
1SCiEntifiC REPORTS |  (2018) 8:8849  | DOI:10.1038/s41598-018-27260-0

www.nature.com/scientificreports

Carotid vulnerable plaques 
are associated with circulating 
leukocytes in acute ischemic stroke 
patients: an clinical study based on 
contrast-enhanced ultrasound
Zhaojun Li  1, Yun Bai1, Wanbin Li1, Feng Gao1, Yi Kuang1, Lianfang Du1 & Xianghong Luo  2

Inflammatory activity plays a central role in the development of carotid rupture-vulnerable 
atherosclerotic plaques, which is one of the major contributors to acute ischemic stroke. Our objective 
was to characterize carotid intraplaque neovascularizations (INP) using contrast-enhanced ultrasound 
(CEUS) and evaluate plaque burden through exploring the relationship between INP and cell count 
of peripheral leukocytes. Sixty-two patients with large artery atherosclerosis (LAA) were enrolled in 
this study. CEUS was performed to characterize the carotid artery plaques. The correlations between 
the CEUS imaging features of carotid plaques and leukocyte counts were investigated. The results 
showed that the characteristic parameters derived from CEUS, including peak of time-intensity curve 
(TIC-P), mean of time-intensity curve (TIC-M), peak (FC-P), sharpness (FC-S) and area under the curve 
(FC-AUC) compared with the control group, were all increased in the stroke group. TIC-P, TIC-M and 
FC-P were negatively related to lymphocytes, respectively. FC-S and FC-AUC were positively correlated 
with neutrophils, respectively. Our study indicated carotid INP was closely related to the peripheral 
leukocytes count. CEUS may serve as a useful tool to predict vulnerability of plaque.

Stroke is one of the leading causes of mortalities worldwide with 15 million people experiencing a new or recur-
rent stroke every year, resulting in 5 million deaths and an additional 5 million patients who are permanently 
disabled. Acute ischemic stroke (AIS) accounts for about 80 percent of all stroke1. Around 20% of ischemic 
strokes appear to originate from carotid plaques2. According to the Trial of Org 10172 in Acute Stroke Treatment 
(TOAST) Subtype Classification System, AIS is more likely to be associated with the rupture of carotid plaque3. 
An important characteristic of vulnerable plaques is increased macrophage content. A high rate of oxygen con-
sumption by plaque macrophages causes hypoxia within the plaque, which induces a continual release of growth 
factors that stimulate the neovascularization processes4,5. The neovascularization in the plaque eventually con-
tribute to the instability of the plaque, leading to intraplaque hemorrhage, plaque rupture and clinical events6,7. It’s 
widely recognized that vascular inflammation is closely linked to neovascularization, which are two interplaying 
key factors determining the progression of carotid atherosclerotic plaque8. It used to be thought that intraplaque 
inflammations is a “inside-out” process featured by a cascade of inflammatory responses of monocytes to the 
accumulation of oxidized lipid in the intima of arteries9. However, increasing evidences point to the process of 
adventitial vasa vasorum, which in turn contributes to the intraplaque neovascularization, an important feature 
in plaque development and vulnerability triggered by inflammation and hemorrhage10,11. Several serum inflam-
matory markers have been proposed as the risk factors for assessing the patients bearing atherosclerotic lesions 
of the carotid artery2. White blood cells constitute the effector arm of the immune system, playing the key roles in 
both immune surveillance and prompt response to tissue damage2. Studies demonstrated that different cells were 
found to be altered in patients with atherosclerosis, among which mononuclear cells, including both lymphocytes 
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and monocytes subpopulations have been most frequently implicated in the pathogenesis of atherosclerosis2. 
Population-based studies have proven the association between the presence of plaque and total white blood cells 
and monocytes counts12,13.

Contrast material–enhanced (CE) ultrasound US is the useful imaging modality for visualizing the neovas-
cularization of carotid artery plaque, due to the fact that microbubbles function as intravascular tracers allowing 
the identification of carotid artery plaque neovessels by dynamically assessing plaque uptake of microbub-
bles in the plaque7. CEUS can evaluate the vulnerability of plaques by quantitatively analyzing the intraplaque 
neo-angiogenesis and serve as a visualization diagnostic tool for the adventitia vasa vasorum14. However, few 
studies have investigated the relationship between the neo-angiogenesis and the circulating leukocytes in acute 
ischemic stroke patient. The aim of this study was to investigate the plaque vulnerability by quantitatively evalu-
ating the carotid intraplaque neo-angiogenesis using CEUS in AIS patients and analyze the correlation between 
the cell count of leukocyte subpopulations.

Results
Clinical and demographic Characteristics. The demographic information, vascular risk factors and cell 
count of circulating leukocytes of all participants were shown Table 1. There is no significantly statistical differ-
ence between the two groups in general demographics (P > 0.05). The total cell count of circulating leukocytes 
and neutrophils in the AIS group were higher than those in the control group, while the number of lymphocytes 
was smaller than the control group (P < 0.05). There is no significantly statistical difference with respect to the 
level of FPG, TC, TG, LDL-C and systolic and diastolic blood pressure between the two groups (P > 0.05).

Quantitative Imaging Characteristics of Carotid Plaques Measured Based on Contrast-Enhanced  
Ultrasound Images. We examined 8 carotid artery segments (common carotid artery, carotid bulb, internal 
carotid artery, and external carotid artery bilaterally) in each patient, for a total of 928 segments. Conventional 
ultrasound and CEUS images identified at least one carotid plaques for all subjects. The conventional ultra-
sound examination identified 203 carotid plaques (87.5%) with 29 plaques not detected (12.5%). All the subjects 
had advantage plaques, which were eligible for the assessment of intraplaque neovascularization (IPN). CEUS 
detected the 116 advantage plaques. There was statistically significant in the amount of INP between patients with 
and without AIS (all P < 0.01) (Table 2). Semi-quantification visual assessment of the plaques found no IPN in 
25 of advantage plaques (46%), and IPN in 29 plaques (54%) in control group, and in the AIS group no IPN was 
found in 8 of plaques (13%), and IPN was found in 54 plaques (87%). The comparison of the CEUS qualitative 
parameters between AIS and control subjects was shown in Table 2. The values of TIC-P, TIC-M, FC-P, FC-S and 
FC-AUC in the AIS group were significantly higher, compared with control group (all P < 0.05).

Correlations between the quantitative CEUS variable and circulating leukocyte counts. There 
was a correlation between neovascularization and lymphocytes and neutrophils, respectively (r = −0.223 and 
0.203, P < 0.05). Figures 3 and 4, panels summarize the significant association between TIC-P, FC-P, and TIC-M 
and the average cell count of lymphocytes (r = −0.291, −0.270, and −0.263, P < 0.05). FC-P was negatively cor-
related with the level of FBG, TC, and LDL-C (r = −0.463 and −0.449, all P < 0.05) and TIC-M was negatively 
correlated with the average cell count of LDL-C (r = −0.454, all P < 0.05). FC-S and FC-AUC were positively 
correlated with neutrophils (r = 0.261 and 0.295, all P < 0.05) (Figs 1 and 2)

Intra- and inter-observer variability. There was a favorable agreement between quantitative variables 
measured by the same observer and by the two independent observers for FC-P and TIC-P. The mean (±SD) 
difference was 0.350 (±0.653) for repeated measurements of FC-P taken by the same observer and 0.240 (±1.642) 
for those taken by two independent observers. The mean (±SD) difference was 1.250 (±3.160) for repeated 
measurements of TIC-P taken by the same observer and −0.600 (±3.705) for those taken by two independent 
observers (Fig. 3).

Discussion
Cerebrovascular disease is the leading cause of deaths worldwide15. The rupture of carotid plaque is induced by 
the loss of fibrous cap integrity and luminal blood communication with the thrombogenic core of the plaque16, 
leading to the formation of a thrombus, which can subsequently embolize and occlude a distal cerebral artery, 
resulting in stroke16,17. Inflammatory response has been recognized as the most important contributor to the 
development of atherosclerosis and the interplay of neovascularization and inflammation are considered the 
main causes of atherosclerotic plaque vulnerability and rupture5. Plaque inflammation may have multiple effects 
that weaken plaque structural integrity, including inhibition of collagen production and dissolution of the fibrous 
matrix by means of matrix metalloproteinases17. In our study, we found the increasing cell count of circulating 
blood leukocyte and neutrophils, and the decreased number of lymphocytes in the stroke patients. The increased 
number of neutrophils had a significantly negative correlation with such parameters as TIC-P, TIC-M and FC-P, 
the quantitative imaging features, which reflect the degree of intraplaque neovascularization. There is a sig-
nificantly positive correlation between the decreased number of lymphocyte and the parameters of FC-S and 
FC-AUC that are the imaging characteristics reflecting the permeability of the premature neovasculatures in 
plaques. The results indicate that some relationship may exist between the subpopulation change of circulating 
leukocytes and the formation of neovascularization in plaques. The cell count of a specific subpopulation of cir-
culating white blood cells may well serve as biomarkers to predict the stability of a carotid plaque.

White blood cells constitute the effector arm of the immune system, attending to both immune surveillance 
and prompt response to tissue damage. It is well known that sterile inflammation is a crucial event in the patho-
logical process that underlies atherosclerosis18. The formation of plaques is initiated as the deposition of oxidized 
lipid begins in the intima of artery wall. The enlarging plaque disturbs the arterial laminar state of blood flow 
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and causes local turbulence or eddy in the plaque-formed vessel. The leukocytes in axial flow continuously pass 
through the weakened endothelium and accumulate in the lipid core to scavenge the toxic chemicals, such as the 
oxidized lipid. This complex cascade of pathologic processes taking place in the arterial intima ultimately lead to 
the ruptures of vulnerable plaques and result in brain stroke. Brain stroke can lead to prolonged inflammatory 
response. The leukocytes, monocytes and cytokines are recruited and react on the cranial nerve, exacerbating the 
damage of brain19.

The angiogenesis in plaque is another important pathological feature of plaque vulnerability. The neovascu-
latures in the plaques are comprised of immature microvessels with high permeability. Plaque instability, which 
leads to plaque rupture and clinical events, may be triggered by the disruption and leakage of immature neovessels 
originating from adventitial vasa vasorum20. The neovasculature growth into the plaque and increased endothe-
lial permeability are associated with plaque inflammation, so plaque enhancement has been recognized to be a 
sign of plaque inflammation. Thus, developing a noninvasive imaging method to assess plaque vulnerability on 
the basis of plaque vascularization is highly relevant. Our study shows that the carotid artery plaques in stroke 
patients had significant angiogenesis than those in the control group. The quantitative parameters derived from 
contrast-enhanced ultrasonography, including TIC-P, TIC-M and FC-P were significantly elevated in the ASI 
group than the control group. Similar finding has been reported in previous studies21. Ultrasound contrast agent 
has been widely used as the tracer of the vasa vasorum. CEUS provides direct visualization of the carotid artery 
plaque neovascularization. The quantitative evaluation of microbubbles perfusion in the plaques could help us 
assess the degree of neovascularization, the indirect reflection of the inflammation, and the stability of plaques22. 
Histopathology confirmed that the uptake of microbubbles in plaques has a direct correlation with the microves-
sel density in the plaque. It has been reported that the increasing vasa vasorum was related to the occurrence of 
cardiovascular and cerebrovascular events. The inflammatory response and the angiogenesis in plaques are inter-
twined to aggravate the pathogenesis of atherosclerosis. The angiogenesis from the vasa vasorum in adventitia 
and the vascular cavity surface provide the pathway for inflammatory cells to enter the plaques23. Inflammatory 
cells can generate matrix metalloproteinases to degrade matrix, undermine the fibrous cap, and lead to plaque 
vulnerable24. Our study showed the correlation between the cell counts of blood cells and the quantitative imag-
ing features derived from CEUS, which provide the clue for the further researches, such as evaluating the role of 
contrast-enhanced ultrasonography of plaque in predicting the cerebrovascular events, the relationship between 
the angiogenesis in different parts of the plaques and the value of peripheral blood leukocytes as the biomarker 
for vulnerable plaque.

Several limitations should be considered in interpreting our results. First, relatively few cases have been 
reported and no comparison was performed for the subgroups with and without plaque ruptures in the AIS 
group. Secondly, no histologic analysis was performed for the carotid plaques because of the limited availability 
of the plaque tissue. And thirdly, this study did not analyze the peripheral blood leukocyte subsets to explore 
the impact of leukocyte subsets on plaque burden. Research has shown that, circulating HLA-DR+ T cell levels 
correlates with increased carotid intraplaque neovascularization25. Accordingly, Ammirati et al. found that neo-
vascularized atherosclerotic lesions selectively associate with lower blood levels of CD14+ and CD14highCD16- 
monocytes independently of systemic inflammatory activity26. Whether the change of circulating leukocyte 
subsets is due to a potential redistribution of these cell types into active lesions remains to be explored.

Variable Total (n = 116) AIS (n = 62) No AIS (n = 54) P value

Gender (F/M) 26/90 14/48 12/42 1.000

Age, mean (SD), y 66.3 (7.8) 67.7 (8.8) 64.7 (6.8) 0.121

Height, mean (SD), cm 166.7 (6.5) 166.9 (6.4) 166.6 (6.6) 0.840

Weight, mean (SD), kg 64.3 (10.9) 64.0 (11.1) 64.7 (10.6) 0.805

Body mass index, mean (SD), kg/m2 23.0 (3.0) 22.8 (3.1) 23.2 (2.8) 0.497

Baseline SBP, mean (SD), mm Hg 136.5 (16.3) 137.5 (15.2) 135.3 (17.6) 0.622

Baseline DBP, mean (SD), mm Hg 85.8 (10.0) 85.8 (9.3) 85.7 (10.9) 0.968

History of diabetes mellitus, n (%) 42.0 (36.2) 24.0 (38.7) 18.0 (33.3) 0.786

History of hypertension, n (%) 50.0 (43.1) 28.0 (45.2) 22.0 (40.7) 0.795

Fasting plasma glucose, mean (SD), m mol / L 5.9 (1.5) 6.1 (1.6) 5.7 (1.4) 0.407

Total cholesterol, mean (SD), m mol / L 4.6 (1.1) 4.6 (1.2) 4.5 (0.9) 0.736

LDL cholesterol, mean (SD), m mol / L 2.9 (1.0) 2.9 (1.1) 3.0 (0.8) 0.693

Triglycerides, mean (SD), m mol / L 1.5 (1.1) 1.7 (1.3) 1.3 (0.8) 0.295

Leukocytes, mean (SD), ×109/L 6.57 (2.09) 7.05 (2.33) 6.01 (1.82) 0.028

Lymphocytes, mean (SD), ×109/L 1.82 (0.71) 1.67 (0.54) 1.99 (0.91) 0.047

Neutrophils, mean (SD), ×109/L 4.18 (1.66) 4.59 (1.72) 3.71 (1.59) 0.018

Monocytes, mean (SD), ×109/L 0.43 (0.20) 0.46 (0.22) 0.41 (0.18) 0.886

Eosinophils, mean (SD), ×109/L 0.27 (0.61) 0.27 (0.58) 0.27 (0.65) 0.954

Basophils, mean (SD), ×109/L 0.07 (0.25) 0.07 (0.27) 0.07 (0.22) 0.988

Table 1. Baseline and Clinical Data of Patients with and without AIS. F indicates female; M, male; AIS, acute 
ischemic stroke; 1 mm Hg = 0.133 kPa.
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Variable AIS (n = 62) No AIS (n = 54) P value

P after adjusting for

BMI SBP DBP

TIC-P, mean (SD), dB 55.08 (14.57) 42.92 (14.63) <0.001 <0.001 <0.001 <0.001

TIC-M, mean (SD), dB 25.29 (8.89) 21.88 (8.15) 0.046 0.050 0.042 0.044

FC-P, mean (SD) 25.24 (8.92) 23.89 (8.09) 0.041 0.051 0.053 0.047

FC-S, mean (SD), 1/s 0.71 (0.27) 0.20 (0.11) <0.001 <0.001 <0.001 <0.001

FC-AUC, mean (SD), 1/s 17.22 (8.38) 4.40 (1.97) <0.001 <0.001 <0.001 <0.001

Degree of plaque INP, n (%)

Grade 1 8 (13) 25 (46) <0.001 / / /

Grade 2 54 (87) 29 (54) <0.001 / / /

Table 2. Imaging Data in Patients with and without AIS. TIC-P: the peak of time-intensity curve; TIC-M: the 
mean of time-intensity curve; FC: fitting curves of time-intensity; P: peak; AUC: area under the curve; BMI, 
body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure.

Figure 1. Correlations of FC-P, FC-S and FC-AUC with lymphocytes in AIS patients (A–C) and non-AIS 
controls (D–F). FC-P, peak of the fitting curve; FC-S, sharpness of the fitting curve; FC-AUC, area under the 
fitting curve; AIS, acute ischemic stroke. Correlation coefficients and P-value are given in the graphs.
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Figure 3. Intra- and inter-observer variability of FC-P (A,B) and TIC-P (C,D) measurements performed in 20 
subjects: Bland-Altman plots showed good agreement between measurement for FC-P and TIC-P, both by the 
same observer (A,C) and by two independent observers (B,D).

Figure 2. Correlations of TIC-P and TIC-M with lymphocytes in AIS patients (A–B) and non-AIS controls 
(C–D). TIC-P, peak of the time-intensity curve; TIC-M, mean of the time-intensity curve; FC-AUC, area under 
the fitting curve; AIS, acute ischemic stroke. Correlation coefficients and P-value are given in the graphs.
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Conclusion
Contrast-enhanced ultrasound can assess the vulnerability of carotid plaque and its acoustic parameters are 
closely related to peripheral blood leukocyte. The contrast-enhanced ultrasound is valuable in reflecting the 
inflammatory activity in the plaques.

Materials and Methods
Study Subjects. This prospective observational study involved 62 consecutive inpatients (48 men and 
14 women, aged 53–80 years with mean age of 67.7 ± 8.8 years) treated in department of neurology, Shanghai 
General Hospital, Shanghai Jiaotong University. The study protocol was approved by the ethics committee of 
Shanghai General Hospital (2014158), Shanghai Jiaotong University (China). All participants provided their 
written informed consent. The methods in this study were performed in accordance with approved guideline. 
No incentives, financial or other, were offered to them. Patients who had the primary cerebral AIS confirmed by 
head CT and MRI examination within one week were included. Exclusion criteria were as follows: having the 
contraindications of receiving the intravenous administration of ultrasound contrast agent, such as acute cardiac 
failure, unstable angina, acute endocarditis, known right-to-left shunts, allergy to microbubble contrast agents; 
recent history of active bleeding or a malignant tumor. Fifty-four patients with imaging-confirmed carotid ather-
osclerosis but without cerebral cerebrovascular events were involved as the age- and sex-matched control subjects 
for the study group (48 men and 14 women, aged 51–79 years with mean age of 64.7 ± 6.7 years). The control 
group had no history of hypertension or coronary heart disease with normal findings of physical examination, 
echocardiography, electrocardiography and laboratory tests of hepatic and renal functions. The enrolled subjects 
were required to suspend the antihypertensive medications, quit smoking, drinking, and coffee for 24 hours. All 
the subjects underwent a conventional carotid duplex ultrasound examination followed by the contrast-enhanced 
ultrasound (CEUS).

Demographic characteristics, medical and familial history of the involved subjects were documented, and 
physical examination was performed prior to the ultrasound examination, including the measurements of body 
mass index (BMI) and blood pressure. The patient hypertension was diagnosed according to 2013 Hypertension 
Clinical Practice Guidelines27. Diabetes mellitus was determined based on Standards of Medical Care in 
Diabetes-2017. Body height and weight were measured. Blood samples were collected in the early morning 
following 12-h fasting for the test of fasting plasma glucose (FPG), total cholesterol (TC), triglyceride (TG), 
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), peripheral blood 
leucocytes, lymphocytes and neutrophils.

Ultrasound imaging of Carotid Arteries. Conventional ultrasound and CEUS were performed using 
a Siemens Sequoia 512 and S2000 ultrasound system (Siemens, Mountain View, CA, USA), equipped with a 
9-L4 linear transducer (5–9 MHz) and the software for CEUS. Carotid artery examination was performed by 
a trained sonography technician using a standard scanning protocol according to the American Society of 
Echocardiography consensus statement28. Briefly, B-mode ultrasound imaging and color Doppler ultrasound 
were performed to examine the bilateral common carotid arteries, the extracranial segments of the internal 
carotid arteries, and the external carotid arteries29. The number, location, and distribution of every carotid 
artery plaque was recorded, and the degree of carotid artery stenosis was assessed. Plaques were determined as 

Figure 4. Contrast-enhanced ultrasound (CEUS) of intraplaque neovascularization (IPN) in carotid arteries of 
a patient with both acute ischemic stroke (A–C) and a patient without acute ischemic stroke (D–F). IPNs were 
observed in the plaque ROI (yellow arrows).
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advantage plaques with the following criteria: located at the distal portion of the general carotid bifurcation or at 
the origin of internal carotid artery; thickness >2.0 mm and the largest one was selected from the multiple lesions; 
no definite calcification; with the consistence of ipsilateral cerebral infarction.

CEUS examination was performed after a bolus injection of Sono Vue (Bracco, Italy) using the amplitude 
modulation mode. Before injection of microbubbles, the intravenous access was flushed with 5 mL 0.9% NaCl 
solution. 2.5 mL contrast agent was injected via median cubital followed by a flush of 5 mL saline. Contrast 
administration was repeatedly injected as needed with a maximal dose of up to 10 mL. The optimized contrast 
mode of the ultrasound imaging acquisition includes the following parameters: a mechanical index of 0.06–0.08, 
90% gain compensation and 2–3 cm focus. The 90-second standard and CECU video clips were recorded and 
analyzed by the primary investigator (L.Z.) who was blinded to the patient demographic information.

IPN was performed using a semi-quantification visual grading scale (Fig. 4). The visual grading scale was 
categorized as follows: grade1: no bubbles within the plaque or bubbles confined to plaque adventitial side and/
or shoulder; grade 2: bubbles reaching plaque core and/or extensive contrast-agent enhancement throughout 
the plaque30. Quantification of IPN was performed using the QontraXt software (QontraXt v.3.60, AMID, Rome, 
Italy) (Fig. 5). The time-intensity curve (TIC) and the fitting curve (FC) for each plaque was rendered using the 
software. The quantitative parameters including the peak intensity (TIC-P, expressed in decibels) and the mean 
intensity (TIC-M, expressed in decibels) based on the TIC was measured using QontraXt software. The index 
peak of FC (FC-P, expressed as a percentage, maximum intensity = 100%), the sharpness of FC (FC-S, expressed 
in seconds−1) and the area under the curve of FC (FC-AUC, expressed in seconds−1) were used to quantitatively 
characterize the plaques as well31.

Statistical Analysis. Shapiro normality test should be used to test normality of the distribution of vari-
able, and continuous variables were presented as mean (standard deviation) or median [inter-quartile range]. 
Categorical variables are expressed as percentages. Independent t-test was used to compare the continuous varia-
bles between the two groups, and χ2-test was used to compare the categorical variables. Pearson correlation anal-
ysis was used to establish correlation between the quantitative parameters based on the measurements of CEUS 

Figure 5. The automated quantification of intraplaqueneovasculization (IPN) of carotid plaque using 
QontraXt. (A) A manual region of interest (ROI) was placed to enclose the whole area of the plaque with IPN 
demonstrated in the plaque ROI (arrow). (B) Parametric imaging: Parametric imaging results into four images 
that corresponds to the maps of the curve fitting parameters. (C) The time-intensity curve (green-colored 
curve). (D) Parametric fitting curve: time-intensity fitting curve (blue curve). Numeric values of peak, TP, 
sharpness, and AUC were automatically calculated based on the time-intensity curve and are shown at the top 
of the graphs.
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images and the cell counts of leukocyte subpopulations and the correlation coefficient was rendered. Spearman’s 
rank correlation coefficient was used to assess statistical dependence. As body mass index (BMI) or blood pres-
sure could have affected measurement, the results for parameters of CEUS were adjusted for these two covariates, 
using a general linear model. Quantitative parameters for the same plaque was measured by the same observer 
and by the two independent observers, and Bland-Altman analysis was performed to test the reproducibility of 
the repeat measurements32. The statistical analyses were performed using SPSS 13.0 (SPSS, Chicago, IL, USA) and 
P < 0.05 was used to indicate the statistical significance.

References
 1. Meschia, J. D. et al. Guidelines for the Primary Prevention of Stroke: A Statement for Healthcare Professionals From the American 

Heart Association/American Stroke Association. Stroke. 45, 3754–3832 (2014).
 2. Ammirati, E. et al. Markers of inflammation associated with plaque progression and instability in patients with carotid 

atherosclerosis. Mediators Inflamm. 2015, 718329 (2015).
 3. Li, Z. J., Du, L. F., Wang, F. & Luo, X. H. Assessment of the arterial stiffness in patients with acute ischemic stroke using longitudinal 

elasticity modulus measurements obtained with Shear Wave Elastography. Med Ultrason. 18, 182–189 (2016).
 4. Gaens, M. E. et al. Dynamic contrast-enhanced MR imaging of carotid atherosclerotic plaque: model selection, reproducibility, and 

validation. Radiology. 266, 271–9 (2013).
 5. Hoogi, A. et al. Carotid plaque vulnerability: Quantification of neovascularization on contrast-enhanced ultrasound with 

histopathologic correlation. AJR Am. J. Roentgenol. 196, 431–436 (2011).
 6. Osborn, E. A. & Jaffer, F. A. Imaging inflammation and neovascularization in atherosclerosis: clinical and translational molecular 

and structural imaging targets. Curr Opin Cardiol. 30, 671–680 (2015).
 7. Staub, D. et al. Correlation of carotid artery atherosclerotic lesion echogenicity and severity at standard US with intraplaque 

neovascularization detected at contrast-enhanced US. Radiology. 258, 618–26 (2011).
 8. Kim, Y. W., West, X. Z. & Byzova, T. V. Inflammation and oxidative stress in angiogenesis and vascular disease. J Mol Med (Berl). 91, 

323–328 (2013).
 9. Zacharias, D. G. et al. Humanin, a cytoprotective peptide, is expressed in carotid atherosclerotic [corrected] plaques in humans. 

PLoS One. 7, e31065 (2012).
 10. Galkina, E. et al. Lymphocyte recruitment into the aortic wall before and during development of atherosclerosis is partially 

L-selectin dependent. J Exp Med. 203, 1273–1282 (2006).
 11. Maiellaro, K. & Taylor, W. R. The role of the adventitia in vascular inflammation. Cardiovasc. Res. 75, 640–648 (2007).
 12. Hermus, L. et al. Carotid plaque formation and serum biomarkers. Atherosclerosis. 213, 21–9 (2010).
 13. Debing, E. et al. Markers of inflammation in patients with symptomatic and asymptomatic carotid artery stenosis: a case-control 

study. Vasc Endovascular Surg. 42, 122–7 (2008).
 14. Sluimer, J. C. et al. Hypoxia, hypoxia-inducible transcription factor, and macrophages in human atherosclerotic plaques are 

correlated with intraplaque angiogenesis. J. Am. Coll. Cardiol. 51, 1258–1265 (2008).
 15. Luengo-Fernandez, R. et al. Population-based study of disability and institutionalization after transient ischemic attack and stroke: 

10-year results of the Oxford Vascular Study. Stroke. 44, 2854–61 (2013).
 16. Owen, D. R. et al. Inflammation within carotid atherosclerotic plaque: assessment with late-phase contrast-enhanced US. Radiology. 

255, 638–44 (2010).
 17. Kerwin, W. S. et al. Inflammation in carotid atherosclerotic plaque: a dynamic contrast-enhanced MR imaging study. Radiology. 241, 

459–68 (2006).
 18. Abderrazak, A. et al. Anti-inflammatory and antiatherogenic effects of the NLRP3 inflammasome inhibitor arglabin in ApoE2.Ki 

mice fed a high-fat diet. Circulation. 131(12), 1061–70 (2015).
 19. Yilmaz, G. & Granger, D. N. Leukocyte Recruitment and Ischemic Brain Injury. Neuromolecular Med. 12, 193–204 (2010).
 20. Dong, L. et al. Carotid artery atherosclerosis: effect of intensive lipid therapy on the vasa vasorum–evaluation by using dynamic 

contrast-enhanced MR imaging. Radiology. 260, 224–31 (2011).
 21. Donckt, C. V. et al. Elastin fragmentation in atherosclerotic mice leads to intraplaque neovascularization, plaque rupture, myocardial 

infarction, stroke, and sudden death. Eur Heart J. 36, 1049–1058 (2015).
 22. Kawabe, J. & Hasebe, N. Role of the Vasa Vasorum and Vascular Resident Stem Cells in Atherosclerosis. Biomed Res Int. 2014, 

701571 (2014).
 23. Ergul, A., Abdelsaid, M., Fouda, A. Y. & Fagan, S. C. Cerebral neovascularization in diabetes: implications for stroke recovery and 

beyond. J Cereb Blood Flow Metab. 34, 553–563 (2014).
 24. Douglas, G. R. et al. Impact of Fiber Structure on the Material Stability and Rupture Mechanisms of Coronary Atherosclerotic 

Plaques. Ann Biomed Eng. 45, 1462–1474 (2017).
 25. Ammirati, E. et al. Reduction of Circulating HLA-DR(+) T Cell Levels Correlates With Increased Carotid Intraplaque 

Neovascularization and Atherosclerotic Burden. JACC Cardiovasc Imaging. 9, 1231–1233 (2016).
 26. Ammirati, E. et al. Circulating CD14+ and CD14(high)CD16- classical monocytes are reduced in patients with signs of plaque 

neovascularization in the carotid artery. Atherosclerosis. 255, 171–178 (2016).
 27. Mancia, G. et al. 2013 ESH/ESC Guidelines for the management of arterial hypertension: the Task Force for the management of 

arterial hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). J Hypertens. 
31, 1281–357 (2013).

 28. Stein, J. H. et al. Use of carotid ultrasound to identify subclinical vascular disease and evaluate cardiovascular disease risk: a 
consensus statement from the American Society of Echocardiography Carotid Intima-media Thickness Task Force. Endorsed by the 
Society for Vascular Medicine. J Am Soc Echocardiogr. 21, 93–111 (2008).

 29. Li, Z. J., Liu, Y., Du, L. F. & Luo, X. H. Evaluating arterial stiffness in type 2 diabetes patients using ultrasonic radiofrequency. J 
Huazhong Univ Sci Technolog Med Sci. 36, 442–448 (2016).

 30. Coli, S. et al. Contrast-enhanced ultrasound imaging of intraplaque neovascularization in carotid arteries: correlation with histology 
and plaque echogenicity. J Am Coll Cardiol. 52, 223–30 (2008).

 31. Li, Y. et al. The therapeutic effect of bevacizumab on plaque neovascularization in a rabbit model of atherosclerosis during contrast-
enhanced ultrasonography. Sci Rep. 6, 30417, https://doi.org/10.1038/srep30417 (2016).

 32. Li, Z. J., Du, L. F. & Luo, X. H. Evaluation of ventricular-vascular coupling in patients with type 2 diabetes mellitus using 
2-dimensional speckle tracking imaging. J Huazhong Univ Sci Technolog Med Sci. 34, 929–34 (2014).

Acknowledgements
This work was supported by research grants from the Shanghai Health and Family Planning Commission Fund 
(grand number 201440290 and 201640043), Shanghai Science and Technology Committee Fund (grand number 
15411969100 and 16411969300), Interdisciplinary Program of Shanghai Jiao Tong University (project number 
YG2015MS28), Three - year Plan for Clinical Skills and Innovation in Municipal Hospitals (project number 

http://dx.doi.org/10.1038/srep30417


www.nature.com/scientificreports/

9SCiEntifiC REPORTS |  (2018) 8:8849  | DOI:10.1038/s41598-018-27260-0

16CR3105B) and Technology Transfer Project of Sience & Technogy Dept., Shanghai Jiao Tong University 
School of Medicine (grand number ZT201710 and ZT201711). Thanks to Professor Feng Zhang at department of 
radiology, University of Washington School of Medicine for revising the article.

Author Contributions
Z.J.L., L.F.D. and X.H.L. designed this study, and they all performed statistical analyses. Z.J.L., Y.B., W.B.L., F.G., 
Y.K. and L.F.D. conducted the study and collected important background data. Z.J.L. and X.H.L. drafted the 
manuscript. All authors read and approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Carotid vulnerable plaques are associated with circulating leukocytes in acute ischemic stroke patients: an clinical study  ...
	Results
	Clinical and demographic Characteristics. 
	Quantitative Imaging Characteristics of Carotid Plaques Measured Based on Contrast-Enhanced Ultrasound Images. 
	Correlations between the quantitative CEUS variable and circulating leukocyte counts. 
	Intra- and inter-observer variability. 

	Discussion
	Conclusion
	Materials and Methods
	Study Subjects. 
	Ultrasound imaging of Carotid Arteries. 
	Statistical Analysis. 

	Acknowledgements
	Figure 1 Correlations of FC-P, FC-S and FC-AUC with lymphocytes in AIS patients (A–C) and non-AIS controls (D–F).
	Figure 2 Correlations of TIC-P and TIC-M with lymphocytes in AIS patients (A–B) and non-AIS controls (C–D).
	Figure 3 Intra- and inter-observer variability of FC-P (A,B) and TIC-P (C,D) measurements performed in 20 subjects: Bland-Altman plots showed good agreement between measurement for FC-P and TIC-P, both by the same observer (A,C) and by two independent obs
	Figure 4 Contrast-enhanced ultrasound (CEUS) of intraplaque neovascularization (IPN) in carotid arteries of a patient with both acute ischemic stroke (A–C) and a patient without acute ischemic stroke (D–F).
	Figure 5 The automated quantification of intraplaqueneovasculization (IPN) of carotid plaque using QontraXt.
	Table 1 Baseline and Clinical Data of Patients with and without AIS.
	Table 2 Imaging Data in Patients with and without AIS.




