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The clinical use indications for transcatheter aortic valve replacement
(TAVR) for the treatment of severe symptomatic aortic stenosis (AS)
have expanded from patients at high surgical risk to those at low
risk based on the results of multiple large-scale randomized trials.
However, patients with bicuspid AS have traditionally been excluded
from clinical trials due to their unfavorable morphological charac-
teristics. Bicuspid aortic valve (BAV) is the most frequent congeni-
tal heart disease, occurring in 1% to 2% of the total population and
affects more than 20% of octogenarians undergoing isolated aortic
valve replacement for AS. In recent years, TAVR in patients with bi-
cuspid AS has been the focus of research, especially with respect to
the standard of prosthesis size selection. Annulus-based prosthesis
size selection using computed tomography (CT) is the standard siz-
ing strategy for tricuspid AS, but no standard sizing for bicuspid AS
has been developed thus far. According to Western TAVR experi-
ences, transcatheter heart valve (THV) size selection for BAV patients
should be based on the annular structure assessment by CT mea-
surement, whereas Chinese experiences favor adopting the supra-
annulus structure assessment for THV size selection. This article will
review annular and supra-annular sizing for prosthesis size selection
in patients with bicuspid AS before TAVR and discuss which has more
favorable clinical outcomes.
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1. Introduction
Transcatheter aortic valve replacement (TAVR) was first

performed in 2002 under compassionate-use conditions; dur-
ing follow-up, the patient’s valvular function as assessed by
transesophageal echocardiography (TEE) remained satisfac-
tory over fourmonths, and the hemodynamic profile was im-
proved significantly. Although severe noncardiac complica-
tions occurred in the 17th week after TAVR [1], this case
was a landmark event in the development of TAVR, as its
conduct meant the procedure might become a better ther-
apeutic alternative for the treatment of patients with aor-
tic stenosis (AS) who are not surgical candidates. With the
progress made toward safer vascular access, improved tran-

scatheter valve technologies, and variable implantation tech-
niques, TAVR for severe symptomatic AS has shown im-
proved clinical outcomes. Though initially used only in pa-
tients who were inoperable or at high surgical risk [2, 3],
clinical trials revealing the lower postprocedural complica-
tion rates of TAVR relative to those of surgical aortic valve
replacement (SAVR) in intermediate- [4, 5] and low-risk
patients [6–9] have since expanded clinical use indications
[10]. However, major TAVR trials have excluded AS pa-
tients with bicuspid aortic valves (BAVs) [11] because of the
unfavorable morphological characteristics of this condition;
thus, TAVR remains a challenging procedure in such a con-
text. First, the aortic annulus of BAV patients is more ellip-
tical, and this, along with the enlarged anatomy of the aortic
root and ascending aorta, make positioning and anchoring a
transcatheter heart valve (THV) more difficult to complete
[12, 13]. Second, during the process of valve deployment,
the valve frame can be asymmetrically or incompletely ex-
panded and apposed because of unequally sized leaflets and
asymmetric leaflet calcification, whichmight result in subop-
timal hemodynamic outcomes, such as increased paravalvu-
lar regurgitation (PVR) and transvalvular gradient [14–16].
Third, the risk of damage to the aortic root and ascending
aorta is increased during predilatation, valve deployment,
and postdilatation valvuloplasty, resulting in a greater inci-
dence of aortic dissection [16, 17].

BAV is the most common congenital heart disease, with
an estimated prevalence of 1% to 2% of the total population
[18] and affects more than 20% of octogenarians undergo-
ing isolated aortic valve replacement for AS [19, 20]. Due
to the expanding indications of TAVR and the trend toward
including younger and lower-risk patients [7, 21], operators
are likely to encounter more BAV patients with AS going
forward, especially in China [12]. Since Chinese BAV pa-
tients usually undergo valve replacement due to early onset
AS and ethnic differences, the proportion of BAV morphol-
ogy in severe AS patients in China receiving TAVR was 40%
to 50%, which was much higher than the proportion of 1.6%
to 9.3% reported among Western patients [22]. Further-
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Fig. 1. Bicuspid aortic valve classification, adapted from [25]. The main category represents the number of raphes, codifying the BAVs into three types:
type 0, valve with no raphe; type 1, valve with one raphe; and type 2, valve with two raphes. R, right coronary cusp; L, left coronary cusp; N, noncoronary
cusp.

more, Chinese BAV patients often exhibit greater calcium
volumes, leading to more challenges in performing TAVR
[23]. Therefore, the importance of preprocedural planning
with multimodality imaging should be emphasized.

Currently, multidetector computed tomography (CT) is
a standard imaging modality for preoperative evaluation in
TAVR [24]. The morphology of BAV can be seen effec-
tively on high-resolution CT. Thus, through CT imaging,
Sievers and Schmidtke [25]. Classified BAV into three major
types according to the position and function of leaflets and
numbers of raphae as follows: type 0 denotes BAV charac-
terized by the presence of one commissure and two cusps,
without evidence of a raphe; type 1 denotes the presence
of one raphes; and type 2 denotes valve morphologies with
two raphes, respectively (Fig. 1, Ref. [25]). Due to altered
anatomies in BAV patients, prosthesis size selection for this
population is particularly challenging. Moreover, ensuring
an appropriate valve size selection is essential since undersiz-
ing can facilitate prosthesis malapposition and paravalvular
leak, while oversizing may lead to annular rupture and con-
duction abnormality, among other complications [26, 27].

According to the latest guidelines for valvular heart dis-
ease [10], the sizing of aortic valve annulus has been regarded
as the “gold standard” in prosthesis size selection, as the aor-
tic valve annulus typically represents the tightest part of the
aortic root [28, 29]. However, Xiong et al. [26] found that
supra-annular assessment for prosthesis size selection may
be a more beneficial approach to adopt for BAV patients
with AS, suggesting that measuring the supra-annular as-
pect, which is themost constrained site, is amore appropriate
method.

The present article will review the application of annular
and supra-annular structure assessments for prosthesis size
selection in patients with bicuspid AS before TAVR and dis-
cuss which one is more appropriate for this population.

2. Known assessments for prosthesis size
selection in TAVR

Since the publication of the first expert consensus docu-
ment on CT imaging before TAVR by the Society of Car-
diovascular Computed Tomography (SCCT) in 2012 [30], a
tremendous amount of advancement has been realized in the
field. Data frommany trials and remarkable technological ad-
vancements have resulted in the deep integration ofCT imag-
ing and TAVR into clinical practice, and the development of
noninvasive imaging has supported thematuration ofTAVR.
While CT was initially adopted for the assessment of periph-
eral access, it is now an indispensable tool for treatment plan-
ning in the preprocedure period, especially for assessing the
anatomy of the aortic valvular complex [31–33].

2.1 The annular structure assessment for BAV

Cardiac CT is considered a reference standard for the an-
nular structure in preprocedural TAVR reports [24]. The an-
nulus size can be measured and reported in the same fashion
for BAV as for tricuspid aortic valves (TAVs). Furthermore,
the degree of raphe calcification should be evaluated, as se-
vere raphe calcification often increases the likelihood of PVR
after TAVR in BAV patients [34].

The aortic annulus is defined as the luminal contour
within a virtual plane aligned with the most basal attachment
points of the aortic valve cusps. Quantitative assessment re-
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Fig. 2. Annular structure assessment based on CTmeasurement (note the CT images in Figs. 2,3 are from the same patient). The annular area and
perimeter were measured at the insertion point of the aortic cusps (blue contour), and the position of annular plane is shown in the CT image (purple line).

quires the accurate identification of each of these points in
turn to create a plane that transects all points. Defining the
annulus may be a challenge for BAV, particularly for those
with Sievers type 0 BAV, since there are only two hinge
points to define the annular plane [35].

Measurements of the aortic annulus are performed by
conducting manual, semi-automated, and automated quan-
tifications of a single cardiac systolic phase [31, 36, 37]. In
this context, calculations of the basal annular ring are col-
lected, including aortic annular short-axis diameters, area,
and perimeter, by manual or dynamic CT measurements.
Details of CT measurements were previously reported [38].
Briefly, annularmeasurements were performed below the in-
sertion of the aortic cusps in a double oblique short-axis view
of the annulus and orthogonal to the aortic root (Fig. 2) [39].
During the standard manual measurements, the cardiac sys-
tolic phase with the largest opening of the aortic valve by vi-
sual estimation was selected as the single phase of measure-
ment for the annulus; for dynamic automatedmeasurements,
annular measurements were gathered during any available
phase throughout the cardiac cycle [39].

Almost all existing TAVR trials with prosthesis size se-
lection by aortic valve annular measurements have reported
lower all-cause mortality rates at follow-up, whether in TAV
patients or in BAV patients [34, 40–42]. However, due

to the special anatomical challenges presented by BAV, the
conduct of TAVR in patients with bicuspid AS was associ-
ated with more frequent periprocedural complications and
residual aortic regurgitation as compared with in TAV pa-
tients [14, 15], which means that the annulus perimeter–
based guide of the valve size might not be suitable for appli-
cation in patients with bicuspid AS with supra-annular de-
formity. Thus, cardiologists have suggested that prosthesis
size selection in TAVR based on supra-annular structure as-
sessment may be a more suitable approach for those patients
[26].

2.2 The supra-annular structure assessment for BAV

The supra-annular level is located within the aortic root,
between 4 and 8 mm above the aortic annulus (the exact dis-
tance varies from patient to patient). This level is the region
where the prosthesis will be maximally constrained [26]. In
Chinese TAVR centers, the narrowest portion on imaging
is apparent above the annulus, using a radiographical finding
known as the “waist sign”. This supra-annular structure plays
a key role in anchoring the THV [27].

2.2.1 Supra-annular structure assessment based on CT imaging
According to reports using CT imaging, the correspond-

ing plane of thewaist may be identified by surrounding struc-
tures, such as commissural gaps, commissural fusion, and
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Fig. 3. Supra-annular structure assessment based on CTmeasurement (note the CT images in Figs. 2,3 are from the same patient). Supra-annular
area and perimeter were measured at the intercommisural distance, from which a circle is defined (green contour), and the position of supra-annular plane is
shown in the CT image (purple line).

calcium deposits [43]. Then, the supra-annular area and
perimeter are calculated using the intercommisural distance
(i.e., the distance between the innermost aspect of the two
commissures [44]), from which a circle is defined (Fig. 3)
[45].

Establishing supra-annular sizing based on CT measure-
ments for prosthesis size selection is a feasible approach.
Xiong et al. [26] demonstrated that, following supra-annular
sizing in BAV patients with AS using the Lotus valve (Boston
Scientific, Natick, Massachusetts, USA), the hemodynamic
performance at one month of follow-up was improved sig-
nificantly, with nonexistent or mild paravalvular leak. An-
other clinical trial reported that there was a remarkable de-
crease in both peak and mean gradients in BAV patients with
AS who underwent TAVR by supra-annular assessment for
prosthesis size selection at 30 days of follow-up, and no aor-
tic regurgitation or stroke occurred [46]. Moreover, a clinical
trial comparing the outcomes of BAV patients, whose pros-
thesis size selection was based on supra-annular sizing, and
TAV patients, whose prosthesis size selection was based on
annular sizing, revealed similar mortality and complication
rates in both groups at 30 days and one year postoperatively
[22].

2.2.2 Supra-annular structure assessment by sequential balloon
sizing

Liu et al. [27] developed a strategy of sequential balloon
sizing for patients with bicuspid AS to select the appropriate
THV size (Fig. 4). First, the perimeter-derived diameter of
the aortic annulus needs to be measured based on CT imag-
ing before the deployment of the strategy; then, using the
smallest balloon according to the minimum aortic diameter
requirement for prostheses used in the procedure, the strate-
gic implementation begins. During the process of balloon in-
flation, regurgitation and the “waist sign” on radiographical
imaging should be checked with a simultaneous contrast in-
jection. Sequential balloon sizing in 2-mm increments is per-
formed until the “waist sign” occurswith less thanmild regur-
gitation. However, if the next size of the balloon is larger than
the annulus, then measurement should be stopped and the
THV size should be selected based on the annulus size. After
identifying the “waist sign”, operators can calculate the aver-
age diameter instead of the perimeter-derived annulus diam-
eter as the reference for prosthesis size selection; the equation
for this is as follows: average diameter (mm) = (diameter of
the final balloon + perimeter-derived diameter of the annulus
based on CT)/2 [27].
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Fig. 4. Schematic illustration of prosthesis size selection based on supra-annular assessment using sequential balloon sizing. AS, aortic stenosis;
CT, computed tomography.

Supra-annular structure assessments by sequential bal-
loon sizing for THV size selection is a novel strategy from
Hangzhou’s experience [27]. In their clinical trial, this strat-
egy was successfully deployed in all 12 BAV patients with AS
with excellent 30 day outcomes including favorable hemody-
namic profiles, 0% mortality and improved heart functional
status [27].

2.2.3 Supra-annular structure assessment using the LIRA sizing
method

A multicenter CT scan study detailed a supra-annular
plane that predicts THV prosthesis-anchoring in raphe-type
BAV (Sievers classification types 1 and 2), named as the
level of implantation at the raphe (LIRA) plane [47]. The
LIRA plane is regarded as themost rigid anatomical structure
in the aortic root (calcific/fibrotic raphes) that might facili-
tate valve-anchoring during deployment. Thus, using sizing
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measurements taken at the LIRA plane (i.e., the LIRA sizing
method) has been proposed as a viable supra-annular sizing
method for selecting the prosthesis size in raphe-type BAV
patients [48].

For LIRA sizing, the aortic valve virtual basal ring (VBR)
first must be defined as the short-axis plane through the nadir
of each coronary cusp based on CT imaging. The perimeter,
area, maximal diameter, and minimal diameter of the VBR
should be measured; meanwhile, the eccentricity index of the
VBR stands for the circularity, calculated using the following
equation: eccentricity index = 1 – (minimal diameter / max-
imal diameter) [49]. Then, operators may start to identify
the LIRA plane. In AS patients with type 1 BAV, the pros-
thesis should be anchored at the level of the calcific/fibrotic
raphe along the aortic root; accordingly, the LIRA plane may
be identified as the area that cuts the raphe at its maximum
protrusion along the aortic root. In AS patients with type 2
BAV, due to their BAV anatomy including two raphes, the
prosthesis should be anchored at the level of the larger raphe
with the greater amount of calcium; hence, in these patients,
the LIRA plane is identified as the portion that cuts the major
raphe at its maximum protrusion along the aortic root [47].
Finally, THV size is selected according to the VBR and LIRA
plane perimeters. If a discrepancy is found in measurements
between the VBR and the LIRA plane, then prosthesis siz-
ing should be based on the plane with the smallest perimeter;
conversely, if a concordance is found, then prosthesis sizing
should be based on the VBR (Fig. 5). Briefly, the LIRA plane
sizing method could be adopted when there is a discrepancy
between the LIRA plane and annular plane measurements
(i.e., when the LIRA plane perimeter is smaller than the VBR
plane), leading to the selection of smaller prostheses. Detailed
CT images of prosthesis sizing according to the LIRAmethod
are included in a previous report [48].

Iannopollo et al. [48] evaluated the short-term out-
comes and safety of the LIRA sizing method in AS patients
with raphe-type BAV; ultimately, the device success rate
was 100%, in-hospital outcomes showed that the mean pros-
thesis gradient predischarge was 8.2 ± 2.9 mmHg without
moderate-to-severe paravalvular leak, and no mean gradient
value was higher than 20 mmHg. Additionally, no instance
of permanent pacemaker implantation occurred. These au-
thors surmised that the LIRA sizing method was feasible and
may be a better strategy to optimize THV prosthesis sizing in
patients with raphe-type bicuspid AS [48]. However, further
larger clinical trials are required to confirm their findings.

3. Discussion
Theuniquemorphological characteristics of BAV increase

the risk of valve malapposition, paravalvular leak, annulus
rupture, and aortic dissection during TAVR procedures [12].
Hence, early clinical trials of TAVR and relative guidelines
regarded the existence of BAV with AS a relative contraindi-
cation [2, 50]. In recent years, however, major medical cen-
ters around the world have paid increasing attention to BAV

patients with AS and conducted BAV-related trials, although
there is still a paucity of data on TAVR outcomes in BAV pa-
tients and no consensus among experts on the treatment of
this disease between China andWestern countries.

Since 2010, more than 4500 TAVR procedures had been
performed in China [22], mostly concentrated in Beijing,
Shanghai, Hangzhou, Nanchang, and other developed re-
gions with high-quality medical resources. There is an unex-
pectedly high frequency of BAV morphology with an enor-
mous aortic valve calcium burden in Chinese AS patients,
which is different from the profile of Western patients un-
dergoing TAVR [23]. This revelation has influenced clinical
trials of Chinese TAVR, with a fundamental change in the
protocol to include the assessment approach for prosthesis
size selection.

Annulus-based prosthesis size selection from CT mea-
surements is the standard sizing strategy for tricuspid AS;
however, no standard sizing for bicuspid AS has been devel-
oped so far. Large clinical trials in Western countries, which
have evaluated the outcomes of TAVR in BAV patients with
AS, still adopt the annulus structure assessment for THV size
selection [34, 42, 51], while the TAVR clinical experience in
China has advocated for using the supra-annular structure
assessment for THV size selection in this population. Post-
TAVR imaging has proven the rationality of the latter ap-
proach and shows that the prosthesis is most constrained at
the site of the valve orifice rather than the annulus in BAV
[43].

A retrospective single-center analysis comparing annular
versus supra-annular sizing for TAVR in BAV patients with
AS demonstrated that supra-annular sizing using CT mea-
surement differed from annulus-based sizing in 38.7% of pa-
tients, with increased and reduced sizing in 19.8% and 17.5%
of patients, respectively [44]. The findings suggest a high
rate of increased sizing was incurred by supra-annular siz-
ing, which is a concern given the known association of valve
oversizing and subsequent annular rupture [52]. Addition-
ally, the concept that supra-annular sizing impacts potential
valve size is consistent with the work by Weir-McCall et al.
[45], who reported that THV sizing based on supra-annular
measurement was significantly larger than that based on an-
nular measurement, even though clinical and valve-related
events were not elevated in BAV patients with AS who un-
derwent TAVRby supra-annular sizing relative to thosewho
underwent TAVR by annular sizing. Therefore, according to
the results of the only two clinical trials comparing annular
versus supra-annular sizing for TAVR in BAV disease, the
study groups for the two trials reached a consensus that an-
nular sizing for TAVR in BAV is safe and feasible, while the
role of supra-annular sizing is questionable [44, 45]. More-
over, some researchers have suggested that, when the supra-
annular size is smaller, that supra-annular sizing can be used
for sizing the valve, while the annulus sizing method should
be used in patients in whom the supra-annular size is equal
or greater than the annulus size [51].
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Fig. 5. Schematic illustration of prosthesis size selection based on supra-annular assessment using the LIRA sizing method. AS, aortic stenosis;
BAV, bicuspid aortic valve; CT, computed tomography, LIRA, level of implantation at the raphe; VBR, virtual basal ring.

Although the above twoWestern TAVR trials comparing
annular versus supra-annular sizing reached similar conclu-
sions, they included small subgroups of BAV patients under-
going a workup for TAVR, and further large multicenter tri-
als will be needed to verify their conclusions. Moreover, we
hypothesize that similar TAVR trials would have different
results if based off a Chinese population/cohort since there
is an excess of severe aortic valve calcification in Chinese pa-
tients with bicuspid AS relative to among Western patients
[23], that is, their narrower supra-annular structures pro-
vide greater resistance to valve expansion than the annulus
(Fig. 3). As such, THV size selection by supra-annular siz-
ing might be more appropriate for these Chinese patients.
Comparative studies between annular and supra-annular siz-
ing are lacking currently and should be the focus of future
research efforts.

In addition to the retrospective analysis comparing clin-
ical outcomes between annular and supra-annular sizing,
prospective studies are also important. Several studies have
conducted preprocedural simulation by combining three-
dimensional (3D) printing technology with a pressure sensor
system to accurately analyze the causes of paravalvular leak
caused by the presence of an irregular annulus and calcifi-
cation of the device landing zone, and the results were con-
sistent with prior TAVR outcomes [53–55]. Thus, the pre-
procedural simulation for in vitro TAVR using 3D printed
tissue–mimicking phantoms may be performed to assist the
formulation of an operational plan, THV size selection, and
valve deployment in patients with bicuspid AS. For instance,
operators might choose different prosthesis sizes for in vitro
TAVR according to annular or supra-annular sizing based
on CT measurements, then quantitatively predict the hemo-
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dynamic results to decide the optimal prosthesis size. Al-
though 3D printing is expensive and time-consuming (espe-
cially when implanting different sizes of prostheses), it of-
fers unique opportunities to tailor surgical procedures to pa-
tients through the creation of physical models of the patient
anatomy derived from routine preprocedural imaging stud-
ies [56]. Furthermore, 3D printing has expanded beyond
just the visualization of anatomy; it has been shown to de-
crease the learning curve for difficult procedures and im-
prove preprocedural planning for cases involving complex
3D anatomies [57]. Perhaps such preprocedural simulation
might also help to increase the procedural success rate and
decrease periprocedural complication rate. Further TAVR
trials will be needed to prove the value of the preprocedural
simulation with 3D printing technology.

4. Conclusions
Although multiple series have demonstrated TAVR to

be reasonably safe and efficacious in the BAV population,
a higher rate of postprocedural complications was seen in
those patients as comparedwith TAVpatients due to the spe-
cial morphological characteristics of BAV. Therefore, appro-
priate prosthesis size selection is essential. Currently, some
studies have proven that both annular and supra-annular
structure assessments for prosthesis size selection in bicus-
pid AS are feasible, but there remain few comparative studies
about annular versus supra-annular sizing and no consensus
among experts on the standard sizing strategy for bicuspid
AS. Further studies will be required to explore the optimal
strategy of THV size selection.
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