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Background: Coronary atherosclerosis is a chronic inflammatory condition. Pericoronary adipose 
tissue (PCAT) attenuation is closely related to coronary inflammation. This study aimed to investigate the 
relationship between PCAT attenuation parameters and coronary atherosclerotic heart disease (CAD) using 
dual-layer spectral detector computed tomography (SDCT).
Methods: This cross-sectional study included eligible patients who underwent coronary computed 
tomography angiography using SDCT at the First Affiliated Hospital of Harbin Medical University between 
April 2021 and September 2021. Patients were classified as CAD (with coronary artery atherosclerotic 
plaque) or non-CAD (without coronary artery atherosclerotic plaque). Propensity score matching was used 
to match the two groups. The fat attenuation index (FAI) was used to quantify PCAT attenuation. The FAI 
was measured on conventional images (120 kVp) and virtual monoenergetic images (VMI) by semiautomatic 
software. The slope of the spectral attenuation curve (λ) was calculated. Regression models were established 
to evaluate the predictive value of PCAT attenuation parameters for CAD.
Results: A total of 45 patients with CAD and 45 patients without CAD were enrolled. The PCAT 
attenuation parameters in the CAD group were significantly higher than those in the non-CAD group (all P 
values <0.05). The PCAT attenuation parameters of vessels with or without plaques in the CAD group were 
higher than those of vessels without plaques in the non-CAD group (all P values <0.05). In the CAD group, 
the PCAT attenuation parameters of vessels with plaques were slightly higher than those of vessels without 
plaques (all P values >0.05). In receiver operating characteristic curve analysis, the FAIVMI model achieved 
an area under the curve (AUC) of 0.8123 for discriminating between patients with and without CAD, which 
was higher than those of the FAI120 kVp model (AUC =0.7444) and the λ model (AUC =0.7230). However, 
the combined model of FAIVMI, FAI120 kVp, and λ obtained the best performance (AUC =0.8296) of all the 
models.
Conclusions: PCAT attenuation parameters obtained using dual-layer SDCT can aid in distinguishing 
patients with and without CAD. By detecting increases in PCAT attenuation parameters, it might be possible 
to predict the formation of atherosclerotic plaques before they appear.
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Introduction

Coronary atherosclerosis heart disease (CAD) is a chronic 
vascular inflammatory condition. Vascular inflammation is 
strongly associated with the development of atherosclerosis. 
Inflammation plays a crucial role in the various stages of 
atherosclerosis, from the formation of lipid stripes to the 
rupture of vulnerable plaques (1,2). Atherosclerotic plaques 
form in the walls of coronary arteries and cause coronary 
stenosis, which is the leading cause of myocardial ischemia. 
Pericoronary adipose tissue (PCAT) is defined as adipose 
tissue located within a distance from the outer vessel wall 
that is equal to the diameter of the coronary vessel. It is part 
of the epicardial adipose tissue (EAT) (3). PCAT is an active 
metabolic fat pool that is directly affected by coronary 
inflammation. Recently, evidence has emerged of a complex 
bidirectional paracrine pathway between the coronary 
artery wall and PCAT. Dysfunctional PCAT secretes 
inflammatory adipokines, causing vascular inflammation 
and leading to coronary atherosclerotic plaque formation. 
Vascular inflammation prevents lipid accumulation in PCAT 
by inhibiting preadipocyte differentiation. The change 
of adipocyte is reflected as the change in adipose tissue 
attenuation on computed tomography (CT) images (4-7).

Coronary CT angiography (CCTA) is a principal 
technique used to screen for CAD. CT imaging can 
reveal atherosclerotic plaques and PCAT. Coronary artery 
inflammation can be indirectly detected by evaluating the 
attenuation of PCAT on CCTA. Research by Dang et al., 
showed that PCAT attenuation increased with the degree 
of CAD (8). Higher PCAT attenuation has been associated 
with an increased risk of acute coronary syndrome (9). 
Recently, a new noninvasive biomarker of coronary 
artery inflammation was established: the fat attenuation 
index (FAI). The FAI is defined as the standardized mean 
attenuation of PCAT (4,10), and a high FAI is an indicator 
of increased cardiac mortality. Therefore, quantitative 
measurement of PCAT attenuation can improve the ability 
of CCTA to predict and stratify cardiac risk (10).

Most previous studies about PCAT attenuation were 
based on polyenergetic conventional images. However, 

virtual monoenergetic images (VMIs) at low energy 
levels based on dual-energy CT can increase the contrast 
of soft tissue, and can better display the difference in 
fat attenuation than conventional images (11). By using 
dual-layer spectral detector CT (SDCT), a VMI can be 
reconstructed from a simple conventional scan without 
additional special scans; therefore, VMIs are convenient 
to use for clinical applications. Some studies based on 
dual-layer SDCT have reported that FAI40 keV had 
higher sensitivity and specificity for detecting differences 
in PCAT attenuation than did FAI120 kVp (8,12). In the 
present study, we used SDCT to analyze PCAT attenuation 
parameters on VMIs (obtained at 40, 50, 60, 70, 80, 
90, and 100 keV) and explored whether this method 
could improve the identification of patients with CAD. 
In addition, we investigated the relationship between 
PCAT attenuation parameters and the formation of 
coronary atherosclerotic plaques. The following article 
is presented in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-1019/rc).

Methods

Study population

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Committee of the First Affiliated 
Hospital of Harbin Medical University (No. 202214), 
and informed consent was obtained from all individual 
participants. 

A total  of  235 pat ients  who underwent CCTA 
examination by SDCT for suspected CAD at the First 
Affiliated Hospital of Harbin Medical University between 
April 2021 and September 2021 were enrolled in this 
retrospective cross-sectional study. Patients with symptoms 
of myocardial ischemia (e.g., chest pain, dyspnea after 
activity) or electrocardiogram changes were considered 
suspicious for CAD. According to the following exclusion 
criteria, 60 patients were excluded: the patient had non-
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atherosclerotic coronary heart disease; the patient had a 
history of percutaneous coronary intervention or coronary 
artery bypass graft; the patient had a malignant tumor 
or severe inflammatory disease; the CCTA image quality 
was poor; the patient had incomplete clinical data; or 
atherosclerotic plaques were present only in the left main 
coronary artery or in small branches of three main coronary 
arteries. 

The patients were divided into the CAD group and the 
non-CAD group. Patients were defined as non-CAD if no 
atherosclerotic plaque was found in major coronary arteries 
(left anterior descending, LAD; left circumflex, LCX; right 
coronary artery, RCA) or their branches. Patients were 
defined as CAD if the atherosclerotic plaque was found in 

at least one major coronary artery (LAD, LCX, or RCA). 
Propensity score matching was used to match patients with 
and without CAD according to their clinical characteristics 
[age, body mass index (BMI), diabetes, and hyperlipidemia]. 
The study flowchart is shown in Figure 1. 

All CCTA images were independently evaluated by two 
radiologists, both with more than 10 years of experience 
in cardiac imaging diagnosis. In cases where the two 
radiologists had different opinions, a consensus was reached 
through discussion with each other. The following clinical 
data of patients were collected: BMI; statins use status; 
history of smoking and drinking; hypertension status; 
diabetes status; hyperlipidemia status; and the quantitative 
value of total cholesterol, triglyceride, high-density 

Patients underwent CCTA because of 

suspected obstructive CAD by SDCT (n=235)

175 patients were included

CAD patients 

(n=130)

CAD patients  

(n=45)

Non-CAD patients 

(n=45) 

Non-CAD patients 

(n=45) 

Vessels with plaques (n=85) Vessels without plaques (n=50) Vessels without plaques (n=135)

60 patients were excluded due to:    

•	Non-atherosclerotic coronary heart disease (n=5)

•	History of PCI or CABG (n=22)

•	Poor CCTA image quality (n=20)

•	With tumor or inflammatory disease (n=6)

•	Incomplete clinical data (n=5)

•	Atherosclerotic plaques only in the left main coronary artery or in 

small branches of three main coronary arteries (n=2)

Without atherosclerotic plaques

Matching by clinical
Characteristics of patients

With atherosclerotic plaques

Figure 1 Study flowchart. CCTA, coronary CT angiography; CAD, coronary atherosclerotic heart disease; SDCT, dual-layer spectral 
detector computed tomography; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft.
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lipoprotein, and low-density lipoprotein.

Scan protocol and image reconstruction for CCTA

All scans were performed on a 64-slice SDCT scanner (IQon 
Spectral CT, Philips Healthcare, Best, The Netherlands). Iodine 
contrast agent was injected (350 mg/mL, 0.8 mL/kg; flow rate 
4–5 mL/s, varying according to the vascular status of the 
patient). A total of 40 mL saline was used before and after 
the injection of the iodine contrast agent. A retrospective 
electrocardiogram-gated exam was adopted. The CCTA 
scan was triggered automatically when the descending 
aorta reached the 110 HU threshold. All scans were 
performed according to the following protocol: tube voltage  
120 kVp, automatic tube current modulation, slice thickness 
0.9 mm, slice interval 0.9 mm, detector collimation 
64×0.625 mm, tube rotation time 270 ms, and matrix 
512×512. The original data were reconstructed as follows: 
conventional image, and VMI from 40 to 100 keV with 
a 10 keV interval. All data were transferred to the post-
processing workstation (IntelliSpace Portal vision 10, 
Philips Healthcare). 

Measurement and analysis of PCAT attenuation 
parameters

The FAI was measured at the proximal RCA, LAD, and 
LCX by semiautomatic software (ShuKun Technology, 
Beijing, China). The semiautomatic software automatically 
segmented coronary arteries and identified PCAT. The 
measurement starting point and measurement length and 
width of the PCAT were set manually. The starting point 
of the RCA measurement was 10 mm from the ostium. The 
LAD and LCX were measured from the bifurcation of the 
left main coronary artery. The measurement length was 
proximal 40 mm of coronary artery, and the measurement 
width was the mean diameter of the proximal coronary 
artery. Based on previous studies (11,12), adipose tissue 
voxels were identified with different thresholds on different 
images , which were conventional images (−190 to −30 HU), 
40 keV (−280 to −40 HU), 50 keV (−260 to −40 HU),  
60 keV (−240 to −40 HU), 70 keV (−220 to −30 HU), 
80 keV (−210 to −30 HU), 90 keV (−200 to −30 HU), 
and 100 keV (−190 to −30 HU) . An example of the FAI 
measurement method is shown in Figure 2. The slope 

Figure 2 An example of PCAT attenuation measurement. (A) Measurement of the FAI of the proximal RCA (10–50 mm length from the 
origin) on axial, curved planar reformation, and coronary probe images. (B) Measurement of the FAI of the RCA on conventional images 
and virtual monoenergetic images, respectively. (C) Measurement of the FAI of the LAD, LCX, and RCA, respectively. LAD, left anterior 
descending; LCX, left circumflex; RCA, right coronary artery; PCAT, pericoronary adipose tissue; FAI, fat attenuation index. 
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of the spectral attenuation curve (λ) was computed with 
the following equation: λ40–70 keV = (CT40 keV − CT70 keV)/30,  
λ40–100 keV = (CT40 keV − CT100 keV)/60, λ70–100 keV = (CT70 keV 
− CT100 keV)/30. The mean FAI and λ of the LAD, LCX, 
and RCA were calculated to represent the overall level 
of the patient. Ultimately, PCAT attenuation parameters  
(FAI120 kVp, FAIVMI, and λ) were evaluated at the patient and 
vessel levels.

Statistical analysis

PASS 11 software (PASS, Kaysville, UT, USA) was used 
to calculate the sample size. We hypothesized that PCAT 
attenuation could effectively distinguish between patients 
with and without CAD [area under curve (AUC) >0.5]. Pre-
experiments showed that the AUC of PCAT attenuation 
for predicting CAD was 0.7. We determined that α =0.05 
and β=0.10, and the sample ratio of the CAD group and 
the non-CAD group was 1:1. The estimation result showed 
that each group would require no fewer than 41 patients. 
To compensate for possible dropouts, 45 patients without 
CAD and 45 patients with CAD were included in this 
study. To reduce bias due to confounding variables and to 
balance the distribution of baseline characteristics, we used 
propensity score matching, which was performed via logistic 
regression analysis and included age, BMI, diabetes, and 
hyperlipidemia. According to the distribution, continuous 
variables were expressed as the average ± standard deviation 
(SD), and categorical variables were recorded as numbers 
(n) and percentages (%). An independent samples t-test 
was used for comparison at the patient level, while analysis 
of variance was used for comparison at the vessel level. 
To evaluate the relationship between PCAT attenuation 
parameters and CAD, binary logistic regression was 
implemented. A logical regression model was used to 
evaluate the ability of PCAT attenuation parameters to 
predict CAD. Based on logistic regression analysis, the 
receiver operating characteristic curve was plotted. A P 
value <0.05 was considered to be statistically significant. 
SPSS 26.0 (IBM Corp., Armonk, NY, USA) was used for all 
statistical analysis.

Results

Patients

A total of 90 patients were enrolled in this study, including 

45 patients with CAD (85 vessels with plaques and 50 
vessels without plaques) and 45 patients without CAD (135 
vessels without plaques). The clinical characteristics of the 
included patients are shown in Table 1. None of the clinical 
characteristics showed a statistically significant difference 
between patients with and without CAD (all P values 
>0.05).

Differences in PCAT attenuation parameters between 
patients with and without CAD

FAI120 kVp was significantly higher in patients with 
CAD than in patients without CAD (−72.64±5.94 vs. 
−77.19±3.68 HU; P<0.001). FAIVMI differed significantly 
between pat ients  with and without CAD at  each 
monoenergetic level (all P values <0.05), with the difference 
being more obvious on low-energy VMIs, especially at  
40 keV (−128.93±13.03 vs. −138.47±8.29 HU; P<0.001;  
Figure 3A; Table 2). The shape of the PCAT spectral 
attenuation curve was similar for the two groups of patients, 
but the curve location in the CAD group was significantly 
higher than that in the non-CAD group. The λ in the CAD 
group was also higher than that in the non-CAD group (all 
P values <0.01; Figure 3B,3C; Table 2). 

Differences in PCAT attenuation parameters between 
vessels

At the vessel level, all coronary arteries were divided 
into three groups according to the existence of coronary 
atherosclerotic plaques: CAD vessels without plaques, CAD 
vessels with plaques, and non-CAD vessels. There were 
obvious differences in the FAI and λ between the groups (all 
P values <0.01). Compared with non-CAD vessels, CAD 
vessels (with or without plaques) had a significantly higher 
FAI120 kVp, FAIVMI (except for FAI90 keV and FAI100 keV), and λ 
(all P values <0.05; Table 2). The PCAT attenuation of CAD 
plaque vessels was increased compared to that of CAD non-
plaque vessels, but the differences were not statistically 
significant (all P values >0.05; Figure 3D; Table 2). As shown 
in Figure 3E, the spectral attenuation curves representing 
CAD vessels with and without plaques (green curve and 
red curve, respectively) almost overlap, and their locations 
are higher than that of the curve representing non-CAD 
vessels (blue curve). The λ of CAD vessels with and without 
plaques was also higher than that of non-CAD vessels  
(Figure 3F). 
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Table 1 Clinical characteristics of the included patients.

Clinical characteristics Patients with CAD (n=45) Patients without CAD (n=45) P value

Age (years) 61.18±8.17 58.04±9.24 0.092

Male 21 [47] 14 [31] 0.130

BMI (kg/m²) 25.22±5.56 24.72±3.73 0.615

Statins use 25 [56] 17 [38] 0.091

Smoking 14 [31] 10 [22] 0.340

Drinking 8 [18] 5 [11] 0.368

Hypertension 24 [53] 18 [40] 0.205

Diabetes 11 [24] 5 [11] 0.098

Hyperlipidemia 8 [18] 10 [22] 0.598

TC (mmol/L) 4.63±1.06 4.58±1.29 0.812

TG (mmol/L) 1.75±1.18 1.59±0.91 0.484

HDL (mmol/L) 1.15±0.23 1.18±0.27 0.505

LDL (mmol/L) 2.83±0.82 2.86±1.08 0.883

Continuous variables are described as the average ± SD; categorical variables are described as numbers (n) and percentages [%]. CAD, 
coronary atherosclerotic heart disease; BMI, body mass index; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, 
low-density lipoprotein; SD, standard deviation. 

Figure 3 Differences in pericoronary adipose tissue attenuation parameters at the patient and vessel levels. (A) Comparison of the FAI at the 
patient level. (D) Comparison of the FAI at vessel level. (B) The spectral attenuation curve at the patient level. (E) The spectral attenuation 
curve at the vessel level. (C) The slope of the spectral attenuation curve at the patient level. (F) The slope of the spectral attenuation curve 
at the vessel level. ***, P<0.001; **, P<0.01; *, P<0.05. CAD, coronary atherosclerotic heart disease; FAI, fat attenuation index; λ, slope of the 
spectral attenuation curve.
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Receiver operating characteristic curve analysis for the 
prediction of CAD

Binary logistic regression analysis showed that FAIVMI on 
each monoenergetic level, the λ of each energetic interval, 
and FAI120 kVp were all independent risk factors for CAD 
[all P values <0.05 and odds ratio (OR) >1; Table 3]. Receiver 
operating characteristic curve analysis was used to evaluate 
the established regression model of FAIVMI, FAI120 kVp, λ, 
and a combination of FAIVMI, FAI120 kVp, and λ; the AUCs 
were 0.8123, 0.7444, 0.7230, and 0.8296, respectively. 
The FAIVMI model contained FAI40 keV, FAI50 keV, FAI60 keV,  
FAI70 keV, and FAI80 keV. The λ model contained λ40–70 keV,  
λ40–100 keV, and λ70–100 keV. The combination model obtained the 
highest AUC, with a sensitivity of 0.6444 and a specificity 
of 0.9111 (Figure 4).

Discussion

In this retrospective cross-sectional study, we found that 
PCAT attenuation parameters in patients with CAD 
were higher than those in patients without CAD. The 

Table 3 Logistic regression analysis to explore the relationship between PCAT attenuation parameters and the presence of CAD

PCAT attenuation parameters B SE P value OR (95% CI)

Conventional image

FAI120 keV (HU) 0.194 0.053 <0.001 1.214 (1.094–1.348)

VMI

FAI40 keV (HU) 0.087 0.025 0.001 1.091 (1.038–1.145)

FAI50 keV (HU) 0.105 0.031 0.001 1.111 (1.045–1.182)

FAI60 keV (HU) 0.134 0.039 0.001 1.144 (1.060–1.234)

FAI70 keV (HU) 0.128 0.044 0.004 1.137 (1.042–1.241)

FAI80 keV (HU) 0.128 0.051 0.011 1.136 (1.029–1.255)

FAI90 keV (HU) 0.116 0.054 0.033 1.123 (1.009–1.249)

FAI100 keV (HU) 0.121 0.059 0.040 1.128 (1.006–1.266)

λ

40–70 keV 0.039 0.012 0.001 1.040 (1.017–1.064)

40–100 keV 0.064 0.018 <0.001 1.066 (1.029–1.106)

70–100 keV 0.089 0.030 0.003 1.093 (1.031–1.158)

PCAT, pericoronary adipose tissue; CAD, coronary atherosclerotic heart disease; SE, standard error; OR, odds ratio; CI, confidence 
interval; FAI, fat attenuation index; VMI, virtual monoenergetic image; λ, slope of spectral attenuation curve. 

Figure 4 Receiver operating characteristic curve for the pred 
iction of CAD. The combination model, which contained FAIVMI, 
FAI120 kVp, and λ obtained the highest AUC. The FAIVMI model 
contained FAI40 keV, FAI50 keV, FAI60 keV, FAI70 keV, and FAI80 keV. The λ 
model contained λ40–70 keV, λ40–100 keV, and λ70–100 keV. AUC, area under 
curve; FAI, fat attenuation index; VMI, virtual monoenergetic 
image; λ, slope of the spectral attenuation curve; CAD, coronary 
atherosclerotic heart disease. 

1.0

0.8

0.6

0.4

0.2

0.0

Combination  (AUC =0.8296)

FAI (VMI)         (AUC=0.8123)

FAI (120 kVp)  (AUC =0.7444)

λ                     (AUC =0.7230)

0.0 0.2 0.4 0.6 0.8 1.0

S
en

si
tiv

ity

1–Specificity



Quantitative Imaging in Medicine and Surgery, Vol 13, No 5 May 2023 2983

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(5):2975-2988 | https://dx.doi.org/10.21037/qims-22-1019

performance in predicting CAD based on PCAT attenuation 
was better when VMIs were used than when conventional 
images were used (AUC =0.8123 vs. 0.7444). However, 
the highest AUC (0.8296) was achieved when PCAT 
attenuation parameters obtained from both VMIs and 
conventional images were combined with λ. Simultaneously, 
our study showed that PCAT attenuation parameters of 
coronary arteries without atherosclerotic plaques in patients 
with CAD were higher than those of vessels in patients 
in the non-CAD group. Compared with conventional 
imaging, SDCT could provide more information for the 
prediction of atherosclerotic plaque formation based on 
PCAT attenuation.

Inflammation is key to the formation of atherosclerosis 
plaques (13). The deposition and accumulation of low-
density lipoprotein at the inner wall of the artery gives rise 
to inflammatory reactions. Aggregations of monocytes and 
lymphocytes and the release of proinflammatory cytokines 
(such as interleukin-6, interleukin-8, and tumor necrosis 
factor-alpha) lead to atherosclerosis (13-15). The traditional 
“inside-out” theory regards atherosclerosis as a result of 
vascular inflammation caused by intimal injury (13,16). 
However, recent studies have proposed the “outside-in” 
theory, according to which inflammation begins in PCAT 
and spreads to blood vessels (17-19). Due to the complex 
bidirectional influence of PCAT and the coronary artery 
wall (4), it is critical that noninvasive imaging methods are 
used to detect coronary inflammation. Some studies have 
demonstrated that PCAT inflammation can be noninvasively 
eva luated by  pos i tron emiss ion tomography/CT  
(20-22). The results showed that 18F-fluorodeoxyglucose 
uptake of PCAT in patients with CAD was higher than 
that in patients without CAD (20). PCAT around high-
risk plaques increased density was associated with focal 
18F-sodium fluoride uptake, it had more 18F-sodium 
fluoride uptake than PCAT around non-high-risk plaques 
(21,22). However, the method is limited by its poor spatial 
resolution, conspicuous background noise, and exorbitant 
price; consequently, the acceptability of its clinical 
application is low. In a landmark study, Antonopoulos 
et al. (4) obtained adipose tissue from around the RCA 
in patients who underwent coronary artery bypass graft 
surgery and confirmed that adipose tissue CT attenuation 
was negatively related to fatty acid binding protein-4 
(FABP4) gene expression and the average adipocyte size. 
Both FABP4 expression and adipocyte size are affected 
by vascular inflammation: the more severe the vascular 
inflammation, the lower expression of FABP4 and the lower 

size of adipocytes in perivascular adipose tissue. Therefore, 
to reflect the size and lipid content of local adipocytes, 
researchers developed the CT FAI. By measuring the 
FAI, the inflammation level of the corresponding vascular 
segments can be inferred. In another recent study about 
coronary inflammation, PCAT attenuation of the RCA in 
patients with diabetes was significantly higher than that in 
non-diabetic patients (−83.60±9.51 vs. −88.58±9.37 HU; 
P<0.001) (23). Diabetes may induce PCAT dysfunction, 
which promotes the secretion of inflammatory adipokines 
and cytokines to the vascular wall and causes specific focal 
vascular wall inflammation (3,24). In the present study, to 
eliminate the influence of potential clinical confounding 
factors, such as diabetes, we used propensity score matching. 
Ultimately, logistic regression analysis showed a significant 
correlation between PCAT attenuation parameters and 
CAD in our study.

At the patient level, our study revealed that the FAI of 
patients with CAD was significantly higher than that of 
patients in the non-CAD group. Another recent study also 
showed a difference in the FAI of patients with and without 
CAD (P=0.001) (4). In that study, patients with CAD were 
defined as having obstructive coronary artery disease (>50% 
stenosis) in the RCA. However, we defined patients with 
CAD as those who had atherosclerotic plaques in three 
main coronary arteries regardless of the degree of coronary 
artery stenosis. Compared with previous study mentioned, 
the purpose of adopting different criteria for CAD in 
this study was to compare of the FAI between patients 
with and without coronary atherosclerosis, and to explore 
the relationship between FAI and formation of coronary 
atherosclerotic plaque.

Vascular inflammation plays a pivotal role in coronary 
atherosclerotic plaque rupture and acute coronary syndrome 
occurrence (13,25), and the detection of coronary 
inflammation has important implications for cardiovascular 
risk stratification. A CRIP-CT study showed that an 
increased FAI of the proximal RCA has a high predictive 
value for cardiac mortality (10). Patients with acute 
coronary syndrome and stable coronary artery disease 
were compared in a single-center retrospective study (9), 
which demonstrated that PCAT attenuation around culprit 
lesions was significantly higher than that around non-
culprit lesions (−69.1 vs. −74.8 HU; P=0.01). Another study 
that showed PCAT attenuation in stable patients with 
CAD was significantly higher than that in the non-CAD 
control group (−90.6±5.7 vs. −95.8±6.2 HU; P=0.01) (26), 
which was similar to the findings in our study. It is worth 
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noting that the EAT attenuation of patients with CAD is 
not always higher than that of patients without CAD. In a 
recent study, Ma et al. (27) found there was no conspicuous 
difference in EAT attenuation between patients with and 
without CAD (−95.6±7.8 vs. −96.2±7.1 HU; P=0.644). This 
result may have occurred because the study only detected 
adipose tissue within 1 mm of the outer wall of coronary 
vessels with a width of 1 mm. A deficiency of adipose 
tissue does not accurately reflect the holistic situation of 
PCAT. Ma et al. (27) also found that PCAT attenuation 
around plaques was observably higher than proximal PCAT 
attenuation of non-plaque vessels. This finding suggests 
that lesion-specific PCAT attenuation may have a stronger 
correlation with the presence of atherosclerotic plaques 
than does proximal PCAT attenuation. However, another 
study found that overall EAT attenuation in patients with 
obstructive CAD was significantly lower than that in 
patients without obstructive CAD {−86 HU [interquartile 
range (IQR): −88 to −82 HU] vs. −84 HU (IQR: −87 to  
−82 HU); P=0.0486} (28). Decreased adipose tissue 
attenuation has been proven to be caused by adipocyte 
hypertrophy and lipid accumulation. Antonopoulos et al. (4) 
found that the EAT attenuation value decreased gradually 
from 1 mm away to 20 mm away from the vascular wall. 
This finding means that the non-PCAT part of EAT may 
have a lower CT attenuation value than the PCAT part. 
This gradient change in EAT attenuation means that the 
overall EAT attenuation is influenced by the overall EAT 
volume. Furthermore, another study demonstrated that 
interstitial fibrosis in adipose tissue led to increased EAT 
attenuation (29). In patients with a lower EAT volume, 
the effect of fibrosis on EAT attenuation exceeded that of 
adipocyte hypertrophy. Conversely, in patients with a higher 
EAT volume, the effect of adipocyte hypertrophy on EAT 
attenuation exceeded that of fibrosis, resulting in lower EAT 
attenuation. Liu et al. (30) further demonstrated that EAT 
attenuation was negatively correlated with EAT volume. 
Based on the above studies, we speculated that patients 
with CAD with more EAT were likely to have lower EAT 
attenuation than patients without CAD. However, this 
hypothesis requires further observation in a future study.

Few studies have explored the difference in PCAT 
attenuation in patients with coronary diseases before and 
after coronary atherosclerotic plaque formation (27,31). At 
the vessel level, our study found that the FAI of CAD vessels 
with or without plaques was significantly higher than that of 
non-CAD vessels. This finding was consistent with that of a 
previous study (27). The PCAT attenuation of CAD vessels 

with atherosclerotic plaque was higher than that of non-
CAD vessels because of coronary inflammation, and the 
PCAT attenuation of CAD vessels without atherosclerotic 
plaque was also increased. The mechanism in patients 
with CAD may be that inflammation of plaque-free vessels 
comes from adjacent vessels with plaque or is caused by 
adverse vascular factors, such as vascular damage. Coronary 
artery inflammation generally arises in the early stages of 
coronary endothelial dysfunction. Vascular inflammation 
formation precedes atherosclerotic plaques (15,32). 
Thus, an increase in PCAT attenuation may precede 
the formation of atherosclerotic plaque. In a follow-up 
study, patients underwent sequential CCTA (scan interval  
3.4±1.6 years) (7), and increased PCAT attenuation in 
the proximal RCA was associated with the progression 
of uncalcified plaques (NCP; r=0.55; P<0.001). The 
attenuation of PCAT varies with the development of 
coronary heart disease. Based on the above results and 
discussion, we believe that the formation and progression 
of atherosclerotic plaques are closely related to increased 
PCAT attenuation. An increased FAI in vessels without 
atherosclerotic plaques might predict atherosclerotic plaque 
formation. This finding will benefit early personalized 
intervention for individuals with an increased cardiovascular 
risk. A previous study confirmed that higher PCAT 
attenuation was related to the characteristics of high-risk 
plaques and was also related to 18F-sodium fluoride uptake 
in positron emission tomography (22). These findings 
further demonstrate the reliability of PCAT attenuation as 
an indicator of coronary artery inflammation. Compared 
with the proximal LAD and LCX, the proximal RCA has 
fewer branches and more PCAT. Most previous studies 
have regarded PCAT attenuation of the proximal RCA as 
a marker of overall coronary artery inflammation (7,10); 
however, there are frequent differences in atherosclerotic 
plaque distribution between different vascular branches. 
In our study, three main coronary arteries were included 
simultaneously to more accurately reflect the relationship 
between atherosclerotic plaque formation and PCAT 
attenuation.

To the best of our knowledge, this is the first study to 
explore the differences in PCAT attenuation parameters 
between coronary arteries with and without atherosclerotic 
plaques using SDCT. This is also the first study to 
systematically compare PCAT attenuation on conventional 
images and different spectral monoenergetic images  
(40, 50, 60, 70, 80, 90, and 100 keV) between patients with 
and without CAD. In addition, we built CAD prediction 
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models based on conventional images and VMIs, and 
found that a combined model improved the performance 
of CAD prediction. Spectral detector CT is the newest 
generation dual-energy CT that uses a dual-layer detector 
to simultaneously collect low- and high-energy data. It 
achieves accurate “homologous, simultaneous, codirectional, 
and synchronous” energy spectrum scanning. By using a 
conventional scan on SDCT, we can retrospectively obtain 
any VMI from 40 to 200 keV. The low-energy VMI can 
improve image quality and effectively reduce the radiation 
dose and the amount of contrast agents (33,34). It can also 
reflect the differences in X-ray absorption by different tissue 
components and reveal differences in fat attenuation more 
effectively (11,35). Previous studies have reported that VMIs 
at 40 keV showed higher discriminatory power for detecting 
changes in PCAT attenuation than did conventional images 
(8,12), which was further confirmed in our study. The CT 
attenuation of adipose tissue increases obviously from 40 
to 100 keV. When the energy exceeds 100 keV, the spectral 
attenuation curve tends to smooth. Therefore, we selected 
VMIs obtained at seven energy levels (from 40 to 100 keV) 
to analyze PCAT attenuation and plotted spectral curves. 
The shape of the spectral attenuation curve varies with the 
tissue attenuation characteristics (36); thus, the spectral 
curve and the slope of the curve could offer qualitative 
and quantitative analyses. The results showed that the 
spectral curve and λ were significantly different at both 
the patient level and the vessel level. In other words, the 
spectral curve and λ could provide important information 
regarding the presence of atherosclerotic plaques, and 
they may be predictive risk factors for CAD. However, our 
study results also showed that the FAI90 keV and FAI100 keV  
of vessels without plaques in patients with CAD were not 
significantly higher than those of vessels without plaques 
in patients without CAD (all P values >0.05). The human 
body has different absorption rates for different keV 
X-rays. Low keV X-rays can be absorbed by tissues more 
easily and show higher CT attenuation values, while most 
high keV X-rays can penetrate the human body and thus 
show lower CT attenuation values. High keV images 
can suppress beam hardening artifacts from high-density 
components, but a decrease in the CT attenuation values 
will cause the difference between adipose tissue to become 
smaller. Compared to reducing image artifacts, keeping the 
density resolution of adipose tissues is more meaningful 
for studying the correlation between the FAI and CAD. 
Therefore, based on the results of this study, we suggest that 
VMIs above 90 keV are not suitable for FAI analysis. By 

establishing the receiver operating characteristic curve, we 
found that the combination model and FAIVMI achieved 
higher AUCs for detecting CAD than did FAI120 kVp.  
These findings show that using SDCT to detect PCAT 
attenuation parameters can better distinguish patients with 
CAD from patients without CAD.

There are some limitations to this study. First, this 
was a small-sample, single-center, retrospective study. 
As a consequence, the causal relationship between the 
formation of atherosclerotic plaque and PCAT attenuation 
parameters could not be directly explained by our current 
work. This causal relationship needs to be verified by 
further larger sample sizes and multiple centers studies. 
Second, our study did not discuss the relationship between 
PCAT attenuation parameters and cardiac events, plaque 
characteristics (including the amount of plaque, coronary 
artery calcification score, plaque type, and plaque burden). 
Furthermore, the current study did not have available 
follow-up data. Therefore, a follow-up study is needed in 
order to further assess the prognostic potential of the PCAT 
attenuation parameters. Third, relevant inflammatory 
factors (such as C-reactive protein, interleukin-6, 
interleukin-8, and tumor necrosis factor-alpha) were 
not collected from the patients in this study. Therefore, 
the level of coronary inflammation could not be judged 
comprehensively. Although PCAT attenuation parameters 
are expected to become a new biomarker for evaluating 
the change in patients after anti-inflammatory treatment, 
further randomized controlled trials are required to verify 
this hypothesis.

Conclusions

PCAT attenuation parameters based on dual-layer SDCT 
can better distinguish patients with CAD from patients 
without CAD. These attenuation parameters may become 
valuable predictors for the formation of atherosclerotic 
plaques, which could make early detection of subclinical 
CAD and the identification of high-risk patients without 
coronary atherosclerosis heart disease possible.
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