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Background: The napkin-ring sign (NRS) was accepted as unstable plaques at coronary computed 
tomography angiography (CCTA). However, the incidence is relatively low. We sought to assess whether 
the newly defined diamond-attenuation-sign [DAS, defined as a qualitative plaque feature in a mixed plaque 
(MP) on CCTA cross-section images by the presence of two features: a visual calcification (in the shape of 
a diamond) accompanied by an annular-shape lower attenuation plaque tissue surrounding the lumen like a 
ring], could be accurately identified as unstable atherosclerotic plaques.
Methods: Eight heart transplant recipients (8 male; mean age, 48.5±11.6 years; range, 37–65 years) 
underwent CCTA exams prior to heart transplant surgery. Segment-based CCTA sections were 
independently evaluated for various plaque patterns including non-calcified plaque (NCP) with NRS (NCP-
NRS), NCP without NRS (NCP-non-NRS), MP with DAS (MP-DAS), MP without DAS sign (MP-non-
DAS), and calcified plaque (CP).
Results: NCP-NRS plaques in 6.4% (23/358), NCP-non-NRS plaques in 24.0% (86/358), MP-DAS 
plaques in 18.2% (65/358), MP-non-DAS plaques in 20.1% (72/358), and calcified-plaques in 7.0% (25/358) 
of all cases. The specificity and positive predictive values of the MP-DAS and NCP-NRS signs to identify 
unstable plaque features were excellent (97.1% vs. 98.6%, 90.8% vs. 87.0%, respectively). DAS plaques were 
more frequently seen on CCTA exams than that of NRS (39.3% vs. 13.3%, respectively, P=0.001). The 
diagnostic performance of MP-DAS to identify unstable coronary lesions was superior compared to NCP-
NRS [area under the receiver operating characteristic curve (ROC), 0.756; 95% CI: 0.717–0.791 vs. 0.558; 
95% CI: 0.514–0.600, respectively, P<0.001]. 
Conclusions: Both the DAS and NRS had a high specificity and positive predictive value for the presence 
of unstable lesions. DAS was a better identification of unstable atherosclerotic plaques in the assessment of 
plaque-calcification-pattern (PCP). 
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Introduction

Cardiovascular diseases are projected to remain the leading 
cause of death by 2030 globally (1). The American Heart 
Association updated the classifications to define calcified 
plaques (CP), such as the type VII coronary plaque, 
which occur as part of the atherosclerotic process and are 
associated with a worse prognosis (2,3). However, since 
stable and unstable plaques were defined in 1988, it has 
remained controversial whether atherosclerotic calcified 
lesions are stable or not.

Coronary computed tomography angiography (CCTA) 
is the main noninvasive tool for evaluation of coronary 
CPs (4,5) and the differentiation between calcified and 
non-calcified plaque (NCP) components had already been 
described with early multi-detector CT technology (6). The 
napkin-ring sign (NRS) was accepted as an important NCP 
feature at CCTA to identify unstable plaques. However, the 
incidence of NRS is relatively low (7).

In this study, we sought to identify the diagnostic 
performance of a plaque-calcification-pattern (PCP) scheme 
based on CCTA to differentiate between stable and unstable 
atherosclerotic plaques as defined by histopathology. 
Moreover, we sought to assess whether the newly defined 
diamond-attenuation sign (DAS), a CT plaque feature in 
vivo, could be accurately identified as unstable atherosclerotic 
plaques. We present this article in accordance with the 
STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-521/rc).

Methods

Studied patients

This study was approved by the Hospital Ethics Committee 
Review Board (No. 2017-926). The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). This was a retrospective study. The informed 
consents were waived in this study. Eight heart transplant 
recipients enrolled in our hospital between August 2017 
and May 2019 underwent CCTA exams prior to heart 
transplantation. Inclusion criteria were age 30 to 85 years 
and sinus rhythm. Exclusion criteria included prior reaction 

to iodinated contrast materials, and impaired renal function 
(eGFR <30 mL/min/1.73 m2). All eight patients had been 
diagnosed with coronary heart disease, previous myocardial 
infarction, and heart failure. The indication for heart 
transplantation was heart failure with enlarged left ventricle 
and ejection fraction ≤20%.

CCTA scanning protocols

All patients in this study routinely underwent non-enhanced 
scan to measure the calcium score. Thereafter, CCTA 
was performed. All subjects underwent contrast-enhanced 
CCTA on the same CT scanner (Discovery CT 750 
HD, GE Healthcare, Milwaukee, WI, USA). Acquisition 
parameters included 64×0.625 mm detector collimation, 
350 ms gantry rotation time, 170 to 200 mm field of view, 
512×512 pixel matrix and field of view/pixel matrix pixel 
size. The energy spectrum scan was set-up such that the 
bulb voltages were 80 and 140 kVp, respectively, and the 
two tube voltages were switched between 0.3 and 0.5 s. All 
studies were performed in a cranio-caudal direction with 
prospective electrocardiographically triggered acquisition 
during end inspiration. The scan range extended from 
the level of the carina to just below the dome of the 
diaphragm. We used a triple phase contrast medium 
injection protocol which consisted of undiluted contrast 
agent (Iopamidol, Shanghai Bolaikexin Pharmaceutical 
Co., China) for 10–12 s followed by a 30 mL 30%:70% 
mixture of contrast medium with an injection time of  
8 s; in the third phase, 30-mL saline chaser bolus at flow 
rates of 5 mL/s. 

All images were reconstructed with a modified iterative 
reconstruction (ASiR) technique. Previous research 
demonstrated that ASiR 40–60% provided the optimum 
image quality on CCTA (8). Therefore, in this study, we 
used the ASiR 40% reconstructions, and uploaded 70 keV 
images to the post-processing workstation (AW4.6, GE) for 
analysis in this study (8).

Histopathological analysis 

The histological preparation and analyses were performed 
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by experts specialized in cardiovascular pathology. Paraffin 
sections were obtained in 2-mm and in 3-mm increments 
(64 and 23 cuts, respectively; 5 stent containing segments 
were excluded from this study). The thickness of a single 
histological section was 2 mm. All sections were stained 
with hematoxylin-eosin and elastic fibers. We used Elastic 
van Gieson stain specific to elastic fibers.

Each cross-section was classified as vulnerable plaque 
features if met one or more criteria described below: 
active inflammation (it refers to the large accumulation of 
macrophages, T lymphocytes, and mast cells. There is no 
specific quantification, but it must be >15/mm2 or >15 per 
10-fold field of view); fibrous cap thickness <65 μm and 
lipid core accounting for >40% of the plaque’s total area; 
endothelial denudation with superficial platelet aggregation 
or plaque erosion; fissured or injured Plaque; intraplaque 
hemorrhage. Otherwise “stable” (9).

In vivo CCTA review and match of the histopathological 
findings 

One observer (X.X1.), who did not take part in the image 
assessment, performed the co-registration of CCTA and 
histopathological images. To perfectly match the short axis of 
CT with the pathological cross-section, we mainly use three 
methods for co-registration: (I) the distance from a lesion 
to aortic sinus; (II) coronary vascular bifurcation used as a 
marker; (III) vascular calcification, stent or bypass position 
used as another marker. Two experienced radiologists (X.X2. 
and X.X3.), who did take part in the image assessment, 
confirmed the co-registration of CCTA images. Special 
markers and vessel lengths were used to identify target 
plaque positions and made sure the CCTA trans-axial 
images were matched to the histological images. Stented and 
bypassed coronary artery sections were excluded.

Plaque classification

An experienced radiologist (X.X2.), with 8 years of 
experience in CCTA imaging, performed the qualitative 
interpretation of all CCTA cross-sections and assessed 
the images for the presence and composition of plaque as 
described below. Another observer (X.X4.), with 11 years  
of experience in cardiac CT imaging, performed an 
independent analysis of all sections to assess inter-observer 
variability. All readings were performed with an adjustable 
window setting according to the degree of calcification 
[1,000–1,500 Hounsfield units (HU) window width,  

200–750 HU window level]. 
First, any discernible structure >1 mm2 that could 

be assigned to the coronary artery wall, but with a CT 
attenuation below the contrast-enhanced coronary lumen 
and above the surrounding connective tissue, was defined 
as a non-calcified coronary atherosclerotic plaque (10). 
Plaques meeting this definition and showing any calcified 
areas were classified as mixed plaque (MP). Any hyper-
attenuating structure that could be visualized separately 
from the contrast-enhanced coronary lumen (either it 
was “embedded” within NCP or its density was above 
the contrast enhanced lumen) and could be assigned 
to the coronary artery wall was defined as a calcified 
atherosclerotic plaque (11). Specifically, we defined the 
diamond-attenuation-sign (DAS) as a qualitative plaque 
feature in a MP on CCTA cross-section images by the 
presence of two features: a visual calcification (in the shape 
of a diamond) accompanied by an annular-shape lower 
attenuation plaque tissue surrounding the lumen like a ring. 
The morphology of DAS including two main morphological 
features as follows: calcified with large necrotic core-type I, 
calcified with attenuation-type II.

NRS is a well-known qualitative plaque feature. It 
was defined as a NCP on CCTA cross-section images by 
the presence of two features: a central area of low CT 
attenuation that is apparently in contact with the lumen and 
a ring-like higher attenuation plaque tissue surrounding this 
central area (1).

Overall, a total of 271 plaques were characterized 
according to plaque with or without calcium, according to 
PCPs, as NCP with NRS (NCP-NRS), and NCP without 
NRS (NCP-non-NRS), MP with DAS (MP-DAS) and MP 
without DAS (MP-non-DAS), and pure CP (Figures 1,2).

Statistical analysis

Continuous variables were expressed as mean ± standard 
deviation, and categorical variables were expressed as 
frequencies or percentages. All statistical tests were 
performed by using a dedicated statistical software (SPSS 
17.0, SPSS Inc., Chicago, IL, USA and MedCalc, version 
15, MedCalc Software, Ostend, Belgium). A P value of 
<0.05 was considered statistically significant. 

To determine inter-observer variability, an independent 
reader assessed all CCTA images. The inter-observer 
agreement was evaluated using Cohen’s kappa (κ) statistics 
that were interpreted as follows. A κ-value greater than 0.80 
corresponded to an excellent agreement, a κ-value of 0.61 
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Figure 1 Unstable plaque hide in heavily calcified coronary. Calcification in ruptured coronary plaques. Histologic and CCTA sections from 
a 65-year-old man who underwent CCTA exams prior to heart transplant surgery. Note large and irregular calcification (Ca++) with a large 
lipid core (core), combined with occlusive luminal thrombus. CCTA (right image) showed the presence of two features: a visual obvious 
calcification (in the shape of a diamond) accompanied by an annular-shape lower attenuation plaque tissue surrounding the lumen like a ring, 
we defined the DAS as a qualitative plaque feature in a mixed plaque on CCTA cross-section hiding in heavily calcified coronary. CCTA, 
coronary computed tomography angiography; DAS, diamond-attenuation-sign. 

Figure 2 Plaque classifications as assessed by CCTA in vivo. CCTA of an in vivo donor heart with the anatomical position of the plaque cross 
sections. The plaque-calcified-pattern included calcified (A), MP-DAS-type I (B), MP-DAS-type II (C), MP-non-DAS (D), NCP-NRS (E), 
NCP-non-NRS (F). The corresponding histology slides: (A) pure calcified; (B) calcified with fibrous cap thickness <65 μm and lipid core 
accounting for >40% of the plaque’s total area-type I; (C) calcified with fibrous cap thickness <65 μm and lipid core accounting for >40% 
of the plaque’s total area-type II; (D) calcified and fibrous plaque; (E) pathological intimal thickening; (F) late fibroatheroma with fibrous 
cap thickness <65 μm and lipid core accounting for >40% of the plaque’s total area. *, necrotic core. L, lumen; MP, mixed plaque; DAS, 
diamond-attenuation-sign; NCP, non-calcified plaque; NRS, napkin-ring-sign; CCTA, coronary computed tomography angiography.
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to 0.80 corresponded to a good inter-observer agreement, 
and a κ-value <0.61 corresponded to a poor agreement. We 
determined the plaque distribution of the PCP categories 
and the frequency of unstable lesions. To test for statistical 
significance, the Fisher exact test was used for 2×2 tables and 
chi-squared test for tables with more rows or columns. To 
determine the diagnostic accuracy of CCTA based plaque 
composition for the detection of unstable lesions, sensitivity, 
specificity, negative predictive value, and positive predictive 
value were calculated from 2×2 contingency tables. We 
calculated binomial 95% CI. To further assess the diagnostic 
capacity of CCTA to detect unstable lesions, the receiver 
operating characteristic curve (ROC) analysis was used. In 
the first step, the categories for each classification scheme 
were sorted separately by their likelihood ratios for unstable 
lesions. Next, separated logistic regression models for each 
scheme and area-under-curve (AUC) were calculated. The 
asymptotic 95% CI for the AUC were estimated using a 
non-parametric approach and comparisons in AUC were 
performed by using a contrast matrix. 

Results

The demographics of the eight heart transplant recipients 
(8 male; mean age, 48.5±11.6 years; range, 37–65 years) 
who underwent CCTA exams prior to heart transplant 

surgery are shown in Table 1. Overall, histopathological 
sections from 27 coronary arteries of eight recipient hearts 
were investigated. We studied a length of 1,365 mm in 
27 coronary vessels. A total of 358 sections were analyzed 
and compared both on pathological and CCTA sections. 
There were 208 stable and 150 unstable lesions confirmed 
by histopathologic findings. Of the 150 unstable lesions, 
86 with active inflammation; 98 with fibrous cap thickness 
<65 μm and lipid core accounting for >40% of the plaque’s 
total area; 36 with endothelial denudation with superficial 
platelet aggregation or plaque erosion; 22 with fissured or 
injured Plaque; 14 with intraplaque hemorrhage.

CCTA findings

At CCTA, no plaque was detected in 87 (24.3%) sections, 
NCP in 109 (30.4%), MP in 137 (38.3%), and CP in 25 
(7.0%) sections. Furthermore, prevalence of NCP-NRS 
was 6.4% (23/358), NCP-non-NRS was 24.0% (86/358), 
MP-DAS was 18.2% (65/358), MP-non-DAS was 20.1% 
(72/358) (Table 2).

Inter-observer variability

Among the 271 plaques, the inter-observer agreement 
between the two CCTA readers to classify CCTA sections as 
no plaque, NCP-NRS, NCP-non-NRS, MP-DAS, MP-non-
DAS or Ca-plaque was excellent (κ=0.863). Furthermore, the 
inter-observer agreement to detect DAS and NRS was also 
excellent (κ=0.896 and κ=0.870, respectively).

Comparison of CCTA plaque type to histopathological 
findings

Features of plaque vulnerability on histopathology were 
correlated with findings of NRS in NCP or DAS in MP, 
based upon CCTA. Overall, the percentage of unstable 
atherosclerotic lesions among different CT plaque types 
were as follows: 86.9% of NCP-NRS (20/23), 33.7% of 
NCP-non-NRS (29/86), 90.8% of MP-DAS (59/65), 52.7% 
of MP-non-DAS (38/72), and 16.0% of Ca-plaque (4/25), 
with histopathological findings serving as the reference 
standard (Figure 3, all P<0.001).

In addition, most commonly on DAS plaques, the areas of 
the necrotic cores were large and the proportion within the 
total plaque area of MP-DAS were higher than in MP-non-
DAS (47.8% vs. 21.4%, P<0.001), similar to NRS (47.8% 
vs. 45.4%, P=0.01). This finding suggests that the presence 

Table 1 Patient characteristics

Characteristics   N (range or %)

Age (years) 48.5±11.6  
(range, 37–65)

Male 8 (100%)

Hypertension 4 (50%)

Hyperlipidemia 5 (62.5%)

Diabetes mellitus 3 (37.5%)

Angina pectoris 8 (100%)

Family history of coronary artery disease 2 (25%)

Smoking history 3 (37.5%)

Obesity 4 (50%)

Prior presentation with congestive heart failure 8 (100%)

History of old myocardial infarction 8 (100%)

History of percutaneous intervention 4 (50%)

History of coronary artery bypass graft 1 (12.5%)
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of NRS or DAS was independently associated with unstable 
plaque features on histopathology. However, DAS plaques 
were detected more frequently by CCTA exams than the 
NRS type (39.3% vs. 13.3%, respectively, P=0.001) (Table 3).

Diagnostic accuracy

DAS and NRS both showed a high specificity (97.1% vs. 

98.6%) and positive predictive value (90.8% vs. 87.0%) to 
identify unstable plaque features on histopathology. ROC 
analysis revealed that the AUC of the PCP to identify 
unstable lesions was 0.883 (95% CI: 0.845–0.914). The 
results of DAS (AUC, 0.756; 95% CI: 0.717–0.791) as a 
CCTA feature to identify coronary unstable lesions were 
better than that of NRS (AUC, 0.558; 95% CI: 0.514–0.600) 
(P<0.001, Figures 4,5).

Table 2 Plaque-calcification-pattern based plaque classification for the differentiation of stable and unstable lesions confirmed by histopathologic 
findings

Plaque-calcification-pattern scheme Stable Unstable In total

No plaque, n (%) 87 (41.8) 0 (0) 87 (24.3)

CP, n (%) 21 (10.1) 4 (2.7) 25 (7.0)

NCP, n (%)

With NRS (NCP-NRS) 3 (1.4) 20 (13.3) 23 (6.4)

Without NRS (NCP-non-NRS) 57 (27.4) 29 (19.3) 86 (24.0)

MP, n (%)

With DAS (MP-DAS) 6 (2.9) 59 (39.3) 65 (18.2)

Without DAS (MP-non-DAS) 34 (16.4) 38 (25.3) 72 (20.1)

In total 208 (100.0) 150 (100.0) 358 (100.0)

Note: P<0.0001. CP, calcified plaque; NCP, non-calcified plaque; NRS, napkin-ring-sign; MP, mixed plaque; DAS, diamond-attenuation-sign. 

Figure 3 Number of CT plaque types among plaque-calcification-based pattern in vivo. The blue bars represent number of CT showed 
plaques base on PCP model. The red bars represent unstable atherosclerotic lesions of each type. There were statistical significances 
between them (all P<0.001). NCP-NRS indicates non-calcified plaque with napkin-ring-sign; NCP-none-NRS indicates non-calcified 
plaque without napkin-ring-sign; MP-DAS indicates mixed plaque with diamond-attenuation-sign; MP-none-DAS indicates mixed plaque 
without diamond-attenuation-sign; Ca-plaque indicates calcified plaque. PCP, plaque-calcification-pattern; NCP, non-calcified plaque; NRS, 
napkin-ring-sign; MP, mixed plaque; Ca-plaque, calcified plaque; DAS, diamond-attenuation sign. 
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Table 3 Different qualitative plaque scheme for CCTA in vivo based on PCP model classified by histology with 95% CI

PCP scheme Sensitivity Specificity PPV NPV

No plaque 0 100 (87/87) 0 100 (87/87)

Non-calcified plaque

Napkin-ring sign 13.3 (20/150) 98.6 (205/208) 87.0 (20/23) 61.2 (205/335)

95% CI 8.34–19.84 95.84–99.70 66.41–97.22 55.75–66.44

Non-napkin-ring sign 19.3 (29/150) 72.6 (151/208) 33.7 (29/86) 55.5 (151/272)

95% CI 13.35–26.57 66.00–78.54 23.88–44.72 49.39–61.52

Mixed plaque

Diamond-attenuation sign 39.3 (59/150) 97.1 (202/208) 90.8 (59/65) 68.9 (202/293)

95% CI 31.47–47.63 93.83–98.93 80.98–96.54 63.30–74.20

Non-diamond-attenuation sign 25.3 (38/150) 83.7 (174/208) 52.8 (38/72) 60.8 (174/286)

95% CI 18.59–33.07 77.91–88.41 40.65–64.67 54.92–66.53

Calcified plaque 2.7 (4/150) 89.9 (187/208) 16.0 (4/25) 56.2 (187/333)

95% CI 0.73–6.69 84.98–93.64 4.54–36.08 50.64–61.56

Values are (%). CCTA, coronary computed tomography angiography; PCP, plaque-calcification-pattern; PPV, positive predictive value; 
NPV, negative predictive value.

Figure 4 ROC curves of the PCP scheme. The area under the 
ROC of the PCP scheme (the blue line) to identify unstable lesions 
was 0.883 (95% CI: 0.845–0.914, P<0.0001). ROC, receiver-
operating characteristic; PCP, plaque-calcification-pattern.

Figure 5 ROC curves to compare DAS versus NRS in our 
PCP scheme. The area under the ROC curve was 0.756 for 
DAS (the blue line) and 0.558 for NRS (green line), P<0.001. 
MP, mixed plaque; DAS, diamond-attenuation sign; NCP, non-
calcified plaque; NRS, napkin-ring-sign; ROC, receiver-operating 
characteristic (95% CI: 0.717–0.791 vs. 0.514–0.600); PCP, plaque-
calcification-pattern. 
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Discussion

Calcification is commonly found in atherosclerosis and the 
presence and extent of calcification is associated with a poor 
prognosis (12). Moreover, ongoing efforts to prevent acute 
coronary events assume that these events will happen at the 
level of individual plaques (13) in patients unstable to plaque 
rupture. However, the impact of the calcification formation 
within a specific lesion on the differentiation of stable 
and unstable atherosclerotic lesions remains controversial 
(14-16). This study adds to the existing knowledge by 
demonstrating that the assessment of PCPs improves 
the diagnostic accuracy of CCTA to identify unstable 
atherosclerotic lesions in vivo. Moreover, we found that 
the newly defined DAS in CCTA cross-sectional images 
showed a high specificity and positive predictive value for 
the presence of unstable lesions.

 Maurovich-Horvat et al. proposed that the NRS is 
a qualitative CCTA plaque feature to define unstable  
plaques (7). It is thought to represent a CT specific feature 
of NCPs with large necrotic cores. However, a more 
detailed analysis of different plaque attenuation patterns 
may provide improved diagnostic performance and better 
evaluation of unstable coronary plaques (7,17). Our findings 
were consistent with the previously published studies that 
proved MP, rather than NCP, had a higher prevalence 
in clinical CCTA practice (18). Our data also suggested 
that plaques with NRS indicated unstable lesions that 
are consistent with the studies by Hoffman et al. (19), 
although the majority of analytical discrepancies between 
the two CCTA readers resulted from an inadequate spatial 
resolution of CCTA images to differentiate the NRS from 
non-NRS.

In this study, heart transplant recipients with coronary 
heart disease underwent CCTA exams prior to heart 
transplant surgery (20). The atherosclerotic lesions in 
large parts of the specimens were MPs. The CCTA image 
quality in this study was representative of real-world 
routine exams with image quality adequate enough to allow 
good inter-observer agreement to identify either NCP-
NRS or MP-DAS. Our data suggests that certain qualities 
of MP like presence of obvious calcium and lipid-core 
tissue are associated with unstable atherosclerotic lesions. 
Moreover, there was satisfactory differentiation between CP 
components and lipid-rich plaque, which is consistent with 
earlier findings (21).

 Our data also demonstrates that the absence of plaque 
at CCTA largely excludes the presence of unstable 

atherosclerotic lesions, which is consistent with prior 
ex vivo and clinical studies demonstrating the rarity 
of cardiovascular events in patients free of coronary 
atherosclerosis by CCTA (22,23). Unexpectedly, we found 
four unstable plaques on histopathology that had appeared 
as purely calcified lesions on CCTA. This is likely a result 
of blooming artifacts caused by calcification so that a small 
area of lipid component undetected on CCTA images (24).

Overall, the influence of calcification on plaque stability 
remains a topic of interest. On a clinical level, recent studies 
showed that coronary artery calcium among individuals 
aged between 32 and 46 years was associated with increased 
risk of fatal and nonfatal coronary heart disease during  
12.5 years of follow-up (25), which adds to the known 
predictive power of coronary artery calcium. On a more 
basic level, studies showed that calcification did not increase 
fibrous cap stress in ruptured or stable human coronary 
atherosclerotic lesions (26).

Lesions presenting as DAS on CCTA often have a large 
necrotic lipid-rich core. The distinct features of DAS 
on CCTA, according to our observations, require the 
presence of a MP with an especially high proportion of lipid 
admixture, as confirmed by our histopathological findings.

Many  pr io r  s tud ie s  have  shown  tha t  p l aques 
demonstrating acute rupture typically had mild or moderate 
calcification associated with extensive and diffuse coronary 
atherosclerosis and accelerated growth (27,28). The 
high association of the DAS plaque-type with features of 
vulnerability on CCTA may be attributable to calcification 
as an osteogenic process in response to inflammatory 
reactions, which would reflect an active state associated 
with extensive plaque volume and accelerated progression. 
As a result, DAS likely consists of a soft lipid component 
coexisting with calcification and increasing plaque 
vulnerability. 

The results of this study should be interpreted within 
the context of the study design and consequent limitations. 
Prospective studies and clinical investigations in vivo are 
necessary to assess the generalizability and reproducibility 
of our findings. First, all CT studies were acquired in 
heart transplant recipients who had coronary heart disease  
in vivo, so the patient group was necessarily small and 
the atherosclerotic lesions in large parts of the specimens 
were calcified or mixed; and only one sex in the analysis; 
this limits the generalizability of our results. Second, due 
to the limited spatial resolution of CCTA, smaller vessels 
were excluded from assessment in our investigation. 
There are limitations in plaque characterization by CT 
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incurred through the “masking” of NCP components by 
calcification, which appears larger in CT than its actual size 
due to blooming artifacts. On the one hand, CT histogram 
analysis of the plaques could provide greater confidence in 
the appropriate categorising of this non-calcified lipid-core 
plaque phenotype (29). On the other hand, calcification 
specific staining such as Alizarin red, Von Kossa or 
Picosirus Red was not used in our study. Especially, it was 
more advantageous for a small amount of calcification or 
micro-calcification and could be quantified in hitology. 
In addition, some small amount of calcification or micro-
calcification would be missed in CCTA because of luminal 
contrast enhancement and limited resolution. The area and 
arc of calcification around the plaque would differ between 
histology and CCTA. This was why the calcification plaques 
with DAS appeared to be ‘nodule’, while the specimens in 
histology looked like sheets of calcification that extended 
around 120 degrees of the arc per se. Third, many unstable 
plaque features found on histopathology could not be 
reproduced when using CCTA. Validation of the diamond 
attenuation sign in a large CT registry is warranted to 
ascertain the true prevalence of this plaque phenotype. Thus 
further clinical investigations in vivo would be required to 
assess the reproducibility of our findings and strengthen the 
observations in this study.

In conclusion, the qualitative assessment of the PCP in 
patients with coronary atherosclerosis improved diagnostic 
accuracy of CCTA to identify unstable lesions hiding in 
heavily calcified coronary arteries, including our newly 
defined “diamond-attenuation-sign (DAS)”, which are more 
frequently seen on CCTA images. 
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