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Introduction

Coronary vulnerable plaque, also known as thin-cap 
fibroatheroma (TCFA), is pathologically characterized by 
a thin fibrous cap (<65 μm in thickness) and large necrotic 

core with spotty calcification and positive remodeling 

(PR) (1,2). Plaque rupture of TCFA lesions is considered 

the major underlying cause of acute coronary syndrome 

(ACS) (3). Previous longitudinal intravascular ultrasound 
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(IVUS) study also confirms that TCFA is independent 
predictor for major adverse cardiac events (4). However, 
IVUS is an invasive imaging modality and associated 
with approximately 1.6% of procedural related vascular  
injuries (4). Therefore, it cannot be indicated in all patients 
for the screening of vulnerable plaques. It is of clinical 
importance to search for another non-invasive imaging 
method for early detection and treatment of coronary 
vulnerable plaques.

Coronary computed tomography angiography (CCTA) 
is one wildly applied imaging modality with high sensitivity 
and negative predictive value (NPV) to safely rule out 
obstructive coronary artery disease (CAD) (5,6). It is also 
clinically useful for characterization of high-risk plaque 
features, such as Napkin-ring sign (NRS), low attenuation 
plaque (LAP), spotty calcification and PR (7). Those high-
risk features were found to be associated with unfavorable 
clinical outcomes or hemodynamic significance (8-14).

More recently, absolute plaque quantification analysis 
has been reported to be beneficial for improving risk 
stratification and dynamic follow-up of medical treatment 
(15,16). With the technical development of CT hardware, 
dual-source CT (DSCT) equipped with fully integrated 
circuit detector system offers high spatial and temporal 
resolution (17). Given the fact that coronary plaques usually 
have very small volumes, this high-definition detector 
would theoretically benefit CT plaque evaluation by 
reducing partial volume effect especially for quantification 
of different intra-plaque components. We hypothesized 
that the plaque quantification by DSCT would be helpful 
for prediction of vulnerable plaques. Therefore, we aimed 

to study the diagnostic performance of quantified plaque 
analysis and high-risk plaque characterization by DSCT for 
identifying vulnerable plaques as determined by IVUS.

Methods

Patient population

Between January 2012 to December 2016, consecutive 
patients, who had stable angina (defined as Canadian 
Cardiovascular Society classification grade I to grade II) 
and referred for CCTA and IVUS, were retrospectively 
searched and reviewed. IVUS was clinically indicated by 
interventional cardiologists during the procedure of invasive 
coronary angiography (ICA) after CCTA to evaluate the 
morphological features of intermediate lesions in order 
to determine optimal treatment strategy. The inclusion 
criteria were: (I) CCTA and IVUS were performed to 
assess native coronary lesions within 4 weeks; (II) the image 
quality of CCTA was excellent or good (without artifact 
or with mild artifact). Exclusion criteria were as follows: 
(I) CCTA and IVUS were performed to evaluate in-stent 
restenosis; (II) the image quality of CCTA was sufficient 
or poor (with moderate or severe artifact); (III) the interval 
between CCTA and IVUS was more than 4 weeks (Figure 1). 
Hospital ethic committee approved this retrospective study 
and informed consent was waived from all patients.

CCTA protocol

A second-generation DSCT (Somatom Definition FLASH, 
Siemens Healthineers) equipped with fully integrated 
circuit detector was employed for scanning. Nitroglycerin 
(0.5 mg) was given sublingually in all patients whereas beta-
blocker was not administrated. Calcium score scan was 
first performed to calculate the Agatston score of coronary 
arteries. After then, a bolus of 60 to 70 mL contrast media 
(iopamidol 370 mg iodine/mL, Bayer) was injected into 
the antecubital vein at the rate of 4.5–5 mL/s, followed 
by injection of a 20–40 mL saline flush. Bolus tracking 
was used with automated study triggering when the 
attenuation reached 100 HU in a region of interest within 
the ascending aorta with a 6 seconds delay. Prospective 
ECG-triggered sequential acquisition was performed in all 
patients (with the coverage of 30% to 80% of R-R interval) 
and the detailed scanning parameters were listed as follow: 
collimation =64×0.6 mm, reconstructed slice thickness = 
0.75 mm, reconstructed slice interval =0.5 mm, rotation 

Figure 1 Flow chart of patient inclusion and exclusion criteria. 
CCTA, coronary computed tomography angiography; IVUS, 
intravascular ultrasound.

Eligible patients underwent 
both CCTA and IVUS
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time =280 ms and application of automated tube voltage and 
current modulation (CAREKv, CAREDose 4D, Siemens 
Healthineers).

CT-derived plaque analysis

All data were reconstructed with a medium soft kernel 
(I26f) and iterative reconstruction technique (SAFIRE, 
Siemens Healthineers). Datasets of all available cardiac 
phases were then transferred to an offline workstation 
(Syngo.Via, Siemens Healthineers) and the phases with best 
image quality were manually selected for further analysis. 
The image quality was assessed by 4-grade scale: excellent 
(absence of artifact); good (presence of mild artifact), 
sufficient (presence of moderate artifact, but still diagnostic), 
poor (presence of severe artifact, non-diagnostic). Only 
patients with image quality of excellent and good were 
included for further analysis. The image quality of 
CCTA was assessed by various objective image quality  
parameters (18). The details of image quality evaluation 
were given in supplementary.

All lesions with CCTA and IVUS validation were 
analyzed using a dedicated plaque analysis software 
(Coronary Plaque Analysis ,  version 2.0,  Siemens 
Healthineers). This software enables quantification of 
different plaque components based on HU thresholds. The 
borders of target lesions were semi-automatically delineated 
once the proximal and distal shoulders of the plaques were 
determined. Manual adjustment of plaque borders was 
needed when necessary. The measured parameters were 
listed as follow: (I) the minimal lumen area (MLA) was 
measured manually with a digital caliper at the narrowest 
level of the lesion on the cross-sectional images; (II) the 
diameter stenosis (DS) was defined as (reference diameter 
– minimal lumen diameter)/reference diameter; (III) the 
plaque burden was defined as (vessel cross-sectional area – 
MLA)/cross-sectional area; (IV) the remodeling index (RI) 
was defined as the ratio of cross-sectional vessel area of the 
lesion to the proximal reference area and PR was defined 
as a RI ≥1.1 (7); (V) LAP was defined as any voxel <30 HU 
within a coronary plaque (7) and total plaque volume (TPV) 
as well as LAP volume were quantified by the dedicated 
plaque analysis software; (VI) spotty calcification was 
defined by an intra-lesion calcific plaque <3 mm in length 
that comprised <90 degrees of the lesion circumference (7);  
(VII) NRS was characterized by a plaque core with low 
computed tomography attenuation surrounded by a rim-
like area of higher attenuation as previous reported (8). 

Calcified lesions were not excluded from analysis regardless 
of calcium burden. In order to ensure that identical lesions 
were assessed by CCTA and IVUS, anatomical landmarks, 
such as coronary ostium and bifurcation were used for 
reference. In brief, the distance between target lesions 
and anatomical landmarks was measured by IVUS and the 
same distance distal to the landmarks was used to locate the 
plaque on CCTA.

T h e  i m a g e  q u a l i t y  o f  C C TA  a n d  a l l  p l a q u e 
characterization was retrospectively evaluated by two 
cardiovascular radiologists (with 10 and 9 years of 
experience on cardiac imaging), who were blinded to 
ICA and IVUS results. The mean values of quantitative 
parameters measured by two observers were used for further 
analysis.

ICA procedure and IVUS analysis

The ICA was performed with standard techniques, and 
at least 2 different views were obtained for each main 
vessel. Significant coronary stenosis was defined as luminal 
stenosis ≥50% by visual assessment. All segments were 
retrospectively evaluated by two interventional cardiologists 
(with 16 and 12 years of  experience on coronary 
intervention), who were blinded to the results of CCTA.

The IVUS and virtual histology IVUS (VH-IVUS) were 
acquired with 3.2 F 20 MHz Eagle-eye Gold catheters 
(Volcano) using a motorized pull-back at 1 mm/s. The 
IVUS images were digitally recorded and archived. IVUS 
and VH-IVUS images were retrospectively analyzed by 
same two interventional cardiologists with the INDEC 
Echo Plaque software (INDEC Medical System). TCFA 
lesions were defined as plaque burden >40%, confluent 
necrotic core >10% plaque cross-sectional area, in contact 
with vessel lumen for 3 consecutive frames (19). Any 
disagreement was resolved by means of consensus.

Statistical analysis

Statistical analysis was performed using commercially 
available statistical software (MedCalc Statistical Software 
version 15.2.2, MedCalc Software bvba and SPSS Statistical 
Software version 17.0). One-sample Kolmogorov-
Smirnov test was used to check the assumption of normal 
distribution. Quantitative variables with normal distribution 
were expressed as means ± standard deviations while median 
and quartiles were used otherwise. Categorical variables 
were reported as count (%), and compared by the Fisher’s 
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exact test or chi-square test, according to the data cell size. 
Student’s t test was used for normally distributed data, and 
the Mann-Whitney U test was used for data that were not 
normally distributed. Variables that were significant at 
univariate analysis were included for further multivariate 
analysis. Multivariate regression analysis was used to 
determine the independent predictors of IVUS-determined 
TCFA lesions which were performed using the “forward” 
method. The model included variables with P value <0.10 
in the univariate regression analysis. Inter-observer 
agreements of all parameters were examined for intra-class 
correlation coefficients (ICC). A two-tailed P value <0.05 
was statistically considered significant.

Results

Clinical characteristics

A total of 84 patients undergoing both CCTA and IVUS 
were initially reviewed. Four patients were excluded because 

the interval between CCTA and ICA was longer than  
4 weeks whereas another exclusion of 8 patients was due to 
significantly impaired CCTA image quality. Seven patients 
with previous revascularization of target lesions were 
further excluded (Figure 1). Finally, 65 patients (mean age: 
69.8±9.2 (range, 51–86) years; 36 males (mean age: 67.6±9.5 
years; range, 51–84 years, and 29 females (mean age: 72.5± 
8.2 years; range 51–86 years) with 89 lesions were included 
in our study. The mean interval between CCTA and IVUS 
was 9.3±4.7 days (range, 1 to 25 days). The mean effective 
dose was 4.2±1.5 (range, 2.3–7.6) mSv. The percentages 
of patients scanned with 80, 100 and 120 kV were 36.9% 
(24/65), 50.8% (33/65) and 12.3% (8/65) respectively. The 
mean time for plaque quantification was 12.8±4.7 minutes. 
None of the target lesions had predilatation before IVUS 
imaging. Detailed demographic data was given in Table 1.

Correlation of CT-derived quantitative plaque parameters 
with TCFAs determined by IVUS

The inter-observer agreement for various CT-derived 
quantitative and qualitative parameters was excellent  
(Table S1).The image quality of CCTA was also listed in 
Table S2. LAP and NRS were more frequently presented 
in the group of TCFA lesions than in the group of non-
TCFA lesions (P≤RS w0 for both) (Table 2). The mean LAP 
volume of TCFA lesions was significantly larger than that 
of non-TCFA lesions [16.5 (11.0–23.0) vs. 0 (0–1.5) mm3, 
P<0.001, Figure 2]. In contrast, there was no significant 
difference between group of TCFA lesions and non-
TCFA lesions with respect to any other CT parameters, 
such as DS, MLA, plaque burden, spotty calcification, PR, 
remodeling index and TPV (P>0.05 for all) (Table 2).

Diagnostic performance of CT-derived quantitative plaque 
parameters for predicting TCFAs

In univariate analysis, LAP, NRS, and LAP volume were all 
significant predictors for TCFA lesions (details in Table 3).  
According to multivariate logistic regression analysis, only 
LAP volume remained significant predictor for IVUS-
confirmed vulnerable plaques (odds ratio =3.294, 95% 
confidence interval: 1.177–9.223, P=0.023).

According to ROC curve analysis, LAP volume showed 
largest AUC for diagnosing TCFA lesions (AUC =0.901, 
95% confidence interval: 0.819–0.954, P<0.0001) (Figure 3). 
When using >8 mm3 as the best cutoff value, the diagnostic 
accuracy, sensitivity and specificity of LAP volume for 

Table 1 Clinical characteristics

Characteristic Datum 

Number of patients 65

Number of lesions 89

Ages (years)a 69.8±9.2

Male 36 (55.4%)

Risk factorsb

Hypertension 52 (80.0%)

Diabetes mellitus 12 (18.5%)

Dyslipidemia 11 (16.9%)

Current smoker 17 (26.2%)

Distribution of lesionb

Left main coronary artery 2 (2.2%)

Left anterior descending 50 (56.2%)

Right coronary artery 25 (28.1%)

Left circumflex artery 10 (11.2%)

Diagonal branch 1 (1.1%)

Obtuse marginal 1 (1.1%)

Unless otherwise specified, data are numbers of patients with 
percentages in parentheses. a, data are mean ± the standard 
deviation; b, data are numbers of lesions, with percentages in 
parentheses.
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predicting TCFA lesions were 91.0% (81/89), 84.6% 
(22/26) and 96.8% (61/63) respectively. Representative 
cases were given in Figures 4 and 5.

Discussion

The major finding of the current study was that LAP 
volume was significantly larger in TCFA lesions and this 
parameter was the strongest predictors for vulnerable 
plaques.

Coronary vulnerable plaque, or TCFA, is pathologically 
characterized by large necrotic core covered by thin fibrous 
cap (2). TCFAs are prone to progress or even rupture 
under the effect of low endothelial shear stress (20,21). 
CCTA is currently the best non-invasive imaging modality 
for morphological assessment of coronary plaques (22). 
According to previous ex vivo human hearts studies, CCTA 
plaque characterization showed promising results to predict 
advanced atheroma with reference to histologic validation 
(23-25). However, these studies did not take the quantitative 
data, such as TPV and LAP volume, into account. Due to 
the limited spatial resolution (in-plane resolution of 300 
to 400 μm) of CT detectors, it is not technically feasible to 
directly visualize the thin fibrous cap (<65 μm) of TCFAs. 
Thus, traditional high-risk plaque features are only indirect 
signs and may not be enough to predict TCFAs.

In line with our initial hypothesis, the absolute LAP 
volume outperformed other traditional high-risk plaque 
features for prediction of TCFA lesions. This could be 
ascribed to the following reasons. First, LAP is a qualitative 
description of the presence of any intra-plaque voxel with 
attenuation value <30 HU. Nevertheless, according to the 
diagnostic criteria for TCFA lesions by IVUS, the confluent 
necrotic core should account for at least 10% of plaque 
cross-sectional area (19). In other words, the LAP volume 
characterized by CT has to be “big” enough to correlate to 
the TCFA lesions as determined by VH-IVUS. According 
to the current results, the best cut-off value of LAP volume 

Table 2 Comparison of CT-derived plaque parameters between TCFA and non-TCFA lesions

Parameter All (n=89) TCFA lesions (n=26) Non-TCFA lesions (n=63) P value

Lesion calcium score* 0 [0–0] 0 [0–0] 0 [0–0] 1

DS (%)* 65.0 [60.0–71.25] 67.5 [60.0–75.0] 65.0 [60.0–70.0] 0.08

CT MLA (mm2) * 3.8 [2.8–5.2] 3.15 [2.7–4.1] 3.9 [3.03–5.38] 0.94

CT plaque burden (%)* 73.0 [69.0–78.0] 74.0 [70.0–80.0] 72.0 [69.0–78.0] 0.76

LAP 42.7% [38] 84.6% [22] 25.4% [16] <0.001

Napkin-ring sign 16.9% [15] 34.6% [9] 9.5% [6] 0.010

Spotty calcification 5.6% [5] 7.7% [2] 4.8% [3] 0.627

Positive remodeling 62.9% [56] 69.2% [18] 60.3% [38] 0.429

Remodeling index 1.14±0.11 1.13±0.10 1.14±0.11 0.434

TPV (mm3)* 67.9±13.78 65.5±12.84 68.9±14.13 0.289

LAP volume (mm3)* 0 [0–9.25] 16.5 [11.0–23.0] 0 [0–1.5] <0.001

*Results are shown as median (1st quartile to 3rd quartile). CT, computed tomography; DS, diameter stenosis; LAP, low attenuation 
plaque; MLA, minimal lumen area; TCFA, thin-cap fibroatheroma; TPV, total plaque volume.

Figure 2 Box plot showing the difference of LAP volume between 
TCFA and non-TCFA lesions. The LAP volume of TCFAs is 
significantly larger than that of non-TCFAs [16.5 (11.0–23.0) vs. 0 
(0–1.5) mm3, P<0.001]. LAP, low attenuation plaque; TCFA, thin-
cap fibroatheroma.
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Table 3 Univariate and multivariate analysis: CT-derived plaque analysis for detecting TCFA lesions

Variable
Univariate analysis Multivariate analysis

Odds ratio 95% CI P value Odds ratio 95% CI P value

DS (%) 0.764 0.562–1.038 0.085 0.673 0.336–1.349 0.264

CT MLA (mm2) 0.964 0.374–2.484 0.939

CT plaque burden (%) 0.994 0.955–1.034 0.758

LAP 16.16 4.832–54.016 <0.001 0.00 0.00–2.445 0.074

Napkin-ring sign 5.029 1.567–16.146 0.007 4.801 0.586–39.352 0.144

Spotty calcification 1.667 0.262–10.608 0.589

Positive remodeling 1.480 0.559–3.920 0.430

Remodeling index 0.534 0.008–35.208 0.769

TPV (mm3) 0.982 0.949–1.016 0.287

LAP volume (mm3) 1.391 1.213–1.595 <0.001 3.294 1.177–9.223 0.023

CT, computed tomography; DS, diameter stenosis; LAP, low attenuation plaque; MLA, minimal lumen area; TCFA, thin-cap fibroatheroma; 
TPV, total plaque volume.

to predict TCFA lesions was 8 mm3. Considering the fact 
that mean TPV of TCFA group was 65.5 mm3, 8 mm3 

accounted for approximately 12.2% of TPV. Interestingly, 
this number is similar to the diagnostic criteria for TCFAs 
by VH-IVUS. Therefore, it is conceivable that the 
absolute quantification of LAP volume was more accurate 
than LAP alone to predict TCFA lesions. Second, the 
identification of traditional high-risk plaque features, 
such as NRS, is relatively a subjective diagnosis and can 

sometimes be equivocal. In contrast, the quantification 
of LAP volume is an objective measurement and more 
reproducible than the recognition of those traditional 
high-risk plaque features. Third, NRS is considered to be 
related with neoangiogenesis of vasa vasorum, which is 
secondary to plaque inflammation in vulnerable plaques (26). 
However, NRS is originally discovered for culprit lesions 
in patients with ACS (8,27,28). The incidence of NRS 
varied significantly between different cohorts, especially 
for patients with ACS or with stable angina. One study by 
Tomizawa showed that NRS was observed in 77% of TCFA 
lesions and the overall incidence of NRS in that cohort 
was 52% (29). Another study with larger sample size only 
revealed the presence of NRS in 1.4% of all population (30). 
The current study demonstrated that NRS was presented in 
34.6% of TCFA lesions and 9.5% of non-TCFA lesions and 
overall incidence of NRS was 16.9%. The heterogeneity of 
different cohorts, as noted in different studies, might be the 
main reason for such varied incidence of NRS. Due to the 
above factors, it is reasonable for absolute LAP volume to 
outperform other parameters to predict TCFAs.

The potential clinical implication of the present results 
lies in the use of quantified LAP volume to non-invasively 
screen for vulnerable coronary plaques. Previous studies 
with optical coherence tomography (OCT) as the reference 
standard have confirmed the value of CCTA-derived high-
risk plaque features for detection of TCFA lesion (31-33). 
However, only qualitative parameters, such as PR, presence 

Figure 3 ROC curve analysis of LAP volume for identification 
of TCFA lesions. AUC, area under curve; LAP, low attenuation 
plaque; ROC, receiver operating characteristic.
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of LAP and NRS, were used in those studies. In contrast, 
the current study validated the quantified LAP volume 
as the strongest predictor of TCFAs and using the cutoff 
value of 8 mm3 outperformed other qualitative parameters 
for identifying TCFAs. Therefore, CT-based plaque 
quantitative analysis might be more helpful to identify the 
subgroup of high-risk intermediate stenosis. In that case, 
intensified medical treatment may be warranted in order 
to stabilize the lesions and CCTA can also serve as the 
ideal follow-up imaging modality to monitor the change of 
plaque composition (16).

It is of note that the clinical outcome data of the current 
cohort was not available due to the retrospective design 
of the study. Other previous studies have revealed the 
prognostic implications of CT-derived plaque features, such 
as conventional high-risk plaque features and quantified 
lipid rich necrotic core volume (34-37). Although we 
validated LAP volume as a strong independent predictor 
for TCFA lesions, it still needs to be verified whether LAP 
volume also carries prognostic value like other conventional 
high-risk plaque features have.

Despite of the above promising results, the current study 

Figure 5 Representative case of CCTA plaque quantification in patient with non-TCFA lesion. (A) Curved planar reformation image 
showed a non-calcified plaque at proximal RCA with severe stenosis. (B) The color-coded CPR image using a dedicated plaque analysis 
software revealed minimal presence of LAP component within the plaque. (C) Histogram of different plaque components based on HU 
thresholds. The total plaque volume was 159.5 mm3 while the low attenuation component volume was 7.03 mm3. (D) ICA showed severe 
coronary stenosis (white arrow) at the proximal RCA. (E) VH-IVUS confirmed the diagnosis of non-TCFA lesion, showing minimal 
necrotic core (labelled as red) within the plaque. CCTA, coronary computed tomography angiography; ICA, invasive coronary angiography; 
LAP, low attenuation plaque; RCA, right coronary artery; TCFA, thin-cap fibroatheroma; VH-IVUS, virtual histology intravascular 
ultrasound.

Figure 4 Representative case of CCTA plaque quantification in patient with TCFA lesion. (A) Curved planar reformation image showed a 
non-calcified plaque at proximal LAD with moderate stenosis. (B) The color-coded CPR image using a dedicated plaque analysis software 
identified the presence of low attenuation components (labeled as blue, −100 to 30 HU) within the plaque. (C) Histogram of different plaque 
components based on HU thresholds. The total plaque volume was 113 mm3 while the low attenuation component volume was 27.98 mm3. 
(D) ICA showed intermediate coronary stenosis (white arrow) at the proximal LAD. (E) VH-IVUS confirmed the diagnosis of TCFA lesion, 
showing large necrotic core (labelled as red) within the plaque. CCTA, coronary computed tomography angiography; ICA, invasive coronary 
angiography; LAD, left anterior descending; TCFA, thin-cap fibroatheroma; VH-IVUS, virtual histology intravascular ultrasound.
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has several limitations. First, IVUS was clinically indicated 
in the present cohort to evaluate the intermediate lesions. 
This leaded to inclusion bias because very few target lesions 
in the current study had mild or severe stenosis. Therefore, 
the imaging findings of TCFAs in mild or severe stenosis 
still need to be explored. Second, OCT, which is considered 
the gold-standard for in vivo imaging of vulnerable plaques, 
was not available for identification of TCFAs in the current 
study (38). Since IVUS has lower spatial resolution as 
compared to OCT to detect TCFAs (38), the present 
findings still need to be confirmed by future studies with 
reference to OCT. Finally, CT plaque images were acquired 
by a second generation DSCT using varied kV settings 
in different patients. As shown by one previous study, 
different tube voltages might make minor differences in 
quantification of plaque attenuation (39). Therefore, future 
studies with more homogeneous acquisition parameters are 
warranted to confirm the present findings.

In conclusion, CT-derived LAP volume of TCFA lesions 
was significantly higher than those of non-TCFA lesions. 
LAP volume was the strongest predictor for TCFA lesions 
as validated by IVUS.
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Table S2 Image quality of coronary CT angiography

Vessel Noise CNR SNR

Aorta 21.2±6.8 27.9±5.6 26.7±5.2

LM 22.5±6.4 27.3±6.7 24.5±5.9

RCA 24.3±5.8 26.9±7.5 24.2±6.3

LAD 25.1±6.1 27.7±6.5 26.2±7.1

LCx 27.9±7.8 24.5±7.2 22.3±6.9

CNR, contrast noise ratio, LAD, left anterior descending, LCx, 
left circumflex, LM, left main, RCA, right coronary artery, SNR, 
signal noise ratio.

Supplementary

Table S1 Interobserver reproducibility

Variable ICC 95% CI P value

DS 0.86 0.812–0.906 <0.001

CT MLA 0.82 0.775–0.894 <0.001

LAP 0.91 0.887–0.934 <0.001

Napkin-ring sign 0.93 0.891–0.972 <0.001

Spotty calcification 0.95 0.903–0.974 <0.001

Positive remodeling 0.89 0.856–0.962 <0.001

Remodeling index 0.84 0.813–0.882 <0.001

TPV 0.92 0.867–0.963 <0.001

LAP volume 0.93 0.893–0.976 <0.001

CI, confidence interval; CT, computed tomography; DS, 
diameter stenosis; LAP, low attenuation plaque; MLA, minimal 
lumen area; ICC, intraclass correlation coefficient; TPV, total 
plaque volume.

Coronary CT angiography image quality 
assessment

Various objective image quality parameters, including image 
noise of the aortic root and proximal coronary arteries, 
signal-to-noise ratio (SNR), and contrast-to-noise ratio 
(CNR), were also evaluated. A circular region of interest 
(ROI) was manually placed in the aortic root at the level of 
the left main coronary artery ostium (2.5 cm in diameter) 
to measure lumen attenuation and image noise. The same 
measurement was also performed in the proximal segments 

of the left and right coronary arteries (ROI was drowned 
as large as possible with exclusion of vessel wall). All ROIs 
were measured three times, and mean measurements were 
used for further analysis. The SNR of each measured vessel 
was calculated by dividing the mean HU by the mean image 
noise. The proximal vessel contrast was defined as the HU 
difference between the vessel lumen measurement and the 
measurement of surrounding tissue immediately next to 
the vessel contour. The CNR was calculated as the vessel 
contrast value divided by image noise of the corresponding 
vessel.
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