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Pericoronary adipose tissue attenuation assessed by dual-layer 
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Background: The pericoronary fat attenuation index (FAI) derived from conventional polychromatic 
computed tomography (CT) can capture the presence of coronary inflammation. However, conventional 
polychromatic CT has limitations in material component differentiation, and spectral CT could have a better 
ability to discriminate tissue characteristics. Hence, this study sought to assess pericoronary adipose tissue 
(PCAT) attenuation using spectral CT and explore its association with atherosclerotic plaque characteristics.
Methods: We enrolled 104 patients with coronary atherosclerosis who met the inclusion criteria and 
underwent coronary CT angiography with dual-layer spectral detector computed tomography (SDCT). 
Plaque anatomical characteristics were measured, and the PCAT attenuation was assessed by polychromatic 
images (CTpoly), virtual mono-energetic images at 40 keV (CT40 keV), the slope of spectral attenuation curve 
(λHU), and the effective atomic number (Zeff). The association of PCAT attenuation indicators with the 
presence of high-risk plaques was analyzed, along with the indicators’ ability to identify high-risk plaques. 
Results: PCAT attenuation indicators around high-risk plaques were higher than those around non-
high-risk plaques, especially CT40 keV [−153.76±24.97 (non-high-risk plaque) vs. −119.87±22.74 (high-risk 
plaque), P<0.001]. CT40 keV was a predictive factor of high-risk plaques, and high CT40 keV (≥−120.60 HU)  
could assist in the identification of high-risk plaques, with an area under the curve of 0.883 (95% CI: 0.83–
0.94, P<0.05).
Conclusions: PCAT surrounding high-risk plaques showed higher attenuation; a finding that has been 
associated with coronary artery inflammation. The metrics derived from SDCT, especially CT40 keV, showed 
higher discriminatory power for detecting changes in PCAT attenuation than polychromatic CT. PCAT 
attenuation assessed by CT40 keV may provide a novel imaging marker of plaque vulnerability.
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Introduction

Vascular inflammation is a critical factor in atherosclerotic 
plaque formation and in the triggering of plaque rupture 
leading to acute coronary syndrome (ACS) (1,2) . 
Pericoronary adipose tissue (PCAT) is a metabolically and 
immunologically active fat depot encasing coronary arteries 
with no fascial barrier (3), and it plays an important role 
in the process of atherosclerosis (4). PCAT can function 
as a sensor of coronary inflammation (5,6), as it can be 
infiltrated by vascular inflammation, which suppresses 
adjacent adipose cell differentiation, resulting in changes 
in tissue composition that are detectable on coronary 
computed tomography angiography (CTA) images (7,8). 
Recent work by Antonopoulos et al. demonstrated that the 
pericoronary fat attenuation index (FAI), a novel imaging 
biomarker measured using coronary CTA, could help detect 
biopsy result-proven vascular inflammation in patients 
with coronary artery disease (CAD) undergoing cardiac 
surgery (9). Other researches have shown that PCAT 
attenuation is associated with vascular inflammation and 
plaque characteristics, and that vascular inflammation may 
cause morphological changes in PCAT, simultaneously 
influencing plaque stability (10-12). Therefore, PCAT 
attenuation may be a promising non-invasive imaging 
marker for assessing the risk of high-risk plaque rupture. 
However, previous studies assessed PCAT attenuation 
using conventional polychromatic CT, which has a limited 
capability for material differentiation due to the absorption 
of polychromatic X-rays by tissues.

In recent years, dual-layer spectral detector computed 
tomography (SDCT) has emerged as a tool with the 
potential to improve the detection of tissue characteristics 
(13,14). It can provide virtual mono-energetic and effective 
atomic images, and has a good ability to discriminate 
between tissue components. To our knowledge, few 
studies have used SDCT to investigate PCAT attenuation. 
Therefore, we aimed to assess PCAT attenuation using 
SDCT and to explore an imaging marker derived from 
SDCT to improve high-risk plaque identification in patients 
at high risk of developing ACS.

Methods

Study population

This retrospective study was approved by the ethics 
committee of Shengjing Hospital of China Medical 
University (No. 2020PS231K). Consecutive patients who 

presented to the emergency department with chest pain and 
who underwent coronary CTA using SDCT were enrolled 
from August 2018 to January 2020. Informed consent was 
not required due to the retrospective nature of the study. 
The exclusion criteria were as follows: aged <18 years (n=30); 
absence of noncalcified or mixed noncalcified plaque on 
CT images (n=251); anatomic variations of the heart or 
coronary arteries (n=12); a known malignancy or infectious 
disease (n=44); previous myocardial infarction or surgery 
(n=69); and poor image quality or limited/minimal PCAT 
for analysis (n=19). “Cases” were defined as patients with 
high-risk plaque and “controls” were patients without high-
risk plaque. The flowchart of patient enrollment and the 
study design are shown in Figure 1.

Coronary CTA examination and image reconstruction

All CT acquisitions were performed using a 64-slice 
SDCT (IQon Spectral CT, Philips Healthcare, Best, The 
Netherlands). Prior to CT examination, patients with a 
heart rate ≥70 bpm were administered an oral β-receptor 
blocker (25–50 mg; Metoprolol Succinate sustained-release 
tablets, AstraZeneca, Sweden) to reduce and stabilize their 
heart rate. The coronary CTA scan was acquired using a 
prospectively electrocardiogram-triggered protocol (‘Step 
& Shoot Cardiac’). Bolus tracking with iodinated contrast 
0.8 mL/kg (Iodixanol, 270 mg/mL, GE Healthcare, Ireland) 
was used, and flushing with 20 mL saline was carried out at 
a flow rate of 4.5 mL/s (<80 kg) or 5 mL/s (≥ 80 kg), with 
the coronary CTA scan acquired 6 seconds after a threshold 
of 110 Hounsfield Unit (HU) had been reached in the 
descending aorta. The coronary CTA scan parameters 
were as follows: the tube voltage was set to 120 kVp; tube 
current-automatic exposure control (dose right index =13) 
was used to provide a balance between image quality and 
radiation dose; field of view =250 mm; tube rotation time 
=0.27 s; detector collimation =64 × 0.625 mm; matrix =512 
× 512; slice thickness =0.9 mm; and increment =0.45 mm. 
The scan trigger was centered around 78% of the R-R 
interval, with a ±3% buffer used. 

Raw data were reconstructed into: (I) conventional 
polychromatic images using iterative model reconstruction 
(IMR; Cardiac Routine Level 1, Philips Healthcare); (II) 
effective atomic number images; and (III) virtual mono-
energetic images (VMI; energy level at 40 keV and  
70 keV) using spectral iterative reconstruction (Spectral 
Level 4, Philips Healthcare). The reconstructed images 
were transferred to the processing workstations. All studies 
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were reviewed, and for each subject, we selected the cardiac 
phase exhibiting the least coronary motion artifacts for 
further analysis.

Epicardial adipose tissue and PCAT analysis

The epicardial adipose tissue (EAT) were analyzed using a 
semi-automated software (cardiac risk assessment version 
1.2.0, Siemens Healthineer, Germany), and an attenuation 
threshold of −190 to −30 HU was applied to identify 
adipose tissue voxels in polychromatic images (15,16). 
Regions of interest (ROIs) were automatically drawn on 
every scan, tracing the contour of the epicardium using the 
pulmonary artery bifurcation as the superior limit and left 
ventricular apex as the inferior limit of the heart (17). If 
necessary, interpolated contours were manually adjusted. 

The EAT volume and mean attenuation were recorded in 
cubic centimeters (cc) and HU, respectively.

As a part of the EAT, PCAT is defined as the adipose 
tissue voxels located within a distance from the outer vessel 
wall that is equal to the diameter of the respective vessel (9).  
PCAT attenuation was measured on conventional images 
and VMI of 40 keV and 70 keV using the syngo.via 
software (version VB20, Siemens Healthineer, Forcheim, 
Germany). Based on the earlier work and investigation 
of PCAT attenuation (18), the attenuation thresholds of 
–280 to –40 HU and –220 to –30 HU were respectively 
applied to identify adipose tissue voxels on 40 and 70 keV 
VMI. On the spectral attenuation curve of adipose tissue, 
the mean attenuation on 40–70 keV VMI rose evidently 
before flattening out above 70 keV (Figure 2). Therefore, 
in order to highlight the spectral attenuation characteristics 

Figure 1 Flowchart of patient enrollment and the study design. CTA, CT angiography; PCAT, pericoronary adipose tissue; SDCT, dual-
layer spectral detector CT.
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of adipose tissue, we selected the range of 40–70 keV 
to calculate the slope of the spectral attenuation curve. 
The effective atomic number of PCAT was assessed on 
2-dimensional multiplanar reformatted (MPR) effective 
atomic number images using IntelliSpace Portal 6.5 (Philips 
Healthcare, Best, The Netherlands). ROIs on MPR images 
were selected from 5 different views, and the average value 
of effective atomic number was calculated. On effective 
atomic number images, ROIs of the same size with accurate 
co-localization were achieved using the adjacent anatomical 
structure as a reference and comparative views of 
conventional images. The mean PCAT attenuation (in HU) 
assessed by polychromatic images (CTpoly), VMI of 40 keV 

(CT40 keV) and 70 keV (CT70 keV), the slope of the spectral 
attenuation curve (λHU) which was calculated as: λHU = (CT40 

keV − CT70 keV)/30, and the mean effective atomic number of 
PCAT (Zeff) were recorded.

To study the reproducibility of the PCAT attenuation 
measurements, images for 30 randomly selected subjects 
were independently measured by 2 radiologists with 11 and 
10 years of experience in cardiac imaging, respectively. The 
radiologists were blinded to the original measurements. 
The intraclass correlation coefficient (ICC) between the 2 
radiologists was calculated.

Coronary plaque analysis

Plaque characteristics were analyzed on polychromatic 
images by an investigator using the software (IntelliSpace 
Portal 6.5, Philips Healthcare); the investigator was blinded 
to the EAT and PCAT attenuation measurements. All 
coronary segments with a lumen diameter ≥2 mm were 
analyzed (10,19); however, only noncalcified plaques and 
mixed noncalcified plaques characteristics were measured, 

because high-risk plaques are mainly considered to be 
plaques with spotty calcification or without calcification. 
Plaques were defined as structures >1 mm2 within or 
adjacent to the coronary artery lumen that could be clearly 
distinguished from the vessel lumen and the surrounding 
adipose tissue (20). The boundaries of the lesion were 
defined by the proximal and distal non-diseased tissue with 
an absence of atherosclerotic changes.

The software automatically determined the length, the 
maximum cross-sectional area of the plaque, total plaque 
volume, plaque burden, remodeling index, the mean 
attenuation of the plaque, the low-attenuation percentage 
of the plaque, the intermediate-attenuation percentage 
of the plaque, the high-attenuation percentage of the 
plaque, and diameter stenosis of the lesion. If necessary, 
corrections were made manually. The plaque burden (in %)  
was determined as: plaque burden=(plaque area/vessel 
area) ×100 (21), and the remodeling index was calculated as 
the ratio of the vessel area of the lesion over the proximal 
normal arterial vessel area. The following cut-off values were 
used: low-attenuation (<30 HU), intermediate-attenuation 
(31–130 HU), and high-attenuation (>131 HU) (10).  
High-risk plaques were defined as those with at least 2 of 
the following features: positive remodeling; low density 
(<30 HU); spotty calcification; or a “napkin-ring” sign (22).  
Plaques fulfilling at least 2 of these features were classified 
as non-high-risk plaques. 

Statistical analysis

Statistical analyses were performed using Statistical 
Package for Social Sciences (SPSS) statistics software 
(version 21.0, IBM). The Shapiro-Wilk test was used to 
test continuous variables for normal distribution; non-

Figure 2 The spectral attenuation curve of adipose tissue shows that the mean attenuation on 40–70 keV virtual mono-energetic images 
(VMI) rises obviously while the slope slows down significantly on the VMI of above 70 keV.
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normally distributed variables were presented as the 
median (25th to 75th percentile) and normally distributed 
variables were presented as the mean ± standard deviation. 
Categorical variables were presented as counts (percentages). 
Continuous variables were compared by using an unpaired 
t-test, and categorical variables were compared by using the 
χ2 test. Stepwise-backward logistic regression analysis was 
performed to identify the presence of high-risk plaque. Due 
to the existence of individual heterogeneity, adjustment to 
the mean attenuation of EAT was performed on logistic 
regression analysis. Optimal thresholds were obtained from 
a receiver operator characteristic (ROC) curve analysis at 
the point at which the Youden J statistic (J = sensitivity + 
specificity − 1) was the highest. A 2-tailed P value of <0.05 
was considered to be statistically significant.

Results

Study population information

Among the 44 patients in the case group, there were  
48 high-risk plaques and 73 non-high-risk plaques, while 
among the 60 patients in the control group, 99 non-high-
risk plaques were detected. The baseline information of 

the patients is shown in Table 1. Except for highest-grade 
stenosis (P=0.049), no significant differences were observed 
in baseline data between the case and control groups, 
including in the mean EAT attenuation (all P>0.05).

Plaque anatomical characteristics

Among the 48 high-risk plaques in the case group, 25 
(52.08%) were low-density plaques, 43 (89.58%) exhibited 
positive remodeling, 14 (29.17%) had spotty calcification, 
and 18 (37.50%) had a napkin-ring sign. As shown in Table 2, 
high-risk plaques possessed a larger remodeling index, lower 
CT attenuation, a higher percentage of low-attenuation 
components, and a lower percentage of intermediate-
attenuation components (all P<0.05).

Association between PCAT attenuation and the presence of 
high-risk plaques

The intraclass correlation (ICC) for the measurement of 
PCAT attenuation was 0.816 (P<0.05), showing excellent 
reproducibility. The attenuation of PCAT surrounding 
high-risk plaques was higher than that surrounding non-
high-risk plaques in both the case and control groups (all 

Table 1 Clinical information and EAT characteristics of patients in the study

Characteristics Cases (n=44) Controls (n=60) P value

Demographics

Age (years), mean ± SD 57.00±9.21 58.53±8.28 0.376

Male, n (%) 33 (75.00) 35 (58.33) 0.078

Cardiovascular risk factors

Hypertension, n (%) 17 (38.63) 25 (41.67) 0.756

Hypercholesterolemia, n (%) 21 (47.73) 33 (55.00) 0.463

Diabetes, n (%) 16 (36.36) 29 (48.33) 0.224

Current smoker, n (%) 17 (38.64) 33 (55.00) 0.099

Alcohol drinker, n (%) 25 (56.82) 26 (43.33) 0.174

Obesity, n (%) 25 (56.82) 36 (60.00) 0.745

No. of risk factors, n 2.75±1.71 3.03±1.44 0.362

BMI 25.04±3.15 25.15±3.73 0.872

EATV, mm3 220.27±88.75 243.34±114.09 0.267

EAT attenuation, HU −86.70±4.90 −87.18±4.79 0.619

Highest-grade stenosis, % 51.45±26.27 40.8±27.49 0.049

BMI, body mass index; EAT, epicardial adipose tissue; EATV, epicardial adipose tissue volume; SD, standard deviation. 
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P<0.05). Examples of PCAT attenuation surrounding high-
risk plaques and non-high-risk plaques are shown in Figure 3.

Univariate analysis revealed that the anatomical 
characteristics related to high-risk plaques included plaque 
CT attenuation [odds ratio (OR) 0.989; 95% CI: 0.983–
0.995; P=0.01], the percentage of intermediate-attenuation 
in plaque (OR 0.962; 95% CI: 0.943–0.981; P<0.001) and 
the percentage of high-attenuation in plaque (OR 0.970; 
95% CI: 0.945–0.996; P=0.023). The remodeling index and 
the percentage of low-attenuation in plaque were excluded 
in the analysis, because they are identifying features of 
high-risk plaques. Then, after adjustment for the mean 
attenuation of EAT, multivariate logistic regression analyses 

including each of the PCAT attenuation indicators (CT40 keV, 
CTpoly, λHU, and Zeff) and the high-risk plaque characteristics 
described above were performed. This revealed that the 
intermediate- and high-attenuation percentages, and all the 
PCAT attenuation indicators were related to the presence 
of high-risk plaque (shown in Table 3).

The area under the receiver operating characteristic 
(ROC) curve (AUC) of CTpoly, CT40 keV, Zeff, and λHU for the 
identification of high-risk plaques was 0.687, 0.883, 0.806, 
and 0.807, respectively. The spectral indicators derived 
from SDCT, especially CT40 keV, performed better than 
those derived from polychromatic CT. Based on our data, a 
cut-off of −120.60 HU for CT40 keV achieved an accuracy of 

Table 2 Lesion anatomical characteristics and PCAT attenuation indicators

Characteristics

Case group (n=44) Control group (n=60)

High-risk plaques 
(n=48)

Non-high-risk plaques 
(n=73)

P value*
Non-high-risk plaques 

(n=99)
P value†

Location, n (%) 0.785 0.436

Left anterior descending branch 27 (56.25) 39 (53.42) 66 (66.67)

Left circumflex branch 4 (8.33) 9 (12.33) 5 (5.05)

Right coronary artery 17 (35.42) 25 (34.25) 28 (28.28)

Lesion anatomical characteristics

Length, mm 8.39±3.95 9.31±4.49 0.253 9.50±5.74 0.227

Maximum cross-sectional area, mm2 5.25±3.38 5.16±2.66 0.867 4.46±2.40 0.152

Plaque burden, % 36.67±15.28 35.81±13.49 0.747 35.42±12.97 0.609

Remodeling index 1.26±0.15 1.17±0.16 0.005 1.11±0.14 <0.001

Plaque volume, mm3 27.70 (9.78, 44.32) 26.60 (15.20, 40.30) 0.695 22.50 (13.50, 42.30) 0.835

Plaque CT attenuation, HU 87.25 (62.15, 125.13) 104.80 (76.25, 168.90) 0.033 146.90 (89.90, 193.00) <0.001

Low-attenuation percentage, % 29.50 (15.50, 44.50) 15.00 (6.00, 28.50) 0.0001 7.00 (2.00, 16.00) <0.001

Intermediate-attenuation percentage, % 62.50 (49.00, 70.75) 69.00 (61.00, 85.00) 0.005 73.00 (58.00, 90.00) <0.001

High-attenuation percentage, % 0.50 (0, 11.75) 5.00 (0, 14.50) 0.130 9.00 (1.00, 31.00) 0.001

Diameter stenosis, % 23.00 (14.50, 32.50) 23.00 (12.00, 46.50) 0.989 21.00 (12.00, 35.00) 0.543

PCAT CT attenuation characteristics 

CTpoly, HU −79.21±12.18 −88.34±12.06 0.0000 −86.11±20.33 0.032

CT40 keV, HU −119.87±22.74 −153.76±24.97 0.0000 −158.31±24.41 <0.001

λHU −1.29±0.56 −1.91±0.58 0.0000 −2.00±0.58 <0.001

Zeff 6.71±0.54 6.31±0.34 0.001 6.25±0.33 <0.001

*, P value reflects the difference between high-risk plaques and non-high-risk plaques within the case group; †, P value reflects the 
difference between high-risk plaques in the case group and non-high-risk plaques in the control group. CTpoly, PCAT attenuation assessed 
by polychromatic imaging; CT40 keV, PCAT attenuation assessed by virtual mono-energetic imaging (40 keV); PCAT, pericoronary adipose 
tissue; Zeff, effective atomic number; λHU, the slope of the spectral attenuation curve. 
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Figure 3 Examples of PCAT attenuation surrounding high-risk plaque (A) (CTpoly = −76.8 HU, CT40 keV = −106.9 HU, λHU = −1.01, Zeff = 
6.72) and non-high-risk plaque (B) (CTpoly = −87.5 HU, CT40 keV = −154.7 HU, λHU = −1.91, Zeff = 6.28). As shown in the images, the high-
risk plaques showed positive remodeling, spotty calcification, and the napkin-ring sign. As shown on the images, the green region is the 
PCAT region—adipose tissue voxels located within a distance from the outer vessel wall equal to the diameter of the respective vessel and 
identified by applying attenuation threshold. The breaks in the display are those excluded voxels which may be the adjacent small vessels or 
myocardium. In addition, in the effective atomic number images, each color represents 1 atomic number as shown on the images. CTpoly, 
PCAT attenuation assessed by polychromatic imaging; CT40 keV, PCAT attenuation assessed by virtual mono-energetic imaging (40 keV); 
PCAT, pericoronary adipose tissue; Zeff, effective atomic number; λHU, the slope of the spectral attenuation curve.

A BExample of PCAT attenuation surrounding high-risk plaque
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Table 3 Logistic analysis to analyze risk factors for the presence of high-risk plaque

Analyses
PCAT attenuation Intermediate-attenuation percentage of plaque High-attenuation percentage of plaque

b OR (95% CI) P b OR (95% CI) P b OR (95% CI) P

1st (CT40 keV) 0.04 1.04 (1.01–1.07) 0.012 −0.06 0.94 (0.92–0.97) <0.001 −0.06 0.94 (0.92–0.97) <0.001

2nd (CTpoly) 0.08 1.08 (1.06–1.11) <0.001 −0.08 0.93 (0.90–0.96) <0.001 −0.09 0.92 (0.88–0.96) <0.001

3rd (λHU) 2.70 14.83 (5.70–38.60) <0.001 −0.07 0.93 (0.90–0.96) <0.001 −0.09 0.92 (0.89–0.96) <0.001

4th (Zeff) 4.71 111.28 (21.03–588.76) <0.001 −0.07 0.93 (0.91–0.96) <0.001 −0.08 0.92 (0.89–0.96) <0.001

The 1st, 2nd, 3rd, and 4th logistic analyses were performed including each of the PCAT attenuation indicators (CT40 keV, CTpoly, λHU, and 
Zeff, respectively) and other anatomical characteristics related to high-risk plaque. CTpoly, PCAT attenuation assessed by polychromatic 
imaging; CT40 keV, PCAT attenuation assessed by virtual mono-energetic imaging (40 keV); PCAT, pericoronary adipose tissue; Zeff, effective 
atomic number; λHU, the slope of the spectral attenuation curve. 



2100 Chen et al. PCAT as a marker of high-risk plaques

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(5):2093-2103 | http://dx.doi.org/10.21037/qims-20-860

90% for detecting high-risk plaques (Figure 4, Table 4).

Discussion

This study found that PCAT surrounding high-risk plaques 
had higher attenuation than that surrounding non-high-risk 
plaques and that high PCAT attenuation assessed by VMI 
at 40 keV (≥−120.60 HU) could be the best imaging marker 
for identifying high-risk plaques, with an accuracy of 90%.

Some investigations of the association of PCAT attenuation 
with culprit lesions in ACS patients have suggested that PCAT 
attenuation is an important prognostic indicator. Antonopoulos 
et al. were the first to develop the imaging metric FAI, which 
can non-invasively detect coronary inflammation by mapping 

the spatial changes of perivascular fat attenuation, and found 
that PCAT attenuation around culprit lesions was increased 
by 8.76±2.87 HU compared to that proximal to the lesion (9). 
The same investigators then performed a post-hoc analysis of 
3,912 patients across 2 prospectively recruited cohorts (11).  
They found that PCAT attenuation around the right 
coronary artery could be a representative biomarker 
of global coronary inflammation and that high PCAT 
attenuation was an indicator of increased cardiac mortality 
and could guide early targeted prevention. Hedgire et al. 
demonstrated that perivascular adipose tissue stranding 
(defined as irregular obscuration of PCAT) could be a 
helpful predictor of culprit lesions and a risk marker in ACS 
patients (12). Recently, Goeller et al. (23) evaluated PCAT 
attenuation around the proximal right coronary artery in 
relation to plaque changes in a stable CAD cohort followed 
for at least 1 year. They demonstrated that progression 
of the non-calcified plaque burden is associated with an 
increase in PCAT attenuation. In other words, PCAT 
attenuation could provide important information regarding 
plaque metabolic activity and high PCAT attenuation 
may be a risk factor for cardiovascular disease. In our 
study, the PCAT surrounding high-risk plaques showed 
higher attenuation than that surrounding non-high-risk 
plaques. The underlying mechanism may be that high-
risk atherosclerotic plaque is highly inflamed and is always 
accompanied by greater adventitial inflammation than that 
seen in non-high-risk plaque (24). Inflammatory cells then 
infiltrate the surrounding perivascular space (25), causing 
adipose tissue edema or inflammation and thus contributing 
to higher attenuation. Another possible mechanism is that 
vascular inflammation sends paracrine signals to PCAT 
to prevent lipid accumulation in adipocytes, leading to 
increased PCAT attenuation (9); therefore, the increased 
vascular inflammation existing in high-risk plaques could in 
turn lead to higher PCAT attenuation. We observed high 

Figure 4 ROC curve for PCAT attenuation derived from SDCT 
for differentiating high-risk plaques and non-high-risk plaques. 
ROC, receiver operator characteristic; CTpoly, PCAT attenuation 
assessed by polychromatic imaging; CT40 keV, PCAT attenuation 
assessed by virtual mono-energetic imaging (40 keV); PCAT, 
pericoronary adipose tissue; Zeff, effective atomic number; λHU, the 
slope of the spectral attenuation curve. 
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Table 4 Diagnostic performance of PCAT attenuation indicators derived from SDCT in detecting high-risk plaques

Analyses AUC Cut-off 95% CI Sensitivity (%) Specificity (%) Accuracy (%)

CTpoly 0.687 −83.65 0.60−0.77 64.60 67.40 66.82

CT40 keV 0.883 −120.60 0.83−0.94 72.90 99.48 90.00

Zeff 0.806 6.48 0.74−0.88 79.20 73.80 75.00

λHU 0.807 −1.64 0.74−0.87 79.20 73.80 75.00

AUC, area under the curve; CTpoly, PCAT attenuation assessed by polychromatic imaging; CT40 keV, PCAT attenuation assessed by virtual 
mono-energetic imaging (40 keV); SDCT, dual-layer spectral detector CT; PCAT, pericoronary adipose tissue; Zeff, effective atomic number; 
λHU, the slope of the spectral attenuation curve. 
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PCAT attenuation to be an independent risk factor for high-
risk plaques. By establishing cut-offs to identify high-risk 
plaques using ROC curves generated from polychromatic 
and spectral images, we showed that PCAT attenuation 
derived from 40 keV VMI (CT40 keV) possessed a relatively 
higher AUC and accuracy compared to other indicators 
because of its higher sensitivity in detecting differences in 
adipose attenuation. Using a cut-off of −120.60 HU, CT40 

keV could distinguish high-risk plaques with an accuracy of 
90% and a specificity of 99.48%. 

To our knowledge, this is the first study reporting 
on PCAT attenuation (but not EAT) measured by 
SDCT, which has emerged as a new CT technology and 
has the potential to analyze tissue composition using 
monochromatic evaluation and material decomposition. 
It is well known that X-ray at low energy has a dominant 
photoelectric effect, which increases the X-ray absorption 
difference between materials and produces superior 
contrast, resulting in an evident change in HU value 
when approaching lower energies (26). The inflammation 
caused by a high-risk lesion caused adipose tissue edema 
and less lipid accumulation, resulting in a difference in the 
attenuation coefficient on images, and VMI at lower energy 
could detect the difference more sensitively and capture 
the existence of inflammation indirectly. We found a CT40 

keV to be the most sensitive imaging indicator for detecting 
differences in PCAT density and discriminating high-
risk plaques. A recent study also suggested that differences 
in adipose tissue density could be better differentiated 
using low-energy VMI (18). The authors compared EAT 
and other visceral fat attenuation (measurements were 
performed on VMI at 40, 70, and 120 keV) in patients 
using dual-energy CT and found that different regional fat 
deposits had distinctive regional attenuation values on VMI 
at lower energy levels; this result supports the findings of 
the present study. Furthermore, SDCT is a novel spectral 
CT technology which can provide polychromatic images 
and a variety of spectral reconstructions from the same 
examination using standard CT protocols, allowing for 
retrospective spectral imaging analysis (27). SDCT can also 
be used to obtain VMI at low energy levels with low levels 
of noise and a high contrast-to-noise ratio (CNR), because 
the dual-layer detector can facilitate the exploitation of 
anti-correlated noise suppression due to perfectly matched 
raw-data and effectively suppresses image noise (26,28). 
Therefore, low-energy VMI, such as 40 keV, based on 
SDCT could be well used in clinical practice. Furthermore, 
coronary CTA using SDCT could become a part of the 

routine clinical examination for patients with coronary 
atherosclerosis by virtue of its sensitivity for the detection 
of pathological changes in PCAT.

However, limitations exist in this study. Firstly, this is 
a single-center cross-sectional study investigating a small 
population, and patients with incomplete clinical data were 
excluded, which introduced bias. Secondly, intravascular 
ultrasound data were not available as a reference standard 
for high-risk plaques. Finally, the PCAT attenuation 
thresholds still need to be validated in an external cohort.

Conclusions

PCAT surrounding high-risk plaques showed higher 
attenuation than that  surrounding non-high-risk 
plaques, which has been associated with coronary artery 
inflammation. The metrics derived from SDCT, especially 
CT40 keV, showed higher discriminatory power for detecting 
the changes in PCAT attenuation than polychromatic 
CT. Therefore, PCAT attenuation assessed by VMI at 
40 keV based on SDCT may serve as a novel imaging 
marker of plaque vulnerability offering some early warning 
information for clinic. 
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