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Background: Carotid atherosclerotic plaque inflammation plays a critical role in guiding the prevention
of secondary stroke. Increased perivascular adipose tissue attenuation observed on computed tomography
angiography (CTA) may indicate local inflammation. Our objective was to investigate whether pericarotid
adipose tissue (PCAT), as a local inflammation biomarker, could distinguish between different stages of
carotid atherosclerotic disease plaques.

Methods: We prospectively enrolled 45 consecutive acute stroke patients with carotid artery stenosis
from September 2019 to September 2021. We then matched them to non-stroke patients (n=67) and no
carotid atherosclerotic disease controls (n=65) based on gender, age, and cardiovascular risk factors. We
compared PCAT attenuation, carotid plaque features on CTA, clinical risk factors, and serum inflammatory
factors across the different groups. To detect the association of PCAT attenuation with stage of carotid
atherosclerotic disease, we used multivariable logistic regression analysis.

Results: Patients with acute stroke had a higher PCAT attenuation (-78.80£11.62 HU) than patients with non-
stroke (-89.01+10.81 HU, P<0.001) and no carotid atherosclerotic disease controls (-95.24+10.81 HU, P<0.001).
PCAT attenuation was significantly increased in non-stroke patients compared to non-stroke patients over
no carotid atherosclerotic disease controls (P=0.004). The association between PCAT attenuation and the
stage of carotid atherosclerotic disease was independent of age, gender, cardiovascular risk factors, and CTA
plaque characteristics. No interaction was observed between clinical features and CTA plaque characteristics
on PCAT attenuation.

Conclusions: PCAT attenuation, which is an imaging biomarker of local inflammation, independently
distinguishes patients with different stages of carotid atherosclerotic disease. Quantitative evaluation of PCAT

attenuation in carotid atherosclerotic disease is expected to guide targeted surgical treatment of carotid plaque.
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Introduction

Carotid atherosclerotic disease is a significant contributor
to ischemic stroke events. Thromboembolism resulting
from the rupture of vulnerable carotid atherosclerotic
plaques accounts for at least 15-30% of all ischemic stroke
events (1,2). Consequently, there is a growing interest
in developing a new imaging biomarker to improve the
identification of vulnerable carotid plaques and alter
management strategies for stroke.

It is important to note that inflammation plays a significant
role in the rupture of vulnerable plaque (3). Studies
conducted at the histological level have demonstrated that a
substantial infiltration of inflammatory cells can be observed
in atherosclerotic plaques that are classified as culprit
lesions (4,5). The degree of inflammation is correlated
with the incidence of ischemic stroke. Therefore, precise
identification of local plaque inflammation is essential for
targeted therapies that aim at preventing cardiovascular
events, including ischemic stroke.

At present, there are few easily accessible methods for
the early detection of local plaque inflammation. The
metabolic activity of inflammatory cells within carotid
atherosclerotic plaque can be visualized and measured using
"F-fluorodeoxyglucose positron emission tomography (6,7).
However, this technique is not commonly used in clinical
practice due to poor spatial resolution, radiation exposure,
and cost. Consequently, a conventional imaging method
that can evaluate local plaque inflammation early is essential
for risk stratification.

Several studies have indicated that increased perivascular
fat density on computed tomography angiography (CTA)
can indirectly reflect local plaque inflammation (8).
Inflammatory mediators released from diseased vascular
segments can cause perivascular adipose tissue inflammation
and alter the phenotype of perivascular adipocytes, which
may be the cause of inflammation (9). This phenomenon
has been demonstrated in coronary arteries (10-12).
Since carotid atherosclerosis shares characteristics and
mechanisms with coronary atherosclerosis (13), researchers
have proposed new ideas that use CTA attenuation to
evaluate carotid atherosclerotic plaque inflammation.
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Konishi ez al. established that perivascular adipose tissue
inflammation was associated with cardiac events in
coronary arteries (14). However, no studies have shown a
causal relationship between carotid plaque inflammation
as demonstrated by pericarotid adipose tissue (PCAT)
attenuation and downstream ischemic stroke.

Investigating the capability of PCAT to distinguish
the stage of carotid atherosclerotic disease could provide
valuable insights into the connection between carotid plaque
inflammation and ischemic stroke, potentially aiding in the
secondary prevention of stroke and targeted treatment of
carotid plaque. In this cross-sectional study, we evaluated
the association of PCAT attenuation with stage of carotid
atherosclerotic disease to shed light on the relationship
between local carotid inflammation and ischemic stroke to
some extent.

Methods
Patient population

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Ethics Committee of Xuanwu Hospital,
and informed consent was obtained from all patients or
their legal guardians. We prospectively enrolled consecutive
first acute stroke patients with carotid artery stenosis
who were admitted to our stroke center from September
2019 to September 2021 in Group 1 (acute stroke group).
Inclusion criteria were as follows: carotid sonography
showed moderate to severe stenosis (>50% measured as
defined by NASCET criteria). Exclusion criteria were as
follows: (I) history of allergy to iodine contrast media or
renal dysfunction (estimated glomerular filtration rate
assessed by creatinine clearance <60 mL/min/1.73 m?). (II)
Aortic artery and ipsilateral anterior circulation intracranial
artery arteriosclerosis with >50% stenosis. (III) Evidence
of non-atherosclerotic cerebrovascular diseases (e.g.,
vasculitis, Moyamoya disease, fibromuscular dysplasia).
(IV) Echocardiography evidence of cardiogenic embolism.
(V) History of transluminal intervention. During the same
period, we matched the outpatients with carotid artery
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Figure 1 Flow chart. CTA, computed tomography angiography; BMI, body mass index.

stenosis severity >50% but without stroke (Group 2, non-
stroke group), and with neither carotid artery stenosis nor
stroke (Group 3, no carotid atherosclerotic disease group).
We matched the three groups based on gender, age, and
cardiovascular risk factors such as coronary heart disease,
hypertension, diabetes, dyslipidemia, and smoking. Detailed
medical records and laboratory data were recorded for all
enrolled patients.

Please refer to Figure 1 for a detailed description of the
patient selection process. All patients underwent CTA and
magnetic resonance imaging (MRI) examination within
24 hours after enrollment. CTA was used to evaluate carotid
plaque features and PCAT, while MRI was employed
to determine if the enrolled patients had experienced
a recent stroke, which facilitated the process of patient
grouping. We enrolled patients with acute stroke and
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carotid atherosclerotic plaques as culprit lesions which was
determined by the neuroradiologist based on combined
clinical and imaging information.

Imaging protocol

All patients underwent head and neck CTA using a
256-detector multi-detector CT scanner (Revolution CT,
GE Healthcare, Milwaukee, USA). Data were acquired
from the aortic arch to the vertex in a caudocranial
direction. Imaging was performed before and after
injection of contrast media. Images were obtained using
prospective ECG-triggered axial scanning during one tube
rotation and within one R-R interval. The tube voltage was
100 kVp. The tube current was adjusted based on
attenuation and ranged from 350 to 650 mA. Enhanced
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-114.8 HU

Figure 2 Measuring PCAT attenuation on CTA in three different groups. Patients with acute stroke (A-C), non-stroke (D-F), and no

carotid atherosclerotic disease control (G-I). (A,D,G) MIP image shows severe stenosis of internal carotid artery (white arrows); (B,E,H)

DWI image acute stroke, non-stroke, and no carotid atherosclerotic disease control; (C,EI) axial CTA image shows different PCAT

attenuation in three groups. HU, Housefield unit; PCAT, pericarotid adipose tissue; CTA, computed tomography angiography; MIP,

maximum intensity projection; DWI, diffusion weighted imaging.

images were obtained by administering 60-80 mL of
contrast medium (Ioversol, 320 Bayer Schering Pharma,
Berlin, Germany). The scan started 8 seconds after the peak
time of the ascending aorta. CT scan parameters were as
follows: slice thickness of 0.625 mm, matrix size of 512x512,
and a field of view of 14-19 cm. The original images had
a slice thickness and spacing of 0.625 mm. Reconstructed
images were obtained using the post-processing workstation
(AW4.7, GE Healthcare). These images, including
maximum intensity projection, multiplanar reformation,
curved planar reformation, and volume rendering, were
used to evaluate vascular characteristics.

Routine brain MRI was performed with a 3-tesla
MRI scanner (Magnetom Verio, Skyra, Prisma, Siemens,
Erlangen, Germany) with a 32-channel integrated head coil.

Imaging analysis

CTA image analysis

All CTA images were analyzed using VascuCAP software
(Elucid Bioimaging, Wenham, MA, USA) (12) and assessed
with viewing window settings of 850 HU/300 HU to
evaluate CTA characteristics.

Qualitative features analysis

Qualitative features included plaque enhancement and
plaque ulceration. Plaque ulceration was defined as a
projection of contrast material at least 2 mm deep into
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the plaque in any single plane (15). Plaque enhancement
was defined as the CT value of plaque increasing after
administration of contrast (16).

Quantitative features analysis

Quantitative features included luminal stenosis, max
dilation, soft plaque thickness, PCAT attenuation, and
volumes of plaque components. Soft plaque thickness
was defined as the maximum thickness of the noncalcified
plaque component on CTA axial sections (17).

We placed the circular regions of interest (ROIs;
2.5 mm’) in the adipose tissue near the two carotid arteries
included in the final analysis. In Groups 1 and 2, we
placed the ROIs within the adipose tissue adjacent to the
symptomatic side or the narrowest carotid artery side,
respectively. We positioned the other two ROIs at the
same level near the contralateral carotid artery. In Groups
3, the ROIs were respectively placed in the adipose tissue
surrounding the bifurcation of the bilateral carotid arteries,
as this is a common site for plaque development. Carefully
excluding the lumen, calcifications, and other soft tissue
structures, we placed the ROIs at least 1 mm from the
outer edge of the carotid wall. Figure 2 shows examples
of measuring PCAT attenuation on CTA from each of
the three groups. The degree of luminal stenosis was also
automatically determined by the software. The mean HU
and standard deviation of the two ROIs were included in
the final analysis.
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Figure 3 Example of semiautomatic segmentation with VascuCAP of the carotid artery plaque of two subjects. In acute stroke patient,

(A-C) significant IPH components. In non-stroke patient, (D-F) lipid and calcium were the dominating plaque components. Red means

IPH; Yellow means lipid; Green means calcium; Brown means PCAT; Other parts of the plaque component are mixed. IPH, intraplaque

hemorrhage; PCAT, pericarotid adipose tissue.

The volumes of various plaque components were
assessed using VascuCAP, a semiautomatic software
(Figure 3) (12). We manually delineated lumen and wall of
carotid plaque segments. Software segmentation of plaque
components was based on the different CT value ranges
for each element. Thresholds of each specific tissue were as
follows (18): calcified (=130 HU), mixed (=60 and
<130 HU), lipid (=25 and <60 HU), and intraplaque
hemorrhage (IPH) (<25 HU). The software automatically

output percentage luminal stenosis and max dilation.

Statistical analysis

The Shapiro-Wilk test was used to check for normality.
Descriptive statistics were used to report continuous
variables as mean and standard deviation for normally
distributed variables, and median and interquartile range
for non-normally distributed variables. Categorical
variables were reported as percentages. One-way ANOVA
or Kruskal-Wallis testing with Bonferroni correction for
post-hoc analysis was used to compare the three groups.
The Chi-squared test was used for categorical variables.
Multivariate logistic regression models were used to
determine the contribution of PCAT attenuation to each
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stage of carotid atherosclerotic disease, adjusting for plaque
characteristics or cardiovascular risk factors. Variables with
a P value of <0.1 or recognized risk factors from univariate
analysis were entered into the multivariate analysis
model. Stepwise multifactor logistic regression analysis
was performed to determine independent predictors of
stroke or stable carotid atherosclerotic disease. Statistical
significance was set at P value <0.05. The intraobserver
and interobserver consistency of qualitative CTA
characteristics were evaluated using Cohen’s k coefficient,
and the consistency of quantitative CTA characteristics was
evaluated using intraclass correlation coefficient. SPSS 25.0
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 7.0 for
Windows (San Diego, CA, USA) were used for all statistical
analyses.

Results
Demographic and clinical characteristics

The study included a total of 177 participants, with 45 acute
stroke patients in Group 1, 67 non-stroke patients in Group
2, and 65 no carotid atherosclerotic disease controls in
Group 3. Table I presents the clinical characteristics of the
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P value
Variables Group 1 (n=45) Group 2 (n=67) Group 3 (n=65)
1vs. 2 1vs. 3 2vs. 3
Clinical characteristics
Age (years) 67.09+8.2 67.60+8.4 64.85+6.8 0.939 0.303 0.110
Male 42 (93.3) 56 (83.6) 54 (83.1) 0.126 0.113 0.938
BMI (kg/m?) 24.6+3.4 24.6+3.2 25.7+3.9 0.957 0.748 0.718
Coronary heart disease 10 (22.2) 19 (28.4) 16 (24.6) 0.467 0.771 0.626
Hypertension 34 (75.6) 48 (71.6) 47 (72.3) 0.647 0.704 0.180
Diabetes 19 (42.2) 28 (41.8) 23 (35.4) 0.964 0.468 0.450
Dyslipidaemia 16 (35.6) 19 (28.4) 15 (23.1) 0.420 0.153 0.488
Smoking 24 (53.3) 32 (47.8) 33 (50.8) 0.563 0.791 0.730
Lipids (mmol/L)
Triglyceride 1.27 (0.39-3.39) 1.05 (0.29-3.26) 1.04 (0.54-3.23) 1.138 0.888 0.326
Total cholesterol 3.77 (2.08-5.30) 3.55 (2.05-6.09) 3.69 (2.09-5.56) 0.357 0.883 0.583
HDL cholesterol 1.05 (0.83-1.71) 1.03 (0.69-1.68) 0.98 (0.59-2.22) 0.973 0.152 0.051
LDL cholesterol 2.19 (0.97-3.73) 2.03 (0.75-4.13) 2.11 (1.08-3.82) 0.139 0.140 0.126
Homocysteine 18.82 (7.70-95.10)  15.95 (5.30-34.40) 13.06 (1.90-19.90) 0.182 0.002 0.122
Inflammatory marks (mmol/L)
High-sensitive C-reaction protein  1.38 (0.58-3.61) 0.92 (0.41-1.28) 0.88 (0.48-1.04) 0.012 <0.001 0.089

Values are expressed as n (%), mean + standard deviations, or median (interquartile range, 25th-75th). Group 1 included patients with
acute stroke due to carotid atherosclerosis disease; Group 2 included patients with carotid atherosclerosis disease and no stroke; Group
3 included patients with neither carotid atherosclerosis disease nor stroke. Bold face P values indicate statistical significance. BMI, body
mass index; HU, Hounsfield units; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

participants in the three groups. The groups were matched
for gender, age, and cardiovascular risk factors such as
coronary heart disease, hypertension, diabetes, dyslipidemia,
and smoking. Regarding blood lipid laboratory tests,
homocysteine levels were significantly higher in Group 1
compared to Group 3 (18.82 vs. 13.06 mmol/L, P=0.002).
High-sensitive C reaction protein (Hs-CRP) levels were
significantly higher in Group 1 compared to the other two
groups (1.38 vs. 0.92 and 0.88 mmol/L, P=0.012 and <0.001,
respectively).

PCAT attenuation among three groups

We compared the bilateral PCAT attenuation in the three
different groups. In Group 1, the PCAT attenuation on the
symptomatic side was significantly higher than that on the
non-symptomatic side (-78.80+11.62 vs. -85.96«11.31 HU,
P<0.001). In Group 2, the PCAT attenuation on the carotid
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severe stenosis side was significantly higher than that on
the non-stenosis side (-89.01+10.81 vs. -97.66+7.12 HU,
P<0.001). In Group 3, there was no significant difference
in PCAT between right and left sides (-95.24+10.81 wvs.
-96.03+7.27 HU, P=0.183) (Figure S1). We conducted
inter-group comparisons among the symptomatic side in
Group 1, the stenosis side in Group 2, and either side of
Group 3. Table 2 presents the PCAT attenuation in the three
groups. The results showed that PCAT attenuation was
significantly higher in acute stroke patients (-78.80£11.62
HU) compared to non-stroke patients (-89.01+10.81 HU,
P<0.001) and no carotid atherosclerotic disease controls
(-95.24x10.81 HU, P<0.001) (Figure 4).

Other characteristics on CTA between the groups

In Table 2, carotid plaque characteristics were compared
between Groups 1 and 2 since Group 3 (no carotid
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Variables Group 1 (n=45) Group 2 (n=67) Group 3 (n=65) P value
Percentage luminal stenosis (%) 87.18+12.92 84.84+£14.90 0.304
Max dilation (%) 16.00 (4.00-48.00) 19.00 (7.00-28.00) 0.794
Plagque characteristics
Soft plaque thickness, cm 3.74+1.21 3.50+1.45 0.348
Plague enhancement 23 (51.1) 21 (31.3) 0.036
Plaque ulceration 19 (42.2) 22 (32.8) 0.312
Plague component volume (mm®)
Calcium 105.86 (63.84-1,622.41)  88.47 (44.28-126.20) 0.045
Lipid 244.51 (211.68-431.77)  285.97 (208.68-409.70) 0.326
Mixed 664.54 (498.47-813.44)  586.63 (452.56-824.22) 0.295
IPH 8.11 (1.56-21.27) 2.98 (0.00-12.19) 0.008

PCAT attenuation (HU)

Mean —-78.80+11.62
Min -97.62+12.69
Max -53.49+12.43
SD 12.68 (8.86-16.41)

-89.01+10.81
~104.60+14.00
-66.49+11.90
14.40 (11.38-16.53)

(Group 1vs. 2,1vs. 3,2vs. 3)
-95.24+10.81 <0.001, <0.001, 0.004
-110.65+14.83 0.028, <0.001, 0.037
-72.46+12.97 <0.001, <0.001, 0.018

11.98 (8.84-17.33) 0.209, 0.669, 0.625

Values are expressed as n (%), mean + standard deviations, or median (interquartile range, 25th-75th). Group 1 included patients with
acute stroke due to carotid atherosclerosis disease; Group 2 included patients with carotid atherosclerosis disease and no stroke;
Group 3 included patients with neither carotid atherosclerosis disease nor stroke. Bold face P values indicate statistical significance.
CTA, computed tomography angiography; IPH, intraplaque hemorrhage; PCAT attenuation, pericarotid adipose tissue attenuation; HU,

hounsfield unit; SD, standard deviation.

-50 -

-100

PCAT attenuation, HU

-150

T T T
Group 1 Group 2 Group 3

Figure 4 Comparison of PCAT attenuation among the three
different groups. Group 1 included patients with acute stroke due
to carotid atherosclerosis disease; Group 2 included patients with
carotid atherosclerosis disease and no stroke; Group 3 included
patients with neither carotid atherosclerosis disease nor stroke. **,
P<0.001. PCAT, pericarotid adipose tissue.
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atherosclerotic disease control group) did not have carotid
artery stenosis. The percent of luminal stenosis and max
dilation did not significantly differ between the two groups.
Patients with acute stroke had a significantly greater IPH
volume (8.11 vs. 2.98 mm’, P=0.008) and calcium volume
(105.86 vs. 88.47 mm’, P=0.045) compared with non-stroke
patients. Plaque enhancement on CTA was more frequent
in the acute stroke group than in the non-stroke group
(51.1% wvs. 31.3%, P=0.036). The acute stroke group had a
larger soft plaque thickness (3.74 vs. 3.50 cm, P=0.348) and
a higher frequency of plaque ulceration (42.2% vs. 32.8%,
P=0.312), although the differences were not statistically
significant.

Multivariate analysis

To investigate the potential association between PCAT
attenuation and stroke, we conducted multivariate logistic
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Table 3 Multivariable logistic regression: association of PCAT attenuation with three groups

Univariate logistic regression

Multivariate logistic regression

Variables
Odd ratio 95% ClI P value Odd ratio 95% CI P value
Model 1 (Group1 vs. 2)
Percentage luminal stenosis 1.012 0.984-1.042 0.391
Max dilation 1.007 0.999-1.016 0.090
Soft plaque thickness 1.144 0.865-1.514 0.346
Plaque enhancement 2.290 1.050-4.995 0.037
Plaque ulceration 1.495 0.685-3.264 0.313
Calcium 1.006 1.000-1.012 0.046 1.021 1.003-1.040 0.024
Lipid 0.999 0.997-1.001 0.469
Mixed 1.000 0.999-1.001 0.829
IPH 1.029 1.003-1.057 0.032
PCAT attenuation 1.579 0.469-4.490 <0.001 1.709 1.293-2.258 <0.001
Hs-CRP 1.485 1.141-1.933 0.003
Model 2 (Group 2 vs. 3)
Age (years) 1.063 1.015-1.112 0.009 1.076 1.022-1.220 0.006
Male 1.037 0.415-2.591 0.938
Coronary heart disease 1.212 0.558-2.631 0.626
Hypertension 0.968 0.453-2.069 0.932
Diabetes 1.311 0.649-2.648 0.450
Dyslipidaemia 1.748 0.769-3.975 0.183
Smoking 0.887 0.448-1.755 0.730
PCAT attenuation 1.144 1.075-1.217 <0.001 1.165 1.088-1.248 <0.001
Hs-CRP 1.550 0.965-2.491 0.070

Model 1 adjusted for plaque features, PCAT attenuation and associated with carotid atherosclerosis disease. Model 2 adjusted for clinical
indicators and PCAT attenuation associated with carotid atherosclerosis disease. Group 1 included patients with acute stroke due to
carotid atherosclerosis disease; Group 2 included patients with carotid atherosclerosis disease and no stroke; Group 3 included patients
with neither carotid atherosclerosis disease nor stroke. Bold face P values indicate statistical significance. IPH, intraplague hemorrhage;
PCAT attenuation, pericarotid adipose tissue attenuation; Hs-CRP, high-sensitive C reaction protein; Cl, confidence interval.

regression analysis on Groups 1 and 2 by adjusting
PCAT attenuation and other carotid plaque features. The
analysis was adjusted for factors that had a P value <0.1
in the univariate analysis, including max dilation, plaque
enhancement, calcium volume, IPH volume, PCAT
attenuation, and Hs-CRP. In the multivariate analysis,
calcium volume and PCAT attenuation remained significant
(P<0.05), with odds ratios of 1.021 (95% CI, 1.003-1.040)
and 1.709 (95% CI, 1.293-2.258), respectively (Tuble 3,
Model 1).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

To investigate the potential association between PCAT
attenuation and stable carotid atherosclerotic disease,
we conducted multivariate logistic regression analysis on
Group 2 and Group 3 by adjusting PCAT attenuation and
other clinical risk factors. The analysis was adjusted for age,
PCAT attenuation, and Hs-CRP, which had a P value <0.1
in the univariate analysis. In the multivariate analysis, age
and PCAT attenuation remained significant (P<0.05), with
odds ratios of 1.076 (95% CI, 1.022-1.220) and 1.165 (95%
CI, 1.088-1.248), respectively (Tuble 3, Model 2).
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Interobserver agreement on CTA characteristics analysis

CTA imaging was evaluated by two neuroradiologists
with five and ten years of experience. They were blinded
to patient clinical data, and they did not know each
other. Inter-reader correlation coefficients (ICC) for
measurements of PCAT attenuation, soft plaque thickness,
percentage luminal stenosis and max dilation were 0.82,
0.84, 0.87 and 0.88, respectively. The ICC values of volumes
of plaque components, including calcium, lipid, mixed, and
IPH volumes, were 0.92, 0.85, 0.89 and 0.82, respectively.
For the inter-reader agreement in the identification of the
presence of plaque enhancement and plaque ulceration,
the K values were 0.90 and 0.86, respectively. The results
indicated excellent interobserver reliability.

Discussion

In this cross-sectional study, we discovered that the PCAT
attenuation, a novel biomarker of carotid inflammation,
increases from stable carotid atherosclerotic disease
to stroke. Multivariate analysis revealed that PCAT
attenuation is independently associated with stable carotid
atherosclerotic disease and the incidence of acute ischemic
stroke. Thus, it is reasonable to assume that PCAT
attenuation may aid in investigating the causal link between
PCAT attenuation and acute stroke to some degree.
These findings may offer fresh insights into early targeted
secondary prevention in ischemic stroke and therapeutic
interventions.

We discovered that PCAT attenuation was higher in
the acute stroke group compared to the non-stroke group,
independent of other plaque characteristics observed on
CTA. This finding is consistent with a previous study by
Baradaran et 4/., who found that increased CT attenuation
in the perivascular adipose tissue surrounding internal
carotid artery (ICA) was associated with ipsilateral stroke
or transient ischemic attack (19). This phenomenon may
be linked to inflammation of the carotid plaque, which is a
well-known response to local inflammatory processes. The
CTA can detect the gradient of adipocyte size, which is
expressed as an increase in CT attenuation, and can reflect
the aggregation of inflammation. Inflammatory mediators
such as TNF-o and IL-6 released by the diseased vascular
wall inhibit adipogenesis in perivascular adipose tissue (20),
causing a gradient of adipocyte size around the arterial wall.
In fact, Oikonomou er al. reported that the increase of CT
attenuation in pericoronary adipose tissue was significantly
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related to acute coronary syndrome (21). However, it is not
clear whether increased PCAT attenuation precedes plaque
rupture or not.

To explore whether PCAT was associated with stable
carotid atherosclerotic disease, we included a no carotid
atherosclerotic disease control group with no carotid
plaque. Elevated PCAT was associated with the presence
of carotid plaque when compared to the absence of carotid
plaque. To our knowledge, our study is the first to stage
carotid atherosclerotic disease (no carotid atherosclerotic
disease control, non-stroke, acute stroke) in relation to
PCAT attenuation. We further demonstrated that local
inflammation of carotid plaque persists with plaque
progression and that this inflammation can be detected
on CTA.

Our findings are consistent with recent studies suggesting
that high perivascular adipose tissue attenuation indicates
an increased risk of cardiovascular events (10,19,22).
Lin et al. (10) reported that pericoronary adipose tissue
CT attenuation was an imaging biomarker of coronary
inflammation, distinguishing different stages of coronary
artery disease. Our study supports this finding, suggesting
that perivascular adipose tissue CT attenuation varies
with different stages of cardiovascular events. Baradaran
et al. (19) also reported a greater mean pericarotid fat
density (PFD) in symptomatic patients compared to
asymptomatic patients. Zhang et al. (22) found that an
increase in PFD was related to the risk of cerebrovascular
symptoms. However, the study by Zhang et a/. included
only a limited number of other plaque vulnerability features.
In our research, we bridged this gap by incorporating
as many features of vulnerable plaques as possible using
new semiautomatic software. It was essential to analyze
the impact of multiple confounding factors on the risk of
ischemic stroke.

We discovered that the calcification component of
carotid plaque was greater in the acute stroke group than
in the non-stroke group, and this association with stroke
occurrence was independent of other plaque characteristics.
These findings contradict previous research, which
suggested that the calcification component was more
stable. The reason for this discrepancy may be related to
the overall plaque burden. Furthermore, a study by Zhang
et al. (23) found that spotty calcification was significantly
linked to the occurrence of non-lacunar ischemic stroke,
which may also explain the significant correlation between
the load of highly calcified plaques and the occurrence of
stroke. However, as this study did not primarily investigate
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the relationship between calcification and stroke, the
correlation between calcification pattern and stroke was not
explored.

In our study, multivariate regression analysis did not
find a statistically significant difference in the Hs-CRP
levels between the acute stroke group and the other two
groups, despite the higher levels observed in the acute
stroke group. Hs-CRP is a plasma biomarker that reflects
the overall level of inflammation in the body (24). While
numerous studies have shown that high levels of Hs-CRP
are associated with an increased risk of cardiovascular
events, plasma biomarkers do not provide information on
atherosclerosis or local inflammation surrounding carotid
atherosclerotic plaques (25,26). Targeted therapies for
ischemic stroke must accurately detect local inflammation in
carotid atherosclerotic plaques. A previous study suggested
that one of the common features of vulnerable plaques
is the abundance of inflammatory cells (27). However,
assessing inflammation through routine clinical imaging is
challenging.

Our study found that the acute stroke group had more
plaque enhancement and a larger volume of IPH than the
other two groups. Bentzon et al. reported that high levels
of inflammatory cells in the adventitia can lead to local
hypoxia and the formation of immature microvessels (28),
which are prone to rupture and cause IPH (29). Plaque
enhancement and IPH are both associated with an increased
risk of plaque rupture and cerebrovascular symptoms
(29,30). However, our multivariate analysis did not reveal
significant differences in plaque enhancement and IPH
volume among the groups, possibly due to the unclear
relationship between these factors and PCAT. Saba er al.
showed a positive association between PCAT attenuation
and plaque enhancement on CTA (31). Further studies are
needed to determine whether there is a causal relationship
between plaque enhancement, IPH, and PCAT.

Plaque ulceration and soft plaque thickness are also
linked to acute ischemic stroke, as reported in previous
studies (17,32). However, in our study, we did not find
any significant differences in these two factors among the
three groups. Sample selection bias could be a possible
explanation for the lack of observed differences. Therefore,
we need to increase the sample size to further investigate
this relationship.

Our study had some limitations. Firstly, our study was a
cross-sectional design, which only allows us to establish an
association between PCAT attenuation and the period of
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carotid atherosclerotic disease. A longitudinal study would
be necessary to investigate the natural progression of PCAT
attenuation following the formation and rupture of carotid
plaques. Secondly, our study was limited to a single-center
and a small patient cohort, which underwent CTA using a
single CT scanner. Future longitudinal studies involving
multiple centers and larger sample sizes are required
to further investigate the relationship between PCAT
attenuation and the risk of acute stroke in patients with
carotid atherosclerotic plaque. Moreover, whether patients
with carotid atherosclerotic plaque could benefit from this
imaging biomarker remains to be investigated using CTA.

Conclusions

PCAT attenuation is a quantitative feature of carotid
atherosclerotic inflammation which reliably distinguishes
different stages of carotid atherosclerotic disease. This
finding suggests that PCAT attenuation could potentially be
used to guide preventive and targeted therapies for carotid
atherosclerotic disease. However, further confirmation of
our results through longitudinal analysis would be necessary
to establish the utility of PCAT attenuation in stratifying
carotid atherosclerotic disease and tracking patient
responses to carotid atherosclerotic disease treatment.
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Figure S1 Comparison of bilateral PCAT attenuation in the three different groups. In Group 1, the comparison was between the
symptomatic side and the non-symptomatic side. In Group 2, the comparison was between the carotid severe stenosis side and the non-
stenosis side. In Group 3, the comparison was between the bilateral right and left side. **P<0.001. HU, Housefield unit; PCAT, pericarotid

adipose tissue.
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