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Optimal pre-TAVR annulus sizing in patients with bicuspid aortic valve:
area-derived perimeter by CT is the best-correlated measure
with intraoperative sizing
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Abstract
Objective To clarify the optimal measurements for patients with bicuspid aortic valve (BAV) preferred for transcatheter aortic
valve replacement (TAVR), our study compared intraoperative sizing with five different approaches by transthoracic echocardi-
ography (TTE), three-dimensional transesophageal echocardiography (3DTEE) and computed tomography (CT).
Methods We enrolled 104 BAV patients prescreened for TAVR but who underwent surgery with direct intraoperative annulus
sizing. All five approaches [2DTTE, 3DTEE, area-derived perimeter (CTarea), perimeter-derived diameter (CTperi) and mean
diameter (CTmean)] were compared with intraoperative sizing, respectively. Agreements on theoretical valve selections by five
methods with those by intraoperative sizing were analyzed.
Results CTarea showed the highest correlation (r = 0.932) and the best agreement with intraoperative sizing. Agreement for
theoretical surgical and TAVR prosthesis selection was found in 84.6% and 74.0% BAVs by CTarea (κ = 0.791, κ = 0.585).
CTperi-based prosthesis selection led to overestimation of 26.9% for surgical valves (κ = 0.589) and 36.5% for TAVR valves (κ =
0.425). Good correlations were observed between CT measurements and intraoperative sizing regardless of the predominant site
of aortic valve calcification (r = 0.860-0.953).
Conclusion The CTarea, which demonstrated the optimal approach to annulus sizing and prosthesis choice of BAVs with high
eccentricity, should be included into the BAV-specific annulus sizing recommendation. The insufficiency of CTperi lay in
overestimation of surgical or TAVR valve selections. Good agreement of 3DTEE sizing proved its superiority in annulus sizing
for BAVs unsuitable for CT, but it should be used with caution for patients with a calcified annulus, where partial acoustic
shadowing could lead to image inaccuracy.
Key Points
• The area-derived perimeter by CT is the optimal approach to annulus sizing of BAVs.
• The perimeter-derived approach is prone to overestimation of BAVs.
• 3DTEE showed its superiority in annulus sizing for BAVs unsuitable for CT, but it should be used with caution in patients with a
calcified annulus.
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Abbreviations
BAV Bicuspid aortic valve
BSA Body surface area
TAV Tricuspid aortic valve
TAVR Transcatheter aortic valve replacement

Introduction

Transcatheter aortic valve replacement (TAVR) is currently
considered an appealing alternative choice to surgery for se-
vere aortic stenosis patients not only with tricuspid aortic
valve (TAV) but also with bicuspid aortic valve (BAV) [1,
2]. The lack of direct open-heart view during TAVR makes
it harder to obtain accurate annulus sizing. Incorrect valve
selection has been proven to be the principle cause of adverse
effects such as annulus rupture and paravalvular aortic regur-
gitation [3]. With dedicated reconstructions of the
three-dimensional data, computed tomography (CT) is the
preferred imaging modality in both guidelines and expert con-
sensus [4, 5]. However, information related to the optimal
assessment and calculation method for BAVannulus diameter
by CT is limited. Given that the pronounced oval-shaped an-
nulus of the BAV is prone to reshape and deform after implan-
tation [6, 7], whether the previously mentioned preferred ap-
proach is also suitable for BAVs is unknown.

The aim of our study was to compare direct intraoperative
annulus sizing with two-dimensional transthoracic echocardi-
ography (2DTTE), three-dimensional transesophageal echo-
cardiography (3DTEE) and CT results according to the mean,
perimeter-derived and area-derived diameters to determine the
optimal and best-tailored measurements for patients with
BAV.

Material and methods

Study population

This is a retrospective single-center study. The cohort in-
volved 126 patients with bicuspid aortic valve suffering from
severe aortic stenosis who were screened for TAVR but re-
ceived surgical aortic valve replacement after evaluation by
the multidisciplinary heart team from March 2013 to
September 2016. All patients had at least intermediate surgical
risk and underwent preoperative 2DTTE, 3DTEE, CT and
intraoperative measurement of the aortic annulus with metric
sizers.

Exclusion criteria included an annular diameter beyond the
prosthesis size available (n = 4), inadequate CT images due to
atrial fibrillation, arrhythmias or tachycardia (n = 11), and an
inadequate echocardiographic window (n = 7). In total, 104
patients were included in this study. All patients underwent

preoperative 2DTTE, 3DTEE, CT and thus intraoperative
measurement of the aortic annulus with a metric sizer. Both
the CT laboratory technicians and echocardiographers were
blinded to the IDs or names of the patients as well as imaging
measurements. All the analyses were performed by two inves-
tigators. The institutional ethics committee approved this ret-
rospective study. Oral and written consents were obtained
from all patients.

Transthoracic echocardiography and transesophageal
echocardiography

TTE was performed by highly experienced echocardiog-
raphers with a commercially available system (iE33, Philips
Medical System with a S5-1 probe). The aortic annulus was
measured in the parasternal long-axis three-chamber view dur-
ing mid-systole (Fig. 1a). Mean transvalvular gradients and
left ventricular ejection fraction were recorded in all patients
pre- and postoperatively.

TEE imaging was obtained by the same equipment as
for TTE, but with an X7-2t probe in patients undergoing
general anesthesia intra-procedurally, prior to the
sternotomy. A 2D acquisition in a zoom mode of the left
ventricular outflow tract from the mid-esophageal position
with scanning plans from 115-160° was performed.
Additionally, real-time zoomed 3D images containing
the whole aortic apparatus were obtained. The 3D data
set was evaluated off-line with commercially available
software (3DQ, Q-Lab version 7.0, Philips Medical
Systems). Two orthogonal planes parallel bisecting the
aortic valve in the long axis were manually adjusted.
The third plane was transversal to visualize the
short-axis view, and the aortic annulus diameter was mea-
sured in systole by the area method (Fig. 1b).

Computed tomography

All patients underwent coronary computed tomography
angiography (CCTA) on a second-generation dual-source
CT scanner (Somatom Definition Flash, Siemens
Healthcare). Retrospective ECG gating was used to eval-
uate the aortic valve morphology and to detect coronary
artery disease with high diagnostic accuracy [5, 8, 9].
Acquisition parameters were as follows: 2 × 64 ×
0.6-mm detector collimation and 280-ms gantry rotation
time. All studies were acquired in a cranio-caudal direc-
tion in end-inspiration. Attenuation-based tube current
modulation (CareDose 4D, Siemens) was applied per de-
fault. For contrast medium enhancement, automated bolus
tracking was used in a region of interest within the as-
cending aorta, with a signal attenuation trigger threshold
of 100 Hounsfield units (HU) and a 6-s scan delay. We
used a triple-phase contrast medium injection protocol
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[10], which consisted of 50 to 60 ml of undiluted contrast
agent ( iopromide; Ul t ravis t 370 mgI/ml , Bayer
Healthcare) followed by a 30-ml 30%: 70% mixture of
contrast medium and saline and a 40-ml saline chaser
bolus, all injected with flow rates of 4 to 5 ml/s. The
mean radiation dose was 8.1 ± 3.6 mSv.

CT analyses

After CT data acquisition, the data sets were copied to the
3-mensio workstation (3-mensio Valves, version 7.0,
3-mensio Medical Imaging BV) on the computer. All ex-
aminations were analyzed between 30-40% R-R intervals
on the 3-mensio workstation (Fig. 1c). A curved axis was
generated across the valve from the ascending aorta into
the left ventricular outflow trace. The cross-sectional an-
nular plane was obtained by determining the lowermost
point of the valves. The annulus border was traced outside
calcifications. The presence of a bicuspid aortic valve was
confirmed with visualization of two semilunar cusps in
both systole and diastole [5, 11] . We used the
TAVR-directed classification of the bicuspid aortic valve
morphology, which is based on heterogeneous leaflet mor-
phologies and leaflet orientation [9].

Once the plots and annular borderline had been drawn
manually, the maximum and minimum dimension, area
and perimeter of the annulus were obtained. The perime-
ter was calculated as the length of the borderline and the
area by direct planimetry. Calculations of the mean,

perimeter-derived and area-derived diameters were per-
formed as follows:

Mean diameter CTmeanð Þ
¼ maximum diameter þminimum diameterð Þ=2

Perimeter‐derived diameter CTperið Þ ¼ annulus perimeterð Þ=p

Area‐derived diameter CTareað Þ ¼ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

annulus area
π

Þ
�

s

We used the eccentricity index (1 – minimum diameter/
maximum diameter) to describe the ovality of the aortic annu-
lus [12]. The shape of the aortic annulus was considered el-
liptical when the eccentricity index was > 0.1.

All patients were divided into three subgroups according to
the predominant localization of aortic valve calcifications:
subgroup 1, calcifications mainly of the aortic annulus; sub-
group 2, calcifications mainly of the aortic cusps; subgroup 3,
calcifications of both the annulus and cusps.

Intraoperative analyses

Intraoperative measurements of the aortic annulus were ob-
tained by an experienced cardiovascular surgeon after aortic
semilunar cusp resection and annulus decalcification. The
standard metric sizer (size 19 to 30 mm, unit 1 mm;
Aesculap) was used for sizing. Complete elastic fit of the
possible biggest dilatator was defined as optimal. All measure-
ments were repeated twice with the final measurements
representing the mean of both measurements.

Fig. 1 Measurement of aortic annulus diameter by 2DTTE, 3DTEE and
CT. a Measurement of aortic annulus diameter by 2DTTE in the
parasternal long-axis three-chamber view during mid-systole. b
Stepwise approach to measurement of aortic annulus diameter by a 3D
data set from 3DTEE: The transverse plane (blue plane) of the annulus is
identified by alignment of the two orthogonal long-axis views (red and
green planes). The hinge point of each individual aortic valve cusp is
identified to establish the plane of the annulus. Four plots are placed on
orthogonal long-axis images (i and ii) at the level of the annulus. Sixteen
plots are adjusted (if needed) and confirmed. Measurement is performed
on the short-axis image (iii). c Example of measurement of the aortic

annulus by CT: (i) A line is generated through the center point of the
proximal segment of the ascending aorta, aortic valve, annulus and left
ventricular outflow tract. (ii) The basal annular plane is defined as a plane
perpendicular to the curved axis that touches the lowest points of the
valves. (iii) Tracing of the border of the annulus by placing plots (red
dots) at the blood-tissue interface. Data of the perimeter, area, and
maximum and minimum diameters are automatically determined by the
3-mensio package after confirmation of all the plots. (iv) The transverse
plane is shifted from the annulus to the supravalvular crest, allowing the
identification of the bicuspid aortic valve
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The 3DTEE and CT measurements of the aortic annulus
served as the basis for the theoretical surgical valve size selec-
tion according to the following recommendations: a 19-mm
valve for annulus diameters between 19.0 mm and 20.9 mm; a
21-mm valve for annulus diameters between 21.0 mm and
22.9 mm; a 23-mm valve for annulus diameters between
23.0 mm and 24.9 mm; a 25-mm valve for annulus diameters
between 25.0 mm and 26.9 mm; and a 27 mm valve for an-
nulus diameters between 27.0 mm and 28.9 mm. We com-
pared the 3DTEE-recommended, CTmean-recommended,
CTperi-recommended and the CTarea-recommended valve
sizes with the actual valve size implanted. The SAPIEN 3
(Edwards Lifesciences) TAVR valve was theoretically select-
ed according to 3DTEE, CTmean, CTperi, CTarea and intra-
operative measurements, respectively. Patients were stratified
according to the suggested surgical valve size by CTperi rel-
ative to the implanted surgical valve size: group large, larger
surgical valve size by CTperi than the implanted surgical
valve size; group same, same surgical valve size by CTperi
as the implanted surgical valve size; group small, smaller sur-
gical valve size by CTperi than the implanted surgical valve
size.

Statistical analysis

Quantitative variables were expressed as mean ± SD and qual-
itative variables as frequencies. The interaction between body
surface area (BSA) and aortic valve size was evaluated using
the indexed formula: indexed diameter = diameter (mm) di-
vided by body surface area (m2). The different diameter mea-
surements in the same patient were compared using Student’s
t-test for paired data. Categorical variables were summarized
as frequencies (%) and compared using the Pearson χ2 test or
Fisher exact test where applicable. Linear regression analysis
was used to assess the relationship between variables, and the

correlation coefficient was calculated. Measurements were
compared using Bland-Altman plots. Inter-observer agree-
ment was evaluated by calculating intra-class correlation co-
efficients. The Cohen κ statistic was used to assess prosthesis
size agreement among 3DTEE, CT and intraoperative related
selections. All p values reported are two-sided, and p values <
0.05were considered significant. Data analysis was conducted
with SPSS version 20.0 (SPSS Inc.). To present Fig. 1 with
satisfactory imaging quality, we thickened the lines and en-
hanced the colors using image processing (Photoshop 13.0,
Adobe Systems).

Results

Of the 126 subjects enrolled, 22 were excluded for an unavail-
able prosthesis size (n = 4), poor CT image quality (n = 11) or
an inadequate echocardiographic window (n = 7). Finally, 104
patients with BAV (mean age, 69.1 ± 6.2 years; 55.7% male)
constituted the study population, and the STS score was 6.8 ±
3.2. The mean body mass index and body surface area were
23.2 ± 2.5 kg/m2 and 1.7 ± 0.1 m2, respectively. Notably, the
eccentricity index of 0.21±0.07 indicated a pronounced oval
shape of the annulus in BAVs.

The mean diameters and correlation coefficients are shown
in Tables 1 and 2. Significant differences in the mean values
and those indexed to BSA were both observed in all five
calculations, while the area-derived and indexed
area-derived diameters were only slightly higher than those
obtained by intraoperative measurements (25.6 ± 2.1 mm vs.
25.3 ± 2.0 mm, p < 0.001; 15.5 ± 0.6 mm/m2 vs. 15.3 ± 0.6
mm/m2, p < 0.001). Good correlation was found between
diameters measured by 3DTEE and those measured by intra-
operative sizing (r = 0.901, p < 0.001), with mild underesti-
mation by 3DTEE.

Table 1 2DTTE, 3DTEE and CT measurements of aortic annulus in comparison with intraoperative direct sizing

OP 2D-TTE 3D-TEE CTmean CTarea CTperi

Annulus diameter (mm) 25.3 ± 2.0 24.5 ± 2.1 24.8 ± 2.0 25.9 ± 2.1 25.6 ± 2.1 26.2 ± 2.2

p valuea - <0.001 <0.001 <0.001 <0.001 <0.001

Correlation - 0.855 0.901 0.905 0.932 0.913

p valueb - <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference (mm) - 0.80 0.53 -0.86 -0.30 -0.67

Limits of agreement (mm) - -0.74 to 2.35 -0.72 to 1.78 -2.17 to 0.45 -1.36 to 0.75 -1.91 to 0.58

ICC - 0.81 0.85 0.88 0.90 0.89

95% CI - 0.63 to 0.90 0.67 to 0.92 0.76 to 0.94 0.81 to 0.95 0.79 to 0.95

ICC = intra-class correlation coefficient; CTmax =maximum annulus diameter by CT; CTmin =minimum annulus diameter by CT; CTmean = the mean
of maximum and minimum annulus diameter by CT; CTperi = perimeter-derived annulus diameter by CT; CTarea = area-derived annulus diameter by
CT; p valuea = p value for differences of mean; p valueb = p value for correlation

Values are expressed as mean ± SD or mean with 95% confidence intervals
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Although all five methods correlated well with the surgical
measurements, CTarea showed the best correlation (r = 0.932,
p < 0.001). In particular, the perimeter-derived diameter was
markedly larger than that assessed in surgery by approximate-
ly one millimetre (26.2±2.2 mm vs 25.3±2.0 mm, p < 0.001).

Moreover, the correlations of indexed intraoperative sizing
with indexed-CTperi (r = 0.608, p < 0.001) were weaker than
those with indexed-CTarea, indexed-CTman and
indexed-3DTEE (r = 0.724, p < 0.001; r = 0.703, p < 0.001;

r = 0.691, p < 0.001, respectively). CTarea and CTperi were
found to be more reproducible than other measurements
(ICC 0.90, 95% CI 0.81 to 0.95; ICC 0.89, 95% CI 0.79 to
0.95).

Figures 2 and 3 showed the related scatter plots with re-
gression together with the results of Bland-Altman analysis
for annulus diameters and indexed annulus diameters. The
diameters measured by 3DTEE were systematically smaller
than those by intraoperative sizing (mean difference, 0.53

Table 2 Indexed 2DTTE, 3DTEE and CT measurements of aortic annulus in comparison with indexed intraoperative direct sizing

Indexed-OP Indexed-2DTTE Indexed-3DTEE Indexed-CTmean Indexed-CTarea Indexed-CTperi

Indexed annulus diameter (mm/m2) 15.3 ± 0.6 14.8 ± 0.7 15.0 ± 0.7 15.7 ± 0.7 15.5 ± 0.6 15.8 ± 0.7

p valuec - <0.001 <0.001 <0.001 <0.001 <0.001

Correlation - 0.569 0.691 0.703 0.724 0.608

p valued - <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference (mm/m2) - 0.48 0.32 -0.51 -0.18 -0.41

Limits of agreement (mm/m2) - -0.44 to 1.41 -0.44 to 1.08 -1.34 to 0.32 -0.83 to 0.47 -1.15 to 0.33

p valuec = p value for differences of mean; p valued = p value for correlation. Abbreviations as in Table 1

Indexed = diameter divided by body surface area (m2 )

Fig. 2 Line regression (left panels) and Bland-Altman analysis (right
panels) comparing annulus sizing by 2DTTE, 3DTEE, CT (CTmean,
CTarea, CTperi) and intraoperative measurement. For the Bland-Altman

analysis, the horizontal solid line expresses the mean value of difference,
whereas the plot lines express the limits of agreement defined as mean ±
1.96*SD
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mm; limits of agreement, -0.72 mm to 1.78 mm). CTarea
showed sufficient agreement with the intraoperative measure-
ments, with the best limits of agreement observed in the
Bland-Altman analysis (Table 1 and Fig. 2). As shown in
Fig. 3, the agreement with intraoperative sizing was better
for indexed-CTmean than indexed-CTperi; these measure-
ments featured smaller mean differences with narrower varia-
tion (mean difference, -0.18 mm/m2; limits of agreement,
-0.83 mm/m2 to 0.47 mm/m2; mean difference, -0.41 mm/
m2; limits of agreement, -1.15 mm/m2 to 0.33 mm/m2,
respectively).

No significant differences in baseline characteristics were
observed among the three subgroups (Supplementary Table
A). Diameters of all three subgroups measured by CT were
slightly but significantly larger than those measured intraop-
eratively (Table 3). Good correlations were observed between
the two measurements regardless of the predominant site of
aortic valve calcification (r = 0.860-0.953). The agreements
between measurements were greater for CTarea than for
CTperi and CTmean. Reliability assessment of the CT mea-
surements showed superior reproducibility than that of
3DTEE and 2DTTE measurements.

The measurements performed by 3DTEE were statistically
lower than those obtained intraoperatively in all three sub-
groups. The correlation between the two methods was good
for patients with predominantly calcified cusps (r = 0.924, p <
0.001), but it was slightly reduced for patients with calcifica-
tions mainly of the annulus (r = 0.825, p < 0.001) and patients
with calcifications of both annulus and cusps (r = 0.853, p <
0.001). The limits of agreement for patients with a predomi-
nantly calcified annulus were the broadest (limits, -0.7 mm to
2.1 mm) among the three subgroups, with the lowest
intraobserver reliability (ICC 0.80, 95% CI 0.49 to 0.93).

The theoretical selections of the surgical valve and Sapien
3 TAVR valve according to the measurements of 3DTEE,
CTmean, CTarea and CTperi are illustrated in Table 4.
CTarea-based selections of the surgical prosthesis agreed best
(κ = 0.791, p < 0.001) with the actual surgical valve implanted
in 84.6% (n = 88) of BAVs, with over- or undersizing in
12.5% and 2.9% of patients, respectively. In 74.0% (n = 77)
of cases, the theoretical TAVR prosthesis size was concordant
with the CTarea and intraoperative data. However, agreements
between CTperi-based selections and surgical valve or TAVR
valve were the lowest (κ = 0.598, p < 0.001; κ = 0.425, p <

Fig. 3 Line regression (left panels) and Bland-Altman analysis (right
panels) comparing indexed annulus sizing by 2DTTE, 3DTEE, CT
(CTmean, CTarea, CTperi) and intraoperative measurement. For the

Bland-Altman analysis, the horizontal solid line expresses the mean value
of difference, whereas the plot lines express the limits of agreement de-
fined as mean ± 1.96*SD
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0.001, respectively) in comparison to those between intraop-
erative sizing and the other three measurements. The size of
the selected TAVR prosthesis would have been larger in

36.5% (n = 38) of BAVs if the perimeter-derived diameter
had been used instead of intraoperative sizing. However, the
prevalence of a larger valve size recommendation was only

Table 3 2DTTE, 3DTEE and CT measurements of aortic annulus compared with intraoperative direct sizing in three subgroups according to the
predominant localization of aortic valve calcification

OP 2D-TTE 3D-TEE CTmean CTarea CTperi

Calcification mainly of aortic annulus

Annulus diameter (mm) 25.3 ± 1.7 24.0 ± 1.7 24.7 ± 1.8 25.9 ± 1.7 25.6 ± 1.8 26.0 ± 1.9

p valuea1 - <0.001 <0.001 <0.001 <0.001 <0.001

Correlation - 0.877 0.825 0.879 0.924 0.888

p valueb1 - <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference (mm) - 1.24 0.70 -0.67 -0.36 -0.78

Limits of agreement (mm) - 0.11 to 2.37 -0.70 to 2.10 -1.81 to 0.47 -1.33 to 0.61 -2.00 to 0.44

ICC - 0.75 0.80 0.88 0.90 0.86

95% CI - 0.41 to 0.91 0.49 to 0.93 0.67 to 0.96 0.72 to 0.96 0.64 to 0.95

Calcification mainly of aortic cusps

Annulus diameter (mm) 25.5 ± 2.3 24.8 ± 2.3 25.0 ± 2.7 26.0 ± 2.3 25.6 ± 2.3 26.3 ± 2.4

p valuea2 - <0.001 <0.001 <0.001 <0.001 <0.001

Correlation - 0.861 0.924 0.923 0.953 0.929

p valueb2 - <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference (mm) - 0.63 0.46 -0.60 -0.17 -0.87

Limits of agreement (mm) - -1.07 to 2.32 - 0.76 to 1.69 -1.84 to 0.65 -1.14 to 0.80 -2.13 to 0.38

ICC - 0.82 0.88 0.89 0.91 0.91

95% CI - 0.71 to 0.89 0.80 to 0.93 0.82 to 0.93 0.85 to 0.95 0.85 to 0.94

Calcifications of both the annulus and cusps

Annulus diameter (mm) 25.5 ± 2.3 24.2 ± 1.7 24.5 ± 1.6 25.8 ± 1.8 25.6 ± 1.8 25.9 ± 2.1

p valuea3 - <0.001 <0.001 <0.001 <0.001 <0.001

Correlation - 0.855 0.853 0.860 0.903 0.895

p valueb3 - <0.001 <0.001 <0.001 <0.001 <0.001

Mean difference (mm) - 0.90 0.58 -0.78 -0.50 -0.86

Limits of agreement (mm) - -0.36 to 2.16 -0.64 to 1.79 -2.07 to 0.50 -1.63 to 0.63 -2.34 to 0.61

ICC - 0.79 0.81 0.87 0.89 0.87

95% CI - 0.62 to 0.89 0.64 to 0.90 0.75 to 0.93 0.80 to 0.95 0.76 to 0.94

p valuea1 , p valuea2 , p valuea3 : p value for differences of mean; p valueb1 , p valueb2 , p valueb3 : p value for correlation

Abbreviations as in Table 1. Values are mean ± SD or mean with 95% confidence intervals

Table 4 Impact of measurements on choice of surgical and SAPIEN 3 prosthesis size

3D-TEE κ Cohen CTmean κ Cohen CTperi κ Cohen CTarea κ Cohen

Surgical valve

More than 1 valve-size overestimation 10 (9.6%) 0.600
p < 0.001

21 (20.2%) 0.642
p < 0.001

28 (26.9%) 0.589
p < 0.001

13 (12.5%) 0.791
p < 0.001Proper valve-size choice 67 (64.4%) 77 (74.0%) 72 (69.2%) 88 (84.6%)

More than 1 valve-size underestimation 27 (26.0%) 6 (5.8%) 4 (3.8%) 3 (2.9%)

SAPIEN 3 valve

More than 1 valve-size overestimation 6 (5.8%) 0.507
p < 0.001

30 (28.8%) 0.531
p < 0.001

38 (36.5%) 0.425
p < 0.001

22 (21.2%) 0.585
p < 0.001Proper valve-size choice 75 (72.1%) 73 (70.2%) 66 (63.5%) 77 (74.0%)

More than 1 valve-size underestimation 23 (22.1%) 1 (1.0%) 0 (0.0%) 5 (4.8%)

Abbreviations as in Table 1
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21.2% (n = 22) using area-derived sizing. Of the 38 cases with
TAVR prosthesis oversizing by CTperi, 17 (44.7%) would
have been correctly identified by CTarea.

Baseline and procedural characteristics and postopera-
t ive outcomes are presented in Table 5. All the

preoperative data, the BAV morphology in particular, were
comparable among the three groups. There was only one
patient in Group-large who died within 30 days after the
surgery, and there were no significant differences in proce-
dural or 30-day outcomes.

Table 5 Comparison of basic
characteristics and outcomes
among three groups (Group same,
Group large and Group small)

Group same
(n = 72)

Group large
(n = 28)

Group small pe (n = 4) pf

Clinical characteristics

Age (years) 69.3 ± 6.2 68.1 ± 6.4 73.3 ± 2.8 0.384 0.165

BMI (kg/m2) 23.6 ± 2.7 23.3 ± 1.8 22.9 ± 2.2 0.485 0.671

BSA (m2) 1.7 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 0.684 0.761

STS PROM score 6.9 ± 3.2 6.8 ± 3.4 4.0 ± 1.1 0.573 0.095

Diabetes mellitus (%) 15 (20.8) 4 (14.3) 0 (0) 0.576 0.579

COPD (%) 13 (18.1) 4 (14.3) 1 (25.0) 0.773 0.565

NYHA IV (%) 4 (5.6) 3 (10.7) 0 (0) 0.396 1

BAV morphology 0.557 0.879

Tricommissural BAV 16 (22.2) 7 (25.0) 1 (25.0)

Bicommissural BAV with raphe 36 (50.0) 15 (53.6) 2 (50.0)

Bicommissural BAV without raphe 20 (27.8) 6 (21.4) 1 (25.0)

Preoperative echocardiographic characteristics

Peak velocity (m/s) 5.0 ± 0.7 4.8 ± 0.6 5.2 ± 1.1 0.151 0.118

Mean gradient (mmHg) 60.9 ± 18.2 59.2 ± 22.5 65.8 ± 35.2 0.145 0.122

Peak gradient (mmHg) 102.2 ± 27.8 94.8 ± 24.1 106 ± 25.5 0.139 0.181

LVEF (%) 55.4 ± 11.8 55.2 ± 13.4 61.7 ± 9.9 0.189 0.721

Predominant site of calcifications 0.698 0.755

Aortic annulus (%) 9 (12.5) 4 (14.3) 2 (50.0)

Aortic cusps (%) 42 (58.3) 14 (50.0) 0 (0.0)

Both the annulus and cusps (%) 21 (29.2) 10 (35.7) 2 (50.0)

Procedural outcomes

Mortality (%) 0 (0) 0 (0) 0 (0) - -

Stroke (%) 1 (1.4) 0 (0) 0 (0) 1 1

Reoperation for bleeding (%) 1 (1.4) 0 (0) 1 (25.0) 1 0.103

Multisystem failure (%) 1 (1.4) 0 (0) 0 (0) 1 1

30-day outcomes

Mortality (%) 0 (0) 1 (3.6) 0 (0) 0.280 -

AKI ≥ stage 3 (%) 1 (1.4) 1 (3.6) 1 (25.0) 0.484 0.103

Cerebrovascular event (%) 0 (0) 1 (3.6) 0 (0) 0.280 -

PVL ≥ moderate (%) 0 (0) 0 (0) 0 (0) - -

Postoperative echocardiographic characteristics

Peak velocity (m/s) 2.2 ± 0.5 2.2 ± 0.5 2.2 ± 0.5 0.573 0.182

Mean gradient (mmHg) 10.2 ± 5.1 10.5 ± 4.8 10.3 ± 3.2 0.625 0.575

Peak gradient (mmHg) 19.6 ± 8.8 21.3 ± 8.9 19.3 ± 4.3 0.288 0.396

LVEF (%) 65.1 ± 5.8 62.2 ± 8.0 63.3 ± 1.5 0.107 0.069

AKI = acute kidney injury; BMI = body mass index; BSA = body surface area; COPD = chronic obstructive
pulmonary disease; LVEF = left ventricular ejection fraction; PVL = paravalvular leak; STS PROM = Society of
Thoracic Surgeons Predicted Risk of Mortality; NYHA = New York Heart Association; pe = p value for Group
same vs. Group large; pf = p value for Group same vs. Group small

Values are expressed as mean ± SD or n (%)
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Discussion

The main findings of our study are as follows: (1) In BAV
patients referred for TAVR, area-derived assessment by CT as
well as decisions for surgical or TAVR prosthesis size showed
the best agreement with intraoperative sizing. (2)
Perimeter-derived sizing based on CT was prone to overesti-
mate the annulus size. (3) 3DTEE slightly underestimated the
aortic annulus dimensions compared with intraoperative
sizing, particularly in patients with calcified annulus.

Due to the media degeneration, altered hemodynamics and
more oval aortic annulus of BAVs [13, 14], post-implantation
reformation, which is a strong determinant of impending com-
plications, is more likely in BAVs than in TAVs. Therefore,
precise preprocedural bicuspid annulus sizing is critical to
guarantee successful intraprocedural valve positioning and to
avoid pitfalls. Moreover, with increasing worldwide numbers
of implantations for BAVs and considerably high proportions
of BAVs among Chinese TAVR patients (up to 67%) [15],
optimal and standardized sizing is required.

Inevitable underestimation of 2DTTE or 2DTEE, caused
by the off-axis measurements, has already been shown [16].
Our data additionally showed the significantly poor accuracy
of 2DTTE-based sizing for elliptical annulus of BAVs.
Three-dimensional visualization of the complex crown-like
aortic root by CTor 3DTEE has been considered the reference
standard for annulus sizing [17]. For CT in particular, several
previous studies have shown systematic differences between
systolic and diastolic measurements for the cross-sectional
maximum diameter, minimum diameter, perimeter and area
[18]. The systolic phase, typically a 30-40% R-R interval
based on the image quality, is considered the reference phase
for analyses to avoid under-sizing of the prosthesis [5, 19].
Although several studies have described the comparisons of
non-invasive imaging methods with direct intraoperative mea-
surement, there is no consensus regarding the optimal calcu-
la t ion method (e .g . , the mean , a rea -der ived or
perimeter-derived diameters) for a prosthesis chosen by CT.
In addition, information on the most precise approach to BAV
sizing remains limited.

Kempfert and colleagues assessed 26 patients and pointed
out that the best agreement with intraoperative sizing was
given by the area-derived diameter obtained by CT [20].
Notably, due to the conformational pulsatile changes of the
aortic annulus during the cardiac cycle, measurements at di-
astole in Kempfert's study could result in underestimation of
that value [5]. Wang et al compared the area-derived diameter
with the direct intraoperative dimension and performed anal-
yses of BAVs versus TAVs [21]. The data of the former com-
parison showed consistence with Kempfert’s study, whereas
the findings indicating no significant difference in eccentricity
between the two valve phenotypes conflicted with reports in
previous large TAVR registries [22]. Although overestimation

by CTwas noticed in 46.3% of cases in the study by Wang et
al, the inhomogeneous CT imaging and the fact that few of the
CT scans were ECG-gated could be the source of the limita-
tion. The study by Kim and co-workers first involved 52
TAVR-like patients and demonstrated that area-derived sizing
performed better than perimeter-derived sizing; however, the
eccentricity of the annulus and morphology of the aortic valve
were not reported [23]. Notably, the cyclic variability of a
subset of patients is relatively large and may lead to different
choices of prosthesis sizes, indicating the necessity of explor-
ing the optimal measurement for deformation-prone BAVs.

As the first study comparing the three imaging techniques
(2DTTE, 3DTEE and CT) with intraoperative sizing for BAV
patients assigned for TAVR, we recommend the area-derived
diameter by CTas the most appropriate parameter for accurate
sizing. The most appropriate theoretical prosthesis choice
based on the area-derived diameter is clearly demonstrated
in Table 4. Based on the findings listed in Tables 1, 2 and
Fig. 2, 3DTEE sizing showed good agreement following
area-derived measurement, but it was not as reproducible as
the perimeter- and area-derived approaches. The
inter-observer variance of point placement on the BAVannu-
lus may be attributed to the observed smaller intraclass corre-
lation coefficient for CTmean, but this inaccuracy is offset
when evaluating the area or perimeter.

One factor that may influence the accuracy of aortic annu-
lus sizing is aortic valve calcifications. Previous studies have
investigated the influence of aortic valve calcifications on the
agreement between echocardiography and CT for aortic annu-
lus sizing, but in the absence of a truly validated gold standard
[24, 25].With direct intraoperative sizing as the gold standard,
we divided all patients with BAV into three subgroups accord-
ing to the predominant localization of aortic valve calcifica-
tions. Close correlations were found between intraoperative
measurements and those by CT in all three subgroups.
Slightly reduced agreement between 3DTEE and intraopera-
tive sizing was noted in patients with calcifications mainly of
the aortic annulus compared with that in the other subgroups,
which may be due to the lower spatial resolution associated
with 3DTEE volumetric imaging, impeding clear delineation
of the aortic annulus. Calcifications at the aortic annulus,
which cause partial acoustic shadowing of the aortic annulus,
hamper the accuracy of the tracing of the aortic annulus by
3DTEE. In contrast, CT provides superior blood/tissue con-
trast, even in the presence of calcium. With the strongest
calcification-independent correlation and the highest level of
reproducibility, CTarea should therefore be considered the
most reliable measurement of aortic annulus sizing.

Notably, our study demonstrated that perimeter-derived
dimensions could lead to an overestimation of the annulus
size, which suggested the need for a larger prosthesis, and
were inferior to area-derived measurements for valve se-
lection. In our cohort, 26.9% of the patients would have
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received a larger surgical valve according to CTperi and
more than one TAVR valve size in 36.5% of BAVs. Our
data are partly consistent with the study by George et al in
which CTperi-based sizing led to valve size overestima-
tion in 41% of patients [26]. One possible reason lies in
the geometric principle of post-implantation deformation
from an ellipse to circle or approximate circle. The
area-derived perimeter is smaller than the other two ap-
proaches in the same oval annulus. With increasing eccen-
tricity of the annulus, the difference between CTarea and
CTmean increases, as does that between CTarea and
CTperi. Theoretically, the TAVR valve will expand to
the size of the native aortic annulus area. Therefore, the
excessive overestimation produced by CTperi- or
CTmean-based prosthesis selection may happen and
would be more serious in an extremely elliptical-shaped
annulus. Additionally, dramatically decreased elasticity
caused by the degenerated media of BAVs would weaken
the tolerance of the aortic wall against radio-force of un-
duly oversized implantations. Although no short-term
clinical or postoperative echocardiographic data were ap-
parent from under- or oversizing of surgical valves select-
ed by CTperi in our study, fatal complications and poor
prognoses could occur if post-dilatation of TAVR was
performed in these cases with overestimation. Therefore,
the conservative area-derived perimeter would be prefera-
ble for valve size selection for BAVs, particularly among
BAV patients with borderline annulus and thickened or
calcified valves.

All these data show that the area-derived diameter pro-
vides more accurate information for BAVs than the
perimeter-derived diameter with superior discrimination
of the aorto-iliofemoral arterial pathway. However, the
trend of overestimation for perimeter-derived BAV sizing
reflects a bias due to its geometric nature, and in some
cases, it may result in a higher risk of oversizing-related
complications. Furthermore, the multifactorial approaches
for pre-TAVR measurement, including balloon aortic
valvuloplasty, magnetic resonance imaging (MRI) [27]
and three-dimensional printing [28], should also be
highlighted. With the recognition of super-annulus assess-
ment complementary to valve sizing [29], more standard-
ized and detailed sizing procedures tailored to BAV pa-
tients for TAVR would contribute to a better informed
valve choice.

Limitations

The limitations of this study include those inherent to a
single-institution study with retrospective analysis of observa-
tional data. Although we elucidated solid statistical signifi-
cance between different sizing approaches in our sample size
of 104 patients, further studies may be needed to evaluate

MRI, three-dimensional printing and other modalities in larger
cohorts to provide greater clinical evidence. Another limita-
tion was the incapability to verify the potential impact on
long-term clinical outcomes in our study design. Lastly, there
could be potential bias owing to pre-intraoperative sizing de-
calcification, while exclusion of intra-annular calcifications
from CT measurements would reduce this error.

Conclusion

Area-derived sizing by CT for annulus measurement as well
as surgical or TAVR prosthesis selection for pre-TAVR pa-
tients with BAV showed the best agreement with intraopera-
tive sizing. CTperi was prone to overestimation and CTmean
was not as reproducible as CTarea. Close and mostly
calcification-independent correlations were found between
CT and intraoperative sizing. 3DTEE could represent a valid
alternative for BAVs unsuitable for CT. However, it should be
used with caution among patients experiencing annulus calci-
fication as partial acoustic shadowing could lead to image
inaccuracy. For BAVs with a greater likelihood of reshaping
and deformation, especially those with borderline annulus, the
predominance of CTarea-based annulus sizing should be em-
phasized and included into the BAV-specific annulus sizing
recommendation. More standardized and detailed sizing pro-
cedures tailored to BAVs should be formulated.
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