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Background: Accurate diagnosis of coronary artery disease is essential for preventing serious cardiovascular 
events. Although coronary computed tomography angiography (CCTA) is widely used in the clinic, it is 
limited because it only provides anatomical information, which makes differentiating in-depth between 
subtypes of noncalcified plaques and assessing the inflammatory state of coronary vessels difficult. Fractional 
flow reserve with computed tomography (FFR-CT) can be combined with CCTA to form a hybrid 
anatomic-physiologic diagnostic strategy. This study aimed to improve the recognition of stable and unstable 
angina with quantitative plaque characteristics, fat attenuation index (FAI), and fractional flow reserve with 
FFR-CT using a coronary artificial intelligence (AI)-assisted diagnostic system.
Methods: In this retrospective case-control study, 215 and 202 patients with stable and unstable angina 
pectoris, respectively, who were treated at our hospital between January 2015 and August 2023, were 
enrolled. Propensity score matching was used to reduce clinical baseline data bias. Binary logistic regression 
was used to determine the risk factors for unstable angina pectoris. The diagnostic efficacy of quantitative 
plaque characteristics, pericoronary FAI, FFR-CT, and their combined models in differentiating stable and 
unstable angina pectoris was determined using the area under the receiver operating characteristic (ROC) 
curve.
Results: This study included 168 pairs of patients with stable or unstable angina. Patients with unstable 
angina had a significantly greater pericoronary FAI volume and percentage of, lipid, and fibrolipid 
components within the total plaque (all P<0.001) and a significantly smaller percentage of calcification 
components (P<0.001), FFR-CT (P=0.003), and lumen area at the narrowest point of the stenosis(P=0.003) 
than those with stable angina. Independent risk factors for unstable angina were FAI >−82 Hounsfield units 
(HU) and total intraplaque lipid component percentage >1.2% (P=0.003 and 0.009, respectively). The area 
under the curve (AUC) of the ROC regarding pericoronary FAI differentiating between stable and unstable 
angina was 0.631 (P<0.001). In contrast, the AUC of the combined model of FFR-CT, plaque characteristics, 
and pericoronary FAI was 0.698 (P<0.001). The AUC value of the combined model was significantly higher 
than that of the diagnostic model using a single index (all, P<0.001).
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Introduction

Ruptured plaque accounts for approximately 70% of all 
coronary thrombotic events and cardiovascular deaths (1). 
The 2021 American Heart Association/American College 
of Cardiology/American Society of Echocardiography/
American College of Chest Physicians/Society for Academic 
Emergency Medicine/Society of Cardiovascular Computed 
Tomography/Society for Cardiovascular Magnetic 
Resonance Guideline for the Evaluation and Diagnosis 
of Chest Pain states that coronary computed tomography 
angiography (CCTA) can visualize the coronary arteries to 
help diagnose the extent of coronary artery disease (CAD), 
plaque composition, and high-risk plaques (2). However, 
CCTA only provides visual imaging information (3,4), 
which is insufficient to differentiate noncalcified plaque 
subtypes (5) or show inflammatory cell infiltration or 
neovascularization within the plaque.

Recent studies have demonstrated that the pericoronary 
fat attenuation index (FAI) captures coronary inflammation 
and is associated with the culprit lesions in major adverse 
cardiac events (MACEs) (6-8). Additionally, the risk of 
hemodynamically significant CAD increases with higher 
epicardial fat volume (9). Fractional flow reserve with 
computed tomography (FFR-CT) is a promising non-
invasive coronary physiology index that correlates well with 
angiographic FFR and has been used by the 2022 Coronary 
Artery Disease Reporting and Data System 2.0 for the 
assessment of myocardial ischemia (10).

Therefore, we hypothesized that the combined 
assessment of quantitative plaque characterization, FAI, and 
FFR-CT could provide valuable diagnostic information to 
differentiate between stable and unstable angina. This study 
utilized a fully automated one-stop analysis of quantitative 
plaque features, FAI, and FFR-CT using a coronary 
artificial intelligence (AI)-assisted diagnostic system, which 

may provide reference to clinicians for risk-stratifying 
patients and taking intervention measures. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-1031/rc).

Methods

Patients

This retrospective study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by the Ethics Committee of Tongji Medical 
College of Huazhong University of Science (No. 2020-
S336), which waived the requirement for informed consent. 
Consecutive patients who were first diagnosed with angina 
pectoris between January 2015 and August 2023 at Tongji 
Hospital and underwent CCTA were included in this 
study. Patients’ clinical data were collected from electronic 
medical records during their first visit. The inclusion 
criteria were age ≥18 years, heart rate of 60–70 beats per 
minute, absence of arrhythmia, and availability of complete 
CCTA examination data. The exclusion criteria were as 
follows: (I) patients with poor CCTA image quality that 
could not be used for diagnosis; (II) history of infarction; 
percutaneous coronary intervention; coronary artery bypass 
grafting; (III) coronary artery malformation or myocardial 
bridge; and (IV) history of statin administration. Figure 1 
illustrates the inclusion process.

CCTA

A Canon 320-row CT scanner (Aquilion Vision, Canon 
Medical Systems, Otawara, Japan) was used in prospective 
cardiac-gated scanning mode with a scanning range of 1 cm 
below the tracheal bifurcation to the apex. The scanning 

Conclusions: AI-assisted diagnostic systems could provide new methods to differentiate between stable 
and unstable angina. Patients with FAI >−82 HU and total intraplaque lipid component percentage >1.2% 
had a significantly increased risk of unstable angina, a finding that may be informative for clinical decision-
making.
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parameters were: pre-volume gated scan, 100 kV, 0.5×320 mm,  
intelligent mA control, and an exposure range of 70–80%. 
Iterative reconstruction was used for image post-processing.

Quantitative plaque characterization, FAI, and FFR-CT 
analysis

Quantitative plaque characteristics, FAI, and FFR-CT 
were automatically analyzed using a coronary AI-assisted 
diagnostic system (Shukun Technology Co., Ltd., Beijing, 
China) with a deep learning function, and a radiologist 
with vast operational experience corrected poorly analyzed 
data. The algorithms for pre-trained Convolutional Neural 
Network fully automated deep learning for the coronary AI-
assisted diagnostic system are as follows (11-13). First, the 
extraction of blood vessels was applied using the improved 
three-dimensional U-Net architecture combined with the 
Growth Iterative Prediction Network and the bottle-neck 
model, and the visualization of multiplanar recombinants 
was carried out. Subsequently, the vessels were named, 
the centerline was extracted, and the vessel lumen was 
segmented. The local feature vectors of the points on the 
vessel path were integrated again. Additionally, the sequence 
information provided by the vessels was used to globalize 
the whole vessel tree and reconstruct the cross-sectional 
image perpendicular to the vessel centerline to obtain 
accurate blood flow features (including FFR-CT values), 
quantitative plaque features, and FAI. Plaque characteristics, 
FAI, and FFR-CT were collected from the following three 
main branches: the left anterior descending (LAD), left 

circumflex (LCX), and right coronary arteries (RCAs). 
Plaque characteristics included the degree of luminal 
stenosis in the proximal-middle portions, the luminal area 
of the narrowest point, total plaque volume and length, 
and volume and percentage of components within the 
total plaque [lipid <30 Hounsfield units (HU), fibrolipid 
(30–129 HU), fibrous (130–350 HU), and calcification 
(>350 HU)]. FAI was the pericoronary adipose tissue 
CT attenuation value, which equaled the coronary artery 
diameter, approximately 10–50 mm long from the opening. 
FFR-CT is generally performed at 2 cm distal to the last 
stenosis site. Two evaluators (T.Z. and D.L.) calculated and 
independently assessed all vessels’ plaque characteristics, FAI, 
and FFR-CT. After an interval of 1 month from the end of 
measurements in the last patient, a second measurement 
was performed on all patients to calculate intra- and 
interobserver agreements (14).

Determination of vessels in offenders with unstable angina 
pectoris

Two experienced interventional cardiologists categorized 
angina pectoris into stable and unstable angina pectoris 
based on electrocardiograms, cardiac biomarkers, and 
clinical symptoms (15). To ensure impartiality and 
objectivity, these two cardiologists were completely 
independent of this study and were not influenced by any 
factors related to the study. Stable angina was defined if 
there was no change in the duration, frequency, or intensity 
of chest pain, whereas new progressive, severe, or resting 

Patients with angina pectoris from January 
2015 through August 2023 (n=4,106)

Excluded patients:
•	 No CCTA examination (n=2,463) 
•	 Poor CCTA image quality (n=59) 
•	 History of heart attack (n=211)
•	 Percutaneous coronary intervention (n=179) 
•	 Coronary artery bypass grafting (n=43) 
•	 Coronary artery malformation (n=26) 
•	 Myocardial bridge (n=278)
•	 Taking statins (n=430)

Patients enrolled (n=417)

Patients with stable angina
(n=215)

Patients with unstable 
angina (n=202)

Figure 1 The study inclusion process. CCTA, coronary computed tomography angiography.
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angina was defined as unstable angina (16). Then, without 
knowledge about the CCTA results, they identified 
the culprit and non-culprit lesions based on invasive 
coronary angiography lesion morphology and stenosis 
severity, echocardiographic wall motion abnormalities, 
electrocardiogram findings, and revascularization (17). Of 
the seven patients with culprit lesions, a total of 14 vessels 
did not reach initial consensus; eight vessels in the last 
seven patients were identified as having culprit lesions after 
discussion and reaching consensus, whereas the remaining 
six vessels exhibited stable lesions.

Statistical analysis

Statistical analyses were performed using IBM SPSS 
Statistics for Windows, version 26.0 (IBM Corporation, 
Armonk, NY, USA) and MedCalc (version 20.0, Ostend, 
Belgium). Count data were compared using the Chi-
squared test and expressed as frequencies (percentages). 
Measurement data were compared using the Mann-
Whitney U  or independent sample t-test based on 
normal distribution after Shapiro-Wilk test analysis and 
expressed as the median (interquartile range) or mean ± 
standard deviation. Propensity score matching (PSM) was 
performed using a multivariate logistic regression model 
based on sex, smoking and alcohol consumption history, 
high blood pressure, diabetes mellitus, and hyperlipidemia. 
Pairs of 168:168 patients were derived using 1:1 greedy 
nearest-neighbor matching with a propensity score of 
0.05. Receiver operating characteristic (ROC) curves were 
used to analyze each plaque characteristic, FAI, FFR-
CT, and their combined model (pericoronary FAI, FFR-
CT, stenosis degree, lumen area at the narrowest point, 
total plaque length, and percentage of intraplaque lipids, 
fibrolipids, fiber, calcium components) to differentiate the 
diagnostic efficacy between stable and unstable angina. 
The steps for generating the ROC curve of the joint model 
were as follows. First, the indicators for joint were used as 
independent variables. The presence of unstable angina 
pectoris was used as the dependent variable for multifactor 
binary logistic regression analysis; a logistic regression 
model was fitted to compute the predictive probability 
value. Subsequently, this predicted probability value was 
used as a parameter of the joint model for ROC curve-
plotting. The sensitivity, specificity, and area under the 
ROC curve (AUC) were calculated. We determined the 
cutoff value based on the maximum Youden’s index. FFR-
CT was the reference value of 0.8 for invasive FFR, and 

an FFR-CT ≤0.8 was considered a positive value (18). The 
degree of stenosis was alternative: used as the cutoff at 50%, 
and ≥50% was considered a positive value. The Delong 
test was used to compare the differences in the AUC. The 
risk factors for unstable angina were analyzed using binary 
logistic analysis. First, univariate binary logistic regression 
analysis was performed. Second, indicators with P<0.1 
from the univariate analysis were fitted in the multifactorial 
regression model for analysis. After the ROC curve analysis, 
all indicators were treated as dichotomous variables 
according to the best critical values before inclusion in 
the multivariate model. Intra- and intergroup variability 
between the two assessors was tested using the intra-class 
correlation coefficient (ICC) (ICC >0.80 was considered 
good agreement). Statistical significance was set at P<0.05.

Results

Baseline characteristics of patients

Overall, 417 patients were enrolled in this study; 215 and 
202 had stable and unstable angina, respectively. The 
group with unstable angina had a significantly younger 
age of onset (P=0.043), a higher proportion of men, and a 
history of smoking and diabetes mellitus (P=0.017, 0.027, 
and 0.023, respectively) compared with the group with 
stable angina. We performed PSM to avoid selectivity bias in 
baseline information. After PSM, no significant differences 
were observed between the 168 pairs of patients with stable 
and unstable angina regarding sex, smoking status, history of 
diabetes mellitus, or other baseline data (all P>0.05) (Table 1).

Quantitative plaque characterization, pericoronary FAI, 
and FFR-CT analysis

The 168 patients with stable angina had 354 diseased vessels 
(149 LADs, 87 LCXs, and 118 RCAs); the 168 patients with 
unstable angina had 174 culprit vessels (94 LADs, 27 LCXs, 
and 53 RCAs). In addition, in patients with unstable angina, 
there were 195 non-culprit lesion vessel strips (47 LADs; 71 
LCXs; and 77 RCAs).

The patients with unstable angina pectoris had a 
significantly higher pericoronary FAI, greater volume of 
fibrous, lipid, and fibrolipid and percentage of lipid and 
fibrolipid components within the total plaque, more severe 
stenosis, and longer plaque lengths (all P<0.001), and 
significantly lower FFR-CT, calcification percentage, and 
lumen area at the most stenotic point (all P<0.05) than did 
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Table 1 Baseline clinical characteristics of patients with stable and unstable angina

Characteristics
Before propensity score matching After propensity score matching 

Stable angina Unstable angina P Stable angina Unstable angina P

Male 127 (59.1) 142 (70.3) 0.017 114 (67.9) 110 (65.5) 0.643

Age (years) 67.8±10.9 65.6±11.4 0.043 67.4±11.2 66.0±11.6 0.265

Body mass index (kg/m2) 24.4±3.3 26.6±23.8 0.242 24.4±3.4 26.3±25.4 0.376

Low-density lipoprotein (mmol/L) 2.6 (1.8, 3.1) 2.8 (1.7, 3.4) 0.670 2.5 (1.8, 3.1) 2.7 (1.7, 3.4) 0.840

Triglycerides (mmol/L) 1.8 (0.9, 2.5) 1.5 (1, 2.1) 0.998 1.9 (1.2, 2.7) 1.3 (1, 2) 0.565

High-density lipoprotein (mmol/L) 1 (0.8, 1.2) 1.1 (0.8, 1.2) 0.050 1 (0.8, 1.2) 1 (0.9, 1.2) 0.143

Myoglobin (pg/mL) 38.4 (32.2, 48.6) 41 (28.7, 54.9) 0.976 39.2 (32.1, 54.4) 41.9 (28.7, 55.3) 0.957

Heart-type creatine kinase isoenzyme (pg/mL) 0.9 (0.7, 1.5) 0.9 (0.6, 1.2) 0.501 1 (0.7, 1.5) 1 (0.6, 1.2) 0.738

Glucose (mmol/L) 5.8 (5.4, 7.4) 5.6 (4.9, 8.2) 0.448 6.1 (5.4, 7.6) 5.3 (4.9, 7.5) 0.553

Total cholesterol (mmol/L) 4.1 (3.2, 4.8) 4.6 (3.1, 5.4) 0.255 4 (3.1, 4.8) 4.5 (3, 4.9) 0.350

History of smoking 62 (28.8) 79 (39.1) 0.027 60 (35.7) 59 (35.1) 0.909

History of alcohol consumption 39 (18.1) 47 (23.3) 0.196 36 (21.5) 35 (20.8) 0.894

Hypertension 98 (45.6) 109 (54.0) 0.087 78 (46.4) 86 (51.2) 0.383

Diabetes 45 (20.9) 62 (30.7) 0.023 43 (25.6) 44 (26.2) 0.901

Hyperlipidemia 37 (17.2) 38 (18.8) 0.67 29 (17.2) 28 (16.7) 0.884

Data are n (%), mean ± standard deviation or median (interquartile range) as appropriate.

those with stable angina pectoris (Table 2).

Diagnostic efficacy analysis for identifying stable versus 
unstable angina pectoris

The AUC values of pericoronary FAI, with an optimal 
threshold of −82 HU, fibrolipid volume within the total 
plaque required to differentiate stable angina from unstable 
angina, and the combined model were 0.602, 0.631, and 
0.698, respectively (all P<0.001) (Table 3). The AUC value 
of the combined model was significantly higher than that of 
the diagnostic model using a single indicator (all P<0.001) 
(Figure 2).

Analysis of risk factors for unstable angina

After excluding FFR-CT confounders, stenosis degree, 
total plaque length, volume of lipid components within the 
total plaque, area of the narrowest diameter; and number 
of plaques, the pericoronary FAI >−82 HU and percentage 
of lipid components within the total plaque >1.2% were 
identified as independent risk factors for unstable angina 

pectoris (odds ratios: 1.798 and 1.865, P=0.003 and 0.009, 
respectively) (Figure 3). 

Intra- and inter-observer reproducibility analysis

Quantitative coronary characterization, pericoronary FAI, 
and FFR-CT measurements showed good intraobserver 
(ICC: 0.899–0.931) and interobserver (ICC: 0.887–0.918) 
reproducibility (Table 4).

Discussion

This study presents three substantial findings. First, 
quantitative plaque characteristics, pericoronary FAI, 
and FFR-CT differed significantly between stable and 
unstable angina. Second, the combined model utilizing 
quantitative plaque characteristics, FAI, and FFR-CT 
effectively differentiates between stable and unstable angina. 
Furthermore, pericoronary FAI and total intraplaque 
lipid percentage >−82 HU and >1.2%, respectively, were 
identified as independent risk factors for unstable angina.

CCTA has emerged as an indispensable non-invasive 
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Table 2 Quantitative plaque characteristics, pericoronary FAI, and FFR-CT in stable and unstable angina

Characteristics Stable angina Unstable angina P

FAI (HU) −85 (−91, −79.8) −83 (−88, −77) <0.001

FFR-CT 0.9 (0.8, 0.9) 0.8 (0.7, 0.9) 0.003

Ductal area at the narrowest point (mm2) 4.1 (2.6, 6.5) 3.5 (1.7, 5.9) 0.003

Degree of stenosis (%) 50 (20, 71) 60 (26, 82.5) <0.001

Total plaques

Plaque length (mm) 19.5 (7.8, 38.8) 26.6 (11.2, 44.8) 0.015

Plaque volume (mm3) 59.9 (18.3, 162) 91 (32.1, 177.5) 0.053

Lipid percentage (%) 1.4 (0, 5.9) 3.4 (0.9, 7.9) <0.001

Fibrolipid percentage (%) 10.8 (0.7, 32.6) 27.2 (7.7, 46) <0.001

Fibre percentage (%) 18.3 (8.8, 31.2) 20.7 (12.4, 30.6) 0.147

Calcification percentage (%) 65.3 (18.3, 87.1) 43.4 (4.6, 74.9) <0.001

Lipid volume (mm3) 1.2 (0, 4.8) 2.6 (0.5, 8) <0.001

Fibrolipid volume (mm3) 7.5 (0.3, 22.6) 17.7 (6.4, 39.7) <0.001

Fiber volume (mm3) 11.4 (2.6, 25.6) 16.2 (5.1, 30.9) 0.009

Calcification Volume (mm3) 25 (3.2, 96.9) 21.5 (1.4, 99) 0.449

Data are median (interquartile range). FAI, fat attenuation index; FFR-CT, fractional flow reserve with computed tomography; HU, 
Hounsfield units.

Table 3 ROC curve analysis of quantitative plaque characteristics, pericoronary FAI, and FFR-CT for stable and unstable angina

Variables Cutoff value Sensitivity (%) Specificity (%) AUC (95% CI) P

FAI >−82 HU 46.55 67.51 0.602 (0.559–0.644) <0.001

FFR-CT – 48.85 67.23 0.58 (0.537–0.623) <0.001

Degree stenosis – 68.97 47.46 0.582 (0.539–0.625) <0.001

Area of the narrowest canal ≤2.62 mm2 39.66 75.42 0.579 (0.536–0.622) 0.003

Total plaque volume >88.7 mm3 51.15 60.73 0.552 (0.508–0.595) 0.049

Total plaque length >23.1 mm3 55.17 57.91 0.565 (0.522–0.608) 0.014

Calcification percentage ≤69.7% 71.26 47.18 0.6 (0.557–0.642) <0.001

Fiber volume >10.2 mm3 66.67 47.74 0.57 (0.527–0.613) 0.008

Fibrolipid volume >6.5 mm3 75.29 48.87 0.631 (0.588–0.672) <0.001

Fibrolipid percentage >6.7% 77.59 42.94 0.621 (0.578–0.663) <0.001

Lipid volume >4.4 mm3 44.25 74.01 0.609 (0.566–0.651) <0.001

Lipid percentage >1.2% 71.84 48.87 0.605 (0.562–0.647) <0.001

Combined model – 72.99 60.73 0.698 (0.657–0.737) <0.001

FFR-CT ≤0.8 and stenosis ≥50% were considered positive. The combined model comprised the percentages of lipid, fibrolipid, fiber, 
and calcium components within the total plaque, total plaque length, degree of stenosis, lumen area at the narrowest point, FFR-CT, 
and pericoronary FAI. ROC, receiver operating characteristic; FAI, fat attenuation index; FFR-CT, fractional flow reserve with computed 
tomography; HU, Hounsfield units; AUC, area under the curve; CI, confidence interval.
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Figure 2 Diagnostic efficacy of combined model versus single model in differentiating stable and unstable angina pectoris. (A) AUC 
comparison of combined model versus stenosis degree, lumen area at the narrowest point, and total plaque length. (B) AUC comparison of 
combined model versus fibrolipid volume, lipid volume, fiber volume, and total plaque volume. (C) AUC comparison of combined model versus 
fibrolipid percentage, lipid percentage, and calcification. (D) AUC comparison of combined model versus FAI and FFR-CT. FFR-CT ≤0.8 and 
stenosis ≥50% were considered positive. The combined model is shown in Table 3. *, comparison of the AUC for the combined model with each 
model. AUC, area under the curve; FAI, fat attenuation index; FFR-CT, fractional flow reserve with computed tomography.
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Figure 3 Forest map of risk factors in patients with unstable angina pectoris. FAI, fat attenuation index; HU, Hounsfield units; OR, odds 
ratio; CI, confidence interval.
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Table 4 Reproducibility of measures A and B

Observer
FAI FFR-CT

ICC value 95% CI P ICC value 95% CI P

A† and A‡ 0.931 0.923–0.938 <0.001 0.909 0.899–0.918 <0.001

A† and B† 0.899 0.888–0.909 <0.001 0.914 0.905–0.923 <0.001

A† and B‡ 0.900 0.889–0.910 <0.001 0.895 0.883–0.905 <0.001

A‡ and B† 0.912 0.902–0.921 <0.001 0.917 0.907–0.925 <0.001

A‡ and B‡ 0.914 0.905–0.923 <0.001 0.887 0.874–0.898 <0.001

B† and B‡ 0.910 0.900–0.919 <0.001 0.918 0.909–0.926 <0.001

A, Tingting Zhu (T.Z.); B, Defu Li (D.L.). † and ‡ represent the first and second survey after an interval of 1 month, respectively. FAI, fat 
attenuation index; FFR-CT, fractional flow reserve with computed tomography; ICC, intra-class correlation coefficient; CI, confidence 
interval.

diagnostic tool for managing cardiovascular diseases. The 
latest guidelines highlight that CCTA not only visualizes 
coronary arteries but also aids in diagnosing the severity 
of CAD, plaque composition, and characteristics of high-
risk plaques (2,15). Regarding the ischemic cascade, the 
application of CCTA is pivotal in facilitating the early 
detection of signs of myocardial blood-flow restriction, 
which is crucial for preventing further myocardial damage 
and enabling the formulation of timely treatment strategies.

Previous preliminary studies on quantitative plaque 
characteristics have shown a strong correlation between 
these characteristics and MACE, particularly low-density 
plaque volume (19). However, this study only considered the 
traditional definitions of low-density and calcified plaque 
volume without further analysis of the lipid, fibrolipid, fiber, 
or calcification components within each plaque.

Our deep-learning-based AI-assisted diagnostic system 
can quickly and accurately determine the nature, volume, 
and length of plaques, specifically assessing the volume and 
percentage of lipids, fibrolipids, fibers, and calcification 
components within the plaques. In our study, the volume 
and percentage of lipid and fibrolipid components within 
the total plaque were significantly higher in patients with 
unstable angina than in those with stable angina, while 
the percentage of calcified components was significantly 
lower. Dong  et al. ,  using intravascular ultrasound, 
similarly observed that patients with unstable angina had 
larger necrotic cores and a lower percentage of calcified 
volume than those with stable angina (20). A portion of 
the lipid component may represent a low-density plaque 
with a necrotic core, whereas a portion of the fibrolipid 
component can indicate a thin fibrous cap on the surface 

of the lipid core. Additionally, a portion of the calcification 
may represent punctate calcification when the volume of 
calcification is sufficiently small. In this study, variations in 
the lipid, fibrolipid, and calcification components within 
plaques may indicate that plaques in the coronary arteries of 
patients with unstable angina are more unstable and prone 
to rupture than those in individuals with stable angina.

In contrast to our study, Li et al. found no significant 
difference in calcification volume between culprit and non-
culprit lesions (21). Furthermore. Yan et al. discovered 
that patients with FFR ≤0.8 had significantly larger 
calcification volumes than did those with FFR >0.8 (22). 
These differences in calcification volume may be attributed 
to multiple factors. First, the analysis software differed 
across studies; we used a deep learning coronary AI-based 
assisted diagnosis system, whereas the other studies did 
not. Second, our sample size was relatively large, which 
may have enhanced the study’s credibility. Third, the study 
populations focused on patients with stable and unstable 
angina, while previous studies included patients with acute 
coronary syndrome (ACS) and those with angina or angina-
like CAD. Moreover, the quantitative classification of 
plaques varied; we employed AI techniques to quantitatively 
assess plaque composition, whereas other studies classified 
plaques conventionally based on low density, fibers, and 
calcifications.

In our study, a lipid percentage ≥1.2% of the total plaque 
volume was identified as a risk factors for unstable angina. 
The extent of the lipid core, thickness and structure of the 
fibrous cap are critical indicators of plaque vulnerability (23).  
Plaque formation progresses through different stages 
of development. As the fibrous atherosclerotic plaque 
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advances, vascular endothelial growth factors produced 
by macrophages, hypoxia, and oxidative stress continue to 
contribute to neovascularization. These neovessels, which 
lack smooth muscle-cell layers and gap junctions, are 
prone to leakage, leading to plaque hemorrhage, necrotic-
core enlargement, and, ultimately, plaque rupture (24).  
The percentage of lipid content represents, to some 
extent, the proportion of the lipid necrotic core, and a 
higher significantly predicts a greater risk of rupture. 
In a 2003 report defining vulnerable plaques (high-risk 
plaques) and risk-assessment strategies, one of the main 
criteria for high-risk plaques was the presence of a lipid 
core comprising >40% of the total plaque volume (25). 
Lipid-rich inflammatory plaques are frequently observed 
in asymptomatic patients (25). Therefore, establishing 
methods to quantify lipid content percentage within the 
plaque to predict the risk of plaque rupture should be 
explored in further investigations.

Vascular inflammation is a major driver of plaque rupture 
events, and pericoronary FAI is used to assess coronary 
inflammation, corresponds to vascular inflammation (6,26). 
Pericoronary FAI progressively increases attenuation 
values across the following three stages: no disease, stable 
CAD, and acute myocardial infarction (27). This trend was 
also observed in our study, where patients with unstable 
angina had significantly greater pericoronary FAI than did 
those with stable angina. Thus, pericoronary FAI serves 
as another risk factor for unstable angina, in addition to 
total lipid content percentage. Moreover, pericoronary FAI 
is also a relevant risk factor for offender lesions (vessels) 
(21,28). Therefore, pericoronary FAI provides a solid basis 
for the clinical implementation of preventive strategies.

In our study, the AUC values for FFR-CT, pericoronary 
FAI, and total fibrolipid volume for differentiating 
between stable and unstable angina ranged from 0.58 
to 0.631, indicating fair diagnostic results. Although 
the pathophysiological mechanisms may differ between 
stable and unstable angina, the differences in plaque 
characteristics between the two conditions may be narrower 
than the distinctions between regular patients and those 
with myocardial infarction or other MACE. Plaque rupture 
is not always associated with an immediate related event 
and can occur independently; it has been demonstrated 
pathologically that previously ruptured plaques are 
frequently found to have healed in patients without clinical 
heart disease (29). Additionally, the thin fibrous cap and 
lipid-rich plaque factors associated with plaque rupture in 
25–60% of ACS cases may be caused by plaque erosion, 

calcified nodules, or functional coronary alterations (30).
Currently, various strategies exist for assessing chest 

pain; however, clinical guidance remains inadequate. While 
invasive FFR can guide treatment, its invasiveness and 
high-cost limit routine use (31). Traditional CCTA shows 
limited diagnostic performance; its anatomical assessment 
is restricted, and functional assessment (e.g., FFR-CT) 
is insufficient. Thus, relying on a single technique is 
insufficient to effectively meet clinical needs. In our study, 
diagnostic efficacy was significantly improved when full 
plaque characterization, FAI, and FFR-CT were combined. 
This approach may provide a new and effective non-invasive 
diagnostic method for clinically differentiating between 
stable and unstable angina. It integrates more detailed 
anatomical, physiological, and functional information on 
CCTA, and its data can be obtained automatically through 
a coronary artery-assisted diagnostic system in a simple, 
fast, and repeatable manner, making it practical in clinical 
practice. The 2022 CAD-reporting and data system version 
2.0 is no longer limited to anatomically relevant plaque 
properties and stenosis. However, it currently includes 
FFR-CT and myocardial CT perfusion as assessment 
indicators (10). Therefore, this combination of tools and 
indicators may present a new approach to assessing chest 
pain, aiding in the screening of “vulnerable populations”, 
and is expected to help optimize chest pain assessment 
strategies, thereby reducing the risk of MACE in patients. 

There are some limitations in this study. First, due to 
its retrospective nature, there may have been selection 
bias in patient inclusion. Second, the determination of the 
components within the plaque may be affected by the spatial 
resolution of CCTA images and beam artifacts related to 
calcification plaque imaging. However, our AI technology 
is particularly well-suited to processing pixel-based 
information, thereby reducing observer variation, saving 
analysis time, and enhancing the daily clinical practice of 
CCTA (32,33). The external validity and broad applicability 
of the diagnostic model in this study were not fully 
validated; therefore, larger, multicenter prospective studies 
are needed to further assess its accuracy and reliability.

Conclusions 

In conclusion, patients with stable and unstable angina 
exhibited different degrees of intraplaque lipids, fibrolipids, 
fibers, and calcification components, with a greater risk 
of unstable angina associated with a total intraplaque 
lipid component percentage >1.2% and pericoronary FAI 
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>−82 HU. Therefore, the multiparameter combination of 
quantitative plaque characteristics based on the AI-assisted 
diagnostic system, pericoronary FAI, and FFR-CT may 
provide a new approach for differentiating between stable 
and unstable angina.
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