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ABSTRACT　
 
BACKGROUND　  The  high-degree  atrioventricular  block  (HAVB)  in  patients  with  bicuspid  aortic  valve  (BAV)  treated  with
transcatheter aortic valve implantation (TAVI) remains high. The study aims to explore this poorly understood subject of mech-
anisms and predictors for HAVB in BAV self-expandable TAVI patients.
 
METHODS　  We retrospectively included 181 BAV patients  for  analysis.  Using computed tomography data,  the curvature of
ascending aorta (AAo) was quantified by the angle (AAo angle) between annulus and the cross-section at 35 mm above annulus
(where the stent interacts with AAo the most). The valvular anatomy and leaflet calcification were also characterized.
 
RESULTS　 The 30-day HAVB rate was 16.0% (median time to HAVB was three days). Type-1 morphology was found in 79 pat-
ients (43.6%) (left- and right-coronary cusps fusion comprised 79.7%). Besides implantation below membrane septum, large AAo
angle [odds ratio (OR) = 1.08, P = 0.016] and type-1 morphology (OR = 4.97, P = 0.001) were found as the independent predictors
for HAVB. Together with baseline right bundle branch block, these predictors showed strong predictability for HAVB with area
under the cure of 0.84 (sensitivity = 62.1%, specificity = 92.8%). Bent AAo and calcified raphe had a synergistic effect in facilita-
ting  high  implantation,  though the  former  is  associated  with  at-risk  deployment  (device  implanted  above  annulus  +  prothesis
pop-out, versus straight AAo: 9.9% vs. 2.2%, P = 0.031).
 
CONCLUSIONS　  AAo  curvature  and  type-1  morphology  are  novel  predictors  for  HAVB  in  BAV  patients  following  self-
expandable TAVI. For patients with bent AAo or calcified raphe, a progressive approach to implant the device above the lower
edge of membrane septum is favored, though should be done cautiously to avoid pop-out.

  

B icuspid aortic valve (BAV) is the commo-
nest adult congenital cardiac anomaly and
affects approximately half of the younger

population requiring surgical valve replacement.[1–3]

Transcatheter aortic valve implantation (TAVI) is an
increasingly important alternative to surgical aortic
valve replacement and has been shown non-inferior
or superior to open heart surgery across different
risk spectrums by multiple pivotal trials.[4–8] The
subsequent trend of expanding TAVI toward the
younger population has led to increased use of

TAVI in BAV patients.[9] Recent findings from sev-
eral clinical trials suggest that with contemporary
device iteration and strategy optimization, TAVI in
BAV population may secure satisfactory outcomes
in terms of procedural success, paravalvular leak
and 30-day mortality.[10–14] However, the incidence
of high-degree atrioventricular block (HAVB) re-
mains relatively high (12.2%−17.9%).[10,12,13,15] Post-
procedural HAVB is associated with increased re-
admission and impaired long-term prognosis, and
its minimization in BAV patients is of profound
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clinical significance in this population with longer
life expectancy.[16,17] As most of the major trials have
excluded BAV patients, little is known about the
mechanism for HAVB in this population. For now,
only the classic predictors of HAVB including im-
plant depth and expansion rate have been validated
in a few small sample trials.[15,18] However, compared
with tricuspid aortic valve (TAV), BAV presents
with singularity in anatomy in terms of leaflet
(presence of raphe and heavy calcification) and as-
cending aorta (AAo) morphology. These anatomical
features may influence the interaction between stent
frame and conduction tissue and therefore are po-
tential risk factors for HAVB.[10,12] To elucidate the
post-TAVI HAVB mechanism in the BAV popula-
tion and therefore further refine the procedural
strategy and improve clinical outcome, we charac-
terized the leaflet and AAo morphology in BAV pa-
tients through computed tomography (CT) and ex-
plored in depth the potential association between
these risk factors and HAVB. 

METHODS
 

Study Population and Procedure

In this study, we included symptomatic severe
aortic stenosis patients with bicuspid anatomy
treated with transfemoral self-expandable TAVI
systems from 2015 to 2019 in West China Hospital,
Sichuan University, Sichuan, China. Patients with
prior permanent pacemaker implantation, without
pre- and post-procedural enhanced CT or CT in

poor quality, or without sufficient electrocardio-
graphic data to establish a 30-day HAVB diagnosis,
were excluded. As a result, 181 patients were included
in the final analysis (Figure 1). Patient data were
prospectively collected in West chinA hospiTal of
siCHuan university Transcatheter Aortic Valve Re-
placement (WATCH TAVR) registration study (re-
gistered number: ChiCTR2000033419) and retro-
spectively analyzed. All patients underwent routine
work-up including echocardiography, multi-slice
CT and standard electrocardiography monitoring.
The decision to proceed with TAVI was made upon
thorough consult within the multidisciplinary heart
team. Patients decided to undergo TAVI procedure
were treated with non-retrievable transfemoral self-
expandable devices including VenusA (VENU-
SMEDTECH, Zhejiang, China), VitaFlow (Micro-
Port, Shanghai, China), TaurusOne (Peijia, Suzhou,
Jiangsu), CoreValve (Medtronic, Minneapolis, Min-
nesota), and a self-expandable device with retriev-
able systems [VenusA-plus, (VENUSMEDTECH,
Zhejiang, China)]. The domestic devices have similar
stent morphology, deployment procedure, compar-
able procedural outcomes and similar mechanism
in developing HAVB compared to CoreValve sys-
tems.[18–20] Valve sizing was individually assessed
through CT and angiography of supra-annular
structures, as detailed in our previous study.[21] Due
to the restrictive supra-annular structure, BAV were
normally down-sized to reduce the incidence of
distal movement during deployment.[22] During im-
plantation, the double S-curve or the cusp overlap
view is used to determine optimal projection view,

 

Figure 1    Study flow diagram. TAVI: transcatheter aortic valve implantation.
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the prothesis is usually implanted 0−1 mm below
the annulus for initial deployment, and the delivery
system is held by the operator to avoid apical move-
ment during deployment. Baseline clinical, anatomic,
electrocardiographic, echocardiographic and pro-
cedural characteristics are presented in Table 1. The
study was approved by Clinical Trials and Biome-
dical Ethics Special Committee of West China Hos-

pital, Sichuan University (No.2020470) in Sichuan,
China. All patients gave written informed consent.
 

CT Acquisition and Measurement

The patients underwent enhanced CT before and
two to three days after TAVI. The CT images were
analyzed using FluoroCT 3.0 (Circle Cardiovascular
Imaging Inc., Calgary, Canada). Data were recon-

 

Table 1    Characteristics of study population.

Characteristics Without HAVB (n = 152) HAVB (n = 29) P-value

Female 68 (44.7%) 10 (34.5%) 0.307

Age, yrs   72.8 ± 6.1     74.1 ± 6.8   0.339

Body mass index, kg/m2   22.6 ± 3.8     22.6 ± 2.9   0.969

STS score, %     6.1 ± 4.3       7.4 ± 4.0   0.115

NYHA class > 2 133 (87.5%) 25 (86.2%) 0.768

Hypertension 58 (38.2%) 12 (41.4%) 0.744

Diabetes mellitus 30 (19.7%) 5 (17.2%) 0.755

Chronic obstructive pulmonary disease 68 (44.7%) 16 (55.2%) 0.302

Coronary artery disease 54 (35.5%) 13 (44.8%) 0.342

Peripheral vessel disease 59 (38.8%) 13 (44.8%) 0.544

Cerebrovascular disease 29 (19.1%) 6 (20.7%) 0.840

Creatinine, umol/L 83.0 (70.0−100.0)& 91.0 (76.0−115.0)& 0.143

Echocardiographic parameters

　Peak jet velocity, m/s     5.1 ± 0.8       5.0 ± 0.8   0.366

　Mean pressure gradient, mmHg   65.3 ± 21.5   62.3 ± 19.4 0.544

　Baseline ejection fraction, %   54.8 ± 15.8   55.2 ± 14.6 0.883

　Baseline aortic regurgitation > mild 28 (18.4%) 8 (27.6%) 0.257

　Baseline mitral regurgitation > mild 26 (17.1%) 7 (24.1%) 0.369

Anatomic parameters

　AAo perimeter, mm 112.3 ± 13.2 112.0 ± 11.6 0.915

　AAo angle, ° 18.6 (13.8−22.6)& 24.2 (16.9−29.5)& 0.002

　Sinotubular junction perimeter, mm   96.3 ± 13.3   98.0 ± 11.6 0.481

　Annular perimeter, mm   77.6 ± 9.0     78.6 ± 8.5   0.569

　Membranous septum length, mm     4.2 ± 2.1       3.8 ± 2.1   0.374

　Type-1 morphology 57 (37.5%) 22 (75.9%) < 0.001

　　L-R fusion 43 (75.4%) 20 (90.9%) 0.211*

　　Calcified raphe 32 (56.1%) 10 (45.4%) 0.394**

　HU-850 valve calcium volume, mm3 698.3 (355.3−1 017.5)& 388.2 (244.7−742.7)& 0.019

　　Excess leaflet calcification 75 (49.3%) 9 (31.0%) 0.070

　HU-850 left ventricular outflow track calcium volume, mm3 0 (0.0−33.3)& 0 (0.0−10.0)& 0.188

　　Membranous septum calcification 16 (10.5%) 1 (3.4%) 0.316

　　Aortomitral curtain calcification ≥ moderate 19 (12.5%) 6 (20.7%) 0.246

Preoperative electrocardiography
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structed at the systolic phase at 20%−40% of the R-R
interval.

The anatomy of AAo was characterized by AAo
angle and AAo perimeter. The AAo angle repres-
enting the curvature of AAo was determined by the
angle between the certain cross-section of AAo and
the plane of annulus as described by previous stud-
ies.[20,23] The prosthetic crown-liked outflow was
found to interact with AAo usually at the cross-section
35 mm above the annulus and the AAo angle de-
rived from this cross-section was found to perfectly
predict device coaxility in previous studies.[20,24]

Therefore, in this study, the “35 mm cross-section”
was also taken as the certain cross-section and was
measured by the plane perpendicularly to the cent-
erline of AAo and passing the point at the outer
curvature of AAo 35 mm above the annulus (Figure 2).
The AAo perimeter was also measured at the “35
mm cross-section”. The bicuspid anatomy was clas-
sified according to Sievers and Schmidtke method
as follows: (1) type-0 has two symmetric cusps
without evidence of a raphe; (2) type-1 has a single
raphe due to left- and right-coronary cusps fusion
(L-R) or right- and non-coronary cusps fusion or left-
and non-coronary cusps fusion; and (3) type-2 has
two raphes.[25] For type-1 BAV, the assessment and

definition of calcified raphe was described in de-
tails in a previous study.[10] Briefly, bulky or liner
calcification extending more than half of the raphe

Continued

Characteristics Without HAVB (n = 152) HAVB (n = 29) P-value

　Atrial fibrillation 20 (13.2%) 4 (13.8%) 0.926

　1° atrioventricular block 4 (2.6%) 1 (3.4%) 0.806

　Right bundle branch block 6 (3.9%) 3 (10.3%) 0.146

　Left bundle branch block 5 (3.3%)         0           0.710

Procedural and post-procedural characters

　Pre-TAVI dilation 151 (99.3%) 28 (96.6%) 0.296

　Post-TAVI dilation 92 (60.5%) 17 (59.6%) 0.848

　Device 0.392

　　VenusA/VenusA-plus 129 (84.9%) 23 (79.3%)

　　Corevalve 8 (5.3%) 1 (3.4%)

　　VitaFlow 10 (6.6%) 2 (6.9%)

　　TaurasOne 5 (3.3%) 3 (10.3%)

Oversizing ratio, %     6.5 ± 9.4       6.6 ± 9.0   0.928

Implantation depth > membranous septum length 96 (63.2%) 26 (89.7%) 0.005

Data are presented as means ± SD or n (%). &Presented as median (interquartile range). *Presented as the differential between patients
with L-R fusion and other subtypes of type-1 morphology. **Presented as the differential between patients with calcified raphe and non-
calcified raphe. AAo: ascending aorta; HAVB: high-degree atrioventricular block; L-R: left- and right-coronary cusps; NYHA: New
York Heart Association; STS: Society of Thoracic Surgeons; TAVI: transcatheter aortic valve implantation.

 

Figure 2     Computed tomography measurement of  AAo angle
and calcified raphe. (A):  The stent outflow of a self-expandable
valve normally interacts with AAo at 35 mm above annulus (white
arrow); (B): AAo angle (a) was defined as the angle between the
annulus (white line) and the cross-section (white dash line) at 35
mm  above  annulus.  AAo  perimeter  was  measured  at  the  same
cross-section; (C):  calcified  raphe  in  a  patient  with  type-1  mor-
phology  presenting  with  left-  and  right-coronary cusps  fusion
subtype.  White arrow represents the side of membrane septum;
and (D): non-calcified raphe in a patient with type-1 morphology
presenting  right-  and non-coronary  cusps  fusion  subtype.  AAo:
ascending aorta.
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determents the calcified raphe (Figure 2). The leaflet
with calcium volume more than median value in
the entire cohort was categorized as excess leaflet
calcification.[10] Left ventricular outflow track (LVOT)
calcium volume is measured from the annulus to 10
mm into the LVOT. Distribution of calcification in
membranous septum (MS) and aortomitral curtain
is characterized and determined semi-quantitively
as none, trivial, moderate and severe.[26–28] MS length
was retrospectively measured in the plane bisect-
ing the MS and passing the basal attachment point
of left coronary sinus.[29] The prosthetic annular
oversizing ratio was calculated as following: (theor-
etical prothesis perimeter/annular perimeter − 1) ×
100%. The implantation depth was derived from
post-procedural enhanced CT and was determined
as the distance from the stent distal end at non-coronary
side to the plane of annular. 

Endpoint and Statistical Analysis

The primary endpoint was HAVB within 30-day
post-TAVI. HAVB was defined as persistent/par-
oxysmal third-degree atrioventricular block or Mo-
bitz type II second-degree atrioventricular block,
which was established based on post-procedural,
ambulatory electrocardiography (5−7 days post-
TAVI) and follow-up electrocardiography (one
month post-TAVI). Deployment at risk was defined
as prothesis pop-out or implantation higher than
annulus. Other clinical endpoints were defined
based on the Valve Academic Research Consortium-2
consensus document.[30]

For statistical analysis, continuous variables with
normal or non-normal distribution are presented as
mean ± SD or medians (interquartile range) and
compared using Student’s t-test or Mann-Whitney
U test, respectively. Categorical variables are
presented as frequencies and percentages, and test
for differences was conducted using Pearson’s chi-
squared test. Variables with P-value < 0.05 on uni-
variate analysis were considered in the multivar-
iate analysis, and forward-logistic regression step-
wise method was performed for dichotomous out-
comes and forward-liner regression method for
continuous outcomes. Receiver-operating character-
istic curves were then generated and specific cutoffs
using Youden index were produced. Sensitivity,

specificity, negative predictive value and positive
predictive value were calculated using the specific
cutoffs. SPSS 22.0 (SPSS Inc., IBM, Armonk, New
York, USA) and R software (version 3.5.2; http://www.
R-project.org) were used to perform the computa-
tion. Analyses were considered significant at a two-
tailed P-value < 0.05. 

RESULTS
 

Patients’  Characteristics

A total of 181 patients were included in the final
analysis. The baseline characteristics of these pa-
tients are reported in Table 1. Of all the patients, the
mean age of the population was 73.1 ± 6.2 years, 78
patients (43.1%) were women and the mean Society
of Thoracic Surgery Risk Score was 6.3% ± 4.3%.
The incidence of 30-day HAVB was 16.0% and the
median time to HAVB was three days. Device suc-
cess was achieved in 144 patients (80.0%). Thirteen
patients (7.2%) were implanted a second valve,
while moderate or severe paravalvular leakage was
found in five patients (2.8%). The details of other
clinical outcomes are shown in Table 2. In patients
who had HAVB post-TAVI, baseline characters,
echocardiography parameters and electrocardio-
graph characters were distribute similarly to those
without HAVB.

As for the valvular morphology, type-1 morpho-
logy was found in 79 patients (43.6%) (L-R fusion
takes up 79.7%), of which calcified raphe com-
prised 53%. Significantly higher rate of type-1 mor-
phology (75.9% vs. 35.7%, P < 0.001) was found in
patients with than without HAVB. In terms of AAo
morphology, significantly larger AAo angle was
found in patients with than without HAVB, while
AAo perimeter distributed equally between two
groups.

As for the valvular calcification, the median valve
calcium volume of the population was 649.7 (327.0–
1 002.9) mm3. The valve calcium volume was signi-
ficantly lower in patients with HAVB [388.2 (244.7−
742.7) mm3 vs. 698.3 (355.3−1 017.5) mm3, P = 0.019]
than those without HAVB. Thus, it is understand-
able that the incidence of excessive leaflet calcifica-
tion was also numerically lower in patients with
HAVB (31.0% vs. 49.3%, P = 0.07). However, the in-
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cidence of calcified raphe was found to distribute
equally between two groups in patients with type-1
morphology. Additionally, the present study ex-
plored the association between LVOT calcification
and HAVB. The result showed that neither the
LVOT calcium volume, nor the calcification distri-
bution in MS or in aortomitral curtain had an im-
pact on HAVB development in BAV population.

For procedural and post-procedural characters,
VenusA-plus was implanted in fourteen patients
(7.7%), of which HAVB rate was 21.4%, equaling to
those treated with first generation device (15.5%, P =
0.566). The mean oversizing ratio of the entire co-
hort was 6.5% ± 9.3%. Patients with HAVB had sig-
nificantly larger incidence of implantation depth >
MS length as compared to those without HAVB
(89.7% vs. 63.2%, P = 0.005). Other characters in-
cluding oversizing ratio, post-dilation and type of
devices were distributed equally between two
groups. 

Independent Predictors for HAVB

In the multivariate analysis, AAo angle [odds ra-
tio (OR) = 1.08, 95% CI: 1.01−1.15, P = 0.016], type-1
morphology (OR = 4.97, 95% CI: 1.88−13.16, P =

0.001), and implantation depth > MS length (OR =
7.12, 95% CI: 1.95−26.09, P = 0.003) were found to be
independent predictors for HAVB (Table 3). After
including the independent predictors, as well as,
baseline right bundle brunch block in the multivar-
iate logistic regression analysis, we produced a
strong predictive model of new-onset HAVB with
area under the curve of 0.84 (sensitivity = 62.1%,
specificity = 92.8%, negative predictive value =
92.8%, positive predictive value = 62.1%). 

Leaflet Calcification in Type-1 Morphology

In patients with type-1 morphology, L-R fusion
was associated with numerically higher incidence
of HAVB (31.7% vs. 12.5%, P = 0.211). In these pa-
tients (type-1 morphology and L-R fusion), calci-
fied raphe showed no additional impacts on HAVB
development (28.1% vs. 35.5%, P = 0.530), even in
the subgroups of implantation depth > MS length
(45.0% vs. 42.9%, P = 1.00), as compared to non-
calcified raphe. Calcified raphe was associated with
higher valve calcium volume [747.7 (406.4−1 187.1)
mm3 vs. 553.2 (287.4−776.1) mm3, P = 0.014], while,
in patients with type-1 morphology, excessive lea-
flet calcification was found to associate with signi-

 

Table 2    Clinical outcomes according to raphe type.

Clinical outcomes Overall
(n = 181)

No raphe
(Type-0) (n = 102)

Non-calcified raphe
(Type-1) (n = 37)

Calcified raphe
(Type-1) (n = 42) P-value

Device success 144 (80.0%) 78 (76.5%) 31 (83.8%) 35 (83.3%) 0.504

Stock 3 (1.7%) 2 (2.0%) 0 1 (2.4%) 1.000

Implantation at risk 11 (6.1%) 4 (3.9%) 2 (5.4%) 5 (11.9%) 0.202

Device pop-out 3 (1.7%) 2 (2.0%) 0 1 (2.4%) 1.000

Implantation of a second valve 13 (7.2%) 8 (7.8%) 3 (8.1%) 2 (4.8%) 0.856

Aortic valve gradient, mmHg 14.8 ± 7.4   16.3 ± 7.8   12.9 ± 7.0   13.0 ± 5.9   0.017

Left ventricular ejection fraction, % 57.9 ± 12.5 59.4 ± 12.1 56.6 ± 13.2 55.7 ± 12.9 0.208

Paravalvular regurgitation ≥ mild 59 (32.6%) 33 (32.4%) 10 (27.0%) 16 (38.1%) 0.576

Paravalvular regurgitation ≥ moderate 5 (2.8%) 3 (3.9%) 0 2 (4.8%) 0.499

Data are presented as means ± SD or n (%).

 

Table 3    Independent predictors for high-degree atrioventricular block in patients with bicuspid aortic valve.

Univariate analysis Multivariate analysis

OR 95% CI P-value OR 95% CI P-value
Ascending aorta angle, ° 1.10 1.04−1.17 0.002 1.08 1.01−1.15 0.016

Type-1 morphology 5.23 2.11−13.04 < 0.001 4.97 1.88−13.16 0.001

HU-850 valve calcium volume, per 100 mm3 0.91 0.83−1.01 0.058 − − −
Implantation depth > membranous septum length 5.06 1.46−17.47 0.010 7.12 1.95−26.09 0.003
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ficantly lower incidence of HAVB (13.9% vs. 39.5%, P =
0.011). This might explain the lack of correlation
between calcified raphe and HAVB incidence.

Therefore, after grouping the leaflet calcification
based on the presence of excessive calcification and
calcified raphe as proposed by Yoon, et al.,[10] we
found that HAVB incidence was not significantly
different across these subgroups in the overall pop-
ulation, but was significantly higher in the sub-
group with no excessive calcification or calcified
raphe in the type-1 BAV (versus excess leaflet calci-
fication or calcified raphe versus excess leaflet calci-
fication plus calcified raphe: 45.8% vs. 21.9% vs.
17.4%, P = 0.03). Incidence of paravalvular leak
more than mild was also significantly different
among three subgroups (20.5% vs. 41.3% vs. 43.6%,
P = 0.01). 

AAo Angle and Device Implantation

Besides the established association with device
coaxility, AAo angle was found to negatively corre-
late with implantation depth in BAV (r = −0.239, P =
0.005). Additionally, in univariate liner regression
model, sex (P = 0.101), AAo perimeter (P = 0.036),
AAo angle (P = 0.005), LVOT perimeter (P = 0.046)
and calcified raphe (P = 0.010) were found as poten-
tial correlates for implantation depth, while AAo
angle, calcified raphe and sex were found to be in-
dependent correlates in multivariate linear regres-
sion model (Table 4). Furthermore, with median
value as the cutoff value (19.2°), large AAo angle
was found to be associated with at-risk deployment
of the self-expandable valves (9.9% vs. 2.2%, P =
0.031). Of these eleven patients with at-risk deploy-
ment, three patients experienced device pop-out,
none of them converted to surgery. 

DISCUSSION

This study aims to detect the predictors of HAVB
in patients with BAV receiving self-expandable
TAVI. Our findings can be summarized as follows:

(1) although the proportion of implant below MS in
our study is comparable to that found in the TAV
population, the post-TAVI HAVB incidence is still
relatively high (16.0%); (2) apart from implant be-
low MS, AAo angle and type-1 BAV are also inde-
pendent predictors of post-TAVI HAVB and com-
prises a model with powerful predicting power
(area under the curve of 0.84); (3) in type-1 BAV, ex-
cessive leaflet calcification is associated with lower
incidence of HAVB, while calcified raphe is not as-
sociated with higher rate of HAVB; and (4) the rel-
atively large AAo angle and calcified raphe syner-
gistically facilitate the high implantation of self-
expandable valve, though the former is associated
with at-risk deployment.

With continuous device refinement and strategy
optimization, the TAVI outcome in BAV popula-
tion has secured significant improvement in terms
of paravalvular leakage, procedural success and 30-
day mortality.[10–13] However, the post-TAVI HAVB
incidence is still relatively high.[13,15] As the BAV
population requiring intervention is younger, min-
imizing HAVB is of significant importance in im-
proving long-term prognosis in this population. In
our study, the HAVB incidence after self-expandable
TAVI among the BAV patients is 16.0%, which is
comparable to that of recently reported BAV cohort
(15.0%–17.9%), but higher than that in the TAV co-
hort (6.4%–9.7%) and the surgical BAV cohort
(5.4%).[13,15,31–33] Implant below MS is universally ac-
knowledged as an important predictor of HAVB in
BAV and TAV population following TAVI.[15,31] The
study by Hamdan, et al.[15] compared the MS mor-
phology between BAV and TAV using propensity
score matching and demonstrated that compared
with TAV, BAV patients have significantly shorter
MS length, suggesting that the prosthesis is more
likely to be implanted below MS.

Indeed, compared to a previous study in a TAV
cohort using the same MS measurement method,
the MS length was shorter in the present study.[29,31]

However, as a possible result of high implantation
 

Table 4    Multiple linear regression model for device implantation depth in patients with bicuspid aortic valve.

Standardized regression coefficient Regression coefficient (95% CI) P-value
Ascending aorta angle, ° −0.26 −0.16 (−0.26−−0.06) 0.002

Calcified raphe −2.81 −3.35 (−5.34−−1.36) 0.001

Male 0.19 1.88 (0.25−3.5) 0.024
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and down-sizing strategy, implant below MS among
the BAV population (66%) in the present study
was in line with that found in TAV cohort (60%−
75.2%) in previous studies.[34,35] A similar finding
from Hamdan, et al.[15] suggested non-significant
difference in the difference between MS length and
implantation depth between BAV patients and TAV
patients (BAV patients versus TAV patients: 0.62 ±
4.3 vs. 1.27 ± 5.4, P = 0.44). The totality of evidence
suggests other potential risk factors, apart from the
implant depth, are at play to mediate the develop-
ment of HAVB.

From previous studies, BAV morphology is asso-
ciated with immediate TAVI outcome. Compared to
type-0 patients, type-1 patients have lower post-
procedural pressure gradients and higher incid-
ence of moderate-severe paravalvular leakage.[12,36]

Also, previous studies suggest that type-1 morpho-
logy is a potential risk factor for HAVB.[10,12,15] In our
study, type-1 BAV, for the first time, is found to be
the independent predictor of HAVB. This associ-
ation may be the result of pressuring from the L-R
raphe (which is at the opposing side of MS and
comprises 79.7% of type-1 BAV) through the stent
frame (Figure 3). Therefore, further down-sizing or
adequate pre-dilation may tone down the stent-
raphe interaction and improve HAVB outcome.

Calcification is another important risk factor for
new-onset HAVB. In previous studies, calcification
at leaflet landing zone, MS and aortomitral curtain
were found to enhance the odds of HAVB in the
TAV population.[27,28] Interestingly, in the BAV pop-
ulation, excessive leaflet calcification was found to
inversely associate with a lower rate of new-onset
HAVB, while neither calcified raphe nor LVOT cal-
cification was associated with the development of
HAVB. The anatomic features of BAV leaflets might
explain the difference. The restrictive supra-annulus
structure and the greater leaflet calcium burden in BAV
may limit the expansion of the devices, and further
reduce the interaction between the stent inflow
and the calcification along with the down-sizing
strategy, therefore transforming the role of calcifica-
tion in the HAVB development.[21] The study of
Yoon, et al.[10] demonstrated that classification of
leaflet calcification has prognostic implication and
provided insight into patient selection. Our study

showed that this type of classification can also
guide the intra-procedural strategy to reduce the in-
cidence of HAVB. When patient is presented with
type-1 calcified raphe BAV, pre-dilation with a
large balloon can predispose the risk of annulus
rupture.[10] Under this circumstance, more aggres-
sive high implantation may be the more favorable
approach to lower the rate of HAVB.

Device non-coaxility is another important mediator
of post-TAVI HAVB.[20] In previous studies, poten-
tial impact factors of non-coaxial implantation, in-
cluding the aortoventricular angle and the 50-mm
cross section-derived AAo angle, were found to be
correlated with post-TAVI conduction disturbance.[23,37]

Our previous study suggested that AAo parame-
ters obtained at the specific cross-section 35 mm
above annulus, rather than the aortoventricular
angle, could affect device implantation and further
impact procedural outcomes.[20] In BAV population,
the restricted supra-annulus structure may act as a
fulcrum and magnify the impact from AAo on MS
through the leverage effect (Figure 3). Thus, a dir-
ect link between AAo angle and HAVB was estab-
lished for the first time in the present study, which con-
firming the path of the “AAo angle-device coaxility-
conduction disturbance” in HAVB development.[20]

These novel predictors (AAo angle and calcified
raphe) along with implantation depth present two
different mechanisms (force and spatial correlation)
in interpretation of post-TAVI HAVB. Interestingly,
large AAo angle and calcified raphe synergistically

 

Figure 3    The mechanisms of type-1 morphology in high-degree
atrioventricular  block  development  in  patients  with  bicuspid
aortic valve. In bicuspid aortic valve patients, the left- and right-
coronary  cusps  fusion  comprised  79.7% of the  type-1  morpho-
logy.  The raphe in this type of valve may push the stent inflow
towards  membranous  septum  (A,  red  arrows)  and  serve  as  the
fulcrum (B, yellow star), enhances the impact of ascending aorta
angle  on  conduction  tissue  (white  star)  through  leverage  effect
(white arrows).
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promote high implantation. A possible explanation
is that, with the coeffect of the calcified raphe, the
bent AAo may increase intra-procedural deploy-
ment non-coaxility and make the stent inflow closer
to MS. The lower edge of stent is more prone to make
contact with the ventricular wall and form ancho-
ring, therefore preventing downward migration.[38]

With bent aorta or calcified raphe, operators may
adopt more aggressive high implantation strategy
to implant the device above the lower edge of MS to
minimize post-TAVI HAVB. However, it should be
noted that greater non-coaxility may precipitate
over-high implantation of the stent lower edge at
the MS and lead to pop-out. This calls for precise
hold and control of the delivery system, and more
importantly, proper projection view to accurately
decide the implantation depth. The classic double S-
curve or the more recent cusp overlap view can
help identify optimal angio view at initial implanta-
tion.[39] However, these techniques do not allow
visualization of the inner and outer curvature of the
AAo, rendering the assessment of non-coaxility dif-
ficult.[39] When the AAo angle is large, pulling of the
delivery system can lead to a significant shift in
coaxility, possibly disrupting the co-planar balance
achieved under cusp overlap view. Before final re-
leasing, switching to left anterior oblique projection
view for further assessment of implantation depth
is an important step to prevent pop-out or over-
high implantation in bent aorta (Figure 4). 

LIMITATIONS

There are several limitations that must be noted.
Firstly, the inherent of the study design, which is a
single-center, retrospective study. Thus, caution
should be taken when extrapolating the present
findings to other cohorts. Future prospective and
multi-center studies are warranted to verify the
clinical applications of these predictors. Secondly,
the mean age of the included population is 74 years
and as such, the extrapolation of our findings to the
bicuspid patients with younger age should be care-
fully considered. Last but not least, the present
study only included patients treated with self-
expandable device, the predictors for HAVB should
be further examined when expanding to patients
treated with balloon-expanded devices. 

CONCLUSIONS

AAo angle and type-1 morphology are novel in-
dependent predictors for HAVB in BAV patients re-
ceiving self-expandable TAVI. In type-1 BAV, ex-
cessive leaflet calcification is associated with lower
incidence of HAVB, while calcified raphe is not as-
sociated with higher rate of HAVB. Large AAo
angle and calcified raphe are associated with sma-
ller implantation depth, which calls for more pro-
gressive high implant strategy, though additional
caution should be taken to avoid device pop-out. 

 

Figure 4    Optimal angiographic angulation in bent AAo. Pulling and holding of the delivery system during deployment may shift
the coaxility of the stent. (A): In straight AAo, the pulling-associated change in coaxility is minor, therefore at conclusion of the deploy-
ment  the  stent  is  coplanar  with  annulus  at  the  cusp  overlap  view (black  arrow heads:  the  three  radiopaque  markers  at  the  VenusA
valve inflow have same distance to the lower edge, which can be used to determine coaxility); (B): in more bent AAo, as the pull can
result in a major shift in coaxility, the cusp overlap view cannot accurately assess the implant depth; and (C): to avoid device pop-out, a
switch to left anterior oblique angulation can observe the implant depth from a better view. AAo: ascending aorta.
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