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Abstract

Bicuspid aortic valve (BAV) disease is a common congenital malforma-
tion associated with significant morbidity and mortality, mostly related to
valvular dysfunction. BAV has been associated with a dilated proximal
aorta and a risk of dissection and rupture. Uncertainty remains about
whether this aortopathy is caused by molecular dysregulation during
embryonic development, or whether aortic root dilation is a function of
abnormal hemodynamics. This has therapeutic ramifications especially
since the optimal timing of aortic root replacement in BAV is not known
and the etiology of aortic root dilation will be instrumental in devising a
definitive answer to this problem. In this chapter, we will discuss the
genetics and molecular biology of BAV, especially as they pertain to aortic
root dilation. We will also present the two competing theories of BAV
aortopathy. Attention is then directed to current guidelines for surveillance
and treatment of BAV aortopathy.
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weigh all other congenital heart diseases com-

Background

Estimates of the prevalence of bicuspid aortic
valves (BAV) range from 0.5 to 1.3 % [1-3], mak-
ing it the most common congenital heart disease.
Morbidity and mortality attributable to BAV out-
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bined [4]. Forty-three percent of people who
either die of or undergo surgery for aortic valve
disease have congenital BAV [5]. As early as the
late nineteenth century, William Osler realized
that distinct developmental abnormalities may
underlie BAV development and may be related to
development of the aortic root [6]. Maude Abbott
first described the association between BAV and
coarctation of the aorta, thus establishing a link
between BAV and aortic pathology [7]. In 1972,
McKusick described the association between
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Table 3.1 A list of cardiovascular malformations, in
addition to ascending aortic dilation and dissection, that
can be associated with BAV

Coarctation of the aorta [9]

Hypoplastic left heart syndrome [10]

Shone syndrome [11]

Turner syndrome [12]

Williams syndrome [13]

Ventricular septal defect [14]

Atrial septal defect [14]

Patent ductus arteriorus [14]

Coronary artery anomalies [15-17]

From Trimarchi et al. [150]; used with permission

BAV and the process of cystic medial necrosis
that is known to contribute to aneurysmal dilation
of the aortic root [8]. These early studies led to
our understanding of BAV as a disease entity with
extra-valvular manifestations. Table 3.1 lists other
congenital malformations which are associated
with BAV [9-17]. In this chapter, we describe the
genetics and molecular pathophysiology of BAV
disease. We will also review the management and
treatment of the aortopathy of BAV.

Embryologic Development

Initially a hollow, linear structure, the primordial
heart tube loops and bends at around 4-5 weeks
of gestation such that the common atrium is situ-
ated posteriorly (dorsal) and rightward compared
to the common ventricle. Focal swelling of the
extracellular matrix occurs, leading to formation
of the atrioventricular (AV) canal and the outflow
tract (OFT). The extracellular matrix and endo-
cardial cells in the AV canal and OFT form the
endocardial cushion in a process that involves
complex signal transduction [18]. The endocar-
dial cushions thicken and fuse to form primordial
valves. Some of the mesenchymal cells in the
OFT are derived from neural crest cells [19].
These neural crest cells are instrumental in the
septation of the OFT into the right ventricular
and left ventricular OFT and in forming their
connections to the great vessels [19, 20]. Neural
crest cell migration and endocardial cushion
development thus play a fundamental role in
valvular morphogenesis and can contribute to
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congenital valve defects including the develop-
ment of a BAV [21].

The endocardial cushion in the OFT forms
three swellings, or cusps, per valve. After septa-
tion, these primordial valves remodel to form
three thin leaflets [22, 23]. In the aortic valve, the
leaflets are named the left, right and non-coronary
cusps, based on their orientation to the coronary
arteries. BAV is caused by fusion of two leaflets,
resulting in asymmetric leaflet sizes often with a
raphe in the larger leaflet signifying this fusion
[24]. BAV can be divided into subtypes based on
leaflet orientation with fusion of the right and left
coronary cusps (RL) being the dominant mor-
phology, found in around 70 % of patients in one
retrospective study [25]. Distinctive morpholo-
gies have import for the development of valvular
and aortic pathology; significant aortic stenosis
and aortic regurgitation predominate in patients
with right and non-coronary cusp fusion (RN),
while 90 % of patients with coexisting aortic
coarctation have a RL fusion pattern [25].
Therefore, both valvular hemodynamic profiles
and separate aortic lesions can influence the
potential for aortic root dilation depending on the
BAV phenotype.

Defining the Scope of the Problem:
BAV Aortopathy

While most clinical manifestations of BAV
revolve around the abnormal aortic valve,
approximately 50 % of patients have nonvalvular
findings associated with BAV [14]. Dilation of
the thoracic aorta is the most common nonvalvu-
lar manifestation of BAV disease (Fig. 3.1). In
two prospective cohorts of BAV, the prevalence
of aortic sinus dilation was 28 and 15 % at the
start of each study [26, 27]. The aortopathy of
BAV seems to exist even without significant val-
vular dysfunction. Echocardiographic studies of
children with well-functioning BAV revealed
dilated aortas with a faster rate of aortic root dila-
tion when compared to trileaflet controls [28—30].
Studies in adults with well-functioning BAV have
also revealed larger aortic root and ascending
aortic dimensions when compared to age and sex
matched trileaflet cohorts [31-34].
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Fig. 3.1 Transthoracic echocardiogram of a BAV with severe
aortic root dilation and aortic dissection. (a) Parasternal long
axis view with severe aortic root dilation (arrows). (b) Apical

Estimates of the rate of aortic root dilation
with BAV range from 0.2 to 1.9 mm per year
[35-38]. The rate of dilation increases with
increasing aortic size in BAV so that larger aortic
roots tend to dilate faster than smaller aortas.
This is not unique to BAV aortopathy [30, 36, 39,
40]. However, for any given aortic root size,
patients with BAV tend to have faster aortic root
dilation than patients with trileaflet aortic valves
[38, 41]. Moreover, patients with BAV who pres-
ent with aortic dilation are significantly younger
with an average age of 49 years than patients with
trileaflet aortic valves and dilated aortic roots
who have an average age of 61-64 years at pre-
sentation [38].

Aortic Dissection

The most feared complication of rapid aortic
dilation is aortic dissection or rupture with a high
mortality rate. Studies of thoracic aortic aneu-
rysms have revealed that aortic diameter is
directly proportional to the risk of aortic dissec-
tion and rupture, especially with aortic diameters
of 6 cm and larger [42—44]. One large database
study of 1,600 thoracic aneurysms reported a
cumulative event rate of dissection, rupture and
aorta-related deaths of 14.1 % for aneurysms
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five chamber view demonstrating the dilated aortic root with
aortic dissection (arrow). (c) Short axis view demonstrating the
BAV (Reprinted with permission from Braverman et al. [24])

>6 cm, as compared to an event rate of 6.5 % for
aneurysms between 5.5 and 6 cm [44]. This is
reflected in another study in which the median
ascending aortic diameter at the time of rupture
was 6 cm [42].

Catastrophic aortic syndromes associated with
BAV arise at a relatively young age [38, 45-47].
In a study of aortic dissections in people under
the age of 40, 24 % were associated with BAV
[47]. Similar to patients with idiopathic thoracic
aortic aneurysms, patients with BAV who have
aortic dissections have a mean aortic diameter of
6 cm [48]. The risk of aortic dissection in patients
with BAV, as assessed by autopsy and surgical
pathology studies, was estimated to be around
4 % and was nine times that of patients with
trileaflet aortic valves [49, 50]. In contrast, two
recent cohort studies reported a much lower risk
with the incidence of aortic dissection being 1 per
1,000 patient-years in one study [26] and 3.1 per
10,000 patient-years in the other [S51]. In 416
patients with BAV in Olmstead County, MN with
a mean follow-up of 16 years, the calculated age-
adjusted relative risk of aortic dissection was 8.4
(95 % CI 2.1-33.5) when compared to the gen-
eral population [51]. Thus, while the absolute
rate of aortic dissection in patients with BAV
appears low, the risk is significantly increased
when compared to the general population.
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Genetics

Heritability of BAV has been suggested by its
increased prevalence amongst first degree rela-
tives of probands with BAV [52-55]. While some
studies have suggested an autosomal dominant
inheritance pattern with incomplete penetrance
for BAV, [54, 56] mutations in diverse genes with
different inheritance patterns are likely responsi-
ble for BAV [57]. Chromosomal linkage analysis
in families with BAV has implicated loci on chro-
mosomes 18q, 15q and 13q, but specific genes in
these loci have not been identified [58]. Animal
models have been used to probe the contribution
of specific genes to the development of BAYV,
along with other congenital cardiovascular con-
ditions [59]. The first mouse model of BAV was
developed by deletion of the endothelial nitric
oxide synthase (eNOS) gene. All eNOS null mice
had BAV due to RN fusion morphology, thus sug-
gesting specific genetic alterations for various
BAV phenotypes [60]. Further confirmation of
the role of eNOS came from a study showing
reduced eNOS expression in the aortic wall of
patients with BAV as compared to trileaflet con-
trols [61]. There was also a significant inverse
correlation with eNOS expression and aortic
diameter in patients with BAV, but not in the
trileaflet control group. Thus eNOS signaling
may contribute to aortic aneurysm formation in
BAV patients, but specific gene mutations in this
signal transduction pathway have not been
identified.

Other genetic studies involving two families with
an autosomal dominant form of BAV have revealed
genetic mutations in the NOTCH1 gene on chromo-
some 19. These mutations may also be associated
with accelerated aortic valve calcification [62].
NOTCHI1 mutations have also been identified in
BAV patients with thoracic aortic aneurysms [63].
One study has reported a missense mutation in the
transforming growth factor beta receptor (TGFp[beta]
R2) in a patient with BAV and aortic aneurysm [64].
Enhanced TGF-P[beta] expression has been
described in Marfan syndrome and may have thera-
peutic implications as discussed below [65—-67].

Certain gene mutations have syndromic asso-
ciations with aortic valve malformations includ-

O.K. Siddigi and M.D. Klein

ing BAV. These include mutations in the HOXA1
gene seen in the Bosley-Salih-Alorainy syndrome
and Athabascan Brainstem Dysgenesis syndrome
[68]. Another example of this is a point mutation
in the KCNJ2 gene which codes for the inward-
rectifying potassium channel in patients with
Anderson syndrome, who also have a higher
prevalence of BAV [69]. Finally, genetic linkage
analysis of family members with thoracic aortic
aneurysm, three of whom had BAV, has revealed
mutations in the ACTA2 gene which codes for
vascular smooth muscle a[alpha]-actin. Whether
this mutation plays a role in the morphogenesis
of BAV is unknown [70].

BAV Aortopathy: Genes
or Hemodynamics?

While the aortopathy of BAV has been well char-
acterized, its etiology remains controversial. Two
main theories have been proposed [71]. The
genetic theory postulates that a common develop-
mental defect involving the aortic valve extends
into the ascending aorta, resulting in aortic wall
fragility and aortic dilation. The hemodynamic
theory emphasizes that a BAV causes abnormal
ascending aortic flow mechanics and shear stress
inducing post-stenotic aortic dilation. Both these
theories have therapeutic ramifications since the
timing of aortic root replacement in patients with
BAV is controversial. If ascending aortic dilation
was solely due to hemodynamic factors, then
replacement of the pathologic BAV should be
sufficient to stem further aortic root dilation.
However, if congenital aortic fragility contributes
to aortic dilation, then isolated valve replacement
would not suffice to prevent catastrophic aortic
syndromes like rupture and dissection.

Molecular Biology of BAV
Aortopathy

The genetic theory of BAV aortopathy postulates
that a developmental abnormality influences
changes in the molecular ultrastructure of the
aorta with a predilection for aortic root dilation.
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A clinical correlate of this postulate was observed
by Hahn and colleagues in their retrospective
analysis of a mixed population of 83 patients
with normally functioning as well as stenotic and
regurgitant aortic valves [33]. Echocardiographic
measures revealed dilation of the aortic root and
ascending aorta in patients with BAV across the
spectrum of valve function (from normally func-
tioning BAV to stenotic and regurgitant valves) as
compared to trileaflet controls. Similar findings
were also reported by Keane and colleagues [34].
These investigators found that BAV patients had
dilated aortic roots and ascending aortas com-
pared to trileaflet controls with similar degrees of
valvular dysfunction. Their findings also estab-
lished the link between aneurysmal dilation of
the aorta and BAYV, although worsening aortic
regurgitation (but not aortic stenosis) was associ-
ated with greater degrees of aortic dilation.
These clinical studies support the plausibility
of an intrinsic aortic wall defect which leads to
aortic dilation in patients with BAV, regardless of
the degree of valvular disease. Ascending aortic
aneurysm formation is histopathologically defined
by the process of Erdheim’s cystic medial necrosis
(CMN), which is characterized by the triad of non-
inflammatory vascular smooth muscle cell
(VSMC) loss, fragmentation of elastic fibers and
accumulation of basophilic ground substance in
the cell depleted vessel wall media (Fig. 3.2)
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[72, 73]. This seems to be a final common mecha-
nism for ascending aortic aneurysm formation in
both acquired disorders like aortitis, atherosclero-
sis and enhanced shear stress as well as in inher-
ited syndromes of aortic wall weakness like
Marfan syndrome and Ehlers Danlos syndrome
[74, 75]. The process of CMN appears to be a
function of programmed cell death (apoptosis) of
VSMC rather than necrosis and is found in the
aorta of patients with BAV as well as those with
Marfan syndrome [8, 76, 77]. Furthermore, this
process of CMN appears to be active in the nondi-
lated aortas of patients with BAV, [76] particularly
in the aortic convexity [78]. In contrast, the VSMC
population appears to be preserved in patients with
idiopathic ascending aortic aneurysms [79].
VSMC appear to play a role in the remodeling
and maintenance of the extracellular matrix
(ECM) of the aortic media. They are responsible
for secreting proteins which comprise the ECM,
including collagen, elastin, laminin, proteogly-
can, fibrillin, fibronectin and tenascin [77, 80]. In
addition to the VSMC loss that occurs in the aorta
of patients with BAV, there appears to be a defect
in ECM protein transport which adversely affects
the structural integrity of the aortic media and
probably also promotes VSMC apoptosis [77].
Another important mechanism by which
VSMC maintain ECM homeostasis is by secre-
tion of proteinases called matrix metalloprotein-

Normal Aorta

Fig. 3.2 Elastic tissue stain of aortic media from a nor-
mal aorta of a trileaflet aortic valve patient demonstrat-
ing normal elastic fiber orientation (labeled normal
aorta); and elastic stain from a patient with BAV and

Aortic Aneurysm

aortic root aneurysm demonstrating cystic medial necro-
sis (labeled aortic aneurysm. Courtesy of Robert
Thompson, MD) (Reprinted with permission from
Braverman et al. [24])
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ases (MMP) which maintain the integrity of the
ECM and regulate its turnover [81, 82]. The action
of MMP is regulated by the tissue inhibitors of
metalloproteinases (TIMP) which control the
activity of MMP in specific tissues [83, 84].
Additionally, MMPs are also regulated by
metallothionein, a metal-binding protein that
serves as an anti-oxidant [85]. Downregulation of
metallotheinein may expose aortic VSMCs to
oxidative stress and may contribute to the break-
down of the aortic ECM [85]. Many studies have
reported increased activity [86, 87] and expres-
sion [88-90] of specific MMPs in the ascending
aorta of patients with BAV and aortic aneurysms
as compared to patients with idiopathic thoracic
aortic aneurysms. MMP-9 (collagenase B) is
secreted by macrophages and is active in the
ascending aortas of patients with abdominal aor-
tic aneurysms as well as idiopathic thoracic aortic
aneurysms, thus suggesting that these aneurysms
are formed by an inflammatory process [91, 92].
In contrast, increased MMP-2 activity is seen in
thoracic aortic aneurysms in patients with BAV,
[88] thus underscoring the non-inflammatory
nature of ECM degradation in BAV aortopathy.
While earlier studies suggested increased MMP
expression as responsible for increased ECM deg-
radation, it seems now that the total proteolytic
activity in the ascending aorta is more a function
of the balance between specific MMP and TIMP.
Ikonomidis and colleagues analyzed MMP
expression and activity and TIMP activity in the
ascending aortas of patients with BAV and tho-
racic aortic aneurysms [93]. While MMP expres-
sion remained largely unchanged, total MMP
activity was increased with a parallel decrease in
TIMP activity, thus reflecting an enhanced pro-
teolytic environment in the ECM of BAV patients
with dilated ascending aortas. A calculated MMP/
TIMP score appraised the proteolytic environ-
ment in different BAV phenotypes. Patients with
fusion of the right-left coronary cusps (RL) had
the highest score and thus were thought to reflect
the most aggressive proteolytic environment.
Thus, dysregulation of the balance between MMP
and TIMP appears to play an important role in
ECM degradation contributing to aortic aneurysm
formation in patients with BAV. More recent evi-
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dence suggests that patients with BAV and dilated
aortas show signs of generalized endothelial dys-
function and arterial stiffness, in addition to
increased MMP-2 plasma levels, thus linking
these biochemical abnormalities to diffuse
changes in endothelial functioning and arterial
stiffness [94].

Micro RNAs (miRs) have recently also been
implicated in the breakdown of the ECM and aor-
tic aneurysm formation. MiRs are short, noncod-
ing RNAs that regulate gene expression by
degrading mRNA and blocking protein transla-
tion. MiR-29 has recently been shown to down-
regulate expression of ECM proteins and may
sensitize the thoracic aorta to dilation in patients
with trileaflet aortic valves as well as BAV [95]. In
addition, increased miR-29b expression in trans-
genic Marfan mice resulted in increased apoptosis
of ECM component proteins and augmented
MMP-2, thus contributing to thoracic aortic dila-
tion [96]. The therapeutic utility of inhibiting
miR-29 still needs to be conclusively established.

Hemodynamic Theory of BAV
Aortopathy

The three dimensional aortic wall has complex
vascular mechanics [97, 98]. The histological
structure of the aorta varies according to its size
and function. The proximal aorta serves as a res-
ervoir, absorbing the stress of each systolic
impulse and thus has a greater proportion of elas-
tic fibers. More distally, the aorta serves as a con-
ductance vessels with a higher proportion of
collagen [97]. The tensile stress generated by
ventricular contraction and blood flow through
the aortic valve is exerted perpendicularly and
evenly around the circumference of the aorta.
Tensile stress is explained by LaPlace’s Law and
is directly proportional to the diameter of the
aorta. Thus, aortas with higher tensile stress will
be expected to be more dilated than aortas with
lower tensile stress. In contrast, aortic wall shear
stress (WSS) is a product of blood viscosity and
velocity and is exerted in parallel to the vessel
wall. WSS exerts friction on the aortic wall and
leads to activation of cellular signaling cascades
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which in turn lead to activation of MMP and
growth factors that cause degradation of the
extracellular matrix and VSMC apoptosis [99].
Aortic dilation with focal wall weakness increases
the likelihood of dissection and rupture.

The above explanation supports a mechanistic
theory of increased aortic wall stress and aortic
dilation in patients with turbulent flow in the
ascending aorta due to a stenotic or regurgitant
aortic valve. Observations that patients with well-
functioning BAV also have dilated aortas were
felt to detract from this hemodynamic explana-
tion of BAV aortopathy [28, 100]. However,
emerging data now suggests that even patients
with well-functioning BAV have abnormal flow
patterns, asymmetric aortic WSS and abnormal
proximal aortic stiffness [101-106]. Robicsek
et al. used cryopreserved aortic roots from
patients with BAV to show that even apparently
well-functioning BAV are inherently stenotic and
have abnormal load bearing characteristics
throughout the cardiac cycle [101]. This may be
due to excessive folding and creasing of the BAV
leaflets and leads to abnormal flow patterns in the
proximal aorta. This turbulence likely leads to
abnormal aortic WSS and may predispose the
aortic root of even well-functioning BAV to
abnormal shear forces.

Considerable heterogeneity exists in the struc-
ture of congenital BAV. Cardiac MRI studies
reveal that 86 % of patients with BAV have a
raphe [107]. In this population, 84 % of patients
with a raphe had fusion of the right and left cusps
(RL) and 15 % had fusion of the right and non-
coronary cusps (RN). Time resolved 3D MRI
studies (also known as 4D MRI) have further
studied eccentric blood flow in the ascending
aorta in BAV patients, correlating BAV leaflet
phenotypes and aortic WSS [102, 103]. Hope and
colleagues [103] used 4D MRI to describe nested
helical blood flow in the ascending aortas of
15/20 patients with BAV and in none of 25
patients with trileaflet aortic valves. Patients with
RL cusp fusion morphology had right-anterior
flow jets in the ascending aorta. In contrast,
patients with RN cusp fusion pattern had left-
handed helical flow with left-posterior flow jets
in the ascending aorta. Figure 3.3 is an example
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of MR angiography and 4D MRI showing
ascending aortic dilation and right-sided helical
flow in the ascending aorta in a patient with BAV.
These findings may help explain why BAV
patients with RL fusion patterns have more
dilated aortic roots in some studies [108] while
BAV patients with RN fusion patterns have
increased aortic arch dimensions [109]. However,
other studies have not revealed a difference in
aortic sizes amongst BAV patients with different
leaflet fusion patterns [107]. Nevertheless, these
studies do create a biophysical platform for even
well-functioning BAV to be associated with tur-
bulent flow and eccentric WSS in the ascending
aorta, thus lending credence to the theory that
abnormal hemodynamics may play some role in
the distinct aortopathy of BAV.

The hemodynamic and genetic theories of BAV
aortopathy can be further scrutinized by consider-
ing the fate of the aortic root in patients with BAV
after isolated aortic valve replacement (AVR).
Unfortunately the data in this particular area is
scarce and conflicting [41, 110-112]. Yasuda and
colleagues evaluated 13 patients with BAV and 15
trileaflet controls before and after isolated aortic
valve replacement (AVR) [41]. Serial measure-
ments of aortic dimensions revealed progressive
dilation of the proximal ascending aorta in BAV
patients after isolated AVR when compared to
trileaflet controls. This rate of dilation was similar
to that seen in 18 BAV patients who did not
undergo AVR. However, no aortic complications
were seen in the BAV group after isolated AVR.
These findings were similar to the findings of
Gorland and colleagues who followed a larger
cohort of 252 patients for a median time period of
nearly 9 years with very few aortic complications
[112]. By contrast, Russo and colleagues found an
unfavorable post-operative course in a cohort of 50
patients with BAV after isolated AVR, with eight
late aortic events and seven sudden cardiac deaths.
[110] More recently, Girdauskas and colleagues
analyzed their institutional database of 153
patients with stenotic BAV and dilated aortic roots
(between 4 and 5 cm in diameter) who underwent
isolated AVR [113]. The 15 year actuarial survival
rate was 78 % with a 94 % rate of freedom from
aortic interventions at 15 years and a 93 % rate of
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Fig. 3.3 Images in a patient with a BAV and a focal
ascending aortic aneurysm. (a) MR angiographic and (b)
T1-weighted spin-echo MR images show focal aneu-
rysm of proximal ascending aorta (up to 4.8 cm). Four-
dimensional flow MR imaging data in an oblique-sagittal

orientation with 3D streamline analysis (color-coded for
velocity, see key) from (c) right and (d) left sides of tho-
racic aorta shows dramatic systolic right-handed helical
flow in the aortic root (Reproduced with permission
from Hope et al. [103])
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freedom from adverse aortic events. The freedom
from adverse events was significantly lower in a
smaller subset of patients with aortic regurgitation.
These authors concluded that the rate of adverse
aortic events in BAV patients with aortic stenosis
and mild to moderate aortic root dilation was very
low after isolated AVR [113]. Heterogeneity of
this data makes it difficult to draw definitive con-
clusions about the fate of the proximal aorta in
BAV patients after isolated AVR, but suggest an
overall low aortic event rate. This may also sup-
port the hemodynamic, rather than the genetic
theory of aortic dilation in BAV [71].

Therefore, the BAV is inherently abnormal,
even in patients without clinically or echocardio-
graphically evident aortic stenosis or regurgitation.
This valvular morphology in turn creates highly
eccentric and turbulent jets through the ascending
aorta with resultant eccentric aortic WSS. These
eccentric forces may lead to the characteristic pat-
terns of ascending aortic dilation seen in various
aortic leaflet morphologies in BAV patients.
However, it does seem that 10-15 % of patients
with BAV may have isolated dilation of the aortic
root at the sinuses of Valsalva without dilation of
the proximal aorta. This is mostly seen in young,
male patients and is associated with varying
degrees of aortic insufficiency [100]. This sub-
group of patients with pure aortic regurgitation
also appears to have differential transcription of
type 1 collagen when compared to stenotic BAV
[114]. The aortopathy associated with this partic-
ular phenotype of BAV may be a function of
purely genetic rather than hemodynamic factors.

Imaging the Aortic Root

The 2006 ACC/AHA Guidelines on the manage-
ment of patients with valvular heart disease rec-
ommend that patients with known BAV undergo
an initial transthoracic echocardiogram to assess
the size of the aortic root and the ascending aorta
[115]. Aortic root size in a population varies with
age, gender and body size [116]. A normal diam-
eter for the ascending aorta is typically defined as
20-37 mm [76]. Using regression formulae and
nomograms for body size, the upper limit of the
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aortic root has been defined as 2.1 cm/m? at the
level of the sinuses of Valsalva, when indexed to
the body surface area (BSA) [117]. An increase
in indexed aortic diameter beyond the upper limit
of normal represents aortic root dilation. An aor-
tic aneurysm is defined as an increase in aortic
root size to 50 % more than the upper limit of
normal [118].

Transthoracic ~ echocardiography  (TTE)
depicts aortic valve function, left ventricular
function, pulmonary pressures, and provides
measurements of the thoracic aorta. Generally, a
good correlation exists between aortic root mea-
surements by TTE and by ECG-gated multide-
tector CT or cardiac MRI [119, 120]. Echo
imaging of the ascending aorta can be difficult to
obtain and is affected by body habitus [121].
Thus, the ACC/AHA guidelines recommend
using cardiac magnetic resonance imaging (MRI)
or cardiac computed tomography (CT) in cases
where TTE does not provide adequate measure-
ments of the aortic root or ascending aorta [115].

Multidetector cardiac CT (MDCT) with three
dimensional reconstruction can be useful for ana-
lyzing the anatomy of the aortic root. ECG-gating
can be used to limit radiation exposure with
MDCT or standard spiral CT can be used for aor-
tic root diameter surveillance [21, 122, 123].
MDCT reconstructions may also be used to assess
aortic wall stress which is increased in patients
with BAV for a given aortic root size when com-
pared to patients with trileaflet aortic valves [124].

Sizing of the ascending aorta in patients with
BAV by cardiac MRI utilizes ECG-gated black
blood pulse sequences [125]. Steady state free
precession (SSFP) imaging sequences can be very
effective in quantifying the degree of aortic valve
dysfunction [125, 126]. Besides aortic root diam-
eter, CMR techniques can also be applied to the
assessment of elastic properties of the aortic root
in BAV [127]. These novel metrics may become
useful in analyzing the biophysical properties of
the aortic root in BAV, regardless of the degree of
aortic dilation. More recently, time-resolved,
three dimensional MRI (4D MRI) has been uti-
lized to evaluate asymmetric blood flow in the
ascending aorta which, by contributing to differ-
ential shear stress on different points of the aortic
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wall, may lead to distinctive aortic root dilation
[128]. While this imaging modality offers much
promise in the visualization of the complex hemo-
dynamics in the ascending aorta in BAYV, its cur-
rent clinical use is limited and still experimental.
Despite these advances in newer imaging
modalities, transthoracic (and on occasion, trans-
esophageal) echocardiography remains the most
commonly utilized imaging modality in BAV. TTE
can readily appraise the aortic valve, root and
ascending aorta. Cardiac CT and cardiac MRI
image the ascending aorta if this is not well seen on
echo and can also be used to supplement echo find-
ings and provide a better assessment of aortic root
size. Patients with ascending aorta or aortic root
diameter >4 cm should undergo surveillance imag-
ing with echo, CT or MRI on a yearly basis [115].

Medical Therapy

Limited data exist for medical therapy in BAV
patients with aortic dilation. Consensus guidelines
suggest using beta blockers in patients with BAV
and aortic diameter >4 cm who are not candidates
for surgical therapy and who do not have severe
aortic regurgitation [115]. Data for the use of beta
blockers to slow the rate of aortic root dilation
comes from studies involving patients with Marfan
syndrome. Beta blockers are thought to slow the
rate of aortic root dilation by reducing the rate of
pressure increase in the aorta (dP/dT) and by
reductions in heart rate which reduces the number
of systolic impulses encountered by the aorta per
minute [129]. While some studies showed that
beta blockers reduced the rate of aortic root dila-
tion and the need for aortic root replacement in
children with Marfan syndrome [130, 131], other
studies, including a meta-analysis showed no ben-
efit of beta blocker use on aortic root size [132,
133]. Studies examining the use of beta blockers in
patients with BAV are lacking.

Angiotensin II receptor and angiotensin II con-
centrations are increased in the ascending aortas
of children with Marfan syndrome and cell cul-
ture studies show that ace inhibitors can reduce
VSMC apoptosis [134]. Furthermore, the use of
ace inhibitors and angiotensin receptor blockers

O.K. Siddigi and M.D. Klein

have been shown to reduce the rate of aortic dilation
in small cohorts of children with Marfan syn-
drome [135, 136]. Losartan inhibits aortic dilation
by reducing TGF-f[beta] (and concomitant
MMP) expression and, along with doxycycline,
may also inhibit downstream signaling by inhibit-
ing the phosphorylation of the Erk 1/2 proteins
involved in the TGF-P[beta] signaling cascade
[137]. The applicability of these results to patients
with BAV and dilated aortic roots is unknown.
Statins (3-hydroxy-3-methylglutaryl coenzyme
A reductase inhibitors) may inhibit MMP expres-
sion and have been shown to slow the rate of pro-
gression of abdominal aortic aneurysms [138].
A recent retrospective cohort study of patients
with BAV who were undergoing pre-operative
coronary angiography before AVR showed that
the aortic root size was significantly smaller in
patients with BAV and severe aortic stenosis who
were on statin therapy [138]. However, no pro-
spective studies have assessed the effect of statins
on the progression of aortic root dilation in BAV.

Surgical Replacement
of the Aortic Root

The risk of thoracic aortic dissection or rupture
increases with progressive dilation of the aorta
and patients with an ascending aortic aneurysm
of 6 cm or larger have a 34 % lifetime risk of rup-
ture with a 4 % yearly risk of dissection or rup-
ture [139]. For patients with idiopathic ascending
aortic aneurysms, aortic root replacement is rec-
ommended for an aortic root or ascending aorta
diameter of >5.5 cm [44]. The aortic root in
patients with BAV tends to dilate more rapidly
and thus places these patients at risk for aortic
dissection and rupture at a younger age [140].
Optimal threshold for aortic root replacement in
BAV patients is controversial. Expert consensus
opinion supports aortic root replacement in
patients with BAV with an ascending aorta
>5.0 cm [115]. This is similar to the recommen-
dations for aortic root replacement in patients
with Marfan syndrome [141]. Aortic root replace-
ment is recommended in BAV patients with an
aortic diameter of >4.5 cm if the patient is
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undergoing concomitant aortic valve replace-
ment. Aortic root replacement should also be
considered if the root size is increasing
>0.5 cm/year [115]. Variability exists in the risk
for aortic dissection and rupture, however, and
aortic size criteria offer only an incomplete char-
acterization of this risk. Borger and colleagues
reviewed their database of 201 patients with iso-
lated AVR for BAV who were followed for a
median of 10 years [111]. The 15 year survival
free of ascending aorta related complications was
43 % for patients with ascending aorta diameters
of 4.5-4.9 cm as compared to 86 % for patients
with aortic diameters of less than 4.0 cm. This led
the authors to conclude that aortic root replace-
ment can be considered for patients with BAV
and with ascending aorta diameter greater than
4.5 cm [111]. Similarly, the International Registry
of Aortic Dissection (IRAD) database revealed
an average aortic diameter of 5.3 cm at the time
of ascending aortic dissection in the 591 patients
examined and 50 % of the patients, including 6 of
11 with BAV, had aortic dissection with ascend-
ing aortic diameter of <5.5 cm [142]. While aor-
tic root size cutoffs can help guide management
in patients with BAV and a dilated ascending
aorta, the full magnitude of the risk of aortic dis-
section is not captured by strict size criteria alone.

Clinical comorbidities may contribute to the
risk of thoracic aortic disruption. Patients with
BAV and coarctation of the aorta may represent a
subgroup of BAV patients with more diffuse aor-
topathy, [143, 144] and thus may benefit from ear-
lier intervention on the aortic root. A family history
of aortic dissection or rupture can suggest a heri-
table defect in the aortic root and may prompt con-
sideration or earlier aortic root replacement [21].
Smoking is another risk factor that may expedite
aortic root dilation. Smoking promotes fragmenta-
tion of elastin in the ECM [21]. In addition, recent
data from a transgenic mouse model has revealed
that nicotine activates the AMP-activated kinase
afalpha]2 subunit leading to upregulation of
MMP-2 and formation of abdominal aortic aneu-
rysms [145]. This mechanism has not been vali-
dated in thoracic aortic aneurysms, but remains a
potential pathway for smoking mediated aortic
root dilation. As such, patients with a smoking his-
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tory and especially those with COPD have dilated
aortas and a more rapid rate of aortic root dilation
than nonsmokers [146—148]. It has been suggested
that BAV patients with the risk factors mentioned
above should be considered for aortic root replace-
ment when their aortic diameter is >4.5 cm [21].
Since aortic root sizes vary with body size and
smaller patients (especially women) may have
smaller aortic roots at baseline, some experts have
recommended using a body surface area (BSA)
indexed aortic root size of 2.5 cm/m? as a threshold
for aortic root replacement [149].

Conclusion

Patients with BAV may also have dilated aortic
roots and are at risk for aortic dissection and
rupture. The mechanism of aortic root dilation
has not been completely clarified, but likely
involves a complex interplay between genetic
and molecular biologic factors affecting gene
expression in the aortic root and hemodynamic
stressors borne out of abnormal valvular struc-
ture and function. The aortic root should be
imaged with transthoracic or transesophageal
echocardiography in all patients with BAV. If
the aortic root is not well seen with these
modalities, cardiac CT and cardiac MRI can
provide better estimates of aortic root size.
Patients with an aortic root diameter >4 cm
should undergo yearly surveillance of the aor-
tic root with echocardiography, CT or MRIL
While aortic size is an incomplete predictor of
the risk of aortic dissection, consensus guide-
lines recommend replacement of the aortic
root at a diameter of >5 cm in patients with
BAV. Patients who belong to higher risk groups
may benefit from aortic root replacement for
aortic diameters >4.5 cm and patients with
BAV undergoing aortic valve replacement
should also have their aortic root or ascending
aorta replaced for aortic diameter >4.5 cm.
Smoking cessation must be aggressively advo-
cated in patients with BAV and aortic dilation.
Medical therapy has not been well studied in
the care of patients with BAV, but the use of
beta blockers, ace inhibitors and statins may be
useful in slowing the rate of aortic root and
ascending aortic dilation.
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