 40 years versus 52) [38].
3.3. Aortopathy/Aortic Dissection. BAV is often associated
with dilatation of the aortic root and the ascending aorta
[39]. This is otherwise known as aortopathy. This can lead to
aneurysm and dissection. The dilatation has been reported
during childhood, and it has also been suggested that
increased aortic size at baseline is predictive for earlier dilatation and worse outcomes [40, 41]. Aortic size is larger generally in patients with BAV compared to those with normal
valves [42]. The most likely risk factor for progression is felt
to be age. Aortic root size itself is related to valve morphology
and the presence of significant disease [43, 44]; however, a
recent study did suggest that while most patients with BAV
and ascending aortic aneurysm had severe valve dysfunction,
there was a small proportion of patients (5%) who did have
aneurysm formation without any aortic valve dysfunction
[45].
Many theories have been postulated for the mechanism
of BAV aortopathy. For a long time there has been felt to be a
genetic component; however there is increasing evidence for
a haemodynamic mechanism. It is felt that it is due to defects
in the aortic media, such as elastin fragmentation, loss of
smooth muscle cells, and an increase in collagen [46–49].
Systemic features have also been noted in BAV patients which
may predispose to aneurysm formation including systemic
endothelial dysfunction and higher plasma levels of matrix
metalloproteinases [50]. Also noted has been an increased
amount of wall stress in the ascending aorta [51].
Aortic dissection is a devastating concern in these
patients; however the incidence of this has been variable in
the studies, from no events [31] and 0.1% [3] in the larger
studies, up to 4% in pooled earlier studies [52]. Risk stratification for bicuspid aortic valve and development of aortopathy still has a long way to go as there has so far appeared to be
little correlation between echocardiographic and histologic
findings and development of aortic disease [53, 54]. Recent
advances in echocardiography may help to identify at-risk
patients in future [55].
There is still a lot of evidence pointing towards a genetic
origin. 4 “important lines of evidence” have been identified
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for the genetic theory [56]: (1) greater aortic size in patients
with BAVs and aortic stenosis compared with those with
tricuspid valves and aortic stenosis who are matched for
hemodynamic severity [57]; (2) enlarged aortas are found
in patients (including children) with BAVs but without any
aortic stenosis or aortic regurgitation, compared with agematched normal controls [58, 59]; (3) studies have demonstrated progressive enlargement of the aorta after aortic
valve replacement (AVR) in patients with BAVs [60, 61], (4)
studies have demonstrated degeneration of the extracellular
matrix of the aorta in patients with BAVs, including elastic
fiber fragmentation, increased metalloproteinase expression,
decreased expression of tissue inhibitors of metalloproteinases, and smooth muscle cell apoptosis as mentioned
previously [50].
3.4. Endocarditis. Endocarditis is more common in BAV. The
estimated incidence is 0.16% per year in unoperated children
and adolescents [62]. In adults the two large case series by
Tzemos and Michelena give an incidence of 0.3% and 2% per
year, respectively.
Outcomes in BAV patients with infective endocarditis
tend to be worse than in those with normal valves. A recent
observational study [63] of 310 patients with infective endocarditis found that the 50 patients with BAV were younger at
presentation and had a higher incidence of aortic perivalvular abscess. Early surgery was also performed in most of the
BAV patients (72%) with similar perioperative mortality to
those with tricuspid aortic valves. In-hospital mortality and
5-year survival were also comparable to patients with normal
valves.

4. Management
The only treatments to oﬀer any sort of curative option are
surgical. Medical therapies are to try and alleviate symptoms
and slow progression.
4.1. Medical. It is generally felt that blood pressure should
be aggressively controlled to try and slow the progression
of aortopathy. The joint ACC/AHA guidelines suggested use
of beta-blockers as first-line therapy in these patients [63].
Extrapolating from patients with aortopathy in Marfan
syndrome there is also a suggestion that ACE inhibitors may
have a role to play; however the evidence in BAV is still
lacking [64].
Of course, concomitant conditions and risk factors
should be treated as in the normal population.
4.2. Surgical. Indications for valve surgery in patients with
BAV are similar to those with tricuspid aortic valves. In children it is usually not practical to do aortic valve replacement
as they outgrow the prosthetic valve. Due to the lack of valve
calcification in children balloon valvuloplasty is possible
and is the management strategy of choice [30]. Studies have
shown good followup in both the immediate and mediumterms, with 50% of patients in one series (the majority
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of whom had BAV) requiring no intervention at 38 months
[65].
The 2006 AHA/ACC guidelines also suggest concomitant
replacement of the ascending aorta if it is greater than 45 mm
in diameter. This has been supported by evidence looking at
outcomes in over 200 patients with varying aortic diameters
[66]. Estimated 15-year freedom from complications was
86% in patients with an aortic diameter less than 40 mm,
dropping down to 81% in those with diameter 40–44 and
43% in patients with a diameter 45 mm or greater.
New techniques of repair such as transcatheter aortic
valve implantation have also been reported in BAV [67].

5. Conclusion
Bicuspid aortic valve disease is the commonest congenital
cardiac abnormality, and because of this it presents a significant burden on cardiac services. Recent cohort studies have
given us knowledge of the outcomes of the disease and when
to operate; however there is still a need for further evidence
for screening and for medical therapies to be evaluated. Also,
the role of cardiovascular magnetic resonance as primary
imaging tool will continue to enlarge. As our understanding
of the pathogenesis of valve degeneration and aortopathy
improves this will allow us to identify new targets for
treatment.
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There are numerous types of bicuspid aortic valve (BAV) configurations. Recent findings suggest that various BAV types represent
diﬀerent pathophysiological substrates on the aortic media level. Data imply that the BAV type is probably not related to location
and extent of the aneurysm. However, BAV type is likely linked to the severity of aortic media disease. Some BAVs with raphe seem
more aggressive than BAV without a raphe. Cusp fusion pattern, altered hemodynamics, and the qualitative severity of the disease
in the aortic media might on the one hand share the same substrate. On the other hand, the aortopathy’s longitudinal extent and
location may represent a diﬀerent pathophysiological substrate, probably dictated by the heritable aspects of BAV disease. The
exact nature of the relation between BAV type and the aneurysm’s location and extent as well as to the risk of aortic complications
remains unclear. This paper reviews results of recent human and experimental studies on the significance of BAV types for local
aortic media disease and location and extent of the aortopathy. We describe the known and hypothesized hemodynamic and
hereditary factors that may result in aortic aneurysm formation in BAV patients.

1. Introduction
A substantial number of individuals with bicuspid aortic
valve (BAV, 1-2% of the population) never develop any symptoms or complications. However, the bicuspid aortic valve
(BAV) is accompanied by an intrinsic structural defect of the
aortic media which leads to fragmentation and rarefaction
of elastic fibers and subsequent aortic dilation in 40–60%
of patients suﬀering from symptomatic or complicated BAV
disease. This process involves the aortic root, ascending
aorta, and, in up to 70% of BAV patients, portions of the
aortic arch [1–3]. It is associated with diﬀerent cardio-vascular malformations like aortic coarctation, ventricular septal defect, patent ductus arteriosus, or Shone’s complex [2,
4, 5]. In addition, BAV is associated with hereditary syndromes like Turner’s. However, the most frequently observed
associated pathologies are aneurysms of the aortic root,
ascending aorta, and aortic arch, as well as aortic complications like acute dissection [6–9].

The nature of the pathophysiological interrelations
between BAV configuration and extent and severity of the
associated aortic aneurysm, as well as the risk of possible
complications, is of great immediate interest to the clinician.
It is often unclear which patient can be treated by valve surgery only, especially when reconstruction is a feasible option.
Aortic size criteria prompting additional ascending aortic
replacement and root replacement or reconstruction are
subject to ongoing discussion. Understanding the details of
the complex interplay between BAV configuration and associated aortopathy would form the basis for methods to identify patients at risk for aortic dilation and subsequent aortic
complications.
As is the case with many associated malformations, there
is a wide variety of pathological configuration patterns of
the cusps, sinuses, and commissures in bicuspid aortic valve
disease. This has been systematically approached by categorizing BAV according to the raphes’ (fusion of cusps, “seam”
or “rim”) number and location with respect to the three
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cusps, also including valve function. Sievers and Schmidtke
introduced three main categories and 24 subcategories of
potential BAV configuration types. The diﬀerent kinds of
bicuspidization of the aortic valve are thought to represent a
continuous pathological spectrum from the normal tricuspid
valve to the “naturally perfect” BAV (termed by the Stanfordgroup) with two cusps, two commissures, and two sinuses,
to valves with one raphe (and three retained sinuses), and,
ultimately, valves with two raphes and a unicuspid aortic
valve (UAV) [10]. However, it is unclear whether the true
unicuspid valve should actually be described as a BAV with
two raphes, as is the case in Sievers’ classification system,
or whether the UAV from a developmental point of view
represents a separate pathology. Little is known about the
embryological process of nonseparation of cusps in BAV
disease and even less for UAV disease. Sievers’ type 0 BAV,
with the number representing the number of raphes, is the
BAV with two cusps, two commissures, and two sinuses
sometimes called “naturally perfect.” This type of valve is
found with both sinuses in an anterior-posterior (“ap”)
direction or in a lateral orientation (“lat”). The type 1 BAV
can be observed with one raphe between right and left
coronary cusps (R-L, behind the posterior commissure of the
pulmonic valve), and also between the right and non- (R-N,
in close proximity to the septal commissure of the tricuspid
valve) and between the non- and left coronary sinuses (NL, right above the medial scallop of the anterior mitral
valve leaflet). Certain configurations are more common than
others and are thus considered “majority type” as is type 1
BAV with fusion of the right and left coronary cusps, presenting with one raphe (Sievers 1 right-left, referred to as
S1/R-L type). Others are considered “minority types” as is
the “naturally perfect” BAV without a raphe (S0), or the valve
presenting with one raphe and fused right and non-coronary
cusps (S1/R-N).
In addition to the Sievers’ type, there are other features
of the bicuspid aortic valve which may aﬀect the aortic
root and ascending aortic hemodynamics. First, the angle of
circumferential orientation of the free (nonfused) commissures diﬀers substantially between valves, normally ranging
somewhere between 140 and 180 degrees. Secondly, the completeness of cusp fusion of BAV with raphe (complete versus
incomplete raphe) might have an impact on hemodynamics
and be interrelated with the development, location, and
extent of the aortic aneurysm [11].
It seems reasonable to hypothesize that diﬀerently configured BAV, for example, an S0 BAV versus an S1/R-L BAV
with completely fused cusps, could aﬀect blood flow patterns
in the aortic root and ascending aorta diﬀerently. Altered
hemodynamics might lead to diﬀerent wall strain, shear, and
other stress factors and aﬀect the aortic media’s integrity
diﬀerently. They might be the reason behind aortic aneurysm
development and a major factor in how the aortic aneurysm’s
expansion progresses. On the contrary, genetic factors may
likewise cause diﬀerent types of BAV formation and changes
in the media, so that the hemodynamics may be secondary
(Tables 1 and 2). In this paper we highlight the implications
of various BAV types regarding the nature of the associated
aortic aneurysm.
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Table 1: Cusp fusion pattern—local hemodynamics—qualitative
severity of aortic media disease.
Diﬀerent local aortic MMP and TIMP patterns in diﬀerent types of
BAV [12]
Presence of BAV correlates with circulating MMP and TIMP levels
[13]
Majority type S1-RL BAV linked to more severe media disease [14]

2. Pathophysiological
Consequences of Different Bicuspid
Aortic Valve Configurations
Several recent reports reveal that the diﬀerent BAV configuration types are both patho-morphologically distinct and that
they may reflect distinctly diﬀerent disease processes with
respect to molecular aortic media pathology. Ikonomidis
et al. hypothesized that each BAV configuration type has
a unique “signature” of local Matrix-Metalloproteinases
(MMPs) and Tissue Inhibitors of Matrix-Metalloproteinases
(TIMPs) expression patterns. Using a categorization system
similar to Sievers’ classification in a human aortic tissue
study, they found (in addition to elevated global MMP activity in all BAV types compared to a tricuspid valve (TAV)
aortic specimen) that diﬀerent BAV configuration types did
indeed exhibit diﬀerent expression patterns of MMPs (types
7, 8, and 9) and TIMPs (types 1 and 4) [12].
The causative relations, however, between BAV configuration type and diﬀerently expressed local protein patterns
remain unclear. Investigators reporting a diﬀerent human
study, shifting the focus from local MMP expression to
circulating levels of MMPs and their tissue inhibitors, succeeded in showing that the presence of a BAV correlates
quantitatively with the circulating amount of those proteins. Den Reijer et al. demonstrated that acute-outflow jet
angles from the left ventricular outflow tract correlate with
increased circulating levels of MMP-2 and MMP-9 and their
TIMPs, as well as with more severe aortic root and ascending
aortic dilation [13]. It has, however, not been investigated
whether certain BAV types actually correlate with diﬀerent
circulating MMP and TIMP measurements, using a detailed
categorization system for BAV configurations. Furthermore,
we do not know if increased local aortic media protein
expression is in fact related in any way to circulating plasma
levels. Moreover, it remains to be studied whether local MMP
and TIMP expression will actually translate into clinically
significant diﬀerences in aortic complication rates. Locally
increased MMP and TIMP expression can probably be interpreted as markers of the local immune response, cell turnover, matrix degradation, and greater overall disease activity.
Understanding those key factors will form the basis for evaluating circulating MMP and TIMP levels and their potential importance as aortic biomarkers.
We can hypothesize that bicuspid valve morphology is
tightly bound to functional aortic root parameters such as
jet direction, flow acceleration and velocity, and the resulting mechanical forces on the aortic root and ascending
aortic wall. It would therefore be reasonable to assume that
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Table 2: Hereditary factors—longitudinal extent—arch involvement of aortopathy.
Aortic dilation patterns are distributed similarly regardless of BAV type [1, 17]
BAV patients’ relatives with tricuspid aortic valve have stiﬀer, less compliant, and somewhat enlarged aortas [20]
After isolated BAV replacement, aortic dilation progresses and the risk of aortic rupture and dissection remain higher [21]
Aortic diameter per se is a quantitative trait that exhibits significant familial heritability—bicuspid aortic valve is independent
modifier [22]
TGF-beta signaling—diﬀerential splicing is specific for BAV and TAV patients [23]
Defective fibronectin splicing within the aortic wall of bicuspid aortic valve is associated with aortic aneurysm development [26]
ACE insertion/deletion polymorphism associated with aneurysm formation [27]

diﬀerent BAV types could aﬀect qualitative aortic wall damage diﬀerently [14]. Interestingly, recent data suggest that the
respective BAV type does play a role in the degree of local
aortic wall pathology.
The “majority type” BAV with one raphe and fused left
and right coronary cusps seems to aﬀect flow mechanics in a
particularly devastating manner (two of the sinuses are often
normally sized, one often tends to be degenerated). Using a
histopathological grading score in human tissue samples, this
type of BAV has been shown to correlate with a more severe
degree of ascending aortic wall degeneration compared to
“minority type” BAV types like the Sievers’ types 1/R-N
and 1/N-L valves [14]. Furthermore, aneurysm development
occurred at younger age in the “majority type” BAV cohort
in this human tissue sample study of 115 individuals. One
can only speculate why there is such an interrelation, as there
is no evidence proving a causative association. It is, however,
likely that the presence of a raphe leads to decreased fused
cusp mobility. We can thus assume there are more excentric
aortic root flow jets. In turn, excentric and accelerated flow
in the aortic root might lead to higher mechanical burden
on the aortic root and ascending aortic intima. In fact,
reduced fused cusp mobility has been reported to be an
independent predictor of aortic aneurysm development, thus
adding support to this hypothesis.
Moving a step further from aortic valve morphology to
valve function, a human tissue sample study was carried out
by Roberts et al. investigating ascending aortic media elastic
fiber loss and comparing diﬀerent groups of valve function.
According to their results, valve function (aortic stenosis versus aortic regurgitation) correlates with the severity of qualitative media aortopathy and elastic media fiber loss [15].
Loss of elastic fibers may be directly linked to higher rates of
aortic complications in patients with BAV, but this remains
to be proven in further studies. Aortic root dilation is
most common in BAV patients with a predominantly regurgitant valvular lesion [16], but we do not yet know why this
is so.
Several attempts have been undertaken to study not
just local histopathological damage and quantity of aortic
media disease, but also the location and extent of the aortic
aneurysm in BAV disease. We know that the aortic arch is
involved in about 70% of BAV patients [1]. On the other
hand, there is a large proportion of patients with aortic
root aneurysm only or without aneurysms of the thoracic
aorta and BAV. The question whether certain BAV types are

interrelated with the development of particular “clusters” of
aortopathy, as described by Fazel et al., is of scientific interest
and considerable clinical significance. So far, sparse data
indicate that bicuspid aortic valve morphology probably does
not predict the pathologic anatomy of the thoracic aorta. In
their study with a large cohort (n = 300), Jackson et al. analyzed echocardiographic BAV evaluation in conjunction with
intraoperative evaluation of valve morphology, identifying
aorta dilation patterns distributed similarly regardless of BAV
type [17]. Moreover, Fazel et al. identified no such interrelations in their original investigation of BAV-associated aortopathy defining “clusters” of BAV-associated aneurysms [1].
It should be mentioned that BAV types and morphological valve details beyond the criteria of the classification
introduced by Sievers et al. are also potential predictors of
medium- and long-term results after surgery for BAV disease.
A recent report by Schäfers et al. claims that BAV configuration types influence results after reconstructive surgery of
the aortic root and aortic valve. For example, an incomplete
raphe seems to be associated with worse medium-term
outcome after BAV reconstruction [11, 18]. Furthermore,
BAVs of small circumferential free commissural orientation
angle (<160◦ ) might be associated with worse medium-term
functional outcome after bicuspid aortic valve repair [11].

3. Intrinsic Structural Media Defect in
Bicuspid Aortic Valve Disease
Major scientific eﬀorts have recently been made to clarify
the nature and pathomechanisms of the intrinsic structural
media defect in bicuspid aortic valve disease (the nature of
the media defect has been described by others [4]). For example, the GenTAC Registry, with 25% BAV patients, included
validation studies of genetic causes for diﬀerent hereditary
aortic syndromes and the usefulness of potential biomarkers
like plasma levels of transforming growth factor beta (TGFB)
[19]. Although the discussion of pathological mechanisms in
BAV disease and aneurysm development is often described as
a two-sided debate [9], evidence suggests that hemodynamic
and structural abnormalities both exist and go hand in hand
in complex BAV pathophysiology. Interesting data of late
implies hereditary intrinsic aortic media disease in BAV
patients. As pathological cusp configuration has been shown
to be closely linked to the severity of local media disease,
an additional hereditary component of BAV disease might
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predetermine the extent and location of the associated aortic
aneurysm, including arch involvement.
Biner et al. conducted a study on elastic properties of the
aortic roots in first-degree relatives of patients with a BAV
(n = 54) and found that even in those BAV patients’ relatives who presented a tricuspid aortic valve, their aortas
were stiﬀer, less compliant, and somewhat enlarged [20].
In their report on a low-volume follow-up study, Yasuda
et al. describe that after isolated BAV replacement, aortic
dilation progresses and the risk of aortic rupture and
dissection can remain higher [21]. In light of an optimal
hemodynamic profile on the valvular level after replacement,
this finding needs further clarification. The presence of a BAV
independently influences the proximal aortic diameter, as
shown by Martin et al. in a recent report on their large heritability study involving the assessment of 209 families [22].
Using variance components analysis, heritability was estimated with and without BAV status. Aortic diameter per se
is a quantitative trait that exhibits significant familial heritability—moreover, they found the bicuspid aortic valve to be
an independent modifier.
Genetic “fingerprints” of the aortic media in BAV disease
have been the focus in several recently published studies.
Alternative splicing of certain genes is common in thoracic
aortic aneurysms [23]. Those genes involve coding sequences
for structural components of the extracellular vascular
matrix (ECM), as well as an important system in ECM repair,
the TGF-beta pathway. Recently reported results describe the
identification of diverging alternative splicing of the TGFbeta signaling pathways in BAV patients. Diﬀerential splicing
is specific for BAV and TAV patients in 40 and 86 exons when
an aneurysm is present. 61 exons were found to be shared
between the two valvular phenotypes by Kurtovic et al. [23].
Their group proved the occurrence of diﬀerential splicing
in selected genes by reverse transcription-polymerase chain
reaction. Aortic aneurysms in TAV and BAV patients have
diﬀerent alternative splicing fingerprints in the TGF-beta
pathway. The pathways of TGF-beta and downstream Smad2
signaling have been found to be subject to epigenetic control
in thoracic aortic aneurysm patients (about a third had BAV
in the study by Gomez et al. [24]).
Not only the tissue derived growth factor protein itself,
but also molecular coworkers in the complex signaling pathways of this seemingly crucial molecule seem to be of significance in BAV disease. Endoglin is a membrane glycoprotein
on many cell surfaces and has been identified on endothelial
cells. It is a functional part of the TGF-beta1 receptor complex and thus is thought to play a major role in TGF-beta signaling. A specific haplotype of this glycoprotein has recently been found to be strongly linked to BAV using gene network analysis techniques [25]. In addition, Paloschi et al.
reported defective fibronectin splicing within the aortic wall
of bicuspid aortic valve to be associated with aortic aneurysm development [26]. Other genetic polymorphisms
related to aortic aneurysm development include the ACE
insertion/deletion polymorphism—another possible genetic
biomarker for thoracic aortic aneurysm [27]. The evolving
field of biomarker research in aortic disease might become of
great clinical significance in the future [28, 29].
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The comparative analysis of gene expression profiles of
aneurysms in TAV and BAV patients by Folkersen et al. provides initial evidence of fundamental diﬀerences in aortic
aneurysm etiology in BAV and TAV patients [30]. They
observed that immune response genes are particularly overexpressed in the aortic media of dilated TAV aortic human
samples. The fact that immune response activation was solely
found in the aortic media of TAV patients suggests that
inflammation is involved in aortic aneurysm formation in
TAV but not BAV patients. There is still no reliable diagnostic factor to clarify whether a patient with BAV has the
disadvantage of inferior wall configuration with the risk of
aneurysm formation. Intense research is focusing on identifying this clinically relevant prognostic parameter.

4. Conclusions
The numerous diﬀerent configuration types of the bicuspid
aortic valve (BAV) are likely to be interrelated with the
histopathological severity of aortic media disease. Recently
published results suggest, however, that the BAV type is
probably not directly related to the location and extent of the
aortic aneurysm, including arch involvement. The relation
of BAV types to occurrence, location, and extent of the aortic
aneurysm and to the risk of aortic complications requires
further intense investigation. The majority type (Sievers’)
1/L-R valve seems to be a more aggressive BAV type when
compared to other Type 1 and Type 0 bicuspid aortic valves and is probably linked to more severe hemodynamic alterations and aortic media disease. There might be diﬀerent
pathophysiological substrates for cusp fusion patterns, altered hemodynamics, and the qualitative severity of disease in
the aortic media on the one hand. On the other hand, the
aortopathy’s longitudinal extent, location, and arch involvement may represent a diﬀerent pathophysiological substrate,
probably dictated by the heritable aspects of BAV disease. As
we hope to be able to advise our patients undergoing surgery on the BAV much better in the future, we should base
our decision to replace the aorta not only on its size or
appearance during surgery, but on other proven risk factors
for future pathology and risk of complications as well.
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