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Abstract
Objectives Coronary computed tomography angiography (CCTA) has higher diagnostic accuracy than coronary artery 
calcium (CAC) score for detecting obstructive coronary artery disease (CAD) in patients with stable chest pain, while the 
added diagnostic value of combining CCTA with CAC is unknown. We investigated whether combining coronary CCTA 
with CAC score can improve the diagnosis of obstructive CAD compared with CCTA alone.
Methods A total of 2315 patients (858 women, 37%) aged 61.1 ± 10.2 from 29 original studies were included to build two 
CAD prediction models based on either CCTA alone or CCTA combined with the CAC score. CAD was defined as at least 
50% coronary diameter stenosis on invasive coronary angiography. Models were built by using generalized linear mixed-
effects models with a random intercept set for the original study. The two CAD prediction models were compared by the like-
lihood ratio test, while their diagnostic performance was compared using the area under the receiver-operating-characteristic 
curve (AUC). Net benefit (benefit of true positive versus harm of false positive) was assessed by decision curve analysis.
Results CAD prevalence was 43.5% (1007/2315). Combining CCTA with CAC improved CAD diagnosis compared with 
CCTA alone (AUC: 87% [95% CI: 86 to 89%] vs. 80% [95% CI: 78 to 82%]; p < 0.001), likelihood ratio test 236.3, df: 1, 
p < 0.001, showing a higher net benefit across almost all threshold probabilities.
Conclusion Adding the CAC score to CCTA findings in patients with stable chest pain improves the diagnostic performance 
in detecting CAD and the net benefit compared with CCTA alone.
Clinical relevance statement CAC scoring CT performed before coronary CTA and included in the diagnostic model can 
improve obstructive CAD diagnosis, especially when CCTA is non-diagnostic.
Key Points 
• The combination of coronary artery calcium with coronary computed tomography angiography showed significantly 
   higher AUC (87%, 95% confidence interval [CI]: 86 to 89%) for diagnosis of coronary artery disease compared to coronary 
   computed tomography angiography alone (80%, 95% CI: 78 to 82%, p < 0.001).
• Diagnostic improvement was mostly seen in patients with non-diagnostic C.
• The improvement in diagnostic performance and the net benefit was consistent across age groups, chest pain types, and genders.
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Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-023-10223-z&domain=pdf
http://orcid.org/0000-0002-4402-2733


2427European Radiology (2024) 34:2426–2436 

1 3

Keywords Computed tomography angiography · Coronary angiography · Coronary artery disease

Abbreviations
AUC   Area under the receiver-operating-charac-

teristic curve
CAC   Coronary artery calcium
CAD  Coronary artery disease
CCTA   Coronary computed tomography 

angiography
CI  Confidence interval
COME-CCT   Collaborative Meta-Analysis of Cardiac 

CT
DCA  Decision curve analysis
ICA  Invasive coronary angiography
IPD  Individual participant data
IQR  Interquartile range
NPV  Negative predictive value
PPV  Positive predictive value
SD  Standard deviation
DOR  Diagnostic odds ratio

Introduction

The coronary artery calcium (CAC) score is a prognostic 
marker for subsequent coronary events [1] and a diagnos-
tic marker for the presence of obstructive coronary artery 
disease (CAD) [2]. The absence of CAC is associated with 
a low (< 5%) prevalence of obstructive CAD [3–5], and the 
presence of CAC increases the probability of obstructive 
CAD [6–10]. On the other hand, CAC scoring provides no 
information on non-calcified plaques or luminal stenosis, 
limiting its role in patient screening and risk stratification 
[11–13].

Coronary CT angiography (CCTA) is a safe non-inva-
sive modality that serves as an accurate gatekeeper to inva-
sive coronary angiography (ICA) in patients with stable 
chest pain and suspected CAD [3, 4]. The DISCHARGE 
trial has shown that, in patients referred for ICA because 
of stable chest pain who have an intermediate pre-test 
probability of CAD, there was no demonstrable differ-
ence between CCTA and ICA as the initial test, in pre-
venting major adverse cardiovascular events, while the 
rate of major procedure-related complications was lower 
in the CCTA group [14]. The Collaborative Meta-Analysis 
of Cardiac CT (COME-CCT) consortium has shown that 
CCTA is highly accurate in diagnosing obstructive CAD 
when ICA is used as the reference standard [15]. Never-
theless, CCTA is limited by a non-diagnostic test rate that 
was as high as 10.4% in COME-CCT [15] and between 
5 and 6.4% in patients with stable chest pain in several 
large clinical trials [14, 16, 17]. The non-diagnostic test 

result was defined at the patient level, according to the 
local standards of the original diagnostic accuracy stud-
ies included in the COME-CCT database, when it was not 
possible to exclude a significant stenosis of 50% or more 
in a vessel due to the underlying image quality of at least 
one vessel. The CAC score could possibly fill this diagnos-
tic gap and provide useful supplementary information in 
patients with suspected CAD and stable chest pain.

Compared to the CAC score, CCTA was found to have 
higher diagnostic accuracy in diagnosing obstructive CAD 
in patients with stable chest pain in a study of Wieske et al. 
[18]. Nevertheless, the added value of combining CAC 
with CCTA is unknown. Thus, we sought to investigate the 
diagnostic performance of combined CCTA findings and 
CAC scores in comparison to CCTA findings alone using 
ICA as the reference standard.

Methods

Patients

Our study population was obtained from the COME-CCT 
original dataset [19], which is a collaborative meta-anal-
ysis of individual patient data evaluating the diagnostic 
performance of CCTA with invasive coronary angiography 
as the reference standard in stable chest pain patients. Both 
tests were performed on all patients and only those with 
available CAC scores were included in our analysis. We 
excluded patients with an unstable presentation, known 
CAD, coronary stents, or bypass grafts (Appendix Fig. 1). 
Data collection, data harmonization, reporting bias, and 
risk of bias assessment have been reported before [15]. 
Briefly, we contacted all corresponding authors for pub-
lished and unpublished studies. Data harmonisation was 
performed by two independent readers who checked data 
quality and accuracy in comparison to aggregated pub-
lished data. The risk of bias was assessed by two inde-
pendent readers, who were not involved in data collection 
or harmonisation.

ICA, CCTA, and CAC score

ICA was performed according to local standards at the study 
sites and was used as the diagnostic reference standard in this 
individual-patient data meta-analysis. Obstructive CAD was 
defined as a diameter reduction of at least 50% of the coronary 
artery lumen. Two- and three-dimensional CCTA post-pro-
cessing was done by experienced investigators as previously 
reported [15]. A 50% stenosis of the coronary artery lumen 
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was considered obstructive CAD by CCTA. The Agatston 
score was used to quantify the amount of CAC based on 
enhanced images obtained before the CCTA scan [20].

Subgroup analysis

Subgroup analyses were carried out by gender, chest pain 
type, and age group. Three age groups were defined: less 
than 45 years of age, 45 to 65 years, and more than 65 years. 
These analyses were performed to evaluate the diagnostic 
performance of CAC plus CCTA compared to CCTA alone 
among those clinically important subgroups.

To replicate the clinical scenario, an additional model 
was developed by utilizing a cut-off value defined by the 
initial model (Appendix Table 3) to dichotomize the CAC 
values. This specific cut-off value determines the threshold 
at which performing CCTA offers negligible benefits, indi-
cating that the false positive rate depending on this CAC 
cut-off value would be close to the non-diagnostic rate of 
CCTA. Additionally, when CCTA results are non-diagnos-
tic, an additional CAC cut-off value of 400 is utilized.

Statistical analysis

Normally distr ibuted variables were reported as 
mean ± standard deviation (SD), while median and inter-
quartile range (IQR) were used for ordinal or not normally 
distributed data. Categorical data were reported as propor-
tions and their 95% confidence intervals (CI).

To evaluate the benefit of incorporating the CAC 
score and CCTA findings in the diagnosis of obstructive 
CAD, we constructed two prediction models for CAD: 
(1) the CCTA alone model and (2) the CAC plus CCTA 
model. The STARD 2015 guidelines [21] were followed 
for reporting the development and validation of the two 
models. Models were built based on an individual patient 
data (IPD) meta-analysis by generalized linear mixed 
effect models using a binomial distribution and a logistic 
link function and with a random intercept set for the indi-
vidual studies to control for the variability between the 
29 included studies. For the statistical comparison, the 
likelihood ratio test was used to compare the CCTA alone 
model and the CAC plus CCTA model. The diagnostic 
performance was compared based on the area under the 
receiver-operating-characteristic curve (AUC) [21–23] 
and the diagnostic odds ratio (DOR) [21], while the clini-
cal consequences were assessed by a bias-corrected deci-
sion curve analysis [23]. Decision curve analysis is used 
to calculate net benefit across a range of threshold prob-
abilities. The net benefit reflects the trade-off between the 
benefit of detecting new cases (true positive) and the harm 

of conducting the diagnostic test on patients who do not 
require it (false positive). The threshold probability per-
tains to the rate at which the clinical benefit and harm 
are reconciled. Bias correction for decision curve analysis 
was done by tenfold cross-validation with a 100 repeats 
approach [24]. The calibration of the models was assessed 
by calibration slope and visually by the calibration curve.

The intention-to-diagnose approach was followed to 
impute the CCTA results in case of non-diagnostic CCTA 
findings [25]. This is a worst-case scenario approach treat-
ing non-diagnostic CCTA cases as if they were false posi-
tive or false negative based on ICA results as the reference 
standard [25]. Model validation (Appendix Table 1) and cali-
bration (Appendix Fig. 2) were done using 250 bootstraps 
[26]. Analyses were performed by R 4.2, using the packages 
lme4, pROC, reportROC, DescTools, PrediABEL, and dca-
function (https:// www. mskcc. org/ depar tments/ epide miolo 
gy- biost atist ics/ health- outco mes/ decis ion- curve analy sis- 01).

Table 1  Baseline characteristics

Values are n (%) or mean ± SD
ICA invasive coronary angiography; CCTA  coronary computed 
tomography angiography; CAD coronary artery disease; BMI body 
mass index in kg/m2; IQR interquartile range
a  Pretest probability was calculated based on the Diamond-Forrester 
model and included gender, age, and type of symptoms
b  Obstructive CAD was defined as a diameter reduction of at least 
50% on invasive coronary angiography (ICA) of the coronary artery 
and was used as the reference standard
c  Obstructive CAD was defined as a diameter reduction of at least 
50% on coronary computed tomography angiography (CCTA) of the 
coronary artery

Total (n = 2315)

Female 858 (36.5)
Age, yrs 61.1 ± 10.2
Pretest  probabilitya, % 52.3 ± 22.86
Chest pain type
  Typical angina 987 (42.6)
  Atypical angina 720 (31.1)
  Non-anginal chest pain 453 (19.6)
  Other chest discomfort 155 (6.7)

CAC score median (IQR) 71 (1.0–378.3)
BMI 26.8 ± 4.1
Diabetes 416 (18)
Hyperlipidemia 1095 (47.3)
Hypertension 12,256 (54.3)
Current smoker 665 (28.7)
CT examinations on scanners with ≤ 64 detector 

rows
2067 (89.3)

Non-diagnostic CTA (NDX) 253 (10.9)
Obstructive  CADb by ICA 1007 (43.5)
Obstructive  CADc by CCTA 1202 (51.9)

https://www.mskcc.org/departments/epidemiology-biostatistics/health-outcomes/decision-curveanalysis-01
https://www.mskcc.org/departments/epidemiology-biostatistics/health-outcomes/decision-curveanalysis-01
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Results

A total of 2315 patients from 29 studies were included 
in this analysis. The pre-test probabilities between the 
patients included in this analysis (0.52 ± 0.23) and the 
excluded patients (0.52 ± 0.22) showed no statistically 
significant difference (difference: 0.005 [95% CI: − 0.002 
to 0.012], p = 0.153). Patients’ characteristics are sum-
marized in Table  1. The study patients had a median 
CAC score of 71 (IQR: 1.0 to 378.3), and 1007 (43.5%) 
patients had obstructive CAD by ICA (Table 1). There was 
no statistically significant difference in CAD prediction 
based on the CAC score between patients with diagnostic 
CTA results and patients with non-diagnostic CTA results 
(AUC: 76% [95% CI: 74 to 78%] vs. 74% [95% CI: 67 to 
80%], p = 0.529).

Diagnostic performance evaluation

Adding the CAC score to CCTA improved the AUC of 
CAD prediction to 87% [95% CI: 86 to 89%]) compared to 
CCTA alone (AUC: 80% [95% CI: 78 to 82%]) (p < 0.001) 
(Fig. 1A), likelihood ratio test 236.3, df: 1, p < 0.001. The 
other diagnostic performance parameters for the two models 
are compiled in the Supplement (Appendix Table 2). The 
CAC score plus the CCTA model improved the diagnos-
tic accuracy by 2.4% (p < 0.001) by correctly classifying 
55 net cases. Most of these cases, 52 (96%), were patients 
with non-diagnostic CCTA results. The remaining three 
cases (4%), which showed typical symptoms and had CAC 
scores exceeding 2000, were patients with diagnostic CCTA 
results. Appendix Tables 3–4 present the estimates for both 
models and the result of the likelihood ratio test for their 
comparison.

The DOR of the CAC score plus CCTA model was 64.0 
[95% CI: 35.9 to 114.2], compared with, the CCTA alone 
model 41.3 [95% CI: 20.4 to 83.5] (Appendix Figs. 3−4).

Evaluation of clinical consequences

Bias-corrected decision curve analysis showed that the 
CAC score plus CCTA model performed better than CCTA 
alone in terms of net benefit over almost all threshold 
probabilities (Fig. 1B).

Subgroup analysis

Combining the CAC score with CCTA findings improved 
the AUC of obstructive CAD diagnosis in both (Fig. 2), 
all three age groups (Fig. 3), and across types of angina 
symptoms (Fig. 4), when compared to CCTA alone.

The initial model suggested that it may be legitimate to 
directly refer patients with a CAC score of 1715 or higher 
to ICA. However, for the sake of simplicity, a CAC cut-off 
value of 2000 was used in our clinical scenario model. The 
clinical scenario model showed an improved CAD predic-
tion with an AUC of 88% [95% CI: 86 to 90%], compared 
to CCTA alone with an AUC of 80% [95% CI: 78 to 82%] 

A) ROC

B) DCA

Evaluation of diagnostic performance and clinical consequences
of CAC plus CCTA model compared with CCTA alone
model

Fig. 1  A Diagnostic performance assessed by the ROC curve shows 
that the CAC plus CCTA model (blue solid line) has a larger AUC 
than the CCTA alone model (dotted black line). B Clinical conse-
quences by DCA show that the CAC plus CCTA (blue solid line) per-
formed better than CCTA alone in terms of net clinical benefit (dot-
ted black line). The black horizontal line represents the net benefit 
when all patients are considered to have no CAD, whereas the grey 
line represents the net benefit when all patients are considered to have 
obstructive CAD. The intersection of the two lines indicates the prev-
alence of obstructive CAD (43.3%) in our sample
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Fig. 2  ROC curve subgroup 
analysis by gender shows a 
consistently better diagnostic 
performance for the CAC plus 
CCTA model (blue solid line) 
over the CCTA alone model 
(dotted black line) among (A) 
male and (B) female patients

Diagnostic performance of CAC plus CCTA model compared with CCTA
alone model by gender

A) Male                                                                      B) Female 

Fig. 3  ROC curve subgroup 
analysis by age groups shows 
a consistently better diagnostic 
performance for the CAC plus 
CCTA model (blue solid line) 
over the CCTA alone model 
(dotted black line) across all 
three age groups investigated

A) Less than 45 years                                                 B) From 45 to 65 years

C) More than 65 years

Diagnostic performance of CAC plus CCTA model compared with CCTA alone
model by age groups
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(p < 0.001). Additionally, the clinical scenario model signifi-
cantly enhanced the diagnostic accuracy to 87% (95% CI: 86 
to 88%), compared to CCTA alone with an accuracy of 80% 
(95% CI: 78 to 81%) (p < 0.001) (Fig. 5).

Discussion

Our analysis yielded four major findings: First, Combining 
the CAC score with CCTA findings improved obstructive 
CAD prediction compared to CCTA alone in patients with 
suspected CAD and stable chest pain. Second, the combina-
tion of the CAC score with CCTA showed a higher clinical 
benefit over nearly the entire range of threshold. Third, a bet-
ter calibration curve and higher DOR were found for the CAC 
score plus CCTA model compared with the CCTA alone 

model, which may suggest better external validity in different 
settings, especially in patients with lower CAD prevalence. 
Finally, we also showed that the CAC score plus CCTA find-
ings showed better performance than CCTA alone among the 
different clinically important subgroups (gender, age, type of 
chest pain). These findings can be explained by the ability of 
CAC to fill the diagnostic gap of CCTA in patients with non-
diagnostic test results for the diagnosis of CAD.

Our CAD prediction model is based on two pillars: CCTA 
findings and the CAC score.

To our knowledge, four clinical trials compared CCTA with 
ICA, the single-centre CAT-CAD trial [27], the multicentre 
CONSERVE trial [28], the single-centre randomised CAD-
Man trial [29], and the multicentre DISCHARGE trial [14]. 
A recent meta-analysis of the four trials showed that CCTA 
and ICA have a similar predictive ability of major adverse 
cardiovascular events at a median follow-up of 2.8 years [30]. 

Fig. 4   ROC curve subgroup 
analysis by type of chest symp-
toms shows a consistently better 
diagnostic performance for the 
CAC plus CCTA model (blue 
solid line) over the CCTA alone 
model (dotted black line) across 
all chest pain types

A) Typical                                                 B) Atypical

C) Nonanginal                                                               D) Other chest discomforts

Diagnostic performance of CAC score plus CCTA model compared with

CCTA alone model by type of angina symptoms
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However, none of the previously mentioned trials examined 
the combination of CAC score and CCTA findings.

The simplicity of the CAC score, the avoidance of con-
trast medium as well as low radiation requirements make it 
an applicable diagnostic marker for the detection of CAD. 
While it has already been shown that adding the CAC score 
to a patient’s cardiovascular risk factors enhances the pre-test 
probability prediction of CAD, the 2019 European guidelines 
did not recommend the routine use of the CAC score in CAD 
diagnosis despite its net reclassification improvement of 66% 
[3]. In contrast, the 2021 American College of Cardiology 
guidelines state that CAC scores, if available, can be used as 
a first-line test for better estimation of the pre-test probability 
[4]. For patients with an intermediate to high risk of CAD and 
non-diagnostic CCTA findings, the American College of Car-
diology guidelines recommend that CAC score testing should 
be added to stress testing [4], while it is not clear if adding a 
CAC score to CCTA findings is of any benefit.

We showed that combining the CAC score with CCTA 
findings improved the diagnostic performance in detecting 
obstructive CAD in comparison to CCTA alone, which was 
also reflected in a better net benefit over almost all threshold 
values for the combined tests, which will improve clinical 
decision-making in the different clinical scenarios. Further-
more, the improvement in the diagnostic performance was 
consistent across all clinically important subgroups, especially 

in patients with typical chest pain symptoms and patients 
older than 65 years. Finally, obtaining information on CAC 
scores in the routine diagnostic workup of suspected CAD 
could contribute to a better assessment of the patient’s prog-
nosis and better adjustment of the therapeutic regimen.

Furthermore, another algorithm was studied in the mul-
ticentre CRESCENT Trial, where CAC scoring was done 
first with the sequential addition of CCTA if CAC was posi-
tive, demonstrating that fewer patients randomized to cardiac 
CT reported anginal complaints (p = 0.012). After 1.2 years, 
event-free survival was 96.7% for patients randomized to 
CT and 89.8% for patients randomized to functional testing 
(p = 0.011). CT afforded faster diagnosis (p < 0.0001), and 
additional downstream testing was required less frequently 
(25 vs. 53%, p < 0.0001), resulting in lower diagnostic costs 
(€369 vs. €440; p < 0.0001) [31].

Limitations

This study has relevant limitations. First, the COME-CCT 
study population was collected from different prospective 
diagnostic studies conducted to compare CCTA with ICA for 
the diagnosis of CAD but not for specifically investigating 
the additional value of CAC scoring. Second, CAC scores 
were not available for all patients included in the COME-CCT 
consortium. Third, patients included were referred for ICA, 
which resulted in a rather high prevalence of CAD (43.5%); 
therefore, external validation of our model in patient popula-
tions with lower CAD prevalence is warranted. Fourth, the 
analysis was done at the patient level only as no segment-
wise information was available. Leschka et al. have shown 
that CAC scoring did not improve diagnostic accuracy when 
combined with segmental CCTA in all patients, whereas, in 
the subset of patients with non-diagnostic segments, speci-
ficity increased from 87 to 100% while sensitivity was not 
affected [32]. Fifth, the gender continuous variable was not 
used in the data collection of the originally included studies, 
which only used binary gender definitions.

Finally, there is no information on medications, especially 
statins, taken by our study patients, which would have been 
relevant because several studies have shown that statins 
increase the calcified plaque volume (NCPV) [33, 34].

Strengths

This study also has strengths such as its large size includ-
ing 29 original studies from 16 countries with an overall 
number of more than 2000 patients with CAC, CCTA, and 
ICA. Second, calibration assessment helped make our results 
generalizable to other settings with a lower prevalence of 
CAD. Third, ICA referral was essential to avoid verification 
bias, which has an unequivocal impact on the validity of 
the calibration measures. The use of CCTA as a reference 

Diagnostic performance of clinical scenario model 
compared with CCTA alone model

Fig. 5    ROC curve of the clinical scenario model (blue solid line) 
based on two CAC cut-off values. The first cut-off value of 2000 is 
used to directly refer patients to ICA, while the second cut-off value 
of 400 is used in the case of non-diagnostic CCTA. The clinical 
model (blue solid line) has a larger AUC than the CCTA alone model 
(dotted black line)
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standard would have reduced the validity of model calibra-
tion, due to its low positive predictive value.

Conclusion

Using ICA as the reference standard, this study shows that com-
bining CAC scores with CCTA findings improved the diagnos-
tic performance and the net benefit in identifying obstructive 
CAD diagnosis compared with CCTA findings. This potential 
of CAC scores to fill the diagnostic gap, especially in patients 
with non-diagnostic CCTA, may lead to improved clinical 
decision-making in patients with stable chest pain. 

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00330- 023- 10223-z.
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