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Background: Vulnerable carotid plaque is closely associated with ischemic stroke. Contrast-enhanced 
ultrasound (CEUS) and high-resolution magnetic resonance imaging (HR-MRI) are two imaging modalities 
capable of assessing the vulnerability of carotid plaques. This systematic review aimed to compare the 
diagnostic performance of CEUS and HR-MRI in the evaluation of histologically defined vulnerable carotid 
plaques. 
Methods: A systematic literature search with predefined search terms was performed on PubMed, the 
Cochrane library, Embase, and Web of Science from January 2001 to December 2023. Studies that evaluated 
the diagnostic accuracy of vulnerable carotid plaques confirmed by histology with CEUS and/or HR-
MRI were included. The pooled values were calculated using a random-effects meta-analysis to determine 
diagnostic power. 
Results: This analysis included a total of 839 patients from 20 studies comprising 1,357 HR-MRI plaques 
and CEUS 504 plaques. With the reference to histological results, all nine CEUS studies focused on the 
detection of intraplaque neovascularization (IPN), and three studies also examined morphological changes 
or ulcerated plaques; meanwhile, among the HR-MRI studies, seven predominantly focused on identifying 
intraplaque hemorrhage (IPH) and three mainly examined lipid-rich necrotic cores (LRNCs). The pooled 
sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, diagnostic odds ratio, and the area 
under the curve (AUC) for CEUS studies were 0.85 [95% confidence interval (CI): 0.81–0.89], 0.76 (95% 
CI: 0.69–0.83), 3.41 (95% CI: 1.68–6.94), 0.14 (95% CI: 0.05–0.38), 27.68 (95% CI: 5.78–132.62), and 0.89 
[standard error (SE) 0.06], respectively; for HR-MRI, these values were 0.88 (95% CI: 0.85–0.90), 0.89 
(95% CI: 0.86–0.92), 7.49 (95% CI: 3.28–17.09), 0.17 (95% CI: 0.12–0.24), 49.13 (95% CI: 23.87–101.11), 
and 0.94 (SE 0.01), respectively. The difference in AUC between the two modalities was not statistically 
significant (Z=0.82; P=0.68). 
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Introduction

Stroke as a significant threat to the health of individuals 
worldwide, ranks as the second leading cause of death 
globally, following ischemic heart disease (1). Ischemic 
stroke, which constitutes 62.4% of all stroke cases (2), is 
imposing a growing burden on young adults in regions 
with low scores sociodemographic indices such as North 
Africa, the Middle East, and Southeast Asia (3). Carotid 
atherosclerosis is recognized as a contributing factor to 
ischemic stroke, and the risk of stroke caused by carotid 
artery stenosis increases with advancing age (4). Specifically, 
vulnerable plaques, characterized by thin or ruptured fibrous 
caps, intraplaque neovascularization (IPN), intraplaque 
hemorrhage (IPH), lipid-rich necrotic cores (LRNCs), 
ulceration, or inflammation, are associated with an 
increased risk of distal cerebral artery emboli blockage (5),  
which can lead to ischemic stroke. Both IPN and IPH 
have been identified as independent predictors of stroke 
recurrence in ischemic stroke survivors (6,7). Therefore, the 
early detection and treatment of vulnerable plaques could 
prove to be an effective strategy in preventing both the 
initial occurrence and subsequent recurrence of stroke. 

Contrast-enhanced ultrasound (CEUS) and high-
resolution magnetic resonance imaging (HR-MRI) are 
two commonly used tools to assess plaque vulnerability. 
CEUS has high sensitivity and specificity in identifying 
IPN and ulceration and in outlining luminal morphology 
(8,9). Meanwhile, HR-MRI is capable of detecting IPH 
and LRNCs (10). However, despite their respective 
strengths, CEUS and HR-MRI are also associated with 
distinct disadvantages. For instance, HR-MRI provides 
high soft-tissue and spatial resolution but is limited by its 
high cost, lengthy examination time, tendency to induce 
claustrophobia, and susceptibility to potential interference 
from metal objects in the body. As it pertains to CEUS, 
in which the contrast agent can be eliminated through 

respiration with minimal anaphylactoid reactions, its 
resolution may be affected by pseudoenhancement, obesity, 
postural restrictions, and subcutaneous gas. Therefore, it is 
necessary to determine whether these two modalities can be 
used complementarily to identify vulnerable plaques, which 
can significantly impact clinical and personal intervention. 

Although several meta-analyses have assessed the 
diagnostic performance of HR-MRI and CEUS individually 
and have demonstrated their efficacy in identifying vulnerable 
plaques (11,12), only one study has directly compared these 
modalities’ ability to detect unstable plaques (13). This 
meta-analysis, conducted by Li et al. (13), was based on a 
limited sample size of nine original studies published as of 
December 2021 and thus does not completely represent the 
entire body of research in this field. Plaque ulceration is one 
feature of susceptible plaque, but Li et al. did not include 
histologically proven ulcerated plaques in their analysis. 
Furthermore, they did not investigate the differences in 
the specific components of plaques which the two imaging 
tools focus on for detection. Therefore, this study aimed to 
systematically compare the diagnostic accuracy of CEUS and 
HR-MRI in evaluating carotid plaque vulnerability as defined 
by histology via a meta-analysis and to determine whether 
CEUS can serve as an alternative modality to HR-MRI for 
plaque vulnerability assessment. We present this article in 
accordance with the PRISMA-DTA reporting checklist (14)  
(available at https://qims.amegroups.com/article/
view/10.21037/qims-24-540/rc).

Methods

Data sources and search strategy

We systematically searched PubMed, the Cochrane library, 
Embase, and Web of Science for articles published in the 
English or Chinese language with an English-language 
abstract from January 2001 to December 2023. The 

Conclusions: CEUS and HR-MRI are valuable noninvasive diagnostic tools for identifying histologically 
confirmed vulnerable carotid plaques and demonstrate similar diagnostic performance. CEUS is more 
capable of detecting IPN and morphological changes, while HR-MRI is more suited to classifying IPH and 
LRNCs.
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search strategy is shown in Table S1. The protocol of this 
systematic review has been registered in PROSPERO 
(International Prospective Register of Systematic Reviews; 
registration No. CRD42023494214).

Inclusion and exclusion criteria

We aimed to include all original studies that reported the 
diagnostic performance of CEUS and HR-MRI in the 
evaluation of carotid plaques. Two reviewers (J.Q.X. and 
L.Z.) independently assessed the titles and abstracts of the 
articles we searched. The inclusion criteria by category 
were as follows: (I) participants—patients with carotid 
plaque; (II) intervention and control—CEUS and/or HR-
MRI examinations; (III) outcomes—diagnostic accuracy 
for identifying vulnerable plaques; (IV) study design—both 
observational (retrospective or prospective) and clinical 
trials; and (V) reference standard—histologically defined 
vulnerable plaques with one of the conditions of IPH, 
IPN, LRNC, thin or ruptured fibrous cap, ulceration, 
or inflammatory infiltrate being present. Meanwhile, the 
exclusion criteria were as follows: (I) duplicate patients or 
data; (II) animal studies; (III) insufficient information to 
create a 2×2 diagnostic table; (IV) case reports, narrative 
reviews, letters, editorial comments, and conference 
abstracts; and (V) a focus on cerebral vascular events caused 
by other diseases such as carotid dissection, vasculitis, or 
atrial fibrillation.

Data extraction and quality assessment

The variables extracted include the name of the first 
author; publication year; country; number of patients; 
gender; age; prevalence of diabetes, hypertension, smoking, 
dyslipidemia, and cardiovascular disease; study design; 
focused plaque composition based on histological results; 
patient type; and the technical details of CEUS and HR-
MRI. To assess the risk of bias in the literature, we searched 
for the Journal Citation Reports (JCR) of journals in the 
year of publication of each study. We extracted or calculated 
the absolute number of true positives (TPs), false positives 
(FPs), false negatives (FNs), and true negatives (TNs) from 
each study even when multiple data sets were present. Two 
independent investigators (M.X.L. and W.H.) assessed the 
risk of bias and applicability concerns using the Quality 
Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) 
tool (15). Any disagreements were resolved by consensus.

Statistical analysis

This analysis was conducted using Meta-Disc version 
1.4 (Ramón y Cajal Hospital, Madrid, Spain). Two-by-
two tables were constructed for each study to calculate 
the sensitivity, specificity, positive likelihood ratio (LR+), 
negative likelihood ratio (LR−), diagnostic odds ratio 
(DOR), and their respective 95% confidence intervals (CIs). 
Moses linear models were used to generate a summary 
receiver operating characteristic (SROC) curve and 
calculate the area under the curve (AUC). 

A Spearman correlation index between the logarithm of 
sensitivity and the logarithm of 1-specificity was applied to 
determine the presence of a threshold effect. A correlation 
coefficient greater than a certain value and a significance 
level of P<0.05 were indicative of a threshold effect; 
otherwise, a threshold effect was considered to be absent. 
Heterogeneity was assessed using either the chi-square test 
or Cochrane Q test. The I2 statistic was employed to estimate 
the percentage of variability in results among studies that 
could be attributed to true differences in patients, tests, 
outcomes, and design rather than random chance. Values 
of 25%, 50%, and 75% were considered to represent low, 
moderate, and high inconsistency, respectively (16). The 
meta-analysis was carried out using a random-effects model 
in cases of moderate or high heterogeneity; otherwise, a 
fixed-effects model was used.

Subgroup analysis and sensitivity analysis were conducted 
to investigate the sources of heterogeneity. Subgroups 
were categorized by country, study design, sample sizes, 
plaque components, mechanical indexes (MIs), magnetic 
field strength, and journal JCR region. Sensitivity analysis 
involved the systematic one-by-one removal of studies. 
Deeks funnel plot of CEUS and MRI was generated using 
Stata version 17.0 (StataCorp, College Station, TX, USA) 
to assess publication bias. An asymmetry curve with P≥0.05 
indicated a lack of significant publication bias. The risk of 
bias and applicability were assessed using RevMan version 
5.3 (Informatics and Knowledge Management Department, 
Cochrane, London, UK).

Results

Literature search

The systematic research retrieved 2,652 studies, 1,700 
of which were found to be duplicated. Following the 
retrieval and evaluation of titles and abstracts, 850 studies 

https://cdn.amegroups.cn/static/public/QIMS-24-540-Supplementary.pdf
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were excluded. Subsequently, 102 studies were deemed 
eligible and for full-text review, with 20 ultimately meeting 
the inclusion criteria for this meta-analysis. Specifically, 
7 studies focused on CEUS (17-23), 11 on HR-MRI  
(10,24-33), and 2 studies covered both modalities (34,35). A 
flowchart illustrating the research and selection process is 
presented in Figure 1.

Table  1  summarizes  the  c l in ica l  deta i l s  o f  the  
20 articles. A total of 839 patients were included; 3 studies 
did not report the gender components (17,21,29) or age 
distribution (17,29,30), respectively; and the remaining 
study population was composed 78.7% (528/671) of men 
and had a mean age of 70.15±4.24 years (n=687). The 
majority of studies were from China (30%), followed by 
Italy (25%), Japan (15%), and the United States (10%), 
while Switzerland, the United Kingdom, the Netherlands, 
and Germany each accounted for only 5% of the included 
literature. The population size varied from 11 to 101. 

Twelve studies (10,17,19,20,23,24,26-30,32) were 
published in JCR region 1 journals and six in JCR region 2 
journals (18,22,25,31,33,34). The values of TPs, FPs, FNs, 
and TNs are available in Table 1.

Risk of bias and applicability

The results and details of the QUADAS-2 assessment for 
the 20 studies are summarized in Figure 2A,2B and Table S2.  
Although the overall quality of the 19 studies was 
moderate, the QUADAS-2 tool identified some potential 
sources of bias. Flow and timing emerged as the primary 
source of bias, followed by patient selection. In the flow 
and timing domain, the interval between the index test 
and reference test was unclear in 60.0% of the studies  
(19-22,24,25,27,28,31,33,35,36), and 20.0% of studies did 
not include all patients in the final analysis (23,29,31,33). 
Concerning the patient selection domain, 60.0% of studies 

CEUS records identified through 
database search (PubMed 

n=113, Cochrane Library n=143, 
Web of Science n=121)

Title and abstract evaluation 
(n=160)

Duplicates removed (n=217) Duplicates removed (n=1,483)

Reports excluded:
•	Reviews (n=36)
•	Case reports (n=18)
•	Comments (n=25)
•	Letters (n=26)
•	Not human studies (n=7)

Reports excluded:
•	Reviews (n=131)
•	Case reports (n=170)
•	Comments (n=27)
•	Letters (n=25)
•	Not human studies (n=51)

Reports excluded:
•	No histological reference 

(n=27)
•	Insufficient data to create a 

2×2 diagnostic table (n=23)
•	Repeated data (n=12)

Irrelevant to the study research 
and excluded (n=313)

Irrelevant to the study research 
and excluded (n=21)

Reports excluded:
•	No histological reference 

(n=9)
•	Insufficient data to create a 

2×2 diagnostic table (n=7)
•	Repeated data (n=2)

Reports were retrieved for more 
detailed evaluation (n=48)

Reports were retrieved for more 
detailed evaluation (n=388)

Full-text articles assessed for 
eligibility (n=27)

Full-text articles assessed for 
eligibility (n=75)
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Figure 1 Flowchart of study selection using the PRISMA guidelines. CEUS, contrast-enhanced ultrasound; HR-MRI, high-resolution 
magnetic resonance imaging; PRISMA, Preferred Reporting Items for Systematic Review and Meta-Analysis.
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did not clearly describe the inclusion and exclusion criteria 
(10,19,21,25-27,29-34), and participant enrollment was 
unclear in nine studies (10,18,19,26,29,30,32,33,35). 
Additionally, four studies (18,21,26,35) did not report 
whether the assessment was blinded or not, and three 
studies employed single blinding (17,22,25). 

Synthesis of results 

Threshold effects 
The Spearman correlation coefficient of CEUS was −0.350 
(P=0.356), while that of HR-MRI was 0.121 (P=0.694), 
indicating no threshold effects in the two diagnostic tests. 
The Cochran Q, I2, and P values of the DOR for CEUS 
were 56.41, 85.8%, and <0.001, while those for HR-MRI 
were 34.19, 64.9%, and <0.001, respectively, representing 
high and moderate heterogeneity among the CEUS and 
HR-MRI studies, respectively. Therefore, a random-
effects model was applied for the corresponding meta-
analysis.

Diagnostic performances of CEUS and HR-MRI 
All 20 studies used histology as the reference standard, and 
details of the methodology of each study are provided in 
Table 2. According to the histological findings, all CEUS 
studies focused on the detection of IPN, while three studies 
(17,18,20) also examined morphological changes or ulcerated 
plaques. The pooled sensitivity, specificity, LR+, LR−, 
DOR, and AUC were 0.85 (95% CI: 0.81–0.89), 0.76 (95% 
CI: 0.69–0.83), 3.41 (95% CI: 1.68–6.94), 0.14 (95% CI: 
0.05–0.38), 27.68 (95% CI: 5.78–132.62), and 0.89 [standard 
error (SE) 0.06], respectively. In terms of HR–MRI, seven 
studies focused on identifying IPH (24,25,29-32,34),  
three studies on LRNC (10,26,33), and the remaining studies 
on complex components (27,28,35) (Table 2). The pooled 
sensitivity, specificity, LR+, LR−, DOR, and AUC were 0.88 
(95% CI: 0.85–0.90), 0.89 (95% CI: 0.86–0.92), 7.49 (95% 
CI: 3.28–17.09), 0.17 (95% CI: 0.12–0.24), 49.13 (95% CI: 
23.87–101.11), and 0.94 (SE 0.01), respectively (Figures 3,4). 
A Z test indicated that the pooled AUC differences between 
CEUS and HR-MRI were not statistically significant (Z=0.82; 
P=0.68).

Subgroup analysis
Subgroup analyses were employed to investigate the sources 
of heterogeneity for CEUS and HR-MRI in terms of DOR. 
A statistically significant level of P<0.05 indicated a possible 
source of heterogeneity. The findings suggested that factors 
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including country, sample size, plaque component, and JCR 
region may contribute to the observed variability in CEUS 
and HR-MRI. In addition, the heterogeneity was also 
influenced by the MI in CEUS and magnetic field strength 
in MRI (Table 3, Tables S3,S4). 

Sensitivity analysis
The results of the sensitivity analysis indicated that D’Oria 
et al.’s study (19) may be the primary cause of heterogeneity 
among the included CEUS studies. After this study was 
excluded, a fixed-effects model was used to assess the 

https://cdn.amegroups.cn/static/public/QIMS-24-540-Supplementary.pdf
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Figure 3 Forest plots of (A) sensitivity, (B) specificity, (C) diagnostic odds ratio, and (D) the summary receiver operator characteristic 
curve of the CEUS studies. In (D), the first and the third blue lines represent the 95% CI of AUC, and the second blue line represents the 
regression line. OR, odds ratio; CI, confidence interval; SROC, summary receiver operating characteristic; AUC, area under the curve; SE, 
standard error; CEUS, contrast-enhanced ultrasound.

combined values of the remaining CEUS studies. The 
pooled sensitivity, specificity, LR+, LR−, DOR, and AUC 
were 0.92 (95% CI: 0.88–0.95), 0.80 (95% CI: 0.72–0.87), 
4.00 (95% CI: 2.35–6.81), 0.12 (95% CI: 0.08–0.17), 41.49 
(95% CI: 18.47–93.23), and 0.95 (SE 0.02), respectively. 
The difference in AUC between the remaining CEUS 
studies and HR-MRI studies was not statistically significant 
(Z=0.16; P=0.43). The sensitivity analysis for HR-MRI 
yielded robust results, as the aggregated values remained 
consistent even after the one-by-one removal of individual 
studies. Tables 4 and 5 present the findings of the sensitivity 
analyses conducted for the CEUS and HR-MRI studies.

Publication bias
Results of Deeks funnel plots showed no statistically 
significant publication bias in the CEUS (P=0.85) or HR-
MRI studies (P=0.78) (Figure S1A,S1B).

Conflicts of interest, funding source, and role of 
funding source
None of the studies reported a conflict of interest with the 
funding source or with the role of the funding source.

Discussion

Principal findings

This meta-analysis examined 839 patients across 20 studies 
comprising 1,357 plaques in HR-MRI and 504 plaques 
in CEUS to compare the diagnostic ability of these two 
modalities in evaluating the vulnerability of carotid artery 
plaques defined by histology. The results demonstrated that 
both CEUS and HR-MRI provide acceptable diagnostic 
accuracy, with high AUC values (0.89 vs. 0.94). CEUS 
demonstrated comparable performance to HR-MRI in 
detecting unstable carotid atherosclerotic artery plaques. 
As it pertains to plaque components, CEUS appears to be 
superior in assessing IPN and morphological changes, while 
MRI is more suited for assessing IPH and LRNC.

To our knowledge, only one systematic review has 
compared CEUS and HR-MRI in terms of plaque 
vulnerability assessment (13). Our review is novel for the 
following reasons: First, although we used the same search 
strategy as that of Li et al., we included twice as many 
articles (with the exception of two recent studies published 
in 2022–2023), allowing for a more thorough evaluation 

https://cdn.amegroups.cn/static/public/QIMS-24-540-Supplementary.pdf
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Pooled diagnostic odds ratio =49.13 (23.87 to 101.11)
Cochran-Q =34.19; df =12 (P=0.0006)
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Tau-squared =0.9568

Pooled sensitivity =0.88 (0.85 to 0.90)
Chi-square =46.71; df =12 (P=0.0000)
Inconsistency (I-square) =74.3%

Pooled specificity =0.89 (0.86 to 0.92)
Chi-square =88.93; df =12 (P=0.0000)
Inconsistency (I-square) =86.5%

Symmetric SROC
AUC =0.9375
SE(AUC) =0.0131
Q* =0.8743
SE(Q*) =0.0163

Specificity (95% CI)

Diagnostic OR (95% CI)

A B

C D

Figure 4 Forest plots of (A) sensitivity, (B) specificity, (C) diagnostic odds ratio, and (D) the summary receiver operator characteristic curve 
of the HR-MRI studies. In (D), the first and the third blue lines represent the 95% confidence interval of AUC, and the second blue line 
represents the regression line. CI, confidence interval; OR, odds ratio; SROC, summary receiver-operating characteristic; AUC, area under 
the curve; SE, standard error; HR-MRI, high-resolution magnetic resonance imaging.

of the diagnostic performance. Second, due to high and 
moderate heterogeneity among the CEUS and HR-MRI 
studies, respectively, we conducted subgroup analyses based 
on study design, plaque composition, MI, and JCR region 
(Table 3), which enabled us to determine the source of 
heterogeneity. Third, we summarized the value of the two 
imaging methods for identifying distinct plaque components 
using the pathological findings as a reference.

Diagnostic performance of CEUS

Our meta-analysis revealed that CEUS had a pooled 
sensitivity of 0.82 (95% CI: 0.78–0.87) and a specificity of 
0.76 (95% CI: 0.68–0.83), which is higher than that reported 
by Li et al. (13) but lower than that reported by Huang  
et al. (12). In contrast to Huang et al.’s review (12), where 
CEUS was used for diagnosing IPN based on histological 
specimens or the clinical diagnosis of symptomatic 

plaques, our study focused on detecting vulnerable plaques 
using CEUS with histologic confirmation. The relevant 
evidence suggests that neovascularization is a prominent 
feature of vulnerable plaques (37), originating from the 
vasa vasorum (VV) network in the outer adventitia, which 
is simply structured and exhibits high permeability with 
increased VV density preceding intima thickening and 
endothelial dysfunction (38). The outer adventitia VV 
not only contributes to IPN but also serves as a pathway 
for inflammatory cells to infiltrate the plaque, directly 
exacerbating its vulnerability. Vascular endothelial growth 
factor (VEGF) is responsible for angiogenesis, vascular 
permeability, and endothelial maintenance (39). Both 
animal and human studies have reported a higher expression 
of VEGF-positive microvessels in vulnerable plaques 
compared to stable ones, with these markers showing a 
positive linear correlation with plaque enhancement on 
CEUS (19,40). In addition to IPN, plaques with complex 
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Table 3 Subgroup analysis of the CEUS and HR-MRI studies

Subgroup
CEUS HR-MRI

Studies (n) DOR (95% CI) Heterogeneity, I2 (%)  (P) Studies (n) DOR (95% CI) Heterogeneity, I2 (%)  (P)

Region

Asia 5 41.43 (17.62–97.41) 0.0 (0.44) 6 54.44 (10.27–288.43) 79.8 (<0.001)

Europe 4 12.57 (0.73–215.56) 92.1 (<0.001) 7 53.72 (28.90–99.87) 29.0 (0.20)

Study design

Prospective 5 15.16 (1.55–148.01) 89.9 (<0.001) 10 43.12 (19.12–97.25) 67.5 (0.001)

Retrospective 4 57.49 (10.28–321.62) 63.7 (0.04) 3 81.39 (12.30–538.53) 61.1 (0.08）

Sample size

≥50 6 31.08 (3.18–303.68) 90.7 (<0.001) 8 45.74 (20.08–104.21) 74.8 (<0.001)

<50 3 19.29 (6.42–57.97) 0.0 (0.43) 5 68.08 (12.54–369.51) 36.0 (0.18)

Plaque composition

IPN 6 24.85 (2.37–260.85) 89.4 (<0.001) 5 44.48 (10.86–182.24) 83.7 (0.0001)

Others 3 32.19 (12.98–83.49) 0.0 (0.44) 8 54.40 (28.21–104.90) 17.3 (0.29)

Mechanical index

>0.2 4 34.10 (13.06–89.04) 0.0 (0.39) – –

≤0.2 5 18.33 (1.53–219.54) 91.3 (<0.001) – –

Strength field

1.5 T – – 7 49.24 (28.77–84.26) 22.5 (0.26)

Others – – 6 41.73 (6.76–257.45) 80.8 (<0.001)

JCR region

1 4 37.19 (0.83–1,668.75) 93.9 (<0.001) 8 54.16 (33.77–86.87) 16.3 (0.30)

≤2 5 21.57 (10.01–46.46) 0.0 (0.72) 5 41.07 (3.62–465.84) 82.2 (0.0002)

CEUS, contrast-enhanced ultrasound; HR-MRI, high-resolution magnetic resonance imaging; DOR, diagnostic odds ratio; CI, confidence 
interval; IPN, intraplaque neovascularization; JCR, Journal Citation Reports.

features such as prominent echolucency, ulceration, and 
intraplaque motion are closely associated with ischemic 
symptoms. Comped to conventional ultrasound (CUS), 
CEUS can provide clearer visualization of the plaque’s 
boundaries. Three (17,18,20) out of the nine CEUS studies 
focused on identifying IPN within the plaque and also 
assessed plaque ulceration or morphological changes. 

Sensitivity analysis revealed that the study conducted 
by D’Oria et al. (19) was the main factor contributing to 
the heterogeneity among the included CEUS studies. 
This discrepancy could be attributed to the variation 
in participant selection, as D’Oria et al. focused solely 
on patients with carotid stenosis over 70% who were 
asymptomatic, while the other studies included both 

symptomatic and asymptomatic individuals. Nevertheless, 
the authors demonstrated that there was no significant 
difference in plaque enhancement between histologically 
proven vulnerable plaque [American Heart Association 
(AHA) class VI] and stable plaque (AHA class IV/V). This 
finding does not diminish the significance of CEUS in 
detecting IPN. 

Diagnostic performance of MRI

According to the available data, IPH is the most extensively 
documented independent risk factor for the recurrence 
of ipsilateral ischemia or transient ischemic attack in 
patients with carotid stenosis ≥50%, as indicated by carotid 
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plaque on MRI (6,41). Zhou et al. (11) performed a meta-
analysis to determine the pooled diagnostic accuracy of 
HR-MRI in detecting IPH and compared to our results, 
found a comparable sensitivity (0.87 vs. 0.88) but higher 
specificity (0.92 vs. 0.89). Our study aimed to incorporate 
all vulnerable plaque components that could be detected 

by HR-MRI. Within the MRI studies analyzed, seven 
focused on detecting IPH (24,25,29-32,34) and three on 
classifying LRNCs (10,26,33). The relationship between 
plaque composition and cardiovascular events remains 
a topic of ongoing debate. Longitudinal research over  
4 years used serial MRI observed dramatic changes in plaque 

Table 4 Sensitivity analysis of CEUS studies

Removed study
Sensitivity  
(95% CI)

Specificity  
(95% CI)

LR+ (95% CI) LR− (95% CI) DOR (95% CI) AUC (SE)
Heterogeneity, 

I2  (%) (P)

Fresilli D (17) 0.84 (0.79–0.88) 0.71 (0.62–0.79) 2.82 (1.48–5.37) 0.15 (0.05–0.45) 20.93 (4.19–104.53) 0.80 (0.10) 85.4 (<0.001)

Huang S (18) 0.85 (0.81–0.89) 0.76 (0.68–0.83) 3.34 (1.54–7.23) 0.14 (0.05–0.42) 27.39 (4.82–155.64) 0.89 (0.07) 87.3 (<0.001)

D’Oria (19) 0.92 (0.88–0.95) 0.80 (0.72–0.87) 4.00 (2.35–6.81) 0.12 (0.08–0.17) 41.49 (18.47–93.23) 0.95 (0.02) 25.4 (0.23)

Lyu Q (20) 0.85 (0.81–0.89) 0.73 (0.64–0.80) 2.92 (1.44–5.93) 0.14 (0.05–0.42) 24.03 (4.44–130.06) 0.86 (0.09) 86.4 (<0.001)

Di Leo (21) 0.85 (0.81–0.89) 0.78 (0.70–0.84) 3.80 (1.63–8.87) 0.13 (0.04–0.41) 32.65 (5.34–199.54) 0.89 (0.06) 87.6 (<0.001)

Iezzi R (22) 0.84 (0.80–0.88) 0.77 (0.69–0.84) 3.59 (1.55–8.33) 0.15 (0.05–0.43) 27.22 (4.73–156.75) 0.89 (0.07) 87.2 (<0.001)

Uchihara Y (23) 0.82 (0.78–0.87) 0.76 (0.68–0.83) 3.26 (1.55–6.88) 0.17 (0.07–0.47) 21.67 (4.30–109.26) 0.89 (0.06) 86.4 (<0.001)

Motoyama R (34) 0.84 (0.80–0.88) 0.78 (0.70–0.85) 3.76 (1.54–9.15) 0.14 (0.05–0.43) 29.87 (4.73–188.67) 0.90 (0.06) 87.4 (<0.001)

Zhao KQ (35) 0.85 (0.81–0.89) 0.76 (0.68–0.83) 3.36 (1.55–7.31) 0.15 (0.05–0.43) 25.97 (4.79–140.82) 0.89 (0.07) 87.3 (<0.001)

CEUS, contrast-enhanced ultrasound; CI, confidence interval; LR+, positive likelihood ratio; LR−, negative likelihood ratio; DOR, diagnostic 
odds ratio; AUC, area under the curve; SE, standard error.

Table 5 Sensitivity analysis of HR-MRI studies

Removed study
Sensitivity  
(95% CI)

Specificity  
(95% CI)

LR+ (95% CI) LR− (95% CI) DOR (95% CI) AUC (SE)
Heterogeneity, 

I2 (%) (P)

Chai JT (10) 0.87 (0.85–0.90) 0.89 (0.86–0.92) 7.60 (3.18–18.13) 017 (0.12–0.25) 46.73 (22.27–98.05) 0.93 (0.01) 67.0 (<0.001)

Hideki O (24) 0.88 (0.85–0.90) 0.87 (0.84–0.90) 6.56 (2.87–15.00) 0.16 (0.11–0.24) 44.07 (20.53–94.58) 0.93 (0.01) 64.2 (0.001)

Narumi S (25) 0.87 (0.85–0.90) 0.89 (0.86–0.91) 6.99 (3.02–16.14) 0.17 (0.12–0.25) 44.88 (21.94–91.83) 0.93 (0.01) 65.1 (<0.001)

Puppini G (26) 0.87 (0.84–0.89) 0.89 (0.86–0.91) 7.19 (3.09–16.70) 0.18 (0.12–0.26) 46.18 (22.02–96.83) 0.93 (0.01) 66.7 (<0.001)

Moody AR (27) 0.88 (0.85–0.90) 0.89 (0.87–0.92) 7.78 (3.20–18.89) 0.16 (0.11–0.24) 52.41 (23.91–114.89) 0.94 0.02) 67.5 (<0.001)

Cai JM (28) 0.88 (0.86–0.91) 0.88 (0.85–0.91) 7.42 (2.97–18.55) 0.16 (0.10–0.25) 51.12 (21.75–120.14) 0.94 (0.01) 67.8 (<0.001)

Kampschulte A (29) 0.86 (0.83–0.88) 0.90 (0.87–0.92) 7.90 (3.07–20.30) 0.19 (0.14–0.26) 45.39 (20.74–99.35) 0.92 (0.01) 65.2 (<0.001)

Chu B (30) 0.87 (0.84–0.90) 0.90 (0.88–0.93) 8.29 (3.09–22.24) 0.17 (0.11–0.25) 54.30 (23.95–123.10) 0.94 (0.01) 66.1 (<0.001)

Qiao Y (31) 0.88 (0.85–0.90) 0.88 (0.85–0.90) 6.37 (2.86–14.17) 0.17 (0.12–0.25) 41.21 (20.47–83.0) 0.93 (0.01) 61.3 (0.002)

Cappendijk VC (32) 0.88 (0.85–0.90) 0.89 (0.86–0.91) 7.28 (3.04–17.45) 0.16 (0.11–0.24) 49.59 (22.30–110.24) 0.94 (0.01) 67.8 (<0.001)

Tapis P (33) 0.89 (0.86–0.91) 0.89 (0.86–0.92) 7.59 (3.24–17.79) 0.15 (0.11–0.20) 52.21 (24.75–110.15) 0.94 (0.01) 67.2 (<0.001)

Motoyama R (34) 0.87 (0.85–0.90) 0.92 (0.89–0.94) 8.02 (5.00–12.86) 0.16 (0.11–0.23) 61.07 (34.56–107.9) 0.94 0.01) 38.9 (0.08)

Zhao KQ (35) 0.88 (0.85–0.90) 0.89 (0.87–0.92) 8.18 (3.39–19.75) 0.16 (0.11–0.24) 53.77 (25.37–113.98) 0.94 (0.01) 66.6 (<0.001)

HR-MRI, high-resolution magnetic resonance imaging; CI, confidence interval; LR+, positive likelihood ratio; LR−, negative likelihood ratio; 
DOR, diagnostic odds ratio; AUC, area under the curve; SE, standard error.
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characteristics, with an IPH and LRNC incidence of 18.5% 
and 39.6%, respectively (42). Although one study found 
no association between IPH and symptomatic status (36), 
it did report a slight correlation between IPH and adverse 
cardiovascular events. Conversely, LRNC content was 
found to be significantly higher in systematic plaques (10)  
and linked to a poor prognosis (43). Notably, a clear 
relationship exists between IPH, necrotic core expansion, 
and plaque vulnerability. Additionally, patients undergoing 
lipid-lowering therapy show increased lipid content in 
plaques with IPH and decreased content in those without 
IPH (44), indicating that IPH alone does not encompass all 
vulnerable or symptomatic plaques.

Implications for clinical practice

Although CEUS and HR-MRI evaluate distinct aspects of 
vulnerable plaque composition, their combined used can 
enhance the precision in symptomatic plaque diagnosis, 
outperforming magnetization-prepared rapid acquisition 
with gradient echo alone (AUC 0.79 vs. 0.58) (34). 
According to the Plaque–Reporting and Data System (45),  
which is based on gray-scale and color Doppler ultrasound, 
computed tomography angiography, and HR-MRI 
findings rather than CEUS findings, IPH, IPN, LRNC, 
and ulceration are key parameters of vulnerable plaques, 
although IPN has been incorporated as an ancillary  
feature (37). Pathologically, there is a close relationship 
between IPH, IPN, and LRNC. The presence of IPH 
without IPN is rare; nonetheless, extensive IPN can exist 
without IPH and is still related to plaque vulnerability (34).  
IPN plays a key role in plaque progression, as fragile 
neovessels are prone to bleeding. When driven by 
microenvironmental alternations or inflammatory factors, 
rupture of IPN leads to the emergence of IPH, with 
the latter resulting in enlargement of the LRNC and 
consequently a poor prognosis. In general, CEUS is 
performed with CUS and color Doppler ultrasound, both 
of which are cost-effective and convenient for follow-
up, enabling the assessment of plaque status and luminal 
stenosis through gray-scale scoring and flow velocity 
measurements. Meanwhile, chronic IPH, characterized by 
hypointensity in all contrast weightings on MRI, can be 
mistaken for calcification, leading to FNs (30). Although 
CUS can easily identify calcification, pseudoenhancement, 
an artifact commonly seen in the far wall of the carotid 
artery, can mimic contrast enhancement on CEUS. 
Therefore, HR-MRI and CEUS can complement one 

another, each capable of detecting different plaque 
components with their own set of benefits and limitations. 
The most appropriate examination strategy for identifying 
susceptible plaques in clinical practice should be determined 
according to the patient’s particular condition and the 
resources of the healthcare facility. 

It is worth noting that the imaging characteristics of 
the plaques were contrasted with pathologic findings in all 
studies to confirm if these plaques are vulnerable; however, 
truly unstable plaques are associated with the occurrence of 
a clinical event (e.g., transient ischemic attack or stroke) (46), 
and current imaging assessments of plaque vulnerability only 
indicate morphological vulnerability. Therefore, follow-up 
of clinical outcomes is necessary to further determine the 
true clinical value of both modalities in the assessment of 
plaque instability. Furthermore, the development and model 
construction of artificial intelligence algorithms based on 
CEUS and MRI have shown great potential for application 
in plaque classification and segmentation (47). In the 
future, the innovation of artificial intelligence algorithms 
through the combination of these two modalities may 
have the potential to facilitate the identification of plaques 
morphologically and via microenvironmental changes.

Limitations

This study involved several limitations that should be 
addressed. First, the comparison of diagnostic performance 
between CEUS and HR-MRI in evaluating vulnerable 
carotid plaques was limited by the inclusion of only two 
paired studies in this review. Most CEUS studies focused 
on IPN detection and morphological changes, while many 
MRI studies focused on IPH and LRNCs. Therefore, future 
paired trials targeting the same plaque component may 
prove valuable for assessing and comparing the diagnostic 
efficacy of these two modalities. Second, CEUS lacks a 
uniform qualitative analysis and set of visual grading scale 
criteria. Data were extracted from a 2×2 table for analysis, 
and conducting subgroup analysis for various grade scales is 
challenging. Additionally, unstable plaques are more likely 
to be found in patients undergoing carotid endarterectomy 
for relevant symptomatic stenosis. It is worth noting that 
some studies categorized patients into symptomatic and 
asymptomatic groups, which hindered subgroup analyses 
based on symptomatic or asymptomatic cases. Furthermore, 
a limited number of studies prevented us from conducting 
a subgroup analysis of the variable scanning sequences in 
HR-MRI studies. 
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Conclusions

Both CEUS and HR-MRI are valuable noninvasive 
diagnostic methods for identifying pathologically proven 
vulnerable carotid artery plaques and have comparable 
diagnostic performance. CEUS is more capable of detecting 
IPN and ulceration, whereas HR-MRI is better suited to 
classifying IPH and LRNC. CEUS may serve as a potential 
alternative imaging tool to HR-MRI in assessing carotid 
plaque vulnerability under certain conditions. However, the 
published results, sample sizes, and studies incorporated 
were highly restrictive, and the interstudy heterogeneity 
was substantial. Further research on CEUS requires the 
implementation of standardized protocols for qualitative 
analysis to enhance the reliability and repeatability of 
results.
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