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Abstract
Objectives No clear recommendations are endorsed by the different scientific societies on the clinical use of repeat coronary 
computed tomography angiography (CCTA) in patients with non-obstructive coronary artery disease (CAD). This study 
aimed to develop and validate a practical CCTA risk score to predict medium-term disease progression in patients at a low-
to-intermediate probability of CAD.
Methods Patients were part of the Progression of AtheRosclerotic PlAque Determined by Computed Tomographic Angiography 
Imaging (PARADIGM) registry. Specifically, 370 (derivation cohort) and 219 (validation cohort) patients with two repeat, clini-
cally indicated CCTA scans, non-obstructive CAD, and absence of high-risk plaque (≥ 2 high-risk features) at baseline CCTA were 
included. Disease progression was defined as the new occurrence of ≥ 50% stenosis and/or high-risk plaque at follow-up CCTA.
Results In the derivation cohort, 104 (28%) patients experienced disease progression. The median time interval between the 
two CCTAs was 3.3 years (2.7–4.8). Odds ratios for disease progression derived from multivariable logistic regression were 
as follows: 4.59 (95% confidence interval: 1.69–12.48) for the number of plaques with spotty calcification, 3.73 (1.46–9.52) 
for the number of plaques with low attenuation component, 2.71 (1.62–4.50) for 25–49% stenosis severity, 1.47 (1.17–1.84) 
for the number of bifurcation plaques, and 1.21 (1.02–1.42) for the time between the two CCTAs. The C-statistics of the 
model were 0.732 (0.676–0.788) and 0.668 (0.583–0.752) in the derivation and validation cohorts, respectively.
Conclusions The new CCTA-based risk score is a simple and practical tool that can predict mid-term CAD progression in 
patients with known non-obstructive CAD.
Clinical relevance statement The clinical implementation of this new CCTA-based risk score can help promote the management 
of patients with non-obstructive coronary disease in terms of timing of imaging follow-up and therapeutic strategies.
Key Points 
• No recommendations are available on the use of repeat CCTA in patients with non-obstructive CAD.
• This new CCTA score predicts mid-term CAD progression in patients with non-obstructive stenosis at baseline.
• This new CCTA score can help guide the clinical management of patients with non-obstructive CAD.
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DLP  Dose-length product
HRP  High-risk plaque
HU  Hounsfield unit
LAD  Left anterior descending coronary artery
LM  Left main coronary artery
PARADIGM  Progression of AtheRosclerotic PlAque 

Determined by Computed Tomographic 
Angiography Imaging

PCI  Percutaneous coronary intervention
PROMISE  Prospective Multicenter Imaging Study 

for Evaluation of Chest Pain
SCCT   Society of Cardiovascular Computed 

Tomography
SCOT-HEART   Scottish Computed Tomography of the 

Heart
SIS  Segment involved score
TRIPOD  Transparent Reporting of a multivariable 

prediction model for Individual Progno-
sis Or Diagnosis

Introduction

Coronary artery disease (CAD) is still the primary cause of 
death globally [1], despite the substantial improvements in its 
management in the last years. Nonetheless, early CAD detec-
tion and prompt initiation of preventive strategies have been 
shown to reduce the risk of future cardiovascular events [2]. 
Therefore, identifying at-risk patients remains one of the pri-
orities for public health [3].

Over the past decade, coronary computed tomography angi-
ography (CCTA) has consolidated its role as a non-invasive 
imaging modality, which allows for the assessment of the ath-
erosclerotic burden of the overall coronary tree [4]. Beyond 
the traditional and well-established measurement of diameter 
stenosis, CCTA provides additional information on plaque 
location, extent, and composition [5] and on the presence of 
specific high-risk plaque (HRP) features [6]. Of note, these 
plaque characteristics were revealed to have superior risk 
stratification for future cardiovascular events compared to tra-
ditional cardiovascular risk factors [7, 8].

Additionally, the accelerated progression of coronary ather-
osclerosis has been associated with a higher risk of long-term 
mortality [9]. Although evidence is available concerning the 
ability of CCTA to assess plaque progression over time [10, 
11], no clear recommendations are endorsed by the different 
scientific societies on the clinical use of repeat CCTA [12–14]. 
Therefore, this study aimed to develop and validate a practical 
CCTA risk score to predict medium-term disease progression 
in a selected population of patients with non-obstructive coro-
nary stenosis, and without HRPs, at baseline CCTA.

Materials and methods

Study design and study population

The PARADIGM (Progression of AtheRosclerotic PlAque 
Determined by Computed Tomographic Angiography Imag-
ing) registry was a prospective, international, multicenter, 
observational registry in which 2252 patients at low-to-inter-
mediate risk of CAD were enrolled from 13 sites in 7 coun-
tries [15]. Consecutive patients who underwent two repeat, 
clinically indicated CCTA scans within at least 2 years were 
prospectively included in the study. Patients with no clinical 
data available at baseline or follow-up CCTA were excluded. 
For the present study, additional exclusion criteria were as 
follows: (1) uninterpretable CCTA either at baseline or fol-
low-up, (2) previous coronary revascularization by either 
percutaneous coronary intervention (PCI) or coronary artery 
bypass graft (CABG), (3) presence of at least one obstructive 
coronary stenosis (≥ 50%) at baseline CCTA, (4) presence 
of at least one HRP at baseline CCTA, (5) absence of coro-
nary atherosclerosis at baseline CCTA, and ( 6) PCI and/or 
CABG between serial CCTAs.

The study protocol complies with the Declaration of Hel-
sinki, and it was approved by the Institutional Ethical Com-
mittees of each participating center. All patients gave their 
written informed consent for the study.

Data collection

Patient demographics, cardiovascular risk factors, laboratory 
values, and medications were prospectively collected and 
recorded at the time of baseline and follow-up CCTAs [15].

CCTA analysis and CCTA‑derived parameters

All CCTAs were performed on CT scanners with 64-detector 
rows or higher according to the Society of Cardiovascular 
Computed Tomography (SCCT) guidelines [16, 17]. Since 
SCCT guidelines have indicated coronary artery calcium 
(CAC) scanning as optional at the time of CCTA, CAC 
imaging was not a requirement for the PARADIGM reg-
istry. The median (interquartile range) dose length product 
(DLP) of baseline CCTA and the cumulative DLP, including 
baseline and follow-up scans, were 467 (379–569) mGy*cm 
and 736 (542–1069) mGy*cm, respectively.

All datasets were transferred to an offline workstation in 
a single core laboratory. Independent, level III experienced 
readers [18, 19] analyzed the CCTA images blinded to the 
clinical data. Each coronary segment was inspected for the 
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presence of coronary atherosclerosis. More specifically, the 
following characteristics were evaluated:

(a) Qualitative characteristics: Coronary plaques were 
divided into non-calcified, calcified, and partially 
calcified based on their composition, as previously 
described [20]. Calcified and partially calcified plaques 
were grouped in the same category (plaques with calci-
fied component).

(b) High-risk plaque (HRP): HRPs were defined as coro-
nary lesions with ≥ 2 of the following high-risk fea-
tures: low-attenuation plaque, positive arterial remod-
elling, spotty calcification, and napkin ring sign [21]. 
A low-attenuated plaque was defined as the presence 
of a focal plaque area < 30 Hounsfield unit (HU). Posi-
tive arterial remodelling was identified if the lesion 
diameter divided by reference diameter was ≥ 1.1, and 
spotty calcification was described as a focal calcifica-
tion < 3 mm in maximal diameter occupying only one 
side of the coronary lumen on a cross-sectional view 
[21]. The napkin-ring sign corresponded to a ring-
like peripheral higher attenuation of the non-calcified 
portion of the coronary plaque [22]. Finally, coronary 
lesions were evaluated for location at a bifurcation, 
defined as the presence of a side branch origin within 
the lesion [23].

(c) Severity of coronary stenosis: The degree of stenosis 
was graded according to SCCT guidelines as follows: 
(1) none (diameter narrowing = 0%); (2) very mild 
(< 25%); mild (25–49%); moderate (50–69%); severe 
(70–99%) and occlusion (100%) [17]. A coronary ste-
nosis was defined as obstructive when diameter narrow-
ing was ≥ 50%. A segment involvement score (SIS) was 
built as a measure of overall coronary artery plaque dis-
tribution. The SIS was calculated as the total number of 
coronary artery segments exhibiting plaque, irrespec-
tive of the degree of luminal stenosis [24].

The most severe coronary stenosis within each patient 
was selected and included in the analysis, regardless of 
its location. Imaging datasets of patients included in the 
PARADIGM registry were also analyzed for quantita-
tive plaque assessment. Since the aim of our study was 
to develop a practical tool for clinicians which could 
be implemented easily in the busy clinical routine, we 
focused the analysis on qualitative and semi-quantitative 
imaging parameters.

Clinical outcome

The primary outcome of the study was the composite end-
point of (1) development of HRP and obstructive coronary 

stenosis; (2) development of obstructive coronary stenosis 
at follow-up CCTA without the development of HRP; and 
(3) development of HRP at follow-up CCTA without the 
development of obstructive coronary stenosis.

Statistical analysis

All statistical analyses were performed using STATA ver-
sion 17 (StataCorp. 2015. Stata Statistical Software: Release 
17. StataCorp LP). Continuous variables are reported as 
mean ± standard deviation if normally distributed or as 
median (interquartile range) if non-normally distributed and 
compared using the Student unpaired t-test or Mann–Whit-
ney U test, as appropriate. Categorical variables are pre-
sented as frequencies and corresponding percentages and 
compared using the chi-square test or the Fisher exact test. 
The risk prediction model was developed according to the 
TRIPOD (Transparent Reporting of a multivariable predic-
tion model for Individual Prognosis Or Diagnosis) method-
ology. Briefly, the entire cohort of patients was randomly 
divided into a derivation cohort, corresponding to approxi-
mately two-thirds of the whole population (n = 370), and 
a validation cohort, including the remaining 219 patients. 
There was no overlap of any patients between the derivation 
and the validation cohorts. After checking for collinearity, a 
multivariable logistic regression model was created to evalu-
ate the relationship between potential predictors and dis-
ease progression in the derivation cohort. The variables age, 
sex, the time interval between the two CCTAs, and those 
showing p < 0.100 at the exploratory univariate analysis 
were included. According to the inclusion criteria, t0 was 
set 2 years after the baseline CCTA. To avoid the problem 
of overfitting and provide meaningful predictors for clini-
cal implementation, only variables with a p < 0.050 were 
retained in the final model by stepwise approach. The Hos-
mer–Lemeshow test was used to assess the goodness of fit of 
the final model, and the C-statistic was calculated to evaluate 
the discriminatory power of the model. The b-coefficients 
derived from the final model were divided by the absolute 
value of the smallest coefficient and rounded to the nearest 
integer. The calculated weighted coefficients were used to 
generate a composite risk score. The final model was exter-
nally tested in the validation cohort. In addition, patients 
were classified into low score and high score according to 
the limits of the interquartile range of the calculated score, 
rounded to the nearest integer. Values between the  25th and 
 75th percentiles were used to define the intermediate group. 
The predicted probability and the rate of disease progression 
were calculated for each of the three score groups in the 
development and validation cohorts. All statistical analy-
ses were 2-sided and p < 0.050 was considered statistically 
significant.
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Results

Study population

From the total population of 2252 patients enrolled in the 
PARADIGM registry, 492 were excluded because either 
baseline or follow-up CCTA was not suitable for analysis, 
282 due to previous coronary revascularization, 150 due 
to the presence of obstructive coronary stenosis at base-
line CCTA, 325 due to the detection of HRP at baseline 
CCTA, 358 due to the absence of coronary atherosclerosis 
at baseline CCTA, and 56 due to coronary revascularization 
between serial CCTA scans. Therefore, the final population 
of the study consisted of 589 patients, as reported in the 
inclusion flowchart in Fig. 1.

The derivation group comprised 370 patients and the vali-
dation cohort included 219 patients. Patient demographics, 
cardiovascular risk factors, laboratory values, medications, 
and imaging parameters at baseline did not differ signifi-
cantly between the derivation and validation cohorts, as 
shown in Table 1S and Table 2S (Online Supplementary 
Material). There was a comparable rate of disease progres-
sion in the two cohorts: 104 (28%) in the derivation group 
and 57 (26%) in the validation group (p = 0.584).

Derivation cohort

The baseline clinical and laboratory characteristics of the 
derivation cohort are detailed in Table 1. The mean age 
was 61 ± 8.7 years and 203 (55%) patients were males. A 
total of 198 patients (54%) had hypertension, 84 (23%) 
had diabetes, 148 (40%) had hyperlipidemia, and 61 (16%) 
were active smokers at the time of enrolment. The baseline 

imaging characteristics are reported in Table 2. The median 
time interval between the first and the second CCTA was 
3.3 years (2.7–4.8). The median SIS was 3 (2–4) and a 
total of 123 (33%) coronary plaques were identified in the 
left main (LM) or in the proximal left anterior descending 
(LAD) coronary artery. Most coronary plaques (76%) were 
either partially calcified or calcified. Regarding the severity 
of coronary lesions, 204 (55%) patients presented a coro-
nary stenosis < 25% and the remaining 166 (45%) patients 
showed a 25–49% coronary stenosis. The prevalence of 
HRP features at baseline was 79% for positive remodelling, 
6% for low attenuation plaque, 5% for spotty calcification, 
and 72% for bifurcation lesions.

Characteristic of the population according 
to disease progression in the derivation cohort

The primary endpoint of disease progression occurred in 104 
(28%) patients. Specifically, 25 (24%) developed only obstruc-
tive CAD, 71 (68%) only HRP, and 8 (8%) both obstructive 
CAD and HRP. The clinical, laboratory, and imaging charac-
teristics of patients with and without disease progression are 
reported in Table 1 and Table 2. Patients who experienced 
disease progression were more likely diabetic compared to 
patients without the primary endpoint. With regard to imaging 
parameters, patients with the primary endpoint had a higher 
SIS, presented a higher rate of coronary stenosis between 25 
and 49%, and had HRP features more frequently at baseline.

Model development

The exploratory univariable analysis performed in the deriva-
tion group is presented in Table 3S (Online Supplementary 

Fig. 1  Inclusion flowchart. 
Abbreviations: CAD, coronary 
artery disease; CCTA, coronary 
computed tomography angiog-
raphy; HRP, high-risk plaque

Abbreviations: CAD, coronary artery disease; CCTA, coronary computed tomography angiography; HRP, high-risk plaque
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Material). The following variables were used to create the 
multivariable model: age, sex, time interval between the two 
CCTAs, diabetes mellitus, number of plaques with positive 
remodelling, number of low attenuation plaques, number of 
spotty calcifications, number of bifurcation lesions, SIS, and 
stenosis severity. The final model included only predictors 
with p < 0.050: time interval between the two CCTAs, num-
ber of low attenuation plaques, number of spotty calcifica-
tions, number of bifurcation lesions, and stenosis severity. 
The estimates of the b-coefficients, odds ratios and corre-
sponding 95% confidence interval from the initial and final 
multivariable logistic regression models are presented in 
Table 3. The final model had good discrimination with a 
C-statistic of 0.732 (0.676–0.788) and was well calibrated 
(Hosmer–Lemeshow χ2, p = 0.216 and Pearson χ2, p = 0.472).

From the weight of regression coefficients, we derived 
the following risk score system: score = 1 (time inter-
val between CCTAs, years) + 7 (number of low attenu-
ation plaques) + 8 (number of plaques with spotty cal-
cification) + 2 (number of bifurcation lesions) + 5 (if 

coronary stenosis 1–24%) or 10 (if coronary stenosis 
25–49%). According to the predicted risk score, patients 
were divided into three groups: low (score ≤ 8, n = 104), 
intermediate (score: 9–14, n = 178), and high (score ≥ 15 
n = 88) score. The rates of disease progression by the three 
score categories are shown in Fig. 2. The mean probabili-
ties of developing disease progression were 11 ± 2.0% in 
the low score group, 26 ± 6.6% in the intermediate score 
group, and 53 ± 13% in the high score group.

Model performance in the validation cohort

The performance of the model in the validation group 
was satisfactory with a C-index of 0.668 (0.583–0.752). 
The model showed good calibration (Hosmer–Lemeshow 
χ2, p = 0.824 and Pearson χ2, p = 0.179). The performance 
of the risk score derived from the weighted coefficients 
in the derivation and validation groups was comparable 
(p = 0.217), as shown in Fig. 3. According to the risk score, 
71 (32%) patients were in the low score group, 100 (46%) in 

Table 1  Baseline clinical and 
laboratory characteristics in 
patients with versus without 
disease progression in the 
derivation group

Continuous variables are reported as mean ± standard deviation or median (interquartile range), as appro-
priate, and compared using the Student unpaired t test or the Mann–Whitney U test. Categorical variables 
are presented as frequencies (percent) and compared using the chi-square test or Fisher exact test
Abbreviation: CAD coronary artery disease

All
(n = 370)

Disease progression
(n = 104)

No disease progression
(n = 266)

p

Age, yrs 61 ± 8.7 61 ± 7.7 61 ± 9.1 0.892
Sex (male) 203 (55) 63 (61) 140 (53) 0.167
Cardiovascular risk factors
 Body mass index, kg/m2 26 ± 3.7 26 ± 3.6 26 ± 3.7 0.432
 Hypertension 198 (54) 55 (53) 143 (54) 0.658
 Diabetes mellitus 84 (23) 32 (31) 52 (20) 0.058
 Hyperlipidemia 148 (40) 38 (37) 110 (41) 0.618
 Family history of CAD 111 (30) 34 (33) 77 (29) 0.480
 Current smoker 61 (16) 22 (21) 39 (15) 0.131

Symptoms
 No symptoms 65 (18) 16 (15) 49 (18) 0.777
 Dyspnea 24 (6) 6 (6) 18 (7) 0.924
 Non-cardiac chest pain 38 (10) 8 (8) 30 (11) 0.726
 Atypical chest pain 248 (67) 74 (71) 174 (65) 0.573
 Typical chest pain 10 (3) 2 (2) 8 (3) 0.887

Baseline lipid profile
 Total cholesterol, mg/dl 191 (163–215) 193 (163–229) 189 (164–212) 0.171
 Low-density lipoprotein, mg/dl 113 (91–138) 114 (91–151) 113 (91–134) 0.360
 High-density lipoprotein, mg/dl 50 (42–60) 51 (41–60) 50 (43–59) 0.948
 Triglycerides, mg/dl 117 (87–177) 132 (98–177) 113 (85–176) 0.118

Medications
 Statins 147 (40) 44 (42) 103 (39) 0.670
 Antiplatelet 136 (37) 44 (42) 92 (35) 0.065
 Beta-blockers 98 (26) 27 (26) 71 (27) 0.379
 Antidiabetic 51 (14) 18 (17) 33 (12) 0.219
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the intermediate score group, and 48 (22%) patients in the 
high score group. The rates of disease progression in each 
of the 3 score groups in the validation set were comparable 
with those in the groups of the development set, as shown 
in Fig. 2.

A graphical representation of the new CCTA-based risk 
score is presented in Fig. 4.

Discussion

In the current study, we developed a simple and practical 
score to predict disease progression from a single-point 
CCTA in a population of patients at low-to-intermediate 
risk of CAD. The model was derived using data from the 
large and well-characterized PARADIGM population, 
which included patients who underwent two repeat, clini-
cally indicated CCTAs within a time interval of at least 
2 years. The main findings of the study were as follows: 
(1) the rate of disease progression in the derivation cohort 
was 28%; (2) the time interval between the two CCTAs, 
the presence of residual high-risk features (low attenuation 
plaque, spotty calcification, and bifurcation lesions), and 
the severity of non-obstructive stenosis were independent 
predictors of disease progression; and (3) the model was 
able to discriminate between patients at low and high risk 
of disease progression, as documented by the C-statistic 
in both derivation and validation cohorts.

Our study aimed to assess the development of either 
obstructive stenosis or HRP at follow-up in a selected cohort 
of patients with mild CAD at baseline CCTA. Combin-
ing two morphological parameters as endpoint is justified 
because they are both associated with adverse cardiovascular 
outcomes [24, 25]. In addition, both findings can change 
patient management in terms of downstream stress imag-
ing test and medical therapy. Indeed, atherosclerosis is a 
dynamic process that the implementation of lipid-lowering 
therapy can modify. In a sub-analysis of the PARADIGM 
registry, Lee et  al [26] demonstrated that statin-taking 
patients presented a slower annualized progression of plaque 
volume and a lower annualized incidence of HRP than statin-
naive patients. This supports that patients at increased risk 
of disease progression would benefit from aggressive risk 
reduction therapies.

Our final model included only five significant predic-
tors that can be easily used in a busy clinical setting. Time 
interval between the CCTA scans. In line with previous 
non-invasive [27] and invasive [28] studies, we found that 
the time interval between the two CCTAs is a predictor of 
disease progression. However, the most appropriate and 
clinically relevant interval needs to be estimated in larger 
populations combining the information on disease pro-
gression, effect of medications, and cardiovascular events.

Non-obstructive CAD. Looking at the imaging param-
eters, interesting data have emerged about the impact of 
the severity of non-obstructive CAD on disease progres-
sion. Our work expanded the results of previous prognostic 

Table 2  Baseline CCTA characteristics in patients with versus without disease progression in the derivation group

Continuous variables are reported as median (interquartile range) and compared using the Mann–Whitney U test. Categorical variables are pre-
sented as frequencies (percent) and compared using the chi-square test or Fisher exact test
* The Agatston calcium score was available only in 185 patients; of those, 56 (30%) showed disease progression
Abbreviations: CCTA  coronary computed angiography tomography, LAD left anterior descending artery, LM left main

All
(n = 370)

Disease progression
(n = 104)

No disease progression
(n = 266)

p

CCTA scan interval, yrs 3.3 (2.7–4.8) 3.7 (2.9–4.7) 3.3 (2.6–4.8) 0.096
Agatston calcium score * 31 (0.0–101) 64 (31–143) 14 (0.0–75)  < 0.001
Calcified plaques 281 (76) 83 (80) 198 (74) 0.277
LM/LAD location 123 (33) 34 (33) 89 (33) 0.888
Positive arterial remodelling ≥ 1 294 (79) 88 (85) 206 (77) 0.125
Positive arterial remodelling, range 0–8 0–8 0–8 -
Low attenuation plaque ≥ 1 22 (6) 12 (12) 10 (4) 0.007
Low attenuation plaque, range 0–2 0–2 0–1 -
Spotty calcification ≥ 1 19 (5) 11 (11) 8 (3) 0.007
Spotty calcification, range 0–1 0–1 0–1 -
Bifurcation lesion ≥ 1 268 (72) 90 (87) 178 (67)  < 0.001
Bifurcation lesion, range 0–7 0–7 0–6 -
Stenosis 1–24% 204 (55) 39 (38) 165 (62)  < 0.001
Stenosis 25–49% 166 (45) 65 (63) 101 (38)
Segment involvement score, n 3 (2–4) 3 (2–5) 2 (1–4) 0.002
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Table 3  Multivariable logistic regression models for prediction of disease progression in the derivation group

Abbreviation: CCTA  coronary computed angiography tomography

Initial multivariable model Final multivariable model

B OR
(95% CI)

p B OR
(95% CI)

p Score

Age –0.014 0.99
(0.96–1.02)

0.340

Sex –0.347 0.71
(0.42–1.19)

0.191

CCTA scan interval, yrs 0.186 1.20
(1.02–1.42)

0.028 0.187 1.21
(1.02–1.42)

0.026 1

Diabetes mellitus 0.414 1.51
(0.85–2.69)

0.160

Positive arterial remodelling, n 0.100 1.11
(0.87–1.41)

0.415

Low attenuation plaque, n 1.302 3.68
(1.40–9.66)

0.008 1.317 3.73
(1.46–9.52)

0.006 7

Spotty calcification, n 1.608 4.99
(1.77–14.04)

0.002 1.525 4.59
(1.69–12.48)

0.003 8

Bifurcation lesion, n 0.483 1.62
(1.21–2.16)

0.001 0.384 1.47
(1.17–1.84)

0.001 2

Stenosis 25–49% vs. 1–24% 1.052 2.86
(1.64–5.01)

 < 0.001 0.995 2.71
(1.62–4.50)

 < 0.001 5 (1–24%)
10 (25–49%)

Segment involvement score –0.135 0.87
(0.71–1.07)

0.198

Fig. 2  Rate of disease progression by the 3 score groups in the devel-
opment and validation groups. The rate of disease progression by the 
three score groups was similar in the derivation and validation groups

Fig. 3  Comparison of model performance in the derivation and vali-
dation groups. Receiver operating characteristic (ROC) curves for 
the disease progression showed comparable performance of the pre-
diction model in the development and validation groups (p = 0.217). 
The ROCs were built using the predicted probability derived from the 
final model. The correlation between the predicted probability and 
the calculated score was 0.990 (p < 0.001) in the derivation group and 
0.988 (p-value < 0.001) in the validation cohort
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studies [29, 30], which demonstrated that non-obstructive 
CAD is associated with a higher rate of cardiovascular 
events compared to no CAD. Like findings previously 
reported by Kumamaru et al [27], we also found that sten-
oses between 25 and 49% are associated with a signifi-
cantly increased risk of developing disease progression 
compared to those between 1 and 24%. Historically, the 
identification of obstructive CAD has been the primary 
focus in the management of patients with stable angina. 
Nevertheless, a unique advantage of CCTA is the ability 
to image and quantify non-obstructive CAD, a stage of the 
disease which is often misdiagnosed by functional test-
ing. This aspect is critical since approximately half of the 

myocardial infarctions in the Scottish Computed Tomog-
raphy of the Heart (SCOT-HEART) population occurred 
in patients with non-obstructive CAD [2]. As such, the 
recently released international guidelines propose CCTA 
as a reasonable tool in patients with known non-obstruc-
tive CAD to determine atherosclerotic plaque burden and 
guide therapeutic decision-making [14].

HRP features. Our results confirmed the findings of a 
recent paper from von Rosendael et al showing that baseline 
plaque burden and the number of HRP features at baseline 
are the strongest determinants of atherosclerosis progres-
sion [31]. Data from several CCTA studies have reported 
that HRP features are strongly associated with a higher risk 

Fig. 4  Graphical illustration of the new CCTA-based risk score. 
The points attributed to each predictor of the model are provided. 
Adding the points obtained from each predictor yields the total 
score and the corresponding probability of disease progression. 
Representative images from a patient with a low score. A 67-year-
old man, known for hypertension and a family history of CAD, 
developed atypical chest pain. He subsequently performed CCTA 
(CCTA 1, curved MPRs), showing minimal, mostly calcified dis-
ease of LM, proximal LAD, and proximal RCA, and no disease 
of LCx. After 48  months, he complained of several episodes of 
atypical chest pain, and he underwent a follow-up CCTA (CCTA 
2, curved MPRs). Based on the predictors (time interval = 2 points; 
no HRP plaque features = 0; most severe stenosis: 1–24% = 5 
points), the risk score was 7. The follow-up CCTA showed disease 
stability. Representative images from a patient with  a high score. 
A 70-year-old man smoker, known for hypertension and dyslipi-
demia, underwent CCTA due to atypical chest pain. CCTA images 

(CCTA 1, curved MPRs and cross-sectional images) showed min-
imal-to-mild, mostly calcified disease of LM and proximal LAD. 
A spotty calcification was detected in the proximal LCx (arrow-
head). A non-calcified plaque causing a 30% lumen reduction 
was detected in the main obtuse marginal branch (arrow). No dis-
ease was identified on RCA. After 46  months, the patient devel-
oped effort angina and underwent a follow-up CCTA (CCTA 2, 
curved MPRs, and cross-sectional image). Based on the predictors 
(time interval = 1.8 point; presence of spotty calcification in the 
proximal LCx = 8; most severe stenosis: 25–49% = 10 points), the 
risk score was 19.8. The follow-up CCTA showed significant dis-
ease progression at the level of the main obtuse marginal branch 
with associated development of HRP features (arrow). Abbrevia-
tions:  CAD, coronary artery disease; CCTA, coronary computed 
tomography angiography; HRP, high-risk plaque; LAD, left ante-
rior descending; LM, left main; LCx, left circumflex; MRP, multi-
planar reconstruction; RCA, right coronary artery
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of future acute coronary syndrome [32, 33]. In addition, in 
a sub-study of the Prospective Multicenter Imaging Study 
for Evaluation of Chest Pain (PROMISE) trial, the presence 
of HRP in patients with non-obstructive CAD doubled the 
incidence of major adverse cardiovascular events [25]. Nev-
ertheless, the prevalence of single HRP features on CCTA 
is usually high [33]. Such lesions can heal spontaneously or 
thanks to statin treatment, thus reducing the positive predic-
tive value of CCTA for identifying patients at risk for future 
events [33]. Since combining multiple HRP features has 
been shown to improve risk prediction [34], we used a 
stringent definition of HRP (≥ 2 high-risk plaque features) 
as an exclusion criterion for our study. Still, in our analysis, 
spotty calcification and low attenuation plaque, as single 
plaque features, were identified as independent predictors 
of disease progression. This could be explained by the fact 
that subjects with a tendency to develop such lesions will 
present other plaques with HRP features in other sites of the 
coronary tree in a dynamic formation and healing process, 
remaining at increased risk for future events [33]. Bifurca-
tion location has also been associated with disease progres-
sion, likely due to its relationship with local hemodynamic 
factors, such as wall shear stress, that facilitate plaque for-
mation and development of HRP features [23]. 

Given this context, this new CCTA-based risk score 
may have two practical implications in the management 
of patients with CAD. The first one is the identification 
of those subjects with prior evidence of non-obstructive 
CAD on CCTA who may benefit from a repeat scan in 
the medium term. If the recommendation of repeat CCTA 
should be limited to patients with high-risk score, or 
should be extended to the intermediate-risk category, it 
needs further validation in larger prospective cohorts. 
This decision should also consider that CCTA has been 
challenged during past years due to the increased lifetime 
attributable risk estimates of developing cancer associated 
with its radiation exposure [35]. Although radiation dose 
has progressively decreased over the past years resulting 
in scans of ≤ 1 mSv with the latest CT technology [36], 
a comprehensive risk–benefit assessment remains man-
datory for the evaluation of asymptomatic patients and 
follow-up studies.

The second implication is the individualized tailoring 
of the intensity of medical treatment in secondary preven-
tion. The results of our study lay the groundwork for using 
CCTA, in combination with clinical cardiovascular risk 
factors, as a supporting tool for the decision of initiat-
ing or intensifying preventive strategies in symptomatic 
patients according to the risk of disease progression. This 
statement is supported by the findings of a recently pub-
lished study by Mortensen et al [37]. In a large population 
of 20,241 symptomatic patients, the authors confirmed 
that the severity of CAD was strongly associated with the 

rate of atherosclerotic cardiovascular disease events. Even 
more important, adding the information of the extent of 
CAD burden on CCTA to the level of LDL-C helped iden-
tify patients who were likely to benefit most from intensive 
lipid-lowering therapy, thus achieving the guidelines treat-
ment targets.

This study has several limitations. First, this is a registry 
study in which patients underwent a second CCTA because 
of recurrent symptoms, thus introducing a selection bias. 
Second, excluding all patients with either no signs of CAD 
or obstructive CAD at baseline limits the potential imple-
mentation of this CCTA-based risk score only to patients 
with non-obstructive coronary plaques at baseline. Neverthe-
less, disease progression in patients with a normal CCTA is 
likely to be a rare event. Indeed, as previously shown, the 
annualized event rate in patients with normal CCTA is 0.2% 
compared to 0.8% of those with non-obstructive CAD [30]. 
On the other hand, patients with obstructive CAD at base-
line are likely to undergo additional downstream testing for 
myocardial ischemia or invasive coronary angiography for 
coronary revascularization. Third, only qualitative and semi-
quantitative CCTA-derived parameters were analyzed as 
potential independent predictors for the CCTA-based score. 
Despite the percentage atheroma volume at baseline was pre-
viously identified as an independent predictor of accelerated 
disease progression [26], quantitative plaque assessment is 
still time-consuming, limiting its use to a research environ-
ment [38]. Further development of artificial intelligence 
methods might help fully automated segmentation of the 
coronary arteries, facilitating the implementation of quan-
titative plaque analysis in the clinical routine. Fourth, cal-
cium score values and intensity of medical therapy after the 
baseline CCTA were not considered. In particular, calcium 
score values were available only for 288 patients, precluding 
the investigation of this parameter as a potential predictor 
of disease progression. Since the median value of calcium 
score was also low in patients with disease progression, the 
developed score remains to be validated in patients with 
moderate or high calcium. Finally, the size of the validation 
cohort was relatively small likely leading to the limited per-
formance of the score. Further prospective studies involving 
larger populations are warranted to confirm the performance 
of this newly developed score before its potential implemen-
tation in the daily clinical routine.

Conclusions

The new CCTA-based risk score is a simple and practical 
tool which has the potential to predict mid-term coronary 
artery disease progression in patients with non-obstruc-
tive CAD. We believe that this may promote the clinical 
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management of CAD patients in terms of timing of imaging 
follow-up and related therapeutic strategies.
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