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The rupture of vulnerable plaque (VP) are significant pathogenic factors leading to cardiovascular and 
cerebrovascular diseases. This study aims to construct a vulnerable plaque prediction model (VPPM) 
by combining multimodal vascular ultrasound parameters and clinical risk factors, and to validate it. 
A total of 196 atherosclerotic patients who underwent carotid endarterectomy (CEA) from January 
2017 to December 2023 were collected and divided into a modeling group (n = 137) and a validation 
group (n = 59). Clinical information including: hypertension, diabetes, smoking history, and body 
mass index (BMI) was included in the analysis. All patients underwent carotid ultrasound and contrast-
enhanced ultrasound (CEUS) examination after admission, with main ultrasound parameters including 
thickness, echogenicity types, stenosis degree, and CEUS neovascularization grading of plaques. 
Independent risk factors for VP in CEA patients were screened through binary Logistic regression 
analysis, and a prediction model was established along with a nomogram. The calibration curve, 
receiver-operating characteristic curve (ROC), and decision curve analysis (DCA) were employed 
to assess the calibration, diagnostic efficacy, and clinical utility of the VPPM model. There were no 
significant statistical differences in multimodal vascular ultrasound parameters and clinical risk factors 
between the modeling and validation groups (P > 0.05). Binary Logistic regression analysis identified 
plaque thickness, echo type, CEUS neovascularization grading, BMI, and smoking history as 5 variables 
entering the prediction model. The VPPM model showed good diagnostic efficacy, with an area under 
the ROC curve of 0.959 (95% CI 0.915–0.999). Using the nomogram with a VPPM risk assessment score 
of 135.42 as the diagnostic cutoff value in the modeling group, the sensitivity, specificity, positive 
likelihood ratio, negative likelihood ratio, and Youden index were 88.1%, 94.1%, 14.98, 0.126, and 
82.2%, respectively. In the DCA curve, the VPPM model curve was significantly better than two 
extreme lines, indicating good clinical utility. The VPPM model constructed by integrating multimodal 
ultrasound parameters and clinical key risk factors has high diagnostic efficacy and is expected to be an 
auxiliary tool for clinical diagnosis of vulnerable plaques.

Keywords  Vascular ultrasound, Vulnerable plaque, Multimodal, Contrast-enhanced ultrasound, Prediction 
model

Abbreviations
BMI	� Body mass index
CEUS	� Contrast-enhanced ultrasound
CDFI	� Color Doppler flow imaging
CEA	� Carotid endarterectomy
HE	� Hematoxylin–eosin
PSV	� Peak systolic velocity
MR	� Magnetic resonance
ROC	� Receiver operating characteristic
VP	� Vulnerable plaque

1Department of Ultrasound, The First Affiliated Hospital of Fujian Medical University, 20# Chazhong Road, Fuzhou 
350005, Fujian, China. 2Department of Ultrasound, Binhai Campus of the First Affiliated Hospital, National Regional 
Medical Center, Fujian Medical University, Fuzhou, China. 3Lei Yan and Xiaojian Ye contributed equally to this work. 
email: yanlei20082336@163.com

OPEN

Scientific Reports |        2024 14:24255 1| https://doi.org/10.1038/s41598-024-75375-4

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


VPPM	� Vulnerable plaque prediction model
2D	� Two-dimensional ultrasound
SD	� Standard deviation
TIA	� Transient ischemic attack

Vulnerable plaque is a crucial factor contributing to cardiovascular events induced by atherosclerosis (AS)1–3. 
Carotid endarterectomy (CEA) is the primary surgical approach for treating carotid AS4,5, with plaque pathology 
serving as the gold standard for diagnosing vulnerable plaques. The main pathological features include a thin 
fibrous cap, a large lipid-rich necrotic core, abundant inflammatory cells, few smooth muscle cells, abundant 
neovascularization, and intra-plaque hemorrhage6,7.

Vulnerable plaques exhibit complex compositional and histological characteristics. Previous studies have 
extensively assessed plaques through imaging techniques such as ultrasound, computed tomography (CT), and 
magnetic resonance imaging (MRI). Two-dimensional ultrasound primarily estimates the nature of plaques 
based on their echo and morphology, but traditional ultrasound alone cannot meet clinical demands. Contrast-
enhanced ultrasound (CEUS) can dynamically detect neovascularization within plaques8, which plays a crucial 
role in plaque vulnerability by being a major source of intra-plaque hemorrhage9–11.

Prior researches12–17 have indicated that numerous clinical risk factors are associated with AS and plaque 
vulnerability. Aging is an independent risk factor for AS, as elderly individuals often have other cardiovascular 
risk factors such as hypertension and diabetes, and aging itself can cause changes in vascular wall structure and 
function12,13. Diabetes, characterized by high blood sugar and insulin resistance, along with factors such as 
increased glycation end products, inflammation, oxidative stress, and lipid metabolism disorders, is a significant 
risk factor for AS formation14. Bouwhuijsen et al. found hypertension and smoking to be risk factors for intra-
plaque hemorrhage by examining carotid plaque characteristics using MRI15. Smoking is a crucial risk factor 
for disability and death from cerebrovascular diseases16. Ohashi et al. found that obesity, particularly increased 
visceral fat content, independently predicts the presence of non-calcified coronary artery plaques, which often 
exhibit vulnerable characteristics17.

Therefore, using histopathology as the gold standard for vulnerable plaques, the study aims to combine 
multimodal vascular ultrasound parameters with key clinical risk factors to construct a vulnerable plaque 
prediction model (VPPM) and validate the model’s value in diagnosing vulnerable plaques.

Materials and methods
Study subjects
Patients admitted to vascular surgery department who underwent carotid endarterectomy (CEA) surgery 
from January 2017 to December 2023 were included in the study. Patients were divided into a modeling group 
containing 2/3 of the patients and a validation group containing the remaining 1/3 of the patients according to 
their admission times. The study protocol was approved by the Medical Ethics Committee of the First Affiliated 
Hospital of Fujian Medical University (Approval No: MRCTA, ECFAH of FMU [2021]428). Informed consent 
was obtained from all participants. The inclusion criteria for CEA patients were as follows18: (1) patients with 
severe carotid artery stenosis (70-99%) without recent significant cerebral ischemic symptoms; (2) patients with 
mild or moderate ipsilateral carotid artery stenosis, who still experienced transient ischemic attacks or ischemic 
strokes recently. All enrolled subjects underwent preoperative carotid ultrasound and CEUS examinations. 
Exclusion criteria were: (1) patients with severe multi-organ dysfunction; (2) patients with carotid artery stenosis 
due to other causes, such as large-vessel vasculitis and arterial dissection; (3) patients with calcified plaques 
making it difficult for ultrasound to penetrate; (4) patients allergic to ultrasound contrast agent (SonoVue) (see 
Fig. 1).

Clinical data including gender, age, body mass index (BMI), smoking history, diabetes, hypertension, 
dyslipidemia, history of statin use, and C-reactive protein (CRP) levels were collected from patients’ medical 
records.

Ultrasound examination
Carotid artery ultrasound and CEUS examination
Carotid artery ultrasound and CEUS examinations were performed by an ultrasound physician with over 10 
years of vascular ultrasound experience, using a Philips EPIC-Q7 (USA) ultrasound diagnostic instrument 
equipped with a vascular linear array transducer (frequency 3-12 MHz). The mechanical index, image depth, 
and focus position were adjusted to 0.2–0.3, 4–5 cm, and 3–4 cm, respectively. Target plaques were continuously 
scanned in longitudinal and transverse sections, and the maximum thickness of the plaque was measured. 
The echo type, surface morphology, and distribution of calcification of each plaque were carefully observed. 
According to the American College of Radiology ultrasound consensus19, a comprehensive grading of luminal 
stenosis was performed using two-dimensional and Doppler ultrasound (see Fig. 2).

A total of 1.5-2 ml of contrast agent (SonoVue [Bracco Imaging, Milan, Italy]) was injected into the median 
cubital vein, followed by flushing with 5 ml of normal saline. The frame rate was set at 10–15 fps, mechanical 
index at 0.1, and dynamic range at 50–60 dB. The upper shoulder, middle part, and lower shoulder of the target 
plaque were observed for the entry of contrast microbubbles from the intima or adventitia. Dynamic videos were 
observed and recorded for at least 60 s after injection. Contrast microbubbles typically appeared within 10–20 
s after injection. Additionally, all static images and dynamic real-time videos of CEUS were saved for offline 
analysis. It is important to distinguish contrast microbubbles from artifacts. (see Fig. 2)
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Image analysis
Two experienced ultrasound physicians evaluated and graded the two-dimensional and CEUS images of the 
plaques: (1) plaque thickness: ≤2 mm was grade 0, > 2–3 mm was grade 1, 3–4 mm was grade 2, and ≥ 4 mm 
was grade 3; (2) plaque morphology: regular morphology plaque was grade 0, irregular morphology plaque was 
grade 1; (3) plaque echo type: homogeneous isoechoic plaque was grade 0, homogeneous hypoechoic plaque was 
grade 1, heterogeneous plaque with < 50% low or no echo area was grade 2, heterogeneous plaque with > 50% 
low or no echo area was grade 3; (4) plaque calcification: no calcification was grade 0, speckled calcification 
at the base was grade 1, speckled calcification at the top was grade 2; (5) extremely low echo area within the 
plaque: absent was grade 0, present was grade 1; (6) degree of stenosis: <50% was grade 0, 50–69% was grade 1, 
70–99% was grade 2; (7) CEUS plaque neovascularization: no bubbles within the plaque or bubbles limited to 
the plaque’s outer wall was grade 0, moderate enhancement with moving microbubbles within the plaque was 
grade 1, widespread enhancement within the plaque with obvious microbubble entry into the plaque core was 
grade 220.

Histopathological examination
All CEA plaque specimens were fixed, decalcified, and paraffin-embedded in 10% formalin buffer. Sections with 
a thickness of 3 mm were stained with hematoxylin-eosin and observed to differentiate vulnerable plaques from 
non-vulnerable plaques based on histological morphology and composition.

The consensus literature has proposed the diagnostic criteria of histopathological features for vulnerable 
plaques21: a core of lipid necrosis(area ratio>40%), intraplaque neovascularization, intraplaque hemorrhage, thin/
ruptured fibrous cap(<65 μm), and active inflammation(massive infiltration of macrophages and lymphocytes).

Statistical analysis
SPSS 25.0 software and R language (version 4.3.2) were used for data analysis. Normally distributed continuous 
data were expressed as mean ± standard deviation (

−
x±s), while non-normally distributed data were expressed 

as median M (P25-P75). Independent sample t-test was used to compare the means between two groups with 
normally distributed data, and Mann-Whitney U test was used for non-normally distributed data comparison. 
Count data were expressed as n (%) and compared using the chi-square test. Variables related to plaque 
vulnerability (P < 0.1) were subjected to binary logistic regression analysis to select independent influencing 
variables (P < 0.05) for inclusion in the final prediction model construction. The nomogram function in the 
rms package of R language was used to plot the nomogram of the VPPM model. Bootstrap method was used 
for internal validation of the nomogram prediction model by repeating sampling 1000 times. ROC curve was 

Fig. 1.  Flow chart of patients excluded from the study. CEA carotid endarterectomy, TIA transient ischemic 
attack.
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plotted using SPSS software and the cutoff value was calculated, and the area under the receiver-operating 
characteristic curve (AUC) within a 95% confidence interval was used to evaluate the predictive ability of the 
model. The calibration plot was drawn using the val.prob function in the rms package of R language, and the 
Hosmer-Lemeshow goodness-of-fit test was used to test the consistency between the modeling group and the 
validation group. The DCA curve was plotted using the dca package in R language to determine the clinical 
utility of the nomogram. P < 0.05 was considered statistically significant.

Results
Comparison of demographic characteristics, ultrasound parameters, and clinical risk factors 
between the modeling group and validation group
A total of 196 consecutive CEA patients were included in this study, who were divided into modeling group 
(n = 137) and validation group (n = 59) in chronological order. There were no significant statistical differences in 
demographic characteristics, ultrasound parameters, and clinical risk factors between the modeling group and 
validation group (P > 0.05) (Table 1), indicating good consistency between the two groups.

Univariate analysis of variables in the modeling group
According to the pathological results, patients in the modeling group were divided into the non-vulnerable 
plaque group (n = 48) and vulnerable plaque group (n = 89). Except for gender, age, and plaque morphology, 
which showed no significant differences between the two groups (P > 0.05), the remaining indicators showed 
significant differences between the two groups (P < 0.05) (Table 2).

Fig. 2.  Scans from a 72-year-old man with right carotid atherosclerotic plaque. (a, b) CDFI showed the color 
mosaic blood flow in lumen stenosis caused by the responsible plaque and PSV was 645 cm/s. (c) Extensive 
intraplaque enhancement were visible on CEUS (grade 2). (d) Histologic section from the CEA specimen with 
HE stains (magnification, 40): intra-plaque hemorrhage can be seen (white arrow). CEUS contrast-enhanced 
ultrasound, CDFI color Doppler flow imaging, CEA carotid endarterectomy; HE hematoxylin–eosin, PSV peak 
systolic velocity.
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Total Model Validation P-value

VP

 Non-VP 65 (33.2%) 48 (35.0%) 17 (28.8%) 0.41

 VP 131 (66.8%) 89 (65.0%) 42 (71.2%)

Gender

 Female 38 (19.4%) 25 (18.2%) 13 (22.0%) 0.56

 Male 158 (80.6%) 112 (81.8%) 46 (78.0%)

Thickness

 0 5 (2.6%) 5 (3.6%) 0 (0.0%) 0.26

 1 56 (28.6%) 42 (30.7%) 14 (23.7%)

 2 77 (39.3%) 49 (35.8%) 28 (47.5%)

 3 58 (29.6%) 41 (29.9%) 17 (28.8%)

Morphology

 0 124 (63.3%) 90 (65.7%) 34 (57.6%) 0.33

 1 72 (36.7%) 47 (34.3%) 25 (42.4%)

Echo

 0 30 (15.3%) 22 (16.1%) 8 (13.6%) 0.053

 1 41 (20.9%) 28 (20.4%) 13 (22.0%)

 2 84 (42.9%) 52 (38.0%) 32 (54.2%)

 3 41 (20.9%) 35 (25.5%) 6 (10.2%)

Stenosis

 0 54 (27.6%) 39 (28.5%) 15 (25.4%) 0.2

 1 95 (48.5%) 61 (44.5%) 34 (57.6%)

 2 47 (24.0%) 37 (27.0%) 10 (16.9%)

Calcification

 0 88 (44.9%) 60 (43.8%) 28 (47.5%) 0.25

 1 41 (20.9%) 33 (24.1%) 8 (13.6%)

 2 67 (34.2%) 44 (32.1%) 23 (39.0%)

Hypoechoicarea

 0 137 (69.9%) 95 (69.3%) 42 (71.2%) 0.87

 1 59 (30.1%) 42 (30.7%) 17 (28.8%)

CEUS

 0 60 (30.6%) 42 (30.7%) 18 (30.5%) 0.41

 1 62 (31.6%) 47 (34.3%) 15 (25.4%)

 2 74 (37.8%) 48 (35.0%) 26 (44.1%)

Hyperlipidemia

 0 88 (44.9%) 62 (45.3%) 26 (44.1%) 0.99

 1 108 (55.1%) 75 (54.7%) 33 (55.9%)

DM

 0 95 (48.5%) 68 (49.6%) 27 (45.8%) 0.64

 1 101 (51.5%) 69 (50.4%) 32 (54.2%)

HT

 0 95 (48.5%) 68 (49.6%) 27 (45.8%) 0.64

 1 101 (51.5%) 69 (50.4%) 32 (54.2%)

Smoking

 0 95 (48.5%) 68 (49.6%) 27 (45.8%) 0.64

 1 101 (51.5%) 69 (50.4%) 32 (54.2%)

Statins

 0 121 (61.7%) 84 (61.3%) 37 (62.7%) 0.87

 1 75 (38.3%) 53 (38.7%) 22 (37.3%)

Age 64.7 (± 11.6) 64.2 (± 11.8) 65.7 (± 11.1) 0.43

BMI (kg/m2) 25.0 (± 3.3) 25.1 (± 3.3) 24.8 (± 3.2) 0.64

CRP ( mg/L) 7.3 (± 5.5) 6.9 (± 5.9) 8.2 (± 4.3) 0.13

Table 1.  Comparison of general characteristics between the modeling group and validation group. VP 
vulnerable plaque, CEUS contrast-enhanced ultrasound, DM diabetes mellitus, HT hypertension, BMI body 
mass index, CRP C-reactive protein.
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Total Non-VP VP P-value

Gender

 Female 25 (18.2%) 8 (16.7%) 17 (19.1%) 0.82

 Male 112 (81.8%) 40 (83.3%) 72 (80.9%)

Thickness

 0 5 (3.6%) 5 (10.4%) 0 (0.0%) < 0.001

 1 42 (30.7%) 33 (68.8%) 9 (10.1%)

 2 49 (35.8%) 10 (20.8%) 39 (43.8%)

 3 41 (29.9%) 0 (0.0%) 41 (46.1%)

Morphology

 0 89 (65.0%) 36 (75.0%) 53 (59.6%) 0.091

 1 48 (35.0%) 12 (25.0%) 36 (40.4%)

Echo

 0 22 (16.1%) 22 (45.8%) 0 (0.0%) < 0.001

 1 28 (20.4%) 18 (37.5%) 10 (11.2%)

 2 52 (38.0%) 8 (16.7%) 44 (49.4%)

 3 35 (25.5%) 0 (0.0%) 35 (39.3%)

Stenosis

 0 39 (28.5%) 29 (60.4%) 10 (11.2%) < 0.001

 1 61 (44.5%) 18 (37.5%) 43 (48.3%)

 2 37 (27.0%) 1 (2.1%) 36 (40.4%)

Calcification

 0 60 (43.8%) 44 (91.7%) 16 (18.0%) < 0.001

 1 33 (24.1%) 4 (8.3%) 29 (32.6%)

 2 44 (32.1%) 0 (0.0%) 44 (49.4%)

Hypoechoicarea

 0 95 (69.3%) 47 (97.9%) 48 (53.9%) < 0.001

 1 42 (30.7%) 1 (2.1%) 41 (46.1%)

CEUS

 0 42 (30.7%) 36 (75.0%) 6 (6.7%) < 0.001

 1 47 (34.3%) 12 (25.0%) 35 (39.3%)

 2 48 (35.0%) 0 (0.0%) 48 (53.9%)

Hyperlipidemia

 0 64 (46.7%) 37 (77.1%) 27 (30.3%) < 0.001

 1 73 (53.3%) 11 (22.9%) 62 (69.7%)

DM

 0 65 (47.4%) 29 (60.4%) 36 (40.4%) 0.032

 1 72 (52.6%) 19 (39.6%) 53 (59.6%)

HT

 0 67 (48.9%) 36 (75.0%) 31 (34.8%) < 0.001

 1 70 (51.1%) 12 (25.0%) 58 (65.2%)

Smoking

 0 67 (48.9%) 36 (75.0%) 31 (34.8%) < 0.001

 1 70 (51.1%) 12 (25.0%) 58 (65.2%)

Statins

 0 84 (61.3%) 41 (85.4%) 43 (48.3%) < 0.001

 1 53 (38.7%) 7 (14.6%) 46 (51.7%)

Age (years) 64.8 (± 11.4) 62.7 (± 10.6) 66.0 (± 11.7) 0.11

BMI (kg/m2) 25.1 (± 3.3) 22.3 (± 2.3) 26.6 (± 2.8) < 0.001

CRP (mg/L) 6.9 (± 5.9) 2.8 (± 2.3) 9.0 (± 6.0) < 0.001

Table 2.  Comparison of general characteristics between the non-vulnerable plaque group and vulnerable 
plaque group. VP vulnerable plaque, CEUS contrast-enhanced ultrasound, DM diabetes mellitus, HT 
hypertension, BMI body mass index, CRP C-reactive protein.
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Multivariate analysis of vascular ultrasound parameters and clinical risk factors in the 
modeling group
Variables with statistical differences in univariate analysis (see Table 2) were included in binary logistic regression 
analysis. The results showed that thickness, echo, CEUS, smoking, and BMI were independent risk factors for 
vulnerable plaques (see Table 3), with OR values of 3.084 (95%CI: 2.018–3.169), 5.059 (95%CI: 4.026–6.182), 
3.039 (95%CI: 2.205–4.310), 3.286 (95%CI: 2.106–4.335), and 1.689 (95%CI: 1.011–1.942), respectively.

Construction and nomogram plot of the VPPM model
Based on the results of multivariate analysis, five variables including thickness, echo, CEUS, smoking, and BMI 
were finally included in the prediction model, and a nomogram plot was drawn as shown in Fig. 3. According 
to the contribution degree of the five influencing factors in the model to the outcome variable (the size of the 
regression coefficient), assign scores to each value level of each influencing factor, add up the scores to obtain 
the total score, and finally obtain the probability of vulnerable plaques through the total score. The Bootstrap 
method was used to internally validate the nomogram prediction model by repeated sampling 1000 times.

Calibration curves of the modeling group and validation group
The predicted curves of the modeling group and validation group were distributed along the 45° line (standard 
line), indicating good accuracy of the VPPM. The calibration curve showed good consistency between the 
predicted and observed data in the modeling group and validation group (Fig. 4), suggesting that the model fits 
well with the observed data and is suitable for predicting vulnerable plaques.

ROC curves of variables in the modeling group and validation group
ROC curves were used to evaluate the predictive accuracy of each variable in the model. As shown in Fig. 5, the 
VPPM model had the best diagnostic performance, with an AUC value of 0.959 (95% CI: 0.915–0.999) in the 
modeling group, which was higher than that of other variables (see Table 4). When the risk assessment value of 

Fig. 3.  VPPM prediction model. For example, a patient with a plaque thickness > 3 mm scored 43 points, 
heterogeneous hypoechogenicity scored 72 points, CEUS neovascularization grade 2 scored 29 points, smoking 
history scored 31 points, BMI = 30 scored 78 points, and the final score for the patient was 253 points. At this 
point, the probability of being diagnosed as a vulnerable plaque according to the VPPM model was about 
99.9%, and the pathological results of this patient also confirmed that it was a vulnerable plaque.

 

β P OR

OR的 95% 
置信区间

下限 上限

Thickness 2.838 0.014 3.084 2.018 3.169

Eho 2.509 0.008 5.059 4.026 6.182

CEUS 1.949 0.004 3.039 2.205 4.310

Smoking 1.458 0.000 3.286 2.106 4.335

BMI 0.973 0.000 1.689 1.011 1.942

Table 3.  Results of multivariate analysis. CEUS contrast-enhanced ultrasound, BMI body mass index.
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Variable AUC P

95% 
confidence 
interval

Lower Upper

Thickness 0.828 0.000 0.704 0.952

Echo 0.880 0.000 0.774 0.986

CEUS 0.919 0.000 0.848 0.989

Smoking 0.698 0.018 0.548 0.848

BMI 0.837 0.000 0.733 0.940

VPPM 0.959 0.000 0.915 1.000

Table 4.  The area under each indicator curve of the modeling queue. CEUS contrast-enhanced ultrasound, 
VPPM vulnerable plaque prediction model.

 

Fig. 5.  ROC curves for variables in the modeling group (a) and validation group (b).

 

Fig. 4.  Calibration curves for predicting vulnerable plaques in the modeling group (a) and validation group 
(b). The calibration curve (solid line) is close to the ideal reference line (dashed line), indicating that the 
predicted results are consistent with the actual results, demonstrating good performance of the nomogram in 
both the modeling and validation groups.
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the nomogram VPPM was 135.42, the sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, 
and Youden index of the model were 88.1%, 94.1%, 14.98, 0.126, and 82.2%, respectively.

DCA curves of the modeling group and validation group
The DCA curves of the VPPM and other variables’ clinical decision-making are shown in Fig. 6. The VPPM 
curve is located at the upper right corner of the graph, indicating better clinical decision-making performance.

Discussion
Atherosclerosis leading to cerebrovascular diseases is a significant contributor to the increasing global mortality 
and disability rates22, with vulnerable plaques being the main culprit behind cerebrovascular thromboembolic 
events23,24. In recent years, researchers have been devoted to using various imaging techniques to diagnose 
vulnerable plaques and identify related clinical risk factors contributing to their formation.

This study combined multi-modal vascular ultrasound parameters and key clinical risk factors to construct 
the VPPM model and validated it. The results revealed that plaque thickness, echo type, CEUS neovascularization 
grading, BMI, and smoking history were independent risk factors for vulnerable plaques. ROC curves 
demonstrated good diagnostic performance of the VPPM model in both the modeling and validation groups. In 
the DCA curves, the model curves in both groups were significantly better than the two extreme lines, indicating 
good clinical applicability of the model.

Relationship between AS clinical risk factors and plaque vulnerability
Studies have shown that cardiovascular risk factors such as hypertension, diabetes, and increased BMI are 
associated with increased intima-media thickness of the carotid artery and promote plaque formation25. High 
cholesterol levels and smoking are closely related to the increased risk of carotid artery stenosis26, and the 
incidence of AS in diabetic patients is higher27. The results of this study showed that in the vulnerable plaque 
group, there were statistically significant differences compared to the non-vulnerable plaque group in terms of 
hypertension, diabetes mellitus, BMI, CRP, hyperlipidemia, and smoking history (P < 0.05). Logistic regression 
analysis further identified BMI and smoking history as independent predictors of vulnerable plaques. Previous 
studies have found that patients with a BMI > 25 kg/m2 have a high risk of developing high-risk characteristic 
plaques, and BMI is an independent predictor of future acute coronary events28. The mechanism may involve 
excessive adipose tissue causing lipid metabolism disorders, insulin resistance, aggravation of endothelial 
dysfunction, increased reactive oxygen species, decreased nitric oxide utilization, enhanced inflammatory 
response, and increased secretion of pro-inflammatory factors29–31. Kumagai et al.32 investigated the effect of 
smoking on coronary artery plaques using intravascular ultrasound and found that smoking was independently 
associated with lipid-rich plaques, contributing to increased plaque vulnerability. Smoking may promote plaque 
rupture by inducing the expression of inflammatory cytokines such as tumor necrosis factor-α, interleukin-6 in 
the circulation, and inducing increased expression of matrix metalloproteinases in the plaque33,34.

Relationship between multi-modal ultrasound parameters and plaque vulnerability
Nyman et al.35 found that ultrasound has high repeatability in detecting plaques and is a reliable detection 
method. Conventional two-dimensional ultrasound can visually observe plaque thickness, morphology, echo 
type, and degree of stenosis. This study included plaque thickness, echo type, morphology, and degree of 
vascular stenosis as the main parameters of plaque ultrasound features, all of which showed significant statistical 
differences between the vulnerable plaque group and the non-vulnerable plaque group (P < 0.05). However, 

Fig. 6.  DCA curves for predictive models in the modeling group (a) and validation group (b). In the DCA 
curves, the model curve in the modeling group is significantly better than the two extreme lines, indicating 
good overall population benefit; and similarly, it performs excellently in the validation group.
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binary logistic regression analysis found that only plaque thickness, echo, and CEUS neovascularization grading 
were independent risk factors for vulnerable plaques. Previous studies have found that plaque echo intensity is 
correlated with plaque tissue composition, where extremely low echo areas within the plaque represent lipid 
cores or intraplaque hemorrhage, while strong or high echo areas represent calcification and fibrosis of the 
plaque, with increased calcification and fibrosis indicating increased plaque stability36. Spanos et al.37 found 
that patients with lower preoperative plaque echo intensity had higher levels of macrophage infiltration and 
larger lipid volumes within the plaque, as well as a higher incidence of plaque rupture. A higher proportion of 
extremely low echo areas38 or echo-free areas39 within the plaque indicates potential unstable lesions, which 
are also related to neurological symptoms. Gupta et al.40,41 found that in patients with carotid artery stenosis of 
50–99%, the probability of stroke in patients with low echo plaques was 2.6 times higher than that in patients 
with strong echo plaques. Therefore, in this study, the proportion of low or echo-free areas within the plaque 
was used to grade plaque echo, with the highest grade assigned to heterogeneous echo types with a proportion 
of low or echo-free areas > 50%.

Conventional two-dimensional ultrasound combined with color Doppler flow imaging has been widely used 
for measuring the degree of carotid artery atherosclerotic plaque stenosis and evaluating plaque composition42. 
However, conventional two-dimensional ultrasound cannot detect neovascularization within the plaque, and 
its inter-operator consistency is low, which is a major limitation in evaluating plaque vulnerability using two-
dimensional ultrasound. CEUS is recognized as a tool for real-time detection of neovascularization43, with 
minimal invasiveness and unique advantages44,45, and has gradually been used as one of the standards for 
diagnosing vulnerable plaques. Studies have shown that CEUS can semi-quantitatively assess neovascularization 
based on the degree of enhancement of contrast agents. Weak endothelium of neo vessels within the plaque 
makes them prone to rupture, leading to intraplaque hemorrhage, accompanied by the release of chemical 
mediators into the plaque, increased inflammation46,47, and increased vulnerability of the plaque, thus increasing 
the risk of ischemic stroke48. Analysis of large atherosclerotic plaque biobanks has also shown that neovascular 
density within the plaque is highly correlated with the risk of stroke49. The results of this study showed that CEUS 
grading of neovascularization within the plaque was an independent influencing factor for vulnerable plaques, 
further confirming the importance of neovascularization within the plaque in influencing plaque vulnerability.

Construction of a predictive model for vulnerable plaques using multi-modal vascular 
ultrasound parameters and clinical risk factors
Although there have been many studies on ultrasound assessment of vulnerable plaques and clinical risk factors 
for AS, there are few reports on the joint construction of predictive models using multi-modal ultrasound 
parameters and clinical key risk factors. In this study, binary logistic regression was used to analyze multi-
modal ultrasound parameters and clinical risk factors, and the results showed that plaque thickness, echo 
type, CEUS neovascularization within the plaque, smoking history, and BMI were independent risk factors for 
vulnerable plaques. This study not only constructed a predictive model for vulnerable plaques but also validated 
the model. ROC curve analysis in the modeling group showed that the AUC value of the VPPM model for 
predicting vulnerable plaques was 0.959, higher than that of other variables. When the risk assessment value of 
the nomogram VPPM was 135.42, the model demonstrated sufficient diagnostic performance with sensitivity, 
specificity, positive likelihood ratio, negative likelihood ratio, and Youden index of 88.1%, 94.1%, 14.98, 0.126, 
and 82.2%, respectively. The calibration curves showed good consistency in the modeling and validation groups, 
indicating good discrimination and calibration capabilities of the model. In the DCA curves, the model curves 
in both groups were significantly better than the two extreme lines, indicating good clinical applicability of the 
model, allowing clinicians to intuitively, accurately, and quantitatively assess plaque vulnerability, thus enabling 
the development of personalized treatment plans to improve patient prognosis.

Limitations of this study
Firstly, this was a single-center study, although we have validated the model in an independent cohort within 
the same center, future research need more cases and multicenter external validation studies. Secondly, because 
the study included few experimental indicators related to vulnerability, future studies could include additional 
indicators such as matrix metalloproteinase-7 and interleukin-17. Thirdly, the sample size of this study was 
small, and due to the need to obtain pathological gold standards, all enrolled subjects were CEA patients, which 
may have caused selection bias.

In summary, the VPPM predictive model constructed based on multi-modal ultrasound parameters and 
clinical risk factors has good calibration and clinical effectiveness, making it a potentially useful clinical model 
for diagnosing vulnerable plaques. Future research should focus on identifying new, potential, and valuable risk 
variables associated with plaque vulnerability for testing and validation in future clinical prediction models.

Data availability
Requests for access to the dataset should be directed to the first author: Lei Yan, yanlei20082336@163.com.
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