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Background: The purpose of this study was to evaluate the outcomes of transcatheter aortic valve
replacement (TAVR) in patients with bicuspid aortic valve stenosis (AS).

Methods: From April 2012 and December 2016, 108 patients with bicuspid AS underwent TAVR using the
Sapien XT (34 patients) and Sapien 3 (74 patients) valves. Procedural and clinical outcomes were assessed
according to VARC-2 criteria and compared between the two devices.

Results: In the overall cohort, the majority of patients were male (71.3%) with an intermediate surgical
risk and a mean Society of Thoracic Surgeons (STS) score of 5.2%. Compared to the Sapien XT group, the
Sapien 3 group had a significantly lower STS score (3.3%x2.0% vs. 6.7%=3.6%; P=0.001). Compared to the
Sapien XT group, the Sapien 3 group had a significantly lower rate of moderate or severe paravalvular leak
(2.7% vs. 14.7%; P=0.03) and higher device success (97.3% vs. 82.4%; P=0.006). There were no significant
differences between the two groups in terms of 30-day all-cause mortality, stroke, life-threatening bleeding,
major vascular complication and acute kidney injury (stage 2 or 3). Cumulative all-cause mortality at 1-year
follow-up was 6.9%. There were no significant differences in cumulative event rates for all-cause mortality
at 1-year follow-up between the two groups (9.4% vs. 4.6%; log-rank P=0.47). By univariate analysis, major
vascular complication was significantly associated with overall all-cause mortality [hazard ratios (HR): 7.57;
95% confidence interval (CI): 1.51-37.86; P=0.014].

Conclusions: TAVR using the balloon-expandable valves provided acceptable procedural and clinical
outcomes in patients with bicuspid AS. The new-generation Sapien 3 valves showed improved procedural

outcomes compared to the early-generation Sapien XT valves.
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Introduction

Transcatheter aortic valve replacement (TAVR) has
evolved from a novel technology to an established therapy
for high-risk patients with severe symptomatic aortic
valve stenosis (AS). A number of studies in the literature
have demonstrated the safety and efficacy of TAVR,
and more than 250,000 patients have been treated with
this technology (1-9). Although randomized trials have
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established TAVR as the standard treatment in inoperable
patients and a reasonable option in high surgical risk
patients, these trials excluded congenital bicuspid AS due to
its unique morphological features such as heavily calcified
leaflets, large annulus, calcified raphe, and dilated ascending
aorta.

The clinical evidence of TAVR in bicuspid AS is limited
to small series (10-13). Based on data from previous
registries, the proportion of patients with bicuspid AS may
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reach 2% to 6% (14,15). As the indication of TAVR has
been expanding to younger and lower surgical-risk patients
with increasing frequency of bicuspid AS, there has been
increasing concern regarding the clinical outcomes of
TAVR in bicuspid AS population (7-9,16-21). In addition,
technological advances in the devices used have significantly
improved outcomes of TAVR. Therefore, we aim to
evaluate the clinical outcomes of TAVR in bicuspid AS,
taking into consideration successive device generations.

Methods
Study design and patient population

Between April 2012 and December 2016, 120 consecutive
patients with bicuspid AS underwent TAVR at the Cedars
Sinai Medical Center. In the present study, 108 patients
treated with the balloon-expandable transcatheter valves
were included, and 12 treated with the other transcatheter
valves were excluded. The institutional review board
approved this study and all patients provided written
informed consent for TAVR and the use of anonymous
clinical, procedural, and follow-up data for research. The
institutional review board waived the need for written
patient informed consent for retrospective analysis of
clinically acquired and anonymized data.

Bicuspid aortic valve

Bicuspid aortic valve morphology was classified as previously
described by Sievers et 4l. according to the number of
cusps and the presence of raphes, as well as spatial position
and symmetry of raphes and cusps (19). Type 0 was
assigned to morphologies characterized by the presence
of two symmetric leaflets/cusps and one commissure
without evidence of a raphe. Type 1 was assigned to
valve morphologies with one raphe, and type 2 when two
raphes were present. All participating centers reviewed and
subsequently confirmed the diagnosis and classification of
bicuspid AS. When both transesophageal echocardiography
and pre-procedural computed tomography was performed,
patients were excluded if the diagnosis of bicuspid aortic
valve was not consistent or remained speculative.

MDCT aortic root dimensions

Images were post-processed offline at the Cedars Sinai
Medical Center core laboratory, using dedicated TAVR
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planning software (3mensio Structural Heart software,
version 8.1, 3mensio Medical Imaging BV, Bilthoven, The
Netherlands). The mid-systolic phase of the cardiac cycle
was selected and the measurement of the aortic annulus
dimensions including diameter (maximum and minimum),
area, and perimeter, was performed in the double oblique
transverse projection. This projection includes the nadir of
all three aortic cusps and perpendicular to the aortic root
axis, as previously described (22,23). Ellipticity and area
oversizing were calculated as (maximum annulus diameter)/
(minimum annulus diameter) x100, and [(prosthesis nominal
area)/(annulus measured area) — 1] x100, respectively.

Study devices and procedure

Patients were selected for TAVR after discussions by the
multidisciplinary heart team. The multidisciplinary heart
team determined the optimal access site. We adopted
a transfemoral-first approach policy with criteria for
performing a nontransfemoral approach based on the
heart team’s consideration of the size, calcification, and
atheroma of the aortoiliofemoral artery. Device sizes were
selected based on three-dimensional, multidetector-row
computed tomography-based annular measurements or
transesophageal echocardiogram assessment. All TAVR
procedures were conducted in accordance with local
guidelines using standard techniques via transfemoral,
transapical, or transaortic access, and the Sapien XT and
Sapien 3 (Edwards Lifesciences, Irvine, California, USA)
were implanted (24-29).

Endpoints and definitions

The primary endpoint of the present study was device
success. Secondary endpoints were 30-day major clinical
endpoints using the Valve Academic Research Consortium
(VARC) 2 criteria (30) as well as all-cause mortality at 1-year
follow-up. For the purpose of this study, device success was
assessed according to the VARC 2 criteria as followings:
absence of (I) procedure-related death (II) moderate or
severe paravalvular leak; (III) second valve implantation;
(IV) mean gradient more than 20 mmHg. Other endpoints
included permanent pacemaker insertion, procedure-
and device-related complications, and echocardiographic
assessment of the valve and cardiac function at discharge.
The severity of regurgitation was qualitatively assessed
and graded using transthoracic echocardiography at each
institution according to established guidelines (30).
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Variables Overall (n=108) Sapien XT (n=34) Sapien 3 (n=74) P value
Age, years 74.4+10.6 76.7+10.4 73.3+10.6 0.11
Male 77 (71.3) 26 (76.5) 51 (68.9) 0.42
NYHA functional class IV 39 (36.1) 20 (58.8) 19 (25.7) 0.001
Logistic EuroSCORE, % 13.8+12.5 20.1£17.0 10.9+8.5 <0.001
STS score, % 5.2+3.4 6.7+3.6 3.3+2.0 0.001
Diabetes mellitus 28 (25.9) 8 (23.5) 20 (27.0) 0.70
Creatinine, mg/dL 1.1+£1.0 1.1£0.3 1.2+1.2 0.85
Hypertension 92 (85.2) 26 (76.5) 66 (89.2) 0.08
Peripheral vascular disease 18 (16.7) 7 (20.6) 11 (14.9) 0.46
Prior cerebrovascular accident 15 (13.9) 7 (20.6) 8 (10.8) 0.17
Chronic lung disease 32 (29.6) 11 (32.4) 21 (28.4) 0.67
Prior PCI 17 (15.7) 5(14.7) 12 (16.2) 0.84
Prior CABG 14 (13.0) 7 (20.6) 7 (9.5) 0.11
Echocardiographic findings

Mean gradient, mmHg 45.3+14.4 46.4+16.0 44.8+13.7 0.58

Aortic valve area, cm® 0.6+0.2 0.6+0.2 0.6+0.2 0.11

LVEF, % 53.0+18.0 48.9+18.4 54.8+17.6 0.12

EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction; NYHA, New York Heart
Association; PCI, percutaneous coronary intervention; STS, Society of Thoracic Surgeons.

Statistical analysis

For the purpose of this study, the outcomes of TAVR with
the Sapien XT and Sapien 3 were compared. Continuous
variables are presented as mean * standard deviation and
compared using the Student’s z-test or Mann-Whitney
U test. Categorical variables are presented as counts
or percentages, and compared using the chi-square or
Fisher exact test. Statistically significant variables with a
P value of <0.10 by univariate analysis were identified as
predictors of all-cause mortality. The proportional hazards
assumption was confirmed by examination of logarithmic [-
log (survival)] curves and by testing of partial (Shoenfeld)
residuals, and no relevant violations were found.
Cumulative survival rates were analyzed using the Kaplan-
Meier method and compared using log-rank tests. The
unadjusted hazard ratios (HR) and 95% CI were calculated
using the Cox model. All statistical analyses were performed
using SPSS software (version 21.0, SPSS, Inc., Chicago, IL,
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USA). A two-sided P value of <0.05 was considered to be of
statistical significance.

Results
Baseline characteristics

A total of 108 patients with bicuspid AS underwent TAVR
using the Sapien X'T' (34 patients; 31.5%) and Sapien 3
(74 patients; 68.5%). The baseline characteristics of the
study population for the Sapien XT and Sapien 3 groups
are shown in Tuble 1. In the overall cohort, the majority of
patients were male (71.3%) with intermediate surgical risk
[Society of Thoracic Surgeons (STS) score: 5.2%=+3.4%].
Compared to the Sapien XT group, the Sapien 3 group had
a significantly lower ST score (6.7%=+3.6% vs. 3.3%+2.0%;
P=0.001) and logistic European System for Cardiac
Operative Risk Evaluation (EuroSCORE) (20.1%+17.0%
vs. 10.9%+8.5%; P<0.001) as well as less frequent New York
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Variables Overall (n=108) Sapien XT (n=34) Sapien 3 (n=74) P value
Computed tomography data
Annulus measurement
Minimal diameter, mm 22.7£2.7 22.6+2.3 22.8+2.9 0.81
Maximal diameter, mm 28.7+3.0 28.6+3.1 28.7+3.0 0.83
Area, mm’ 519+110 517+104 521114 0.87
Perimeter, mm 81.7+8.4 81.6+7.9 81.8+8.7 0.93
Ellipticity index® 26.9+10.4 26.7+10.3 26.9+10.6 0.92
Area oversizing, % 10.4+£13.7 13.5+14.3 8.6+13.2 0.097
Type of bicuspid
Type 0 6 (5.6) 1(@2.9 5 (6.8) 0.66
Type 1 102 (94.4) 33 (97.1) 69 (93.2)
Procedural data
Transfemoral access 102 (94.4) 29 (85.3) 73 (98.6) 0.01
Device size, mm
23 22 (20.4) 4(11.8) 18 (24.3) 0.29
26 43 (39.8) 14 (41.2) 29 (39.2)
29 43 (39.8) 16 (47.1) 27 (36.5)

#, annular ellipticity index was calculated using the formula (maximal diameter)/(minimal diameter).

Heart Association functional class IV (58.8% vs. 25.7%;
P=0.001), whereas there were no significant differences
between the two groups in other comorbidities.

The computed tomography and procedural findings are
presented in T@ble 2. In terms of annulus dimensions, mean
minimal and maximal diameter, area and perimeter were
22.7 mm, 28.7 mm, 519 mm’, and 81.7 mm, respectively.
The type of bicuspid AS was diagnosed in all patients:
type 0 in 6 patients (5.6%) and type 1 in 102 (94.4%).
Transfemoral access was more frequently used in the
Sapien 3 group (98.6% vs. 85.3%; P=0.01). Although
area oversizing tended to be lower in the Sapien 3 group
compared to the Sapien XT group (8.6%=13.2% wvs.
13.5%+14.3%; P=0.097), there was no significant difference
in device size between the two groups.

Procedural and clinical outcomes

The procedural and clinical outcomes of the study
population are summarized in 7able 3. In the overall cohort,
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conversion to surgery and annulus rupture occurred in one
patient (0.9%) and no coronary obstruction was observed.
Compared to the Sapien XT group, the Sapien 3 group
tended to have a lower rate of second valve implantation
(0.0% vs. 5.9%; P=0.097) and had a significantly lower rate
of paravalvular leak > moderate (2.7% wvs. 14.7%; P=0.03),
which resulted in significantly higher device success (97.3 %
vs. 82.4%; P=0.000).

In terms of 30-day clinical outcomes, there were no
significant differences between the two groups in all-cause
death (0.0% vs. 1.4%; P>0.99), stroke (2.9% vs. 5.4%;
P>0.99), life-threatening bleeding (0.0% vs. 1.4%; P>0.99),
major vascular complication (2.9% wvs. 6.8%; P=0.66), and
stage 2 or 3 acute kidney injury (0.0% vs. 2.7%; P>0.99).

Mortality

Over a mean follow-up period of 360 days (interquartile
range, 180-530 days), 10 patients died (seven patients in
the Sapien XT group and three patients in the Sapien 3
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Outcomes Overall (n=108) Sapien XT (n=34) Sapien 3 (n=74) P value
Procedural outcomes
Procedure-related death
Conversion to conventional surgery 1(0.9) 0 (0.0) 1(1.4) >0.99
Coronary obstruction 0 (0.0 0 (0.0) 0 (0.0) -
Annulus rupture 1(0.9) 0 (0.0 1(1.4) >0.99
Second valve implantation 2(1.9 2 (5.9 0 (0.0 0.097
New permanent pacemaker 13 (12.0) 3(8.8) 10 (13.5) 0.49
Postprocedural echocardiographic findings
Mean gradient, mmHg 11.2+4.2 11.7+4.3 11.1+4.2 0.59
LVEF, % 57.2+18.4 50.0+16.4 58.0+18.6 0.28
Paravalvular leak = moderate 7 (6.5) 5(14.7) 2(2.7) 0.03
Device success 100 (92.6) 28 (82.4) 72 (97.3) 0.006
Clinical outcomes at 30 days
All-cause death 1(0.9) 0 (0.0 1(1.4) >0.99
Stroke 5 (4.6) 1.9 4 (5.4) >0.99
Life-threatening bleeding 1(0.9) 0 (0.0 1(1.4) >0.99
Major vascular complication 6 (5.6) 1(2.9 5 (6.8) 0.66
Acute kidney injury (stage 2 or 3) 2(1.9 0 (0.0) 2(2.7) >0.99

LVEF, left ventricular ejection fraction.

group). In the overall cohort, cumulative all-cause mortality
at 1-year follow-up was 6.9%. There were no differences
in all-cause mortality at 1-year follow-up between the
two groups (9.4% vs. 4.6%; log-rank P=0.47) (Figure 1).
By univariate analysis, major vascular complication was
significantly associated with overall all-cause mortality (HR:
7.57;95% CI: 1.51-37.86; P=0.014).

Discussion

The present study showed the safety, efficacy and clinical
outcomes of TAVR in patients with bicuspid using the
early and new-generation balloon-expandable transcatheter
valves. Compared to the early-generation valves, the new-
generation balloon-expandable valves was associated with
significantly higher devices success due to lower rates of
second valve implantation and paravalvular leak > moderate.
The overall 1-year all-cause mortality was acceptable
without significant difference between the early and new-

© Annals of Cardiothoracic Surgery. All rights reserved.

www.annalscts.com

generation devices.

Recently, two multicenter studies demonstrated the
acceptable clinical outcomes of TAVR for bicuspid AS
(10,12). Both studies showed the feasibility of TAVR for
bicuspid AS with encouraging short- and intermediate-
term clinical outcomes. However, high incidences of
moderate or severe PVL (6.0% and 9.6%) were reported
and showed the limitation of TAVR to treat bicuspid AS
with early-generation devices. However, more recent
studies showed the improved procedural outcomes with the
new-generation devices—moderate or severe paravalvular
leak was observed in 0 to 3.8% with the Sapien 3 (11,13,31).
When using the early-generation balloon-expandable
Sapien XT, the oversizing was required to anchor the
prosthesis within annulus and approximately more than
10% area oversizing was needed to avoid significant
paravalvular leak. However, as a trade-off, the extreme
oversizing leads to an increased risk of annulus rupture,
which was as the same with bicuspid AS. The Sapien 3
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Sapien 3 74 50 30

Figure 1 Kaplan-Meier curves for all-cause mortality. The cumulative all-cause mortality rate in patients with bicuspid AS for the overall

cohort (black), the Sapien XT (red) and Sapien 3 groups (blue). Event rates were compared by means of the log-rank test. AS, aortic valve

stenosis.

with an external sealing cuff allowing for effective sealing
and waives the extreme oversizing and mitigates the
morphological challenges of bicuspid AS.

In the present study, the STS score and logistic
EuroSCORE were lower in Sapien 3 group compared to
Sapien XT' group. Given all patients were discussed by the
multidisciplinary heart team, this may reflect the expanding
indication of TAVR to a lower surgical risk population,
which has been supported by major randomized trials
comparing TAVR versus surgery in intermediate-risk
population (7,32). In addition, for the indication for TAVR,
we should take into account the factors such as frailty or
porcelain aorta, which are not integrated into the surgical-
risk calculation system. In terms of procedural outcomes,
the Sapien XT group had a higher rate of moderate or
severe paravalvular leak in bicuspid AS (14.7%), which
was numerically higher compared to the reported rates
of paravalvular leak after the Sapien XT implantation
in tricuspid AS (33). Figure 2 shows the computed
tomography, procedural and echocardiographic images of
the patient with bicuspid AS treated with the Sapien XT.
The 26 mm Sapien XT provided 15% area oversizing,
but significant calcified annulus and calcified raphe lead to
moderate paravalvular leak.

When using the new-generation balloon-expandable
Sapien 3, no patients had the second valve implantation, and
only 2 patients (2.7%) had moderate or severe paravalvular
leak. Both cases were type 1 bicuspid AS and performed in
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early periods of Sapien 3. The cause of paravalvular leak was
insufficient oversizing (area oversizing index of 105%) and
extensively calcified leaflet, respectively. Figure 3 showed the
computed tomography, procedural and echocardiographic
images of the patient with bicuspid AS treated with the
Sapien 3. After implantation of the 26 mm Sapien 3 (17%
area oversizing), only trace paravalvular leak was observed
with postprocedural echocardiogram. In our center, the
device sizing is based on annulus measurement regardless
of the Sapien XT or Sapien 3, as in the case of degenerated
tricuspid AS. However, in the case with severely calcified
leaflet and/or calcified raphe, device size is cautiously
selected. We should take into account all the anatomic
factors, including dimensions of annulus, left ventricular
outflow tract, sinus of Valsalva, and sino-tubular junction,
as well as degree and location of calcification. Similar to
tricuspid AS with severely calcified leaflet and/or calcified
left ventricular outflow tract, intentional selection of smaller
size of bioprostheses should be considered. Importantly,
annulus rupture occurred in one patient (1.4%), which
suggests that further study is awaited to establish the
guideline regarding device sizing in bicuspid AS. Due to the
lack of evidence, the indication of TAVR for bicuspid AS
should be considered based on not only the surgical risk but
also unfavorable anatomic features.

The present study showed comparable 30-day clinical
outcomes between the early and new-generation balloon-
expandable valves, probably due to the fewer comorbidities
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Figure 2 TAVR in bicuspid aortic stenosis with the Sapien XT. The baseline computed tomography showed type 1 bicuspid aortic

valve with calcified aortic valve leaflet and raphe (panel A). After the first Sapien XT implantation, severe paravalvular leak was observed

by intraprocedural transesophageal echocardiography (panel B). Without improvement of paravalvular leak after balloon dilatation,

Amplatzer Vascular Plug II (8 mm) was deployed (panel C). However, postprocedural transesophageal echocardiography showed moderate

postprocedural paravalvular leak (panel D). TAVR, transcatheter aortic valve replacement.

in the bicuspid AS population. Despite procedural
challenges of TAVR with the early-generation balloon-
expandable valves in bicuspid AS, the present study showed
similar overall mortality rates between the early and new-
generation valves. This suggests that long-term mortality of
patients with bicuspid AS is determined by multiple factors
including baseline comorbidities, procedural complications
and other major 30-day adverse events.

The present study demonstrated that major vascular
complication was associated with increased mortality
in bicuspid AS population as well. Although device
advancement provided dramatically decreased paravalvular
leak less than 5%, the major vascular complication remains
still relatively high. Both paravalvular leak and major
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vascular complication were shown to increase the long-
term mortality, and therefore, further effort to decrease the
vascular complication is awaited. Furthermore, challenging
anatomies of bicuspid AS may lead under-expansion of the
prosthesis, which may raise the concern about long-term
durability. Given longer life expectancy in those patient
populations mandates future studies to evaluate the valve
durability for long-term follow-up.

Study limitations

Limitations of this study include those inherent to a
retrospective observational study. Limited sample size leads
to difficulty in drawing definitive conclusions, particularly
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470

Yoon et al. TAVR for bicuspid aortic valve

Figure 3 TAVR in bicuspid aortic stenosis with the Sapien 3. The baseline computed tomography showed type 1 bicuspid aortic valve with

calcified aortic valve leaflet and raphe (panels A and B). After the successful Sapien 3 implantation, only trace paravalvular leak was observed

by postprocedural transthoracic echocardiography (panels C and D). TAVR, transcatheter aortic valve replacement.

with regard to long-term outcomes. In addition, an inherent
learning curve may be associated with the procedural and
clinical outcomes.

Conclusions

TAVR using the balloon-expandable valves provided
acceptable procedural and clinical outcomes in patients with
bicuspid AS. The new-generation Sapien 3 valves showed
improved procedural outcomes compared to the early-
generation Sapien XT valves.
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