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Background: Magnetic resonance imaging (MRI) has the potential in assessing the inflaimmation of
perivascular adipose tissue (PVAT) due to its excellent soft tissue contrast. However, evidence is lacking for
the association between carotid PVAT measured by MRI and carotid vulnerable atherosclerotic plaques. This
study aimed to investigate the association between signal intensity of PVAT and vulnerable plaques in carotid
arteries using multi-contrast magnetic resonance (MR) vessel wall imaging.

Methods: In this cross-sectional study, a total of 104 patients (mean age, 64.9+7.0 years; 86 men) with
unilateral moderate-to-severe atherosclerotic stenosis referred to carotid endarterectomy (CEA) were
recruited from April 2018 to December 2020 at Department of Neurosurgery of Peking University Third
Hospital. All patients underwent multi-contrast MR vessel wall imaging including time-of-flight (ToF)
MR angiography, black-blood T1-weighted (T'1w) and T2-weighted (T2w) and simultaneous non-contrast
angiography and intraplaque hemorrhage (IPH) imaging sequences. Patients with contraindications to
endarterectomy or MRI examinations were excluded. The signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR) of PVAT were measured on ToF images and vulnerable plaque characteristics including IPH,
large lipid-rich necrotic core (LRINC), and fibrous cap rupture (FCR) were identified. The SNR and CNR
of PVAT were compared between slices with and without vulnerable plaque features using Mann-Whitney U
test and their associations were analyzed using the generalized linear mixed model (GLMM).

Results: Carotid artery slices with IPH (30.93+14.56 vs. 27.34+10.02; P<0.001), FCR (30.35+13.82 wvs.
27.53£10.37; P=0.006), and vulnerable plaque (29.15£12.52 vs. 27.32£10.05; P=0.016) had significantly
higher value of SNR of PVAT compared to those without. After adjusting for clinical confounders, the SNR
of PVAT was significantly associated with presence of IPH [odds ratio (OR) =0.627, 95% confidence interval
(CI): 0.465-0.847, P,,00n=0.002, Pppp=0.016] and vulnerable plaque (OR =0.762, 95% CI: 0.629-0.924,
Pincor=0.006, Prpp=0.020). However, no significant association was found between the CNR of PVAT and
presence of vulnerable plaque features (all P>0.05).

Conclusions: The SNR of carotid artery PVAT measured by ToF MR angiography is independently
associated with vulnerable atherosclerotic plaque features, suggesting that the signal intensity of PVAT might
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be an effective indicator for vulnerable plaque.
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Introduction

Stroke is the second leading cause of death worldwide,
accounting for 11.6% of all deaths (1). Carotid vulnerable
atherosclerotic plaque is the major cause of ischemic stroke
(2,3). Studies have shown that vulnerable features of carotid
atherosclerotic plaques, such as intraplaque hemorrhage
(IPH), fibrous cap rupture (FCR), and large lipid-rich
necrotic core (LRNC), are effective predictors for ischemic
stroke (2-4). Therefore, it is important to determine the
indicators for carotid vulnerable plaques prior to occurrence
of cerebrovascular events.

Biological studies have confirmed that inflammation is the
key to the initiation and progression of atherosclerosis (5).
In addition, due to the complex bidirectional interaction
between the arterial vessel wall and its corresponding
perivascular adipose tissue (PVAT), the inflammatory
changes of PVAT are closely related to atherosclerotic
vulnerable plaques (6,7). Pathophysiologically, the pro-
inflammatory adipokine secreted by PVAT can spread
directly to the blood vessel wall through paracrine and
vascular secretion signaling pathways, thus causing vascular
inflammation and atherosclerosis (8). Vascular inflammation
will also induce the morphological changes of PVAT.
Therefore, inflammation of PVAT might be a potential
marker for vulnerable atherosclerosis (9,10).

Increasing evidence has shown that computed
tomography angiography (CTA) can accurately identify
and quantify inflammatory changes of PVAT associated
with atherosclerosis and ischemic events. Antonopoulos
et al. (10) measured fat attenuation index (FAI) based on CTA
which represents the inflammatory changes of coronary PVAT
and found that FAI was positively correlated with coronary
atherosclerotic plaque burden. Investigators evaluated the
perivascular fat density (PFD) of carotid artery on CTA and
found that the increase of PFD was associated with unstable
atherosclerosis (11,12) and the increased risk of cerebrovascular
events (13,14). Since non-contrast enhanced computed
tomography (CT) imaging can only provide Hounsfield unit
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(HU) value of tissues, it is not a comprehensive measurement
for inflammatory status of PVAT. In contrast, magnetic
resonance imaging (MRI) has better soft tissue contrast which
might be beneficial for characterization of inflammatory
status of PVAT. However, it is unclear if the signal intensity
of PVAT measured by MRI could indicate the vulnerability
of carotid atherosclerotic plaques. The aim of this study was
to investigate the association between signal intensity of
PVAT and vulnerable plaques in carotid arteries using multi-
contrast magnetic resonance (MR) vessel wall imaging. We
present this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-280/rc).

Methods
Study population

In this cross-sectional study, patients with symptomatic
moderate-to-severe atherosclerotic stenosis (stenosis range,
50-99%) or asymptomatic severe atherosclerotic stenosis
(stenosis range, 70-99%) in unilateral carotid artery referred
to carotid endarterectomy (CEA) were recruited. The
inclusion criteria pertained the procedure of CEA. Carotid
multi-contrast MR vessel wall imaging was performed for all
recruited patients within 1 week before CEA. The exclusion
criteria were as follows: (I) hemorrhagic stroke within the
recent 1 year; (II) acute ischemic stroke within the recent
6 weeks; (III) intracranial aneurysm and severe intracranial
stenosis; (IV) history of carotid stenting; (V) brain tumor; (VI)
history of radiotherapy in the neck; and (VII) contraindications
to MRI examinations. The clinical information including
age, sex, history of smoking, diabetes, hypertension,
hyperlipidemia, and coronary heart disease was collected from
the medical records. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by the Medical Ethics Committee of
Peking University Third Hospital, and all patients provided
written informed consent before participation.
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Table 1 Imaging parameters of carotid multi-contrast MRI

Multi-contrast imaging protocol

Imaging parameters

ToF Tiw T2w SNAP
Sequence GRE FSE FSE GRE
Fat saturation No Yes Yes No
Repetition time, ms 20.0 855.0 2,500.0 10.0
Echo time, ms 4.1 11.9 72.8 3.8
Flip angle, ° 20 90 90 11
Field of view, cm® 14x14 14x14 14x14 14x14
In plane resolution, mm? 0.55%x0.55 0.55x%0.55 0.55x0.55 0.73x0.73
Slice thickness, mm 2 2 2 2

MRI, magnetic resonance imaging; ToF, time-of-flight; T1w, T1-weighted; T2w, T2-weighted; SNAP, simultaneous non-contrast
angiography and intraplaque hemorrhage; GRE, gradient-recalled echo; FSE, fast spin echo.

Carotid MRI

All recruited patients underwent carotid MR vessel wall
imaging on a 3.0T MR scanner (uMR 780; United Imaging,
Shanghai, China) with 8-channel carotid coil. The imaging
protocol included 3-dimensional (3D) time-of-flight (ToF),
2-dimensional (2D) black-blood T'1-weighted (T'1w), 2D
black-blood T2-weighted (12w), and 3D simultaneous
non-contrast angiography and intraplaque hemorrhage
(SNAP) imaging sequences. All imaging sequences were
acquired centered to the bifurcation of the index carotid
artery which is defined as arteries with the moderate-
to-severe atherosclerotic stenosis referred to CEA. The
imaging parameters are detailed in 7able 1. In addition, the
image acquisition plane of all sequences was transverse, the
excitation number of each sequence was 1, the slice gap of
each sequence was 0, and the fat saturation technique was
applied to T1w and T2w imaging sequences.

MRI analysis

The multi-contrast MR vessel wall images of the index
carotid artery were reviewed by 2 radiologists with
>5-year experience in neurovascular imaging utilizing
custom-designed software (Vessel Explorer 2; TS Imaging
Healthcare, Beijing, China) with consensus blinded to
clinical information. A radiologist (Huo R) performed
the primary review and the other radiologist (Xu H)
conducted secondary review for each axial slice. If there was
disagreement between primary and secondary review, a peer
review was performed by a senior radiologist (Zhao X) with
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>10-year experience in neurovascular imaging. According to
the sharpness and contrast between the vessel wall and the
surrounding fat tissues and between normal wall and plaque
components, the quality of carotid MR vessel wall images
was evaluated using a 4-point scale: 1, poor; 2, marginal;
3, good; 4, excellent. The images with image scale <2 were
excluded. The boundaries of lumen and outer wall of each
axial slice were delineated and the plaque components of
calcification (CA), IPH, LRNC, loose matrix (LM), and FCR
were identified using the published criteria (15). An example for
identification of carotid artery and plaque components is shown
in Figure 1. In addition, the T1w images were further resampled
and registered with "ToF images using 3D slicer, a medical
image computing platform (16), in which the registration
was performed using the Elastix medical image registration
toolbox (17) available in 3D slicer. Vulnerable plaque was
defined as lesions with presence of IPH, FCR, or larger LRNC
with an area ratio of more than 40% to the arterial wall.

The outer wall boundaries on ToF magnetic resonance
angiography (MRA) images were magnified 1.5 times
which will be considered as the region of interest (ROI)
for quantification of carotid artery PVAT. According to
the fat suppression of T1w imaging and the difference in
signal intensity between normal vessel wall and fat tissues,
a k-means clustering algorithm was used to automatically
segment the fat mask on the registered T1w images.
The optimal number of clusters was determined as 4
using the elbow method. The first group represented
background and vessels, the second group represented
fat, the third group represented muscle, and the fourth
group represented lymph nodes and other high-intensity
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Figure 1 An example for identification of carotid artery and plaque components. (A) Tlw, (B) T2w, (C) ToF, and (D) SNAP image

delineation results, respectively. Green: outer wall; red: lumen; blue: CA; yellow: LRNC; orange: IPH; purple: LM. T1w, T1-weighted;

T2w, T2-weighted; ToF, time-of-flight; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage; CA, calcification;

LRNCG, lipid-rich necrotic core; IPH, intraplaque hemorrhage; LM, loose matrix.

tissues, respectively. The PVAT of the carotid artery was
identified as the component of the second group within
the ROI after clustering. An example of carotid artery
PVAT segmentation of ToF images is shown in Figure 2.
In addition, 2 circular regions with a radius of 1 mm were
generated in the background region at the same position
in each slice. The center of the 2 circular regions was
automatically placed in the region of 5 pixels away from the
edge of the image. Another circular region with a radius
of 1 mm was also semi-automatically generated in the
sternocleidomastoid muscle region on the same side of the
index carotid artery. The signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) of carotid artery PVAT at
each axial slice were calculated, where SNR was the ratio of
the signal intensity of carotid artery PVAT to the standard
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deviation (SD) of signal intensity of the background noise,
and CNR was the ratio of the signal intensity difference of
carotid artery PVAT and sternocleidomastoid muscle to the
SD of signal intensity of background noise. The automatic
analysis and quantification of carotid artery PVAT were
conducted using MATLAB R2022a software (MathWorks,
Natick, MA, USA).

Reproducibility study

A total of 20 cases were randomly selected for
reproducibility study. The PVAT of all axial slices of the 20
cases was segmented twice with a time interval of 3 months.
The agreement in measuring SNR and CNR of PVAT
between 2 times of segmentation was determined.
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Figure 2 An example for carotid artery PVAT segmentation of ToF images. (A) ToF image delineation results. Green: outer wall; red: lumen;
blue: CA; yellow: LRNC; orange: IPH; purple: LM. (B) The comparison of carotid artery and ROIL Green: carotid artery; pink: ROL (C) The
segmentation of carotid artery PVAT mask. Green: carotid artery; pink: carotid artery PVAT. PVAT, perivascular adipose tissue; ToF, time-of-

flight; CA, calcification; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; LM, loose matrix; ROI, region of interest.

Statistical analysis

Continuous variables were described as mean = SD,
whereas categorical variables were presented as absolute
counts and percentages. The SNR and CNR of carotid
artery PVAT were compared between axial slices with and
without carotid plaque components using Mann-Whitney
U test. 'To explore the associations between SNR and CNR
of carotid artery PVAT and the presence of carotid plaque
components, the generalized linear mixed model (GLMM)
with random effects was conducted to account for clustering
of slices from the same patient. All GLMM models with
fixed intercept, random intercept, and logit link function
were adjusted for age, sex, body mass index (BMI), history
of smoking, diabetes, hypertension, hyperlipidemia,
and coronary heart disease. The value of P calculated
by GLMM models was corrected by false discovery rate
(FDR) correction for multiple comparisons. In addition,
the intraclass correlation coefficient (ICC) was calculated for
analyzing the agreement of measurements of SNR and CNR
between the first and the second segmentation of PVAT with
an identical method. Excellent agreement was determined
when ICC >0.75. A 2-tailed value of P<0.05 was considered
statistically significant. All statistical analyses were performed

utilizing SPSS 26.0 IBM Corp., Armonk, NY, USA).

Results
Clinical characteristics of study population

A total of 122 patients were recruited from April 2018 to
December 2020 at Department of Neurosurgery of Peking
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University Third Hospital, of whom 18 were excluded
because of the following reasons (Figure 3): (I) acute brain
infract (n=2); (I) severe intracranial stenosis (n=2); (III)
intracranial artery aneurysm (n=1); (IV) poor image quality
(n=10); (V) misregistration of different imaging sequences
due to motion (n=3). Of the remaining 104 patients, the mean
age was 64.9+7.0 years, the mean BMI was 25.9+11.1 kg/m’,
86 (82.7%) were males, 61 (58.7%) had history of
smoking, 72 (69.2%) had hypertension, 46 (44.2%) had
hyperlipidemia, 37 (35.6%) had diabetes, and 21 (20.2%)
had coronary heart disease. The clinical characteristics of
the study population are summarized in Zizble 2.

Comparison of SNR and CNR of PVAT between slices with
and without plaque components

Of 1,594 slices of the index carotid artery of 104 patients,
365 (22.9%) had CA, 236 (14.8%) had IPH, 194 (12.2%)
had FCR, 755 (47.4%) had LRNC, 233 (14.6%) had
large LRNC, 143 (9.0%) had LM, and 479 (30.1%) had
vulnerable plaque, respectively. Table 3 summarizes the
comparison results of SNR and CNR of PVAT between
slices with and without plaque components. Carotid
artery slices with IPH (30.93+14.56 vs. 27.34=10.02;
P<0.001), FCR (30.35+13.82 vs. 27.53+10.37; P=0.006), and
vulnerable plaque (29.15+12.52 vs. 27.32£10.05; P=0.016)
had significantly higher value of SNR of PVAT compared
to those without, whereas such differences were not
found between slices with and without CA and LRNC (all
P>0.05). However, carotid artery slices with CA (-1.62+5.53
vs. 0.31+6.88; P<0.001), LRNC (-0.99+6.21 vs. 0.63+6.92;
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referred to CEA (n=122)

Unilateral moderate-to-severe carotid atherosclerotic stenosis

1.

Y

ok own

Excluded (n=18):

Acute brain infract (n=2)

Severe intracranial stenosis (n=2)
Intracranial artery aneurysm (n=1)
Poor image quality (n=10)

Miss registration of different imaging
sequences due to motion (n=3)

Y

Enrolled in this study (n=104)

Figure 3 Flow chart of patient recruitment. CEA, carotid endarterectomy.

Table 2 Clinical characteristics of study population (n=104)

Clinical characteristics Mean + SD or n (%)
Age, years 64.9+7.0
Male 86 (82.7)
BMI, kg/m’ 25.9+11.1
Smoke 61 (58.7)
Diabetes 37 (35.6)
Hypertension 72 (69.2)
Hyperlipidemia 46 (44.2)
Coronary heart disease 21 (20.2)

SD, standard deviation; BMI, body mass index.

P<0.001), LM (-2.20+5.36 vs. 0.07+6.72; P<0.001) and
larger LRNC (-1.00£5.25 vs. 0.01+6.85; P=0.006) had
significantly lower value of CNR of PVAT compared to
those without, whereas such differences cannot be found
between slices with and without IPH and FCR (both
P>0.05).

Correlation between PVAT and carotid plaque components

The GLMM models were established to explore the
association between SNR or CNR of PVAT and carotid
plaque components respectively (Tuble 4). After adjusting
for clinical confounding factors of age, sex, BMI, history
of smoking, diabetes, hypertension, hyperlipidemia and
coronary heart disease, the SNR of carotid artery PVAT
was significantly associated with the presence of IPH
[odds ratio (OR) =0.627, 95% confidence interval (CI):

0.465-0.847, P ,.on=0.002, Prpr=0.016], and vulnerable
plaque (OR =0.762, 95% CI: 0.629-0.924, P, ..,,=0.006,
Pppr=0.020). No significant association was found between
SNR of carotid artery PVAT and presence of carotid plaque
CA, FCR, LM, LRNC, and large LRNC (all P>0.05). The
CNR of carotid artery PVAT was found to be significantly
associated with the presence of CA (OR =1.409, 95% CI:
1.153-1.722, P 1e0n=0.001, Ppp=0.006) and LRNC (OR
=1.255,95% CI: 1.075-1.465, P,,,n=0.004, Ppp=0.014),
but not with other plaque components (all P>0.05), after
adjusting for the above confounding factors.

Reproducibility

Of the 20 cases selected for reproducibility study, 304
axial slices were included for analysis. There was excellent
agreement in CNR (ICC =0.998, 95% CI: 0.998-0.999,
P<0.001) and SNR (ICC =0.999, 95% CI: 0.999-1.000,
P<0.001) between first and second time of segmentation of
PVAT.

Discussion

This study investigated the relationship between carotid
artery PVAT measured by ToF MRA and carotid vulnerable
plaque features determined by multi-contrast MR vessel
wall imaging. We found that carotid artery slices with
vulnerable plaque features, particularly IPH and FCR, had
significantly higher SNR of PVAT on ToF MRA compared
to those without. The GLMM analysis showed that the
SNR of PVAT on ToF MRA was independently associated
with vulnerable plaque features in carotid arteries. Our
findings suggest that the SNR of carotid artery PVAT
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Table 3 Comparison of SNR and CNR of PVAT between slices with and without plaque components

SNR of PVAT CNR of PVAT
Presence of plaque component
Mean + SD P value Mean + SD P value
CA 0.386 <0.001
- 28.09+11.27 0.31+6.88
+ 27.15+9.41 -1.62+5.53
IPH <0.001 0.241
- 27.34+10.02 -0.12+6.42
+ 30.93+14.56 -0.21+7.83
FCR 0.006 0.646
- 27.53+10.37 -0.03+6.44
+ 30.35+13.82 -0.86+7.96
LRNC 0.231 <0.001
- 27.44+10.35 0.63+6.92
+ 28.35+11.42 -0.99+6.21
LM 0.589 <0.001
- 27.84+10.85 0.07+6.72
+ 28.16+11.20 —-2.20+5.36
Large LRNC 0.865 0.006
- 27.91+11.06 0.01+6.85
+ 27.64+9.81 —-1.00+5.25
Vulnerable plaque 0.016 0.484
- 27.32+10.05 0.04+6.67
+ 29.15+12.52 -0.54+6.56
“+” and “~” represent the slices with and without the corresponding plaque component, respectively. SNR, signal-to-noise ratio; CNR,

contrast-to-noise ratio; PVAT, perivascular adipose tissue; SD, standard deviation; CA, calcification; IPH, intraplaque hemorrhage; FCR,

fibrous cap rupture; LRNC, lipid-rich necrotic core; LM, loose matrix.

measured by ToF MRA might be an effective indicator for
carotid vulnerable plaques.

In the present study, the SNR of carotid artery PVAT
on ToF MRA was found to be independently associated
with carotid vulnerable plaque features. Previous studies
have reported that density of carotid PVAT on CTA was
associated with carotid vulnerable plaque. Saba et al. (11)
found that there was a positive association between PFD
on CTA and contrast plaque enhancement (r=0.658,
P=0.001). Zhang et al. (12) reported that the density
of carotid PVAT on CTA was strongly associated with
carotid IPH (OR =1.96, 95% CI: 1.41-2.73, P<0.001).
Therefore, both density on CTA and SNR on MRA

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

of PVAT may represent the inflammatory status of fat.
Investigators demonstrated that the IPH, as the result of
rupture of immature neovessels, is associated with increased
influx of inflammatory mediators within the plaques
(18-20). Pathophysiologically, most of the neovessels in
atherosclerotic plaques originate from the adventitial vasa
vasorum (21,22). Recent studies have demonstrated that
the inflammatdion of PVAT and adventitia will precede the
formation of endothelial dysfunction and atherosclerotic
plaques (23,24), and is closely associated with the sprouting
of vasa vasorum (25,26). These findings suggest that the
inflammation of PVAT may play an important role in the
formation of IPH. In pathological conditions, the pro-
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Table 4 Correlation between SNR and CNR of PVAT and plaque components

Presence of plaque Predictor (SNR of PVAT)

Predictor (CNR of PVAT)

feature OR 95% Cl Poncor Pron OR 95% Cl Poncor Pror

CA 1.114 0.901-1.378 0.320 0.373 1.409 1.153-1.722 0.001 0.006
IPH 0.627 0.465-0.847 0.002 0.016 0.845 0.655-1.090 0.194 0.340
FCR 0.791 0.606-1.033 0.085 0.148 0.936 0.735-1.193 0.595 0.694
LRNC 0.842 0.714-0.992 0.040 0.094 1.255 1.075-1.465 0.004 0.014
LM 0.793 0.569-1.105 0.170 0.238 1.120 0.810-1.548 0.492 0.689
Large LRNC 0.900 0.707-1.145 0.391 0.391 1.207 0.960-1.519 0.108 0.252
Vulnerable plaque 0.762 0.629-0.924 0.006 0.020 1.034 0.868-1.231 0.710 0.710

Adjustment for: age, sex, BMI, history of smoking, diabetes, hypertension, hyperlipidemia and coronary heart disease; the increment of
SNR and CNR of carotid artery PVAT is 1 standard deviation. SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; PVAT, perivascular
adipose tissue; OR, odds ratio; Cl, confidence interval; P, Uncorrected P value; Pry, P value corrected by FDR; FDR, false discovery
rate; CA, calcification; IPH, intraplaque hemorrhage; FCR, fibrous cap rupture; LRNC, lipid-rich necrotic core; LM, loose matrix; BMI, body

mass index.

inflammatory adipokines secreted by PVAT can spread
directly to the vessel wall through paracrine and vascular
secretion signaling pathways (8), leading to the increase
of oxidative stress and inflammation in the adventitial
layer (27), thus promoting the secretion of vascular
endothelial growth factor (VEGF) (28). Then, the vasa
vasorum grows into the lesion and mediates IPH (22).
VEGEF produced by dysfunctional PVAT may also promote
the proliferation of vascular smooth muscle cells (VSMCs)
(8,29,30). VSMC:s are key to the formation and rupture of
fiber caps. After phenotypic transformation, VSMCs can
generate extracellular matrix to form fiber caps (31). As the
fibroatheroma develops, VSMCs are continuously apoptotic
or necrotic, leading to thinning and eventual rupture of
fiber caps (31). In other ways, inflammatory mediators
and oxidation products produced by local vascular lesions
can also directly lead to changes in PVAT phenotype (32).
Therefore, the inflammation of PVAT may increase the
risk of developing IPH and FCR and the measurements of
the density or signal intensity of PVAT might be effective
indicators for vulnerable atherosclerotic plaques.

Our results also suggested that the CNR of PVAT on ToF
MRA might not be a potential indicator for atherosclerotic
plaque vulnerability. We hypothesized that the muscle tissue
may also variate along with the inflammation of PVAT
and arteriosclerotic plaques. Recent studies have shown
that cholesterol crystals (CCs) are strongly associated with
atherosclerosis and play a key role in plaque rupture (33-35).
A variety of plaque cells, such as macrophages and smooth

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

muscle cells, are active in producing CCs (33). The necrotic
core expands during cholesterol crystallization, leading
to rupture of the fibrous cap (34,35). As a result of plaque
rupture, CCs are released into the circulation and embolize
various tissues, ultimately causing local and systemic
inflammation (35,36). Particularly, it has been established
that embolization of CCs caused by plaque rupture can
cause localized or generalized muscle inflammation and
injury (37,38). Thus, rupture of atherosclerotic plaques
can directly induce local muscle inflammation, which is
consistent with our hypothesis. Our findings indicate that
using muscle signal intensity as a reference may counteract
to some extent the inflammatory changes in PVAT
associated with atherosclerosis.

The present study has several limitations. First, since
there is no unified definition of PVAT, the selection of
the region for measuring carotid artery PVAT may not
be optimal in this study. Second, the accuracy of carotid
artery PVAT segmentation might be affected by the fat
suppression effect of T1w imaging. Third, although ToF
MRA has no fat suppression, its saturation effect has a
potential impact on fat signal. In the future, quantitative
fat imaging techniques, such as Dixon (39), can be used
for better determining the inflammatory status of PVAT.
Finally, because all included patients had moderate-to-
severe carotid atherosclerotic stenosis, the data were
inevitably biased to some extent. Therefore, a larger cohort
with broader range of stenosis should be included in future
studies.

Quant Imaging Med Surg 2023;13(12):7695-7705 | https://dx.doi.org/10.21037/qims-23-280



Quantitative Imaging in Medicine and Surgery, Vol 13, No 12 December 2023

Conclusions

The SNR of carotid artery PVAT measured by ToF MRA
is independently associated with vulnerable atherosclerotic
plaque features, suggesting that the signal intensity of
PVAT might be an effective indicator for vulnerable plaque.
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