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ARTICLE INFO ABSTRACT
Keywords: Objectives: This study investigated the association between perivascular fat density (PFD) via
Carotid artery stenting preoperative computed tomographic angiography (CTA) and early in-stent restenosis (ISR) after

Computed tomographic angiography
Perivascular fat density

In-stent restenosis

Inflammation

carotid artery stenting (CAS).

Methods: We retrospectively evaluated 248 consecutive patients who had undergone initial CAS
and received a preoperative cervical CTA examination between January 2019 and October 2020.
The patients were categorized into two according to whether they sustained ISR during the 2
years postoperative follow-up period. Correlations between PFD and ISR were assessed, and
multivariate regression for evaluating predictors of ISR was conducted. Receiver operating
characteristic (ROC) curves were used to determine the cutoff value for the PFD.

Results: A total of 181 eligible patients (mean age 61.25 + 10.35 years, 57 male) were enrolled.
The ISR group had a higher proportion of closed-cell stents (48.8% versus 27.5%; p = 0.009) and
a greater degree of residual stenosis (28[20,33] % versus 20[14.75,30] %; p < 0.001) than the
non-ISR group. The ISR group had a higher mean HU value of PFD than the non-ISR group on the
operated side (—42.26 + 6.81 versus —59.66 + 10.75; p < 0.001). The degree of residual stenosis
(OR 1.146, 95%CI 1.071-1.226, p < 0.001) and PFD on the operated side (OR1.353, 95%CI
1.215-1.506, p < 0.001) were significantly associated with the ISR.

Conclusions: The occurrence of the early ISR after CAS is associated with a higher PFD on the
operated side. The results indicate that PFD is a promising marker to predict the ISR after CAS.

1. Introduction

Carotid artery stenosis is a major cause of cerebral infarction and accounts for 7%-20% of all ischemic strokes [1]. As interventional
technology evolves rapidly, carotid artery stenting (CAS) is becoming a minimally invasive, simple, and effective option to treat
extracranial carotid artery stenosis [2,3]. However, early in-stent restenosis (ISR) is a common postoperative complication of CAS that
boosts the risk of recurrent ischemic stroke or major vascular events, limits the benefit of interventional treatment, and poses a sig-
nificant threat to patients, though the majority of carotid artery ISR patients remain asymptomatic [4,5]. Therefore, identifying
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Abbreviations
CAS carotid artery stenting
ISR in-stent restenosis

PVAT perivascular adipose tissue
CTA computed tomography angiography

PFD perivascular fat density

NASCET North American Symptomatic Carotid Endarterectomy Trial
ICA internal carotid artery

HU Hounsfield units

ROIL regions of interest

DSA digital subtraction angiography

BMI body mass index

ROC receiver operating characteristic

sensitive factors for early ISR prediction plays a vital role in continuously improving the long-term efficacy of CAS treatment.

Inflammation plays a critical role in ISR development [6]. Elevated circulating inflammatory markers, such as
neutrophil-to-lymphocyte ratio and neutrophil-to-albumin ratio, can predict ISR after CAS but have limitations in their ability to
represent vascular inflammation located in the context of specialized regions [7,8]. Inflammatory components are contained in per-
ivascular adipose tissue (PVAT), which can contribute to inflammation and oxidative stress in local vascular tissues [9]. Moreover, it
has been shown that the inflammatory changes in PVAT surrounding the carotid artery can be evaluated using computed tomography
angiography (CTA) as areas of increased perivascular fat density (PFD) [10]. Recent studies have provided evidence that the increased
PFD of the carotid artery is associated with cerebrovascular ischemic symptoms, ischemic stroke from an undetermined embolic
source, and the occurrence of intraplaque hemorrhage [11-13]. A thorough search of the literature shows that there is no incontro-
vertible evidence to show that PFD is related to early ISR after CAS. The aim of this current study was to investigate the potential
association between PFD, the severity of local inflammation measured by the attenuation in the carotid PVAT on CTA, and the presence
of early ISR in carotid artery stenosis patients who had undergone initial CAS.

2. Methods
2.1. Patient recruitment

In this single-center retrospective observational study, we performed head and neck CTA screening at our institution consecutively
from January 2019 to October 2020 to identify patients meeting the following inclusion criteria: (1) All patients treated with initial
CAS procedure and had completed preprocedural CTA imaging within a week of admission. (2) Measurement criteria for the degree of
carotid stenosis were based on the North American Symptomatic Carotid Endarterectomy Trial (NASCET), with symptomatic carotid
stenosis>50% and asymptomatic carotid stenosis>60% [14,15]. (3) Patients who were followed up for at least 2 years with anti-
platelet aggregation therapy (dual antiplatelet therapy with a combination of aspirin and clopidogrel for 1-3 months after the initial
CAS, followed by lifelong monotherapy). We excluded patients with carotid artery stenosis caused by nonatherosclerotic factors

All patients who underwent CAS between January 2019 and
October 2020 (n=248)

Exclusion:
-Nonatherosclerotic etiology of carotid
artery stenosis (n=15)

- Acute infectious diseases (n=7).
-Poor or partly absent image quality (n=45)

[ Final study cohort(n=181)

—

[ In-stent restenosis J [ No in-stent restenosis J
(n=43) (n=138)

Fig. 1. Flowchart of patient enrollment.
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(arteritis, dissection, radiological damage). Patients with complicated perioperative fever, acute infection of the respiratory tract,
acute diarrhea, and other diseases that could cause systemic inflammatory reactions were also excluded. We also excluded patients
with poor CTA images or partly absent quality images (Fig. 1).

Approval was obtained from the ethics committee of the affiliated hospital of Chengde Medical University (ethics number:
LL2020011). The Declaration of Helsinki provided ethical guidelines, and a retrospective design based on routine clinical data
exempted from informed consent requirements.

2.2. CTA protocol

CTA of the head and neck was performed before CAS using one of the following three CT scanners: dual-source CT (Siemens Health
care, Germany), Aquilion One CT (Toshiba Medical Systems, Japan), and Revolution CT (GE Health care, USA). CTA imaging
acquisition was conducted using a helical scanning mode, which covered the entire aortic arch to the vertex of the skull during the
acquisition process. Iodinated contrast (Iopamidol, 370 mg iodine/ml, 50-70 ml, Hengrui Medicine Co. Ltd, China) was administered
intravenously through an electric power injector at 4 ml/s. The CTA scanning was triggered by an automatic bolus-tracking system,
and parameters for carotid arteries included 100-120 kV tube voltage, 1.0 pitch, 0.5-0.75 mm reconstructed slice thickness, 0.5-0.75
mm reconstructed slice interval, and 280-350 m s rotation time. The detailed scanning parameters of different CT devices are listed in
Supplementary Table S1.

2.3. PFD measurement

All CTA images were transferred to the ADW4.7 workstation (GE Healthcare, Milwaukee, WI, USA) for processing. By using this
dedicated workstation, we manually drew the region of interest (ROI) and measured the carotid artery perivascular fat density (PFD)
value. Hounsfield units (HU) are used to measure the value of PFD surrounding the extracranial ICA. Adipose tissue pixels were
identified with predefined CTA image display settings according to a previously described procedure [11]. The axial slice of carotid
artery on the operated side with the maximal stenosis was selected for analysis. Two separated regions of interest (ROI) were assigned
to the perivascular fat tissue surrounding the operated side and the same axial contralateral side of the ICAs (Fig. 2). Sites of maximal
stenosis and fat pads encircling carotid arteries determined the location of the ROI. Mean HU values were obtained from the ROI. Each
ROI measured 2.5 mm? in diameter and was plotted a minimum of 1 mm away from the carotid artery’s outer margin, including
detectable fat density (confirmed by the range of —190 HU to —30 HU) without interference from the carotid wall or surrounding
structures [16]. Two radiologists who were blinded to clinical data and the degree of restenosis after CAS (N.H. and D.H. with 9 and 6
years of experience, respectively, in cerebrovascular imaging) measured the mean values of PFD (mean HU) from the two ROIs, and the
averaged values of the two ROIs were used for subsequent analyses. Disagreements between the observers were resolved through
consensus.

Fig. 2. Preoperative carotid CTA image to measure PFD. A: Sagittal view showing the site of maximal stenosis of the proximal internal carotid artery
(yellow arrow). B: Axial view showing two ROIs (yellow circles), placed in the perivascular fat for measured PFD. In this case, the two left ROIs were
—42.8HU and —43.2HU, and the two right ROIs were —72.8HU and —63.8HU. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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2.4. CAS procedure and stent features

CAS was performed using DSA under local anesthesia and patients received oral dual antiplatelet therapy for at least 3 days before
the procedure. Weight-adjusted heparin (70 IU/kg) was intravenous infusions continuously after the groin puncture was successfully
implanted into the femoral artery sheath. A distal embolic protective device was released across the lesion of the stenosis to prevent
cerebral embolisms caused by shattered plaques after the 6 F or 8 F guiding catheter was located in the vicinity of the stenosis. After
that, a self-expandable and suitable size stent, including open-cell stent Protégé (Medtronic, USA), Precise (Cordis, USA), or Acculink
(Abbott Vascular, USA), and closed-cell stent wallstent (Boston Scientific, USA), was released and planted in the appropriate stenosis
position. An angiography was performed immediately after stenting to assess any residual stenosis based on NASCET criteria. Some
patients with severe stenosis required predilation. An additional postdilation procedure was typically performed in patients with
residual stenosis of at least 50%. Data on stent features, including predilation and postdilation rate, stent design, and the degree of
residual stenosis, were collected.

2.5. Radiological follow-up and the early ISR definition

In all patients after stenting, radiographic examinations, including CTA, digital subtraction angiography (DSA) or duplex ultra-
sound, were performed at 3 months, 6 months, and yearly for follow-up. Additional radiographic evaluation was also performed in
patients who suffered recurrent neurological symptoms in the follow-up period. The early ISR was defined as >50% of the luminal
stenosis occurring at the entire length of the stent or within 3 mm of the stent edge during the follow-up of 2 years after the CAS
procedure [17,18] (Fig. 3).

2.6. Baseline assessment

A baseline demographic profile including age, sex, and body mass index (BMI) was obtained from our single-center prospective
database. Each patient’s vascular risk factors were also collected, including their hypertension history (blood pressure >140/90 mmHg
on admission or previous medical records) [11], and diabetes mellitus (hemoglobin Alc (HbAlc) > 6.5% or on diabetic medications).
Vascular risk factors also include dyslipidemia (serum triglycerides >1.7 mmol/L, low-density lipoprotein >3.4 mmol/L, high-density
lipoprotein cholesterol <0.8 mmol/L, or on statins) [19], current smoking (smoking >1 cigarette per day for more than 6 months
continuously), and coronary artery disease (history of the previous diagnosis).

2.7. Statistical methods
The sample size calculation was performed with the Tests for One ROC Curve module in PASS 11 software (NCSS, LLC, Kaysville,

UT, USA). Previous studies have reported that the area under the receiver operating characteristic curve (AUC) of other imaging or
blood biomarkers to predict carotid restenosis was 0.737-0.935 [20-22], so we assumed that a minimum AUC of 0.7 was required for

Fig. 3. ISR of the left carotid artery was detected in a 67-year-old male patient via CTA and DSA. A: Prestenting DSA. B: Poststenting DSA. C, D: In-
stent restenosis was observed in follow-up DSA and CTA 21 months after the stenting, respectively, (white arrow showing the stenosis section of the
carotid artery).
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the carotid PFD. With a power (1 -p) of 0.9 and o = 0.05, ISR-positive group: ISR-negative group = 1:3, it was calculated that at least
172 patients (43 in the ISR-positive group and 129 in the ISR-negative group) were required. To allow for about a 5% dropout rate, 181
patients were finally recruited for this study.

The intraclass correlation coefficient was used to measure the agreement between the two neuroradiologists. Kruskal-Wallis test
was used to analyze mean HU differences across CT devices. Numerical variables were tested for normality using the Kolmogor-
ov-Smirnov test. The normally distributed data were described as the mean + standard deviation (SD) and compared by the two-
sample independent t-test between groups. The median (P25 and P75) was used to present non-normal distribution data, and the
Mann-Whitney U test was applied to compare differences between groups. The categorical variables were presented as frequencies and
percentages (%). Differences in categorical variables were analyzed using Chi-square or Fisher’s exact test. Multivariable logistic
regression was used to evaluate the independent predictors of ISR. In univariate analysis, variables with p < 0.05 were entered into the
multivariate logistic regression model. An analysis of receiver operating characteristic (ROC) curve was used to evaluate the ability of
PFD to predict ISR. Statistical significance was determined by two-tailed tests with a p < 0.05. IBM SPSS Statistics software, version
26.0 (IBM Corporation, Armonk, New York, USA), was used for all statistical analyses.

3. Results
3.1. Cohort characteristics

A flow chart of the sampled patients was shown in Fig. 1. Of 248 consecutive patients who underwent initial CAS and had received
preoperative cervical CTA at our institution, 67 patients were excluded because of nonatherosclerotic etiology of carotid artery ste-
nosis (n = 15), acute infectious diseases (n = 7), and poor or partly absent image quality (n = 45). Finally, 181 patients, including 43
ISR cases and 138 non-ISR cases were enrolled. Of the 43 patients, 1 symptomatic underwent simple balloon dilatation and 2
symptomatic was treated with carotid endarterectomy. The other 40 asymptomatic patients were subjected to a standardized treat-
ment regimen and close follow-up observation. The baseline clinical and demographic characteristics between the groups are pre-
sented in Table 1.

3.2. Comparison of variables between the ISR and non-ISR groups

Compared with the non-ISR group, patients with ISR showed a higher proportion of closed-cell stents (48.8% versus 27.5%; p =
0.009), greater degree of residual stenosis (28 [20,33] % versus 20 [14.75,30] %; p < 0.001). Additionally, the ISR group had a higher
mean HU of PFD than the non-ISR group on the operated side (—42.26 + 6.81 versus —59.66 + 10.75; p < 0.001). For the contralateral
side, no significant difference was observed in the mean HU of PFD between the two groups (p > 0.05). No significant difference was
observed between the ISR groups and non-ISR groups (p > 0.05, Table 1), regarding the mean age of patients, the number of males,
rates of hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, predilation, and postdilation.

Univariate logistic regression demonstrated a significant association between ISR and the degree of residual stenosis, the frequency
of closed-cell stents used, and the mean HU of PFD on the operated side. Multivariate logistic regression showed that the degree of
residual stenosis (OR 1.146, 95%CI 1.071-1.226, P < 0.001) and the mean HU of PFD on the operated side (OR1.353, 95%CI
1.215-1.506, p < 0.001) were significantly associated with ISR (Table 2).

3.3. The ROC curves of PFD for predicting ISR

In the analysis of ROC curves, the best cutoff value for predicting the occurrence of ISR was —53.85 HU, which has a sensitivity of

Table 1

Demographic and clinical characteristics of study patients.
Variable All Patients (n = 181) In-Stent Restenosis (n = 43) No In-Stent Restenosis (n = 138) p Value
Age, year 63.85 + 7.48 64.67 + 7.27 63.09 + 7.64 0.157
Gender, male 137 (75.7) 32 (74.9) 105 (76.1) 0.824
BMI, kg/m2 24.31 + 2.37 24.74 + 2.58 24.99 + 2.61 0.590
Hypertension 108 (59.6) 29 (67.4) 79 (57.2) 0.234
Diabetes mellitus 80 (44.2) 24 (55.8) 56 (40.6) 0.079
Dyslipidemia 52 (28.7) 16 (37.2) 36 (26.1) 0.159
Current smoking 79 (43.6) 20 (46.5) 59 (42.8) 0.664
Coronary artery disease 17 (0.09) 2(4.7) 15 (10.9) 0.222
Predilation 64 (35.3) 17 (39.5) 47 (34.1) 0.512
Postdilation 56 (30.9) 14 (32.6) 42 (30.4) 0.793
Degree of residual stenosis (%) 22 (15.5,30) 28 (20,33) 20 (14.75,30) <0.001
Closed-cell stent 59 (32.6) 21 (48.8) 38 (27.5) 0.009
Mean HU of PFD (operated side) —55.53 + 12.40 —42.26 + 6.81 —59.66 + 10.75 <0.001
Mean HU of PFD (contralateral side) —62.98 +10.72 —64.62 + 8.42 —62.48 +£11.32 0.252

The values are presented as the mean + SD or median (P25 and P75) for continuous variables and as a number (percentages) for categorical variables.
Abbreviations: BMI, body mass index; Mean HU, Mean Hounsfield Units; PFD, perivascular fat density.
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Table 2
Univariate analysis and a multivariate model for predicting carotid in-stent restenosis.
Variable Univariate analysis Multivariate analysis
OR (95% CI) p value OR (95% CI) p value
Age, year 1.014 (0.968-1.062) 0.565
Gender, male 0.914 (0.415-2.012) 0.824
BMI, kg/m2 0.964 (0.843-1.102) 0.588
Hypertension 1.547 (0.752-3.183) 0.236
Diabetes mellitus 1.850 (0.927-3.692) 0.081
Hyperlipidemia 1.679 (0.813-3.469) 0.162
Current smoking 1.164 (0.585-2.316) 0.665
Coronary artery disease 0.400 (0.088-1.824) 0.237
Predilation 1.266 (0.625-2.563) 0.512
Postdilation 1.103 (0.530-2.298) 0.793
Degree of residual stenosis (%) 1.073 (1.032-1.116) <0.001 1.146 (1.071-1.226) <0.001
Closed-cell stent 2.512 (1.241-5.084) 0.010 1.544 (0.500-4.767) 0.450
Mean HU of PFD (operated side) 1.254 (1.165-1.350) <0.001 1.353 (1.215-1.506) <0.001
Mean HU of PFD (contralateral side) 0.982 (0.951-1.013) 0.252

Abbreviations: CI, confidence interval; Mean HU, Mean Hounsfield Units; PFD, perivascular fat density.

97.67% and specificity of 69.57% (area under the curve: 0.912; 95% CI: 0.861-0.949; P < 0.001; Fig. 4).
3.4. Interclass correlation coefficients and the consistency of measuring devices for PFD

Intraobserver reliability was substantially high between the two radiologists with interclass correlation coefficients (ICC) of 0.983
(95CI% 0.978-0.988) and 0.972 (95CI% 0.959-0.980) for mean HU on the operated and contralateral side, respectively (Table 3). The
largest disagreement between the 2 observers obtained on a single case was 12 HU. Comparative analysis among the three CT scanners
for the mean HU of PFD by the Kruskall-Wallis test presented no significant difference (P > 0.05), thus reducing the possible bias
associated with the type of equipment (Table S2).

4. Discussion

This observational study provided an objective assessment of the association between the carotid arteries PFD and early ISR after
CAS. Results have shown that an increased PFD is associated with the presence of early ISR after CAS. PFD can be used as an imaging
marker to evaluate local carotid inflammation and might be an independent predictor of postoperative ISR in CAS patients. These
findings may provide novel insights into treatment and prevention strategies for disease complications at an early stage.

Various predictors of in-stent restenosis, such as advanced age [23], female sex [23,24], diabetes mellitus [24,25], hyperlipidemia
[24,26], and smoking [25] after CAS, have been proposed by previous studies. Tokunaga et al. have revealed that high-intensity signal
on time-of-flight magnetic resonance angiography is associated with an increased risk of ISR, and intraplaque hemorrhage is a

100
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Fig. 4. The ROC curves of PFD were performed to predict ISR.
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Table 3

The intraclass correlation coefficient for mean HU on computed tomographic angiography.
Variable Intraclass Correlation 95% CI
Mean HU of PFD (operated side) 0.983 0.978-0.988
Mean HU of PFD (contralateral side) 0.972 0.959-0.980

Abbreviations: CI, confidence interval; Mean HU, Mean Hounsfield Units; PFD, perivascular fat density.

predictor of ISR after CAS [27]. Despite that few studies have addressed the association between PFD and in-stent restenosis after CAS,
one study has histologically proven that PFD surrounding the carotid artery on CTA is associated with plaque vulnerability, which is
characterized by fibrosis cap thinning and/or rupture and intraplaque hemorrhage. Speculations are made that PFD might be used as
an indirect imaging marker for instability plaque [28,29]. The fast process and wide availability are the benefits of CTA, widely
available as a noninvasive routine preoperative examination and used for detecting features of vulnerable plaques and assessing ca-
rotid artery inflammation [11,29]. A thorough search of the literature shows this study is the first to show that the PFD surrounding the
responsible carotid artery on preoperative CTA is significantly associated with early ISR after CAS.

Moreover, early ISR after CAS is attributed to neointimal hyperplasia and vascular remodeling as a response to mechanical injury
from balloon angioplasty and the self-expanding stent [30,31]. Specifically, vascular smooth muscle cell proliferation and migration
are the primary causes of neointimal hyperplasia following stent implantation [32]. Inflammatory responses play a critical role in this
pathological process. Reactive oxygen species derived from the inflammatory response can activate vascular smooth muscle cells, and
stimulate their proliferation and migration, resulting in the remodeling of early-stage myofibroblasts or smooth muscle cells located in
the vascular medial region [33]. Additionally, A high PFD correlates closely with inflammation-related histopathological markers
[34]. Based on our assumption, the mechanism of the positive association between increased PFD value and occurrence of in-stent
restenosis after CAS is neointimal hyperplasia accelerated by local carotid inflammation after CAS.

Histopathologic studies have demonstrated a key role of inflammation in carotid atherosclerotic plaque destabilization [35].
Pericarotid adipose tissue is a metabolically and immunologically active fat deposit implicated in atherogenesis. PFD reflects local
carotid inflammatory, components, and pathological characteristics of carotid artery atherosclerotic plaques and can be used to assess
local inflammatory activity in carotid unstable plaques [29]. When stents are placed in a vulnerable plaque, PVAT promotes local
oxidative stress and triggers “outside-in” pathological signaling in the vessel wall, leading to massive secretion of proinflammatory
factors, vascular smooth muscle cell dysfunction, and neointimal hyperplasia [36,37]. From our assumption, this explains the sig-
nificant association between early ISR and increased PFD in preoperative carotid CTA.

From multivariable analysis, we discovered the degree of residual stenosis significantly contributed to the development of early
ISR. The findings of this study matched those of previous research [38,39]. Thus, a reduction of residual stenosis for adequate
revascularization is vital for reducing the occurrence of ISR. Our results also suggest that rates of the used closed-cell stent are higher in
patients with ISR, which agree with that of other studies [40,41]. A possible explanation for this result is that the stiffer and denser
material structure of closed-cell stents may lead to greater irritation of the vessel wall and stimulate neointimal proliferation [40].

Some limitations to this study are as follows: First, it was a retrospective, single-center study, whose only sampled patients were
those with ISR that occurred early (up to 2 years after the initial CAS). Subgroup analyses of ISR were not performed because of the
limited number of patients. The selection bias was enrolled inevitably. The predictive effect of increased PFD as an imaging marker for
ISR after CAS cannot be fully determined. Larger future prospective studies with adequate longer imaging follow-ups are required.
Second, we used CTA images based on the NASCET criteria to measure the degree of restenosis during the follow-up period and to
define ISR. Although CTA defines ISR more accurately compared with the conventional Doppler ultrasound criteria, which has in-stent
flow velocities that may be affected by stent placement and different stent types [38]. Additionally, CTA is difficult to perform and
requires routine long-term follow-up. Third, the PFD measurements could be affected by the placement of the ROL To ensure uniform
ROI placement, we placed two circular ROIs around the carotid artery as described in previous studies [11], even though these ROI
sites might not be the most severely inflamed areas. Moreover, different CT scanners are used to measure the HU values, which may
affect the homogeneity of values and limit our ability to compare these values between patients [42]. Future prospective studies with
dedicated quantitative software for analyzing PFD are warranted. As a final note, there was uncertainty in the range of the PFD
measurements; because we adopted a commonly used approach, which is commonly used in studies of coronary arteries [43].

5. Conclusion

The results highlight PFD as a potential novel imaging marker for the predictive detection of early ISR after CAS, which may enable
early initiation of protective therapy and reduce the incidence of early ISR and other postoperative complications.
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