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ABSTRACT

Bicuspid aortic valve (BAV) disease is the most common congenital heart abnormality, which affects up
to 2% of the population and significantly increases the lifetime risk of aortic stenosis and the need for
valve replacement. While surgical aortic valve replacement (SAVR) remains the standard of care in low
surgical-risk patients, transcatheter aortic valve implantation (TAVI) is increasingly used as a treatment
alternative with favorable outcomes in well-selected BAV patients. To date, randomized controlled trials
comparing TAVI and SAVR have excluded patients with BAV, except the UK TAVI and the more recent
The NOrdic Aortic Valve IntervenTION-2 trial. Of note, in The NOrdic Aortic Valve IntervenTION-2
trial, there was a numerical imbalance in the BAV subgroup, with more events observed in the TAVI
group than in the SAVR group for the composite outcome (all-cause mortality, stroke, and rehospital-
ization) at 1- and 3-year follow-up, although the risk estimates were imprecise due to the limited
number of events. The upcoming TraNscatheter Aortic Valve Implantation versus surGical AorTic valvE
replacement in patients with Bicuspid aortic valve stenosis (NAVIGATE Bicuspid) and Bicuspid aortic
valve replacement: EvaLuatlon of transcathetEr VERsus Surgery (BELIEVERS) trials will directly
compare TAVI and SAVR in BAV populations. These trials are designed to provide robust, adequately
powered estimates of the comparative safety and effectiveness of both interventions over extended
follow-up and are expected to inform future guideline recommendations in the setting of BAV anatomy.

This review summarizes current data on the use of TAVI in patients with severe BAV stenosis, evaluates
anatomical and procedural complexities, and outlines the design and rationale of upcoming randomized
controlled trials addressing this critical knowledge gap.

ACC, American College of Cardiology; AS, aortic stenosis; BAV, bicuspid aortic valve; BE, balloon-
expandable; CAD, coronary artery disease; CABG, coronary artery bypass grafting; CEP, cerebral embolic
protection; CT, computed tomography; KCCQ, Kansas City Cardiomyopathy Questionnaire; LoE, level of
evidence; MACE, major adverse cardiovascular events; PCI, percutaneous coronary intervention; PS,
propensity score; PVL, paravalvular leak; QoL, quality of life; RCT, randomized controlled trial; SAVR,
surgical aortic valve replacement; SE, self-expanding; STS, Society of Thoracic Surgeons; TAV, tricuspid
aortic valve; TAVI, transcatheter aortic valve implantation; TAVR, Transcatheter Aortic Valve
Replacement; THV, transcatheter heart valve; TVT, Transcatheter Valve Therapy; VARC-3, Valve Aca-
demic Research Consortium 3.
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Background

Aortic stenosis (AS), primarily caused by calcific degeneration of a
native tricuspid (trileaflet) aortic valve (TAV) or bicuspid aortic valve
(BAV), 1.2 accounts for the largest number of deaths due to valvular heart
disease in high-income countries® and is the most common primary
valve lesion requiring intervention in Europe and North America.'
Twenty-three years after the first transcatheter aortic valve implantation
(TAVI) in humans, coincidentally performed in a patient with a severely
calcified BAV,® TAVI has emerged as a transformative alternative to
surgical aortic valve replacement (SAVR) for the treatment of patients
with severe AS.*

BAV, with a prevalence between 0.5 and 2.0% in the general pop-
ulation, is one of the most common congenital heart defects.’
Abnormal shear stress due to the underlying bicuspid morphology
contributes to early valve degeneration and calcification, although
some BAV patients present early in life with aortic insufficiency
without calcification. Recent transcriptomic analyses have identified
unique gene expression signatures associated with disease severity in
BAV and TAV, with BAV stenosis being characterized by earlier onset
and greater extent of calcification with upregulation of genes related to
extracellular matrix remodeling and ossification, whereas TAV stenosis
has been associated with evidence of stronger inflammatory signa-
tures.® Compared with trileaflet valves, BAV significantly increases the
lifetime risk of developing AS.>” Patients with BAV face an estimated
70% lifetime risk of undergoing aortic valve surgery,® often at a
younger age compared with patients with trileaflet anatomy.” ! BAV
is present in up to 40% of patients undergoing SAVR,'? which remains
the standard of care in low surgical-risk patients suffering from BAV
stenosis according to the current 2025 European Society of Car-
diology/European  Association for Cardio-Thoracic  Surgery
(ESC/EACTS) and 2020 American College of Cardiology/American
Heart Association (ACC/AHA) guidelines.w’14 However, the advent of
TAVI along with rapid technological advancements during the past
2 decades®!® has ignited a debate about optimal treatment strategy
among patients with severe BAV stenosis.'® Over the last decade, the
annual rate of patients with BAV undergoing TAVI has steadily
increased in Europe and the United States, with recent studies
reporting that BAV is present in ~17% of patients undergoing TAVI in
these regions.'”1

Eleven randomized controlled trials (RCTs), including 11,515 pa-
tients, have directly compared TAVI and SAVR across the spectrum of
risk in patients with TAV AS to date. All RCTs comparing TAVI vs. SAVR
have excluded patients with BAV, except the UK TAVI trial and more
recently The NOrdic Aortic Valve IntervenTION (NOTION)-2 trial, over
concerns related to anatomical and technical differences within this
specific patient population. A synthesis of all RCTs in patients with TAV
stenosis provides robust evidence that TAVI is superior to medical
therapy alone in high-risk inoperable patients and has similar outcomes
in terms of safety and effectiveness compared to SAVR in high-, inter-
mediate-, and low surgical-risk patients at a follow-up duration of 5 to
10 years.]9 32

Owing to the increased prevalence of BAV stenosis in younger in-
dividuals, the expanding use of TAVI in lower-risk populations,'”-** and
the inconclusive findings in the bicuspid subgroup of patients treated by
TAVI in the recent NOTION-2 trial,>* a direct comparison between TAVI
and SAVR in this population is required.

Anatomical Considerations in Bicuspid Aortic Valve Disease
Leaflet Morphology

BAV represents a wide range of abnormal aortic valve morphol-
ogies in which the valve consists of 2 functional cusps. The congenital

fibrous ridge between the fused cusps is referred to as raphe and is
frequently the location of progressive calcium deposition.>® Several
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classifications have been proposed, each with distinct strengths, limi-
tations, and clinical applications. The “historical-surgical” classifica-
tion by Sievers and Schmidtke (2007) categorizes BAV subtypes based
on the number of raphes (0, 1, or 2).% The “interventional” classifi-
cation by Jilaihawi et al. (2016)°° is an imaging-based system derived
from preprocedural TAVI computed tomography (CT) that classifies
BAVs according to the number of functional commissures (bicommis-
sural vs. tricommissural) and the presence or absence of a raphe. This
classification challenges the traditional term “bicuspid,” proposing
“bileaflet” as an alternative, since acquired commissural fusion may
also result in 2 functional cusps. In addition, it emphasizes the inter-
action between TAVI prostheses and the aortic root, highlighting the
procedural relevance of calcified raphes and commissural fusion,
particularly in tricommissural anatomies, which represent acquired
rather than congenital forms of BAV. The international consensus
classification by Michelena et al. (2021)% incorporates the number of
sinuses, and the presence and extent of cusp fusion and describes a
spectrum of the heterogeneous anatomy of BAV, from ‘“almost
tricuspid” to “perfect bicuspidity.” In this scheme, fused BAV is the
most frequent phenotype (~90-95% of all BAV)—most commonly
left-right fusion (~70-80%), followed by right-noncoronary cusp
fusion (~20-30%) and left-noncoronary cusp fusion (~3-6%), with
similar distributions in both sexes.>”->® Approximately 70% of fused
BAVs exhibit a raphe, at least in Western populations, with a relatively
more balanced frequency of raphe-type and non-raphe-type BAV seen
in China.>® The 2-sinus BAV (~5-7% of all BAV) consists of only 2 si-
nuses of Valsalva and 2 roughly equal-sized symmetrical cusps, with no
raphe. The partial-fusion BAV of unknown prevalence demonstrates
<50% fusion of 2 cusps (mini-raphe). Of note, Sievers type 2 (2 raphes)
is rare (<1%) and reclassified as unicuspid in the international
consensus BAV classification.>

Aortopathy

BAV is associated with aortopathy—particularly ascending aortic
dilatation—in up to 50% of patients, which increases the risk of aortic
dissection.****> BAV patients presenting with aortic insufficiency or
“root phenotype” have a particularly increased risk of aortic dilation and
acute aortic syndromes.** Although some reports have suggested that
growth of the ascending aorta and further dilatation may slow after
TAVI treatment of BAV stenosis,’” larger ascending aortic diameters
(>40-45 mm) have been correlated in some studies with higher mor-
tality and adverse outcomes,*®*” underscoring the need for thorough
preprocedural CT assessment of the aorta, as well as careful TAVI pro-
cedural technique in the presence of aortopathy. Compared to TAV, BAV
patients typically have larger annuli and sinuses of Valsalva, although
this does not necessarily require more frequent prosthesis oversizing.*®
BAV is also associated with coarctation of the aorta’® and a higher
prevalence of a horizontal aorta (>50° angulation), particularly in ste-
notic cases.>>*° Delivering TAVI devices through stented or surgically
repaired coarctation is technically possible, and current data are
reassuring.50

Imaging and Procedural Planning in Bicuspid Aortic Valve
Disease

Accurate CT-based transcatheter heart valve (THV) sizing is crucial
to ensure procedural success in BAV due to the complex anatomy,
characterized by raphe in most cases, asymmetric calcification pattern
with variable extension into the left ventricular outflow tract, frequently
elliptical annuli, and concomitant aortopathy. The BAV-associated
aortic root may display tube-, flare-, or taper-shaped morphologies,
with the narrowest point at either the annular (virtual basal ring) or
supra-annular level. Alternative sizing strategies incorporate infra-
annular (ABC method®") or supra-annular measurements (BAVARDSZ,
Circle,>® LIRA®* and ABC®! methods, or multiplanar strategy®), and
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BAVARD CIRCLE
Type of landing zone Supra-annular projection of
intended THV

1) Measure the perimeter-derived annulus
diameter (AD) and inter-commissural
distance (ICD)

1) Project THV-sized reference
circles at 0, 3, 6,and 9 mm
above the annulus.

2) Classify landing zone

ICD

@

4 mm

Annulus 2) Determine whether each
AD/ICD AD/ICD AD/ICD circle aligns properly within the
14 <09 09-11 commissures to ensure

adequate sealing.

3) Assess potential interactions

ICD-based with calcifications and evaluate

annular

LIRA
LIRA plane = aortic root level
where prosthesis anchoring is 3 levels: (a) annulus, (b) below
expected to occur

1) Identify the LIRA plane
according to BAV type:

« Fused BAV with raphe (historical
Sievers Type 1):
LIRA plane = level intersecting the
raphe atits point of maximal
protrusion along the aortic root.

« Sievers Type 2 (unicuspid valve,
per international classification):

/ LIRA plane = level intersecting the
major raphe at its point of
maximal protrusion along the o If <0%, consider increasing valve size or
aortic root.

rtic Valve (BAV)

CASPER
Raphe length & raphe
calcium burden

ABC
Evaluation of the aortic root at

the annulus, (c) commissure &
leaflet calcification

1) Measure calcium score
volume:
« If >300 mm?, subtract 1 mm from
the mean annular diameter.
> Use the perimeter-derived
mean diameter for SE THV.
o Use the area-derived mean
diameter for BE THV.

- A - Annulus:
+ Measure annular area at the VBR.
« Choose valve size and deployment volume to
achieve 0-10% oversizing, or 0-5% if annular
calcium is present.

- B - Below the Annulus (LVOT at -2 mm):
» Assess Left Ventricular Outflow Tract (LVOT)
oversizing:

volume.
o If >10%, or >5% with LVOT calcium, reduce
valve size or volume.

2) Raphe length assessment:
« If raphe length is >50% of the
mean annulus diameter,
subtract an additional 1 mm
from the mean annular
diameter.

- C - Commissures & Calcification:

(supra-annular) sizing the associated risk of 2) Measure the Virtual Basal « Measure ICD at +4 mm and +8 mm, and max. 3) Raphe calcium assessment:
sizing complications. Ring (VBR) and the LIRA plane sinus diameter at +8 mm. « If calcium is predominantly

perimeter (internal leaflet » Target: located on the raphe, subtract an

border): o ICD 2 valve diameter -1 mm additional 0.5 mm from the mean

4) Based on circle fit and
anatomical considerations,
evaluate the need for
downsizing or adjusting device
positioning.

o If the measurements between the
two planes differ, size the THV
according to the plane with the
smaller perimeter.

If the measurements are
concordant, size the THV

° Max. sinus diameter > valve diameter +6 mm
Avoid high-risk calcium morphologies (e.g.,
bridging calcium or bulky leaflet calcification with
small sinuses).

annular diameter.

The final diameter derived from these
1 three steps is used to determine THV
/ sizing, with up to 2.5 mm subtracted from
the annular diameter depending on
anatomical characteristics.

according to the VBR.

Figure 1. Transcatheter heart valve (THV) sizing in bicuspid aortic valve (BAV).
Abbreviations: AD, annulus diameter; ICD, intercommissural distance; BE, balloon-expandable; LVOT, left ventricular outflow tract; SE, self-expanding; VBR, virtual

basal ring.

raphe and calcium burden assessment (CASPER®® method) (Figure 1).
However, annular sizing remains the standard and most widely used
approach. Based on reported difficulties with the reproducibility of
annular measurements®’ and in the absence of larger and more robust
data sets, a less prescriptive strategy for valve sizing in bicuspid anatomy
has been advocated.”® This “modified annular sizing” approach in-
corporates annular, left ventricular outflow tract, and intercommissural
distance measurements, while further adjusting for the qualitative
burden of leaflet calcification. Rather than adhering to a fixed algorithm,
this strategy allows for individualized adjustment, reflecting a prag-
matic, experience-based synthesis of annular and supra-annular princi-
ples to better accommodate the anatomical variability of BAV. The
heterogeneous aortic valvular complex anatomy and leaflet morphology
of BAV patients make THV sizing challenging and lend well to the
concept of machine learning-based simulation software to assist in this
process. Such tools have yielded promising initial results but require
robust validation in large series.”®®°

THV undersizing—which may be employed in BAV patients with
excessive leaflet calcification and/or a long calcified raphe to mitigate
the risk of aortic annulus rupture or severe underexpansion—has been
associated with significantly higher rates of moderate-to-severe struc-
tural valve deterioration (hazard ratio [HR] 3.05, log-rank p < 0.001),
severe bioprosthetic valve dysfunction (HR: 2.07; log-rank p = 0.003),
and bioprosthetic valve failure (HR: 3.25; log-rank p = 0.002) at 5 years
in a large multicenter registry of low surgical-risk patients with BAV
stenosis.®’ Both balloon-expandable (BE) and self-expanding (SE) THV
may exhibit noncircular or asymmetric expansion and eccentricity in
BAV, leading to more frequent stent frame underexpansion, which is
associated with an increased risk of thrombosis and other adverse car-
diovascular events.®>%-%4 Despite earlier concerns, long-term data from
the STABILITY (bicuSpid TAVI duraBILITY) registry showed a 4-year
all-cause mortality of 32% and only 4% moderate-to-severe valve
dysfunction in intermediate-risk BAV patients,® while a large multi-
center registry of low surgical-risk patients reported 5-year rates of

moderate-to-severe valve dysfunction and bioprosthetic valve failure of
8 and 6%, respectively—the longest follow-up available to date.®’

Procedural Challenges in Bicuspid Aortic Valve Disease

In non-raphe-type BAV morphologies, the absence of cusp fusion and
a third commissure makes it difficult to identify a reliable implantation
projection. The symmetric 2-cusp anatomy often results in an elliptical
orifice and variable annular orientation, increasing the risk of parallax
during THV deployment.*® This may lead to malpositioning, and careful
fluoroscopic angle adjustment is essential to achieve coaxial alignment
and accurate valve placement. TAVI should therefore be employed in
well-selected patients with this anatomic variant.

Crossing the aortic valve can be technically more challenging in BAV
anatomies due to the presence of a raphe (partial or complete fused BAV)
or 2 dominant cusps (2-sinus BAV).* In cases with severe leaflet or
raphe calcification, advancing the THV delivery system may be difficult,
increasing the risk of aortic injury and embolization. Use of flexible
delivery systems, snare catheters, or buddy balloons can aid annular
alignment and facilitate valve crossing.*’ In heavily calcified anatomies
or in case of THV mismatch, device embolization may occur, and balloon
predilatation is advised to mitigate these risks.*’

Aortic Valve Replacement for Bicuspid Aortic Valve
Stenosis—Observational Studies

Surgical Aortic Valve Replacement

Isolated SAVR in patients with BAV is associated with favorable early
and long-term outcomes in large observational registries (Supplemen-
tary Table 1 summarizes outcomes of SAVR in BAV vs. TAV). Recent
data indicate that BAV patients undergoing isolated SAVR—typically
around 60 years of age—exhibit early postoperative mortality rates
below 2%, with a 9-year all-cause mortality of approximately 11%.°¢7°
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Despite the increased anatomical complexity inherent to BAV
morphology, multiple single-center and multicenter comparative studies
have reported equivalent short-term and superior long-term outcomes in
BAV patients compared to those with TAV after isolated SAVR, with
significantly improved survival observed at both 5-year’'”® and
10-year’*7® follow-up when cohorts are matched for age and baseline
comorbidities.

Patients with BAV requiring SAVR and concomitant ascending aortic
surgery tend to be younger and present with fewer cardiovascular risk
factors.”® Outcomes following combined aortic valve and aortic pro-
cedures are favorable, with retrospective analyses reporting 30-day
mortality rates below 2% (Supplementary Table 2 summarizes out-
comes of SAVR and concomitant ascending aortic surgery in BAV pa-
tients).°>”” Although long-term outcome data are predominantly
derived from high-volume centers, reported 5-year survival rates remain
high, ranging from 90% to 95% (Supplementary Table 2).%7:7%7879
Importantly, postoperative aortic complications and progressive aortic
dilation occur more frequently in patients presenting with preoperative
aortic regurgitation compared to those with AS, highlighting the need
for tailored surveillance strategies in this subgroup.®’

Although current guidelines advise considering mechanical valves
for younger patients (<60 years per 2025 ESC/EACTS —class Ila, level of
evidence [LoE] C; <50 years per 2020 ACC/AHA-Class Ila, LoE B-
Randomized) and bioprostheses for those >65 years (Class IIa, LoE B-
Randomized), routine clinical practice increasingly shows a shift to
bioprostheses.'®'* Among 109,842 patients undergoing isolated SAVR
in the Society of Thoracic Surgeons (STS)-Adult Cardiac Surgery Data-
base registry from 2008 to 2019, the use of mechanical prostheses
declined from 20% to <10%, despite evidence of lower risk-adjusted
mortality in patients <60 years who receive mechanical valves.?! In
the STS registry (2011-2018), mechanical valves were used in only 2.6%
of BAV patients (n = 9131) undergoing SAVR.”® Although BAV anatomy
does not inherently alter prosthesis choice, younger patients may benefit
from the durability of mechanical valves.

Transcatheter Aortic Valve Implantation

TAVI in BAV anatomy was initially limited to patients with severe AS
who were inoperable or at intermediate-to-high surgical risk. Early
retrospective studies among BAV patients undergoing TAVI reported
lower device success and increased risks of adverse events, including
aortic root injury, surgical conversion, moderate-to-severe paravalvular
leak (PVL), periprocedural stroke, and all-cause mortality compared to
TAV patients (Graphical Abstract; Supplementary Table 3 summarizes
outcomes of TAVI in BAV stenosis, and Supplementary Table 4 sum-
marizes comparative outcomes of TAVI in BAV vs. TAV).GZ’SZ’85

These early outcomes improved over time, owing to improved pro-
cedural planning, refined techniques (Graphical Abstract and Supple-
mentary Tables 3 and 4), and newer-generation devices (Supplementary
Table 5 summarizes comparative outcomes of TAVI in BAV patients
according to different types and generations of THV).>>6%861 1n a
propensity score (PS)-matched analysis of 2691 pairs derived from the
STS-ACC Transcatheter Valve Therapy (TVT) Registry, 30-day mortality
was similar among BAV and TAV patients treated with BE THVs, despite
higher but low absolute rates of annular rupture, surgical conversion,
stroke, and pacemaker implantation in the BAV group.®” Similarly, the
Bicuspid AS Transcatheter Aortic Valve Replacement (TAVR) study of
546 matched pairs showed no significant difference in 2-year mortality
(17.2 vs. 19.4%; p = 0.28).°®> Among patients undergoing TAVI with SE
THYVs, data from the STS-ACC TVT Registry reported comparable rates of
mortality, stroke, rehospitalization, and valve performance at 1 year,
but a higher rate of reintervention in BAV compared with TAV patients
(1.7 vs. 0.3%; p = 0.01).°*

The selection of BAV patients undergoing TAVI has been signifi-
cantly refined by means of CT-based analyses, allowing for better
identification of anatomies at risk of complications (Supplementary
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Table 6 summarizes comparative outcomes of TAVI according to
different BAV phenotypes). CT-based studies in Sievers type 0 and type 1
BAV patients suggest that calcification patterns—more than valve
morphology alone—are key determinants of outcomes. Specifically,
patients with both significant calcified raphe and excessive leaflet
calcification have been reported to experience higher rates of aortic root
injury, PVL, and all-cause mortality at 3 years compared to those
without or only one high-risk feature.®*°> Contemporary registry data
suggest clear progress in rates of major adverse cardiovascular events
(MACE), quality of life (QoL), and valve performance among carefully
selected low surgical-risk BAV patients (Graphical Abstract and Sup-
plementary Tables 3 and 4). In the low-risk TAVR and Evolut Low-Risk
Bicuspid trials (n = 145 matched pairs), 1-year outcomes were compa-
rable between BAV and TAV in terms of all-cause death, stroke, rein-
tervention, and valve hemodynamics.’® These findings were supported
by data up to 3 years showing sustained large improvements in QoL.5%%%
Similarly, the Placement of AoRtic TraNscathetER valves 3 Bicuspid
registry (n = 148 matched pairs) reported no difference in the composite
primary endpoint (all-cause mortality, stroke, and cardiovascular
rehospitalization: 10.9 vs. 10.2%; p = 0.80) or individual endpoints at 1
year.”” The most recent STS-ACC TVT analysis of 3168 matched BAV
and TAV low surgical-risk patients treated with BE THVs showed no
significant difference at 1 year in all-cause death, stroke, PVL, valve
hemodynamics, or QoL scores.”®

Long-term registry data indicate that BAV patients experience rates
of MACE comparable to those of TAV patients undergoing TAVI,
although outcomes vary across BAV subtypes. Five-year all-cause mor-
tality appears lower in BAV (26.2%) than in TAV (45.5%; p < 0.0001),
with pronounced differences between Sievers type 0 (11.0%) and type 1
(34.5%; HR: 2.38; 95% CI: 1.32-4.28; p = 0.004).°° While these findings
are adjusted for known covariates, the observed differences may still
partly reflect residual confounding arising from baseline variations in
comorbidity burden and age, particularly the younger profile of type
0 BAV patients.”” In a recent multicenter study of 972 patients with
raphe-type BAV stenosis, high residual gradients (>20 mmHg) occurred
in ~4% of cases after TAVI and were independently predicted by small
(<23 mm) THV size, being associated with a more than twofold increase
in 3-year MACE risk and a higher incidence of neurologic events.'% In
BAV patients, SE THVs were associated with lower 5-year mortality than
BE THVs (23.6 vs. 41.7%; HR: 1.63; 95% CL: 1.05-2.51; p = 0.028).”

TAVI vs. SAVR in Bicuspid Aortic Valve

Current guidelines recommend SAVR as the treatment of choice in
patients with BAV.!>!%1%1 Surgery is particularly preferred in patients
with anatomical features that confer high risk for TAVI and those with
significant aortopathy. Notwithstanding, several observational studies
have reported favorable TAVI outcomes in carefully selected BAV pa-
tients compared to SAVR (Supplementary Table 7 summarizes
comparative outcomes of TAVI vs. SAVR in BAV).

An inverse probability-weighted (IPW) analysis of Medicare and
Medicaid data (n = 11,289) demonstrated lower in-hospital mortality
with TAVI compared to SAVR (HR: 0.75; p = 0.038), but higher 4-year
risks of all-cause mortality (HR: 1.49; p < 0.001), stroke (HR: 1.35;
p < 0.001), and 5-year rehospitalization (HR: 1.23; p = 0.045), with
these differences being more pronounced among younger, low surgical-
risk patients (<75 years, STS <4%).'%? In contrast, another IPW study
without long-term follow-up (n = 56,331) reported no significant dif-
ferences in early outcomes, including all-cause mortality and stroke.'%®

Propensity Score (PS)-matched analyses using large U.S. national
databases have shown comparable mid-term outcomes between TAVI
and SAVR in BAV patients with similar rates of all-cause mortality and
stroke.'*1%7 However, PS-matched data on short-term outcomes
remain controversial. Some PS studies demonstrate similar survival
rates' %1% or even a short-term advantage for TAVI up to 6 months.'%%;
however, beyond 6 months, the most recent U.S. Medicare and Medicaid
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data indicate an increase in all-cause mortality (HR: 2.16; p = 0.008) and
heart failure-related rehospitalization (HR: 4.78; p < 0.001) among
patients undergoing TAVI compared with SAVR, reflecting possible
different hazard risk profiles between these 2 treatment strategies.'®*

A meta-analysis based on nonrandomized studies encompassing
6550 patients with BAV demonstrated comparable risks of in-hospital
mortality and stroke between TAVI and SAVR.'%® However, TAVI was
associated with higher rates of permanent pacemaker implantation and
PVL, whereas SAVR was associated with increased rates of bleeding and
acute kidney injury.”® A separate meta-analysis of nonrandomized
studies indicated a time-dependent rise in all-cause mortality
following TAVI beyond 10 months (HR: 1.7; p = 0.02).'%°

The recently published NOTION-2 trial compared TAVI and SAVR in
low surgical-risk patients (STS score <4%) aged <75 years with severe
AS (n = 370; 194 TAVI vs. 176 SAVR; mean age 71.1 years; median STS
risk score 1.1%), including individuals with both TAV (n = 270) and
BAV (n = 100) anatomies.>*''? At 3-year follow-up, the composite
primary endpoint (all-cause mortality, stroke, or procedure-, valve-, or
heart failure-related rehospitalization) occurred in 16.1% of patients in
the TAVI group and 12.6% in the SAVR group (HR: 1.3; 95% CI: 0.8 —
2.2; p = 0.4). While outcomes were comparable between TAVI and SAVR
in the TAV subgroup, a numerically higher event rate favoring SAVR was
observed in the BAV subgroup at 1 and 3 years (20.4 vs. 7.8%; absolute
risk difference: 12.6%; 95% CI: —0.1 to 26.0%; HR: 2.8; 95% CI: 0.9 —
9.0; p = 0.08) (Graphical Abstract). These findings should be interpreted
with caution, given the limited sample size, insufficient statistical power
to confirm the observed differences, imprecise risk estimates, and the
relatively short follow-up period of only 3 years. The UK TAVI trial

NAVIGATE Bicuspid - Investigator Initiated Trial - Non-Inferiority & Frequentist Design
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compared TAVI and SAVR in low surgical-risk patients aged >75 years
with severe AS (n = 913; 498 TAVI vs. 455 SAVR; median age 81 years;
median STS risk score 2.6%, including individuals with both TAV and
BAV anatomies although the distribution of each of the 2 anatomies was
not reported).!'! Among patients with BAV anatomy, the rate of stroke
was 16% at 5 years compared with 13% among those with TAV (un-
published data, presented at the EuroPCR 2025 congress). Importantly,
these 2 trials did not apply morphological BAV exclusion criteria or
utilize imaging-based stratification for BAV anatomy or calcification
burden; arguably, the NOTION-2 trial also did not reflect contemporary
“best practice” for TAVI in BAV, treating some cases of unicuspid (Sievers
type 2) BAV morphology (data on the type of BAV not available for the
UK TAVI trial).

Upcoming Randomized Controlled Trials

It is widely agreed that assessing the comparative safety and effec-
tiveness of TAVI and SAVR in patients with BAV stenosis is essential to
address an important evidence gap and to provide high-quality data to
inform guidelines, particularly due to the higher rate of BAV stenosis in
younger patients and the global trend of expansion of TAVI to younger
and lower-risk patients with longer life expectancies.12’35’37’86’104’112

Trials Design
Two investigator-initiated RCTs—the TraNscatheter Aortic Valve

Implantation versus surGical AorTic valvE replacement in patients with
Bicuspid aortic valve stenosis (NAVIGATE Bicuspid) (Figure 2 and
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Figure 2. Design of the upcoming NAVIGATE Bicuspid trial.
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BELIEVERS - Investigator Initiated Trial - Superiority Design Based on a Hierarchical Win Ratio (Frequentist Design)
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Graphical Abstract) and Bicuspid aortic valve replacement: EvaLuatlon
of transcathetEr VERsus Surgery (BELIEVERS) trials (Figure 3 and
Graphical Abstract)—are currently in preparation to compare trans-
femoral TAVI with SAVR in patients with severe native BAV stenosis.
The NAVIGATE Bicuspid trial is endorsed by the Global Cardiovascular
Research Funders Forum (GCRFF), and the BELIEVERS trial is endorsed
by the Patient-Centered Outcomes Research Institute. Patient eligibility
for a bioprosthetic aortic valve replacement and their suitability for both
procedures (transfemoral TAVI and SAVR) will be confirmed by a cen-
tral eligibility review committee based on a comprehensive clinical and
imaging assessment (see Figures 2 and 3 for key exclusion criteria such
as an ascending aorta diameter >45 mm).

The BELIEVERS trial is a superiority study, designed with a hierar-
chical win ratio as the primary analytic approach. Superiority testing is
two-sided, permitting demonstration of superiority for either SAVR or
TAVIL The NAVIGATE Bicuspid trial is a noninferiority study, assuming a
5-year cumulative incidence of the primary effectiveness composite
endpoint of 25.2% in both groups and applying a noninferiority margin
of 7.5% for the between-group difference. If TAVI is demonstrated to be
noninferior to SAVR with respect to the primary composite effectiveness
endpoint at a 2-sided p value <0.05, subsequent testing for superiority
will be conducted. These trials are designed to generate robust,
adequately powered estimates of the comparative safety and effective-
ness of both interventions over extended follow-up periods.

Alongside RCTs, companion registries for TAVI and SAVR in BAV
patients will be established to assess the external validity of the trial

populations, offering insight into differences between trial participants
and patients treated in routine clinical practice.

The NAVIGATE and BELIEVERS investigators will use bioprostheses
with Food and Drug Administration approval or “Conformité Euro-
péenne” mark for use in BAV anatomy during the conduct of the trial.
The choice of bioprosthesis will be left at the operator/Heart Team's
discretion, and prespecified subgroup analyses according to the type of
TAVI devices implanted (BE vs. SE) will be performed.

Endpoint Selection

The primary endpoint proposed in the BELIEVERS trial is a hierar-
chical composite patient-centered outcome (assessed using the win
ratio) of (i) all-cause death, (ii) disabling stroke, (iii) nondisabling
stroke, (iv) aortic valve reintervention, (v) rehospitalization, (vi) unfa-
vorable Kansas City Cardiomyopathy Questionnaire (KCCQ) score (<45
or a decrease of >10 from baseline) as per Valve Academic Research
Consortium 3 (VARC-3)''° assessed at the latest available follow-up
within the funded 6-year study period, and the primary effectiveness
endpoint proposed in the NAVIGATE Bicuspid trial is a composite of
all-cause death, any stroke, or re-hospitalization (procedure-, valve-, or
heart failure-related) (VARC-3 definitions)!'® assessed at a fixed
follow-up of 5 years. A key distinction between the 2 trials is the sub-
stantially longer follow-up period for assessing the primary endpoint.
BELIEVERS and NAVIGATE Bicuspid will evaluate primary outcomes at
5 years and beyond, in contrast to the 1-year follow-up used in earlier
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trials. This long-term follow-up will provide critical insights into the
long-term safety and effectiveness of TAVI compared to SAVR in patients
with BAV. The primary composite endpoint in both upcoming BAV trials
will also be assessed up to 10 years. The NAVIGATE Bicuspid trial in-
cludes a safety composite endpoint of all-cause death or disabling stroke
at 1 year, with 2 interim analyses to detect early harm of TAVI at 1 year.
In the BELIEVERS trial, the key secondary outcome is a hierarchical
composite of (i) all-cause death and (ii) KCCQ score (compared using the
win ratio), at the latest available follow-up.

Of note, the use of harmonized endpoint definitions according to
VARC-3 will enable pooled analyses. Importantly, current guidelines
require conclusive evidence—usually from at least 2 adequately pow-
ered RCTs free of major bias, with substantial evidence against the play
of chance when combined in a meta-analysis—to qualify for a LoE A.''*

Cerebral Embolic Protection Devices

BAV stenosis patients are known to have more extensive calcifica-
tion than TAV, and emboli risk therefore may be a concern. Although
cerebral embolic protection (CEP) devices effectively reduce embolic
burden,''>!® they have failed to show clinical benefit in large-scale
clinical trials''”"''® and neurocognitive benefits remain inconclu-
sive.!1%120 Of note, only a minority of patients included in the trials
investigating the use of CEP devices had native BAV (~8.5% in the
Stroke PROTECTion with SEntinel During Transcatheter Aortic Valve
Replacement [PROTECTED TAVR]''” and British Heart Foundation
Randomised Trial of Routine Cerebral Embolic Protection in Trans-
catheter Aortic Valve Implantation (BHF PROTECT-TAVD)''® trials).
Notably, in the subgroup of patients with BAV anatomy enrolled in the
randomized NOTION-2 trial, the proportion of stroke (1-year: 6.1 vs.
0%, p = 0.07; 3-year absolute risk difference: 6.2%, 95% CI —2.4 to
14.8) and disabling stroke (1-year: 2.0 vs. 0%, p = 0.30; 3-year abso-
lute risk difference: 2.0%, 95% CI —1.9 to 6.0) was numerically higher
following TAVI compared to SAVR.*>* However, these differences were
not statistically significant, and risk estimates were imprecise.>*
Furthermore, the prospective Transcatheter aORtic valve replacement
single center registry in CHinese population (TORCH) study demon-
strated that, compared with TAV, BAV patients had a higher number of
early post-TAVI new lesions, total lesion volume, and volume per
lesion in diffusion-weighted imaging magnetic resonance imaging.'%!
Therefore, selective use of CEP devices in BAV patients—particularly
those with bulky, irregular calcifications—may be considered, and
their use in the NAVIGATE bicuspid and BELIEVERS trials will be left
to the discretion of operators. A dedicated cerebral magnetic resonance
imaging substudy embedded within the NAVIGATE Bicuspid trial,
incorporating mid-term functional and neurocognitive assessments,
will provide important insights into this patient population and help
elucidate the potential differential effects of TAVI vs. SAVR on cerebral
outcomes in individuals with BAV.

Concomitant Coronary Artery Disease

Both the NAVIGATE Bicuspid and BELIEVERS trials will allow for
inclusion of patients with coronary artery disease (CAD) requiring
revascularization (coronary artery bypass grafting [CABG] if SAVR arm
vs. percutaneous coronary intervention (PCI) if TAVI arm) to ensure
broader generalizability and reflect real-world clinical practice. In prior
low-to-intermediate surgical risk trials comparing TAVI and SAVR in TAV
patients, the proportion of patients with CAD undergoing concomitant
revascularization at the time of aortic valve replacement ranged from 3.9
to 14.5% for PCI in case of TAVI and from 12.8 to 22.1% for CABG in case
of SAVR.?*?>122 gimilarly, data from the Nationwide FinnValve registry
indicate that among patients with BAV stenosis, concomitant PCI was
performed in 6.0% of TAVI patients and concomitant CABG in 27.9% of
SAVR patients.'?* The presence of CAD is unlikely to bias the results of the
NAVIGATE Bicuspid and BELIEVERS trials, as complex CAD (left main
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disease including the bifurcation, complex multivessel CAD with high
SYNTAX score) will be excluded, randomization will be stratified/mini-
mized by planned revascularization strategy (as determined by the Heart
Team), and standardized guidance'>!? will ensure consistent lesion
assessment and revascularization decisions.

Patient and Public Involvement

Embedding patients’ perspectives in the trial designs and establishing
mechanisms for a continuous representation of the patients’ voice
throughout these trials is important to ensure results are relevant to the
patient population under investigation.'2#!2° The trial objectives receive
support from the national cardiology societies and a dedicated heart valve
charity, and BELIEVERS has been endorsed by the Patient-Centered
Outcomes Research Institute. Patient and Public Involvement Officers
will coordinate and supervise the implementation of Patient and Public
Involvement activities for the duration of both trials. Dedicated Patient
Advisory Groups, composed of individuals with lived BAV disease—-
whether having undergone TAVI, SAVR, or being intervention-naive—as
well as care providers, will provide ongoing input to ensure that patient
perspectives inform trial processes and decision-making. In addition,
patient-reported outcomes —including New York Heart Association
(NYHA) functional class—and QoL, assessed using the KCCQ score, are
integral components of the trials’ endpoints. These findings will provide
valuable insights for patients regarding functional status and QoL and will
also inform health care resource planning.

Conclusions

SAVR remains the current standard of care for severe BAV stenosis in
low surgical-risk patients. TAVI represents a less invasive treatment
alternative, with registry data suggesting comparable short- and mid-
term outcomes to SAVR in appropriately selected BAV patients. Due to
the unique anatomical and procedural challenges, BAV patients are best
managed in specialized Heart Valve Centers. To date, all RCTs
comparing TAVI and SAVR have excluded BAV patients, except the UK
TAVI trial and the recent NOTION-2 trial—the latter suggesting higher
3-year event rates of the composite of all-cause mortality, stroke, and
rehospitalization in low surgical-risk BAV patients treated with trans-
femoral TAVI compared to those receiving SAVR. The planned NAVI-
GATE Bicuspid and BELIEVERS trials will directly compare TAVI and
SAVR in BAV populations. These trials are designed to provide robust,
adequately powered estimates of the comparative safety and effective-
ness of both interventions over extended follow-up and are expected to
inform future guideline recommendations in the setting of BAV anat-
omy. The trials will provide valuable insights for patients regarding
functional status and QoL and will also inform health care resource
planning.
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