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Purpose: Intraplaque neovascularization, assessed using contrast-enhanced ultrasound (CEUS), is associated with ischemic stroke. It
remains unclear whether detection of intraplaque neovascularization combined with color Doppler ultrasound (CDUS) provides
additional value compared with CDUS alone in assessing ischemic stroke risk. Therefore, we investigated the clinical value of
combined CEUS, CDUS, and clinical features for ischemic stroke risk stratification.

Patients and Methods: We recruited 360 patients with >50% carotid stenosis between January 2019 and September 2022. Patients
were examined using CDUS and CEUS. Covariates associated with ischemic stroke were identified using multivariate logistic
regression analysis. The discrimination and calibration were verified using the C-statistic and Hosmer—Lemeshow test. The incre-
mental value of intraplaque neovascularization in the assessment of ischemic stroke was analyzed using the Delong test.

Results: We analyzed the data of 162 symptomatic and 159 asymptomatic patients who satisfied the inclusion and exclusion criteria,
respectively. Based on multivariate logistic regression analysis, we constructed a nomogram using intraplaque neovascularization,
degree of carotid stenosis, plaque hypoechoicity, and smoking status, with a C-statistic of 0.719 (95% confidence interval [CI]: 0.666—
0.768) and a Hosmer—Lemeshow test p value of 0.261. The net reclassification index of the nomogram was 0.249 (95% CI: 0.138—
0.359), and the integrated discrimination improvement was 0.053 (95% CI: 0.029-0.079). Adding intraplaque neovascularization to
the combination of CDUS and clinical features (0.672; 95% CI: 0.617-0.723) increased the C-statistics (p=0.028).

Conclusion: Further assessment of intraplaque neovascularization after CDUS may help more accurately identify patients at risk of
ischemic stroke. Combining multiparametric carotid ultrasound and clinical features may help improve the risk stratification of patients
with ischemic stroke with >50% carotid stenosis.

Plain Language Summary: We studied whether using contrast-enhanced ultrasound (CEUS) to detect intraplaque neovasculariza-
tion could help better determine the risk of ischemic stroke. We compared the combined use of color Doppler ultrasound (CDUS) and
CEUS with CDUS alone in patients with more than 50% carotid narrowing. Our findings showed that combining clinical details,
CDUS, and CEUS was more effective (0.719 vs 0.672). This means that CEUS provides extra insight when gauging ischemic stroke
risk compared with CDUS alone. This could help in accurately identifying patients at high risk of stroke. However, more extensive
studies are needed to fully understand the role of these tests in the evaluation of stroke risk.
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Graphical Abstract

Added clinical value of IPN detection to color Doppler ultrasound for assessing IS risk
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IS compared to color Doppler ultrasound(CDUS) alone? | than CDUS alone in clinical practice.

IPN: Intraplaque neovascularization; AUC: Area under the curve; CEUS: Contrast-enhanced ultrasound

Introduction
Ischemic stroke contributes greatly to the declining quality of life in middle-aged and older adults. The TOAST
classification highlights five etiologies of ischemic stroke, and large-artery atherosclerotic cerebral infarction and
cardioembolic infarction are the acute ischemic stroke subtypes with the highest occurrence of early in-hospital mortality.
Moreover, the short-term prognosis of patients with atherothrombotic or cardioembolic stroke is poor compared with that
of patients with other acute ischemic stroke subtypes.'” The risk of subsequent adverse events remains high even in
patients with minor ischemic stroke, especially in patients with large atherosclerotic arteries.> Approximately 25% of
ischemic stroke cases are caused by atherosclerosis, and current guidelines only consider the degree of carotid stenosis to
determine treatment options.*”> Compared with digital subtraction angiography, duplex ultrasound has a sensitivity of
89% and specificity of 84% for diagnosing stenosis, and 97% and 99% for diagnosing occlusion. However, clinical
scientists are increasingly realizing that both carotid plaque features and the degree of stenosis are important parameters
in ischemic stroke etiology.®’ In addition to medical history, physical examination, and serological indicators, carotid
artery imaging can provide crucial information for assessing stroke and overall cardiovascular risk.®

Ultrasound is the first-line modality used to screen for carotid atherosclerotic disease, and its value depends not only
on its cost-effectiveness, wide availability, excellent safety, and reproducibility but also on its evolving multiparametric
properties. The correlation between stenosis severity and plaque echogenicity, as measured by color Doppler ultrasound
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(CDUS), and the likelihood of ischemic stroke are well established.’ Intraplaque neovascularization (IPN) is associated
with an increased risk of neovessel rupture, hemorrhage, and inflammation in response to plaque activity.lo Recent
research indicates that contrast-enhanced ultrasound (CEUS) is a reliable method for identifying IPN and that IPN, as
assessed by CEUS, is an independent risk factor for ischemic stroke.''™'* However, there is insufficient evidence to
support the widespread clinical use of CEUS. Further research is needed to investigate whether a combination of CEUS
and CDUS can provide a more accurate assessment of ischemic stroke in patients with >50% carotid stenosis.

Nomograms can be used to combine multiple parameters and visualize the probability of clinical events, thereby
satisfying the need for a comprehensive clinical assessment. In this study, we aimed to construct nomograms to
investigate the clinical value of a combination of CEUS, CDUS, and clinical features for stratifying the risk of ischemic
stroke. We hypothesized that the addition of IPN detection to CDUS could help accurately identify individuals at an
increased risk of ischemic stroke, thus helping clinicians determine the optimal treatment strategy.

Materials and Methods
Study Design and Population

This study was conducted prospectively at two centers and included 360 consecutive patients hospitalized between
January 2019 and September 2022, all with >50% carotid stenosis. Among these patients, 240 were from the First
Hospital of Jilin University, and the remaining 120 were from Xuanwu Hospital of Capital Medical University. Patients
were categorized into symptomatic and asymptomatic groups based on the European Stroke Organization guidelines for
endarterectomy and stenting for carotid stenosis. Symptomatic carotid stenosis was defined as an ischemic cerebrovas-
cular event that had caused a transient ischemic attack or stroke within the previous 6 months. Asymptomatic carotid
stenosis was defined as a stenosis unrelated to any ocular or cerebral ischemic event in the region of the ipsilateral carotid
artery within the previous 6 months.'* The exclusion criteria were as follows: (1) other causes of carotid artery stenosis,
such as carotid dissection and Takayasu’s arteritis; (2) ischemic stroke caused by cardioembolism; (3) poor-quality
ultrasound; and (4) severe systemic diseases (Figure 1).

The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. All procedures adhered to
institutional guidelines, and written informed consent was obtained from all patients before enrolment. The study
protocol was approved by the Ethics Committee of the First Hospital of Jilin University (No. 2015-285).

360 consecutive hospitalized patients
with carotid stenosis >50% from two
centers were consecutively included

20 patients with carotid stenosis
not due to atherosclerosis

2 vpatients with cardiogenic
ischemic stroke

14 patients had poor carotid
1maging

3 patients suffered from severe
systemic diseases

321 patients were analyzed in the study

Figure | Flow chart of the study design.
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Carotid Ultrasound Protocol

The common carotid artery, carotid bifurcation, and internal carotid artery were assessed both longitudinally and transversely
using ultrasound equipment (Aplio500; Toshiba, Japan; Epiq7; Philips, Netherlands) equipped with a linear probe (411 MHz).
The patient was placed in the supine position, and the head was gently rotated approximately 30—40° to the contralateral side for
examination. Two sonographers (CY and LR), each with a decade of experience, independently analyzed all images.

The degree of carotid stenosis was categorized as mild (<50%), moderate (50-69%), or severe (>70%) based on the
standards published by the North American Radiological Society.'” Using the Gray—Weale scale, plaque echogenicity
was categorized in longitudinal sections as follows: homogeneous echolucent (Type I), predominantly echolucent
(Type 1), predominantly echogenic plaque with limited areas of echolucency (Type III), homogeneously echogenic
(Type 1V), or displaying severe calcification (Type V). Types I and II, characterized by a higher proportion of echolucent
plaques, were classified as hypoechoic plaques, whereas types III and IV were classified as non-hypoechoic plaques.'®
Upon observing the plaque, its thickness, length, and echogenicity were meticulously recorded. In cases where multiple
plaques were present, the thickest plaque was chosen as the primary target for analysis.

Analysis of Intraplaque Neovascularization
After recording the CDUS data, the targeted plaques were simultaneously visualized in 2D grayscale and CEUS.
Specifically, this examination was conducted using a linear probe (5-8 MHz) with the gain appropriately adjusted while
maintaining a mechanical index of 0.16 to avoid disrupting the contrast microbubbles. A suspension of the contrast agent
(SonoVue, Bracco, Milan, Italy) and saline (5 mL) was injected through the peripheral vein. The optimal longitudinal
section of the target plaque was selected, recorded for 10-20 s at baseline, and observed for a minimum of 120 s after the
contrast microbubbles reached the carotid artery. Raw data were stored on hard drives for subsequent analysis.

IPN was graded according to the extent and location of microbubbles, with Grade 0 indicating no visible microbubbles
within the plaque, Grade 1 indicating mild microbubbles limited to the shoulder and/or adventitial side of the plaque, and
Grade 2 indicating widespread microbubbles throughout the plaque (Figure 2).!” IPN grading was independently conducted

Figure 2 Typical diagrams of intraplaque neovascularization. (a) No microbubbles within the plaque (Grade 0); (b) Microbubbles are limited to the shoulder and/or adventitial
side of the plaque (Grade 1); (c) Microbubbles are widely present throughout the plaque (Grade 2). The red arrows indicate enhanced microbubbles within the plaque.
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by two CEUS sonographers, CY and LR. In cases of inconsistent grading, a third experienced sonographer acted as an
adjudicator. The sonographers were blinded to both the clinical information and results provided by their counterparts.

Clinical Features

A trained investigator who was blinded to the patients’ ultrasound data assessed the clinical features of the patients using
a standardized questionnaire. The questionnaire was used to collect the following information: age and sex; history of
hypertension, diabetes, and coronary artery disease (CAD); smoking and drinking statuses; family history of cardiovas-
cular disease; and total cholesterol, triglyceride, high-density lipoprotein, low-density lipoprotein, and fasting blood
glucose levels.

Statistical Analysis

For continuous variables, normally distributed data are expressed as mean + standard deviation and were analyzed using
Student’s #-test; non-normally distributed data are expressed as median and interquartile range and were analyzed using
a non-parametric rank-sum test. Categorical variables are expressed as frequencies and percentages (%) and were
analyzed using the chi-squared test. Univariate and multivariate logistic regression analyses were used to identify the
risk factors for ischemic events, which were used to create nomograms. The Delong test was used to compare different
receiver-operating characteristic (ROC) curves (with or without IPN). Intra- and interobserver agreements were assessed
using Cohen’s kappa coefficient.

For the established nomogram, we assessed discriminability and calibration using the area under the ROC (AUC) and
calibration curves. Bootstrapping (resampling=1000) was used for internal validation. Finally, the net reclassification
index (NRI) and integrated discrimination improvement (IDI) indices were used to illustrate the favorable effect of IPN
on the assessment of ischemic events.

Statistical analyses were performed using IBM SPSS Statistics (Version 26.0; IBM, Armonk, NY) and R version 4.2.2
(R Foundation for Statistical Computing, Vienna, Austria). The above tests were two-tailed (p<0.05).

Results

Baseline Clinical Features

Of the 360 consecutive patients enrolled, 39 were excluded after applying the inclusion criteria, and 321 patients were
finally included in the study. Their mean age was 64.3 & 7.5 years, and 279 (86.9%) were men. The cohort was divided
into symptomatic and asymptomatic groups comprising 162 and 159 patients, respectively.

There were no significant differences in age, sex, or serological indices between the groups. Compared with the
asymptomatic group, the symptomatic group had more smokers (p=0.001), alcohol consumers (p=0.084), and patients
with diabetes (p=0.016). Other vascular risk factors, including hypertension, family history of cardiovascular disease, and
history of CAD, were not significantly different between the two groups (Table 1).

Plaque Features

Patients in the symptomatic group showed a higher degree of severe stenosis, hypoechoic plaques, and Grade 2 IPN than
those in the asymptomatic group (p<0.05). The plaque length and thickness did not differ significantly between the two
groups (Table 1). For IPN assessment, we found significant intra- (0.775) and interobserver (0.725) reliability.

Multivariable Analysis and ROC Curve Analysis

Significant variables identified in the univariate analyses were included in the multivariate analyses. These analyses
revealed that smoking (odds ratio [OR]: 1.716; 95% confidence interval [CI]: 1.056-2.787), the degree of stenosis (OR:
2.440; 95% CI: 1.442—-4.130), plaque echogenicity (OR: 1.948; 95% CI: 1.207-3.262), and IPN grading (OR: 2.684; 95%
CI: 1.654-4.352) were all significantly associated with ischemic stroke (Supplementary Table 1).

We compared the accuracy of assessing ischemic stroke with and without IPN using a combination of the
following variables: Model 1 (smoking, degree of stenosis, and plaque echogenicity) and Model 2 (smoking,
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Table | Patient Baseline Features (n=321)

Asymptomatic | Symptomatic p value
(n=162) (n=159)

Demographics
Age, years, meantSD 64.4+7.4 64.3+7.8 0.974
Sex, men, n (%) 140 (86.4) 139 (87.4) 0.790
Risk factors, n (%)
Hypertension 91 (56.2) 100 (62.9) 0.220
Diabetes 40 (24.7) 59 (37.1) 0.016
Smoking 72 (44.4) 100 (62.9) 0.001
Drinking 60 (37.0) 74 (46.5) 0.084
Family history 58 (35.8) 62 (39.0) 0.555
History of coronary artery disease 34 (21.1) 29 (18.2) 0517
Serological indicators, median (IQR)
Cholesterol 3.6 (I.1) 3.6 (0.9) 0.759
Triglyceride 1.3 (0.8) 1.3 (0.8) 0.510
HDL 1.0 (0.3) 1.0 (0.3) 0.148
LDL 2.1 (0.9) 2.1 (0.9) 0.267
FBG 5.5 (1.7) 5.3 (1.3) 0.812
Plaque features
Degree of stenosis, n (%) <0.0001

50-69% 68 (42.0) 34 (21.4)

70-99% 94 (58.0) 125 (78.6)
Plaque echogenicity, n (%) <0.0001

Hypoechoic 83 (51.2) 113 (71.1)

Non-hypoechoic 79 (48.8) 46 (28.9)
Plaque length, median (IQR) 19.9 (8.2) 20.4 (9.2) 0.598
Plaque thickness, median (IQR) 4.2 (1.5) 42 (1.9) 0.935
IPN grading <0.0001

Grade 0 and | 99 (61.1) 54 (34.0)

Grade 2 63 (38.9) 105 (66.0)

Abbreviations: FBG, fasting blood glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD,
standard deviation; IQR, interquartile range.

degree of stenosis, plaque echogenicity, and IPN grading). The Delong test demonstrated a significant difference
between Model 1, with an AUC of 0.672 (95% CI: 0.617-0.723), and Model 2, with an AUC of 0.719 (95% CI:
0.666—0.768) (p=0.028) (Figure 3).

Nomogram Creation and Validation

We constructed a nomogram containing four independent risk factors (Model 2), which was internally validated with an
AUC of 0.710 (95% CI: 0.559-0.859), indicating good discrimination. The Hosmer—Lemeshow test revealed no
significant difference between the prediction and actual observation, and the calibration curve showed good agreement
between the predicted probabilities and the actual observation (Figure 4 and Supplementary Figure 1).

Subsequent analysis demonstrated that, in comparison to Model 1 (excluding IPN grading), the NRI of the nomogram
was 0.249 (95% CI: 0.138-0.359), and the IDI was 0.053 (95% CI: 0.029-0.079). Both values showed a statistically
significant difference, indicating that the nomogram exhibited a superior discriminatory power and risk reclassification
ability (Table 2).

Discussion
In this study, we developed a nomogram that incorporated CEUS, CDUS, and clinical features to stratify the risk of
ischemic stroke in patients with carotid stenosis >50%. Our results indicated that the assessment of IPN using CEUS after
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Figure 3 ROC curve analysis for accuracy in identifying a high risk of ischemic stroke in Models | and 2. Model | included color Doppler ultrasound and clinical features,
while Model 2 assessed the IPN based on Model | (AUC: 0.672 vs 0.719, p<0.05).
Abbreviations: ROC, receiver operating characteristic; AUC, area under the ROC curve; IPN, intraplaque neovascularization.

CDUS could better identify vulnerable plaques. This nomogram showed a higher accuracy in assessing ischemic stroke
than the model based only on clinical and CDUS parameters. This implies that the nomogram created using multi-
parametric ultrasound and clinical features may more accurately identify subgroups at high risk of ischemic stroke.

Atherosclerosis can lead to ischemic stroke through two underlying pathological mechanisms. The first involves
carotid artery stenosis arising from the thickening of atherosclerotic plaques, which disrupts normal blood flow dynamics
and results in insufficient distal arterial perfusion. The second mechanism entails an escalation in carotid plaque buildup
accompanied by a thin fibrous cap, which can trigger plaque rupture and the release of plaque content into the
bloodstream. This, in turn, can lead to embolism within distal arteries, ultimately culminating in cerebral ischemia.'®
Contemporary guidelines emphasize the importance of considering carotid imaging parameters that offer insights into
plaque morphology and composition. This is crucial for a more precise assessment of the risk of ischemic stroke.'**°

CDUS can assess the degree of carotid stenosis and the compositional and morphological features associated with
vulnerable plaques.'® Although the scanning accuracy may vary widely among laboratories, the performance criteria and
accuracy levels can be set using standardized protocols. Hypoechoic plaques are more prone to causing ipsilateral ischemic
strokes than hyperechoic plaques. Nevertheless, the exact mechanisms behind this phenomenon remain incompletely
understood.”' This phenomenon is presently ascribed to the higher presence of a lipid-rich necrotic core (LRNC) and
intraplaque hemorrhage (IPH).*? Although it is difficult to identify plaque components using CDUS, a precise distinction
may not be clinically important because both an LRNC and IPH increase the risk of ischemic stroke.”

IPN is a notable characteristic of early atherosclerotic plaques, signifying their vulnerability. Studies based on carotid plaque
histology have shown that inflammatory cells such as macrophages, T cells, and mast cells co-localize in the microvessels within
the plaque, revealing a positive correlation between local inflammatory infiltration and neovascularization. Furthermore, owing
to the structural incompleteness of pathological neovascularization and endothelial dysfunction caused by local hypoxia in
plaques, neovascularization is prone to extravasation, resulting in IPH.>* CEUS is an advanced imaging technique capable of
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Figure 4 Nomogram for high-risk ischemic stroke assessment. The point phase of each feature is used to obtain the total points, and a vertical line is drawn between the
total points to obtain the corresponding “risk of ischemic stroke”.

detecting microvascular perfusion and possesses distinctive advantages when it comes to assessing IPN. Research has found that
IPN assessed using CEUS is strongly associated with cardiovascular events.®®

He et al employed superb microvascular imaging (SMI) to identify IPN and utilized a combination of plaque hardness
and the extent of carotid stenosis for risk stratification in patients with asymptomatic carotid stenosis. They found that
multimodal ultrasound had higher accuracy than conventional ultrasound.?® However, SMI can be performed using only
specific ultrasound systems, and the effects of clinical features on ischemic stroke occurrence were not considered. In this
study, we analyzed the patient clinical features and found that smoking was an independent risk factor for ischemic
stroke, which is consistent with the findings of previous studies.’” Age has an important effect on atherosclerosis and
ischemic stroke occurrences. However, in our study, the mean age of patients in both groups was 64 years, and the age

Table 2 Discrimination and Calibration of Models | and 2

ROC P NRI P IDI P Calibration | P
0.028 <0.05 <0.05
Model | | 0.672 (0.617-0.723) Ref Ref 11.67 0.167
Model 2 | 0.719 (0.666-0.768) 0.249 (0.138-0.359) 0.053 (0.029-0.079) 10.06 0.261

Abbreviations: IDI, integrated discrimination improvement; NRI, net reclassification index; ROC, receiver operator characteristic.
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difference between groups was not significant. Demographic features and risk factors of patients with ischemic stroke are
known to be different in the subgroup of elderly patients aged >85 years.”® Future studies should evaluate the diagnostic
value of IPN in patients at high risk for stroke at various age groups.

Researchers studying the incremental value of IPN assessed using CEUS in predicting CAD found that, beyond stress
echocardiography and history of CAD, the presence of IPN increases the accuracy of CAD prediction.” To the best of
our knowledge, only a few studies have investigated the additional role of CEUS-assessed IPN beyond CDUS in
ischemic stroke risk stratification in the real world. Our findings indicate that, in contrast to CDUS features, assessing the
IPN through CEUS offers supplementary and pertinent information regarding pathological mechanisms, which could
potentially be more valuable in distinguishing individuals at a heightened risk of ischemic stroke.

Exploring the relationship between the imaging features of atherosclerotic disease and the risk of ischemic stroke to
guide optimal management and prevention is a growing area of research.’’ Previous studies have shown that the use of
statins reduces and stabilizes atherosclerotic plaques.®’ Additionally, good adherence to statin treatment has been found
to contribute to ischemic stroke prevention.*>** Therefore, the effect of medication use and medication adherence on the
relationship between plaque vulnerability and ischemic stroke occurrence should be considered in future studies.
Furthermore, plaque vulnerability features such as plaque ulceration and intraplaque motion detected by ultrasound
may provide information on ischemic stroke risk.** The vulnerability traits of carotid atherosclerotic plaques are as
crucial for predicting ischemic events as the degree of stenosis itself. Our findings will promote the inclusion of
multiparametric ultrasound features in assessing carotid atherosclerotic disease.

This study had some limitations. First, only two centers were included in the study. Before this nomogram can be
clinically implemented, randomized clinical trials and cost-effectiveness assessments are required to determine the exact
role of carotid plaque vulnerability features in ischemic stroke risk stratification. Second, the proportion of male patients
was relatively high, which is related to the higher incidence of ischemic stroke in men. In the future, more attention
should be paid to the effect of sex on ischemic stroke. Third, we only analyzed the thickest plaque, which may have
introduced potential spectrum bias. Furthermore, future studies should emphasize the clinical significance of IPN, plaque
ulceration, and intraplaque motion in relation to ischemic stroke. Finally, we excluded patients with severe plaque
calcification, which could have affected the accuracy of the IPN analysis.

Conclusion

The nomogram combining multiparametric carotid ultrasound and clinical features allows for more accurate risk
stratification of patients with ischemic stroke with >50% carotid artery stenosis. CEUS when used along with CDUS
may provide greater clinical value than CDUS alone in clinical practice. Larger multicenter studies, including rando-
mized clinical trials and cost-effectiveness assessments, should be performed to determine the exact role of carotid
plaque vulnerability features in ischemic stroke risk stratification.

Abbreviations

CEUS, contrast-enhanced ultrasound; CDUS, color Doppler ultrasound; IPN, intraplaque neovascularization; CAD, coronary
artery disease; IQR, interquartile range; ROC, receiver operating characteristic; AUC, area under the ROC; OR, odds ratio; CI,
confidence interval; NRI, net reclassification index; IDI, integrated discrimination improvement; LRNC, lipid-rich necrotic
core; IPH, intraplaque hemorrhage; SMI, superb microvascular imaging.
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