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ORIGINAL RESEARCH

Simplified Approach to Predicting 
Obstructive Coronary Disease With 
Integration of Coronary Calcium: 
Development and External Validation
Robert J. H. Miller , MD; Heidi Gransar , MSc; Alan Rozanski, MD; Damini Dey , PhD;  
Mouaz Al- Mallah , MD, MSc; Benjamin J. W. Chow , MD; Philipp A. Kaufmann , MD;  
Filippo Cademartiri , MD, PhD; Erica Maffei , MD; Donghee Han , MD; Piotr J. Slomka , PhD*; 
Daniel S. Berman , MD*

BACKGROUND: The Diamond- Forrester model was used extensively to predict obstructive coronary artery disease (CAD) but 
overestimates probability in current populations. Coronary artery calcium (CAC) is a useful marker of CAD, which is not rou-
tinely integrated with other features. We derived simple likelihood tables, integrating CAC with age, sex, and cardiac chest 
pain to predict obstructive CAD.

METHODS AND RESULTS: The training population included patients from 3 multinational sites (n=2055), with 2 sites for external 
testing (n=3321). We determined associations between age, sex, cardiac chest pain, and CAC with the presence of obstructive 
CAD, defined as any stenosis ≥50% on coronary computed tomography angiography. Prediction performance was assessed 
using area under the receiver- operating characteristic curves (AUCs) and compared with the CAD Consortium models with and 
without CAC, which require detailed calculations, and the updated Diamond- Forrester model. In external testing, the proposed 
likelihood tables had higher AUC (0.875 [95% CI, 0.862–0.889]) than the CAD Consortium clinical+CAC score (AUC, 0.868 [95% 
CI, 0.855–0.881]; P=0.030) and the updated Diamond- Forrester model (AUC, 0.679 [95% CI, 0.658–0.699]; P<0.001). The cali-
bration for the likelihood tables was better than the CAD Consortium model (Brier score, 0.116 versus 0.121; P=0.005).

CONCLUSIONS: We have developed and externally validated simple likelihood tables to integrate CAC with age, sex, and cardiac 
chest pain, demonstrating improved prediction performance compared with other risk models. Our tool affords physicians 
with the opportunity to rapidly and easily integrate a small number of important features to estimate a patient’s likelihood of 
obstructive CAD as an aid to clinical management.

Key Words: cardiovascular computed tomography ■ coronary artery disease ■ epidemiology ■ risk estimation

W
hen evaluating patients with suspected coro-
nary artery disease (CAD), physician decisions 
on appropriate testing and patient manage-

ment rely heavily on estimations of patients’ likelihood 
of obstructive CAD.1,2 The original Diamond- Forrester 
model has been used extensively for this purpose 

because of its simplicity.3 However, the prevalence of 
obstructive CAD has decreased over time.4 As a result, 
the original Diamond- Forrester model tends to overes-
timate prevalence of obstructive CAD.5,6

Genders et  al recently updated the Diamond- 
Forrester model to better reflect contemporary patients 
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using a cohort of 2260 patients for retraining and 454 
patients for testing.5 The model could potentially be fur-
ther informed by using coronary artery calcium (CAC) 
scoring. CAC is a robust marker of atherosclerosis,7 
which is highly predictive of obstructive CAD,8 making 
it an ideal component for models aimed at predicting 
obstructive CAD. The CAD Consortium developed a 
basic model (age, sex, and symptoms) and a clinical 
model (Cons- Clin; age, sex, symptoms, and medical 
history), which were significantly improved upon by 
considering CAC (Cons- CAC; clinical model and CAC) 
when predicting obstructive CAD.9,10 However, these 
models require detailed calculations that physicians 
would need to access online calculators to complete. 
In comparison, 1 of the major advantages of the origi-
nal Diamond- Forrester model was that predicted prob-
abilities could be referenced quickly using likelihood 
tables posted in clinical areas for easy access.

In this study, we aimed to address this clinical need 
by replicating the simplicity of the original Diamond- 
Forrester model by generating likelihood tables that in-
corporate CAC with the most pertinent patient features 
(age, sex, and cardiac chest pain). We derived the like-
lihood tables using 3 large, international populations 

undergoing coronary computed tomography angi-
ography (CCTA). We then tested the prediction per-
formance and calibration of the likelihood tables in a 
separate external population with comparisons to ex-
isting risk models.

METHODS

Patient Populations
The training population included patients from 3 
separate sites (Henry Ford Hospital [n=853], Ottawa 
Heart Institute [n=808], and University Hospital Zurich 
[n=394]). The testing population included patients un-
dergoing CCTA from Cedars- Sinai Medical Center 
(n=1632) or Academic Hospital Parma Italy (n=1689). 
The populations used for external testing were se-
lected randomly to include both European and North 
American populations. However, this selection also led 
to a similar proportion of obstructive CAD between 
populations (23.0% versus 23.3%; P=0.795). All CCTA 
was performed during routine clinical practice, with 
interpretation performed at the time. Studies deemed 
nondiagnostic at the time of clinical reporting were 
not included. We excluded patients with known CAD, 
defined as previous myocardial infarction or revascu-
larization.11 The study protocol was approved by the 
institutional review boards of all centers, and, when re-
quired, all patients provided written informed consent. 
Data will be made available to the extent allowed by 
data sharing agreements, on receipt of written request.

Data Elements
Clinical demographics and medical history were col-
lected at the time of CCTA. Chest pain was collected 
as typical chest pain, atypical chest pain, or nonangi-
nal chest pain using standardized criteria.12 However, 
patients with typical chest pain were classified as hav-
ing cardiac chest pain and all other patients were clas-
sified as having noncardiac chest pain to be consistent 
with current guidelines.2

CCTA Acquisition and Interpretation
All testing, data acquisition, and image postprocess-
ing were performed in accordance with the Society of 
Cardiovascular Computed Tomography guidelines.13 
All studies were uniformly acquired by multidetector 
row computed tomography scanners of ≥64 rows with 
radiation dose reduction strategies. CAC score was 
measured using established methods.14 CAC score 
was categorized as follows: 0, 1 to 100, 101 to 400, 
401 to 1000, and >1000.

Each site interpreted CCTA in accordance with 
Society of Cardiovascular Computed Tomography 
guidelines.13 A 16- segment coronary artery tree model 

CLINICAL PERSPECTIVE

What Is New?
• We developed and validated simple likelihood 

tables to integrate coronary artery calcium with 
age, sex, and cardiac chest pain, with improved 
prediction performance for obstructive coronary 
artery disease compared with other models.

• Integrating coronary artery calcium was primar-
ily responsible for the improved performance 
compared with existing risk scores.

What Are the Clinical Implications?
• The likelihood tables offer a simple way for clini-

cians to rapidly integrate a small number of clinical 
features to more accurately predict the presence 
of obstructive coronary artery disease.

• Physicians may be able to use this informa-
tion to improve test selection or target medical 
therapies.

Nonstandard Abbreviations and Acronyms

Cons- CAC coronary artery disease consortium 
clinical and coronary artery calcium 
model

Cons- Clin coronary artery disease consortium 
clinical model
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was used at all sites. In each coronary segment, coro-
nary atherosclerosis was defined as any tissue struc-
tures >1 mm2 that existed either within the coronary 
artery lumen or adjacent to the coronary artery lumen 
that could be discriminated from surrounding pericar-
dial tissue, epicardial fat, or the vessel lumen itself. Each 
identified lesion was examined with the use of maxi-
mum intensity projection and multiplanar reconstruction 
techniques along multiple longitudinal axes and in the 
transverse plane. To be concordant with the previous 
approaches to prediction of CAD, obstructive disease 
was defined as stenosis >50%.15 We also evaluated pre-
diction performance using the criteria of 50% left main 
stenosis or ≥70% stenosis in the 3 other vessels.

Likelihood Table Development
A mixed- effect logistic regression model was used to 
identify features associated with the presence of ob-
structive coronary artery disease. In the primary model, 
we evaluated associations with age, sex, CAC, and the 
presence of cardiac chest pain. We evaluated several 
definitions of chest pain, including typical only, typi-
cal or atypical, and any chest pain (typical, atypical, or 
nonanginal).10,15 The increase in likelihood- ratio χ2 was 
highest with the use of typical angina alone (15.3 for 
typical angina, 5.9 for typical or atypical angina, and 
1.08 for any chest pain; P<0.01 for all), and therefore, 
this was used in the model. We evaluated the potential 
first- order interactions between variables in the model, 
with age and CAC modeled as continuous variables. 
Interactions that were considered of potential impor-
tance (P<0.100) were included in the analysis to ensure 
that the model reflected differential effects across cat-
egories. Site was treated as a random effect to ac-
count for variability between sites.16 Age and CAC were 
modeled as categorical variables. We also evaluated 
a model considering medical history. However, there 
was minimal improvement in prediction performance 
with the addition of medical history, and this would in-
crease complexity for likelihood tables. Last, we evalu-
ated a model without cardiac chest pain to evaluate 
its importance in the prediction. The models were de-
veloped in the training population and used to predict 
likelihood of obstructive CAD for each potential group.

Comparison Models
We compared the new model with the updated 
Diamond- Forrester model, as previously described.5 
We also evaluated the performance of the European 
Society of Cardiology pretest probability tables.1 In 
addition, we compared our likelihood tables to the 
Cons- Clin and Cons- CAC models.9,10 The Cons- Clin 
model incorporates age, sex, cardiac chest pain, hy-
pertension, diabetes, dyslipidemia, and smoking. The 
Cons- CAC model incorporates the components of the 

clinical model plus CAC. Both scores are calculated 
by multiplying each variable by the associated β coef-
ficient and then summing the subsequent values and 
converting this to an expected probability of CAD.

Positron Emission Tomography Cohort
To better evaluate the performance of the model 
when applied in a population with higher baseline risk, 
we also evaluated a cohort of 3074 consecutive pa-
tients without known CAD undergoing positron emis-
sion tomography (PET) myocardial perfusion imaging 
with CAC scanning at Cedars- Sinai Medical Center. 
Patients without known CAD routinely had CAC scores 
acquired. PET interpretation was performed by expert 
visual interpretation of perfusion using the standard 
17- segment, 5- point scoring with the summed stress 
score >317 being considered abnormal. Prediction 
performance for abnormal perfusion was used as the 
outcome, because not all patients were referred for 
subsequent invasive coronary angiography. However, 
none of the evaluated risk scores were developed for 
this outcome.

Statistical Analysis
Categorical variables were summarized as number 
(proportion) and compared with a χ2 or Fisher exact 
test as appropriate. Continuous variables were sum-
marized as mean (SD) if normally distributed and me-
dian (interquartile range) otherwise. Receiver operating 
characteristic curves for identifying patients with ob-
structive CAD were generated, and area under the re-
ceiver operating characteristic curve (AUC) was used 
to compare prediction performance of models using 
the method described by Delong et al.18 Model calibra-
tion was assessed with calibration graphs and Brier 
scores, including assessment across important sub-
groups.19,20 These analyses were performed in both 
the training population and the external testing popula-
tions. Prediction performance for abnormal myocardial 
perfusion and revascularization was assessed in the 
PET population. No missing data were present, and 
all analyses were performed using Stata, version 14.2.

RESULTS

Patient Populations
There were 2055 patients in the training population 
and 3321 in the external testing population, as shown 
in Table  1. Patients in the training population were 
younger (median age, 58 versus 62 years; P<0.001) 
and less likely to have cardiac chest pain (11.3% ver-
sus 19.6%; P<0.001) compared with patients in the 
external testing population. Prevalence of obstructive 
CAD was similar in the training and external testing 
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populations (23.0% versus 23.3%; P=0.795). Details 
of patients with and without obstructive CAD in both 
cohorts are shown in Table S1. The distribution of CAC 
scores across age categories in the training population 
is shown in Table S2.

Predictors of Obstructive CAD
The multivariable logistic regression model used to de-
rive predicted probabilities is shown in Table 2. Increasing 
CAC category was the strongest predictor of the pres-
ence of obstructive CAD. Compared with patients with 
CAC 0, the adjusted odds ratio (OR) ranged from 10.0 
(95% CI, 4.6–22.1; P<0.001) for patients with CAC 1 to 
99, to 146 (95% CI, 40.8–520; P<0.001) for patients with 
CAC ≥1000. The final multivariable model included an 
interaction between male sex and cardiac chest pain (in-
teraction OR 1.34; P=0.035) and an interaction between 
male sex and CAC (interaction OR 0.85; P=0.007).

The likelihood tables derived from the logistic regres-
sion model in the training population according to age, 
sex, and the presence of cardiac chest pain are shown 
in Figure 1. The relationship between CAC scores, age, 
sex, and presence or absence of cardiac chest pain 
is also expressed as a series of likelihood curves, as 
shown in Figure 2. Patients with CAC 0 had a low (<5%) 
likelihood of obstructive CAD regardless of age, sex, 
and chest pain history. With increasing CAC, there was 
an increasing prevalence of obstructive CAD, with al-
most all patients with CAC ≥400 having >50% likelihood 
of obstructive CAD. Among patients with cardiac chest 
pain, almost all patients with CAC ≥100 had a high like-
lihood (>50%) of obstructive CAD. Among female pa-
tients without cardiac chest pain, almost all patients 
with CAC <100 had a low (<15%) likelihood of obstruc-
tive CAD, except for patients aged 50 to 59 years (15.2% 
likelihood of obstructive CAD). Probability of obstructive 
CAD as a function of CAC alone is shown in Table S3.

Table 1. Baseline Population Characteristics

Variables Training population (n=2055) External testing population (n=3321) P value

Age, median (IQR), y 58 (49–65) 62 (52–71) <0.001

<40 y, n (%) 140 (6.8) 198 (6.0)

40–49 y, n (%) 383 (18.6) 438 (13.2)

50–59 y, n (%) 632 (30.8) 775 (23.3)

60–69 y, n (%) 588 (28.6) 968 (29.2)

≥70 y, n (%) 312 (15.2) 942 (28.4) <0.001

Male sex, n (%) 1093 (53.2) 1934 (58.2) <0.001

Cardiac chest pain, n (%) 232 (11.3) 651 (19.6) <0.001

Noncardiac chest pain, n (%) 675 (32.9) 929 (28.0) <0.001

CAD risk factors, n (%)

Hypertension 1264 (61.5) 1874 (56.4) <0.001

Dyslipidemia 1159 (56.4) 1889 (56.9) 0.729

Diabetes 336 (16.4) 416 (12.5) <0.001

Smoking 370 (18.0) 743 (22.4) <0.001

CAC score, median (IQR) 13 (0–164) 16 (0–213) 0.237

CAC score group, n (%)

0 813 (39.6) 1352 (40.7)

1–99 611 (29.7) 824 (24.8)

100–399 331 (16.1) 594 (17.9)

400–999 196 (9.5) 316 (9.5)

≥1000 104 (5.1) 235 (7.1) <0.001

Obstructive CAD (stenosis ≥50%), n (%) 472 (23.0) 773 (23.3) 0.795

Obstructive CAD (stenosis ≥70%*), n (%) 255 (12.4) 513 (15.5) 0.002

Proximal LAD ≥70%, n (%) 75 (3.7) 138 (4.2) 0.356

Proximal circumflex ≥70%, n (%) 30 (1.5) 61 (1.8) 0.298

Proximal RCA ≥70%, n (%) 59 (2.9) 93 (2.8) 0.879

Left main ≥50%, n (%) 26 (1.3) 43 (1.3) 0.925

Population characteristics are given for the derivation and external testing populations. CAC indicates coronary artery calcification; CAD, coronary artery 
disease; IQR, interquartile range; LAD, left anterior descending; and RCA, right coronary artery.

*Also includes patients with left main stenosis ≥50%.
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Prediction for Obstructive CAD: Training 
Population

Prediction performance for obstructive CAD, defined 
as stenosis ≥50% in any vessel, in the training pop-
ulation using receiver operating characteristic curves 
is shown in Figure 3. The proposed likelihood tables 
had higher AUC (AUC, 0.866 [95% CI, 0.848–0.883]) 

compared with Cons- CAC (AUC, 0.852 [95% CI, 
0.834–0.871]), Cons- Clin (AUC, 0.720 [95% CI, 0.695–
0.746]), European Society of Cardiology pretest prob-
ability (AUC, 0.685 [95% CI, 0.659–0.712]), and the 
updated Diamond- Forrester models (AUC, 0.698 [95% 
CI, 0.671–0.624]; P<0.01 for all). Both models with 
CAC significantly outperformed models without CAC 
(P<0.001 for all). The prediction performance for CAC 
category alone (AUC, 0.852 [95% CI, 0.834–0.870]) 
was similar to the Cons- CAC model (P=0.929) but was 
lower compared with the likelihood tables (P<0.01). The 
likelihood table prediction performance was not sig-
nificantly lower without inclusion of cardiac chest pain 
(AUC, 0.860 [95% CI, 0.842–0.878]; P=0.088). The cal-
ibration for the likelihood tables was better compared 
with the Cons- CAC model (Brier score, 0.118 versus 
0.128), with calibration graph shown in Figure S1.

Prediction for Obstructive CAD: External 
Testing Population
Prediction performance for obstructive CAD, de-
fined as stenosis ≥50% in any vessel, in the external 
population is shown in Figure  4. The proposed like-
lihood tables had higher AUC (AUC, 0.875 [95% CI, 
0.862–0.889]) compared with Cons- CAC (AUC, 0.868 
[95% CI, 0.855–0.881]; P=0.030), Cons- Clin (AUC, 
0.738 [95% CI, 0.719–0.757]; P<0.001), European 
Society of Cardiology pretest probability (AUC, 0.665 
[95% CI, 0.644–0.685]; P<0.001), and the updated 

Table 2. Multivariable Logistic Regression Model With 

Mixed Effects in Training Data

Variable Odds ratio (95% CI) P value

Age categories, y

<40 Reference …

40–49 1.32 (0.46–3.84) 0.607

50–59 1.72 (0.61–4.83) 0.304

60–69 1.36 (0.48–3.86) 0.559

≥70 1.31 (0.45–3.78) 0.617

Male sex 1.65 (0.6–4.52) 0.330

Cardiac chest pain 2.15 (1.23–3.76) 0.007

CAC score group

0 Reference …

1–99 10.0 (4.6–22.1) <0.001

100–399 37.3 (16.7–83.1) <0.001

400–999 91.3 (37.3–223) <0.001

≥1000 146 (40.8–520) <0.001

The multivariable model also included interactions between sex and 
cardiac chest pain, as well as an interaction between sex and CAC category. 
CAC indicates coronary artery calcium.

Figure 1. Predicted probability of coronary artery disease, defined as stenosis ≥50% in any vessel, according to age, sex, 

cardiac chest pain (CP), and coronary artery calcium (CAC) score.
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Diamond- Forrester models (AUC, 0.679 [95% CI, 
0.658–0.699]; P<0.001). Both models with CAC sig-
nificantly outperformed models without CAC (P<0.001 
for all). The prediction performance for CAC category 
alone (AUC, 0.865 [95% CI, 0.851–0.878]) was lower 
compared with the likelihood tables (P<0.01) but simi-
lar to the Cons- CAC model (P=0.453).

The calibration for the likelihood tables was im-
proved compared with the Cons- CAC model (Brier 
score, 0.116 versus 0.121; P=0.005), with calibration 
graph shown in Figure  S2. Calibration was better in 
women compared with men (Brier score, 0.093 versus 
0.131; P<0.001), and in patients with CAC <400 com-
pared with CAC ≥400 (Brier score, 0.098 versus 0.205; 
P<0.001).

Prediction for ≥50% Left Main or ≥70% 
Stenosis
Likelihood tables for ≥50% left main stenosis or ≥ 70% 
stenosis in other vessels are shown in Figure  S3. 
Prediction performance for ≥50% left main stenosis 
or ≥ 70% stenosis in other vessels in the training popu-
lation is shown in Figure S4. In the external testing pop-
ulation, prediction performance was not significantly 
different for the proposed likelihood tables (AUC, 0.859 
[95% CI, 0.843–0.874]) compared with the Cons- CAC 
model (AUC, 0.857 [95% CI, 0.841–0.873]; P=0.283) 

(Figure S5). However, both models with CAC had sig-
nificantly higher prediction performance compared 
with models without CAC (P<0.001).

Prediction Performance in PET Population
We included a PET population to evaluate model per-
formance in a higher- risk population. Details of the 
PET population are shown in Table S4. The AUC for 
predicting abnormal myocardial perfusion was similar 
for the likelihood tables (AUC, 0.672 [95% CI, 0.645–
0.700]) and the Cons- CAC model (AUC, 0.672 [95% 
CI, 0.646–0.700]), with full results in Figure  S6. The 
prediction performance for the likelihood tables and 
Cons- CAC model was significantly higher than that of 
models without CAC (P<0.01 for all).

DISCUSSION

Accurately estimating a patient’s likelihood of obstruc-
tive CAD is central to informing diagnostic strategies 
and management plans. To this end, guidelines sug-
gest that physicians use contemporary risk scores4,21 
in conjunction with clinical factors, such as age and 
CAC information, when available.1 2 Although various 
likelihood algorithms have been proposed, there is a 
need to make their use as simple as possible to fos-
ter widespread clinical use. To address this need, we 

Figure 2. Predicted probability of obstructive coronary artery disease (CAD), defined as stenosis ≥50% in any vessel, 

according to sex, cardiac chest pain (CP), and coronary artery calcium (CAC) score.
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developed simplified likelihood tables to predict a pa-
tient’s likelihood of having obstructive CAD from age, 
sex, chest pain history, and CAC. Simplification is use-
ful only if it does not result in a significant loss of diag-
nostic accuracy. We found that our simplified likelihood 
tables had high predictive performance for obstructive 
CAD, including higher prediction performance in exter-
nal testing compared with the CAD Consortium mod-
els. More important, although prediction performance 
was higher, the likelihood tables should be substan-
tially easier to use as no calculations are required. In 
addition, the likelihood tables have improved calibra-
tion compared with the CAD Consortium models, 
suggesting good correlation between predicted and 
actual likelihood of obstructive CAD. Last, prediction 
performance for the likelihood tables was similar to 
more complicated models when applied in a higher- 
risk population undergoing PET. This information could 
potentially be used by physicians to make decisions 
on testing or treatment strategies for patients with sus-
pected obstructive CAD.

For many years, the original Diamond- Forrester 
model was used extensively for estimating a patient’s 
pretest probability of obstructive CAD. An important 
characteristic of its appeal was its ease of use. The 

relationship between symptoms, sex, and likelihood 
of obstructive CAD could be determined with a quick 
glance. However, the original Diamond- Forrester 
model was developed when the prevalence of ob-
structive CAD was significantly higher than today.3 
Since then, advances in therapeutics and prevention 
have resulted in a marked decline in the incidence of 
severity of myocardial infarction22 and frequency of in-
ducible myocardial ischemia.23 Correspondingly, the 
original Diamond- Forrester algorithm overestimates 
the likelihood of obstructive CAD in contemporary 
populations.4 Since this realization, there has been a 
concerted effort to develop an updated algorithm for 
predicting obstructive CAD, which would perform well 
in contemporary populations and be broadly accepted 
into clinical practice.

Our novel likelihood tables address this need by 
ensuring high prediction performance while maintain-
ing the simplicity provided by the original Diamond- 
Forrester model. The updated Diamond- Forrester 
model may have higher prediction performance when 
applied in populations with a higher prevalence of car-
diac chest pain and male patients (AUC, 0.767), as 
demonstrated previously by Baskaran et al.10 However, 
the prediction performance in the same population 

Figure 3. Prediction performance for obstructive coronary 

artery disease (CAD), defined as any stenosis ≥50%, in the 

training population.

AUC indicates area under the receiver- operating characteristic 

curve; Cons- CAC, CAD Consortium clinical and coronary artery 

calcium model; Cons- Clinical, CAD Consortium clinical model; 

DF, Diamond- Forrester; and ESC- PTP, European Society of 

Cardiology pretest probability.

Figure 4. Prediction performance for obstructive coronary 

artery disease (CAD), defined as any stenosis ≥50%, in the 

external testing population.

AUC indicates area under the receiver- operating characteristic 

curve; Cons- CAC, CAD Consortium clinical and coronary artery 

calcium model; Cons- Clinical, CAD Consortium clinical model; 

DF, Diamond- Forrester; and ESC- PTP, European Society of 

Cardiology pretest probability.
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was significantly lower in women (AUC, 0.686). The 
likelihood tables had high predictive performance in 
both internal and external testing. In addition, our like-
lihood tables were well calibrated, suggesting good 
agreement between predicted and actual prevalence 
of obstructive CAD, which can impact downstream 
management.24 Last, we evaluated performance in a 
PET population, demonstrating better prediction per-
formance for the likelihood tables compared with risk 
models without CAC in terms of predicting abnormal 
perfusion. In combination, these results suggest that 
the proposed likelihood tables should be broadly gen-
eralizable to current populations.

In our likelihood tables, patients with a CAC of 0 
had a low likelihood of obstructive CAD regardless of 
age and sex. In addition, even in the presence of car-
diac chest pain, a 0 CAC score was associated with a 
<10% likelihood of obstructive CAD in men and a <5% 
likelihood in women, across the span of age groups. 
Calcium scores of 100 to 399 were generally asso-
ciated with an intermediate likelihood of CAD, except 
in patients with cardiac chest pain, in whom the likeli-
hood of obstructive CAD was higher. The presence of 
CAC >400 was associated with a >50% likelihood of 
obstructive CAD in almost all patients. In fact, CAC was 
the dominant feature in our model, with only modest 
improvements in prediction performance by integrating 
chest pain, age, and sex. Interestingly, the probability of 
obstructive CAD plateaued for most CAC groups after 
the age of 50 years. We identified that older patients 
were more likely to be in higher CAC categories. As a 
corollary, patients with higher CAC scores at a younger 
age have more accelerated disease compared with 
older patients with similar CAC scores, at least par-
tially accounting for the influence of age. For example, 
a 50- year- old male patient with calcium score of 100 
would be in the 89th percentile for age and sex, but 
only the 24th percentile with the same calcium score at 
the age of 80 years.25 In addition, we excluded patients 
with known CAD, which likely leads to some selection 
bias. This may be particularly relevant to older patients, 
because they had survived to that age without experi-
encing cardiovascular events. However, these proba-
bility tables were designed for use in patients without 
known CAD and, therefore, the populations are reflec-
tive of the patients where they would be applied.

To further assess the utility of our model, we com-
pared it with other recent algorithms. One of the most 
comparable approaches to our current study is the up-
dated Diamond- Forrester model, which integrates age, 
sex, and chest pain to derive pretest probabilities, but 
with updated predictions to perform better in contem-
porary populations.5 Our model, which incorporates 
CAC, showed substantially higher prediction perfor-
mance in training and external testing populations. In 
our study, model performance was not meaningfully 

improved by considering risk factors, making it possi-
ble to determine probability of obstructive CAD without 
the interim step of calculating clinical pretest proba-
bility.21 Increasingly complex models have also been 
proposed by the CAD Consortium.9 The models can 
incorporate age, sex, medical history, and CAC infor-
mation, with calculation of pretest probability using 
dedicated online calculators to combine the contribu-
tions from each feature. Although incorporating more 
information into prediction models tends to improve the 
accuracy of predictions, each additional variable adds 
to the complexity and time required for calculations. 
More important, even if these calculations were au-
tomated, the inclusion of more features increases the 
probability that some data will be missing. Our previ-
ous work showed that removing variables is one of the 
most effective ways for dealing with missing values,26 
further supporting a role for simplified prediction tools. 
It may be possible to fully integrate multiple prediction 
models (to account for missing values), but the data 
infrastructure to support these types of tools is not 
routinely available in most electronic medical records. 
This is particularly true for community practices, where 
many of the initial decisions about testing take place. 
Last, we have previously demonstrated that with ma-
chine learning models for major adverse cardiovascu-
lar event prediction, it is possible to maintain prediction 
performance while reducing the number of variables by 
>75%,27 by focusing on inclusion of the most import-
ant predictors. In this case, CAC is the most important 
predictor in both the proposed likelihood tables and 
the CAD Consortium model. The practical difference 
between our model and the CAD Consortium model is 
the relative simplicity of the likelihood tables and their 
easy implementation, requiring simply the 4 variables 
of age, sex, cardiac chest pain, and CAC score.

An important predictor of CAD in our model was 
the extent of CAC. In fact, both the current and the 
Consortium- CAC models that incorporated CAC had 
significantly higher prediction performance compared 
with models without this information. In addition, there 
was only a small improvement by incorporating CAC 
into a model compared with CAC alone. These findings 
highlight the role for CAC to estimate probability of CAD, 
a marker of atherosclerosis, by providing a measure of 
the cumulative, lifetime effects of all atherogenic fac-
tors in an individual patient. CAC overcomes the limita-
tions of global risk factor scores, which fail to account 
for the chronicity or magnitude of the risk factors, and 
numerous known risk factors, which are not included 
in the scores and unknown factors.28 Physicians re-
porting the results of CAC scans could potentially in-
clude the likelihood of obstructive CAD, derived from 
the proposed likelihood tables in the CAC scan report. 
This could guide referring physicians on the need for 
additional testing and facilitate earlier targeted medical 
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therapy in appropriate individuals.29 For example, a 
65- year- old woman with noncardiac chest pain would 
have a pretest probability of 28% for obstructive CAD 
with the updated Diamond- Forrester model. If her CAC 
was 10, she would be low risk using the likelihood ta-
bles proposed here, and her physician may decide that 
additional testing is not needed but may still consider 
intensifying medical therapy. If her CAC was 0, the phy-
sician may decide that no additional testing or change 
in medical therapy was needed. Among higher- risk 
patients, this information would give physicians the op-
portunity to assess the impact of medical therapy on 
chest pain symptoms while awaiting additional testing, 
because this information would help guide future re-
vascularization decisions.

Limitations
Our study has several limitations. The score was de-
rived and tested in patients undergoing CCTA with 
available CAC scores, which is typically a lower- risk 
population compared with patients undergoing myo-
cardial perfusion imaging. However, prediction per-
formance was also good in a PET referral population 
for the outcomes of abnormal perfusion and revascu-
larization. In addition, there were significant differences 
between the training and external testing populations, 
suggesting the proposed risk tables may be broadly 
generalizable. The model incorporates CAC, which 
is currently not available for most patients presenting 
with suspected CAD. However, CAC can also be es-
timated from standard nongated, noncontrast chest 
computed tomography30,31 or quantified automatically 
from nongated computed tomography attenuation 
scans using artificial intelligence32–34; therefore, CAC 
assessment could potentially be available in a much 
larger proportion of patients. For example, Peng et al 
recently demonstrated that CAC could be derived au-
tomatically from chest computed tomography scans 
performed for a variety of reasons to help predict car-
diovascular events.35 The use of CCTA as the standard 
for assessment of percentage coronary stenosis as-
sumes equivalence of this assessment by CCTA and 
invasive angiography. Particularly in heavily calcified 
lesions, interpreters may overestimate the degree of 
stenosis on CCTA,36 potentially inflating the prevalence 
of obstructive CAD in the high CAC groups. This could 
be contributing to the high prediction performance of 
CAC.37 Future studies should evaluate the prediction 
performance and calibration when applied to cohorts 
of patients undergoing invasive angiography. We used 
cohorts of patients who underwent CCTA, and it is pos-
sible that this may overestimate population prevalence 
of obstructive CAD, because many low- risk patients 
may not be referred for testing.1,2 However, previous 
models have been developed using invasive coronary 

angiography populations,5 which would be expected 
to be higher risk, leading to greater overestimation. 
Last, we do not have information on racial or ethnic 
characteristics of our populations and, therefore, are 
not able to incorporate these into the likelihood tables.

CONCLUSIONS

We have developed and externally validated simple 
likelihood tables incorporating CAC, age, sex, and car-
diac chest pain in symptomatic patients, which had 
higher prediction performance for obstructive CAD 
compared with the updated Diamond- Forrester and 
CAD Consortium clinical and CAC models. Our tool 
affords physicians with the opportunity to rapidly and 
easily integrate age, sex, symptoms, and CAC to esti-
mate a patient’s likelihood of obstructive CAD as an aid 
to clinical management.

ARTICLE INFORMATION

Received July 31, 2023; accepted November 13, 2023.

Affiliations
Departments of Medicine (Division of Artificial Intelligence in Medicine), 
Imaging and Biomedical Sciences, Cedars- Sinai Medical Center, Los 
Angeles, CA (R.J.H.M., H.G., A.R., D.D., D.H., P.J.S., D.S.B.); Libin 
Cardiovascular Institute of Alberta, University of Calgary, Calgary, Alberta, 
Canada (R.J.H.M.); Division of Cardiology and Department of Medicine, 
Mount Sinai Morningside Hospital, Mount Sinai Heart and the Icahn School of 
Medicine at Mount Sinai, New York, NY (A.R.); Houston Methodist DeBakey 
Heart and Vascular Center, Houston, TX (M.A.); Departments of Medicine 
(Cardiology and Nuclear Medicine) and Radiology, University of Ottawa 
Heart Institute, Ottawa, Ontario, Canada (B.J.W.C.); Department of Nuclear 
Medicine, University Hospital Zurich, University of Zurich, Zurich, Switzerland 
(P.A.K.); Department of Radiology, Fondazione Monasterio/CNR, Pisa, Italy 
(F.C.); and Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) SYNLAB 
SDN, Naples, Italy (E.M.).

Sources of Funding
This work is supported in part by grants R01HL089765 and R35HL161195 
from the National Heart, Lung, and Blood Institute at the National Institutes 
of Health (principal investigator: Dr Slomka). The work was supported in part 
by the Dr Miriam and Sheldon G. Adelson Medical Research Foundation.

Disclosures
Dr Miller received consulting fees and research support from Pfizer. Drs 
Berman and Slomka receive royalties for QPS software at Cedars- Sinai 
Medical Center. Dr Slomka has received research grant support from 
Siemens Medical Systems and has received consulting fees from Synektik, 
SA. The remaining authors have no disclosures to report.

Supplemental Material
Tables S1–S4
Figures S1–S6

REFERENCES

 1. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck- 
Brentano C, Prescott E, Storey RF, Deaton C, Cuisset T, et al. 2019 ESC 
Guidelines for the diagnosis and management of chronic coronary syn-
dromes: the Task Force for the diagnosis and management of chronic 
coronary syndromes of the European Society of Cardiology (ESC). Eur 

Heart J. 2019;41:407–477. doi: 10.1093/eurheartj/ehz425

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

://ah
ajo

u
rn

als.o
rg

 b
y
 o

n
 Jan

u
ary

 2
9
, 2

0
2
4



J Am Heart Assoc. 2023;12:e031601. DOI: 10.1161/JAHA.123.031601 10

Miller et al Simplified Prediction for Obstructive CAD

 2. Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL, Birtcher 
KK, Blankstein R, Boyd J, Bullock- Palmer RP, Conejo T, et  al. 2021 
AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR guideline for the evalua-
tion and diagnosis of chest pain: a report of the American College of 
Cardiology/American Heart Association Joint Committee on Clinical 
Practice Guidelines. Circulation. 2021;144:e368–e454. doi: 10.1161/
CIR.0000000000001029

 3. Diamond GA, Forrester JS. Analysis of probability as an aid in the clini-
cal diagnosis of coronary- artery disease. N Engl J Med. 1979;300:1350–
1358. doi: 10.1056/NEJM197906143002402

 4. Juarez- Orozco LE, Saraste A, Capodanno D, Prescott E, Ballo H, Bax 
JJ, Wijns W, Knuuti J. Impact of a decreasing pre- test probability on 
the performance of diagnostic tests for coronary artery disease. Eur 

Heart J Cardiovasc Imaging. 2019;20:1198–1207. doi: 10.1093/ehjci/
jez054

 5. Genders TS, Steyerberg EW, Alkadhi H, Leschka S, Desbiolles L, 
Nieman K, Galema TW, Meijboom WB, Mollet NR, de Feyter PJ, et al. 
A clinical prediction rule for the diagnosis of coronary artery disease: 
validation, updating, and extension. Eur Heart J. 2011;32:1316–1330. 
doi: 10.1093/eurheartj/ehr014

 6. Cheng VY, Berman DS, Rozanski A, Dunning AM, Achenbach S, Al- 
Mallah M, Budoff MJ, Cademartiri F, Callister TQ, Chang HJ, et  al. 
Performance of the traditional age, sex, and angina typicality- based ap-
proach for estimating pretest probability of angiographically significant 
coronary artery disease in patients undergoing coronary computed to-
mographic angiography. Circulation. 2011;124:2421–2428. doi: 10.1161/
CIRCULATIONAHA.111.039255

 7. Osawa K, Nakanishi R, Budoff M. Coronary artery calcification. Glob 

Heart. 2016;11:287–293. doi: 10.1016/j.gheart.2016.08.001
 8. Won KB, Chang HJ, Niinuma H, Sung J, Shin S, Cho IJ, Shim CY, Hong 

GR, Kim YJ, Choi BW, et al. Evaluation of the predictive value of coro-
nary artery calcium score for obstructive coronary artery disease in as-
ymptomatic Korean patients with type 2 diabetes mellitus. Coron Artery 

Dis. 2015;26:150–156. doi: 10.1097/MCA.0000000000000184
 9. Genders TS, Steyerberg EW, Hunink MG, Nieman K, Galema TW, 

Mollet NR, de Feyter PJ, Krestin GP, Alkadhi H, Leschka S, et  al. 
Prediction model to estimate presence of coronary artery disease: ret-
rospective pooled analysis of existing cohorts. BMJ. 2012;344:e3485. 
doi: 10.1136/bmj.e3485

 10. Baskaran L, Danad I, Gransar H, ÓH B, Schulman- Marcus J, Lin FY, 
Peña JM, Hunter A, Newby DE, Adamson PD, et al. A comparison of the 
updated Diamond- Forrester, CAD Consortium, and CONFIRM history- 
based risk scores for predicting obstructive coronary artery disease in 
patients with stable chest pain: the SCOT- HEART coronary CTA co-
hort. JACC Cardiovasc Imaging. 2019;12:1392–1400. doi: 10.1016/j.
jcmg.2018.02.020

 11. Miller RJH, Klein E, Gransar H, Slomka PJ, Friedman JD, Hayes S, 
Thomson L, Tamarappoo B, Rozanski A, Berman DS. Prognostic signif-
icance of previous myocardial infarction and previous revascularization 
in patients undergoing SPECT MPI. Int J Cardiol. 2020;313:9–15. doi: 
10.1016/j.ijcard.2020.04.012

 12. Fihn SD, Blankenship JC, Alexander KP, Bittl JA, Byrne JG, Fletcher BJ, 
Fonarow GC, Lange RA, Levine GN, Maddox TM, et al. 2014 ACC/AHA/
AATS/PCNA/SCAI/STS focused update of the guideline for the diag-
nosis and management of patients with stable ischemic heart disease. 
Circulation. 2014;130:1749–1767. doi: 10.1161/CIR.0000000000000095

 13. Hendel RC, Patel MR, Kramer CM, Poon M, Hendel RC, Carr JC, 
Gerstad NA, Gillam LD, Hodgson JM, Kim RJ. ACCF/ACR/SCCT/
SCMR/ASNC/NASCI/SCAI/SIR 2006 appropriateness criteria for car-
diac computed tomography and cardiac magnetic resonance imaging. 
J Am Coll Cardiol. 2006;48:1475–1497. doi: 10.1016/j.jacc.2006.07.003

 14. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M, 
Detrano R. Quantification of coronary artery calcium using ultrafast 
computed tomography. J Am Coll Cardiol. 1990;15:827–832. doi: 
10.1016/0735- 1097(90)90282- T

 15. Al’Aref SJ, Maliakal G, Singh G, van Rosendael AR, Ma X, Xu Z, 
Alawamlh OAH, Lee B, Pandey M, Achenbach S, et al. Machine learn-
ing of clinical variables and coronary artery calcium scoring for the pre-
diction of obstructive coronary artery disease on coronary computed 
tomography angiography. Eur Heart J. 2020;41:359–367. doi: 10.1093/
eurheartj/ehz565

 16. Austin PC. A tutorial on multilevel survival analysis: methods, models 
and applications. Int Stat Rev. 2017;85:185–203. doi: 10.1111/insr.12214

 17. Miller RJH, Hauser MT, Sharir T, Einstein AJ, Fish MB, Ruddy TD, 
Kaufmann PA, Sinusas AJ, Miller EJ, Bateman TM, et al. Machine learn-
ing to predict abnormal myocardial perfusion from pre- test features. J 

Nucl Cardiol. 2022;29:2393–2403. doi: 10.1007/s12350- 022- 03012- 6
 18. DeLong ER, DeLong DM, Clarke- Pearson DL. Comparing the areas 

under two or more correlated receiver operating characteristic curves: 
a nonparametric approach. Biometrics. 1988;44:837–845. doi: 
10.2307/2531595

 19. Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obuchowski 
N, Pencina MJ, Kattan MW. Assessing the performance of prediction 
models: a framework for traditional and novel measures. Epidemiology. 
2010;21:128–138. doi: 10.1097/EDE.0b013e3181c30fb2

 20. Brier GW. Verification of forecasts expressed in terms of probability. 
Month Weath Rev. 1950;78:1–3. doi: 10.1175/1520-0493(1950)078% 
3C0001:VOFEIT%3E2.0.CO;2

 21. Winther S, Schmidt SE, Mayrhofer T, Botker HE, Hoffmann U, Douglas 
PS, Wijns W, Bax J, Nissen L, Lynggaard V, et al. Incorporating coro-
nary calcification into pre- test assessment of the likelihood of coronary 
artery disease. J Am Coll Cardiol. 2020;76:2421–2432. doi: 10.1016/j.
jacc.2020.09.585

 22. Yeh RW, Sidney S, Chandra M, Sorel M, Selby JV, Go AS. Population 
trends in the incidence and outcomes of acute myocardial infarction. N 

Engl J Med. 2010;362:2155–2165. doi: 10.1056/NEJMoa0908610
 23. Rozanski A, Gransar H, Hayes SW, Min J, Friedman JD, Thomson LE, 

Berman DS. Temporal trends in the frequency of inducible myocardial 
ischemia during cardiac stress testing: 1991 to 2009. J Am Coll Cardiol. 
2013;61:1054–1065. doi: 10.1016/j.jacc.2012.11.056

 24. Van Calster B, McLernon DJ, van Smeden M, Wynants L, Steyerberg 
EW, Bossuyt P, Collins GS, Macaskill P, McLernon DJ, Moons KGM, 
et al. Calibration: the Achilles heel of predictive analytics. BMC Med. 
2019;17:230. doi: 10.1186/s12916- 019- 1466- 7

 25. McClelland RL, Jorgensen NW, Budoff M, Blaha MJ, Post WS, Kronmal 
RA, Bild DE, Shea S, Liu K, Watson KE, et al. 10- year coronary heart 
disease risk prediction using coronary artery calcium and traditional 
risk factors. J Am Coll Cardiol. 2015;66:1643–1653. doi: 10.1016/j.
jacc.2015.08.035

 26. Rios R, Miller RJH, Manral N, Sharir T, Einstein AJ, Fish MB, Ruddy 
TD, Kaufmann PA, Sinusas AJ, Miller EJ, et al. Handling missing val-
ues in machine learning to predict patient- specific risk of adverse car-
diac events: insights from REFINE SPECT registry. Comput Biol Med. 
2022;145:105449. doi: 10.1016/j.compbiomed.2022.105449

 27. Rios R, Miller RJH, Hu LH, Otaki Y, Singh A, Diniz M, Sharir T, Einstein 
AJ, Fish MB, Ruddy TD, et al. Determining a minimum set of variables 
for machine learning cardiovascular event prediction. Cardiovasc Res. 
2022;118:2152–2164. doi: 10.1093/cvr/cvab236

 28. Erbel R, Budoff M. Improvement of cardiovascular risk prediction 
using coronary imaging: subclinical atherosclerosis. Eur Heart J. 
2012;33:1201–1213. doi: 10.1093/eurheartj/ehs076

 29. Rozanski A, Gransar H, Shaw LJ, Kim J, Miranda- Peats L, Wong ND, 
Rana JS, Orakzai R, Hayes SW, Friedman JD, et  al. Impact of coro-
nary artery calcium scanning on coronary risk factors and downstream 
testing the EISNER (Early Identification of Subclinical Atherosclerosis by 
Noninvasive Imaging Research) prospective randomized trial. J Am Coll 

Cardiol. 2011;57:1622–1632. doi: 10.1016/j.jacc.2011.01.019
 30. Einstein AJ, Johnson LL, Bokhari S, Son J, Thompson RC, Bateman 

TM, Hayes SW, Berman DS. Agreement of visual estimation of coro-
nary artery calcium from low- dose CT attenuation correction scans in 
hybrid PET/CT and SPECT/CT with standard Agatston score. J Am Coll 

Cardiol. 2010;56:1914–1921. doi: 10.1016/j.jacc.2010.05.057
 31. Trpkov C, Savtchenko A, Liang Z, Feng P, Southern DA, Wilton SB, 

James MT, Feil E, Mylonas I, Miller RJH. Visually estimated coronary ar-
tery calcium score improves SPECT- MPI risk stratification. Int J Cardiol 

Heart Vasc. 2021;35:100827. doi: 10.1016/j.ijcha.2021.100827
 32. van Velzen SG, Lessmann N, Velthuis BK, Bank IE, van den Bongard 

DH, Leiner T, de Jong PA, Veldhuis WB, Correa A, Terry JG. Deep learn-
ing for automatic calcium scoring in CT: validation using multiple cardiac 
CT and chest CT protocols. Radiology. 2020;295:66–79. doi: 10.1148/
radiol.2020191621

 33. Miller RJ, Pieszko K, Shanbhag A, Feher A, Lemley M, Killekar A, 
Kavanagh PB, Van Kriekinge SD, Liang JX, Huang C, et al. Deep learn-
ing coronary artery calcium scores from SPECT/CT attenuation maps 
improves prediction of major adverse cardiac events. J Nucl Med. 
2023;64:652–658. doi: 10.2967/jnumed.122.264423

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

://ah
ajo

u
rn

als.o
rg

 b
y
 o

n
 Jan

u
ary

 2
9
, 2

0
2
4



J Am Heart Assoc. 2023;12:e031601. DOI: 10.1161/JAHA.123.031601 11

Miller et al Simplified Prediction for Obstructive CAD

 34. Pieszko K, Shanbhag A, Killekar A, Miller RJH, Lemley M, Otaki Y, Singh 
A, Kwiecinski J, Gransar H, Van Kriekinge SD, et al. Deep learning of 
coronary calcium scores from PET/CT attenuation maps accurately 
predicts adverse cardiovascular events. JACC Cardiovasc Imaging. 
2023;16:675–687. doi: 10.1016/j.jcmg.2022.06.006

 35. Peng Allison W, Dudum R, Jain Sneha S, Maron David J, Patel Bhavik 
N, Khandwala N, Eng D, Chaudhari Akshay S, Sandhu Alexander T, 
Rodriguez F. Association of coronary artery calcium detected by routine 
ungated CT imaging with cardiovascular outcomes. J Am Coll Cardiol. 
2023;82:1192–1202. doi: 10.1016/j.jacc.2023.06.040

 36. den Dekker MA, de Smet K, de Bock GH, Tio RA, Oudkerk M, 
Vliegenthart R. Diagnostic performance of coronary CT angiography 
for stenosis detection according to calcium score: systematic review 
and meta- analysis. Eur Radiol. 2012;22:2688–2698. doi: 10.1007/
s00330- 012- 2551- x

 37. Miller RJH, Eisenberg E, Friedman J, Cheng V, Hayes S, Tamarappoo 
B, Thomson L, Berman DS. Impact of heart rate on coronary com-
puted tomographic angiography interpretability with a third- generation 
dual- source scanner. Int J Cardiol. 2019;295:42–47. doi: 10.1016/j.
ijcard.2019.07.098

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

://ah
ajo

u
rn

als.o
rg

 b
y
 o

n
 Jan

u
ary

 2
9
, 2

0
2
4


	Simplified Approach to Predicting Obstructive Coronary Disease With Integration of Coronary Calcium: Development and External Validation
	Methods
	Patient Populations
	Data Elements
	CCTA Acquisition and Interpretation
	Likelihood Table Development
	Comparison Models
	Positron Emission Tomography Cohort
	Statistical Analysis

	Results
	Patient Populations
	Predictors of Obstructive CAD
	Prediction for Obstructive CAD: Training Population
	Prediction for Obstructive CAD: External Testing Population
	Prediction for ≥50% Left Main or ≥70% Stenosis
	Prediction Performance in PET Population

	Discussion
	Limitations

	Conclusions
	Sources of Funding
	Disclosures
	REFERENCES


