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Abstract. The aim of the present study was to compare the 
diagnostic values of ultrasound micro-flow imaging (SMI) 
and contrast-enhanced ultrasound (CEUS) for neovasculariza-
tion in carotid plaques, and to investigate their capacities for 
predicting the risks of cerebral stroke. A total of 39 patients 
(64 carotid plaques) with severe carotid artery stenosis 
undergoing carotid endarterectomy were selected between 
February 2015 and February 2016, and SMI and CEUS were 
used to detect neovascularization in plaques. According to 
the CEUS dynamic graph of plaques, the enhanced intensity 
visual scales and contrast parameters were obtained. Carotid 
atherosclerotic plaques were divided into 4 groups. The 
differences in the enhanced intensity visual scales, contrast 
parameters, and gray-scale median (GSM) values among the 
4 groups were analyzed. Carotid plaque tissue samples from 
patients were stained for CD34, and the consistency of the 
methods for the diagnosis of neovascularization in plaques was 
analyzed. The differences in GSM values, enhanced intensi-
ties, and enhanced densities among the 4 groups of plaques 
were statistically significant (F=29.365, χ2=29.025, χ2=30.871, 
P<0.001); the differences in enhanced intensities of carotid 
atherosclerotic plaques with different echo types were statisti-
cally significant (χ2=17.951, P<0.001). The enhanced intensity 
of plaques was negatively correlated with the GSM value 
(r=-0.376, P<0.01), and the enhanced density of plaques was 
negatively correlated with the GSM value (r=-0.252, P<0.01). 

SMI and CEUS grading had good consistency (κ=0.860>0), 
there were statistically significant differences in new vessel 
densities with different SMI gradings (P<0.001), and the 
clinical symptoms and severity were positively correlated with 
SMI grading (rs=0.592>0). In conclusion, SMI and CEUS 
have good consistency for evaluating neovascularization in 
carotid plaques, and have good clinical value for evaluating 
neovascularization in carotid plaques.

Introduction

Cerebral stroke is associated with the highest rate of disability 
in the world, seriously threatening human health (1). Increasing 
evidence has shown that the incidence rate of ischemic stroke 
secondary to decreased distal blood flow induced by carotid 
artery stenosis is not high (2). Similarly, previous findings have 
shown that the composition of carotid atherosclerosis plaques 
is closely related to the occurrence of cerebrovascular diseases. 
Therefore, its pathogenic mechanism is thromboembolism 
caused by the rupture of vulnerable plaques, rather than vascular 
lumen stenosis (1,2). The detection and evaluation of morpho-
logical changes in plaques may be more clinically valuable 
than the evaluation of the degree of lumen stenosis. Previous 
findings showed that vulnerable plaques have larger amounts of 
eccentric lipids, thinner fibrous caps, substantial inflammatory 
cell infiltration, intra-plaque hemorrhage, neovascularization, 
and superficial ulcers (3-5).

Neovascularization in plaques is an independent predictive 
factor of the rupture of vulnerable plaques, and is currently 
considered the most potent independent predictive factor 
of plaque rupture. Previous evidence demonstrated that the 
development of atherosclerotic plaques may be related to 
neovascularization (6). In 2005, Virmani et al found that 
neovascularization in plaques can promote the development 
of atherosclerotic lesions, and even induce intra-plaque 
hemorrhage, plaque rupture, and complications, which are 
important factors related to plaque instability (7). In addition, 
it was found that the amount of neovascularization in plaques 
is closely related to clinical manifestations. A higher density 
of neovascularization is associated with an increased risk of 
typical clinical manifestations (2-4). Therefore, the detection of 
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neovascularization is important for predicting plaque stability, 
assessing the risk of stroke, and for guiding clinical treatment.

Based on the above observations, new techniques for 
assessing neovascularization in plaques are necessary. 
Ultrasound micro-flow imaging (SMI) is a new blood flow 
imaging technique with high sensitivity, high resolution, and 
low artifact (8,9). The technique can effectively separate blood 
flow signals and overlapping tissue motion artifacts by the 
adaptive calculation method, and accurately detect low-speed 
blood flow signals (10). However, to the best of our knowlegde, 
there are no reports on SMI-mediated detection of neovas-
cularization in plaques. Therefore, the aim of the present 
study was to investigate whether SMI and contrast-enhanced 
ultrasound (CEUS) are consistent for the detection of neovas-
cularization in plaques that were verified by histology. We 
further investigated whether clinical symptoms and severities 
were associated with differences in SMI grading, to provide a 
basis for early clinical diagnosis and treatment, and reduce the 
risk of cerebral stroke caused by plaque rupture.

Patients and methods

Patients. A total of 39 patients (64 carotid atherosclerotic 
plaques) who underwent cervical vascular examination 
between February 2015 and February 2016 in the Affiliated 
Hospital of Chengde Medical College were selected. 
There were 31 males and 8 females, with an average age of 
66.8±7.4 years. Informed consent was obtained from all the 
enrolled patients. There were 11 patients with single carotid 
atherosclerotic plaques, and 28 patients with multiple carotid 
atherosclerotic plaques. Inclusion criteria were: patients with 
carotid atherosclerotic plaques in the common carotid artery 
and internal carotid artery identified by ultrasound examina-
tion (plaque thickness ≥2.0 mm, length ≥10 mm). Exclusion 
criteria were: patients who were unconscious and could not 
cooperate in the examination; patients with cardiac insuf-
ficiency and severe coronary atherosclerotic cardiopathy, 
arrhythmia, or allergic constitution; patients with carotid 
plaques associated with strong echoes with sound shadows, 
and patients with contraindications for SonoVue (Bracco spA, 
Milan, Italy).

Instruments and reagents. Aplio 500 ultrasonic diagnostic 
apparatus (Toshiba, Tokyo, Japan) (11-L4 probe; frequency, 
4-11 MHz), and contrast agent, SonoVue were used in the 
present study.

Ultrasonic examination. Routine ultrasound examination was 
performed by two experienced physicians in the ultrasound 
department. Patients were placed in a horizontal position 
with their head towards the opposite side of examination, 
with the neck exposed. The carotid artery was scanned by 
the probe from top to bottom in transverse and longitudinal 
directions. The largest thickness of plaques was measured in 
the longitudinal section, and severe carotid stenosis (70-99%) 
was determined according to the diagnostic criteria of the 
maximum systolic velocity (PSV) >230 mm/sec, maximum 
diastolic velocity (EDV) >100 mm/sec, PSV in the stenosed 
segment, distal maximum systolic velocity >4.0, and low-speed 
low-beat change in the distal stenosis spectrum. The probe 

was kept still, and the SMI mode was turned on to analyze 
neovascularization in plaques and store images. Examination 
of neovascularization was conducted again using CEUS, and 
the mechanical index was reduced to 0.12-0.20 to avoid the 
rupture of micro-bubbles at the early stage of angiography. 
Contrast agent (5 ml) was dissolved in 5 ml of 0.9% normal 
saline, followed by intravenous injection of 2.4 ml of contrast 
agent into the elbow vein. The dose was adjusted according to 
the specific conditions of the patient (not exceeding 4.8 ml). 
The images were stored after continuous observation for 
5 min, and 5 ml of 0.9% normal saline was injected following 
the contrast agent.

CEUS. Before examination, the patients were asked to mini-
mize body movement and swallowing, and avoid excessive 
breathing movement. The operator placed the probe on the 
surface of the body, and chose a clear region of the plaque. The 
ultrasound contrast mode and double-width real-time display 
were turned on, simultaneously showing the two-dimensional 
gray-scale interface and ultrasound contrast interface. The 
assistant was asked to inject 2.4 ml of contrast agent into 
the superficial vein in the elbow via bolus injection, imme-
diately followed by 5 ml of 0.9% normal saline solution. At 
the same time, the built-in timer and image acquisition were 
started. During the examination, the probe was maintained 
to clearly display the sections of interest. After continuous 
observation for 5 min, and automatic sequence acquisition, the 
dynamic images were stored in the hard disk. In patients with 
≥2 plaques, the interval between examinations was at least 
≥15 min. If a patient received ≥2 examinations, the built-in 
timer was restarted after entering the dynamic acquisition 
interface. After examination, the images were stored in raw 
data format, followed by in-machine and off-machine quan-
titative analysis. Intensity-over-time curve (ITC) Qanalysis 
quantitative software (Nanjing Jiancheng Biotech Co., Nanjing, 
China) was used for the in-machine analysis: after entering the 
ITC Qanalysis interface, the continuous dynamic images were 
opened, and the region of interest (ROI) was drawn manually 
according to the size and shape of different plaques. Another 
ROI was drawn in the carotid artery lumen in the proximal 
part of the plaque as the control, and the ROI was manually 
adjusted frame-by-frame in the in-machine analysis. The soft-
ware could automatically generate the ITC in the plaque and 
arterial lumen.

Carotid plaque grouping. Under conventional two-dimen-
sional gray-scale ultrasound, carotid plaques were divided 
according to the plaque classification method proposed by 
Gray-Weale et al (1) combined with the echo of the sterno-
cleidomastoid into homogeneous hypoechoic plaques (Type I): 
hypoecho in the plaque but with a fibrous cap that could 
reflect the echo; heterogeneous hypoechoic plaques (Type II): 
hypoechoic area prevailed in the plaque, and the hyperechoic 
area was <25% of the total plaque area; heterogeneous hyper-
echoic plaques (Type III): hyperechoic area prevailed in the 
plaque, and the hypoechoic area was <25% of the total plaque 
area; homogeneous hyperechoic plaques (Type IV): homo-
geneous hyperechoic plaques; unclassified plaques (Type V): 
calcified plaques formed with a rear acoustic shadow. Type V 
affected the results of analysis because of the rear acoustic 
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shadow. Therefore, it was not included in the scope of analysis. 
Definitions: hypoecho (echo slightly higher than the blood), 
isoecho (similar to the sternocleidomastoid echo), and hyper-
echo (higher than the sternocleidomastoid echo).

Gray-scale median (GSM) analysis. Three sections in 
conventional two-dimensional ultrasound in the longitudinal 
and transverse directions clearly showed the stored images 
after plaque echo, and the images were exported using a 
mobile hard disk. Power Showcase software (Autodesk, 
Inc., San Rafael, CA, USA) was used to transform the raw 
data format into JPG format. Adobe Photoshop Elements 11 
(Adobe Systems Incorporated, San Jose, CA, USA) was 
used for image editing to normalize the image processing. 
The gray-scale range was from 0 (black) to 255 (white), 
and 2 reference points were selected, blood (0) and adven-
titia (255). The image was imported to the software, the 
whole contours of each plaque in the 4 kinds of echoes 
were obtained using the ʻAutomatic Selection Tool’, and 
the gray-scale pixel histograms of plaques were obtained. 
The GSM values of plaques were recorded, and the auto-
matic selection tool was used to draw the local area of the 
sternocleidomastoid in the same image to obtain the gray-
scale pixel histogram of the sternocleidomastoid, and the 
GSM values were recorded. The GSMs of plaques and the 
sternocleidomastoid in conventional two-dimensional gray-
scale ultrasound longitudinal and transverse sections were 
obtained, and the means were compared. Among all plaques, 
mean GSM values lower than those of the sternocleidomas-
toid were classified as hypoechoic plaques, while mean GSM 
values higher than those of the sternocleidomastoid were 
classified as hyperechoic plaques, and the echo type of the 
plaque was determined by naked eye examination.

Visual score of CEUS. According to the scoring criterion of 
Shah et al (6), the degree of development was divided into 
0-3 points: 0 points, no enhancement in plaques; 1 point, 
point-like enhancement in plaques; 2 points, point-like and 
1-2 short line-like enhancements; 3 points, line-like enhance-
ment in plaques throughout the plaque, or with blood flow 
sign. Double-blind scoring was performed by two physicians; 
when there was disagreement, the scoring results of the more 
experienced one prevailed.

Examination method of SMI. The SMI mode was turned 
on to detect neovascularization in plaques. The sites of 
neovascularization were divided according to the plaque site 
into the proximal part, distal part, top part, and basilar part. 
Neovascularization was the short-line or strip-like hyper echo, 
although multi-section conventional ultrasound images were 
required to exclude the calcified echo in plaques. Grading 
criteria of neovascularization in plaques detected by SMI (5): 
Grade 0, no blood flow signal in plaques; Grade I, visible blood 
flow signal in the shoulder or basilar part of plaques; Grade II, 
visible blood flow signals in the shoulder and basilar part of 
plaques.

Observational indexes of SMI. The results of the diagnostic 
methods were recorded, and neovascularization in carotid 
plaques was divided according to the grading criteria of 

Nakamura et al (11): Grade 0, no obvious micro-bubbles in 
plaques; Grade I, micro-bubbles were limited to one side of 
the shoulder or outer membrane of plaques; Grade II, visible 
diffuse micro-bubbles in plaques.

Diagnostic criteria of SMI. According to the unified test 
standard of the North American Symptomatic Carotid 
Endarterectomy Trial approved by the ultrasound conference 
of the Radiological Society of North America (1), the degree of 
carotid artery stenosis was evaluated. Carotid diameter stenosis 
was divided into 4 grades: i) mild stenosis, stenosis rate <50%; 
ii) moderate stenosis with a stenosis rate of 50-69%; iii) severe 
stenosis with a stenosis rate of 70-99%; and iv) total occlusion 
with a stenosis rate of 100%.

Statistical analysis. SPSS 17.0 statistical software (IBM 
Corp., Armonk, NY, USA) was used. The κ test was used 
to test the consistency of grading results of SMI and CEUS. 
κ >0 indicated the significance, and larger κ value indicated 
better consistency. One-way ANOVA was used to investigate 
the differences of neovascularization density in plaques with 
different SMI grading, demonstrated by CD34 immuno-
histochemical staining. P<0.05 was considered statistically 
significant. Spearman's rank correlation test was used to inves-
tigate the correlation between SMI and clinical symptoms and 
severity. The correlation coefficient r>0 indicated a positive 
correlation, r<0 indicated a negative correlation, and r=0 indi-
cated no correlation.

Results

Ultrasonic examination results. A total of 39 patients under-
went carotid endarterectomy, and 39 carotid plaques were 
removed. κ test result of the consistency of SMI and CEUS: 
κ=0.860 >0 (Fig. 1; Table I).

Immunohistochemical examination results. A total of 
39 patients underwent carotid endarterectomy, and 39 carotid 
plaques were removed. One-way ANOVA was performed for 
neovascularization density of immunohistochemical staining 
in different SMI gradings (P<0.001). There was no significant 
difference between Grade 0 and Grade I SMI (P0-I=0.836), 
while there were significant differences between the other 
2 groups (P0-II=0.001, PI-II=0.041) (Table II).

Dynamic imaging performances and visual scores of the 
4 groups of plaques. A total of 64 carotid plaques from 
39 patients were divided into 4 groups according to different 
echo types, and into 4 grades according to CEUS visual score: 
0, 1, 2, and 3 points; with 5, 23, 23, and 13, respectively, in 
each grade (Table III). The consistency rate of the objects 
was 91% (κ=0.910, P<0.001). There were statistically signifi-
cant differences in the enhancement grading and intensity of 
CEUS visual score among the carotid atherosclerotic plaques 
with different echo types (χ2=17.951, P<0.001). Lower echo 
of carotid atherosclerotic plaques was associated with more 
obvious enhancement of CEUS visual score (Table III). The 
enhancement scores of the homogeneous hypoechoic plaque 
group and heterogeneous hypoechoic plaque group were 
2 and 3 points, accounting for approximately 66.7% (14/21) 
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and 92.3% (12/13), respectively. However, one homogeneous 
hypoechoic plaque showed no enhancement, and the enhance-
ment scores of the homogeneous hyperechoic plaque group 
and heterogeneous hyperechoic plaque group were 1 point, 
accounting for approximately 58.8% (10/17) and 46.2% (6/13), 
respectively.

CEUS parameters of the 4 groups of plaques. Grading results 
of 64 plaques of the 39 patients are shown in Table IV. There 
were 5 plaques with no enhancement in CEUS. Therefore, 
59 plaques were included in the CEUS quantitative analysis 
for the intensities and densities of the 4 groups of plaques 
according to different echo types, the results showed that the 
enhancement intensity was increased in the order of homo-
geneous hyperechoic plaques, heterogeneous hyperechoic 

plaques, homogeneous hypoechoic plaques, and heterogeneous 
hypoechoic plaques. The enhancement density was increased 
in the order of heterogeneous hyperechoic plaques, homoge-
neous hyperechoic plaques, homogeneous hypoechoic plaques, 
and heterogeneous hypoechoic plaques. The H test showed that 
there were statistically significant differences in the enhance-
ment intensity among the 4 groups (χ2=29.025, P<0.001). 
Pairwise comparisons showed that there were statistically 
significant differences between the homogeneous hypoechoic 
plaque group and homogeneous hyperechoic plaque group and 
heterogeneous hyperechoic plaque group (P<0.05). There were 
statistically significant differences between the heterogeneous 
hypoechoic plaque group and homogeneous hyperechoic 
plaque group and heterogeneous hyperechoic plaque group 
(P<0.05). There were no statistically significant differences 
between the other groups (Tables IV and V).

Grading results of SMI and CEUS. The κ test result was 
κ=0.860 >0, indicating that SMI and CEUS have good 
consistency for the detection of neovascularization in 
plaques (Table V).

Quantitative parameters of CEUS visual score enhancement. 
There were 5 plaques with no enhancement in CEUS with 
0 points. Therefore, 59 plaques with >0 points were included 
in the CEUS quantitative analysis. The enhanced intensity of 
CEUS visual scores is shown in Table VI. The visual score of 
intensity was increased from 1 point, 2 points, and 3 points 
in turn. There were statistically significant differences in the 
enhanced intensity values with different scores (χ2=23.709, 
P<0.001). Pairwise comparison showed that there were 

Table II. Neovascularization density of CD34 immunohisto-
chemical staining.

SMI grading  Neovascularization density (mm2)

Grade 0 1.79±0.41
Grade I 2.26±0.73
Grade II 3.11±0.48

One-way ANOVA P<0.001; there was no significant difference 
between Grade 0 and Grade I SMI (P0-I=0.836), while there were 
significant differences between the remaining 2 groups (P0-II=0.001, 
PI-II=0.041). SMI, ultrasound micro-flow imaging.

Table I. Grading results of CEUS.

 SMI grading
 ----------------------------------------------------------------------- 
CEUS grading 0 I II Total 

0 7 0 0 7
I 1 6 2 9
II 0 0 23 23
Total 8 6 25 39

κ test result: κ=0.860 >0. CEUS, contrast-enhanced ultrasound; SMI, 
ultrasound micro-flow imaging.

Table III. Grading of CEUS visual scores of carotid athero-
sclerotic plaques.

CEUS grading  No. of plaques Percentage

0 5 7.9
1 23 35.9
2 23 35.9
3 13 20.3
Total  64 100

CEUS, contrast-enhanced ultrasound.

Figure 1. Grading results of SMI. SMI, ultrasound micro-flow imaging.
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statistically significant differences in the enhanced intensity 
values between the visual score of 1 point and the visual 
score of 2 and 3 points (P<0.05), and there was no statistically 
significant difference between the other groups.

Comparison of the consistency of SMI and CEUS for the 
diagnosis of neovascularization in plaques. The sensitivity, 
specificity, and accuracy of SMI for the detection of neovascu-
larization in carotid plaques were 100, 65.0 and 68.8%, 
respectively. The comparison of the consistency of SMI and 
CEUS for the diagnosis of neovascularization in plaques 
showed κ=0.754 and P<0.05 (Table VII).

Discussion

Carotid atherosclerotic disease is one of the main causes of 
cerebral stroke. Histological and morphological studies suggest 
that carotid plaque-induced stroke depends on whether severe 
arterial stenosis leads to intracranial hypoperfusion or plaque 
rupture and ulceration, causing arterial thrombosis, which is 
referred to as the stability of plaques (12). Therefore, the search 
for accurate diagnostic and preventive methods, and a risk 

stratification and treatment plan to reduce the incidence and 
severity of acute cerebrovascular diseases, should no longer 
be limited to assessing the degree of arterial stenosis (13). In 
recent years, it has been shown that hypoechoic plaques share 
the pathological features of unstable plaques, including large 
lipid nuclei, thin fibrous caps, a large number of inflammatory 
cells, and the presence of neovascularization. Hemorrhage 
and rupture of these plaques occur more easily, resulting in 
a series of clinical symptoms. Hyperechoic plaques are less 
prone to rupture because of increased fiber composition and 
thicker fibrous caps (14-18). According to De Blois et al (19), 
intima-media thickness and plaque composition are evaluation 
indicators that can predict the occurrence of cardiovascular 
and cerebrovascular diseases. Therefore, the accurate evalu-
ation of plaque stability is of great significance for predicting 
the risk of plaque rupture, and reducing the incidence of acute 
cerebrovascular disease.

Atherosclerotic plaques are primarily composed of a 
fibrous cap, lipid necrotic core, inflammatory cells, adventitia, 
and neovascularization (20-24). Sluimer et al (25) found that 
hypoxia in plaques is related to thrombosis, atherosclerosis, 
vascular endothelial growth factor, CD68 expression, and 
hypoxia-inducible factor. The mRNA and protein expression 
of hypoxia-inducible factor, target genes, and microvessel 
density are gradually increased from the early to the stable 
stage of the lesion, indicating the correlation between the 
development of hypoxia and atherosclerosis and neovas-
cularization in plaques. New capillaries in plaques, and 
proliferation of adventitial vasa vasorum or ‘vessels of the 
vessels’ are important features of vulnerable plaques, and are 
closely related to plaque stability. Increased neovasculariza-
tion is associated with poorer plaque stability, and can more 
easily result in rupture, causing embolism (26). Therefore, it 
is highly important to detect and screen for dangerous lesions, 

Table IV. Comparisons of enhanced intensity values of carotid plaques with different echo types: median (interquartile range).

Echo type  Median (interquartile range) (x10-5AU)

Homogeneous hypoechoic plaque (Group 1) 0.0510 (0.0269-0.1877)
Heterogeneous hypoechoic plaque (Group 2) 0.1021 (0.0679-0.2013)
Homogeneous hyperechoic plaque (Group 3) 0.0125 (0.0036-0.0352)a,b

Heterogeneous hyperechoic plaque (Group 4) 0.0137 (0.0032-0.0300)a,b

χ2=29.025, P<0.001; the difference was statistically significant compared with aGroup 1 and bGroup 2.

Table V. CEUS visual scores of carotid atherosclerotic plaques with different echo types (n).

Echo type  No. of plaques 0 1 2 3

Homogeneous hypoechoic plaque 21 1 6 7 7
Heterogeneous hypoechoic plaque 13 0 1 7 5
Homogeneous hyperechoic plaque 17 2 10 5 0
Heterogeneous hyperechoic plaque 13 2 6 4 1

CEUS, contrast-enhanced ultrasound.

Table VI. Comparisons of enhanced intensity of carotid athero-
sclerotic plaques with different scores [median (interquartile 
range)].

   Median (interquartile range)
Score No. of plaques (x10-5AU)

1 23 0.0086 (0.0032-0.0324)
2 23 0.0546 (0.0300-0.1019)
3 13 0.1021 (0.0478-0.3468)



ZHANG et al:  COMPARISON OF SMI AND CEUS FOR NEOVASCULARIZATION IN CAROTID PLAQUES 685

perform qualitative and quantitative analysis of the prolif-
erative degree of neovascularization in plaques with different 
echo types, conduct risk stratification for plaques, predict 
plaque rupture risk, and provide a valuable clinical basis for 
the prevention and treatment of atherosclerosis-related cardio-
vascular and cerebrovascular diseases. At present, various 
imaging methods, such as three-dimensional computer 
tomography, high-resolution magnetic resonance imaging, 

and CEUS, have been used to assess the properties of plaques, 
and the application of SMI in evaluating neovascularization 
in atherosclerotic plaques has great clinical value (27). Our 
study showed that the sensitivity, specificity, and accuracy of 
SMI for the detection of neovascularization in carotid plaques 
were 100, 65.0, and 68.8%, respectively. The comparison of 
consistency of SMI and CEUS for the diagnosis of neovascu-
larization in plaques showed κ=0.754 and P<0.05, suggesting 

Table VII. Comparison of the consistency of SMI and CEUS for the detection of neovascularization in plaques.

 Detection of neovascularization
 in plaques via SMI
 ----------------------------------------------------------------------
Item Detected Not detected Total

Detection of neovascularization in plaques via CEUS
  Detected 44   7 51
  Not detected   0 13 13
κ-value 0.754  64
P-value  <0.05

SMI, ultrasound micro-flow imaging; CEUS, contrast-enhanced ultrasound.

Figure 2. Display of calcification in plaques under SMI mode. SMI, ultrasound micro-flow imaging; H&E, hematoxylin and eosin.
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that SMI has a better power for the diagnosis of neovascular-
ization in plaques, and has good consistency compared with 
CEUS.

To the best of our knowledge, there are no relevant studies 
on the detection of neovascularization in carotid plaques via 
SMI, although there are many studies on other diseases that 
indicate that SMI can effectively detect blood vessels (27,28). 
In this study, we found that 1 plaque had Grade 0 SMI and 
Grade I CEUS, and 2 plaques had Grade II SMI and Grade I 
CEUS. The optimal debugging condition of SMI therefore 
requires further study, as it is a new technique for observing 
neovascularization. When using the SMI mode to observe 
neovascularization in plaques, calcification in plaques shows 
a similar performance to neovascularization in the SMI mode. 
However, it can distinguish between them. New vessels will 
flow with time, but the development of calcification is static, 
brighter than new blood vessels, and can coincide with two-
dimensional images (Fig. 2). Therefore, it can eliminate the 
impact of calcification on the observation of neovasculariza-
tion. Compared to CEUS, the SMI technique uses a new 
self-adaptive algorithm to identify and eliminate tissue motion 

artifacts, retain the most subtle low-velocity blood flow signals, 
and can show unparalleled details with high definition and 
clear neovascularization in plaques (Figs. 3 and 4).

Before SMI, CEUS was commonly used to observe 
neovascularization in carotid plaques, but the technique is 
invasive and limited by the physical condition of the patient, 
with relatively high costs. During routine ultrasound, we 
used the SMI technique to evaluate neovascularization in 
plaque development. The SMI procedure is basically the 
same as color Doppler flow imaging without the waiting time 
for contrast agent to distribute to vessels. Therefore, the time 
necessary for observing neovascularization is much shorter 
than that of CEUS, reducing the psychological and financial 
burden of patients, and reducing the workload of ultrasound 
physicians. Patients with ulcerated plaques received SMI to 
observe neovascularization in carotid plaques, followed by 
risk stratification for ulcerated plaques, and prediction of 
the risk of stroke. As shown in Figs. 5 and 6, the plaques in 
patients with ultra-low echo plaques can be deformed with 
the heart, which may be because of plaque rupture, causing 
thrombosis. SMI examination identified the visible blood 

Figure 3. Clear display of neovascularization under SMI mode. SMI, ultra-
sound micro-flow imaging.

Figure 4. Unclear display of neovascularization within the same plaque 
shown in Fig. 2 under CEUS mode. CEUS, contrast-enhanced ultrasound.

Figure 5. Grade I neovascularization within the ulcer plaque under SMI 
mode. SMI, ultrasound micro-flow imaging.

Figure 6. Grade II neovascularization within the hypoechoic plaque under 
SMI mode. SMI, ultrasound micro-flow imaging.
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flow signals in ultra-low echo, which may have occurred 
because most of the components of the plaques were liquid. 
Regarding the detection of carotid plaques, when the common 
carotid artery bifurcation site or plaque site is relatively high, 
the vascular probe cannot meet the needs of clinical exami-
nation. Therefore, a conventional abdominal probe should be 
used. The SMI technique is not limited by the probe. Given 
that the SMI technique is non-invasive with easy operation 
and no additional injury in routine ultrasound examination, 
it is suitable for the evaluation of carotid atherosclerotic 
plaques.

The results of our study showed that the GSM values were 
increased in the order of homogeneous hypoechoic plaques 
(34.78±11.16), heterogeneous hypoechoic plaques (44.55±11.97), 
homogeneous hyperechoic plaques (50.20±13.61), and hetero-
geneous hyperechoic plaques (77.50±16.04). Moreover, the 
differences in GSM values between the 4 groups of plaques 
were statistically significant (F=29.365, P<0.001), indicating 
that lower plaque echo is associated with lower GSM value, 
which is consistent with the previous histological study and 
GSM correspondence analysis (29). The GSM values of the 
heterogeneous hypoechoic plaque group were higher than 
those of the homogeneous hypoechoic plaque group. The 
GSM values of the heterogeneous hyperechoic plaque group 
were higher than those of the homogeneous hyperechoic 
plaque group, and the differences in the comparisons between 
the two groups were statistically significant (P<0.05). These 
observations were related to the histological composition and 
classification of plaques: hypoecho prevailed in heterogeneous 
hypoechoic plaques, and the calcium and fiber composition in 
the hyperechoic area (<25% of the total plaque area) made the 
GSM values higher than those of the homogeneous hypoechoic 
plaque group; hyperecho prevailed in heterogeneous hyper-
echoic plaques, and the hypoechoic and echoless areas (<25% of 
the total plaque area) could decrease the GSM value of plaques; 
however, the hyperechoic area in heterogeneous hyperechoic 
plaques accounted for the majority, and two-dimensional ultra-
sonography showed that its gray-scale intensity was higher than 
that of the homogeneous hypoechoic plaque group. According 
to ultrasound imaging and the acoustic impedance principle, 
combined with pathological tissue components, it may be 
related to a higher calcareous component and higher GSM 
value. Therefore, the GSM values of the heterogeneous hyper-
echoic plaque group were higher than those of the homogeneous 
hyperechoic plaque group. In addition, the differences between 
the heterogeneous hypoechoic and homogeneous hyperechoic 
plaque groups were not statistically significant (P=0.245), 
possibly because the calcareous component in heterogeneous 
hypoechoic plaques increases the GSM value, thus it is close 
to the GSM value of homogeneous hyperechoic plaques 
containing fibrous tissue components. The GSM technique 
provides a quantitative and objective evaluation method for the 
classification of plaques with different echo types, avoiding the 
subjectivity of judging the plaque echo types by naked eye eval-
uation. Therefore, the repeatability is high (30-33). According 
to Mathiesen et al (34), hypoechoic plaques can increase the 
risk of ischemic cerebrovascular events, which is significantly 
correlated with the plaque echo type (P=0.015), and detecting 
the plaque echo type via two-dimensional ultrasound can 
predict the risk of ischemic cerebrovascular events.

In this study, κ test results showed that SMI and CEUS 
have good consistency for the detection of neovascularization 
in plaques. One-way ANOVA showed that SMI can effectively 
distinguish neovascularization density. However, there was no 
statistically significant difference between Grade 0 and Grade 1 
SMI. The rank-sum test and Spearman's rank correlation test 
showed that SMI grading can predict the occurrence of stroke 
to some extent. Higher SMI grading is associated with higher 
risk of stroke.

In conclusion, our results suggest that the GSM technique 
can evaluate plaque stability through the quantitative classifi-
cation of plaque echoes, for use as an important reference index 
for predicting the risk of stroke. This is consistent with the 
study by Ariyoshi et al (35), who measured the plaque echoes 
of carotid atherosclerotic plaques in 84 patients with type 2 
diabetes mellitus using GSM, and investigated the correlations 
between different echoes and different GSM values, and the 
incidence rate of cardiovascular and cerebrovascular events. 
The GSM technique can be used in combination with CEUS 
to directly observe the proliferation of neovascularization in 
plaques, and obtain significant quantitative parameters, to 
evaluate the stability of plaque more objectively.
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