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Abstract
Purpose of Review Bicuspid aortic valve (BAV) is the most common congenital cardiac abnormality. It has a wide spectrum 
of clinical manifestations including aortic regurgitation (AR), aortic stenosis, and an associated aortopathy with a small but 
increased risk of aortic dissection. This review describes current knowledge of BAV, from anatomy and genetics to a discus-
sion of multifaceted strategies utilized in the management of this unique patient population. This review will also highlight 
critical knowledge gaps in areas of basic and clinical research to enhance further understanding of this clinical entity.
Recent Findings The current knowledge regarding pathophysiologic mechanisms, screening, and surveillance guidelines 
for BAV and the associated aortopathy is discussed. We also discuss current management techniques for aortic valve repair 
versus replacement, indications for aortic surgery (root or ascending aorta), and the emergence of the Ross procedure as a 
viable management option not only in children, but also in adolescents and adults.
Summary The varied clinical phenotype of the BAV, resulting in its specific complex hemodynamic interactions, renders 
it an entity which is separate and distinct from the tricuspid aortic valve pathologies. While various aortic histopathologic 
and protein alterations in BAV patients have been described, it remains unclear if these changes are causal or the result of 
hemodynamic alterations imposed by sheer stress on the intrinsically dysfunctional BAV. Medical management for patients 
with BAV with AS, AI, or dilated aortic roots/ascending aortas remains challenging and needs further investigation. More 
than 50% of patients with BAV will undergo AVR during their lifetime, and more than 25% of patients with BAV undergo 
aortic surgery performed for dilation of the aortic root or ascending aorta, often concurrently with AVR. The search for the 
ultimate genetic or epigenetic cause of the different bicuspid phenotypes will ultimately be facilitated by the next-generation 
sequencing tools that allow for study of large populations at low cost. Improvements in diagnostic and stratification criteria 
to accurately risk assess BAV patients are critical to this process.
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Introduction

Bicuspid aortic valve (BAV) is the most common congenital 
cardiac abnormality, with an estimated prevalence of 1–2% 
[1, 2•]. It is almost three times more common in men than 
women [3]. Its high burden of morbidity and mortality is 
derived not only from valve dysfunction (stenosis due to 
early calcification or aortic regurgitation) but also due to 
complications from an associated aortopathy. Though its 
clinical implications are profound, often the diagnosis of 
BAV is an incidental finding discovered during routine echo-
cardiography. BAV may manifest with aortic regurgitation 
(AR) (13–30%), aortic stenosis (AS) (12–37%), and mixed 
valvular disease (both AS and AR), predisposing the patient 
to various clinical sequelae, such as dilatation of the aorta 

This article is part of the Topical Collection on Congenital Heart 
Disease

 * Ali N. Zaidi 
 ali.zaidi@mountsinai.org

1 Mount Sinai Heart, Icahn School of Medicine at Mount 
Sinai, New York, NY, USA

2 Division of Medicine and Pediatrics, Icahn School 
of Medicine at Mount Sinai, New York, NY, USA

3 Division of Medicine, Icahn School of Medicine at Mount 
Sinai, Mount Sinai Beth Israel, New York, NY, USA

4 Mount Sinai Adult Congenital Heart Center, Mount Sinai 
Heart, Icahn School of Medicine at Mount Sinai, 1 Gustave 
L. Levy Place, Box 1030, New York, NY 10029, USA

Current Cardiology Reports (2022) 24:1021–1030

/ Published online: 22 July 2022 

http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-022-01716-2&domain=pdf


1 3

(20–50%) or infective endocarditis (2–5%) [4–6]. There also 
remains a small but significantly increased risk of aortic 
dissection [7]. Though most often occurring in isolation, 
BAV may occur in conjunction with other cardiovascular 
malformations (CVM), including coarctation of the aorta 
(50–80%), interruption of the aorta (36%), and atrial or ven-
tricular septal defects (20%) [8]. The 25-year risk for BAV 
patients requiring aortic interventions is 25% and aortic 
valve replacement (AVR) is 53% [9]. The underlying mecha-
nism as to why some BAV becomes stenotic or regurgitant, 
while others have mixed valvular disease, or aortic dilata-
tion, while still others function normally throughout a life-
time, remains fundamentally uncertain and requires further 
investigation. Failure to recognize this clinical heterogeneity 
leads to an oversimplified approach to management. This 
review describes our current knowledge of BAV, the emerg-
ing multifaceted approach to the optimal management strat-
egy, and more importantly, highlights areas where basic and 
clinical research is needed to better understand and care for 
this unique patient population.

Anatomy and Classification of BAV

The genetic basis of a BAV is poorly understood. Inadequate 
fibrillin-1 production during valvulogenesis [10•] is hypoth-
esized to be the culprit for matrix alterations, which contrib-
utes to BAV-associated aortopathy, similar to that in Marfan 
syndrome (MFS) [11]. While the typical structure of a nor-
mal aortic valve encompasses three semilunar leaflets, the 
BAV is composed of two unequal cusps, and a central raphe 
[12]. The classification of Sievers and Schmidtke, based on 
autopsy reports of patients with diseased BAV, is commonly 
used (Fig. 1). The BAV is categorized as type 0 (without 
raphe), type 1 (1 raphe) which accounts for about 90% of 
the patients, and type 2 (2 raphes). There are subdivisions 

within each category of the spatial orientation of the cusps 
and commissures (anteroposterior versus lateral) and valvu-
lar function (graded as primarily regurgitation, stenosis, or 
a mixed presentation of regurgitation and stenosis, or a lack 
of stenosis or regurgitation) [13]. Type 1, which is right-
left coronary cusp fusion, has 70–80% prevalence (Fig. 2), 
type 2 (right-noncoronary cusp fusion) has 20–30% preva-
lence, and type 3 (left-noncoronary cusp fusion) has 1% 
prevalence. On the basis of the raphe position with coronary 
sinuses, types 1 and 2 were classified as left (L), right (R), 
and none (N) types [12, 14]. The larger leaflet is referred to 
as the conjoined leaflet. Two commissures (or hinge points) 
are present; usually, neither is partially fused. It has been 
postulated that the anatomic morphology is a critical deter-
minant of the pathology of the valve. Kang et al. showed that 
AS predominated in patients with type I BAV, while AR was 
more prevalent in type 2 or type 3 BAV [15]. Redundancy 
of a conjoined leaflet may lead to prolapse and insufficiency 
[16], while a partially fused commissure likely results in 
eventual valvular stenosis.

Fig. 1  Anatomical classifica-
tion for bicuspid aortic valves. 
Abbreviations: RCC, right 
coronary cusp; LCC, left coro-
nary cusp; NCC, noncoronary 
cusp; LCA, left coronary artery; 
RCA, right coronary artery

Fig. 2  Type 1 BAV with right-left coronary cusp fusion. Abbreviations: 
R, right coronary cusp; L, left coronary cusp; N, noncoronary cusp
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Genetics

BAV exhibits autosomal dominant (AD) inheritance, with 
reduced penetrance and various levels of expressivity in 
syndromic and non-syndromic forms. Recent studies have 
identified several genetic mutations leading to the different 
valvular manifestations in BAV patients, though 5–10% of 
cases remain unexplained [17•]. Complex inheritance has 
been described in large families with non-syndromic BAV. 
The prevalence of BAV in first-degree family members is 
tenfold higher than the general population [18, 19]. Inherit-
ance is observed in more than half of the families if associ-
ated nonvalvular complications such as coarctation of the 
aorta (CoA), thoracic aortic aneurysms (TAA), mitral valve, 
or ventricular septal defects (VSDs) are included [1]. The 
heritability of BAV has been cited as high as 90%, with 
multiple alleles interacting to cause BAV [20]. It is on this 
basis that echocardiographic screening of first-degree fam-
ily members is recommended in current guidelines [21••]. 
NOTCH signaling pathways have been implicated in BAV 
formation and the presence of accelerated calcific valve dis-
ease, as well as the vascular complications. The NOTCH 
protein is expressed highly in the left ventricular outflow 
tract mesenchyme and the endocardium of the nascent aor-
tic valve cusps, and is responsible for the development and 
acceleration of valvular calcium deposition. BAV and TAA 
are highly correlated with impairment of endothelial to 
mesenchymal transition during embryonic development in 
NOTCH1-deficient vascular cells. A homozygous NOTCH1 
mutation causes premature cellular death due to vascular 
endothelial defects [19], while a deregulation of the NOTCH 
signaling pathway [22] is involved in the development of 
vascular complications associated with BAV. GATA5 is 
another protein involved in signaling which affects valve 
remodeling and extracellular matrix composition through 
dysregulation of molecules such as matrix metalloprotein-
ases, and thus may also play a role in BAV-related aortopa-
thy [12, 23].

The variability observed in BAV aortopathy, in terms of 
phenotype and natural history, is a combination of primary 
genetic defects, interactions of other modifier genes, epige-
netic factors (DNA methylation or histone modifications, 
microRNA), and hemodynamic factors. Although BAV are 
mostly an isolated finding in adults, they can be found in 
conjunction with other congenital heart defects and genetic 
disorders with cardiovascular manifestations. It is most often 
associated with congenital left-sided obstructive lesions [24] 
(i.e., CoA or interruption of the aorta (IAA), Shone’s com-
plex), or atrial and ventricular septal defects. Turner’s syn-
drome is a genetic syndrome with the highest prevalence of 
BAV, thought to be secondary to genetic alternation on the 
X chromosome, such as KDM6A and TIMP1 (proteins which 

play a role in aortic integrity and in aortic valve develop-
ment) [25]. Another clinical syndrome is Loeys-Dietz, of 
which 10% of patients will have BAV, which is found to 
be due to pathogenic mutations in TGFBR1 or TGFBR2, 
which are also implicated in heritable non-syndromic TAA 
and aortic dissections [26]. Although there are several genes 
linked to BAV and BAV aortopathy, knowledge of this com-
plex and heterogeneous disease continues to develop with 
ongoing investigation.

BAV Aortopathy: Anatomy and Pathogenesis

BAV-related aortopathy also has a varied and heterogeneous 
presentation. The dilatation may involve the ascending aorta 
(most commonly), but may also involve the aortic root or 
transverse aortic arch. There have been various classification 
systems proposed, but the simplest classification divides the 
spectrum into two classes [27•]: aortic root phenotype (area 
of dilation is located below the sinotubular junction [STJ]) 
and tubular aortopathy (area of dilation is located above 
the STJ). The tubular ascending aorta dilatation is the most 
common phenotype (60–70% of dilated aortas) and has the 
fastest growing rate in adults (≈ 0.4–0.6 mm/y) [28] (Fig. 3). 
The etiology and pathogenesis that lead to dilation of the 
ascending aorta in patients with a BAV remain a debatable 
topic. BAV-related aortopathy can be attributed to various 
factors such as intrinsic wall properties, hemodynamics, 
genetics, and established cardiovascular risk factors such as 
smoking and hypertension. Keane et al. demonstrated that 
younger BAV patients had larger aortic diameters when 
compared with sex-matched control patients with normal 
tricuspid aortic valves (TAV) with comparable degrees 
of regurgitation and stenosis. More severe aortic valvular 
regurgitation is associated with aortic dilatation in BAV 
patients, but intrinsic pathology appears to be a significant 
component contributing to aortic enlargement beyond iso-
lated hemodynamic factors [29]. It has been shown that 50% 
of patients with BAV have aortas which exhibit premature 
cystic medial necrosis and decreased fibrillin content [30], 
with increased activity of matrix metalloproteinases, which 
leads to increased apoptosis and degradation of the aortic 
wall at a cellular level [31].

BAV patients with AS showed an increase in the preva-
lence of dilatation in the tubular ascending aorta, which 
may in part be related to dysfunctional flow secondary to 
the BAV structure [5, 32]. It has been shown that the dis-
tinctive morphology of the BAV results in excessive strain 
on the valvular leaflets during ventricular ejection, as well 
as an increased shear stress secondary to abnormal flow 
patterns, which may explain the rapid progression of val-
vular disease and aortopathy when compared to TAV [33, 
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34]. BAV with right and noncoronary cusp fusion have 
been more commonly associated with dilation of the tubu-
lar ascending aorta. Specific risk factors including family 
history of aortic dissection, aortic growth rate > 0.5 cm per 
year, and CoA are associated with a greater risk of aortic 
dissection [6].

About 15% of patients with ascending aortic dilatation 
have a dilated aortic root characterized by dilated sinuses 
and annulus, often including the STJ, seen more commonly 
with BAV patients with aortic regurgitation. These patients 
present at a younger age with severe AR in the absence of 
calcific aortic valve disease. This phenotype has been more 
frequently associated in males with right-left cusp fusion 
[5, 35, 36]. It is postulated to result from a primary struc-
tural lesion of the aortic root and annulus, rather than the 
hemodynamic effects of altered flow patterns of the tubu-
lar ascending aorta. Retrospective studies of patients with 
a BAV have shown that the incidence of aortic dissection 
is very low and is estimated to be approximately 0.4% with 
routine surveillance of the aorta [37•].

Surveillance and Timing of Interventions 
for BAV and BAV‑Related Aortopathy

Patients with BAV may develop isolated aortic valve dis-
ease, such as AR, AS, or a combination of AR and AS, 
while aortic aneurysms have been reported in 20 to 40% 
of patients with BAV. BAV aortopathy can occur indepen-
dently of valve dysfunction and may consist of dilation of 
the aortic sinuses, the ascending aorta, or the aortic arch. 
Thus, patients with BAV require careful evaluation and 
follow-up of both the aortic valve and the aorta through-
out their lifetimes [38]. Given the AD inheritance pattern, 
first-degree family members of patients with BAV are 
at a tenfold increased risk of having a BAV [39]; there-
fore, current guidelines provide a IIB recommendation to 
screen first-degree relatives of patients with BAV with an 
echocardiogram for the presence of BAV and for asymp-
tomatic dilation of the aortic sinuses and ascending aorta 
[40••, 41••]. Once diagnosed, it is important to evaluate 
for the presence of coexistent findings such ASDs, VSDs, 

Fig. 3  Aortic root and ascend-
ing aorta dilation with bicuspid 
aortic valve. Abbreviations: RL, 
right coronary cusp-left coro-
nary cusp; RN, right coronary 
cusp-noncoronary cusp
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or CoA. Once identified, echocardiographic monitoring 
of BAV function should adhere to current valvular and 
echocardiography appropriateness guidelines [42].

Once aortic root or ascending aorta dilatation is detected 
by echocardiography (i.e., ≥ 40 mm in diameter), lifelong 
serial evaluation of the aortic root and ascending aorta by 
echocardiography, CMR, or CTA is recommended. Aortic 
imaging is advised at least annually in patients with BAV 
with significant aortic dilation (> 4.5 cm) to determine the 
timing of surgical intervention. Patients with risk factors 
which increase the risk of aortic dissection, such as aortic 
growth rate > 0.5 cm per year, the presence of CoA, or a fam-
ily history of dissection, should be imaged at shorter inter-
vals. Those patients with BAV with stability of aortic size 
on sequential imaging studies and with a negative family 
history may undergo imagining follow-up at longer periods.

The most recent ACC/AHA guidelines [38] recommend 
an individualized approach to the timing of surgery for a 
dilated aorta in patients with BAV. Surgery is recommended 
in patients with a BAV regardless of symptoms with a diam-
eter of the aortic sinuses or the ascending aorta of ≥ 5.5 cm. 
In patients with specific risk factors thought to confer an 
increased risk of aortic dissection, operative intervention 
to replace the aortic sinuses and/or the ascending aorta is 
reasonable when the aortic dimension is 5.0 to 5.5 cm, as 
long as the surgery is performed at a comprehensive valve 
center. In patients undergoing AVR because of severe AS or 
AR, replacement of the ascending aorta is reasonable when 
the aortic diameter is > 4.5 cm [38, 43]. Interventions on 
patients with BAV with AS or AI follow currently accepted 
valvular guidelines as outlined in the “Management of BAV” 
section [38].

Management of BAV

Medical management of BAV-related aortopathy remains 
limited. The use of β-blockers in slowing the progression 
of aortic dilatation by decreasing the load on the aortic wall 
through their negative inotropic and chronotropic effects has 
been studied in the Marfan population [44]; however, their 
use in BAV-associated aortopathy remains limited. Angio-
tensin II receptor blockers (ARB) are thought to be benefi-
cial therapeutic agents by mitigating the vasoconstrictor and 
aldosterone-secreting effects of angiotensin II by selectively 
blocking the binding of angiotensin II to the AT1 receptor 
found in many tissues, including vascular smooth muscle. 
ARBs also cause inhibition of the TGF-β signaling pathway, 
which is responsible for increasing MMPs leading to apop-
tosis and consequently fibrosis [45••]. Thus, the develop-
ment and progression of aortic dilatation can potentially be 
slowed by utilizing AT1 blocking agents such as losartan 
[46], though this requires further investigation. Given the 

likelihood of a coexisting aortopathy, patients with BAV 
must be counseled on tobacco cessation and aggressive treat-
ment of hypertension [7]. Though the actual risk of dissec-
tion in BAV is not well documented, the 2021 ESC Guide-
lines suggest counseling against pregnancy in the setting of 
aortic diameters > 50 mm (> 27  mm2 BSA) [47].

Infective endocarditis is the most common complication 
in this population, with incidence ranging from 10 to 30% 
[48]. BAV endocarditis patients have also shown to have a 
higher rate of peri-annular complications. The short-term 
mortality rate in patients with IE in BAV is lower than that 
in patients with IE in native TAV, likely due to the fact that 
they are younger at diagnosis than their TAV counterparts 
with less medical comorbidities [49]. Thus, it is imperative 
given this elevated risk they be counselled on meticulous 
dental hygiene.

More than 50% of patients with BAV undergo AVR dur-
ing their lifetime, and more than 25% of patients with BAV 
undergo aortic surgery performed for dilation of the aor-
tic root or ascending aorta, often concurrently with AVR  
[17]. Surgically excised aortic valves of 932 patients aged  
26 to 91 years were examined post-operatively and 458 of 
them were found to be bicuspid [50]. Overall, it is shown 
that the BAV stenosis patient population undergoes surgery 
approximately 5–10 years earlier compared to TAV, despite 
fewer comorbidities due to their younger age. Tradition-
ally, SAVR has been considered the first-line treatment for 
symptomatic patients with BAV and AS. Surgical repair of 
the aortic valve may also be feasible in selected patients, 
depending on valve and aortic root anatomy and tissue 
characteristics. Over the years, the Ross procedure has also 
emerged as a viable surgical alternative in patients with BAV 
in need of surgical aortic valve intervention.

Several studies have suggested that valve repair is a fea-
sible option when performed by surgeons with training and 
experience in these techniques, and when performed at cent-
ers of excellence in aortic valve surgery [38]. Schneider et al. 
presented a large series of BAV repair with root remodeling 
over a 20-year period, where he showed that in 357 BAV 
patients, reoperation became necessary for recurrent AR in 
24 patients and for recurrent AS in 6 patients, showing that 
cumulative incidence of reoperation at 15 years was 21.7%. 
In AVIATOR (Aortic Valve Repair International Registry), 
177 patients underwent valve repair with remodeling and 
external aortic annuloplasty, of which 33.6% patients had a 
BAV. Freedom from reintervention in the BAV cohort was 
100% at 10 years with the use of external annuloplasty. The 
only predictor of recurrent AR in this series was preopera-
tive AR [51]. De Kerchove et al. reported that the valve-
sparing root replacement with the reimplantation technique 
(as described in Harky et al. [52•]) has led to longevity of 
the BAV repair and freedom from > 2 + AR at 6-year post-
operative [53]. A follow-up study showed that patients with 
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residual AR were more likely to have an asymmetric valve 
phenotype [54••]. Most recently, it was shown that in 1200 
patients with BAV without severe aortic stenosis, valve pres-
ervation was successful in approximately 90% of patients, 
with valve calcification and endocarditis identified as the 
most frequent causes for repair failure [55, 56]. Overall, ana-
tomic risk factors for surgical repair failure were the pres-
ence of symmetric prolapse (both cusps), annular dilatation, 
the use of pericardium as partial cusp replacement or aug-
mentation, and the application of standard repair techniques 
in BAVs with a commissural angle of < 160° (this results 
in higher systolic gradients and impaired durability; opti-
mum durability is seen with a commissural angle between 
160° and 180°) [57]. Excellent repair durability and freedom 
from valve-related complications has been shown to be fea-
sible if a tailored approach to the BAV repair is utilized, 
and all pathologic aspects of the BAV and the dilated root 
are addressed.

With a large body of literature demonstrating excellent 
short- and long-term outcome, the Ross procedure, which 
initially was considered only as an alternative option in 
patients for whom anticoagulation is not acceptable, is 
emerging as an excellent option in a wider array of patients. 
The Ross procedure may be a potential option for selected 
patients with BAV without annuloaortic ectasia requiring 
valve replacement. Guidelines have described the role of 
the Ross procedure as an option for younger patients with 
appropriate anatomy and tissue characteristics in whom 
anticoagulation is not tolerated or undesirable [58]. This 
surgical technique was originally described in 1967, and 
consists of replacing the aortic valve with the patient’s own 
pulmonary root (autograft) and replacing the pulmonary 
root with a pulmonary homograft. It is a technically more 
complex operation requiring specific surgical expertise and 
understanding of the aortic root dynamic and functional 
anatomy. It does guarantee long-term viability of the aortic 
valve substitute with improved clinical outcomes; however, 
the Ross procedure should only be considered at centers of 
expertise and performed by experienced surgeons proficient 
in the procedure [59]. One of the frequently cited trepida-
tions of the Ross procedure is the long-term function of 
the pulmonary homograft as well as premature autograft 
failure or dysfunction and the presence of AR. In a study 
conducted in Germany by Hanke et al., 1277 patients (mean 
age 42.2), of which 71% had BAV (with 188 with stenosis, 
207 with regurgitation, and the remainder a mixed picture), 
underwent a Ross procedure (divided between sub-coronary 
technique and a root replacement technique). Patients with 
BAV, irrespective of the surgical technique, did not show any 
clinically relevant difference regarding early post-operative 
AR, nor its increase over time; but they did however dem-
onstrate a higher degree of annulus and sinus dilation over 
time [60]. Starnes et al. conducted a retrospective cohort 

study between 1992 and 2019, where 129 adult patients with 
BAV underwent the Ross procedure with either a standard 
root inclusion technique or a modified technique where the 
pulmonary autograft was wrapped in a vascular conduit, and 
showed that the wrapped cohort had a lower need for auto-
graft reintervention at 1-, 5-, and 10-year post-operation. A 
study by Poh et al., where 129 BAV patients with AR and a 
mean age of 34 years underwent the Ross procedure, dem-
onstrated that freedom from reoperation for AVR and more-
than-mild AR at 10- and 20-year post-surgery was 89% and 
85% [61••]. Late survival at 10- and 20-year post-surgery 
was 99% and 95% (95% CI 85–99), respectively. Longer 
aortic cross-clamp and cardiopulmonary bypass times and 
a larger preoperative STJ diameter were significant predic-
tors of redo AVR or for having significant AR at follow-up. 
Thus when performed by surgeons experienced in the Ross 
procedure and at centers of excellence in aortic valve surgery 
[38], the Ross procedure should be strongly considered in 
BAV patients with AR.

BAV has previously been considered an exclusion criterion 
for TAVR due to technical concerns about under deployment. 
The heavy calcification as well as the asymmetry of BAV 
leaflets may lead to inadequate expansion of the valve frame, 
which may negatively affect valve hemodynamics and long-
term durability, leading to higher transvalvular gradients and 
paravalvular leak. Furthermore, the risk of aortic dissection 
or rupture during TAVR is increased in the presence of aortic 
disease. An analysis of over 40,000 TAVR procedures showed 
that TAVR was rarely performed in BAV patients with severe 
AS (they represented only 1% of all TAVR procedures under-
taken in the USA as captured by the National Inpatient Sample 
from 2011 to 2014) [62]. But more and more, TAVR for BAV 
patients is considered a feasible alternative, with TAVR being 
successfully performed in many patients with BAV. Patients 
with BAV undergoing TAVR were younger with less comor-
bidities and fewer adverse clinical characteristics compared 
with older adults with TAV. Yoon et al. showed that BAV 
patients who underwent TAVR with newer generation  
devices compared with their tricuspid AS counterparts 
had comparable procedural results and similar cumulative  
all-cause mortality rates at 2 years. There were no cases  
of moderate-to-severe paravalvular regurgitation with 
newer generation devices, compared with 8.5% incidence  
of paravalvular regurgitation with  the early-generation  
devices [63, 64]. Makkar et al. demonstrated that propen-
sity matching between patients with BAV and those with  
TAV showed similar mortalities at 30  days and 1  year,  
similar valve gradients/areas, and incidences of paraval-
vular leak that were not significantly different. Stroke risk,  
however, was significantly higher for patients with BAV 
at 30 days (2.5% vs 1.6%) [65]. Fan et al. has also shown 
that BAV patients undergoing TAVR compared to their  
TAV counterparts were more likely to sustain embolic 
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phenomena, with risk factors being frequent deployment  
of self-expandable devices, longer procedure duration, and 
more frequent need for post-dilatation [65, 66]. Future tri-
als are needed to help better understand optimal selection  
of BAV patients for TAVR, minimizing procedural risks  
and improving long-term outcomes.

Conclusion: Future Directions

The varied clinical phenotype coupled with complex 
hemodynamic interactions and underlying genetic make-
up renders the patient with a BAV an entity completely 
separate than the TAV patient with valvular disease. The 
clinical significance of BAV phenotypes remains unknown 
between adults and children, with RCC-NCC phenotype 
being more prevalent in children (30–40%) [24] than in 
adults (≈20%) [67]. Patients with BAV may have a genetic 
predisposition for aortopathy but aneurysmal disease may 
also be seen in unaffected first-degree relatives [68]. It also 
remains unclear why a small number of BAV patients will 
suffer aortic dissection in their lifetime, while the major-
ity of patients with BAV will not. Aortic dilation is not 
halted after AVR and thus the need for long-term surveil-
lance continues [69]. The management of BAV in adults 
includes long-term surveillance, intervention for aortic 
valve disease, and aortopathy based on consensus guide-
lines. Counseling and management prior to and during 
pregnancy is also often needed. For patients with BAV 
and dilated aortic root or ascending aorta (without hyper-
tension), there are no directed evidence-based pharmaco-
logic therapies targeted to lessen aortic dilation or reduce 
the risk of aortic dissection or rupture. Finally, since the 
BAV patient is younger and with less comorbidities than 
an adult patient with TAV-related AR or AS [70], the 
approach to treatment should be expected to vary. The 
ideal aortic valve substitute for young adults with BAV 
requiring AVR remains elusive. Considerations for the 
safety, feasibility, and long-term outcomes utilizing tech-
niques such as TAVR in patients with BAV await larger 
scale randomized controlled trials. When performed at val-
vular centers of excellence by experienced surgeons, the 
Ross procedure may constitute a viable available treatment 
option in young and middle-aged adults requiring AVR, 
especially those with BAV and AS or AR.
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