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A B S T R A C T

Background: Sex-specific thresholds of computed tomography (CT)–derived aortic valve calcification (AVC) or
AVC density (AVCd) to identify severe aortic stenosis (AS) have been established in populations that consisted
mainly of Caucasians with a tricuspid aortic valve. The objective of this study was to evaluate the accuracy (i.e.,
sensitivity and specificity) of previously established thresholds to identify severe AS in patients with bicuspid
aortic valve (BAV) and according to ethnicity: Caucasian vs. Asian.
Methods: We built a multicenter registry of echocardiographic and CT data collected in BAV patients with at least
mild AS and preserved left ventricular ejection fraction from 7 different centers. Anatomic severity of AS obtained
by CT-derived AVC and AVCd was compared to hemodynamic severity of AS obtained by echocardiography.
Results: Among 485 BAV patients (60% men, 73% Asians), the best thresholds of AVC and AVCd to identify severe
AS in BAV patients were 2315 arbitrary units (AU) (sensitivity [Se]/specificity [Spe] ¼ 82/78%) in men, 1103 AU
(Se/Spe ¼ 80/82%) in women, and 561 AU/cm2 (Se/Spe ¼ 86/91%) in men, and 301 AU/cm2 (Se/Spe ¼ 83/
82%) in women, respectively. According to ethnicity, thresholds for severe AS in Caucasian patients were,
respectively, in men and women: 2208 AU (Se/Spe¼ 83/83%) and 1230 AU (Se/Spe ¼ 87/82%) for AVC and 474
AU/cm2 (Se/Spe ¼ 88/83%) and 358 AU/cm2 (Se/Spe ¼ 80/82%) for AVCd. In Asian patients, they were 2582
AU (Se/Spe ¼ 76/78%) and 924 AU (Se/Spe ¼ 84/80%) for AVC and 640 AU/cm2 (Se/Spe ¼ 82/89%) and 255
AU/cm2 (Se/Spe ¼ 86/80%) for AVCd.
Conclusions: The optimal thresholds to identify hemodynamically severe AS in BAV patients are similar in Cau-
casians but appear to be higher in Asian men, compared with thresholds previously reported in tricuspid aortic
valve patients. Nonetheless, the thresholds currently proposed in the guidelines have good accuracy and can be
applied in BAV patients to confirm AS severity.
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A B B R E V I A T I O N S
 AS, Aortic stenosis; AU, Arbitrary units; AVC, Aortic valve calcification; AVCd, Aortic valve calcification density;
BAV, Bicuspid aortic valve; CT, Computed tomography; Se, Sensitivity; Spe, Specificity; TAV, Tricuspid aortic
valve.
Introduction

Patients with a bicuspid aortic valve (BAV), the most frequent cardiac
congenital anomaly, are at a higher risk of developing aortic stenosis
(AS). They generally develop AS earlier in life than subjects with a
tricuspid aortic valve (TAV).1–4 AS severity is generally established by
echocardiography and is crucial for determining the need and timing for
aortic valve replacement. AS is considered severe when peak aortic jet
velocity is �4 m/s, mean transvalvular gradient is �40 mmHg, and
indexed aortic valve area is �0.6 cm2/m2.5,6 However, approximately
30% of patients with AS show discordant grading parameters, and thus,
AS severity is inconclusive with echocardiographic assessment alone.7

The aortic valve calcification (AVC) score by computed tomography
(CT) has emerged in recent years as a valuable imaging modality to
confirm AS severity in patients with discordant or inconclusive gradients
by echocardiography. Previous studies revealed the presence of sex-
related differences with regard to AVC; thus, sex-specific AVC thresh-
olds for severe AS were proposed and validated to confirm AS sever-
ity.8–10 However, those studies were mainly conducted in patients with
TAV AS and might not necessarily apply to patients with BAV AS. Indeed,
correlations between hemodynamic severity and anatomic severity (i.e.,
AVC) in patients with a BAV are weaker than those of patients with a
TAV, especially in younger women with a BAV.11 Moreover, previous
studies predominantly included patients of Caucasian ethnicity, which
might also not apply to other ethnicities, such as Asians.

Thus, the objectives of this study were to evaluate the accuracy, i.e.,
the sensitivity, specificity, and percentage of overall correct classification
(CC), of previously established AVC and AVC density (AVCd) thresholds
to identify severe AS in patients with a BAV and according to ethnicity:
Caucasian vs. Asian.

Materials and Methods

Study Population

This study included 485 patients with a BAV from 7 different centers
and countries: Quebec Heart and Lung Institute [Canada], Asan Medical
Center Heart Institute [Korea], Leiden University Medical Center [The
Netherlands], British Heart Foundation Centre for Cardiovascular Sci-
ence in Edinburgh [United Kingdom], Beaumont Health-Royal Oak
[United States of America], Italian Hospital of Buenos Aires [Argentina],
and National University Heart Centre of Singapore [Singapore]. Each
center was invited to include clinical, Doppler echocardiography, and CT
data of the patients into a multicenter registry. The inclusion criteria for
this registry were as follows: (1) age �18 years, (2) at least mild AS
defined by a peak aortic jet velocity�2m/s, (3) preserved left ventricular
ejection fraction (LVEF �50%), and (4) Doppler echocardiography and
CT exams performed within 4 months of each other. The exclusion
criteria were patients with an ethnicity other than Caucasian or Asian,
aortic regurgitation � moderate, mitral stenosis or regurgitation �
moderate, history of aortic valve endocarditis, previous aortic valve
intervention (surgical or transcatheter aortic valve replacement (TAVR)
and/or valvuloplasty), rheumatic valve disease, and previous chest
radiotherapy.

Patients from the Quebec Heart and Lung Institute and British Heart
Foundation Centre for Cardiovascular Science were recruited via pro-
spective studies approved by their respective institutional review board,
and all patients signed an informed consent form. Patients from the 5
other centers were retrospectively included in this study, and informed
consent was waived. These patients had an echocardiogram and CT done
2

as part of their clinical follow-up or prior to an aortic valve intervention
to replace their valve. The Quebec Heart and Lung Institute was the
coordinating center.
Clinical Data

Patients’ anthropometric measurements, risk factors, and medical
history were retrieved from medical records by each center. These clin-
ical data included body surface area (BSA), body mass index, and history
of hypertension, dyslipidemia, diabetes, smoking, chronic kidney dis-
ease, and coronary artery disease.
Doppler Echocardiography

All Doppler echocardiographic examinations were acquired using a
commercially available ultrasound machine, and measurements were
done according to current recommendations.5,12,13 Left ventricular
outflow tract diameter was measured at the insertion of the aortic valve
leaflets in a parasternal long-axis zoom view, and LVEF was assessed by
the biplane Simpson method by measuring end-systolic and end-diastolic
volumes on the apical 2- and 4-chamber views. Stroke volume was
calculated by multiplying the left ventricular outflow tract area by the
velocity-time integral obtained by pulsed wave Doppler in the left ven-
tricular outflow tract and indexed by the BSA to have the stroke volume
index. Hemodynamic parameters were used to assess AS hemodynamic
severity: peak aortic jet velocity measured by continuous wave Doppler,
mean transvalvular gradient derived from the modified Bernoulli for-
mula, and aortic valve area calculated by the continuity equation and
indexed by the BSA to obtain the indexed aortic valve area.

Doppler-echocardiography was used as the gold standard for deter-
mining AS hemodynamic severity in this study. To avoid equivocal cases,
only patients with a preserved LVEF (�50%) and concordant grading
with a mean transvalvular gradient and indexed aortic valve area were
included. Severe AS was thus defined as a mean transvalvular gradient
�40 mmHg and an indexed aortic valve area �0.6 cm2/m2, whereas
nonsevere AS (mild or moderate) was defined as a mean transvalvular
gradient <40 mmHg and an indexed aortic valve area >0.6 cm2/m2.
Computed Tomography

All participating centers performed noncontrast CT scans and
measured AVC using commercially available scanners and analysis soft-
ware (Supplemental Table 1). Two (Leiden University Medical Center
and Italian Hospital of Buenos Aires) of the 7 centers used Toshiba
scanners, while the 5 other centers (Quebec Heart and Lung Institute,
Asan Medical Center Heart Institute, British Heart Foundation Centre for
Cardiovascular Science in Edinburgh, Beaumont Health-Royal Oak, and
National University Heart Centre of Singapore) used Siemens scanners.
AVC was measured in each center according to the Agatston method
following current recommendations and expressed in arbitrary units
(AU).14 AVC was obtained by the sum of AVC values obtained from each
contiguous 3-mm axial slices, with special care taken to exclude calcium
originating from adjacent structures, such as the mitral valve annulus,
ascending aorta, and coronary arteries.14 To take into account the vari-
ability in aortic annulus of the patients, AVC was indexed to the left
ventricular outflow tract area measured by echocardiography to obtain
the AVCd expressed in AU/cm2. AVCd thus allows comparing calcifica-
tion scores in patients with different body size and, thus, different aortic
annulus area.
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Statistical Analyses

Continuous variables were expressed as medians [25th-75th percen-
tiles]. Categorical variables were expressed as frequencies (%). Com-
parisons were performed with Student t tests if the continuous variables
followed a normal distribution (according to the Shapiro-Wilk test) and
with Wilcoxon’s tests if they did not. Categorical variables were
compared with χ2 tests or with Fisher’s exact tests, as appropriate. AVC
and AVCd values were transformed with the use of a square root for
normalization. The accuracy of the previously validated, sex-specific AVC
(2065 AU in men and 1274 AU in women) and AVCd (476 AU/cm2 in
men and 292 AU/cm2 in women) thresholds by Clavel et al.8 was eval-
uated in the subset of BAV patients with concordant grading of AS
severity (using Doppler-echocardiography). The following accuracy pa-
rameters were calculated: sensitivity, specificity, and percentage of
overall CC, and good accuracy was considered when the percentage of
overall CC was >80%. The accuracy to correctly classify AS severity as
severe or nonsevere was evaluated in the whole cohort of BAV patients
and its different subgroups (men, women, Caucasians, Asians, Caucasian
men, Caucasian women, Asian men, and Asian women). Comparisons of
accuracy between the different subgroups of patients were performed
with χ2 tests, and comparisons between AVC and AVCd were performed
with McNemar’s tests. Furthermore, sex-specific AVC and AVCd thresh-
olds defining severe AS were determined with receiver operating char-
acteristic (ROC) curves in these different subgroups of BAV patients with
concordant grading of AS: (i) all men, (ii) all women, (iii) Caucasian men,
(iv) Caucasian women, (v) Asian men, and (vi) Asian women. We re-
ported thresholds that showed the best sensitivity (Se) and specificity
(Spe) balance to define severe AS. The percentage of CC achieved by
these thresholds was also reported. The best thresholds of AVC and AVCd
Table 1
Clinical, Doppler echocardiography, and CT characteristics according to ethnicity

Variables All BAV N ¼ 485 Ca

Clinical data
Age, y 63 [55-70]
Male, n (%) 289 (60)
Body surface area, m2 1.72 [1.60; 1.86]
Body mass index (BMI), kg/m2 25 [23-28]
Obesity [BMI >30], n (%) 51 (11)
Hypertension, n (%) 212 (44)
Dyslipidemia, n (%) [n ¼ 452] 75 (17)
Diabetes, n (%) 69 (14)
History of smoking, n (%) [n ¼ 447] 191 (43)
CKD, n (%) [n ¼ 472] 17 (4)
Coronary artery disease, n (%) 42 (9)

Echocardiography data
LVOT diameter, mm 21.6 [20.5-23.0]
Vpeak, cm/s 460 [390-520]
MG, mmHg 51 [37-66]
AVA, cm2 0.71 [0.58-0.90]
AVAi, cm2/m2 0.42 [0.34-0.52]
Stroke volume (SV), mL 76 [66-86]
SV index (SVi), mL/m2 44 [39-50]
LVEF, % [n ¼ 474] 64 [60-67]
Concordant MG-AVAi, n (%) 391 (81)

Severe AS 337 (86)
Mild/moderate AS 54 (14)

Computed tomography data
AVC, AU 2392 [1227-3842]

Men 3229 [1878-4817]
Women 1644 [786-2590]

AVCd, AU/cm2 637 [333-1046]
Men 810 [468-1300]
Women 471 [191-734]

Severe AVC, n (%) 321 (66)
Severe AVCd, n (%) 345 (71)

Notes. Values are median [25th-75th percentiles]. Bold values indicate statistically si
Abbreviations: AS, aortic stenosis; AVA, aortic valve area; AVAi, aortic valve area ind
calcification density; BAV, bicuspid aortic valve; CKD, chronic kidney disease; CT, co
outflow tract; MG, mean transvalvular gradient; Vpeak, peak aortic jet velocity.
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obtained in the present study were compared with those previously re-
ported by Clavel et al.8 and were considered similar when values were
within 15% relative difference. Statistical analyses were done with JMP
and SPSS software, and a 2-tailed p value <0.05 was considered statis-
tically significant.

Results

Characteristics of the Study Population

Clinical, Doppler echocardiographic, and CT characteristics are pre-
sented in Table 1. There were 485 patients with a median age of 63 [55-
70] years, most of whom were men (n ¼ 289, 60%). There were 132
(27%) Caucasians and 353 (73%) Asians. Among the 485 patients, there
were 391 (81%) patients with concordant grading of AS severity by the
mean transvalvular gradient and indexed aortic valve area, of whom, 337
(86%) had hemodynamically severe AS, while 54 (14%) had a nonsevere
AS (Supplemental Figure 1). Finally, 321 (66%) patients had severe AVC
[>2065 AU in men and >1274 AU in women], while 345 (71%) patients
had severe AVCd [>476 AU/cm2 in men and >292 AU/cm2 in women].

Comparisons between Caucasians and Asians showed that Caucasian
patients had more comorbidities and risk factors. Caucasians were
younger (59 [49-66] vs. 64 [58-71] years old, p < 0.0001), had a larger
BSA (1.89 [1.77-2.04] vs. 1.67 [1.56-1.78] m2, p < 0.0001), and had
higher prevalence of obesity (29 vs. 4%, p < 0.0001), dyslipidemia (35
vs. 11%, p < 0.0001), history of smoking (54 vs. 40%, p ¼ 0.01), chronic
kidney disease (10 vs. 1%, p < 0.0001), and coronary artery disease (18
vs. 5%, p < 0.0001). Regarding Doppler echocardiographic data,
Caucasian patients had a larger left ventricular outflow tract diameter
(22.3 [21.0-24.0] vs. 21.3 [20.5-22.4] mm, p < 0.0001) and lower
ucasians N ¼ 132, 27% Asians N ¼ 353, 73% p value

59 [49-66] 64 [58-71] <0.0001
79 (60) 210 (59) 0.94

1.89 [1.77-2.04] 1.67 [1.56-1.78] <0.0001
27 [25-31] 24 [22-26] <0.0001
38 (29) 13 (4) <0.0001
62 (47) 150 (42) 0.38
35 (35) 40 (11) <0.0001
15 (11) 54 (15) 0.27
52 (54) 139 (40) 0.01
12 (10) 5 (1) <0.0001
24 (18) 18 (5) <0.0001

22.3 [21.0-24.0] 21.3 [20.5-22.4] <0.0001
347 [287-417] 483 [430-538] <0.0001
30 [19-43] 57 [44-71] <0.0001

0.97 [0.77-1.21] 0.65 [0.55-0.80] <0.0001
0.52 [0.41-0.64] 0.40 [0.33-0.47] <0.0001

80 [65-91] 75 [67-84] 0.08
41 [37-46] 45 [40-51] <0.0001
63 [59-67] 64 [61-67] 0.13
79 (60) 312 (88) <0.0001
39 (49) 298 (96)
40 (51) 14 (4)

1659 [412-2966] 2695 [1569-4105] <0.0001
2183 [764-3840] 3374 [2214-5252] <0.0001
866 [66-1863] 1865 [939-2757] <0.0001
395 [116-742] 737 [449-1146] <0.0001
483 [198-947] 925 [614-1396] <0.0001
236 [18-466] 535 [296-760] <0.0001

63 (48) 258 (73) <0.0001
63 (48) 282 (80) <0.0001

gnificant (p < 0.05).
exed by the body surface area; AVC, aortic valve calcification; AVCd, aortic valve
mputed tomography; LVEF, left ventricular ejection fraction; LVOT, left ventricle
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proportions of concordant grading of AS (60 vs. 88%, p < 0.0001) and
severe AS (49 vs. 96% severe AS, p < 0.0001) than Asian patients.
Caucasians also had lower AVC (men: 2183 [764-3840] vs. 3374
[2214-5252] AU and women: 866 [66-1863] vs. 1865 [939-2757] AU,
all p < 0.0001) and AVCd (men: 483 [198-947] vs. 925 [614-1396]
AU/cm2 and women: 236 [18-466] vs. 535 [296-760] AU/cm2, all p
< 0.0001) than Asians. The proportion of patients with severe AVC
(>2065 AU in men and >1274 AU in women) or severe AVCd (>476
AU/cm2 in men and >292 AU/cm2 in women) was lower in Caucasian
vs. Asian patients (AVC: 48 vs. 73%, p< 0.0001 and AVCd: 48 vs. 80%,
p < 0.0001).
Accuracy of AVC and AVCd to Identify Severe AS in Patients With a BAV

ROC curves were used in BAV patients with concordant grading of AS
severity (concordant mean transvalvular gradient and indexed aortic
valve area) to establish sex- and ethnicity-specific AVC and AVCd
thresholds for severe AS and to compare with thresholds previously
proposed and validated for patients with a TAV (Figure 1, panels a-l).

The area under the curve (AUC) in all subgroups of patients was
�0.82. In the entire cohort, AUC(AVC) and AUC(AVCd) were 0.89 and 0.93,
respectively, in men vs. 0.85 and 0.88 in women (Figure 1, panels a-d).
There were no significant differences in terms of AUC between men and
women regarding AVC (0.89 vs. 0.85, p¼ 0.38) or AVCd (0.93 vs. 0.88, p
¼ 0.17). However, AUC(AVCd) was significantly larger than AUC(AVC) in
both men and women (both p¼ 0.01). The AUC(AVC) and AUC(AVCd) were
0.90 and 0.93, respectively, in Caucasian men vs. 0.83 and 0.84 in
Figure 1. Receiver operating characteristic (ROC) curves and areas under the
(AVCd) in the different subgroups of patients with bicuspid aortic valves (BA
(Caucasian men), g (Caucasian women), i (Asian men), and k (Asian women), while
men), h (Caucasian women), j (Asian men), and l (Asian women).
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Caucasianwomen, with no significant difference in AUC betweenmen vs.
women or AVC vs. AVCd (Figure 1, panels e-h).

The AUC(AVC) and AUC(AVCd) were 0.84 and 0.88 in Asian men,
respectively, vs. 0.82 and 0.87 in Asian women, with no significant dif-
ference in AUC between groups (Figure 1, panels i-l).

There were no significant differences in AUC between Caucasian men
vs. Asian men (p ¼ 0.39 and p ¼ 0.46, respectively, for AUC(AVC) and
AUC(AVCd)) (Figure 1, panel e vs. i and f vs. j) or between Caucasian
women vs. Asian women (p ¼ 0.74 and p ¼ 0.97, respectively, for
AUC(AVC) and AUC(AVCd)) (Figure 1, panel g vs. k and h vs. l).
Sex- and Ethnic-Specific Thresholds of AVC and AVCd in Patients With a
BAV

Sex-specific thresholds for severe AS derived from ROC curves are
presented in Table 2. In this cohort of BAV patients, without taking into
account the ethnicity, the best thresholds were, respectively, in men and
women, 2315 AU (Se/Spe ¼ 82/78%) and 1103 AU (Se/Spe ¼ 80/82%)
for AVC and 561 AU/cm2 (Se/Spe ¼ 86/91%) and 301 AU/cm2 (Se/Spe
¼ 83/82%) for AVCd. Compared to thresholds previously proposed by
Clavel et al.8 in a cohort of mostly TAV patients, we found that women
with a BAV had similar thresholds for AVC (1103 vs. 1274 AU) or AVCd
(301 vs. 292 AU/cm2). However, in men with a BAV, we found that the
optimal thresholds were slightly higher vs. those proposed by Clavel
et al.8 (AVC: 2315 vs. 2065 AU and AVCd: 561 vs. 476 AU/cm2).

When analyses were stratified according to ethnicity, thresholds for
severe AS in Caucasian patients were, respectively, in men and women,
curve (AUC) according to aortic valve calcification (AVC) and AVC density
Vs). ROC curves for AVC are presented in panels a (all men), c (all women), e
for AVCd, they are presented in panels b (all men), d (all women), f (Caucasian



Table 2
Sex-specific thresholds for severe AVC and AVCd in patients with a BAV and in subgroups according to ethnicity

Ethnicity Sex AVC Sex AVCd

Clavel et al.8

(mainly TAV cohort)
Present study
(BAV cohort)

Clavel et al.8

(mainly TAV cohort)
Present study
(BAV cohort)

All Men (n ¼ 234) AUC 0.90 0.89 Men (n ¼ 234) AUC 0.92 0.93
Threshold 2065 2315 Threshold 476 561

Se/Spe/CC (%) 89/80/83 82/78/81 Se/Spe/CC (%) 90/80/87 86/91/86
Women (n ¼ 157) AUC 0.91 0.85 Women (n ¼ 157) AUC 0.93 0.88

Threshold 1274 1103 Threshold 292 301
Se/Spe/CC (%) 86/89/75 80/82/80 Se/Spe/CC (%) 92/81/83 83/82/83

Caucasians Men (n ¼ 47) AUC 0.90 0.90 Men (n ¼ 47) AUC 0.92 0.93
Threshold 2065 2208 Threshold 476 474

Se/Spe/CC (%) 89/80/81 83/83/83 Se/Spe/CC (%) 90/80/83 88/83/85
Women (n ¼ 32) AUC 0.91 0.83 Women (n ¼ 32) AUC 0.93 0.84

Threshold 1274 1230 Threshold 292 358
Se/Spe/CC (%) 86/89/75 87/82/84 Se/Spe/CC (%) 92/81/78 80/82/81

Asians Men (n ¼ 187) AUC 0.90 0.84 Men (n ¼ 187) AUC 0.92 0.88
Threshold 2065 2582 Threshold 476 640

Se/Spe/CC (%) 89/80/84 76/78/77 Se/Spe/CC (%) 90/80/88 82/89/82
Women (n ¼ 125) AUC 0.91 0.82 Women (n ¼ 125) AUC 0.93 0.87

Threshold 1274 924 Threshold 292 255
Se/Spe/CC (%) 86/89/75 84/80/83 Se/Spe/CC (%) 92/81/84 86/80/86

Abbreviations: AUC, area under the curve; AVC, aortic valve calcification; AVCd, aortic valve calcification density; BAV, bicuspid aortic valve; CC, overall correct
classification; Se, sensitivity; Spe, specificity; TAV, tricuspid aortic valve.
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2208 AU (Se/Spe¼ 83/83%) and 1230 AU (Se/Spe¼ 87/82%) for AVC
and 474 AU/cm2 (Se/Sp ¼ 88/83%) and 358 AU/cm2 (Se/Spe ¼ 80/
82%) for AVCd. In Asian patients, thresholds for men and
women were, respectively, 2582 AU (Se/Spe ¼ 76/78%) and 924 AU
(Se/Spe ¼ 84/80%) for AVC and 640 AU/cm2 (Se/Spe ¼ 82/89%) and
255 AU/cm2 (Se/Spe ¼ 86/80%) for AVCd. Compared to thresholds
found by Clavel et al.8 in a cohort of mostly TAV Caucasian patients,
our study shows that Caucasian patients with a BAV had similar AVC
(2208 vs. 2065 AU in men and 1230 vs. 1274 AU in women) and AVCd
thresholds (474 vs. 476 AU/cm2 in men and 358 vs. 292 AU/cm2 in
women). In Asian patients, men with a BAV had higher AVC (2582 vs.
2065 AU) and AVCd (640 vs. 476 AU/cm2) thresholds vs. those re-
ported by Clavel et al.8 On the other hand, in Asian women with a
BAV, the threshold for severe AVC was lower (924 vs. 1274 AU) than
the one from the study by Clavel et al.8 However, the AVCd threshold
was similar (255 vs. 292 AU/cm2).
Figure 2. Prevalence of severe AVC and severe AVCd according to optimal thre
concordant grading severe AS (panel a, n ¼ 337) or discordant grading of AS s
Clavel et al.8 were, respectively, 2065 AU and 476 AU/cm2 in men and 1274 AU and
BAV patients were, respectively, of 2315 AU and 561 AU/cm2 in men and 1103 AU
Abbreviations: AVC, aortic valve calcification; AVCd, aortic valve calcification densi

5

Prevalence of Severe AVC and Severe AVCd According to Optimal
Thresholds in Case of Concordant or Discordant AS Grading

In the 391 patients with concordant grading of AS severity, 337 pa-
tients had hemodynamically severe AS. In those 337 patients, AVC and
AVCd thresholds by Clavel et al.8 (AVC: 2065 AU in men and 1274 AU in
women; AVCd: 476 AU/cm2 in men and 292 AU/cm2 in women) clas-
sified, respectively, 81% and 87% of patients as severe (AVC vs. AVCd,
p ¼ 0.0002), whereas those of the present study (AVC: 2315 AU in men
and 1103 AU in women; AVCd: 561 AU/cm2 in men and 301 AU/cm2 in
women) identified 80% and 84% of patients as severe (AVC vs. AVCd, p¼
0.004) (Figure 2, panel a). The prevalence of severe AS was higher with
AVCd than with AVC.

In the subset of 94 patients with discordant grading of AS, AVC
identified 36% and 37% (p ¼ 1.00) of patients with severe AS using
thresholds proposed by Clavel et al.8 vs. those proposed in the present
sholds by Clavel et al.8 and by Shen et al. [present study] in patients with
everity (panel b, n ¼ 94) at echocardiography. AVC and AVCd thresholds by
292 AU/cm2 in women. AVC and AVCd thresholds found in the present study in
and 301 AU/cm2 in women.
ty.
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study, while AVCd identified 43% vs. 36% (p¼ 0.03) patients with severe
AS (Figure 2, panel b).

Discussion

The main findings of this study were as follows: (1) Sex-specific
thresholds of AVC and AVCd previously established by Clavel et al.8 in
a population predominantly composed of Caucasian patients with a TAV
showed good accuracy (i.e., >80% overall CC) to identify hemodynam-
ically severe AS in patients with a BAV, (2) Optimal thresholds of AVC
and AVCd obtained in the present study were overall similar in Caucasian
men and women, but higher in Asian men compared to thresholds pre-
viously reported by Clavel et al.8 for TAV patients, (3) Asian women had
lower AVC but similar AVCd compared to thresholds reported by Clavel
et al.,8 and (4) Diagnostic accuracy was slightly better for AVCd vs. AVC
in the present cohort of BAV patients.

AVC and AVCd by CT as a Tool to Confirm AS Severity

AS severity is routinely assessed by echocardiography in clinical
practice, and accurately assessing the true severity of AS is of utmost
importance to determine the need for aortic valve replacement.6 How-
ever, discordant grading of AS severity on echocardiographic exam is
found in approximately 30% of patients with AS and, in the absence of
measurement errors, is related to a low flow state (stroke volume index
<35 mL/m2) or inherent inconsistencies between Doppler echocardiog-
raphy hemodynamic parameters.7,15 Measurement of AVC by CT has
emerged in the recent years as a simple and accurate method to confirm
AS severity and has since been included in the European guidelines for
the management of AS.16 Sex-specific AVC and AVCd thresholds for se-
vere AS have been developed, validated, and found to be strongly asso-
ciated with clinical outcomes.8,10,17

However, previous studies, in which thresholds have been established
and validated, consisted mainly of patients with a TAV and mainly of
Caucasians.8,10 Our study extends the thresholds previously reported by
Clavel et al.,8 to identify severe AS in patients with a BAV. This analysis is
important and relevant because subjects with a BAV generally present
AVC at a younger age and with more severe AVC than those with a TAV.4

Also, some patients with a BAV might present with significant AS but
with no or few calcifications, such as younger women with a BAV.11

In this study, we found that AVC and AVCd thresholds proposed by
Clavel et al.8 and included in the European guidelines showed reasonably
good accuracy (>80%) to identify severe AS in patients with a BAV,
suggesting that these thresholds can also be applied clinically in the BAV
population. In Caucasian women, the AVCd threshold appeared to be
higher than the one reported by Clavel et al.,8 but this result should be
interpreted with caution because this subset includes a small number (n
¼ 32) of patients.

Compared to absolute AVC, AVCd generally provided slightly better
CC of AS severity in this BAV cohort and, especially, in Asian women.
This superiority of AVCd vs. AVC may be related to the fact that AVCd
takes into account the interindividual variability in the aortic annulus
area, which may be particularly important between women vs. men,
Asians vs. Caucasians, and BAV vs. TAV. It thus appears preferable to use
the AVCd rather than AVC in the BAV population as well as in the Asian
population, which presents with important interindividual variability in
the aortic annulus area and thus of calcium density for a given absolute
calcium score.

Severe AVC and AVCd Thresholds According to Valve Phenotype, Sex, and
Ethnicity

Few studies have examined the accuracy and thresholds of AVC and
AVCd to identify severe AS in the BAV population. In a Korean popu-
lation with BAV, Choi et al.18 found a threshold of 2573 AU (AUC ¼
0.80, Se/Spe ¼ 73/82%) in men and 1423 AU (AUC ¼ 0.80, Se/Spe ¼
6

68/91%) in women to define severe AS in BAV patients. These
thresholds are consistent with what we found in Asian men but are
higher than what we found in Asian women. The difference in our
findings vs. those reported by Choi et al.18 may be related to the fact
that they included patients with mixed aortic valve disease, whereas we
only included patients with AS. In a Chinese population with a BAV,
Ren et al.19 found a threshold of 897 AU to be associated with severe AS
(AUC ¼ 0.86, Se/Spe ¼ 87/72%). However, they did not differentiate
between the sexes, they did not provide thresholds for AVCd, and they
included patients with aortic regurgitation and with mixed aortic valve
disease. Potential mechanisms that might explain the higher degree of
calcification in the BAV vs. TAV, and particularly in men, are under-
lying genetic mutations, such as those found in the NOTCH1 gene.
Indeed, NOTCH1 has been associated not only with the development of
BAV, but also with AS and accelerated calcification of the aortic
valves.20 Also, mechanical stresses imposed on the aortic valve leaflets
are more important in the BAV than in the TAV due to eccentricity of
the aortic valve jet, which might contribute to accelerate the calcifi-
cation process.21,22

Ethnic-Related Differences in Patients With AS and/or With a BAV

Jilaihawi et al.23 reported that among patients undergoing TAVR,
Chinese patients had a higher degree of calcification than Caucasian
patients. The reason explaining this finding is still unclear as the
Chinese patients in this previous study were younger and had fewer
risk factors and comorbidities than the Caucasians. Interestingly, they
also found that a BAV was more frequent in Chinese patients under-
going TAVR (almost 50% in their TAVR series) than in Caucasian
TAVR series (<2-10%). Another study by Liu et al.24 reported a higher
prevalence of BAV in Chinese people, where among 14,530 Chinese
children, there was a prevalence of 7.9% for BAV. In the present
study, we found that the optimal thresholds of both AVC and AVCd to
identify hemodynamically severe AS were higher in Asian men with a
BAV than those in Caucasian men with a BAV and those previously
reported by Clavel et al.8 for Caucasian men. On the other hand, in
Asian women, the AVC threshold was lower than in Caucasian women
with a BAV or with a TAV, but this difference was no longer present
when using AVCd. Taken together, these findings suggest that there
may be ethnic differences in the occurrence of BAV as well as in the
pathways leading to the development of calcification, especially in
men. Further studies are needed to investigate these potential dif-
ferences in the aortic valve calcific processes between Asian vs.
Caucasian populations.

Study Limitations

First, the vast majority of patients included in this study, especially
the Asian patients, presented with severe AS. Second, several subgroup
analyses were based on a small number of patients. Also, this study only
included patients of Caucasian or Asian ethnicity. Our findings can thus
not be extended to patients of Hispanic or African-American ethnicity,
and further studies focused on these ethnicities are needed.

Not all 7 centers used the same CT scanners to measure AVC, although
the majority of them used scanners from Siemens, and all centers
measured AVC using the Agatston method. However, according to a
multicenter study, the type of scanner used has no or minimal effect on
the results of AVC.10

The threshold values of AVC and AVCd were established in the subset
of patients with concordant grading of AS severity at echocardiography.
There is no way to ascertain that these thresholds established in
concordant grading cases are also valid in the patients with discordant
grading cases. However, discordant grading is, in the vast majority of
cases, related to the presence of low-flow state, and the main advantage
of AVC and AVCd is precisely that these parameters are independent of
flow and other hemodynamic conditions. Therefore, it is unlikely that
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AVC and AVCd would perform differently or that their threshold values
would differ in concordant vs. discordant grading cases.

Conclusion and Clinical Implications

The optimal thresholds of AVC and AVCd to identify hemodynamically
severe AS obtained in BAV patients are similar in Caucasian men and
women but higher in Asian men compared to those previously reported by
Clavel et al.8 in a population predominantly composed of Caucasian patients
with a TAV. Furthermore, the overall accuracy obtained with AVCd was
better than the one with AVC in this BAV population.

Although this study suggests that Asian men with a BAV may have a
higher AVC burden for a given degree of AS hemodynamic severity, the
AVC and AVCd thresholds currently proposed in the guidelines none-
theless appear to have overall good accuracy (>80% CC) to identify se-
vere AS in the BAV population. Furthermore, given the important
interindividual variability in aortic annulus size, it may be preferable to
use the AVCd rather than the AVC to confirm AS severity in the BAV
population and, particularly, in Asian women. The application of CT-
derived AVC and AVCd may be particularly useful in patients with a
BAV who present with discordant grading of AS hemodynamic severity
on echocardiography.
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