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ABSTRACT

BACKGROUND Calcium scoring from noncontrast computed tomography (CT) is used clinically to adjudicate aortic 
stenosis severity in patients with discordant echocardiography.

OBJECTIVES The aim of this study was to investigate whether quantification of aortic valve calcium volume from 

computed tomography angiography (CTA) can provide robust diagnostic discrimination of disease severity and inform 

risk stratification of patients with aortic stenosis.

METHODS Patients with mild to severe aortic stenosis who underwent concurrent CTA and echocardiography were 
included in a retrospective international multicenter observational cohort study. Accuracy of aortic valve calcium volume 
to diagnose severe aortic stenosis in patients with concordant disease on echocardiography was assessed. Association of 
aortic valve calcium volume with the incidence of aortic valve replacement or all-cause death was investigated.

RESULTS The study included 1,521 patients (mean age: 74 ± 10 years; 44% female; median peak aortic jet velocity: 
3.8 m/s [Q1-Q3: 3.1-4.5 m/s]). Indexed aortic valve calcium volume correlated with peak aortic jet velocity (ρ = 0.723; 
P < 0.001) and noncontrast CT calcium score (ρ = 0.896; P < 0.001). In the derivation cohort (n = 689), sex-specific 
thresholds for indexed calcium volume (men: 122 mm 3 /cm 2 ; women: 61 mm 3 /cm 2 ) provided excellent diagnostic 
discrimination for severe aortic stenosis (C-statistic: 0.900 for men; 0.926 for women). Similar diagnostic discrimination 
was observed in the validation cohort (n = 459; C-statistic: 0.933 for men; 0.944 for women). Clinical outcomes were 
available in 711 patients (25% with discordant echocardiography), with 249 reaching the primary endpoint after
26 months (Q1-Q3: 12-53 months). Indexed calcium volume thresholds were independently associated with aortic valve 
replacement or all-cause mortality in both the cohort as a whole (HR: 2.01 [95% CI: 1.30-3.10]; P < 0.01) and those with 
discordant echocardiography (HR: 1.58 [95% CI: 1.01-2.44]).

CONCLUSIONS In patients with aortic stenosis, indexed aortic valve calcium volume from CTA provides accurate 
discrimination of disease severity and additive prognostic information. This technique can be easily applied to patients 
undergoing CTA for transcatheter aortic valve replacement or coronary artery evaluation without the need for a 
separate noncontrast CT scan. (JACC Cardiovasc Imaging. 2026;19:210–221) © 2026 The Authors. Published by Elsevier 
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
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A ortic stenosis is a prevalent potentially life-threatening condition in which progressive 
fibrocalcific changes within the valve cusps 

lead to valve stiffening and obstruction. 1-3 It remains 
one of the last major cardiovascular conditions 
without effective disease-modifying medical ther-
apy, and timely referral of patients with severe symp-
tomatic stenosis for aortic valve replacement is 
essential to prevent adverse clinical events. 4 Echo-
cardiography is the principal imaging modality for 
assessment of aortic stenosis severity but has several 
limitations, with dynamic measures of stenosis 
severity dependent on hemodynamic state and trans-
aortic flow, leading to discordant measurements in 
up to one-third of patients. 5 This leads to diagnostic 
uncertainty, delays in management, and potentially 
adverse clinical outcomes.
Noncontrast computed tomography (CT) aortic 

valve calcium scoring is an established adjunct to 
echocardiography when measures of disease severity 
are discordant. It provides an anatomic, flow-
independent, quantitative measure of valvular 
calcium which has been validated against echocar-
diography and is well suited for prediction and 
monitoring of disease progression. 5-7 However, the 
unenhanced scan technique provides limited 
anatomic information about valve morphology and 
exact distribution of calcium, which can lead to po-
tential measurement errors. There is increasing in-
terest in quantifying aortic valve calcium from

computed tomography angiography (CTA),
the reference imaging modality for trans-
catheter aortic valve replacement 8 and
widely used for the assessment of coronary
artery disease. 9 This approach would allow
for more accurate anatomic assessment, and
would obviate the need for a dedicated noncontrast 
CT scan in patients already undergoing CTA. The 
present study aimed to investigate the clinical utility 
of aortic valve calcium volume quantified by CTA in 
an international multicenter registry of patients with 
aortic stenosis. Specifically, we sought to establish 
and validate indexed aortic valve calcium volume 
thresholds and to determine their ability to arbitrate 
disease severity and to inform the occurrence of 
future clinical events.

METHODS

STUDY DESIGN AND STUDY POPULATION. This is a
retrospective multicenter observational cohort 
study. International centers (Supplemental Table 1) 
contributed clinical, echocardiographic, and CT data 
from patients with at least mild nonrheumatic 
valvular aortic stenosis (defined as peak aortic jet 
velocity $2.0 m/s and mean gradient <20 mm Hg 10 ) 
into a multicenter registry. Patients with a history of 
aortic valve replacement were excluded. Patients 
were required to have undergone echocardiography 
and contrast-enhanced cardiac CT within 3 months

ABBR EV I A T I ON S 

AND ACRONYMS

CT = computed tomography

CTA = computed tomography
angiography
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between 2002 and 2023. Centers contributed data 
from prospective clinical research studies, or from 

patients undergoing cardiac CT for clinical in-
dications. Clinical indications to perform cardiac CT 
included evaluation of coronary artery disease or 
aortic stenosis, and preoperative evaluation before 
aortic valve replacement. Informed consent 
(including data sharing) and institutional review 

board approval were obtained for patients who had 
taken part in research studies. All CT scans were 
deidentified before transfer to the core laboratory 
(University of Edinburgh). Data analysis was per-
formed between January and August 2024. The study 
was conducted in accordance with the Declaration of 
Helsinki. This report adheres to the STROBE 
(Strengthening the Reporting of Observational 
Studies in Epidemiology) reporting guidelines 
(Supplemental Table 2).

CLINICAL AND IMAGING DATA. An online data
collection form with requisite clinical information 
was completed by each participating site and 
included age, sex, cardiovascular risk factors, medi-
cal history, and outcome data where available. 
Echocardiography. Echocardiography was performed 
locally according to international guidelines 11-13 and 
included peak aortic jet velocity, mean gradient, aortic 
valve area (continuity equation), left ventricular 
ejection fraction, and indexed stroke volume. On the 
basis of these measures, patients were categorized as 
follows: 10,14 1) concordant severe aortic stenosis; 2) 
concordant nonsevere aortic stenosis; 3) discordant 
low-flow, low-gradient aortic stenosis with reduced 
ejection fraction; 4) discordant low-flow, low-gradient 
aortic stenosis with preserved ejection fraction; 5) 
discordant normal-flow, low-gradient aortic stenosis; 
and 6) discordant normal-flow, high-gradient aortic 
stenosis (Supplemental Figure 1).
Noncontrast CT aortic valve calcium scoring. Noncontrast 
CT scans were performed at the discretion of the 
attending clinician and available in a subgroup of the 
total study population. All scans were gated from 

70% to 80% of the R-R interval, with a tube current of 
40 to 1,350 mA and a voltage of 120 kV. Image data 
were reconstructed using a slice thickness of 3 mm. 
The aortic valve calcium score was quantified as 
described previously 15 (Figure 1A). Severe calcifica-
tion was defined as a calcium score >1,200 Agatston 
Units (AU) in women and >2,000 AU in men. 10,14 

CTA. All centers performed electrocardiography-
gated contrast-enhanced CT angiograms acquired in

diastole with the aortic valve in a closed position 
using tube current of 250-850 mA and a voltage of 
100-120 kV. Image data were reconstructed with a 
slice thickness of 0.6-0.75 mm. Imaging was per-
formed on a range of different scanners (Supple-
mental Table 1).

CALCIUM VOLUME ANALYSIS. Aortic valve calcium
volume analysis was performed in the core laboratory 
by 2 experienced readers (J.G., K.G.) blinded to the 
clinical, echocardiographic, and outcome data. The 
computation of aortic valve calcium volume was 
performed using a diastolic phase (70% R-R interval) 
of contrast-enhanced CT using a semiautomated 
software (ValveQuant module, Autoplaque version 
2.5; Cedars-Sinai Medical Center) for scan-specific 
thresholding and identification of calcific tissue 
within the aortic valve region of interest using an 
integrated Gaussian mixture model as described 
previously. 16-18 The analysis (∼5 minutes per scan) 
includes the following steps: 1) orientation of the CT 
scan into the annular plane; 19 2) incorporation of the 
entire aortic valve from the annular plane to origin of 
the right coronary artery; 3) automated division of 
the volume of interest into 5 slices, allowing manual 
adjustment to exclude calcific tissue arising from 

nonvalvular structures; and 4) automated identifi-
cation and calculation of all tissue above the calcium 

threshold (based on the integrated Gaussian mixture 
model, setting a threshold of 99.7 percentile of blood 
pool CT attenuation) (Figure 1B). To account for dif-
ferences in valve size, the calcium volume was 
indexed to the annulus area (indexed aortic valve 
calcium volume).

REPEATABILITY. Intraobserver repeatability of 
indexed aortic valve calcium volume was assessed on 
50 random and anonymized CT scans by the same 
observer (J.G.) on 2 occasions at least 4 weeks apart 
in random order to minimize recall bias. To evaluate 
interobserver repeatability, 50 scans were indepen-
dently analyzed by 2 trained observers (J.G., K.G.) 
4 weeks apart.

CLINICAL OUTCOMES. The primary endpoint was 
defined as the time to first event of aortic valve 
replacement (transcatheter or surgical) or all-cause 
death. Decisions regarding valve intervention were 
made by the local multidisciplinary team according 
to international clinical guidelines, 10,14 blinded to the 
result of the indexed aortic valve calcium volume. 
Patients in whom a decision to proceed to valve
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replacement was already made at time of CT imaging 
were excluded from the outcome analysis.

STATISTICAL ANALYSIS. Continuous variables are 
presented as mean ± SD or median (Q1-Q3) as 
appropriate. Categorical variables are expressed as 
counts and percentages. Comparison of continuous 
variables was performed using an independent sam-
ples Student’s t-test or Mann-Whitney U test as 
appropriate; categorical variables were evaluated 
using the chi-square test. Intraobserver and interob-
server repeatability were assessed using intraclass 
correlation coefficient (2-way agreement model) and 
Bland-Altman analysis. Correlations between 
continuous variables were assessed with linear 
regression analysis and either Pearson r or Spearman 
ρ, and interpreted as follows: correlation coefficients 
of <0.20 were categorized as very weak, 0.20 
to <0.40 were categorized as weak, 0.40 to <0.60 
were categorized as moderate, 0.60 to <0.80 were

categorized as strong, and 0.80 to 1.00 were catego-
rized as very strong.
For derivation and validation of optimal thresh-

olds to diagnose severe aortic stenosis, all patients 
with concordant echocardiographic grading from 

each center were split into 2 groups based on scan 
dates (Supplemental Figure 2). The earlier scan dates 
were included in the derivation cohort (60%), and the 
later in the validation cohort (40%). Receiver-
operating characteristic curve analysis was used to 
determine optimal indexed aortic valve calcium vol-
ume thresholds with sensitivity and specificity to 
identify severe aortic stenosis. Discriminatory per-
formance of different parameters was compared 
using the DeLong method.
Kaplan-Meier curves and log-rank tests of the time 

to the primary endpoint were used to compare sur-
vival according to indexed aortic valve calcium vol-
ume. Univariable and multivariable Cox proportional 
hazards regression analyses were used to determine

FIGURE 1 Quantification of Aortic Valve Calcification by CT

Non-contrast CT Calcium ScoreA B CT Angiogram-derived Calcium Volume

Aortic valve calcium quantified by (A) noncontrast CT calcium score and (B) CT angiogram–derived calcium volume in a male patient with moderate aortic stenosis on 
echocardiography, with a calcium score of 1,620 AU and calcium volume indexed to annulus area of 110 mm 3 /cm 2 ; both modalities confirm nonsevere disease.
AU = Agatston Units; CT = computed tomography.
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associations between the indexed aortic valve cal-
cium volume, clinical characteristics, and the pri-
mary endpoint. The proportional hazards assumption 
was tested by plotting Schoenfeld residuals. The 
multivariable Cox proportional hazards model was 
adjusted for variables significantly associated (ie; P < 
0.05) with the primary endpoint on univariate anal-
ysis, and known risk factors. To achieve normal dis-
tribution, we applied log 2 transformation for aortic 
jet velocity. To assess potential differences between 
sex and the indexed aortic valve calcium volume, an

interaction term was included in the multivariable 
Cox model. A 2-sided value of P < 0.05 was consid-
ered statistically significant. Statistical analyses were 
performed using SPSS (version 29.0.1.0, IBM) and R 
studio (version 2023.12.0, Posit).

RESULTS

STUDY POPULATION. A total of 1,672 patients were 
recruited from 14 international centers; of these, 151 
(9%) were excluded due to inadequate image quality

TABLE 1 Characteristics of the Study Cohort

All
(N = 1,521)

Men 
(n = 851)

Women 
(n = 670)

Concordant
Discordant Low-Flow, 

Low-Gradient Discordant Normal-Flow

Nonsevere 
(n = 487)

Severe 
(n = 661)

LVEF <50% 

(n = 77)
LVEF $50% 

(n = 140)
Low Gradient 
(n = 125)

High Gradient 
(n = 31)

Clinical
Age, y 74 ± 10 73 ± 11 75 ± 10 71 ± 11 76 ± 10 78 ± 8 78 ± 9 74 ± 10 70 ± 12 
Male 56 100 0 63 50 62 56 46 77 
Body mass index, kg/m 2 26 ± 5 26 ± 5 26 ± 5 26 ± 5 26 ± 5 27 ± 4 27 ± 5 25 ± 5 26 ± 5 
Race
Hispanic 0.6 0.5 0.7 1 0.3 0 0 0.8 3.2 
White 54 55 52 39 58 91 82 39 39 
Black 0.3 0.1 0.4 0.2 0.5 0 0 0 0 
Asian 44 43 45 59 40 8 16 59 55 
Unknown 1.7 1.5 1.9 1.8 1.8 1.3 1.4 0.8 3.2 

Heart rate, beats/min 66 ± 13 64 ± 10 68 ± 14 65 ± 13 66 ± 12 75 ± 23 68 ± 17 65 ± 9 65 ± 11 
Hypertension 71 71 71 70 70 78 81 66 71 
Hyperlipidemia 52 51 53 45 56 69 66 34 42 
Diabetes mellitus 29 30 27 27 30 39 29 27 19 
Current or ex-smoker 31 43 12 31 24 58 49 30 43 
Coronary artery disease 27 29 23 18 32 68 49 15 13 
Bicuspid aortic valve 16 17 15 13 22 7 12 17 10

Echocardiography
Peak velocity, m/s 3.8

(3.1-4.5)
3.8 

(3.0-4.4) 
4.0

(3.1-4.6)
2.8

(2.5-3.2)
4.6

(4.2-5.0)
3.2

(2.8-3.6)
3.5

(2.2-3.7)
3.6

(3.3-3.8)
4.2 

(4.1-4.5) 
Mean gradient, mm Hg 35

(21-48)
33 

(20-46) 
39

(23-50)
18

(13-24)
50

(43-61)
26

(20-33)
29

(24-35)
30

(24-35)
43 

(39-47) 
Aortic valve area, cm 2 0.83

(0.66-1.14)
0.88 

(0.70-1.20) 
0.80

(0.62-1.03)
1.30

(1.14-1.55)
0.68

(0.55-0.79)
0.78

(0.65-0.85)
0.80

(0.65-0.87)
0.86

(0.78-0.92)
1.09 

(1.01-1.22) 
Aortic valve area index, 
cm 2 /m 2

0.46
(0.36-0.64)

0.46 
(0.37-0.64) 

0.46
(0.36-0.64)

0.74
(0.63-0.89)

0.38
(0.31-0.44)

0.41
(0.32-0.45)

0.40
(0.35-0.46)

0.51
(0.45-0.56)

0.63 
(0.52-0.71) 

Stroke volume index, mL/m 2 42
(35-50)

42 (35-49) 43
(35-52)

45
(38-52)

43
(36-50)

25
(22-30)

29
(25-32)

42
(38-48)

55 
(46-67) 

LVEF, % 60 (55-65) 60 (55-63) 60 (56-65) 60 (58-65) 60 (55-65) 35 (30-42) 60 (55-63) 62 (59-65) 64 (58-68)
Computed tomography 
Calcium score, AU a 1,620

(876-2,964)
1,916

(1,046-3,366)
1,306

(616-2,320)
878

(415-1,447)
2,941

(1,832-4,291)
1,922 

(1,276-3,062) 
1,649

(1,034-2,448)
1,066

(650-1,853)
2,434

(1,014-3,842)
Calcium volume, mm 3 432

(151-915)
557

(236-1,095)
292

(86-644)
148

(50-336)
828

(464-1,437)
467 

(242-990) 
362

(168-684)
212

(106-478)
599

(329-1,167)
Indexed calcium volume, 
mm 3 /m 2 

101 (39-199) 120 (52-224) 82 (26-171) 37 (13-75) 194 (115-313) 96 (56-166) 87 (44-150) 57 (28-103) 132 (80-203)

Calcium volume/body 
surface area, mm 3 /m 2

236
(86-492)

295
(126-580)

175
(53-376)

82
(30-176)

461
(265-768)

252
(117-484)

193
(92-337)

126
(60-264)

317
(199-482)

Values are %, mean ± SD, or median (Q1-Q3), unless otherwise indicated. a Calcium score data available for 969 patients. 
AU = Agatston Units; LVEF = left ventricular ejection fraction.
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(Supplemental Figure 2). The study population 
(N = 1,521) had a mean age of 74 ± 10 years; 44% were 
female. The median aortic peak velocity was 3.8 m/s 
(Q1-Q3: 3.1-4.5 m/s), and the median valve area was 
0.83 cm 2 (Q1-Q3: 0.66-1.14 cm 2 ). Concordant echo-
cardiographic grading was present in 1,148 (76%) 
patients, of whom 661 (58%) had severe disease 
(Table 1).
In multivariable analysis, male (β = 51.2 [95% CI: 

36.1-66.3]; P < 0.001), older age (β = 3.0 [95% CI: 2.3-
3.8]; P < 0.001), coronary artery disease (β = 40.2 
[95% CI: 22.6-57.8]; P < 0.001), bicuspid aortic valve 
(β = 96.4 [95% CI: 75.5-117.3]; P < 0.001), and 
left ventricular ejection fraction (β = − 1.3 
[95% CI: − 2.1 to − 0.5]; P = 0.003) were indepen-
dently associated with indexed aortic valve calcium 

volume (Supplemental Table 3).
Sensitivity analysis showed differences in clinical 

characteristics and valve morphology between White 
and Asian patients, with White patients having more 
comorbidities and Asian patients having a higher 
prevalence of bicuspid aortic valve disease (Supple-
mental Table 4). However, ethnicity was not an in-
dependent predictor of aortic valve calcium volume 
(Supplemental Table 5), indicating that it does not 
directly influence calcification burden.

REPEATABILITY OF INDEXED AORTIC VALVE CAL-

CIUM VOLUME ANALYSIS. The indexed aortic valve 
calcium volume demonstrated excellent intra-
observer and interobserver repeatability with corre-
lation coefficients of 0.998 and 0.996, respectively. 
There were tight limits of agreement and no fixed 
or proportional biases (Supplemental Table 6, 
Supplemental Figure 3).

PATIENTS WITH CONCORDANT GRADING ON

ECHOCARDIOGRAPHY. In 1,148 patients with 
concordant aortic stenosis, the indexed aortic valve 
calcium volume was 110 mm 3 /cm 2 (Q1-Q3: 38-
225 mm 3 /cm 2 ), and this was higher in those with se-
vere disease (194 mm 3 /cm 2 [Q1-Q3: 115-313 mm 3 /cm 2 ] 
vs 37 mm 3 /cm 2 ; [Q1-Q3: 13-75 mm 3 /cm 2 ]; P < 0.001) 
and men (234 mm 3 /cm 2 [Q1-Q3: 145-363 mm 3 /cm 2 ] vs 
154 mm 3 /cm 2 [Q1-Q3: 93-254 mm 3 /cm 2 ]; P < 0.001) 
(Supplemental Figure 4). It correlated strongly with 
echocardiographic measures of stenosis severity and 
very strongly with noncontrast CT calcium score 
(Supplemental Table 7, Supplemental Figure 5).

The derivation cohort consisted of 689 patients; of 
these, 60% had severe disease on echocardiography 
(Supplemental Table 8). The optimal indexed aortic 
valve calcium volume threshold for severe aortic ste-
nosis was 122 mm 3 /cm 2 in men and 61 mm 3 /cm 2 in 
women (Supplemental Table 9), providing excellent 
diagnostic discrimination for severe aortic stenosis 
(C-statistic: 0.900 in men; 0.926 in women). A total of 
387 patients also had noncontrast CT aortic valve 
calcium scores available, and the diagnostic discrim-
inations were similar: C-statistic 0.887 for indexed 
calcium volume compared with 0.871 for calcium 

score in men, and 0.934 for indexed calcium volume 
compared with 0.922 for calcium score in women 
(Supplemental Table 9). Sensitivity analysis showed 
that nonindexed aortic valve calcium volume thresh-
olds for severe aortic stenosis were 619 mm 3 in men 
and 273 mm 3 in women. Nonindexed calcium volume 
demonstrated worse diagnostic discrimination for 
severe aortic stenosis in men (C-statistic: 0.890; 
P deLong = 0.014) than the indexed calcium volumes but 
performed comparably in women (C-statistic: 0.922; 
P deLong = 0.250). Based on this finding, outcome ana-
lyses were conducted using indexed calcium volume 
only (results of nonindexed volumes can be found in 
the Supplemental Tables 10 and 11).
The validation cohort included 459 patients with 

246 (54%) having severe disease (Supplemental 
Table 12). The optimal thresholds from the derivation 
cohort performed equally well with a sensitivity of 
83% and specificity of 87% in men (C-statistic: 0.933), 
and a sensitivity of 87% and specificity of 91% in 
women (C-statistic: 0.944) (Supplemental Table 9). 
The optimal indexed aortic valve calcium volume 
thresholds determined in the validation cohort were 
identical in men (122 mm 3 /cm 2 ) and nearly identical 
in women (67 mm 3 /cm 2 ). Sensitivity analysis showed 
that the optimal thresholds from the derivation 
cohort for nonindexed calcium volume performed 
similarly to indexed volumes in men (C-statistic: 
0.926, P deLong = 0.222) with a sensitivity of 77% and 
specificity of 86%, and in women (C-statistic: 0.935, 
P deLong = 0.067) with sensitivity of 83% and speci-
ficity of 91%.

CLINICAL OUTCOMES. After exclusion of patients 
already referred for valve intervention (n = 629) and 
those with no available outcome data (n = 181), 711
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(47%) patients were followed for a median of 
26 months (Q1-Q3: 12-53 months). In total, 249 (35%) 
patients experienced the primary endpoint: 152 pa-
tients underwent aortic valve replacement and 97

died. These patients were older, were more likely to 
be male, had more severe aortic stenosis by echo-
cardiography, and had higher indexed aortic valve 
calcium volume (Table 2).

TABLE 2 Patient Characteristics According to the Primary Endpoint

All 
(N = 711)

Primary Endpoint Reached 
(n = 249)

No Primary Endpoint 
(n = 462) P Value

Age, y 73 ± 10 74 ± 9 72 ± 11 0.016
Male 60 68 56 0.001
Body mass index, kg/m 2 26 ± 5 27 ± 6 26 ± 5 0.003
Hypertension 70 74 67 0.088
Hyperlipidemia 40 47 37 0.007
Diabetes mellitus 27 30 26 0.160
Current or ex-smoker 32 38 29 0.020
Coronary artery disease 20 21 19 0.523
Bicuspid aortic valve 14 12 16 0.178
Peak velocity, m/s 3.3 (2.7-4.0) 3.6 (3.1-4.1) 3.1 (2.6-3.8) <0.001
Mean gradient, mm Hg 24 (16-37) 30 (21-40) 21 (15-33) <0.001
Aortic valve area, cm 2 1.03 (0.80-1.35) 0.90 (0.74-1.16) 1.14 (0.84-1.43) <0.001
Stroke volume index, mL/m 2 43 (36-50) 41 (34-48) 44 (37-52) <0.001
LVEF, % 60 (58-65) 60 (57-63) 62 (59-66) <0.001
Discordant aortic stenosis 22 29 18 <0.001
Calcium score, AU a 1,220 (671-2,126) 1,688 (952-2,825) 1,060 (570-1,761) <0.001
Indexed calcium volume, mm 3 /cm 2 56 (22-128) 90 (38-174) 41 (15-98) <0.001

Values are mean ± SD, %, or median (Q1-Q3), unless otherwise indicated. Bold indicates significant P values. a Calcium score data available in 526 patients. 
Abbreviations as in Table 1.

FIGURE 2 Association Between Aortic Valve Replacement or Death and Sex-Specific CT Angiogram–Derived Indexed Aortic Valve 
Calcium Volume Thresholds in Patients With Aortic Stenosis
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Kaplan-Meier curves demonstrating event-free survival using the sex-specific CT angiogram–derived indexed aortic valve calcium volume 
(61 mm 3 /cm 2 in women and 122 mm 3 /cm 2 in men) thresholds. Severe calcification was associated with adverse prognosis compared with 
nonsevere calcification, both in the total study cohort (log-rank P < 0.001) (A) and in a subgroup of patients with discordant echocardio-
graphic measures of aortic stenosis disease severity (log-rank P = 0.044) (B). Abbreviation as in Figure 1.
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On multivariable analysis, severe indexed aortic 
valve calcium volume was associated with an 
increased likelihood of aortic valve replacement or 
death (HR: 2.01 [95% CI: 1.30-3.10]; P < 0.01) 
(Figure 2, Supplemental Table 10). No interaction was 
observed between sex and the indexed aortic valve 
calcium volume on the primary endpoint
(P interaction = 0.22).

PATIENTS WITH DISCORDANT GRADING ON

ECHOCARDIOGRAPHY. There were 373 patients 
(23%) with discordant echocardiographic disease 
severity findings: 217 with low-flow, low-gradient 
aortic stenosis (ejection fraction <50% [n = 77]; 
ejection fraction $50% [n = 140]), and 156 with 
normal-flow aortic stenosis (low gradient [n = 125]; 
high gradient [n = 31]) (Table 1). Indexed aortic valve

CENTRAL ILLUSTRATION Indexed Aortic Valve Calcium Volume Thresholds for Diagnosis and 
Prognosis of Patients With Aortic Stenosis

>61 mm 3 /cm 2 = severe 
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>122 mm 3 /cm 2 = severe 
aortic stenosis
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International Multicenter Registry 
1,521 Patients With Mild to 

Severe Aortic Stenosis

Cardiac CTA

Excellent Diagnostic Accuracy for Severe Aortic Stenosis

Indexed Aortic Valve Calcium Volume

Geers J, et al. JACC Cardiovasc Imaging. 2026;19(2):210–221.

In an international multicenter registry of >1,500 patients with all degrees of aortic stenosis severity undergoing CTA, we derived and 
validated sex-specific thresholds of indexed aortic valve calcium volume, which are 122 mm 3 /cm 2 for men and 61 mm 3 /cm 2 for women. 
These thresholds demonstrate excellent diagnostic accuracy for severe aortic stenosis and provide powerful prognostic information, namely 
predict risk of aortic valve replacement or death in patients with aortic stenosis. Receiver-operator characteristic curve analysis represents 
results of the derivation cohort (n = 689). Kaplan-Meier curve represents results of patients who had not already been referred for valve 
intervention and who had outcome data available (n = 711). CT = computed tomography; CTA = computed tomography angiography.
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calcium volume was lowest in patients with normal-
flow, low-gradient aortic stenosis in both men and 
women (33% of men and 30% of women classified as 
severe aortic stenosis), and highest in male patients 
with normal-flow, high-gradient aortic stenosis (71% 

of patients having high indexed calcium volume) and 
in female patients with low-flow, low-gradient aortic 
stenosis with reduced ejection fraction (62% classi-
fied as severe aortic stenosis) (Supplemental 
Figure 6). Within the discordant group, male patients 
had higher calcium volume than female patients 
(Supplemental Figure 7).
After exclusion of patients already referred for 

valve intervention (n = 160) and those with no 
available data (n = 33), 84 of the 180 patients with 
follow-up data experienced the primary endpoint: 
54 patients underwent aortic valve replacement, 
and 30 patients died. Severe indexed aortic valve 
calcium volume was associated with adverse clin-
ical outcomes (log-rank P = 0.044). On multivari-
able analysis, severe indexed aortic valve calcium 

volume was associated with an increased 
likelihood of aortic valve replacement or death (HR: 
1.58 [95% CI: 1.01-2.44]; P = 0.04) (Figure 2, 
Supplemental Table 11). There was no demonstrable 
interaction between sex, severe indexed aortic 
valve calcium volume, and the primary endpoint
(P interaction = 0.63).

DISCUSSION

In this multicenter international registry, we have 
demonstrated that sex-specific indexed aortic valve 
calcium volume thresholds obtained from CTA pro-
vide excellent discrimination for diagnosing severe 
aortic stenosis and are independently associated 
with aortic valve replacement or death (Central 
Illustration). Given the routine use of CTA in clinical 
workflows, indexed aortic valve calcium volumes 
could be readily integrated into clinical practice as 
an alternative to calcium scoring, thereby elimi-
nating the need for a separate dedicated non-
contrast CT scan.
Up to one-third of patients with aortic stenosis 

have discordant echocardiographic measures, 5,20 and 
international guidelines recommend noncontrast CT 
calcium scoring as a flow-independent arbitrator of 
severe aortic stenosis. 10,11,14 However, patients with 
aortic stenosis often undergo contrast-enhanced

CTA for evaluation of coronary artery disease or 
preprocedural planning before transcatheter aortic 
valve replacement, and the quantification of aortic 
valve calcium currently requires acquisition of a 
separate noncontrast CT scan introducing addi-
tional radiation exposure and logistical challenges. 
Obtaining all the necessary information from a 
single study, namely from CTA alone, is of great 
clinical interest because it provides superior 
anatomic information and avoids additional radia-
tion exposure from an extra noncontrast CT scan. 
Our study presents a novel method to quantify 
aortic valve calcium from CTA with an integrated 
Gaussian mixture model. This model automatically 
derives a scan-specific, scanner-independent, and 
adaptive attenuation threshold for calcific tissue, 
which is based on the relative distribution of CT 
attenuation in the aortic valve and blood pool. This 
semiautomated approach enables calcium volume 
to be automatically and rapidly quantified with 
excellent intraobserver and interobserver repeat-
ability. We have systematically applied this method 
to >1,500 patients with a broad range of aortic 
stenosis disease severity, recruited from multiple 
international centers across Europe, Asia, and 
North America, and evaluated on a range of scan-
ners from different vendors. The obtained indexed 
aortic valve calcium volume demonstrated strong 
correlations with echocardiographic assessments 
and an excellent correlation with noncontrast CT 
calcium score. Moreover, our optimal sex-specific 
indexed aortic valve calcium volume thresholds 
were able to identify severe aortic stenosis with 
high sensitivity and specificity in both men and 
women. Our results were consistent across the 
derivation and validation cohort, demonstrating the 
robustness and generalizability of these indexed 
aortic valve calcium volumes thresholds in different 
patient populations of different ethnicities from 

around the world. We have therefore confirmed 
that indexed aortic valve calcium volume from 

contrast CT provides an alternative anatomic 
assessment of aortic stenosis severity to comple-
ment the hemodynamic information provided by 
echocardiography.
It is crucial to predict which patients with aortic 

stenosis are more likely to proceed to aortic valve 
replacement or who are at increased risk of death. 
Refining prognosis of patients with aortic stenosis
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can identify high-risk subgroups who might benefit 
from closer follow-up and timely intervention. 
Several studies have indicated that measuring aortic 
valve calcium from noncontrast CT provides impor-
tant prognostic information beyond echocardiogra-
phy. 6,7,21 One of our key objectives was to assess the 
ability of our sex-specific indexed calcium volume 
thresholds to predict clinical outcomes. In a large 
subgroup of our population in whom prospective 
outcome data were available, we have demonstrated 
that severe indexed calcium volume can predict 
aortic valve replacement or all-cause death inde-
pendent of clinical variables and standard echocar-
diographic assessments, thereby confirming the 
prognostic information of valvular calcium indepen-
dent of the measurement technique.
One-quarter of our patients had discordant echo-

cardiographic findings, and it is in this subpopulation 
that measuring aortic valve calcium could have the 
greatest benefit. In this cohort, indexed aortic valve 
calcium volume was able to stratify between patients 
with an increased risk of clinical events, was an in-
dependent predictor of aortic valve replacement or 
death on multivariable analysis, and again out-
performed the prognostic ability of echocardiography 
assessment in this subpopulation. Our findings sug-
gest that quantifying the aortic valve calcium burden 
by indexed calcium volume from CTA can provide 
valuable additional information to better charac-
terize discordant patients and aid clinicians in deci-
sion-making.
The integration of indexed aortic valve calcium 

volume into clinical practice offers a practical alter-
native to noncontrast CT calcium scoring, providing 
comparable diagnostic and prognostic utility. This 
analysis can be quickly performed on standard car-
diac CTA scans, which are routinely conducted in 
patients being evaluated for transcatheter aortic 
valve replacement, thus eliminating the need for an 
additional scan, reducing radiation exposure and 
streamlining workflow. Furthermore, contrast CTA 
allows for precise differentiation of valvular calcifi-
cation from immediately adjacent calcification in the 
aortic root, left ventricular outflow tract, and mitral 
annulus, which can be challenging on axial non-
contrast CT images. Additionally, it may be used 
opportunistically in patients undergoing CTA for 
coronary artery disease diagnosis, identifying those 
who may require echocardiographic assessment for

aortic stenosis and those who would benefit from 

more frequent echocardiographic follow-up.

STUDY LIMITATIONS. Retrospective data collected 
between 2002 and 2023 were analyzed in this study, 
during which scanner technology, imaging tech-
niques, and clinical practices may have changed. 
Certain patients included in the derivation cohort 
underwent CTA as work-up for valve intervention 
and thus were excluded from outcome analysis; 
however, we were able to assess clinical outcomes in 
many patients recruited as part of prospective cohort 
studies. Dobutamine stress echocardiography, 
which is recommended in discordant patients with 
low-flow states and left ventricular ejection 
fraction <50%, 10,14 was not available. Similarly, 
echocardiographic measurements other than those 
used to define aortic stenosis severity were not uni-
formly available. Although calcium accumulation is 
likely to be the predominant factor contributing to 
stenosis severity in most patients, it is important to 
recognize that some patients exhibit atypically low 

calcium deposition. 22 In these cases, noncalcific 
valve thickening might play a major role in the pro-
gression and severity of the disease. Although our 
calcium-focused approach demonstrated good diag-
nostic and prognostic abilities in the overall popula-
tion, incorporation of noncalcific valve thickening 
could further enhance our understanding and 
improve patient-specific management strategies. 23 

Potential influence of confounding, mediation, or 
collinearity on the results in the subgroup with 
discordant echocardiographic findings cannot be 
excluded; thus, our findings require confirmation 
from larger prospective studies.

CONCLUSIONS

In this large retrospective international multicenter 
registry of >1,500 patients with the full spectrum of 
aortic stenosis severity, we have developed and 
validated CT angiogram–derived sex-specific 
indexed aortic valve calcium volume thresholds. 
These demonstrate excellent diagnostic discrimi-
nation for severe disease and powerful prognostic 
information. This analysis technique can be per-
formed quickly on standard cardiac CTA scans that 
are performed routinely in patients undergoing 
evaluation for transcatheter aortic valve replace-
ment, eliminating the need for a separate
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noncontrast CT scan. Clinical translation of this 
novel anatomic assessment of aortic stenosis 
severity to aid in clinical decision for patients with 
discordant echocardiographic assessments is readily 
feasible and clinically robust.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Sex-
specific indexed aortic valve calcium volume thresh-
olds from CTA provide excellent discrimination for 
detecting severe aortic stenosis and are indepen-
dently associated with aortic valve replacement or 
death.

TRANSLATIONAL OUTLOOK: Given the routine 
use of CTA for both evaluation of coronary artery 
disease and planning of transcatheter aortic valve 
implantation, indexed aortic valve calcium volumes 
could be readily integrated into clinical practice, 
thereby eliminating the need to assess the calcium 

score from an additional noncontrast CT scan.
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