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Abstract

The most common congenital heart disease is the bicuspid aortic
valve. Understanding the pathophysiology and the altered hemody-
namics is a key component for the diagnosis, risk stratification and
treatment. Among others, aortic valve stenosis is the most common
complication. Treatment strategies vary depending on the severity of
the disease, particularly the dilation of the aorta playing a major role.
Together with valve replacement, transcatheter aortic valve implanta-
tion is now considered as an alternative option with good results. With
this review we would like to discuss the causes, diagnostic methods,
risk stratification and treatment strategies of the bicuspid aortic valve.
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Introduction

The aortic valve is located at the end of the outflow tract of the
left heart, and has three pocket-shaped leaflets. Commissure is
the area of contact of the two adjacent flap pockets, in which
the upper part of the leaflets is attached to the wall of the aorta.
Above the aortic valve, the wall of the aorta ends to the sinuses
of Valsalva. The coronary vessels originate from the sinuses of
Valsalva; from the associated right sinus originates the right
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coronary vessel and from the left sinus the left coronary vessel.
The third cusp is the non-coronary sinus [1].

An exception is the bicuspid aortic valve (BAV), which
was recognized early by Paget. A distinction is made between
the bicuspid valve, which is characterized by the attachment of
only two valve leaflets and two sinuses, and the more frequent
“bicuspid” valve, in which anatomically three sinuses and flap
pockets are created, but two are fused [2].

In the BAV with two sinus of Valsalva, there are two cusps
oriented either anterior-posteriorly with commissure running
from left to right, or laterally with commissure running from
anterior to posterior. This is the true BAV. More commonly, the
BAV has three sinuses of Valsalva. In this scenario, one cusp is
larger than the second, and has a central thickening (raphe) [3].

These valves are formed by the pre- or postnatal fusion of
two cusps of a primary tricuspid valve or with three applied si-
nuses. This results in a so-called functional BAV. Postnatal fused
cusps are acquired BAVs. The raphe with unequal cusps can be
found in different orientations, depending on which cusps are
unified, with most frequent the right and left cusps [3].

Prevalence

The etiology of this condition is not known exactly. The vast
majority arises as an isolated birth defect. Furthermore, there
are genetic causes. The first reported genetic case of BAV was
Anderson syndrome (additionally characterized by ventricular
arrhythmias, periodic paralysis, dysmorphic facies, cleft pal-
ate, and scoliosis) [4]. However, genetic causes without syn-
drome have also been identified. The study by Garg et al has
shown that a NOTCHI mutation in the signal and transcrip-
tional regulator is responsible for the development of BAV [4].

Furthermore, the importance of the extracellular matrix
was investigated. The matrix proteins play a role in the dif-
ferentiation of the cells and formation of the leaflets [5]. Here,
microfibrillar proteins play a role in the transformation of mes-
enchymal cells into mature flap cells. They serve as a scaffold
for the embryonic cells [5].

Genetic Background

There are a few reports of familial accumulations of BAV dis-
ease. Glick and Roberts reported a prevalence of aortic valve
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disease of 24% in families with more than one person with
aortic disease, suggesting a Mendelian inheritance pattern.
Determination of the genetics of BAV is complex, and recent
studies have shown that BAV is likely due to mutations in dif-
ferent genes with different patterns of inheritance [6]. Signal-
ing and transcriptional signaling mutations of NOTCH1 (gene
map locus 9q34.3) lead to abnormal aortic valve development,
and later to suppression of calcium deposition. Thus, there is
a link between the genetic abnormality, abnormal morphogen-
esis and subsequent progression of the disease [7].

Although further studies are needed to establish genetic
screening, previous clinical studies have reported a 9% preva-
lence of BAV in first-degree relatives of patients with BAV.
Based on these data and experts’ opinion, according to the cur-
rent American College of Cardiology (ACC)/American Heart
Association (AHA) guidelines, echocardiographic screening
for BAV is recommended in first-degree relatives of patients
with BAV [8].

Diagnosis

Auscultatory findings include a systolic ejection click. An as-
sociated murmur of aortic stenosis (AS) may occur. Concomi-
tant aortic insufficiency in these lesions could be present. A
transthoracic echocardiography can usually confirm the diag-
nosis with a sensitivity of 92% and specificity of 96%.

Sometimes a differentiation is difficult between BAV and
unicuspid aortic valve, however, is especially important for
preoperative evaluation. During diastole, raphe of the valve
can visually make the valve appear as tricuspid. In diastole,
the opening has characteristic “fish” morphology. In case of
unsecured diagnosis transesophageal echocardiography should
be performed.

Furthermore, precise diagnosis could be performed using
alternative cardiac imaging, such as magnetic resonance im-
aging (MRI) or computed tomography (CT), to confirm BAV
anatomy, but especially for aortic imaging.

Echocardiography and Global Longitudinal
Strain

Left ventricular ejection fraction (LVEF) is an important echo-
cardiographic prognostic marker in patients with valvular
heart disease and an important determinant of clinical decision
making in these patients.

Zhang et al [9] reported in 32 BAV patients with varying
severity of valve dysfunction, and found that aortic regurgita-
tion (AR) (either as an isolated lesion or in combination with
AS) was associated with greater impairment of global func-
tion compared to patients with normal valve function; and in
BAV patients with mixed valve functions AS and AR showed
a greater impairment of LVGLS than the normal valve func-
tional group.

In addition, Stefani et al [10] showed a trend towards great-
er impairment of LVGLS in 20 young athletes with BAV and
mild AR compared to normal subjects despite normal LVEF.
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The group with the greatest impairment of LVGLS con-
sisted of patients with moderate and severe mixed AS and AR,
followed by patients with moderate and severe isolated AS
and isolated AR. These groups are characterized by different
patterns of LV transformation in response to different pressure
and volume overloads.

The group of patients with moderate and severe isolated
AR is characterized by a larger LV mass index due to LV di-
lation and increase in LV wall thickness in response to vol-
ume and pressure overload, whereas the group of patients
with moderate and severe AS has smaller LV dimensions and
a smaller greater relative wall thickness as a reaction showed
pressure overload.

While AR is associated with the growth of cardiomyo-
cytes with the addition of new sarcomeres in series and inter-
stitial fibrosis [11], AS is associated with an increase in muscle
fiber diameter with parallel addition of new myofibrils and an
increase in interstitial fibrosis and myocyte apoptosis, partly
as a consequence of oxygen supply requirement mismatch and
myocardial ischemia [12].

Risk Stratification

The clinical course of BAV aortopathy is related to the rapid-
ity of progression and the incidence of acute aortic events.
The clinical pictures may take the form of an indolent chronic
disease, harmless to the patient’s life expectancy, while others
may manifest as acute complications. It is believed that the
prognosis heterogeneity results from a complex, multifacto-
rial pathogenesis, where different relative contributions are
involved, including several possible genetic variants and dif-
ferent flow-related mechanisms [13].

Assuming that the phenotypic heterogeneity is caused by
the same pathogenesis, defining the phenotype may be a tool
to identify individual patients who will suffer from the serious
forms of the disease in order to conduct personalized surgical
decision making. Therefore, a number of studies have attempt-
ed to find out the phenotypic diversity of BAV aortopathy [14].

Markers

The ideal prognostic circulating biomarker of BAV aortopathy
should be of pathogenetic importance, reliably measurable in
serum/plasma. Furthermore, there should be also a significant
concentration difference from the baseline values in healthy
subjects, of proven relevance to disease progression (i.e., pre-
dictable), progressive dilatation, and/or acute aortic events.
Finally and ideally, there should be no or loose correlation
between the markers and the aortic diameter, in order for the
markers to provide additional prognostic layering information
in addition to this parameter.

The search for circulating biomarkers in the context of
BAV aortopathy is currently a novel field of research. Among
the biomarkers for BAV aortopathy, some studies are focused
mainly on circulating proteins belonging to different path-
ways or on noncoding circulating ribonucleic acid molecules
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(RNA), including microRNAs (miRNAs) and long noncoding
RNAs [15].

A negative correlation was found between alpha-1-anti-
trypsin (a common serine protease inhibitor that can protect
tissue from inflammatory cell enzymes) and aortic diameter in
the study of Kilickesmez et al [16].

Interestingly, one study found that high concentrations of
circulating soluble receptor for advanced glycation end prod-
uct (SRAGE) are associated with the presence of BAV and
aortopathy with altered aortic microstructure independent of
aortic diameter, and are directly correlated [17].

An elevated plasma level of asymmetric dimethylarginine
(ADMA) was found in non-stenotic BAV patients with dilated
aorta. Although this study concluded that plasma ADMA lev-
els could be proved to be of prognostic value, it failed to con-
duct a follow-up study to validate this hypothesis. Among the
proteins studied to date are potential biomarkers for BAV aor-
topathy, the pathway of transforming growth factor-b (TGF-b)
is attracting attention due to its role in fibrosis, inflammation,
cell proliferation and migration, as well as extracellular matrix
remodeling and its involvement in aortopathy syndromes, like
Loeys-Dietz and Marfan syndrome [18].

A strong relationship between plasmatic TGF-bl and the
soluble form of its co-receptor endoglin (SENG) is linked, and
this is indicative of an adverse aortic signature and a propen-
sity to aortopathy progression in BAV patients with AS and
unexpanded aortic ascending over a 3-year follow-up, thus
supporting the potential prognostic value [19].

So far, this is the only study that substantiates the rele-
vance of the candidate biomarker to the progression of aortic
disease (namely, the aortic growth rate over time). Differences
in serum TGF-bl levels between BAV patients and patients
without a defined genetic aortic syndrome were also identified.

Regarding RNA molecules, current data support expres-
sion of miRNAs in homeostasis of endothelial and smooth
muscle cells and phenotypic changes associated with the pro-
gression of aortopathy [20]. MiRNAs are generally considered
to be ideal disease biomarkers because of their plasma levels
reproducible, stable, and consistent among subjects, as they
are protected from endogenous ribonuclease-induced degrada-
tion [21].

Clinical Course

Although the clinical presentation of patients with BAV may
be varied from mild to severe valve disease, symptoms typi-
cally develop in adulthood. The clinical manifestations refer
to the function of the aortic valve, the aortopathy and acquired
complications such as endocarditis. In childhood, BAV disease
is often asymptomatic.

It is estimated that only one in 50 children are clinically
affected. At some point in adulthood, abnormal shear stress oc-
curs, leading to valve calcification and, in some cases, further
aortic root dilatation [22].

Estimates of the prevalence of complications and out-
comes vary according to the age of the study, the selected co-
hort, and the method for the diagnosis of BAV (clinical exami-
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nation vs. cardiac catheterization, echocardiography) [23].
Complications
Infectious endocarditis

Between 10% and 30% of patients with BAV will experience
infective endocarditis during their lifetime. Deposits, abscesses
or perforations on the valve leaflets or the myocardium are the
result of the infection. On the other hand, BAV is diagnosed in
25% of cases with infectious endocarditis [24]. Infectious en-
docarditis of BAV is more common in younger patients. Fur-
thermore, it was shown that there is a clear dominance of the
male sex (73-100%).

Aortic dilatation, aortic dissection and coarctation

The BAV is associated with the development of dilatation in
the aorta, especially the aortic root and ascending aorta. It is
discussed whether it is an expansion due to an abnormal hemo-
dynamic load on the wall of the aorta due to the malformation
of the valve, or whether it was caused by a common defect in
the development of the aortic valve and wall [25]. One reason
for the susceptibility in this area is the presence of a different
activity of the matrix metalloproteinases 2 and 9. These are
endopeptidases that have a function in the turnover of the cell
matrix. For the matrix metalloproteinases, higher activity in
the wall of the aneurysms of patients with BAV compared to
those of patients with tricuspid aortic valve has been demon-
strated. Histologically, there is a cystic median necrosis in the
area of the aorta. Here it comes to degeneration of the media,
with subsequent cavitation [26].

Coarctation of the aorta and the BAV often occurs simul-
taneously, so the aortic coarctation should be removed as a dis-
tinct disease and instead considered as part of a generalized
aortopathy. A BAV itself is often associated with an abnormal
aortic structure that predisposes to aortic dilatation and aneu-
rysmal formation.

Young patients have unique risk factors for dissection
compared to elderly patients with dissection: Marfan syn-
drome, BAVs and larger aortic dimensions. Surprisingly, the
mortality risk for young patients is no less than that for older
patients [27].

It was also shown that acute type A aortic dissection in
the settings of BAV is more common in the black population
(52.4% vs. 39.3%) than white population. Black patients are
younger (mean age 54.6 + 12.8 years vs. 64.2 = 15.2 years),
and more frequently have a history of cocaine abuse (12%
vs. 1.6%), high blood pressure (89.7% vs. 73%) and diabetes
(13.2% vs. 6.4%) [28].

With regard to dilation of the aorta, the prevalence of sec-
tion of the aorta is dependent. In one study, the prevalence of
root dilation was reported to be 7.5% in men and 16.7% for
ascending aorta [29]. A life-threatening complication is an an-
eurysm dissection, with a nine times higher risk than TAV [30].

By the end of the second decade of life, most flaps al-
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Figure 1. (a) Parasternal short axis view. (b) Parasternal short axis view (3D). (c) Parasternal short axis view of color Doppler
showing severe aortic insufficiency. (d) Parasternal long axis view showing eccentric jet of regurgitant flow typical by BAV. BAV:

bicuspid aortic valve; 3D: three-dimensional.

ready show age-related changes such as calcification, fibrosis
or thickening [30].

A congenital BAV is calculated as an additional risk factor
for the calcification of the aortic valve. It has generally been
assumed that patients with calcification are more likely to suf-
fer from degenerative aortic valve disease than patients with
a tricuspid aortic valve [31]. The study by Robicsek et al has
shown that a fully opened BAV in the middle systole results in
an asymmetric opening area and thus does not lead to a steno-
sis, but also to altered formation in the ascending aorta [32].
There is thus a correlation between BAV and the occurrence
of aortic aneurysms. Approximately 30% of all patients with
calcification do not suffer from clinical manifestation until old
age [33]. All others become symptomatic throughout life.

Aortic valve stenosis

Aortic valve stenosis is the most common complication of the
BAV [34]. The incidence of stenosis in patients with BAV is
between 59% and 81% based on various studies [35]. Even
a BAYV, characterized by two equally sized, symmetrically ar-
ranged leaflets, is at risk for development of stenosis or anato-
my and morphology for functional stenosis.

Except for the hemodynamic characteristics of the func-
tional stenosis, calcification plays a major role. In the autopsy
study by Sabet et al, at least a moderate calcification was dem-
onstrated in 99% of stenotic aortic valves [35]. The calcifica-
tion of the aortic valve begins in the second decade of life.
Larger deposits on the valve in patients less than 30 years old
are unusual, but there is no stenosis without calcifications be-
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fore the third decade of life.

Aortic valve regurgitation

Due to an incomplete valve closure, an insufficiency leads to a
diastolic flow reversal. The causes for this are ring dilatation or
prolapse, dilatation of the aortic root or infective endocarditis.
The cases of aortic insufficiency shows a lower calcification
compared to AS [35]. In fact, however, an insufficiency may
be due to calcification, as part of a fixation of the leaflet in an
open position. Acute aortic valve insufficiency arises in most
cases as a result of infectious endocarditis. After healing in
some cases of undiscovered endocarditis, there is chronic in-
sufficiency. Based on several studies, AR requires a surgical
treatment sooner compared to AS, or the mean age is 46 years
and 63 years, respectively [35] (Fig. 1a-d).

Medical Treatment

At a minimum, hypertension should be aggressively treated in
patients with BAV disease. In Marfan-associated aortopathy,
treatment with beta-blockers to slow the rate of progression,
however, is the standard of care in many centers [36].

The ACC/AHA guidelines for the treatment of congenital
heart disease in adults and guidelines for the treatment of pa-
tients with valvular heart disease suggest that it makes sense
to use beta-blockers in this population (class Ila recommenda-
tion). There are emerging data regarding the use of angiotensin-
converting enzyme inhibitors (ACEls) and the use of angioten-
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sin II receptor blockers to reduce aortic root dilation in Marfan
syndrome [37]. Furthermore, the AT-II blocker irbesartan is
found to be associated with a decrease in the rate of aortic dila-
tation in children and young adults with Marfan syndrome and
could reduce the incidence of aortic complications [38].

Whether or not the aforementioned drugs play a role in
BAV aortopathy has ultimately not been clearly demonstrated.
Finally, long-term vasodilator therapy is recommended for
BAV disorders with aortic insufficiency only if systemic hy-
pertension is present at the same time.

The role of treatment with cholesterol-lowering drugs is
unclear. Although some studies [39] have shown a slowing of
the progression of aortic valve disease, one large prospective
randomized study has shown that this treatment stopped the
progression of the disease in calciferous AS.

The use of lipid-lowering drugs has not been studied in
young patients with BAV. The current ACC/AHA guidelines
for the management of patients with valvular heart disease do
not advocate the use of statins to slow down the degenerative
process in this population.

Interventions

In pediatric population, decision making is complex and has a
great impact for the rest of life. Particularly in neonates with
severe stenosis, decision making of surgical vs. balloon valvu-
loplasty is under questioning and clearly depends on centers’
experience. Furthermore, in children and adolescents, based
on contemporary literature, the Ross procedure is the optimal
AV replacement option, as it provides optimal growth, hemo-
dynamics, and decreased rate of endocarditis as well as throm-
boembolism. Symptomatic AS is an indication for intervention
similar to the standard indication for degenerative tricuspid
valve disease. In the pediatric setting, indication for interven-
tion is symptomatic children with peak-to-peak gradients of
50 mm Hg. Additionally, asymptomatic children with peak-
to-peak gradients of 60 mm Hg should be considered for in-
tervention. Good mid-term results after balloon valvuloplasty
have been demonstrated in experienced centers [40].

In cases where aortic regurgitation develops following
balloon valvuloplasty, aortic valve replacement may be neces-
sary. In adulthood the aortic valve replacement is most com-
monly the joint intervention performed for either aortic valve
stenosis or insufficiency.

Surgery for BAV disease occurs at an earlier age than that
for degenerative tricuspid aortic disease. In the Olmsted Coun-
ty series, the mean age for BAV surgery is 40 - 20 years vs. 67
- 16 years for patients with tricuspid aortic valve [41].

Indications for intervention in AS or incompetence are
similar to those described for tricuspid valve disease. Approxi-
mately 30% of adults with aortic valve replacement also re-
quire aortic root surgery.

Over the last years, except for open heart surgery, tran-
scatheter aortic valve implantation (TAVI) emerges as an alter-
native option for the treatment of BAV disease. Although the
outcomes of TAVI in BAV were not optimal in first-generation
devices, new generation devices lead to improvement.
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Factors that suggest operative management are: a small
European System for Cardiac Operative Risk Evaluation (Eu-
roSCORE) risk (< 4%), no comorbidities, age of < 75 years,
a favorable rehabilitation process, suspicion of endocarditis,
unfavorable access for a TAVI procedure, a small distance be-
tween coronary artery ostium and aortic annulus, thrombus in
aorta or left ventricle, an operable coronary artery disease or
heart valve disease, an aneurysm of aorta ascendens and finally
in case of hypertrophic cardiomyopathy with an indication for
myectomy.

BAV and Pregnancy

During pregnancy there are changes in the hemodynamics
as well as changes in the aortic media. There is an increased
risk especially in women with BAV and significant AS and/
or dilatation. Recent studies describe that the risk of adverse
pregnancy events in women with severe AS is lower than pre-
viously described. Although this group of women continues
to present a risk group for maternal and fetal morbidity, their
overall mortality risk is likely to be 1% [42-44].

In rare cases, progressive symptoms develop during preg-
nancy and require surgery, which can be performed during
pregnancy, but are associated with both maternal and fetal
risks and should only be done if necessary.

Although pregnancy can be successfully completed in
most cases, in some of them aortic surgery may be required in
women with severe AS early in pregnancy [44-46].

Pregnancy itself appears to accelerate the need for post-
partum surgery in women with moderate or severe AS [46]. It
is therefore important that women with BAV should be coun-
seled on the risk of pregnancy and the potential for late com-
plications.

Follow-Up

To track the progression of the disease, serial transthoracic
echocardiography should be performed in all patients. An an-
nual cardiac imaging is recommended at least for patients with
significant valve lesions or those with aortic root diameter >
40 mm. In these patients without significant heart valve lesions
and aortic root diameter < 40 mm, cardiac imaging every 2
years may be sufficient (Table 1).

The aortic root size should be related to the body surface
area. A dimension of 2.1 cm/m? is the upper limit of normal
[47, 48]. Complete visualization of the thoracic aorta should be
performed regularly for monitoring. Because CT is associated
with significant radiation exposure, it should only be done in
young population when needed, and if other imaging modali-
ties are not available.

Other parameters, such as adherence to the aorta, can be
measured by echocardiography or by MRI. The aortic elastic-
ity decreases in patients with BAV and aortic insufficiency, and
in the future these physiological measures may play a role in
risk stratification [49-51].

In the future, biomarkers for valvulopathy, ventricular re-
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Table 1. Screening and Follow-Up for Patients With BAV

TTE-screening of the aortic root and aorta ascendens for every patient with BAV should be performed. CT and MRI for precision diagnosis in

case of inadequate TTE imaging.

If aortic root or aorta ascendens diameter is > 45 mm, or there is increase of 3 mm per year, follow-up every year is indicated.

In case of a diameter > 50 mm or there is increase of 3 mm per year in echocardiography, CT or MRI for confirmation should be performed.

Patients without significant heart valve lesions and aortic root diameter < 40 mm, cardiac imaging every 2 years may be sufficient.

sponse to valvular disease and aortic root disease may be use-
ful. For example, in degenerative aortic valve disease, brain
natriuretic peptide has been shown to be prognostically im-
portant [51]. Serum markers such as matrix metalloproteinase,
amino-terminal propeptide type III collagen, fibrinogen and
markers of inflammation are elevated in individuals with aneu-
rysms of the abdominal aorta [52].

BAV: bicuspid aortic valve; TTE: transthoracic echocardi-
ogram; CT: computed tomography; MRI: magnetic resonance
imaging.
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