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Background: This study aimed to investigate the usefulness of superb microvascular imaging (SMI), 
a novel non-contrast-enhanced ultrasound technique, in characterizing neovessels within carotid 
atherosclerotic plaques through comparison with contrast-enhanced ultrasound (CEUS) and histology.
Methods: Patients with carotid plaque were recruited and underwent SMI and CEUS ultrasound 
imaging of the carotid arteries. The maximum plaque thickness, length, and stenosis of each plaque were 
measured. Grade of the neovessels was determined by SMI and CEUS, respectively. Grade 0 was defined 
as no blood flow signal/microbubbles within plaques; grade 1 was defined as moderate blood flow signals/
microbubbles confined to the shoulder and/or adventitial side of the plaque; and grade 2 was defined as 
extensive intraplaque signals/microbubbles. Patients with symptomatic carotid stenosis (stenosis ≥50%) 
or asymptomatic carotid stenosis (stenosis ≥70%) underwent endarterectomy, and plaque specimens were 
subjected to immunohistochemical analysis of CD31 expression. The neovessels were quantified by histology. 
The agreement of SMI with CEUS and histology in characterizing neovessels was analyzed using weighted 
Kappa statistic and Spearman’s correlation analyses.
Results: Seventy-eight patients (mean age: 67.3±8.9 years old, 63 males) were recruited. Of these patients, 
52 (66.7%) had a unilateral plaque and 26 (33.3%) had bilateral plaques in the carotid arteries. For the 
104 carotid plaques detected, the mean plaque thickness and length were 4.3±1.1 and 18.8±6.6 mm,  
respectively. The prevalence of <50%, 50–69%, and ≥70% stenosis was 43.3%, 24.0%, and 32.7%, 
respectively. Excellent agreement was found between SMI and CEUS (κ=0.825 at the plaque level; κ=0.820 
at the patient level) in evaluating the neovessel grade within the carotid plaques. Of the 25 patients who 
underwent carotid endarterectomy, a strong correlation (r=0.660, P<0.001) was found between SMI and 
histology in the evaluation of intraplaque neovessels. SMI had excellent scan-rescan (κ=0.857), intra-reader 
(κ=0.810), and inter-reader (κ=0.754) agreement in the assessment of intraplaque neovessels.
Conclusions: The SMI technique is capable of reliably characterizing neovessels within carotid 
atherosclerotic plaques and demonstrates good to excellent agreement with histology and CEUS.
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Introduction

Carotid atherosclerotic vulnerable plaque has been 
demonstrated to be one of the major causes of ischemic 
cerebrovascular events (1). Neovascularization within the 
atherosclerotic plaque is well evidenced to play an important 
role in plaque vulnerability and acts as a major source of 
intraplaque hemorrhage (2). Thus, accurate characterization 
of neovascularization within carotid plaques is vital. 
Although Doppler ultrasound and computed tomography 
angiography are the most commonly used modalities for 
the assessment of carotid atherosclerosis, these approaches 
cannot depict the neovasculature within carotid plaques 
(3-5). In contrast, contrast-enhanced ultrasound (CEUS) 
and dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) are capable of characterizing the 
neovascularization of carotid plaques (6-11). However, 
CEUS examination depends on the use of phospholipid-
stabilized sulfur hexafluoride microbubbles, which are 
contraindicated in patients with severe chronic obstructive 
pulmonary disease or asthma. DCE-MRI depends on the 
use of a gadolinium-based contrast agent that can only be 
administered to patients without renal dysfunction and 
contrast allergies. Also, due to the necessity of repeated 
administration of a contrast agent, CEUS and DCE-MRI 
are not the ideal modalities for monitoring the changes of 
neovessels within plaques during treatment (12,13).

In 2014, a non-contrast-enhanced ultrasound technique 
of superb microvascular imaging (SMI; Toshiba Medical 
Systems Corporation, Tochigi, Japan), was proposed for the 
in vivo assessment of microvessels. The imaging mechanism 
of SMI is based on the movement of blood cells in blood 
vessels rather than the actual blood vessel diameter and is 
assessed by high sensitivity Doppler detection and special 
filtering technology. SMI displays blood vessels having 
a much larger diameter than they actually have which is 
an overflow effect. SMI utilizes an adaptive algorithm to 
distinguish true low-velocity flow from clutter. As a result, 
without the use of contrast agents, SMI is able to visualize 
minute vessels with low-velocity flow signals, which 
are usually omitted by conventional Doppler imaging. 
There are two imaging modes in SMI: monochrome 

(mSMI) and color (cSMI) modes (14). In previous studies 
evaluating microvessels in thyroid nodules (15-17), breast 
lesions (18-21), small hepatocellular carcinomas (22), and 
neonatal brain parenchyma (23), SMI depicted greater 
details of the microvascular flow and vessel branches than 
conventional non-contrast ultrasound techniques (color 
and power Doppler imaging). SMI may have the potential 
to characterize neovessels within carotid atherosclerotic 
plaques (24). Most recently, investigators demonstrated that 
there was fair to good agreement between SMI and CEUS 
and excellent agreement between SMI and histology in the 
evaluation of neovessels within carotid plaques (25-27). 
Nevertheless, there is a lack of validation for the usefulness 
of SMI compared with both CEUS and histology in 
assessing the neovessels of carotid plaques.

This study sought to investigate the usefulness of SMI 
in characterizing neovessels within carotid atherosclerotic 
plaques through comparison with CEUS and histology.

Methods

Study sample

From January 2015 to May 2018, we retrospectively 
reviewed the carotid ultrasound database at Beijing Tsinghua 
Changgung Hospital. Patients with large atherosclerotic 
plaque in their carotid arteries (maximum plaque thickness 
>2.5 mm) determined by grayscale ultrasound imaging 
were recruited in this study. Subjects with the following 
conditions were excluded: (I) severe multiple organ failure; 
(II) hypersensitivity to albumin, blood-derived products, 
or the ultrasound imaging contrast agent (SonoVue); and 
(III) carotid plaques with acoustic shadowing caused by 
heavy calcification, which can influence the analysis of 
microbubbles in CEUS examinations. All included subjects 
underwent SMI and CEUS examinations. Clinical data 
including age, sex, body mass index (BMI), history of 
hypertension, diabetes mellitus, smoking, hyperlipidemia, 
stroke, coronary heart disease (CHD), cholesterol levels, 
and blood pressure were collected from patients’ medical 
records. The study protocol was approved by the ethics 
committee of Beijing Tsinghua Changgung Hospital and 
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informed consent was obtained from all participants.

Ultrasound imaging

Ultrasound imaging was performed for carotid arteries 
with large atherosclerotic plaques by a sonographer with 
more than 5 years of experience in vascular ultrasound 
imaging. Pre- and post-contrast imaging was conducted on 
an ultrasound scanner (Aplio500, Toshiba, Japan) using a 
3–9 MHz transducer. All plaques were scanned dynamically 
in grayscale mode in longitudinal and transverse sections 
in order to measure maximum plaque thickness and length 
of each plaque. According to the Society of Radiologists in 
Ultrasound Consensus Conference, luminal stenosis was 
measured using grayscale and Doppler ultrasound (28).  
The SMI images of each plaque were acquired using the 
SMI acquisition mode with close attention paid to the 
previously identified plaques at multiple different sections 
and orientations. Grayscale and mSMI were visualized 
simultaneously using the double-screen function. SMI was 
performed with a mechanical index of 1.5, a frame rate of 
25–30 fps, a velocity range of 1.0–1.5 cm/s, and a dynamic 
range of 55–60 dB. The SMI examination was accomplished 
within 1 minute for each plaque, and a video of the target 
plaque was recorded. Carotid CEUS was carried out by 
injecting a 2 mL bolus of microbubble agent, SonoVue 
(Bracco Imaging, Milan, Italy) via the median cubital 
vein, followed by a 5 mL normal saline flush. The plaque 
region was imaged for 100 seconds in total—10 seconds  
before and 90 seconds after the administration of the 
SonoVue microbubbles. During the examination period, 
the transducer was held still at the center of the plaques. 
Other CEUS settings included a mechanical index of 0.1, a 
frame rate of 10–15 fps, and a dynamic range of 50–60 dB. 
Both static images and dynamic real-time videos of SMI and 
CEUS were stored for further off-line analysis.

Image analysis

Plaques were classified by a radiologist who had more than 
5 years’ experience in vascular ultrasound imaging. Plaques 
were divided into five types according to echogenicity on 
the grayscale ultrasound images using the following criteria: 
type I: uniformly anechoic plaque; type II: predominantly 
hypoechoic plaque or anechoic areas >50%; type III: 
predominantly echogenic plaque with <50% hypoechoic 

areas; type IV: uniformly echogenic plaque; and type V: 
unclassified plaques due to acoustic shadowing caused by 
heavy calcification (29,30). The acquired CEUS and SMI 
data were evaluated independently by two radiologists who 
had more than 5 years of experience in vascular ultrasound 
imaging blinded to the histology results. The degree of 
contrast enhancement of carotid plaques was graded as: 
grade 0: no visible microbubbles within the plaque; grade 
1: moderate microbubbles confined to the shoulder and/
or adventitial side of the plaque; and grade 2: extensive 
intraplaque enhancement (31). The section with the 
maximal number of neovessels from the repeated SMI scans 
at multiple orientations was chosen for the classification of 
the intraplaque neovessels. The grading criteria for blood 
flow signals by SMI are: grade 0: no visible blood flow 
signal within the plaque; grade 1: moderate blood flow 
signals confined to the shoulder and/or adventitial region 
of the plaque; and grade 2: extensive intraplaque blood flow 
signals.

Reproducibility study

Fifteen plaques were randomly selected to determine 
the scan-rescan, intra-observer, and inter-observer 
reproducibility in evaluating the grade of blood flow signals 
within plaques using SMI. To minimize the memory bias, 
a 2-month time interval was set to test the intra-observer 
reproducibility.

Histology

Subjects who had symptomatic carotid stenosis (stenosis 
≥50%) or asymptomatic carotid stenosis (stenosis ≥70%) 
underwent endarterectomy surgery. Specimens were 
collected, processed, and analyzed by histology. The excised 
plaques were fixed in 10% buffered formalin, decalcified, 
and embedded in paraffin. Transverse 4-μm sections were 
obtained at 2.0-mm intervals. The excised plaques were cut 
from the proximal to distal portions, and all histological 
slices were retained except severely damaged ones. 
Immunohistochemical analysis was performed with CD31, a 
monoclonal antibody for endothelial cells, by a pathologist 
who was blinded to the clinical characteristics and the 
results of the ultrasound examination. The neovessels were 
then counted under a high-power microscope (200×). The 
mean neovessel density on histology was quantified as the 
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number of neovessels/mm2 and was used for determining 
the correlation with the imaging data.

Statistical analysis

The continuous variables were presented as mean ± standard 
deviation (SD) and the discrete variables were described 
as percentages. The agreement between SMI and CEUS 
and between SMI and histology in assessing neovessels was 
analyzed using weighted Kappa and Spearman’s correlation 
tests, respectively. For those patients without histology 
specimens, we utilized CEUS as the reference standard 
for assessing intraplaque neovessels. The agreement was 
rated using the following criteria: poor, weighted κ<0.4; 
fair, weighted κ=0.4–0.6; good, weighted κ=0.6–0.75; 
and excellent, weighted κ>0.75. The reproducibility of 
SMI in evaluating neovessels was analyzed with Cohen’s 
Kappa and weighted Kappa tests. A P value <0.05 was 
considered statistically significant. All statistical analyses 
were performed using SPSS version 24.0 (IBM, Chicago,  
IL, USA).

Results

A total of 92 patients were included in this study between 
January 2015 and May 2018. Of them, 14 patients were 
excluded due to acoustic shadowing in the carotid plaques 
caused by heavy calcification (type V plaques). Of the 
remaining 78 patients, 59 (75.6%) had hypertension, 46 
(59.0%) had hyperlipidemia, 39 (50.0%) had a history of 
smoking, 36 (46.2%) had CHD, 28 (35.9%) had diabetes 
mellitus, and 23 (29.5%) had a history of stroke. The 
patient recruitment process is detailed in Figure 1. Patient 
clinical characteristics are listed in Table 1.

Characteristics of carotid plaques on ultrasound imaging

Of the total sample of 78 patients, 52 (66.7%) had a solitary 
plaque in a unilateral carotid artery, and 26 (33.3%) had two 
plaques in bilateral carotid arteries. The 104 carotid plaques 
detected overall had a mean plaque thickness and length of 
4.3±1.1 and 18.8±6.6 mm, respectively. The prevalence of 
<50%, 50–69%, and ≥70% stenosis was 43.3%, 24.0%, and 
32.7%, respectively. According to the echo, the 104 plaques 
were classified into the following types: type I, 40 (38.5%); 
type II, 43 (41.3%); type III, 13 (12.5%); and type IV, 8 

(7.7%). Type V plaques were not included in the analysis 
due to the omission of plaques with acoustic shadowing 
caused by calcification. The characteristics of the plaques 
are documented in Table 2.

Agreement between SMI and CEUS

The results of the agreement between SMI and CEUS in 
determining the grade of neovessels are shown in Table 3.  
Weighted kappa analysis revealed excellent agreement 
(κ=0.825, 95% CI: 0.739–0.912) between SMI and CEUS in 
the grading of neovessels within the carotid plaques at the 
plaque level (n=104) (Figure 2). Of note, eight plaques were 
classified as grade 1 on SMI, but no bubbles were found on 
CEUS (Figure 3). In contrast, only one plaque was classified 
as grade 1 on CEUS, but no visible blood flow signal was 
observed on SMI. At the patient level (n=78), weighted 
kappa analysis showed excellent agreement (κ=0.820, 95% 
CI: 0.720–0.920) between SMI and CEUS in the grading of 
neovessels within the carotid plaques.

Agreement between SMI and histology

Of the total 78 patients, 27 (34.6%) underwent carotid 
endarterectomy, but 2 were excluded due to severely 
damaged specimens. Therefore, a total of 25 (32.1%) 
histologic  specimens of  carot id plaques  from 25 
individual patients were obtained for analysis. The plaque 
characteristics of the 25 patients who underwent SMI and 
histologic examination are detailed in Table 4. Neovessels 
were observed in all 25 plaques on histology and the mean 
value of the neovessel density was 5.6±4.9 neovessels/mm2.  
There was a strong correlation (r=0.660, P<0.001) between 
SMI and histology in the grading of neovessels within 
the carotid plaques. Figure 4 represents an example of 
good agreement between SMI and histology in visualizing 
neovessels within the carotid plaques. A strong correlation 
was also found between CEUS and histology (r=0.618, 
P=0.001) in the grading of neovessels within carotid plaques.

Reproducibility of SMI measurement

SMI was found to have excellent scan-rescan agreement in 
the evaluation of neovessels within carotid plaques (κ=0.857, 
95% CI: 0.588–1.000). The weighted kappa values for 
the intra-observer and inter-observer agreement of the 
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assessment of blood flow signals with SMI were 0.810 
(95% CI: 0.563–1.000) and 0.754 (95% CI: 0.441–1.000), 
respectively.

Discussion

This study investigated the usefulness of SMI in assessing 
neovessels within carotid plaques validated by CEUS and 
histology. Excellent agreement was found between SMI and 
CEUS, and good agreement was found between SMI and 
histology in the grading of carotid intraplaque neovessels. We 

also found that SMI detected more intraplaque neovessels 
than CEUS. Our findings suggest that SMI could be an 
alternative non-contrast-enhanced imaging approach for the 
evaluation of neovessels within atherosclerotic plaques.

In the present study, SMI showed excellent agreement 
with CEUS in the assessment of intraplaque neovessels. 
In a recent study by Oura et al., investigators recruited  
27 patients with carotid plaques (intima-media thickness  
≥2 mm) and found fair agreement (κ=0.5) between SMI and 
CEUS in detecting neovessels (25). In another study by 
Zhu et al., 82 patients with carotid plaques were recruited, 

Figure 1 Flow diagram of patient recruitment process. CEA, carotid endarterectomy.

Number of patients 
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analysis: n=25
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≥70% stenosis: n=34

Plaques need surgical 
treatment: n=43

Excluded due to
1) high risk of general anesthesia: n=8
2) refuse surgery: n=4
3) plaque not suitable for CEA: n=4

Excluded due to severely 
broken specimens: n=2
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and good consistency (κ>0.75) between SMI and CEUS was 
observed (26). Our study with a larger sample size (n=104) 
showed better agreement between SMI and CEUS than 
previous reports. The present study also showed that SMI 
was able to detect more neovessels, particularly small 
amounts of neovascularization, compared to CEUS. This 
may be due to the nature of SMI, which allows repeated 
scans to be carried out at multiple different sections and 
orientations. In contrast, during CEUS examination, only 
one section can be assigned to monitor the microbubbles in 
one bolus injection of contrast agent.

To the best of our knowledge, this is one of the first 
studies to validate the usefulness of SMI in evaluating 
intraplaque neovessels through comparison with histology. 
In a recent study by Chen et al., neovessels in carotid 
atherosclerotic plaques were assessed in 28 patients, and a 
significant correlation (r=0.788, P<0.001) was found between 
SMI and histology (27). In addition to the agreement of 

SMI and histology, we also investigated the consistency 
between SMI and CEUS using a larger sample size. In the 
present study, good agreement was found between SMI and 
histology in the grading of carotid intraplaque neovessels. 
Technically, only microvessels with a blood flow velocity 
≥0.4 cm/s can be captured by SMI. This may explain the 
phenomenon in some cases in which neovessels were 
detected by histology but cannot be delineated by SMI. 

Table 3 Agreement between SMI and CEUS in the assessment of 
neovessels (n=104)

SMI
CEUS

Total
Grade 0 Grade 1 Grade 2

Grade 0 18 1 0 19

Grade 1 8 42 3 53

Grade 2 0 2 30 32

Total 26 45 33 104

Weighted κ=0.825, 95% CI: 0.739–0.912. SMI, superb 
microvascular imaging; CEUS, contrast-enhanced ultrasound.

Table 1 Baseline clinical characteristics of 78 patients

Characteristics Mean ± SD, or n (%) Range

Age, years 67.3±8.9 42–87

Sex, male 63 (80.8) –

BMI, kg/m
2

24.9±3.4 17.9–37.0

Smoke 39 (50.0) –

Hypertension 59 (75.6) –

SBP, mmHg 137.8±21.0 93–202

DBP, mmHg 72.3±12.3 45–110

Hyperlipidemia 46 (59.0) –

Statin use 22 (28.2) –

LDL, mmol/L 2.5±0.9 1.0–4.5

HDL, mmol/L 1.0±0.3 0.5–1.9

TC, mmol/L 4.2±1.0 2.4–6.7

TG, mmol/L 1.5±0.9 0.6–6.1

Diabetes mellitus 28 (35.9) –

CHD 36 (46.2) –

Stroke 23 (29.5) –

SD, standard deviation; BMI, body mass index; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; LDL, low-density 
lipoprotein; HDL, high-density lipoprotein; TC, total cholesterol; 
TG, triglycerides; CHD, coronary heart disease.

Table 2 Ultrasound characteristics of carotid plaques (n=104)

Characteristics Mean ± SD, or n (%) Range

Thickness, mm 4.3±1.1 2.6–8.5

Length, mm 18.8±6.6 6.0–37.8

Type

I 40 (38.5) –

II 43 (41.3) –

III 13 (12.5) –

IV 8 (7.7) –

Stenosis

<50% 45 (43.3) –

50–69% 25 (24.0) –

≥70% 34 (32.7) –

SMI

Grade 0 19 (18.3) –

Grade 1 53 (51.0) –

Grade 2 32 (30.8) –

SD, standard deviation; SMI, superb microvascular imaging.
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Figure 2 Patient 1: a 78-year-old man with left carotid atherosclerotic plaque (A-C). The B-mode image shows an atherosclerotic plaque 
with predominant hypoecho (A). No neovessel was detected in the carotid plaque of patient 1 neither by SMI (B) nor by CEUS imaging (C). 
The neovessel within the plaque was classified as grade 0. Patient 2: a 54-year-old man with right carotid atherosclerotic plaque (D-F). The 
grayscale ultrasound shows a uniform anechoic atherosclerotic plaque (D). Neovessels within the plaques are indicated by green arrows and 
classified as grade 1 on both SMI (E) and CEUS imaging (F). Patient 3: an 80-year-old man with left carotid atherosclerotic plaque (G-I).  
The B-mode image shows an atherosclerotic plaque with uniform hyperecho (G). Neovessels within the plaques are indicated by green 
arrows and classified as grade 2 on both SMI (H) and CEUS imaging (I). SMI, superb microvascular imaging; CEUS, contrast-enhanced 
ultrasound.
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In the present study, the histologic sections were taken 
from plaque specimens every 2 mm, which may lead to an 
underestimation of intraplaque neovessels.

We found that SMI had excellent scan-rescan, inter-
reader and intra-reader reproducibility in evaluating 
neovessels within carotid plaques. In the present study, 
the neovessels in carotid plaques were classified into three 
grades, which differs from a previous study in which only 
the presence or absence of neovessels was determined (25). 
Since SMI does not require the administration of a contrast 
agent, repeated scans at multiple orientations can be 
performed and comprehensive evaluation can be achieved. 
This may ensure an excellent reproducibility for operators. 
The excellent scan-rescan agreement of SMI suggests that 
this is a highly reproducible technique which can be applied 
to monitor the natural history or treatment effects of 
carotid plaques in future studies.

Without the administration of a contrast agent, SMI could 
be a simple and effective imaging modality for the clinical 
screening and follow-up of unstable carotid plaques. Through 
a rapid SMI scan of less than 1 minute, radiologists could be 
able to provide more information about the vulnerability of 
carotid plaques to physicians. In future research, we intend to 

explore whether carotid plaque neovascularization assessed 
with SMI can help to predict future cerebrovascular events. 
Furthermore, SMI could also be utilized to monitor the 
effects of treatment on carotid plaques.

Our study has several limitations. First, due to the 
difficulties in performing CEUS for plaques with a thinner 
wall, only carotid plaques with a maximum plaque thickness 
>2.5 mm were included in this study. Therefore, this 
study lacks early plaques without neovessels as a control. 
Second, it is challenging to accurately match the sections 
of SMI with histology specimens because of the different 
orientations of longitudinal view with SMI and the cross-
sectional view with histology. Future studies using SMI 
with a cross-sectional view, which will better conform to 
histologic sections, are warranted. Third, neovessels with 
a blood flow velocity <0.4 cm/s cannot be captured by the 
current SMI technique. It is hoped that this resolution can 
be improved in the future by utilizing novel techniques. 
Fourth, the evaluations of SMI and CEUS imaging in our 
study were semi-quantitative. Time-intensity curves on 
CEUS imaging were able to provide quantitative parameters 
for assessing neovascularization within the carotid plaques 
(10,32); however, the quantitative technology for SMI was 

Figure 3 Scans from a 70-year-old man with left carotid atherosclerotic plaque. Grayscale ultrasound shows the longitudinal section of 
the plaque (A). The neovessels were detectable by SMI (B, grade 1) but invisible on CEUS (C, grade 0). Neovessels within the plaques are 
indicated by green arrows (B). SMI, superb microvascular imaging; CEUS, contrast-enhanced ultrasound.

A B C



1966 Meng et al. SMI, CEUS and histology assess carotid plaque neovessels

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(5):1958-1969 | http://dx.doi.org/10.21037/qims-20-933

not available in the present study. This might be a future 
research direction. Fifth, the histology sample size was 
small. Finally, because of the shadow caused by calcification, 
type V plaques on ultrasound imaging were excluded in 
this study. Therefore, the results of this study cannot be 
translated to all patients with carotid stenosis. DCE-MRI 

may be an appropriate tool for the evaluation of neovessels 
in type V plaques.

Conclusions

SMI is capable of reliably characterizing neovessels within 

Table 4 SMI, CEUS, and histologic characteristics of 25 patients with carotid plaques

Patient 
no.

Sex/age (years) Side

Ultrasound Histology

Length (mm)
Thickness  

(mm)
CEUS  
grade

SMI  
grade

Length (mm)
Density of neovessels 

(neovessels /mm
2
)

1 M/72 R 23.0 5.2 2 1 20.8 10.9

2 M/63 R 19.6 4.8 2 2 16.9 22.7

3 F/54 L 11.0 6.0 2 2 10.4 4.6

4 M/67 L 25.1 5.9 1 1 23.1 0.7

5 F/66 R 19.1 4.3 1 1 16.1 4.3

6 M/60 R 17.1 4.9 0 1 14.9 0.3

7 M/65 R 13.1 5.7 1 1 11.6 2.0

8 M/60 L 11.0 4.2 1 1 9.1 5.5

9 M/58 R 17.6 3.2 2 2 14.5 6.9

10 M/55 R 14.5 3.7 2 2 14.3 4.3

11 M/63 L 14.1 8.5 1 2 14.7 8.4

12 M/62 L 20.5 5.6 1 1 20.2 0.4

13 F/69 R 21.7 4.7 2 2 19.9 6.4

14 M/71 R 24.6 5.1 2 2 21.5 7.6

15 M/71 L 22.0 2.9 2 2 20.5 4.5

16 M/72 R 23.5 6.1 1 1 20.9 3.4

17 F/42 L 29.0 5.1 2 2 26.9 14.3

18 M/58 L 19.9 3.7 2 1 19.6 3.0

19 M/76 R 19.6 5.6 2 1 19.5 4.2

20 M/61 L 15.7 4.2 2 2 16.2 8.2

21 M/83 L 17.8 5.4 1 1 16.6 1.7

22 M/68 R 10.7 3.1 1 1 8.8 6.9

23 M/73 R 16.2 2.6 2 2 14.4 5.6

24 M/66 L 28.6 3.6 1 1 25.3 1.3

25 F/72 L 29.1 4.1 1 1 26.7 2.9

Neovessel density was measured by histology. R: right carotid artery; L: left carotid artery. SMI, superb microvascular imaging; CEUS, 
contrast-enhanced ultrasound.
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carotid atherosclerotic plaques and has good and excellent 
agreement with histology and CEUS, respectively.
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Figure 4 SMI images and histologic section from the same 76-year-old male patient. (A) A transverse section of carotid plaque: left: 
grayscale ultrasound; right: SMI image, extensive intraplaque blood flow signals. Neovessels within the plaques are indicated by green 
arrows. (B) Histologic section from the CEA specimen with CD31 stain (magnification, × 40), and marked neovessels can be seen. (C) High-
power view of the histologic section from the same specimen with CD31 stain (magnification, ×480). Neovessels within the plaques are 
indicated by black arrows. SMI, superb microvascular imaging; CEA, carotid endarterectomy
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